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New Insights into Plant Signaling Mechanisms in Biotic and
Abiotic Stress

Hamdy Kashtoh, Muhammad Fazle Rabbee and Kwang-Hyun Baek *
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hamdy_kashtoh@ynu.ac.kr (H.K.); rabbi_biotech@ynu.ac.kr (M.ER.)
* Correspondence: khbaek@ynu.ac.kr; Tel.: +82-53-810-3029

Plants are constantly challenged by their environments, including both biotic and
abiotic stress factors. As a result, plants have developed complex signaling pathways in
response to various challenges, allowing them to adapt and survive [1]. To detect and react
to pathogen attacks, herbivore feeding, and symbiotic interactions in the case of biotic stress,
plants use a complex network of signaling molecules, including phytohormones, reactive
oxygen species (ROS), and secondary metabolites [2,3]. These signaling cascades cause
the activation of systemic acquired resistance, the synthesis of antimicrobial chemicals, the
reinforcement of physical barriers, and genes involved in defense. When plants are exposed
to abiotic stress, such as extreme temperatures, drought, salinity, and nutrient deficiencies,
they use different signaling pathways to adapt [4,5]. Abscisic acid, ethylene, jasmonic acid,
calcium ions (Ca?*), and other signaling molecules are involved in these pathways [6].
These signaling molecules coordinate cellular responses such as stomatal closure, osmotic
correction, and the activation of stress-responsive genes. Understanding the mechanisms
of plant signaling networks involved in biotic and abiotic stress responses is essential for
developing crop plants that are resilient to changing environmental conditions [7]. This
Special Issue aims to present recent contributions to developing our understanding of the
mechanisms involved in plant responses to biotic and abiotic stress. It features ten papers,
comprising four reviews and six research studies that address the aforementioned aspects.

In this Special Issue, four articles discussed the tolerance mechanisms that plants exert
to adapt to stress and highlighted their stress signaling networks. One study summarized
the challenges faced by rice (Oryza sativa L.) due to global climate change, which induces
various abiotic stresses that detrimentally affect rice grain quality and yield. The study
highlighted the defensive strategies rice plants employ to deal with abiotic stressors, par-
ticularly drought, salinity, submergence, extreme temperatures, and heavy metal toxicity,
which significantly influence key morphological, chemical, and metabolic processes. Fur-
thermore, it also outlined approaches for developing rice cultivars that can endure multiple
abiotic stresses [8]. Another article addressed the issue of microbial pathogens that impede
the growth of plants and their productivity. It described how plants identify pathogens,
effectors, and microbe-associated molecular patterns (PAMPs or MAMPs) as imminent
danger signals and initiate various immune responses like effector-triggered immunity
(ETI) and PAMP-triggered immunity (PTI) [9]. Additionally, it also discussed the roles of
autophagy, RNA silencing, and systemic acquired immunity as dynamic host-mediated
defensive responses against pathogens. Moreover, it underlined the initial biochemical sig-
naling processes, including ROS, Ca?*, and hormones, that activate various plant immune
response mechanisms.

Two manuscripts provided a comprehensive analysis of stress signaling molecules
and their role in plant stress adaptation. One of them elaborated on the importance of the
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role of plant heterotrimeric G protein signaling in maintaining a balance between normal
growth and stress adaptation. It illustrated the signaling pathways by which heterotrimeric
G proteins assist plants in regulating growth, while also adapting to immune challenges
and thermomorphogenesis [10]. The second article discussed another signaling molecule
that has a pivotal role in stress signaling networks, the plant-specific protein kinase, sucrose
non-fermenting-1-related protein kinase 2 (SnRK2). This kinase plays a crucial part in
helping plants adapt to stress by phosphorylating downstream targets, which in turn
influences gene expression and physiological responses [11]. This article explored the
substrates that SnRK2 phosphorylates in Arabidopsis thaliana, providing a comprehensive
understanding of their roles in stress signaling and developmental processes. Furthermore,
it described various post-translational modifications (PTMs) that SnRK2 undergoes, which
collectively fine-tune its stability, activity, and intracellular dynamics, demonstrating an
intricate feedback system that manages the activation and attenuation of the kinase.

Six manuscripts covered a variety of topics, including plants’ responses to salt, alkaline,
high-temperature stress, and pathogen infection, using different analytical tools such as
genomics, transcriptomics, proteomics, and metabolomics approaches to understand such
responses. One interesting article discussed the modulating roles of MYC2 and BBX21
transcriptional factors (TFs) in the flavonoid network in plants [12]. The study suggested
that MYC2 has a dual role (activator/repressor) in regulating the anthocyanin pathway,
depending on the cellular environment. Additionally, there is a possibility that BBX21 plays
a similar role in the regulation of the BAN gene within the proanthocyanidin pathway
in both O. sativa and Arabidopsis thaliana. Another article investigated the way in which
wheat plants manage root exudation in response to alkali stress, employing a metabolomics
method to detect and quantify root exudates generated in these circumstances. The research
concentrated on transcriptional and metabolic processes, particularly alkali stress-induced
secreted metabolites (AISMs) [13]. The findings suggested that when wheat plants are
under alkali stress, the release of multiple metabolites containing a -COOH group plays a
vital role in pH regulation. In response to alkali stress, wheat plants increase the synthesis
of fatty acids, glycolysis, and phenolic acid production, which will supply additional
energy and substrates for root exudation. Similarly, another study conducted on celery
(Apium graveliens L.) investigated the synergistic effects of aspartic acid (Asp) and silicon
(5i) in mitigating salt stress. The study showed that salt toxicity, which is identified via
an altered nutritious status, hindered photosynthetic ability, reduced plant growth, and
disrupted internal ion balance, and that an activated antioxidant defense system (indicated
by higher levels of antioxidant enzymes and lower ROS accumulation) was ameliorated
through the use of Si, Asp, or a combination of both [14]. Importantly, the combined
application of Si and Asp was found to be more effective in minimizing salt stress compared
to applying either of them individually. In summary, the exogenous application of Si and
Asp aided in alleviating salt stress and enhanced the salt tolerance of celery.

Another interesting article described how a plant systemically responds to stress or
stimulus by means of variation potential (VP). The study focused on the mechanisms
that influence the specificity of VP in response to different local stimuli, including heating,
burning, and wounding, which all result in distinct VP parameters [15]. It suggested that the
varying functions of hydraulic and chemical signals determine the distinct characteristics
of these VP parameters. The phenomenon by which VP triggers systemic responses is likely
linked to variations in the concentration of ions, such as Ca%* and H*, that occur during the
generation of VP. Overall, these findings indicated that the specificity of VP in response to
stimuli stems from the unique properties of the chemical and hydraulic signals that create
it, which may additionally impact variations in ion concentrations.
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To study plant-pathogen interactions and their effects on plant growth, Li et al. in-
vestigated how GhSTR1, a member of the ABCG subfamily of ATP-binding cassette (ABC)
transporters, mediates the defense mechanisms of cotton (Gossypium hirsutum) plants
against various pathogens [16]. The study suggested that GhSTR1 plays a role in cot-
ton’s defense against Verticillium wilt and Fusarium wilt, which are caused by the fungal
pathogens Verticillium dahliae and Fusarium oxysporum. These fungi infect the plant’s vascu-
lar system, resulting in wilting, yellowing, and often plant death. The study also suggested
that GhSTR1 mediates the plant’s vegetative and reproductive development, seemingly
balancing the trade-off between defending against pathogens and promoting plant growth.

Expression analysis is a powerful tool for deciphering the regulatory mechanisms
of different genes during plants” environmental stress responses. In this Special Issue,
one study examined the PIN gene family, auxin efflux transporter proteins, and identified
nine members of the CsPIN gene family in the cucumber (Cucumis sativus L.) genome [17].
Furthermore, it investigated the expression levels of CsPIN genes in both leaves and roots
when subjected to different abiotic stresses and hormone treatments. Different CsPIN
genes showed varied response patterns to abiotic stresses like NaCl, high temperature, and
PEG, as well as to different hormone signals, aiding in the regulation of auxin balance and
facilitating plant adaptation to environmental changes.

In summary, this Special Issue features a series of research studies that deepen our
knowledge of the fundamental mechanisms underlying plant responses to different stresses.
Gaining insight into these defense mechanisms contributes to the development of effective
strategies aimed at boosting plant resilience and productivity in harsh conditions.
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Abstract: The auxin efflux transporter PIN protein plays a crucial role in the asymmetric
distribution of auxin on the plasma membrane, influencing the growth and development
of plant organs. In this study, we identified nine members of the PIN gene family in the
cucumber genome, which could be classified into five phylogenetic groups. These genes
have diverse structures but conserved transmembrane domains. Analysis of cis-acting
elements in the promoters revealed that CsPINs contain 48 types of cis-acting elements,
predominantly light-responsive elements and plant hormone response elements. In addi-
tion, PIN proteins may interact with a variety of auxin-related proteins (including auxin
response factor, auxin binding protein, mitogen-activated protein kinase PINOID, etc.) to
jointly regulate the auxin synthesis and metabolic pathways. We analyzed the expression
profiles of PIN genes in 23 tissues of cucumber using the CuGenDB database, and further
investigated the expression levels of PIN genes in leaves and roots in response to different
abiotic stresses and hormone treatments by qRT-PCR. This study provides a theoretical
basis for clarifying the regulatory mechanism of the cucumber PIN gene family during
environmental stress processes.

Keywords: PIN; auxin; cucumber; hormone; abiotic stress

1. Introduction

Auxin, as a small signaling molecule in plants, mainly exists in the form of indole-
3-acetic acid (IAA). Auxin is widely distributed in various plant tissues and organs and
participates in multiple biological functions, such as establishing the apical-basal polarity
during embryogenesis, forming apical and axillary meristems, promoting fruit ripening,
shaping root system architecture, and influencing plant tropisms [1,2]. Auxin is mainly
synthesized in the apical meristem, rapidly generating a concentration gradient and is
transported to different organs through polar auxin transport mechanisms [3]. The polar
transport of auxin between plant cells is mainly mediated by three transporter families,

Plants 2025, 14, 1566
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including the auxin resistance 1/auxin-like 1 (AUX/LAX), the ATP-binding cassette B/P-
glycoprotein (ABCB), and the PIN-forming (PIN) influx carrier [4]. Members of these gene
families control the influx and efflux of auxin, forming a complex auxin regulatory network
that regulates growth and development and responses to environmental stimuli [5-7].

With the advancement of next-generation sequencing technology [8], PIN family
members have been identified in multiple plant species. Specifically, 8, 10, 10, 11, 11,
11, 12, 14, 15, 17, 20, and 23 PIN family members have been identified in the genomes
of Arabidopsis [9], pepper (Capsicum annuum) [10], potato (Solanum tuberosum) [11], maize
(Zea mays L.) [12], Medicago truncatula [13], Sorghum bicolor [14], grapes (Vitis vinifera) [15], pear
(Pyrus bretschneideri) [16], poplar (Populus trichocarpa) [17], cotton (Gossypium hirsutum) [18],
tobacco (Nicotiana tabacum) [19], and soybeans (Glycine max) [20], respectively.

To date, the gene functions of several members of the PIN family have been char-
acterized in specific crop species. Plasma membrane (PM)-localized AtPIN1-4/7 medi-
ate directional auxin transport through long central hydrophilic loops [21,22], whereas
endoplasmic reticulum (ER)-localized AtPIN5/8 regulate intracellular homeostasis via
short loops [23-25]. AtPIN6 uniquely dual-localizes to PM/ER, indicating that it may be
involved in both intercellular auxin transport and homeostasis regulation [26,27]. Key
Arabidopsis PIN proteins orchestrate developmental processes through specialized func-
tions: AtPIN1/8 regulate floral development via embryonic auxin gradients (AtPIN1) and
pollen-specific gametogenesis (AtPINS) [23,28-30]. AtPIN2-5 mediate root architecture,
with AtPIN2 governing meristem elongation, AtPIN3/4 coordinating apical hook forma-
tion, and AtPINS driving lateral root initiation [6,25,30-32]. AtPIN6 uniquely modulates
multi-tissue development, including apical dominance and nectar formation [26,33,34]. At-
PIN7 establishes embryonic polarity through basal PM-localized auxin maxima [35]. These
regulators establish auxin distribution patterns critical for organogenesis. OsPIN1a/b regu-
late root system development, with overexpression enhancing lateral root formation [36].
OsPIN2 modulates shoot-to-root auxin redistribution [37], while OsPIN9/10s potentially
drive adventitious root initiation [38]. ZmPIN1a/b mediate auxin transport during maize
embryogenesis and endosperm development, with ZmPIN1a exhibiting sustained upregu-
lation throughout stem maturation [39,40]. In addition, under drought, salt, and cold stress,
most ZmPIN genes are induced to express in the stems of maize, while their expression is
inhibited in the roots [41].

Cucumber (Cucumis sativus L.) is one of the most economically important vegetable
crops worldwide. However, genome-wide information on CsPIN family members has not
been reported. Auxin polar transport forms concentration gradients and local differences
through the synergistic effect of synthetic and metabolic pathways, thereby achieving
precise regulation of plant growth and development, tropism, and responses to endogenous
and exogenous signals. In this study, we identified nine CsPIN genes and classified them
into five groups. Furthermore, the physicochemical properties, phylogenetic relationship,
chromosome localization, collinearity analysis, gene structure, cis-acting elements, and
protein interaction prediction were comprehensively analyzed. The transcriptional levels of
CsPIN genes in various tissues/organs and under abiotic stress conditions were analyzed
through gene expression profiling and qRT-PCR. The results of this study will provide
a theoretical basis for analyzing the function of the PIN gene in cucumbers and lay the
foundation for the breeding of new high-quality cucumber varieties.

2. Results
2.1. Genome-Wide Identification and Phylogenetic Analysis of PIN Proteins in Cucumber

Using eight PIN protein sequences of Arabidopsis as the queries, a local Blastp (E-value
1 x 10~°) search was performed in the cucumber genome, and 68 protein sequences were
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obtained initially. A total of 15 candidate genes were identified according to conserved
domain (PF03547). After the combined sequences were duplicated, 73 candidate genes
remained. Then, SMART and CDD databases were used to predict the domains of can-
didate genes, and nine CsPIN genes were eventually identified. Moreover, gene locus,
chromosome location, open reading frame length, and physical and chemical properties of
PIN gene family members were analyzed, as shown in Table 1. The gene members have
a length of 356 to 645 amino acids (aa), molecular weights ranging from 38.98 to 70.83
kDa, and a theoretical isoelectric point (pl) in the range of 7.04 to 9.59. Aliphatic index and
hydrophilicity predicted that CsPIN is a mostly hydrophobic protein. CsPINs are multiple
transmembrane proteins, which are mainly predicted to be located in PM and ER.

Table 1. Characteristics of the putative PIN-FORMED (PIN) proteins in cucumber.

Gene Gene Chromosome ORF No. MW Aliphatic Subcellular

Name Locus Location Length (bp) of AA  (kDa) pl Ir?dex GRAVY  TMHs Localization *
CsPIN1 CsaV3_1G007160.1 chr1:4542181-4546111(—) 1857 618 67.44 9.3 89.61 0.077 9 PM
CsPIN1b  CsaV3_4G029470.1 chr4:19012575-19015651(+) 1791 596 63.70 877 96.71 0.264 9 ER
CsPIN1c CsaV3_1G004350.1 chr1:2730713-2734038(—) 1827 608 66.63  9.09 90.90 0.098 8 PM
CsPIN1d  CsaV3_2G009700.1 chr2:6188991-6193716(+) 1191 396 43.04 7.57 112.75 0.494 5 ER
CsPIN2 CsaV3_1G032010.1 chr1:19030115-19033521(+) 1938 645 70.83  9.29 85.46 0.017 9 PM
CsPIN3 CsaV3_5G028620.1 chr5:23739663-23744519(—) 1911 636 69.46 7.12 91.42 0.111 9 PM
CsPIN5 CsaV3_2G009610.1 chr2:6112103-6116586(+) 1116 371 40.37  7.04 112.24 0.675 9 ER
CsPIN7 CsaV3_5G013380.1 chr5:9982996-9987398(—) 1890 629 68.48  8.50 92.62 0.137 9 PM
CsPIN8 CsaV3_3G041710.1 chr3:34023847-34026847(+) 1071 356 38.98  9.59 129.61 0.692 8 ER

(+): forward strand; (—): reverse strand; bp: base pair; AA: amino acid; MW: molecular weight, kDa: kilodalton;
pl: isoelectric point; GRAVY: grand average of hydropathicity; TMHs: transmembrane helices; #: based on the
prediction of the LocTree3 website; PM: plasma membrane; ER: endoplasmic reticulum membrane.

2.2. Phylogenetic Relationship Analysis of Cucumber PINs

To further understand the phylogenetic relationship between the CsPIN gene family
of cucumber and PIN genes of other species, we constructed a phylogenetic tree using
PIN protein sequences of Arabidopsis (8), wheat (44), soybean (23), rice (12), and cucumber
(Figure 1). They were divided into five subgroups based on sequence similarity and
labeled with different colors. Group II contained one CsPIN5 gene. The third group
contains two genes, CsPIN1d and CsPIN2. Groups IV and V each contained three cucumber
PIN family members (CsPIN1/1b/1c and CsPIN3/7/8). The aggregation of PIN protein
sequences into five groups indicates that they have similar functional or subfunctional
roles in species-dependent development. In group IV, cucumber PIN genes were clustered
with Arabidopsis homologs (e.g., PIN3, PIN7, PINS). In Arabidopsis, PIN3 has been shown
to regulate hypocotyl gravitropism by redistributing auxin in root columella cells [42],
while PIN7 mediates light-induced phototropism through asymmetric auxin transport in
hypocotyls [43]. Additionally, pin8 exhibits impaired root gravitropic bending and shoot
phototropic responses [44]. These results suggest that PIN family proteins are evolutionarily
conserved and play a key role in mediating auxin-dependent tropism responses.

2.3. Chromosomal Distribution of Cucumber PIN Genes

Chromosome density information was obtained from the genome using the TBtools
v 2.119 software, and the positions of the CsPIN genes on the chromosomes were located
(Figure 2A). The results indicated that nine CsPIN genes were unevenly distributed on five
chromosomes (Chrl to Chr5). The chromosome with the highest gene distribution was
Chrl (three genes), followed by Chr2 and Chr5 (two genes each). CsPIN1d and CsPIN5 on
Chr2 formed a cluster. Each of Chr3 and Chr4 had one gene.
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Figure 1. The phylogenetic tree of the PIN proteins from five species. The subgroups were designated
through comparative analysis with O. sativa (12, yellow squares), G. max (23, green stars), Arabidopsis
(8, red circles), and T. aestivum (44, purple triangles).

To further investigate the potential evolutionary relationship of the CsPIN genes in
cucumber, collinearity analysis was conducted between cucumber and Arabidopsis, G. max,
Cucumis melo, and tomato (Solanum lycopersicum) (Figure 2B). The results demonstrated
that most CsPIN genes had at least three pairs of homologous genes in the genomes of
other plants. Specifically, CsPIN1 exhibited the highest number of homologous pairs (seven
pairs), followed by CsPINIc (six pairs), CsPIN1b, CsPIN3, and CsPIN9 (five pairs each),
CsPIN7 (four pairs), CsPIN2 and CsPINS (three pairs each), and CsPIN1d (one pair). These
results indicate that the PIN genes in cucumber share a common ancestor with those in
other species.

2.4. The Conserved Domains and Gene Structure of Cucumber PIN Genes

We further analyzed the conserved domains, gene structure, and exon/intron structure
patterns of CsPINs (Figure 3). The results revealed that the motif distribution patterns of
CsPIN proteins within groups were similar (Figure 3A,B). There are six CsPIN members that
contain ten motifs, including CsPIN1, CsPIN1b, CsPIN1c, CsPIN2, CsPIN3, and CsPIN7;
CsPIN5 and CsPINS contain seven motifs, while CsPIN1d contains six motifs. All nine
CsPIN members contain motifs 1, 2, 3, 4, 6, and 8. These results suggest that these motifs
are relatively conserved, and some unique motifs may be related to specific functions of
the genes.
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Figure 2. Chromosomal mapping and colinearity analysis of CsPIN genes. (A) Chromosomal

localization. Mb: megabase. The different colors on the chromosome represent the gene density.
(B) Collinearity analysis. Highlight lines: syntenic PIN gene pairs; Gray: collinear blocks.

The Mem_transfamily functional domain was found in the CsPIN family members
(Figure 3C). On the other hand, most CsPIN genes with similar structures had a similar
number of exons/introns but differed in arrangement and length (Figure 3D). For instance,
CsPIN1c and CsPIN2 have the largest number of exons, both containing seven exons;
CsPIN1, CsPIN1b, CsPIN3, CsPIN5, and CsPIN7 all contain six exons; CsPIN8 contains
five exons; CsPIN1d contains the fewest number of exons, with four exons. CsPIN1d only
contains the upstream non-translated region, excluding the downstream non-translated
region. The remaining eight CsPIN members all contain 5 untranslated regions and 3’
untranslated regions. The results indicated that the CsPIN genes were relatively conserved
during evolution, which ensured the integrity of their gene structure and resulted in
minimal functional changes.
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Figure 3. Conserved motifs (A,B), gene structure (C), and exon—intron structure (D) of CsPINs.
Colored boxes of different lengths represent different conserved motifs, and letters in different colors
mean the sequences of the conserved motifs.

2.5. Analysis of Cis-Acting Elements Prediction in CsPIN Promoters

The promoter sequence of the CsPIN genes located 2000 bp upstream of coding
sequences was analyzed to predict their cis-acting elements (Figure 4A). The results showed
that nine CsPIN members predicted a total of 48 CAREs, including light response (17), plant
hormones (14) (including auxins, gibberellins, salicylic acid, abscisic acid, methyl jasmonate,
ethylene), plant growth and development (10), low temperature (2), high temperature (2),
drought (1), and anaerobic conditions (1). Among them, cis-acting elements such as light
(G-box, GT1 motif, and TCT motif), plant hormones (ABRE, AAGAA motif, and TATC box),
and plant growth and development (MYB and MYC) account for the largest proportion in
CsPINs. CsPIN7 contains the most light-responsive elements (17) and plant growth and
development-related elements (19). CsPIN1 contained the largest number of elements, with
the largest number of plant hormone-related elements (Figure 4B,C). These results indicate
that the CsPIN gene family is mainly regulated by light and plant hormones.
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Figure 4. Analysis of cis-acting regulatory elements of the CsPIN genes. (A) The cis-acting elements
distribution in the promoters of CsPINs. (B,C) The names and numbers of cis-acting elements in the
promoters of each CsPIN gene.

2.6. Interaction Network of CsPIN Proteins

To predict the interaction between PIN and other proteins in cucumber, we constructed
an interaction network using the STRING database (Figure 5). According to the prediction
results, we identified eight CsPINs that interact with 34 distinct cucumber proteins. CsPIN
may interact with multiple auxin-related proteins, including auxin response factor (ARF),
auxin-binding protein (ABP), auxin-induced protein (AUX), serine/threonine protein ki-
nase PINOID (PID), indole-3-pyruvate monooxygenase (YUC), etc. These transcription
factors, growth hormone receptors, and auxin transporter proteins work together to partici-
pate in the expression of auxin genes, auxin biosynthesis, and transport, and are essential
for the formation of tissues and organs such as flowers, stems, and roots.



Plants 2025, 14, 1566

ATHB-14 KANI
— —

9.8
LN,

Figure 5. Protein—protein interaction analysis of CsPINs proteins. Abbreviations: ABP19a: auxin-
binding protein ABP19a; AGG: agglutinin domain-containing protein; ARF: auxin response fac-
tor; ASI1: transcription factor AS1; AS2: protein ASYMMETRIC LEAVES 2; ATHB-14: homeobox-
leucine zipper protein ATHB-14; AUX22: auxin-induced protein AUX22-like; BIG5: brefeldin A-
inhibited guanine nucleotide-exchange protein 5 isoform X1; 3-1,3-glucanases 8: glucan endo-1,3-
beta-glucosidase 8; CHS: chalcone synthase; COB: protein COBRA; COBL: COBRA-like protein;
CPA: F-actin-capping protein subunit alpha; EID1: phytochrome A-associated F-box protein; GNOM:
ARF guanine-nucleotide exchange factor GNOM; KANI: transcription repressor KAN1 isoform X1;
KIC: calcium-binding protein KIC; LTP2: non-specific lipid-transfer protein 2; MFP1: MFP1 attach-
ment factor 1; MIZ1: protein MIZU-KUSSEI 1; NPY1: BTB/POZ domain-containing protein NPY1;
OFUT: O-fucosyltransferase family protein; PILS: auxin transporter-like protein; PID2: protein kinase
PINOID 2; PME: pectinesterase; PYR1: abscisic acid receptor PYR1; SCR1: protein SCARECROW
1; SHSP: SHSP domain-containing protein; SKIP35: ankyrin repeat protein SKIP35; SNX1: sorting
nexin 1; SPT: sugar phosphate transporter domain-containing protein; UBP19: ubiquitin-specific
protease family C19-related protein; UCC3: uclacyanin-3; Unknown: uncharacterized protein; YUC:
indole-3-pyruvate monooxygenase YUCCA. Protein names marked with numbers were assigned
based on BLAST alignments (NCBI) to identify entries with identical names but distinct gene IDs.

CsPIN1 and CsPIN1b may interact with transcription factor AS1 (AS1), protein ASYM-
METRIC LEAVES 2 (AS2), and transcription repressor KAN1 (KAN1). AS1, a MYB-type
transcriptional repressor, regulates leaf development by modulating KNOX gene expres-
sion [45]. AS2 is a negative regulator of cell proliferation in the adaxial side of leaves,
regulating the formation of the symmetrical lamina and the establishment of venation
patterns [46]. It has been reported that AS2 can directly interact with AS1, synergistic
with RH10 or RID2 to inhibit the expression of abaxial genes such as ARF3, ARF4, KANT1,
and KAN2, and promote adaxial development in leaf primordia at shoot apical meristem
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under high temperatures, thereby participating in the establishment of leaf polarity [47,48].
Therefore, PIN proteins in cucumber may also regulate the development of narrow leaves
by interacting with AS1, AS2, or KAN1.

2.7. Expression Profiles of CsPIN Genes in Different Tissues and Organs

To elucidate the role of CsPIN genes in cucumber growth and development, we
obtained RNA sequencing data for CsPIN gene expression profiles across 23 distinct
tissues from the CuGenDB database v2.0 (biological project PRINA312872) available at the
website (http://cucurbitgenomics.org). As shown in Figure 6, except for CsPIN1d, the other
eight CsPIN genes were all up-regulated in roots, among which CsPINT had the highest
expression level in roots. Except for CsPIN1b, CsPIN1d, CsPIN2, and CsPIN5, the other
five CsPIN genes were expressed in all 23 different tissues. CsPIN1b was not expressed in
the male flowers and pericarp of 2-week-old fruits. CsPIN1d was specifically expressed in
the stem, male flowers, female flowers, unpollinated ovaries, 2-week-old fruit flesh, and
3-week-old fruit flesh. CsPIN2 was specifically expressed in the roots, male flowers, male
flower buds, female flowers, hypocotyls, and roots of 4-week-old seedlings. CsPIN5 was
specifically expressed in the roots, old leaves, and roots of 4-week-old seedlings. CsPIN7
was highly expressed in all 23 tissues. Except for CsPIN1d and CsPIN5, the expression
levels of all CsPIN genes in young leaves were higher than those in old leaves, indicating
that CsPIN plays an important role in the early growth and development of leaves. These
results indicate that the expression of CsPIN genes shows obvious tissue specificity.
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Figure 6. The expression profiles of CsPIN genes. The public transcriptome data of 23 cucumber
tissues were downloaded, and the CsPIN genes heat map were drawn based on the FPKM values

of log2.

2.8. Expression Analysis of CsPIN Genes Under Different Stress Conditions

To explore the expression patterns of CsPIN genes under abiotic stresses (NaCl, HT,
and PEG) and hormone stresses (SA, IAA, and ABA), we conducted qRT-PCR analysis on
cucumber leaves and roots. The results indicated that the expression patterns of CsPIN gene
family members under different stress conditions were significantly different (Figure 7).
Under NaCl treatment, CsPIN1d had the highest expression level in leaves, while CsPIN1b,
CsPIN1c, CsPIN5, CsPIN7, and CsPINS had relatively low expression levels in leaves. Under
HT treatment, the expression levels of CsPIN1, CsPIN2, CsPIN1b, CsPIN3, and CsPIN7 were
increased in leaves. The expression of CsPIN5 was suppressed in the roots under NaCl and
HT. Under PEG stress treatment, the expression levels of CsPIN1c, CsPIN2, and CsPIN5 in
leaves were increased; CsPINIc, CsPIN1d, and CsPIN7 were significantly induced in the
roots; whereas the the expression levels of CsPIN1, CsPIN1b, CsPIN2, CsPIN3, and CsPINS
in roots were not significant, with similar patterns of change.
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Figure 7. Heatmap of qPCR-based expression patterns of CsPIN genes in cucumber leaves and roots
under abiotic stress and hormone treatment. The relative expression level was calculated by 2~AACT
method compared with EF1 alpha (CsaV3_2G011610) as a reference gene.

Under SA and TAA hormone stress, the expression patterns of most CsPIN genes were
similar. In leaves, CsPIN1 was significantly induced, while CsPINIc, CsPIN5, CsPIN7, and
CsPIN8 were inhibited; CsPIN5 was inhibited in roots. After ABA treatment, the expression
pattern of the CsPIN2 gene in leaves and roots showed opposite trends; the expression
levels of CsPIN1b, CsPIN1c, CsPIN1d, CsPIN3, and CsPINS in leaves increased; CsPIN1,
CsPIN1b, CsPIN3, CsPIN2, CsPIN5, and CsPINS in roots were up-regulated. Under the three
hormone treatments, the relative expression levels of most CsPIN genes in roots increased.
CsPIN2, CsPINS, and CsPINS were extremely sensitive to SA, IAA, and ABA. These results
indicate that members of the CsPIN gene family have different adaptive responses under
different abiotic stresses and hormone treatments.

3. Discussion
3.1. Identification and Evolution of CsPIN Gene Family in Cucumber

Currently, PIN gene family members have been identified in multiple species using
whole-genome approaches, and the number of the PIN family members varies among
different plants. The PIN gene family members are quite diverse, with the fewest being four
in the with the least number of four members in Marchantia polymorpha [49], and relatively
large numbers in soybean and wheat [20,50]. In this study, we identified nine CsPINs in the
cucumber genome (Table 1); this number of PIN genes is similar to that in Arabidopsis and
tomato, suggesting that some PINs may have originated from one or more common genes.
The expansion of the PIN gene family in different species might be attributed to genomic
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duplication events [16]. Phylogenetic analysis of PIN proteins from five plants classified
these proteins into five sub-families (Figure 1), and CsPINs have the closest evolutionary
relationship with the genes of the dicotyledonous plants soybean and Arabidopsis. Multiple
gene pairs were also identified with dicotyledonous plants in the collinearity analysis.
These findings indicate that these genes likely descended from a common ancestor, and the
specific differences of the genes in different species could be attributed to the evolutionary
process of plants.

Chromosome mapping analysis revealed that the CsPIN genes were significantly
unevenly distributed on five chromosomes of cucumber (Figure 2A). Chr3 and Chr4 each
had one gene, Chr2 and Chr5 each had two genes, and Chrl had three genes. Chr2
contained a pair of tandemly duplicated genes, CsPIN5 and CsPIN1d. In addition, CsPIN1
and CsPINIc were highly similar in gene structure and motifs, indicating that they may have
similar functions (Figure 3A). In rice, OsPIN1a-1d, OsPIN3a-3b, and OsPIN5a-5c sequences
were similar, suggesting that the PIN gene family was generated through chromosomal
segment duplication [51]. Maize and wheat also have three and fifteen pairs of repeated
genes, respectively [12,50]. The replication and specific amplification of gene fragments
throughout the genome have played a significant role in the process of evolution.

To compare the structures of CsPIN proteins, we identified the conserved motifs
and domains of CsPIN (Figure 3B,C). We found that all CsPIN proteins contain six con-
served motifs (Motif 1-4, Motif 6, Motif 8) and a conserved domain Men_Trans (PF03547).
PIN proteins are connected by a heterogeneous central hydrophilic loop between the
two highly conserved hydrophobic fragments at the N-terminal and C-terminal [52]. This
hydrophilic loop contains four highly conserved sequences (HC1-HC4), among which the
long central hydrophilic loop is approximately 300 amino acids, while the short one is
about 50-100 amino acids (Figure S1). According to the length of the central hydrophilic
loop, PIN proteins can be classified into long or typical PINs, short or atypical PINs, and
semi-typical PINs [24,26,53]. In this study, the long and typical members of the cucumber
PIN gene family include CsPIN1, CsPIN1b, CsPIN1c, CsPIN2, CsPIN3, and CsPIN7; short
or atypical PINs are CsPIN1d, CsPIN5, and CsPINS. Similar to the reported PIN family
members in rice, maize, and wheat [12,50,51], there is no homologous gene to AtPING6 in
cucumber. This result indicates that short or atypical PINs evolved independently of long or
typical PINs. This difference is directly related to the presence or absence of certain motifs
in the protein. In Arabidopsis, antagonistic interactions between the PID kinase and protein
phosphatase 2A (PP2A) dynamically regulate the apical-basal polarity of PIN proteins by
modulating their phosphorylation status [54]. PID-mediated phosphorylation of conserved
residues within the central hydrophilic loop of PIN proteins (e.g., Ser337/Thr340 in PIN1)
promotes their apical membrane localization, whereas PP2A-catalyzed dephosphorylation
redirects PINs to the basal membrane [54]. Notably, phylogenetic analysis reveals that
all long hydrophilic loop-containing PIN homologs in cucumber retain the conserved
Ser337 residue. Furthermore, both CsPIN1 and CsPIN1c exhibit conservation at the Thr340
position (Figure S1), suggesting their potential functional conservation with AtPIN1 in
phosphorylation-dependent polar targeting mechanisms.

The diversification of exon—intron structure is believed to have played a significant role
in the evolution of certain gene families. The presence of introns promotes exon shuffling,
driving gene evolution, allowing the production of multiple proteins from a single gene
through alternative splicing, and playing a key role in gene regulation. Through the
analysis of the exon—intron structure of nine CsPIN gene members, we found that seven of
them contain more than six exons (Figure 3D). Homologous genes in the same phylogenetic
branch, such as CsPIN1/CsPIN1b and CsPIN3/CsPIN7, have similar exon—intron structures.
Except for CsPIN1d, which shows a significantly different exon—intron structure, the gene
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structures of other members are relatively conserved. Therefore, we hypothesize that
throughout the evolutionary history of cucumbers, PIN genes have experienced a series
of intron deletions, insertions, and gene duplication events, which may have triggered
changes in gene expression patterns and protein functions.

Cis-acting regulatory elements refer to non-coding DNA sequences located in the pro-
moter region of genes. The distribution patterns of different types of cis-acting regulatory
elements in the promoter region may reveal differences in gene regulatory mechanisms
and functions [55]. In this study, we identified a total of 48 elements, which are mainly
involved in light response, hormone response, abiotic stress response, as well as growth
and development regulation (Figure 4). Among the nine CsPIN genes, there are a total of
60 cis-acting elements related to light response, including MRE, GT1 motif, GATA motif,
ATCT motif, ATC motif, GA motif, TCCC motif, TCT motif, etc. At the same time, the
PIN family also has hormone-induced elements such as auxin, salicylic acid, jasmonic acid,
abscisic acid, ethylene, and gibberellin, suggesting that the members of the PIN gene family
may not only have the biological activity of transporting auxin but also may be involved in
the synergistic or antagonistic pathways of different plant hormones and auxin [22]. Similar
to the cis-acting elements identified in the promoter region of the coffee PIN gene [56], the
promoter regions of CsPINs also contain multiple abiotic stress elements, such as LTR and
W-box (cold response), myb binding sites (hypoxia induction), MBS (drought induction)
elements, etc. These findings suggest that the cucumber PIN gene family may play exten-
sive roles in plant responses to abiotic stress; however, further experimental validation is
required to confirm their precise regulatory mechanisms.

3.2. Protein—Protein Interaction Network of CsPIN

Numerous studies have found that protein—protein interactions can accurately predict
the cellular functions of uncharacterized proteins [57]. In this study, eight CsPIN proteins
were predicted to interact with 34 kinds of proteins (Figure 5). We predicted that CsPIN2 in
cucumber might interact with GNOM and BIG5 (BEN1). We also found that five CsPIN
protein members (PIN1, PIN1b, PIN1c, PIN2, and PIN3) in cucumber may interact with
ARF and USP19 (Figure 5). In Arabidopsis, GNOM, as a membrane-associated guanine
nucleotide exchange factor on ADP-ribosylation factor G protein (ARF GEF), regulates
the vesicle transport required for the polar localization of auxin efflux carriers, thereby
determining the direction of auxin flow [58]. It has been reported that GNOM mediates
the sorting of PIN1 from endosomal compartments to the basal PM and the polarization of
PINS to the bottom side of hypocotyl endodermal cells in the hypocotyl [59,60]. BEN1 and
BEN?2 play essential roles in the polar localization of PIN, dynamic repolarization events,
and the establishment of auxin activity gradients [61]. These processes are vital for various
developmental mechanisms, such as embryonic pattern formation, organogenesis, and
vascular venation pattern formation [61]. It has been reported that four VVPIN protein
members in grape may interact with ARF to regulate plant growth and development
processes by controlling auxin response genes [15]. It has been reported that auxin can
regulate the transcription of multiple AtPIN proteins in a tissue-specific manner through
the TIR1-Aux/IAA-ARF pathway [62]; at the same time, auxin may also regulate the
protein stability of AtPIN2 through the mechanisms of ubiquitination and proteasome
activity [63]. In this study, CsPIN1b may interact with CsPID2, and at the same time,
CsPIN1 and CsPIN1b may interact with multiple proteins involved in leaf morphology
(transcription factor AS1, ASYMMETRIC LEAVES 2, and transcription repressor KAN1)
(Figure 5). PID has been reported to be capable of catalyzing the phosphorylation of PIN
and plays a key role in regulating the apical-basal PIN polarity [64]. In wheat, TaPIN8 and
TaPIN9 may interact with TaPID under drought and heat stress conditions, influencing
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the localization and polar auxin transport of TaPIN by regulating the phosphorylation
state [50]. Auxin is also crucial for regulating leaf development. Under warm conditions,
the photoreceptor phytochrome-interacting factor 4 (PIF4) directly activates the protein
kinase PID, promoting auxin production in leaves and leading to auxin accumulation in
petioles [65]. At the same time, PID polarizes the auxin transporter PIN3 to the outer
membrane of petiole cells through phosphorylation. Moreover, AS1 mainly regulates the
induced expression of PID on the back of the petiole, indicating that the polar transport
of auxin is a key biochemical event in the process of leaf temperature regulation [65]. The
triple mutants of ospinlc ospinld ospid have also been reported to have serious defects in
leaf morphogenesis in rice [66]. While these findings advance our understanding of auxin-
mediated co-regulation of PIN polar transport in cucumber, future studies should employ
co-immunoprecipitation (Co-IP) and yeast two-hybrid (Y2H) assays to experimentally map
the interaction networks among these signaling components.

3.3. Role of the CsPIN Genes in Plant Growth and Development

The gene functions of the PIN gene family members exhibit tissue specificity, and this
differentiated expression pattern plays a significant role in the growth and development
of cucumbers. In this study, we obtained RNA-Seq data for 23 different cucumber tissue
expression profiles from the CuGenDB database and examined the transcriptional levels
of nine CsPIN genes. The results showed that CsPIN genes from different phylogenetic
branches exhibited multiple expression patterns in different organs (Figure 6). In Group I,
CsPIN2, CsPIN1b, and CsPIN5 had similar expression patterns, mainly expressed in roots.
CsPIN1d was expressed in stems but not in other organs. The five genes (CsPIN1, CsPINIc,
CsPIN3, CsPIN7, and CsPIN8) in Group 1l were highly expressed in roots, stems, tendrils,
and petioles of new leaves. Among them, CsPIN1 had the highest expression levels in
mature roots and four-week-old hypocotyls, and weak expression in male flowers and old
leaves, while CsPIN3 and CsPIN7 were highly expressed in male flowers, four-week-old
cotyledons, and true leaves. Similar expression patterns have also been found in other
species. In Arabidopsis, AtPIN1 and AtPIN3 display substantial expression levels in root
tissues, influencing the dimensions of the primary root meristem and the growth rate of the
primary root [67]. GbPIN1, GbPIN2, and GbPIN3 exhibit substantial expression levels in the
roots and stems of cotton but are nearly absent in leaves [68]. POPIN3-1, PbPIN3-2, PbPIN3-3,
and PbPIN4 display similar expression patterns across various organs in both dwarfing
(QN101) and vigorous (OHF51) pear rootstocks, suggesting functional redundancy among
these genes [16]. In rice, OsPIN5a and OsPIN5c show high expression in leaves, shoot
tips, and panicles, whereas OsPIN5D is predominantly expressed in young panicles [38].
TaPINS, 9, 13, 21, and 28 are highly expressed in wheat stems, while TaPIN31, 32, 35, 40,
and 44 exhibit elevated expression levels in grains [50]. In maize, most PIN gene members
are highly expressed in embryos, roots, and stems, with ZmPIN1b showing significant
expression during female inflorescence development [41]. In tobacco, multiple NtPIN
genes are highly expressed in stems, and NtPIN5a and NtPIN5b have higher expression
levels in flowers [19]. The above research results indicate that roots, axillary buds, and
young stems are the main regulatory targets of PIN proteins [69]. Members of the PIN gene
family regulate the distribution of auxin through a coordinated and redundant mechanism,
playing a crucial role in the normal growth and development of plants [14,18].

The PIN gene facilitates plant adaptation to adverse environmental conditions through
the regulation of auxin distribution. In cucumber leaves, the transcription levels of CsPIN
genes under abiotic stress and hormone treatments were significantly different (Figure 7).
Among them, CsPIN1, CsPIN1d, CsPIN2, and CsPIN3 were all induced under NaCl treat-
ment. The expression levels of CsPIN1c and CsPIN5 under PEG treatment were significantly
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higher than those of other CsPIN genes. Four genes (CsPIN1, CsPIN1b, CsPIN2, and CsPIN3)
were significantly induced under SA and IAA treatments. Meanwhile, the above- and
below-ground parts had opposite expression patterns. Except for CsPIN5, most CsPIN
genes in roots were induced under both abiotic and hormone stresses. CsPIN2 and CsPIN7
were sensitive to PEG and ABA treatments, respectively. Several PIN genes in grapes,
soybeans, and maize respond to different abiotic or hormone stresses [15,20,41]. VoPIN7
and VoPIN9 are sensitive to PEG treatment [15]; GmPIN genes can be induced by vari-
ous abiotic stresses and plant hormones, among which the expression level of GmnPIN5a
is inhibited after IAA treatment [20]; the expression levels of ZmPIN5c, ZmPIN15, and
ZmPIN10b are all up-regulated under NaCl treatment [41]. PIN genes are highly expressed
in cotton plants under drought, salt, and dehydration treatments [18]. These findings
suggest that by modulating the expression levels of PIN genes, the dynamic equilibrium
of auxin in various tissues and organs is maintained, thereby contributing to tissue and
organ formation and differentiation. Future studies employing CRISPR/Cas9 knockout
technology will be essential to elucidate the precise spatiotemporal roles of CsPIN genes in
developmental processes such as phyllotaxis and root gravitropism.

4. Materials and Methods
4.1. Identification and Physicochemical Properties of PIN Genes in Cucumber

To identify the PIN genes in cucumber (Chinese Long), the whole genome sequences
were retrieved from the Cucurbit Genomics Database (CuGenDBv2) website (http://
cucurbitgenomics.org/v2/, accessed on 8 October 2024). Arabidopsis PIN protein sequences
were obtained from TAIR 10 (https://www.arabidopsis.org/, accessed on 8 October 2024).
Next, the Hidden Markov Model (HMM) of the PIN domain (PF03547) was obtained from
the Pfam database (http://pfam.xfam.org/, accessed on 8 October 2024), and the HMMER
3.0 software was used to search for candidate PIN genes. Then, redundant sequences were
removed to ensure only unique candidate CsPIN genes were retained. Using ExPASy online
(https:/ /web.expasy.org/protparam/, accessed on 19 October 2024) program to analyze
the physicochemical properties of cucumber PIN protein. Subcellular locations of CsPIN
proteins were predicted using the LocTree3 server (https:/ /rostlab.org/services/loctree3/,
accessed on 24 October 2024).

4.2. Phylogenetic Analysis of Cucumber PIN Gene Family

MEGAG®6 software was used to perform multiple sequence alignment of PIN protein se-
quences in cucumber, Arabidopsis, wheat, soybean, and rice species. And the multi-sequence
alignment result file was converted into meg format for PIN protein phylogenetic analysis.

4.3. Chromosome Localization and Gene Duplication Analysis

TBtools v 2.119 software was used to obtain chromosome density information from
genome annotation, and the chromosomal distribution, length, and the start and end
positions of CsPIN genes were screened for and located as CsPINs according to their
distribution on chromosomes. Then the visualization analysis was performed using the
Gene Location Visualize from the GTF/ TFF function. Gene annotation files and genome
files for Arabidopsis, G. max, C. melo, and S. lycopersicum were downloaded using the Ensembl
Plants database (https:/ /plants.ensembl.org/index.html, accessed on 22 November 2024).

Used one-step McScanx-super-fast to map chromosome location. The results of the
blast were simplified by using the Text merge for MCScanX function, and TBtools Multiple
Synteny Plot function was used to highlight the identified PIN collinear pairs and their
collinear pairs with the other four species.
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4.4. The Conserved Motifs, Gene Structure, Function Domain, Putative Cis-Acting
Elements Analysis

The gff3 annotation file (ChineseLong_v3.gff3.gz), the genome file (ChineseLong_
genome_v3.fa.gz), the gene CDS sequence file (Chinese Long_CDS_v3.fa.gz), and the
protein sequence file (ChineseLong_pep_v3.fa.gz) were downloaded from the cucumber
database. The MEME website (https:/ /meme-suite.org/meme/, accessed on 21 November
2024) was used on the cucumber PIN family to predict the conservative base sequence
of the protein sequence; the largest number of motifs was set to 10, and the rest of the
parameter was set to the default value. Through a CD search on the NCBI website (https:
/ /www.ncbinlm.nih.gov/cdd, accessed on 26 November 2024), conservative domain
analysis of the cucumber PIN protein sequence was performed. Exon-intron structure
prediction and gene structure analysis of CsPIN genes were performed at the GSDS online
website (https://gsds.gao-lab.org/, accessed on 25 November 2024). Ultimately, they were
further visualized through the Gene Structure View function in TBtools.

The promoter sequences (2000 bp before the start codon of a gene) were extracted
from the cucumber genome database. These sequences were subsequently submitted to
PlantCARE (http:/ /bioinformatics.psb.ugent.be/webtools/plantcare/html/, accessed on
7 November 2024). The cis-acting elements were analyzed, and the predicted results were
submitted to the TB tool software for visual analysis.

4.5. Protein—Protein Interaction Network

The functional interaction network model of CsPIN proteins was established by
using the STRING database (https://cn.string-db.org/, accessed on 10 November 2024) to
predict the relationship between CsPIN proteins and other related proteins. The species
was designated as Cucumis sativus, with confidence parameters set to a threshold of 0.40
and disconnected nodes hidden in the network.

4.6. Analysis of Expression Profiles of CsPINs Genes in Different Tissues

To examine the tissue-specific expression patterns of CsPIN genes, we retrieved ex-
pression data with accession number PRJNA312872 from the Cucurbit Genomics Database
(http:/ /cucurbitgenomics.org/v2/download, accessed on 11 November 2024). A total of
23 different tissues and organs of cucumber were downloaded with FPKM transcriptome
data, including roots, stems, tendrils, young leaves, young leaf petioles, old leaves, old leaf
petioles, male flowers, male flower buds, female flowers, unfertilized ovary, unfertilized
ovary peels, unfertilized ovary fleshes, one week fruit peels, one week fruit flesh, two week
fruit peels, two week fruit flesh, three week fruit peels, three week fruit flesh, four week
old cotyledon, four week old hypocotyls, four week old true leaves, and four week old
roots. Meanwhile, the FPKM values were converted using the log2 method, and the CsPIN
gene expression heatmap was drawn using TBtools software.

4.7. Plant Materials and Treatment

The cucumber cultivar “Chungiu Wang No. 3” was used as an experimental material
and planted in the Chongming Base of National Engineering Research Center for Facility
Agriculture, Shanghai Academy of Agricultural Sciences (Shanghai, China). Cucumber
seedlings were grown in a plant growth chamber (26 °C/18 °C day/night condition,
14/10 h (light/darkness) photoperiod, 75% relative humidity). When the seedlings reached
a true leaf stage, the root of plantlets was soaked in a hydroponic nutrient solution, and
an oxygen pump was added to the basin containing the nutrient solution to ensure an
adequate oxygen supply. Uniformly grown three-week-old cucumber seedlings were
selected and treated according to previously published concentrations for plant hormones
and abiotic stresses [11,15,50,70,71], including 1 mmol/L IAA, 5 mmol/L SA, 100 umol/L
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ABA, 150 mmol/L NaCl, 5% PEG 6000, and high temperature (35 °C). Leaf and root samples
were collected at 0, 3, 6, 12, 24, and 48 h after treatment. All samples were immediately
immersed in liquid nitrogen and stored at —80 °C. Three biological replicates were set for
each treatment.

4.8. RNA Extraction and Quantitative qRT-PCR Analysis

Total RNA was extracted from the treated and control samples in the leaves and roots
of cucumber using a high-purity total RNA rapid extraction kit (Takara Biomedical Tech-
nology Co., Beijing, China). The quality and concentration of different RNA samples were
quantified using a NanoDrop (ND-1000, NanoDrop Technologies, Wilmington, DE, USA),
followed by reverse transcription using Prime Script RT reagent kit (Takara, Beijing, China)
according to the manufacturer’s instructions. The qRT-PCR reactions were performed
using the QuantStudio 6 Flex Real-Time PCR System (Thermo Fisher Scientific, Waltham,
MA, USA). Gene-specific primer pairs for all CsPIN genes were designed using NCBI
Primer-BLAST with default parameters (Table S1). The amplification was carried out as
follows: 95 °C for 5 min, 45 cycles at 95 °C for 10 s, 55 °C for 20 s, and 72 °C for 20 s,
followed by a dissociation stage. The relative expression levels of CsPINs were calculated
using the 27#4CT method. All the expression analyses included three biological replicates
and three technical replicates.

5. Conclusions

In general, this study identified nine CsPIN family members and systematically an-
alyzed their genomic locations, phylogenetic relationships, conserved domains, gene
structures, protein interactions, and gene expression levels. Meanwhile, CsPIN genes were
significantly differentially expressed during the development of various cucumber tissues,
with specific members playing leading roles in regulating root polarity development and
leaf morphogenesis. In response to abiotic stresses such as NaCl, HT, and PEG, as well as
various hormone stimuli, different CsPIN genes exhibited diverse response patterns, coor-
dinating the dynamic balance of auxin to adapt to environmental changes. However, the
details of functional redundancy among cucumber PIN genes and their complex interaction
networks require further elucidation. In the future, we plan to utilize single-cell sequencing
and gene editing technologies to further explore the functions of CsPIN genes, providing
key targets for molecular breeding and targeted genetic improvement of cucumber growth
and development.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/plants14111566/s1, Figure S1: Multiple sequence alignments of PIN
domains. Table S1: Primers for RT-qPCR analysis of PIN genes in cucumber.
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Abbreviations

The following abbreviations are used in this manuscript:

ABA Abscisic acid

HT High temperature
IAA Indole-3-acetic acid
NaCl Sodium chloride
PEG Polyethylene glycol
SA Salicylic acid

qRT-PCR  Quantitative real-time polymerase chain reaction
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Abstract: Verticillium wilt and Fusarium wilt cause significant losses in cotton (Gossypium
hirsutum) production and have a significant economic impact. This study determined the
functional role of GhSTR1, a member of the ABCG subfamily of ATP-binding cassette (ABC)
transporters, that mediates cotton defense responses against various plant pathogens. We
identified GhSTR1 as a homolog of STR1 from Medicago truncatula and highlighted its
evolutionary conservation and potential role in plant defense mechanisms. Expression
profiling revealed that GhSTR1 displays tissue-specific and spatiotemporal dynamics under
stress conditions caused by Verticillium dahliae and Fusarium oxysporum. Functional valida-
tion using virus-induced gene silencing (VIGS) showed that silencing GhSTR1 improved
disease resistance, resulting in milder symptoms, less vascular browning, and reduced
fungal growth. Furthermore, the AtSTR1 loss-of-function mutant in Arabidopsis thaliana
exhibited similar resistance phenotypes, highlighting the conserved regulatory role of STR1
in pathogen defense. In addition to its role in disease resistance, the mutation of AtSTR1 in
Arabidopsis also enhanced the vegetative and reproductive growth of the plant, including
increased root length, rosette leaf number, and plant height without compromising drought
tolerance. These findings suggest that GhSTR1 mediates a trade-off between defense and
growth, offering a potential target for optimizing both traits for crop improvement. This
study identifies GhSTR1I as a key regulator of plant-pathogen interactions and growth
dynamics, providing a foundation for developing durable strategies to enhance cotton’s
resistance and yield under biotic and abiotic stress conditions.

Keywords: GhSTR1; ABCG transporter; cotton disease resistance; Verticillium wilt and
Fusarium wilt; growth-defense trade-off

1. Introduction

Cotton (Gossypium hirsutum) is an economically important crop that plays a key role
in the global textile industry [1]. However, vascular diseases, mainly Verticillium wilt
and Fusarium wilt, significantly affect its production. These diseases have resulted in
10-35% annual yield losses in cotton production and reduced fiber quality [2]. Verticillium
wilt and Fusarium wilt are caused by the soil-borne pathogens Verticillium dahliae and
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Fusarium oxysporum, respectively. These two pathogens are significant issues in cotton
production in China, especially in Xinjiang province [3]. Both pathogens invade plants
through the roots and establish infection in the vascular tissue, thus disrupting water
transport and inducing symptoms, such as leaf chlorosis and systemic wilt [2,4]. Cultural
practices and fungicide applications have been used to mitigate these diseases. However,
these methods are not entirely effective in managing pathogens, and using fungicides
often leads to fungicide resistance, high costs, and high environmental risks [5]. Plant
breeding, which focuses on genetic resistance, has emerged as a promising alternative to
the traditional methods for mitigating these diseases. Genetic resistance is more effective
for cotton production and promotes environmentally sustainable agricultural practices [6].
However, candidate resistance resources are limited for genetic resistance in Cotton against
Verticillium dahliae and Fusarium oxysporum [3,7]. Given the substantial economic and
agricultural impact of these diseases, it is essential to identify more genes related to cotton
defense and use them for cotton breeding and resistance [8].

Plants can prevent pathogen invasion and limit their growth through innate immunity,
where the immune system relies on signal transduction pathways [9]. Innate immunity
initiates a regulatory mechanism that overcomes pathogen invasion. Plants enhance their
resistance to pathogen invasion by fortifying the cell wall, reprogramming metabolic
pathways, and activating signal transduction cascades that restrict pathogen colonization
and dissemination [10,11]. Pathogens deploy effector proteins and toxins to inhibit host
defense mechanisms. This approach enables pathogens to establish infections and use
their carbon and energy resources to support pathogen multiplication [12]. Fatty acids, the
key energy reserve structural components in plants, serve as a resource for competition
between plants and pathogens [13]. During pathogen infection, plants enhance their
disease resistance through the stringent use of these resources [14]. However, pathogens
often counteract these defenses by activating host fatty acid transporters, enabling them to
“hijack” fatty acids directly from plant cells for their growth and infection processes [15]. In
addition to their function in plant-pathogen interactions, fatty acids play a significant role
in symbiotic relationships. For example, arbuscular mycorrhizal fungi (AMF) depend on
their symbiotic association with host plants to obtain fatty acids as their primary carbon
source [16,17]. This dual role of fatty acid transport makes them key constituents for
plant defense mechanisms against pathogens and as a regulatory element in maintaining
plant-microbe symbiosis.

Fatty acid transport proteins, particularly ATP-binding cassette (ABC) transporters,
have been shown to play a vital role in facilitating transmembrane fatty acid movement,
which regulates the spatial and temporal distribution of fatty acids and maintains the
equilibrium between plant growth and defense requirements [18,19]. Among the ABC
transporters, the ABCG subfamily is the most functionally diverse. This subfamily includes
transporters involved in transporting signaling molecules, defensive metabolites, and
hormones across membranes [20-22]. Research has shown that ABCG transporters play a
critical role in disease response. In Arabidopsis thaliana, AtPDR12/ AtABCG40 enables the
transport of abscisic acid (ABA), thereby regulating stomatal closure and limiting pathogen
entry [23,24]. PEN3/AtABCG36/AtPDRS in Arabidopsis thaliana facilitates the efflux of
defensive metabolites, increases callose deposition, and strengthens the physical barriers
against pathogen invasion [25]. In Nicotiana benthamiana, NbABCG1 and NbABCG2 secrete
antifungal diterpenoids while limiting the biosynthesis of pathogen-supportive metabo-
lites, such as eugenol, during Phytophthora infestans infection [26]. In rice (Oryza sativa),
OsABCG31 mediates the movement of resistance-related metabolites, thereby protecting
Magnaporthe oryzae and Rhizoctonia solani [27]. In wheat (Triticum aestivum), Lr34 offers
broad-spectrum resistance to fungal pathogens by transporting sinapyl alcohol, a precursor
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of cell wall lignification [28]. These findings demonstrate the functional diversity of ABCG
transporters and their critical roles in plant disease resistance through the transport of
metabolites and hormones.

Despite these significant studies on the roles of ABCG transporters in plant disease
resistance, their specific functions in cotton, particularly in response to Verticillium wilt and
Fusarium wilt, have not been studied thoroughly. Recent studies have identified stunted
arbuscule (STR) and STR2 as fatty acid ABCG transporters in Medicago truncatula. These
transporters facilitate the transport of plastid-synthesized fatty acids to the extracellular
space and provide carbon sources for arbuscular mycorrhizal fungi [29]. Additionally,
AP2/ERE the key transcription factor in Medicago, is shown to regulate fatty acid transport
by binding to the AW-box cis-regulatory element in the STR/STR2 promoter and activating
its expression [30]. Based on these studies, this study aimed to understand the role of the
homologous GhSTR1 gene in Cotton. Using the amino acid sequence of Medicago STR1 as a
reference, the homologous GhSTR1 gene was identified in cotton via sequence similarity
analysis using BlastP. The expression of GhSTR1 was found to be induced upon infection
with Verticillium dahline and Fusarium oxysporum. Functional analysis using virus-induced
gene silencing (VIGS) indicated that GhSTR1 is a negative regulator of disease resistance in
cotton. To further validate its role, the homologous AtSTR1 gene in Arabidopsis was deleted
using T-DNA insertional mutagenesis (Atstr1). Loss of AtSTR1 significantly increased the
resistance to both Verticillium wilt and Fusarium wilt, further validating our findings in
cotton. These findings indicate the functional role of GKSTR1 as a negative regulator of
cotton defense against Verticillium wilt and Fusarium wilt. Understanding GhSTR1’s role
broadens our knowledge of ABCG transporters in plant-pathogen interactions in cotton
and provides a novel approach to enhance disease resistance in cotton.

2. Results
2.1. Cloning and Bioinformatics Analysis of GRSTR1

Based on the MtSTRI function in interaction with arbuscular fungi, as indicated by
many studies, a homologous protein in Gossypium hirsutum (cotton), designated as Go-
hir.A12G270100, was identified through homology searches in the Phytozome database
and named GhSTR1. Using cDNA from the leaves of the cotton cultivar Junmian 1 as a
template, the GhSTR1 coding sequence (CDS) was successfully amplified via PCR, yielding
a fragment of 2454 bp (Figure 1a). Bioinformatic analysis revealed that GESTR1 encodes a
protein comprising 817 amino acids, predicted to be basic, hydrophilic, and unstable, with
subcellular localization at the cell membrane. Using a homology-based approach, AtSTR1,
a protein from Arabidopsis thaliana, was selected as a reference. Structural predictions
using the SMART7 platform indicated that GhSTR1, MtSTR1, and AtSTR1 possess con-
served ATPases associated with a variety of cellular activities and transmembrane helices,
which are key characteristics of the ABCG subfamily of ABC transporters (Figure 1b).
According to the HUGO (Human Genome Organization) nomenclature, ABC transporters
are classified into eight subfamilies (ABCA-ABCH), with the ABCH subfamily absent in
plants [21]. To examine the evolutionary relationship of GhSTR1, sequences from other
plant ABC transporter gene families, including Carya illinoinensis (pecan), Juglans regia
(walnut), Alnus glutinosa (alder), Theobroma cacao (cacao), Citrus x clementina (clementine),
Prunus avium (cherry), and Ricinus communis (castor bean), were retrieved from GenBank.
A phylogenetic tree was constructed using MEGA11 that revealed that GhSTR1 shares
the closest evolutionary relationship with MtSTR1 and AtSTR1, with sequence similarities
of 70.14% and 63.27%, respectively (Figure 1c). By integrating phylogenetic analysis and
protein structural predictions, GhSTR1 was classified as a member of the ABCG subfamily,
which is consistent with the classification of MtSTR1 and AtSTR1.
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Figure 1. Cloning, structural analysis, and phylogenetic relationships of GESTR1. (a) PCR amplifi-
cation of the GhSTR1 gene. The red arrow indicates the target band at the expected size of 2454 bp,
confirming the successful cloning of the GhSTR1 coding sequence (CDS). (b) Protein domain com-
parison. SMART-based domain predictions showed that GhSTR1, MtSTR1, and AtSTR1 share a
conserved AAA ATPase domain (red oval) and transmembrane helices (blue rectangles), which are
characteristic features of the ABCG subfamily. (c) The phylogenetic analysis of GhSTR1 was con-
ducted using MEGA11 to study the primary ABC transporter proteins from Carya illinoinensis (pecan),
Juglans regia (walnut), Alnus glutinosa (alder), Theobroma cacao (cacao), Citrus x clementina (clementine),
Prunus avium (cherry), and Ricinus communis (castor bean). The evolutionary relationships among
these major ABC transporter proteins were analyzed using the Neighbor-Joining (NJ) method and
the JTT substitution model in MEGA11 software (The red section of the figure illustrates the cotton
proteins and their corresponding protein families analyzed in this study). Bootstrap analyses with
1000 replications were performed on the nodes of the phylogenetic tree to evaluate their statistical
support. As shown in Figure 1c, the statistical support for key nodes confirms the robustness of the
inferred evolutionary relationships. The phylogenetic tree indicates that GhSTR1 is closely related to
MtSTR1 and AtSTR1, confirming its classification within the ABCG subfamily.

2.2. Expression Analysis of GRSTR1 Under V991 and St89 Stress

To investigate the expression pattern of the GhSTRI gene in cotton under stress
from V. dahliae V991 (Verticillium wilt) and F. oxysporum St89 (Fusarium wilt), 15-day-old
seedlings were inoculated using the root-dipping method [31]. Samples were collected
from roots and true leaves at 0, 12, 24, 48, 72, 96, and 120 h post-inoculation (hpi). Water-
treated plants (CK group) served as controls for analyzing the spatiotemporal expression
characteristics of GhSTR1 under these stress conditions. Under V. dahliae stress, GhSTR1
expression in the leaves and roots showed dynamic variability. In leaves, the expression was
significantly downregulated at 24 h and 96 h, followed by significant upregulation at 120 h
(p < 0.05) (Figure 2a). In the roots, the expression followed a “rise—fall-rise—fall” pattern,
with significant upregulation at 72 h and downregulation at 120 h (p < 0.05). No significant
changes were observed at other time points (Figure 2b). Under F. oxysporum stress, a similar
fluctuating expression pattern of GhSTR1 was observed in both the leaves and roots. In
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leaves, significant downregulation occurred at 48 h, followed by considerable upregulation
at72hand 120 h (p < 0.05) (Figure 2c). In the roots, expression was significantly upregulated
at 96 h and downregulated at 120 h (p < 0.05), with no significant differences at other time
points (Figure 2d). In the uninfected control cotton tissues (roots, stems, and true leaves),
GhSTR1 exhibited distinct tissue-specific expression patterns (Supplementary Figure S1).
The expression levels in stems were significantly higher than those in roots and leaves,
suggesting a potential role in stem-specific physiological processes. These findings revealed
that GESTR1 shows a notable spatiotemporal and tissue-specific expression pattern when
subjected to V. dahliae and F. oxysporum stress, suggesting its potential involvement in the
dynamic modulation of disease resistance mechanisms in cotton.
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Figure 2. Transcript levels of GhSTR1 under Verticillium dahline V991 and Fusarium oxysporum
St89 stress. (a,c) Relative expression levels of GhSTR1 in leaves under stress from V. dahlize V991
and F. oxysporum St89, respectively. (b,d) Relative expression levels of GhSTRI in roots under stress
from V. dahliae V991 and F. oxysporum St89, respectively. Data are expressed as the mean =+ standard
error (n = 3) and normalized to the control group (CK, sterile water treatment). Statistical analysis
was conducted using the t-test, with significance indicated as follows: * p < 0.05, ** p < 0.01, and
% 1 < 0.001.

