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Plants as sessile organisms are not able to move and must cope with adverse environmental
conditions and stresses such as extreme temperatures, drought, high soil salinity, oxidative stress,
pathogen attack, and so on. To respond in an appropriate manner to a specific environmental stimulus,
plants possess signal transduction pathways, which are complex networks of interactions involving
signal elements transmitting through the plant cell. In fact, cell signaling affects virtually every aspect
of plant cell structure and function. For building elegant, complicated, and interconnected regulating
networks, a huge number of components are involved, including receptors, secondary messengers,
protein kinases, transcription factors, reactive oxygen species (ROS), and plant hormones that regulate
or stimulate other components. Therefore, to unveil a global picture of plant cell signaling networks
and underlying master regulators and machinery remains a challenge for researchers. For enriching
our understanding of plant cell signaling with the assistance of modern molecular tools, this Special
Issue “Cell Signaling in Model Plants” collects recent innovative original research and reviews, with
an emphasis on the studies using model plants and crops. A total of 14 publications were published,
which can be divided into five subtopics, as described below.

1. Arabidopsis Thaliana Transmembrane Receptor-Like Kinases (RLKs)

Transmembrane receptor-like kinases (RLKs) are conserved protein kinases that play critical roles
in transducing the signal from the outside to the inside of plant cells, particularly to the nucleus.
Jose et al. refined the recent advances of transmembrane RLKs in A. thaliana to unveil how stress
responses as well as plant development are regulated by signaling pathways related to different groups
of RLKs [1].

2. Functional Analysis of Signaling Components

2.1. Flowering Locus C (FLC) Homologs

To reveal the underlying mechanisms controlling the annual flowering of fruit trees, Kagaya et al.
analyzed the function of FLOWERING LOCUS C (FLC) homologs in apple [2]. They declared that
homologs of FLC might be involved in flowering and associated with juvenility.

2.2. Della/Gai Functions

Gibberellin (GA) signaling plays a vital role in regulating plant growth and development.
Wang et al. investigated the function of GAI-1, one of the proteins with the DELLA amino acid
motif (aspartic acid–glutamic acid–leucine–leucine–alanine), as a negative regulator involved in GA
signaling, using the gai-1 mutant line of A. thaliana [3]. They indicated that the gai-1 mutant line is more
tolerant of drought than the wild type. They also found a strong interaction between GAI proteins
and ABA-responsive element (ABRE)-binding transcription factors. Jung et al. characterized SLR1,
encoding the DELLA protein in rice, using CRISPR/Cas-9 genome editing [4]. They stated that the
expression of GA20OX2 (gibberellin oxidase) and GA3OX2, as GA-related genes, was upregulated in
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the edited mutant lines. Finally, they indicated that in the created mutant lines, slr1-d7 and slr1-d8,
cell elongation is limited.

2.3. Dwarf Gene Mini Plant 1 (MNP1)

Dwarf phenotypes are widely used in crop breeding to increase resistance and yield. Guo et al.
defined the function of MNP1 in Medicago truncatula as a model legume plant [5]. They concluded that
in the mnp1 mutant line, the cell number of internodes and cell length are reduced. They also found
that MNP1 is committed in GA biosynthesis.

2.4. MiPEP165a

MicroRNAs (miRNAs) play a significant role in the regulation of gene expression. Ormancey et al.
investigated the role of a miRNA-encoded peptide, miPEP165a, in A. thaliana [6]. The authors found
that passive diffusion followed by an endocytosis process are two functions of entry of miPEP165a.

3. Cell Signaling in Response to Biotic Stresses

Ethylene is a gaseous phytohormone that is involved in response to biotic and abiotic stresses.
Zhang et al. studied the effect of ethylene signaling on resistance to some aphids in Medicago
truncatula using an ethylene-insensitive mutant called sickle mutant [7]. Their results revealed that
the sickle mutant can cause a moderate resistance to some aphids from the independent pathway of
R-genes such as AKR (Acyrthosiphon kondoi resistance), APR (Acyrthosiphon pisum resistance), and TTR
(Therioaphis trifolii resistance).

Botrytis cinerea is a necrotrophic fungus causing grey mold disease in many plant species.
Maqsood et al. examined the effect of iprodione, as a fungicide, on the molecular mechanisms of
B. cinerea resistant mutant [8]. By analyzing the whole transcriptome sequencing, they pronounced
that genes involved in metabolism, production of detoxification enzymes, mitogen-activated protein
kinases (MAPK) signaling, transporter function, catalytic activity, and drug efflux are linked with
resistance to iprodione.

4. Cell Signaling Related to Plant Acclimation

4.1. Brassinosteroid Signaling

Brassinosteroids (BRs) as steroid hormones play critical roles in regulating the plant growth and
development stages. Mao and Li reviewed the regulatory mechanisms of brassinosteroid-insensitive
1 (BRI1), BRI1-associated receptor kinase (BAK1), and brassinosteroid-insensitive 2 (BIN2), as three
key kinases, involved in the BR signaling cascade [9]. They stated that BIN2, as an interface kinase,
plays an important role in BR signal transduction from receptor kinase, BRI1/BAK1, to nucleus through
two transcription factors, BRI1-EMS-supressor 1 (BES1), and brassinazole-resistant 1 protein (BZR1).

BRs have many interactions with other phytohormones that regulate the downstream pathways
related to plant growth or response to stresses. Bulgakov and Avramenko reviewed the links between
BR and abscisic acid (ABA) signaling that affect the stress-acclimation processes [10]. They proposed
three interconnected mechanisms that in the first mechanism, BIN2, as a kinase of BR signaling,
is responsible for interaction with ABA signaling.

4.2. Cyclic AMP Signaling

The cyclic nucleotide, cAMP (3′,5′-cyclic adenosine monophosphate) as a signaling molecule, is
involved in molecular processes linked to response to environmental stresses. Blanco et al. reviewed
the current knowledge of cAMP signaling [11]. They indicated that the main signaling mechanism of
this cyclic nucleotide is exchange of cAMP into Ca2+ signals through cyclic nucleotides-gated channels.
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4.3. Hydrogen Sulfide

Hydrogen Sulfide (H2S) is a toxic gaseous molecule. Recent studies revealed that H2S plays a
positive role in regulating plant growth. Xuan et al. considered the H2S roles in cellular processes and
also indicated all possible crosstalk between H2S and phytohormones [12]. Interestingly, the authors
suggested that H2S may affect the protein activities and subcellular localization by contributing to
post-translational modification.

5. Effects of Selenium and Sedimentary Calcite-Processed Particles on Cell Signaling

Selenium (Se) is identified as a beneficial element that can be included in improving the plant’s
resistance facing adverse environmental conditions. Kamran et al. reviewed the protectant roles of Se
in response to soil salinity [13]. They indicated that Se can improve salinity tolerance by decreasing
Na+ ion accumulation through the expression induction of the Na+/H+ antiport and increasing
the antioxidants.

Tran et al. investigated the early cellular responses of bright yellow2 tobacco cultured cells
under the application of calcite processed particles (CaPPs) [14]. Their results revealed that CaPPs act
such as nanoparticles and induce various signaling pathways. CaPPs firstly induced ROS and then,
increased the cytosolic Ca2+ and activation of anion channels.

6. Conclusions and Perspectives

This Special Issue provides new and in-depth insights into molecular aspects of plant cell signaling
in response to biotic, such as aphid- and grey mold disease-resistance, and abiotic stresses, such as soil
salinity and drought stress, and additionally, functional analysis on signaling components involved
in flowering, juvenility, GA signaling, and biosynthesis, and miRNA-regulated gene expression.
Furthermore, plant acclimation was reported, with emphasis on mechanistic insights into the roles
of brassinosteroids, cyclic AMP, and hydrogen sulfide, and the recent advances of transmembrane
receptor-like kinases were refined. Clearly, plant cell signaling is an intensive topic and whether
it is now or in the future, the emerging technology in functional analysis such as genome editing
technologies, high-throughput technologies, integrative multiple-omics as well as bioinformatics
can assist researchers to reveal novel aspects of the regulatory mechanisms of plant growth and
development, and acclimation to environmental and biotic stresses. The achievement of such research
will be useful in improving crop stress tolerances to increase agricultural productivity and sustainability
for the food supply of the world.

Funding: This research received no external funding.
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Abstract: The rice SLR1 gene encodes the DELLA protein (protein with DELLA amino acid motif),
and a loss-of-function mutation is dwarfed by inhibiting plant growth. We generate slr1-d mutants
with a semi-dominant dwarf phenotype to target mutations of the DELLA/TVHYNP domain using
CRISPR/Cas9 genome editing in rice. Sixteen genetic edited lines out of 31 transgenic plants were
generated. Deep sequencing results showed that the mutants had six different mutation types at the
target site of the TVHYNP domain of the SLR1 gene. The homo-edited plants selected individuals
without DNA (T-DNA) transcribed by segregation in the T1 generation. The slr1-d7 and slr1-d8
plants caused a gibberellin (GA)-insensitive dwarf phenotype with shrunken leaves and shortened
internodes. A genome-wide gene expression analysis by RNA-seq indicated that the expression levels
of two GA-related genes, GA20OX2 (Gibberellin oxidase) and GA3OX2, were increased in the edited
mutant plants, suggesting that GA20OX2 acts as a convert of GA12 signaling. These mutant plants
are required by altering GA responses, at least partially by a defect in the phytohormone signaling
system process and prevented cell elongation. The new mutants, namely, the slr1-d7 and slr1-d8 lines,
are valuable semi-dominant dwarf alleles with potential application value for molecule breeding
using the CRISPR/Cas9 system in rice.

Keywords: CRISPR/Cas9; GA; DELLA/TVHYNP; Dwarf; GA20OX2; GA signaling

1. Introduction

Rice, being one of the major food crops consumed by nearly half of the world’s population, is
grown annually at about 4.5 million hectares. Rice consumption per capita is particularly high in
Asia, where it provides 60–70% calories per day (Food and Agriculture Organization (FAO), 2004).
Therefore, among the breeding program priorities of rice breeders is to improve its tolerance to abiotic
stress, such as tolerance to lodging. To date, the properties of many dwarf mutants found in plants
have been associated with genes on the biosynthesis and signaling pathways of gibberellin (GA),
indole-3-acetic acid (IAA), brassinolide (BR), and other hormones [1]. GA is one of the important
plant hormones acting as a group of diterpenoid compounds that regulate during various growth
and development processes in the higher plants, including stem elongation, germination, dormancy,
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flowering, flower development, leaf, and fruit aging [1–3]. The phenotypes of mutants deficient in
GA biosynthesis or signaling usually exhibit dark green and rough leaves in rice [4]. So far, several
genes related to defective mutants on the GA biosynthetic pathway, namely, d18, d35, sd1, and eui,
have been isolated and characterized in rice [5–8]. Molecular genetic studies of GA-sensitive rice
and Arabidopsis mutants have identified important factors for GA signaling, which seems to be
well conserved among flowering plants [9,10]. The most important regulator of the GA signaling
pathway is the DELLA protein, which is known as the repressor of GA action [11,12]. The DELLA
proteins belong to the GRAS family as a transcription factor and are known to contain the N-terminal
DELLA/TVHYNP amino acid motif and the C-terminal GRAS domain [13,14]. In addition, the genes
encoding the GA receptor GA-INSENSITIVE DWARF1 (GID1), the F-box protein GA-INSENSITIVE
DWARF2 (GID2) and the DELLA protein have been cloned, and an integrated GA signal transduction
pathway has emerged [15–17]. Furthermore, it has been reported that DELLA family proteins interact
with growth-related transcription factors such as PIF (phytochrome interaction factor) to control plant
cell and organ size [18]. In general, GID1–GA–DELLA complexes in plant cells recognize GA by
receptors. However, in the case of rice, the F-box protein of GID2 additionally interacts with the
DELLA protein, which is polyubiquitinated by E3 ubiquitin-ligase (GID2) and then degraded through
the 26S proteasome [19]. It is known that internode elongation is facilitated by GA signaling through
GID1 and the DELLA protein in rice [20]. To date, accumulating evidence highlighted the N-terminus
of DELLA as necessary for the inhibition of GA action. It has also recently been shown that DELLA
N-terminus is required to interact with the GA receptor GID1 and consequent degradation [21]. In rice,
the slr1-d1, -d2, -d3, -d4, -d5 and-d6 mutants in the GA signal transduction inhibitor DELLA protein
N-terminal region consequently result in a dominant, semi-dwarf phenotype [22]. These mutants are
known to have an amino acid modified by one bp substitution in the conserved DELLA/TVHYNP
domain of the DELLA protein [22].

The CRISPR/Cas9 system, a recently developed genome modification tool, has been widely used
for genome editing of several major crops due to its high accuracy and efficiency [23,24]. Furthermore,
CRISPR/Cas9 has not only been used to knock out target genes in cells but also to introduce fragments
of a certain size into the gene [25,26].

In this study, the CRISPR/Cas9 system was employed for targeting the TVHYNP domain of
the OsSLR1 gene, known as the DELLA protein. A total of six homozygous edited plants with
new different allelic variants, namely, slr1-d7, slr1-d8, slr1-d9, slr1-d10, slr1-d11, and slr1-d12,
showed dwarfism. In addition, mutants slr1-d7 and slr1-d8 were further investigated at transcriptome
levels using RNA-sequencing.

2. Results

2.1. Editing of the TVHYNP Domain Encoding the OsSLR1 Gene and the CRISPR/Cas9 System

According to the structure of the OsSLR1 gene, DELLA and TVHYNP domains are well conserved
at the N-terminus (Figure 1A, Supplementary Figure S1 and S2). Sixteen mutants were identified
by single guide RNA (sgRNA) region which targeted the OsSLR1 gene in the positive transgenic T0

plants (Supplementary Table S1, Figure S3 and S4). Deep sequence analyses detected 6 homozygous
mutations, 2 heterozygous mutations, and 8 bi-allelic mutations (Supplementary Table S2). All the T0

mutants were dwarf, producing many tillers. Six homozygous mutants were identified, among which
four were characterized by few bp deletions and two by a few bp insertions. Specifically, the following
were observed: a 3-bp deletion and mutant named slr1-d7, a 1-bp deletion that was designated as
slr1-d8, a 5-bp deletion named slr1d9 and a 14-bp deletion called slr1-d10. The insertion mutants were
a T-insertion named slr1d11 and a C-insertion named slr1-d12 (Figure 1B). Theoretically, the slr-d7
mutant encodes a protein without serine (Ser, S) and the slr1-d8~slr1-d12 are knockout mutants with
a stop codon that cannot encode the protein (Figure 1C). A single-base deletion and insertion are
predicted to cause a frameshift, resulting in the knockout of the OsSLR1 gene. However, all the
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mutations did not affect the core sequence TVHYNP domain of the OsSLR1 gene. The sgRNA was
also investigated using Cas-OFFinder (http://www.rgenome.net/cas-offinder/) [27], and two potential
off-target sites were chosen. Interestingly, no mutations were detected in these loci. These mutations
are either untranslated or modified SLR1 proteins and have different mutant sites compared to the
previously reported slr1-d1~slr1-d6 allele [28–30].

Figure 1. Genome editing in the rice OsSLR1 gene. (A) Design of single guide RNA (sgRNA) sites in
the TVHYNP motif; the nuclease cleavage site is represented by the red arrow and the Protospacer
Adjacent Motif (PAM) (NGG) appears in blue. DELLA protein organization representing the conserved
domains. (B) Nucleotide sequence alignment by deep sequence analysis of the sgRNA target region in
six mutant lines of transformed rice plants. Deletion and insertion indicated by dash and red letters,
respectively. (C) Amino acid sequences of the target region in six mutant lines.

2.2. New Allelic Slr-d7~Slr-d8 Mutant Plants Showed Dwarfing

The new dwarf mutants (slr1-d7~slr1-d12) showed several deficiencies in addition to reducing
plant size (Supplementary Figure S5). Compared to the wild type (WT), these mutants had a slow
growth rate, showed dwarfed and shriveled leaves (Figure 2A). The stomata are the key channels that
regulate gas exchange and water evaporation in the leaves. As a result of observing stomata sizes by
SEM (scanning electron microscopy) images, the slr1-d7 and slr1-d8 lines were smaller than that of
WT (Figure 2B). To observe cytological differences in the stem internodes of these mutants, paraffin
sections of the stem internodes were investigated from two mutants (slr1-d7 and slr1-d8) and WT.
These dwarf mutants showed that the cell size was significantly reduced, and the internode thickened
as the cell layer was increased (Figure 2C). In addition, the length of all internodes of the slr1-d7 and
slr1-d8 lines were reduced compared to WT (Figure 2D). These results are similar to the characteristics
of dn-type rice dwarf mutants previously reported by Takeda [31]. Thus, slr1-d7 and slr1-d8 lines
were semi-dominant dwarf mutants, indicating that a decrease in cell length may be a direct cause
of shortened culm length in dwarf mutant plants. Furthermore, to know the cause of dwarfism, the
length of the leaf sheath was measured according to GA3 concentration treatment in slr-d7, slr-d8,
and WT. The results showed that the slr-d7 and slr-d8 variants produced a more extended leaf sheath
following GA3 treatment, but a reduced length extension compared to WT (Figure 2E).
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Figure 2. Phenotypic analysis of wild-type (WT) and slr1 mutant plants. (A) Phenotype of mature
WT and mutant plant lines. (B) SEM (scanning electron microscopy) images of rice stomata in slr1-d7,
slr1-d8 and WT. (C) Longitudinal tissue sections of the main stem at the mature stage in WT and slr1
mutant using paraffin section. Bar: 100 μm. (D) Length of internodes in slr1-d7, slr1-d8 and WT.
(E) Elongation of the second leaf sheath of slr1-d7 and slr1-d8 in response to exogenous treatment with
different concentrations of GA3. Error bars are SD from the mean (n = 3).

2.3. Altered Transcriptome Profiling in Slr-d7 and Slr-8 Mutants

To understand the impact of dwarfism on gene expression at the whole-genome level, RNA-Seq
was conducted to detect transcription profiling changes in WT, slr1-d7 and slr1-d8 lines. RNA-seq
results showed that gene expression was altered significantly between WT and the slr1-d7 and slr1-d8
lines (Figure 3A). There are 214 genes upregulated and 154 genes downregulated in the slr1-d7
mutant compared with WT plants. By comparison, 334 genes were upregulated and 104 genes were
downregulated in the slr1-d8 line (Figure 3B). Venn diagram analysis revealed 806 genes expressed in
both WT and slr1-d7 or slr1-d8 mutants, which may explain the effects of knocking out SLR1 on plants
(Figure 3B,C). Gene ontology (GO) enrichment analysis of the 806 annotated up- and down-regulated
genes identified 193 significantly (false discovery rate (FDR< 0.05)) enriched GO terms for the biological
process, cellular component, and molecular function categories (Figure 4). Within the biological process
category, the enriched differentially expressed genes (DEGs) were mainly associated with the response
to the oligopeptide transport (GO:0006857), the intracellular protein transport (GO:0006886), karrikin
(GO:0080167), and salt stress (GO:0009651). Within the cellular component category, the enriched
DEGs were mainly associated with the plasma membrane (GO:0005886), the membrane (GO:0016020),
cytosol (GO:0005829), and the integral component of the membrane (GO:0016021). Within the molecular
function category, the DEGs were associated with protein serine/threonine kinase activity (GO:0004674),
ATP binding (GO:0005524), and protein binding (GO:0005515) (Supplementary Table S3). To confirm
the results from the RNA-seq analysis, 38 DEGs in the enriched GO terms were selected in the slr1-d7
and slr1-d8 lines, and their expression levels were confirmed by qRT-PCR analysis. The qRT-PCR results
showed that the transcription levels of these genes were consistent with the RNA-seq results (Figure 5).
These results indicated that dwarfism of the slr1-d7 and slr1-d8 lines mediates gene expression levels
involved in regulating the plant hormone (GA, salicylic acid (SA), jasmonate (JA), IAA, cytokinin (CT)
and ethylene (ET)) metabolism, signal transduction and transport (Supplementary Table S4).
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Figure 3. Global gene expression changes in knockout OsSLR1 in rice. (A) Heat map of gene expression
between WT vs. slr1-d7 and WT vs. slr1-d8 lines. Red denotes samples with relatively high expression
of a given gene and blue denotes samples with relatively low expression. (B) Comparison of the
number of differentially expressed genes (DEGs) in WT vs. slr1-d7 and WT vs. slr1-d8. (C) The number
of DEGs up- and down-regulated between WT vs. mutant lines.

Figure 4. Gene ontology (GO) classification of DEGs shared by WT vs. slr1-d7 and WT vs. slr1-d8
lines. The x-axis shows user-selected GO terms, and the y-axis shows the enrichment ratio. Biological
process: E, exocytosis; IPT, intracellular protein transport; MND, mitotic nuclear division; NST, nitric
oxide mediated signal transduction; OT, oligopeptide transport; PHR, plant-type hypersensitive
response; RK, response to karrikin; RST, response to salt stress; TTK, transmembrane receptor protein
tyrosine kinase signaling pathway; VRM, vegetative to reproductive phase transition of meristem;
NCP, nuclear-transcribed mRNA catabolic process. Cellular component: PM, plasma membrane;
P, plasmodesma; GM, Golgi membrane; ER, endoplasmic reticulum; M, membrane; C, cytosol;
ACP, anchored component of plasma membrane; GA, Golgi apparatus; ICM, integral component of
membrane; TGN, trans-Golgi network; CM, chloroplast membrane; P, phragmoplast; CP, cytoplasmic
mRNA processing body; PVM, plant-type vacuole membrane; VM, vacuolar membrane; E, endosome;
LE, late endosome; EM, endosome membrane. Molecular function: TA, transporter activity; PKA,
protein serine/threonine kinase activity; ATP, ATP binding; PB, protein binding; PTA, protein transporter
activity; PA, potassium: proton antiporter activity; GDA, glucan endo-1,3-beta-D-glucosidase activity;
SA, symporter activity; RA, ribonuclease activity.
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Figure 5. Correlation analysis of gene expression pattern by RNA-Seq and qRT-PCR. (A) WT vs. slr1-d7
line, (B) WT vs. slr1-d8 line.

2.4. Key DEGs Related to Biosynthesis and Signaling Pathway of Plant Hormone

In the RNA-seq analysis, the key DEGs related to plant hormone biosynthesis and signal
transduction pathways between slr1-d7 vs. WT and slr1-d8 vs. WT were investigated. DEGs between
slr1-d7 vs. WT were down-regulated and included the following: gibberellin-regulated protein
2, gibberellin 2-beta-dioxygenase 8 (GA2OX8), E3 ubiquitin-protein ligase (XERICO), gibberellin
2-beta-dioxygenase 1 (GA2OX1) in GA biosynthesis, ERF03, ERF110, BBM1 in ethylene biosynthesis,
and ILR1 in auxin biosynthesis. Additionally, DEGs between slr1-d7 vs. WT were up-regulated and
included the following: gibberellin 2-beta dioxygenase 8, PIF1, PIF4, GA20OX2, GAMYB, GA3OX2 in
GA biosynthesis, ERF109, ERF39 in ethylene biosynthesis, LOGL1 in cytokinin biosynthesis, IAA7 in
the auxin biosynthesis pathway, and JAR1 in jasmonic acid (JA) biosynthesis (Supplementary Table S5).
Among the DEGs associated with cell plate and leaf morphogenesis, Os05g0432200 and Os04g0407800
seemed to be important for the difference between WT and edited lines. The expression levels of
two GA-related genes, especially GA20OX2 (gibberellin oxidase) and GA3OX2, were increased in the
edited mutant plants compare to WT (Figure 5). The edited mutant lines are required by altering
GA responses, at least partially by a defect in the phytohormone signaling process and prevented
cell elongation.

3. Discussion

CRISPR technology, as a powerful and highly efficient genome editing tool for breeding programs,
has been utilized to enable the modification of gene(s) of interest. We report here the CRISPR/Cas9
mutation that potentially could confer a desirable dwarf trait using CRISPR technology. For a long time,
plant breeders have used the DELLA gene mutant to reduce plant height [32]. The DELLA protein is
one of the main components of the GA signaling pathway and acts as an inhibitor of the GA response.
To date, information on dwarfism has shown results in a dominant, semi-dwarf phenotype, such as
the observation that the GA signaling repressor DELLA protein or deletion in the N-terminal region
suppresses GA signaling [33]. In rice, a total of six slr1-d mutants are known, and these mutants have
dark green leaves, reduced internode elongation, and reduced response to GA treatment [28–30,32].
Most slr1-d alleles had 1 bp substitutions, resulting in amino acid substitutions in the conserved
TVHYNP motif of SLR1 (Supplementary Figure S6A). In this study, we generated and characterized
six new alleles, namely, slr1-d7~slr1-d12, of the dwarf mutants in rice (Supplementary Figure S6B).
These mutants showed the same phenotype for leaf color, GA response, and internode elongation
with the previously reported slr1-d1~slr1-d6 mutants [28]. Among these mutants, the slr1-d7 gene
had a deletion of three nucleotides, resulting in a serine deletion following core sequencing of the
TVHYNP motif. Furthermore, the slr1-d8 mutant showed a 1 bp substitution (+T/+T). These two
mutants displayed the most obvious and significant mutant phenotypes. The knockout of the slr1-d8
mutant showed a difference in plant height compared to the deletion of the serine residue of the slr1-d7
mutant (Figure 1, Supplementary Figure S7). This suggests the importance of the TVHYNP domain
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sequence, as the absence of these amino acids affects the normal metabolism of the SLR1 protein, but the
degree of reduction is weaker than previously reported for the slr1-d6 mutant series [28]. We also
performed paraffin sections to investigate cell length and cell layer using slr1-d7, slr1-d8 and WT. As a
result, it was found that slr1-d7 and slr1-d8 not only showed significantly reduced cell length, but also
node thickening, as cell layers increased as compared to WT (Figure 2). In addition, these dwarf
mutants showed a decrease in the whole internode length containing a panicle when compared to WT.
This result is similar to the characteristics of dn-type rice dwarf mutants reported by Takeda [31] and,
as a semi-dominant, a decrease in cell length may be a direct cause of shortening clum length in dwarf
mutant plants. In shoot elongation tests of dwarf mutant reaction by exogenous GA3, the length of the
secondary leaf sheath was elongated by GA treatment in WT, but not observed in slr1-d7 and slr1-d8 lines.
However, there was a difference between the mutations. These results were similar to those reported
in barley Sln1D and corn dwarf 8, suggesting that a single amino acid deletion or exchange mutation
showed an intermediate phenotype depending on plant growth and GAI protein stabilization [13,17,34].
In RNA-seq analysis, the key DEGs related to plant hormone biosynthesis and the signal transduction
pathways between slr1-d7 vs. WT and slr1-d8 vs. WT were investigated. DEGs between slr1-d7 vs.
WT were down-regulated and included the following: gibberellin-regulated protein 2, gibberellin
2-beta-dioxygenase 8 (GA2OX8), E3 ubiquitin-protein ligase (XERICO), gibberellin 2-beta-dioxygenase
1 (GA2OX1) in GA biosynthesis [35], ERF03, ERF110, BBM1 in ethylene biosynthesis [36], and ILR1 in
auxin biosynthesis [37]. In RT-PCR and RNA-seq analysis, the expression levels of two GA-related
genes, GA20OX2 and GA3OX2, increased in the edited mutant line compared to WT, suggesting that
these genes convert in the GA12 signaling system (Figure 5). The phenomenon of inhibiting cell
elongation by altering the GA response due to defects in the signal transduction process of plant
hormones was consistent with the results of the Arabidopsis mutants [35]. Furthermore, DEGs between
slr1-d7 vs. WT were up-regulated and included the following: gibberellin 2-beta dioxygenase 8,
PIF1, PIF4, GA20OX2, GAMYB, GA3OX2 in GA biosynthesis [38–43], ERF109, ERF39 in ethylene
biosynthesis [36], LOGL1 in cytokinin biosynthesis [44], IAA7 in the auxin biosynthesis pathway [45],
and JAR1 in jasmonic acid (JA) biosynthesis [46]. In summary, our results showed that slr1-d7 and
slr1-d8 caused a defect in the phytohormone signaling system process and prevented cell elongation.
Furthermore, we suggested that the new slr1-d7~slr1-d12 allelic variants are valuable semi-dominant
dwarf alleles with potential application value for molecule breeding using the CRISPR/Cas9 system
in rice.

4. Materials and Methods

4.1. Plant Materials

Rice variety Dongjin (Oryza sativar L., ssp. Japonica) was used for transformation experiments.
Plants were grown in GMO greenhouse facilities and rice fields at Hankyong National University in
Korea. Harvested seeds were dried to ~14% moisture content and kept in dry conditions at 4 ◦C.

4.2. CRISPR/Cas9 Vector Construction and Rice Transformation

SgRNAs were designed as described in Park et al. [47] to target the TVHYNP motif. The TVHYNPSD
amino acid sequence of the SLR1 gene is encoded by ACCGTGCACTACAACCCCTCGGAC,
and the target sequence ACCCCTCGGACCTCTCCCTCCTGG with TGG as the PAM was selected.
The 20nt sgRNA scaffold sequence was synthesized by Bioneer co., LTD (Dajeon, Korea).
The slr-sgRNA templates were annealed using two primers, 5′-ggcagACCCCTCGGACCTCTCCTCC-3′
and 5′-aaacGGAGGAGAGGTCCGAGGGGTc-3′, and cloned into an AarI-digested OsU3:pBOsC
binary vector. The Ti-plasmid vector for sgRNA expression, OsU3:slr1-sgRNA/pBOsC, and its
flanking sequences were confirmed by the Sanger sequencing method and mobilized into
Agrobacterium-tumefaciens strain EHA105. Transgenic plants were regenerated following a previously
described protocol [48]. To confirm the transgene, the independent and transformed lines were
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analyzed by PCR. Plants derived from tissue culture were rooted and potted into 7 cm pots placed in
the glasshouse and gradually acclimatized to the glasshouse conditions.

4.3. Targeted Deep Sequencing and Mutation Analysis

Total DNA extraction from plant tissues was performed using the DNA Quick Plant Kit (Inclone,
Korea). Targeted deep sequencing analysis was performed following the method described by
Jung et al. [46]. All primers used for targeted deep sequencing are listed in Supplementary Table S1.
Paired-end read sequencing by PCR amplicons was produced with MiniSeq (Illumina, San Diego, CA,
USA). All data derived from MiniSeq were analyzed by Cas-Analyzer (http://www.rgenome.net/cas-
analyzer), as previously reported by Park et al. [49].

4.4. RNA-Seq and Data Analysis

To investigate the transcriptome of edited lines obtained by the OsSLR1 gene via the CRISPR/Cas9
system, WT, slr1-d7(T/T), and slr1-d8 (−3/−3) plants were used for RNA-seq analysis. Four-week-old
leaf tissues were used for RNA extraction, as previously reported by Wang et al. [50]. RNA concentration
(A260/A280 and A260/A230) was measured with spectrophotometry (Nanodrop 2000, Thermo Scientific,
Hudson, NH, USA). A Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) was used to
evaluate the RNA qualities. Leaf samples of 100 mg were collected from three plants (WT, slr1-d7,
and slr1-d8) for RNA-seq analysis. RNA-sequencing was carried out by Macrogen (Seoul, Korea, https:
//dna.macrogen.com/). Clean reads were produced by removing low-quality reads and mapped to the
reference genome (https://plants.ensembl.org/) using TopHat2 (https://ccb.jhu.edu/software/tophat) [51].
Based on location information of the mapped reads, gene expression levels were normalized to reads
per kilobase per million mapped reads (RPKM). DEG analyses between the edited plant RNA (slr1-d7,
slr1-d8 and WT) were performed using the standard fold change (FC) ≥2 and FDR <0.05. GO analysis
was performed as previously reported by Chow et al. [52].

4.5. Validation Test of Selected DEGs

To validate the accuracy of the RNA-sequencing data, qRT-PCR was conducted on twenty-one
selected genes. The slr1-d7 and slr1-d8 lines were assessed according to WT, and relative gene
expression levels were normalized by the Actin gene (XM_015761709). All assays for each gene were
performed in triplicate with the same conditions and the RNA-seq data were deposited into the
NCBI database.

4.6. GA3 Treatment

The slr1-d7, slr1-d8, and WT seedlings grown in pots for 4 weeks were sprayed with 50 μM GA3

(Sigma-Aldrich, Seoul, Korea). The stock solution of GA3 was dissolved in ethanol and added to
autoclaved water after cooling to approximately 60 ◦C to make the final 50 μM solution. The WT plants
were treated with water containing equal amounts of ethanol.

4.7. Light Microscopy

For the paraffin section, stems and leaves were harvested from slr1-d7, slr1-d8, and WT plants.
First, stem tissues were treated with 15% hydrofluoric acid, followed by dehydration with 70% ethanol,
removal of it, infiltration, and embedding. For imaging, a 10 μm microtome section was placed on
glass slides and floated in a 37 ◦C water bath containing deionized water. The sections were floated
onto clean glass slides and microwaved at 65 ◦C for 15 min. Following this, the tissues were bound to
the glass and each slide was used in chemical staining immediately.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/21/15/
5492/s1. Figure S1. Nucleotide and amino acid sequences of the SLR1 gene in rice. Figure S2. Amino acid
sequence alignment of the coding region of the SLR1 gene from Oryza sativa, Sorghum bicolor, Zea mays, Panicum
miliaceum and Triticum aestivum. Figure S3. Confirmation of the efficiency of sgRNA using T7-endonuclease I
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enzyme. Figure S4. CRISPR/Cas9 binary vector construction and rice transformation. Figure S5. Confirmation of
the mutant phenotype and the conserved domain region of the DELLA protein. Figure S6. CRISPR/Cas9-induced
mutations in the OsSLR1 gene and the phenotype of the edited plants. Figure S7. Appearance of the panicle,
leaves and grains after harvesting slr1-d7 and slr1-d8 lines compared to WT. Table S1. Design of sgRNAs for
CRISPR genome editing on the OsSRL1 gene in rice. Table S2. Mutation rate and edited plant types for the OsSLR1
gene using the CRISPR/Cas9 system. Table S3. GO enrichment analysis of DEGs by RNA-seq analysis. Table S4.
Key DEGs of up- and down-regulated genes related to phytohormone biosynthesis and signaling transduction
pathway by RNA seqs in WT vs slr1-d7 and WT vs slr1-d8 lines. Table S5. List of primers and gene sequences in
DEGs, correlation analysis of gene expression pattern by RNA-Seq and qRT-PCR.
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Abstract: The important regulatory role of brassinosteroids (BRs) in the mechanisms of tolerance
to multiple stresses is well known. Growing data indicate that the phenomenon of BR-mediated
drought stress tolerance can be explained by the generation of stress memory (the process known
as ‘priming’ or ‘acclimation’). In this review, we summarize the data on BR and abscisic acid
(ABA) signaling to show the interconnection between the pathways in the stress memory acquisition.
Starting from brassinosteroid receptors brassinosteroid insensitive 1 (BRI1) and receptor-like protein
kinase BRI1-like 3 (BRL3) and propagating through BR-signaling kinases 1 and 3 (BSK1/3)→ BRI1
suppressor 1 (BSU1) —‖ brassinosteroid insensitive 2 (BIN2) pathway, BR and ABA signaling are
linked through BIN2 kinase. Bioinformatics data suggest possible modules by which BRs can affect
the memory to drought or cold stresses. These are the BIN2→ SNF1-related protein kinases (SnRK2s)
→ abscisic acid responsive elements-binding factor 2 (ABF2) module; BRI1-EMS-supressor 1 (BES1)
or brassinazole-resistant 1 protein (BZR1)–TOPLESS (TPL)–histone deacetylase 19 (HDA19) repressor
complexes, and the BZR1/BES1→ flowering locus C (FLC)/flowering time control protein FCA (FCA)
pathway. Acclimation processes can be also regulated by BR signaling associated with stress reactions
caused by an accumulation of misfolded proteins in the endoplasmic reticulum.

Keywords: ABA signaling; brassinosteroid signaling cascade; drought tolerance; priming; stress
adaptation; stress memory

1. Introduction

In the last several years, there has been increased interest in the signaling system of brassinosteroids
(BRs), and data has appeared on plant resistance to a lack of water upon activation of individual
BR components [1,2]. The current model of BR signaling is that heterodimerization of protein
brassinosteroid insensitive 1 (BRI1) and BRI1-associated receptor kinase (BAK1) initiates a signaling
cascade that controls BR-responsive genes mainly through two homologous transcription factors,
BRI1-EMS-supressor 1 (BES1) and brassinazole-resistant 1 protein (BZR1) [3]. The signal from
the receptor is transmitted via brassinosteroid insensitive 2 (BIN2), a GSK3-like kinase taking
the central place in BR signaling [4,5]. In the absence of BR, BIN2 is active and phosphorylates
BZR1 and BES1, leading to loss of their DNA binding activity, exclusion from the nucleus by the
14-3-3 proteins, and degradation by the proteasome [3]. BR binding to the extracellular domain
of BRI1 induces association and inter-activation between BRI1 and BAK1. Activated BRI1 then
phosphorylates BSK1, which in turn dissociates from the receptor complex and interacts with
BRI1 suppressor 1 (BSU1). BSU1 inactivates BIN2 by dephosphorylating its pTyr200, allowing the
accumulation of unphosphorylated BZR1 and BES1. Dephosphorylated BZR1 and BES1 translocate to
the nucleus and bind to their target genes to induce the BR response. Both BZR1 and BES1 bind to
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the BRRE (CGTGT/CG) and E-box (CANNTG) promoter elements through the conserved N-terminal
DNA-binding domain and target a series of common genes to regulate BR-related responses [3,6–16].

However, this classic pathway leads to a decrease in growth, due to the relocation of resources in
favor of protective reactions [2]. Fàbregas et al. [2] published an intriguing investigation to show that
the Arabidopsis thaliana vascular brassinosteroid receptor BRL3 (receptor-like protein kinase BRI1-like
3) confers drought tolerance without decreasing growth. Authors observed that BRL3-overexpressing
plants (BRL3ox) contained high levels of proline, sugars, and other osmoprotectants in non-stressed
conditions and thus were better prepared for water deficiency due to a phenomenon known as
priming [2]. The authors showed that drought resistance is under the control of cell-type specific BR
signaling and that BRL3 overexpression activates an alternative pathway of BR signaling. Analysis of BR
signaling failed to provide a linear picture of the involvement of BRs in adaptation to drought stress [2].
As noted by the authors, overexpression of the canonical BRI1 pathway and its downregulation can both
confer abiotic stress resistance. The phenotype of Arabidopsis BRL3ox plants demonstrates an active
mechanism of drought tolerance driven by expression of the BRL3 receptor, but not the phenomenon
known as drought avoidance (changes in stomatal conductance, leaf area, and leaf orientation).

BRL3 forms stable hetero-oligomers with BAK1, but not with BRI1, although BRL3 can complement
BRI1 in different cell types and under different conditions [17]. The formation of distinct BR receptor
complexes is interesting in itself, but it apparently does not explain the BRL3ox priming phenomenon.
Analysis of integration with other signaling systems may be useful to unravel the mechanism of drought
tolerance. In particular, BRL3 overexpression caused an altered gene response of the ABA pathway.

ABA is a key phytohormone that regulates physiological and molecular responses to drought
stress, including the accumulation of osmoprotectants [18]. Previous investigations of the BR signaling
pathway showed a connection with ABA signaling (discussed below), with participation of other
hormonal and light signaling systems [19,20]. Indeed, ABA signaling is closely related to abiotic stress
resistance, and it can be assumed that ABA signaling interacts with the BRI1/BRL3 pathway. In brief,
stress induces ABA accumulation and binding to its receptors of the PYL family to inhibit protein
phosphatases 2C (PP2Cs). PP2C inactivation activates class 3 sucrose nonfermenting-1-related protein
kinases (SnRK2s) that phosphorylate ABA-responsive element binding factors (ABFs). Activated ABFs
initiate expression of responsive genes by binding to the cis-acting ABA response element (ABRE) [21].

Zhang et al. [22] noted: “Whether BR and ABA interaction is through modification or intersection
of their signaling components or by independent or parallel pathways . . . remains a big mystery”.
They found that ABA regulation of BR signaling depends on ABA signaling proteins, ABI1 and
ABI2 [22]. The authors hypothesized that an activated BRI1 complex inhibits BIN2 kinase through
an unknown mechanism and that ABA signaling is involved in BR signaling by regulating the
GSK3-like kinase BIN2 or related proteins. Recently, Ren and colleagues showed how this happens (see
section “Linking BRI1/BRL3 to the ABA signaling pathway”) [10]. In this review, we summarize data
about links between BRI1 and BRL3 and the ABA signaling pathway at the level of protein–protein
interactions. We propose new research trends in the study of the BR signaling pathway in relation to
stress adaptation.

2. Linking BRI1/BRL3 to the ABA Signaling Pathway

There is still little data on the difference between BRI1 and BRL3 at the level of protein–protein
interactions in the signaling cascade that regulates downstream reactions (Figure 1). Both BRI1 and
BRL3 open the brassinosteroid signaling cascade by binding brassinolide [23] and might be linked
to the ABA signaling system via the following pathway: BRI1/BRL3→ BR-signaling kinases 1 and
3 (BSK1/3)→ BIN2 (Figure 1). However, BIN2 phosphorylates BSK1/3 [10,24,25], but not vice versa,
and therefore we consider that the BRI1/BRL3→ BSK1/3 signaling module could not be related to
the ABA signaling system. Instead, this module enters the branching signaling pathway related to
plant immunity and development via somatic embryogenesis receptor kinases (SERKs) and the LRR
receptor-like serine/threonine-protein kinase FLS2 (Figure 1; see also interactions in [26]).
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Figure 1. The pathway of BRL3 signaling. Brassinosteroid receptors BRL1, BRL3, and BRI1/BAK1
trigger the BR signaling pathway (proteins of the BR signaling system are shown in gray). BRL2 is
not connected to this system. Solid lines represent protein–protein interactions presented in PAIR,
IntAct, and BioGRID, and dashed lines represent possible interactions taken from STRING. Dotted lines
represent transcriptional regulation. Green lines indicate signaling in the module BRL3→ BSK1/3→
BSU1 —‖ BIN2. BIN2 regulates expression of BZR1 and BES1. BIN2 regulates drought tolerance directly
by activating RD26, indirectly via BZR1-DREB1B and SnRK2.2/2.3-ABF2-DREB2A pathways. BIN2 also
interacts with ICE1, implementing time-dependent regulation of the SnRK2.6/OST1-HOS1-ICE1 cold
signaling module. Finally, BIN2 activates ABI5, an important concentrator of ABA signals. Red protein
labels indicate that these proteins are involved in stress memory generation. These interactions
were visualized using the program Cytoscape as described previously [27]. The data loaded into the
program were obtained from PAIR version 3.3 [http://www.cls.zju.edu.cn/pair/]. The protein–protein
interactions presented in PAIR were supplemented with data from BioGRID [http://thebiogrid.org/],
UniProtKB [https://www.uniprot.org/], TAIR [https://www.arabidopsis.org/], IntAct [https://www.ebi.
ac.uk/intact/interactors/], and STRING [https://string-db.org/] databases. Abbreviations: ABI1/3/5,
ABA insensitive 1/3/5; ABF2, abscisic acid responsive elements-binding factor 2; BAK1, BRI1-associated
receptor serine/threonine kinase; BES1, brassinazole-resistant 2; BIN2, brassinosteroid insensitive 2;
BRI1, brassinosteroid insensitive 1; BRL1/2/3, serine/threonine-protein kinase BRI1-like 1/2/3; BSK1/3,
BR-signaling kinases 1 and 3; BSU1, BRI1 suppressor 1; BZR1, brassinazole-resistant 1; CDPK6 and
CPK32, calcium-dependent protein kinases; DREB1B,1C,2A, dehydration-responsive element-binding
proteins; FCA, flowering time control protein; FLC, flowering locus C; FLS2, LRR receptor-like
serine/threonine-protein kinase; GSK1, shaggy-related protein kinase iota; HDA19, histone deacetylase
19; HOS1, E3 ubiquitin-protein ligase HOS1; HSFs, heat shock factors; ICE1, inducer of CBP expression
1; RD26, NAC transcription factor; TPL, TOPLESS; SnRK2.2/2.3, SNF1-related protein kinases 2.2 and
2.3; VHA-A2, vacuolar proton ATPase.

Next, we focused on the study of BRL3-interacting partners and considered the possibility
that proteins interacting with BRL3 perform a protective function. We manually checked all 45
BRL3-interacting proteins using BioGrid and TAIR annotations and found that almost all of them
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are signaling components related to plant immunity and development, with the exception of several
proteins (https://thebiogrid.org/5872/summary/arabidopsis-thaliana/brl3.html). These include two
calcium-dependent protein kinases (CDPK6 and CPK32), the vacuolar proton ATPase VHA-A2,
and plasma membrane H+-ATPase 2 (AHA2). CDPK6 and CPK32 are involved in the ABA signaling
pathway (BioGrid annotation), but their functionality in regards to BR signaling is unknown.
Both VHA-A2 and AHA2 are important ATPases in establishing plant ion homeostasis under
saline-alkali environmental conditions and act through the Salt-Overly-Sensitive signaling pathway
and CBL-dependent calcium signaling [28–30]. Forty-sixth BRL3-interacting protein (not included in
the BioGRID annotation) is a regulator of G-protein signaling 1 (RGS1) [31]. BRL3 phosphorylates
RGS1 and thus functions in glucose sensing [31].

It is interesting to note that AHA2 also physically interacts with the serine/threonine-protein
kinase BRI1-like 2 (BRL2). Paradoxically, the hub-type protein BRL2 (93 known interaction, BioGrid)
is almost totally unrelated to BRL3, except for one common interaction, namely BRL3-AHA2.
BRL2 interacts with numerous responsive proteins, including peroxidases, catalase CAT2, dehydrin
ERD10, caffeic acid/5-hydroxyferulic acid O-methyltransferase (OMT1) and others, while BRL3 does
not. These data are in accordance with the observation that BRL2, in contrast to BRI1 and BRL3,
does not encode a functional BR receptor [23]. Summarizing the above information, we presume that
the interaction of BRL3 with nearby proteins poorly explains BRL3-mediated drought tolerance. Thus,
the unique effect of BRL3 on drought tolerance should be sought in long-distance signaling pathways.

A recent report by Ren et al. [10] indicates that BSK3 upregulates the serine/threonine-protein
phosphatase BSU1 transcript and protein levels. Because BSU1 dephosphorylates and inactivates
BIN2 [3,11], a signaling shunt, BSK1/3→ BSU1 —‖ BIN2, may be established. The signaling module
joining two subsystems is as follow: BRI1/BRL3→ BSK1/3→ BSU1 —‖ BIN2→ BSK1/3 (Figure 1).

BSK3 physically interacts with BIN2 at the plasma membrane. In this interaction, BSK3 is a
substrate of BIN2 kinase [10]. BSK3 phosphorylation by BIN2 allows the formation of BSK3/BSK1
heterodimer, BSK3/BSK3 homodimer, BSK3/BRI1 interaction, and BSK3/BSU1 interaction. If BIN2 is
inhibited in this cascade, there will be consequences, since BIN2 blocks the activity of BZR1 and BES1 [3]
and activates important components of the ABA signaling pathway (see below, section BIN2-based
module). The BRL3 → BSK1/3 → BSU1 —‖ BIN2 module can work independently of BRI1/BAK1
because BSK3 can activate BR signaling without a functional BRI1 receptor [10].

Previously, BSK3 had been described as a partially redundant regulator of brassinosteroid
signaling [25] and now it is considered a scaffold protein to regulate overall BR signaling [10]. It is
of interest as a participant in a “systemic foraging strategy” that increases the soil volume explored
by the root system for the adaptation of plants to low nitrogen concentrations [32]. Therefore,
BSKs could be central factors mediating the effects of the BRL3 receptor. BSKs join BRL3 to ABA
signaling by modulating BIN2 activity because BIN2 interacts with central components of the ABA
signaling pathway, such as the bZIP transcription factor ABI5 [33], protein phosphatase 2C ABI1 [34],
with transcription factor ICE1 [35], and phosphorylates SNF1-related protein kinases SnRK2.2 and
SnRK2.3 [36]. The interaction of BR signaling components with ABA signaling components can result in
the generation of stress memory, i.e., the phenomenon described by Fàbregas et al. [2] as “acclimation”,
in which ABA signaling components such as protein phosphatases 2C, ABI5, and SnRK2 kinases are
involved in stress memory generation [27].

3. BIN2-Based Module

In the BR signaling pathway, BIN2 phosphorylates BES1 and BZR1 transcription factors to inhibit
BR signaling through degradation of BES1 and BZR1 and by inhibiting their binding to DNA [12,13].
According to the conventional model of BR signaling, BRs act via BES1, which cooperates with WRKY46,
WRKY54, and WRKY70, as well as other transcription factors, to activate plant growth-related genes and
repress drought-responsive genes [14–16]. Under normal growth conditions, WRKY46/54/70 and BES1
positively regulate growth-related genes and negatively regulate the expression of drought-responsive
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genes. Under drought stress, WRKY46/54/70 and BES1 are destabilized which causes the repression
of growth-related genes and activation of drought-related genes, which results in enhanced drought
tolerance [15]. BES1 and the stress-responsive NAC transcription factor RD26 bind to a common
promoter element, thus mutually inhibiting each other’s transcriptional activity ([14], see also Figure 1).
The antagonistic interaction between BES1 and RD26 means that plant growth is reduced when
plants are under water deficit, which induces RD26 to inhibit BR-induced growth, thus allowing the
reallocation of resources to resist drought stress [14].

BIN2 positively regulates drought tolerance by upregulation of RD26 [34]. BIN2 directly interacts
and phosphorylates RD26. In this way, we can see the involvement of ABA signaling components
because protein phosphatase 2C ABI1 from the ABA pathway inhibits BIN2 kinase activity by
dephosphorylation. The water deficit eliminates the ABI1-induced inhibition of BIN2 and further
triggers drought tolerance by RD26. It should be noted that the expression of RD26 is also activated in
BRL3-ox roots under a water deficit [2].

BIN2 negatively regulates the freezing tolerance, whereas BZR1 positively modulates the freezing
tolerance [14,37]. BIN2 phosphorylates SnRK2.2 and SnRK2.3 (but not SnRK2.6/OST1), acting as
a positive regulator of the ABA signaling pathway [36]. BZR1 acts via the CBF-dependent cold
signaling pathway, directly activating CBF1/DREB1B and CBF2/DREB1C expression and by regulation
of other cold-responsive (COR) genes [37]. Moreover, the freezing tolerance is regulated by the
well-known SnRK2.6/OST1-HOS1-ICE1 signaling module that controls freezing tolerance via the
CBF-dependent cold signaling pathway ([38], see also Figure 1). BIN2 interacts with SnRK2.6/OST1 but
cannot phosphorylate it, suggesting that BIN2 acts through a non-conventional transphosphorylation
site of SnRK2.6 [36]. BIN2 also interacts with ICE1, providing the attenuation of CBF expression
(by time-dependent downregulation of ICE1 abundance) during the later stages of the cold stress
response [14]. The silencing of BIN2 increases the resistance of plants to cold, while BIN2 overexpression
results in hypersensitivity to freezing stress [37]. This effect was observed not only for acclimated but
also for non-acclimated conditions [37].

The above information indicates that the signaling pathways passing through BIN2 lead to the
regulation of both drought and cold protective reactions. This is in agreement with data from Fabregas
et al. [2] regarding the enhanced expression of genes in BRL3ox compared to WT plants, in Gene
Ontology (GO) categories, such as Response To Water Deprivation, Response to Temperature Stimulus,
and Response To Cold or Cold Acclimation. As shown in Figure 1, BIN2 attenuation occurs in two
ways, by the BR signaling component (BSU1) and the ABA signaling component (ABI1), which leads
to both the weakening and strengthening of protective reactions to balance growth under stress
conditions. The regulatory logic of this balance is not yet fully understood. To date, there is no data
allowing discriminate functions of BRL3 and BRI1 in relation to the signaling chain BRL3 (or BRI1)
→ BSK1/3 → BSU1 —‖ BIN2. Both receptors, BRI1 and BRL3 act through BIN2. We searched for
other links between the BRI1 or BRL3 and BES1 or BZR in different databases and reports, and found
no results, except for one mention in STRING, namely in the category “Co-Mentioned in PubMed
Abstracts” (https://string-db.org/network/3702.AT4G39400.1). In earlier work, Kim et al. [3] suggested
the existence of missing components in brassinosteroid signaling. It could be assumed that these
missing components are numerous kinases with unknown functions that interact with BSK1/3. There are
putative LRR receptor-like serine/threonine-protein kinases, AT1G51800 and AT5G10290, with an
unknown function, as well as brassinosteroid-signaling kinases 5 and 8 and others, identified by
Sreeramulu et al. [25] as BSK1/3-interacting proteins.

4. The Priming Phenomenon

Fàbregas et al. [2] hypothesized that the priming phenomenon might be a reason for drought
tolerance and normal growth of BRL3-overexpressing plants. They based this assumption on the
fact that the roots of BRL3ox plants are pre-loaded with osmoprotectant metabolites under normal
conditions, and therefore they are better prepared for stress. Indeed, from a theoretical point of view,
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a plant can achieve this state (physiological equilibrium between growth and protection) by optimizing
biochemical processes using memory generation processes. In higher plants, the stress memory
phenomenon, known as ‘priming’ or ‘acclimation’, is achieved by chromatin modifications [39–41].
Describing the role of chromatin in water stress responses of plants, Han and Wagner [42] mentioned the
role of histone modifications, histone (de)acetylases, histone lysine methyltransferases, histone arginine
methyltransferases, histone variants, DNA methylation, and ATP-dependent chromatin remodeling
complexes in memory generation. Most of these processes involve ABA signaling components [42].

Three types of stress-memory genes were described by Forestan et al. [43]: “transcriptional
memory” genes, which have stable transcriptional changes persisting after recovery; “epigenetic
memory candidate” genes, where stress-induced chromatin changes persist longer than the stimulus;
and “delayed memory” genes, which are not immediately affected by the stress, but their expression
patterns are perceived, stored, and later retrieved via chromatin remodeling for a delayed response.

The growing body of information indicates the involvement of BR signaling components in
memory generation to stress. Shigeta et al. [44] suggested chromatin remodeling as a mechanism
for the functioning of the BR pathway based on proteomic experiments. The authors proposed two
mechanisms, specifically through the involvement of ATP-dependent chromatin remodeling complexes
(CRC) or chromatin-modifying enzymes, such as histone deacetylases. Further, it was confirmed that
histone modifying enzymes mediate the transcriptional activation of genes by components of the
BR pathway [45,46]. Recently, Li et al. [47] showed that components of the BR pathway antagonize
Polycomb silencing, thus introducing an epigenetic aspect in BR signaling. Possible mechanisms for
generating memory in the BR signaling pathway are presented in Figure 2. The proteins involved in
stress memory are marked in red.

Currently, there is no data to distinguish the specificity of the action of different BR receptors (BRI1,
BRL1, and BRL3) at the level of protein–protein interactions. Therefore, the circuit shown in Figure 2
is applicable for the common BR pathway. The activated BR pathway leads to a state where BSU1
phosphatase inactivates BIN2, thus allowing activation of BZR and BES1 [10]. The regulator in ABA
pathway, ABI1 phosphatase, can also dephosphorylate and destabilize BIN2 to inhibit BIN2 kinase
activity [34]. Therefore, BIN2 functions as an important node in ABA-modulated BR signaling [22,34].
Activated BZR and BES1 in this pathway can in turn interact with stress-memory generating factors,
such as TPL-HDA19, FLC/FCA and histone H3K27 demethylase (Figure 2). As components of the ABA
pathway affect the BR pathway, the BR components also affect the ABA pathway. Specifically, ABI5 is
regulated by BIN2 and GSK1, BIN2 regulates the function of SnRK2 kinases, and BZR1-TPL-HDA19
complex regulates the expression of ABI3. The DNA templates that carry response elements for binding
factors are very different (ABRE, DRE, BRRE, and others), and they are not indicated in Figure 2.
Note that the cis- and trans-regulatory logic of transcription factors involved is not considered, since it
is not fully understood.