2.3. Construction of the GhSTR1 VIGS Vector and Verification of Silencing Efficiency

A VIGS targeting GhSTR1 was successfully constructed where a 416 bp target fragment
of GhSTR1 was amplified by PCR and cloned into the TRV vector (Figure 3a). To confirm
the cloning of the fragment, the TRV vector was digested with EcoRI and Kpnl, which
yielded fragments of the expected sizes (Figure 3b). To confirm the accuracy of the TRV
vector insert, we sequenced the cloned 416 bp fragment of GhSTR1. The sequencing data
verified that the inserted fragment matches the GhSTR1 target sequence without errors.

Cotyledons from cotton plants were infiltrated with the resuspended VIGS vector
solution, and inoculated plants were kept in a growth chamber for 15 days at the condi-
tions outlined in the methods. In the positive control plants carrying pTRV2::GhCLA1, a
bleaching phenotype was observed (Figure 3c), demonstrating effective gene silencing.
The expression levels of GWCLA1 and GhSTR1 were quantified by qRT-PCR. GhCLA1 ex-
pression was significantly reduced in the leaves of pTRV2:: GRCLA1 plants compared to
pTRV2::00 control, while GhSTR1 expression was markedly downregulated in both roots
and leaves of pTRV2:GhSTR1 plants (Figure 3d,e). In summary, the TRV-based VIGS
system effectively silenced GhSTR1, thus providing a reliable tool for its functional analysis.
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Figure 3. Silencing efficiency of the GhSTR1 gene. (a) PCR amplification of the GhSTR1 target
fragment. (b) Restriction digestion of the TRV vector, confirming successful vector construction.
(c) The bleaching phenotype observed in pTRV2::GhCLA1-silenced cotton plants, demonstrating
effective gene silencing. (d,e) Relative expression levels of GhWCLA1 and GhSTR1 in pTRV2::00 and
pTRV2:GhSTR1 plants, respectively. Data are presented as the mean I standard error (n = 3).
Statistical significance is indicated as follows: *** p < 0.001.

2.4. Knockdown of GhSTR1 Enhances Cotton Resistance to V. dahliae and F. oxysporum

The role of GhSTR1 in cotton resistance against V. dahliae (V991) and F. oxysporum (St89)
was further investigated by using GhSTR1-silenced plants (pTRV2::GhSTR1), negative
control plants (pTRV2::00), and wild-type (WT) plants. Following pathogen inoculation,
phenotypic observations, disease index measurements, vascular browning assessments,
and fungal biomass quantification were performed over a 20-day infection period. Si-
lencing GhSTR1 significantly enhanced cotton resistance to both pathogens. Compared
to pTRV2::00 and WT plants, the pTRV2::GhSTR1 plants exhibited reduced symptoms
of leaf chlorosis, wilting, and desiccation (Figure 4a,f). In particular, vascular brown-
ing in stems, which serves as an indicator of pathogen invasion severity, was markedly
less severe in pTRV2:GhSTR1 plants (Figure 4b,g). Disease index analysis showed a
50% reduction in disease severity in pTRV2::GhSTR1 plants compared to that in controls
(Figure 4c,h). Fungal biomass quantification confirmed these results, with fungal accumu-
lation in pTRV2::GhSTR1 plants reduced by over twofold compared to control plants for
both V. dahlige and F. oxysporum (Figure 4d,i). Culturing of pathogens from stems further
confirmed that fungal hyphal growth was significantly inhibited in pTRV2::GhSTR1 plants
compared to that in controls (Figure 4e,j). In summary, silencing GhSTR1 significantly
enhanced cotton resistance to V. dahliae and F. oxysporum, suggesting that GhSTR1 functions
as a negative regulator in disease resistance pathways.
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Figure 4. Effects of GESTR1 gene silencing in cotton resistance to V. dahline V991 and F. oxysporum St89.
(a,f) Leaves of pTRV2::GhSTR1 plants exhibited more severe chlorosis, wilting, and lesions following
infection with V. dahliae (V991) and F. oxysporum (St89) compared to WT and pTRV2::00 controls,
respectively. Scale bar = 2 cm. (b,g) Longitudinal sections of infected stems showed more pronounced
vascular browning in pTRV2::GhSTR1 plants, indicating greater pathogen invasion. Scale bar = 0.2 cm.
(c;h) Disease index analysis at 20 dpi revealed significantly higher indices in pTRV2::GhSTR1 plants
than WT and pTRV2::00 control. (d,i) qRT-PCR analysis showed significantly higher fungal biomass
in pTRV2:GhSTR1 plants than in the controls. (e,j) Fungal hyphal growth in stem sections (1 cm above
the cotyledonary node) cultured on PDA medium was significantly greater in pTRV2::GhSTR1 plants
than in the controls. Scale bar = 0.2 cm. Each group included >30 plants with 3 replicates to ensure
result reliability. Data are expressed as the mean =+ standard error (n = 3). Statistical significance
was assessed using analysis of variance (ANOVA), followed by Duncan’s multiple comparison test.
The significance levels are indicated as follows: ** p < 0.01, and *** p < 0.001. Different groups with
different letters represent statistically significant differences (p < 0.05).
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2.5. Identification and Expression Analysis of the AtSTR1 T-DNA Insertion Homozygous Mutant

Based on the information in the database (http://signal.salk.edu/tdnaprimers.2.html)
(accessed on 12 June 2024), the AtSTR1 gene, located on chromosome 3 of Arabidopsis
thaliana, consists of a single exon, with the T-DNA insertion site in the exon region of the
SALK_129014 mutant (Figure 5a). Genotyping was conducted using SALK_129014-LP,
SALK_129014-RP, and the T-DNA border primer, LBal. PCR analysis indicated that the
wild-type plants (Col-0) amplified a 1170 bp fragment with LP/RP primers, but no product
was amplified with LBal/RP primers. The homozygous mutant produced a 523-823 bp
T-DNA fragment with LBal/RP primers but no LP/RP product. The heterozygous mutant
exhibited both bands. Plants 1 through 8 exclusively amplified the T-DNA fragment,
confirming their homozygous status for AtSTR1 (Figure 5b). To verify the loss of AtSTR1
expression, the transcription levels in plant 1 (Atstr1) and wild-type plants were analyzed
using SqQRT-PCR and qRT-PCR. Both methods confirmed a significant reduction in AtSTR1
expression in the mutant, with stable expression of the reference gene Actin2 (Figure 5c,d).
In conclusion, plant 1 (Atstr1) was characterized as a homozygous T-DNA insertion mutant,
thus providing a robust model for investigating AtSTR1 function.
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Figure 5. Genotypic validation and expression analysis of AtSTR1 T-DNA insertion mutant in
Arabidopsis thaliana. (a) Schematic representation of AfSTR1 gene structure in the SALK_129014
mutant. The promoter is shown as an orange rectangle, the single exon as a yellow rectangle, and
the T-DNA insertion site as a blue inverted triangle. (b) Genotyping results for the homozygous
SALK_129014 mutant. Homozygous plants lacked amplification with LP/RP primers but showed a
T-DNA-specific fragment with LBal/RP primers. (¢) SQRT-PCR showed reduced AtSTR1 expression
in the Atstrl mutant compared to that in the wild-type plants. Actin2 was used as the reference gene
for normalization. (d) qRT-PCR confirmed significantly reduced AtSTR1 expression in the Atstrl
mutant relative to the wild-type plants. Data are presented as mean + standard error (1 = 3), with
statistical significance indicated as follows: *** p < 0.001.

2.6. Atstrl Mutant Enhances Resistance to V. dahliae (V991) and F. oxysporum (5t89) in
Arabidopsis thaliana

To evaluate the role of STR1 genes in disease resistance, the Atstrl mutant of Ara-
bidopsis thaliana was tested against V. dahliae (V991) and F. oxysporum (5t89). Following
15 days of infection, the Atstr] mutant showed significantly enhanced resistance compared
to wild-type (Col-0) plants. The mutant showed decreased chlorosis, wilting, and growth
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inhibition (Figure 6a,e). Disease index analysis also confirmed a substantial reduction in
disease severity within the mutant (Figure 6¢,g). Stem cross-sections revealed moderate
vascular browning in the Afstrl mutant compared to the severe browning observed in
wild-type plants (Figure 6b,f). qRT-PCR analysis further attested to these findings by deter-
mining significantly lower fungal biomass in mutant than wild-type plants (Figure 6d,h).
These findings indicate that the AtSTR1 gene negatively influences disease resistance in
Arabidopsis, implying a potentially conserved role of STR1 genes in plant defense mecha-
nisms. This research offers significant contributions to our understanding of the regulatory
pathways underlying plant-pathogen interactions.
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Figure 6. Enhanced resistance of Atstrl mutant to V. dahline (V991) and F. oxysporum (St89).
(a,e) Phenotypic comparison of Arabidopsis thaliana Col-0 wild-type and Atstrl mutant 15 days
post-infection (dpi) with V. dahliae (V991) and F. oxysporum (S5t89), respectively. Atstrl mutant dis-
played reduced wilting and chlorosis compared to the wild-type plants. Scale bar = 1 cm. (b,f) Stem
longitudinal sections 1 cm above the tillering node, showing vascular browning at 15 dpi with V991
and St89. Atstrl mutant exhibited milder vascular browning compared to the wild-type plants. Scale
bar = 0.2 cm. (c,g) Disease index values at 15 dpi. Atstrl mutant showed significantly lower disease
indices than the wild-type plants for both V991 and St89 infections. (d,h) qRT-PCR analysis of the
fungal biomass at 15 dpi. Atstrl mutant exhibited significantly reduced fungal biomass compared
to wild-type plants. Data are expressed as mean =+ standard error (n = 3). Statistical significance
was assessed using analysis of variance (ANOVA), followed by Duncan’s multiple comparison test.
Significance levels are indicated as follows: * p < 0.05, ** p < 0.01. Groups with different letters
represent statistically significant differences at p < 0.05.

2.7. AtSTR1 Mutant Enhances Growth and Development in Arabidopsis thaliana

Plants with increased stress resistance often exhibit reduced growth, posing a chal-
lenge for resistance breeding [32]. To evaluate the effects of the AtSTR1 mutation (Atstr1)
on the growth and development of Arabidopsis thaliana, we recorded key morphological
characteristics during the early growth phase (15 days) and reproductive stage (45 days).
Phenotypic analysis indicated that the Atstr1 mutant showed improved growth compared
to wild-type (Col-0) plants (Figure 7a). The mutant demonstrated increased root elongation
(Figure 7b), expanded rosette leaf size (Figure 7c,d), and a greater number of rosette leaves
(Figure 7e) at the 15-day mark. By day 45, the Atstrl mutant showed accelerated bolting
(Figure 7f), an overall great plant height (Figure 7g), and an increased number of bolting

33



Plants 2025, 14, 465

branches and siliques relative to the wild-type specimens (Figure 7h,i). These observa-
tions suggest that the absence of AfSTR1 considerably enhanced both the vegetative and
reproductive developmental traits. In conclusion, the functional loss of AtSTR1 promoted
growth vigor and development efficiency in Arabidopsis, highlighting its key role as a nega-
tive regulator of plant growth. These findings suggest the potential of targeting AtSTR1 for
improving growth traits in breeding programs.
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Figure 7. Growth and development phenotype analysis of Atstrl mutant in Arabidopsis thaliana.
(a) Overall developmental state of the wild-type (Col-0) and Atstr]l mutant during the 15-day
growth stage. Scale bar = 5 cm. (b) Root length measurements during the 15-day growth pe-
riod. Scale bar =1 cm. (c) Leaf size of the wild-type and Atstr] mutant during the 15-day growth
stage. Scale bar = 2 mm. (d) Rosette leaf diameter during the 15-day growth stage. The average
diameter was measured at the widest point of the leaf blade across all rosette leaves of the plant.
(e) Rosette leaf number during the 15-day growth stage. (f) Overall developmental state of the
wild-type and Atstrl mutant during the 45-day growth stage. Scale bar = 5 cm. (g) Plant height
during the 45-day growth stage. (h) Number of bolted branches per plant during the 45-day growth
stage. (i) Number of siliques per plant during the 45-day growth stage. Forty plants were analyzed
for each treatment. Data are presented as the mean =+ standard error (SEM; n = 3). The statistical
significance is as follows: * p < 0.05, ** p < 0.01, and *** p < 0.001.

2.8. Phenotypic Analysis of Atstrl Mutant Under Drought Stress

To assess the effect of AtSTR1 deletion on drought tolerance, wild-type (Col-0) and
Atstr]l mutant plants were grown in nutrient-rich soil for 25 days and then subjected to
drought stress by withholding water. After 10 days of drought treatment, both genotypes
showed typical drought symptoms, including leaf wilting, desiccation, curling, and slow
growth, with no significant phenotypic differences observed between Atstr] mutant and
wild-type plants (Figure 8a). Plants that were rated for survival following 8 days of
rehydration also showed no significant differences between the two genotypes (Figure 8b),
indicating that AtSTR1 deletion does not affect drought tolerance in Arabidopsis. Water loss
rate analysis further confirmed these findings. Across the eight time points, no significant
differences in water retention patterns were detected between Atstrl mutant and wild-type
plants (Figure 8c). These results align with those of the survival rate analysis, demonstrating
that the loss of AtSTR1 has no significant impact on drought tolerance in Arabidopsis. These
findings suggest that AtSTRI may not play a critical role in drought stress responses,
although it does have a key involvement in other abiotic stress.
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Figure 8. Phenotypic and physiological analysis of Afstr] mutant under drought stress. (a) Phenotypic
comparison of Arabidopsis thaliana Col-0 wild-type and Atstr1 mutant plants before drought treatment,
after 10 days of drought stress, and following 8 days of rehydration. (b) Survival rate analysis of
Col-0 and Atstrl mutant plants after drought stress and rehydration. (c) Water loss rate curves
comparing Col-0 and Afstrl mutant plants during drought stress. A total of 40 plants were analyzed
per treatment. Data are presented as mean =+ standard error (SEM; n = 3). Statistical significance is as
follows: ns: no significant difference.

3. Discussion

Verticillium wilt and Fusarium wilt significantly affect cotton production in China and
drastically impact crop yield and quality. While current management strategies have shown
some effectiveness, their use is limited due to their economic costs and environmental im-
pact. Therefore, it is crucial to develop resistance in cotton plants using molecular breeding.

Previous studies have revealed that pathogen virulence is influenced by the availabil-
ity of sugar and fatty acids provided by the host plant. This provides a novel approach to
enhance plant resistance by regulating the nutrient supply from the host to the pathogen,
thus restricting the pathogen [33]. For example, researchers have significantly improved
plant resistance and disease reduction in maize smut, rice sheath blight, and cotton Verti-
cillium wilt by silencing SWEET sugar transporter genes [33-35]. Previous research has
also shown that fatty acids are the primary carbon source transferred from host plants to
arbuscular mycorrhizal fungi [16,36]. In Medicago truncatula, the STR/STR2 genes regulate
lipid transport and play a crucial role in the formation of mycorrhizae [29].

Based on these studies and information on the STR1 gene associated with fatty acid
transport proteins, we identified its homologous gene in Gossypium hirsutum cv. Junmianl
using BlastP. The gene homologous to STR1 was amplified using PCR. Bioinformatics analy-
sis revealed that GhSTR1 encodes a protein consisting of 817 amino acids. We characterized
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the gene and found it to be basic, hydrophilic, and unstable, and predicted to be localized
to the cell membrane. SMART and phylogenetic analyses indicated that GESTR1 contains
ATPase domain (AAA) associated with various cellular activities and six transmembrane
domains, classifying it in the same ABCG subfamily as MtSTR1 and AtSTR1 (Figure 1).

Previous studies have demonstrated that ABCG transporters are essential for plant
resistance. Several examples from across different plant species have provided evidence to
support this claim. In Arabidopsis thaliana, AtPDR12 [23] and AtABCG36 [24] have been
shown to play a significant role in plant immunity. Similarly, NbABCG1 and NbABCG2 in
tobacco [26], OsABCG31 in rice [27], and Lr34 in wheat [28] have been shown to regulate
plant defense. These transporters move metabolites or signaling molecules, thereby con-
trolling the response of plants to pathogens. However, the role of these transporters has
not been explored deeply in cotton.

Given that these transporters are less studied in cotton, we investigated the expression
patterns of GhSTR1 in Gossypium hirsutum cv Junmianl in response to Verticillium dahliae
V991 and Fusarium oxysporum St89 inoculation. Our results from the study revealed that
GhSTR1 expression under pathogen-induced stress exhibited notable tissue specificity
and temporal variations, following either “rise—fall-rise—fall” or “fall-rise—fall” patterns
(Figure 2). These fluctuating gene expressions suggest that the plants use a multistage
regulatory approach to combat pathogen invasion. The initial decrease in expression
suggests that the plant restricts fatty acid transport to the pathogen to limit its growth.
Conversely, the increase in gene expression indicates that the plant might be regulating
its metabolic balance to enhance its defense. Furthermore, the tissue-specific expression
observed in roots and leaves might be associated with infection routes and localized defense
needs, implying that GhSTR1 contributes to localized and systemic defense responses.

Recently, virus-induced gene silencing (VIGS) technology has been widely used to
study gene function in cotton, owing to its high efficiency [37]. VIGS has been used to
demonstrate the role of GEPLP? in regulating fatty acid metabolism and the Jasmonic acid
signaling pathway, as well as its function in regulating resistance to Verticillium wilt [38]. In
this study, we used VIGS to understand the role of the fatty acid transporter gene GhSTR1
in cotton resistance to Fusarium wilt and Verticillium wilt. The results from our study
indicated that silencing the expression of GhSTR1 significantly increased resistance to both
Fusarium wilt and Verticillium wilt. Plants with silenced GhSTR1 showed reduced disease
indices, reduced vascular browning, and decreased fungal biomass, suggesting enhanced
resistance (Figure 4).

Although the negative regulatory role of GESTR1 has been studied using VIGS tech-
nology, the results may be limited by the instability and off-target effects inherent to VIGS.
To further validate the function of GhSTR1, the role of AtSTR1 (the homologous gene in
Arabidopsis thaliana) was studied using T-DNA insertion mutagenesis. Under pathogen
stress, the Atstr]l mutant showed significantly lower disease indices, a reduction in vascular
browning, and decreased fungal biomass compared to the wild-type (Col-0), indicating an
increase in disease resistance (Figure 6). These findings are consistent with the functional
identification of GhWSTR1 using VIGS and further confirm the role of GhSTR1 in cotton’s
response to Verticillium dahline and Fusarium oxysporum. Interestingly, GhSTR1 is predicted
to localize to the cell membrane, whereas its homolog AtSTR1 (also known as ABCG19)
has been reported to localize to the vacuole membrane in Arabidopsis thaliana [39]. This
discrepancy suggests that STR1 genes may have context-dependent localization or dual
roles in fatty acid transport. In the future, we should investigate whether GhSTR1 exhibits
dynamic membrane localization under pathogen stress and whether this affects its role in
disease resistance.
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This research highlights the critical role of resistance genes in enhancing crop resistance
to pathogens. However, practical breeding efforts require a comprehensive study of traits
such as growth and development, drought tolerance, quality, and yield to ensure stable
performance under multiple stress conditions [32]. This study showed that the Atstr1
mutant showed overall better growth, including leaf area, root area, root length, and plant
height, than the wild type (Figure 7). However, in the experiment on drought stress, there
were no significant differences between mutant and wild-type plants in terms of survival
rate and water loss (Figure 8). These results indicate a possible divergence in the functional
roles of AtSTR1 in disease resistance and drought tolerance.

Developing breeding techniques focused on nutrient delivery for disease resistance
has been widely recognized as a practical and durable approach [40]. For example,
CRISPR/Cas9 gene editing has been efficiently used to change TALE-binding elements,
such as SWEET gene promoters, resulting in broad-spectrum resistance to bacterial blight in
rice [41,42]. This research identified a novel modulator of cotton resistance to Fusarium and
Verticillium wilts. This finding indicates the functional importance of ABCG transporters
in plant-pathogen interactions. Our results suggest that GhSTR1 is vital for cotton’s disease
resistance mechanisms, although further research is required for deeper analysis of its
function pathways.

Furthermore, GhSTR1 may interact with other defense-related systems. Exploring
these potential cross-regulatory interactions could significantly increase our understand-
ing of cotton’s complex networks governing disease resistance. Moreover, gene-editing
technologies could precisely control fatty acid transport between cotton and pathogenic
fungi, an approach known as “starvation therapy.” Targeting the metabolic requirements of
pathogens could effectively diminish the pathogen virulence and boost disease resistance
in plants.

This study provides theoretical support for improving cotton disease resistance and
suggests innovative gene editing and cross-pathway regulation strategies. To maximize
their relevance in practical breeding programs, future studies should confirm these findings
in multi-gene scenarios and under various environmental conditions.

4. Materials and Methods
4.1. Plant Materials and Growth Conditions

Seeds of Gossypium hirsutum cv. “Junmian 1” were surface-sterilized with 75% ethanol
and rinsed with sterile water twice. They were soaked in 30% hydrogen peroxide (H,O)
at 28 °C for 3 h. Residual H,O, was removed by rinsing the seeds 3 to 5 times with sterile
conditions. Seeds were incubated in liquid Murashige and Skoog (MS) medium at 28 °C in
the dark for 2448 h until seed germination. Germinated seeds with uniform radicle lengths
were subsequently transplanted to the matrix (the vermiculite and black soil in a volume
ratio of 1:2). Sixty plants were used for this experiment. The pots were covered with plastic
bags and kept under a 16 h light/8 h dark photoperiod at 28 °C with a light intensity of
120 pE-m~2:s~! and relative humidity of 60-70%. The plastic bag was removed 5-7 days
post-germination, and seedlings were left to grow in the above-mentioned conditions.

For Arabidopsis thaliana, Col-0 wild-type, and T-DNA insertion mutant, the seeds were
surface-sterilized with 6% sodium hypochlorite for 5 min and rinsed 5 times with sterile
water. The seeds were sown on 1/2 MS solid medium and placed at 4 °C in the dark for
3 days. The plates were kept in a growth chamber at 22 °C under a 16 h light/8 h dark
photoperiod with a light intensity of 6000-8000 Ix for 7 days. After seedling germination,
the germinated plants were transplanted into a sterilized substrate of peat, vermiculite,
and perlite (4:3:1, v/v/v) and grown at 23 °C in a growth chamber with 16 h light/8 h
dark photoperiod.
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4.2. Pathogen Growth and Inoculation

The fungal strains Verticillium dahliae V991 and Fusarium oxysporum St89 were used
for plant inoculation. The strains were grown on potato dextrose agar (PDA) plates at 28
°C for 3-5 days. The fungal hyphae were then transferred to Czapek-Dox liquid medium
(NaNO3, 0.3% w/v; KHyPOy, 0.1% w/v; MgSQOy, 0.1% w/v; KCl, 0.1% w/v; FeSOy4, 0.0002%
w/v; and sucrose, 3% w/v; pH 6.0) and incubated at 28 °C with shaking at 180 rpm for
5-7 days.

Cotton plants were inoculated using the root dip method, as described by Zhang [31].
After 15-20 days of growth, the roots, stems, and fully expanded true leaves were sampled
from some plants for tissue-specific expression analysis. At the same time, the seedlings
with uniform root growth were selected, where roots were washed with water, and the
seedlings were immersed in spore suspensions of V. dahliae V991 and F. oxysporum St89 at a
concentration of 1 x 10°~107 spores-mL~! for 1 min. Seedlings treated with sterile water
served as controls (CK). The roots and true leaves were sampled at 0, 12, 24, 48, 72, 96, and
120 h post-inoculation (hpi) for gene cloning and expression pattern analysis.

4.3. Analysis of GhSTR1 Gene Expression Patterns

Total RNA was extracted from collected leaves and roots sampled at 0, 4, 8, 12, 24,
and 48 hpi using the Plant Polysaccharide and Polyphenol RNA Extraction Kit (Tiangen,
Beijing, China), following the manufacturer’s protocol. First-strand cDNA was synthesized
using the 5x All-In-One RT MasterMix kit (ABM, Zhenjiang, China). Quantitative RT-
PCR (qRT-PCR) was performed on a LightCycler 480 system (Roche, Basilea Switzerland)
using SYBR Premix Ex Taq (Takara, Beijing, China). Relative gene expression levels were
calculated using the 2-AACt method [43], with GhUBQ7 (DQ116441) as the internal reference
gene. Each experimental condition consisted of three biological replicates, each biological
replicate including three technical replicates (n = 3 for each level). All the primers used for
this analysis are listed in Supplementary Table S1.

4.4. Gene Cloning and Sequence Analysis

The amino acid sequence of Medicago truncatula MtSTR1 (GenBank accession number:
ACV73541.1) was used as a query to identify the homologous gene GhSTR1 in upland cotton
through a BlastP search in the Phytozome database (https://phytozome-next.jgi.doe.gov/)
(12 June 2024). Primers specific to the GhSTR1 sequence were designed using primer
5.0 (Table S1). Amplification of the gene was conducted using Phusion High-Fidelity
DNA Polymerase (NEB, Ipswich, MA, USA), following the manufacturer’s instructions.
PCR amplicons were analyzed on 1% agarose gel electrophoresis, and the target bands
were excised and cleaned using the Agarose Gel DNA Recovery Kit (Tiangen, Beijing,
China). The purified amplicon fragments were ligated into the pEASY Blunt-Zero cloning
vector and transformed into Escherichia coli DH5x competent cells (Tiangen, Beijing, China)
according to manufacture protocol. The restriction enzyme digestion identified positive
clones and sequenced by the Shanghai JieLi Biotechnology Co., Ltd. (Shanghai, China).

4.5. Sequence and Bioinformatics Analysis of GhSTR1

The open reading frame (ORF) of GhSTR1 was analyzed using DNA Star17.6 software.
Physicochemical properties, including the molecular weight, isoelectric point, instability
index, and hydrophilicity, were predicted using the EXPASY ProtParam tool (https://
web.expasy.org/protparam/) (7 May 2024). Subcellular localization was predicted using
the LocTree tool (https:/ /www.rostlab.org/services/loctree2 /) (8 May 2024). Functional
annotation and protein family classification were performed using Prosite (https:/ /prosite.
expasy.org/) (10 May 2024) and SMART tools (http://smart.embl-heidelberg.de/) (11 May
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2024) [44]. Sequence alignment was conducted using Clustal X, and a phylogenetic tree
was constructed using MEGA11 software [45]. These analyses provided insights into the
evolutionary characteristics of GhSTRI.

4.6. Construction of Silencing Vectors and VIGS in Cotton

The Tobacco rattle virus (TRV)-mediated VIGS technology is well adapted to study
the function of genes in cotton [46]. We used this technology to understand the function
of GhSTR1. To suppress GhSTR1 expression, the target sequences were designed using
the SGN-VIGS online tool (https:/ /vigs.solgenomics.net/) (12 June 2024). Primers were
designed using DNAMAN software with EcoR1 and Kpnl restriction sites (Table S1). The
PCR product was digested with EcoR1 and Kpnl and then ligated into the pTRV2 vector
using T4 DNA ligase. Ligated products were transformed into E. coli DH50c competent cells.
Positive clones were confirmed by restriction digestion. Verified pTRV2::GhSTR1 recombi-
nant plasmids, along with pTRV:RNA1 and pTRV:RNA2 plasmids, were transformed into
Agrobacterium tumefaciens GV3101 cells via electroporation. The Agrobacterium cells were
injected into the cotyledons of 7-day-old plants using 1 mL syringes. The plants were then
grown at 25 °C under 16 h /8 h light/dark cycle, as described by Li [5]. Approximately
15 days post-infection, bleaching of leaves was observed in the positive control group
(pTRV2::GhCLA1). Root and true leaf samples were collected from the experimental group
(pTRV2:GhSTR1) and control group (pTRV2::00). Silencing efficiency was assessed via
qRT-PCR. Each experimental group included more than 60 seedlings, with three biological
replicates per condition.

4.7. Genomic DNA Extraction and Homozygous Identification

DNA was extracted from fresh leaves of Arabidopsis thaliana seedlings using the
EasyPure Plant Genomic DNA Extraction Kit (TransGen Biotech, Beijing, China). Gene-
specific primers (LP and RP) and a T-DNA-specific primer (LBal) were designed based
on the T-DNA insertion site information for Salk129014 from the Salk Institute (http:
/ /signal.salk.edu/) (14 June 2024). PCR amplification was performed using genomic DNA
extracted from Col-0 wild-type plants and mutant lines using the LP/RP and LBal/RP
primer combinations. The reaction conditions followed the EasyTaq DNA Polymerase
protocol (TransGen Biotech, Beijing, China).

Total RNA was extracted from the leaves of homozygous AtSTR1 mutant lines, and
that of Col-0 wild-type plants was extracted using the EasyPure RNA Extraction Kit
(TransGen Biotech, Beijing, China). RNA was reverse transcribed into cDNA using a
Reverse Transcription Kit (TransGen Biotech, Beijing, China). Expression levels of AtSTR1
were analyzed by qRT-PCR and semi-quantitative PCR (SqRT-PCR), using Actin2 as the
internal reference gene. Primer sequences are provided in Table S1.

4.8. Disease Resistance Evaluation of Arabidopsis Atstrl Mutant and Cotton VIGS Plants Against
Fusarium and Verticillium Wilts

The severity of plant disease symptoms was categorized into four grades, ranging
from 0 to 4 as follows. Grade 0: healthy plants with no visible symptoms. Grade 1: 0-25%
of leaves show chlorosis or yellow spots. Grade 2: 25-50% of leaves exhibit yellow spots
with slight leaf shedding. Grade 3: 50-75% of leaves display yellow or brown spots
with moderate shedding. Grade 4: 75-100% of leaves are affected by yellow or brown
spots, with significant leaf drop [47]. The Disease Index (DI) was calculated using the
following formula:

DI = [(Disease Grade X Number of Infected Plants)/(Total Number of Plants X 4)] x 100
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Next, 3 mm stem pieces were excised 2 cm below the cotyledons from pTRV::GhSTR1-
silenced and pTRV::00 control plants after 15 days post-inoculation (dpi) with Verticillium
dahliae or Fusarium oxysporum. These excised sections were sterilized with 75% sodium
hypochlorite, rinsed with sterile water, and cultured on PDA medium containing 400 mg/L
cefotaxime at 25 °C for 4 days to observe fungal regrowth [5]. DNA extraction was
performed using the Plant Genomic DNA Extraction Kit (TransGen Biotech, Beijing, China),
and qRT-PCR followed the protocol described by Luchi [48]. Fungal DNA's ITS region was
amplified with primers ITS-F and VE1-R, while internal reference genes were used (UBQ7
for cotton and Actin2 for Arabidopsis). This experiment was independently repeated with
three technical and three biological replicates each time.

4.9. Growth and Development Phenotype Observation and Drought Stress Experiment for
Arabidopsis Atstrl Mutant

Wild-type (Col-0) and Afstrl mutant seedlings were transplanted into nutrient soil
(vermiculite and black soil 1:2, v/v) for phenotype analysis. After 15 days, the plants
were observed to determine overall plant morphology, root growth, rosette leaf diameter,
and the number of rosette leaves. At 45 days, during the reproductive stage, additional
phenotypes were assessed, such as plant height, leaf size, root characteristics, number of
bolting branches, and number of siliques. A minimum of 40 plants per group was evaluated
to ensure sufficient statistical power.

To assess drought tolerance, Col-0 and Atstr1 mutant plants were grown in nutrient-
rich soil for 25 days under normal conditions. The plants were exposed to drought condi-
tions by withholding irrigation for 10 days. Following re-watering, phenotypic changes
were recorded, and the survival rates were calculated. For the water loss rate (WLR) mea-
surements, 30-day-old plants were selected. The fresh weight (FW) of detached leaves was
recorded initially and at 1 h intervals over a 15 h period.

4.10. Statistical Analysis

Results were presented as the mean =+ standard deviation (SD) or standard error of the
mean (SEM) based on three replicates. Statistical analyses were performed using GraphPad
Prism 9.5 software (HM, San Diego, CA, USA). The significance levels were determined
using t-tests or one-way analysis of variance (ANOVA). The levels of significance were
indicated as follows: * p < 0.05, ** p < 0.01, and *** p < 0.001, representing varying degrees
of statistical significance.

5. Conclusions

In this study, we determined the functional role of GhSTR1, a member of the ABCG
subfamily of ATP-binding cassette (ABC) transporters that mediate cotton defense re-
sponses against V. dahliae and F. oxysporum. We identified GhSTR1 as a homolog of STR1
from Medicago truncatula and highlighted its evolutionary conservation and potential role
in plant defense mechanisms. Expression profiling revealed that GhSTR1 displays tissue-
specific and spatiotemporal dynamics under stress conditions caused by V. dahliae and
F. oxysporum. Functional validation was conducted using virus-induced gene silencing
(VIGS), which showed that silencing GhSTR1 enhanced disease resistance, as indicated
by reduced symptom severity, vascular browning, and fungal biomass. Furthermore, At-
STR1 loss-of-function mutants in Arabidopsis thaliana exhibit similar resistance phenotypes,
highlighting the conserved regulatory role of STR1 in pathogen defense. In addition to its
role in disease resistance, the mutation of AtSTR1 in Arabidopsis enhances the vegetative
and reproductive growth of the plant, including increased root length, rosette leaf number,
and plant height without compromising drought tolerance. These findings suggest that
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GhSTR1 mediates a trade-off between defense and growth, offering a potential target for
optimizing both traits for crop improvement.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ plants14030465/s1, Figure S1: Relative expression of GhSTRI in
cotton roots, stems, and leaves as measured by qRT-PCR; Table S1: Primers used in this study.
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Abstract: Plants are able to perceive diverse environmental factors and form an appropriate systemic
functional response. Systemic responses are induced by stimulus-specific long-distance signals
that carry information about the stimulus. Variation potential is proposed as a candidate for the
role of such a signal. Here, we focus on the mechanisms that determine the specificity of the
variation potential under the action of different local stimuli. Local stimuli such as heating, burning
and wounding cause variation potential, the parameters of which differ depending on the type
of stimulus. It was found that the stimulus-specific features of the hydraulic signal monitored by
changes in leaf thickness and variation potential, such as a greater amplitude upon heating and
burning and a significant amplitude decrement upon burning and wounding, were similar. The
main features of these signals are the greater amplitude upon heating and burning, and a significant
amplitude decrement upon burning and wounding. Together with the temporal correspondence
of signal propagation, this evidence indicates a role for the hydraulic signal in the induction of
stimulus-specific variation potential. Experiments using mechanosensitive channel inhibitors have
demonstrated that the hydraulic signal contributes more to the induction of the variation potential
in the case of rapidly growing stimuli, such as burning and wounding, than in the case of gradual
heating. For thermal stimuli (gradual heating and burning), a greater contribution, compared to
wounding, of the chemical signal related to reactive oxygen species to the induction of the variation
potential was demonstrated. Thus, the specificity of the parameters of the variation potential is
determined by the different contributions of hydraulic and chemical signals.

Keywords: abiotic stress; signal transduction; electrical signal; variation potential; hydraulic signal

1. Introduction

To date, sufficient evidence has accumulated that local stimuli trigger systemic func-
tional responses that cover the whole plant body [1,2]. Such responses are known to be
stimulus-specific and involve unstimulated parts of the plant. First of all, it is worth noting
the stimulus-specific differences in the dynamics of various phytohormones [3-7] and
metabolites [4,8], the dynamics of photosynthesis and transpiration responses [3-6], the
level of expression of various genes [6-9], etc. Such stimulus-specific systemic responses
can only be induced by a stimulus-specific long-distance signal that carries information
about the stimulus.

One such signal may be the variation potential (VP), which is a transient depolarization
of irregular shape and duration [1,2,10-12]. VP occurs in response to various damaging
stimuli [1,2,10,11], and its parameters, such as the amplitude and propagation velocity,
may depend on the type of stimulus [5,13] and the area of damage [14]. Experiments on
the stimulus specificity of the VP parameters revealed that in the case of rapidly growing
stimuli, such as burning and wounding, there is a significant decrement during the VP
propagation, whereas in the case of slowly growing stimuli, such as gradual heating,
there is almost no decrement [5,13]. Most importantly, it was shown that VP can induce a
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stimulus-specific systemic response [1,2]. Thus, VP can potentially regulate the systemic
response by changing its parameters.

However, the outstanding question remains: how are VP parameters regulated upon
different stimulations? The specificity of VP may be based on the features of its mechanisms
of generation and propagation, due to its complex nature: VP is an electrical reaction in
response to a hydraulic or chemical signal, or a combination of both [1,2,11,12]. The role of
the hydraulic signal is evidenced by data on the induction of VP by artificially increasing
intra-vessel fluid pressure [14,15], data on increases in the thickness of leaves or stems
preceding the VP [16,17], as well as good agreement with the results of mathematical
ing [18,19]. It is assumed that chemical signals may be some wounding substances propa-
gating from the damage site throughout vascular bundles, such as reactive oxygen species
(ROS) produced by NADPH oxidases [2,11,20-22], which is supported by the similar dy-
namics of ROS wave propagation [11,21]. It is proposed that hydraulic and chemical signals
activate mechanosensitive and/or ligand-gated Ca?*-permeable channels, respectively,
inducing an initial step of membrane potential changes during VP generation [2,11]. An
important role in the formation of the specificity of VP parameters can be played by the
physical features of the propagation of hydraulic and chemical signals, for example, the
higher propagation velocity of hydraulic signals compared to chemical ones [11]. This
can lead to the activation of Ca?*-permeable channels of different types and different lag
times for their activation, which determines the characteristics of the VP parameters. Thus,
differences in the parameters of the VPs caused by various stimuli may be primarily due to
the different contributions of chemical and hydraulic signals to the induction of the VP.

However, the precise mechanism of the specificity of VP parameters needs investiga-
tion. In summary, the present work aimed to identify the stimulus-specific features of the
mechanisms of generation and propagation of VP in wheat plants.

2. Results
2.1. Parameters of Variation Potentials Induced by Different Local Stimuli

Heating, burning and mechanical wounding of the tip of a wheat leaf caused the
generation of a long-distance electrical signal in the form of a transient depolarization of
irregular shape and duration (Figure 1A), with characteristics corresponding to VP [1,2,11].
In the cases of heating and burning, the VP amplitudes near the site of stimulation (3 cm)
were similar (~54.5 £ 3.5 mV), whereas in the case of wounding it was significantly lower
(~32 £ 3 mV). As VP propagates, its amplitude decreases; the degree of attenuation
depends on the type of stimulus. In cases of burning and wounding, the VP amplitude was
significantly attenuated: at a distance of 9 cm from the stimulation site, the amplitude was
46% and 19% of the initial amplitude (at 3 cm), respectively. By contrast, the amplitude
of the heat-induced VP was attenuated to 83% of the initial amplitude (Figure 1B). These
results demonstrate the dependence of VP parameters, such as amplitude and decrement,
on the type of stimulus. These findings suggest that there are stimulus-specific differences
in the mechanisms of VP generation and propagation.

2.2. The Role of the Hydraulic Wave in the Propagation of Variation Potentials Caused by Different
Local Stimuli

Heating, burning and mechanical wounding induced a hydraulic signal that caused
an increase in leaf thickness (Figure 2B). The main stimulus-specific features of changes
in leaf thickness at a distance of 4.5 cm from the stimulation area will be discussed below.
A slight decrease in leaf thickness preceded leaf thickening (Figure 2A,B and Figure S1).
In cases of burning and wounding, the amplitude of the thickness reduction phase was
small (<5 pm), and its duration did not exceed several seconds. In the case of heating,
the amplitude of the thickness reduction phase was several times greater than that upon
burning and wounding, and its duration was several minutes (Figure S1).
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Figure 1. Variation potentials (VPs) induced by local heating, burning or wounding in wheat plants.
(A) Averaged VP traces. The arrow indicates the moment of mechanical wounding, burning or the
beginning of gradual heating of the leaf tip. (B) Dependence of the VP amplitude on the distance to
the area of local stimulation. Data are means 4= SEM. Different uppercase letters indicate statistically
significant differences between stimuli; different lowercase letters indicate statistically significant
differences between distances within a single stimulus (p < 0.05). (C) Schematic representation of the
experimental design for monitoring surface potentials in wheat plants. E1, E2, E3: surface electrodes.

The amplitude (Figure 2C) and duration (Figure 2D) of the phase of increasing leaf
thickness were significantly greater compared to the thickness reduction phase. The
amplitude of thickening upon wounding was about 15-20 pm, whereas upon heating and
burning it reached 20-30 pm. The duration of the thickening phase, i.e., the time taken
from the beginning of an increase in leaf thickness until the thickness reached its maximum,
was greatest upon heating compared to other stimuli (Figure 2D). The leaf thickening rate
was lowest upon wounding, higher upon heating and highest upon burning (Figure 2E).

It is important to note that the thickening phase began almost simultaneously with
the VP generation under the action of stimuli of all types (Figure 2A), suggesting that the
hydraulic signal is essential for VP induction.

The thickness change parameters show a dependence on the distance from the stimu-
lation area. The amplitude of the heat-induced increase in leaf thickness decreased slightly
with increasing distance from the stimulation site, whereas it greatly decreased in the
case of burning and, especially, in the case of wounding (Figure 2C). The ratios of the
durations of the thickening phases between stimuli were maintained as the distance from
the stimulation area increased (Figure 2D). Thus, hydraulic-signal-induced changes in leaf
thickness also depend on the stimulus type in a similar manner to VP parameters.
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Figure 2. Systemic changes in leaf thickness induced by local heating, burning or wounding in
wheat plants. (A) Simultaneous representative recordings of leaf thickness changes (Ah, solid lines)
and variation potentials (AU, dashed lines) at a distance of 4.5 cm and 3 cm, respectively, from
the stimulation area. The arrow indicates the moment of mechanical wounding, burning or the
beginning of gradual heating of the leaf tip. (B) Averaged recordings of leaf thickness changes (Ah);
shaded regions (envelopes) represent SEM. The arrow indicates the moment of mechanical wounding,
burning or the beginning of gradual heating of the leaf tip. (C-E) Dependences of the amplitude (C),
duration (D) and rate (E) of leaf thickening on the distance to the area of local stimulation. Data are
means + SEM. Different uppercase letters indicate statistically significant differences between stimuli;
different lowercase letters indicate statistically significant differences between distances within a
single stimulus (p < 0.05). (F) Schematic representation of the experimental design for simultaneous
monitoring of surface potentials and changes in wheat leaf thickness. E1, E2, E3: surface electrodes.
Yellow lines are light bands between the sender units and the receiver units of the optical micrometers
(gray rectangles).
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2.3. Systemic Changes in Stomatal Conductance Induced by Different Local Stimuli

The observed increase in wheat leaf thickness due to the propagation of the hydraulic
signal may be associated with changes in water exchange. One of the important components
of water exchange is water loss through the stomata. Changes in stomatal conductance
(gs) induced by local heating, burning or mechanical wounding were investigated in the
unstimulated part of the wheat leaf. Changes in gg were biphasic, with an initial slight
increase in transpiration rate followed by a significant decrease (Figure 3). Note that the
first phase of increasing the transpiration rate either began simultaneously with the VP
generation or preceded it by several seconds. The phase of the decrease in transpiration
rate was more pronounced and prolonged. The amplitude of gg changes was the smallest
upon wounding (gs decrease by 1/4 from the resting level), whereas it was significantly
greater upon burning and heating.
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Figure 3. The dynamics of stomatal conductance (gs) induced by local heating, burning or wounding
in the unstimulated part of the wheat plant. Lines are means; shaded regions (envelopes) represent
SEM. The dashed line indicates the moment of generation of the variation potential.

2.4. Parameters of Variation Potential and Hydraulic Signal in a Detached Wheat Leaf

The study of stimulus-specific features of the mechanisms of propagation and genera-
tion of VP was performed on the basis of inhibitor analysis. Due to the low penetration
of inhibitors through the wheat leaf epidermis, experiments with inhibitors were carried
out using a detached wheat leaf. To assess the suitability of the detached leaf model, VP
parameters in whole plants and detached leaves were compared. The VP in the detached
leaves had its own characteristic shape (Figure 4A). VP amplitudes near the stimulation
area (3 cm) in whole plants and excised leaves were very similar. However, the VP propa-
gation in the detached leaf was altered: VP amplitude was more attenuated with increasing
distance from the stimulation site. The differences were more pronounced in the case of
heating. At distances of 6 cm and 9 cm, the amplitudes were reduced to 56% and 25% of
the initial amplitude (at 3 cm), respectively (Figure 4B), whereas a decrement was almost
not observed in whole plants (Figure 1B). The decrease in amplitude was 47% and 11% at a
distance of 6 cm and 34% and 11% at a distance of 9 cm from the initial amplitude upon
burning and wounding, respectively (Figure 4B). Notwithstanding, the main stimulus-
specific differences between VP parameters were clearly identified using detached leaves
as in whole plants.

The effect of leaf detachment on hydraulic signal parameters was also analyzed
(Figure 5). A significant decrease in leaf thickening amplitude was found for all stimulus
types, both near the stimulation site (4.5 cm) and at a distance of 10.5 cm. However, as for
VP, the main stimulus-specific features of the hydraulic signals were also clearly identified
in detached leaves, such as the presence of a pronounced and prolonged phase of thickness
reduction upon heating, as well as the greatest amplitude of the thickening phase in the
case of heating and the smallest in the case of wounding. It can also be noted that the
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changes in hydraulic signals caused by the leaf detachment were similar to those for the
VP.
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Figure 4. Variation potentials (VPs) induced by local heating, burning or wounding in the detached
wheat leaf. (A) Averaged VP traces. The arrow indicates the moment of mechanical wounding,
burning or the beginning of gradual heating of the leaf tip. (B) Comparison of the dependences of the
VP amplitude on the distance to the area of local stimulation in detached leaves (solid lines) and whole
wheat plants (dashed lines). Data are means + SEM. For detached leaves only, different uppercase
letters indicate statistically significant differences between stimuli; different lowercase letters indicate
statistically significant differences between distances within a single stimulus (p < 0.05). (C) Schematic
representation of the experimental design for monitoring surface potentials in wheat plants. E1, E2,
E3: surface electrodes.
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Figure 5. Systemic changes in leaf thickness (Ah) induced by local heating, burning or wounding
in the detached wheat leaf. Lines are means; shaded regions (envelopes) represent SEM. The arrow
indicates the moment of mechanical wounding, burning or the beginning of gradual heating of the
leaf tip.
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Similarities in the dependences of the parameters of VP and hydraulic signal on the
type of stimulus between whole plants and detached leaves indicate the suitability of the
detached leaf model for studying the mechanisms of VP generation and propagation.

2.5. Contribution of Reactive Oxygen Species to the Propagation of Variation Potentials Caused by
Different Local Stimuli

In addition to the hydraulic signal, the VP propagation is associated with a chemical
signal, the role of which, according to hypotheses in some works [2,11,22], can be played
by ROS. The possible contribution of ROS to the VP propagation was evaluated using
an ROS scavenger N,N'-dimethylthiourea (DMTU) [23,24]. Treatment with DMTU led
to a decrease in the VP amplitude near the site of stimulation (3 cm) under the action of
all stimuli (Figure 6). VP propagation was more suppressed upon heating compared to
burning and wounding. To determine the ROS sources, the inhibitor of NADPH oxidases
diphenyleneiodonium chloride (DPI) [25,26] and salicylhydroxamic acid (SHAM), which
inhibits cell wall peroxidases [27] and mitochondrial alternative oxidases [28], were used.
These inhibitors slightly reduced the VP amplitude near the stimulation area but signifi-
cantly suppressed the propagation of heat- and burn-induced VPs. The propagation of the
wound-induced VP was less inhibited, especially upon SHAM treatment. The inhibition of
ROS production also resulted in a change in VP amplitude decrement, which was more
than 75% at a distance of 6 cm from the stimulation area for all stimulus types except SHAM
treatment upon wounding. These results suggest that DPI- and SHAM-inhibited oxidases
are involved in maintaining the propagation of the heat- and burn-induced VPs through
active ROS production [2], whereas they are probably not involved in the propagation of
the wound-induced VP.
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Figure 6. Effects of the reactive oxygen species (ROS) scavenger N,N’-dimethylthiourea (DMTU) and
ROS-producing enzyme inhibitors diphenyleneiodonium chloride (DPI) and salicylhydroxamic acid
(SHAM) on the amplitudes of the variation potentials (VPs) induced by local heating, burning or
wounding in the detached wheat leaf. VP amplitude is represented as the percentage of control, which
is the VP amplitude in untreated leaves (without scavengers and inhibitors). Data are means + SEM.
* indicates data significantly different from untreated leaves (p < 0.05).

Thus, the different contributions of ROS indicate, first of all, stimulus-specific differ-
ences in the parameters of VP propagation, but not differences in the VP amplitude near the
stimulation area. Therefore, further studies are needed to determine the stimulus-specific
features of the VP generation mechanism.

2.6. Analysis of the Features of the Mechanisms of Generation of Variation Potentials Induced by
Different Local Stimuli

To study the features of the VP generation mechanism, an inhibitor analysis using
inhibitors of ion transport systems was used. It is known that H*-ATPase inactivation plays
a key role in VP generation [2,10,11,22]. Treatment with an H"-ATPase inhibitor sodium
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orthovanadate resulted in the almost complete suppression of the VP for all types of stimuli;
the VP amplitude was less than 10% of the amplitude in untreated leaves (Figure 7B).
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Figure 7. Effects of the H*-ATPase inhibitor NazVOy, the Ca2+—permeable channel blocker LaClj
and the mechanosensitive channel inhibitor GACl3 on the variation potentials (VPs) induced by local
heating, burning or wounding in the detached wheat leaf. (A) Averaged VP traces observed at a
distance of 6 cm from the stimulation area in untreated leaves (dashed lines) or those treated with
the inhibitor /blocker (solid lines). (B-D) VP amplitude at a distance of 6 cm from the area of local
stimulation upon treatment with NagVOy (B), LaCl; (C) or GdCl3 (D). VP amplitude is represented
as the percentage of control, which is the VP amplitude in untreated leaves (without inhibitor). Data
are means £ SEM. Statistically significant differences between untreated and treated leaves were
found for all stimuli. * indicates significant differences between the stimuli (p < 0.05).

Changes in H*-ATPase activity may be related to an increase in cytosolic Ca?* con-
centration due to the activation of Ca?*-permeable channels [2,29]. It is proposed that
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both mechanosensitive and ROS-activated Ca?*-permeable plasma membrane channels are
involved in VP generation [2,11,22,29].

Treatment with the Ca?*-permeable plasma membrane channel blocker LaCl; led to a
significant (more than 50%) decrease in VP amplitude for all stimuli (Figure 7C). It should
be noted that, along with the suppression of amplitude, there was a pronounced decrease
in the rate of depolarization (Figure 7A).

To analyze the involvement of mechanosensitive channels in the generation of VPs
induced by different stimuli, the effects of the inhibitor GACl3 on the VP parameters were
evaluated. It was shown that treatment with the GdCl; led to a decrease in VP amplitude
and depolarization rate for all stimuli, but a greater effect was observed in the cases of
burning and wounding, which was expressed as a decrease in amplitude by more than 60%
compared to untreated leaves (Figure 7D).

Thus, a greater contribution of mechanosensitive channels to VP generation was
revealed in the cases of burning and wounding compared to gradual heating.

3. Discussion

The analysis of the parameters of VPs induced by different local stress stimuli revealed
stimulus-specific differences. The smallest amplitude was in the case of wounding, which
rapidly attenuated during VP propagation, and the greatest amplitude was near the stimu-
lation area in the cases of heating and burning, which had a pronounced decrement upon
burning and a small decrement upon heating (Figure 1). The stimulus-specific features of
VPs in wheat plants revealed in this work correspond to those in pea plants [13].

Asnoted, VP is not a self-propagating signal but is an electrical reaction that is induced
by a hydraulic or chemical signal, or a combination of both [1,2,11,12]. It can be proposed
that the stimulus-specific features of the electrical reaction at a distance from the stimulation
zone are due to the features of these signals, which are discussed below.

3.1. The Role of the Hydraulic Signal in the Formation of the Specificity of Variation Potentials
Induced by Different Local Stimuli

To study the role of the hydraulic signal in VP induction, an analysis of systemic
changes in leaf thickness in response to different stimuli was performed. The stimulus-
induced increase in leaf thickness was several micrometers, lasted for tens of minutes
and was preceded by a decrease in leaf thickness of shorter duration and smaller ampli-
tude (Figure 2). Hydraulic signals, monitored by changes in the thickness of leaves or
stems or other methods, have been shown in previous works in response to externally
applied pressure [15], burning [15,16,30-32], insect feeding [17,30], and mechanical wound-
ing [17,33]. The thickness change parameters from previous studies are in good agreement
with the data in this work: a duration of up to tens of minutes, an amplitude of several mi-
crometers [15-17,30,31], and a decrement in amplitude with distance from the stimulation
area [16,31]. Stimulus-specific differences in the parameters of changes in leaf thickness
have also been shown previously, in particular between burning and insect feeding [30].

This study demonstrated that the stimulus-specific features of VP and leaf thickening
parameters were similar (Figures 1 and 2), suggesting a hydraulic signal as a trigger for
both leaf thickening and VP. This was also evidenced by the fact that an increase in leaf
thickness preceded or coincided with VP generation (Figure 2A) [16,17,32]. VP occurred
when the increase in leaf thickness was at the initial stage (Figure 2A), which may indicate
a small threshold for VP generation.

The mechanisms of VP induction and the increase in leaf thickness by a hydraulic
signal are open questions. Pressure wave propagation or xylem mass flow may be these
mechanisms [11,17]. Hydraulic pressure waves propagate in liquid at very high speeds
and can cause rapid changes in the size of vessels, which causes deformations of adjacent
parenchyma cells [11,19,34]. In the case of hydraulic mass flow, there is a direct fluid
translocation through the vessels, propagating at a much lower speed, but also capable of
causing a change in both the size of the vessels and the cells surrounding them [11,18,35].
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These changes may lead to an increase in leaf thickness [14,18,19] and to VP induction
through the activation of mechanosensitive ion channels in the plasma membrane of
parenchyma cells adjacent to the xylem [2,11,19]. These channels are activated in response
to changes in plasma membrane tension (including sensing membrane tension directed
from the outside of the cell), as well as in response to cell turgor changes [36,37] caused by
water movement from the xylem during hydraulic mass flow.

First, the role of the hydraulic pressure wave as a possible VP inducer will be discussed.
A wave of positive pressure changes originates as a result of wound-induced damage to
xylem vessels and the subsequent release of xylem water column tension [11], since under
normal conditions, there is negative pressure in the xylem as a result of transpiration [38,39].
This can potentially cause leaf thickness increase and VP generation [32], which is supported
by data on the possibility of inducing tissue deformation and VP-like electrical signals by
artificially increasing the pressure in the xylem [14,15,40]. Moreover, the amplitudes of
VP-like electrical signals depend on the size of the applied pressure steps [14]. The role of
the hydraulic pressure wave in VP induction is supported by the dependence of the VP
amplitude on the values of the initial negative pressure (tension) in the xylem [14,40], as
well as by the fact that VP is not observed when the initial xylem pressure is positive [14,32].

However, there are some contradictory facts regarding the involvement of the hy-
draulic pressure wave in the VP induction mechanism. First, although there is some
flexibility in the cell walls of xylem vessels [41-43], it is unlikely that, under normal condi-
tions, pressure-induced changes in xylem vessel size will be sufficient to cause significant
changes in leaf thickness. Moreover, even under severe drought, significant deformations
of xylem vessels cause changes in cell diameter not exceeding a few micrometers [41,43].
Secondly, xylem pressure is unlikely to change significantly with increasing distance from
the stimulation site, even taking into account the gradient of negative xylem pressure from
root to shoot [14,40,44]. Thirdly, due to the high propagation speeds of the pressure wave in
the liquid [11,17,34], the observed changes in leaf thickness (Figure 2) should occur almost
instantaneously; however, there is a time lag between the moment of stimulation and the
phase of increasing leaf thickness.

Another potential mechanism for increasing leaf thickness and VP induction is xylem
mass flow, which results in the movement of fluid from the xylem to surrounding cells
and an increase in their turgor pressure. An increase in the volume of many parenchyma
cells can lead to a significant increase in leaf thickness. In addition, there is evidence of the
possibility of VP induction by changing the turgor of the cells surrounding the xylem [14].
Moreover, one study showed that water influx was required for VP propagation upon
stem excision [45], i.e., pressure change alone was insufficient to trigger VP, suggesting
the involvement of hydraulic mass flow. Finally, hydraulic mass flow can facilitate the
propagation of chemical signals that cause the activation of ligand-gated ion channels and
VP induction [1,2,18], which is supported by the results of this study (Figure 6). Taken
together, the evidence described above is more consistent with the hypothesis of hydraulic
mass flow as the main VP inducer.

The next question is about the water supply involved in hydraulic mass flow. The
most likely supply of water to the xylem is from the apoplast and damaged cells of the
wounded area [16,30,46]. In one study, calculations showed that wound-induced changes
in leaf thickness depended on the amount of water available in the stimulation area [30].
It should also be noted that increasing positive pressure in the damage site can promote
hydraulic mass flow, as evidenced by the increased xylem flow rate upon wounding [44,47].

In addition to positive pressure changes due to the damage-induced release of xylem
tension, water supply may be facilitated by the inhibition of transpiration, which under
normal conditions provides an upward flow of fluid [35,39,44]. It is well known that stimuli
such as heating [5], burning [5,48] and mechanical damage [49] cause a significant decrease
in stomatal conductance and transpiration, which was also shown in this work (Figure 3).
This leads to a positive change in xylem pressure and disruption of the normal fluid flow
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in the xylem, which probably underlies the dependence of the amplitude and velocity of
VP propagation on the transpiration rate [50].

Next, possible mechanisms of stimulus-specific features of the parameters of leaf
thickness changes will be discussed. In the case of heating and burning, the greater
amplitude of leaf thickening compared to wounding (Figure 2B) could have been caused
by heat-driven water expansion [14,17]. In the case of burning, this process was probably
faster and more severe due to the higher flame temperature, providing a high rate of
increase in leaf thickness compared to heating (Figure 2E). The longer duration of the
leaf thickening phase upon heating was likely due to the longer duration of stimulation
(Figure 2D), leading to an increased amount of water available for hydraulic mass flow
(Figure 2C).

Another factor that determines the greater amplitude and duration of leaf thickening
in the case of heating may be the large contribution of changes in transpiration, since
leaf thickness reached its maximum 10-15 min after stimulation (Figure 2B), when the
transpiration rate decreased significantly (Figure 3). In the case of burning and wounding,
the influence of transpiration on changes in leaf thickness was most likely insignificant,
since the decrease in stomatal conductance began no earlier than 5 min after stimulation
(Figure 3), when the increase in leaf thickness had reached its maximum (Figure 2B).

The rather large decrease in leaf thickness observed during heating, which pre-
ceded the VP generation (Figure 2A), can be explained by an increase in the transpiration
rate (Figure 3), which led to a tension increase in the xylem sap column (negative pres-
sure) [39,40,44,51] and, as a consequence, to an accelerated efflux of water from systemic
tissues to the heated area. The increase in the transpiration rate may be associated with both
an increase in temperature [6,52] and with the hydropassive opening of stomata, possibly
due to the loss of turgor in the epidermis [5,48].

The role of hydraulic mass flow in VP induction is also supported by the results of
experiments on detached leaves, which showed a significant reduction in VP amplitude
and an increase in decrement, particularly in the case of heating (Figure 4B). This suggestion
is based on the fact that the pressure in the xylem vessels of a detached leaf is more positive
compared to the whole plant due to a loss of vessel integrity upon excision [14], which
leads to a reduced damage-induced pressure drop, and as a consequence, to impaired
hydraulic mass flow and VP propagation. Another reason for the suppression of hydraulic
mass flow and VP may be the influence of other plant parts, potentially through two ways:
first, by changing the total amount of water available for hydraulic mass flow [30], and
second, by altering xylem water column tension (more negative pressure in intact plants
due to xylem tension in other leaves and active transpiration) [39,40,51].

3.2. The Role of the Chemical Signal in the Formation of the Specificity of Variation Potentials
Induced by Different Local Stimuli

Along with the hydraulic signal, the chemical signal is proposed as a VP inducer,
the role of which can be played by ROS [2,11,20-22]. To determine the contribution of
ROS to the VP propagation caused by different stimuli, the effects of ROS scavengers
and ROS production inhibitors on VP amplitude were evaluated. Treatment with DMTU
led to a suppression of VPs, induced by all stimuli (Figure 6). VP suppression was more
pronounced at a distance from the stimulation area, supporting the role of ROS in VP
propagation. The suppression of the wound-stimulated VP was the smallest, suggesting a
smaller contribution of ROS to the induction of wound-stimulated VP compared to other
stimuli. This appears to be related to a reduced initial ROS burst in the stimulated area
compared to burning and heating due to the lack of thermal exposure [53-55].

In addition to ROS transported by xylem mass flow from the stimulation area, the
systemic production of ROS is possible, maintaining the propagation of the ROS wave
in unstimulated parts of the plant [2,11,56-58]. These propagating ROS signals appear
to be dependent on ROS-producing enzymes, which are inhibited by DPI [25,26] and
SHAM [27,28]. This is supported by the significant VP suppression by these inhibitors at a

54



Plants 2024, 13, 2896

distance from the stimulation site (Figure 6). According to the literature, the central role in
the systemic propagation of ROS waves is played by DPI-inhibited NADPH oxidases, most
likely RESPIRATORY BURST OXIDASE HOMOLOGUE D (RBOHD) [8,20,54,57,59]. This is
consistent with the results that VPs were more attenuated upon DPI treatment compared to
SHAM treatment (Figure 6). Moreover, the results of this work are in good agreement with
data from other studies in which VP propagation in systemic tissues was suppressed in
loss-of-function rbohD mutants, but local membrane potential changes were not suppressed
in the rbohD mutant [8,33].

It should be noted that the statistically significant VP suppression by inhibitors of ROS
production compared to control treatment was observed only upon heating and burning,
but not upon wounding (Figure 6). In addition to the aforementioned reduced initial ROS
burst, the more attenuated ROS wave upon wounding was possibly due to lower systemic
ROS production, which could be related to the different mechanisms of occurrence of
this wave upon different stimulations. This is supported by the fact that the regulatory
mechanisms and propagation pathways of the ROS wave in Arabidopsis are different in
response to the local application of high-light stress on the one hand, and in response to
wounding [33] and heating [6] on the other hand, while the function of RBOHD is required
in response to all stimuli.

3.3. The Features of Generation of Variation Potentials Induced by Different Stimuli

Inhibitor studies have revealed the universality of the involvement of H*-ATPase in
the generation of VPs caused by different local stimuli. H*-ATPase is the major contributor
to VP generation (Figure 7). However, it should be noted that the suppression of VPs
during inhibition of H*-ATPase may be associated not only with its direct contribution to
generation, but also with the dissipation of gradients of other ions [60,61].

The results of this work are consistent with other studies that have demonstrated the
involvement of H*-ATPase in VP generation upon wounding [62,63], burning [5,60,64,65]
and heating [5,66,67], including by detecting pH changes during VP generation [5,65,67].
It can be assumed that the absence of differences in VP parameters between stimuli upon
inhibitor treatment (Figure 7) is due to a similar main contribution of H*-ATPase, probably
H*-ATPase 1 (AHA1) [62,63], to the change in membrane potential during VP genera-
tion [2,10,11,22,29,56], although limitations of the approach used, inhibitor analysis, cannot
be excluded.

The universality of the involvement of Ca?*-permeable plasma membrane channels in
the generation of VPs induced by different local stimuli was also demonstrated (Figure 7).
Other studies have previously shown the involvement of Ca?*-permeable channels in in
VP generation upon heating [66] and burning [64,68], including studies using inhibitors
of Caz*—permeable channels [64,66] and CaZ* chelators [64,66,68]. When Caz*—permeable
channels are inhibited, the VP amplitude is suppressed less than when H*-ATPase is
inhibited (Figure 7), which can be associated with the aforementioned reduction in the
electrochemical potential gradient [60,61].

Treatment with the mechanosensitive channel inhibitor GdCl; led to the suppression of
VPs caused by all stimuli (Figure 7), further indicating the involvement of hydraulic signals
in the VP generation and propagation. Treatment with GdCls, like treatment with LaCls,
led to a decrease in the rate of depolarization, which suggests that the mechanosensitive
channels are involved in the formation of the rapid depolarization phase for all types of
stimuli. These channels appeared to contribute more to the generation and propagation of
burn- and wound-induced VPs than heat-induced VPs, as evidenced by a decrease in VP
amplitude upon GdClj treatment (Figure 7). It is possible that this may be associated with
the rate of pressure increase (slope) during the hydraulic signal, which is higher in the case
of burning and, partly, wounding, since a dependence of activation on the rate of pressure
increase has been demonstrated for mechanosensitive plant channels [69]. The results of
this study suggest a greater contribution of mechanosensitive channels to the generation of
VPs in the case of burning and wounding.
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The molecular identities of the signaling components underlying the specificity of
the mechanisms of VP generation and propagation, and the mechanisms of their interplay,
are still not clear. ROS-activated Ca?*-permeable plasma membrane channels have been
suggested to be involved in VP generation and propagation, but the molecular identity of
these channels remains unknown [29,70-72]. To date, ligand-gated Ca?*-permeable cation
channels of the GLUTAMATE RECEPTOR-LIKE (GLR) family have been confirmed to be es-
sential to generating VPs [61,70]. Among the channels of the GLR family, the contribution to
the VP generation and propagation was experimentally shown for GLR3.3 [33,54,63,73-76],
GLR3.6 [33,54,63,73-75], GLR3.1 and GLR3.5 [74,75]. It should be noted that GLR3.3 and
GLR3.6 are required for wound-induced systemic Ca* waves [63,74,76-78], hydraulic
waves [33] and RBOHD-mediated ROS waves [33,54,79].