Since BRL3ox plants are more resistant to drought, they demonstrate a more stable rate of
photosynthesis and transpiration during drought conditions, and have a larger preconditioned
osmoprotective pool than WT plants [2]. It can be proposed that BRI1/BRL3 acts through memory
factors that alter chromatin structure. It is not yet clear how the memory signal is passed, however it
may be through the BRI1/BRL3→ BSK1/3→ BSU1 —‖ BIN2 signaling pathway or others yet unknown.
The BZR1/BES1 → TPL-HDA19 and BZR1/BES1 → FLC/FCA modules may be involved in such
interactions. Below we consider possible options for these interactions.
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Figure 2. A model of stress memory generation by BR signaling. Solid lines represent protein–protein
interactions and dotted lines represent transcriptional regulation. Proteins, involved in stress memory
generation, are FLC and FCA (which substantially reduce plant water use and are important for
heat and cold adaptation), TPL/HDA19 complex (ensures the epigenetic link between BR and ABA
signaling through BZR1/BES1-ABI3-ABI5 interactions), and key components of the ABA signaling
system such as SnRK2.2/2.3 and OST1/SnRK2.6, ABA-responsive element binding factors ABI3,
ABI5 and ABF2 (involved in abiotic stress defense and stress memory). BZR1 recognizes and
binds to a BRRE cis element in FLC and recruits H3K27 demethylase to dynamically modulate
plant response to BR signals and environmental cues. SWI/SNF CRC is also a possible memory
generator in this scheme. HSF function in BR signaling is possible, but has not been studied.
Abbreviations: ABI5, ABA insensitive 5; BES1, brassinazole-resistant 2; BIN2, brassinosteroid
insensitive 2; BRI1, brassinosteroid insensitive 1; BRL3, serine/threonine-protein kinase BRI1-like 3;
BSK1/3, BR-signaling kinases 1 and 3; BRM, ATP-dependent helicase BRAHMA; BSU, BRI1 suppressor
1; BZR1, brassinazole-resistant 1; SWI/SNF CRC, (Switch/Sucrose non-fermenting, ATP-dependent
chromatin remodeling complex); FCA, flowering time control protein; FLC, flowering locus C; GSK1,
shaggy-related protein kinase iota; HDA19, histone deacetylase 19; HSP, heat shock protein; HSF,
heat shock factor; SWI3B/3C, chromatin remodeling complex subunits; SYD, SWI2/SNF2-type ATPase;
TPL, TOPLESS; SnRK2s, SNF1-related protein kinases 2.

BR-mediated repression of gene expression requires that histone deacetylases interact with
TOPLESS (TPL) and that BZR1 associates with TPL and histone deacetylase HDA19 in vivo [45]. BZR1
recruits the TPL-HDA19 complex to BR-repressed promoters and mediates transcriptional repression
via chromatin modification. The important role of BES1 is to create the BR-activated BES1-TPL-HDA19
repressor complex that controls epigenetic silencing of ABI3 and ABI5 [46]. This complex allows the
suppression of ABA signaling during seedling development. Formation of a protein complex between
BES1 or BZR1 and HDA19 is essential for regulation of drought stress tolerance [48].

The interaction of BR signaling components with FLC (MADS-box transcription factor encoded
by flowering locus C) provides a new mechanism for drought resistance, where FLC substantially
reduces plant water use [49]. FLC is also involved in long-term cold adaptation mediated by the
epigenetic memory mechanism [50]. In the presence of BR, BZR1 and BES1-interacting MYC-like
proteins (BIMs) bind to a BR-responsive element in the first intron of FLC and further recruits a
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histone 3 lysine 27 (H3K27) demethylase to suppress levels of the H3K27 trimethylation mark and
thus antagonize Polycomb silencing at FLC [47]. FLC binds to numerous target genes to regulate their
expression, including those involved in response to water deprivation, such as CBF1/DREB1B and
CBF3/DREB1A [51]. The functioning of the FLC is regulated not only by BZR1 and BES1, but also by
ABI5 [52], which establishes an additional connection between the ABA and BR pathways (Figure 2).

Another player in the BR-induced stress memory is the RNA-binding protein FCA, a component of
flowering pathways in Arabidopsis and a regulator of FLC [53]. It has been shown previously that FCA
interacts with SWI3A and SWI3B, components of the Switch/Sucrose non-fermenting, ATP-dependent
chromatin remodeling complex (SWI/SNF CRC) [54]. FCA interacts with ABI5 and is essential for
proper expression of ABI5-regulated genes involved in antioxidant defense and thermotolerance [55].
FCA not only regulates the function of many genes involved in adaptation to stress-induced ROS, heat,
cold, and drought conditions via FLC and ABI5, but also adjusts the function of protective genes by
itself, through chromatin modification and RNA metabolism [55]. Histone acetylation is important in
the FCA-mediated thermal adaptation of developing seedlings, chlorophyll biosynthesis, and seedling
photosynthetic fitness [56]. The FLC/FCA module functions not only in hot conditions, but also in
cold, providing adaptation to winter conditions through an FLC antisense transcript COOLAIR [53,57].
This may explain why BRL3ox plants demonstrated high gene expression not only in the category
“Response to Water Deprivation”, but also in the categories “Response to Temperature Stimulus” and
“Cold Acclimation” [2]. It is interesting to note that these categories were also supplemented with GO
category “Secondary Metabolic Process” [2]. Upregulation of genes related to secondary metabolism in
BRL3ox plants can be explained by formation of the BR-activated BES1-TPL-HDA19 repressor complex,
which acts via TPL on the jasmonate signaling system [58]. Additionally, activation might be mediated
by FCA, which upregulates a number of secondary metabolism-specific biosynthetic genes and related
transcription factors [55].

It is possible that the BR and ABA signaling pathways work simultaneously to ensure the
priming effect on the drought tolerance of BRL3ox plants. In BRL3ox plants, ABA-dependent genes
are upregulated, such as those that encode galactinol synthase 2 (GOLS2), dehydrin Xero 2 (LTI30),
Em-like protein GEA1 (EM1), NAC transcription factor RD26, and cold and ABA inducible protein
KIN1 [2]. Most of them are involved in the Response To Water Deprivation, Response To Cold or Cold
Acclimation, and Response To Osmotic Stress (GO and BioGrid annotations). Of the ABA core signaling
genes, protein phosphatases PP2C (ABI1, ABI2, and HAB1), transcription factors ABI3 and ABI5,
SnRK2.2/2.3 kinases, and AREB/ABF transcription factors (such as ABF1, ABF2, ABF3, and ABF4) were
shown to be involved in stress memory through interaction with SWI/SNF CRC [42,59]. The mechanism
for memory generation through these interactions (Figure 2) may be realized via the ABA-chaperone
pathway, where ABA-responsive elements (ABREs) recruit the SWI/SNF CRC to the chromatin template
via ABFs and through the heat-shock transcription factors’ (HSFs) interaction with SWI/SNF CRC,
histone-modifying enzymes, and other cofactors [27]. Indeed, the CRISPR/Cas9-mediated activation
of AREB1/ABF2 through histone acetylation was shown to be useful for improving drought stress
tolerance [60]. We must also consider that SWI/SNF chromatin remodelers interact with many players
of the BR-ABA network, such as PP2Cs, SnRK2s, ABFs, BIM1, and others [27]. Han et al. [40] discovered
that plants with mutated ATP-dependent helicase BRAHMA (BRM, a component of SWI/SNF CRC)
acquired ABA hypersensitivity and increased drought resistance. BRM represses ABI5 expression
([40], Figure 2). The authors suggested that the physiological role of BRM is to help plants avoid
stress responses in the absence of stress. BRM is considered an important element in determining the
allocation of resources between drought tolerance and growth [40].

5. Stabilization of Endoplasmic Proteins

Little is known about the connection between BR signaling and chaperones, which are necessary
for stress adaptation. An important interaction occurs through BSK1/3 and GSK1, the shaggy-related
protein kinase iota (synonyms: BIN2-LIKE 2, BIL2; Figure 1). We noted that the STRING database
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provides data indicating numerous interactions between Arabidopsis GSK1 and proteins known as
heat-shock transcription factors (HSFs). The STRING data were accessed from the interaction of GSK
and HSF homologs in non-plant organisms, such as Saccharomyces cerevisiae, Caenorhabditis elegans,
and Homo sapiens (https://string-db.org/network/3702.AT1G06390.1). In many cases, these interactions
were associated with stress reactions caused by an accumulation of misfolded proteins in the
endoplasmic reticulum (ER).

These data prompted us to examine in more detail the literature about relationships between
BR signaling and ER stress. In plants, there are no known interactions between GSKs and HSFs,
but the association of BR signaling with ER stress signaling is well documented. A connection between
ER stress signaling and BR-mediated growth and stress acclimation was shown by Che et al. [61].
They reported that Arabidopsis bZIP17 and bZIP28 transcription factors activate ER chaperone genes
and BR signaling, which was required for stress acclimation and growth. Furthermore, Cui et al. [62]
showed that UBC32, a stress-induced ubiquitin conjugation enzyme, connects the ER-associated protein
degradation (ERAD) process, BR-mediated growth promotion, and salt stress tolerance [62]. BRI1 was
also shown to be involved in this process.

The Arabidopsis ethyl methanesulfonate-mutagenized brassinosteroid-insensitive 1 suppressor 7 (EBS7)
gene, which encodes an ER membrane-localized ERAD component, is connected to the function of
BRI1 and to stress tolerance via Hrd1a (ERAD-associated E3 ubiquitin-protein ligase Hrd1a), one of
the central components of the Arabidopsis ERAD machinery [63]. Unlike in yeast and animal model
systems, Arabidopsis ERAD components are just beginning to be studied, however recent investigations
have revealed new important players and there is support for a connection between ER stress signaling
and stress tolerance [64,65]. Our search in the databases showed that the interactome of eukaryotic
organisms is enriched with numerous protein–protein interactions involving Hrd proteins, while there
are no such interactions in the Arabidopsis interactome. In other words, Arabidopsis is underexplored
in this regard. Summing up these data, we can hypothesize that BR signaling can increase stress
resistance by stabilizing endoplasmic proteins. In the case of BRL3, it may be by the BRL3 (GSK1)→
BSK1/3 pathway.

The chaperone signaling system comprises predominantly HSFs and heat-shock proteins
(HSP), and peptidyl-prolyl cis-trans isomerases (PPIase), also called immunophilins [27]. Since the
chaperone-type immunophilin FKBP42/TWD1 positively regulates the BRI1/BAK1 function and acts
together with HSP90, it is possible that FKBP42/TWD1 and HSP90 assist the folding of membrane
proteins [66]. Mutation in the HvBRI1 gene causes a decreased HSP level and decreased HSP gene
expression [67]. Although it is known that HSPs interact with the BR core components [68,69], there is
no evidence of such interaction with HSFs. If it is established that BR signaling components interact
with HSFs, then studies of BRs in terms of the implementation of stress memory will receive a new
direction, since HSFs are the main sculptors of the epigenetic landscape [70].

6. Conclusions

In this review, we examined a key finding, recently reported by Fàbregas and colleagues [2],
in which an increased expression of the BRL3 receptor provided resistance to a lack of water but did
not impair plant development. Such cases, in relation to any stress, are quite rare, since resistance to
any stressful condition is usually accompanied by growth retardation. Drought tolerance of plants is
controlled by numerous signaling modules forming a branched network of protein–protein interactions.
In this study, we examined all known interactions of the BR and ABA signaling pathways, but left out
the signaling pathways of gibberellins and the light signaling system, which undoubtedly affect stress
tolerance, but would greatly complicate the understanding of the described phenomenon.

In such cases as the one that was described by Fàbregas et al. [2], we should look for adaptation
processes caused by memory generation. Ding et al. [39] postulated that under natural conditions,
stress memory is activated by the previous dehydration stress, continues during the recovery period,
and prepares the plant’s response to the next dehydration stress. This is surprising, but so far the
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BR pathway has not been extensively studied with respect to epigenetic changes and the generation
of stress memory, and only the first steps have been taken on this path [45–47,68,71]. For the closest
animal relatives of BRs, glucocorticoids, we observe an extensive field of research related specifically
to changes in chromatin structure [72]. At present, it is still unclear whether BRs have a lesser effect on
adaptive chromatin rearrangements or if they are simply underexplored in this regard.

We hypothesized that BRs may be involved in stress acclimation by three interconnected
mechanisms. The first mechanism is that the signal passes through the module BRL3 (or BRI1)
→ BSK1/3→ BSU1 —‖ BIN2→ BSK1/3, in which BIN2 is responsible for communication with ABA
signaling and the BSK proteins serve as signal concentrators. The second mechanism is priming
through chromatin modifications, in which BRL3 and other BR receptors could act collectively to
ensure stress memory via BIN2→ SnRK2s→ ABF2, BES1 or BZR1–TPL –HDA19 repressor complexes
and BZR1/BES1→ FLC/FCA pathway. The third mechanism is stress acclimation by the BR-mediated
stabilization of endoplasmic proteins in the ERAD process. New research prospects involving the BR
signaling pathway in relation to stress adaptation are very intriguing and include the study of BR and
ABA interaction pathways, chromatin modifications, and the ERAD process.
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Abstract: Plant height is a vital agronomic trait that greatly determines crop yields because of the
close relationship between plant height and lodging resistance. Legumes play a unique role in
the worldwide agriculture; however, little attention has been given to the molecular basis of their
height. Here, we characterized the first dwarf mutant mini plant 1 (mnp1) of the model legume plant
Medicago truncatula. Our study found that both cell length and the cell number of internodes were
reduced in a mnp1 mutant. Using the forward genetic screening and subsequent whole-genome
resequencing approach, we cloned the MNP1 gene and found that it encodes a putative copalyl
diphosphate synthase (CPS) implicated in the first step of gibberellin (GA) biosynthesis. MNP1 was
highly homologous to Pisum sativum LS. The subcellular localization showed that MNP1 was located
in the chloroplast. Further analysis indicated that GA3 could significantly restore the plant height
of mnp1-1, and expression of MNP1 in a cps1 mutant of Arabidopsis partially rescued its mini-plant
phenotype, indicating the conservation function of MNP1 in GA biosynthesis. Our results provide
valuable information for understanding the genetic regulation of plant height in M. truncatula.

Keywords: dwarfism; gene cloning; MNP1; CPS; Medicago truncatula

1. Introduction

Dwarf phenotypes have been widely used to improve lodging resistance and enhance harvest
index in crops. For this reason, the proper modulation of plant height has always been a priority for
breeders. Although many factors regulate plant height, gibberellin (GA) plays a leading role and is
also known as the “green revolution phytohormone” because of its great contribution to the cultivation
of high yields and lodging resistant crop varieties. The “green revolution” gene semi-dwarf 1 (sd1)
encoding GA biosynthesis enzyme GA 20-oxidase (GA20ox) is always important in rice breeding from
the 1960s [1]. The reduced height 1 (rht-B1b and rht-D1b) mutants showed a semi-dwarfing phenotype due
to insensitivity to GA and were also used to breed for lodging resistance and yield increase in wheat [2].

GA is involved in various processes of plant growth and development, including leaf expansion,
seed germination, induction of flowering and stem elongation [3–7]. With the extensive characterization
of dwarf mutants related to GA, numerous genes encoding GA biosynthetic enzymes have been
identified [8,9]. Bioactive GA biosynthesis is divided into three stages. In the first stage, geranylgeranyl
diphosphate (GGDP), the precursor of GA, is catalyzed by the copalyl diphosphate synthase (CPS)
and ent-kaurene synthase (KS) to form ent-kaurene, and this process takes place in the plastid [10,11].
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Then, in the second stage, ent-kaurene is converted to GA12 by ent-kaurene oxidase (KO) and
ent-kaurenoic acid oxidase (KAO), both of which are cytochrome P450 enzymes [11–13]. In the final
stage, GA12 is catalyzed by GA20ox and converted to GA9 via GA15 and GA24, and then GA9 is
converted to GA4 by GA 3β-hydroxylase (GA3ox) [14–17]. GA12 is also converted to GA1 through the
13-hydroxylation pathway [9]. The biosynthesis of bioactive GA1 and GA4 occurs in the cytoplasm.
Because the early-step genes of GA biosynthesis, CPS1/GA1, KS and KO, are single copy in Arabidopsis,
mutations of these genes usually induce severely dwarf phenotype with greatly impaired fertility [12,18].
In contrast, the loss-of-function mutants of GA20ox and GA3ox (the late-step genes of GA biosynthesis)
show a semi-dwarf phenotype due to the functional redundancy of multiple copies of genes [19,20].
In addition, the mutants altered in GA degradation and signal transduction pathway also show various
degrees of dwarf phenotype and are valuable in molecular breeding [21–25].

Previous studies have suggested that, in addition to GAs, other plant hormones, such as
brassinosteroids (BRs) [26,27] and strigolactones (SLs) [28,29], also play important roles in plant
height development. The dwarf mutants related to these hormones can be divided into two types,
hormone-sensitive and hormone-insensitive. The plant height of those hormone-sensitive mutants
could be restored by exogenous hormones because their hormone content is reduced due to the disorder
of hormone metabolic pathways [26,29–32]. The hormone-insensitive mutants are not sensitive to the
hormone due to the abnormal signaling pathway [27,33–36]. So far, the molecular genetic pathways
underlying the plant height regulation are well-characterized in Arabidopsis and rice, but only a few
studies have been conducted on other species.

Legumes are the second most important economic crops after cereals and provide the major
sources of plant proteins and oils for humans and animals [37]. Investigations on dwarf mutants in
peas and soybeans have strongly suggested that the GA pathway plays a conserved role in determining
the plant height of legumes [38–40]. Medicago truncatula, a diploid model legume plant, has been
sequenced [41,42], but little attention was given to the basis of its height and the involved regulatory
mechanisms of the GA pathway.

In this study, we characterized the severely dwarf mutant mnp1 with two alleles isolated from the
Tnt1 retrotransposon-tagged mutant population of M. truncatula. Through forward genetic screening
and the subsequent whole-genome resequencing approach, we cloned the MNP1/Medtr7g011663 gene
and found that it was well-clustered with the homologous genes encoding Pisum sativum LS, Solanum
lycopersicum GIB-1, Arabidopsis thaliana CPS1/GA1, Oryza sativa OsCPS1 and Zea mays An1, all of which
are the enzymes involved in the first step of GA biosynthesis. Because the dwarf phenotype of mnp1
was significantly restored by exogenous application of GA3, and the mini-plant phenotype of the
Arabidopsis cps1 mutant was partially rescued by the expression of MNP1, we proposed a conserved
function of MNP1 in GA biosynthesis. Given the evidence that both the mnp1 and the pea ls mutants
are fertile and there are multiple possible copies of MNP1/LS in M. truncatula, peas and soybeans, it is
reasonable to hypothesize that the duplication of CPS genes and the subsequent functional divergence
may have occurred in legumes during evolution [43]. The result has significant implications for the
legume breeding programs and provides a good model to further study the regulatory mechanism of
height regulation in M. truncatula.

2. Results

2.1. Mini Plant 1 Mutants Were Severely Dwarfed Due to Shorter and Fewer Cells

Legumes are the third largest family of angiosperms, including many important crops, such as
soybeans and peanuts [44]. To gain a better understanding of the molecular basis of plant height
regulation in legumes, we screened the Tnt1 retrotransposon insertion mutant collection of the model
plant M. truncatula [45] to isolate mutants with significant changes in plant height. Two allelic mutants
with similar severely dwarf phenotypes were identified and designated as mini plant 1-1 (mnp1-1)
and mini plant 1-2 (mnp1-2), respectively, because all F1 progenies derived from a cross between
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mnp1-1 and mnp1-2 were dwarf plants. Compared with the wild type, the mutants are severely dwarf,
with increased branches and dark green leaves (Figure 1A–C and Figure 2C).

Figure 1. Phenotypic characterization of mnp1-1 mutant. (A–C) Morphologies of wild type (WT) and
mnp1-1 mutant at different developmental stages. (A) Ten days after sowing. Scale bar = 0.75 cm.
(B) Six weeks after sowing. Scale bar = 2 cm. (C) The reproductive stage of plants. Scale bar = 6.5 cm.
(D) The length of the third internode beneath the shoot apex. Values are means ± SD (n = 20 internodes).
Two-sample t-test, *** p < 0.001. (E) The length of epidermal cells of the third internode beneath
the shoot apex. Values are means ± SD (n = 20 cells from three biological replicates). Two-sample
t-test, *** p < 0.001. (F) Scanning electron microscope images and cell outlines of a representative third
internode beneath the shoot apex. Scale bar = 50 um. (G) Number of epidermal cells in the third
internode beneath the shoot apex. The cell number was calculated from the ratio of the average internode
length (D) to the average cell length (E). Error bars represent the standard deviation of the cell number
of 20 independent internodes. Two-sample t-test, *** p < 0.001. (H) Expression analysis of cell division
marker gene MtCYCB1;1. Values are means ± SD. Two-sample t-test, ** p < 0.01. (I) Expression analysis
of cell division marker gene MtKNOLLE. Values are means ± SD. Two-sample t-test, *** p < 0.001.

During the growth and development from seedlings to adult plants, the height gap between the
wild type and mnp1-1 mutant was becoming bigger (Figure 1A–C). By measuring the length of the third
internode beneath the shoot apex, we confirmed that the mnp1-1 mutants have reduced internode length
compared with the wild type (Figure 1D). Then, scanning electron microscopy (SEM) analysis was used
to determine the reasons for the shorter internode of mnp1-1 mutants. The epidermal cells of the mnp1-1
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internode were considerably shorter than those of the wild type (Figure 1E,F). In addition, the number
of internode cells was also greatly reduced in mnp1-1 mutants (Figure 1G), indicating that cell division
was significantly suppressed. This speculation would be in agreement with the quantitative analysis of
the reduced cell cycle activity of the mnp1-1 internode. The expression of the G2/M phase cell cycle
marker MtCYCB1;1 and the cytokinesis marker MtKNOLLE [46] were both dramatically lower in mnp1-1
than that of wild type (Figure 1H,I). Therefore, both decreased length and number of internode cells
contributed to the shortened stem of mnp1-1. In addition to the decrease of stem length, the petiole of
mnp1-1 was shortened as well (Figure S1). In conclusion, these results demonstrated that MNP1 plays
an important role in the length determination of stem and petiole in M. truncatula.

2.2. Molecular Cloning of MNP1 Gene

Analysis of the F2 generation resulting from a cross between mnp1-2 and wild type showed
a segregation ratio of 3:1 between wild-type-like and dwarf phenotypes (36:13, χ2 = 0.0068<χ2

0.05 = 3.84)
(Figure S2A), indicating that the mnp1-2 phenotype was controlled by a single recessive gene. To clone
the target gene corresponding for the mutant phenotype, mnp1-1 and mnp1-2 were backcrossed with
the wild type, respectively, and mutant plants were isolated from both F2 populations, followed by
whole-genome resequencing at 20× coverage. Then, the resequencing data were analyzed using
the bioinformatics tool Identification of Transposon Insertion Sites (ITIS) as previously described
(Table S1) [47]. ITIS identified nine and seventy-one Tnt1 insertions in the genomes of the mnp1-1 and
mnp1-2 mutants, respectively. There were two Tnt1 insertion sites on chromosome 7 that appeared to
be nearby from the genomic sequence data of mnp1-1 and mnp1-2; one was inserted into an intergenic
region, and another was inserted into a genic region corresponding to the Medtr7g011663 gene
(annotated in A17 genome v4.0) (Figure 2A; Table S1). Then, PCR-based genotyping and sequencing
analysis confirmed that the mnp1-1 and mnp1-2 mutants harbored Tnt1 insertions in the fourth exon
and the seventh exon of the candidate gene/Medtr7g011663, respectively (Figure 2B–D and Figure S2B).
To determine whether the mutation of Medtr7g011663 is responsible for the mnp1 mutants’ phenotype,
an additional mutant line with a predicted Tnt1 insertion in Medtr7g011663 locus was identified via
BLAST searching of the public mutant database [45], and thus was designated as mnp1-3. The mnp1-3
plants displayed a severely dwarfed phenotype similar to mnp1 alleles when growing in the greenhouse
(Figure 2C). PCR-based sequencing confirmed that there is indeed a Tnt1 insertion in the sixth exon
of Medtr7g011663 in mnp1-3 (Figure 2D and Figure S2B). Thus, we considered Medtr7g011663 as the
putative MNP1 gene.
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Figure 2. Molecular cloning of the MNP1 gene. (A) Adjacent Tnt1 insertion sites were found on
chromosome 7 of mnp1-1 and mnp1-2. The x-axis represents chromosome 7. Rhombus and squares
represent Tnt1 insertions in mnp1-1 and mnp1-2, respectively. The rhombus and square on a black
line show nearby Tnt1 insertions in an intergenic region. The rhombus and square on a red line
show nearby Tnt1 insertions in Medtr7g011663 and the right image is an enlarged view in the same
region. (B) Schematic illustration of MNP1 gene structure and Tnt1 insertion sites in mnp1 alleles.
The mnp1-3 (blue color) mutants were screened from the Tnt1 population using a reverse genetics
approach. Filled black boxes represent exons and lines between them denote introns. Arrows indicate
Tnt1 orientation. (C) The phenotype of mnp1 alleles. Scale bar = 6.5 cm. (D) Genotyping of mnp1 alleles.
The primers (MNP1-GT-F/R) were designed for detecting MNP1 genomic fragments, and the primer
pair TntF2/R2 were Tnt1-specific primers.

2.3. MNP1 Encodes a Putative CPS Protein in M. truncatula

To figure out the type of protein encoded by MNP1, phylogenetic analysis of MNP1 and its
homologous proteins from M. truncatula and related legume plants (pea and soybean), dicotyledonous
model plants (Arabidopsis and tomato) and grasses (rice and maize) was performed. MNP1 protein
was closely grouped with numerous homologs from legumes, and each selected legume species has at
least two homologous copies. When compared to the reported homologous proteins, MNP1 showed
the most homology to the pea LS and significant homology to the GIB-1 in tomatoes, CPS1/GA1 in
Arabidopsis, OsCPS1 in rice and An1 in maize (Figure 3A), all of which are in the CPS family belonging
to type-B cyclase and take part in the first step of GA biosynthesis [48–52]. The loss-of-function
mutants of ls, gib-1, cps1/ga1, Oscps1 and an1 all show dwarfed phenotypes. In addition, the alignment
of multiple amino acid sequences shows that MNP1 exhibits a high degree of amino acid sequence
identities with these CPS proteins (Figure S3). Furthermore, there is an aspartate-rich motif DXDD near
the N-terminal region of MNP1 (Figure 3B), which is conserved among type-B cyclase and important
for the catalysis of the type-B cyclization reactions [52,53]. Taken together, we believe that MNP1
would be a conserved CPS protein involved in the GA biosynthesis pathway in M. truncatula.
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Figure 3. Phylogenetic analysis and sequences alignment of MNP1 and its closely related homologs.
(A) Phylogenetic analysis of MNP1 and its homologs. Proteins from the species Medicago truncatula
(Medtr), Pisum sativum (Psat), Glycine max (Gm), Solanum lycopersicum (Solyc), Arabidopsis thaliana (At),
Oryza sativa (Os) and Zea mays (Zm). Bootstrap values are indicated upon the branches. Red rhombus
indicates MNP1 protein and red circles indicate the reported CPS proteins. (B) The sequences alignment
of MNP1 and the reported CPS proteins. The amino acid color indicates the homology of sequences
between these species: black = 100%, pink ≥ 75% and blue ≥ 50%. The DXDD motifs in the sequences
are indicated by the black line.

2.4. Subcellular Localization of MNP1

The CPS1/GA1 has been reported to be localized on plastids in Arabidopsis with a chloroplast
transit peptide (cTP) at its N-terminus [50]. Then, we carried out cTP prediction using the ChloroP
program (http://www.cbs.dtu.dk/services/ChloroP) and found that the MNP1 is also highly predicted
to have a cTP at its N-terminus, with a score of 0.591 (strong).

Based on the ChloroP prediction results, the sequence encoding the N-terminal truncation of
1–100 amino acids of MNP1 (TPMNP1) was used to generate p35S::TPMNP1-GFP constructs, which was
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then transiently expressed in epidermal cells of tobacco (Nicotiana benthamia). The green fluorescence
signal of the fusion protein was observed in a chloroplast (Figure 4). This result was further confirmed
by the subcellular localization analysis of the GFP fusion protein with full-length MNP1 (Figure S4).
Thus, these data suggest that MNP1 may play the same role as Arabidopsis CPS1 in chloroplasts and
participate in GA biosynthesis.

Figure 4. Subcellular localization of MNP1. According to ChloroP prediction, there is a chloroplast
transit peptide (cTP) at the N-terminus of MNP1 protein, so a sequence encoding 100 amino
acids containing cTP was used to generate p35S::TPMNP1-GFP constructs. Then, the constructs
were transformed into tobacco (Nicotiana benthamia) leaf epidermal cells by Agrobacterium-mediated
transformation. p35S::GFP was used as a positive control. Images were taken 36 h after transformation
with dual GFP (green) and chlorophyll (red) channels. Scale bar = 40 um.