The initial perception of hydraulic waves may be mediated by the stretch-activated
anion channel, MECHANOSENSITIVE CHANNEL OF SMALL CONDUCTANCE-LIKE 10
(MSL10), which plays a critical role in the proper formation of VPs through the regulation
of GLR3.3 and GLR3.6 activity [80], which links this channels to hydraulic waves. It should
be emphasized that for MSL10, the dependence of activation on the rate of pressure increase
is shown [69]. It is possible that other mechanosensitive channels may also be involved in
VP generation and propagation [61].

It should be noted that the above-mentioned GLR3.3 and GLR3.6 may also be involved
in the interplay of various components of the complex plant stress signal—Ca?*, ROS and
hydraulic waves—providing crosstalk between the signals. Thus, based on the similar
suppression of wound-induced Ca?* waves in the ¢1r3.3;¢lr3.6 double mutant and rbohD
mutants, it can be assumed that RBOHD is involved in the regulation of Ca?* signals [33,54],
which in turn provides additional ROS production [11,58]. At the same time, it was shown
that wound-induced GLR3.3-mediated calcium waves are RBOHD independent [77]. It
has also been shown that GLR3.3 and GLR3.6 are involved in maintaining ROS waves
induced by certain stimuli [33]. Thus, wound-induced ROS waves were suppressed in
the gIr3.3;¢lr3.6 double mutant. At the same time, in response to high-light stress, ROS
waves were not completely suppressed [33], indicating a different mechanism for ROS
wave propagation [6,33] and, in general, the presence of the specificity of this signal caused
by different stimuli.

It is important to note that no influence was found of the key ROS wave generator,
RBOHD, on the other component of the complex stress signal, which is the hydraulic
wave [33]. The mechanism of water transport into cells surrounding the xylem during
hydraulic mass flow may involve aquaporins, such as plasma membrane intrinsic protein
2;1 (PIP2;1) [33,81]. Aquaporins are known to play a role in regulating the hydraulic
conductance of vascular bundles [81]. The wound-induced systemic hydraulic signal is
suppressed in the pip2;1 mutant. The function of aquaporins is regulated by calcium,
likely mediated by the cation channels GLR3.3 and GLR3.6. According to the authors, an
increase in cytosolic Ca?* concentration leads to the closure of aquaporins and a subsequent
increase in hydraulic pressure in the xylem vessels due to the abolished efflux of water into
the cells surrounding the xylem [33]. In addition, aquaporins such as PIP2;1, as well as
plasmodesmata (PD)-localized proteins (PDLP) 1 and 5 play key roles in regulating rapid
systemic ROS signals [33,82].

Thus, it can be proposed that the mechanisms of stimulus-specific VP induction
and propagation are based on the different contributions of the hydraulic and chemical
components of VP. Stimulus-induced damage results in the release of xylem water column
tension and the release of chemical elicitors such as ROS and water from damaged cells. In
the case of thermal stimuli, more ROS are produced compared to mechanical wounding
due to thermal exposure. ROS are transported by xylem mass flow. During hydraulic
mass flow, water moves into the cells surrounding the xylem, resulting in increased cell
turgor and the subsequent activation of mechanosensitive channels, probably MSL10.
Mechanosensitive channels contribute more to the induction of burn- and wound-triggered
VPs, which is related to more abrupt pressure changes due to instantaneous stimulation,
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whereas upon gradual heating, prolonged stimulation causes less abrupt pressure changes.
In turn, ROS activate ligand-gated Ca2* channels, either the proposed ROS-activated Ca®*-
permeable plasma membrane channel, the molecular identity of which remains unknown,
or GLR3.3 and GLR3.6 through the MSL10-dependent regulation of their activity. Increased
cytosolic CaZ* levels induce H*-ATPase inactivation and, as a result, VP generation. In
the cases of heating and burning, additional ROS production is mediated by the Ca%*- or
ROS-dependent activation of NADPH oxidases, mainly RBOHD. Other factors, such as
heat-driven water expansion and transpiration changes upon heating, may also contribute
to the mechanism of stimulus-specific VP induction.

4. Materials and Methods
4.1. Plant Material and Growth Conditions

Wheat (Triticum aestivum L.) cv. Daria was grown in a growth room at 24 °C under
long-day conditions (16 h/8 h light/dark). For all experiments, 14-21-day-old plants,
grown in pots with sand as soil, were used. Due to the low penetration of inhibitors
through the wheat leaf epidermis, experiments with inhibitors were carried out using a
detached wheat leaf (second mature leaf 17 cm long) cut from wheat plants and adapted in
a standard solution (1 mM KCl, 0.5 mM CaCl,, 0.1 mM NaCl) for 17 h.

4.2. Local Stimulation

Local stimulation was applied to the tip (~1 cm long) of a second mature wheat leaf.
Three types of stimuli were used: (1) gradual heating in a cuvette with water to 60 °C
for 5-7 min; (2) burning with a flame for 3 s; (3) mechanical wounding by crushing with
a plastic cylinder. One single stimulation experiment was carried out per plant. Before
stimulation, wheat plants were removed from the growth room and acclimated for a
minimum of 1 h in the recording room at ~24 °C.

4.3. Extracellular Measurements of Electrical Signals

Surface potentials were recorded using Ag*/AgCl macroelectrodes EVL-1M3 (Gomel
Plant of Measuring Devices, Gomel, Belarus) filled with 3 M KCl, a high-impedance three-
channel amplifier IPL-113 (Semico, Novosibirsk, Russia) and a personal computer. Three
measuring electrodes were placed on the second mature wheat leaf with an inter-electrode
distance of 3 cm and a distance of 3 cm between the damage site and the first electrode.
The interface between the measuring electrode and the leaf was a cotton thread wetted
with a standard solution. A reference electrode was placed in the soil during recordings
from whole plants or in a standard solution surrounding the leaf cut during recordings
from detached leaves. Surface potential recordings were acquired at 1 Hz.

4.4. Inhibitor Studies

To investigate the features of the mechanisms of generation and propagation of VP
induced by different stimuli, inhibitor analysis was performed using the plasma mem-
brane H*-ATPase inhibitor sodium orthovanadate (2 mM), the plasma membrane Ca?*-
permeable channel blocker lanthanum chloride (5 mM), the mechanosensitive channel
inhibitor gadolinium chloride (10 mM), the scavenger of ROS DMTU (1 mM) [23,24], the
inhibitor of NADPH oxidases DPI (20 uM) [25,26], the cell wall peroxidase inhibitor and
the mitochondrial alternative oxidase inhibitor SHAM (1 mM) [27,28]. All chemicals were
from Sigma-Aldrich (St. Louis, MO, USA). Solutions for chemical treatments were made
in a standard solution. The solutions were loaded into a detached wheat leaf by vacuum
infiltration. To do this, the cut of the detached leaf was immersed in a solution of the
corresponding compound, and then exposed to one cycle of vacuum infiltration for 5 min
at 70 kPa in a vacuum desiccator. Control experiments were carried out in exactly the
same way via infiltration with a standard solution. All experiments were carried out 1.5 h
after infiltration.
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4.5. Monitoring of Leaf Thickness

Changes in wheat leaf thickness were monitored to detect hydraulic signals. The
leaf thickness was measured using a system including an OL1 optical micrometer (SICK,
Diisseldorf, Germany), an AOD1 evaluation unit (SICK, Diisseldorf, Germany) and LTR12
analog-to-digital converters in the LTR-EU-2-5 crate (L-Card, Moscow, Russia). Changes
in leaf thickness were recorded at 10 Hz using L-Card Measurement Studio software
(version 1.1.0) (L-Card, Moscow, Russia). A wheat leaf was fixed at an equal distance
between the sender unit and the receiver unit so that the shading of the light band by
the leaf, recorded by the receiver unit, corresponded to the leaf thickness. Regions of
interest (3 mm) were located at distances of 4.5, 7.5 and 10.5 cm from the stimulation
area (Figure 1). Simultaneously with the monitoring of leaf thickness, surface electrical
potentials were recorded.

4.6. Measurements of Leaf Stomatal Conductance

A GFS-3000 gas analyzer (Heinz Walz GmbH, Effeltrich, Germany) and Dual-PAM
gas-exchange Cuvette 3010-Dual common measuring head (Heinz Walz GmbH, Effeltrich,
Germany) were used for investigations of leaf stomatal conductance, which was auto-
matically calculated by GFS-Win software (version 3.82) (Heinz Walz GmbH, Effeltrich,
Germany). The CO, concentration in the measuring cuvette was 360 ppm, the relative
humidity was about 70%, and the temperature was 23 °C. Blue actinic light (460 nm,
240 umol m~2 s~ 1) were used in the experiments. The measuring cuvette was placed on the
second mature wheat leaf at a distance of 4.5 cm from the stimulation area. Leaf stomatal
conductance recordings were acquired at 1 Hz.

4.7. Statistical Analysis

All experiments with each stimulus type were repeated with at least 10 independent
biological replicates. Each replicate was performed on a separate wheat plant. Results
are represented as means £ SEM, first-order derivative, typical records of individual
measurements. Statistical significance in pair-wise comparisons was evaluated by Student’s
t-test. For multiple comparisons, two-way ANOVA were performed. The level of statistical
significance was set at p < 0.05. Statistical analysis was performed using Microsoft Excel
(version 2409) and GraphPad Prism 6 software (version 6.07) (GraphPad Software, Boston,
MA, USA).

5. Conclusions

Thus, the study revealed differences in the parameters of VPs induced by different
local stimuli: less of a decrement upon heating compared to burning and wounding, and the
smallest amplitude upon wounding. Differences in VP parameters indicate the possibility of
the VP-mediated induction of stimulus-specific systemic functional responses [1,2]. These
findings suggest that the VP is not only a signal with information about the damaging
effect, but also has the potential to encode information about the stimulus. The mechanism
of the VP-mediated induction of systemic responses is most likely based on shifts in the
concentrations of ions, such as Ca?* and H*, accompanying VP generation [1,2]. Taken
together, these findings suggest that the stimulus specificity of VP originates in the features
of the chemical and hydraulic signals that form the VP, which, in turn, can influence
changes in ion concentrations.

However, there are outstanding questions about the mechanisms of VP formation
and their roles in the regulation of the physiological state of plants. Can hydraulic signals
independently perform regulatory functions in plants? What is the molecular identity of
ROS-activated Ca®*-permeable channels? What is the precise molecular pathway for VP
generation? How do aquaporins play a role in generating VP and hydraulic signals? These
and many other questions require further research.

Answers to these questions will facilitate the practical implementation of the acquired
knowledge about the mechanisms of specificity of electrical signals in plants, primarily
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for solving agricultural problems. One of the priority applications is the identification of
critical stressors based on the monitoring of electrical activity. To date, there are more works
aimed at identifying the influencing stressor based on the classification of plant electrical
signals using machine learning methods [83-85], including herbivore [86] and pathogen
attacks [87], early detection of water [88,89] and nitrogen deficiency [90], etc. Another
problem is to assess the resistance of plants based on the characteristics of electrical reactions
under the influence of various stressors, such as salinity [91], high temperatures [91] and
heavy metals [92], which allows the selection of the most resistant varieties at the early
stages of selection. Other problems may also be addressed, including the modification of
resistance to stressors by regulating the electrical activity of plants.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants13202896/s1, Figure S1: Dependences of the amplitude
of leaf thickness reduction on the distance to the area of local stimulation induced by local heating,
burning or wounding in wheat plants.
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Abstract: Salinity is one of the primary abiotic stresses that seriously hampers plant quality and
productivity. It is feasible to reduce or reverse the negative effects of salt through the supplementation
of silicon (5i) and aspartic acid (Asp). However, the question of how exogenous Si and Asp induce
salt tolerance in celery remains incipient. Thus, this study was performed to determine the synergistic
effects of Si and Asp on the alleviation of salt stress in celery. To this end, the celery plants were
cultivated in a controlled regime (light for 14 h at 22 °C; darkness for 10 h at 16 °C) and treated with
one of five treatments (CK, 100 mM NaCl, 100 mM NaCl + 75 mg/L Si, 100 mM NaCl + 100 mg/L
Asp, and 100 mM NaCl + 75 mg/L Si + 100 mg/L Asp). Results showed that solely NaCl-treated
celery plants developed salt toxicity, as characterized by decreased growth, declined photosynthetic
ability, disturbed nutritious status and internal ion balance, and a boosted antioxidant defense system
(Improved antioxidant enzymes and reduced ROS accumulation). In contrast, these adverse effects
of NaCl were ameliorated by the additions of Si and Asp, regardless of Si, Asp, or both. Moreover,
the mitigatory impacts of the co-application of Si and Asp on salt stress were more pronounced
compared to when one of them was solely applied. Collectively, exogenous Si and Asp alleviate the
degree of salt stress and thereby improve the salt tolerance of celery.

Keywords: plant biomass; photosynthesis; ion uptake; nutritious status; antioxidants

1. Introduction

Agricultural sustainability and productivity are being threatened by multiple negative
influences on crops, such as climate change [1], together with plant homeostatic instability
by global warming and water and nutrient limitation [2,3]. Moreover, indisposed irrigations
are increasing soil salinity levels; salinity is one of the predominant harmful abiotic factors
that restrict a plant’s growth, quality, and yield worldwide [4]. Intuitively, salinity soils
account for 20% of the worldwide agricultural land, and approximately 800 million hectares
of soil globally are being highly affected by a high salt content [5,6]. Soil salinization is
considered a major cause of land degradation in both arid and semiarid regions [7].

Meanwhile, salt stress could disturb a plant’s growth and development in all stages [8].
According to previous reports, the most common adverse effects of salinity on plants are an
interrupted reactive oxygen species (ROS) detoxification system, thereby causing impaired
redox homeostasis, membrane damage, plasmolysis, and even nutritional disturbances
and toxicity [6,9-11]. Physiologically, the plant’s growth regarding its roots, shoots, and
leaves were notably inhibited [6,12]. Morphologically, the plants were subjected to being
stunted [8,13]. Metabolically, the cellular homeostasis regarding multiple biomolecules,
such as lipids, chlorophylls, proteins, and nutrition ions, was severely damaged [8,13-15].
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Higher plants have developed sophisticated mechanisms to cope with the toxic in-
fluences of salt stresses. For instance, plants will activate the ROS scavenge mechanism
by enhancing the antioxidant defense system for a reduction in ROS [16]. Usually, the
synthesis and accumulation of osmoprotectants or suitable osmolytes are common mecha-
nisms where plants can overcome abiotic stresses [17,18]. A plant’s antioxidant defense
system is composed of a nonenzymatic antioxidant system and an antioxidative enzy-
matic system [19], such as the antioxidant enzymes regarding superoxide dismutase (SOD),
peroxidase (POD), and catalase (CAT) [20].

Celery (Apium graveliens L.). is an annual or perennial old herb belonging to the
Apiaceae family and is widely distributed nationwide [21]. As a salad vegetable, it has been
ranked second in global consumption due to the following reasons [22]: Environmentally,
celery was adopted in a drainage solution reuse system for the reduction in pollutants by
wastewater and excrescent chemicals [23]. Medicinally, celery can prevent liver and lien
diseases, jaundice, and cardiovascular diseases due to the fact that it contains abundant
nutrients regarding the apigenin coumarins, vitamins, carotene, volatile oil, flavonoids,
etc. [24-26]. Most of the previous studies on celery have focused on its therapeutic roles [27],
celery food chemistry [28], cultivation regime [29], and abiotic stress effects on celery
development [21,30-32], neglecting the effective approach to the alleviation of stresses, in
particular of salt stress. And the yield and quality of celery were severely restricted by
salt stress.

To reduce the salt damages on the plant quality and production, attempts have been
made to mitigate soil salinization and improve plant salt tolerances [33,34]. For instance,
researchers implemented leaching and flushing to reduce the salt in the soil, which is
time-consuming and labor-intensive [35]. Phytoremediation is another way, and it has
been shown to be eco-friendly but not effective [33,35]. Moreover, applying exogenous
substances, such as silicon (Si) [36] and amino acid (AA) [32], is a method to promote the
salt tolerance of plants. And this approach, which is associated with agronomical means,
remains the most reliable avenue for minimizing the adverse impacts of salinity.

Silicon (Si) is one of the most abundant elements in the Earth’s crust and was recently
considered a “quasi-essential” element, according to the International Plant Nutrition Insti-
tute [37]. Although Si is not listed as an essential element, supplementation of Si has been
suggested as beneficial for plant growth regarding multiple aspects, such as improved yield
ability and enhanced resistance against disease and abiotic stresses [38]. More specifically,
Si is often used as an attenuator to reduce the adverse impacts of salinity, and moreover,
its promotion of a plant’s salt tolerance could be ascribed to many physiological improve-
ments. The amorphous Si could be deposited on the leaf epidermis, regulating the stomatal
conductance and transpiration rate, which favors photosynthesis [39]. Si participates in the
rigidity of cell walls, constituting a better leaf architecture and leaf area and greater light
interception, which also increases the net photosynthetic rate [39,40]. Meanwhile, Si has
been shown to interact with certain cations, such as Na*™ and K*; thus, the important role
of Si in the alleviation of salt toxicity is the reduction in Na*™ accumulation and facilitating
Na* exclusion [38]. In addition, previous reports disclosed that the application of Si can
decrease lipid peroxidation and maintain redox homeostasis by reinforcing the antioxidant
defense system [40,41]. Therefore, Si is believed to be an effective method to improve the
salt tolerance and quality of plants.

Aspartic acid (Asp), also known as Aspartate, is a basic constituent of proteins and
plays an important role in metabolic energy production and equivalent reductions [42,43].
Asp participates in the plant metabolism pathway for the synthesis of important molecules,
such as organic acids, nucleotides, and hormones [43]. Meanwhile, considerable reports
have shown that Asp is required in the regulation process when facing adverse conditions,
particularly regarding salinity [42,44]. In high salt environments, Asp has been found to
accumulate with proline in osmotic adjustments and membrane stability on the basis of
the physiological responses, even though the underlying metabolic mechanism remains
unclear [18,44,45]. Thus, these beneficial influences on plant growth and development
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conferred by exogenous Asp have encouraged more researchers to apply Asp to other
plants, especially for salt-sensitive crops.

However, the synergistic effects of Si and Asp on the alleviation of salt stress in celery
have rarely been reported. Therefore, the main objective of the study undertaken herein
on celery is to (1) investigate whether exogenous Si or Asp is able to reduce the salt stress
degree in celery; concomitantly, to (2) assess the combined effects of Si and Asp on the
physiology, morphology, photosynthesis, nutrition status, and antioxidant defense system
in salt-stressed celery.

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

The celery seeds “Si Ji Xiao Xiang Qin” were purchased from LuTong Seed Company.,
Ltd. (Handan, China) with a mean germination ratio of over 70%. The celery seeds were
planted in 128-cell plug trays containing a mini-K substrate (Klasmann-Deilmann GmbH
Company, Geeste, Germany) and moistened with running tap water. The celery seeds
germinated 7 days after sowing (DAS) in an air-conditioned environment at 20 °C and
a relative humidity of 80%. Then, the germinated seedlings were watered with MNS
(multiple nutrition solutions, pH = 6.0), according to our previous reports [46]. The
seedlings were cultured in a controlled alternating diurnal regime with 14 h light (white
LED at 800 umol m~2 s~ PPFD) and 10 h dark, at 22 °C and 16 °C, respectively, and the
relative humidity was 70% [32]. The celery seedlings were allowed to grow for another
7 days (14 DAS) until they turned into two true leaves and one heart. The seedlings
with uniform size and similar morphology but without mechanical flaws were monitored,
selected, and transferred to new 128-cell plug trays.

2.2. Treatments and Experimental Design

Subsequently, the transferred celery seedlings were equally divided into 5 parts and
treated with the following 5 combinations: CK (0 mM NaCl + 0 mg/L Si + 0 mg/L Asp),
NaCl (100 mM NaCl + 0 mg/L Si + 0 mg/L Asp), NaCl + Si (100 mM NaCl + 75 mg/L Si +
0 mg/L Asp), NaCl + Asp (100 mM NaCl + 0 mg/L Si + 100 mg/L Asp), and NaCl + Si
+ Asp (100 mM NaCl + 75 mg/L Si + 100 mg/L Asp). NaCl was directly dissolved in
the MNS, and Si was sourced from K;SiOs; thus, the excessive introduced potassium was
reduced by KNOj3, and the resultant losses of nitrate were balanced by nitric acid [46]. The
optimized level of K,SiO3 was at 75 mg/L, following our previous finding [47]. All the
plants were watered with the treatment solutions only, and all the treatment solutions were
irrigated every alternative day until harvest. The Asp solution at 100 mg/L was foliar
sprayed twice with a 7-day interval (on 15 DAS and 22 DAS) [18].

This experiment is laid out in a completely randomized design with three biolog-
ical replications. For each replicate, 16 celery seedlings underpinning one treatment
were adopted.

2.3. Measurement of Growth Parameters and Destructive Sampling

The celery plants were harvested until they showed distinct appearances (39 DAS).
During the harvest, the plant growth parameters from different treatments were individu-
ally determined. The whole plant weights in terms of fresh weight and whole dry mass
(kept in an air-force oven at 60 °C for 72 h) were determined by an electronic balance. The
stem diameter was measured using a Vernier caliper (5]-455520, ShangJiang Instrument Co.,
Ltd., Haining, China). The shoot length, leaf length and width, and tap root length were
recorded with a metal ruler. The celery plants from different treatments were individually
sampled, immediately frozen in liquid Ny, and stored in a refrigerator at —80 °C until
further experiments.
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2.4. Estimation of Net Photosynthesis, Transpiration Rates, Stomatal Conductance,
and Chlorophylls

The net photosynthesis (Pn), transpiration rates (Tr), and stomatal conductance (gs)
were determined with a hand-held photosynthesis measurement system (TARGAS-1, PP
Systems, Amesbury, MA, USA). Briefly, these parameters were measured on the three
topmost fully expanded leaves, and the measurement per leaf was conducted three times.
The leaf temperature was about 23 °C, and the environment during measuring was identical
with that previously set when growing celery.

The chlorophyll contents (chlorophyll a and b) were measured following Arnon’s
reports with minor modifications [48]. Briefly, 0.1 g of fresh celery leaves was mixed
with a 2 mL extraction buffer (45% v /v acetone, 45% v/v ethanol, and 10% v/v H,O) and
kept at 4 °C overnight. A mild shaking was carried out with a rotator (AG, FINEPCR,
Seoul, Republic of Korea) during the incubation. After the incubation, the supernatant
was transferred and spectrophotometrically read at 645 nm, 663 nm, and 440 nm with
a spectrophotometer (UV3200, OptoSky, Xiamen, China). Afterwards, the contents of
chlorophyll a and chlorophyll b, together with the carotenoids, were individually calculated
with the following formulae:

(12.72 x ODggz — 2.59 X ODgys) x V

Chlorophyll a =

Sample fresh weight
Chlorophyll b = (22.88 x ODgy5 — 4.67 X.OD663) xV
Sample fresh weight
Carotenoids = 4.7 X ODugo — 027 x (C'hl a+Chlb)
Sample fresh weight

where ‘V’ refers to the volume used of the extraction buffer (V' was 2 mL herein), and the
chlorophyll content is quantified by milligrams per gram of fresh-weight leaves.

2.5. Determination of Soluble Sugar, Starch, and Soluble Protein

The soluble sugar and starch contents were determined following an anthrone-sulfuric
acid colorimetry approach according to McCready’s reports with minor modifications [49].

Briefly, 0.5 g of finely ground celery leaf powder was vigorously mixed with 25 mL
deionized water and incubated in a 90 °C water bath for 40 min. Then, the mixture was
subjected to centrifugation (6500 rpm, 10 min, RT) to collect the supernatant. A total of
0.1 mL of the supernatant was mixed with distilled water and 2% (w/v) anthrone (dissolved
in ethyl acetate) at 1.9 mL and 1 mL, respectively. A total of 5 mL concentrated H,SO4 was
slowly added to the mixture and was subjected to a 90 °C water bath for 10 min. Finally, the
absorbance was recorded at 630 nm, and the soluble sugar content was calculated on the
basis of a standard soluble sugar curve. The residue after centrifugation from the previous
steps was collected for the determination of starch; the detailed procedure can be found in
our previous publication [50].

The soluble protein contents were determined with a Bradford reagent [51].

2.6. Quantifications of Na, K, Ca, and Mg

The celery leaf samples from each treatment were harvested and washed with distilled
water to remove foreign particles. Then, they were placed in an oven at 70 °C until they
had a constant weight. All the samples were finely ground into powder and wet-ashed
to break all the organic matrix, leaving only the minerals for analysis. The ion contents
(Na, K, Ca, and Mg) in the digested transparent solution were determined with Atomic
Absorption Spectrophotometry. The detailed digesting method, decoction method, and
calibration procedure can be found in Sahito’s report [52].
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2.7. Determination of Antioxidant Enzyme Activities and ROS (O, ~, H,O,) Contents

The antioxidant enzyme activities, herein consisting of SOD, POD, CAT, and APX, were
calculated on the basis of the determined soluble protein contents mentioned above. The
SOD concentration was determined according to the nitro blue tetrazolium (NBT) inhibition
method [53]. POD activity was determined by adopting the guaiacol oxidation reaction [54].
CAT activity was measured based on the HyO, decomposition [55]. APX activity was
determined on the basis of the HyO; scavenging degree [56]. The mentioned antioxidant
enzyme activities were all spectrophotometrically determined with a spectrophotometer
(UV3200, OptoSky, Xiamen, China).

A principle of hydroxylamine oxidization was used for measuring the superoxide
(Oy77) level according to a protocol by Wu [57]. The Hydrogen Peroxide (H,O;) content
was determined following a rapid and sensitive approach, as presented by Uchida [58].

2.8. Statistics and Graphing

All the displayed data in this experiment are the means £ SE of no less than three
biological replicates (n > 3). The obtained data were subjected to a one-way ANOVA
following Duncan’s multiple comparison range test at p = 0.05 with SAS statistical software
8.2, and the significant differences are shown by different lowercase letters over bars. The
bar graphs were created with GraphPad Prism 8.2 software. The correlation heat map was
plotted in an Origin 2022 procedure.

3. Results
3.1. The Celery Growth Parameters as Affected by NaCl, Si, and Asp

The celery plants showed distinct changes in response to the salt stress, exogenous
Si, and Asp treatments (Figure 1). The growth and morphology were notably inhibited
when treated with NaCl compared to CK. However, the supplementation of Si or Asp
significantly promoted the growth compared to CK. Solely Si- or Asp-treated celery plants
displayed similar morphology to CK, while the co-application of Si and Asp dramatically
increased the growth and morphology.
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Figure 1. Effect of exogenous Si and Asp on the (A) morphology and growth parameters regarding
(B) fresh weight and (C) shoot length of celery plants under salt stress. Data are means + SE generated
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from n = 6 biological replicates. The significant differences among treatments were determined
according to Duncan’s multiple comparison range test when p = 0.05 (One-way ANOVA) and shown
by different lowercase letters over bars.

In a large number of celery plants, the fresh weight and shoot length could directly
reflect the plant’s growth ability. As depicted in Figure 1B,C, salt treatment significantly
decreased the fresh weight and shoot length by 38.8% and 27.9%, respectively, when com-
pared with CK (Figure 1B,C). However, the supplementation of Si or Asp alone markedly
improved the fresh weight by 90.4% and 81.8%, respectively, while the co-application of
Si and Asp significantly improved this parameter by 1.98-fold when compared with that
cultured with NaCl (Figure 1B). Similarly, the shoot length in the “‘NaCl + Si + Asp’ regime
significantly improved by 60.5% relative to that treated with NaCl (Figure 1C).

3.2. Other Main Growth Parameters as Affected by NaCl, Si, and Asp

Consistent with the growth status depicted in Figure 1, other major investigated
parameters regarding the tap root length, leaf length and width, whole dry weight, and
stem diameter were also determined. These parameters were all reduced in response to the
NaCl treatment, while no significant differences were conferred among CK, NaCl + Si, and
NaCl + Asp (Figure 2; Table 1).
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Figure 2. Effect of exogenous Si and Asp on the (A) tap root length and (B) leaf width of celery plants
under salt stress. Data are means + SE generated from n = 6 biological replicates. The significant
differences among treatments were determined according to Duncan’s multiple comparison range
test when p = 0.05 (One-way ANOVA) and shown by different lowercase letters over bars.

Table 1. The whole dry weight, leaf length, and stem diameter of celery as affected by 5 treatments.

Treatment Whole Dry Weight Leaf Length (cm) Stem Diameter
(mg) (mm)

CK 50.1b 2.00b 0.23 bc

NaCl 28.0c¢ 1.63 ¢ 0.12d

NaCl + Si 52.7b 2.07b 0.23b

NaCl + Asp 49.2b 2.02b 0.20 be

NaCl + Si + Asp 86.0 a 235a 0.32a

The displayed data are the means 4 SE by 1 = 6 replicates. The different accompanied lowercase letters indicate
the significant differences according to Duncan’s multiple comparison range test (One-way ANOVA) at p < 0.05.

However, conspicuously, compared with the celery plants treated with NaCl, the
supplementation of either Si or Asp or co-application of both substances significantly
improved these determined parameters (Figure 2; Table 1). As the most important finding,
the collegial use of Si and Asp further dramatically increased these parameters compared
with that treated with Si or Asp alone (Figure 2; Table 1).

68



Plants 2024, 13, 2072

3.3. The Photosynthetic Responses to the NaCl, Si, and Asp

The photosynthetic ability in terms of certain major parameters, such as the net pho-
tosynthesis (Pn), transpiration rates (Tr), and stomatal conductance (gs), was determined
herein when the celery was cultured in different regimes. We found that all the recorded
traits were significantly decreased in response to NaCl treatment (Figure 3). Regarding
the more affected parameters, the net photosynthesis rate and the transpiration rates of
NaCl-spiked celery plants were significantly decreased by 27.2% and 39.6%, respectively,
compared with CK (Figure 3A,B). However, both Si and Asp remarkedly ameliorated
the photosynthetic ability, regardless of the determined specific parameters. For instance,
the supplementation of Si and Asp significantly improved the stomatal conductance (gs)
by 81.74% and 89.06%, respectively, in comparison with that in the salt-stressed celery
(Figure 3C). Similar trends could be found in the modulations of chlorophyll a and b

(Figure 3D,E).
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Figure 3. Effect of exogenous Si and Asp on the photosynthetic capacity regarding (A) the net
photosynthesis (Pn), (B) transpiration rates (Tt), (C) the stomatal conductance (gs), (D) chlorophyll
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a content, and (E) chlorophyll b content of celery plants under salt stress. Data are means 3 SE
generated from n = 6 biological replicates. The significant differences among treatments were
determined according to Duncan’s multiple comparison range test when p = 0.05 (One-way ANOVA)
and shown by different lowercase letters over bars.

3.4. Contents of Soluble Sugar, Starch, Soluble Protein, and Carotenoids as Affected by NaCl, Si,
and Asp

Certain celery internal parameters, such as the soluble sugar, starch, soluble protein,
and carotenoids, were determined to reflect the plant’s nutritional status herein (Figure 4).
As compared with the CK, the salt-treated celery plants exhibited significant diminishments
of the starch content, soluble protein content, and carotenoids. Notably, the soluble sugar
content in salt-spiked plants displayed a significant improvement of 104% compared
with that in CK (Figure 4A). In contrast, the starch content, soluble protein content, and
carotenoids markedly decreased by 28.6%, 28.1%, and 27.3%, respectively (Figure 4B-D).
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Figure 4. Effect of exogenous Si and Asp on the nutrition parameters regarding (A) soluble sugar
content, (B) starch content, (C) soluble protein content, and (D) carotenoids content of celery plants
under salt stress. Data are means + SE generated from 1 = 6 biological replicates. The significant
differences among treatments were determined according to Duncan’s multiple comparison range
test when p = 0.05 (One-way ANOVA) and shown by different lowercase letters over bars.

However, irrespective of the spraying exogenous substances, both Si and Asp signifi-
cantly upsurged the level of starch, soluble protein, and carotenoids compared with that
cultured in the NaCl regime (Figure 4B-D). Moreover, compared with the salt-stressed
celery plants, the co-application of Si and Asp considerably improved the starch con-
tent, soluble protein content, and carotenoids by 1.5-fold, 89.0%, and 51.1%, respectively
(Figure 4). However, we noticed that both Si and Asp significantly declined the soluble
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sugar content compared to the salt-stressed plants (Figure 4A). In addition, we found that
the co-application of Si and Asp significantly increased the starch content and soluble
protein content more than Si or Asp used alone (Figure 4B,C).

3.5. Na, K, Ca, and Mg Concentration as Affected by NaCl, Si, and Asp

In order to figure out the modulation of internal ion homeostasis when the celery
plants were under salt stress and concomitantly determine the correlations among the main
ions subjected to five treatments, we further investigated the Na, K, Ca, and Mg contents
and assessed the correlations among them.

As is apparent in Figure 5, the salt-spiked celery plants exhibited a higher Na content
while decreasing the concentrations of K, Ca, and Mg. In other words, the Na in celery
plants grew in the NaCl regime significantly by 65.8% compared with CK (Figure 5A); how-
ever, the K, Ca, and Mg in that regime significantly decreased by 26.8%, 71.8%, and 62.4%,
respectively (Figure 5B-D). By contrast, the added Si and Asp remarkably diminished the
Na content while improving the internal level of K, Ca, and Mg. In particular, regarding
the co-applications of Si and Asp, the Na level in the ‘NaCl + Si + Asp” group was 31.01%
lower relative to that solely treated with NaCl (Figure 5A).
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Figure 5. Effect of exogenous Si and Asp on the ion concentration regarding (A) Na, (B) K, (C) Ca,
and (D) Mg of celery plants under salt stress. Multivariate data analysis of a (E) heatmap showing
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the correlations among these studied ions. Data are means + SE generated from n = 3 biological
replicates. The significant differences among treatments were determined according to Duncan’s
multiple comparison range test when p = 0.05 (One-way ANOVA) and shown by different lowercase
letters over bars.

Consistently, we noticed that the Na content was negatively correlated with K, Ca, and
Mg. On the contrary, positive relations among K, Ca, and Mg were monitored (Figure 5E).

3.6. Responses of Antioxidant Enzymes Activities to NaCl, Si, and Asp

The oxidative protective system was triggered when the celery plants suffered from
salt stress. During this process, the antioxidant capacity, such as the antioxidant enzymes,
was improved to reduce the degree of stress. We, therefore, investigated the activities of
the main defense antioxidant enzymes regarding SOD, CAT, POD, and APX.

As compared with CK, the salt-stressed celery plants significantly decreased the CAT,
POD, and APX by 44.4%, 1.24-fold, and 56%, respectively (Figure 6B-D). Irrespective of Si
or Asp, both of them notably improved these four antioxidant enzymes when compared
with those in the salt-spiked celery plants. The co-application of Si and Asp remarkably
enhanced SOD, CAT, POD, and APX by 62.5%, 1-fold, 1.97-fold, and 1.4-fold, respectively
(Figure 6). In addition, the co-application of Si and Asp significantly improved SOD activity
by 10.2% and 8.6%, respectively, than when Si and Asp were used alone (Figure 6A).
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Figure 6. Effect of exogenous Si and Asp on the concentrations of antioxidant enzymes regarding
(A) SOD, (B) CAT, (C) POD, and (D) APX of celery plants under salt stress. Data displayed are
means + SE generated from n = 6 biological replicates. The significant differences among treatments
were determined according to Duncan’s multiple comparison range test when p = 0.05 (One-way
ANOVA) and shown by different lowercase letters over bars.
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3.7. Oxidative Damage as Affected by NaCl, Si, and Asp

The oxidative damage could further reflect the antioxidant ability of celery plants,
while the former, herein consisting of O, ~ and HyO; levels, were determined.

Consistent with the above, the celery plants treated with NaCl rapidly increased
the accumulations of O, ~ and H,O, by 43.3% and 28.01%, respectively, compared with
CK (Figure 7). As expected, both O, ™ and H,O, were significantly diminished after the
supplementation of Si and Asp. For instance, the added Si and Asp to the salt-treated celery
plants rapidly reduced the O, ~ content by 31.84% and 31.11%, respectively (Figure 7A).
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Figure 7. Effect of exogenous Si and Asp on the ROS contents regarding (A) O, ~ and (B) H,O,
of celery plants under salt stress. Data displayed are means + SE generated from 1 = 6 biological
replicates. The significant differences among treatments were determined according to Duncan’s
multiple comparison range test when p = 0.05 (One-way ANOVA) and shown by different lowercase
letters over bars.

More importantly, the co-application of Si and Asp dramatically decreased the pro-
duction of ROS compared with when one of them was solely applied (Figure 7). The H,O,
content in the ‘NaCl + Si + Asp’ group was significantly lower by 22.34% and 24.26%,
compared with that in ‘NaCl + Si” and “NaCl + Asp’, respectively (Figure 7B).

4. Discussion

A high salt-spiked supply could inevitably instigate the uptake of Na* by plants,
resulting in the imbalance of ions and the inhibition of the plant’s growth ability. This
was believed to be the primary cause of salt toxicity [59]. In fact, Si- and Asp-induced
alleviations on salt stress have been extensively studied in many plant species, such as
pepper [60], rice [41], and wheat [18]. Moreover, Gao recently presented the effects of salt
stress on celery and successfully reduced the degree of salt toxicity by using the other
amino acid proline [32]. However, the influence of the co-application of Si and Asp on
salt-stressed celery has been less understood. Thus, we aimed to confirm the alleviatory
effects of Si and Asp on salt-stressed celery plants and concomitantly unveil the associated
mechanisms that are responsible for it.

Plant growth and morphology can be adversely affected by high salt content, which
has been shown in many plant species, oscillating from crops to vegetables [10-12,18]. We
also confirmed that the normal growth ability of celery plants was severely disturbed by
NaCl (100 mM) treatment (Figures 1 and 2), which is in agreement with Gao’s report [32].
However, this adverse effect was notably mitigated by Si and Asp in terms of the mor-
phology and growth parameters (Figures 1 and 2). Several reports have demonstrated that
the application of Si could remarkably reduce the degree of salt toxicity. In addition, the
supplementation of Si considerably promoted plant growth and development [41,46,60,61].
Indeed, using Si was solely found to alleviate the salt-stressed degree in celery, as evidenced
by the ameliorated whole biomass and multiple main growth traits (Figures 1 and 2). It
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is worth noting that the water content of plants significantly influenced the uptake and
accumulation of Si, showing quadratic behavior [36,38]. However, this effect is minor for
the obtained outcome due to the identical water scheme and irrigation frequency. These
findings were not only in corroboration with the report by Rohanipoor but also suggest
the beneficial effects conferred by Si, in particular for the plants at risk of salt stress [62].
Likewise, the elevation of salt tolerance by the addition of Asp has been found in wheat [18],
tomato [11], and onion [42]. And the results shown by this study are in line with these
earlier reports: the growth of salt-stressed celery notably increased after the addition of
Asp (Figures 1 and 2). Moreover, the growth parameters of salt-stressed celery plants were
more promoted when Si and Asp were simultaneously applied than when one of them was
solely used, illustrating the synergistic effects between them.

Photosynthetic performance was regarded as one of the most important processes
modulating the overall yield ability of plants [63]. Salt toxicity would firstly over-produce
the ROS, resulting in oxidative damage and eventually the membrane’s instability, together
with the decline of its photosynthetic capacity [41,63,64]. Indeed, our study showed that
the investigated photosynthesis-related parameters of salt-stressed celery plants were
significantly decreased compared with CK (Figure 3). The net photosynthetic rate (Pn)
is correlated with plant growth and carbohydrate demand, which could directly refer
to the accumulation of organic matter [65]. Similarly, as a basic physiological activity,
transpiration is associated with heat transfer and directly determines the photosynthesis
and yield of crops [66]. In addition, Sakoda noted that a high photosynthetic rate is
usually accompanied by a high stomatal conductance (positive correlation) [67]. This
phenomenon could probably be attributed to the finding that plants with more stomata
tend to have a higher net CO, assimilation rate [67,68]. Meanwhile, photosynthesis is
also an intricate mechanism pertaining to the synthesis of photosynthetic pigments. Some
studies underpinning various plant species disclosed that the chlorophyll contents were
positively correlated with the photosynthetic ability [40,46,69,70]. Consistently, these
parameters were significantly improved after the addition of Si and Asp compared with
the salt-stressed celery (Figure 3).

Soluble sugar is the primary product of photosynthesis, and it plays a pivotal role
as a building block of many indispensable macromolecules that regulate plant growth
and development [71]. Also, sugar in plants is believed to be a candidate target of the
osmoregulation system in response to salt stress [72]. Thus, it can be enriched when plants
are subjected to salinity, in particular salt-tolerant genotypes [73]. Moreover, soluble sugar
acts as a chelating agent, trapping the Na* within starch granules for detoxification [73,74].
Furthermore, starch could play a critical role in detoxifying toxic ions by acting as a Na*-
starch-binding granule [74]. In this study, the soluble sugar content in salt-stressed celery
leaves was notably higher compared with that in CK (Figure 4A), which agrees with the
findings by Gao [32] and Yin [73]. On the contrary, starch content strongly declined when
NaCl was applied (Figure 4B), which is in line with the results in rice (both sensitive and
tolerant genotypes against salt) [73,75,76]. Similarly, the salt stress resulted in reductions
in both soluble protein and carotenoids, suggesting that the physiological status of celery
was severely affected. Similar results of soluble protein were also reported in Phaseolus
vulgaris [77] and Lycopersicon esculentum [78]. Several previous reports showed that the
total carotenoids were increased, as affected by the salt stresses in many plants, due to
the fact that the carotenoids played a protective role against oxidative damages [79,80].
Nevertheless, the carotenoids were clearly decreased in salt-stressed celery leaves in this
study (Figure 4C), which is probably because of the photo-damage as a result of the
loss of chlorophyll due to light absorbance. Our data are in line with the findings in
wheat [81] and tomato [82]. Interestingly, the application of Si and Asp significantly
reduced these detrimental influences caused by high salt content. Therefore, Si and Asp
could synergistically alleviate the degree of salt stress in terms of nutritional status.

The external solution containing a high salt concentration inevitably instigated the
ion imbalance or disturbances of ion homeostasis [1,4]. It has been established that there
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existed a competition between Na* and K*, and thereby, the internal K* declined under a
high external NaCl environment, causing the K* deficiency and, eventually, plant growth
inhibition and ionic toxicity [83,84]. Indeed, solely NaCl-treated celery plants herein
promoted the enhancement of Na* while decreasing the internal K* (Figure 5A,B). And
we clearly detected a negative correlation (r = —0.83) between the Na* and K* (Figure 5E).
Similar to K*, salt-stressed celery also showed lower tissue retention of Ca?* and Mg?*
(Figure 5C,D), suggesting that Na* was still negatively correlated with Ca?* and Mg?*.
This finding was further evidenced by Figure 5E, and the coefficient between Na* and Ca*
and Na* and Mg?* was —0.84 and —0.77, respectively. However, the addition of Si and Asp
significantly ameliorated the reductions in K*, Ca?*, and Mg?* (Figure 5). The Si-related
alleviation of ionic toxicity during salt stress has been widely reported: the mechanism
beyond it is that Si can restrict the uptake and transportation of Na*™ and even mediate the
compartmentalization of Na* [85]. On the other hand, pioneering researchers found that
exogenous amino acids could incite the stomatal opening and further modulate the ion’s
transportation across the membrane, thereby improving salt tolerance [86]. Accordingly,
the beneficial impacts of Si and Asp on the reduction in the ionic toxicity degree by salinity
have been confirmed again.

It has been well-established that the addition of Si could regulate the defense system
against oxidative stresses [37,38,41,60]. The stimulation of antioxidant enzyme activities
by the supplementation of Si was frequently observed, rendering a protective role against
oxidative damage on the cell membrane [40,41,46,47]. In this work, exogenous Si on salt-
treated celery plants dramatically improved the concentration of SOD, POD, CAT, and APX
(Figure 6), and we noticed that ROS accumulations (O, ~ and H,O,) declined accordingly
(Figure 7). It can, therefore, be concluded that the salt toxicity that induced excess oxidative
injuries was mitigated by the supplementation of Si. The data regarding the triggered
antioxidant machinery of this study are in line with numerous previous studies [41,87].
Meanwhile, the leaf spraying of amino acids like Asp and proline improved the antioxi-
dant enzyme activities under abiotic stresses, in accordance with the literature [18,32,83].
The amino acid per se is one of the important components of an antioxidant system in
higher plants, and its actions involve not only the scavenging of free radicals but also
osmoprotection and stress response [88,89]. Our results regarding the spraying of Asp
and its influences on antioxidant enzymes and ROS content support these research find-
ings (Figures 6 and 7). As expected, the effect of the co-application of Si and Asp on
the antioxidant defense system was the most pronounced. Succinctly, Si and Asp could
reinforce antioxidant enzyme activities and concomitantly decrease antioxidative damages,
especially in salt-stressed celery.

5. Conclusions

To sum up, this study first showed that 100 mM of NaCl-spiked celery “Si Ji Xiao Xiang
Qin” developed salt toxicity. This phenomenon mainly included the following: seriously
decreased plant growth parameters (whole plant biomass, shoot length, stem diameter,
leaf length and width, and tap root length), declined photosynthetic capacity (Pn, Tr, gs,
and chlorophylls), disturbed nutritional status (soluble sugar, starch, soluble protein, and
carotenoids), interrupted ion uptake (Na, K, Ca, and Mg), and a diminished antioxidant
defense system (antioxidant enzymes and ROS).

Conversely, the supplementation of Si and Asp, regardless of Si, Asp, or both, signifi-
cantly reduced the degree of salt stress. Si and Asp may attribute this mitigation potential
to the ameliorated parameters mentioned above.

Overall, exogenously applied Si and Asp could be an effective fertilization strategy in
the alleviation of salt stress for celery cultivation.
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Abstract: Soil alkalization is an important environmental factor limiting crop production. Despite the
importance of root secretion in the response of plants to alkali stress, the regulatory mechanism is
unclear. In this study, we applied a widely targeted metabolomics approach using a local MS/MS
data library constructed with authentic standards to identify and quantify root exudates of wheat
under salt and alkali stresses. The regulatory mechanism of root secretion in alkali-stressed wheat
plants was analyzed by determining transcriptional and metabolic responses. Our primary focus
was alkali stress-induced secreted metabolites (AISMs) that showed a higher secretion rate in alkali-
stressed plants than in control and salt-stressed plants. This secretion was mainly induced by high-pH
stress. We discovered 55 AISMs containing -COOH groups, including 23 fatty acids, 4 amino acids,
1 amino acid derivative, 7 dipeptides, 5 organic acids, 9 phenolic acids, and 6 others. In the roots,
we also discovered 29 metabolites with higher levels under alkali stress than under control and salt
stress conditions, including 2 fatty acids, 3 amino acid derivatives, 1 dipeptide, 2 organic acids, and
11 phenolic acids. These alkali stress-induced accumulated carboxylic acids may support continuous
root secretion during the response of wheat plants to alkali stress. In the roots, RN Aseq analysis
indicated that 5 6-phosphofructokinase (glycolysis rate-limiting enzyme) genes, 16 key fatty acid
synthesis genes, and 122 phenolic acid synthesis genes have higher expression levels under alkali
stress than under control and salt stress conditions. We propose that the secretion of multiple types
of metabolites with a -COOH group is an important pH regulation strategy for alkali-stressed wheat
plants. Enhanced glycolysis, fatty acid synthesis, and phenolic acid synthesis will provide more
energy and substrates for root secretion during the response of wheat to alkali stress.

Keywords: wheat; pH regulation; root secretion; respiration; carboxylic acid

1. Introduction

As the ecological environment continues to deteriorate through unreasonable devel-
opment and use, the global area of saline land has increased yearly [1-5]. The harmful
salts in saline soils mainly include NaCl, Nay;SO4, NaHCOj3, and Nay,CO3. About 46% of
saline soils contain only neutral salts, NaCl, and NaySOj, but the remaining 54% contain
both neutral salts and alkaline salts [6]. The stress type exerted by NaCl and/or NaySO4
is defined as salt stress, whereas the stress type exerted by NaHCO; and/or Nap,COj is
defined as alkali stress [7,8]. Previous studies have verified that the destructive effect
of alkaline salt stress on plants is significantly stronger than that of neutral salt stress at
the same salinity [7-9]. Soil alkalization has caused serious environmental problems in
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some areas of the world. For example, in northeastern China, about 50% of grassland is
threatened by soil alkalization [10]. Soil pH in the alkalized area even reaches above 10.5.
Only a few alkali-resistant halophytes can survive under such heavily alkaline conditions,
and no crop can survive extreme alkalinity. Therefore, further research on soil alkalization
and alkali stress is warranted.

Salt stress produces negative effects on plants through osmotic stress and ion toxicity.
However, in addition to osmotic stress and ion toxicity, alkali stress produces high-pH
stress. High pH caused by alkali stress can lead to the precipitation of Ca*, Mg?*, Fe?*,
Mn2*, Cu?*, Zn?*, and PO,>~ to surrounding roots, which induces a reduction in the
bioavailability of nutrient elements [2,9]. Additionally, a proton gradient across root
plasma membranes is the driving force for mineral ion uptake. HCO3;~ or CO3%~ from
alkaline soils will neutralize the proton outside the root plasma membrane, thus breaking
the proton gradient and inhibiting the uptake of mineral ions. The plants living in alkaline
soils must regulate rhizosphere pH to alleviate nutrient stress. Therefore, the pH regulation
of the roots is essential for alkali tolerance in plants.

In the past 30 years, great progress has been made in several areas of salt stress
study, such as ion homeostasis, signal transduction, and hormone regulation [11-15]. To
date, multilevel signal networks mediating salt tolerance and Na™ compartmentalization
mechanisms at the subcellular level have been elucidated [11-16]. However, relatively few
studies have focused on plant alkali tolerance [3,4,17-28]. Important progress in research
on plant alkali tolerance has been made in Arabidopsis [21], maize [25], and wheat [27], in
which H"-ATPase was demonstrated to play an important role in alkali tolerance.

Our group and other researchers have found that root secretion is the main pH reg-
ulation pathway of plants under alkali stress [29-31]. Root exudates usually include
amino acids, phenolics, fatty acids, organic acids, and carbohydrates [22,32]. Secretion
of organic acids induced by alkali stress has been reported in many plants, such as
P. tenuiflora [30,33], grape plants [31], and Chloris virgata [29]. However, the physiological
and molecular mechanisms underlying root secretion regulation during the response of
plants to alkali stress are poorly understood. Wheat provides about 20% of the calories con-
sumed by humans [34]. Soil alkalization is an important factor limiting wheat production
in northern China. To explore the specific effects of high pH caused by alkali stress on root
secretion, we applied salt stress and alkali stress treatments at the same Na* concentration
and total salt concentration but with different pH values. Thus, differences in plant root
secretion in response to the two stress conditions were mainly attributed to pH differences.
In this study, we identified and quantified root exudates of wheat under salt and alkali
stresses. To ascertain the regulatory mechanism of root secretion in wheat under alkali
stress, we also analyzed the transcriptional and metabolic responses of wheat roots to
alkali stress.

2. Results
2.1. Components of Root Exudates

We used a high throughput metabolomic method to detect metabolites in the root
exudates (Figure 1A) and root tissues of wheat plants (Figure 1B). Collectively, we detected
443 root exudates in wheat plants under three conditions (Figure 1A), including 75 fatty
acids, 52 lipids, 27 organic acids, 31 amino acids or amino acid derivatives, 81 phenolic
acids, 28 nucleotides or nucleotide derivatives, 54 flavonoids, 38 alkaloids, 7 terpenoids,
18 carbohydrates, 8 vitamins, 7 lignans or coumarins, and 17 others (Table S1). In wheat
plants, 326 root exudates were detected under control conditions, 437 under salt stress, and
431 under alkali stress (Table S1 and Figure 1A). We particularly focused on alkali stress-
induced secreted metabolites (AISMs), which were found at a higher root secretion rate
under alkali stress condition than under control and salt stress conditions. The number of
AISMs for each type of metabolite is displayed in Figure 2A,B. In Figure 2A, salt stress did
not affect the secretion rate of the metabolites, but alkali stress enhanced the secretion rate.
Conversely, in Figure 2B, both salt stress and alkali stress enhanced the secretion rate of the
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metabolites, with greater enhancement in alkali stress than in salt stress. We discovered
105 AISMs in wheat root exudates, including 27 fatty acids, 6 amino acids, 1 amino acid
derivative, 7 dipeptides, 5 organic acids, 19 phenolic acids, 9 nucleotides or nucleotide
derivatives, 6 flavonoids, 1 lignan or coumarin, 11 alkaloids, 2 carbohydrates, 1 terpenoid,
6 lipids, and 4 vitamins (Figures 1C and 2). Of 105 AISMs, 55 AISMs contained the -COOH
group, including 23 fatty acids, 4 amino acids, 1 amino acid derivative, 7 dipeptides,
5 organic acids, 9 phenolic acids, 3 alkaloids, 1 terpenoid, and 2 others (Figures 3-7). These
data revealed that fatty acids, amino acids, dipeptides, and phenolic acids were dominant
AISMs for alkali-stressed wheat plants. Some plant “hub” fatty acids, such as y-linolenic
acid, arachidonic acid, «-linolenic acid, linoleic acid, and palmitoleic acid also showed
higher root secretion rates under alkali stress conditions than under control and salt stress
conditions (Figures 4 and 5). All of the three aromatic amino acids (tryptophan, tyrosine,
and phenylalanine) were discovered in the list of AISMs (Figure 3).

A

All detected root exudates B All detected metabolites in roots

Alkali stress Alkali stress

Control § _ Salt stress Control ; o Salt stress

Alkali-stress upregulated

Root exudates D Roots

 Salt-stress upregulated |Alkali-stress upregulated

Figure 1. Comparison of metabolite components in root exudates and roots of wheat plants under
control, salt stress, and alkali stress conditions. (A) Number of all detected root exudates; (B) number
of all detected metabolites in roots; (C) number of the metabolites with enhanced root secretion
rate; (D) number of the metabolites with upregulated accumulation in roots. The 30-day-old wheat
seedlings were treated with salt (88 mM Na* and pH 6.7) and alkali (88 mM Na* and pH 8.8) solutions
for 3 days. Three biological replicates were used for each treatment.
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Figure 2. Alkali stress-induced secreted metabolites. The number of metabolites for each type of
metabolite was displayed. (A) Control and salt-stressed plants showed a similar secretion rate for
each metabolite, with a lower secretion rate than that in alkali-stressed plants; (B) alkali-stressed
plants > salt-stressed plants > control plants in the secretion rate of metabolites. The 30-day-old
wheat seedlings were treated with salt (88 mM Na* and pH 6.7) and alkali (88 mM Na* and pH 8.8)
solutions for 3 days. Three biological replicates were used for each treatment.
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Figure 3. Comparative effects of salt and alkali stresses on the secretion of amino acids and amino
acid derivatives in wheat plants. Alkali stress-induced secreted amino acids or amino acid derivatives
are displayed. The 30-day-old wheat seedlings were treated with salt stress (88 mM Na* and pH 6.7)

and alkali stress (88 mM Na* and pH 8.8) solutions for 3 days. Three biological replicates were used
for each treatment. Different letters above the bar indicate significant differences
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Figure 4. Comparative effects of salt and alkali stresses on the secretion of unsaturated fatty acids in
wheat plants. Alkali stress-induced secreted unsaturated fatty acids are displayed. The 30-day-old
wheat seedlings were treated with salt (88 mM Na* and pH 6.7) and alkali (88 mM Na* and pH 8.8)

solutions for 3 days. Three biological replicates were used for each treatment. Different letters above
the bar indicate significant differences.
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Figure 5. Comparative effects of salt and alkali stresses on the secretion of saturated fatty acids in
wheat plants. Alkali stress-induced secreted saturated fatty acids are displayed. The 30-day-old
wheat seedlings were treated with salt stress (88 mM Na* and pH 6.7) and alkali stress (88 mM Na*
and pH 8.8) solutions for 3 days. Three biological replicates were used for each treatment. Different
letters above the bar indicate significant differences.

2.2. Metabolic Profiling of the Roots

In wheat roots, we collectively detected 1011 metabolites, including 91 fatty acids,
93 lipids, 81 organic acids, 97 amino acids or amino acid derivatives, 164 phenolic acids,
71 nucleotides or nucleotide derivatives, 128 flavonoids, 111 alkaloids, 22 terpenoids,
64 carbohydrates, 16 vitamins, 44 lignans or coumarins, 5 quinones, and 24 others
(Figure 1B,D and Table S2). Of these metabolites, 106 metabolites displayed different
concentrations under control and salt stress conditions, 224 metabolites displayed different
concentrations under control and alkali stress conditions, and 144 metabolites were dif-
ferentially accumulated under salt stress and alkali stress conditions. We displayed alkali
stress-induced accumulated metabolites (AIAMs), which were found at a higher concentra-
tion in the roots under alkali stress conditions than under control and salt stress conditions
(Figure 8). The number of AIAMs for each type of metabolite is shown in Figure 8A,B. In
Figure 8A, salt stress did not affect the accumulation of the metabolites, but alkali stress
enhanced the accumulation. In Figure 8B, both salt stress and alkali stress enhanced the
concentration of the metabolites, with greater enhancement in alkali stress than in salt
stress. We discovered 29 AIAMs in wheat roots, including 2 fatty acids (y-linolenic acid
and o-linolenic acid), 3 amino acid derivatives, 1 dipeptide, 2 organic acids (shikimic acid
and muconic acid), 11 phenolic acids, 2 flavonoids, 1 lipid, 1 terpenoid, and 6 alkaloids
(Figure 8 and Table S3). Integrated analysis of root exudates and root metabolome data
showed higher levels of y-linolenic acid and o-linolenic acid in alkali-stressed roots than in
control and salt-stressed roots, as well as a faster secretion rate in alkali-stressed roots than
in control and salt-stressed roots.
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Figure 6. Comparative effects of salt and alkali stresses on the secretion of phenolic acids with
a -COOH group in wheat plants. Alkali stress-induced secreted phenolic acids are displayed. The
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(88 mM Na™ and pH 8.8) solutions for 3 days. Three biological replicates were used for each treatment.
Different letters above the bar indicate significant differences.
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Figure 7. Comparative effects of salt and alkali stresses on the secretion of other carboxylic acids in
wheat plants. The 30-day-old wheat seedlings were treated with salt stress (88 mM Na* and pH 6.7)
and alkali stress (88 mM Na* and pH 8.8) solutions for 3 days. Three biological replicates were used
for each treatment. Different letters above the bar indicate significant differences.
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Figure 8. Alkali stress-induced accumulated metabolites in wheat roots. The number of metabolites in
each type is displayed. (A) Control and salt-stressed plants showed similar levels for each metabolite,
with lower levels than those in alkali-stressed plants; (B) alkali-stressed plants > salt-stressed plants >
control plants in levels of metabolites. The 30-day-old wheat seedlings were treated with salt stress
(88 mM Na™* and pH 6.7) and alkali stress (88 mM Na* and pH 8.8) solutions for 3 days. Three

biological replicates were used for each treatment.
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2.3. Gene Expression Response in the Roots

The results of the RNAseq were validated with real-time quantitative PCR (qRT-PCR)
(Table S4). In 10 of the 12 randomly selected genes, the fold changes of the RNAseq ex-
periment were similar to those of the qRT-PCR experiment, indicating that the results of
the RN Aseq experiment were reliable (Table S4). Compared with the control, salt stress
upregulated the expression of 2108 genes and downregulated the expression of 1470 genes,
whereas alkali stress upregulated the expression of 8542 genes and downregulated the
expression of 6764 genes. The expression level of 5967 genes was higher in alkali-stressed
roots than in salt-stressed roots, and 8147 genes displayed a lower level of expression in
alkali-stressed roots than in salt-stressed roots. Alkali stress-induced genes (AIGs) were con-
sidered those with an expression level higher in alkali-stressed plants than in control and
salt-stressed plants. We discovered 5764 AlGs, which were exposed to KEGG enrichment.
The AIGs were enriched in phenylpropanoid biosynthesis, amino acid metabolism, nitrogen
metabolism, amino acid-related enzymes, phenylalanine metabolism, flavonoid biosynthe-
sis, alpha-linolenic acid metabolism, and other pathways (Table S5). AIGs involved in alkali
tolerance are shown in Figures S1-S6. The AIGs included 18 NRT1/PTR FAMILY (NPF)
genes, 22 NRT genes (Figure S1), 11 1-aminocyclopropane-1-carboxylate (ACC) oxidase
genes, and 38 ethylene-responsive transcription factor genes (Figure S2). In the AIG list, we
also discovered 29 glycolysis/gluconeogenesis genes including 5 glycolysis rate-limiting
enzyme (6-phosphofructokinase) genes, and 16 key fatty acid synthesis genes (4 FabG
genes, 1 FabF gene, 1 medium-chain acyl-[acyl-carrier-protein] hydrolase gene and 4 long-
chain acyl-CoA synthetase genes) (Figure S3). Additionally, we also found 122 phenolic
acid synthesis genes in the list of AIGs (Table S5), including 4 phenylalanine ammonia-
lyase (PAL, phenolic acid synthesis rate-limiting enzyme) genes, 7 4-coumarate-CoA ligase
(4CL) genes, and 2 trans-cinnamate 4-monooxygenase genes (Figure S4). The expression
level of 22 peptide transporter genes, 3 oligopeptide transporter genes, 6 protease genes,
1 ubiquitin-conjugating enzyme gene, and 13 E3 ubiquitin-protein ligase genes was also
higher in alkali-stressed roots than in control and salt-stressed roots (Figures S5 and S6).

3. Discussion

Root secretion has a vital role in the tolerance of plants to abiotic stresses, such as
phosphorus deficiency, heavy metal pollution, aluminum toxicity, and alkali stress [22,32].
The roles of organic acid secretion in pH regulation under alkali stress have been reported in
grapevine roots [35], grape plants [31], and C. virgata plants [29]. High pH caused by alkali
stress can precipitate various mineral element ions at the rhizosphere, leading to nutrient
deficiency [28]. High pH can also induce the over-accumulation of Na* and enhance ion
toxicity [28]. Thus, the regulation of pH at the rhizosphere or within roots is vital for
plant survival under high alkali conditions. In this study, we detected a diverse array of
metabolites covering most types of metabolites in the root exudates of alkali-stressed wheat
plants. We particularly focused on secreted metabolites induced by alkali stress (high-pH).
We discovered 55 AISMs contained a -COOH group, including 23 fatty acids, 4 amino
acids, 1 amino acid derivative, 7 dipeptides, 5 organic acids, 9 phenolic acids, 3 alkaloids,
1 terpenoid, and 2 others. We propose that the secretion of multiple types of metabolites
with the -COOH group may be an important pH regulation strategy for wheat roots under
alkali stress. Recently, root exudates of a halophyte Puccinellia tenuiflora under alkali stress
were also analyzed by a metabolomics approach [33]. In P. tenuiflora plants, 75 AISMs with
the -COOH group were discovered, including 42 fatty acids, 3 amino acid derivatives,
22 phenolic acids, and 8 organic acids [33]. Our recently published work revealed that
halophyte Leymus chinensis responded to alkali stress via the secretion of phenolic acids,
free fatty acids, organic acids, and amino acids [36]. However, that study did not apply
salt stress treatment, so the root secretion response of L. chinensis to a high pH was not
explored. The above data demonstrated that the secretion of fatty acids, phenolic acids, and
organic acids was the common response of plants to alkali stress. However, amino acids
and dipeptides were discovered in AISMs of wheat and not in P. tenuiflora. This suggests

90



Plants 2024, 13, 1227

that wheat and the halophyte P. tenuiflora have different pH regulation strategies under
alkali stress. The secretion of amino acids and dipeptides may play more important roles
in wheat alkali tolerance.