2.5. Genes of GA Biosynthesis Pathway Are Significantly Up-Regulated in mnp1-1

Based on the above evidence, we conclude that MNP1 is the putative gene encoding a CPS
protein that participates in GA biosynthesis in M. truncatula. Therefore, exogenous GA3 was used to
investigate whether mnp1 is a GA-sensitive mutant. As expected, the plant height of mnp1-1 sprayed
with GA3 was significantly higher than that of the control group without GA treatment (Figure 5A).
Besides, the blade size and petiole length of mnp1-1 mutants were also significantly restored after GA
treatment (Figure S5). Thus, it could be stated that the lack of GA leads to the dwarf phenotype of
mnp1. The GA biosynthesis pathway involves many genes besides CPS (Figure 5B). According to the
reference [54], we tested the expression level of the putative genes (Table S2) in the GA biosynthesis
pathway of M. truncatula stem tissue. The results showed that most GA biosynthesis genes were
highly upregulated in the mnp1-1 mutant, while a small proportion of the genes (MtKS, MtKAO1,
MtCYP714_A1, MtCYP714_C2) showed a low level of upregulation, with no significant difference.
Among these upregulated genes, MtGA20ox7 was most significant and was thousands of times higher
than that of the wild type (Figure 5C), which is coincident with the earlier statement that GA20ox has
an important role in GA homeostasis regulation in plants [20]. The upregulation of the genes that lie
downstream of the GA biosynthesis pathway in mnp1-1 implied a negative feedback response to the
low GA content, and MtGA20ox7 may play a key role in GA feedback regulation in mnp1-1.
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Figure 5. Expression analysis of GA biosynthesis genes in GA-sensitive mutant mnp1-1. (A) From left
to right are mnp1-1 without GA3 treatment and mnp1-1 with 70 uM GA3 treatment. Scale bar = 4 cm.
(B) GA biosynthesis pathway schematic diagram. The red, green and blue arrows represent the three
stages of GA biosynthesis pathway. Gray ovals represent enzymes. (C) Relative expression levels of
GA biosynthesis genes in the stem of WT and mnp1-1. The red, green and blue boxes represent the three
stages of GA biosynthesis pathway as in (B). The significant difference was determined by unpaired
two-sample t-test (** p < 0.01, *** p < 0.001).

2.6. MNP1 Could Partially Rescue the Phenotype of Arabidopsis cps1 Mutant

The cps1/ga1 mutant of Arabidopsis shows a severely dwarfed and sterile phenotype due to the loss
of CPS function [55]. To examine the extent of the functional conservation between M. truncatula and A.
thaliana CPS proteins, we obtained a homozygous T-DNA insertion mutant of At4g02780 (SALK_109115)
from the Arabidopsis Biological Resource Center (ABRC), namely the cps1 mutant. The cps1 mutant
showed extremely dwarf as expected, and was able to produce inflorescences, but no fertile seeds
(Figure 6A). Next, we introduced p35S::MNP1-GFP constructs into cps1 heterozygotes by the floral
dip method. Through resistance screening and PCR genotyping, we isolated the p35S::MNP1-GFP
transgenic plants in the cps1 homozygous background, and found that the size of transgenic plants
was partially restored (Figure 6B,C). RT-PCR analysis confirmed the expression of MNP1 gene in the
transgenic plants (Figure 6D). These results indicated that MNP1 could partially recover the mini-plant
phenotype of the cps1 mutant, suggesting that CPS has functional conservation between M. truncatula
and A. thaliana.
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Figure 6. MNP1 partially rescued the mini-plant phenotype of Arabidopsis cps1 mutant. (A) The
phenotype of Arabidopsis wild type (Col-0) and cps1 mutant. The Col-0 and cps1 mutant were 7 and
12 weeks old, respectively. Scale bar = 2 cm. (B) The p35S::MNP1-GFP transgenic plant of the cps1
homozygous background partially restored the mini-plant phenotype of cps1 mutant. The plants were
6 weeks old. Scale bar = 2 cm. (C) Genotyping of the transgenic plant. The homozygous T-DNA
insertion in CPS1/At4g02780 locus and MNP1 coding sequence were detected in the transgenic plant.
(D) RT-PCR amplification of MNP1 from Col-0, the transgenic plant and cps1 mutant. AtACTIN was
used as an internal control.

3. Discussion

Although the genes encoding CPS have been identified in many species [48–52], the pea LS
is the only CPS protein characterized from legumes in general before the present study, and mnp1
appears to be the first dwarf mutant related to GA biosynthesis in M. truncatula. We found that the
mnp1 dwarf phenotype is caused by the decrease of the cell elongation and cell division in the stem.
This result is consistent with the previously reported function of GA in promoting cell elongation and
division. Cell elongation is regulated by cell wall-loosening protein expansin (EXP) and xyloglucan
endo-transglycosylases (XET) which play a role in cell wall reconstruction. Some XET and EXP genes
have been shown to be specifically upregulated by GA, which is believed to cause cell elongation in
Arabidopsis and rice [56–59]. GA also promotes plant growth via upregulating the transcription levels
of cell division-related genes including cell cycle genes CYCA1;1 and CDC2Os-3 in deepwater rice [60].
However, the underlying mechanism by which GA regulates the expression of these genes remains to
be studied. The identification of mnp1 provides a very good model to further study this mechanism in
M. truncatula.

Focusing on the phylogenetic analysis of MNP1 and its homologous proteins, we found that
CPS proteins belonging to legumes were grouped into two clades (clade I and II), and each clade was
identified in all selected legumes, suggesting that a lineage-specific duplication of CPS genes may
have occurred in legumes during the evolution process. There are just single copies from Arabidopsis
and the tomato outgroup of the legume CPS proteins, while the CPS proteins of grasses gather
together and are significantly separated from those of eudicots (Figure 3A). Consistent with this result,
the conserved DXDD motif of CPS shows some degree of sequence divergence between monocots and
eudicots (Figure 3B). In M. truncatula, MNP2/Medtr7g011770 appears to be a very close paralogue of
MNP1/Medtr7g011663, because MNP1 and MNP2 are tightly clustered on chromosome 7 and shared
high sequence identity. MNP1 and MNP2 belong to the legume CPS clade I, while in the legume CPS
clade II, two members were found in the M. truncatula genome, namely MNP3/Medtr7g094970 and
MNP4/Medtr5g030050. Since a highly conserved DXDD motif existed in all these four CPS proteins of
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M. truncatula (Figure S6), it will be interesting to explore the possibilities of functional redundancy and
diversification between MNP1 and the rest members.

GA homeostasis is important for the regulation of many developmental processes and has been
found to be maintained by feedback regulation of GA metabolism genes in a variety of plant species [61].
GA20ox and GA3ox are the main participants in the negative feedback regulation of GA. The expression
of these two kinds of genes was upregulated in the GA biosynthesis deletion mutant [20]. In our study,
we found that the expression of MtGA20ox7 was significantly upregulated, up to thousands of times in
mnp1-1 compared with the wild type. Therefore, it seems that MtGA20ox7 may be a key member in
the regulation of GA homeostasis in M. truncatula.

The Arabidopsis cps1 mutants are male sterility caused by defective pollen development [55].
In M. truncatula, the expression of MNP1 gene was also detected in stamens (Figure S7), suggesting that
MNP1 may play a potentially important role in stamen development. However, mnp1 is fully fertile in
M. truncatula, with its flower organ, pods and seeds being relatively smaller when compared with
the wild type (Figure S8A–E). Pollen viability, tested by Alexander’s staining, indicated no significant
difference between the wild type and mnp1-1 as well (Figure S8C). It is a common phenomenon that
GA deficiency leads to dwarfing and male sterility in various species, such as Arabidopsis, maize and
tomato, but this scenario does not appear to be the case in legumes. Fertile pollens can be produced in
all the reported dwarf mutants with GA deficiency in peas [43,51], and mnp1 is similar to pea ls mutants,
unlike cps mutants of other species. Given that a legume species usually contain multiple CPS genes,
it can be argued that the mechanism of GA biosynthesis for plant height and pollen development in
legumes may be conserved and distinct from that of other species. In terms of the dwarfed but fertile
phenotypes of mnp1 and ls mutants, the identification of MNP1/LS and other key genes involved in GA
metabolism would be of great potential utility in legume breeding.

4. Materials and Methods

4.1. Plant Materials and Growth Conditions

M. truncatula ecotype R108 and A. thaliana ecotype Col-0 were used for this study. The mnp1-1
(NF0500), mnp1-2 (NF13564) and mnp1-3 (NF10616) mutants (all in ecotype R108 background) were
isolated from the Tnt1 retrotransposon-tagged mutant collection of M. truncatula as previously
reported [45]. Among them, the mnp1-3 mutants were screened from the Tnt1 population by
a reverse genetic approach. Seeds of Arabidopsis cps1 mutant (SALK_109115) were purchased from the
Arabidopsis Biological Resource Center (ABRC). The p35S::MNP1-GFP transgenic plants were generated
in cps1 background.

Arabidopsis GA-deficient mutant cps1 cannot germinate in the soil. For this reason, Arabidopsis
plants need to be grown on solid 1/2 MS medium for approximately 2 weeks and then be transplanted
into the soil. All plants (M. truncatula and A. thaliana) were grown under the following greenhouse
conditions: 16 h day/8 h night cycle, 150 uE/m2/s light intensity, 22 ◦C day/18 ◦C night temperature
and 70% humidity.

4.2. Statistical Analysis of Cell Length and Number

For the measurement of the internode length, twenty individual plants of both the wild type
and mnp1-1 genotypes were grown simultaneously in the same greenhouse, and the third internode
beneath the shoot apex of each plant (2-month-old) was collected and considered as an independent
biological sample. Thus, a total of twenty internodes were processed to calculate the average length.
Then, three internodes of each genotype were randomly selected from the above twenty samples,
and were submerged in fixative solution (5% formaldehyde, 5% acetic acid and 50% ethanol) for over
12 h at room temperature. Subsequently, the samples were dehydrated in a graded ethanol series
(50%, 70%, 90%, 95%, 100%), critical-point dried in liquid CO2 and sputter-coated with gold. The three
dried internodes for each genotype were individually examined using scanning electron microscopy
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(SEM) by an EVO LS10 (Zeiss, Oberkochen, Germany) at an accelerating voltage of 5 kV. Therefore,
three SEM images of the third internode were obtained for each genotype (wild type and mnp1-1).

For the measurement of epidermal cell length of the internode, 20 cells were randomly selected
from the SEM images (6–7 cells per image) for both the wild type and mnp1-1 genotypes, and the
lengths were measured by ImageJ.

The cell number was calculated from the ratio of the average internode length (that was evaluated
from a total of 20 internodes) to the average cell length (that was evaluated from 20 cells of three
biological replicates).

All above experiments were repeated twice independently with similar results.

4.3. Molecular Cloning of MNP1

The molecular cloning of the MNP1 gene referred to the method reported previously [62].
We screened the Tnt1 retrotransposon insertion mutant collection of M. truncatula (ecotype R108) and
isolated two mnp1 alleles (mnp1-1, NF0500 and mnp1-2, NF13564) with severely dwarfed phenotypes.
Then, these two mnp1 alleles were backcrossed with the wild type to purify the genetic background
for reducing incoherent Tnt1 insertions, and mnp1-1 and mnp1-2 F2 segregation populations were
generated, respectively. Equal amounts of leaf material were harvested from 12 independent mutant
individuals of each population to make two mixed samples. The genomic DNA of the mixed samples
was extracted using the Plant Genomic DNA Kit (Tiangen, Beijing, China). Whole-genome resequencing
was carried out at 20× coverage. Then, the data of whole-genome resequencing were analyzed by
a novel bioinformatics tool, Identification of Transposon Insertion Sites (ITIS) to identify all Tnt1
insertion sites in the genome [47]. The common Tnt1 insertion sites in mnp1-1 and mnp1-2 genomes
were found in Medtr7g011663 locus (annotated in A17 genome v4.0). Subsequently, PCR experiments
using mnp1-1 and mnp1-2 genomic DNA as templates were performed to verify the insertion of Tnt1
in Medtr7g011663. An additional allele mnp1-3 (NF10616) was screened from the Tnt1 population by
a reverse genetics approach, which also displayed a mini-plant phenotype. Genomic PCR analysis
confirmed that the mnp1-3 mutant does carry a Tnt1 insertion in Medtr7g011663. Thus, Medtr7g011663
was regarded as the putative MNP1 gene. The analysis data of ITIS and the primers used for PCR are
shown in Tables S1 and S3, respectively.

4.4. Phylogenetic Analysis and Sequences Alignment

The sequences of MNP1 homologs were identified through BLAST from Phytozome (https:
//phytozome.jgi.doe.gov/pz/portal.html), URGI (https://urgi.versailles.inra.fr/Species/Pisum) and
maizeGDB (https://maizegdb.org/) in the protein databases of Medicago truncatula, Glycine max, Solanum
lycopersicum, Arabidopsis thaliana, Oryza sativa, Pisum sativum and Zea mays. Multiple amino acid
sequences were aligned by ClustalX2 (v2.1) at default parameters and beautified by DNAMAN V6.
The phylogenetic tree was performed by the maximum likelihood method with IQTREE v1.6.10 as
previously reported [63]. The JTT + F + G4 model was selected as suggested by the IQTREE model test
tool (BIC criterion) with 1000 ultrafast bootstrap replicates and 5000 iterations.

4.5. Exogenous GA3 Application Method

Bioactive GA3 (Genview, Lot: 5209010140) was dissolved in ethanol (0.1 M) and diluted with
water before being applied [64]. About 600 mL of 70 uM bioactive GA3 working solution was sprayed
to a total of twelve mnp1-1 mutant plant one time. The first spray was applied at 10-day-old seedlings
after sowing, and the later sprays performed once a week for two months in total. An equivalent group
(n = 12) of mnp1-1 mutant plants was treated similarly with a solution without GA3 at each same time.
All mnp1-1 mutants with the treatments (+GA3 and −GA3) were grown simultaneously in the same
greenhouse. Experiments were repeated twice independently with similar results.
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4.6. RNA Extraction, RT-PCR and Quantitative RT-PCR (qRT-PCR)

Medicago stem tissues and Arabidopsis rosette leaves for RNA extraction were harvested
from 7-week-old and 6-week-old plants, respectively. Total RNA was isolated using TransZol
(TransGen, Beijing, China) according to the manufacturer’s protocol and then was reverse transcribed
into cDNA by HiScript® II 1st Strand cDNA Synthesis Kit (Vazyme, Nanjing, China). The resulting
cDNAs were used as templates for RT-PCR and qRT-PCR. AtACTIN (Actin2/At3g18780) was used
as an internal control for Arabidopsis RT-PCR. qRT-PCR was performed using 2 × T5 Fast qPCR mix
(SYBR Green I) (TsingKe, Beijing, China) on the Roche Light Cycler 480II real-time PCR machine
(95 ◦C, 1 min; 95 ◦C, 10 s, 60 ◦C, 10 s, 72 ◦C, 15 s, 40 cycles). MtACTIN (Medtr3g095530) was used as
an internal control for Medicago qPCR. Three independent biological replicates were used for RNA
extraction and subsequent cDNA synthesis. All samples were selected randomly under the same
greenhouse conditions. Three technical replicates for each biological replicate were used in qRT-PCR
analysis. The genes involved in this study and the primers used for qPCR are listed in Tables S2 and
S3, respectively.

4.7. Plasmid Construction

Coding sequences of target genes were isolated by RT-PCR from wild type root tissue of seedlings
(3 weeks old). For subcellular localization experiments, the coding sequences of the N-terminus
of MNP1 (100-amino acid, TPMNP1) and the full-length coding sequence of MNP1 were inserted
into the pCAMBIA3301MP vector between NcoI and AvrII site via the ClonExpress II One Step
Cloning Kit (Vazyme) to generate p35S::TPMNP1-GFP and p35S::MNP1-GFP constructs, respectively.
The p35S:: MNP1-GFP constructs were also used for plant transformation. The primers used for
plasmid construction are listed in Table S3.

4.8. Subcellular Localization

The constructs, p35S::TPMNP1-GFP and p35S::GFP, were introduced into Agrobacterium tumefaciens
EHA105 strain, and then they were transiently expressed in tobacco (Nicotiana benthamia) leaves by
Agrobacterium-mediated transformation [65]. The p35S::GFP constructs were served as a positive
control. The TPMNP1-GFP fusion protein was examined using a confocal laser scanning microscope
(FV1000; Olympus, Japan). This experiment was repeated three times independently with similar results.

4.9. Plant Transformation

The p35S::MNP1-GFP constructs were introduced into Agrobacterium tumefaciens EHA105
strain, which was subsequently used to transform cps1 heterozygotes by Agrobacterium-mediated
transformation using the floral dip method [66]. Through resistance screening with 20 mg/L Basta (BBI
Life Sciences, Lot: C707BA0017) and the subsequent PCR genotyping, the p35S::MNP1-GFP transgenic
lines in the cps1 homozygous background were isolated. The primers used for PCR are shown in
Table S3.

4.10. Alexander’s Staining

Mature pollens were stained with Alexander’s staining solution as previously described [67].
Mature anthers of WT and mnp1-1 from the same developmental stage were immersed directly in
a drop of staining solution, covered with a coverslip respectively, and then kept them in an oven at
50 ◦C for 1 h. Next, a microscopic examination was conducted via a fluorescence microscope (Olympus
BX63) using the bright field channel. The fertile pollen would be stained red to deep red, while aborted
pollen would be green. Experiments were repeated more than three times independently.
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Abstract: The cyclic nucleotide cAMP (3′,5′-cyclic adenosine monophosphate) is nowadays recognised
as an important signalling molecule in plants, involved in many molecular processes, including
sensing and response to biotic and abiotic environmental stresses. The validation of a functional
cAMP-dependent signalling system in higher plants has spurred a great scientific interest on the
polyhedral role of cAMP, as it actively participates in plant adaptation to external stimuli, in addition
to the regulation of physiological processes. The complex architecture of cAMP-dependent pathways
is far from being fully understood, because the actors of these pathways and their downstream
target proteins remain largely unidentified. Recently, a genetic strategy was effectively used to lower
cAMP cytosolic levels and hence shed light on the consequences of cAMP deficiency in plant cells.
This review aims to provide an integrated overview of the current state of knowledge on cAMP’s
role in plant growth and response to environmental stress. Current knowledge of the molecular
components and the mechanisms of cAMP signalling events is summarised.

Keywords: abiotic stress; cAMP; cyclic nucleotides-gated channels; plant innate immunity

1. Introduction

The role of 3′,5′-cyclic adenosine monophosphate (cAMP) as second messenger in a wide variety
of physiologic responses has long been unravelled in animals, bacteria, fungi and algae. By contrast,
comprehensive knowledge of cAMP signal transduction in higher plants is still lacking. However,
over the last twenty years, several pieces of evidence about cAMP biological functions in plants have
been reported. Recent advances in plant biology research, supported by biochemical, genetic and omic
studies, have led to the characterisation of cAMP as a polyhedral molecule, critically involved in the
signalling pathways of both plant development and environmental stress response.

The recognition of cAMP existence in mammals was the first step towards the identification of its
role in living organisms [1]. Thereafter, the molecular structure and conformation of cAMP, which are
key factors defining cAMP chemical properties, the specificity of target recognition sites and hence
its biological activity, have been determined [2,3]. cAMP responses are extremely complex: different
stimuli able to change cAMP levels might lead to different physiological outcomes [4]. The high
level of cell compartmentalisation of cAMP signalling pathways is the physiological basis of such
numerous and diversified responses to cAMP, as signal response elements are differentially localised
and temporally regulated [5]. In animals, several interconnected signalling pathways encompass
cAMP and cyclic nucleotides activity in the regulation of cellular events, such as cell proliferation,
differentiation, death and migration, as well as complex functions, e.g., memory [6,7].
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Even though earlier comparative studies put forward a similar role for cAMP in plants, compared
to mammalian organisms, cAMP presence and activity in plants has been a matter of controversy for
decades. In fact, in plant cells, cAMP is present in nanomolar concentrations, which are one order
of magnitude lower than in mammalian cells. In early studies, cAMP was hardly detectable because
cellular levels were below the detection limits of available analytical methods [8,9]. The conclusive
proof of cAMP existence and activity in plant extracts could be achieved later, through the advances in
high performance liquid chromatography and electrospray mass spectrometry, with a lower detection
limit of 25 femtomoles for cyclic nucleotide quantification [10,11].

More recently, studies in plant cells focused on the biosynthetic molecular components of
cAMP production and breakdown, which are able to switch on and off the signal encoded by cAMP.
The lifecycle of the cAMP molecule includes a source, several regulatory factors with specific cAMP
binding domains to transduce the signal and breakdown enzymes to avoid the accumulation of cAMP
and terminate the signal [4]. The identification of plant biosynthetic enzymes was not straightforward
and took a lot of efforts because of the low homology with previously characterised animal systems
were not straightforward. In animals, cAMP is produced in the cytoplasm from adenosine triphosphate
by plasma-membrane associated or soluble adenylate cyclases (ACs). Once generated inside the
cell, cAMP transduces signals acting through a few cellular effectors, which are responsible for the
divergence of cAMP signalling. Changes in intracellular cAMP levels affect cAMP-dependent protein
kinases activity (PKA) [12]. Furthermore, cAMP binds to cyclic nucleotide binding proteins, as cyclic
nucleotides-gated channels (CNGCs) and hyperpolarisation-activated cyclic nucleotides-modulated
channels [13], or to specific transporters and transcription factors in the nucleus. The cAMP levels
are regulated, in terms of both lifetime and cell sub-localisation, by cytoplasmic phosphodiesterases
(PDEs), which hydrolyse it into AMP, switching off the signal.

After the discovery of the first plant AC in Agapanthus umbellatus [14], it took considerable efforts
before other plant ACs were identified and characterised [15–18]. Similar to plant guanylate cyclases,
also indicated as “moonlighting” proteins [19], which are multifunctional enzymes and hold diverse
domain structures, plant ACs also harbour multiple catalytically active AC centres, which co-function
with other functional domains [18,20–22].

Although physiological and biochemical studies provided evidence for enzyme activation by cyclic
nucleotides [23], the lack of genetic information on their molecular identity has hitherto prevented
the characterisation of PDEs and PKAs orthologs in plants. However, both PDEs and PKAs are
postulated to form complexes with other enzymes [9,23]. There is only one molecularly confirmed PDE
in liverwort Marchantia polymorpha, which exhibits both AC and PDE activities, but no homologues
were found in other plant species [24]. Moreover, many studies point to light PKA activity in many
plant species, but these observations still await molecular confirmation [23].

Cyclic nucleotides have a direct effect on cation fluxes (K+, Na+ and Ca2+), and CNGCs are
key components of cAMP signal transduction pathways [25]. These ion channels take part to plant
reproductive processes, leaf senescence and plant responses to abiotic and biotic stresses [26–30].
They are sensitive to intracellular alterations of the cAMP level and can turn cAMP variations into
changes in membrane potential and ion concentrations. CNGCs have different cellular localisation,
thus defining the spatial regulation of intracellular cAMP levels.

These findings on plant cAMP biosynthesis and regulation shed light on cAMP role and
cAMP-dependent signal transduction mechanisms in plants. However, the understanding of cellular
function requires an integrated analysis of context-specific, spatiotemporal data from diverse sources.
In this context, the availability of more reliable methods to monitor and/or alter intracellular cAMP
levels, without interfering with cell physiological processes, is of utmost importance. Indeed, the roles
of cAMP in plants have been mainly established by studies that utilise pharmacological approaches.
A recently developed non-invasive method to alter cellular cAMP levels overcame the concern about the
effects exerted by the high non-physiological concentrations of exogenously applied cAMPs analogues
in both animals and plant systems [31–33].
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Ion homeostasis [34–36], cell division [37,38], pollen tube growth and reorientation [14] and
stomatal opening [39,40] are all plant processes involving cAMP level alterations. Proteomic analyses
on Arabidopsis plants highlighted the involvement of cAMP in the regulation of photosynthesis
and photorespiration, as well as in the energy-transducing pathways and ATP generation [41–43].
These studies, while unravelling cAMP role in plant cell development and growth, also pointed out
the unavoidable influence of environment in plant life, emphasising cAMP involvement in perception
of abiotic and biotic stimuli and in boosting plant stress responses.

In this review, we offer a comprehensive portrayal of molecular mechanisms behind
cAMP-dependent signalling events in plant growth and in plant response to abiotic and biotic
stress, taking advantage of advanced analytical tools and the newly developed methods successfully
applied in plants.

2. The cAMP-Sponge, a New Genetic Tool to Unravel cAMP Functions in Plants

Since the assessment of cAMP presence in plants, pharmacological approaches were used to
elicit cAMP level alteration inside the cell and to observe associated metabolism changes. Various
cell-permeable cAMP analogues and known mammalian activators or inhibitors of ACs or PDEs were
initially used to explore cAMP role first in animals and then in plants.

At first, tissues or whole plants were incubated with cAMP for hours or even days, to discover the
effects of cAMP on developmental processes, but there was no monitoring of the effective cAMP intake
and/or consequent cAMP degradation during the long time of incubation. In plants, the pharmacological
approach has been initially used to study cAMP involvement in different physiological processes,
spanning from the synthesis of phytoalexins to the control of cell cycle progression [37,38,44]. Alongside,
whole-cell patch-clamp assays were performed, where regulators could be directly introduced into the
cell or added to the solution, as done for the first time in Vicia faba, to investigate cAMP influence on
K+ channel activities [45]. In addition to these early studies, many other works, even recently, rely on
pharmacological methodologies with exogenously applied compounds to alter endogenous cAMP,
emphasising cAMP involvement in different plant processes, response to environmental stimuli and in
signalling events [41–43].

A few concerns still exist about the reliability of these pharmacological approaches, especially in
deciphering cAMP-dependent signalling mechanisms. Indeed, these methodologies do not consider the
importance of cAMP physiological concentrations, which are well below the exogenously applied cAMP
at micromolar levels. Hence, secondary effects cannot be excluded [16]. Moreover, the pharmacological
approach cannot fully dissect cAMP-activated signalling pathways, as it does allow taking into account
endogenous cAMP fluctuations.

More recently, a sophisticated molecular approach was successfully applied in animal systems to
investigate simultaneous multiple signalling pathways: the engineering of a buffering molecule able
to selectively bind one specific component of the investigated system, directly inside the cell [31,46].
It is the case of the first genetically encoded buffer for cAMP, called “cAMP-sponge”, based on
the high-affinity cAMP binding portions of the regulatory subunits of human protein kinase A
(PKA-RIβ) [31]. The PKA-RIβ C-terminus binds cAMP with high affinity, but it is unable to generate
dimers or to bind the PKA catalytic inhibitory domain located at N-terminus [31,47]. The choice of
the human PKA domains to buffer cAMP was well considered: the affinity had to be high enough
to compete with endogenous effectors of the cAMP signal (Epac, PKA and CNGCs), but lower than
the resting free levels of cAMP. Furthermore, the fragment was tagged with the fluorescent protein
mCherry, which is spectrally compatible with FRET-based sensors for cAMP, allowing the simultaneous
detection of both expressed buffer and cAMP, at a single cell level. The recombinant probe can also be
specifically targeted to a specific subcellular compartment. Lefkimmiatis and co-workers generated
both a non-targeted construct and a cytosolic cAMP-sponge construct, the latter bearing the N-terminal
nuclear exclusion signal, highlighting the possibility of restricting the cAMP sponge expression to cell
compartments by the addition of targeting motifs [31].
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The cAMP-sponge was shown to bind specifically cAMP in vitro with sub micromolar affinity
and it was insensitive to cyclic cGMP (3′,5′-cyclic guanosine monophosphate). It was validated at
the single cell level, using a FRET-based imaging approach. The cAMP sponge was able to buffer
agonist-induced cAMP signals and to block the downstream activation of PKA [31]. This molecular
approach offered the opportunity to give a glance on cAMP functioning in living cells, providing
information about endogenous cAMP changes.

The cAMP-sponge has been recently used as non-invasive tool in two plant model organisms,
Nicotiana tabacum Bright Yellow-2 (BY-2) cells and Arabidopsis thaliana plants, to obtain a new portrayal
of cAMP role in plants, through the in vivo depletion of cAMP in plant cells [32,33].

In both model systems, the cAMP-sponge was successfully expressed under the control of the
35S Cauliflower Mosaic Virus (CaMV) constitutive promoter. Three and two stable and independent
transformed lines (cAS lines) of transgenic tobacco BY-2 cells and Arabidopsis plants, respectively,
were obtained (Figure 1). The integration of the transgene in the nuclear genome and the in vivo
presence of the cAMP-sponge protein were confirmed by the detection of the mCherry fluorescence.
The transgenic lines showed the same total cAMP content of the wild type (WT) ones, likely because
the cAMP bound to the cAMP-sponge was released during the procedure of total cAMP extraction.
By contrast, the measurement of free cAMP content showed significant differences, with transgenic
cAS lines displaying about half the free cAMP compared with WT lines (Figure 1).

Figure 1. Schematic representation of the “cAMP sponge” overexpression in Nicotiana tabacum Bright
yellow-2 (BY-2) cells and Arabidopsis thaliana plants. The cAMP-sponge construct used for tobacco BY-2
and Arabidopsis genetic transformations is reported on the top of the figure. The two following panels
illustrate the characterisation of different transgenic lines (cAS lines) overexpressing the cAMP sponge
in tobacco BY-2 cells (left) and in Arabidopsis plants (right). RT-PCR products show the integration
of the transgene in the transformed cAS lines. Total and free cAMP content in wild type (WT) and
cAS lines are reported in the histogram graphs. The presence of cAMP sponge protein is visualised by
mCherry fluorescence. (Adapted from Sabetta et al. (2016) and Sabetta et al. (2019) [32,33]).

The characterisation of the transgenic cAS lines of tobacco BY-2 cells showed that cAMP dampening
inhibited cell growth and this was due to mitosis inhibition, rather than a decrease in cell viability.
Moreover, transgenic cells showed enhanced antioxidant levels indicating that these cells sense cAMP
deficiency as a stress condition [32]. On the other hand, cAS Arabidopsis transgenic lines did not
exhibit any phenotype in physiological conditions, showing the same germination time, number,
colour and size of rosette leaves, as well as time and height of inflorescence as WT lines. These
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observations supported a non-pleiotropic effect of cAMP-sponge and the specificity of this genetic
approach [33]. A comprehensive proteomic analysis conducted on the transformed tobacco BY-2 cells in
the exponential phase of growth highlighted that 29 and 65 proteins were over- and under-accumulated,
respectively, compared to WT cells [32]. By contrast, the proteomic analysis on Arabidopsis leaves from
six-week-old plants indicated that only four proteins were differentially accumulated in cAS plants
compared with WT, and among these phospholipase C was heavily downregulated [33]. Despite the
absence of phenotype at resting conditions, cAS Arabidopsis plants showed reduced resistance to
the avirulent pathogen Pseudomonas syringae pv. tomato DC3000 carrying the avirulence gene AvrB
(PstAvrB), confirming that cAMP is required for the correct immune response activation [33].

These findings demonstrate the potential of the cAMP-sponge tool to unravel cAMP roles and
signalling mechanisms in plants.

3. cAMP in Plant Physiological Processes

Although in plants the key actors of cAMP signal transduction are still not well defined, increasing
evidence demonstrates that cAMP could affect several physiological processes (Figure 2).

Figure 2. cAMP involvement in plant physiological processes. Literature data indicate a role for cAMP in
ion homeostasis, mainly through the regulation of membrane-localised ion channels [29,34–36,40,48–54]
and in stomatal opening, through Ca2+ and K+ flux regulation [39,40,52,53], cAMP was also shown
to influence pollen tube orientation and growth, by the regulation of Ca2+ channels and choline
acetyltransferase activity [14,54–58]. Seed germination [59–63] and cell cycle progression [32,33,37,38,64]
are also regulated by cAMP. More details are provided in the text.

Many papers highlight that cAMP is a potential regulator of ion homeostasis. The first substantial
evidence for this cAMP function was obtained through the observation of whole-cell patch-clamp
current in Vicia faba mesophyll after the application of 1 mM or higher concentrations of cAMP.
Since this concentration is higher than the physiological cAMP concentrations, Li and co-workers
supposed that plant cells could have high levels of PDE activity that hydrolyses the exogenous cAMP.
They demonstrated that the application of micromolar cAMP concentration alongside the PDE inhibitor
isobutyl-1-methylxanthine (IBMX) modulated an outward K+-current. Moreover, using inhibitors
of animal PKA and the catalytic subunit of PKA, the authors obtained indirect evidence that the
modulation of K+ channel activity could be mediated by a cAMP-regulated protein kinase [45].
Moreover, cAMP decreased cytosolic calcium in guard cell protoplasts, enhancing stomatal aperture in
both light and darkness, in a protein kinase-dependent manner [39]. A successive work showed that
cAMP participates in stomatal opening, antagonising the effect of abscisic acid (ABA) and Ca2+ on the
inhibition of the inward K+-current [40].
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A clear demonstration of changes in Ca2+ homeostasis and subsequent protoplast swelling in
response to cAMP was shown in Nicotiana plumbaginofolia. It should be noted that the same effects
were obtained with cGMP. Both cyclic mononucleotides induced a raise in cytosolic Ca2+, suggesting
that the release of intracellular and extracellular Ca2+ stores acted as a signal at the crossroad of
transduction pathways of these second messengers [48]. A direct effect of cAMP in regulating calcium
conductance in leaf guard and mesophyll cells was shown in Arabidopsis [49]. By means of excised
outside-out patches, Lemtiri-Chlieh and colleagues showed that the addition of permeable cAMP
analogues stimulated a channel with fast gating kinetics. The results indicate that the increase of
cytosolic Ca2+ was due to a plasma membrane-localised Ca2+ channel, suggesting the existence of
functional CNGCs in these cells [49].

More recently, it was recognised that cAMP-dependent alteration of ion homeostasis could occur
through the binding of CNGCs, which represent key sites where cyclic nucleotide interacts with ion
signalling pathways [29,50]. For instance, the cAMP-activated inward of Ca2+ current through the
plasma membrane is impaired in leaves of the CNGC2 loss of function mutant, dnd1 [51]. CNGC2 and
influx of apoplastic Ca2+ was also shown to be implicated in jasmonic acid-dependent rise in cytosolic
cAMP, involved in the signalling of Arabidopsis guard cells [52,53].

A transient rise in cytosolic Ca2+ concentration after cAMP addition also occurred in pollen tube
of Agapanthus umbellatus [54]. In the same species, cAMP was proposed as a signalling molecule
involved in pollen tube reorientation. Growing pollen tubes showed an uniform cAMP concentration of
100–150 nM and changes in tube growth direction resulted from transient elevation in the apical region.
The cAMP changes are due to PSiP, a putative AC cloned from A. umbellatus pollen. The antisense
assays, achieved with oligos against this AC, caused the loss of pollen tube growth, suggesting that
cAMP synthesis was a requirement for this event [14]. In Pyrus pyrifolia, through patch-clamp studies,
it was shown that cAMP activated Ca2+ channel with a consequent increase in cytosolic Ca2+ of pollen
tube protoplast. This event was specific for cAMP since cGMP failed to provoke the same effect.
The cAMP-dependent opening of plasma membrane Ca2+ channels and the cytosolic Ca2+ increase
affected pollen tube growth [55]. A different mechanism for cAMP control of pollen tube elongation was
proposed in Lilium longiflorum. Application of exogenous cAMP at physiological concentration, as well
as AC activators and PDE inhibitors, promoted the elongation of pollen tubes after self-incompatible
pollination [56,57]. In addition, the content of endogenous cAMP in pistils after self-pollination was
lower than that observed with cross-pollination and this difference reflected the different activities
of AC and PDE [57]. Successively, it was demonstrated that cAMP stimulated the activity of choline
acetyltransferase, which controls the synthesis of acetylcholine, a molecule that, together with other
choline derivatives, promotes the elongation of Lilium longiflorum pollen tube. Thus, the low levels of
cAMP and the subsequent low activity of choline acetyltransferase caused the self-incompatibility in
Lilium longiflorum [58].

A pivotal role for cAMP in the control of cell cycle progression and cell division was also reported.
In synchronised tobacco BY-2 cells, peaks of cAMP level were observed in S and G1 phases of cell cycle.
The treatment with indomethacin, which is an inhibitor of prostaglandin-dependent adenylyl cyclase
in animal cells, inhibited cAMP accumulation and mitosis [37]. The data on the expression of histone
H4 and cyclin A, together with flow cytometric analyses, showed that indomethacin inhibits G1/S
transition. [38]. However, the addition of exogenous cAMP failed to rescue indomethacin blocked
cells, suggesting that indomethacin might affect other prostaglandin regulated activities [37]. The need
to inhibit cAMP accumulation with methods independent of prostaglandin metabolism was overcome
by using BY-2 cells overexpressing the cAMP sponge [32]. In vivo cAMP dampening in BY-2 cells
caused a reduction in cell growth, mainly due to the mitosis inhibition, which occurred in parallel with
a reduction in the cytoskeletal proteins, alpha- and beta-tubulin and actin depolymerisation factor,
which are critical for cell division [65]. In parallel with cAMP deficiency, the expression of cell cycle
genes was downregulated, suggesting that mitotic inhibition was due to a delay in cell cycle progression,
which can occur at the G1/S and G2/M checkpoints. The delay of cell cycle progression was also
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supported by proteomic analysis [32]. The need of cAMP for a correct cell cycle progression and mitosis
was also shown with pharmacological approaches in two-day-old seedling roots of Raphanus sativus.
Domanska and colleagues suggested that different concentrations of cAMP are required for the start
of DNA replication and mitosis and that cAMP can be involved in cell cycle transition during both
replication and mitosis phases [64]. cAMP-dependent regulation of cell proliferation and differentiation
was proposed for the formation of leguminous roots nodules. Plants with symbiotic nodules contained
high levels of cAMP in the root nodules and cAMP contents increased during nodule development
and decreased with nodule senescence [66,67].

Another possible role of cAMP in higher plants is the promotion of seed germination, suggested
by the relationship observed between this second messenger and gibberellins (GA). The first evidence
of this relationship was noticed in barley aleurone layers, where cAMP was shown to be able to
substitute GA in the induction of α-amylase [63]. Early studies also showed that both cAMP and
GA promoted germination of light-sensitive lettuce seeds and mannitol-treated weed seeds [60,61].
More recently, it was shown that cAMP acts downstream GA in the germination of the root parasitic
plant Orobanche minor [62]. The O. minor seeds, prior to exposure to stimulants released from roots of
host plants, need conditioning, which is a preincubation in a warm moist environment. Endogenous
cAMP accumulated in the conditioned seeds. Moreover, exposure to light or supra-optimal temperature,
throughout the conditioning period, led to cAMP decrease and low germination rates, which could
be restored by GA treatments [62]. Similar results were also revealed during the seed germination of
non-parasitic plant Phacelia tanacetifolia [63]. Under optimal light and temperature conditions, the seeds
showed a transient cAMP accumulation before germination, which could be blocked by an inhibitor
of GA biosynthesis. When the seeds were exposed to non-optimal conditions, inhibition of cAMP
accumulation and germination occurred. Thus, cAMP could play a key role in favouring or blocking
germination in response to environmental signals [63].

4. cAMP Involvement in Plant Response to Abiotic Stress

The establishing of plant responses to environmental stimuli requires the activation of multiple
reactions at gene, transcript and protein level, interconnected by the action of signalling messengers [68].
In environmentally stressed plants, cellular metabolism faces a remarkable rearrangement allowing
stress acclimation. Early alarm stages of plant abiotic stress response include the onset of oxidative
stress and the induction of stress-responsive signalling pathways. Following the acclimation phase,
with the biosynthesis of stress-protective compounds, cells encounter new recovering homeostasis,
at the expense of cellular energy [68–70]. In this scenario, cAMP may act as stress sensors and/or
modulator of cellular metabolism, mainly, but not only, through its influence on ion channels and the
resulting regulation of ion fluxes [16] (Table 1).

Table 1. Proposed role of cAMP in the acquisition of stress tolerance.

Stress Mechanisms Molecular Players References

Salinity Limitation of Na+ influx VICs; CNGCs [71,72]
Aluminium K+ current permitting malate outflux Cation channels [73]

K+ deficiency K+ homeostasis regulation AtKUP5; AtKUP7;
CNGCs. [20,21]

Heat Ca2+ influx and HSPs expression CNGCs; HSPs. [74]
Drought Synthesis of protective polypeptides ABA signalling [75]

Wounding Regulations of the phenylpropanoid pathway PAL; 4CL; CHS. [76]
ROS Reduction of Ca2+ influx and K+ efflux CNGCs [72]

Abbreviations: ABA, abscisic acid; CHS, chalcone synthase; 4CL, 4-coumarate:coenzyme A ligase; CNGCs, cyclic
nucleotide gated channels; HSPs, heat shock proteins; PAL, phenylalanine ammonia lyase; VICs, voltage-independent
non-selective channels.

In Arabidopsis, the improvement of plant salinity tolerance involves cAMP, which causes the
deactivation of voltage-independent non-selective channels, limiting Na+ influx [71]. In wheat,
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tolerance to aluminium requires cAMP-dependent outward-rectifying K+ current, which permits
malate outflow that chelates this toxic metal [73].

The important link between K+ flux and cAMP production was further defined in
Arabidopsis thaliana by the isolation and characterisation of two K+-uptake permeases, AtKUP5
and AtKUP7. Both the K+-uptake permeases have a dual function, harbouring also a functional AC
catalytic domain [20]. AtKUP7 is a K+ transporter in roots, functionally active under K+-limited
conditions [77,78]. In addition, AtKUP7 was defined as a proton-coupled carrier with AC function,
but it is still unclear if cAMP production is dependent on K+ fluxes and/or if cAMP can modulate K+

fluxes [20]. AtKUP5 causes a K+ flux-dependent cAMP accumulation in the cytosol, which can in turn
activate downstream components essential for K+ homeostasis, including CNGCs [21].

cAMP involvement in abiotic stress response often goes through the regulation of CNGCs [29].
Remarkably, these ion channels, having overlapped binding domains for cyclic nucleotides and
calmodulin, favour the crosstalk between the signalling of these second messengers [79,80]. Functional
characterisation of Arabidopsis CNGC2 shows that cAMP activation of AtCNGC2 currents could be
reversed by calmodulin, suggesting that the physical interaction of Ca2+ and calmodulin with CNGCs
stops cyclic nucleotide activation of the channels. Therefore, the cytosolic cAMP, Ca2+ and calmodulin
can operate in an integrated way to gate currents through CNGCs. [81].

CNGCs allow the influx of K+, Na+ and Ca2+ into the cell, with different selectivities; hence,
they work downstream the environmental stimuli perception to mediate plant tolerance to drought,
salinity and extreme temperature, which affect ionic and osmotic cellular homeostasis [29]. AtCNGC2
was shown to partially complement the yeast mutant at low K+ concentration only in the presence of
membrane-permeable cAMP [82]. AtCNGC10, AtCNGC19 and AtCNGC20 were shown to be involved
in plant tolerance to salt stress [83,84]. The antisense lines of AtCNGC10 showed altered K+ and Na+

levels in shoots and were less tolerant to salt stress [83]. AtCNGC19 and AtCNGC20, participating in
the re-allocation of Na+ in the plants, might permit their survival to high salt levels [84].

Arabidopsis CNGC16 was shown to confer thermotolerance to germinating pollen, linking
cyclic nucleotide signalling to heat stress response. In the cngc16 mutants, the reduced transmission
of pollen at high temperature was linked to a weakened expression of crucial stress-responsive
genes. [85]. The role of CNGCs in plant thermotolerance was also validated in the vegetative tissue
of plants. Mutants in CNGC2 showed hypersensitive heat-responsive Ca2+ influx, which conferred
acquired thermotolerance at milder heat stress than in wild-type plants [86]. Mutation in Arabidopsis
CNGC6 led to impaired heat stress response, which suggests its involvement in the acquisition of
thermotolerance [74]. In addition, in Arabidopsis, it was shown that a heat shock caused an increase
in intracellular cAMP levels, which, in turn, stimulating CNGC6, triggered a cytosolic Ca2+ influx.
Furthermore, the treatment with an exogenous cAMP analogue induced the expression of some heat
shock proteins, indicating the contribution of this second messenger in plant heat stress response [74].

Proteomic studies also supported a role of cAMP in controlling plant response to temperature,
as well as to light. Thomas, Alqurashi, and their colleagues, suggested that cAMP participates as
signalling molecule to the photosynthetic process of acclimation. [41,42]. The analyses revealed
that, after cAMP treatment, the most enriched proteins belonged to the GO categories “Response
to stress”, “Response to abiotic stimulus”, “Response to salt” and “Response to cold”. Moreover,
there was an enrichment of the category “Photosynthesis and light reaction processes” in both up-
and downregulated cAMP responsive genes [41]. cAMP involvement in photosynthetic pathways
was also described by Donaldoson and colleagues [43], who reported the interaction between cAMP
and enzymes involved in Calvin cycle and photorespiration pathway. This is of interest since in
Nicotiana tabacum, through a quantitative method based on mass spectrometric analysis, AC activity
was observed in chloroplasts [87]. Moreover, in oat seedlings, it was shown that light influenced cAMP
accumulation, pointing out that cAMP could take part in the phytochrome signalling pathway [88].

A role for cAMP in plant response to drought was also proposed in wheat. Indeed, the exogenous
application of both cAMP and ABA promoted the synthesis of polypeptides whose accumulation is
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stimulated by dehydration, suggesting that cAMP signalling is possibly involved in the effect of ABA
on protein synthesis during drought [75].

cAMP was shown to be involved in response to wounding in Hippeastrum x hybridum. In this
plant, the transcriptional activity of the HpAC1 gene, which encodes a functional AC, as well as the
level of cAMP, showed two peaks in response to mechanical damage. The authors proposed that
the first rapid induction of HpAC1, and the concomitant transient changes in cAMP, might function
as an “alarm” that alerts plant cells against the damage. The later increase in HpAC1 expression
and cAMP accumulation might be linked to the induction of systemic responses and, in particular,
to the induction of phenylalanine ammonia lyase (PAL) involved in the production of phytoalexins,
which protect damaged tissue against potential pathogen attacks [76]. Together with PAL induction,
cAMP was shown to be involved in the stimulation of the expression of 4-coumarate:coenzyme A
ligase and chalcone synthase, enzymes of the phenylpropanoid pathway, which participates to plant
response to a multiplicity of environmental stimuli, including nutrient depletion, UV irradiation,
extreme temperatures and heavy metal toxicity [89].

Oxidative stress is a common feature associated with various abiotic stress factors, and reactive
oxygen species (ROS) have an important biological role in sensing and activating acclimation
mechanisms [68,90,91]. The superoxide-generating NADPH oxidase integrates Ca2+ and ROS signalling,
which in turn may be connected to cyclic nucleotides through CNGCs [92]. Each messenger mutually
enhances the induction of the other during abiotic stress conditions, resulting in the propagation of
ROS and Ca2+ waves across the plasma membrane to establish the proper acclimation response, to
which cAMP may directly or indirectly participate [93,94].

A correlation among cAMP, ROS and ion homeostasis was demonstrated in plant response to
salt stress [72]. Several studies indicated that, in roots under salt stress, ROS accumulation could be
due to the disturbance of mitochondrial function, as well as to activation of NADPH oxidases [95,96].
Furthermore, under salt stress, Na+-influx into the cell causes a significant loss of cytosolic K+,
which can be responsible for important metabolic alterations [97,98]. The treatment of Arabidopsis
roots with H2O2 induced a rapid Ca2+-influx and K+-efflux, which were reduced by pre-treatment
with cAMP. Moreover, coherently with the accumulation of H2O2 level in salt-stressed roots [95,96],
pre-treatment with cAMP decreased salt-dependent K+-efflux [94]. Ordonez and colleagues proposed
that CNGCs, proved to be involved in plant responses to salt stress [84], could be in part responsible of
the H2O2-dependent K+- efflux, which was reduced by cyclic nucleotides [72].

5. Role of cAMP in Plant Innate Immunity

Plants are continuously exposed to a variety of invading microorganisms, including viruses,
bacteria and fungi. Although plants are lacking mobile sentinel cells, distinctive of the animal immune
systems, they can perceive and keep away pathogens, through a two-layer innate immune system [99].
In the first layer of defence, called pattern-triggered immunity (PTI), membrane pattern recognition
receptors (PRRs) recognise pathogen/microbe-associated molecular patterns (PAMPs/MAMPs) or
endogenous damage-associated molecular patterns (DAMPs) [100,101]. This recognition initiates
a series of defence responses, including ROS production, Ca2+ influx and activation of kinases as
Ca2+-dependent protein kinases and mitogen-activated protein kinase, leading to the upregulation
of defence genes [101,102]. However, pathogens can secrete into plant cells effectors, namely
virulence factors encoded by avirulence (avr) genes, which can suppress PTI. The effector recognition
by intracellular receptors encoded by resistance genes activates the second layer of defence,
the effector-triggered immunity (ETI). Defence responses of ETI are typically stronger than PTI
and often culminate with the hypersensitive response (HR), a form of programmed cell death,
occurring at the infection site with the aim to narrow pathogen infection [99,103]. An increase in the
antimicrobial phytoalexins, as well as in salicylic acid (SA) and pathogenesis-related (PR) proteins,
occurs locally in the site of infection, and systemically in uninfected tissues [104].
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Several studies indicated the involvement of cAMP in plant immune response [33,105–110].
Considering all the literature data until now reported, possible cAMP-mediated mechanisms activated
during plant-immunity are discussed (Figure 3).

Figure 3. Molecular mechanisms of cAMP involvement in plant innate immunity. Elicitor recognition
elevates cytosolic cAMP, which can activate CNGCs or PLC2, inducing Ca2+ accumulation and
oxidative burst, through the activation of NADPH oxidase. cAMP-dependent oxidative burst
can also be due to apoplastic peroxidases. Ca2+ stimulates NO production, which, together with
ROS, induces defence response and HR. cAMP accumulation also activates PAL expression and
production of SA and phytoalexins. More details are provided in the text. Question marks
indicate pathways not completely characterised. Abbreviations: AC, adenylate cyclase; cAMP,
3′,5′-cyclic adenosine monophosphate; CNGCs, cyclic nucleotides-gated channels; DAG, diacylglycerol;
HR, hypersensitive response; IP3, inositol triphosphate; NO, nitric oxide; PA, phosphatidic acid;
PAL, phenylalanine ammonia lyase; PIP, monophosphatidylinosotol; PKA, protein kinase A, PLC2,
phospholipase C2; PR-1, pathogenesis-related genes; PRRs, pattern recognition receptors; SA, salicylic
acid; SOD, superoxide dismutase.

Initially, a role for cAMP in the biosynthesis of phytoalexins was proposed. In carrot cell
culture, the addition of the permeable dibutyryl cAMP, or forskolin and cholera toxin, activators of
adenylate cyclase and G proteins, respectively, induced the biosynthesis of the antifungal phytoalexin
6-methoxymellein. Interestingly, the cAMP-dependent production of this phytoalexin was inhibited by
Ca2+ channel blockers, as well as by inhibitors of calmodulin-dependent processes, suggesting that
the increase in cAMP content in carrot cells induces Ca2+ influx across the plasma membrane [44,105].
In Cupressus lusitanica cell cultures, cAMP is involved in elicitor-induced production of the phytoalexin,
β-thujaplicin. The authors suggested that cAMP-dependent β-thujaplicin accumulation involves Ca2+

and K+ fluxes since it was inhibited by K+ and Ca2+ channel blockers. This study also indicated
a contribution of protein kinase cascades in cAMP signalling processes leading to β-thujaplicin
accumulation [107]. The cAMP-dependent production of phytoalexins was also shown in Medicago sativa.
In this case, the treatment with an elicitor of the phytopathogenic fungus, Verticillium alboatrum, caused
a dose-dependent increase in the activity of AC and in intracellular cAMP content. Moreover,
the treatment of Medicago cells with cAMP enhanced PAL activity and the synthesis of the phytoalexin
medicarpin [106]. Consistently, in Arabidopsis, the treatment of seedlings with the permeable cAMP
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analogue 8-Br-cAMP increased, up to 40-fold and 2-fold, respectively, the expression of PAL2 and
PAL1 [87]. PAL, the expression of which increased in response to diverse pathogens and elicitors,
also plays a key role in SA synthesis [111–113] (Figure 3). Remarkably, cAMP elevation in Arabidopsis
increased the endogenous SA level in response against Verticillium secreted toxins. The treatment of
Arabidopsis with an AC inhibitor strongly reduced SA accumulation and PR-1 expression caused by
Verticillium toxins. Both 8-Br-cAMP and SA enhanced resistance of Arabidopsis to the toxins, but cAMP
acts upstream SA, since it was not able to potentiate the resistance of Arabidopsis plants deficient in
SA [108]. In line with a role for cAMP in SA-dependent defence responses, the upregulation of PR-1
gene expression, occurring in response to an avirulent strain of Pseudomonas syringae, was decreased in
cAS plants with low cAMP levels [33].

During plant immune responses, an oxidative burst arises in two phases, the first occurring within
few minutes after pathogen perception and the second occurring later and with a higher amplitude [114].
ROS play several roles in response to pathogens, such as the reinforcement of cell wall, the activation
MAP kinase pathways, the induction of HR and the triggering of systemic responses [115,116].
Two main mechanisms including NADPH oxidases and peroxidases have been proposed for ROS
generation in response to pathogens [116,117]. Many literature data suggest an involvement of cAMP in
pathogen/elicitor induced oxidative burst (Figure 3). In French bean cell culture, cAMP level increased
upon the addition of an elicitor of the fungus Colletotrichum lindemuthianum and cAMP itself induced
ROS accumulation. The cAMP-mediated apoplastic oxidative burst was increased by cholera toxin and
inhibited by Ca2+ channel blockers. Bindschedler and co-workers suggested that G proteins and cAMP
are involved in extracellular alkalisation and Ca2+ influx, essential for the pH-dependent apoplastic
peroxidases, which mediate the oxidative burst [118]. Likewise, the treatment of Arabidopsis thaliana
cells with forskolin enhanced the oxidative burst occurring in response to an elicitor from Fusarium
oxysporum [119]. ROS generation induced by the PAMP lipopolysaccharide in Arabidopsis was
prevented by the addition of an AC inhibitor [109]. Similarly, cAMP dampening in Arabidopsis
cAS plants caused a delay in H2O2 increase at the early stage of response to an avirulent strain of
Pseudomonas syringae [33].

Genetic evidence supports a role for CNGCs in pathogen-induced HR and disease resistance
(Figure 3). In Arabidopsis, the mutation in DND1 (defence-no-death), which encodes AtCNGC2,
failed to induce HR in response to an avirulent strain of P. syringae. Moreover, dnd1 mutants
showed constitutive systemic resistance and elevated levels of SA [120]. HLM1, encoding AtCNGC4,
which works as a K+- and Na+-permeable channel activated by cGMP or cAMP, was upregulated in
response to pathogen infection. hlm1 mutant plants showed a lesion-mimic phenotype and an altered
HR in response to avirulent P. syringae pv tomato (Pst) strains harbouring the avrRps4 or avrRpm1
genes [121]. In Arabidopsis, cAMP-activated AtCNGC11 and AtCNGC12 are positive mediators of
resistance against the avirulent Hyaloperonospora parasitica. In the cpr22 (constitutive expresser of PR
genes22) mutant, a 3-kb deletion that fuses AtCNGC11 and AtCNGC12, generates the chimeric gene
ATCNGC11/12, which confers the constitutive activation of defence responses [122].

An increase in cytosolic Ca2+, due to influx across the plasma membrane or to efflux from
intracellular stores, represents a primary event in plant immune signalling [123–126]. Interestingly,
in dnd1 mutant cells, the deficiency of cAMP-activated inward Ca2+ influx is associated with reduced
production of nitric oxide (NO) [51], which was defined as the concertmaster in the HR and defence-gene
activation [127,128]. dnd1 mutants showed a weakened HR, and the addition of exogenous NO
complements this phenotype [51]. Application of pathogens or PAMPS elevated cytosolic cAMP
and the addition of exogenous cAMP led to Ca2+ elevation, NO generation and defence response
in the absence of the non-self pathogen signal. Inoculation of dnd1 plants with Pst containing the
avrRpm1 or avrRpt2 genes led to a reduction in Ca2+ influx and to an impairment in immune
response [51,109]. The weakening of pathogen-associated cytosolic Ca2+ influx also occurred by
blocking cAMP synthesis in plants exposed to the pathogen, with a corresponding impairment in HR.
On the contrary, co-infiltration with IBMX along with avirulent pathogens enhanced plant immune
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response, increasing HR. Thus, it was suggested that elevation of cytosolic cAMP, acting upstream
from Ca2+, is a key signal in the transduction of pathogen perception and in the downstream signalling
cascade of defence responses [109]. Furthermore, the cAMP dampening, occurring in Arabidopsis
cAS plants, delayed cytosolic Ca2+ elevation and reduced HR in response to PstAvrB. Sabetta and
co-workers suggested that the delay in Ca2+ elevation could be due to a failure in the activation of
CNGCs, but also to the down-accumulation of phospholipase C2 (PLC2) occurring in cAS plants [33]
(Figure 3). Consistently, it is known that cytosolic Ca2+ accumulation in response to numerous elicitors
of plant defence involves phosphatidylinositol-specific PLCs [125]. Moreover, since it was reported
that PLCs significantly contribute to pathogen/elicitor induced oxidative burst [129–131], the low
level of PLC2 in cAS plants could also contribute to the delayed H2O2 increase in the first phase of
PstAvrB infection [33]. The low availability of cAMP, and the subsequent delay in Ca2+ influx, could be
responsible for an incorrect temporal modulation of the AtSR1 [33], a Ca2+-dependent calmodulin
binding transcription factor, repressing the expression of target genes [131–133]. Consequently,
some defence proteins, such as HSP90, CRK14 and DJ1E [134–137], were not accumulated in cAS cells
after pathogen infection, weakening defence response [33].