Glycolysis provides the reducing power (ATP and NADH) and carbon source for
metabolisms and the root secretion process. In the wheat roots, five 6-phosphofructokinase
(glycolysis rate-limiting enzyme) genes displayed higher expression levels under alkali
stress than under control and salt stress conditions (Figure S3). Enhanced glycolysis will
provide more reducing power and carbon sources for the synthesis of fatty acids, phe-
nolic acids, and organic acids to support their secretion into the rhizosphere during the
response of wheat to alkali stress. We also focused on metabolites with a higher level in
alkali-stressed wheat roots than in control and salt-stressed wheat roots, including 2 fatty
acids, 3 amino acid derivatives, 1 dipeptide, 2 organic acids, 11 phenolic acids, 2 flavonoids,
1 lipid, 1 terpenoid, and 6 alkaloids. These alkali stress-induced accumulated carboxylic
acids not only have roles in osmotic regulation but also directly or indirectly support root
secretion during the response of wheat to alkali stress. The enhanced accumulation of
carboxylic acids (e.g., amino acids, fatty acids, and organic acids) has also been observed in
alkali-stressed rice [19], alfalfa [9], and sunflower [37]. RN Aseq analysis showed that 16 key
fatty acid synthesis genes and 122 phenolic acid synthesis genes (including rate-limiting
enzyme genes PAL) have a higher expression level in wheat roots under alkali stress condi-
tions than under control and salt stress conditions (Figure S4), indicating a strategy for the
regulation of gene expression for the accumulation and secretion of fatty acids and phenolic
acids during the response of wheat roots to alkali stress. Additionally, the expression level
of 18 NPF genes and 25 peptide transporter genes was higher in alkali-stressed wheat roots
than in control and salt-stressed wheat roots (Figure S1). The NPF family can transport
multiple substrates, including chloride, potassium, carboxylate, plant hormones, peptides,
nitrate, and metabolites containing a -COOH group [38]. The upregulated expression of
the NPF genes may accelerate the secretion of metabolites containing the -COOH group
and facilitate rhizosphere pH regulation in alkali-stressed wheat. Although we have iden-
tified some candidate genes that can mediate root secretion of wheat plants under alkali
stress, some important questions remain, such as which genes mediate the co-expression of
19 NPF genes and 25 peptide transporter genes under alkali stress and what mechanism
coordinates the production and secretion of AISMs. In wheat plants, alkali stress-induced
secreted dipeptides and amino acids may be produced from protein degradation, while
other secreted carboxylic acids may be generated from continuous biosynthesis. The up-
regulation of E3 ubiquitin-protein ligase genes, ubiquitin-conjugating enzyme genes, and
protease genes facilitates the protein degradation that generates oligopeptides or amino
acids (Figure S6), which provides materials for the secretion of dipeptides and amino
acids by wheat roots under alkali stress. In wheat roots, the expression of 11 key ethylene
synthesis genes and 38 ethylene-responsive transcription factor genes was particularly
upregulated under alkali stress condition, suggesting that ethylene may mediate the re-
sponse of wheat roots to alkali stress. It has been reported that ethylene plays a beneficial
role in enhancing the salt tolerance of plants [39]. Ethylene may exert important effects
in mediating the production and secretion of carboxylic acids and dipeptides during the
response of wheat roots to alkali stress, which warrants further investigations.

4. Materials and Methods
4.1. Stress Treatment and Root Exudate Collection

Xiaobingmai33, a spring wheat variety widely cultivated in Northeast China, was
selected as the test organism. The wheat seeds were provided by Prof. Jinsong Pang from
Northeast Normal University, China. The seeds were sown in plastic pots containing sand.
All pots (15 seedlings per pot; pot size height 19 cm and diameter 18.5 cm) were watered
with half-strength Hoagland nutrient solution for 30 days in a greenhouse (23-25 °C day
and 17-20 °C night, 16 h light). The experiment was conducted from mid-April to mid-May
in Changchun, China. Based on the pH and salinity levels of moderate soda salt-alkaline
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in Northeast China, NaHCOj3; and Na,CO3 were added at a 9:1 molar ratio (80 mM total
salt concentration, 88 mM Na* concentration, and pH 8.8) to mimic alkali stress conditions
in the moderate soda salt-alkaline soil. To explore the specific effects of high-pH, NaCl
and NaySO, were added at a 9:1 molar ratio (80 mM total salt concentration, 88 mM Na™*
concentration, and pH 6.7) for the salt stress treatment. The control was cultured with a
half-strength Hoagland nutrient solution (pH 6.6). The final pH values of the salt stress and
alkali stress treatment solutions were determined after adding the nutrient solution. Wheat
plants can finish their life cycle under such stress conditions. The pots with uniform wheat
seedlings were treated with salt or alkali treatment solution containing nutrient components
for three days, and then root exudates were collected and stored at —80 °C according to
a method by Li et al. [33]. After root exudate collection, the root samples were collected
and freeze-dried, and RNA samples were collected and stored at —80 °C. Ten plants were
pooled as a biological replicate, with three biological replicates for metabolome analysis
and RNA sequencing.

4.2. Metabolome Analysis

Metabolites in root exudates and root tissues were qualified and quantified using a
widely targeted metabolomics approach based on a local MS-MS data library constructed
with authentic standards [40]. The secretion rate of each metabolite was expressed as
the relative amount (peak area) of g~ ! root DW. Metabolites in root exudates and root
tissues were measured according to Li et al. [33]. Briefly, freeze-dried root samples and
freeze-dried root exudates were treated with 70% methanol, and then the extracts were
loaded onto an LC-MS/MS system (QTRAP, AB SCIEX). A mixed sample of all extracts in
equal volumes was loaded onto an LC-MS/MS system (QTRAP, AB SCIEX) to construct
an MS2 spectral tag library. Retention time, m/z ratio, and fragmentation information
were applied to identify each metabolite through an in-house database (MWDB, https:
/ /www.metware.cn accessed on 11 December 2021). All the metabolites identified were
quantified using the MRM method [40]. We defined differentially accumulated metabolite
(DAM) or differentially secreted metabolite (DSM) as VIP > 1, p value (t test) < 0.05, and

| Log2(Fold change) | > 1.

4.3. RNAseq and gRT-PCR

Conventional methods were applied to conduct RNAseq experiments and data anal-
yses [2]. Total RNA samples were used as input material for library construction. The
prepared libraries were sequenced on an Illumina platform. Wheat reference genome
and gene model annotation files were downloaded from the Ensembl Plants website
(http:/ /plants.ensembl.org/ Triticum_aestivum/Info/Index accessed on 20 December 2021).
The paired-end clean reads were mapped to the reference genome using Hisat2 v2.0.5.
Differentially expressed genes (DEGs) were identified using the DESeq2 R package 1.20.0
(adjusted p value < 0.05 and |log2fold change| > 1) [41]. We applied the TBtools program
to conduct GO and KEGG enrichments for DEGs [42]. The reliability of the RNAseq anal-
ysis was validated using qRT-PCR. RLI, Actin 2, Actin 7, and B-tubulin were selected as
internal control genes. The expression level of the genes was calculated using the AACt
method [43].

5. Conclusions

The secretion of multiple types of metabolites with a -COOH group is an important
pH regulation strategy for alkali-stressed wheat plants. Enhanced glycolysis, fatty acid
synthesis, and phenolic acid synthesis will provide more energy and substrates for root
secretion during the response of wheat to alkali stress. In wheat plants, alkali stress-induced
secreted dipeptides and amino acids may be produced from protein degradation, while
other secreted carboxylic acids may be generated from continuous biosynthesis. Some NPF
genes and peptide transporter genes may play important roles in the pH regulation of
alkali-stressed wheat plants.
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Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/plants13091227/s1. Table S1: Mass spectrum information of all detected
metabolites in root exudates of wheat plants. Table S2: Mass spectrum information of all detected
metabolites in wheat roots. Table S3: Mass spectrum information of accumulated metabolites induced
by alkali stress in wheat roots. Table S4: Results of qPCR. Table S5: KEGG enrichment for alkali
stress-induced genes. Figure S1: Comparative effects of salt and alkali stresses on the expression
of NPF genes. The 30-day-old wheat seedlings were treated with salt (88 mM Na* and pH 6.7)
and alkali (88 mM Na* and pH 8.8) solutions for 3 days. Three biological replicates were used for
each treatment. Different letters above the bars indicate significant differences. In the figures, each
gene ID represents different members of a gene family. Figure S2: Comparative effects of salt and
alkali stresses on the expression of genes involved in ethylene signal transduction. The 30-day-old
wheat seedlings were treated with salt (88 mM Na* and pH 6.7) and alkali (88 mM Na* and pH 8.8)
solutions for 3 days. Three biological replicates were used for each treatment. Different letters above
the bars indicate significant differences. In the figures, each gene ID represents different members of
a gene family. Figure S3: Comparative effects of salt and alkali stresses on the expression of the genes
involved in glycolysis and fatty acid synthesis. The 30-day-old wheat seedlings were treated with
salt (88 mM Na* and pH 6.7) and alkali (88 mM Na* and pH 8.8) solutions for 3 days. Each treatment
had three biological replicates. Different letters above the bars indicate significant differences. In
the figures, each gene ID represents different members of a gene family. Figure S4: Comparative
effects of salt and alkali stresses on the expression of genes involved in phenolic acid synthesis. The
30-day-old wheat seedlings were treated with salt (88 mM Na* and pH 6.7) and alkali (88 mM Na™*
and pH 8.8) solutions for 3 days. Three biological replicates were used for each treatment. Different
letters above the bars indicate significant differences. In the figures, each gene ID represents different
members of a gene family. Figure S5: Comparative effects of salt and alkali stresses on the expression
of peptide transporter genes. The 30-day-old wheat seedlings were treated with salt (88 mM Na™*
and pH 6.7) and alkali (88 mM Na* and pH 8.8) solutions for 3 days. Each treatment had three
biological replicates. Different letters above the bars indicate significant differences. In the figures,
each gene ID represents different members of a gene family. Figure S6: Comparative effects of salt
and alkali stresses on the expression of the genes involved in protein degradation. The 30-day-old
wheat seedlings were treated with salt (88 mM Na* and pH 6.7) and alkali (88 mM Na* and pH 8.8)
solutions for 3 days. Three biological replicates were used for each treatment. Different letters above
the bars indicate significant differences. In the figures, each gene ID represents different members of
a gene family.
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Abstract: Genes of metabolic pathways are individually or collectively regulated, often via unclear
mechanisms. The anthocyanin pathway, well known for its regulation by the MYB/bHLH/WDR
(MBW) complex but less well understood in its connections to MYC2, BBX21, SPL9, PIF3, and HY5, is
investigated here for its direct links to the regulators. We show that MYC2 can activate the structural
genes of the anthocyanin pathway but also suppress them (except F3'H) in both Arabidopsis and Oryza
when a local MBW complex is present. BBX21 or SPL9 can activate all or part of the structural genes,
respectively, but the effects can be largely overwritten by the local MBW complex. HY5 primarily
influences expressions of the early genes (CHS, CHI, and F3H). TF-TF relationships can be complex
here: PIF3, BBX21, or SPL9 can mildly activate MYC2; MYC2 physically interacts with the bPHLH
(GL3) of the MBW complex and/or competes with strong actions of BBX21 to lessen a stimulus to the
anthocyanin pathway. The dual role of MYC?2 in regulating the anthocyanin pathway and a similar
role of BBX21 in regulating BAN reveal a network-level mechanism, in which pathways are modulated
locally and competing interactions between modulators may tone down strong environmental signals
before they reach the network.

Keywords: pathway regulation; light signaling; molecular competition; BBX21; F3'H activation

1. Introduction

Metabolic pathways are major machineries governed by the genomes to coordinate
cellular activities under various internal and external environments. They also bridge
genomes and phenotypes of individuals, providing a biochemical basis for phenotypic
plasticity. A major gap in understanding pathway regulation is the frequent lack of knowl-
edge of the methods of perception of environmental signals by individual pathways. An
example in plants is the relatively well-studied anthocyanin pathway. Anthocyanins gen-
erated from the pathway are part of flavonoids synthesized in plants, which include also
proanthocyanidins, flavonols, flavones, aurones, and others from different branches of
the flavonoid network. In Arabidopsis thaliana [1], transiently enhanced accumulation of
the anthocyanin pigments is regularly seen in seedlings between day three and day six
after seed germination under normal physiological conditions, and the phenotype can also
be induced under adverse conditions [2]. The transient pigmentation of leaf and stem,
commonly observed in other species [3-5] as well, is considered beneficial to plants for
protection against stressful environments [6,7]. The molecular mechanism behind the phe-
notype, however, remains ambiguous. The clearly reversible phenotypes (i.e., pigmented
and non-pigmented) imply an involvement of on-and-off signals in plant cells. At least
three types of cellular signals have been implicated so far—light signaling [8,9], hormones
such as jasmonate [10,11], gibberellin [10,12], brassinoids [13], or abscisic acid [10], and
organ development [14,15]. It is puzzling how the anthocyanin pathway responds to the
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myriad of signals. To search for mechanical details of the response, we interrogated several
transcription factors (TFs) previously studied or implicated in A. thaliana.

The primary regulators documented for the anthocyanin pathway include PAP1, GL3
(or EGL3), and TTG1, which can form a protein complex to strongly activate structural
genes of the anthocyanin pathway in shoots of A. thaliana [9,16,17], while another complex
of similar components, formed by TT2, TT8, and TTG], regulates synthesis of proantho-
cyanidins in the seed coat [18,19]. These complexes can regulate, in varied efficiencies,
structural genes including CHS, CHI, F3H, DFR, and ANS that encode enzymes commonly
used by the anthocyanin and proanthocyanidin pathways [20]. For simplicity, the reg-
ulatory assembly that involves members of three gene families—MYB (PAP1 or TT2),
bHLH (GL3, EGL3, or TT8), and WDR (TTG1)—for the pathways have been dubbed MBW
complexes [21]. Except in a few cases shown below, not much has been reported on rela-
tionships of an MBW complex with other TFs. Even less is known about how the complex
is connected to various sources of signaling in cells. In general, signals may each take either
a specific course to reach a pathway or converge with one another at certain points to rely
on common modulator(s) to relay the signals to a pathway. For the anthocyanin pathway,
it is unclear how multiple signals are interpreted with or without the MBW complex. A
major goal here is to evaluate which of the scenarios above is closer to the in vivo process
of pathway regulation.

Several classes of TFs have been studied or implicated in anthocyanin production.
One is the light-responsive gene family BBX (B-box proteins) genes. BBX21 (or STH2)
can activate CHI [22] and respond to red/far red and blue light (reviewed by [23]), and
over-expression of BBX21 causes high accumulation of anthocyanins in Arabidopsis [24]. Its
homolog (PpBBX18) in the pear (Pyrus pyrifolia) can activate PpMYB10, an MYB component
of the pear’s MBW complex [25]. In the apple (Malus x domestica), a homolog of Arabidopsis
BBX22 (MdCOL11) can activate MdMYBA [26]. When introduced into the potato, Arabidop-
sis BBX21 can elevate photosynthetic rate to show enhanced anthocyanin accumulation
and tuber growth [24]. Other regulators in light-signaling pathways, such as HY5 [27]
and PIF3 [28], were also implicated [29]. HY5, in particular, can suppress expression of
MYBL2 [30], which encodes a repressor of the anthocyanin pathway [31]. PIF3 is sensitive
to the environment through mutually destructive interactions with phytochrome B [32-34]
and A [28], whereas HY5 can be activated by UV-B light [35] and BBX21 [36]. Besides
being sensitive to red and blue light, BBX21 can also be stabilized by UV-B exposure [37],
functioning as a light detector of the outer environment.

Besides light, anthocyanin accumulation can also be influenced by internal hormones
such as jasmonate [38,39], abscisic acid [40—-42], and gibberellin [43], or indirectly by ethy-
lene [44] through sugar metabolism [10] or by brassinosteroids via crosstalk interactions [13].
Here, MYC2 (initially known as JASMONATE-INSENSITIVEL1 [45], or rd22BP1 [46]) plays
a central role. MYC2 not only positively regulates signaling of abscisic acid [46] and
sesquiterpene-synthase genes of gibberellin signaling [47], but also activates synthesis of
jasmonate ZIM-domain proteins (JAZs) and other regulators in jasmonate signaling [48-51].
It can serve as a negative regulator for JA-responsive genes in pathogen defense (reviewed
in [52]). JAZs can interact with GL3/EGL3 and PAP1, causing reduced output of the
pathway [39]. Without MYC2, myc2 shows enhanced pigmentation under blue or far-red
light [53] but reduced expressions of PAP1 and EGL3 when jasmonate was externally sup-
plied [54]. Nevertheless, whether or not MYC2 directly interacts with the anthocyanin
pathway has not been shown.

Another class of implicated regulators is development-stage associated SPLs (SQUAMOSA
PROMOTER BINDING PROTEIN-LIKE). For SPL9 [55-57] and its regulator mir156, over-
expressing mir156 presumably reduced SPLY9, reportedly causing enhanced accumulation of
anthocyanins and high expression of DFR, a gene encoding the dihydroflavonol reductase
of the anthocyanin pathway [14]. Since mirl56 can also target mir172 [56] and multiple
SPLs [58,59], it is uncertain how much of the enhanced pigmentation in over-expression
lines of mir156 is due to reduced SPL9 alone. More importantly, since the anthocyanin
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pathway is primarily under the activation of an MBW complex for an enhanced output,
how the other regulators act in concert with MBW during plant development and/or
stimuli needs to be articulated.

Through gathering genetic and molecular data, which target some of the missing
aspects of the regulators above, we show previously undiscovered interactions between
BBX21 and MYC2 and their methods of influencing genes of the flavonoid network. For
MYC2 in particular, MYC2 of Arabidopsis modulates the local anthocyanin pathway much
as its ortholog (Os10g42430), OsMYC2 [60], does in Oryza sativa. A high-level molecular
mechanism is revealed here (at least in part), which connects multiple signals to flavonoid
pathways, emerging as a likely molecular basis for dynamic accumulation of anthocyanins
in plants.

2. Results
2.1. MYC2 Plays a Dual Role in Regulation of the Anthocyanin Pathway

Transient pigmentation of A. thaliana was compared between myc2, its complementary
lines (355:MYC2-1 & 355:MYC2-2) of MYC2 (Figure S1), and Col in 3-d old seedlings. A
darker coloration was shown in the mutant and complementary lines than in the wild-type
(Figures 1A and S2A,B). Dynamic accumulation of anthocyanins in the seedlings was
explored in two sets of whole-plant samples, which were collected under the same growth
conditions at 4 pm after the seeds had imbibed water for 48 and 72 h, respectively. The
48-h set was sampled at a 4-h interval over the next 24-h period for profiling pigmentation
process. The 72-h set was sampled once for analysis of gene expression. Data of the
48-h set indicate an earlier accumulation of anthocyanins in myc2 and its complementary
lines than that in Col (Figure 1B), which is consistent with the phenotypes observed in
Figure 1A. For the 72-h sample set, quantifications of transcripts show significantly more
MYC2 copies in 355:MYC2-1 than in 355::MYC2-2 (one tailed t-test, p = 0.01) and both lines
expressed more copies of MYC2 than myc2; but the transcript levels in the complementary
lines were lower than that of Col (Figure 1C). Since MYC2 is rhythmically expressed and
peaks before dusk in Col [61], whereas the 355-driven promoter leads to presumably
constant transcription of MYC2 in the complementary lines, the comparisons above reflect
mostly point differences between the peak-level transcription of MYC2 in Col and the
average MYC2 expression in the complementary line instead of the total difference over
a periodic cycle between the lines. The latter is more relevant to protein levels of MYC2.
This assessment was supported by estimation of transcript levels of JAZ1, a known target
of MYC2, across lines. The complementary lines had more JAZ1 transcripts than myc2, as
expected; and the level in 355:MYC2-1 surpassed that of Col (Figure 1C), which indicates
that the in vivo expression of MYC2 is likely higher in 355::MYC2-1 than in Col (also
see Figure S2C). Nonetheless, neither expression of JAZ1 nor that of MYC2 alone can
account for the variation of transient pigmentation across lines (Figure 1B). It appears
that over-expression of MYC2 or deficient transcripts of MYC2 can both lead to enhanced
pigmentation in seedlings (Figures 1B and S2).

To probe the molecular basis of the transient pigmentation shown above, the impact
of MYC2 was examined directly on a promoter region of the anthocyanin pathway gene
via transient dual LUC assays using leaf protoplasts of Col. Reporters, each carrying the
5’ region (~1 kb) of a specific gene (Figure S3), were tested by MYC2-containg effectors
under the same experimental conditions. The 5/ regions of CHS, CHI, F3H, F3'H, DFR,
and 3GT (except ANS) react positively to addition of MYC2 to cells (Figure 1D). The
positive activation of F3'H came as a surprise, as the same promoter did not respond to
the PAP1/GL3 (EGL3)/TTG1 complex [20]. Additional tests were pursued on 5’ region
of PAP1, GL3, or TTG1 (Figure S4). Little response of GL3 or TTG1 to MYC2 can be seen
but a moderate yet significant activation of PAP1 is evident (Figure 1E). Consistently, the
in vivo transcript levels of PAP1 in the complementary lines (355:MYC2-1 and 35S:MYC2-
2) are also higher than the mutant (Figure 1F) and in accordance with the elevated MYC2
transcripts (Figure 1C).
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Figure 1. Effects of MYC2 on the anthocyanin pathway of A. thaliana. (A) Phenotypes of mutant
myc2 and its complementary lines at day 3. The control line is Columbia (Col). The bar is 1 mm.

(B) Accumulation of anthocyanins in seedlings. The lines in (A) were quantified for anthocyanin
content during 48-72 h of growth. The unit is arbitrary and weighted by the fresh weight (FW) of
seedlings. Each data point has two replicates, with each replicate containing 20-30 plants. 355-1 is
for 355:MYC2-1, and 355-2 for 355:MYC2-2. The difference between 355-1 and Col at 72 h is highly
significant (t-test, one-tailed, p = 0.002), and that between 35S-2 and myc? is also significant (¢-test,
one-tailed, p = 0.03). (C) Real-time expressions of MYC2 and JAZ1 across the lines at day 3. Data
are shown as mean =+ standard error. Each mean is based on three biological replicates (1 = 3) at

the same sampling time, and each replicate was measured at least twice. The transcript levels of

two complementary lines are significantly higher than that of myc2 (one-tailed t-tests; *, p < 0.02;
**,p <0.01). (D) Activations of genes by MYC2 in dual LUC assays. Reporter is indicated by the x-axis,
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containing 5’ region of the target gene and designated by CHSpro for CHSpyo, etc., introduced along
with pMYC2 (4 ug each). The promoter activity was measured by LUC/RUC. The background
activity (blank) of each gene was shown by the treatment of reporters and empty effectors (4 ug each).
The standard error bars include three to five biological replicates. Data were normalized. Compared
to the reporter’s background level, the treatment of pMYC2 was significant for all reporters (one-
tailed t-tests; *, p < 0.05; **, p < 0.01) except that of ANS (p = 0.40). (E) Effect of MYC2 on transcriptions
of the MBW genes. Effectors and reporters (1:1) were mixed in 4 pg each for PAPIpy, and 5-10 pg
each for GL3pro or TTG1pyo. Each test had at least two biological replicates. Activation of PAPIpy, is
highly significant per the t-test (one-tailed, **, p < 0.001, n = 28). (F) Transcript numbers of PAPI in
the lines of (A) at day 3. Three biological replicates were taken. Format follows (C). (G) Combined
effect of MYC2 and MBW on structural genes in dual LUC assays. Adding MYC2 caused significantly
altered activity for all reporters (two-tailed t-tests; **, p < 0.002 in all cases). Data were normalized
across tests (n > 3). (H) Interactions of MYC2 with promoters of anthocyanin genes in Y1H. Each test
had at least three biological replicates, with the interaction between P53 and the original pHIS2 as
the positive control and the combination of empty pAD and a reporter vector as the negative one.
(I) Interactions of MYC2 with probes based on 5’ regions of anthocyanin genes in EMSAs. Each of
the probes with the sequences (5’ — 3') listed by the numbers to the right was mixed with MYC2
(~10 pg) to test its binding capacity. The upper panel shows the DNA binding and the lower one the
protein binding of the same gel (non-denaturing 8% polyacrylamide). The free probes are indicated
by the black arrows. The expected cis elements are in bold and mutated ones in lower case.

Since the anthocyanin pathway is activated strongly by an MBW complex, we re-
examined the role of MYC?2 in the presence of PAP1, GL3, and TTG1 (Figure S1). In dual
luciferase assays as above, we measured the activity of a reporter (2 ug) driven by the MBW
complex (pPAP1, pGL3, and pTTG1 in 2 ug each) as a base line and compared it to that
of the same reporter and complex but with pMYC2 (2 ug) added. With the exception of
F3'H, all enzyme genes, including 3GT (AT5G17050), responded positively to the MBW
complex but decreased their transcription levels significantly when pMYC2 was added
(Figure 1G). The negative impact of MYC2 largely holds true when GL3 is replaced by
EGLS3 (Figure S5). These results suggest that MYC2 turns suppressive in the presence of
an anthocyanin-related MBW complex, and the largest reduction of transcription varied
from 64% in 3GT for PAP1/GL3/TTGl to 58% in F3H for PAP1/EGL3/TTG1. Here 3GT,
which differs from one (AT5G54060) tested before [20], can be regulated similarly as other
genes of the pathway. The function of 3GT has been tested in prokaryotic cells [62]. These
complementary results confirm its membership in the anthocyanin pathway of A. thaliana.

To make sure that in vivo activations by MYC2 above indeed operate at promoters
of anthocyanin genes, we examined bindings of MYC2 to the promoters with Y1H as
well as EMSAs. In Y1H, when MYC2 is the only effector, the histidine-based reporter
(pHIS2), which takes the 5 region of CHS, F3H, ADFR, 3GT, or PAP1 (Figure S3) as its own
5’ region, can be activated (Figure 1H) under the appropriate concentration of 3-amino-
1,2 4-triazole (3-AT); a high auto-activation associated with the reporter of F3’H or ANS,
however, obscured the signal of their possible interactions with MYC2. In EMSAs, MYC2
can directly bind to probes based on the proximal 5’ sequences of F3'H, DFR, and PAP1,
respectively; binding to a probe based on F3'H with modified site of the suspected cis
element (CACGTA — CACTTA) causes little change in the presence of CACGTG, which
suggests no or little affinity of MYC2 to CACGTA. Probes with a G-box variant based on
ANS or a mutated version of the variant also failed to interact with MYC2 under the same
condition (Figure 1I). Taken together, MYC2 can physically interact with promoters of
targeted genes (barring ANS here) to influence their transcriptions in Arabidopsis.

2.2. The Dual Role of MYC2 in Oryza Sativa

The dual role of MYC2 in regulating the anthocyanin pathway was previously un-
known, thus its specificity needs to be evaluated in a different species. In rice (Oryza sativa
L.), we cloned a homolog of MYC2, OsMYC2, from the leaf cDNAs of cultivar Heidao.
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The sequence is identical to that of Nipponbare (Os10g42430.1). Since microarray data
have been reported for Nipponbare [63], we examined the leaf expression of OsMYC2
and observed a rhythmic pattern of gene expression (Figure S6). Two effects of OsMYC2
were subsequently tested in leaf protoplasts of rice. One is its single activations of PAP1
ortholog and structural genes (particularly OsF3'H and OsDFR), and the other is its nega-
tive impact on the structural genes when acting along with a local MBW complex. Since
a known MBW complex is OsC1/0sB2/OsTTGI1 in rice leaves [64], we built effectors
pOsC1, pOsB2, and pOsTTG1 using appropriate primers (Table S2). The reporters included
pOsClypro, pOsCHSpro, pOsCHIpro, pOsF3Hpro, pOsF3' Hpro, POsDFRpyro, and pOsANSy;,
with primers (Table S2) targeting the 5’ regions of OsC1, OsCHS, OsCHI, OsF3H, OsF3'H,
OsDFR, or OsANS1 (Figure S7), respectively. Here, OsC1 is a homolog of CI in maize [64]
and PAP1 in A. thaliana. The tests were conducted in protoplasts of a white-rice material
(which was known to have little native expression of OsB2). Significant activations by
pOsMYC2 were seen for reporters carrying OsC1pro, OSCHSpro, OsCHIpro, OsF3/ Hpro, Os-
DFRpro, or OsANS1pro but not OsF3Hpyo (Figure 2A). When OsMYC2 was introduced along
with OsC1/0sB2/OsTTG1 as effectors, OsCHSpro, OsCHIpro, OsF3Hpro, and OsANSpro
displayed significantly reduced transcriptions, and OsF3'Hpr, showed enhanced activation
(Figure 2B), similarly to the responses of their counter-parts in A. thaliana.

A
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o ¥ ¥ 3 A 600 -
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Figure 2. Dual roles of OsMYC2 in regulation of the anthocyanin pathway of Oryza sativa. (A) Ac-
tivations of the local anthocyanin genes by OsMYC2 in living protoplasts of rice. In each treat-
ment, a reporter (pOsClpro, pOsCHSpro, pOsCHlIpro, pOsF3Hpro, pOsF3'Hpro, pOsDFRpro, or
pOsANSpro, 4 ng/each) was introduced along with 4 ug mock vectors (empty effectors) or pOs-
MYC2 to test background activation of LUC (corrected by RUC as inner reference) or the effect of
OsMYC2, respectively. One standard error bar includes two to seven biological replicates. Data were
normalized. The significant differences between the reporter background and the OsMYC2 treatment
are shown (one-tailed t-tests; *, p < 0.05; **, p < 0.01). (B) Effects of OsMYC2 on the anthocyanin genes
in the presence of OsC1/0OsB2/OsTTGL1. For each test, 2 ug reporter was introduced along with the
OsMBW (2 g of each component) in two biological replicates or further with 2 ug pOsMYC2 in three
biological replicates. The format follows (A).
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Unlike MYC2 in A. thaliana, OsMYC2 alone can cause a significant expression of
OsANS1 (Figure 2A) and the impact turns negative when the MBW complex is present
(Figure 2B), the latter part of which agrees with the response of ANS in A. thaliana. Mean-
while, OsMYC2 is such a strong activator of OsDFR (Figure 2A) that it outshines the
effect of OsC1/0sB2/OsTTGI1 (Figure 2B). Consequently, activation of OsDFR due to the
combination of the local MBW complex and OsMYC2 is lower than that due to OsMYC2
alone, likely from the negative impact of OsMYC2 at the presence of the complex, but the
activation level itself is still higher than that initiated by the complex alone (Figure 2B).

2.3. MYC2 Reduces Function of MBW Complex via Interactions with GL3

Since bHLH proteins can form a heterodimer with each other (e.g., [65]), we explored
possible in vivo interaction between MYC2 and GL3 (Figure S1), both of which are bHLHs,
to know whether MYC2 interacts with the MBW complex to exert its negative impact. In
Y2H, we observed a dubious signal due to strong auto-activation of pBD-MYC2 or pBD-
GL3 in yeast cells (Figure S8A). Meanwhile, no interaction was found between MYC2 and
TTG1 when MYC2 was fused with pAD (Figure S8B). A probable MYC2-GL3 interaction
was re-examined in co-IP, with MYC2 labeled by MYC-tag and GL3 by HA-tag. Following
verifications of fused proteins expressed in leaf cells of Nicotiana benthamiana, a clear protein-
protein interaction was detected in vivo between MYC2 and GL3 (Figure 3A). In the same
experiment, no interaction was seen between MYC2 and PAP1, though expressions and
function of the TFs were both confirmed (Figure 3A). Further in vivo interaction between
MYC2 and GL3 was shown in BiFC, and the interaction signals focused primarily on
the nucleus (Figure 3B). Collectively, the results here suggest that GL3 is the only MYC2-
interacting factor in the complex of PAP1/GL3/TTGI.

Given the reported affinity of MYC2 or GL3 to G-box [54,66], probable competition
between MYC2 and GL3 for the same cis element was suspected and subsequently tested
at the 5 region of DFR (Figure S3). The region has two G-boxes; one is farther away from
the starting site of transcription and the other (#2) closer to it (Figure 3C). To seek evidence
for DNA-recognition competition between MYC2 and GL3, we alternately mutated G-
boxes to test a possible location effect of G-box on transcription of DFR in dual LUC
assays. The results indicate that both TFs prefer the G-box located further away from the
transcription starting site (Figure 3C), which leads to potential interference when MYC2
and GL3 accumulate simultaneously in cells. In EMSAs, we further compared associations
of MYC2 and GL3 to variants of G-box, finding evidence for the binding of MYC2 to
AACGTG and CTCGTG but not CAAGTG, and the weak binding of GL3 to AACGTG
only but not CTCGTG and CAAGTG (Figure 3D). These results suggest that competitive
binding between MYC2 and GL3 extends to variants of G-box (e.g., AACGTG). Since
variants of G-boxes are frequently seen at promoters of anthocyanin genes (Figure S3),
competitive binding between GL3 and MYC2 is expected to happen, causing degrees of
in vivo interference at targeted promoters.

To visualize the competition between MYC2 and GL3, varied quantities of MYC2
(of its whole coding region) were supplied, along with the fixed quantity of GL3 (of its
DNA-binding domain only), in EMSAs to show their interactions with the same quantity
of probe of known cis elements (Figure 3D). The binding signals indicate that increasing the
quantity of MYC2 weakens the binding capacity of GL3 (Figure 3E). Altogether, interaction
and interference between MYC2 and GL3 reveals a mechanism by which MYC2 modulates
in vivo transcriptions of the structural genes of the anthocyanin pathway.
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Figure 3. Interaction and competition between MYC2 and GL3. (A) Protein interaction between
MYC2 and GL3 in co-IP. The upper panel shows expressed proteins (HA-labeled) detected by mouse
antibodies (anti-HA) in input solution (Input) or from HA-agarose beads (IP). The lower panel shows
the detections of MYC-label proteins in the same input (Input) and IP solutions (ColP) by mouse anti-
MYC. Only interacting proteins are present in CoIP. The known interaction (underlined) is shown as
positive control and the targeted interaction in bold. The results had at least two biological duplicates
(n > 2). (B) Interaction of MYC2 and GL3 in BiFC. The nucleus indicated by the arrow emits yellow
fluorescence as a result of the physical interaction of NE-labeled MYC2 and CE-labeled GL3. Pictures
were taken of the epidermis of N. benthamiana under visible or fluorescent lights. No signal was
detected in co-transformations of pMYC2-NE and pUC-SPYCE (in place of pGL3-CE). (C) Responses
of MYC2 and GL3 to mutated G-boxes in dual LUC assays. Four reporters hosting the promoter of
DFR (DFRpro) and its mutated versions (-m1, —-m2, and -m1&2), as shown in partial sequences here
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(5’ — 3'), were driven by effectors pGL3 or pMYC2. Each treatment had three biological replicates,
shown in the standard error bar. Significant changes in promoter activity are shown (two-tailed
t-tests; **, p < 0.01). (D) Binding preferences between MYC2 and GL3 in EMSAs. Probes were labeled
by numbers, with sequences shown (5" — 3'). The known cis element is in red, and mutated sites are
underlined. A non-denaturing polyacrylamide gel (10%) was used. The upper gel shows results of
DNA-binding, while the lower one shows protein-binding. (E) Competition of MYC2 with GL3 in
DNA binding in EMSAs. The probe is DFR-based. Different quantities of MYC2, shown by the lane
numbers (1-3), were mixed with the same quantity (0.2 pug) of GL3 (bHLH domain) and exposed to
the same quantity of probe. Controls are in lanes 5-8. A non-denaturing polyacrylamide (8%) gel
was used. The black arrow indicates free probes. The white arrows indicate the strengths of binding
under different quantities of MYC2. The binding tests were duplicated and results were the same.

2.4. MYC2 Can Work with BBX21 and SPL9 to Activate PAP1, TT2, MYBL2, and HY5

Since seedlings of bbx21 accumulate a less quantity of anthocyanins [67], BBX22 can
promote anthocyanin-related MYB [26], and SPL9 was suspected to be a negative regulator
of anthocyanin synthesis [14], we compared the impacts of BBX21, BBX22, and SPL9 as
well as the previously mentioned PIF3 and HY5 on the promoter of PAPT (PAP1py,) in dual
LUC assays, relative to that of MYC2. Results show that PAP1};, can be activated by PIF3,
SPL9, BBX21, and BBX22, but only negligibly by HY5 (Figure 4A). In comparison, PIF3 is a
weaker activator of PAP1py than BBX21, MYC2, and SPL9 (Figure 4A). Relative to BBX21,
BBX22 is also a much weaker activator of PAP1p,, (Figures 4A and S9), thus was omitted in
the subsequent investigation.

The tests above were extended to MYBL2 and TT2 (Figure S10), showing activations of
MYBL2py, (Figure 4B) and TT2py, (Figure 4C) by MYC2, BBX21, and SPL9 individually or
collectively. Magnitudes of the activations, however, are much lower than those observed
on PAP1py, under the same testing condition (t-tests, all p < 0.001). As BBX21 and MYC2
can activate HY5 [68,69], we further assessed the influence of SPL9 on HY5p,, (Figure S10)
and observed its low but positive impact singly or with MYC2 (Figure 4D). Unlike PAP1py,,
the combined activation of HY5pr, by BBX21 and SPL9 can be largely dampened by adding
pHYS5 (Figure 4D), which agrees with the negative feedback on HY5 reported before [70,71].
The activating function of MYC2 on HYbyy, also concurs with a lowered transcription of
HY5 in myc2 (Figure 4E). The same activation patterns by MYC2, BBX21, and SPL9 on four
genes above led us to inspect possible protein interactions among MYC2, BBX21, and SPL9
to interpret their regulation, as recruitment of partners to the promoters of regulated genes
may occur if protein interaction exists between TFs.

Possible protein-protein interactions were examined in co-IP tests. After functional
confirmations of tested proteins, no interactions could be detected between MYC2 and SPL9
(Figure 4F), between MYC2 and BBX21 (Figure 4G), or between SPL9 and BBX21 (Figure 4H).
Thus, the regulation by MYC2, BBX21, or SPL9 is basically free-lanced at protein level,
without recruitment mechanism. Consistently, unlike the synergistic activation by the
MBW complex on the structural genes, regulation by MYC2, BBX21, and SPL9 has little
synergy on their targets (Figure 4A-D). Since little expressions of pGL3pr, and pTTG1pro
can be initiated by effector pMYC2, pBBX21, pSPL9, pPIF3, or pHY5 in dual LUC assays,
the MYB (encoded by PAP1 or TT2) is the only component of an MBW complex influenced
by MYC2, BBX21, and SPL9.
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Figure 4. Features of regulations of MYBs and HY5 by MYC2, BBX21, and SPL9. (A) Responses of the
reporter (pPAP1pro) to TF effectors in dual LUC assays. The Y-axis shows the background activity

(PAP1pyo) of the reporter with empty effectors (4 g, as mock) co-transformed (1:1) and activities of

the same reporter co-transformed with effectors (4 pg/each) as indicated. The standard error bars
are based on biological replicates varying from 2 (PIF3 or HY5) to 27 (BBX21 + MYC2). Data were
normalized. All effectors are significant (t-tests; **, p < 0.005), except HY5. (B) Activation of MYBL2
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by MYC2, BBX21, and SPL9. The experimental conditions and data format followed (A) and the
standard error bars represent at least three biological replicates per treatment. (C) Activation of
TT2 by MYC2, SPL9, and BBX21. The format follows (B) and the standard error bars contain at
least two biological replicates per trial. (D) Activation of HY5 by MYC2, SPL9, and BBX21. As in
(B), the standard error bar contains at least three biological replicates (one-tailed ¢-tests; *, p < 0.05;
**, p <0.01). (E) Quantifications of HY) transcripts. Transcript copy number estimated for myc2 is
significantly smaller than that of Col for day-3 seedlings, with three biological replicates (one-tailed
t-tests; **, p = 0.004). (F) Co-IP tests on possible protein interaction between SPL9 and MYC2. As
in Figure 3A, confirmed protein functions are underlined and the interaction at focus is in bold.
(G) Co-IP tests on possible interaction between BBX21 and MYC2. Proteins are labeled as in (F).
(H) Co-IP tests on possible interaction between BBX21 and SPL9. Presentation follows (F).

2.5. Direct Impacts of BBX21 and SPL9 on the Pathways of the Flavonoid Network

Though BBX21 can significantly activate expressions of PAP1 and MYBL2, its direct
interaction with the structural genes (other than the previously reported CHI) of flavonoid
pathways in the presence of an MBW complex has not been reported for A. thaliana.
Our dual LUC assays indicate that BBX21 can single-handedly stimulate expressions of
all structural genes of the anthocyanin pathway, with CHS, F3H, and 3GT particularly
responsive (Figure 5A). Unlike MYC2, however, the role of BBX21 becomes far less visible
in the presence of PAP1/GL3/TTGI1 (Figure 5B). BBX21 interacts with neither GL3, PAP1
(Figure S11A,B), nor TTG1 (Figure S11C). The lack of interaction between BBX21 and
the MBW complex suggests an independent regulation of BBX21, and its impact can be
overwritten by a stronger activation of PAP1/GL3/TTG1.

Under the same condition as above, SPL9 can mildly but significantly activate F3H and
3GT when acting alone in dual LUC assays (Figure 5C). With the MBW complex, however,
SPLY’s effect is largely obscured and visible only at F3H (Figure 5D). SPL9 interacts with
PAP1 [14] but not with GL3 in co-IP (Figure S12A) or with TTG1 in Y2H (Figure S12B).
It shows a dosage effect on PAP1’s transcription (Figure S12C). These patterns indicate a
positive effect of SPL9 in terms of its direct action on the anthocyanin pathway; however,
this effect can hardly explain the enhanced pigmentation of sp/9 relative to Col (Figure 5E),
which reaches a level milder than that of myc2 (Figure 5F).

Since the proanthocyanidin pathway is also under the regulation of an MBW complex
(TT2/TT8/TTG1 [18]), we examined probable effects of MYC2, BBX21, and SPL9 on the 5
region of BAN (BANYULS or ANR) gene of the pathway. In dual LUC assays using the same
conditions as above, a significantly activating effect of BBX21, but not SPL9 or MYC2, was
documented on BANpro (Figures 5G and S12D). In the presence TT2/TT8/TTG1, BBX21
shows a significantly repressive effect for the activation of BAN whereas SPL9 has no effect
(Figure 5G) and MYC2 has a dubious effect (Figure S12D) that requires further verification.

2.6. Dynamic Relationships among MYC2, BBX21, and SPL9

More evidence emerged in this study, showing that regulatory relationships of MYC2,
BBX21, and SPL9 with the anthocyanin pathway are dynamic within the cellular envi-
ronment. Since the cis element (NNGTAC) recognized by SBP domain TFs [72], which
include SPLY, differs from those (G-box and some of its variants) by MYC2 [54], SPL9
may regulate additively with MYC2 for their common targets. The supporting evidence
was seen on PAP1y,;, when the effectors were present in the same (Figure 4A) or different
quantities (Figure 6A). Because BBX21 also recognizes G-box-like elements [68], a possible
competitive relationship between MYC2 and BBX21 was tested and confirmed at PAP1pyo
(Figure 6B). In dual LUC assays, when testing with multiple effectors in large quantities,
vector overloading may bring in reduced activation of a promoter [73]. This artificial
effect was indeed detected here when 8 g empty vectors were introduced along with 8 pg
reporter and effectors per transformation reaction; however, the reduced reporter activity
caused by pMYC2 was significantly lower than the overloading effect (Figure 6B). The
results therefore suggest competition between MYC2 and BBX21 at PAP1pyo.
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Figure 5. Regulations of BBX21 and SPL9 on structural genes of the flavonoid network with or
without an MBW complex in A. thaliana. (A) Single effects of BBX21 in dual LUC assays. Each test
(4 ug/each vector) was done with at least three biological replicates, shown by the standard error.
Data were normalized. Significant activations (relative to empty effectors) are shown (one-tailed
t-tests; *, p < 0.05; **, p < 0.01). (B) Combined regulation of BBX21 with the MBW complex. All
vectors were introduced in 2 ug, with at least three biological replicates performed. Only reporter of
F3'H shows a significantly lower activity for combined regulation than for BBX21 only (one-tailed
t-test, *, p = 0.007). (C) Single effects of SPL9 in dual LUC assays. The format follows those in (A).
(D) Regulation of SPL9 with the MBW complex. The tests follow those in (B), with F3H showing
a higher activation by combined regulation than by SPL9 alone (one-tailed t-test, **, p = 0.004).
(E) Phenotype of spl9 at day 3. Pigmentation is indicated by the arrow. The control line is Columbia
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(Col) shown in Figure 1A. (F) Anthocyanin content of seedlings from day 2 to day 3. The protocol
follows Figure 1B. (G) Effects of BBX21, SPL9, and MYC2 on promoter of BAN. The activation by
BBX21 is significant relative to the background (empty effectors) by one-tailed t-test (**, p = 0.006).
The activation of TT2/TT8/TTG1 complex is significantly lower when BBX21 is present (one-tailed
t-test, *, p = 0.049), following settings of (A,B) here. Sample sizes are at least two biological replicates

per treatment.
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Figure 6. Interactive relationships of MYC2 with SPL9 and BBX21 in dual LUC assays in A. thaliana
leaf cells. (A) Additive relationship between SPL9 and MYC?2 in activation of PAP1. Results are shown
as mean = standard error, based on three biological replicates (1 = 3). (B) Competition test between
BBX21 and MYC2 at PAP1p,. The effectors are indicated by the x-axis, with pBBX21 (4 ng) in every
trial and varied amounts of pMYC2 shown after + sign across trials. The same reporter (pPAP1y0) in
4 ug is provided across tests. The standard error bar includes at least three biological replicates. The
comparison between treatments (a and b) is significant (one-tailed t-test, p = 0.016, n = 12). (C) Tests
of effects of cis elements of PAPIpro on regulations of BBX21 and MYC2. Four reporters are shown in
the upper panel with mutations (M1 & M2) indicated in the partial sequences. Their activations were
examined under effector pMYC2 or pBBX21 (4 ng/each), with standard error bars shown (1 = 3).
Significant reductions in promoter activity are shown (one-tailed t-tests; *, p < 0.05; **, p < 0.01).
(D) Competition between BBX21 and MYC2 at F3’ Hpro. Effectors and reporters (4 pug each) were
provided as 1:1 for each test (n = 3). Significant activations (relative to empty effectors) are shown
(one-tailed t-tests; **, p < 0.01). (E) Competition between BBX21 and MYC2 at CHIpyo. Significant
activations (relative to empty effectors) are shown (one-tailed f-tests; *, p < 0.05; **, p < 0.01). Data
were normalized.

To seek further evidence for the inferred competition between MYC2 and BBX21 above,
we analyzed two cis elements (CACGTC and CACGTG) of PAP1yy, using site mutagenesis
and dual LUC assays (Figure 6C). Responses of MYC2 and BBX21 to mutations at cis sites
of the promoter differ from each other: MYC2 favors CACGTG over CACGTC, whereas
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BBX21 does the opposite. Nonetheless, both TFs can recognize these cis elements and may
simultaneously approach these sites, potentially causing interference. This may explain the
decreased transcriptive capacity of BBX21 when MYC2 is more abundant in the cellular
environment. The competition is not specific to PAPIpro ; it operates on TTZPrO, MYBLZPrO,
and HY5py, as shown in Figure 4. It also acts on structural genes such as F3'Hpy, (Figure 6D)
or CHIpyo (Figure 6E). These cases suggest that the competition is not dependent on other
factors, thus broadly seen across genes.

2.7. Indirect Relationships of HY5 and PIF3 with the Anthocyanin Pathway

To discern the roles of HY5 and PIF3 in regulation of the anthocyanin pathway [29], we
examined their direct impacts in dual LUC assays. HY5 generally imposes a small impact
under daylight on the promoters of structural genes when acting alone (Figure S13A),
and PIF3 alone shows similarly low impacts on the genes (Figure S13B). When the MBW
complex is present, HY5 can significantly reduce its impact at CHS, CHI, and F3H, but not
as much for the downstream genes (DFR, ANS, 3GT) of the pathway (Figure 7A). Though
over-expression of HY5 can lead to pigmentation of seedlings [74], few anthocyanins are
accumulated and detected in hy5 (Figure 7B), as previously known [75]. To look for possible
causes of this phenomenon, we first estimated the transcript level of MYBL2 in hy5 and
expected its high expression, given negative action of HY5 on MYBL2’s expression [30].
Surprisingly, compared to Col, the increase of MYBL2’s transcription in hy5 was barely
significant (Figure 7C) at the point of estimation. The path, by which HY5 regulates the
anthocyanin pathway via MYBL2, appears unlikely to be the major one due to lack of
anthocyanins in iy5. When quantifications of structural gene expression were carried out
for hy5 and Col, CHS and F3H were much less expressed in hyb5 than in the wild type
(Figure 7D), which forms the direct reason for low synthesis of anthocyanins in hyb5. It is
unclear, however, why the early steps of anthocyanin synthesis are strongly influenced
by the absence of HY5. To seek more clues, we quantified other TF transcripts in hy5
and witnessed significantly higher transcriptions of MYC2, BBX21, and PAP1 than their
counterparts in Col, along with a slight increase of SPL9 and non-significant changes of PIF3
(Figure 7E). The role of HY5 in expressions of SPL9 and BBX21 was subsequently evaluated
in dual-LUC assays. HY5-carrying effectors can significantly suppress transcriptions of
both SPL9 (Figure 7F) and BBX21 (Figure 7G) under daylight condition. These relationships
can account for (at least in part) the higher transcript levels of SPL9 and BBX21 in hy5 but
not for reduced transcripts for the early enzymes. It remains to be understood how HY5
specifically influences CHS, CHI, and F3H.

Compared to HY5, PIF3 can repress SPL9py, (Figure 7F) without much affecting
BBX21pyo (Figure 7G). In contrast to hy5, pif3 exhibits intense accumulation of anthocyanins
at day 3 (Figure 7H). The phenotype is congruent with not only an earlier onset of antho-
cyanin accumulation during the plant development (Figure 7I), but also higher transcripts
of SPL9, BBX21, PAP1, GL3 (Figure 7]) and the structural genes (Figure 7K) than ones in the
wild type. Though PIF3 can impose a small but positive effect on PAP1py, (Figure 4A), the
action alone is inadequate to explain the high level of PAP1 transcripts detected in pif3. By
contrast, the high transcript levels of BBX21 and SPL9 are more compatible with PAP1’s
transcripts in pif3. Given that expression of PIF3 peaks at night in the wild type [76] and
the anthocyanin pathway is active mainly during the day [9], the overall influence of PIF3
on the anthocyanin pathway is expected to be indirect. Collectively, little evidence has been
found for PIF3 or HY5 to serve as a significant modulator for the anthocyanin pathway.
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Figure 7. Effects of HY5 and PIF3 on the anthocyanin pathway and related genes. (A) Impact of HY5
on the anthocyanin genes with MBW. Dual LUC assays show the activations of the promoter regions
when exposed to two sets of effectors in at least two biological replicates. Effector and reporter were
provided in the same ratio (2 ug/each). Data were normalized. Significantly reduced activity was
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shown for CHSpro, CHlpro, and F3Hpyo (one-tailed -tests; ***, p < 0.0001 in all cases). (B) Phenotype of
hy5 at day 3 in water. The bar is for 0.5 mm. The control line is Columbia (Col) shown in Figure 1A. The
anthocyanin content was undetectable using the same protocol as in Figure 1B. (C) Quantifications of
transcript copy numbers of MYBL2 between lines of day-3 seedlings. The difference is not significant
between the wild type (Col) and hy5 (two-tailed t-test, p = 0.56). (D) Transcript levels of structural
genes between Col and hy5. Significant differences between lines are based on one-tailed t-tests
after Bonferroni’s correction for multiple comparisons (experimental error rate « = 0.05, * p < 0.05).
(E) Transcript levels of regulators between Col and hy5. Standard errors are based on three biological
replicates (1 = 3). Significant differences (*) are based on one-tailed t-tests (p = 0.04 for BBX21 and
p = 0.03 for MYC2). (F) Responses of pSPL9pro to pHYS5 or pPIF3 in dual LUC assays. Results show
activities of the reporter pSPL9pro with 4 ug empty TF-vector (SPL9pro, 1 = 4), 4 ug pPIF3 (+PIF3pro,
n=6), or 4 ug pHY5 (+HY5pro, n = 6). Significantly reduced responses (*) are shown (one-tailed
t-tests; p < 0.04 for both TF effectors). (G) Response of pBBX21r, to pHY5 or pPIF3 in dual LUC
assays. As in (F), results show the activity of reporter with empty effectors (n = 3), PIF3 (+PIF, n = 6),
or HY5 (+HY5, nn = 6). One-tailed t-test is significant for HY5 only (p = 0.04). (H) Phenotype of pif3 at
day 3. The control line is Columbia (Col) shown in Figure 1A. (I) Accumulation of anthocyanins in
pif3 seedlings over 24-h period from day 2 to day 3. Format follows that of Figure 1B. (J) Transcript
levels of TF genes between line Col and line pif3. TF transcripts increased significantly in pif3 (one-
tailed t-tests; *, p < 0.05; **, p < 0.05). (K) Transcript levels of structural genes between Col and pif3.
Significantly increased transcripts are shown (one-tailed t-tests; all ** p < 0.002; after Bonferroni’s
correction, ** p < 0.05).

2.8. MYC2 Moderates Responses of the Anthocyanin Pathway to Light, Hormone, or
Developmental Signaling

Given significantly lowered transcriptions of MYC2 in pif3 (Figure 8A), we explored
possible influences of PIF3, SPL9, or BBX21 in expression of MYC2. In dual LUC assays,
mild but significant responses of MYC2yy, to effectors carrying SPL9, PIF3, or BBX21
were identified (Figure 8B). When pMYC2 was further provided in the cellular environ-
ment, activation of MYC2py, by SPL9 and BBX21 was significantly reduced (Figure 8B). A
feedback loop and/or interference between MYC2 and BBX21 possibly operates during
MYC2’s expression.

MYC2’s dual influence on transcription of PAPI (Figure 4A) and its activation of
MYBL2 (Figure 4B), the latter of which is also supported by patterns of MYBL2’s transcripts
across myc2 and the complementary lines (Figure 8C), signal a way of balancing the positive
and negative MYBs on the anthocyanin pathway. In short, a low level of MYC2 can lead
to a higher efficiency of the MBW complex and less available MYBL2, both of which can
boost output of the anthocyanin pathway; an excessive MYC2 may promote expression of
F3'H and engage in multiple interactions with other regulators (BBX21, HY5, JAZ1, etc.).
Though future enquires are pending to fill gaps here, the collective impact is shown by
the phenotype of 355:MYC2-1 (Figures 1A,B and S2), which also connects with enhanced
production of anthocyanins. Clearly, MYC2’s role in regulation of the anthocyanin pathway
hinges on its own expression and those of other regulators in a molecular mechanism that
starts to emerge here (Figure 8D).
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Figure 8. MYC2 as a modulator for the anthocyanin pathway. (A) Transcript levels of MYC2 between
lines. The estimated numbers of transcripts are from day-3 seedlings and the standard errors from
three biological replicates. The mutant lines contain fewer transcript copies than Col (one-tailed
t-test, ¥, p < 0.03). (B) Activation of MYC2py, by different regulators in dual LUC assays. Results are
based on four to eight biological replicates for each treatment. The activation effect of SPL, PIF3, or
BBX21 is significant (one-tailed t-test, n = 5-8; *, p < 0.03, **, p < 0.001). The difference between a
(with empty effectors added) and b is also significant (one-tailed t-test, p = 0.005, n = 12). Data were
normalized. (C) Transcript levels of MYBL2 across lines of day-3 seedlings. Details of the lines follow
Figure 1C. The lines of 355-MYC2 and myc2 have significantly fewer copies of MYBL2 transcripts
than Col (one-tailed t-tests; **, p < 0.01). (D) A summary of major relationships among the regulators
and the anthocyanin pathway. The upper plate is for environmental signals, which regulate PIF3 and
HY5 (black lines show inferences from literature), which in turn regulate SPL9, MYC2, and BBx21
(colored lines having evidence from this study). Actions of SPL9, MYC2, and BBx21 on MYB genes
(PAP1 and MYBL?2) are indicated in the middle plate and their regulations of the structural genes
in the bottom plate. A single activation (without MBW) is presented by an arrow in the color of
the regulator in the middle plate, thickness of which roughly indicates activation strength. Double
arrows indicate protein-protein interactions. White bars in the bottom plate designate the scope of
genes under the regulation of the PAP1/GL3/TTG1 complex, which is also suppressed by MYC2
when coupling with the complex.
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3. Discussion
3.1. Regulation of the Anthocyanin Pathway by a High-Level Network Involving MYC2

Transient pigmentation of plant organs from leaf to stem, widely seen in nature,
primarily comes from products of the anthocyanin pathway [8,77]. The paths connecting
various signals to the anthocyanin pathway emerge as the tip of the iceberg here. One path
involves MYC2. Although long noted in JA, ABA, and light signaling [52-54,78], MYC2
was not suspected to directly modulate response of the anthocyanin pathway. Its new role
disclosed here, along with that of BBX21 in the proanthocyanidin pathway, reveals that
some TFs can accommodate influxes of stimuli from inner and outer environments via
interactions and pathway-specific modulations to facilitate output of a metabolic pathway
kept at a physiologically desirable level.

MYC2 is rhythmically expressed ([76]; Figure S6) and interacts with components
located at multiple paths of signaling [52]. These features may assist its interception with
an unexpected impetus of the outer or inner environment. The rhythmic expression of
MYC2 is clearly important to its modulating function in the anthocyanin pathway, since
non-rhythmic (constant and varied) expression of MYC2 in the complementary lines here
clearly signals a stress, leading to an early activation of the anthocyanin pathway in
seedlings of A. thaliana (Figure 1B). These newly documented actions of MYC2 on the
anthocyanin pathway make the phenotype of pigmentation interpretable in many cases.
For instance, repressor DELLA proteins of gibberellin signaling can interact with MYC2 [47],
JAZs [79-81], and MYBL2 [82]. Their mutants show enhanced pigmentation [82], which
is possibly due to more MYC2 being available in cells in the absence of the interactions.
Repressor JAZs of jasmonate signaling also interact with MYC2 [48-50], showing enhanced
anthocyanins in their mutants as well [83]. Even in the case of protoplasmic injury, where
altered expression of MYC2 was recently documented [84], enhanced accumulation of
anthocyanins, as previously reported in damaged leaves of Pseudowintera colorata [85],
agrees with the documented impact of MYC2 here.

For light signaling, MYC2 responds to blue and far-red light [53] and interacts with
blue-light responsive proteins such as GBF1 [86]. Here, the response of MYC?2 to far-red light
can be partly interpreted by the mild activation of MYC2 by PIF3 (Figure 8B). Meanwhile,
stability of MYC2 can be influenced by red/far red light ratio via JAZ repressors [87]. While
negative impacts of HY5 on transcriptions of MYC2 [88] and BBX21 may form feedback
loops on HY5’s expression, UV-B light can promote HY5's expression [35] and stabilize
BBX21 [37], causing enhanced accumulation of anthocyanins in plants exposed to the
light [9,89]. By relating to HY5, PIF3, BBX21, SPL9, and other regulators/transducers
of various paths of signaling, MYC2 is clearly well positioned to modulate external and
internal influences on the anthocyanin pathway.

Besides the connections mentioned above, the modulating function of MYC2 also
relies on its opposing effects on the anthocyanin pathway under different circumstances
(Figure 8D). The positive ones include activations of PAP1 and structural genes (particularly
F3'H). The negative ones consist of one or more of the following: suppression of an
anthocyanin-specific MBW complex, mild activation of the repressor gene MYBL2, and
competitions with BBX21 at different gene promoters. These effects may be somewhat
balanced under normal physiological conditions when MYC2 is at the equilibrium level,
so the overall production of the anthocyanin pathway remains steady. When a stimulus
takes effect, extra MYC2 or lack of MYC2 can cause more enzyme production or less
interference, respectively, and both can bring enhanced production of anthocyanins thus
darker pigmentation. Here, less attention was paid to EGL3 and none was given to PAP2,
since EGL3 is less responsible to anthocyanin accumulation under nitrogen deletion [90],
and PAP2 hardly responds to UV-B light while PAP1 does [9]. During promoter competition,
MYC2 can form a tetramer when interacting with a DNA helix [91], which helps its binding
ability when competing with BBX21 or GL3 at mutually recognized cis elements. When
BBX21 is highly expressed, which may happen at least under red and blue light [92], MYC2
may compete with BBX21 in activating PAP1 (Figure 5B), in effect reducing the stimulating
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impact brought by BBX21 on PAPI; when BBX21 is at a low level, MYC2 can act additively
with it to maintain the transcript level of PAP1. Collectively, a steady supply of PAP1 keeps
the operation of the anthocyanin pathway less susceptible to environmental impulses.

Under a physiologically harsh environment, transiently increased anthocyanins can
be naturally selected due to possible benefits to plants. For instance, under high light condi-
tions, cells frequently generate an overload of reactive oxygen species, which anthocyanins
can neutralize [7]. A level higher than equilibrium of anthocyanins is expected to eliminate
the overload, and the equilibrium level can then be restored once the stimulus disappears,
which is in part credited to the modulating effect of MYC2.

3.2. HY5 and PIF3 Are Upper-Level Factors to the Anthocyanin Pathway

The opposite phenotypes of pif3 (strong pigmentation) and hy5 (no visible pigmenta-
tion) clearly implicate PIF3 and HY5 in the pigmentation process, but evidence here does
not support their direct participation in regulating the structural genes. Though PIF3 can
bind to a G-box motif (CACGTG) in promoters of several genes [93], its direct impact was
shown here on the promoters of MYC2 (Figure 8B) and SPL9 (Figure 7F) but not BBX21
(Figure 7G). Nonetheless, transcripts of SPL9, BBX21, and anthocyanin structural genes are
all up-regulated and MYC2 down-regulated in pif3. Though the transcription patterns are
fully compatible with the pigmentation of pif3 (Figure 7H), it remains unclear why BBX21
is transcribed at a higher level in pif3 than in the wild type.

We have shown that hy5 has low transcript numbers of CHS and F3H, which encode
enzymes located at the early steps shared by different branches of the flavonoid network,
including pathways to flavonols, anthocyanins, and proanthocyanidins [19,20]. A halting
(or lowering) of anthocyanin production can cause the long-noted pale phenotype of hy5
seedlings, possibly due to an unidentified and indirect regulation of HY5 on these genes.
For instance, HY5 might suppress an unknown repressor of the branch to flavonols, as
it does to MYBL2. If so, when HYS5 is absent, the unknown repressor may impose its
negative influence on the early genes. This analysis is extended below. Given that hy5
is lacking in anthocyanins and myc2 has enhanced anthocyanins, the phenotype of the
double mutant myc2/hy5, which shows a higher anthocyanin accumulation than the wild
type [88], suggests that MYC2 may operate downstream of HY5’s action to cause the
pigmented phenotype.

Collective evidence suggests that PIF3 and HY5 influence plant pigmentation primarily
by activating or suppressing other regulators (e.g., SPL9, MYC2, and BBX21). As an upper-
level TE, PIF3 is suppressed by phytochromes under red light [32,94], whereas expression
of HY is enhanced by blue light [95], UV-B light [35], BBX21 [68], MYC2 [69], and SPL9
but reduced by some BBXs (e.g., BBX24, 25, 28). We show that transcription of HY5 is
enhanced in pif3 (Figure 7]), whereas PIF3's transcription remains essentially unchanged in
hy5 (Figure 7E). Elevated HY5 transcripts in pif3 can be partly ascribed to higher expressions
of BBX21 and SPL9 during the daytime (Figure 7]) and their activations of HY5 (Figure 4D).
PIF3's physical interaction with HY5 [96] appears to have little effect on the transcription of
PIF3 itself here. As the number of HY5 transcripts is much smaller than those of BBX21 and
SPLY in pif3 (Figure 7J), suppression of HY5 on BBX21 and SPL9 is expected to be limited
in pif3 and incapable of reversing the positive responses of PAP1 to abundant BBX21 and
SPL9. With plentiful enzyme activities provided for the anthocyanin pathway, seedlings
of pif3 become darkly pigmented due to plentiful anthocyanins (Figure 7H). The genic
relationships revealed here suggest that in cascade, light signals to PIF3 and HY5 can
penetrate through expressions of MYC2 (via PIF3 and HY5), BBX21 (via HY5), and SPL9
(via PIF3 and HY5) to the anthocyanin pathway (Figure 8D).

TF-TF relationships can be interactive and/or hierarchical. MYC2’s interaction with
HY5 may suppress HY5p under blue light [88]; a mild and positive role of MYC2 alone was
observed on HY5pr, under white light ([69,97]; Figure 4D), which may account for lowered
transcription of HY5 in myc2 (Figure 4E). Two feedback loops, one between HY5 and BBX21
(Figures 4D and 7G), which has been documented for orthologs of tomato [98], and another
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between HY5 and MYC2 (Figures 4D and 8B) observed here, presumably assist transmission
of signals in a controlled manner. In addition, HY5 and PIF3 can suppress collaboratively
the transcriptions of miR156s [99], which may reduce the availability of SPL9-targeted
mirRNAs and in effect increase the quantity of SPL9. These TF-TF relationships start to
emerge as part of a broader web of regulation, which connects the flavonoid network to
other physiological processes in plants.

3.3. Coordinated Regulation of Pathways via MYC2, BBX21, and SPL9

For the flavonoid network, previously unknown activations of TT2 and MYBL2 by
MYC2, BBX21, and SPL9 (in addition to PAPT) are clearly part of the high-level regulation
that targets both activator and repressor MYBs of flavonoid branches [20] while associating
with multiple signals including hormones, light, or development. When a given TF (e.g.,
BBX21) simultaneously interacts with two pathways, a typical situation is that none of the
pathways can gain unlimited supplies (e.g., enzymes) within cells to outcompete another
pathway. A higher contingency of the scenario can be seen when pathways additionally
share several enzymes before they branch off, as in the cases of the anthocyanin pathway
and the proanthocyanidin pathway of the flavonoid network [20]. A coordinated regulation
of the two pathways becomes necessary. The situation also applies to transcriptive outputs
of specific regulators. For instance, certain members (BBX24, BBX25, BBX28) of the BBX fam-
ily suppress HY5 [100-102] but BBX21, along with BBX20 [98], clearly activates HY5 [36,68].
This activation, however, can be attenuated when MYC2 is abundantly available, based
on what we learnt in this study. If the MYC2-BBX21 interaction influences transcription of
PAP1 at the same time, transcriptions of HY5 and PAP1 would have to be co-regulated to
some degree to enable both processes.

In high-level regulation, hierarchical relationships among MYC2, BBX21, and SPL9
(e.g., activations of MYC2 by BBX21 and SPL9) may cause the phenotype of spl9 (or bbx21)
seedlings to be confounded, thus partly mimicking myc2 seedlings. Given that SPL9 is
involved in developmental transitions from vegetative to reproductive growth [103], its
changed expression may affect MYC2, leading to a transient pigmentation of the plant. Our
results (Figure 8D) further suggest that a base-line function of the anthocyanin pathway
may exist in the absence of a local MBW complex, since MYC2 and BBX21 can together
activate all structural genes including F3'H and 3GT (AT5G17050) at a level collectively
lower than that of the MBW. Finally, the 3GT in A. thaliana is experimentally confirmed
here as the formal member of the anthocyanin pathway.

Although the proanthocyanidin pathway was less studied here than the anthocyanin
pathway, the significantly activated promoter of BAN by BBX21 (rather than MYC2) and
reduced activation capacity of the TT2/TT8/TTG1 complex in the presence of BBX21 clearly
resemble the dual actions of MYC2 on genes of the anthocyanin pathway. While additional
analysis is pending on details of BBX21’s regulation of the proanthocyanidin pathway,
MYC2’s competition with BBX21 is expected to play a significant role in coordination of the
pathways. Finally, as the dual role of MYC2 and BBX21 is not seen in other TFs investigated
here, we designate them the modulators of the anthocyanin pathway and proanthocyanidin
pathway, respectively, to recognize their specific functions in the network-level regulation
of flavonoids.

4. Materials and Methods
4.1. Plant Materials and Growth Conditions

For phenotypic and gene-expression analyses, seeds of myc2 (SALK_017005C), spl9
(CS67866), hy5 (SALK_096651C), and pif3 (CS66042) were obtained from Arabidopsis Bi-
ological Resource Center (ABRC) and examined at genotypic level before further tests.
Complementary lines were made for myc2 only. All seeds, along with the wild-type
Columbia (Col), were cleaned and soaked in distilled water in petri dishes with moist filter
paper, placed in a growth chamber (8 h/16 h light/dark; 23 °C/20 °C; 40-60% relative
humidity, 1000-4000 lux white light) before sampling. For protein-protein interactions,
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healthy seeds of Nicotiana benthamiana were placed on rich and moist soil and cultivated
under conditions of 8 h 25 °C light and 16 h 22 °C dark until leaves were larger than
3 cm in width before transformation. For Oryza sativa, grains of a white-grain accession
(B16—44) were steeped in water overnight and spread on water-soaked cotton under growth
conditions (8 h/16 h light/dark; 32 °C/28 °C; 40-60% relative humidity, ~1500 lux white
light) for about 10 days prior to leaf sampling.

4.2. Plasmid Constructions

The coding region of MYC2 was obtained via PCR from leaf cDNA of the Col ecotype
using primers incorporating cutting sites for restriction enzymes BglII and PstI (Table S1).
The product was cut with the enzymes (New England Biolabs, Ipswich, MA, USA) and
inserted in frame into pPCAMBIA1301 (Abcam, Cambridge, UK) to make vector pCAM-
MYC2 for complementary test in myc2. pET-MYC2 for protein expression was similarly
built, based on pET-30a (Novagen, Merckmillipore, Burlington, MA, USA) with primers
MYC2-BglII-F and MYC2-Ncol-R (Table S1). For BiFC experiments, pMYC2-NE was con-
structed from pUC-SPYNE (HonorGene, Changsha, China) with primers MYC2-Clal-5f and
MYC2-Kpnl-3r (Table S1). Similarly, GL3 were obtained in the cDNA above using primers
GL3-Xbal-F and GL3-BamHI-3r (Table S1) and inserted into pUC-SPYCE (HonorGene) to
make pGL3-CE. All vectors above are driven by the CaMV 35S (355S) promoter and ended
by NOS terminator. For expressing the binding domain (Figure S1) of GL3, pCOLD-GL3
was made from pCOLD-vector (Takara, Shiga, Japan) with primers (GL3-Kpnl-F and GL3-
Sall-R: Figure S1), driven by cspA promoter and the terminator.

For dual luciferase assays, the coding sequence of a TF (e.g., MYC2) was inserted in
frame after the double 355 promoter of pJIT163 [104] to make an effecter (e.g., pMYC2). By
replacing the 35S promoter of pJIT163 by the 5 region (including (at least partial) promoter
and 5 UTR) of a gene using primers listed (Table S1), a reporter was prepared for expressing
firefly luciferase (LUC) and labeled after the promoter region of the gene (e.g., pMYC2pyo,
PBANpyo). Effectors and reporters of Os genes were also pJIT16-based, using allele-specific
primers (Table S2). The reference reporter on the same backbone has 355-driven renilla
luciferase (RUC). For Y2H tests, pAD- and pBD-vectors of HybriZAP 2.1 (Stratagene, San
Diego, CA, USA) were used, along with its control vectors. The pAD-TF vector was further
used in Y1H, along with pHIS2 vector (Clontech, Mountain View, CA, USA) as the reporter,
which hosted the 5 region of a tested gene (amplified using primers listed in Table S1) and
yeast HIS3 as reporter gene. Constructs for Co-IP tests were built by inserting the coding
sequence of MYC2, SPL9, BBX21, HY5, PAP1, or GL3 in frame into pCAMBIA1302 (Abcam)
with appropriate primers (Table S1).

4.3. Complementary Lines

Vector pPCAM-MYC2 was introduced into competent cells of Agrobacteria tumefaciens
(strain LBA4404). Floral buds of myc2 of A. thaliana were then infected by transformed
Agrobacteria, following the method of Clough and Bent [105]. Seeds of the Ty transformants
were selected at MS medium with 50 mg/mL hygromycin B. At T; generation, transfor-
mants following 3:1 segregation were selected and gave rise to T, seeds, which were stored
at 4 °C before analysis.

4.4. Anthocyanin Measurements

Stratified T seeds were cultivated in the growth chamber above. The whole plants
were sampled at 4 pm at 72 h (about 4 h before night cycle). Some of the samples were
photographed under a 3D digital microscope (Leica DVM6, Leica Microsystems, Wetzlar,
Germany). Others were weighted and frozen in liquid nitrogen before extraction. Ground
seedlings (~0.2 g) were dissolved in 0.2 mL extraction solution (methanol with 1% HCL
(w/v)), which was gently rocked at 4 °C for 24 h. Absorption of the clean supernatant was
measured under 530 nm and 657 nm using a spectrophotometer (Evolution, ThermoFisher,
Waltham, MA, USA), as described in [106].
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4.5. Dual-LUC Assays

Co-transformations were carried out using the reported protocol [73] for handling
of leaf protoplasts of Arabidopsis thaliana. Typically, effector was provided in the same
quantity as that of reporter (1:1). When multiple trials were needed, a positive reference
was included in each trial, which consisted of reporter pDFRpro and effectors pPAP1, pGL3,
and pTTGI1, to allow data normalization. The tests with leaf protoplasts of Oryza sativa
adopted a modified version of the protocol above, with a filter of 400 um for protoplast
collection and incubating the protoplasts at 28 °C. The positive control consisted of reporter
pOsF3’ Hpro and effectors pOsC1, pOsB2, and pOsTTGI. Fluorescent levels of reporter
enzymes were measured in a dual-Luciferase reporter assay system using the dual-glow
protocol implemented in a Glomax 20/20 luminometer (Promega, Madison, WI, USA).
Promoter activity was expressed as the ratio of fluorescent levels of LUC and RUC.

4.6. Yeast Two-Hybrids (Y2H)

The entire coding region of MYC2, BBX21, SPL9, PAP1, GL3, or TTG1 was inserted
in frame into pAD-GAL4 2.1 or pBD-GAL4 Cam using HybriZAP-2.1 yeast two-hybrid
system (Stratagene). The vectors were introduced into the YRG-2 yeast strain and the
culture was screened in SD medium deficient in leucine and histidine to ensure double
transformations. The positive clones were then examined for possible protein interaction
at the promoter of HIS3 on the three-deficient medium (SD/-Leu-His-Trp), which was
added with or without 3-amino-1,2,4-triazole (3-AT) in appropriate quantity to contain the
background growth due to leaking production of histidine.

4.7. Yeast One-Hybrid (Y1H)

Effectors from Y2H were paired with a pHIS2-based reporter, which contained 5’
regions of a targeted gene in the place of the original 5’ region (p53). TF and reporter vectors
were introduced into yeast strain Y187 using the PEG-LiAc (TE:LiAc:50%PEG = 1:1:8)
method shown by the manufacturer (Clontech). The transformed cultures were cultivated
on two-deficient medium (SD/-leu-his) first. Colonies from the medium were further
selected on the three-deficient medium (SD/-Leu-His-Trp) with a variable amount of 3-AT
for detection of a possible protein-DNA interaction.

4.8. Bimolecular Fluorescence Complementation Assay (BiFC)

The coding region of MYC2 or GL3 was fused with part of a fluorescent protein (YFP) to
make pMYC2-NE or pGL3-CE vectors, which were introduced into Agrobacteria tumefaciens
(strain EHA105). The transformant solutions (each about 0.5 OD) were then mixed in 1:1
and injected into fresh leaves of N. benthamiana for in vivo expressions of the TF proteins.
Interaction of the proteins was examined under fluorescent light and transmitting light
with a two-photon fluorescence microscope (Olympus, Tokyo, Japan) and photographed at
about 100x.

4.9. Co-Immunoprecipitation (Co-IP)

For co-transformations of plant cells, healthy leaves of N. benthamiana were infiltrated
with a mixture of two solutions (1:1) from differently infected A. tumefaciens (EHA105),
which carried protein expression vectors with a HA- or MYC-label. Vectors included
pPMYC2-HA /pMYC2-MYC, pBBX21-MYC, pSPL9-MYC, pGL3-MYC/pGL3-HA, pPAP1-
HA, and pHY5-HA. Infected plants were grown under the long day condition in dim light
and their leaves were sampled 40 h later and frozen in liquid nitrogen. Total proteins were
extracted from ground leaves (~2 g) placed in 1 mL lysis buffer (50 mM Tris-HCl (pH = 7.5),
150 mM NaCl, 1 mM EDTA, 10% glycerol, 0.05% Tween20 (v/v), 1x protease inhibitor
cocktail (Lablead, Hangzhou, China), 1 mM phenylmethylsulfonyl fluoride, 10 mM DTT,
and 50 pM MG132 (Sigma-Aldrich, St. Louis, MO, USA) and set at 4 °C for 1 h. Part of
the supernatant was then taken as input, and the rest was added to HA-agarose beads
following the manufacturer’s instructions (Lablead). The cleaned beads were placed in
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1x SDS loading buffer and boiled for 10 min to release proteins. An SDS-PAGE gel (12%)
was used to separate proteins. Proteins were transferred to a PVDF membrane (Millipore,
Carrigtwohill, Ireland) and stained (1:10,000) with anti-HA or anti-MYC mouse antibodies
(Lablead). The second antibody (1:10,000) was horseradish peroxidase (HRP)-conjugated
goat anti-mouse IgG (Bioeasytech, Beijing, China). Detection of protein interaction was
via chemiluminescent signal derived from HRP-substrate interaction using an ECL kit
(Meib Biotech, Beijing, China). A photo was taken with Tanon Imaging System (Tanon 5200,
Shanghai, China).

4.10. Electrophoretic Mobility Shift Assays (EMSAs)

Protein expression vectors pCOLD-GL3 (bHLH domain) and pET-MYC2 were sepa-
rately expressed in bacteria strain DE3 (Transetta, Beijing, China). Protein extraction was
through a column of Ni Sepharose (GE Healthcare, Chicago, IL, USA). Probe-protein inter-
action was in a 10 uL binding solution (E33075), which was loaded into a non-denaturing
gel of 8-10% polyacrylamide to separate the bound probe from the unbound one following
the instructions (Invitrogen, Waltham, MA, USA). Signals for bound DNA and protein
were taken under different UV lights, as previously reported [107].

4.11. Real-Time Quantification of Gene Expression

Seedlings of Col, two MYC2-complementary lines, myc2, spl9, hy5, and pif3 were
harvested at 4 pm after seeds had spent 3 days in water in a growth chamber. Total RNAs
were extracted from each sample that contained about 10-25 mg fresh seedlings of each
material and reversely transcribed to obtain the first strand cDNAs. Concentrations of
cDNAs were estimated in triplets, as were standard references prepared from coding
sequences of targeted genes, as previously described [108]. Reactions of qPCR (20-uL/each)
were carried out in duplicates with Premix ExTag (Takara, San Jose, CA, USA) and internal
reference dye (ROX), taking 10-30 ng cDNA as template and gene-specific primers (Table S1)
on StepOne-PLUS Real-time PCR systems (Applied Biosystems, Foster City, CA, USA).

4.12. Statistical Analysis

Standard t-tests were performed in Excel 2016. Bonferroni’s correction was applied
when needed, taking the experimental error rate at « = 0.05. The microarray-based ex-
pression data of O. sativa [63] were corrected for background signal and normalized using
quantile method ([109]) prior to being averaged over three biological replicates. Means of
the replicates were used for profiling OsMYC2’s expression.

5. Conclusions

Environmentally induced active production of the anthocyanin pathway can cause
temporary pigmentation of plants via a molecular mechanism of network-level coordi-
nation of environment-sensitive transcription factors. Here, we identified two such TFs,
showing strong evidence for the modulating role of MYC2 as an activator or a repressor
for primarily the anthocyanin pathway in different cellular environments, and some ev-
idence for a similar role of BBX21 in regulating the BAN gene of the proanthocyanidin
pathway. This high-level regulatory mechanism connects multiple TFs (e.g., PIF3, HYS5,
BBX21, MYC2, and SPL9) of signaling to the anthocyanin pathway via both hierarchical
and interactive relationships that vary from transcriptive (e.g., MYC2 by PIF3, BBX21, and
SPL9), protein-protein interactions (e.g., MYC2 and GL3), to protein-protein competitions
(e.g., MYC2 and BBX21) for DNA binding at the targeted promoters. HY5’s impact primar-
ily focuses on the early genes (CHS, CHI, and F3H) of the flavonoid network, while each of
MYC2, BBX21, and SPL9 can be a significant activator not only for HY5 but also for PAP1,
TT2, and MYBL2 (the latter MYBs are known to specifically regulate parts of the flavonoid
network). The mechanism is capable of explaining changes in pigmentation under a wide
range of circumstances and may include additional components in future studies. While
this investigation was mainly focused on A. thaliana, MYC2’s dual role in modulating the
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anthocyanin pathway was also demonstrated here in Oryza sativa. Clearly, this previously
unknown high-level regulatory mechanism is largely conserved between plant species.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants13081156/s1, Table S1: Primers for genes of A. thaliana.
Table S2: Primers for genes of O. sativa. Figure S1: Coding regions of regulatory genes examined
in this study. Figure S2: Phenotype of transformation of myc2 in 2021. Figure S3: 5’ regions of the
anthocyanin-pathway genes in Arabidopsis thaliana examined in this study. Figure S4: 5’ regions of
the MBW genes examined in dual LUC assays. Figure S5: Effects of MYC2 on the structural genes in
the presence of PAP1/EGL3/TTG1 complex in dual LUC assays. Figure S6: Expression pattern of
OsMYC2 in leaves of O. sativa Nipponbare. Figure S7: 5’ regions of the anthocyanin-pathway genes of
O. sativa tested in this study. Figure S8: Detection of protein interactions of MYC2 with GL3 and TTG1
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Abstract: Throughout their life cycle, plants persistent through environmental adversi-
ties that activate sophisticated stress-signaling networks, with protein kinases serving
as pivotal regulators of these responses. The sucrose non-fermenting-1-related protein
kinase 2 (5SnRK2), a plant-specific serine/threonine kinase, orchestrates stress adaptation
by phosphorylating downstream targets to modulate gene expression and physiological ad-
justments. While SnRK2 substrates have been extensively identified, the existing literature
lacks a systematic classification of these components and their functional implications. This
review synthesizes recent advances in characterizing SnRK2-phosphorylated substrates in
Arabidopsis thaliana, providing a mechanistic framework for their roles in stress signaling
and developmental regulation. Furthermore, we explore the understudied paradigm of
SnRK2 undergoing multilayered post-translational modifications (PTMs), including phos-
phorylation, ubiquitination, SUMOylation, S-nitrosylation, sulfation (S-sulfination and
tyrosine sulfation), and N-glycosylation. These PTMs collectively fine-tune SnRK2 stability,
activity, and subcellular dynamics, revealing an intricate feedback system that balances
kinase activation and attenuation. By integrating substrate networks with regulatory modi-
fications, this work highlights SnRK2’s dual role as both a phosphorylation executor and a
PTM-regulated scaffold, offering new perspectives for engineering stress-resilient crops
through targeted manipulation of SnRK2 signaling modules.

Keywords: phosphorylation; post-translational modification; substrates; SnRK2

1. Introduction

Drought, high salinity, osmotic stress, cold, heat, and heavy metals are the primary
environmental factors limiting plant growth and agricultural productivity. To adapt to
these adverse conditions, plants have evolved a series of physiological and molecular
mechanisms over evolutionary timescales. Among these, protein phosphorylation and
dephosphorylation play pivotal roles in signal transduction during plant responses to
abiotic stressors [1]. Protein phosphorylation is a reversible process mediated by two
antagonistic enzymes: protein kinases and phosphatases. Protein kinases perceive diverse
environmental signals and activate distinct phosphorylation cascades to regulate the down-
stream expression of the target gene, thereby enhancing plant resilience against various
abiotic stresses. Key plant protein kinase families include receptor-like protein kinases
(RLKSs), mitogen-activated protein kinases (MAPKSs), calcium-dependent protein kinases
(CDPKs), and sucrose non-fermenting-1-related protein kinases (SnRKs).

Arabidopsis thaliana contains ten SnRK2 kinases, which are classified into three subfam-
ilies: subfamily I (SnRK2.1, SnRK2.4, SnRK2.5, SnRK2.9, SnRK2.10), subfamily II (SnRK2.7,
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SnRK2.8), and subfamily III (SnRK2.2, SnRK2.3, OST1/SnRK2.6) [2-6]. Kinases in sub-
family I exhibit no sensitivity to abscisic acid (ABA), kinases in subfamily II show weak
or no induction by ABA, whereas kinases in subfamily III are strongly induced by ABA.
Notably, SnRK2.2, SnRK2.3, and SnRK2.6 are key components of ABA signaling path-
ways [7-9]. In the absence of ABA, type-A protein phosphatases PP2Cs (e.g., ABI1) inhibit
the kinase activity of SnRK2.2/2.3/2.6 [10-13]. Upon stress exposure, ABA accumulates
and binds to PYRAB-ACTIN RESISTANCE1 (PYR1)/PYR1-LIKE (PYL)/REGULATORY
COMPONENT OF ABA RECEPTOR (RCAR) receptors, forming a complex that interacts
with PP2Cs to relieve their inhibitory effects on SnRK2.2/2.3/2.6. Activated SnRK2 kinases
subsequently phosphorylate downstream substrates, positively regulating ABA-responsive
pathways [11-14]. These three kinases exhibit functional redundancy; for example, the
snrk2.2/2.3/2.6 triple mutant displays stronger ABA insensitivity compared to single or
double mutants [2,6,15]. While snrk2.2/2.3 mutants exhibit strong resistance to ABA dur-
ing seed germination and root growth, they show no significant difference in stomatal
movement compared to wild-type plants. Conversely, the snrk2.6 single mutant demon-
strates ABA insensitivity in stomatal regulation, accompanied by increased water loss from
detached leaves and heightened drought sensitivity. In the snrk2.2/2.3/2.6 triple mutant,
nearly all ABA-responsive downstream genes fail to be activated, resulting in severe ABA
insensitivity during seed dormancy, germination, root growth, and stomatal movement.
These findings underscore the central regulatory role of subfamily III SnRK2 kinases in
ABA signaling [2,10].

Despite extensive studies on ABA-induced activation mechanisms of SnRK2.2/2.3/2.6,
the functions and substrates of ABA-independent SnRK2s remain relatively underexplored.
This gap is partly due to the high degree of functional redundancy within the SnRK2 kinase
family. Single mutants often exhibit minimal developmental phenotypes, complicating the
efforts to elucidate the physiological roles of individual members. Fujii et al. generated
an Arabidopsis decuple mutant (snrk2.1/2.3/3.4/4.5/5.6/6.7/7.8/8.9/9.10) and demonstrated
that SnRK2s are the primary protein kinases responding to osmotic stress in plants [16].
However, the precise mechanisms underlying the activation of these kinases by osmotic
stress remain unclear [11], including potential interactions with known or unknown osmotic
stress receptors/sensors. Addressing these questions represents a critical direction for
future research.

In this review, we systematically summarize the target proteins of SnRK2s and classify
them based on their biological functions, including ABA /stomatal movement, drought,
osmotic stress, and cold stress. Additionally, we synthesize existing reports on post-
translational modifications of SnRK2s mediated by other proteins.

2. SnRK2 and ABA

The phosphorylation and dephosphorylation of proteins serve as the switches for ABA
responses, and the SnRK2 represents a key core component in ABA signal transduction. As
a protein kinase, SnRK2 mainly classifies the target proteins it regulates in ABA signaling
into two categories: transcription factors and ion channels. Research has demonstrated
that downstream transcription factors such as ABF1 [9], ABF2/AREB1 [9,17,18], ABF3 [19],
ABF4/AREB2 [17], and ABI5 [9,15] can all be directly phosphorylated by SnRK2, and they
are among the earliest and, undoubtedly, one of the most classic and important components
of ABA signaling (Table 1).

Numerous studies have demonstrated that the transcription factor RAV1 is a member
of the RAV (related to ABI3/VP1) subfamily within the AP2/ERF (APETALA2/Ethylene
responsive factor) transcription factor superfamily. RAV1 directly binds to the promoters
of ABI3, ABI4, and ABI5 to downregulate their expression. The SnRK2.2/2.3/2.6 kinases
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interact with and phosphorylate RAV1, thereby reducing RAV1’s inhibitory effect on
ABI5 [20].

ABA-responsive kinase substrate 1 (AKS1) is a basic helix-loop-helix (bHLH) transcrip-
tion factor that typically forms multimeric complexes with DNA. Upon phosphorylation
and exposure to ABA, AKS1 undergoes monomerization, which consequently diminishes
its transcriptional activation activity [21]. Subsequent studies have indicated that AKS1,
as an endogenous phosphorylation substrate, would be phosphorylated by SnRK2s in
Arabidopsis guard cells in response to ABA [22]. SnRK2.6 can interact with RAP2.6 and
phosphorylating it. RAP2.6 can directly bind to the GCC or DREs of RD29A and COR154,
thereby facilitating their expression [23].

Recent research has shown that SnRK2s play a role in stomatal precursor development
and directly phosphorylate SPCH (the main transcription factor for stomatal initiation).
SnRK2.2/2.3/2.6 kinases act on specific amino acid residues of SPCH, which mediate the
inhibition of SPCH by ABA /drought and the suppression of stomatal formation [24].

In the ion channel aspect, the slow anion channel protein SLAC1 [25-28] and the quick
anion channel protein QUACI [29] that are closely related to stomatal movement, as well as
the potassium ion channel KAT1 [30] and chloride channels AtCLCa [31], are all regulated
by SnRK2.6. Additionally, SnRK2.2 phosphorylates AHA2, a PLASMA MEMBRANE
PROTON ATPASE [32].

In the recent years, new targets downstream of SnRK2 have been discovered. SnRK2.6
phosphorylates PIP2;1, regulating the stomatal response to ABA [33]. SnRK2.6 can interact
with an ATPase in chromatin remodeling complex BRM (BRAHMA) and phosphorylate
it in vivo, thereby activating the downstream transcription factor ABI5 [34]. Interestingly,
BRM can also interact with the negative regulator of ABA-signaling PP2C, and further
studies show that the phosphorylation of BRM by SnRK2.6 is inhibited by PP2C [34].
Additionally, Group C Raf-like protein kinase Raf36/Raf22 can also be phosphorylated by
SnRK2.6, serving as a brake for ABA signaling in the downstream of SnRK2 [35].

The ABA-activated calcium channels in the guard cell plasma membrane of Ara-
bidopsis thaliana are primarily composed of four members of the CNGC family: CNGCS5,
CNGC6, CNGC9, and CNGC12 (collectively referred to as CNGC5/6/9/12). ABA activates
these CNGC proteins to generate cytosolic calcium signals, thereby inducing stomatal
closure [36]. SnRK2.6 directly interacts with CNGC5/6/9/12, targeting their N-terminal
regions. Researchers identified a conserved serine residue at the N-terminus of CNGC
proteins as the phosphorylation site using proteomics and in vitro protein phosphoryla-
tion techniques. Further studies, using point mutations combined with electrophysiology
and intracellular Ca?* imaging, demonstrated that an S-to-A mutation at this conserved
serine residue significantly inhibits the Ca?* channel activity of CNGC5/6/9/12, while an
S-to-D mutation significantly enhances it. Subsequent in vivo experiments revealed that
in response to drought and ABA stimulation, plants activate the Ca?* channel activity of
CNGCs through SnRK2.6-mediated phosphorylation of the conserved N-terminal serine
residue, leading to extracellular Ca?* influx and regulation of cytosolic Ca®* oscillations
in guard cells, ultimately controlling stomatal movement. This study elucidates a Ca**-
dependent ABA signaling pathway and demonstrates that this pathway is coupled with
another non-Ca?*-dependent signaling branch via SnRK2.6, forming an integrated ABA
signal network [37].

The Zhu Jiankang team employed quantitative phosphorylated proteomics to identify
multiple targets of SnRK2.6. The researchers compared the overall changes in phospho-
rylated peptides in WT and snrk2.2/2.3/2.6 triple mutant seedlings after ABA treatment.
ABA increased the phosphorylation of 166 peptides in WT seedlings and decreased the
phosphorylation of 117 peptides. In the snrk2.2/2.3/2.6 triple mutant, 84 of the 166 pep-
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tides (representing 58 proteins) failed to be phosphorylated or had a reduced degree of
phosphorylation in ABA treatment. In vitro kinase experiments indicated that these 58
proteins could act as substrates for SnRK2s. SnRK2 substrates encompass proteins involved
in flower timing regulation, RNA and DNA binding, miRNA and epigenetic regulation,
signal transduction, chloroplast function, and numerous other cellular processes. Among
them, seven proteins (enhancing the rich level of late embryogenesis abundant (EEL), small
conductance mechanosensitive channel 9 (MSL9), superoxide dismutase 2 (FSD2), AREB3,
flowering basic helix-loop-helix transcription factor 3 (FBH3), binding to tomato mosaic
virus RNA 1 long chain (BTR1L), and chloroplast outer membrane translocon complex
159 (TOC159)) might be phosphorylated by reconstructed SnRK2.6, while another two
(arginine/serine-rich Splicing factor 41 (RSP41) and histone deacetylase 2B (HD2B)) could
not. These results imply that most of the 58 SnRK2.2/2.3/2.6-dependent phosphorylated
proteins are direct substrates of SnRK2s [38]. Moreover, the team reported that SnRK2.6 can
phosphorylate thousands of peptide segments in ABA signaling [39]. Similarly, Kazuo Shi-
nozaki’s research group identified multiple substrates, including MPK1, SnRK2-substrate
1 (SNS1) [40]. This suggests that phosphoproteomic analysis can identify multiple po-
tential substrates of SnRK2; however, the biological significance of these phosphorylated
substrates requires further experimental validation.

Table 1. The substrate proteins that are phosphorylated and regulated by SnRK2 in the ABA
signaling pathway.

Substrates

Phosphorylation

N Kinases
Sites

Locus Description

Reference

ABF1

ABF2/AREB1

ABF3

ABF4/AREB2

ABI5

RAV1

AKS1

RAP2.6

SPCH

bZIP
transcription
factor

bZIP
transcription
factor

bZIP
transcription
factor

bZIP
transcription
factor

bZIP
transcription
factor

AP2 /B3 domain
transcription
factor

bHLH
transcription
factor
ERF/AP2
transcription
factor

bHLH
transcription
factor

AT1G49720 Not determined SnRK2.2/2.3

AT1G45249 Ser26, Ser86, Ser94 SnRK2.2/2.3/2.6/2.7/2.8

AT4G34000 Thr145 SnRK2.6

AT3G19290 Ser39 SnRK2.2/2.3/2.6

AT2G36270 Not determined SnRK2.2/2.3/2.6

AT1G13260 Not determined SnRK2.2/2.3/2.6

AT1G51140 Ser284, Ser288, Ser290  SnRK2.2/2.3/2.7

AT1G43160 Not determined SnRK2.6

AT5G53210 Ser240, Ser271 SnRK2.2/2.3/2.6

Ser59, Ser86, Ser113,

SLAC1
QUAC1

AT1G12480
AT4G17970

Ser120
Not determined

SnRK2.6
SnRK2.6

Anion channel

Anion channel

(8]

[8,17,18]

(19]

(17]

[9,15]

(20]

(22]

(23]

[24]

[25-28]
[29]
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Table 1. Cont.

Phosphorylation

Substrates  Locus Sites Kinases Description Reference

KAT1 AT1G04710  Thr306, Thr308 SnRK2.6 Potassium [30]
channel

AtCLCa AT5G40890 Thr38 SnRK2.6 Chloride channel [31]

AHA2 AT4G30190 Thr947 SnRK2.2 P-type ATPase [32]

PIP2;1 AT3G53420 Ser121 SnRK2.6 Aquaporin [33]
Chromatin-

BRM AT2G46020 Ser1760, Ser1762 SnRK2.6 Remodeling [34]
ATPase

Raf22 AT2G24360  Ser81 SnRK2.6 MAP kinase [35]
kinase kinase

Raf36 AT5G58950  Serl45 SnRK2.6 MAP kinase [35]
kinase kinase

CNGC5 AT5G57940 Ser20 SnRK2.6 CaZ* channel [37]

CNGC6 AT2G23980 Ser27 SnRK2.6 Ca?* channel [37]

CNGC9 AT4G30560 Ser26 SnRK2.6 CaZ* channel [37]

CNGC12 AT2G46450 Ser13 SnRK2.6 Ca?* channel [37]

EEL AT2G41070  Not determined SnRK2.6 gj;icrlptlon [38]

MSL9 AT5G19520  Not determined SnRK2.6 Mechanosensitive 4o,
ion channel

FSD2 AT5G51100  Not determined SnRK2.6 Fe superoxide 15
dismutase
bZIP

AREB3 AT3G56850 Not determined SnRK2.6 transcription [38]
factor
bHLH

FBH3 AT1G51140 Not determined SnRK2.6 transcription [38]
factor

BTRIL AT5G04430  Not determined SnRK2.6 ?{Ei“l‘% totomv. g

TOC159 AT4G02510 Not determined SnRK2.6 GTPase [38]

MPK1 AT1G10210 Not determined SnRK2.6 MAP kinase [40]
Chromatin

SNS1 AT1G26470 Ser43 SnRK2.6 modification- [40]

like protein

3. SnRK2 and Drought

Drought has a significant impact on plant growth and crop yields. The ABA sig-
naling pathway serves as the central hub enabling plants to respond to drought stress.
It enhances drought tolerance through a multifaceted approach, including rapid stom-
atal regulation, gene reprogramming, and morphological adaptation. Single mutants of
SnRK2.6 and double mutants of SnRK2.2/2.3 are highly sensitive to drought stress, hence,
SnRK2.2/2.3/2.6 exert positive regulation in drought stress response. Multiple substrates
have been identified to participate in SnRK2-mediated drought stress response.

K* uptake transporter 6 (KUP6) is positively regulated by drought stress. SnRK2.6
interacts with KUP6 and phosphorylates its C-terminal region, enhancing its function under
drought conditions [41] (Table 2). NTL6, a plant-specific NAC (NAM/ATAF1/2/CUC2)
transcription factor, undergoes proteolytic cleavage in response to biotic stress, which is
mediated by abscisic acid. NTL6 directly interacts with SnRK2.8, which primarily phospho-
rylates Ser-142 of NTL6, thereby modulating its activity. The drought resistance mediated
by NTL6 is dependent on the interaction with SnRK2.8 [42]. Additionally, OST1 regulates
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ABA-mediated stomatal closure through proteins other than ion channels. The ubiquitin
ligase RAFP34 (ring zinc-finger protein34)/CHYR1 (CHY zinc-finger and ring proteinl
[CHYRT1]) is regulating the ABA-induced stomatal closure, active oxygen production, and
drought resistance process. CHCY1 is mainly expressed in the vascular tissue and guard
cells. SnRK2.2/2.3/2.6 interacts with CHYR1 and phosphorylates the Ser-178 of CHYR1
protein. The chyrl mutant seed germination and stomatal closure are insensitive to ABA and
have increased sensitivity to drought. Overexpression of CHYR1T178A or CHYR1T178D
show drought-sensitive and drought-resistant phenotypes, respectively. This indicates that
OST1 can regulate the ubiquitin ligase activity of CHYR1 through phosphorylation, thereby
positively regulating the role of ABA signaling in stomatal closure [43].

In addition to the ABF family of transcription factors, researchers have identified
AtHAT1, a HD-ZIP class transcription factor in Arabidopsis, as a substrate of SnRK2.3.
HAT1 functions as a negative regulator of ABA biosynthesis and drought stress responses
in Arabidopsis. Overexpression of AtHAT1 suppresses ABA synthesis and consequently
diminishes plant drought tolerance. Phosphorylation of HAT1 by SnRK2.3 reduces its
activity, thereby alleviating its negative regulatory effects on ABA signaling and drought
response pathways [44].

ABA and cytokinin exert antagonistic effects in numerous developmental processes
and environmental stress responses of plants. SnRK2.2, SnRK2.3, and SnRK2.6 directly
interact with type A response regulator 5 (ARR5), a negative regulator of the cytokinin sig-
naling pathway, and phosphorylate it. The phosphorylation of serine residues on the ARR5
protein by the SnRK2s enhances its stability. Consequently, plants with overexpression of
ARRS5 display ABA sensitivity and drought resistance. Additionally, B-type ARRs ARR1,
ARR11, and ARR12 physically interact with the SnRK2s and inhibit the kinase activity of
SnRK2.6. The arr1/11/12 triple mutants are sensitive to ABA. Genetic analysis indicates that
the SnRK2s are upstream of ARR5 and downstream of ARR1, ARR11, and ARR12, playing
an important role in regulating ABA responses and drought resistance [45].

Researchers identified a drought-tolerant mutant, ppd5-2, from a T-DNA insertion
mutant library of nuclear-encoded chloroplast protein in Arabidopsis thaliana through a
screening method. Further studies disclosed that PPD5 interacts with and is phosphorylated
by OST1. The phosphorylation of PPD5 by OST1 increases its protein stability, but does not
influence its chloroplast localization [46].

SnRK2.6/0OST1 mediates microtubule disassembly during ABA-induced stomatal
closure in Arabidopsis thaliana. Researchers have identified MAP SPIRAL1 (SPR1) as a
substrate of OST1. OST1 interacts with and phosphorylates SPR1 at Ser-6, promoting the
dissociation of SPR1 from microtubules and driving microtubule disassembly. Compared
to wild-type plants, spr1 mutants exhibit significantly increased water loss and reduced
ABA responses, including impaired stomatal closure and microtubule disassembly in guard
cells. These phenotypes were restored by introducing the phosphorylated active form of
SPR1. SPR1 positively regulates microtubule disassembly during ABA-induced stomatal
closure, which is dependent on OST1-mediated phosphorylation. These results reveal a
critical role for SPR1 in ABA signaling and highlight the specific interaction between ABA
signaling components and microtubule-associated proteins (MAPs) [47].

RAF22 [(Rapidly Accelerated Fibrosarcoma)-like mitogen-activated protein kinase
kinase kinase 22] physically interacts with ABI1 (ABA insensitive 1) and phosphorylates
the Ser-416 residue of ABI1 to enhance its phosphatase activity. Additionally, ABI1 can
also dephosphorylate to enhance the activity of RAF22, thereby inhibiting ABA signal
transduction and maintaining plant growth under normal conditions. Under drought stress
conditions, SnRK2.6/OST1 activated by ABA phosphorylates the Ser-81 residue of RAF22
to inhibit its kinase activity and thereby inhibit its enhancement of ABI1 activity [48].
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SNF1-related protein kinase 2 (SnRK2) substrate 1 (SNS1) is a negative regulator
of ABA and drought stress and can be phosphorylated by SnRK2 in vivo [40,49,50]. We
have noticed that VARICOSE (VCS), an mRNA decapping activator, serves as a substrate
for multiple peptide segments of SnRK2.2/2.3/2.6 [40]. Subsequently, two independent
research groups have verified that VCS is a target protein of the SnRK2 Group I family
members [51,52]. Under drought stress conditions, multiple members of the SnRK2 Group
I phosphorylate VCS, and the knockdown plants of VCS reduces its tolerance to drought
stress [51]. Another research revealed that VCS and varicose-related (VCR) are both
interactors and phosphorylation targets of SnRK2.5, SnRK2.6, and SnRK2.10. These three
protein kinases phosphorylate VCS at Ser-645 and Ser-1156, and SnRK2.6 and SnRK2.10
also phosphorylate VCR at Ser-692 and Ser-680. The SnRK2 proteins of the Group I family,
VCS, and XRN4 are involved in the regulation of root growth under normal conditions and
the modulation of root morphology under salt stress [52].

Non-ABA-activated Arabidopsis SnRK2s (SnRK2.10) not only regulate the plant’s re-
sponse to salt stress but also modulate its sensitivity to dehydration. Through phosphopro-
teomic analysis, several potential SnRK2.10 substrates were identified, including dehydrins
ERD10 and ERD14. In vitro experiments confirmed that SnRK2.10 phosphorylates ERD14
and Ser-79 of ERF14, altering its subcellular localization [53,54]. Additionally, non-ABA-
dependent SnRK2.4 phosphorylates the water channel protein PIP2;1 at Ser-121 [55].

Furthermore, numerous proteins such as MLP43, SASP, and PIA1 can interact with
one or more members of the SnRK?2 family; however, there is a dearth of direct evidence
regarding whether they serve as direct phosphorylation substrates of SnRK2s in the drought
stress response [56-58].

Table 2. The substrate proteins that are phosphorylated and regulated by SnRK2 in the drought
stress tolerance.

Substrates Locus Phosphorylation Sites Kinases Description Reference
+

KUP6 AT1G70300 Thr-759 SnRK2.6 K" uptake [41]
transporter

NTL6 AT3G49530 Thr-142 SnRK2.8 Transcription factor  [42]

CHYR1 AT5G22920 Thr-178 SnRK2.6 Ubiquitin E3 ligase ~ [43]

HAT1 AT4G17460 Not determined SnRK2.3 Transcription factor — [44]

ARR5 AT3G48100 Ser-21, Ser-33, Ser-72, and Ser-117 ~ SnRK2.2/2.3/2.6 Transcription [45]
repressor

PPD5 AT5G11450 Thr-283 SnRK2.6 PsbP-domain [46]
proteins

SPR1 AT2G03680 Ser-6 SnRK2.6 MAP SPIRALL [47]

Raf22 AT2G24360 Ser-81 SnRK2.6 MAP Kinase [48]
Kinase Kinase
Chromatin

SNS1 AT1G26470 Ser-43 SnRK2.6 modification-like [49]
protein

VCSs AT3G13300 Not determined SnRK2.4/2.10/2.1/2.5 VARICOSE [51]

VCS AT3G13300 Thr-644, Thr-645, Ser-1156 SnRK2.5 VARICOSE [52]

VCs AT3G13300 Anros Thre645, Ser-692, SnRK2.6 VARICOSE [52]

VCs AT3G13300 anrosd, Ser 692, Ser-11%5, SnRK2.10 VARICOSE [52]

Ser-22/23/61/65/106/107/208, . .

ERD10 AT1G20450 Thr-49/213/214/221 SnRK2.10 Dehydrin protein [53]

ERD14 AT1G76180 gzﬁ'ghr%' Ser-78, Ser-79, SnRK2.10 Dehydrin protein ~ [53]

PIP2;1 AT3G53420 Ser-121 SnRK2.4/2.10/2.1/2.5 Aquaporin [55]

4. SnRK2 and Cold

Apart from its significant role in drought and osmotic stress, the SnRK2 kinase also
exerts a considerable influence in cold stress. The C-repeat (CRT)-binding factors (CBFs)
or dehydration-responsive element (DRE)-binding protein (DREB) can bind to the cis-
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element of CRT/DRE and trigger the transcription of downstream COR genes, thereby
enhancing cold tolerance [59-61]. ICE1 is the core transcription factor in cold stress and
positively regulates the expression of CBFs. OST1 phosphorylates ICE1 at position Ser-278
and enhances the protein stability and transcription activation ability of ICE1 during cold
stress, thereby strengthening plant cold tolerance [62,63] (Table 3). Meanwhile, MPK3/6
negatively regulates the protein stability of ICE1, thus reducing plant cold tolerance [64].
Subsequently, the research group reported that BTF3/BTF3L, PUB25/PUB26, ANN1, and
PP2CG1 are also phosphorylation substrates of OST1 [65-67].

Table 3. The substrate proteins that are phosphorylated and regulated by SnRK2 in the cold
stress tolerance.

Substrates Locus Is’g(e)zphorylahon Kinases Description ~ Reference

ICE1 AT3G26744  Ser-278 SnRK2.6  Lranseription o)
factor
NAC

BTE3 AT1G17880 Not determined SnRK2.6 transcription ~ [65]
factor
NAC

BTF3L AT1G73230 Ser-50 SnRK2.6 transcription ~ [65]
factor

PUB25 AT3G19380 Thr-95 SnRK2.6 E3 ligase [66]

PUB26 AT1G49780 Thr-94 SnRK?2.6 E3 ligase [66]

ANN1 ATIG35720  Ser-289 SnRK26 ~ Calum [67]
transporter

EGR2 AT5G27930  Not determined SnRK26 L srowth [68]
regulating 2
Protein

PP2CG1 AT2G33700 Ser-365 SnRK2.6 ~ phosphatase  [69]
2C

BTE3 and BTF3L (BTF3-like), the B-subunits of the nascent polypeptide-associated
complex (NAC), are phosphorylated at position Ser-50 by OST1, and OST1 enhances the
interaction between BTF3 and CBFs under cold stress [65]. Two U-box type E3 ubiquitin
ligases, PUB25/26, plays a crucial role in cold stress responses. In the pub25 pub26 dou-
ble mutant, the levels of CBFs are significantly reduced compared to wild-type plants,
leading to increased cold sensitivity. Further studies have shown that PUB25/26 interacts
with MYB15 and participates in its degradation during the early stages of cold treatment.
Additionally, the Thr-94 and Thr-95 sites of PUB25/26 serve as target sites of OST1. Cold-
activated OST1 phosphorylates PUB25/26 at these sites, enhancing its E3 ligase activity and
promoting the ubiquitination and degradation of MYB15. This process positively regulates
the induction of CBFs under cold stress and contributes to plant cold tolerance [66].

Yang Shu-hua’s research group utilized biochemical, molecular genetics, and electro-
physiological approaches to discover that the calcium ion transporter protein AtANN1
plays a crucial role in low-temperature-induced calcium signaling. Their findings indicate
that in the atannl knockout mutant, the low-temperature-induced [Ca2+]cyt is signifi-
cantly reduced compared to wild-type plants. Additionally, the expression levels of key
cold-responsive transcription factors CBFs and their downstream target genes COR are
decreased, leading to diminished cold tolerance in Arabidopsis. These results suggest that
AtANNT1 influences the influx of low-temperature-mediated calcium signals, thereby regu-
lating the CBF-COR-dependent cold signaling pathway and positively modulating plant
cold tolerance. Furthermore, low-temperature-activated OST1 phosphorylates Ser-289 of
the AtANN1 protein, enhancing its calcium transport activity and calcium binding affinity,
which in turn regulates the generation of low-temperature-induced calcium signals [67].
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Additionally, the kinase activity of OST1 in cold stress can be inhibited by the phosphatases
EGR2 and PP2CG1 [68,69]. EGR2, a phosphatase localized to the cell membrane, interacts
with OST1 and weakens its kinase activity, negatively regulating cold stress [68]. Simulta-
neously, low temperature induces OST1 to phosphorylate Ser-365 of PP2CG]1, resulting in a
decrease in the protein phosphatase activity of PP2CG1 and significantly affecting plant
cold tolerance [69].

Therefore, OST1 is a core protein kinase in the cold stress response, regulating its
activity through phosphorylation to enhance protein stability and positively regulate the
cold stress response.

5. SnRK2 and Other Vital Biological Processes

In addition to positively regulating responses to drought and cold stress, the SnRK2
kinase family is also extensively implicated in various other biological processes, such as
salt stress tolerance, pathogen defense, reactive oxygen species (ROS) generation, cell wall
biosynthesis, and microRNAs biogenesis. The following sections will address each of these
functions in detail.

Plants have evolved sophisticated signaling mechanisms to redirect growth away
from adverse environmental conditions that compromise yield. Root gravitropism, charac-
terized by sodium ion gradient-dependent directional growth, plays a pivotal role in salt
stress adaptation. Despite its early discovery, the molecular basis of gravitropic responses
under saline conditions remained elusive. Recent studies demonstrate that abscisic acid
(ABA)-mediated root curvature governs Arabidopsis gravitropism through SnRK2.6 kinase
activation. ABA-activated SnRK2.6 phosphorylates SP2L at Ser-406 induce asymmetric cell
expansion in the root transition zone via cortical microtubule reorganization. Salt stress
initiates SP2L-dependent reorientation of cell wall microtubules, which template cellulose
microfibril deposition patterns. These structural modifications drive anisotropic cell wall
extension, determining root tip curvature orientation. This molecular cascade elucidates
how microtubule-guided microfibril alighment mediates differential cellular expansion,
establishing a mechanistic framework for root salt-avoidance behavior. Crucially, salt
stress triggers ABA-dependent SnRK2.6 activation, which phosphorylates the microtubule-
associated protein SP2L to regulate microtubule array dynamics. This post-translational
modification ultimately controls cellulose synthesis directionality and cellular expansion
polarity in the root transition zone, enabling directional root growth away from saline
substrates [70] (Table 4).

The MYB transcription factor NIGT1.4 is an important component in maintaining
root growth under salt stress. T-DNA knockout mutation and functional complementation
experiments have verified that NIGT1.4 functions in promoting the growth of the main
root under salt stress. NaCl treatment induces the expression of NIGT1.4 in roots in an
ABA-dependent manner. SnRK2.2 and SnRK2.3 interact with NIGT1.4 and phosphorylate
it. The main root growth phenotype of the snrk2.2/2.3/2.6 triple plant is like that of the
nigtl.4 mutant which both demonstrating salt stress sensitivity [71].

In plants the site infected by pathogens will exhibit necrotic lesions, and subsequently
induce systemic acquired resistance (SAR) in distant tissues. NPR1 is a key regulator of SAR
induced by SA. SnRK2.8 phosphorylates NPR1 and is indispensable for NPR1 to enter the
nucleus. In Arabidopsis, the development of systemic immunity is mediated by SA signaling and
SnRK2.8-mediated phosphorylation, which synergistically activate NPR1 in a double-reaction
manner [72]. Later, it was confirmed that SnRK2.8-mediated phosphorylation of NPR1 is also
necessary for NPR1 to enter the nucleus at low temperatures [73]. Besides phosphorylating
NPR1, SnRK2.8 can also phosphorylate the effector protein AvrPtoB. SnRK2.8 interacts with
AvrPtoB in yeast and plants. SnRK2.8 is essential for the virulence functions of AvrPtoB,
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including promoting bacterial colonization, inhibiting pectin deposition, and targeting plant
defense regulatory factors NPR1 and receptor FLS2 [74].

Previous studies have shown that SnRK2.6/OST1 directly interacts with RBOHD
and RBOHF [75]. OST1 phosphorylates Ser13 and Ser174 of AtRBOHEF, triggering the
production of ROS in guard cells, leading to stomatal closure and enhanced plant tolerance
to drought and salt stress [76]. The activity of AtRBOHF can also be regulated by phos-
phorylation by CIPK11 and CIPK26 [77]. Similarly, Ser-343 and Ser-347 of AtRBOHD are
targets of OST1, which are crucial for plant cell-to-cell active oxygen signaling under high
light stress [78,79].

NRT1.1/NPF6.3/chlorate-resistant 1 (CHL1) is the first identified nitrate transporter,
and it is surprising that SnRK2.2/2.3/2.6 interacts with NRT1.1 in vitro and in vivo, and
phosphorylates Ser-585 of NRT1.1. Phosphorylation of NRT1.1 by SnRK2s leads to a
significant reduction in nitrate uptake and affects root growth [80].

In Arabidopsis, the formation of plant secondary cell wall (SCW) is reduced due to
genetic blockage of ABA synthesis and perception. SnRK2.2/2.3/2.6 can interact with
AtNST1 and phosphorylate it, where AtNST1 is a master regulatory factor that enhances
SCW formation and lignin deposition in the stem fiber region. SnRK2-mediated phosphory-
lation mutations at the regulatory sites of AtNST1 would eliminate the regulatory function
of this transcription factor [81].

MicroRNA (miRNA), a 20-24 nucleotide non-coding RNA ubiquitous in eukaryotes,
regulates mRNA splicing/translation and governs plant developmental processes and
stress responses. The miRNA biogenesis machinery relies on core components including
DCL1 (type III ribonuclease), SE (zinc finger protein), and HYL1 (dsRNA-binding pro-
tein). While phytohormone ABA and osmotic stress signaling are known to modulate
miRNA accumulation, their mechanistic interplay remained unclear. The Zhu Jiankang
research group revealed that SnRK2 kinases—central regulators of ABA and osmotic
stress pathways—directly orchestrate miRNA synthesis by phosphorylating core biogene-
sis components. snrk2.2/2.3/2.6 mutants exhibited reduced miR160 and related miRNAs,
accompanied by elevated pri-miRNA levels and target gene expression. Notably, HYL1
protein abundance declined in snrk?2 triple/decuple mutants. Phosphorylation assays fur-
ther implicated HYL1 and SE as SnRK2 substrates. This work elucidates SnRK2-mediated
phosphorylation as a molecular bridge linking ABA /osmotic stress to miRNA biogenesis
regulation [82].

Table 4. The substrate proteins that are phosphorylated and regulated by SnRK2 in the stress network.

Substrates Locus Phosphorylation Sites Kinases Description Reference
SP2L AT1G50890 Ser-406 SnRK2.6 Microtubule 1
associated protein
NIGT1.4 AT1G13300 Not determined SnRK2.2/2.3 gﬁgrtransmpﬂon [71]
NONEXPRESSER
NPR1 AT1G64280 Ser-589, Thr-373 SnRK2.8 OF PR GENES 1 [72]
AvrPtoB Ser-258 SnRK2.8 Pseudomonas [74]
effector
RBOHD AT5G47910 Ser-163 SnRK2.6 NADPH oxidase  [76]
RBOHF AT1G64060 Ser-13, Ser-174 SnRK2.6 NADPH oxidase [76]
RBOHD AT5G47910 Ser-343, Ser-347 SnRK2.6 NADPH oxidase  [78]
NRT1.1 AT1G12110 Ser-585 SnRK2.2/2.3/2.6 Nitrate transporter  [80]
NST1 AT2G46770 Ser-316 SnRK2.2/2.3/2.6 ggocrtransmpt‘o“ [81]
HYL1 AT1G09700 SnRK2.4/2.6 ?yponasnc leaves 1o
SE AT2G27100 SnRK2.4/2.6 Serrate [82]
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6. Post-Translational Modification of SnRK2

SnRK2s not only serves as a substrate for protein kinase phosphorylation, but it can
also act as a target and present various post-translational modifications, including phos-
phorylation, SUMOylation, ubiquitination, S-nitrosylation, sulfation, and glycosylation.

6.1. Phosphorylation

In the same year, research groups led by Wang Pengcheng in China, Julian Schroeder
in the United States, and Yamaguchi-Shinozaki in Japan published research papers in
Nature Communications, revealing that the B subfamily of RAF protein kinases mediates
the phosphorylation and activation of SnRK2 [83,84]. Wang Pengcheng’s research group
discovered that some B2/3 subfamily RAF protein kinases phosphorylate and activate
SnRK2.2/2.3/2.6, while the B4 subfamily RAF protein kinases phosphorylate and activate
the other six ABA-independent SnRK2s [83]. The Yamaguchi-Shinozaki’s research group
discovered that three B4 Raf-like MAPKKKs (RAF18, RAF20, and RAF24) in Arabidopsis can
interact with Group I SnRK2 proteins and phosphorylate and activate the Group I SnRK2s
that are not responsive to ABA in stress conditions, but these three B4 Raf-like MAPKKKSs
are not activated by ABA and do not participate in the activation of Group III SnRK2s [84].
Julian Schroeder’s research group discovered that three B3 Raf-like MAPKKKs (MAPKKK
51, MAPKKK 66, and MAPKKK &7) can phosphorylate the Ser-171 residue of SnRK2.6,
which cannot be self-phosphorylated to activate it, to reactivate SnRK2.6 [85]. These three
studies jointly disclose the crucial role of the RAF-SnRK2 kinase cascade in osmotic stress
and ABA signaling pathways. Other reported RAF kinases involved in the phosphorylation
of SNRK2 encompass ARK1/2/3 and Raf10 [86,87]. The RAF family of kinases pertains
to the MAP kinase kinase kinase, and RAF mediates the self-activation of SnRK2 through
phosphorylation to commence the activation process of SnRK2. These studies connect the
MAPK cascade and SnRK2 kinases, suggesting that the regulation among different kinases
might be a universal mechanism within cells.

Furthermore, it has been reported that the protein kinases involved in the phospho-
rylation of the SnRK2 complex encompass BAK1, BIN2, ARK, HT1, and so on. BAK1
forms a complex with other lysine-rich repeat receptor-like kinases (LRR-RLKSs), such as
FLS2 and EFR1, which are implicated in plant basal immune responses triggered by flg22
and elf18 or elf26 [88,89]. Researchers have discovered that the BRI1-associated Receptor
Kinase 1 (BAK1) mutant loses water more rapidly than the wild type and is insensitive
to ABA-induced stomatal movement. ABA treatment fails to induce the expression of
OST1 and the production of ROS in the bakl mutant. The overexpression of OST1 cannot
complementation for the insensitivity of bakl to ABA. BAK1 forms a complex with OST1
and phosphorylates it, and ABA treatment leads to an increase in the BAK1/OST1 com-
plex, thereby enhancing downstream signaling. This suggests that BAK1 mediates the
ABA-induced stomatal movement process via OST1 [90].

The research group led by Gong Zhizhong identified that the Arabidopsis BRI1-
associated Receptor Kinase 1 (BAK1) loss-of-function mutant, bak1, exhibits hypersensitivity
to ABA in seed germination and primary root growth. Specifically, the ABA-induced OST1
activity in the bak1-4 mutant is significantly higher than in the wild type, accompanied by
elevated transcription levels of downstream ABA-responsive genes. These findings suggest
that BAK1 negatively regulates core ABA signaling output. This conclusion contrasts
with the earlier report, which indicated that BAK1 promotes OST1 activity [89]. Moreover,
the bakl mutant displays distinct responses to ABA in seed germination and primary
root growth compared to the wild type. Activated BAK1 can phosphorylate OST1 at the
Thr-146 site, directly inhibiting its kinase activity. Additionally, BAK1 can phosphorylate
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ABI1 within the PYR1-ABA-ABI1 complex, releasing inhibited ABI1 and further negatively
regulating core ABA signaling [91].

Arabidopsis thaliana Glycogen synthase kinase 3 (GSK3)-like kinases exert significant
roles in plant growth and development, as well as in stress responses. BIN2 interacts
with the members of Group III subfamily of SnRK2 kinases and phosphorylates SnRK2.2
at Thr-181 and Thr180 of SnRK2.3, and enhances the kinase activity of SnRK2.3, thereby
exerting a positive regulatory effect in ABA signaling [92].

Casein kinase 2 (CK2) regulates the SnRK?2 kinase by phosphorylating several con-
served serines in the ABA box of the SnRK2 protein, enhancing its interaction with the
negative regulatory factor PP2C in the core ABA signaling module [93].

HT1 (high leaf temperature 1) 13 and carbonic anhydrase (CA) 17 are two constituents
that seemingly are specifically involved in the carbon dioxide sensing pathway. The HT1
gene encodes a protein kinase primarily expressed in guard cells and functions as a major
negative regulator of CO,-induced stomatal closure. Intriguingly, HT1, a negative regulator
of CO,-induced stomatal closure, is capable of phosphorylating OST1 and inhibiting the
phosphorylation of SLAC1 by OST1 [94].

SnRK2s also partake in the response to high Mg?* concentration stress. CIPK26 (CBL-
Interacting Protein Kinase 26) was identified through immunoprecipitation and liquid
chromatography-tandem mass spectrometry analysis as a protein interacting with SnRK2.2.
CIPK3, CIPK9, and CIPK23 also interact with SnRK2.2 in vivo. In vitro experiments demon-
strated that CIPK26 can phosphorylate and activate SnRK2.2. Under high Mg?* conditions,
both the snrk2.2/2.3/2.6 triple mutant and the cipk26/3/9/23 quadruple mutant present similar
phenotypes of shorter aboveground parts [95].

Terrestrial plants employ evolutionarily conserved osmostress adaptation mechanisms,
including the activation of SnRK2s, ABA accumulation, and ABA-dependent signaling. As
osmotic stress responses often antagonize growth, these pathways are suppressed under
non-stress conditions through clade A protein phosphatase 2Cs (PP2Cs), which act as nega-
tive regulators by constitutively binding to SnRK2s. PP2Cs maintain SnRK2s in an inactive
state via dephosphorylation of conserved serine residues in their activation loops and steric
obstruction of catalytic sites. During osmotic stress or ABA signaling, PP2C-mediated
inhibition must be relieved to enable SnRK2 activation. The Zhao Yang group demon-
strated that Arabidopsis receptor-like cytoplasmic kinase BIK1 orchestrates this regulatory
switch by phosphorylating SnRK2.6. While the dominant abi1-1 mutation (G180D) disrupts
PYL-PP2C interactions and impairs PYL-mediated SnRK2 release, BIK1 bypasses this defect
by directly phosphorylating SnRK2.6 at two critical tyrosine residues (Tyr-163/182). This
phosphorylation event likely disrupts PP2C binding by interfering with the tryptophan
“lock-and-key” interface between PP2Cs and SnRK2.6. Phenotypic analysis revealed that
bik1 mutants exhibit compromised SnRK2 activation, attenuated stress-responsive gene
expression, reduced ABA biosynthesis, impaired growth homeostasis, and accelerated
water loss under osmotic challenge [96].

Osmotic stress perception and signaling involve intricate mechanisms, with transient
cytosolic Ca?" elevation and rapid SnRK2 kinase activation representing primary early
responses. Leveraging wild-type Arabidopsis (Col-0) and a pyl duodecuple mutant de-
ficient in ABA receptors, Zhao Yang’s team employed quantitative phosphoproteomics
to identify 19 putative early-responsive kinases under osmotic challenge. Among these,
CPK3/4/6/11/27 emerged as Ca?"-dependent decoders of osmotic stress, exhibiting acti-
vation upon mannitol treatment or dehydration. Functional analyses revealed enhanced
SnRK2 activation in CPK3/4/6/11/27 overexpression lines versus impaired responses in
cpk3/4/6/11/27 loss-of-function mutants. Mechanistically, CPKs phosphorylate seven con-
served residues (5164/5166/5167/5171/5175/T176/T179) within SnRK2's activation loop,
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with mutational studies confirming these phosphorylation events as essential for SnRK2.6
catalytic activity and physiological function. These findings establish CPK3/4/6/11/27 as
critical mediators linking Ca®* signaling to SnRK2 activation through multisite phosphory-
lation during osmotic stress adaptation [97].

6.2. Ubiguitination

A research team has discovered that SnRK2.3 can be ubiquitinated and degraded by
AtPP2-B11, an F-BOX protein that is part of the SKP1/Cullin/F-BOX E3 ubiquitin ligase
complex. The expression of AtPP2-B1 is induced by ABA, and mutants with downregulated
AtPP2-B11 expression show hypersensitivity to ABA during seed germination and seedling
growth. Overexpression of AtPP2-B11 suppresses the ABA-hypersensitive phenotype of
SnRK2.3 overexpression plants. This suggests that AtPP2-B11 can specifically degrade
SnRK2.3 to negatively regulate plant responses to ABA [98]. Subsequently, researchers
have also revealed that HOS15 (high osmotic stress 15) can facilitate the ubiquitination
of SnRK2.6, leading to its degradation by the 26S proteasome. HOSI5 is a substrate-
receiving protein within the CUL4-DDB1 E3 ubiquitin ligase complex. The /0s15 mutants
exhibit enhanced stability of the OST1 protein and are hypersensitive to ABA, showing
strong tolerance to drought stress. The absence of OST1 function can significantly restrain
the drought-sensitive phenotype of hos15. Simultaneously, ABA inhibits the interaction
between HOS15 and OST1, thereby enhancing the stability of OST1. Moreover, ABI1 and
ABI2 can promote the interaction between HOS15 and OST1 by dephosphorylating OST1
and subsequently facilitating its ubiquitination and degradation [99]. In later reports, there
is direct evidence indicating that ubiquitin can interact directly with SnRK2.2/2.3 and
inhibit their kinase activity [100].

6.3. SUMOylation

In 2022, two independent research groups almost concurrently reported that the SUMO
protease ESD4 and its interacting protein NUA (nuclear pore anchor) regulate the stability of
SnRK2.6/0ST1 through deSUMOylation, thereby negatively modulating the ABA signaling
pathway. In vitro SUMOylation experiments demonstrated that the SnRK2.6 protein can
undergo SUMOylation, while ESD4 reduces the SUMOylation level of SnRK2.6. Hence, NUA
and ESD4 might be capable of reducing protein stability by means of deSUMOylation [101,102].
Meanwhile, SnRK2.6/OST1 is also degraded by the HOS15 ubiquitin ligase via ubiquitination.
Thus, it is hypothesized that SUMOylation is likely to enhance protein stability by competing
with ubiquitin for binding to lysine residues on the protein.

6.4. S-Nitrosylation

ABA induces the generation of nitric oxide (NO) in guard cells, and the 137th cysteine
residue near the kinase catalytic site of the OST1 protein can be sulfhydryl nitrosylated.
The loss of function of the glutathione S-transferase omega (GSNOR) would give rise to
the accumulation of nitric oxide in gsnor1-3 mutant guard cells, leading to constitutive
sulfhydryl nitrosylation of OST1 and ultimately blocking ABA-induced stomatal closure.
Transforming the 137th cysteine residue of OST1 to serine and introducing it into the
gsnorl-2 ost1-3 double mutant can partially restrain the phenotype of gsnorl-2 mutant
guard cells that fail to close their stomata in response to ABA treatment. This indicates
that nitric oxide can inhibit the kinase activity of OST1 via the sulfhydryl nitrosylation
mechanism, thereby participating in ABA-mediated stomatal closure [103,104].

6.5. S-Persulfidation

Hydrogen sulfide (H;,S), a water-soluble gas, plays a crucial role in regulating plant
responses to environmental stress and growth. The formation of excessive sulfthydryl

136



Plants 2025, 14,1171

groups (with the conversion of Cys-SH to Cys-SSH), caused by the post-translational
modification (PTM) of Cys residues and known as persulfidation, is directly regulated by
H,S. Protein persulfidation proteomics data indicate that the SnRK2.6 protein undergoes
persulfidation modification. Two persulfidation modification sites have been identified
in SnRK2.6, and it has been discovered that these two Cys residues are exposed on the
surface of SNRK2.6 and are adjacent to the catalytic ring and a key phosphorylation site of
the kinase. Research reveals that when these two Cys residues are persulfidation-modified,
they enhance the activity of SnRK2.6 and its interaction with downstream transcription
factors of the ABA signal transduction. Furthermore, when Cys131, Cys137, or both
were partially or completely replaced with serine in SnRK2.6C131S, SnRK2.6C137S, or
SnRK2.6C131SC137S, these partially or fully substituted proteins were unable to restore
the 0st1-3 mutant phenotype, displayed a reduced sensitivity to ABA and H,S-induced
stomatal closure and Ca?* influx, increased water loss, and decreased drought tolerance.
The persulfidation reaction of SnRK2.6 has been demonstrated to positively regulate ABA
signal transduction in guard cells. Therefore, this study proposed a novel mechanism
for regulating the ABA signaling pathway, where H,S positively regulates ABA signal
transduction in guard cells through persulfidation of SnRK2.6 [105]. In the subsequent
year, the research group reported that hydrogen sulfide (H,S)-mediated S-persulfidation
can modify the structure of the key kinase protein SnRK2.6 in the ABA signaling pathway,
thereby enhancing its efficiency in transferring ATP-y-phosphate groups and leading to
increased kinase activity. The study also demonstrated that the phosphorylation level at
critical sites of the SnRK2.6 protein positively regulates HyS-mediated S-sulfhydration [106].
The proposed mechanism of interaction between post-translational modifications not only
provides novel insights into the field of protein post-translational modification but also
offers theoretical support for understanding plant drought tolerance mechanisms [107,108].