The involvement of cAMP in plant immunity was supported by the isolation of ACs involved in
plant response to pathogens. The silencing of NbAC, a gene encoding an AC in Nicotiana benthamiana,
suppresses the necrotic lesions induced by tabtoxinine-β-lactam, a non-specific bacterial toxin,
produced by P. syringae pv. Tabaci [138]. The expression of HpAC1, a gene encoding an AC from
Hippeastrum x hybridum, and the levels of cAMP, increased in response to Phoma narcissi infection [76].
Recently, a leucine-rich repeat protein, AtLRRAC1, harbouring multiple catalytically active AC centres,
was identified in Arabidopsis. AtLRRAC1 was able to complement AC-deficient Escherichia coli and to
generate cAMP in vitro [18,22]. Interestingly, atlrrac1 mutants showed compromised immune responses
to biotrophic fungi and hemibiotrophic bacteria. The expression of early-induced immune-related
genes after elicitation with the PAMP flg22 was strongly inhibited in atlrrac1 plants, suggesting
an involvement of AtLRRAC1 in PTI [22].

6. Conclusions

cAMP is the object of intense scientific interest, both in animal systems, where much more progress
was achieved in defining its role, and in plants, becoming lately the centre of a bustling research. cAMP
is nowadays recognised as a relevant signalling molecule in plant development as well as in responses
to environmental stimuli, of both biotic and abiotic nature. As cAMP-signalling networks and their
spatial and temporal regulation are extremely complex, future research must deal with the nature of
cAMP signals in terms of strength, duration and frequency, considering also the crosstalk between
this second messenger and other intracellular regulators [139]. Since the existence of cAMP-regulated
processes in plants and the first evidence of compartmentalised cAMP signals in animals, the need for
reliable cAMP detection methods able to reveal cAMP waves in living systems arose. Recent advances
in modern biotechnologies and synthetic biology, alongside newly developed detection methods and
instrumentations, offer a wide range of possibilities to unravel cAMP role in living cells.

The cAMP-sponge represents a cutting-edge genetically encoded tool, used to exploit cAMP
fluctuations for the first time in living plant organisms and specific cell compartments. It overcomes
major concerns on biochemical assays and pharmacological studies performed so far in plants [31–33].
Other developed genetically-encoded tools employed in bacteria and isolated plant cells are the
promoter reporter systems, based on the plant protein Oligopeptide TransporterX promoter, which
measure alterations in downstream gene expression following changes in intracellular levels of cyclic
nucleotides. Unfortunately, this system cannot discriminate between cGMP and cAMP [140].

Taking advantage of the progress reached in animal systems, many other strategies and their
combination may help in elucidating cAMP signalling in plant systems. Indeed, optogenetic approaches
and genetically encoded fluorescent biosensors are effectively used to monitor and modulate
cAMP levels [141,142]. Photoactivated ACs and light-regulated PDEs, or even their association,

58



Int. J. Mol. Sci. 2020, 21, 4862

are successfully used in animal cells [143,144]. The generation of stable plant lines, expressing the
combination of optimised sensors for cAMP and concomitant or downstream messengers, may provide
a comprehensive view of the signalling event investigated.

Another important requirement is a clear identification and functional characterisation of
cAMP-binding proteins involved in the signalling of this second messenger. Nowadays, many lines of
evidence indicate that, in plants, the conversion of cAMP into Ca2+ signals via CNGCs is the main
signalling mechanism of this cyclic nucleotide. However, although indications for bona fide PKA are
lacking, its presence in plants cannot be excluded. New bioinformatics algorithms and molecular tools
may provide opportunities to extend the presently scarce knowledge of cAMP-dependent protein
kinases [16,23]. Moreover, studies on cAMP-dependent changes in transcriptomes, proteomes and
phosphoproteomes, as well as metabolomes, will improve the understanding of cAMP involvement in
plant physiological processes, along with acclimation to adverse environmental conditions.
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Abstract: Grey mold is one of the most serious and catastrophic diseases, causing significant yield
losses in fruits and vegetables worldwide. Iprodione is a broad spectrum agrochemical used as a
foliar application as well as a seed protectant against many fungal and nematode diseases of fruits
and vegetables from the last thirty years. The extensive use of agrochemicals produces resistance in
plant pathogens and is the most devastating issue in food and agriculture. However, the molecular
mechanism (whole transcriptomic analysis) of a resistant mutant of B. cinerea against iprodione is
still unknown. In the present study, mycelial growth, sporulation, virulence, osmotic potential,
cell membrane permeability, enzymatic activity, and whole transcriptomic analysis of UV (ultraviolet)
mutagenic mutant and its wild type were performed to compare the fitness. The EC50 (half maximal
effective concentration that inhibits the growth of mycelium) value of iprodione for 112 isolates of
B. cinerea ranged from 0.07 to 0.87 μg/mL with an average (0.47 μg/mL) collected from tomato field of
Guangxi Province China. Results also revealed that, among iprodione sensitive strains, only B67 strain
induced two mutants, M0 and M1 after UV application. The EC50 of these induced mutants were
1025.74 μg/mL and 674.48 μg/mL, respectively, as compared to its wild type 1.12 μg/mL. Furthermore,
mutant M0 showed higher mycelial growth sclerotia formation, virulence, and enzymatic activity
than wild type W0 and M1 on potato dextrose agar (PDA) medium. The bctubA gene in the mutant M0
replaced TTC and GAT codon at position 593 and 599 by TTA and GAA, resulting in replacement of
phenyl alanine into leucine (transversion C/A) and aspartic acid into glutamic acid (transversion T/C)
respectively. In contrast, in bctubB gene, GAT codon at position 646 is replaced by AAT and aspartic
acid converted into asparagine (transition G/A). RNA sequencing of the mutant and its wild type was
performed without (M0, W0) and with iprodione treatment (M-ipro, W-ipro). The differential gene
expression (DEG) identified 720 unigenes in mutant M-ipro than W-ipro after iprodione treatment
(FDR ≤ 0.05 and log2FC ≥ 1). Seven DEGs were randomly selected for quantitative real time
polymerase chain reaction to validate the RNA sequencing genes expression (log fold 2 value).
The gene ontology (GO) enrichment and Kyoto encyclopedia genes and genomes (KEGG) pathway
functional analyses indicated that DEG’s mainly associated with lysophopholipase, carbohydrate
metabolism, amino acid metabolism, catalytic activity, multifunctional genes (MFO), glutathione-S
transferase (GST), drug sensitivity, and cytochrome P450 related genes are upregulated in mutant
type (M0, M-ipro) as compared to its wild type (W0, W-ipro), may be related to induce resistant in
mutants of B. cinerea against iprodione.
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1. Introduction

Grey mold disease caused by Botrytis cinerea is one of the most destructive disease on more than
200 plant species including various economically important crops like tomato, grapevines, pepper,
cucumber and strawberry [1,2]. The annual economic losses of B. cinerea is more than $10 billion
worldwide including fresh fruits and vegetables [3]. B. cinerea is a necrotrophic fungal plant pathogen
of pre and post-harvest diseases with broad host range reproduces sexually and asexually [4]. B. cinerea
produced micro and macro conidia on the surface of host plant cells [5,6]. These one-celled spores
borne on multiple branches expressed its obvious symptoms as greyish to light brown mold leaves,
stem, flowers and fruits of host plant [7]. Grey mold is more protruding during persistent rainy,
heavy dew, and foggy weather around temperature 18–24 ◦C [8].

B. cinerea has a unique ability to survive in different environmental conditions in the form
of conidia and seclerotia that make this fungus very destructive and hazardous of resistance
development [1,9,10]. The tremendous results against B. cinerea have been attained by applying
various agrochemicals on tomato, cucumber, vine grapes etc. Every year more than half billion-dollar
cost of fungicides are sprayed against different pests [2]. Chemical control of grey mold currently
approached by seven classes of fungicides including anilinopyrimidines (APs), dicarboximide (Dc’s),
methyl benzimidazole, carbamates (MBCs), hydroxyanilides (HAs), quinone outside inhibitors (QoIs),
succinate dehydrogenase inhibitors (SDHIs), and phenylpyrroles (PPs) [11,12]. Extensive use of
agrochemicals induces resistance in plant pathogens in field. Nowadays we selected those site
specific fungicides that have high efficacy, low toxicity and little human health risk [13]. However,
these characteristics somewhat offset by their susceptibility to resistance development [14]. Iprodione,
a dicarboximide (Dc) fungicide, has been used commercially for more than 30 years to control a wide
variety of fungal pathogens. Among dicarboximides (Dcs), iprodione is a broad spectrum contact
fungicide used as a foliar application and seed protectant for many fruits and vegetable crops. It has
both preventive and curative action [15]. It was first manufactured in 1990. The mode of action of
iprodione is to obstruct the synthesis of RNA and DNA during the germination of many fungal spores
as well as lower the activity of enzyme NADH cytochrome c reductase, so the production of lipids
and membrane restricted, ultimately mycelial growth inhibited. It can be used as a wettable powder,
granules dispersed in water, flow able for all crops at the rate of 450–750 g/L [16].

Dc-resistant strains (iprodione) have been reported in many plant pathogenic fungal species [17].
Previously Hamada et al. [18] obtained iprodione resistant mutants of Rhizoctonia cerealis collected from
wheat in China, Botryosphaeria dothidea from pistachio in California [19], Alternaria isolates collected from
pistachio in California [20], and B. cinerea from strawberry and tomato in Hubei province, China [21].

The point mutation in the two components of histidine kinase genes (Bcos1) responsible for
resistance to iprodione has been identified in B. cinerea isolated from strawberry fruit [21]. Substitution at
codon I365 was dominant to cause resistance against iprodione among various strains of B. cinerea [22–24].
BcNoxA and BcNoxB catalytic subunits are responsible for pathogenicity and the formation of spores,
which provide a favorable environment to fungal sclerotic to survive under adverse environmental
conditions [25]. Various isolates of B. cinerea may possess low, moderate, or high levels of resistance
to iprodione [26]. Mostly field isolates possess moderate to low level resistance, whereas laboratory
mutants have high level resistance [27].

B. cinerea is a famous plant pathogen for its aptitude to become resistant against different fungicides.
Although resistance against a different group of fungicides induced by different mechanisms like
structural alteration in binding sites of pathogens reduces the affinity of fungicides, up regulation
of fungicide target genes, decomposition of active ingredients reduces the efflux of fungicide
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concentration [28]. The study of genomics, transcriptome, bioinformatics and proteomic provide a
new array to explore resistance attributes. Rendering RNA sequencing the most effective and direct
way to explore resistance genes in mutant species of B. cinerea.

Guangxi province of China is one of the major tomato producing area [29] and facing several
challenges of fungal diseases including B. cinerea. Iprodione, fludioxonil, and tebuconazole fungicides
have been widely used against fungal diseases in Guangxi province for many years. Thus it is necessary
to study the sensitivity of B. cinerea against these fungicides and asses the resistance in isolates for these
chemicals before they are widely used to control B. cinerea. In this study, B. cinerea isolates collected from
tomato plants in Guangxi Province, China. The key objectives of the present study were to: (i) determine
the prevalence and frequency of B.cinerea. (ii) determine the iprodione sensitivity of B. cinerea isolates;
(iii) preliminarily evaluate the risk of B. cinerea resistance to iprodione and to characterize the iprodione
induced mutants; (iv) asses the fitness stability and pathogenicity of iprodione resistant mutants; and
(v) investigate the molecular mechanism responsible for the development of resistance in B. cinerea
against iprodione.

2. Material and Methods

2.1. Collection of Samples and Chemicals

There were one hundred and twelve different isolates of B. cinerea collected from different locations
of Tian Dong, Tian Yang County, Baise City, Guangxi province, a southern region of China during
2016–2018 (Supplementary Table S1). Single spore isolation was accomplished from diseased leaves
and fruits, as described by Fernández et al. [30]. All isolates were stored at 20 ◦C on dried filter
paper [31]. Iprodione (96.7%) active ingredient (a.i) fludioxonil (99.2% a.i.) tebuconazole (97% a.i.);
original drug, (Shandong Weifang Runfeng Chemical Co., Ltd., Jinan, Shandong, China) used in this
experiment. Iprodione (0.103 g) was dissolved in acetone (10 mL) for the preparation of the stock
solution and stored at 4 ◦C at dark for further use.

2.2. Sensitivity of B. cinerea to Iprodione

To evaluate the drug sensitivity, all strains preliminarily tested at 0.1, 1, 10, 100 μg/mL different
concentrations of iprodione based upon previous findings of Grabke et al. [17]. The particular above
mentioned concentrations in acetone were amended into PDA medium to examine the inhibitory
rate. The inhibitory effect of acetone on mycelial growth of B. cinerea was 0.00001% in the sensitivity
analysis of iprodione content which is ignorable. The mycelial plug of 5 mm diameter of 3d old
B. cinerea colony was placed in the center of the 90 mm petri plate that contains iprodione amended
media. These plates incubated at 23 ◦C for 3 days and radial mycelial growth (colony diameter) of
each isolate measured in Petri plate by using a scale in the perpendicular direction and 5 mm original
plug subtracted from the whole measurement. The experiment preliminarily repeated thrice, and each
treatment had 3 replicates with control (only PDA medium). Those isolates that grew successfully on
iprodione amended PDA were considered as resistant and failed as sensitive. Data processing system
statistics (DPS version 7.05, Zhejiang, China) was used to analyze the effect of different concentrations
of fungicides on B. cinerea mycelial growth inhibition rate to inhibit the rate of probability, the value
of the ordinate (y), the concentration of the agent to the value of the abscissa (x), obtained virulence
linear regression equation y = a + bx, effective medium concentration (EC50) value, and correlation
coefficient (r).

2.3. Evaluation of B. cinerea Mutants Resistant to Iprodione

After measuring the colony diameter of B. cinerea, the plates were further analyzed to obtain
resistant mutants induced by iprodione. The method of UV mutagenesis induced resistance into
drug sensitive strains. The mycelial plug of two resistant strains was placed in 1 μg/mL PDA
medium containing iprodione and incubated at 23 ◦C. After 3 days incubation, these plates put in
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preheated, 20W UV lamp, 25 cm irradiation. After applying the treatment, the plates were kept at
the incubator in the dark for ten days. After observation, each isolate was transferred to a higher
concentration of drug-containing culture plates and repeat the above UV-induced colonies taken at
edge cake. The resistant strains were plugged into the PDA medium and continuously cultured for
15 generations and measured as described above. Only stable resistant mutants selected for further
analysis (Supplementary Table S2).

2.4. Characteristics of Iprodione Mutants and Sensitive Isolates

Mycelial growth, sporulation, virulence, cell membrane permeability, osmotic potential,
and enzymatic activities were performed to compare the fitness characteristics between the sensitive
and resistant strains. Mycelial colony diameter and sporulation were assessed with or without
iprodione amended PDA medium. The mycelial colony diameter measured perpendicularly after 24,
48, 96, and 72 h and sporulation after 12, 13, 14, and 15 days of incubation at 23 ◦C.

Mycelium growth assay was conducted on fungicide-free PDA. Mycelial plugs were cut from the
borders of 3-day-old colony and transferred to the center of PDA plates. Four plates for each isolate
were incubated at 23 ◦C in the dark and colony diameter was measured at two perpendicular directions
after 60 h of incubation.

The virulence was assessed on detached tomato leaves as previously described by Fan et al. [32].
Fresh tomato leaves were washed with double distilled water then disinfected by dipping in 75%
ethanol for 1–2 min followed by three washings of double distilled water and allow them to dry on
filter paper at room temperature. Leaves were placed in a 15 cm petri dish and cover the petioles with
a wet cotton ball for moisture. Each leaf was punctured with a sterile lancet (Yangzhou Shuangling
Medical Appliance Co., Ltd., Shuangling, China) in the middle as previously applied by Fan et al. [32]
than placed in 5 mm mycelial plug on top of the wounds. Lesion diameter recorded with the help of
measuring tape from each leaf after 4 days of incubation in the dark at 23 ◦C.

Osmotic sensitivity was measured to evaluate the cell wall elasticity by adding 10, 20, 40,
and 80 mg/mL NaCL in PDA medium after 3 days of incubation at 23 ◦C. Mycelial growth inhibition
rate (MGIR) calculated by the formula MGIR (%) = (CK-N)/(CK-5) × 100, whereas CK (mm) is the
control plate colony diameter, N (mm) is that of a plate containing NaCl amendment. To determine
cell membrane permeability, the wild type and its mutant strains were first incubated in 100 mL
potato dextrose broth in a conical flask. These conical flasks were placed in a continuous shaker
at a temperature 23 ◦C for 3 days. A (5 mm) eight mycelial plug of B. cinerea was added in each
250 mL conical flask contains 20 mL solution of iprodione with a concentration of 0, 1, 5, and 10 μg/mL.
The conductivities were detected after 0 h, 0.5 h, 1 h, 2 h, and 3 h with the help of DDS-11A conductivity
meter (Nanjing T-Bota Scietech Instruments & Equipment Co., Ltd., Nanjing, China) after each
treatment. The final conductivities were measured via boiling the mycelium in water for 5 min.
Each treatment has three replications. The relative permeability was calculated by using this formula:
Relative permeability (%) = (Ct − C0)/C × 100 whereas C0: initial conductivity value; Ct: conductivity
value at a certain moment; C: After boiling treatment [14].

2.5. Enzymatic Activities of Iprodione Resistant Mutant and Its Corresponding Wild Type

Polyglacturonase (PG), Polymethylglacturonase (PMG) and Cellulase (CE) Performed by DNS
(3,5-dinitrosalicylic acid) Method Previously Described by Jiang et al. [33]. All three isolates were grown
on potato dextrose broth media (PDB) at 120 r/min Shaker culture at 23 ◦C for 3 days. 0.1 g mycelium
was grounded in liquid nitrogen in precooled pestle and mortar. Add 5 mL of sodium acetate buffer
(pH 5.5) and centrifuge at 16,000 rpm for 20 min. The supernatant was collected and stored at 4 ◦C for
further enzyme analysis. The substrate used to estimate the PG activity was 1% polygalacturonic acid
in 50 mM sodium acetate buffer. The reaction mixture contains 0.5 mL sample volume, 0.5 mL substrate
and 1 mL sodium acetate buffer in an eppendorf tube. The mixture was incubated in water bath at 37 ◦C
for 1 h. After incubation add 1.6 mL DNS and boil for 5 min. The absorbance was measured at 540 nm
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by using a spectrophotometer (Multiskan GO, ThermoFisher Scientific, Boston, MA, USA). The boiled
enzyme was used as a control. The standard curve was drawn by taking different concentrations of
galacturonic acid. The activity of CE and PMG was measured by using the above mentioned procedure
except substrate. For PMG and CE 1% pectin added in 50 mM sodium acetate buffer and 1% CMC
dissolved in 50 mM citric acid-sodium citrate buffer respectively. Total proteins were determined by
coomassie brilliant blue method [34]. Standard solutions of proteins were prepared by Bovine serum
mg/mL also used as control without sample (Supplementary Tables S3 and S4).

2.6. Transcriptome Analysis of Wild and Mutant Strain

To explore whole sequence analysis, highly iprodione resistant mutant M0 and its wild type W0
were selected according to their fitness stability. Three biological repeats of wild type and mutant
were grown in 100 mL of PDB under 0 μg/mL iprodione treatment grouped as (W0, M0). Similarly,
three biological repeats of wild type and mutant were grown in 100 mL of PDB amended with
1 μg/mL iprodione and cultured at 220 rpm for 48 hr at 28 ◦C in the dark grouped as (W-ipro, M-ipro).
After 2 days mycelia of all treatments were collected, washed with double distilled water, frozen in
liquid nitrogen and stored in freezer at −80 ◦C. Untreated wild type (W0), mutant (M0) samples used
as a control.

Total RNA was extracted according to the RNA isolation kit (TRIzole reagent, Invitrogen,
Carlsbad, California, CA, USA). The purification of RNA was estimated with the Nano Photometer
spectrophotometer at 260/280 nm (IMPLEN, California, CA, USA) and integrity was evaluated by assay
kit (Nano 6000, California, CA, USA) using Bioanalyzer 2100 system (Agilent Technologies, California,
CA, USA). The library generation and RNA sequencing was carried out by staff at I-sanger cloud
platform. The further library was prepared by using an NEB-Next Ultra RNA illumina platform [35].
The Illumina platform converts the sequenced image signal to a text signal via CASAVA base calling
and stores it in fastq format as raw data. Quality assessment was performed on raw data of each
sample including base quality, base error rate and base level distribution statistics to obtain high quality
clean reads by using FASTQ for subsequent analysis. The clean reads were mapped into a transcript
and compared to a reference genome using Tophat2 alignment software. Some transcripts without
annotation to the reference genome were called new transcripts.

Differential Gene Expression

We identified differentially express genes of two phenotypical groups of strains (Mutant and wild
type, with or without fungicide) by using DEseq2 [36]. To estimate the gene expression level fragment
per Kilobase of exon model per million fragments mapped (FPKM) tool was used. The statistical
difference among genes was analyzed using the recommended Benjamini-Hochberg correction method
(p-value ≤ 0.05) for controlling the false discovery rate (FDR). Eventually, the fold change (log fold2)
and FDR values used as a key indicator the expression amount of different genes among samples and
represent a heat map. Functional annotation of genes was performed as described by Wang et al. [14]
and Cai et al. [37]. GO enrichment of differential expression of genes was implemented by the GO seq
R packages (1.10.1) based on Wallenius’ non-central hyper-geometric distribution. KEGG pathways
enrichment statistical analysis was performed by KOBAS software.

2.7. Quantitative Real Time PCR Analysis

For the confirmation of differential gene expression levels attained from the RNA sequencing
data analysis, the qRT-PCR investigation was carried out. Total RNA was extracted from mutant and
wild type with and without treatment of EC50 concentration of iprodione 1 μg/mL according to the kit
instructions (TaKaRa Biotechnol. Co., Ltd., Dalian, China). For the preparation of reverse transcription
first Single stranded cDNA was synthesized according to labelled kit instructions (TaKaRa Biotechnol.
Co., Ltd., Dalian, China). The expression of seven genes were studied. Moreover, one control gene
UBQ used as a reference gene. The primers were designed by using oligo software v7.37 and the
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specificity was confirmed by blast against B. cinerea. B.010 genome. The sequence of all primers were
listed in (Supplementary Table S5). The length of primers fragment were between 19–23 base pair
with melting temperature 80 ◦C. 1 μg RNA of each sample was first treated with RNase Free dHH2O
and 4 × gDNA wiper Mix (Nanjing Nuo Weizan Biotechnology Co., Ltd., Nanjing, China) for removal
of contaminated DNA in the extract. For the preparation of reverse transcription reaction system,
the reaction mixture consisted of template cDNA 2 μL, reverse primer 0.8 μL (5 μM), forward primer
0.8 μL (5 μM) and ChamQ SYBR Color qPCR Master Mix 16.5 μL (TaKaRa Biotechnol. Co., Ltd., Dalian,
China) of total volume 20 μL. The qRT-PCR reaction was conducted in a thermal cycler (ABI 7500,
Hangzhou Langji Scientific Instruments Co, Ltd., Hangzhou, China) with initial temperature 95 ◦C for
5 min, 40 cycles include melting at 95 ◦C for 5 s annealing for 30 s and finally extension at 72 ◦C for
40 s. Three biological repeats of each treatment were performed with triplicate of each gene reaction vs.
reference gene. Then changing in fold expression of different genes of the mutant and wild type was
evaluated by using algorithm 2−ΔΔCT value. All qRT-PCR data were analyzed by using Light Cycler®

480 software version 1.5.1 (Roche Diagnostics Corporation, Indianapolis, IN, USA).

2.8. DNA Extraction, Cloning and Sequence Analysis of the Tubulin Genes

For DNA extraction wild type W0 and its mutant M0, mycelium was cultured on potato
dextrose broth (PDB) and incubated for 48 h at 28 ◦C under shaking condition (200 rpm).
Mycelia was harvested and washed with sterilized water and ethylenediamine tetra acetic acid
(EDTA). The DNA was extracted by cetyl trimethylammonium bromide (CTAB) method [6].
The specific primersβ-TUB (F-5′-TGAAGGTATGGACGAGAT-3′) (R-5′-GCATCCTGGTATTGTTGA-3′)
under accession number (XM_001560987.1) and α-TUB (F-5′GTTGGAGTTCTGTGTCTA-3′)
(R-5′GTGGTCAAGATGGAGTTA-3′) under accession number (XM_001555875.1) were used to amplify
the complete coding sequence (CDS) of two Tubulin genes bctubA and bctubB. Three biological replicates
of each strain used for DNA extraction and the PCR reactions were conducted three times independently
for each sample. The amplified PCR products were purified using a PCR Purification Kit (TIANGEN,
Beijing, China), ligated into the pMD18-T Vector (TaKaRa Biotechnol. Co., Ltd., Dalian, China),
and then sequenced by Sangon (Guangzhou, China). The exon sequences of the bctubA and bctubB
genes were translated into amino acid sequences and aligned using DNAMAN8.0 software (Lynnon
Biosoft, Quebec, Canada) to check the mutation point.

2.9. Statistical Data Analysis

All values related sensitivity, osmotic potential, enzymatic activities are mean of three replicates
was analyzed using statistical software (DPS version 7.05, Zhejiang, China). The LSD test was used
to determine significant differences (α = 0.05). Pearson’s correlation coefficients were calculated to
evaluate the correlation of gene expression obtained by RNA-seq and qRT-PCR using Origin 9.0
software (Origin Lab, Newyork, USA). In the SAM method, the delta value was set to obtain an average.
A false discovery rate (FDR) of 5% and the fold change cut-off value was established as 1.5. In LIMMA
analysis, genes with a fold change >1.5 and p < 0.05 were considered as differentially expressed.
Only the genes identified as differentially expressed by both SAM and LIMMA were considered.

3. Results

3.1. Sensitivity of B. cinerea to Iprodione

One hundred and twelve samples of B. cinerea were collected from different locations in tomato
production area and tomato fields, Baise City, Guangxi Province, China. The sensitivity of B. cinerea
was checked on PDA medium amended with iprodione at 0.01 μg/mL. The inhibition rate of all samples
ranged from 7.69–74.35% with an average of 50.70% (Figure 1). The EC50 of iprodione against all
samples ranged from 0.07 to 0.87 μg/mL with an average of 0.47 μg/mL, indicating these B. cinerea
isolates were susceptible to iprodione. The value of EC50 of all isolates indicated that 0.47 μg/mL was
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an appropriate threshold concentration to assess iprodione resistance in the consequent experiments.
Among them 5 isolates were highly sensitive to EC50 for 0.134 μg/mL iprodione and five isolates were
moderately sensitive to EC50 for 0.434 μg/mL iprodione (Supplementary Tables S6–S9).

Figure 1. The inhibition rate of B. cinerea isolates against iprodione (0.01 μg/mL) collected from different
areas of Guangxi Province China.

3.2. In Vitro Iprodione-Induced B. cinerea Mutants

UV radiation is a toxic mutagen and was expected to decrease the viability of the cells but also
increase the probability of the emergence of mutants of drug sensitive strains. Five iprodione sensitive
isolates of B. cinerea exposed to different concentrations of iprodione fungicide with 20W UV lamp were
continuously cultured at 28 ◦C to induce rapid growth of mutants. The only strain B67 showed two
mutants M1 and M0 respectively. The EC50 of these mutants were 674.48 μg/mL and 1025.74 μg/mL,
respectively, and 597.63 and 906.94 times than that of wild isolate (EC50 was 1.12 μg/mL). However,
other isolates showed higher sensitivity to iprodione and did not produce any mutant used as a control.
These two mutants were continuously sub-cultured for 1, 5, 10, and 15 generations on drug free PDA
medium for stability test (Supplementary Table S2).