6.6. Tyrosine Sulfation

In recent reports, a novel mechanism for ABA signal transduction “brake/desensitization”
via tyrosine sulfation modification has been disclosed. Tyrosylprotein sulfotransferase
(TPST) catalyzes the sulfhydryl (-SO3H) modification of the tyrosine residue (Y) in the
substrate protein, thereby regulating the activity, stability, and protein—protein interactions
of the substrate protein. There is only one TPST member in the Arabidopsis genome, and
this study found that Arabidopsis tpst mutants are hypersensitive to ABA and that the
ABA signal transduction pathway is overly activated in these mutants. Further studies
demonstrated that TPST interacts with and sulfhydrylates the key kinase SnRK2.2/2.3/2.6
in the ABA signal transduction pathway, resulting in a significant reduction in the stability
of the sulfhydrylated SnRK2.2/2.3/2.6 proteins and their rapid degradation through the
26S proteasome pathway, thereby reducing the intensity of ABA signal transduction and
preventing ABA signals from being overly activated for an extended period of time [109].

6.7. N-Glycosylation

The most recent research outcomes indicate that SnRK2s can also undergo N-
glycosylation modification. Through mutant screening, researchers found that mutant
enzymes for N-glycosylation modification display a sensitive phenotype when exposed
to exogenous ABA. They further discovered that the expression of N-glycosylation modi-
fication enzymes increased when plants were treated with ABA for an extended period.
Subsequently, by employing molecular biology and cell biology techniques, they deter-
mined that prolonging the ABA treatment time enables N-glycosylation modification
enzymes to bind to SnRK2.2/2.3 and carry out N-glycosylation modification on them.
SnRK2.2/2.3 is a key factor in the ABA signal transduction pathway. When plants are
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treated with ABA for a short duration, SnRK2.2/2.3 mainly localizes in the nucleus of
cells, activating the expression of ABA response genes and rapidly enhancing plant tol-
erance to stress. When the ABA treatment time is prolonged, SnRK2.2/2.3 undergoes
N-glycosylation modification and gradually transitions from a nuclear localization to a
peroxisome localization [110].

7. Conclusions and Future Prospects

The SnRK2 kinase family serves as a central regulatory node governing plant re-
sponses to abiotic and biotic stresses as well as developmental processes. This review
comprehensively analyzes the known phosphorylation targets of SnRK2 kinases, estab-
lishing a functional framework wherein these kinases orchestrate diverse physiological
outcomes through substrate-specific phosphorylation cascades (Figure 1). Notably, cur-
rent research disproportionately focuses on ABA-responsive members (SnRK2.2/2.3/2.6),
leaving seven ABA-independent isoforms largely uncharacterized. Given their established
importance in osmotic stress adaptation, systematic investigation of these understudied
kinases is imperative to elucidate their potential roles in alternative signaling networks.

Drought/Osmotic H,0,
N®)
stress \ 0
L stact  fquact  |kam 2—>0r

AtPP2-B11
HOS15

ABF1/2/3/4/ABI5 ARRS \gs
N\ | 7
P e et e

Target genes
Drought tolerance

Figure 1. Mechanism of SnRK2 as the core protein kinase in ABA signaling during drought stress.
Under ABA-absent conditions, the PP2C phosphatase inhibits the activity of the SnRK2 kinase via
dephosphorylation, maintaining SnRK2 in an inactive state. Upon ABA binding, the affinity of PYL
receptors for PP2C is enhanced, leading to the formation of the ABA-PYL-PP2C ternary complex.
This complex directly suppresses the phosphatase activity of PP2C, thereby relieving its inhibition
of SnRK2. Once freed from PP2C suppression, SnRK2 is activated through autophosphorylation
or phosphorylation by other kinases (e.g., Raf, CPK, BIN2). The activated, phosphorylated SnRK2
translocates into the nucleus, where it phosphorylates the transcription factors (e.g., ABF1/2/3/4,
ABI5, ARR5) and the P-BODY component VCS, driving the expression of stress-responsive genes
to enhance plant drought tolerance. Simultaneously, SnRK2 phosphorylates ion channel proteins
such as SLAC1, QUAC1, KAT1 (regulating stomatal closure) and RBOHD/F (modulating ROS
production). Additionally, SnRK?2 activity is regulated by post-translational modifications, including
ubiquitination mediated by HOS15 and PP2-B11. This integrated mechanism coordinates gene
expression, ion transport, and ROS signaling to bolster plant adaptation to drought stress.
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Emerging evidence suggests SnRK2 kinases as master regulators of stress signaling,
stomatal dynamics, redox homeostasis, and developmental plasticity. The ABA-SnRK2
axis exhibits extensive crosstalk with various phytohormone pathways including auxin, cy-
tokinin, ethylene, and brassinosteroid signaling. Future studies should prioritize mapping
these interactive networks to decode SnRK2’s multifaceted regulatory potential beyond
canonical osmotic stress responses. While transcription factors dominate the current sub-
strate inventories, critical gaps persist in characterizing SnRK2-mediated phosphorylation
of major TF families (WRKY, ERF, MYB, NAC, bHLH). Systematic validation of candidate
targets identified through phosphoproteomics, using orthogonal approaches like in vitro
kinase assays and site-directed mutagenesis, will clarify their functional relevance in both
ABA-dependent and independent contexts.

Intriguingly, SnRK2 proteins undergo complex post-translational modifications, reveal-
ing layered regulatory mechanisms that fine-tune kinase activity. SUMOylation enhances
the stability of SnRK2 kinase, mitigates its degradation risk, and modulates its nucleocy-
toplasmic shuttling, thereby facilitating interactions between SnRK2 and nuclear targets
such as transcription factors. Conversely, ubiquitination restricts excessive accumulation of
SnRK2, preventing energy depletion or cellular damage caused by prolonged activation.
Glycosylation further enables SnRK2 to integrate carbon metabolism with stress signaling,
thus maintaining a dynamic equilibrium between growth and stress responses. The con-
certed action of multiple post-translational modifications establishes a “modification code”,
equipping SnRK2 with the capacity to discern diverse signal inputs, including drought,
salt stress, ABA signaling, and ROS. Leveraging this knowledge, gene editing technologies
can be employed to target SnRK2 post-translational modification sites (e.g., enhancing
SUMOylation for stability or inhibiting ubiquitination to reduce degradation), offering
innovative strategies for developing drought-resistant and salt-tolerant crops.

In summary, the diverse post-translational modifications of SnRK2 kinases form an
intricate regulatory network, enabling plants to exhibit rapid, precise, and reversible
responses to changing environments. Future studies should focus on elucidating the
spatiotemporal dynamics of these modifications, the mechanisms underlying their cross-
talk, and their potential applications in enhancing stress resilience in crops.

Author Contributions: Conceptualization and writing—original draft preparation, Y.W. Writing,
review, editing, drawing figures and tables, L.P. Review and editing, and supervision, X.Z. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Projects of the Joint Fund of Henan Province’s Science and
Technology Research and Development Program (2251016100540).

Acknowledgments: We would like to thank Dan He (Shenzhen Institute of Advanced Technology,
Chinese Academy of Sciences) for her useful discussion and suggestions.

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

References

1. Zhang, W.J.; Zhou, Y.; Zhang, Y.; Su, Y.H.; Xu, T. Protein phosphorylation: A molecular switch in plant signaling. Cell Rep. 2023,
42,112729. [CrossRef] [PubMed]

2. Fujii, H.; Zhu, ] K. Arabidopsis mutant deficient in 3 abscisic acid-activated protein kinases reveals critical roles in growth,
reproduction, and stress. Proc. Natl. Acad. Sci. USA 2009, 106, 8380-8385. [CrossRef] [PubMed]

3.  Fujita, Y.; Nakashima, K.; Yoshida, T.; Katagiri, T.; Kidokoro, S.; Kanamori, N.; Umezawa, T.; Fujita, M.; Maruyama, K; Ishiyama,

K.; et al. Three SnRK2 Protein Kinases are the Main Positive Regulators of Abscisic Acid Signaling in Response to Water Stress in
Arabidopsis. Plant Cell Physiol. 2009, 50, 2123-2132. [CrossRef] [PubMed]

139



Plants 2025, 14,1171

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Umezawa, T.; Sugiyama, N.; Mizoguchi, M.; Hayashi, S.; Myouga, F.; Yamaguchi-Shinozaki, K.; Ishihama, Y.; Hirayama, T.;
Shinozaki, K. Type 2C protein phosphatases directly regulate abscisic acid-activated protein kinases in Arabidopsis. Proc. Natl.
Acad. Sci. USA 2009, 106, 17588-17593. [CrossRef]

Boudsocq, M.; Barbier-Brygoo, H.; Lauriere, C. Identification of nine sucrose nonfermenting 1-related protein kinases 2 activated
by hyperosmotic and saline stresses in Arabidopsis thaliana. |. Biol. Chem. 2004, 279, 41758-41766. [CrossRef]

Fujita, Y.; Yoshida, T.; Yamaguchi-Shinozaki, K. Pivotal role of the AREB/ABF-SnRK2 pathway in ABRE-mediated transcription
in response to osmotic stress in plants. Physiol. Plant 2013, 147, 15-27. [CrossRef]

Mustilli, A.C.; Merlot, S.; Vavasseur, A.; Fenzi, E; Giraudat, J. Arabidopsis OST1 protein kinase mediates the regulation of
stomatal aperture by abscisic acid and acts upstream of reactive oxygen species production. Plant Cell 2002, 14, 3089-3099.
[CrossRef]

Yoshida, R.; Hobo, T.; Ichimura, K.; Mizoguchi, T.; Takahashi, F.; Aronso, ].; Ecker, ].R.; Shinozaki, K. ABA-activated SnRK2
protein kinase is required for dehydration stress signaling in Arabidopsis. Plant Cell Physiol. 2002, 43, 1473-1483. [CrossRef]
Fujii, H.; Verslues, P.E.; Zhu, J.K. Identification of two protein kinases required for abscisic acid regulation of seed germination,
root growth, and gene expression in Arabidopsis. Plant Cell 2007, 19, 485-494. [CrossRef]

Fujii, H.; Chinnusamy, V.; Rodrigues, A.; Rubio, S.; Antoni, R; Park, S.Y.; Cutler, S.R.; Sheen, J.; Rodriguez, PL.; Zhu, ] K. In vitro
reconstitution of an abscisic acid signalling pathway. Nature 2009, 462, 660-664. [CrossRef]

Zhu, ] K. Abiotic Stress Signaling and Responses in Plants. Cell 2016, 167, 313-324. [CrossRef] [PubMed]

Chen, K; Li, G.J.; Bressan, R.A.; Song, C.P,; Zhu, ] K.; Zhao, Y. Abscisic acid dynamics, signaling, and functions in plants. |. Integr.
Plant Biol. 2020, 62, 25-54. [CrossRef] [PubMed]

Gong, Z.; Xiong, L.; Shi, H.; Yang, S.; Herrera-Estrella, L.R.; Xu, G.; Chao, D.Y; Li, J.; Wang, P.Y,; Qin, F; et al. Plant abiotic stress
response and nutrient use efficiency. Sci. China Life Sci. 2020, 63, 635-674. [CrossRef] [PubMed]

Chen, X.X,; Ding, Y.L.; Yang, Y.Q.; Song, C.P.; Wang, B.S.; Yang, S.H.; Guo, Y.; Gong, Z.Z. Protein kinases in plant responses to
drought, salt, and cold stress. |. Integr. Plant Biol. 2021, 63, 53-78. [CrossRef]

Nakashima, K.; Fujita, Y.; Kanamori, N.; Katagiri, T.; Umezawa, T.; Kidokoro, S.; Maruyama, K.; Yoshida, T.; Ishiyama, K.;
Kobayashi, M.; et al. Three Arabidopsis SnRK2 protein kinases, SRK2D/SnRK2.2, SRK2E/SnRK2.6/OST1 and SRK2I/SnRK2.3,
involved in ABA signaling are essential for the control of seed development and dormancy. Plant Cell Physiol. 2009, 50, 1345-1363.
[CrossRef]

Fujii, H.; Verslues, PE.; Zhu, ] K. Arabidopsis decuple mutant reveals the importance of SnRK2 kinases in osmotic stress responses
in vivo. Proc. Natl. Acad. Sci. USA 2011, 108, 1717-1722. [CrossRef]

Furihata, T.; Maruyama, K.; Fujita, Y.; Umezawa, T.; Yoshida, R.; Shinozaki, K.; Yamaguchi-Shinozaki, K. Abscisic acid-dependent
multisite phosphorylation regulates the activity of a transcription activator AREB1. Proc. Natl. Acad. Sci. USA 2006, 103,
1988-1993. [CrossRef]

Sridharamurthy, M.; Kovach, A.; Zhao, Y.; Zhu, ].K.; Xu, H.E.; Swaminathan, K.; Melcher, K. H,O, inhibits ABA-signaling protein
phosphatase HAB1. PLoS ONE 2014, 9, e113643. [CrossRef]

Sirichandra, C.; Davanture, M.; Turk, B.E.; Zivy, M.; Valot, B.; Leung, J.; Merlot, S. The Arabidopsis ABA-activated kinase OST1
phosphorylates the bZIP transcription factor ABF3 and creates a 14-3-3 binding site involved in its turnover. PLoS ONE 2010, 5,
€13935. [CrossRef]

Feng, C.Z.; Chen, Y.; Wang, C.; Kong, Y.H.; Wu, W.H.; Chen, Y.F. Arabidopsis RAV1 transcription factor, phosphorylated by
SnRK2 kinases, regulates the expression of ABI3, ABI4, and ABI5 during seed germination and early seedling development.
Plant ]. 2014, 80, 654—-668. [CrossRef]

Takahashi, Y.; Kinoshita, T.; Matsumoto, M.; Shimazaki, K. Inhibition of the Arabidopsis PHLH transcription factor by monomer-
ization through abscisic acid-induced phosphorylation. Plant |. 2016, 87, 559-567. [CrossRef] [PubMed]

Takahashi, Y.; Ebisu, Y.; Shimazaki, K. Reconstitution of Abscisic Acid Signaling from the Receptor to DNA via bHLH Transcription
Factors. Plant Physiol. 2017, 174, 815-822. [CrossRef] [PubMed]

Zhu, Y,; Huang, P; Guo, P; Chong, L.; Yu, G.; Sun, X,; Hu, T; Li, Y.; Hsu, C.C.; Tang, K; et al. CDK8 is associated with RAP2.6 and
SnRK2.6 and positively modulates abscisic acid signaling and drought response in Arabidopsis. New Phytol. 2020, 228, 1573-1590.
[CrossRef]

Yang, X.; Gavya, S.L.; Zhou, Z.M.; Urano, D.; Lau, O.S. Abscisic acid regulates stomatal production by imprinting a SnRK2
kinase-mediated phosphocode on the master regulator SPEECHLESS. Sci. Adv. 2022, 8, eadd2063. [CrossRef]

Lee, S.C.; Lan, W.Z.; Buchanan, B.B.; Luan, S. A protein kinase-phosphatase pair interacts with an ion channel to regulate ABA
signaling in plant guard cells. Proc. Natl. Acad. Sci. USA 2009, 106, 21419-21424. [CrossRef]

Geiger, D.; Scherzer, S.; Mumm, P.; Marten, I.; Ache, P.; Matschi, S.; Liese, A.; Wellmann, C.; Al-Rasheid, K.A.; Grill, E.; et al.
Guard cell anion channel SLAC1 is regulated by CDPK protein kinases with distinct Ca* affinities. Proc. Natl. Acad. Sci. USA
2010, 107, 8023-8028. [CrossRef]

140



Plants 2025, 14,1171

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Vahisalu, T.; Puzorjova, L; Brosche, M.; Valk, E.; Lepiku, M.; Moldau, H.; Pechter, P.; Wang, Y.S.; Lindgren, O.; Salojarvi, J.; et al.
Ozone-triggered rapid stomatal response involves the production of reactive oxygen species, and is controlled by SLAC1 and
OST1. Plant J. 2010, 62, 442-453. [CrossRef]

Brandt, B.; Brodsky, D.E.; Xue, S.; Negi, J.; Iba, K.; Kangasjarvi, J.; Ghassemian, M.; Stephan, A.B.; Hu, H.; Schroeder, J.I.
Reconstitution of abscisic acid activation of SLAC1 anion channel by CPK6 and OST1 kinases and branched ABI1 PP2C
phosphatase action. Proc. Natl. Acad. Sci. USA 2012, 109, 10593-10598. [CrossRef]

Imes, D.; Mumm, P; Bohm, J.; Al-Rasheid, K.A.; Marten, L; Geiger, D.; Hedrich, R. Open stomata 1 (OST1) kinase controls R-type
anion channel QUAC1 in Arabidopsis guard cells. Plant J. 2013, 74, 372-382. [CrossRef]

Sato, A.; Sato, Y.; Fukao, Y.; Fujiwara, M.; Umezawa, T.; Shinozaki, K.; Hibi, T.; Taniguchi, M.; Miyake, H.; Goto, D.B.; et al.
Threonine at position 306 of the KAT1 potassium channel is essential for channel activity and is a target site for ABA-activated
SnRK2/0OST1/SnRK2.6 protein kinase. Biochem. ]. 2009, 424, 439-448. [CrossRef]

Wege, S.; De Angeli, A.; Droillard, M.].; Kroniewicz, L.; Merlot, S.; Cornu, D.; Gambale, F.; Martinoia, E.; Barbier-Brygoo, H.;
Thomine, S.; et al. Phosphorylation of the vacuolar anion exchanger AtCLCa is required for the stomatal response to abscisic acid.
Sci. Signal 2014, 7, ra65. [CrossRef]

Planes, M.D.; Ninoles, R.; Rubio, L.; Bissoli, G.; Bueso, E.; Garcia-Sanchez, M.].; Alejandro, S.; Gonzalez-Guzman, M.; Hedrich, R.;
Rodriguez, P.L.; et al. A mechanism of growth inhibition by abscisic acid in germinating seeds of Arabidopsis thaliana based on
inhibition of plasma membrane H"-ATPase and decreased cytosolic pH, K*, and anions. J. Exp. Bot. 2015, 66, 813-825. [CrossRef]
[PubMed]

Grondin, A.; Rodrigues, O.; Verdoucgq, L.; Merlot, S.; Leonhardt, N.; Maurel, C. Aquaporins Contribute to ABA-Triggered Stomatal
Closure through OST1-Mediated Phosphorylation. Plant Cell 2015, 27, 1945-1954. [CrossRef]

Peirats-Llobet, M.; Han, S.K.; Gonzalez-Guzman, M.; Jeong, C.W.; Rodriguez, L.; Belda-Palazon, B.; Wagner, D.; Rodriguez, P.L.
A Direct Link between Abscisic Acid Sensing and the Chromatin-Remodeling ATPase BRAHMA via Core ABA Signaling Pathway
Components. Mol. Plant 2016, 9, 136-147. [CrossRef]

Kamiyama, Y.; Hirotani, M.; Ishikawa, S.; Minegishi, F; Katagiri, S.; Rogan, C.J.; Takahashi, F.; Nomoto, M.; Ishikawa, K.;
Kodama, Y.; et al. Arabidopsis group C Raf-like protein kinases negatively regulate abscisic acid signaling and are direct substrates
of SnRK2. Proc. Natl. Acad. Sci. USA 2021, 118, e2100073118. [CrossRef]

Tan, Y.Q.; Yang, Y.; Shen, X.; Zhu, M.; Shen, J.; Zhang, W.; Hu, H.; Wang, Y.E. Multiple cyclic nucleotide-gated channels function as
ABA-activated Ca?* channels required for ABA-induced stomatal closure in Arabidopsis. Plant Cell 2023, 35, 239-259. [CrossRef]
Yang, Y.; Tan, Y.-Q.; Wang, X.; Li, ].-].; Du, B.-Y.; Zhu, M.; Wang, P.; Wang, Y.-F. OPEN STOMATA 1 phosphorylates CYCLIC
NUCLEOTIDE-GATED CHANNELSs to trigger Ca®* signaling for abscisic acid-induced stomatal closure in Arabidopsis. Plant Cell
2024, 36, 2328-2358. [CrossRef]

Wang, P; Xue, L.; Batelli, G.; Lee, S.; Hou, Y.J.; Van Oosten, M.].; Zhang, H.; Tao, W.A.; Zhu, ].K. Quantitative phosphoproteomics
identifies SnRK2 protein kinase substrates and reveals the effectors of abscisic acid action. Proc. Natl. Acad. Sci. USA 2013, 110,
11205-11210. [CrossRef]

Wang, P.; Hsu, C.C.; Du, Y.; Zhu, P; Zhao, C.; Fu, X,; Zhang, C.; Paez, ].S.; Macho, A.P.,; Tao, W.A ; et al. Mapping proteome-wide
targets of protein kinases in plant stress responses. Proc. Natl. Acad. Sci. USA 2020, 117, 3270-3280. [CrossRef]

Umezawa, T.; Sugiyama, N.; Takahashi, F.; Anderson, ].C.; Ishihama, Y.; Peck, S.C.; Shinozaki, K. Genetics and phosphoproteomics
reveal a protein phosphorylation network in the abscisic acid signaling pathway in Arabidopsis thaliana. Sci. Signal 2013, 6, 1s8.
[CrossRef]

Osakabe, Y.; Arinaga, N.; Umezawa, T.; Katsura, S.; Nagamachi, K.; Tanaka, H.; Ohiraki, H.; Yamada, K.; Seo, S.U.; Abo, M.; et al.
Osmotic stress responses and plant growth controlled by potassium transporters in Arabidopsis. Plant Cell 2013, 25, 609-624.
[CrossRef] [PubMed]

Kim, M.J.; Park, M.].; Seo, PJ.; Song, ].S.; Kim, H.J.; Park, C.M. Controlled nuclear import of the transcription factor NTL6 reveals
a cytoplasmic role of SnRK2.8 in the drought-stress response. Biochem. J. 2012, 448, 353-363. [CrossRef] [PubMed]

Ding, S.; Zhang, B.; Qin, F. Arabidopsis RZFP34/CHYR1, a Ubiquitin E3 Ligase, Regulates Stomatal Movement and Drought
Tolerance via SnRK2.6-Mediated Phosphorylation. Plant Cell 2015, 27, 3228-3244. [CrossRef] [PubMed]

Tan, W.; Zhang, D.; Zhou, H.; Zheng, T.; Yin, Y.; Lin, H. Transcription factor HAT1 is a substrate of SnRK2.3 kinase and negatively
regulates ABA synthesis and signaling in Arabidopsis responding to drought. PLoS Genet. 2018, 14, e1007336. [CrossRef]
Huang, X.; Hou, L.; Meng, J.; You, H.; Li, Z.; Gong, Z; Yang, S.; Shi, Y. The Antagonistic Action of Abscisic Acid and Cytokinin
Signaling Mediates Drought Stress Response in Arabidopsis. Mol. Plant 2018, 11, 970-982. [CrossRef]

Hong, Y.; Wang, Z.; Liu, X,; Yao, J.; Kong, X.; Shi, H.; Zhu, ].K. Two Chloroplast Proteins Negatively Regulate Plant Drought
Resistance Through Separate Pathways. Plant Physiol. 2020, 182, 1007-1021. [CrossRef]

Wang, P; Qi, S.; Wang, X; Dou, L.; Jia, M.A.; Mao, T.; Guo, Y.; Wang, X. The OPEN STOMATA1-SPIRAL1 module regulates
microtubule stability during abscisic acid-induced stomatal closure in Arabidopsis. Plant Cell 2023, 35, 260-278. [CrossRef]

141



Plants 2025, 14,1171

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Sun, Z.; Feng, Z.; Ding, Y.; Qi, Y,; Jiang, S.; Li, Z.; Wang, Y.; Qi, ].; Song, C.; Yang, S.; et al. RAF22, ABI1 and OST1 form a dynamic
interactive network that optimizes plant growth and responses to drought stress in Arabidopsis. Mol. Plant 2022, 15, 1192-1210.
[CrossRef]

Katagiri, S.; Kamiyama, Y.; Yamashita, K.; lizumi, S.; Suzuki, R.; Aoi, Y.; Takahashi, F.; Kasahara, H.; Kinoshita, T.; Umezawa, T.
Accumulation of Phosphorylated SnRK2 Substrate 1 Promotes Drought Escape in Arabidopsis. Plant Cell Physiol. 2024, 65, 259-268.
[CrossRef]

Shavrukov, Y. Pathway to the Molecular Origins of Drought Escape and Early Flowering Illuminated via the Phosphorylation of
SnRK2-Substrate 1 in Arabidopsis. Plant Cell Physiol. 2024, 65, 179-180. [CrossRef]

Soma, F.; Mogami, ]J.; Yoshida, T.; Abekura, M.; Takahashi, F; Kidokoro, S.; Mizoi, J.; Shinozaki, K.; Yamaguchi-Shinozaki, K.
ABA-unresponsive SnRK2 protein kinases regulate mRNA decay under osmotic stress in plants. Nat. Plants 2017, 3, 16204.
[CrossRef] [PubMed]

Kawa, D.; Meyer, A.]J.; Dekker, H.L.; Abd-El-Haliem, A.M.; Gevaert, K.; Van De Slijke, E.; Maszkowska, J.; Bucholc, M.;
Dobrowolska, G.; De Jaeger, G.; et al. SnRK2 Protein Kinases and mRNA Decapping Machinery Control Root Development and
Response to Salt. Plant Physiol. 2020, 182, 361-377. [CrossRef] [PubMed]

Maszkowska, J.; Debski, J.; Kulik, A.; Kistowski, M.; Bucholc, M.; Lichocka, M.; Klimecka, M.; Sztatelman, O.; Szymanska, K.P;
Dadlez, M.; et al. Phosphoproteomic analysis reveals that dehydrins ERD10 and ERD14 are phosphorylated by SNF1-related
protein kinase 2.10 in response to osmotic stress. Plant Cell Env. 2019, 42, 931-946. [CrossRef] [PubMed]

Klimecka, M.; Bucholc, M.; Maszkowska, J.; Krzywinska, E.; Goch, G.; Lichocka, M.; Szczegielniak, J.; Dobrowolska, G. Regulation
of ABA-Non-Activated SNF1-Related Protein Kinase 2 Signaling Pathways by Phosphatidic Acid. Int. ]. Mol. Sci. 2020, 21, 4984.
[CrossRef]

Shahzad, Z.; Tournaire-Roux, C.; Canut, M.; Adamo, M.; Roeder, J.; Verdoucq, L.; Martiniere, A.; Amtmann, A.; Santoni, V.;
Grill, E.; et al. Protein kinase SnRK2.4 is a key regulator of aquaporins and root hydraulics in Arabidopsis. Plant J. 2024, 117,
264-279. [CrossRef]

Wang, Y.; Yang, L.; Chen, X,; Ye, T.; Zhong, B.; Liu, R.; Wu, Y.; Chan, Z. Major. latex protein-like protein 43 (MLP43) functions as
a positive regulator during abscisic acid responses and confers drought tolerance in Arabidopsis thaliana. . Exp. Bot. 2016, 67,
421-434. [CrossRef]

Wang, Q.; Guo, Q.; Guo, Y,; Yang, J.; Wang, M.; Duan, X.; Niu, J.; Liu, S.; Zhang, J.; Lu, Y.; et al. Arabidopsis subtilase SASP is
involved in the regulation of ABA signaling and drought tolerance by interacting with OPEN STOMATA 1. . Exp. Bot. 2018, 69,
4403-4417. [CrossRef]

Huang, Y.; Yang, R.; Luo, H.; Yuan, Y.; Diao, Z.; Li, J.; Gong, S.; Yu, G.; Yao, H.; Zhang, H.; et al. Arabidopsis Protein Phosphatase
PIA1 Impairs Plant Drought Tolerance by Serving as a Common Negative Regulator in ABA Signaling Pathway. Plants (Basel)
2023, 12, 2716. [CrossRef]

Liu, Q.; Kasuga, M.; Sakuma, Y.; Abe, H.; Miura, S.; Yamaguchi-Shinozaki, K.; Shinozaki, K. Two transcription factors, DREB1
and DREB2, with an EREBP/AP2 DNA binding domain separate two cellular signal transduction pathways in drought- and
low-temperature-responsive gene expression, respectively, in Arabidopsis. Plant Cell 1998, 10, 1391-1406. [CrossRef]
Stockinger, E.J.; Gilmour, S.J.; Thomashow, M.E. Arabidopsis thaliana CBF1 encodes an AP2 domain-containing transcriptional
activator that binds to the C-repeat/DRE, a cis-acting DNA regulatory element that stimulates transcription in response to low
temperature and water deficit. Proc. Natl. Acad. Sci. USA 1997, 94, 1035-1040. [CrossRef]

Thomashow, M.E. Plant cold acclimation: Freezing tolerance genes and regulatory mechanisms. Annu. Rev. Plant Physiol. Plant
Mol. Biol. 1999, 50, 571-599. [CrossRef] [PubMed]

Ding, Y.; Li, H.; Zhang, X.; Xie, Q.; Gong, Z.; Yang, S. OST1 kinase modulates freezing tolerance by enhancing ICE1 stability in
Arabidopsis. Dev. Cell 2015, 32, 278-289. [CrossRef] [PubMed]

Lang, Z.; Zhu, J. OST1 phosphorylates ICE1 to enhance plant cold tolerance. Sci. China Life Sci. 2015, 58, 317-318. [CrossRef]
[PubMed]

Li, H.; Ding, Y; Shi, Y.; Zhang, X.; Zhang, S.; Gong, Z.; Yang, S. MPK3- and MPK6-Mediated ICE1 Phosphorylation Negatively
Regulates ICE1 Stability and Freezing Tolerance in Arabidopsis. Dev. Cell 2017, 43, 630-642.e4. [CrossRef]

Ding, Y.; Jia, Y.; Shi, Y.; Zhang, X.; Song, C.; Gong, Z.; Yang, S. OST1-mediated BTF3L phosphorylation positively regulates CBFs
during plant cold responses. EMBO J. 2018, 37, €98228. [CrossRef]

Wang, X.; Ding, Y.; Li, Z.; Shi, Y.; Wang, J.; Hua, J.; Gong, Z.; Zhou, ].M.; Yang, S. PUB25 and PUB26 Promote Plant Freezing
Tolerance by Degrading the Cold Signaling Negative Regulator MYB15. Dev. Cell 2019, 51, 222-235.e5. [CrossRef]

Liu, Q.; Ding, Y.; Shi, Y.; Ma, L.; Wang, Y.; Song, C.; Wilkins, K.A.; Davies, ].M.; Knight, H.; Knight, M.R,; et al. The calcium
transporter ANNEXIN1 mediates cold-induced calcium signaling and freezing tolerance in plants. EMBO J. 2021, 40, e104559.
[CrossRef]

Ding, Y,; Lv, J.; Shi, Y.; Gao, J.; Hua, ].; Song, C.; Gong, Z.; Yang, S. EGR2 phosphatase regulates OST1 kinase activity and freezing
tolerance in Arabidopsis. EMBO J. 2019, 38, €99819. [CrossRef]

142



Plants 2025, 14,1171

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Lv, ]J.; Liu, J.; Ming, Y; Shi, Y.; Song, C.; Gong, Z.; Yang, S.; Ding, Y. Reciprocal regulation between the negative regulator PP2CG1
phosphatase and the positive regulator OST1 kinase confers cold response in Arabidopsis. ]. Integr. Plant Biol. 2021, 63, 1568-1587.
[CrossRef]

Yu, B.; Zheng, W.; Xing, L.; Zhu, ].K.; Persson, S.; Zhao, Y. Root twisting drives halotropism via stress-induced microtubule
reorientation. Dev. Cell 2022, 57, 2412-2425.e6. [CrossRef]

Hu, Y.; Zeng, L.; Lv, X,; Guo, J.; Li, X,; Zhang, X.; Wang, D.; Wang, J.; Bi, J.; Julkowska, M.M.; et al. NIGT1.4 maintains primary root
elongation in response to salt stress through induction of ERFI in Arabidopsis. Plant J. 2023, 116, 173-186. [CrossRef] [PubMed]
Lee, H.J.; Park, Y.J.; Seo, PJ.; Kim, ].H.; Sim, H.J.; Kim, S.G.; Park, C.M. Systemic Immunity Requires SnRK2.8-Mediated Nuclear
Import of NPR1 in Arabidopsis. Plant Cell 2015, 27, 3425-3438. [CrossRef] [PubMed]

Olate, E.; Jimenez-Gomez, ].M.; Holuigue, L.; Salinas, J. NPR1 mediates a novel regulatory pathway in cold acclimation by
interacting with HSFA1 factors. Nat. Plants 2018, 4, 811-823. [CrossRef] [PubMed]

Lei, L.; Stevens, D.M.; Coaker, G. Phosphorylation of the Pseudomonas Effector AvrPtoB by Arabidopsis SnRK2.8 Is Required for
Bacterial Virulence. Mol. Plant 2020, 13, 1513-1522. [CrossRef]

Acharya, B.R.; Jeon, BW.; Zhang, W.; Assmann, S.M. Open Stomata 1 (OST1) is limiting in abscisic acid responses of Arabidopsis
guard cells. New Phytol. 2013, 200, 1049-1063. [CrossRef]

Sirichandra, C.; Gu, D.; Hu, H.C,; Davanture, M.; Lee, S.; Djaoui, M.; Valot, B.; Zivy, M.; Leung, ].; Merlot, S.; et al. Phosphorylation
of the Arabidopsis AtrbohF NADPH oxidase by OST1 protein kinase. FEBS Lett. 2009, 583, 2982-2986. [CrossRef]

Han, ].P; Koster, P.; Drerup, M.M.; Scholz, M.; Li, S.; Edel, K.H.; Hashimoto, K.; Kuchitsu, K.; Hippler, M.; Kudla, J. Fine-tuning of
RBOHF activity is achieved by differential phosphorylation and Ca?* binding. New Phytol. 2019, 221, 1935-1949. [CrossRef]
Fichman, Y.; Zandalinas, S.I.; Peck, S.; Luan, S.; Mittler, R. HPCA1 is required for systemic reactive oxygen species and calcium
cell-to-cell signaling and plant acclimation to stress. Plant Cell 2022, 34, 4453-4471. [CrossRef]

Zhang, X.; Zhang, D.; Zhong, C.; Li, W.; Dinesh-Kumar, S.P.; Zhang, Y. Orchestrating ROS regulation: Coordinated post-
translational modification switches in NADPH oxidases. New Phytol. 2025, 245, 510-522. [CrossRef]

Su, H.; Wang, T.; Ju, C; Deng, J.; Zhang, T.; Li, M.; Tian, H.; Wang, C. Abscisic acid signaling negatively regulates nitrate uptake
via phosphorylation of NRT1.1 by SnRK2s in Arabidopsis. ]. Integr. Plant Biol. 2021, 63, 597-610. [CrossRef]

Liu, C; Yu, H.; Rao, X,; Li, L.; Dixon, R.A. Abscisic acid regulates secondary cell-wall formation and lignin deposition in
Arabidopsis thaliana through phosphorylation of NST1. Proc. Natl. Acad. Sci. USA 2021, 118, €2010911118. [CrossRef] [PubMed]
Yan, J.; Wang, P.; Wang, B.; Hsu, C.C.; Tang, K.; Zhang, H.; Hou, Y.J.; Zhao, Y.; Wang, Q.; Zhao, C.; et al. The SnRK2 kinases
modulate miRNA accumulation in Arabidopsis. PLoS Genet. 2017, 13, e1006753. [CrossRef] [PubMed]

Lin, Z; Li, Y,; Wang, Y.; Liu, X;; Ma, L.; Zhang, Z.; Mu, C; Zhang, Y.; Peng, L.; Xie, S.; et al. Initiation and amplification of SnRK2
activation in abscisic acid signaling. Nat. Commun. 2021, 12, 2456. [CrossRef] [PubMed]

Soma, F,; Takahashi, F.; Suzuki, T.; Shinozaki, K.; Yamaguchi-Shinozaki, K. Plant Raf-like kinases regulate the mRNA population
upstream of ABA-unresponsive SnRK2 kinases under drought stress. Nat. Commun. 2020, 11, 1373. [CrossRef]

Takahashi, Y.; Zhang, J.; Hsu, P.K,; Ceciliato, PH.O.; Zhang, L.; Dubeaux, G.; Munemasa, S.; Ge, C.; Zhao, Y.; Hauser, E,; et al.
MAP3Kinase-dependent SnRK2-kinase activation is required for abscisic acid signal transduction and rapid osmotic stress
response. Nat. Commun. 2020, 11, 12. [CrossRef]

Katsuta, S.; Masuda, G.; Bak, H.; Shinozawa, A.; Kamiyama, Y.; Umezawa, T.; Takezawa, D.; Yotsui, I.; Taji, T.; Sakata, Y.
Arabidopsis Raf-like kinases act as positive regulators of subclass III SnRK2 in osmostress signaling. Plant J. 2020, 103, 634-644.
[CrossRef]

Nguyen, Q.T.C; Lee, S.J.; Choi, SSW.; Na, Y].; Song, M.R.,; Hoang, Q.T.N.; Sim, S.Y.; Kim, M.S.; Kim, ]J.I.; Soh, M.S.; et al.
Arabidopsis Raf-Like Kinase Raf10 Is a Regulatory Component of Core ABA Signaling. Mol. Cells 2019, 42, 646—660.

Chinchilla, D.; Zipfel, C.; Robatzek, S.; Kemmerling, B.; Nurnberger, T.; Jones, ].D.; Felix, G.; Boller, T. A flagellin-induced complex
of the receptor FLS2 and BAKT initiates plant defence. Nature 2007, 448, 497-500. [CrossRef]

Roux, M.; Schwessinger, B.; Albrecht, C.; Chinchilla, D.; Jones, A.; Holton, N.; Malinovsky, EG.; Tor, M.; de Vries, S.; Zipfel, C.
The Arabidopsis leucine-rich repeat receptor-like kinases BAK1/SERK3 and BKK1/SERK4 are required for innate immunity to
hemibiotrophic and biotrophic pathogens. Plant Cell 2011, 23, 2440-2455. [CrossRef]

Shang, Y.; Dai, C.; Lee, M.M.; Kwak, ].M.; Nam, K.H. BRI1-Associated Receptor Kinase 1 Regulates Guard Cell ABA Signaling
Mediated by Open Stomata 1 in Arabidopsis. Mol. Plant 2016, 9, 447-460. [CrossRef]

Deng, J.; Kong, L.; Zhu, Y,; Pei, D.; Chen, X.; Wang, Y,; Qi, J.; Song, C.; Yang, S.; Gong, Z. BAK1 plays contrasting roles in regulating
abscisic acid-induced stomatal closure and abscisic acid-inhibited primary root growth in Arabidopsis. ]. Integr. Plant Biol. 2022,
64, 1264-1280. [CrossRef] [PubMed]

Cai, Z,; Liu, J.; Wang, H.; Yang, C.; Chen, Y,; Li, Y.; Pan, S.; Dong, R.; Tang, G.; Barajas-Lopez Jde, D.; et al. GSK3-like kinases
positively modulate abscisic acid signaling through phosphorylating subgroup III SnRK2s in Arabidopsis. Proc. Natl. Acad.
Sci. USA 2014, 111, 9651-9656. [CrossRef] [PubMed ]

143



Plants 2025, 14,1171

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Vilela, B.; Najar, E.; Lumbreras, V.; Leung, J.; Pages, M. Casein Kinase 2 Negatively Regulates Abscisic Acid-Activated SnRK2s in
the Core Abscisic Acid-Signaling Module. Mol. Plant 2015, 8, 709-721. [CrossRef]

Tian, W.; Hou, C.; Ren, Z,; Pan, Y,; Jia, J.; Zhang, H.; Bai, F.; Zhang, P; Zhu, H.; He, Y; et al. A molecular pathway for CO(2)
response in Arabidopsis guard cells. Nat. Commun. 2015, 6, 6057. [CrossRef]

Mogami, J.; Fujita, Y.; Yoshida, T.; Tsukiori, Y.; Nakagami, H.; Nomura, Y.; Fujiwara, T.; Nishida, S.; Yanagisawa, S.; Ishida, T.; et al.
Two distinct families of protein kinases are required for plant growth under high external Mgz+ concentrations in Arabidopsis.
Plant Physiol. 2015, 167, 1039-1057. [CrossRef]

Li, GJ.; Chen, K,; Sun, S.; Zhao, Y. Osmotic signaling releases PP2C-mediated inhibition of Arabidopsis SnRK2s via the receptor-like
cytoplasmic kinase BIK1. EMBO J. 2024, 43, 6076-6103. [CrossRef]

Li, Q.; Hu, T;; Lu, T.; Yu, B.; Zhao, Y. Calcium-dependent protein kinases CPK3/4/6/11 and 27 respond to osmotic stress and
activate SnRK2s in Arabidopsis. Dev. Cell 2025, in press. [CrossRef]

Cheng, C.; Wang, Z.; Ren, Z.; Zhi, L.; Yao, B.; Su, C.; Liu, L.; Li, X. SCFAtPP2-B11 modulates ABA signaling by facilitating SnRK2.3
degradation in Arabidopsis thaliana. PLoS Genet. 2017, 13, €1006947. [CrossRef]

Ali, A.; Kim, J.K; Jan, M.; Khan, H.A.; Khan, I.U.; Shen, M.; Park, J.; Lim, C.J.; Hussain, S.; Baek, D.; et al. Rheostatic Control of
ABA Signaling through HOS15-Mediated OST1 Degradation. Mol. Plant 2019, 12, 1447-1462. [CrossRef]

Shao, Z.; Yang, S.; Gu, Y.; Guo, Y.; Zhou, H.; Yang, Y. Ubiquitin negatively regulates ABA responses by inhibiting SnRK2.2 and
SnRK2.3 kinase activity in Arabidopsis. J. Exp. Bot. 2023, 74, 5394-5404. [CrossRef]

Chang, Y.N.; Wang, Z].; Ren, Z.Y.; Wang, C.H.; Wang, P.C.; Zhu, ] K,; Li, X.; Duan, C.G. NUCLEAR PORE ANCHOR and EARLY
IN SHORT DAYS 4 negatively regulate abscisic acid signaling by inhibiting Snfl-related protein kinase2 activity and stability in
Arabidopsis. |. Integr. Plant Biol. 2022, 64, 2060-2074. [CrossRef] [PubMed]

Cui, X.A.; Lv, M.Y; Cao, Y.Y,; Li, ZW.,; Liu, Y,; Ren, Z.Z.; Zhang, H.R. NUA and ESD4 negatively regulate ABA signaling during
seed germination. Stress Biol. 2022, 2, 38. [CrossRef]

Wang, P.; Du, Y.; Hou, Y.J.; Zhao, Y,; Hsu, C.C.; Yuan, E; Zhu, X,; Tao, W.A_; Song, C.P; Zhu, ] K. Nitric oxide negatively regulates
abscisic acid signaling in guard cells by S-nitrosylation of OST1. Proc. Natl. Acad. Sci. USA 2015, 112, 613—-618. [CrossRef]

Lang, Z.; Zuo, J. Say "NO" to ABA signaling in guard cells by S-nitrosylation of OST1. Sci. China Life Sci. 2015, 58, 313-314.
[CrossRef]

Chen, S;; Jia, H.; Wang, X.; Shi, C.; Wang, X.; Ma, P.; Wang, J.; Ren, M.; Li, ]. Hydrogen Sulfide Positively Regulates Abscisic Acid
Signaling through Persulfidation of SnRK2.6 in Guard Cells. Mol. Plant 2020, 13, 732-744. [CrossRef]

Chen, S.; Wang, X,; Jia, H,; Li, F; Ma, Y,; Liesche, ].; Liao, M.; Ding, X.; Liu, C.; Chen, Y.; et al. Persulfidation-induced structural
change in SnRK2.6 establishes intramolecular interaction between phosphorylation and persulfidation. Mol. Plant 2021, 14,
1814-1830. [CrossRef]

Siodmak, A.; Hirt, H. Stomatal regulation: Role of H(2)S-induced persulfidation in ABA signaling. Mol. Plant 2021, 14, 858-860.
[CrossRef]

Chen, J.; Zhou, H.; Xie, Y. SnRK2.6 phosphorylation/persulfidation: Where ABA and H(2)S signaling meet. Trends Plant Sci. 2021,
26,1207-1209. [CrossRef]

Wang, J.; Wang, C.; Wang, T.; Zhang, S.; Yan, K.; Yang, G.; Wu, C.; Zheng, C.; Huang, J. Tyrosylprotein sulfotransferase suppresses
ABA signaling via sulfation of SnRK2.2/2.3/2.6. ]. Integr. Plant Biol. 2023, 65, 1846-1851. [CrossRef]

Lu, J; Li, N.; Li, G.; Tian, Z; Shi, L.; Wang, Y.; Cai, Y.; Zhang, K.; Sun, W.; Wang, D.; et al. N-glycosylation of SnRK2s affects
NADPH maintenance in peroxisomes during prolonged ABA signalling. Nat. Commun. 2024, 15, 6630. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

144



»))))) plants m\p\py

Review
Trade-Off Regulation in Plant Growth and Stress Responses
Through the Role of Heterotrimeric G Protein Signaling

Horim Lee

Department of Biotechnology, Duksung Women’s University, Seoul 01369, Republic of Korea;
hrlee1375@duksung.ac.kr; Tel.: +82-2-901-8753

Abstract: Unlike animals, plants are sessile organisms that cannot migrate to more favorable condi-
tions and must constantly adapt to a variety of biotic and abiotic stresses. Therefore, plants exhibit
developmental plasticity to cope, which is probably based on the underlying trade-off mechanism
that allocates energy expenditure between growth and stress responses to achieve appropriate growth
and development under different environmental conditions. Plant heterotrimeric G protein signal-
ing plays a crucial role in the trade-off involved in the regulation of normal growth and stress
adaptation. This review examines the composition and signaling processes of heterotrimeric G
proteins in plants, detailing how they balance growth and adaptive responses in plant immunity
and thermomorphogenesis through recent advances in the field. Understanding the trade-offs asso-
ciated with plant G protein signaling will have significant implications for agricultural innovation,
particularly in the development of crops with improved resilience and minimal growth penalties

under environmental stress.

Keywords: heterotrimeric G protein; developmental plasticity; trade-off; plant immunity; thermo-
morphogenesis

1. Introduction

Unlike animals, plants cannot actively select optimal environmental conditions for
growth and development. Therefore, plants must exist in constant interactions with a
wide range of biotic and abiotic stresses that they are exposed to in the confined place they
live throughout their lifespan. Thus, the impact of adverse stress environments on plant
growth is an important scientific problem for an integrated understanding of fundamental
growth and development under ever-changing environmental conditions. In addition,
the impact of adverse stresses on plant growth is a critical issue for agriculture and food
security, particularly in response to the extreme environmental challenges expected in
the future (e.g., climate change) [1]. Plants can enhance certain traits during growth and
development while restricting other traits. Hence, plants under stress conditions exhibit
developmental plasticity [2], which is associated with a very active allocation of energy use
between growth and stress response (Figure 1). Under optimal growth conditions, plants
normally suppress the stress response programs, including abscisic acid (ABA)-mediated
morphogenesis and gene expression, which is necessary for resistance or adaptation to
biotic and abiotic stresses to avoid unnecessary energy expenditure for normal growth and
development [3]. In contrast, plants under stress conditions relatively reduce the energy
expenditure required for normal growth and development to use energy for adaptation
against various stresses. These plastic growth phenomena are generally observed in the
active growth retardation associated with stress tolerance based on the energy allocation
in plants exposed to stress environments [4] or in an overexpression of stress-responsive
genes in transgenic plants [5,6]. Therefore, stress-induced developmental plasticity is
likely linked to the underlying trade-off mechanism that selectively allocates the available
energy /nutrient resources to plants in response to environmental changes.
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Figure 1. Hypothetical model of the relationship between trade-off and developmental plasticity. As
sessile organisms, plants must respond to normal and stressful growth conditions. In general, plants
under adverse stress show plastic deformation in growth and development through the underlying
mechanism of trade-off between growth and stress responses, including changes in ROS, MAPKSs,
and gene expression. The green and red lines indicate the corresponding behavior under normal and
stressful growth conditions, respectively.

Heterotrimeric G proteins (referred to as G proteins), a complex comprising G, G3,
and Gy, are an important signaling system that interacts with G protein-coupled receptors
(GPCRs) to sense a variety of stimuli, such as nutrients and hormones, and contributes
to the regulation of the physiological balance between healthy and stressed conditions
in animals [7]. In contrast, although heterotrimeric G protein complexes also exist in
plants, their simpler composition and lack of GPCR suggest that plant G protein signaling
mechanisms are likely to be regulated differently from those in animals [8,9]. Nevertheless,
plant G protein signaling has been shown to be similarly involved in the physiological
responses to external stimuli, such as biotic and abiotic stresses, as well as in basic growth
and development based on studies using G protein component mutants, such as gpal (loss
of function of the Go subunit), agbl (I-o-f of the Gf3 subunit), and agg1/2/3 (1-o-f of the
Gy subunits) [8,10]. Recent findings have revealed alleviated growth inhibition under
biotic stress and thermomorphogenesis induced by high ambient temperature in I-o-f
Arabidopsis G protein component mutants [11], suggesting the significant role of G protein
signaling in regulating the trade-off between growth and stress response for developmental
plasticity. Fundamentally, G protein-mediated growth inhibition under stress conditions is
ultimately associated with the underlying cellular behavior, including cell proliferation and
death [12,13]. This cell survival mechanism under nutrient starvation conditions is also
regulated by the key trade-off modulator target of rapamycin (TOR) kinase [14]. Here, this
review provides an overview of the molecular processes and roles of G protein signaling
in plant growth, development, and stress responses. In addition, this review discusses
the recent advances in understanding the function of G protein signaling in the trade-off
associated with plant immunity and thermomorphogenesis and provides a perspective
potentially in connection to trade-off modulators.
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2. Heterotrimeric G Protein Signaling Acts to Balance Growth and Stress Responses
in Plants

2.1. Heterotrimeric G Protein Subunits in Plants

Compared to vast numbers of G protein subunits in animals [15], most plants show
relatively simple compositions of canonical G protein signaling components. For example,
Arabidopsis has one Ga, one Gf3, and three Gy subunits [16-20], and rice has one G, one
Gp, and five Gy subunits [21]. Although several Gy subunits are found in plants, the
canonical Gy prototype that contains the isoprenylation motif at the C-terminus to anchor
the plasma membrane in animals is revealed as two AGGI and AGG?2 in Arabidopsis and
one RGGI in rice [9,21,22]. Other types of Gy subunits lack the isoprenylation motif or
have extended C-terminal domains with highly enriched cysteine residues [21]. In addition,
most plants have non-canonical plant-specific G subunits such as the extra-large GTP-
binding protein (XLG), which contain the C-terminal domains homologous with canonical
Ga subunits and the extensive N-terminal region including a nuclear localization signal,
a nuclear export signal, and a cysteine-rich sequence [8,23,24]. The l-o-f triple mutants
for all three genes, XLG1, XLG2, and XLG3, encoded in the Arabidopsis genome showed
similar phenotypes for ABA /sugar sensitivity, defense response, and root-wave response
like those in the agbl mutant, indicating the associated roles of XLGs with canonical G
protein signaling [25,26]. Although mammals have XLGs in addition to five major types
of Ga subunits, including Gas, G, Gocq /11, Gz /13, and Gay [27], they are produced by
alternative splicing from canonical Gx genes unlike unique genes in plants [23].

Despite the additional non-canonical Gax and Gy subunits, plants have a relatively
limited diversity of combinations to form ternary complexes compared to those in animals,
which contain almost 40 Goe3'y components [15]. Nevertheless, G protein signaling in plants
affects diverse biological processes ranging from fundamental growth and development
to adaptive responses to biotic and abiotic stresses [8,9,28]. Thus, the ability to perform
multiple functions with such a low level of combinatorial complexity suggests that plant G
protein signaling may be involved in simple and common processes that regulate growth
under optimal or stressful conditions. Although the stresses are diverse, the phenomenon
resulting from trade-off regulation is commonly found as growth inhibition for proper
growth and development under adverse stress conditions.

2.2. Molecular Processes of Heterotrimeric G Protein Signaling in Plants

Most GDP-bound Gaf3y trimeric complexes are activated by GPCRs sensing exoge-
nous signal ligands through the conventional mechanism of G protein signaling in ani-
mals [29]. The intrinsic exchange rate from the inactive GDP-bound G subunit to the
active GTP-bound G« subunit is very slow. Therefore, GPCRs acting as guanosine exchange
factors (GEFs) are required to induce G protein signaling, allowing the trimeric complexes
to separate into active Ga and active G+ to interact with the downstream effectors, e.g.,
adenylyl cyclase and ion channels, respectively. Once G protein signaling is activated, the
deactivation process occurs through the spontaneous intrinsic GTP hydrolysis of the G
subunit or GTPase-accelerating proteins (GAPs), also known as a regulator of G protein
signaling (RGS) proteins, to terminate G protein signaling [29,30]. In contrast to animals,
activation of the Ga subunit is not a rate-limiting step in plants because the GDP from
the Go subunit is released and exchanged spontaneously with GTP without the effort of
GEFs [31,32]. Interestingly, the exchange rate of the plant G subunit is similar to that of the
constitutively active version of the animal Gax mutant subunit [33]. Furthermore, the GPCR
that activates the Gor subunit in animals has not been identified in plants [32], suggesting
that plant G protein signaling is probably self-activated in a GPCR-independent manner.
Instead, the deactivation process is the rate-limiting step in plant G protein signaling in
contrast to animals because the G subunit has an intrinsically slow activity of GTP hydrol-
ysis [32,34]. Therefore, the function of RGS proteins as GAPs to promote GTP hydrolysis
is essential for deactivating the active plant Go subunits. Another distinctive feature of
plant RGS proteins acting as a GTPase is that they contain a seven-transmembrane (7TM)
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domain in the N-terminal region, similar to the animal metabotropic glutamate GPCR
subfamily [34-36]. The catalytic domain of RGS is located in the cytoplasmic C-terminal
region, which is homologous to the animal RGS protein GAP [34,35]. In the active/inactive
cycle of G protein signaling, the critical rate-limiting step differs according to the intrinsic
catalytic properties and is critically regulated by GPCRs and RGS proteins in animals and
plants, respectively, to overcome the impaired catalytic activities.

The purified C-terminal RGS-box domain in Arabidopsis 7TM-RGS protein, known as
AtRGS1, has been reported to be able to accelerate the GTPase activity of GPA1 in vitro [34,35,37].
In addition, genetic analysis showed that the gpal mutant has a shorter hypocotyl length,
whereas atrgal and constitutively active GPA1 increased hypocotyls in the dark [35]. Hence,
AtRGS1 negatively regulates the activity of GTP-bound GPA1, which is involved in cell
elongation and proliferation. Moreover, the 7TM AtRGS] protein is a putative receptor for
glucose ligands [35,38,39]. Several findings showed that glucose triggers the endocytosis of
its receptor AtRGS1 from the plasma membrane to activate Ga signaling through physical
uncoupling between GPA1 and its inhibitor AtRGS1 [34,40,41]. The effects of glucose
on G protein signaling are supported by genetic analyses. For example, the seedling
growth arrest induced by high glucose concentrations was alleviated in the atrgs1 mutant.
In addition, hypersensitive growth arrest was exhibited in gpal and atrgs1 gpal mutant
seedlings or transgenic plants overexpressing AtRGS1 [34], suggesting that AfRGS1 and
GPA1 are involved in glucose signaling in the same genetic pathway for plant growth and
that G protein signaling is vital for sugar signaling.

2.3. Heterotrimeric G Protein Signaling in Plant Immunity

Under biotic stress conditions, plants directly respond to pathogen attacks (e.g., bacte-
ria, fungi, and oomycetes) via microbe-associated molecular pattern (MAMP)-triggered
immunity (MTI) as an innate immune system [42,43]. Pathogen signals, MAMPs, are
recognized by the pattern recognition receptors (PRRs) on the cell surface [42]. One of
the best-characterized plant MAMP signals is the flg22 peptide derived from bacterial
flagellin, which is recognized by the PRR flagellin-insensitive 2 (FLS2) receptor, a member
of the receptor-like kinase (RLK) family (Figure 2) [42]. Upon the perception of flg22, FLS2
forms a heterodimer complex with the co-receptor BRI1-associated kinase 1 (BAK1) to
initiate the downstream immune responses, including mitogen-activated protein kinase
(MAPK) activation, reactive oxygen species (ROS) production, and immune gene expres-
sion [42,44]. Lu et al. [45] reported that botrytis-induced kinase 1 (BIK1), which encodes
the receptor-like cytoplasmic kinase (RLCK), plays an important role in transducing in-
tracellular signals from the flg22-mediated FLS2-BAK1 receptor complex to downstream
responses. Accordingly, BIK1 was phosphorylated rapidly by flg22 via BAK1 and activated
BIK1 reciprocally phosphorylated FLS2 and BAK1 for positive propagation of the flg22
signaling pathway [45].

Plant G protein signaling is also known to be involved in innate immunity. Liang et al. [46]
reported that G protein complexes, including XLG2 and AGB1 with AGG1 or AGG2, are
required for FLS2-mediated immunity. They showed that non-canonical Ga XLG2, but not
canonical Gax GPA1, is critical for the flg22-mediated response through direct interactions
with the FLS2 and BIK1 complex [46]. In l-o-f x[g2 mutant leaves, increased Pseudomonas
syringae pv tomato (Pst) DC3000 growth and reduced ROS production were observed
under flg22-infiltrated conditions compared to the water-infiltrated control [46], suggesting
the resistance function of XLG2 against Pst DC3000 via flg22-mediated ROS production.
After the perception of flg22, XLG2 dissociated from AGB1 was phosphorylated at the
N-terminus by activated BIK1, and phosphorylated XLG2 enhanced the activity of NADPH
oxidase RbohD, which produces ROS [46]. In addition, BIK1 activated by flg22 also
phosphorylated RGS1 at Ser428 and Ser431 to activate the GTP-bound G subunit through
the dissociation from the FLS2-G protein complex [47]. Previous studies have shown that
AGBI1, AGGI1, and AGG2 are involved in pathogen resistance and ROS production [48,49],

148



Plants 2024, 13, 3239

suggesting that the XLG2-AGB1-AGG1/2 G protein signaling module is required for
FLS2-mediated immunity.
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Figure 2. Schematic diagram of plant immune responses via heterotrimeric G protein signaling.
Upon perception of flg22 signals, immune complexes, including receptors, cytoplasmic components,
RGS1, and inactive G protein trimers, are dissociated. Activated kinases such as receptor BAK1 and
cytoplasmic BIK1 phosphorylate 7TM-RGS1 and the G subunit to activate them (red arrowheads).
A phosphorylated GTPase RGS1 is dissociated from the G subunit by endocytosis and the self-
activating G subunit is activated by spontaneous exchange of GDP to GTP. Flg22 induces ROS burst,
MAPK activation, and immune gene expression as an early response and growth arrest is likely to
be mediated mainly by G protein signaling as a late response (solid arrows). Based on current data,
G protein signaling is partly involved in the immune response for adaptation in response to biotic
stress (dotted arrow).

Previous studies have shown that the canonical Gae GPA1 is not essential for flg22-
induced ROS production and resistance, as the gpal mutant showed similar susceptibility
to different pathogenic P. syringae strains compared to the wild type (WT) [48,49]. Although
GPA1 does not appear to be involved in FLS2-mediated basal immunity based on these
observations, it has been shown to play an important role in FLS2-mediated stomatal
resistance [50]. Stomatal opening is critical for pathogen entry [51], and GPA1 is required
for stomatal closure due to flg22 treatment [52]. Although the susceptibility of Pst DC300
was not indistinguishable between WT and gpal [48,49], the gpal mutant showed increased
susceptibility, similar to that of the fIs2 mutant, to the COR-deficient Pst DC3000 mutants,
which have a defect in stomatal reopening [50]. Moreover, GPA1 and AGG1/2 interact
with another defense-related RLK, chitin elicitor receptor kinase 1 (CERK1), but not FLS2,
through yeast split ubiquitin and bimolecular fluorescence complementation (BiFC) as-
says [53]. These reports suggest that GPA1 is likely involved in plant immunity through a
distinct signaling module with Gy subunits to different RLKs.

Interestingly, recent studies reported that the positive function of the conventional
Ga GPA1 instead of XLG2 mediates the responses of flg22 in plant immunity through
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different experimental conditions. Xue et al. [54] reported that the bacterial growth of
the less virulent P. syringae pv. Maculicola ES4326, but not Pst DC3000, was higher in
the flg22-treated gpal mutants than in the WT, indicating compromised flg22-mediated
immunity in gpal. In addition, the gpal mutant showed slightly lower ROS production
upon flg22 treatment than the WT. Similarly, enhanced bacterial growth and susceptibility
in gpal as well as agbl and agq1 agg2 in response to diverse host and nonhost Pseudomonas
pathogens has been reported [55]. Moreover, an increase in the overall phosphorylation in
GPA1 was also induced by flg22, and GPA1 phosphorylation was abolished in the bakl null
mutant [54,56]. These results suggest that flg22 triggers the downstream immune responses,
including GPA1, via BAK1, which probably acts as a kinase for GPA1. Additional in vitro
analysis revealed RGS1 phosphorylation upon flg22 perception through defense-related
RLKs, including BAK1. This phosphorylated RGS1 induced the dissociation of the FLS2-
BAK1-GPA1-AGBI1 complex to activate G protein signaling [54,56,57], proposing a similar
role of RLKs in plants to that of GPCRs in animals to trigger the self-activation of the G
subunit. Overall, these data suggest that complex and diverse G protein signaling modules,
including GPA1 or XLGs, are involved in plant immunity.

2.4. Trade-Off Regulation Between Plant Growth and Defense via Heterotrimeric G
Protein Signaling

In addition to the MAMP-mediated early responses (within 30 min), including ion
fluxes, oxidative burst, MAPK activation, receptor endocytosis, and gene expression, plants
also have late responses (hours to days), including seedling growth inhibition [42]. The
inhibition of plant growth by MAPMs, such as flg22, usually appears to be the result of a
trade-off to modulate energy use from normal growth to enhance pathogen resistance [58].
Recently, the agb1 mutant was almost insensitive to growth inhibition under biotic stress
conditions but not gpal [11]. Yang et al. [11] reported that an flg22 treatment severely
reduced the primary root length of WT and gpal seedlings. In contrast, the root growth
inhibsition of agb1 single- and agb1 gpal double-mutant seedlings was almost abolished.
Consistent with previous studies [49,54,59], early responses, such as MAPK activation
and immune gene expression, induced by flg22 were unaffected in gpal and agbl mutants
compared to WT [11]. Therefore, the flg22-mediated early and late responses are likely to
be uncoupled processes. Moreover, G protein signaling is likely to be important for growth
regulation associated with plant immunity by modulating energy use. On the other hand,
no growth inhibition was observed in gpal compared to agbl [11]. Therefore, two possible
scenarios for these results can be inferred based on previous reports. First, activated Gy
complexes, including AGB]I, that dissociate from the inactive form of the heterotrimeric
complex after flg22 induction may function primarily in growth regulation related to the
immune response. Second, the atypical Gae XLG2-mediated G protein signaling module
may be important for growth regulation instead of GPAL.

The Arabidopsis G and Gf3 subunits are also involved in regulating shoot apical
meristem (SAM) development through the CLAVATA (CLV)-WUSCHEL (WUS) signaling
pathway [60,61]. For example, agb1 was isolated from suppressor mutant screens using
clv2 because it exhibited an enhanced phenotype of an enlarged clv2 SAM size, and AGB1
controlled SAM maintenance through protein—protein interactions with RECEPTOR-LIKE
PROTEIN KINASE 2 (RPK2) [60]. Similarly, the maize Gx subunit COMPACT PLANT2
(CT2) was also reported to interact with the CLV2 ortholog FASCIATED EAR 2 (FEA2) to
control SAM size [62]. Recently, maize XLGs and ZmGB1, which encode atypical G and
Gp subunits in maize, respectively, play important roles in SAM development according
to CRISPR-Cas9 analysis [63,64]. Unlike Arabidopsis, the null mutant of ZmGB1 showed
a seedling-lethal phenotype similar to that of rice [65], suggesting that the monocot Gf3
subunit is crucial for growth and survival. Interestingly, Wu et al. [64] reported that the
lethal phenotype of ZmGB1 was caused by an autoimmune response but not by growth
arrest. They showed high levels of trypan blue and DAB accumulation, which indicate
cell death and H;O, production, respectively. Moreover, immune marker genes, such
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as PATHOGENESIS-RELATED PROTEIN (PR1) and PR5, are strongly expressed in the
CRISPR/Cas9-mediated knockout mutant of ZmGB1 (Zmgb1R), suggesting a correlation
between seedling death and autoimmunity. In addition, through suppressor analysis
by crossing Zmgb1“R with a tropical maize line CML103, they reported that suppressed
mutants derived from Zmgb1“R exhibited reduced PR gene expression and an enlarged
SAM size [64]. These data suggest that the trade-off regulation between growth and
immunity depends on the activity of the G subunit.