3.3. Morphology and Physiology of Mutants

3.3.1. Iprodione Resistant Mutant’s Mycelium Growth Rate and Sclerotia Formation

The results showed that mycelial growth of wild type on PDA medium is significantly higher than
both mutants after 5 days at 28 ◦C (Figure 2A). Wild type (W0) showed maximum sclerotia formation
on PDA after 8 days; in petri dish edges are produced around a small contiguous black sclerotia;
did not spread throughout the surface of the medium. M0 produced dark grey to black sclerotia after
12 days and spread over the medium and M1 after 14 days produced sclerotia over the surface of the
medium (Figure 2B). The mutant M1 after 10 days began to produce small contiguous black sclerotia
circles at the edge of the dish and after 12 days spread on the petri dish. When PDA medium was
amended with 100, 500, 600, and 1000 μg/mL iprodione, mutant M0 showed significantly high mycelial
growth than M1 and wild type W0 (Figure 2C). Mutant M0 after 12 days began to produce fewer black
sclerotia circles at the edge of the dish with 5 μg/mL iprodione containing media. In contrast, wild type
failed to produce any (Supplementary Figure S1).
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Figure 2. Colony morphology of B. cinerea Wild type (W0) and its mutant (M0, M2); (A) Mycelial growth
of mutants (M0, M1) and its wild type on PDA medium after 5 days; (B) Sclerotia formation of wild
type (W0) and its mutants (M0,M1) on PDA medium after 8, 12 and 14 days respectively; Sporulation:
mean number (×106) seclerotia per square centimeter, (C) Mycelial growth of wild type (W0) and its
mutants (M0, M1) after exposed 100, 500, 600 and 1000 μg/mL to iprodione on PDA medium at 28 ◦C
for 3 days.

3.3.2. Cell Membrane Permeability Osmotic Sensitivity Pathogenicity and Enzymatic Activity of
Mutants and its Wild Type

Cell membrane permeability at four different concentrations (0, 1, 5, 10 μg/mL) of iprodione
were measured, the relative rate of infiltration with the extension of the processing time increases and
gradually stabilized in M1, indicating that the cell membrane permeability is significantly higher in M1
and wild strain than M0 (Supplementary Figure S2). Whereas, there was a no significant difference
in osmotic potential of wild type and its mutants (Supplementary Figure S3). Protein concentration
was calculated according to the sample suction photometric method. The remarkably highest protein
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contents were in W0 (1023.97 μg/mL) than M0 and M1 mutant (941.38, 908.02 μg/mL respectively
(Supplementary Table S10). Enzymatic activities of both mutants and wild type were also measured.
Although PG and CE activity was higher in M0 than M1 and wild type W0. (Supplementary Table S11).
In pathogenicity assays, detached tomato leaves inoculated with both mutants (M0, M1) or wild type
strain showed typical symptoms and lesions by W0 and M0, while the only PDA or control plants and
M1 remained asymptomatic after 24 h of inoculation (Figure 3). These results showed that mutant M0
pathogenicity and enzymatic activity is more vulnerable than M1.

 

Figure 3. Virulence of B. cinerea Wild type (W0) and its mutnats (M0, M1) on detached tomato leaves
after 24 h of inoculation.

3.3.3. Cross Resistance

The sensitivity of both B. cinerea mutants (M0, M1) were also determined against tebuconazole
and fludioxinil using a discriminatory dose. Both iprodione mutants showed positive cross resistance
against these fungicides.

3.4. Transcriptomic Data Analysis of Iprodione-Resistant Mutant and Its Wild Type after Exposed to Iprodione
In Vitro

The results revealed that transcriptomic sequencing of twelve iprodine resistant mutant and wild
type samples generating 187,062,138 raw reads after the screening and filtration of raw reads, a total
of 186,026,964 clean reads were obtained. The percentage nucleotide quality score of more than 20
(Q20) was noted as high as 97.75%, and the percentage of Guanine and Cytosine GC (%) among all
nucleotides was obtained as 47.33% (Table 1). According to Illuminia platform, the contrast efficiencies
of mapped reads, uniquely mapped reads and multi mapped reads were 95.91%, 0.52%, and 95.2%,
respectively, as compared to the reference genome (Table 1). A total number of transcripts was 20,375
and its length varied from 201 to1800 bp with an average 1000 bp (Supplementary Figure S4). On the
basis of existing reference genome based assembly is performed by using compare software. To check
the presence of novel transcripts, we combined the RNA-seq data of 4 samples with 3 biological
repeats to identify novel transcripts, which are not assembled in the database. New transcript is
obtained by comparing it with known transcript and further classified into 12 different class codes
(Supplementary Figures S5 and S12). Out of 20,375 transcripts, 13,639 complete matches of intron
chain, 3574 potentially novel isoforms, 1229 unknown intergenic transcript, and 372 generic exonic
overlaps with a reference transcript were obtained during analysis. The raw data is submitted to NCBI
under SRA number SRP254522.
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Table 1. Details of raw and clean data of twelve transcriptomes of B. cinerea and the reference genomes.

Strain Raw Reads Clean Reads Clean Bases Mapped Reads Q 20 Avg (%) GC Avg (%)

M0 47,684,718 47,218,908 7,057,947,521 44,704,018 (95.8%)
M-ipro 45,648,745 46,083,059 6,885,980,894 44,251,477 (96%)

W0 47,109,858 46,628,979 6,970,197,563 44,597,601 (95.62%) 97.76 47.23
W-ipro 46,618,817 46,096,018 6,885,797,287 44,052,162 (96.22%)

Total 187,062,138 186,026,964

3.4.1. Functional Annotation of Transcripts and Unigenes

Almost all transcripts (13,703) and unigenes (11,698) sequences were alligned to the NCBI and
annotated at least one of these six databases, Non Reductase (NR), SwissProt, Protein family (Pfam),
Gene ontology (GO), Clustre of Orthologous Groups of Proteins (COG) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) (Supplementary Figure S6). The database indicated that maximum
transcripts (13,687; 99%) and unigenes (11,685; 99%) were alligned by NR, whereas more than 50% of
transcripts and unigenes were aligned to the COG, Pfam, and Swissprot databases. The minimum
number of transcripts vs. unigenes was annotated by KEGG 33%. Moreover, 14 transcripts and
12 unigenes remained unannotated (Supplementary Table S13 Excel sheet).

3.4.2. Discovery of New Genes

A total of 1024 new genes were discovered according to the above mentioned six databases. COG
annotated 150 new genes in 14 different categories, GO 160 new genes in 19 different compartments
(Figure 4), and KEGG 17 in 12 different disciplines. Furthermore, GO database is secondarily classified
into three categories, namely molecular functions (47), cellular components (57), and biological
processes (56) of new genes were explored. The highest number of new genes were involved in binding,
metabolism, and cellular processes. COG annotated a maximum 84 new genes, which were poorly
characterized, and 44 genes were involved in the repair, replication, and recombination of RNA. KEGG
aligned the highest number of genes in the biosynthesis of the secondary metabolism process.

76



Int. J. Mol. Sci. 2020, 21, 4865

Figure 4. Histogram of KEGG pathways.

3.4.3. Differential Genes Expression of Iprodione Resistant Mutant and its Wild Type After Exposure
to Iprodione

After obtaining the clean reads, the differential expression of unigenes was analyzed by using
software DESeq2. A total of 281 unigenes were expressed in mutant type (M0), including 166
up-regulated and 115 downregulated with or without iprodione treatment. Meanwhile, wild type
(W0) showed 99 unigenes expressions in which 85 were up-regulated and 14 downregulated (Table 2).

Table 2. The total number of DEG’S in wild type and its mutant with or without iprodione.

Strain All DEG DEG Upregulated DEG Downregulated

M-ipro vs. W-ipro 1897 886 1011

M0 vs. W0 1707 890 817

M-ipro vs. M0 281 166 115

W-ipro vs. W0 99 85 14

The analysis showed that mutant and wild type shared 19 DEGs and 262 and 80 unique DEGs
were detected in mutant and wild type respectively when exposed to iprodione. Overall, 1897 DEGs
were detected after iprodione exposure and 1707 without iprodione between mutant and wild type.
Furthermore, M-ipro vs. W-ipr0 and M0 vs. Wo share 1192 common unigenes and 720 unigenes are
upregulated in mutant corresponding to wild type after iprodione treatment (Supplementary Figure S7).
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These results demonstrated that the DEGs pattern significantly changed in mutant and wild type with
or without iprodione exposure, suggesting that some compounds may be specific to produce resistance
in mutants against iprodione treatment.To understand the mechanism of resistance in B cinerea against
iprodione, the gene function, expression level, and expression difference were analyzed in gene set
analysis. Genes of the same function were located on one transcript, particularly within the three loci
easy to annotate by gene ontology (GO) rather than those situated on different transcripts. The genes
related to metabolic process, localization, ATP binding, transmembrane transport antibiotic activity,
and the cellular process were most abundant in mutant type (M-ipro vs. M0) relative to wild type
(W-ipro vs. W0) (Figure 5).

Figure 5. Histogram showed a significant difference (p-value < 0.001) in W0 vs. W-ipro and
M0 vs. M-ipro by GO annotation. The X-axis represents the number of genes and Y-axis represents the
three GO terms under biological processes, cellular component and molecular function.

To elucidate the difference between mutant and wild type, the expression pattern of four treatments
were divided into a hierrachial clustering analysis (Supplementary Figure S8). Out of 1912 genes,
we focused our attention on highly expressed genes in M-ipro that were more or less related to iprodione
resistance and assembled them into 12 small clusters according to their functions (Figure 6). In clusture
I, MFO (multifunctional genes) were analyzed (BCIN_06g07150, BCIN_09g01190, BCIN_07g01720,
BCIN_02g04800, Bcape1) highly expressed in M-ipro and involved in molecular and biological functions
of B. cinerea. Among the five genes of aspartic proteinase family (bcap1, bcap4, bcap6, bcap8, bcap10),
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only bcap8 log2 value was significantly high in M-ipro, while the remaining genes did not show any
significant difference in both mutant and wild type with or without iprodione treatment. In cluster II
genes, set ABC transporter genes (BcatrD, Bcbfr1) were highly expressed in mutant type M-ipro than M0
and downregulated in wild type (W-ipro, W0). Various cytochrome p450 coding genes were expressed
in a comprehensive data base and assembled in cluster III. Almost all genes were depressed in wild
type (W-ipro, W0). BccpoA90, Bccyp51, and BCIN_15g04350 expression was high in M0 and M-ipro
(Figure 6) except BCIN_02g00240. Genes that were involved in amino acid metabolism exhibited
high variability among mutant (M-ipro, M0) and wild type (W1, W0). Cluster IV has transmembrane
transporter genes which were also expressed in both wild and mutant type. Only BCIN_14g04470 and
BCIN_12g02430 were highly downregulated in W-ipro and W0 and upregulated in M0 and M-ipro.

 
Figure 6. Variability in altered genes of wild type and its corresponding mutant with or without
iprodione application represented in the form of Heat map. Genes with the same annotation modulated
in a similar group. Twelve major groups are displayed in the heat map (Group I, II, III, IV, V, VI,
VII, VIII, IX, X, XI, XII). Group VII have four subgroups I (Glycosyl family), II (Cellulase genes).
III (Polygalacturose genes) and IV (carbohydrate metabolism).

In contrast, many more genes had no significant difference among all treatments (Supplementary
Table S14 Excel sheet). Moreover, the maximum high expression was detected in carbohydrate
metabolism, glycosyl family, polyglacturose family and cellulose related genes attributed in cluster
VI. BCIN_02g04690 log fold 2 values significantly high in M0 and low in W0 related to carbohydrate
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binding. In cluster VII several genes were upregulated belongs to zinc finger proteins in mutant type
(M-ipro, M0). Intriguingly BCIN_10g0230, BCIN_09g00280, and BCIN_14g04850 genes were highly
upregulated in M0 rather than M-ipro and downregulated in wild type (W-ipro, W0). Drug sensitive
proteins were highly downregulated in wild type after exposure to iprodione pooled in cluster VIII.
BCIN_15g04850 and BCIN_13g05140, highly upregulated in mutant without iprodione treatment
instead of its application (Figure 6). Glutathione-S transferase encoding genes, i.e., GSt enzymes play
an important role to detoxify the chemicals. BCIN_08g01800 gene regulating glutathione enzyme was
more expressed in mutant without iprodione application than wild type. Clusture X, XI represents
the lysophospholipase and super family genes (MFS). Two sugar transporter genes (BCIN_09g04610,
BCIN_14g01090) of super family upregulated after exposure to iprodione fungicide in the resistant
mutant. BCIN_13g03170 lysophospholipase gene expression log fold 2 value was −0.629 in W0,
showed decrease −1.072 in W-ipro while expression level was increased in mutant after exposure to
iprodione (Table 3). On the basis of these results, the presence of resistance in mutant strain may not be
due to particular resistant gene against chemical or inactivation of enzymes and metabolic process.
These data base also suggested that synergistic and combination of several genes belong to different
functions or families generate resistance in mutants against a particular drug or multi drugs.

Table 3. Major genes related to resistance in B. cinerea wild type and its mutant with or without
iprodione application.

Gene ID
Log2 Fold Change Value

Function Annotation
M-ipro vs. W-ipro M0 vs. W0 M-ipro vs. M0 W-ipro vs. W0

BCIN_02g08890 9.104 8.746 0.565 0 Integral cellular component domain
BCIN_13g03170 8.222 5.529 0.378 −0.231 Glycerophospholipid metabolism
BCIN_06g07150 6.213 5.503 0.12 −0.599 Energy production and conservation
BCIN_09g01190 4.878470612 6.006 −0.511 1.2044 Zinc finger proteins
BCIN_13g04220 8.618 −7.08119 8.576 −21.308 Chaperones proteins
BCIN_08g06520 7.317 4.154955 1.07079 −4.216 Oxygenase super family

Bcpg2 4.978 −0.967 2.896255 −2.978 Glycosyl hydrolase family
Bcoah 4.878 6.600 −0.511 1.204 Isocitrtae lyase family

BcatrD 2.529 1.66 0.266 −0.249 ABC transporter proteins
Bclga1 2.266 0.745 0.865 −0.705 Glutathione S transferase proteins

BCIN_12g0243 2.597 3.064 −0.407 −0.046 Catalyze aminotransferase acid
Bcrds2 1.229 1.092 −0.062 −0.192 Drug sensitivity proteins
Bcltf1 0.531 1.292 −1.108 −0.3241 Sexual development transcription factor NsdD

BCIN_06g02680 2.00 0.835 1.292 −1.108 Phenylalanine aminomutase enzyme
BCIN_08g02390 2.837039 2.628415 0.436 0.223 Heat shock binding proteins
BCIN_02g01500 1.929 0.199 0.318 1.779 Carbohydrate transport and metabolism
BCIN_04g01200 3.721 2.744 1.035 0.061 Steroid biosynthesis proteins
BCIN_08g01540 2.119 1.637 0.0715 −0.411 Steroid biosynthesis proteins
BCIN_03g03480 4.555 4.296 0.285 0.019 Xylanase proteins

Bcpgx1 2.536 1.212 0.496 −0.823 Polygalacturose proteins
BCIN_02g04800 4.861 4.796 0.611 0.536 Amino acid metabolism proteins
BCIN_01g01440 2.811 −1.449 2.354 −1.871 Dioxygenase TDA family
BCIN_12g04510 1.087 0.736 0.193 −0.165 Histidine kinase activity proteins
BCIN_01g03510 4.531 3.321 −2.06396 0.7321 Cytochrome P450
BCIN_02g08880 9.495 8.718 0.024 −0.752 Unknown function hypothetical proteins
BCIN_02g08890 9.104 8.745 0.565 0 Unknown function hypothetical proteins

3.5. qRT-PCR Amplification of Some Specific Genes

In order to verify the transcriptomic analysis of mutant and wild type B. cinerea, a total of
eight highly expressed encoding genes of lysophospholipase (BCIN_13g03170), drug sensitivity
(BCIN_04g01200), cytochrome p450 (Bccyp51), cellulase (BCIN_12g06630), glutathione-S- transferase
(BCIN_08g01800), oxaloacetate acetyl hydrolase (bcoah), cellulase (BCIN_12g06630), glycosyl family
(BCIN_12g01530), and reference gene UBQ have been selected for expression analysis of RT-qPCR.
Among these genes gluthathione-S transferase gene (BCIN_18g01800) highly upregulated in mutant
type with or without iprodione application (Figure 7C). Moreover, two lysophopholipase genes
(BCIN_13g01370, bcoah) expression in the mutant (M-ipro) were highly upregulated as compared to
M0 and wild type (W-ipro, W0) (Figure 7A,B). The drug sensitivity and cytochrome familyP450 genes
(Bccyp51, BCIN_14g01200) were downregulated in wild type after iprodione treatment (Figure 7E,F).
The cellulase gene (BCIN_08g01800) was highly expressed in all treatments (Figure 7G).
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Figure 7. Validation of seven DEG’s log fold 2 value of RNA seq by qRT-PCR of wild type
and its corresponding mutant with or without iprodione treatment. (A,B) lysopholipase genes,
(C) Glutathione-S transferase gene, (D) Glycosyl family carbohydrate metabolism, (E) Drug sensitivity
genes, (F) Cytochrome P450 family, (G) Cellulase genes, (H) Pearson correlation of log fold 2 value of
qRT-PCR and RNA sequencing of wild type and its mutant after iprodione application. The mRNA
abundance was normalized by using the reference gene UBQ and relative expression (log fold 2) was
valued as 2−ΔΔCT. All values of qRT-PCR represents as mean ± SD (n = 7).

3.6. Detection of Mutations in Tubulin Genes in Iprodione Mutants

Genome sequencing of wild type (W0) and its mutant (M0) showed two tubulin genes encoding
bctubA and bctubB. The coding region of bctubA had 1985 nucleotides encoding 661 amino acids,
which was 65% match with bctubA B05.10 strain of B. cinerea (Gene Bank accession number:
XP_024546500.1). While the coding region of bctubB gene had 1919 nucleotides encoding 639 aminoacids
was match with bctubB (B. cinerea B05.10) (GeneBank accession number: XP_024546928.1). The bctubA
gene in mutant (M0) replaced TTC and GAT codon at position 593 and 599 by TTA and GAA, resulting
in replacement of phenyl alanine into leucine (transversion C/A) and aspartic acid into glutamic acid
(transversion T/C) respectively. Whereas, in bctubB gene GAT codon at position 646 replaced by AAT
and aspartic acid converted into asparagine (transition G/A).(Figure 8) No point mutation was found
in wild type as compared to control (B. cinerea B05.10 strain).

81



Int. J. Mol. Sci. 2020, 21, 4865

 

 

 

 

 

Figure 8. Amino acid sequence alignment of B. cinerea tubulin genes in wild type (W0) and its mutant
(M0), (A): Mutation variation in bctubA gene at position 593 and 599, (B): Mutation variation in bctubB
gene at position 646.

4. Discussion

Fungicide resistance in different pathogens has been a major problem in crop protection worldwide
in two decades. The extensive use of fungicides to control pathogens in same area for several seasons
creating this problem; as a result the efficacy of fungicides decreasing and resistance induced into the
pathogens against a specific or multiple fungicides is increasing. Therefore, it is necessary to evaluate
the resistance risk in the lab before new fungicides are widely practice into the field. In Guangxi
province, grey mould, caused by the fungal pathogen B. cinerea, is one of the most devastating tomato
diseases, and the control of this disease is mainly by the application of chemicals. In the present study,
112 isolates of B. cinerea collected from major tomato production area of Guangxi province, China
and screened with different concentrations of iprodione and found that toxicity steadily increased in
mutants. This is considered as the first report to assess iprodione sensitivity of B. cinerea collected
from Guangxi Province China. Previously sensitive isolates of B. cinerea on tomato were detected
in Germany [38]. All strains were sensitive to iprodione from 0.07 to 0.87 μg/mL with an average
of 0.47 μg/mL. These results are similar to B. cinerea collected from strawberry, a procymidone and
zoxamide sensitive strain from Hubei province having EC50 value of 0.25 μg/mL and 0.360 μg/mL,
respectively [22]. No 100% sensitive strain was discovered in our collected samples because iprodione
is a site specific fungicide with high efficacy, less toxicity and lower application rate. The high
dozes or sustained application of fungicides leads to put selection pressure to develop fungicide
resistance [39]. In order to solve this problem, there was an urgent need to develop effective resistance
management strategies.

High frequencies of B. cinerea resistant isolates have been recorded not only iprodione but also to
various groups of fungicides including DC, MBC, and PP across the globe [40–42]. Although field
resistant mutants of iprodione was documented in Northeatern part (21%), Henan (8%), and also
in Anhuai (5%) of China [18,43]. This study was showed low frequency of resistant mutants as
compared to the previous one, but with the passage of time resistance level will increase with rapid and
continuous application of DC’s fungicides. In the present work, UV irradiation used to detect specific
iprodione resistant mutants to assess the risk from emergence strain. After stability and sensitivity
testing the EC50 of UV mutants (M0, M1) exceeded 1 μg/mL which was higher 1025.74 μg/mL and
674.48 μg/mL respectively than corresponding wild strain (W0). The cell membrane permeability was
significantly increased in M1 and wild type than M0 which indicate M0 is more stable. In contrast CE
and PG enzyme activity were higher in M0. Polygalactronase family genes (Bcpgx1 and Bcpg3) involved
in pathogenicity expression were higher in M-ipro than wild type. These findings were distinction with
the Guo et al. [44] found that resistant strains when continuously dealt with fungicides, pathogens lose
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its potential and viability resulted in failure of infection. The virulence of M0 like as wild type while M1
results supported the previous findings of Chen et al. [45] mutant strain of Verticillium dahliae lose its
pathogenicity by the repressed of cytochrome p450 gene expression. Comparative genomic studies have
been frequently conducted to understand the expression of selected genes against different chemicals.
However, inadequate information is available due to a lack of whole genomic sequencing (RNA seq
data) and suitable methodologies for comparative transcriptome. In recent studies, transcriptome
analysis has been widely applied on fungicidal resistant plant pathogens, including Fusarium spp. [40],
B. cinerea [37], and Penecillium didgitatum [46]. According to our transcriptome analysis the expression of
lysophospholipase genes, transmembrane transporter genes, MF (multifunctional genes), MFS (super
family genes) encoding, amino acid and carbohydrate metabolism genes were clearly upregulated
in field mutant (M0, M-ipro) than wild type (W0, W-ipro) with or without application of iprodione
(Supplementary Table S15 Excel sheet). Many microorganisms produce phospholipases heterogeneous
groups of enzymes, either secreted or induced intracellularly by physical disruption of the cellular
membrane [47]. Among them lysophospholipases are key enzymes that hydrolyze the esters linkages
in glycephosopholipids and contribute to detoxification of potentially cellular lysophospholipids that
facilitate the survival of fungi in vivo, cell wall integrity, proliferation expression of virulence, fungal cell
signaling and immunomodulatory pathways [48]. Here, the expression of lysophopholipase genes
(BCIN_13g03170, BCIN_02g08890) were superiorly upregulated in M-ipro vs. W-ipro than M0 vs. W0
(Figure 7) contribute to iprodione resistance. BCIN_02g08890 is highly upregulated in mutant strain
with or without fungicide and absent in wild type.

Plant cell wall mainly composed of polysaccharides with less amount of glycoproteins esters,
mineral contents, phenolic compounds and enzymes [49]. The predominant polysaccharides
are cellulose, hemicellulose galacto (mannans, xylans, and xyloglucans), and pectin.
Carbohydrate-degrading enzymes of pathogens constitute a key factor involved in the metabolic
breakdown of glycoconjugates, oligosaccharides, and polysaccharides of host plant cell wall components
during infection or invasion [50]. Cell wall degrading enzymes are abundantly found in B. cinerea [51].
Recent studies revealed that cellulase, xylanase, and pectinase (glucanase) enzymes functioned as
a virulence factor in phytopathogens and were recognized as PAMPS by plants to trigger the PTI
responses, during host plant–pathogen interactions [52].

In this study, we analyzed the enzymatic activity of cellulase, polygalactrose,
and polymethylgalactrose in mutant and wild type B.cinerea. Enzymatic assays and gene expressions
of cellulase (BCIN_12g06630, BCIN_16g03020) and xylanase A (BCIN_03g03480, Bcxyn11A) were more
upregulated in mutant than wild type (Figure 7). Cellulase catalyzes the degradation of the β-1,4-
glycosidic bonds in cellulose [53]. Cellulase is an elicitor in plant–pathogen interactions but its enzymatic
activity is independent of its elicitor. In contrast, it was previously reported that xylanase activity
promotes the necrotic infection of B. cinerea into plant tissues [54]. Bcxyn11A, an endo-β-1,4-xylanase
degrades plant cell wall xylan contents, and is required for successful infection. Furthermore, a small
nanogram of xyn A was sufficient as an elicitor in S.lycopersci and N. benthamiana [55]. In contrast, not
all fungal xylanases have been conclusively involved in pathogenicity and virulence [51]. The B. cinerea
equipped with different patterns of endopolygalactrase (Bcpg) genes and exopolygalactrase (Bcpgx)
genes to degrade pectate machinery of host cell. In the current study, the expression of Bcpg2 and
Bcpgx1 genes were highly upregulated in (M-ipro vs. W-ipro) and there is no change in Bcpg1 and
Bcpg4 in all treatments. Bcpg2 is a necessary gene during primary infection and lesion expansion in
tomato [56]. A major result of our work is reported that there is no diversification in virulence genes of
mutant and wild type before and after iprodione application. B. cinerea secretes several genes of the
aspartic proteinase (AP) family to perform proteolytic activity. A functional analysis of our results
showed that there is no change in the expression of Bcap genes of wild and mutant type after iprodione
application (Figure 6). No significant difference was found in Bcap1-5 genes mutants and the wild type
strain of B05.10.
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The resistance of fungi is sturdily associated with multiple mechanisms, including (1) the
nonsynonyms mutation in the target protein encoding genes, (2) the upregulation of the target proteins,
and (3) the overexpression of transporting and membrane encoding genes. Fungal efflux pumps such
as cytochrome P450 are the most versatile natural bio-catalyst genes and constitute a large superfamily
related to the detoxification of fungicides, insecticides, and xenobiotics under mild conditions [57,58].

The mechanism of resistance to iprodione was associated with point mutations in the tubulin
gene that changes the structure of the fungicide binding site to decrease sensitivity according to
Grabake et al. [28]. According to the genome sequencing information, two tubulin genes showed
mutation. A point mutation at codons 593 (A198E) and 599 (F200Y) in bctubA gene and at 646
codon (R216C) in bctubB were detected from resistant strain M0, and a similar mutation was
reported in a field isolate of B. cinerea resistant to benzimidazole that had a mutation at points
A198E and F200Y [59]. A novel point mutation at codon 646 (R216C) was detected in bctubB in
mutant (M0). Contrarily, point mutation variations at single codon I365S/N/R of the Bos1 gene
were responsible for dicarboximide (iprodione) low resistance, as reported from France, England,
Israel, Japan, New Zealand, Italy, Switzerland, and the United States. Iprodione reduced DNA, RNA
synthesis in the germinating fungal spore and inhibited the enzymatic acivity of NADH cytochrome c
reductase, thereby preventing lipid and membrane synthesis and ultimately mycelium growth [60].
Wang et al. [14] reported that the resistance in B. cinerea to fenhexamid mainly relied on the mutation
of BCIN_16062 encoding P450 gene. In a hypersensitive strain of Candidas albicans, CaALK8 gene was
promoted and confers multidrug resistance [61]. The expression of BCIN_01g03510 and BCIN_13g05140
were upregulated in mutant (M0) relative to wild type (W0, W-ipro) (Figure 6). Glutathione S-
transferases are multifunctional detoxification enzymes that regulate the cell functions, countering
oxidative stress and signal transduction with several resistance mechanisms [62,63]. Our findings
revealed that BCIN _08g01800 was highly downregulated in wild type (W1-ipro) after iprodione
application while other genes showed similar expression. Remarkably, transmembrane proteins in
fungal efflux systems (ABC and MFS transporter genes) have been reported to provide protection
for fungal cells against antibiotics and fungicides found in the environment [64]. Furthermore,
these transporters determine the baseline of sensitivity or resistance to fungicides [65]. Several genes
encoding transmembrane transporters were identified from the RNA sequencing data (Figure 6).
Most of them showed higher expression in mutant strain than wild type. Particularly, two MFS encoding
genes Bcstl1 and BCIN_08g01780 were highly upregulated in mutant (M-ipro) after iprodione treatment
than M0 and wild type (W-ipro, W0). Intriguingly, BCIN_14g01090 gene logfold2 value were intensely
upregulated before and after iprodione application in mutant (M-ipro, M0) and downregulated in
(W-ipro, W0). The high expression of drug efflux transporter has been reported in different isolates of
B. cinerea against different classes of fungicides [66,67]. On the other hand, Grabke et al. [17] reported
the overexpression of MFS encoding genes of B. cinerea conferring a low level of resistance to iprodione
in strawberry. Contrarily, MFS genes contributed to resistance in Fusarium spp against prochloraz and
carbendazim fungicides [40,46]. Likewise, BCIN_14g04470 and BCIN_12g02430 in fungal efflux were
highly upregulated in mutant strain (M0) relative to wild type (W0).