2.5. Trade-Off Regulation by Heterotrimeric G Protein Signaling in Thermomorphogenesis

Temperature is one of the most critical abiotic and environmental factors for plas-
tic growth and development in plants. Compared to the normal growth temperature
(22-23 °C) of Arabidopsis, the high temperature affecting growth and development can
mainly be divided into two types [66]. The first type is extremely high temperatures, which
are recognized as heat stress (>40 °C), which may cause immediate cell death [67]. Arabidop-
sis plants can sometimes acquire thermotolerance by being exposed to moderately high
temperatures (<37 °C) as a heat acclimation process [67,68]. Heat stress suppresses plant
growth and development, including seed germination, seedling growth, and pollination.
Under this pressure, plants have developed evolutionarily to acquire adaptive priming
mechanisms for thermotolerance responses [69], in which the trade-off modulating the
re-distribution of energy allocation between growth and stress responses is regulated by
heat shock transcription factors (HSFs) and plant hormones, such as gibberellins, brassinos-
teroids, ABA, and salicylic acid [70]. In addition, the function of TOR has been reported to
act as a modulator of the trade-off between growth and heat stress [71]. Sharma et al. [71]
reported that glucose-TOR signaling plays a vital role in the adaptation to heat stress
responses by reprograming the expression profiles and epigenetic regulation. As a result,
the seedlings overexpressing TOR showed a significantly enhanced growth phenotype,
whereas the tor mutant showed a sensitive phenotype.

The second type of high temperature is associated with warmer and relatively non-
stressful conditions, known as high ambient temperatures (27-32 °C), which can also affect
the morphological and developmental changes known as thermomorphogenesis, including
the inhibition of seed germination, enhanced hypocotyl/petiole elongation, and induced
leaf thermonasty and early flowering at high ambient temperature, mainly through the
PHYTOCHROM-INTERACTING FACTOR 4 (PIF4)-mediated pathways [66,72]. PIFs, in-
cluding PIF4, are accumulated under high ambient temperature by inhibiting phytochrome
B [73], accelerating the expression of auxin biosynthetic genes, such as YUCCAS8 (YUC8) and
TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS1 (TAA1), increasing auxin levels
and increasing cell elongation in hypocotyls [74,75]. Recently, the LONG HYPOCOTYL5
(HY5)-PIF signaling module was reported to function in the developmental trade-off to
balance shoot and root growth at high ambient temperatures [76]. Overall, survival against
or thermomorphogenic responses to a wide range of elevated environmental tempera-
tures may be accompanied by different sets of trade-off regulations for plastic growth and
development in plants [77].

FLOWERING CONTROL LOCUS A (FCA) acts in an autonomous pathway by repress-
ing the floral repressor FLOWERING LOCUS C (FLC) and plays a significant role in the
ambient temperature (thermosensory) pathway through the floral activator FLOWERING
LOCUS T (FT) for flowering [78]. In addition to its role in floral induction, FCA was impli-
cated in thermomorphogenesis through the epigenetic regulation of PIF4 activity because
the fca mutant showed enhanced hypocotyl elongation compared to WT in response to
the high-ambient-temperature treatment following normal-temperature conditions (23 °C
for four days and then 28 °C for three days) [79]. Interestingly, the different experimental
conditions, such as the continuous treatment of high ambient temperature (28 °C) from
germination, led to different thermal responses in the fca mutant, such as severe seedling
growth arrest by regulating the chlorophyll biosynthetic enzymes PROTOCHLOROPHYL-
LIDE OXIDOREDUCTASES (PORs), which control autotrophic development for plant
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growth [80]. Yang et al. [11] reported that the growth inhibition shown in the fca mutant
was almost entirely rescued in the gpal fca but not in the agbl fca double mutant under
continuous high-ambient-temperature conditions. In addition, the reduced number of
dividing cells in root meristems of the fca mutant was recovered in gpal fca but not agb1 fea.
Interestingly, these rescued phenotypes shown in the gpal fca double mutant disappeared
in the gpal agb1 fca triple mutant like the fca single mutant [11], suggesting that the epistatic
relationship between GPA1 and AGBI is essential for thermal adaptation. Therefore, these
data suggest that G protein signaling plays a crucial role in the developmental trade-off
associated with FCA-mediated thermomorphogenesis through cell proliferation.

2.6. Perspective on the Role of Heterotrimeric G Protein Signaling with Trade-Off Modulators

In plants and animals, SNF1/AMPK-related protein kinases (SnRKs) and TOR act as
critical modulators in regulating the trade-off between growth and stress responses [4,81].
Plant SnRK1s, including KIN10 and KIN11 genes, are most closely related to yeast sucrose
non-fermentable 1 (SNF1) and animal AMP-activated protein kinase (AMPK) [4,82]. They
are activated in response to the changes in energy status caused by stressful conditions such
as nutrient deprivation, darkness, inhibition of photosynthesis, and hypoxia [83]. An I-o-f
kin10 kin11 knockdown mutant showed a growth defect. In contrast, plants overexpressing
KIN10 showed enhanced starvation tolerance and delayed developmental senescence [83],
suggesting that SnRK1s are important for growth and development and plant adaptation
to stresses associated with energy homeostasis. TOR also plays an evolutionarily conserved
role in sensing energy and nutrient status to regulate cell proliferation and overall plant
growth [84]. Therefore, null mutations of TOR result in embryonic lethality [85]. Even
inducible tor knockdown- or TOR kinase inhibitor-treated seedlings exhibit severe growth
inhibition [86]. In addition to nutrient signals, TOR activity is negatively regulated in
response to cold and osmotic stress signals, reflecting the stress status in terms of plastic
plant growth and development [87,88]. Previous studies suggested that SnRKs and TOR
mainly function in the trade-off for plants to adapt to environmental stress while ensuring
maximum survival chances with minimal resources because SnRKs and TOR function
antagonistically under normal and stress growth conditions [4,81].

In addition to the roles of plant G protein signaling in normal growth and develop-
ment [61], phenotypic analyses using G protein component mutants have shown that G
proteins are involved in the morphological changes and tolerant/sensitive effects associ-
ated with the trade-off against biotic and abiotic stresses in many plant species, including
Arabidopsis, rice, and maize [8,10,58,89,90]. Nevertheless, there is no direct evidence of a
correlation between G protein signaling and trade-off modulators such as SnRKs and TOR.
The only possible link is the RGS1-mediated sugar sensing and response. In addition to
HEXOKINASE1 (HXK1) and SnRK1/TOR acting as cytoplasmic glucose sensors, RGS1
senses glucose as a plasma membrane receptor [35,91]. Recognition of glucose as a lig-
and triggers RGS1 endocytosis, which negatively regulates GPA1 activity [40]. Therefore,
activated G protein signaling and TOR appear to influence glucose-mediated growth by
sensing the available nutrient resources, including glucose, in response to stress conditions
(Figure 3).

In contrast to plants, mammalian G protein signaling was reported to act as a positive
or negative upstream regulator of mTORC1 by phosphorylating the TOR and Raptor
components of the mTORC1 complex. These phosphorylations were mediated by the
GPCR-mediated protein kinase A (PKA) pathway [92]. Although plants have a deficiency
in GPCR-mediated cAMP and PKA signaling, this does not exclude the evolutionary
scenario of the functional link between G protein signaling and trade-off modulators.
Furthermore, G protein signaling is involved in regulating the life-death decision of cells
in Arabidopsis, maize, and rice [9,63,93,94], similar to TOR [14], suggesting the relevance of
G protein signaling in the trade-off regulation through crosstalk with nutrient sensing and
sugar signaling.
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Figure 3. Hypothetical model of G protein signaling in the trade-off regulation. Energy status con-
trolled by environmental conditions affects downstream signaling modules. Plant G protein signaling

is involved in the regulation of plastic growth through RGS], a putative glucose receptor. TOR and
SnRKs as energy /nutrient sensors reciprocally act as trade-off modulators for plant growth and adap-
tation to environmental conditions. Open arrowheads indicate fluctuating energy and nutrient status
controlled by normal and stressful growth conditions. Arrows indicate the involvement of down-
stream regulatory pathways for plant growth and adaptation to different environmental conditions.
Dotted arrows indicate unidentified links between G-protein signaling and trade-off modulators.

3. Conclusions

In contrast to the molecular processes mediated by GPCR activation in animals, plant
G protein signaling was recently reported to be activated by the G protein regulator
7TM-RGS1 or RLKs, which are relatively abundant in plants. Although the details of the
signaling process are different due to the composition and corresponding receptors, the
sensing and response of G protein signaling to environmental stimuli, including hormonal,
olfactory, biotic and abiotic stress, and nutrient signals, is likely to have evolved in a
similar manner in animals and plants in terms of function [15,95]. The relationship between
G protein signaling and important trade-off modulators, such as SnRKs and TOR, that
sense nutrient and energy status is known in animals but is currently unclear in plants
(Figure 3). Therefore, further studies will examine whether plant G protein signaling is
directly or indirectly associated with the trade-off modulators. These efforts, through a
clearer understanding of the trade-off regulation mechanisms, may provide new strategies
for designing and breeding stress-tolerant crops that can reset energy allocation to avoid
the penalty of growth inhibition.
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Abstract: Plants are challenged by different microbial pathogens that affect their growth and pro-
ductivity. However, to defend pathogen attack, plants use diverse immune responses, such as
pattern-triggered immunity (PTI), effector-triggered immunity (ETI), RNA silencing and autophagy,
which are intricate and regulated by diverse signaling cascades. Pattern-recognition receptors (PRRs)
and nucleotide-binding leucine-rich repeat (NLR) receptors are the hallmarks of plant innate immu-
nity because they can detect pathogen or related immunogenic signals and trigger series of immune
signaling cascades at different cellular compartments. In plants, most commonly, PRRs are receptor-
like kinases (RLKSs) and receptor-like proteins (RLPs) that function as a first layer of inducible defense.
In this review, we provide an update on how plants sense pathogens, microbe-associated molecu-
lar patterns (PAMPs or MAMPs), and effectors as a danger signals and activate different immune
responses like PTT and ETI. Further, we discuss the role RNA silencing, autophagy, and systemic
acquired resistance as a versatile host defense response against pathogens. We also discuss early
biochemical signaling events such as calcium (Ca?*), reactive oxygen species (ROS), and hormones
that trigger the activation of different plant immune responses. This review also highlights the impact
of climate-driven environmental factors on host-pathogen interactions.

Keywords: plant immunity; pathogens; receptors; signaling; calcium; reactive oxygen species;
hormonal crosstalk; disease resistance

1. Introduction

Plants face different microbial pathogens, such as fungi, bacteria, oomycetes, and
viruses, which affect their growth and reproduction [1]. Microbial diseases are one of
the leading causes of crop yield losses in modern agriculture and have significant global
repercussions on food security, economy, and environmental sustainability [2,3]. For
example, they can reduce yield production by up to 16%, which is further increased during
post harvesting [4]. Pathogens can spread to plants by different modes such as water, air,
and transmission by insects, animals, and humans. They utilize diverse strategies to infect
plants, including immune suppression and the secretion of toxins and degradative enzymes
that aid in colonization and nutrient release [1,5]. Some pathogens may directly enter and
infiltrate plant tissues, whereas others enter through wounds or natural openings. Fungal
pathogens have different modes of nutritional lifestyles, such as biotrophic, hemi biotrophic,
and necrotrophic, and they evolve different strategies to infect plants [3]. Necrotrophic
fungal pathogens obtain their energy from dead or dying cells, whereas biotrophs obtain
their nutrients and energy from living cells. In contrast, hemibiotrophs first infiltrate
living cells before switching to a necrotrophic way of life in order to harvest nutrients
from the dead tissues [3]. Oomycetes and fungal pathogens use special structures like
appressoria and haustoria to penetrate host cells and to release effectors as well as to obtain
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nutrients [5]. For instance, the smut disease-causing fungus Ustilago maydis secretes the
Pepl effector from fungal hyphae, which is necessary for host tissue penetration [6]. On the
other hand, viruses are obligatory parasites that require a host cell to proliferate and infect
plants. During plant virus interaction, viral pathogens hijack the host machinery system,
leading to metabolic, physiological, molecular, and morphological alterations in plants [7].
Particularly, viral proteins play a major role in pathogenesis in addition to replication,
encapsidation, and transmission [8]. Bacterial pathogens use different strategies to infect
plants. For instance, they use different secretion systems to secrete effectors both within and
outside of plant host cells. The type III secretion system (T3SS), which transports effectors
within host cells and is essential for pathogenesis, is a well-studied secretory pathway for
bacterial effectors [9]. For example, HopM1, an effector from Pseudomonas syringae, targets
the Arabidopsis 14-3-3 protein GRF8/AtMIN10, suppressing stomatal defense [10]. Through
their stylet secretions, insect pathogens like psyllids and aphids can also transfer effectors
during feeding. Some of the typical signs of plant disease in plants are necrosis, wilting, rot,
deformation, mold, discoloration, pustules, hypertrophy and hyperplasia (overgrowth),
mummification, and destruction of infected tissue [11].

Primary pathogens in plants can also trigger host susceptibility to secondary infections
by suppressing their immune system, which can further deteriorate their growth and
survival. For instance, when the foliar bacteria P. syringae infects Arabidopsis, the plants
become highly susceptible to the necrotrophic fungal pathogen Alternaria brassicicola [12].
Similarly, for biotrophic pathogen Albugo candida, infection in Arabidopsis thaliana suppresses
the immune system, making them more susceptible to avirulent pathogens [13]. In some
cases, various pathogen-produced molecules have been identified that suppress the plant
immune system during co-infection. For example, in Arabidopsis, the natriuretic peptide
receptor NPA produced by P. syringae downregulates a wide range of defense-related
genes, enabling subsequent infection by the virulent A. brassicicola [13,14]. In a similar
vein, fusaric acid released by F. oxysporum inhibits the expression of genes that control
2 4-diacetylphloroglucinol’s antimicrobial action and makes wheat more susceptible to
Pseudomonas fluorescens infection [15]. Pathogens can also alter the physiology, metabolism,
and resource availability of their host plant, which can have a direct impact on plant
development and fitness. As part of their virulence approach, they can control plant growth
by manipulating plant hormone signaling or by mimicking phytohormones. For instance,
bacterial pathogens can alter root growth by regulating auxin signaling [16]. Fascinatingly,
lateral root development was greatly stimulated by P. syringae pv. tomato DC3000 infection.
The development of lateral roots produced by P. syringae pv. tomato requires the presence
of ARF19 and auxin response factor 7 (ARF7). However, salicylic acid (SA) inhibits lateral
root formation and blocks the entry of P. syringae pv. tomato. On the other hand, a variety of
developmental abnormalities, such as a thin lamina, a serrated leaf border, and an uneven
leaf surface, were seen in Arabidopsis infected with the bacterial pathogen Rhodococcus
fascians [17]. These developmental changes by R. fascians were due to the modulation
of the host cytokinin (CK) metabolism, triggering cytokinin (CK) production through
Arabidopsis response regulators 5/cytokinin 5 (ARR5/CK5) signaling [18]. For successful
infection, pathogens can also utilize host nutritional resources that are required for normal
plant growth and development [19]. Additionally, they produce diverse virulence factors
that affect the plant primary metabolism, namely photosynthesis, which leads to growth
retardation [20].

2. Impact of Climate Change or Environmental Factors on Plant-Pathogen Interaction

Plant pathogens are diverse in nature, and their interactions with their respective
hosts are influenced by environmental factors [21]. In plant pathology, the well-known
“disease triangle” concept emphasizes how pathogens and plants interact with their envi-
ronment. Three main factors—pathogen virulence, host vulnerability, and ideal environ-
mental conditions—determine the development of disease in plants [22]. Any alterations
in favorable environmental conditions can affect disease development in plants. Environ-
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mental factors like temperature, water availability, light, carbon dioxide, and nutrients in
the soil directly affect plant—pathogen interactions, disease susceptibility, and pathogen
distribution [23,24]. For example, drought stress affects plant-pathogen interactions and
disease development in plants. Rice subjected to mild drought circumstances has increased
Magnaporthe grisea susceptibility, which is due to the downregulation of plant defense
marker genes such as pathogenesis-related genes [25]. In wheat, drought stress enhanced
disease development caused by Fusarium spp. [26]. Plant fungal pathogens thrive at tem-
peratures between 15 to 24 °C, and variations in the average global temperature will result
in the establishment of increasingly pathogenic strains. According to Shakya et al. [27],
variations in temperature have an impact on the development of the Phytophthora infestans
that cause potato late blight disease. In wheat, the rising temperatures have led to the
development of more virulent Puccinia striiformis race globally, which can have a more
detrimental effect on crop productivity [28]. Similarly, in chestnut, increased winter tem-
peratures have enhanced disease development and increased mortality [29]. On the other
hand, higher levels of carbon dioxide have increased the Fusarium graminearum, virulence,
and disease development in susceptible and resistant wheat cultivars [30]. Many studies
have predicted that climate change will change temperature, water availability, and CO,
concentration, which can have a dramatic impact on pathogen distribution, virulence,
and host defense responses [23,27]. The recent events in climate change have evolved
novel pathovars. For instance, the climate-driven shift towards heavier rainfall, elevated
mean winter temperatures, and precipitation transition from summer to winter all con-
tribute to an increased susceptibility to Phytophthora species [31]. It is anticipated that
the global temperature increase will have a positive impact on pathogen evolution and
disease distribution. One of the main abiotic drivers of climate change is temperature
elevation, and models have indicated that this will lead to an increase in the frequency
and intensity of disease epidemics [21]. Climate change, especially warming nights and
reduced frost weather conditions, has led to the increase in pathogen virulence and disease
occurrence [32]. Plant fungal pathogens thrive at temperatures between 15 to 24 °C, and
variations in the average global temperature will result in the establishment of increasingly
pathogenic strains. Similarly, a 10-degree temperature variation is ideal for soybean rust
infection to cause maximum damage. As the climate shifts, new strains that are more
adapted to survive will appear and take dominance. For instance, recent studies on the
potato disease P. infestans and the wheat pathogen Zymoseptoria tritici have shown that both
pathogens are well adapted to climatic fluctuations [33,34]. This adaptation is related to
modifications in both genomic structure and gene expression. Further, we show the impact
of climate change on plant—pathogen interactions in Figure 1. The recent development
in statistical data-analyzing tools based on artificial intelligence prediction models have
helped researchers to understand disease infestation and host specificity. However, future
studies are required to develop new models to study how climate-change-driven factors
can influence pathogen distribution, aggressiveness, and virulence and host specificity.
Also, how they will affect host immune responses should be the top priority to tackle
among researchers to combat future disease outbreaks.
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Figure 1. A schematic illustration showing the effect of climate change on environmental factors (A),
pathogens (B), and the host defense system (C). Climate change increases temperature, rainfall,
humidity, drought, carbon dioxide, and methane, which affects the plant health and immune system.
These factors also change pathogen distribution, virulence, and resistance.

3. Pathogen Perception and Plant Immunity

The ability of plants to perceive and respond to pathogens governs the outcome of
plant-pathogen interactions. It is well documented that plants have evolved many defense
mechanisms to restrict pathogen invasion. The initial line of plant defense against pathogen
attack is made up of preformed elements found on the surface of plant organs, such as the
wax layer, cuticular lipids, hard cell walls, antimicrobial enzymes, or secondary metabo-
lites [35,36]. Pathogens can overcome the preexisting defensive layer and are confronted
by plants’ inducible defense responses [37,38]. Generally, plants” extensive repertoire of
immunological receptors that are able to identify any type of pathogen and their derived
elicitors triggers the plant’s inducible defense responses [38]. For successful infection,
pathogens must overcome physical barriers, evade or suppress immune perception, and
derive nutrients from plant tissues [38,39]. However, the plant immune system uses dif-
ferent strategies to defend from pathogen attack [40]. The first reaction is the pathogen
or their derived molecule or effectors recognition by immune receptors like extracellular
pattern-recognition receptors (PRRs) and nucleotide-binding leucine-rich repeat (NLR)
receptors, which leads to the activation of diverse defense signaling pathways PTI and
ETI to defend from the pathogen attack. The identification of R genes from plants and Avr
genes from pathogens marked the beginning of the development of the molecular model of
plant immunity [41-45]. Later, in 2000, the first plant receptor for a pathogen elicitor was
discovered. Based on these findings, two tiers of plant immunity were proposed, namely
pattern-triggered and effector-triggered immunity (PTI and ETI) [37]. Flagellin Sensing 2
(FLS2) was the first PAMP cell surface receptor identified in Arabidopsis that can recognize
flg22 [46]. PRRs include receptor-like kinases or receptor-like proteins, which have different
extracellular ligand-binding domains, including malectin-like domains, lectin domains,
leucine-rich repeat (LRR) domains, and LysM domains, which function as mediators of
the pathogen or pathogen-derived PAMPs and DAMPs recognition [47]. For example,
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pathogen protein and peptide patterns or phytocytokines generated from plants are sensed
by LRR ectodomain (ECD) receptors; pathogen oligosaccharides or carbohydrate structures
are recognized by lysin-motif ECD receptors; and microbial lipids are preferentially bound
by lectin ECD receptors. Both RIKs and RIPs have a single helical transmembrane domain,
RKs feature an intracellular protein kinase domain for signaling, and RPs have a short cyto-
plasmic tail [47]. In addition to pathogen recognition, RLKs and RLPs also play important
role in plant abiotic and mechanical stress perception as well as growth regulation. The
two most common kinds of plant PRRs are cell surface leucine-rich repeat domain (LRR)
receptor kinases (LRR-RKs) and LRR receptor proteins (LRR-RPs). Activation of RLKs
leads to a series of biochemical changes, such as mitogen-activated protein kinase (MAPK)
phosphorylation, which further triggers calcium burst, ROS wave formation, callose de-
position, activation of hormonal signaling pathways, and transcriptional reprogramming
of plant defense genes [48]. We display different PRRs identified in plants that act as key
receptors for pathogen or MAPs/DAMPs recognition in Table 1.

Table 1. List of PRRs identified for pathogen or DAMPs/MAMPs perception in different plants.

Receptors Family Co-Receptor/Ligand Host Plant References
FLS2 LRR RLK/LLG1 Flg22 A. thaliana [49,50]
EFR LRR RLK Elf18 A. thaliana [51]

CERK1 LysM RLK Chitin A. thaliana, Oryza sativa [52,53]
CEBiP LysM RLP Chitin O. sativa [54]
LYM1/LYM3 LysM RLP PGNs A. thaliana [55]
LYP4/6 LysM RLP PGNs/chitin O. sativa [56]
LeFEix2 LRR RLP Eix Solanum lycopersicum [57]
ReMax LRR RLP eMax A. thaliana [58]
PEPR1/2 LRR RLK Peps A. thaliana [59-61]
Vel LRR RLP Avel S. lycopersicum [62]
Cf-2/4/5/9 LRR RLP Avr2, Avr4, Avr9 S. lycopersicum [63-66]
Cf-4E LRR RLP Avr4E S. lycopersicum [67,68]
Cf-9B LRR RLP Unknown S. lycopersicum [69]
PSKR1 LRR RLK PSKx A. thaliana [70]
BIR1, SOBIR1, ERECTA, SRF3 LRR RLK Unknown A. thaliana [71,72]
dsl LRR RLK Unknown Sorghum bicolor [73]
SISERK1 LRR RLK Unknown S. lycopersicum [74]

NbSERK1 LRR RLK Unknown Nicotiana benthamiana [75]

LYK4 LysM RLK Unknown A. thaliana [76]
Bti9, SILyk13 LysM RLK Unknown S. lycopersicum [77]
THE1m, FER CrRLK1L RLK Unknown A. thaliana [78,79]

Pi-d2 LecRK Unknown O. sativa [80]

OsWAK1 WAK Unknown O. sativa [81]

TaRLK-R1, 2, 3 Other Unknown Triticum aestivum [82]
SNC4 Other Unknown A. thaliana [83]
LRK10 S-domain Unknown T. aestivum [84]
BAK1 LRR RLK Flg22, elf18, Peps, Eix A. thaliana [85-88]
LeEix1 LRR RLP Eix S. lycopersicum [89]
SOBIR1 LRR RLK Avr4, Vel S. lycopersicum [90]

On the other hand, intracellular NLRs can recognize diverse effector proteins that
are incorporated into plant cells during pathogen invasion, resulting in the activation of
ETIL In plants, three types of NLRs, namely Toll-interleukin-1 receptor homology (TIR)
domain containing NLRs (TNLs) and coiled-coil (CC) domain containing NLRs (CNLs)
and resistance to powdery mildew 8 (RPW8)-like CC domain (CC-R)-containing NLR
(RNL), have been identified that can sense pathogen effectors [91]. Different NLR subtypes
oligomerize into resistosome structures upon activation, fulfilling dual functions in signal
transduction and pathogen identification. ETI is associated with localized programmed
cell death, also called hypersensitive response (HR-PCD). SA and ROS are two important
signaling components that have been shown to activate ETI triggered PCD, which can
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inhibit the spread of pathogens to neighboring cells [92]. However, PCD is regulated by
SA-dependent non-expresser of pathogenesis-related protein 1 (NPR1) via the activation
of plant defense genes and the forming of SA-induced NPR1 condensates (SINCs) in the
cytoplasm, which sequester and degrade various signaling components involved in cell
death, thereby turning on the pro-survival immune response [92]. How PPRs and NLRs
triggers biochemical reprograming after pathogen or effector recognition, leading to the
activation of inducible plant defense, is shown in Figure 2.

Plant pathogens
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Figure 2. Schematic illustration showing the activation of two-tier plant immunity, namely PTT and
ETI, in plants after pathogen, MAMPs/DAMPs, or effectors perception by PPRs and NLRs. Plants
undergo biochemical reprogramming such as calcium burst, ROS production, and hormonal activa-
tion, which regulates diverse antimicrobial responses like hypersensitive response or programmed
cell death or systemic acquired resistance.

In plants, both PTI and ETI elicit a systemic defensive response known as systemic
acquired resistance (SAR), which provides a broad spectrum of disease resistance for a
longer time [93]. SA accumulation is essential for the activation of SAR pathway in plants,
and SA degradation by the bacterial SA hydroxylase NahG results in failure of SA-mediated
resistance and SAR formation [94]. Despite the fact that SAR may be induced exogenously
without the need for an ETI by applying SA and its synthetic analogs, how ETI triggers
systemic SA accumulation is not fully understood. Recently, it was found that RBOHD
produced H,O,, acting as a mobile signal for the formation of systemic SA by modulating
the activity of its biosynthesis genes like ICS1 via the sulfenylation of the CCA1 HIKING
EXPEDITION (CHE) transcription factor (TF). It is noteworthy that plants with mutations
in their HyO,-sensitive cysteine residue in CHE no longer produce SAR or accumulate SA
systemically [95]. SAR in plants can persist for several weeks to months and can provide a
broad spectrum of disease resistance without causing cell death. This is associated with
massive transcriptional reprogramming and is dependent on NPR1 and other transcription
factors like TGAs. The accumulation of PR proteins is the hallmark of SAR, which possess
diverse antimicrobial activity.

Autophagy has emerged as an important component of plant immune response, which
regulates hormonal levels and hypersensitive response. In general, autophagy is catabolic
process that transports damaged organelles or undesired proteins to vacuoles where they
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are broken down and recycled [96]. It is crucial for the control of plants” cellular homeosta-
sis, cell death, and stress adaption [96]. So far, 40 autophagy-related (ATG) genes have been
found in plants, and they all have different but complementary functions in promoting
autophagy [97]. In plant immunity, autophagy can have a dual function, supporting both
pro-cell-death and pro-cell-survival processes [98]. For instance, autophagy can play key
role in inhibiting the spread of PCD to surrounding cells during the ETI response [98]. Pre-
vious research has shown that the silencing of the autophagy-associated gene ATG6/Beclinl
in tobacco plants results in a substantial spread of HR-PCD into nearby healthy tissue and
systemic leaves during tobacco mosaic virus (TMV) infection. This study also reported
that silencing other autophagy associated genes like ATG3, ATG7, and VPS34 also showed
the same results, which further supports that autophagy protects uninfected or healthy
plant cells during HR response [98]. Autophagy can also protect uninfected plants from
necrotrophic cell death. For instance, Arabidopsis ATG6 RN A1 lines showed unconstrained
spread of disease-induced cell death after infection with pathogenic Pst DC3000 [99]. Simi-
larly, the silencing of autophagy genes such as atg5-1, atg10-1, and atg18a-1 in Arabidopsis
triggers disease-induced cell death during A. brassicicola infection [100]. These studies pro-
vide evidence on the involvement of autophagy in plant immunity; however, there remain
many knowledge gaps on understanding the molecular underpinning of its regulatory
mechanism during different plant-pathogen interactions. Therefore, future studies are
required to identify potential molecular players that control autophagy during PCD and
disease-induced cell death.

RNA silencing or RNA interference (RNAI) is also an important plant defense re-
sponse that protects plants from pathogen infection [101]. It was initially shown that
RNA silencing in plants occurs as a post-transcriptional process during viral infection
and transgenesis [101]. There are two types: RNA transcriptional gene silencing (TGS)
and post-transcriptional gene silencing (PTGS), and double-stranded (ds) or hairpin RNA
substrates of dicer (DCL in plants) are important intermediary molecules that initiate RNA
silencing to direct RNA degradation, DNA methylation, and translational repression [102].
Plant immunity is precisely regulated by small noncoding RNAs (sRNAs), which are im-
portant modulators of gene expression. The two main groups of plant sSRNAs are small
interfering RNAs (siRNA), which are recognized for their functions in silencing viral RNAs,
and microRNAs, which modulate diverse immune and growth responses [103]. But unlike
bacterial and fungal infections, viral genomes proliferate inside of their hosts, which is why
RNA-silencing pathways are essential for anti-viral defense. Plants that are infected with
any type of virus or subviral agent, such as viroids, satellites, or faulty RNAs, produce
more viral siRNAs that may then be used to drive silencing against the viral genome [104].
Consequently, viruses are both targets and inducers of RNA silencing. Recent studies have
shown that siRNA can also repress bacterial, fungal, and oomycete infection by targeting
pathogen genes [105]. The identification of RNA-silencing suppressors in plant pathogens
implies that host-silencing disruption is a common virulence tactic used by numerous
phytopathogens [103]. Although there are many reports on the role of RNA silencing in
combating pathogens, there remain many knowledge gaps on how pathogens suppress
RNA silencing, therefore necessitating future investigation. In the future, it will be interest-
ing to explore the how pathogens suppress RNA-silencing defense response in plants to
promote disease and their multiplication. Also, identification of anti-RNA-silencing viru-
lence factors in bacterial fungal and oomycetes pathogens can pave the way for improving
disease resistance in plants.

4. Role of Calcium and ROS in Plant Immunity

After pathogen or effector recognition by different exterior and interior receptors, cells
undergo biochemical reprograming like calcium burst, ROS wave formation, and defense
hormonal activation, which modulate different immune responses (Figure 2). Both ETT and
PTI activation triggers a variety of signaling events that are mostly similar, such as Ca2*
fluxes, ROS burst, transcriptional reprograming, and phytohormone production, with ETI
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exhibiting a stronger response than PTI [106]. The early signaling events are an accumula-
tion of secondary messengers like calcium and ROS that act as biochemical language codes
that are sensed by different sensors that decode and elicit a series of downstream signaling
cascades [106]. Previous studies have shown a mutual interplay between calcium and ROS,
which has a positive influence on plant defense signaling [107,108].

Calcium signaling is reported to be essential for both layers of the plant immune sys-
tem since alterations in intracellular Ca®* levels have been well documented following both
PRR and NLR activation [107,108]. However, plant cells need to maintain low cytosolic
Ca?* levels due to its cytotoxicity. Therefore, Ca?* is sequestered in intracellular stores,
such as the apoplast or the vacuole and endoplasmic reticulum in plants, but it can also be
stored in vesicular compartments, mitochondria, and chloroplasts through active transport,
which creates massive electrochemical potential gradients across membranes [109-111].
Ca?* signals are produced by the coordinated activity of active transporters and channels,
and they entail intracellular store release and apoplast inflow. Interestingly, various calcium
channels, such as cyclic nucleotide-gated channels (CNGCs) [112], glutamate receptor-like
(GLRs) [113], and hyperosmolality-induced channels (OSCAs) [114], have been identified
to play a key role in PTI-mediated calcium-dependent signaling. In contrast, Ca®* chan-
nels found in ETI require the formation of multimeric NLR resistosomes that form pore
structures in the plasma membrane from the cytosolic side. We detail the roles of different
calcium channels in plant immunity in Table 2.

Table 2. Roles of different types of calcium channels in plant immunity.

Calcium Channel Family Activation Plants References
. Flg22, plant elicitor peptide pep3, . .

CNGC2/4 CNGC family or lipopolysaccharides (LPSs) A. thaliana [115-117]
OsCNGC9 CNGC family Chitin O. sativa [118]
CNGC19 CNGC family Pepl1 A. thaliana [119]
CNGC20 CNGC family BAK-TO LIFE 2 (BTL2) A. thaliana [120]
OSCA1.3 and OSCA1.7 OSCA family BIK1 A. thaliana [114]
ANNEXINT1 (ANNT1) Annexin gene family CERK1 A. thaliana [121]
GLRz'ngg'& and GLR family Flg22-, elf18-, and pepl A. thaliana [122]

It is evident that Ca®* influx across the plasma membrane is essential in both lev-
els of immunity since Ca?* channel blockers that stop Ca?* entrance from the apoplast
reduce Ca®* signals and immunological responses in both PTI and ETI [97,98]. Also, gene-
knockout studies have revealed that blockage of calcium channels directly affects the plant
defense response’s against pathogens [113,121]. However, there remain many knowledge
gaps on how pathogens trigger calcium channel activation and the role of precise cal-
cium sensors during immunity activation [123]. Future research is required to determine
how RLks and RLPs contribute to the activation of calcium channels during pathogen
attack. It is well documented that RLKSs can bind either rapid alkalinization factor (RALF)
peptides or oligosaccharides that further activate calcium channels. Therefore, there is a
need to underpin how pathogens induce RLKs-mediated calcium activation via RALF or
oligosaccharide-based activation, and these need further investigation, which will provide
novel insights not only for understanding cell wall-mediated plant immunity regulation
but also for improving disease resistance [123].

Reactive oxygen species are important signaling molecules that regulate diverse plant
growth and biotic and abiotic stress-adaptive responses [124]. In plants, members of the
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase family are responsible for
ROS production during PTI. It is well known that one of plants’ early responses towards
pathogen attack is transient ROS burst, which plays a key role in regulating diverse plant
defense responses [125]. During plant—-pathogen interactions, the apoplast is a major
route of ROS production. After pathogen sensing by RLKs and RLPs, a series of rapid
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biochemical response occurs, which includes ROS generation. For example, RLKs like
PBL1 and BIK1 are necessary for apoplastic ROS production [126] and cytosolic calcium
burst [127] as well as for disease resistance to fungal and bacterial and pathogens [126].
ROS waves play a vital role in local and long-distance signaling during plant-pathogen
interactions. Among RBOHs, the main contributor to the generation of ROS during innate
immunity is RBOHD [128]. Pathogen pattern-induced cytosolic calcium burst is essential
for the activation of RBOHD, as transient calcium burst causes conformational changes
in RBOHD'’s N-terminal EF-hand motifs upon PAMP sensing, and CPK phosphorylation
causes RBOHD to produce ROS [127,129]. ROS can also raise the intracellular calcium
concentration and activate CPK5, even though calcium and CPKs function upstream
of RBOHD activation in pattern-triggered immunity [129]. Interestingly, this reciprocal
control between ROS and calcium most certainly plays a major part in the long-distance,
cell-to-cell propagation of ROS and calcium known as ROS waves and calcium waves,
which are thought to regulate systemic signaling during biotic and abiotic stressors [130].
Future studies are required to further explore calcium and ROS interplay during plant—
pathogen interactions and defense activation and how they are regulated by cell wall
receptors and other apoplastic signaling molecules, which will provide novel insights for
understanding the complexity of the plant immune system. This will also help in improving
disease resistance by identifying key players that modulate calcium/ROS-driven immune
responses against diverse pathogens.

5. Revisiting the Role of Hormones in Plant Defense Response

Plants use sophisticated phytohormone signaling networks as a universal defensive
mechanism against pathogen invasion [38,40]. It is well documented that plants undergo
hormonal reprogramming to restrict disease progression, but it also plays a key role for
plant survival, such as in the reallocation of resources, regulation of cell death, and modifi-
cation of plant architecture [131]. In contrast, pathogens can also manipulate hormonal sig-
naling pathways that support pathogen growth and disease development [131,132]. Based
on the available literature, hormones such as SA, JA, and ET are recognized as primary
plant defense hormones that provide disease resistance against diverse pathogens [105].
Recent studies have also reported the role of other hormones such as ABA, auxin, brassi-
nosteroids (BL), auxins, cytokinins (CK), and gibberellins (GA), which play important roles
in modulating plant responses to pathogen attack [38]. Interestingly, the interaction of
different hormonal signaling pathways is critical for balancing growth-stress tradeoffs,
which is crucial for plant survival and adaption.

SA plays a critical role in plant defense against biotrophic and semibiotrophic pathogens
by triggering local and systemic resistance [38,39]. At the onset of a primary infection,
SA levels rise in local leaves, which, along with other transportable signals, leads to the
formation of SAR [133,134]. The SA receptors NPR1 and NPR3/NPR4 were identified, and
they are crucial for SA-mediated systemic and local resistance [134]. Plants utilize two
distinct routes to synthesize SA from chorismate: either through isochorismate synthase
1 (ICS1) in the chloroplast or via PAL in the cytoplasm [135]. The resultant gene network
from the hormone-signaling pathways encompasses multiple transcription factor families;
for example, WRKY proteins play a role in activating pathogenesis-related (PR) genes like
PR1, while MYB factors are crucial in activating genes specific to flavonol biosynthesis
within the phenylpropanoid pathway [38]. Phytoalexin-deficient 4 (PAD4) and enhanced
disease susceptibility 1 (EDS1) genes are essential for the activation of SA pathways. PAD4
and EDS1 encode proteins that resemble triacyl-glycerol lipases, which are required for
SA production [136]. SA is important for defense effector genes and systemic acquired
resistance (SAR), as evidenced by NahG transgenic plants that break down SA with bacterial
salicylate hydroxylase [137]. Furthermore, the SA-ABA interaction, as observed in the FLS2
receptor implicated in the PAMP response of P. syringae, activates SA and ABA responses,
assisting in pathogen protection through stomatal closure [138].
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In plants, JA provides defense response against necrotrophic fungal pathogens and
pests [40]. On other hand, both biotrophic and hemi biotrophic viruses produce effectors
that can manipulate the JA pathway, thereby increasing plants disease susceptibility [132].
JA and its derivatives, generally known as jasmonates, exhibit different functions and serve
as a vital signal mediator in the defense against necrotrophic pathogens [40]. In terms of
plant defense, JA not only activates the expression of PR genes [123] but also regulates the
synthesis of secondary metabolites including glucosinolates, terpenoids, flavonoids, and
phytoalexins [139,140]. In Arabidopsis, the MYC2, MYC3, and MYC4 genes regulate the
accumulation of JA in response to plant herbivory [141]. MYC2 positively regulates the ex-
pression of LOX2/3/4 after treatment with MeJA, and it also controls the expression of JAV1
and JAM1, which act as major regulators of JA biosynthesis and catabolism, respectively.
After activation of JA signaling, defense responses are initiated near the wound site or SAR
at the uninjured site far from the site of infection. Long-distance transport of JA occurs
via vascular bundles from the place of initial synthesis to other parts of the plant. Recent
investigations have demonstrated that the JA signaling pathway leads to the activated
of downstream responsive genes such as PR3, chitinase, and lipoxygenase LOXs [142].
The MYC2 transcriptional activator regulates JA-mediated suppression of isochorismate
synthase 1 (ICS1), a key enzyme in the isochorismate (IC) pathway, resulting in the induc-
tion of genes involved in salicylic acid (SA) metabolism via transcriptional regulation of
SNAC-A transcription factors [143]. In Arabidopsis, genome-wide association mapping has
revealed the role of genes involved in varied JA responses and hormonal interplay. The
genes include nuclear-localized type B response regulators (RRB), also known as type B
ARR in Arabidopsis, which function as a transcription factor and regulate the expression of
CK-responsive genes [142]. According to recent studies, JA’s volatile components, such as
methyl-JA, are essential for the systemic wound signaling pathway. The bioactive form of
jasmonoyl-L-isoleucine (JA-Ile) in Arabidopsis has also been observed to accumulate in
distal leaves following pathogen infection [144]. Several studies have highlighted the role
of JA and its related oxylipin metabolites in long-distance signaling [145]. Choi et al. [145]
investigated the interconnectedness of microbe-associated molecular patterns (MAMPs)
and damage-associated molecular patterns (DAMPs) with JA and oxylipin signaling. Re-
cent studies have also implied the role of JA and oxylipins in the coordination of different
defense signaling pathways, such as that of SA, to optimize a plant’s response to a particular
stress [146,147]. JAZ9 and NOGI1-2 interact via a common binding domain and inhibit the
interaction between JAZ9 and COI1 [121]. Effector-triggered immunity (ETI) is exemplified
by the relationship between JAZ9 and NOGI-2, wherein the effector reinstates stomata
during bacterial infections, thereby decreasing the wound response.

The role of SA and JA in plant defense against viral pathogens is functionally validated
in different plant systems. For example, SA signaling during plant—virus interaction is
activated by effector R genes that cause the production of reactive oxygen species (ROS) and
hypersensitive response (HR) and the expression of pathogenesis-related genes, which con-
fers antiviral disease resistance [148]. After virus infection, the activation of SA-mediated
defense response can inhibit intercellular trafficking, replication, and long-distance move-
ment of viral pathogens. The RNA interference (RNAi) pathway is another antiviral defense
response associated with the SA-mediated suppression of viral infection [149]. Similarly, the
role of JA in plant antiviral defense has been reported in different plant-virus interactions.
For instance, Han et al. [150] reported that rice stripe virus (RSV) induces the expression
of JA pathway genes, which leads to RSV resistance in rice. Previous study has shown
that exogenous treatment of JA decreased the DNA titer of beet curly top virus (BCTV),
which further supports the role of JA in antiviral defense [151]. However, contradictory
results were also reported that knockout of JA biosynthic genes reduced viral infection
and its accumulation [132]. Apart from their respective roles, SA and JA crosstalk plays a
crucial role in regulating antiviral defense responses [152]. According to Oka et al. [132], JA
biosynthesis enzyme ALLENE OXIDE SYNTHASE (AOS) or JA receptor COI1 silencing
boosted plant resistance to TMV and elevated SA levels in COI1- or AOS-silencing plants,
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which decreased TMV accumulation in tobacco plants. Previous study has also shown the
antagonistic interaction between SA and JA in tobacco and Arabidopsis plants after viral in-
fection [153]. These findings emphasize the fact that changes in endogenous phytohormone
levels are closely correlated with viral movement, replication, symptom development, and
defense responses. New insights are being gained into the host manipulation theory and
the changes that occur in phytohormones signaling networks during viral infection. Based
on the available data, we show how SA and JA provide disease resistance against different
types of pathogens in plants in Figure 3.
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Figure 3. A schematic representation showing SA- and JA-dependent plant immunity against
bacterial, viral, and fungal pathogens. This illustration also shows the roles of different players that
modulate SA /JA-dependent immune responses.

Ethylene (ET) is a key component of plant immunity in addition to SA and JA. ET
primarily confers resistance against necrotrophic fungal pathogens and participates in the
induction of systemic resistance mediated by beneficial microbes [154]. Although ET and
salicylic acid typically interact antagonistically, plant PRR perception of PAMPs causes
ET, SA, and JA to accumulate as well. This trio is necessary for local PAMP-induced
resistance to pathogens [155]. Early PTI responses include the production of ET, which
regulates the synthesis of downstream defensive proteins and metabolites involved in plant
immunity in combination with ROS and the activation of MAPK signaling cascades [156].
The perception of ethylene is initiated at the endoplasmic reticulum membrane. This
triggers a signaling cascade that subsequently leads to the transcriptional regulation of ET-
responsive genes in the nucleus via the participation of ETHYLENE RESPONSE FACTORs
(ERFs) [157]. In response to pathogenic invasion, plants elicit the production of ET, which
serves as a key regulator in inhibiting the growth of specific pathogens by modulating
the transcriptional activity of genes involved in pathogen response. Plants exposed to
a pathogen-associated molecular pattern known as bacterial flagellin peptide 22 (flg22)
show the phosphorylation of rate-limiting enzymes involved in ET biosynthesis, ACS2, and
ACS6, which is mediated by MAP kinases 3 and 6 (MPK3 and MPK6). Following this, EIN3
triggers the activation of many transcription factors, such as ERF1 and OCTADECANOID-
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RESPONSIVE ARABIDOPSIS AP2/ERF 59 (ORA59), which are essential in regulating the
expression of genes linked to immunity [158]. However, the role of ET in plant immunity is
not fully understood. Previous studies have reported that bacterial pathogen P. syringae pv.
infection in tomato leads to ET production during hypertensive response, which further
supports the notion that ET plays a key role in modulating ETI [159]. However, there
are major knowledge gaps regarding how ET modulates SA /JA crosstalk and systemic
resistance against many pathogens.

Defense hormones have a well-established role in modulating a plant’s response to
external stimuli. Plants accumulate a wide range of chemical compounds in response to
various stresses, including ABA, which can trigger stomatal closure and increase disease
resistance [160]. ABA interacts both antagonistically and synergistically with the ET and
SA signaling pathways, respectively, and is implicated in plant responses to a wide variety
of diseases [161]. Due to the versatile nature of ABA in mediating plant response to both
biotic and abiotic stresses, the role of ABA in mediating plant immunity is well understood.
For example, ABA acts synergistically with JA but suppresses SA, which causes plants to be
more vulnerable to biotrophic pathogens [162]. Increased levels of ABA in plants facilitate
cross-adaptation against plant diseases and drought stress [160]. ABA also mediates the
response of JA via the interaction with MYC2 transcription factors [163]. However, ABA
also evokes JA responses via interaction with MYC2 transcription factors. JA has a positive
interaction with ABA during plant response to multiple stresses and hence activates the
MAP kinase signaling pathway in A. thaliana [164]. (Similarly, ABA-activated secondary
messengers such as reactive oxygen species (ROS), nitric oxide (NO), and cytosolic free Ca?*
contribute to plant adaptation to both abiotic and biotic stresses [165]. Hormone crosstalk
plays a critical role in regulating the plant immunological network for tailoring immune
response to diverse plant pathogens. However, molecular interplay between hormonal
cross talk dynamics is not fully understood and therefore warrants future investigation.

6. Conclusions

Application of pesticides has been a major driver to control microbial disease, but
it has detrimental impact on ecology and human health in addition to the emergence of
newly resistant pathogens. Pesticides can also alter soil physiochemical properties as well
as soil-beneficial microbiota, which can have a negative impact on plant growth and stress
adaptation. Hence, it is important to develop long-term crop disease-resistance cultivars
in order to increase crop productivity for the growing population. In this regard, under-
standing the molecular dynamics of plant—pathogen interactions and identifying potential
candidates are key for developing future disease-resistant crops. To increase plant resilience
to microbial diseases, scientists are modifying plants’ genetic makeup instead of using
chemicals. Incredible discoveries have been made over the past few decades regarding how
plants respond to pathogen attack, and a number of important players, including RLKs,
calcium channels, RBOHs, and hormonal signatures, have been discovered. However,
the details of their fundamental role in plant immunity and their biochemical complexity
during plant-pathogen interactions remains largely unknown. Also, how climate change
affects plant—pathogen interactions and plant immunity remains enigmatic and warrants
future investigation. Because of their rapid natural adaptability to environmental extremes,
shorter life cycles, and faster rates of multiplication, phytopathogens may become more
common and lead to more severe diseases as a result of climate change. This could result
in more catastrophic injury to crop plants. Therefore, understanding how plant immune
systems will be affected by climate change and how it affects pathogen distribution and
disease severity will help in developing climate- and disease-resistant crops in sustainable
agriculture. In the near future, broad-spectrum resistance against pathogens infections is
anticipated to be mostly produced by developments in targeted gene insertion by genome
editing and molecular stacking. In the future, genome editing, more specifically, CRISPR-
based technologies, will play a significant role in enhancing crop resistance to a wide range
of pathogens, ensuring food safety and sustainable agriculture.
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Abstract: Rice (Oryza sativa L.) is one of the most significant staple foods worldwide. Carbohydrates,
proteins, vitamins, and minerals are just a few of the many nutrients found in domesticated rice.
Ensuring high and constant rice production is vital to facilitating human food supplies, as over three
billion people around the globe rely on rice as their primary source of dietary intake. However,
the world’s rice production and grain quality have drastically declined in recent years due to the
challenges posed by global climate change and abiotic stress-related aspects, especially drought, heat,
cold, salt, submergence, and heavy metal toxicity. Rice’s reduced photosynthetic efficiency results
from insufficient stomatal conductance and natural damage to thylakoids and chloroplasts brought
on by abiotic stressor-induced chlorosis and leaf wilting. Abiotic stress in rice farming can also cause
complications with redox homeostasis, membrane peroxidation, lower seed germination, a drop
in fresh and dry weight, necrosis, and tissue damage. Frequent stomatal movements, leaf rolling,
generation of reactive oxygen radicals (RORs), antioxidant enzymes, induction of stress-responsive
enzymes and protein-repair mechanisms, production of osmolytes, development of ion transporters,
detoxifications, etc., are recorded as potent morphological, biochemical and physiological responses
of rice plants under adverse abiotic stress. To develop cultivars that can withstand multiple abiotic
challenges, it is necessary to understand the molecular and physiological mechanisms that contribute
to the deterioration of rice quality under multiple abiotic stresses. The present review highlights the
strategic defense mechanisms rice plants adopt to combat abiotic stressors that substantially affect
the fundamental morphological, biochemical, and physiological mechanisms.

Keywords: abiotic stress; drought; physiology; rice; tolerance

1. Introduction

Rice (Oryza sativa L.), a species of Poaceae, is a ubiquitous staple food worldwide,
offering vital nutrients, including carbohydrates, thiamin, folate, calcium, iron, pantothenic
acid, and energy [1,2]. Due to the global significance of this economically essential crop
in supporting growing human populations and meeting extensive nutritional needs, im-
proving grain production and quality standards is becoming increasingly important [3,4].
Although yields have plateaued in the cultivation of most cereals, including rice, in recent
decades, climate change is a significant challenge that greatly influences breeders’ decisions
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regarding productivity and quality issues [5]. In the coming decades, persistent negative
impacts of climatic change and global warming can cause shifts in the severity, duration,
and frequency of abiotic stress in rice farming, jeopardizing agricultural sustainability and
global food security [6]. By 2050, it is anticipated that global warming and changes in the
climate will lower irrigated rice production by 7%, while the yields of rainfed rice will likely
decline by 6% and, more conservatively, up to 2.5%, respectively [7]. Various strategies
have been adopted in climate-resilient agriculture to promote long-term sustainability. The
Green Revolution brought a substantial increment in rice productivity across the globe
through the usage of promising and high-yielding rice varieties and the implementation of
modern farming techniques like drip irrigation, biofertilizers, biopesticides, and usage of
recommended doses of plant protection formulations (PPFs) [8].

Rice farming is under continuous exposure to a broad category of biotic (pathogen
invasion and insect infestations) and abiotic (extreme temperatures, drought, cold, heavy
metal toxicity, and salinity) stress-related factors leading to serious agricultural issues
like poor grain production and quality deterioration [9]. Figure 1 depicts different abiotic
stress-related factors that negatively impact rice farming considerably.

Poor germ‘mation

& growth
inhibition

Seedling mortality

o~

Reduced

- i ass
photosynthesis Reduced biom

b

ROS accumulation &\
oxidative damage

poor crop quality &
reduced yield

Abiotic stressors Stress impacts
Figure 1. Effects of different abiotic stresses on rice.

Heat stress and drought are major abiotic stressors that interfere with rice’s physiolog-
ical, molecular, biochemical, and morphological responses, resulting in massive crop losses
and compromises in quality [10]. It has become apparent that frequent exposure to high
temperatures during rice cultivation appears to have detrimental effects in various tropical
and subtropical countries, including India, China, Bangladesh, Pakistan, Thailand, and
several African countries. This includes substantial declines in yield and quality, which can
be attributed to the sudden occurrence of pollen sterility and loss of fertility [11]. According
to Oladosu et al., frequent exposure to drought is detrimental to brown and milled rice, as
it can drastically reduce the quality of grain production to a great extent [12]. On the other
hand, a rise in temperature leads to a rise in humidity, making spikelets sterile [13]. The
flower buds cannot mobilize essential nutrients like carbohydrates and derived products
when subjected to extreme heat stress.

Chilling stress is another influential environmental stress that significantly impacts
the rice plants’ normal growth and development, including the percentage of seeds that
successfully germinate, the vigor of seedlings, the formation of tillers, the reproductive
capacity of plants, and the maturity of grains [14]. Similarly, under salinity stress, invasive
apoplastic ion transport drives Na+ uptake into rice shoots [15]. Likewise, the submersion
of plants can have detrimental effects on various physiological processes, including oxygen
and carbon dioxide exchange, light availability, and nutrient absorption. These adverse con-
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ditions can hinder the process of photosynthesis, exhaust energy reserves, and eventually
lead to growth impairment or the mortality of plants [16]. According to Suwanmontri et al.,
rice farming under rainfed lowland ecosystems is severely affected by intense and rapid
exposure to abiotic stressors, leading to significant damage both in terms of quality and
quantity [17]. Furthermore, plants exposed to high amounts of heavy metals experience a
decrease or complete halt in metabolic activities and exhibit morphological abnormalities,
ultimately leading to a reduction in crop yield [18].

To adapt to these abrupt changes in environments, plants have established intricate
response mechanisms for detecting environmental signals and displaying appropriate
physiological, morphological, and biochemical adaptations. Abiotic stressors can trigger
the up- or downregulation of various genes, activating or inhibiting multiple signaling
pathways and enhancing the plant’s tolerance to different environmental challenges [19].
Therefore, a complex interaction of signaling cascades is required at the molecular level
to recognize external stimuli and the subsequent awakening of defense mechanisms [16].
In recent years, significant advancements have been made in our understanding of how
plants respond to abiotic stresses. This progress can be attributed to contributions made in
plant physiology, genetics, biotechnology, and molecular biology. By building upon the
existing knowledge of stress tolerance mechanisms in rice cultivars, it is possible to develop
novel gene pools that exhibit enhanced resistance to abiotic stresses [20]. In light of the
preceding, this review aims to assess the biochemical, physiological, and morphological
responses of rice to different abiotic stimuli and identify the process parameters used to
generate rice varieties that are tolerant to abiotic stress.

2. Morphophysiological and Biochemical Impacts and Tolerance Mechanisms in
Response to Different Abiotic Stressors

2.1. Drought Stress

The environment has witnessed several persistent repercussions from global climate
change, like alterations to the growing season, patterns of rainfall, severe droughts, and
soaring temperatures. A significant impact of these changes is the serious threat posed to
global rice production by drought stress [21]. Statistics show that 42 million hectares of
rice in Asia are occasionally or frequently vulnerable to drought, significantly reducing
yield [22-24]. According to Lafitte et al., rice suffers economic losses of 48-94% during the
reproductive stage due to water stress and another 60% during the grain-filling stage [25].
Reduced cell development, elongation, expansion, and the disruption of plant antioxidant
activity triggered by the buildup of reactive oxygen species (ROS) are all ways that drought
stress affects rice yield [26].

2.1.1. Morphophysiological and Biochemical Responses to Drought Stress

Plants have different strategies to deal with drought, which include escape, avoidance,
and tolerance. Escape involves adapting to a shorter life cycle or growing seasonally to
reproduce before the environment becomes dry [27]. Avoidance focuses on maintaining a
high water potential in plants by reducing water loss through stomatal control and having
a well-developed root system for water uptake [28]. Tolerance, on the other hand, involves
limiting the number and size of leaves in response to water scarcity, but this strategy can
result in reduced yield [29]. Rice production is particularly impacted by three typical
types of droughts: early water stress, which delays the transplantation of seedlings; mild
intermittent stress with cumulative impacts; and late stress, which affects late-maturing
varieties [30]. The root—canopy ratio, plant height, and dry weight decrease upon water
scarcity exposure. Especially at the flowering stage of rice, the rate of photosynthesis,
stomatal conductance, rate of transpiration, water potential of leaves, and the air-leaf
temperature gap all experience a substantial decline [23]. During the reproductive stage,
rice is highly susceptible to water stress, significantly reducing grain production with a
drastic decrease in the number of whole grains and spikelets per panicle [31]. The major
plant part that detects changes in soil conditions are the roots, which also play a pivotal
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role in how plants react to water stress. When studying rice root systems under drought
stress, a significant positive association was observed between root diameter, depth, and
overall plant health and vitality. In drought, plants lengthen their roots to use the water
in the soil more efficiently [32]. In response to the drought, rice’s root length increases,
enabling the plants to access deeper water reserves in the soil. Additionally, there is a
notable reduction in the diameter of nodal roots, leading to the development of relatively
finer roots that aid in resource conservation [33]. Many upland japonica rice cultivars can
withstand drought because of their vast and deep root systems. In contrast, the indica
subspecies of rice often experience a reduction in their growth period [34]. Rice is less
adapted to water-scarce circumstances than other cereal crops. Upland rice cultivars” deep
root systems are considered good at sustaining yields under drought conditions. In contrast,
lowland rain-fed rice crops are susceptible to fluctuating soil water levels, and specific
genotypes have adapted to these circumstances by promoting root growth even before
and throughout drought [35]. According to Banoc et al., rice plants with well-established
root systems exhibit greater water stress resilience and can maintain productivity even
under such conditions [36]. Root growth takes precedence over shoot growth when there is
a water shortage. Notably, there is a significant disparity in the rate of sap leakage from
the root network between rice genotypes that are tolerant to drought and those that are
susceptible to it [37].

The rolling of leaves is an adaptive mechanism against water deficiency. This adapta-
tion benefits plants in times of water scarcity and low soil moisture, as it effectively reduces
transpiration rates and helps maintain a favorable water balance within plant tissues [38].
As the intensity of the drought stress increases, rice leaves often exhibit varying degrees of
leaf rolling. Broader-leafed indica rice cultivars perform better in drought conditions than
shorter, narrower-leafed varieties regarding biomass, stomatal conductance, and transpi-
ration efficiency [39]. Furthermore, to sustain turgor conditions, plant cells subjected to
drought attempt to regulate their osmotic potential by accumulating specific osmolytes.
One of the most well-known osmolytes, proline, functions as a mediator in osmotic control
to protect the cell against ROS while maintaining the integrity of the plasma membrane.
Accumulation of proline is linked to increased resistance to stress [40].

Photosynthesis, a crucial metabolic process that regulates the growth and yield of
crops, is influenced by drought and water stress. When water is scarce, the relative water
content in plants is reduced. In response, plants employ water-saving strategies such as
closing stomata, which reduces the intake of CO,, transpiration rate, and gaseous exchange
and impedes electron transport, leading to the accumulation of ROS [41-43]. Drought stress
limits the efficient operation of photosystems I and II (PSI and PSII), disrupts the function
of rubisco, and hinders the electron transport chain and ATP synthesis [26,44]. In drought
conditions, the efficiency of photosynthetic pigments such as carotenoids, phycobilin, and
chlorophyll is diminished. This leads to insufficient absorption of light, inadequate light
harvesting, and ineffective photoprotection, eventually leading to limited photosynthesis
and a decrease in the production of photosynthates [45,46]. Moreover, carotenoid also has a
role in plant signaling during stress; thereby, a reduction in their content can detrimentally
affect signal perception during drought stress [47]. Multiple studies have documented the
effects of drought stress on the structural integrity of chloroplasts, chlorophyll production,
and photosynthesis. When subjected to drought stress, chloroplasts change shape, tran-
sitioning from oval to nearly round. Additionally, they move from the cell wall toward
the center of the cell, and the thylakoids within the chloroplasts become disorganized [48].
Another study observed irregularly shaped chloroplasts with swollen thylakoids in re-
sponse to drought stress [49]. The severity and duration of the stress and the specific plant
species or genotype determine the extent to which chloroplast integrity is affected [50].
Drought stress leads to the accumulation of ROS, predominantly in chloroplasts and to
some extent in mitochondria, resulting in oxidative stress [51]. Furthermore, ROS produced
in the chloroplasts of water-stressed plants can negatively regulate the expression of genes
related to photosynthesis and chlorophyll production via retrograde signaling [52,53].
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Direct or indirect oxidative stress in water scarcity conditions causes cell membrane
lipid peroxidation in plants, which in turn stimulates a cascade of physiological and bio-
chemical changes with the potential to disrupt metabolism and negatively impact crop
yield and quality [54]. During drought stress, the plant’s ROS overproduction causes an
abnormal decrease in photosynthetic electron chains [55]. Various ROS, such as hydroxyl
radical (HO"), hydrogen peroxide (H;O;), and superoxide anion (O, ), are generated by
multiple cell organelles. These ROS trigger oxidative damage to cellular components,
DNA fragmentation, the suppression of enzyme activity, and lead to lipid and protein
peroxidation. They also initiate programmed cell death pathways, ultimately leading to
cell death. Antioxidants are vital plant nutrients that scavenge ROS. Therefore, enhancing
the expression of antioxidants boosts the rice plants’” ability to withstand drought. Non-
enzymatic antioxidants such as ascorbate (AsA), tocopherol, and glutathione (GSH), are
different from catalase (CAT), glutathione reductase (GR), ascorbate peroxidase (APX),
superoxide dismutase (SOD), and monodehydroascorbate reductase (MDHAR), which are
enzymatic antioxidants. The metabolic processes of SOD, CAT, peroxidase (POD), and
soluble sugars were elevated in drought-tolerant rice cultivars, whereas malondialdehyde
(MDA) level was reduced [56]. At the time of the filling phase, the drought would swiftly
increase the activities of POD and CAT while slightly decreasing SOD activity, reducing
AsA and GSH contents, and maintaining low levels of HyO, and MDA. It is commonly
accepted that drought causes increased POD and CAT activities of leaves [33]. The removal
of HyO, is significantly aided by the use of ascorbic acid, which is an essential antioxi-
dant. During the ascorbic acid-glutathione cycle, APX employs two of the ascorbic acid
molecules to catalyze the breakdown of H,O, into water. This reaction was followed by the
synthesis of monodehydroascorbate. As rice’s drought stress increases, the AsA content
of functional leaves drops [57]. Enhancing the content of naturally occurring antioxidants
(both enzymatic and non-enzymatic) could be a tactic to lessen or stop oxidative damage
and boost plant resilience to drought. During drought, redox-sensitive flavonoids and
phenolic acids are synthesized to counteract ROS and bind transition metal ions required
for the Fenton reaction [58]. Redox-sensitive phenolic acids (protocatechuic acid, gentisic
acid, syringic acid, gallic acid, caffeic acid, salicylic acid (SA), and p-coumaric acid) and
flavonoids (rutin, catechin, kaempferol, quercetin, naringin, apigenin, and myricetin) pro-
vide drought-tolerant rice cultivars with the capacity to sustain redox homeostasis [59].
Polyamines, which are small molecules with a positive charge, affect rice’s adaptation to
stress from drought. Some polyamines identified in plants include putrescine, spermi-
dine, and spermine [60]. They can interact with several signaling networks and control
homeostasis, osmotic potential, and membrane stability. When rice plants are subjected to
drought stress, there is an elevation in polyamine levels, which is associated with enhanced
photosynthetic activity, decreased water loss, and improved ability to detoxify and adapt
to osmotic stress [61]. Carotenoids are crucial members of the antioxidant defense system
because they prevent the synthesis of singlet oxygen, stabilize triplet chlorophyll in tissues
under stress, and shield plants from oxidative damage. As a result, rice’s carotenoid content
rises to counteract oxidative stress [62].

2.1.2. Molecular Response to Drought Stress

Rice plants have developed complex mechanisms to survive different abiotic stresses.
These mechanisms allow them to adapt or avoid stress by responding optimally. Abiotic
stressors are often interconnected and cause damage to plant cells, resulting in oxidative
stress [63]. When plants encounter stress, membrane receptors detect the initial signals and
transmit them to initiate transcription. This process is controlled by hormones, transcription
factors (TFs), and transcription factor-binding proteins (TFBPs). These factors work together
to activate stress-responsive mechanisms, repair damaged proteins and membranes, and
restore homeostasis [64] (Figure 2). Inadequate response at any stage of the signaling
and gene activation process can lead to permanent alterations in cellular equilibrium,
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breakdown of functional and structural proteins and membranes, and ultimately, cell

death [65].
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Figure 2. A simplified diagram illustrating how rice plants respond to various abiotic stresses. The
overall signaling pathways in plants are triggered when they perceive signals related to abiotic stress,
leading to the activation of stress responses.

To combat water scarcity, drought stress in rice activates both abscisic acid (ABA)-
dependent and ABA-independent signaling pathways [66]. It works via extensive and
intricate signaling pathways to regulate drought stress. This involves adjusting the phys-
iological, biochemical, and molecular attributes of the rice to improve the root’s ability
to acquire more water and the stomata’s ability to lose less water. This adaptation helps
the plants cope with water scarcity stress. Plants respond to drought stress by narrow-
ing their stomata to reduce water loss, improve water utilization efficiency, and enhance
their chances of survival [67,68]. ABA governs the movement of stomata to lessen the
transpiration rate under drought stress [69-71]. ABA receptor, OsPYL/RCARS, has been
demonstrated to exert a positive regulatory effect on the expression of genes that are
responsive to abiotic stress, and overexpressing the OsPYL/RCAR5 gene additionally en-
hanced transgenic rice’s ability to withstand drought [72]. Research has demonstrated
that rice DREB transcription factors are essential controllers of ABA-independent drought
responses. Rice cultivars that overexpress OsDREBIF exhibited improved drought tol-
erance, indicating that this gene mediates the ABA-dependent pathway [73]. When rice
undergoes drought stress, the root system improves cuticle resilience and boosts the num-
ber, density, and depth of root hairs [74]. One key component in achieving that is DRO1,
a combined quantitative trait locus (QTL) linked to root depth, which is upregulated in
response to drought stress, promotes deeper growth of roots, and enhances tolerance
against drought [75]. It also regulates the elongation of cells of the root tip, asymmetric
growth, and bending of the root tip. When transformed with DROI, rice cultivars with
shallow roots become drought tolerant by establishing a deeper root system [75]. Drought
resistance also depends on genes related to osmotic adjustment, equilibrium of stomatal
activity, water-use effectiveness, phytohormones, and root and shoot biomass. Various
genes, like OsPYL/RCARS and EcNAC67, cause delayed leaf rolling and increased root
and shoot mass under drought stress [72,76]. Drought resistance in rice is improved by
EcNAC67 overexpression. When exposed to water stress, in comparison to non-transgenic
ASD16, transgenic plants displayed delayed leaf rolling signs. Additionally, they revived
quickly after re-watering, retained a 20% higher relative water content in the leaves, and
experienced a less pronounced decline in plant height and yield [76]. Research studies
revealed that the DSM1 gene, a Raf-like MAPKKK, might modulate ROS scavenging to
mediate drought responses in rice [77]. Table 1 presents a summary of key genes associated
with drought resistance in rice.
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Table 1. Identified genes linked to drought stress tolerance in rice.

Name of Genes Function Reference
DROT Stimulates the growth of roots, resulting in increased [75]
length and deeper penetration into the soil
EcNACGE7 Enhanc.es water content, postpones leaf curling, and 78]
increases the mass of roots and shoots
Assists in removing reactive oxygen species and
DsM1 enhances drought resistance during the early growth [77]
(seedling) phase
OsPYL/RCAR5 Causes the closure of stomata and controls the weight [33]
of leaves
OsDREB2B Length of roots and the amount of root growth [73]
OsNAC5 Increases the size of the r.oots and improves the [79]
amount of grain produced
SNAC1 Enhances spikelet fertility [80]
OsLEA3-1 Enhances grain yield [81]
OsbZIP23 Increase grain yield [82]
Enhancing tolerance to drought and increasing
OsbzIP72 sensitivity to ABA (upregulating ABA) [83]
AP37 Improves the process of seed fllhng and increases the [84]
weight of the grain
Enhances resistance to drought during the vegetative
OsNAC10 phase, enhances root size, and enhances crop [79,85]
productivity
Increases water use efficiency, the buildup of
EDT1/HDG11 compatible osmolytes, heightened antioxidant [86]
enzymatic activity, and improves photosynthesis
Osmolytes accumulation, maintenance of chlorophyll,
AtDREBIA increment in relative water content, and reduction in [87]
ion leakage
OsCPK9 Er}hances drought tolerance in transgenics thrgugh [88]
improved stomatal closure and osmoregulation
Enhances resistance to drought by synthesis of
ADC . X . [61]
polyamines such as putrescine and spermine
OsOAT Enhances resistance to drought.and promotes higher [89]
seed production
OsTPS1 Enhances rice seedling s tf)lerance to drought, cold, [90]
and salinity stress
P5CS Enhances biomass production under salinity and [91]
drought stresses
HVA1 Plasma membrane stability, increases leaf relative [92]
water content (RWC) and growth under drought stress
Drought resistance via antioxidants generation, ABA
Hrfl . . . [93]
signaling, and regulating stomata closure
JERF1 Enhances drought resistance [94]
OsRDCP1 Improves drought stress tolerance [95]
OsSDIR1 Regulates stomata under drought stress [96]
0sSRO1c Regulates stomatal closure and enhances oxidative [97]

stress tolerance
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It has been noted that seed priming is an effective strategy to reinforce the antioxida-
tive defense system and enhance plant stress responses. One study observed a notable
increase in antioxidant activity, total phenolic content, and expression of RD1 and RD?2, rice
drought-responsive genes belonging to the AP2/ERF family in two different rice genotypes,
Nagina-22 (known for its drought tolerance), and Pusa Sugandh-5 (known for its drought
sensitivity). This upregulation was observed when the seeds of these genotypes were
primed with different plant hormonal or chemical elicitors, such as methyl jasmonate,
SA, and paclobutrazol, under drought stress [98]. Rice that has been colonized by Tri-
choderma harzianum isolates is drought tolerant, grows faster, and experiences a delay in
the effects of drought [99]. Colonization boosts rice’s ability to acquire and store water
and root growth. In colonized plants, there is a lesser increase in the concentration of
stress-induced metabolites.

2.2. Heat Stress

Global food security is now seriously threatened by heat stress brought on by a fast-
changing climate. When the temperature rises above a specific point and continues for
a while, it is said to be under heat stress, which can permanently harm plant growth
and development [100]. Without effective adaptability, CO, fertilization, and genetic
development, it is predicted that every one-degree rise in the global mean temperature will
result in lower worldwide yields of wheat, rice, maize, and soybeans [101]. Rice can grow
normally at temperatures between 27 and 32 °C. Above 32 °C, all phases of growth and
development of plants are negatively affected. The flowering stage, however, required a
temperature of 33 °C. Heat damage occurs when rice is exposed to air temperatures above
35 °C [102].

2.2.1. Morphophysiological and Biochemical Responses to Heat Stress

Rice has three types of heat stress resistance: defense, avoidance, and tolerance. Heat
defense is the mechanism of controlling morphological development and transpiration of
leaves to lower the temperature of the panicles and avoid deterioration from scorching tem-
peratures [103]. Heat avoidance includes adjusting spikelet flowering time by shortening
the flowering period and early blooming, which is a desirable characteristic for developing
heat-resistant rice cultivars [104]. Heat tolerance is the ability to continue generally living
in hot temperatures. In response to heat stress, rice adjusts its physiochemical processes,
which comprises growth retardation, leaf rolling, the senescence of leaves, and changes to
fundamental physiological functions such as photosynthesis, respiration, the permeability
of membranes, and ROS, that minimize the pollen sterility [105].

In addition to the hormone synthesis that influences the growth and development of
shoots, the roots play essential roles in water intake and nutrients [106]. Although root
systems are crucial in helping plants adapt to high temperatures, their thermotolerance
mechanism has been less explored. Most of the research has focused on studying the aerial
parts of plants [107,108]. Root growth is more susceptible to high temperatures than shoot
growth, due to its lower optimal temperature [109]. Typically, when soil temperatures are
elevated, a decrease in root growth and physiological activity occurs before the cessation
of shoot growth [110]. A study showed that the rice plant roots failed to elongate and
divide at a temperature of 43 °C [111]. Heat stress can affect rice plants during most of
their vegetative growth stages. When temperatures are consistently high, the potential for
seed germination decreases, resulting in a lower germination rate and weaker seedling
growth [112]. When exposed to heat stress (4245 °C), the seedlings experience increased
water loss, wilting and yellowing of leaves, hindered growth of roots and seedlings, and
in severe cases, death of the seedlings [102,113]. Similarly, rice seeds failed to germinate
upon continuous exposure to a constant temperature of 43 °C [114]. In addition, another
study found that rice plants died in the initial vegetative phase when exposed to a constant
air temperature of 40 °C and high levels of CO, (700 ppm) [115]. Furthermore, when
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a sequence of distinct heat stress treatments was applied to rice seeds, young seeds, in
particular, were the most vulnerable in the initial two days following flowering [116].

Rice plants are more vulnerable to heat stress during the reproductive stage than
the vegetative stage, including initiation of panicle, development of male and female
gametophytes, anthesis, pollination, and fertilization [117,118]. Under heat stress (40
°C day/35 °C night) for 15 days, rice output per plant was 86% lower overall, and the
panicle number was roughly 35% lower [119]. In japonica rice, compared to indica rice, heat
stress significantly impacts the number of tillers and panicles [120]. When the rice plant
enters the flowering stage, it becomes highly vulnerable to elevated temperatures. The
second-most vulnerable stage appears around nine days before blossoming. Significant
rises in temperatures during anthesis cause a high proportion of spikelets to be sterile.
During the grain-filling stage, heat stress has been observed to impact the quality of
rice negatively. This is evident through a decrease in palatability, an unfavorable grain
appearance, and an increase in grain chalkiness [121-124]. The presence of chalky kernels
is considered the most prominent indication of heat stress during this particular phase of
rice development. During the panicle-initiation stage, heat-stressed plants experience a
decrease in non-structural carbohydrates, underdeveloped vascular bundles, and smaller
glumes, ultimately reducing grain weight [125]. The total grains and rice production
percentage declines as nighttime temperatures rise. White immature kernels are formed
when rice plants endure exposure to high temperatures at the ripening stage, disrupting
the carbohydrate sink—source balance. The increased rhizosphere temperature causes the
total dry weight of super rice to decrease by 16.26% [126].

A reduction in the stomatal aperture size, the xylem in the leaves, and an increase
in the trichome density on both surfaces are additional examples of common adaptive
responses to heat stress [127]. Photosynthesis is a crucial biochemical function in plants
that is most susceptible to heat. The main sites of injury at high temperatures in chloroplast
are light-dependent reactions in the thylakoid membrane and carbon fixation reactions
in the stroma [128]. High temperature has a strong affinity for the thylakoid membrane.
Significant changes in chloroplasts include changed thylakoid structural arrangement, loss
of grana stacking, and grana swelling during heat stress. Heat shock decreases the number
of photosynthetic pigments. At extreme temperatures, the enzymatic activities of invertase,
ADP-glucose pyrophosphorylase, and sucrose phosphate synthase are diminished, leading
to a substantial decrease or complete cessation of the function of PSII [129,130].

Heat stress-induced imbalance in metabolic activities, including photosynthesis and
respiration, results in a rise in ROS or a fall in the cell’s efficiency to scavenge oxygen
radicals. When exposed to high temperatures, rice anthers produce much more ROS,
decreasing floret fertility and pollen viability [131]. MDA, a reliable indication of free
radical damage to cell membranes, is produced when membrane lipids under heat stress
undergo peroxidation. Increased lipid peroxidation demonstrated that oxidative stress
frequently developed in rice leaves following exposure to high temperatures [132]. Various
enzymes and metabolites take part in the antioxidant defense framework. The antioxidant
enzymes, such as SOD, APX, CAT, GR, glutathione peroxidase (GPX), and peroxiredoxins,
assist in shielding the cells from an accumulation of ROS. Furthermore, Phenolic chemicals
can remove ROS, neutralize singlet and triplet oxygen, or break down peroxides. Moreover,
the GSH molecule has a crucial function in protecting the photosynthetic system [133].

2.2.2. Molecular Response to Heat Stress

Heat stress signals are sensed through numerous heat shock transcription factors
(HSTFs) and proteins. Various genes related to Ca?* homeostasis, ROS, lipid metabolism,
and phytohormones are activated to trigger the response against heat stress [134]. In rice,
a large number of high-temperature-related genes, including stress-related transcription
factors (TFs), HSTFs, and heat shock proteins (HSPs), have been cloned. These genes are in-
volved in heat stress-related temperature sensing and response [135] (Table 2). OsHSP26.7,
for instance, encodes an HSP that shields chloroplasts from oxidative damage brought on
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by extreme heat and ultraviolet radiation [136]. Similarly, under the HSP101 promoter, Os-
WRKY11 encodes a TF with a WRKY domain that can dramatically increase rice’s tolerance
towards heat and drought [137]. Furthermore, a NAC TF called SNAC3 mediates ROS
metabolism, and OsMYB55 TF in rice significantly improves tolerance to high-temperature
and increases grain yield [138,139]. The HYR gene is a crucial regulator that can directly
activate photosynthesis and can control downstream genes involved in carbon metabolism
as well as morphology and physiology during drought and heat stress, maintaining the
yield of rice [140]. The cytoskeleton plays a vital role in the ability of organisms to tolerate
and adapt to stressful conditions. In the case of rice, a specific intermediate filament called
OslF has been identified as being particularly important in mitigating the implications
of heat and salinity stress on the photosynthetic apparatus and overall crop yield [119].
Additionally, several enzymes, including glutamate decarboxylase and glutamine synthase,
are some of the additional key factors that produce stress-related amino acids that aid rice
in tolerating extreme heat [139,141]. A mitochondrial lipase known as EG1 can activate the
expression of floral organ genes during high temperatures, thereby preserving the consis-
tency of floral organ growth [142]. Table 2 presents a summary of key genes associated
with heat stress tolerance in rice.

Table 2. Identified genes linked to heat stress tolerance in rice.

Name of Genes Function Reference

Enhances amino acids’ metabolic process, enhancing [139]

OsMYB55 the ability to withstand high temperatures

Controls abiotic stress-responsive gene expression [143]

OsAREBI utilizing an ABA-dependent mechanism

Increases the expression of HSPs and other genes that
OsHSF7 protect against exposure to high temperatures, [144]
resulting in enhanced resistance to heat

The effects of heat training in rice seedlings are
HSP101 prolonged by post-transcriptional interactions of [145]
HSA32/HSP101 after heat treatment

GAD3 Part1c1pate.1n the ability to withstand [139]
high temperatures
OsHTAS Improves rice’s ability to withstand heat by mediating [146]

stomata closure caused by H,O,

Plays a vital role in the development of chloroplasts
TCM5 and the maintenance of PSII function in [147]
high temperatures

Enhances homeostasis in floral organs and the ability
to withstand temperature changes by activating a [147]
pathway involving mitochondrial lipase in response to
high temperatures

EG1

Breaks down poisonous denatured proteins while [127]

OsTT1 preserving the high-temperature response process

Plays a role in the normal processing of rRNA

precursors at high temperatures and acts as a [148]
chaperone for the nucleolar SSU complex, crucial for

cell growth in high-temperature environments

TOGR1

Plays a crucial part in adjusting to heat stress and [149]

OsHES1 ensuring the proper functioning of chloroplasts.

Plays a dual function in regulating the response to
OsAET1 high temperatures through tRNA modification and [150]
control of translation
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Table 2. Cont.

Name of Genes Function Reference

Plays a crucial role in thermotolerance by interacting

OsNTL3 with OsbZIP74 [151]

OsHsfA2c Involved in regula.tmg the transcrlptlor} of the HSP100 [152]

gene in the cytoplasm of rice
OsHCI1 Facilitates the nuclear export of target proteins, and its [141]
heterologous expression enhanced thermotolerance

Controls the mRNA modification of 5-methylcytosine

OsNSUN?2 (m5C), which improves mRNA translation efficiency [153]

and sustains normal development at
higher temperatures

TT3.2 is ubiquitinated by TT3.1 for vacuolar
OsTT3.1 degradation, and TT3.1 may function as [154]
a thermosensor

Chloroplasts rely on mature TT3.2 proteins to protect
thylakoids against the detrimental effects of heat stress

Enhances SOD and CAT activity, controls H,O,
OsANN1 content and redox homeostasis, to provide cell [155]
protection against abiotic stress

OsTT3.2 [154]

As a key defense against heat stress, plants accumulate soluble carbohydrates like
glucose and fructose as well as non-soluble sugars like starch [156]. Under acute heat stress,
the expression of OsSUT1, a sucrose transporter, is elevated, which results in increased
sugar buildup and reduced photosynthesis [157]. Tolerance to high temperatures in plants
is greatly influenced by the accumulation of certain metabolites. Under intense heat, the
MYB55 TF in rice controls the expression of downstream glutamate dehydrogenases GAD3
and glutamine synthase OsGS1.2, thus promoting the buildup of stress-related amino acids
like gamma-aminobutyric acid (GABA) and L-glutamic acid [139]. The analysis of the
temporal transcriptome of germinating seeds subjected to heat stress at 35 °C reveals that
the early response to heat stress is mediated by the Inositol-requiring enzyme 1 (IRE1)-
mediated endoplasmic reticulum (ER) stress response and the jasmonic acid (JA) pathways.
As JA promotes the spliced form of OsbZIP50, a gene marker linked to the IRE1-specific
pathway, it is hypothesized that the rise in JA concentration levels during heat stress
may happen before the ER stress response [116]. Numerous genes associated with high-
temperature responses have been documented, leading to a better understanding of the
signaling pathways in which they participate. Nevertheless, the precise molecular processes
and regulatory systems underlying sensing of high-temperature signaling and transmission
to downstream components remain inadequately recognized, thus necessitating further
investigation as the critical area of prospective studies.

Ethylene, a crucial plant hormone, significantly regulates biotic or abiotic stress sig-
naling. In the case of heat stress in rice seedlings, ethylene-mediated signaling has been
found to mitigate oxidative damage, preserve chlorophyll levels, and enhance thermotoler-
ance [158]. Specifically, under heat stress conditions, ethylene-mediated signaling controls
the mRINA transcripts of certain heat stress transcription factors (HSFs) and genes related to
ethylene signaling [125]. Phytohormones are also crucial in controlling how rice yield qual-
ities react to heat stress. Specifically, cytokinin and abscisic acid (ABA) regulate the number
of spikelets per panicle under high-temperature conditions. Additionally, gibberellin and
indole-3-acetic acid may be associated with spikelet fertility, while indole-3-acetic acid,
ABA, gibberellin, and cytokinin regulate grain weight [100].

When exposed to heat stress, foliar sprays of boric acid (25, 50, or 100 mg L~!) or
sodium borate (50 mg L™!) substantially boosted net photosynthetic rates in comparison
to untreated plants [159]. The use of foliar borate compounds on seedlings experiencing
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heat stress led to a decrease in oxidative damage, as indicated by the reduction in the levels
of leaf MDA and proline synthesis and an enhancement in the photochemical efficiency
of PSII.

2.3. Cold or Low-Temperature Stress

Rice is sensitive to cold, especially during the germination process, which causes
significant economic losses. The dynamics of the crop’s growth are negatively impacted
by cold stress in temperate and high-altitude rice-growing regions in the tropics and
subtropics [160]. Cold stress has detrimental consequences on rice, such as decreased
seedling growth, poor germination, constrained leaf expansion, chlorosis, and wilting.
Necrosis, or tissue death, is the final impact of these factors [161].

2.3.1. Morphophysiological and Biochemical Responses to Cold or Low-Temperature
Stress

In circumstances of cold stress, the growth of rice shoots and roots is hindered in
terms of length, fresh and dry weight, and protein content [162]. A research study found
that when exposed to cold stress, the root growth and developmental characteristics
of various genotypes of rice decreased, ranging from 2% to 87% [163]. Furthermore,
when rice is subjected to cold stress during the vegetative stage, the leaves begin to
yellow, the plant grows shorter, and the number of tillers decreases [164]. Rice’s ability
to germinate, as well as its coleoptile and radicle growth, is significantly reduced by low
temperatures. Inhibition of seed germination and growth retardation or death of the
seedlings cause a decline in crop yield [165]. The reproductive phase of rice, specifically
in the post-meiotic stages of anthers, has a pronounced impact on pollen production
due to cold stress [166]. In addition, cold temperatures during the immature microspore
stage of rice anthers lead to heightened protein degradation. Other effects of cold stress
comprise damage to the photosynthetic apparatus, including modifications to the number
of chloroplasts, ultrastructure, light-harvesting chlorophyll antenna complexes, modified
grana arrangement, and lamellar structures [164,167]. Thus, there is a shortage of plant
energy resources since cold temperatures generally slow photosynthetic processes. This is
due to the reduced activity of several enzymes involved in tetrapyrrole metabolism and
the down-regulation of gene expression, which affects chlorophyll production [164]. The
circadian clock is crucial for rice’s reaction to chilling stress. Night chilling stress affects
leaf chlorophyll metabolism and PSII more severely than its daytime equivalent [168].
Additionally, nitrogen intake has often been found to be restricted by chilling stress in
rice [169]. Numerous studies have shown that stress caused by low water temperature
reduces nitrogen absorption [170,171]. This could be attributed to the decreased activity of
enzymes and transporters in the roots under such conditions.

Plants have developed advanced mechanisms to prevent damage caused by cold
temperatures. One such mechanism is cold acclimation, where plants exposed to mild cold
temperatures for a short period become more resistant to following freezing stress [172,173].
During cold acclimation, various physiological, biochemical, and molecular transforma-
tions take place. These include the activation of antioxidant systems, the production
and buildup of cryoprotectants, and the implementation of mechanisms that safeguard
and stabilize cell membranes [174]. To keep the cell membrane stable, the content of
unsaturated phospholipids in the membrane increases. Additionally, cells store osmotic
molecules rich in sucrose and proline, as well as antifreeze proteins, which help to retain
water molecules [175]. Plants synthesize various proteins such as late embryogenesis
abundant (LEA), anti-freezing proteins (AFP), and cold shock proteins (CSP) to increase
their tolerance to cold stress [176,177]. Lower molecular-weight solutes, soluble sugars,
and proline act as osmoprotectants to shield plants from cold-induced damage. Similarly,
the accumulation of protective proteins like LEA, AFPs, and CSPs during cold acclimation
is crucial for enhancing cold tolerance in plants [178]. The acclimation mechanism is crucial
for improving the ability of plants to withstand cold temperatures. Even plants that are
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sensitive to cold, like rice, can adapt to chilling conditions [179,180]. Freezing-resistant
plants also adapt through cold acclimation, where they are exposed to temperatures slightly
above freezing. Under these conditions, aquaporins play a key role in regulating the water
uptake mechanism and the permeability of cell membranes [181-184]. Various studies have
shown that aquaporins are functionally important in controlling the hydraulic conductivity
of roots (Lpr) [180,185,186]. It has also been demonstrated that the decrease in water uptake
in rice under cold stress is associated with a decrease in aquaporin expression [187].

Furthermore, the presence of low temperatures can result in the buildup of ROS
and HyO,. This accumulation can subsequently lead to leakage of electrolytes, lipid
peroxidation, and damage to the cell membrane [188]. This can be observed through the
rise in levels of MDA. The breakdown of polyunsaturated lipids to MDA is one possible
way ROS can damage cells and tissues [188,189]. Plants contain a variety of antioxidant
systems to prevent catastrophic breakdown of protein and lipid components when under
stress. Antioxidants like CAT, POD, 2,2-diphenyl-1-picrylhydrazyl, and SOD can compete
against ROS generation in rice under cold stress due to their high stability and pace of
rising [164]. A study on rice cultivars under cold stress found that cultivars with a faster
growth rate had greater H,O; levels in the shoots but lower levels in the roots. However,
this was reversed in the case of rice cultivars with a low growth rate. Moreover, the roots
had higher MDA concentrations and electrolyte leakage due to cell damage than the shoots
under cold stress. Cold stress boosts SOD and CAT activities in the rice roots [162]. These
biochemical characteristics can be used as a selection marker for breeding and adjusting
rice crops with enhanced cold tolerance.

Glutamic acid (Glu) is essential in the amino acid metabolism of plants and is involved
in vital metabolic processes during abiotic stress [190]. These functions include the pro-
duction of proline and gamma-aminobutyric acid (GABA), which are essential for plants’
defense systems [191]. Under cold stress, GABA, proline, and soluble carbohydrates like
glucose and sucrose buildup in rice and work as osmoprotectants to prevent damage from
dehydration and freezing [192,193]. The findings suggest that GABA and proline could
improve plants” ability to withstand cold temperatures.

2.3.2. Molecular Response to Cold or Low-Temperature Stress

Rice plants must maintain the stability of their cell membranes, their levels of chloro-
phyll and fluorescence, the initiation of ROS defense mechanisms, and the accumulation of
osmolytes to withstand cold stress [194]. During cold stress, COLD1 and CIPK sense cold-
related stress signals, and several genes relating to osmoprotectants and phytohormones
are modulated. To facilitate cold sensing and extracellular Ca®* influx at low temperatures,
COLDI1 has been demonstrated to interact with the rice G protein « subunit 1 (RGA1) [195].
Rice CBL-interacting protein kinase 7 (OsCIPK?), in addition to COLD], is believed to
recognize cold stress cues by controlling the configuration of its kinase domain and the
influx of CaZ* [196].

At low temperatures, endogenous ABA levels rise, and expression of ABA-responsive
genes is activated, strengthening plant tolerance to cold stress. Overexpression of the
OsPYL9 (an ABA receptor), which positively modulates ABA signaling, can dramatically
increase rice’s ability to withstand low temperatures [197]. In addition to the fundamental
component PYL-PP2C-SnRK2-ABF, the ABA signaling pathway also involves nitric oxide
(NO), ROS, Ca?", phospholipid molecules, and other kinases, like MAPK [198]. The
mitogen-activated protein kinase OsMAPK3 elevates trehalose content and strengthens rice
adaptation against cold stress [199]. Table 3 presents a summary of key genes associated
with cold stress tolerance. Although there has been a significant advancement in cold stress
tolerance, little is known about single-cell responses in rice plants.
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Table 3. Identified genes linked to cold stress tolerance in rice.

Name of Genes Function Reference
Reduces the toxic effects of ROS, increases cell wall’s
cellulose deposition, and increases osmolyte
OsLTPL159 accumulation in rice, which increases the plant’s [200]
ability to withstand cold temperatures in its early
seedling stages
Long-chain fatty acid production, involved in rice’s
qPSST6 cold-tolerance during the booting stage 201]
OsCOIN Protein induced by cold enhances cold, drought, and [202]
salt tolerance
Osa-MIR319a Increased leaf blade width [203]
OsGH3-2 Regulates ABA and auxin levels during cold and [204]
drought stress
OsMYB3R-2 Regulates Cell. cycle (especially QZ / M phase) to [205]
mediate cold tolerance in rice
SNAC2 Enhances cold and salt tolerance in rice [206]
OsDREBIF Enhances cold tolerance in rice [207]
ASR3 Enhances cold /draught tolet:ance. mediated by [208]
hormonal/sugar signaling
An essential enzyme that raises grain yield and
OsFAD?2 germination rate under LTS (low-temperature [209]
stress conditions)
OsLti6h Produces hydrophobic protein in the ovaries and [210]
stamens of flowers undergoing cold treatment
Has a significant role in the signaling of ABA and
OsWRKY45 serves as a means of communication between abiotic [211]
and biotic stresses
OSRAN? GTPase that enhances cold to?erance through cell [212]
cycle regulation
Participates in phosphate signaling as well as the
OsSPX1 interplay between the oxidative and cold stress [213]
tolerance mechanisms.
Produces RNA-binding protein and has a key role in
OsDEG10 cold tolerance as well as response to other stresses [214]
(anoxia, photooxidative, and salinity)
Oscrr6 It has a key role in rice growth/photosynthesis at [215]
colder temperatures
OsPIP? Participates in water homeostasis during cold [216]
stress tolerance
OsPRP3 Involved in the enhancement of cold tolerance in rice [217]
OsAsr] Involved in both vegetative and reproductive stages of [218]
cold tolerance
MYBS3 Modulates cold tolerance signaling pathways [219]
Involved in lowering malondialdehyde levels and
OVP1 increasing proline accumulation to increase tolerance [220]

to cold

Abiotic stressors can be effectively reduced using nanoparticles. Zinc oxide nanoparti-
cles (ZnO NPs) applied topically considerably reduce the chilling stress experienced by rice
seedlings, resulting in increased plant height and root length and enhanced dry biomass.
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With the decreased concentration of H;O, and MDA, in addition to higher activities of
the key antioxidative enzymes like SOD, CAT, and POD, ZnO NPs further restore chloro-
phyll accumulation and markedly mitigate chilling-induced oxidative stress [221]. Plant
melatonin, an organic molecule, has also been demonstrated to be crucial for plant stress
adaptation. Melatonin pretreatments boost the non-enzymatic antioxidant content and
upregulate the antioxidant enzyme activity in rice. The application of exogenous mela-
tonin reduces rice seedling development inhibition, formation of ROS, MDA, inhibitions of
photosynthesis and PSII activities, and cell death brought on by cold stress in rice [222].
Similarly, Teixeira et al. found that rice seed priming with carrot extract greatly speeds
up germination and raises the final germination percentage while reducing the damage
caused by cold [223].

2.4. Submergence Stress

Submergence is a major concern for rice cultivation in lowlands subjected to rainfall
and flood-prone regions globally. It is expected to become more common as climate
change increases flood threats, particularly in regions impacted by monsoon rains in
Asia [224]. Rice plants possess a partially aquatic characteristic, enabling them to thrive
in waterlogged or submerged environments for extended periods [225]. Nevertheless,
prolonged submersion exposes rice plants to various stresses, such as reduced access
to light, decreased gaseous exchange, physical damage, and increased vulnerability to
pests. In addition, submergence typically lowers the photosynthesis process, depleting
carbohydrate stores and eventually causing the death of the plant [226]. Rice usually comes
to be affected by two different types of flooding. The initial type is flash flooding, which
arises when the crop is flooded for 1-2 weeks due to a sudden rise in water levels. Another
kind of flooding is stagnant flooding, in which the water level rises above 100 cm and stays
there for several weeks [227].

2.4.1. Morphophysiological and Biochemical Responses to Submergence Stress

Rice is extremely sensitive to submersion during the germination and early seedling
growth stages. When rice seeds are entirely submerged in water, they suffer from hypoxia
or anoxia, resulting in poor germination and seedling mortality [228]. The rice plant
undergoes numerous morphological and physiological changes as a result of submergence.
Rice withstands submersion by growing longer leaf sheaths and blades during the seedling
stage and internodes during the vegetative growth stage [229]. Even submergence-tolerant
types attempt to expose their leaf tips above the water’s surface if the flooding lasts longer
than two to three weeks to ensure their survival [230,231]. When fully submerged, the
leaves and stems of the rice plant grow moderately longer to reach the water’s surface.
However, there are negative effects from this elongation process that are necessary for
post-submergence plant growth [232]. Turbid water reduces the amount of light that may
pass through floodwater, which lowers photosynthesis and, as a result, the submerged
plant uses its reserve carbohydrate to sustain its metabolism [233]. However, if the depth of
flooding is significant and the duration of flooding is prolonged, the plant’s limited ability
to perform photosynthesis causes its energy reserves to deplete rapidly, ultimately leading
to the plant’s death [234]. The amount of carbohydrates found in plant sections determines
a variety’s capacity to withstand submersion [235]. Submergence-tolerant rice cultivators
benefit from limited shoot elongation because they preserve carbohydrate reserves, which
aid in resuming development after de-submergence. For recovery from submergence shock,
carbohydrate availability following flooding is crucial [236]. During periods of flooding,
plants are entirely or partially immersed in water. However, when the floodwater recedes,
the plants are suddenly exposed to oxygen again. This reoxygenation process can harm
plants after being submerged. MDA, O,_, and H,O, were found to increase in rice plants’
leaves after being submerged for seven days as a sign of oxidative damage [237]. Rice
leaves began to dry out when exposed to air oxygen again after being submerged for 7
to 10 days [238]. Due to conserving glucose metabolism during submersion, tolerant rice
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cultivars on de-submergence exhibit an ascent in fresh biomass. On the other hand, the non-
tolerant cultivars’ reserves undergo hydrolysis and are incapable of regeneration. These
findings suggest that resistance to several stresses, including submersion, re-oxygenation,
and dehydration, is necessary for a plant to survive a flood [239]. Due to frequent oxygen
deprivation and low light intensity, submerged plants develop ROS, which, if unchecked,
can adversely harm the cellular structure and end in plant death. [240]. The antioxidant
defense mechanism is crucial to detoxify ROS and lessen their harmful effects. SOD, APX,
and GPX are the substances that are crucial in ROS detoxification [241].

To thrive in submerged environments, rice cultivars employ two growth control
techniques: quiescence and escape strategies, both of which rely on ethylene-responsive
transcription factors (ERFs). In the quiescence strategy, shoot prolongation is postponed for
quite some time (10-14 days) during flash flooding to save carbohydrates [242]. Utilizing
conserved carbohydrates, cultivars that can withstand submersion can resume their growth
after de-submergence. The escape strategy is adopted by deepwater rice genotypes and
involves rapid internode extension to climb above the water level [243]. To implement
these strategies, rice has evolved specific anatomical and morphological characteristics.
These include the development of adventitious roots, aerenchyma formation, radial oxygen
loss (ROL) barrier, and the ability to create a thin film of gas on its leaves. Furthermore,
rice plants generate ventilated tissues and ethylene to aid in gas exchange and regulate the
programmed death of specific cells in the cortex and epidermis [244,245]. In addition, the
growth of adventitious roots regulates the death of epidermal cells utilizing the mechanical
energy they produce [246]. When submerged, rice plants rapidly accumulate gibberellic
acid (GA), which leads to the elongation of internodes [247]. To protect their roots from
oxygen loss, rice plants form an ROL barrier. This barrier extends from the base to the
tip of the roots and is located outside the aerenchyma [248]. Various Asian rice cultivars
have developed additional characteristics to adapt to prolonged submergence. These traits
include aerobic germination and dormancy of leaf elongation during flash floods, and
internode elongation during periodic flooding. Certain rice cultivars can withstand being
submerged for around 15 days by limiting elongation growth, carbohydrate consumption,
and chlorophyll degradation [249,250].

One of the significant regulators of rice’s submergence reactions is ethylene. Owing
to physical confinement and active production during stress, this gaseous phytohormone
quickly builds up in tissues of submerged plants, inducing various acclimation reactions,
such as shoot elongation, development of adventitious root, and glucose metabolism. Deep-
water rice encourages internode growth during submersion to project the photosynthetic
parts of the plant above the air-water contact [242]. High production rates of ethylene and
sensitivity to the hormone mediate this flight response. Lowland rice that can withstand
submersion, in contrast, limits the number of carbohydrates it consumes, which encourages
underwater elongation and is used for cell division and elongation. Limited ethylene
production and sensitivity are the causes of this tolerance [251]. Aerenchyma, which allows
for relatively unimpeded movement of O, from well-aerated shoots to buried roots, is
another way lowland rice adapts to soil waterlogging [252]. Inducing a barrier to radial
Oy loss (ROL) that reduces O, loss to the surroundings can further boost longitudinal O,
diffusion along the root apex. Under flooded conditions, these characteristics are used by
both lowland and upland different rice species [253].

Unlike flood-sensitive rice types, flood-tolerant rice cultivars utilize energy stores more
effectively and maintain higher non-structural carbohydrate (NSC) concentrations in stems
and leaves. Additionally, they use anaerobic respiration as a different energy-producing
method. Submergence-tolerant rice cultivars decrease shoot prolongation to preserve
energy for survival and recuperation following de-submergence. Complete submersion-
tolerant rice genotypes maintain their chlorophyll and embrace a strategy of modest growth,
shown by reduced elongation when submerged. Because of this, plants can save enough
glucose reserves to maintain metabolism while submerged and after the floodwaters have
receded [250].
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2.4.2. Molecular Response to Submergence Stress

Rice plants implement passive approaches for adapting and avoiding recurring floods.
SUBIA is a crucial modulator of submergence tolerance, which activates transcriptional
modulation of other ERF response factors and SLR1 [250]. In deepwater rice, the ERF
OsEIL1 is stabilized by ethylene accumulation. OsEIL1 binds to the SD1 promoter to
boost gene expression. SD1 participates in GA synthesis and affects internode elonga-
tion [254]. The GA then increases the expression of the Accelerator of Internode Elonga-
tion 1 (ACEL1), while DECI, a protein that prevents internode elongation, sees a decrease in
expression [255]. In addition, OsEIL1 also activates the expression of other downstream
genes as a result of submergence stress by binding to the promoter sites of SNORKEL1
(SK1) and SNORKEL2 (SK2) [247,256]. Table 4 presents a summary of key genes associated
with submergence stress tolerance in rice.

Table 4. Identified genes linked to submergence stress tolerance in rice.

Name of Genes Function Reference

Involved in ethylene production and the rapid

OsACST elongation of the stem in submerged rice [257,258]
OsACS5 Involved in ethylene prodpctlon and the 'rapld [257,258]
elongation of the stem in submerged rice
SNORKEL1 (SK1) ERFs that modula.te the 1pternode elongation of [247]
deepwater rice during submergence
SNORKEL? (SK2) ERFs that regulat.e the 1r}ternode elongation of [247]
deepwater rice during submergence
Submergence 1A Plant quiescence and plant survival under [249]
(SUB1A) complete submergence
SDI Involved in internode elongation [254]
OsHSD1 Involved in underwater photosynthesm in [259]
submerged rice
OsTPP7 Involved in anaerobic germination [260]

Promotes increased non-structural carbohydrate
AGPPase (NSC) buildup, which is accessible for a quick [261]
recovery after submersion

EREBP1 enhances resistance to submersion and fac1.11tates [262]
better recovery from extended submersion

Involved in the regulation of sugar and energy

CIPKIS production enabling growth of rice under floodwater

[263]

A study found that SK1 and SK2 respond during flood stress by encoding response
factors associated with ethylene signaling [264]. During submergence, ethylene levels
in rice rise, and the expression of SK1 and SK2 elevate, ultimately promoting internode
elongation via GA [265-268]. Functional assessment of ERF-type TFs indicated that they
play a role in regulating several physiological and morphological responses to submersion.
SUBMERGENCE-1 (Sub1) and SK are TF genes that belong to the ERF class [247,249]. Three
clusters of related genes, SUB1A, SUB1B, and SUB1C, expressing ERF-like TFs, are found in
the Sub1 region of submergence-tolerant cultivars, with SUB1A being the most investigated.
Systematic genetic analyses showed that SUB1A introgression with SUB1B and SUB1C
imparts a strong endurance against submergence and does not alter rice grain quality or
production [234,249,250,269]. Additionally, SUBIA prevents the development of proteins
that loosen and expand cell walls in response to flooding stress, preserving high levels of
chlorophyll a and b [270]. Furthermore, SUBIA also promotes resistance to oxidative stress
by controlling genes that encode ROS-detoxifying enzymes [237].
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In soil, silicon (Si) is the second most prevalent element. According to Debona et al.,
silicon significantly increases plant resilience to various biotic and abiotic stressors [271].
Si treatment improves rice root morphological features and chloroplast ultrastructure to
counteract the inhibitory effect of submergence stress by boosting Si absorption, accumu-
lation, and plant biomass. Si also lessens oxidase damage by increasing POD and CAT
activity and decreasing MDA concentration, which helps rice recover from submersion
stress-related damage [272,273].

2.5. Salinity Stress

Salinization is becoming an ever-worsening problem resulting from poor agricultural
practices and environmental changes. Salinity is characterized by excessive levels of various
salts in the soil, including sodium chloride, magnesium sulfates, magnesium bicarbonates,
calcium sulfates, and calcium bicarbonates. When it is young, the rice crop is considered a
salt-sensitive cereal, and as it matures, salinity limits the yield’s efficiency [274,275]. Salt
stress is particularly detrimental to rice during its early vegetative and reproductive phases.
Water, along with toxic ions from the soil, enter the vascular section of the root system
via two pathways: apoplastic and symplastic. Through the apoplastic pathway;, salt stress
causes shoots to accumulate more Na*, primarily in mature leaves. A Na*/K* symporter
called the high-affinity potassium transporter (HKT) controls the movement of Na* and
K* within plant cell membranes [276,277]. The potassium uptake is hampered by sodium
ions overloading the root’s surface. Na* interferes negatively with K* uptake because it
shares the same molecular characteristics as K*. When plants come under salt stress, a
considerable quantity of Na* enters the plant, elevating the intracellular Na* levels. This
has detrimental impacts since Na™ competes with K* to activate enzymes and synthesize
proteins [278].

2.5.1. Morphophysiological and Biochemical Responses to Salinity Stress

Rice plants exhibit various morphological, physiological, or biochemical changes and
symptoms when exposed to high salinity. In extreme cases, they may even perish. Direct
accumulated salts interfere with metabolic functions and all key morpho-physiological
and yield-related traits, comprising photosynthesis, plant height, root length, tiller number,
length of panicle, spikelet count per panicle, filling of grains, and plant biomass. As a
result, yield is significantly reduced [279-281]. In a salt-sensitive plant, exposure to salinity
stress results in pericycle shrinkage and physical damage. Salt stress exposure at the early
seedling stage raises the mortality rate of rice leaves [282]. The productiveness of the rice
crop under salt stress is greatly impacted by panicle sterility [283].

Salinity generally induces two types of stress in plants: osmotic and ionic stress.
Osmotic stress arises when the salt concentration around the plant’s roots exceeds the
threshold tolerance level. On the other hand, ionic stress develops when there is a large
Na+ inflow into the plant, which raises the salt concentration in older leaves to a toxic
level. This leads to higher Na* concentrations in the vacuole and cytoplasm, disrupting
metabolic processes and causing cell death [284]. In the beginning, osmotic stress caused
by soil salinity restricts plant growth, and later, ionic stress follows. A significant amount
of salt in the soil contributes to the first phase, characterized by reduced plant water intake
and the subsequent induction of several cellular metabolic processes [285]. Enlargement of
cells, cell wall protein synthesis, net photosynthesis, photosynthetically active radiation,
stomatal conductance, relative water content, transpiration rate, and pigment degradation
are all inhibited during the initial phase whereas the accumulation of compatible solutes
and ABA increased [286]. According to research by Cha-umi et al., salt stress caused a
significant drop in carotenoid and chlorophyll in rice leaves [287]. During the latter phase,
the accumulation of ions (Na* and C17) is linked to changes in the ions ratio of Na* /K*
and Na*/Ca?*. The subsequent increase in ions promotes the synthesis of ROS. The extra
ROS generation increases cellular oxidative stress, which upsets the equilibrium between
generating and eliminating ROS [288].
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Like the majority of plants, rice has developed several defense strategies against salin-
ity stress, such as (i) antioxidant generation for ROS detoxification (ii) ion homeostasis and
compartmentation, (iii) osmoprotection through osmolyte regulation, and (iv) programmed
cell death [289]. Plants have devised an exquisite antioxidant defense mechanism to scav-
enge and detoxify ROS to shield the cells from oxidative damage. According to studies,
the salt-tolerant rice cultivar Pokkali performed better under salinity stress than the Pusa
Basmati (salt-sensitive rice cultivar) in terms of ROS scavenging enzymes like CAT and
content of antioxidants like AsA and GSH [290]. In rice plants, the basal area of the leaf
can scavenge H,O, by boosting the activity of CAT and maintaining higher constitutive
levels of APX and GPX than those in the apical region under salinity. Under salt, the GR in
the basal area might inhibit O, generation. The apical area can, however, scavenge O; by
boosting SOD activity, whereas, under salinity, the activity of H,O, scavenging enzymes,
including APX and CAT reduced [291]. To prevent the rice from oxidative stress brought
on by salt, both enzymatic and non-enzymatic ROS scavenging machinery must work
together. A transcriptional cascade in rice roots, which is regulated by the transcription
factor SERF], is responsible for salt tolerance and is dependent on ROS [292].

To maintain ion homeostasis during salinity stress, plants employ different mecha-
nisms. One of the mechanisms for tolerating salinity stress involves the transport of Na*
and Cl~ in the roots to prevent their excessive accumulation in the leaves. This process in-
cludes removing Na* from the xylem and releasing ions back into the soil. If Na* exclusion
fails, it can have toxic effects on older leaves, leading to their premature death [293]. The
concentration of Na* in the rice leaves is linked with the salinity stress tolerance level in
both japonica and indica rice varieties [294]. Maintaining a low cytosolic Na* /K" ratio is
important for maintaining ionic homeostasis and improving photosynthesis and overall
plant growth [295,296]. During salinity stress, the accumulation of Na* in the leaves and
shoots of salt-tolerant varieties of rice is lower compared to salt-sensitive varieties [297,298].
It was also reported that the salt-tolerant cultivar Pokkali can reduce Na+ uptake into the
cytosol and maintain lower cytosolic Na* content by temporarily taking up Na* into the
cytoplasm and quickly extruding it into vacuoles. However, the salt-sensitive rice variety
BRRI Dhan29 was unable to perform this function [299].

Due to osmotic stress, most organisms, including bacteria and plants, accumulate
specific organic solutes, especially proline and sugars which are referred to as osmoprotec-
tants [300,301]. Trehalose, a non-reducing sugar, stands out for having a unique property
that protects biological molecules from dehydration stress. According to Garg et al., the
production and accumulation of trehalose in transgenic rice can give the grain some resis-
tance to the negative impacts of salinity and drought [302]. Glycine betaine, a potent solute
containing quaternary ammonium, is found in several organisms. Though rice plants
generally do not store glycine betaine, it has been shown that they may absorb exogenously
and store it in their leaves to aid in sustaining PSII quantum yield when subjected to salt
stress [289,303]. If the plant’s several defense strategies against salinity stress fail, it will
implement programmed cell death (PCD) as a last-ditch effort to survive [304]. According
to Liu et al.’s [305] findings, rice roots under salt stress had a well-regulated progression of
cell death. This raised the possibility that the dead cells prevented salt exclusion by block-
ing the inflow of extra Na™ ions into the interior of roots and shoots. Another possibility
is that the plant sheds cells to avoid unregulated cell death and the release of toxins to
safeguard and maintain the growth of other cells [306].

2.5.2. Molecular Response to Salinity Stress

Various proteins are involved in activating the tolerance mechanism against salt stress.
They play different roles in the accumulation of MDA, antioxidants and osmoprotectants,
ROS and Na* homeostasis, and electrolyte leakage [289]. Certain WRKY TFs restrict the
expression of DREB1B and OsNACI, contributing to salt susceptibility [307].

TFs influence salt tolerance positively or negatively. OsCOIN, OsbZIP71, OsbZIP23,
OsDREB2A, and OsMYB2 are some of the salt-responsive TFs that may cause a variety of
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alterations in rice, such as a buildup of osmoprotectants and antioxidants and an upsurge
in the activity of the Na* and K* transporters [308]. In rice, overexpression of these salt-
responsive TFs promotes a higher survival rate of seedlings, reduces oxidative damage, and
improves osmotic regulation [309,310]. On the contrary, OsWRKY13, one of the negative
regulatory TFs, prevents the expression of the salt-responsive genes SNACI and ERDI,
thereby delaying the rice plants” growth and development [311]. The expression of genes
including SNAC1, NCED4, Rab16D, and DREB1B was suppressed by the transcriptional
repressor OsWRKY45-2, and as a consequence, overexpression of OsWRKY45-2 drastically
lowered the survivability of rice cultivars under salt stress [312]. Liu et al. revealed
two newly discovered genes (LOC Os02¢49700, LOC Os03g28300) and five known genes
(OsMYB6, OsGAMYB, OsHKT1;4, OsCTR3, and OsSUT1) connected with grain production
and its associated attributes in rice cultivars exposed to saline stress conditions [313].

According to Rahman et al., maintaining lower shoot Na* buildup is a standard
method for preserving salt tolerance in rice [78]. These methods include sodium exclusion,
effective toxic salt sequestration into older leaves and roots, compartmentalization of Na*
into vacuoles, and extrusion from cells. According to Wang et al., OsHKT1,;1, OsHAK10, and
OsHAK16 were shown to be elevated in the leaves of old rice under salt stress [314]. These
genes are integral to Na™ transport from the roots to the shoot. OsHKT1;5 and OsSOS1,
which promote Na* exclusion from xylem vessels of roots, thereby lowering accumulation
in the shoot, were downregulated, resulting in large quantities of Na* in older leaves rather
than young ones. Rice’s class 1 HKT transporter eliminates extra Na* from the xylem,
shielding the photosynthesis-dependent leaf tissues from the harmful effects of Na*. By
mediating K* absorption and transfer to sustain a high K*/Na* ratio under salt stress, the
K* transporter genes OsHAKI and OsHAKS5 are stimulated by salt stress in rice [315]. When
there is a higher concentration of Na* in the cytosol, it is transported into the vacuole to
prevent it from reaching toxic levels for enzyme reactions. Na* /H* antiporters control this
process. An increase in salt content activates the Na*/H* antiporter action [316]. Two pro-
ton pumps, vacuolar H"-ATPase, and vacuolar H*-translocating pyrophosphatase, control
the interchange of Na*/H™ in the vacuole. Modifying the vacuolar transporter levels can
enhance rice’s tolerance to salinity [317]. According to a study, elevated CYP94C2b expres-
sion and concurrent jasmonate inactivation in rice are associated with salt tolerance [318].
Table 5 summarizes the key genes associated with salt stress tolerance in rice.

Table 5. Identified genes linked to salt stress tolerance in rice.

Name of Genes Function Reference
Increases resistance to high salt levels by decreasing
OsCPK12 ROS buildup [319]
OsLOL5 Enhance ROS scavenging and rice tolerance under [320]
salinity stress
OsMAPK44 Participates in ion homeostasis under salinity stress [321]
Increases antioxidant enzymatic activities and
maintains the balance of Na*/K* during salinity
OsJRL40 stress. Manages rice’s salt str.ess by regulatmg. the [322]
expression of genes responsible for transporting
Na* /K", as well as genes involved in salt-responsive
transcription factors and proteins
OsSAPKA Modulates ion homeiostgs,ls as x.m.ell as the'growth and [323]
development of rice in a salinized environment
VT . +
OSKAT1 Enhances rice’s salinity tolerance by enhancing K [324]

uptake and thus decreasing Na* accumulation

196



Plants 2023, 12, 3948

Table 5. Cont.

Name of Genes Function Reference

Controls the ability of rice to tolerate salinity stress by
managing the levels of soluble sugars and regulating

OsTPS8 the activity of genes related to ABA signaling through [325]
the regulation of SAPK9
OsBADHI Enhances s.ahmty stress toleranc.e by p051t.1vely [326]
regulating osmoprotectant biosynthesis
OsMYB91 Manages the growth of rice and its ability to tolerate (327]

salt stress.

Enhances the tolerance of salt by decreasing the
OsVP1and OsNHX1  accumulation of Na* in leaves, photosynthesis activity, [328]
and increase root biomass

Enhance the tolerance of salt by decreasing the

OsHKT1;1, OsHKT1;4 . .
and OsHKT1:5 accumulation of Na* in shoots when exposed to [329-331]
salt stress
OsHAKS Enhance rice’s salinity tolerance by contributing to [332]

cation homeostasis

Arbuscular mycorrhizal fungus (AMF) symbionts aid the host plant development and
ameliorate stress caused by abiotic factors. Under salt stress, the upland pigmented rice
cv. Leum Pua (LP) infected with Glomus etunicatum produced total soluble sugars and free
proline, which worked as osmolytes to preserve the flag leaf’s photosynthetic capacities,
chlorophyll pigments, Chla fluorescence, and stomatal function. Leum Pua rice infected
with Glomus etunicatum maintained yield characteristics and showed high anthocyanin
content in the pericarp [333].

2.6. Heavy Metal Stress

Heavy metal pollution is a major contributor to harmful effects on plants, ecosystems,
soil, and water. It is a significant factor in reducing the quality and yield of crops. Rice
grown in paddy soils contaminated with heavy metals like arsenic (As), cadmium (Cd),
lead (Pb), and mercury (Hg) is a major source of heavy metal intake for humans in many
countries. This gradual buildup of heavy metals in rice grains and their subsequent entry
into the food chain poses a severe risk to agriculture and public health [334]. Heavy metals
have the potency to modify reactions that aid in generating ROS, ‘OH, and H,O, within
living cells. Nevertheless, when highly reactive radicals come into contact with water, they
produce "OH, which can harm essential biomolecules within cells such as carbohydrates,
lipids, amino acids, and DNA [335-337]. Therefore, it is necessary to comprehend how
heavy metals interact with rice crops at all levels, from the cellular to the entire plant, and
to develop effective strategies to reduce these stress reactions [338,339].

2.6.1. Morphological and Physiological Responses to Heavy Metals

i. Arsenic

Arsenic can exist in various oxidation states in soil, the most prevalent of which are
arsenides (As’ "), arsenites (As>*), and arsenates (As*). Depending on the species, arsenic
can harm rice, with inorganic species being far more toxic than organic ones. As>* and
As®* are the most prevalent inorganic species found in the rice plant, whereas monomethy-
larsonic acid (MMA) and dimethylarsinic acid (DMA) are the most occurring organic
species [340]. As>* is thought to be more mobile and hazardous than As>* among inorganic
entities. It can react with methyl groups in any oxidation state to create organic arsenic
species. However, compared to inorganic arsenic species, the presence of organic species in
paddy soil is substantially lower. The reduced form (As*") predominates in anaerobic soil
types, such as submerged rice fields, whereas As®* (oxidized counterpart) predominates in
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aerobic soil environments, such as highland rice fields [341]. An increase in arsenic absorp-
tion will have a detrimental impact on plant development. Poor and lower germination
rates of seeds, impaired plant growth, lower photosynthetic rates, sterility-related yield
loss, low biomass production, and a physiological condition known as straight head disease
are just a few of the symptoms that are brought on by arsenic toxicity in rice plants [342].
Reduced floret/spikelet sterility, decreased grain production, and, in severe cases, the
absence of panicles or heads are some signs of this disease. Arsenic toxicity damages the
chloroplast and photosynthetic processes by deteriorating the membrane structure. Arsenic
affects the metabolism of proteins, lipids, and carbohydrates. More crucially, arsenic can
increase the production of ROS that is greater than what can be scavenged, damaging plants
through oxidative stress. Exposure of rice seedlings to As>* promotes the formation of
H,0,, whereas As>* was shown to induce the formation of O, ~ and H,O,, thereby causing
lipid peroxidation [343]. When seedling roots are grown in an As®* solution, APX activity
is increased, reducing H,O, through the ascorbate-glutathione cycle [344]. Similarly, the
enzymatic antioxidants CAT, SOD, guaiacol peroxidase, chloroplastic ascorbate peroxidase,
GR, and monodehydroascorbate reductase concentrations were raised for scavenging ROS
developed in the presence of As** conditions [345].

ii. Cadmium

Cd is a trace element that is not necessary for plants but is widespread in the envi-
ronment. Different anthropogenic operations such as smelting, mining, usage of synthetic
phosphate fertilizers, and disposal of urban wastes lead to a rise in the levels of Cd in the
environment that pose serious health risks to humans [346]. Recently, it has been found
that Cd pollution in paddy soil poses a danger to rice quality [347]. Rice plants absorb
Cd from the soil, eventually building up in the grains after several transit steps. Rice
plant absorbs Cd from the ground through its roots, moves it to the shoots via xylem flow,
reroutes it at nodes, and remobilizes it from the leaves. According to Huijie et al. [348],
citrate, tartaric acid, and histidine were found to participate in root-to-shoot Cd transfer
in the xylem actively. Indica cultivars often accumulate more significant amounts of Cd in
their shoots and grains than japonica cultivars. Stomatal conductance, transpiration rate,
leaf water content, vital minerals, water-soluble proteins, and enzyme- and non-enzyme-
based antioxidants are all decreased due to Cd toxicity [349,350]. Cd poisoning reduced
rice yield and grain quality by inducing changes in yield components (such as panicle
number, spikelets per panicle, and spikelet setting percent). Excessive Cd has a deleterious
impact on photosynthesis as it affects the photosynthetic pigments and disrupts electron
transport mechanisms, interfering with chloroplast structure and Chl-protein complexes.
This disruption causes a disturbance in Chl biosynthesis enzymes, the Calvin cycle, and
water balance [351]. Cd prevents the formation of chlorophyll by inhibiting the enzyme
d-aminolevulinic acid dehydratase, which is present in rice seedlings. An increase in Cd
concentration in the medium led to a higher accumulation of Cd in the seeds and the
thiobarbituric acid reactive substance amount. It also caused a drastic decrease in the
germination rate, shoot elongation, biomass, and water content of the rice [352].

Despite not being a direct cause, Cd can cause exorbitant accumulations of ROS
when its concentration surpasses the plant tolerance level. This can occur through several
mechanisms, comprising the exhaustion of ROS-scavenging enzymatic and non-enzymatic
components, metabolic abnormalities during respiration, displacement of redox-active Fe
from proteins, photorespiration, and CO; assimilation [351,353].

iii. Lead

Pb is a non-essential element that may disrupt plant metabolism if taken up by the
plant. In addition to interfering with roots” ability to absorb minerals from the soil solution,
Pb?* ions also passively penetrate the roots of rice plants by following water streams that
are moving through the soil. Pb is carried into the root epidermal cells from the soil and
loaded into the root xylem vessels before being distributed to other plant organs [354]. In
rice cultivars, a high Pb concentration (1.2 mM) results in a considerable decrease in plant
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height, tiller count, panicle count, and spikelet count per panicle [355]. Lead poisoning
negatively affects photosynthetic activity by altering chloroplast structure, slowing the
production of carotenoid, plastoquinone, and chlorophyll, and breaking up the electron
transport chain. Additionally, it causes a CO, shortage, which causes the stomata to close
and Calvin cycle’s enzymatic activity to decrease. According to a study by Khan et al. [356],
Pb poisoning does not affect root development but drastically reduces shoot length and
biomass of rice in nitrogen or phosphorus-deprived seedlings. ROS are overproduced, and
antioxidant enzyme activity fluctuates due to Pb toxicity in plants.

iv.  Mercury

One of the environment’s most hazardous elements is Hg. Hg is a strong phytotoxin
to plant cells at high concentrations and can cause injury and physiological disturbances.
Hg preferentially accumulates on the roots of several plant species. As a result, the most
toxic effects are observed at the roots. Under Hg stress, rice roots bind to proteins of
15-25 kDa, which results in irreparable harm to root development. Under Hg stress,
rice roots altered the expression levels of the associated proteins [357]. When rice is
grown on Hg-contaminated land, a significant amount of Hg is enriched into the grain,
which is terrible for the rice’s consumers [358]. There are three different types of mercury:
methylmercury (MeHg), inorganic mercury (Hg?"), and elemental mercury (Hg?) [359]. Hg
is most bio-accumulative in the form of methylmercury MeHg. MeHg is the most harmful
type of Hg to human and animal health [358]. The generation of MeHg in the rhizosphere
soil and its buildup in rice are greatly influenced by moderate soil Hg content (3 mg kg~ 1).
MeHg production in rhizosphere soil increases significantly at the blooming or filling stage,
but rice leaves” antioxidant systems show little impact [273]. The bulk of an individual
rice grain’s Hg?* by mass is found in the hull and bran. Conversely, white rice contains a
large proportion of the more dangerous form of MeHg. Proteins contain MeHg, which is
primarily coupled to cysteine in bran. This MeHg-cysteine relationship acts as a mobile
nutrient during seed ripening and is actively transferred to the endosperm [360]. ROS,
MDA content, and lipoxygenase activity are all considerably enhanced with increasing Hg
levels in rice roots, which disturbs numerous cellular processes and hinders growth and
development in rice plants [359].

2.6.2. Biochemical Responses to Heavy Metals

An increased quantity of heavy metals like As, Hg, Pb, and Cd triggers ROS genera-
tion, leading to oxidative stress. This stress damages the plasma membrane and disrupts
rice plants” metabolism and physiological response. To combat oxidative stress, rice plants
develop various defense strategies, such as activating the antioxidant defense system, ion
homeostasis, osmolyte accumulation, osmoregulation, and excess production of signaling
molecules [361,362]. In addition, in response to stress caused by heavy metals and met-
alloids, rice plants produce phytochelatins (PC), which are thiol-rich peptides [363]. For
instance, rice leaves containing As-PC complexes reduce the amount of As®>* that may be
transferred to the grain [364]. Similarly, under Cd stress, rice roots and leaves showed
increased SOD, POD, CAT, GPX, and APX activity. Under Cd toxicity, rice also has higher
levels of non-protein thiols like PCs and GSH to scavenge harmful free radicals [353]. In
another experiment, rice showed an increase in the activity of CAT and POD under Pb
poisoning. There was also an increase in the accumulation of proline and the content of
sucrose with the rise in Pb concentration [355]

Recently, glutamate (Glu) has been found to participate in a signaling role in responses
developed by plants toward abiotic stress [365]. In a study, glutamate supplementation
was found to dramatically improve Cd-induced oxidative stress in rice with decreased
levels of MDA, H,O,, O, proline, y-aminobutyric acid, arginine, and higher activities of
CAT, POD, and glutathione S-transferase. Roots of Cd-treated plants showed decreased
expression of Cd-induced metal transporter genes OsNramp1, OsNramp5, OsIRT1, OsIRT2,
OsHMAZ2, and OsHMAS3 when supplemented with Glu [366]. According to Ahsan et al.,
21 proteins were demonstrated to be engaged in defense and detoxification, antioxidant,
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protein biosynthesis, and germination activities in rice under Cd toxicity [367]. Hg stress
raises the free Phe and Trp content and upregulated numerous genes related to aromatic
amino acids. Chen et al. found that applying Phe and Trp to rice roots exogenously
increases their tolerance to Hg and significantly decreases the concentration of ROS that
Hg induces [368]. Additionally, research has shown that the formation of iron plaque on
the roots of rice may serve as a protective barrier, reducing the absorption of Cd and As
into the roots of the rice plant [369,370].

2.6.3. Molecular Responses to Heavy Metals

Heavy metal stress-related signal transduction is triggered by the recognition of stress
signals by receptors/ion channels and then carried on by non-protein messengers such as
calcium, hydrogen ions, and cyclic nucleotides (Figure 3).
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Figure 3. A schematic diagram showing a heavy metal stress signaling cascade that enhances
stress-responsive gene expression in rice.

The stress signals are relayed by several kinases and phosphatases, which in turn cause
the expression of multiple TFs and the generation of metal-detoxifying peptides [371-373].
Heavy metals initiate various distinctive signaling pathways in plants, which include
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ROS signaling, calcium-dependent signaling, MAPK signaling, and hormone signaling
that promote the expression of TFs and stress-responsive genes [344,372]. Calmodulins
(CaM), calmodulin-like proteins, calcineurin B-like proteins, and CDPK are some of the
calcium signaling sensors that monitor, process, and transmit changes in cytosolic Ca?*
content for the stress response. Individual sensors respond differently depending on the
Ca?* content [374,375]. Likewise, the MAPK signaling cascade also phosphorylates several
TFs, including NAC, MYC, MYB, bZIP, DREB, and ABRE, which alters the expression of
metal stress response genes [376,377]. For instance, Cd activates rice’s myelin basic protein
(MBP) kinase and OsMAPK2 genes [378]. Additionally, numerous research studies have
displayed that the activation of MAPKSs by heavy metals in rice is caused by ROS production,
accumulation, and modification [372,379]. Furthermore, several phytohormone signaling
pathways, especially ethylene, auxin, and JA, are affected by ROS. According to Singh and
Shah, JA treatment enhanced rice’s ability to withstand Cd stress via improving antioxidant
response [380]. When As®>" was applied to rice seedlings, comparative transcriptome
analysis revealed modification in signal transduction, defensive responses, and hormonal
signaling pathways, including ABA metabolism [381]. The results above strongly imply that
changes in phytohormone levels alter how plants react to metal stress. Hence, it is crucial
to comprehend the complex pathways through which metal stress is signaled in plants
and the interconnections between them. This understanding is essential to unravelling the
networks that plants employ to respond to stress. Numerous molecular research studies
have examined how rice plants react to elevated levels of heavy metals. These research
studies aim to enhance the ability of current rice cultivars to withstand heavy metal toxicity
and offer valuable insights for incorporating these specific genes/traits into future breeding
initiatives. Table 6 summarizes key genes associated with heavy metal tolerance in rice.

Table 6. Identified genes linked to heavy metals stress tolerance in rice.

Name of Genes Function Reference
OSHACIT and OsHACT2 T poots nd graims of e 12
OsNRAMP5 Enhances resistance to the toxicity of Cd [383]
OsHMA3 Enhances resistance to the toxicity of Cd [384]
OsABCG31 Enhances resistance to the toxicity of Cd and Pb [385]
OsLCT1 Enhances resistance to the toxicity of Cd Al [386]
OsSIZ Enhances resistance to the toxicity of Cd [387]
OsZIP1 Enhances resistance to the toxicity of Cd, Zn, [388]
OsNAC5 Enhances resistance to the toxicity of Cd and Pb [79]
OsMTl1e Encodes a metal-detoxifying protein [389]
OSIRO2 TF that modulates the activ'ity .Of genes related to [390]
Fe balance in rice
Fapas i Csberption e s
OsPCS1 Itis invglved in d.etoxifying heavy metals and [392]
involved in Cd stress tolerance
OsLCD Involved in Cd compartmentation [393]
OsSUV3 Improved Cd and Zn stress tolerance [394]
OsSRK Increases the uptake and transfer of Cd [395]
OsHMA2 Improves transfer of Cd from roots to shoots [395]
OsMYB45 Improves Cd stress tolerance [396]
OsHB4 Improves Cd accumulation and tolerance [397]
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3. Conclusions

Abiotic stress is a significant factor restricting rice crop yield in many places of the
world. Under the current climate change scenario, abiotic factors such as drought, heat,
cold, submersion, salinity, and heavy metals are responsible for the sharp decline in rice
yields. These abiotic stressors have a detrimental impact on various stages of plant growth
and development, including germination, seedling establishment, lengths of root and
shoot, plant height, blooming time, and ripening time. These stressors during both the
vegetative and reproductive stages hinder the development of the plant’s panicles and
the filling of grains, decreasing overall grain production and posing a risk to global food
security. The combined application of genomics and QTL-based techniques has aided in
identifying genes and loci that contribute to adaptation to abiotic stress in rice. These
recently discovered molecular candidates have the potential to enhance rice physiological
growth, reproductive development, and crop yields in challenging environments. However,
in the future, research employing high-throughput phenotype determination and next-
generation sequencing technology will help identify innovative potential genes responsible
for regulating grain development under varied stress situations, paving the way for the
breeding of climate-ready crops. In this review, we have discussed the developments in the
current understanding of the defense mechanisms that rice employs to counteract various
environmental stresses. Despite our vast knowledge in this area, there are still gaps in our
understanding. Bridging these gaps will allow researchers to design plants that respond
better to environmental stimuli such as drought, heat, cold, submersion, salinity, heavy
metals, etc.
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