5. Conclusions

The risk of resistance selection in B. cinerea due to the extensive application of DCs (iprodione) may
be a severe problem in Guangxi Province China. In the current study, the results showed that B. cinerea
isolates were sensitive to iprodione The laboratory UV induced resistant mutants were obtained
through continuous iprodione treatment, which indicated that B. cinerea quickly adopt resistance to
iprodione. The resistant mutant demonstrated an EC50 value 1025.74 μg/mL higher than curative
dosage. The resistant mutant had a high level of fitness (mycelial growth, sclerotia formation and
aggressiveness) as compared to sensitive isolates. We identified two mutation points at codon 593
(A198E) and 599 (F200Y) in the bctubA gene, including one novel point mutation in bctubB gene at
position 646 codon. Our research work also provided a comprehensive molecular mechanism involved

84



Int. J. Mol. Sci. 2020, 21, 4865

in the B. cinerea resistant mutant. By analyzing RNA sequencing data for wild type and mutant with or
without iprodione application, genes related to iprodione resistance were highlighted and identified.
These DEGs were involved in the production of detoxification enzymes, metabolism, catalytic activity,
MAPK signaling pathway, drug efflux, and transporter functions to resist the chemicals. Resistant
management strategies should be implemented to delay the spread of iprodione resistant mutants
in the field. Furthermore, integrated disease management strategies should be practiced followed,
including the use of biological control and agricultural practices.
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Abstract: Ethylene is important for plant responses to environmental factors. However, little is
known about its role in aphid resistance. Several types of genetic resistance against multiple aphid
species, including both moderate and strong resistance mediated by R genes, have been identified in
Medicago truncatula. To investigate the potential role of ethylene, a M. truncatula ethylene- insensitive
mutant, sickle, was analysed. The sickle mutant occurs in the accession A17 that has moderate
resistance to Acyrthosiphon kondoi, A. pisum and Therioaphis trifolii. The sickle mutant resulted in
increased antibiosis-mediated resistance against A. kondoi and T. trifolii but had no effect on A. pisum.
When sickle was introduced into a genetic background carrying resistance genes, AKR (A. kondoi
resistance), APR (A. pisum resistance) and TTR (T. trifolii resistance), it had no effect on the strong
aphid resistance mediated by these genes, suggesting that ethylene signaling is not essential for their
function. Interestingly, for the moderate aphid resistant accession, the sickle mutant delayed leaf
senescence following aphid infestation and reduced the plant biomass losses caused by both A. kondoi
and T. trifolii. These results suggest manipulation of the ethylene signaling pathway could provide
aphid resistance and enhance plant tolerance against aphid feeding.

Keywords: disease resistance; plant defense; herbivore; phytohormone; plant biotic stress; plant
signalling; Medicago truncatula

1. Introduction

Aphids (Hemiptera: Aphidoidea) constitute a large group of sap-sucking insect pests that cause
substantial losses to agriculture worldwide by draining plant nutrients and transmitting pathogenic
viruses [1–3]. The plant-aphid interaction is distinctive from plant interactions with microbial pathogens
and chewing insects mainly because aphid infestation instigates very little physical damage to the plant.
With their stylets, aphids penetrate plant tissues by piercing intercellularly through epidermal and
mesophyll cell layers and ultimately feed specifically from the phloem sieve element [1–5]. A number
of plant genes or loci, including Resistance (R) genes, that modulate plant defenses against aphids
have been identified in a range of plant species against various aphid species ([6–8]. Molecular studies
have revealed that plant phytohormones are also involved in the regulation of plant interactions with
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aphids. However, in many cases, the specific roles that phytohormone pathways play in basal and R
gene-mediated aphid resistance remains largely unknown.

Ethylene (ET) is a gaseous plant hormone which is involved in the regulation of various
developmental as well as abiotic and biotic stress responses. Studies using mutants impaired
in ET biosynthesis and signalling demonstrated a direct role for ET in plant defence against microbial
pathogens and insect pests and in the control of plant association with beneficial microbes, such as
rhizobia and mycorrhizas. ET signalling has also been shown to regulate plant interactions with insect
herbivores [4].

A number of studies have been conducted to investigate the role that ET plays in both compatible
and incompatible plant−aphid interactions. For compatible interactions, most studies were carried
out with the generalist aphid Myzus persicae (Sulzer) for which there is no natural genetic resistance.
However, the results from these studies were inconsistent. Divol et al. [5] and Moran et al. [6]showed
that genes involved in ET biosynthesis and signalling were induced in both celery and Arabidopsis
following infestation by M. persicae. Other studies showed that ET accumulation remained unchanged
in both M. persicae-infested Arabidopsis and Nicotiana attenuate compared to the un-infested control
plants [7,8] When the performance of M. persicae was compared between the Arabidopsis wild-type
and ET-insensitive etr or ein2 mutant plants, Kettles et al. [9]. found that the aphid fecundity did not
differ between the Arabidopsis wild-type and etr1 mutant, whilst the ein2 mutant did show higher
M. persicae fecundity than wild-type plants. In contrast, Mewis et al. [10] found that the fecundity
of both M. persicae and Brevicoryne brassicae was reduced on the etr1 mutant compared to wild-type
Arabidopsis plants. These contradictory results in the Arabidopsis−M. persicae interaction highlight the
need to further study the role of ET in plant-aphid interactions.

Studies also indicated that ET may modulate R gene-mediated plant defence against aphids.
In aphid-resistant barley plants, ET production was significantly induced following the infestation
by Schizaphis graminum, Rhopalosiphum padi, and Diuraphis noxia [11,12]. Upon feeding by D. noxia,
transcript levels of ET-related genes increased in aphid resistant wheat plants [13]. Furthermore,
the induction of genes involved in ET signalling and downstream responses was also found in both
susceptible and resistant interactions of tomato with Macrosiphum euphorbiae and in melon with Aphis
gossypii [14]. However, in melon with A. gossypii stronger induction of ET pathway genes was shown in
the resistant variety than the susceptible plants, but this was not the case in tomato with M. euphorbiae.

Medicago truncatula is a model legume species for studying plant interaction with aphids [15,16].
M. truncatula is a host to several important aphid species including Acyrthosiphon kondoi (bluegreen
aphid), Therioaphis trifolii (spotted alfalfa aphid) and A. pisum (pea aphid). In M. truncatula, various
types of resistance against these aphid species have been identified and the resistance is controlled
either through major dominant resistance genes and/or quantitative loci [17–24]. In M. truncatula
cv. Jester, three single dominant resistance genes, named AKR (A. kondoi resistance), APR (A. pisum
resistance) and TTR (T. trifolii resistance), provide strong resistance to A. kondoi, A. pisum and
T. trifolii, respectively [17,21,22]. In addition to the major dominant resistance genes for A. kondoi
and A. pisum, a second semi-dominant resistance gene termed AIN (Acyrthosiphon induced necrosis)
has been identified [23]. AIN confers a moderate level of resistance to both aphid species and forms
hypersensitive response (HR-like) necrotic lesions at the site of infestation by both A. kondoi and
A. pisum [23,25]. This locus is present in both Jester and the reference M. truncatula accession, Jemalong
(A17) which lacks the three major resistance genes, AKR, APR and TTR. The M. truncatula cv. Jester is
closely related to A17 [21]. When compared with the highly susceptible M. truncatula accession A20,
A17 shows moderate resistance to all three aphid species [15]. In A17, in addition to the antibiosis
resistance conferred by the AIN locus, two distinct quantitative trait loci (QTLs) have been identified
for tolerance to A. kondoi and A. pisum, respectively [18]. Furthermore, three QTL involved in the
moderate antibiosis and tolerance to T. trifolii have also been identified in A17 [20].

The molecular mechanisms underlying the various types of aphid resistance in M. truncatula are
largely unknown. Expression analysis of genes involved in defence signalling pathways indicated
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that salicylic acid (SA)-related genes were induced in both A17 and Jester following the infestation by
A. kondoi and A. pisum [17,26,27]. However, jasmonic acid (JA)-related genes were highly induced only
in Jester when infested by A. kondoi suggesting that JA might be involved in the AKR-mediated resistance
to A. kondoi. In the interactions between M. truncatula and European biotypes of A. pisum, the induction
of phytohormones in Medicago truncatula was dependent upon the genotypes of both plant and insect
as well the time post-infestation and aphid density [28]. There was some induction of hormones
in the compatible interaction but higher concentration of JA, SA and medicarpin exhibited during
the incompatible interaction. Although Gao et al. [26] showed an induction of ET associated genes
following A. kondoi infestation of both Jester and A17, little is known about the role of the ET signalling
pathway in moderate or R-gene mediated responses in M. truncatula following aphid predation.

The primary aim of this study was to determine the role of ET signalling in the different modes of
resistance in M. truncatula against the three aphid species, A. kondoi, A. pisum and T. trifolii. The ET
insensitive mutant sickle in the A17 background, provides a useful genetic tool to decipher the function
of ET signalling in the control of different plant-aphid interactions [16,29,30]. Therefore, the role
of ET in the moderate resistance to aphids found in A17[18,20,23], was tested by comparing aphid
performance and plant tolerance in sickle to A17 wild-type plants. To examine the role of R gene
mediated resistance, crosses were made between Jester, which harbours the major resistance genes and
sickle. Offspring that carry both the homozygous sickle mutation and homozygous resistance genes
for the respective aphid species were then tested for aphid performance and plant damage caused
by aphid feeding. We found that ET is a negative regulator of moderate resistance to A. kondoi and
T. trifolii but not to the Australian, A. pisum biotype. Our results also showed that ET is not essential for
R gene mediated resistance against the three aphid species or for the AIN mediated HR-like response
to both A. kondoi and A. pisum.

2. Results

2.1. The M. truncatula Sickle Mutant Modulates Aphid Resistance

To examine if the ethylene-insensitive, M. truncatula sickle mutant affects the moderate aphid
resistance observed in A17, the performance of three aphid species, A. kondoi, T. trifolii and A. pisum
was measured. The highly resistant accession, Jester, which carries single dominant resistance genes to
all three aphid species and is near isogenic to A17, was included and aphid performance was measured
with single trifoliate leaves and subsequently with whole plant assays. Although the durations of aphid
infestation were different, seven days in single leaf experiments and 14 days in the whole plant assays,
for each aphid species and each M. truncatula accession, the results were consistent between these two
experiments. As shown in Figures 1 and 2, with all three aphid species, the aphid population weight
were significantly higher on the moderately resistant A17 than the highly resistant Jester, which was
consistent with our previous reports [17,21,31]. Interestingly, for both A. kondoi and T. trifolii, the aphid
weight was significantly lower (p < 0.05) on sickle than its wild-type parent, A17, but significantly
higher (p < 0.05) than on Jester plants. The reduction of aphid population on the sickle plants was
most pronounced for T. trifolii (Figures 1 and 3). At seven days following aphid infestation on single
trifoliate leaves, the average aphid population weight per trifoliate leaf on sickle was reduced to one
third that on A17. In the whole plant experiments, on A17, aphids were able to feed but performed
poorly with low aphid weight per plant dry weight (2.36 mg/g) (Figure 2). In contrast, no aphids
were observed on sickle or on Jester plants after 14 days of aphid infestation. However, for A. pisum,
the aphid weight did not differ significantly between sickle and A17 but was significantly higher than
on Jester. Consistent results were obtained in repeat experiments.
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Figure 1. Aphid performance on single intact trifoliate leaves of Medicago truncatula genotypes A17,
sickle and Jester. The aphid performance was shown as aphid fresh weight per trifoliate leaf at seven
days following infestation with Acyrthosiphon kondoi (five aphids), Therioaphis trifolii (seven aphids)
and A. pisum (four aphids). The values depict the mean and standard error of six biological replicates.
The means were only compared among M. truncatula genotypes within each aphid species and means
with different letters indicate the differences are significant as determined by ANOVA, GenStat (p< 0.05).

 
Figure 2. Aphid performance on Medicago truncatula genotypes A17, sickle and Jester with whole plant
assays. The aphid performance was shown as aphid fresh weight per plant dry weight at 14 days
following infestation with Acyrthosiphon kondoi (five aphids), Therioaphis trifolii (seven aphids) and
A. pisum (four aphids). The values depict the mean and standard error of six biological replicates.
The means were only compared among M. truncatula genotypes within each aphid species and means
with different letters indicate the differences are significant as determined by ANOVA, GenStat (p< 0.05).
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Figure 3. Aphid performance on Medicago truncatula accession A17, sickle, Jester and three independent
F3 lines of Jester x sickle crosses, JxS 44, JxS 5 and JxS 70, containing the homozygous sickle mutation
and all three aphid resistance genes, AKR (Acyrthosiphon kondoi resistance), APR (Acyrthosiphon pisum
resistance) and TTR (Therioaphis trifolii resistance), seven days after the infestation by A. kondoi (five
aphids) (A), T. trifolii (seven aphids) (B) and A. pisum (four aphids) (C). The values depict the mean and
standard error of six biological replicates. For each aphid species, different letters indicate significant
differences in the aphid weight between M. truncatula genotypes as determined by ANOVA, GenStat
(p < 0.05).
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2.2. Effect of M. truncatula Sickle Mutant on Plant Tolerance to Aphid Feeding

Prior to aphid infestation, the leaves of A17, sickle and Jester plants (three weeks after planting)
showed no noticeable phenotypical difference. Experiments with single trifoliate leaves demonstrated
that following aphid feeding for seven days all three aphid species caused significant damage to the
leaves of A17, resulting in reduced leaf size and leaf senescence (Figure 4). The infestation of A. kondoi
and A. pisum also caused leaf senescence on the resistant Jester plants despite much lower aphid
population weight on Jester than on A17. Interestingly, with all three aphid species, the leaf senescence
was not noticeable on the leaves of sickle, even though higher aphid populations were observed on
sickle than on the resistant Jester plants. This was most apparent with A. pisum where on sickle leaves
the aphid population levels were comparable to A17, and significantly higher than on Jester (Figures 1
and 4). Consistent outcomes were obtained under both growth cabinet and glasshouse conditions in
three repeat experiments.

 
Figure 4. The damage symptoms on single intact trifoliate leaves of Medicago truncatula genotypes A17,
sickle and Jester (left panels). The necrotic flecks (indicated by arrows) on each M. truncatula genotype are
depicted on the right. The photos were taken at seven days following infestation with Acyrthosiphon kondoi
(five aphids) (A), Therioaphis trifolii (seven aphids) (B) and A. pisum (four aphids) (C).

The tolerance responses of sickle, A17 and Jester plants to aphids when measured with whole
plants were consistent with the results on single trifoliate leaves. As illustrated in Figure 5, for each
aphid species, the degree of plant biomass reduction caused by aphid infestation correlated with the
aphid population levels shown in Figure 2. A17 showed the highest plant biomass reduction relative
to the un-infested control plants. In response to the infestation by both A. kondoi and T. trifolii, sickle
demonstrated significantly (p < 0.05) lower plant biomass reduction than A17. With A. kondoi, the
biomass reduction in sickle was significantly (p < 0.05) higher than Jester; however, with T. trifolii, the
plant biomass of sickle or Jester was not significantly different between aphid-infested and control
plants. In contrast, the plant biomass reduction caused by A. pisum infestation did not differ between
sickle and A17, which was significantly (p < 0.05) higher than that of Jester (Figure 5).
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Figure 5. Plant tolerance of Medicago truncatula genotypes A17, sickle and Jester with whole plant assays.
The plant tolerance was measured as the percentage of plant biomass reduction caused by the infestation
of Acyrthosiphon kondoi (five aphids), Therioaphis trifolii (seven aphids) and A. pisum (four aphids) for 14
days. The values depict the mean and standard error of six biological replicates. The means were only
compared among M. truncatula genotypes within each aphid species and means with different letters
indicate the differences are significant as determined by ANOVA, GenStat (p < 0.05).

2.3. Effect of M. truncatula Sickle Mutant on R Gene Mediated Resistance to Aphids

To examine if the sickle mutation affects R gene mediated aphid resistance, we crossed the
sickle locus (located on chromosome 7) to the Jester background. Jester contains all three single
dominant aphid resistance genes AKR, APR and TTR, which are closely linked and located on
chromosome 3 [17,22,32,33]. The F2 plants from these crosses were first screened for the sickle locus
using 1-aminocyclopropane-1-carboxylic acid (ACC) (see Materials and Methods). Out of 512 F2

seedlings screened, 163 showed normal embryonic root growth similar to ACC treated sickle mutants
and untreated controls, which is consistent with a 1:3 segregation ratio (Chi-square = 2.34, p = 0.125)
for the 163 lines containing the homozygous sickle allele. A subset (90) of 163 pre-selected sickle
mutant lines were further assessed using high throughput, Multiplex-Ready marker technology and
molecular markers linked to these resistance gene loci. Nine homozygous sickle plants also contained
homozyogous alleles of all three aphid resistance genes (Supplementary Table S2).

To investigate if the sickle mutation affects R gene mediated resistance to the three aphid species,
aphid performance and leaf tolerance were first measured on single trifoliate leaves of individual
F2 plants with the sickle mutation and the three aphid resistance loci and the results compared to
sickle, A17 and Jester. A follow-up experiment with three randomly selected F3 lines, each containing
homozygous sickle, AKR, APR and TTR alleles was conducted. The results were consistent in both
studies using F2 or F3 plants, but only the results using the F3 homozygous lines are presented in
Figure 3. With all three aphid species, aphid weights on the control plants of sickle, A17 and Jester
were consistent to the results shown in Figure 1. For each aphid species, the aphid weights on the
three independent F3 lines were not significantly different (p > 0.05) from each other and did not differ
significantly from the aphid weight on the Jester plants (Figure 3). The results demonstrate that the ET
insensitive sickle mutation has no impact on the antibiosis effect conferred by the three aphid R genes;
AKR, TTR and APR, against A. kondoi, T. trifolii and A. pisum, respectively.
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2.4. The Role of Ethylene Insensitivity in the AIN-Mediated Hypersensitive Response to A. kondoi and
A. pisum Infestation

Both M. truncatula A17 and Jester carry the semi-dominant AIN gene (Acyrthosiphon-induced
necrosis) which causes HR-like necrotic flecks upon feeding by both A. kondoi and A. pisum [23].
To evaluate if the sickle mutant interacts with AIN-mediated necrosis, the number of necrotic flecks per
trifoliate leaf were recorded. A. kondoi and A. pisum both induced necrotic like spots on A17 and sickle
(Figures 4 and 6). As shown in Figure 4, when infested with A. kondoi, the average number of necrotic
flecks per leaf varied significantly (p < 0.05) between A17 and sickle with 19.5 and 12 per leaf, respectively
(Figure 6). In contrast, upon feeding by A. kondoi there were no macroscopic lesions observed on Jester
nor on leaves of F2 and F3 lines containing both homozygous sickle and AKR loci (Figures 4 and 6).
When infested with A. pisum, necrotic spots were observed on the leaves of all M. truncatula accessions
examined. The number of necrotic spots per leaf did not differ significantly (p > 0.05) between A17 and
sickle or between Jester and lines carrying both the sickle and APR loci (Figure 6).

Figure 6. The numbers of necrotic flecks on Medicago truncatula accessions A17, sickle, Jester and three
independent F3 lines of Jester x sickle crosses, JxS 44, JxS 5 and JxS 70, containing the homozygous
sickle mutation and all three aphid resistance genes, AKR (Acyrthosiphon kondoi resistance) and APR
(A. pisum resistance), seven days after the infestation by A. kondoi (five aphids) and A. pisum (four
aphids). The values depict the mean and standard error of six biological replicates. The means were
only compared among M. truncatula accessions within each aphid species. The differences in the
number of necrotic flecks caused by A. pisum are not significant as determined by ANOVA, GenStat
(p > 0.05). With A. kondoi, the necrotic flecks were not observed on M. truncatula accession, Jester, JxS
44, JxS 5 and JxS 70, containing homozygous sickle and AKR alleles. * indicates that with A. kondoi
the numbers of necrotic flecks on A17 and sickle are significantly different as determined by ANOVA,
GenStat (p < 0.05).

3. Discussion

The model legume M. truncatula provides a great opportunity to decipher the molecular
mechanisms underlying plant defence against sap-sucking insects, where various types of interactions
have been identified to multiple aphid species [16]. The well characterised, ET insensitive, M. truncatula
sickle mutant allowed us to determine the specific roles that ET plays in plant-aphid interactions.
We have found that the sickle mutant enhanced the antibiosis effect on A. kondoi and T. trifolii but not
A. pisum (Figures 1 and 2), and delayed leaf senescence caused by the feeding of all three aphid species.
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We show that the ET signalling pathway is not essential for the function of the major aphid resistance
genes, AKR, APR or TTR against the three aphid species and is also not required for the AIN-mediated
hypersensitive response to A. kondoi or A. pisum infestation.

Our results showed that on sickle, the growth of both A. kondoi and T. trifolii colonies was
significantly reduced compared to its wild-type parent, A17. The results suggest that ET is a negative
regulator of the moderate resistance in M. truncatula against these two aphid species. The ET signalling
pathway has previously been demonstrated as a negative regulator in other plant species against
sap-sucking insects. For instance, in rice, the suppression of ET biosynthesis enhanced resistance
against a piercing-sucking insect, the brown planthopper (N. lugens) but reduced plant resistance
against a chewing insect, striped stem borer (C. suppressalis) [34]. In Arabidopsis, several studies
suggested that ET is a negative regulator of aphid defense responses. The fecundities of the generalist
M. persicae and the specialist Brevicoryne brassicae were reduced on the ET-insensitive etr1 mutant
compared to wild-type plants [10,35]. The overexpression of a transcription factor gene, MYB102,
which promotes ET biosynthesis by upregulation of some 1-aminocyclopropane-1-carboxylate synthase
(ACS) genes in the ET-synthetic pathway led to an increase in aphid performance [36]. Furthermore,
in tomato, ET signalling contributes to the susceptibility of potato aphid, M. euphorbiae, in the absence
of the Mi-1.2 gene. In choice assays, potato aphids preferred wild-type plants to the ET-insensitive,
Neverripe mutant [37]. Our results with sickle together with other results discussed, suggest that ET can
benefit the feeding for some aphid species, and the impediment of ET pathway impairs the infestation
of these aphids.

In contrast to A. kondoi and T. trifolii, the sickle mutant did not affect the growth of the Australian
biotype of A. pisum (Figures 1 and 2). These findings were consistent with studies with the European
A. pisum biotype (PS01), which is distinct from the Australian A. pisum biotype, and where ET was
also found to not be involved in the aphid susceptible or resistant interactions [24,28]. However,
sickle was found to promote the growth of a Chinese biotype of A. pisum [38–40]. These differences
between the A. pisum biotypes and with A. kondoi and T. trifolii suggest that the role of ethylene in the
M. truncatula-aphid interactions is both biotype- and species-dependent.

How ET signalling modulates the moderate resistance in A17 against A. kondoi and T. trifolii is
unknown. A17 carries multiple QTLs conferring antibiosis factors against these two aphid species [18,20].
The direct link between the ET signalling pathway and a specific QTL(s) in A17 is yet to be investigated.
It is possible that the suppression of the ET pathway in sickle led to upregulation of other signalling
pathways, such as for SA and JA, which might increase plant defence mechanisms against these
two aphid species, as these signalling pathways are often inter-linked and work synergistically
or antagonistically [41–43]. Further research on the interactions between the ET insensitivity in
M. truncatula sickle and other defense signalling pathways in plant-aphid interactions will facilitate the
understanding of the function of ET in plant resistance to aphids.

Our results also showed that the sickle mutant delayed the leaf senescence caused by the feeding
of all three aphid species. There was no noticeable phenotypical difference among the leaves of A17,
sickle and Jester control plants prior to aphid infestation at three weeks after planting though sickle
could demonstrate concomitant alternation of some ethylene related phenotypes, including delayed
petal and leaf senescence and decreased abscission of seed pod and leaves at the later stage of plant
growth [29]. As all our experiments were carried out with young plants of three to five weeks old, it is
unlikely these concomitant ethylene related phenotypes have a direct impact on aphid performance or
plant symptom in response to aphid infestation. Aphid infestation causes changes in source allocation
in the host plant to direct nutrients to the insect infested tissues [44]. Premature leaf senescence has
been suggested to be a plant defence mechanism used to counteract aphid feeding by redirecting the
nutrients to the un-infested source tissues [45]. In Arabidopsis, infestation by M. persicae induced the
transcription level of SENESCENCE ASSOCIATED GENES (SAGs). Silencing of the SAGs delayed
plant senescence which led to an increase M. persicae levels [45]. Here we observed the opposite with
the M. truncatula sickle mutant. Whether the delay in leaf senescence directly relates to the increased
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antibiosis resistance to A. kondoi and T. trifolii remains unknown. Further research would help elucidate
the relationship between leaf senescence and aphid feeding processes.

We have determined that ET is not essential for AKR, APR or TTR mediated resistance against
A. kondoi, A. pisum or T. trifolii, respectively. ET has also been found to be dispensable for the RAP
gene mediated resistance against the European A. pisum biotype [28]. However, upon infestation
by A. kondoi or T. trifolii, some ET related genes were found to be induced in both A17 and Jester,
with higher induction in Jester than A17 [26,27]. The lack of difference in aphid performance between
Jester and Jester with the homozygous sickle mutation suggests that induction of the ET related
genes previously found in Jester may be insufficient in limiting aphid feeding from the plant [26].
This might also be the case in other plant-aphid systems, such as in resistant barley plants with
Schizaphis graminum, Rhopalosiphum padi, and Diuraphis noxia [11,12], wheat with D. noxia [13], tomato
(Mi1.2) with Macrosiphum euphorbiae and melon (Vat) with Aphis gossypii [14]. Although in these
plant-aphid systems, ET production or ET related genes were shown to be highly induced in the
resistant interactions, whether ET contributes to the resistance outcome is still a question.

Both A17 and Jester carry a semi-dominant locus called AIN which mediates necrotic lesions
resembling a hypersensitive response at the site of infestation by both A. kondoi and A. pisum [23].
It is unlikely that ET signalling is negatively regulating the activity of AIN in A17 for the following
reasons: firstly, while AIN is important for resistance to both A. kondoi and A. pisum in A17, the sickle
mutant only results in an increase in resistance to A. kondoi. Secondly, the sickle mutant still displays the
same HR-like symptoms conferred by AIN following infestation with either aphid. While the overall
number of necrotic lesions were less in sickle than A17 following A. kondoi infestation, this is most likely
a reflection of the lower number of aphids feeding on sickle, due to the increase in aphid resistance.
Importantly, the size of the necrotic lesions remained similar between sickle and A17. Collectively,
these data suggest that ET signalling is not a negative regulator of AIN activity. As discussed earlier,
there are other QTLs that have been identified in A17 as being important for the moderate resistance to
A. kondoi but not A. pisum [18], which may be the target of ET negative regulation, or the target(s) may
be an unidentified loci.

In conclusion, the M. truncatula sickle mutant has previously been shown to be defective in the
control of root infecting micro-organisms including beneficial rhizobia, mycorrhizal fungi, as well as
infection by the fungal and oomycete pathogens, R. solani and P. medicaginis [46,47]. Here we observed
a positive effect of the sickle mutant on the control of the infestation by insect herbivory, by A. kondoi
and T. trifolii. While ET signaling is not essential for the activity of three R genes for resistance against
A. kondoi, A. pisum and T. trifolii, it is also not involved in the AIN mediated hypersensitive response
to A. kondoi and A. pisum. However, the sickle mutant delayed leaf senescence by all three aphid
species, but enhanced tolerance only to infestation by A. kondoi and T. trifolii, The results suggest that
manipulation of the ET signaling pathway could also help provide resistance to certain aphid species
and enhance plant tolerance against aphid feeding.

4. Materials and Methods

4.1. Plant Materials and Growth Conditions

Included in this study were M. truncatula A17 (referred to as “wild-type”), which is the reference
M. truncatula accession, an ethylene insensitive sickle mutant, a tnt1 retrotransposon mutant that arose
from a single tnt1 insertion in the genetic background of A17 [29,30] and Jester which is closely related
to A17 sharing 89% genome identity [21]. In addition to ethylene insensitivity, sickle also demonstrates
delayed petal senescence and decreased abscission of seed pod and leaves. In addition F2 and F3

progenies were generated by reciprocal crossing between Jester and sickle accession plants according to
the methods described by [48].

Prior to planting, seeds were scarified and germinated on moist filter paper in the dark at room
temperature for two days. Plants were grown in a growth chamber with 16 h light (22 ◦C)/8 h
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dark (20 ◦C) under metal halide and incandescent lamps producing 240 to 260 μE m−2 s−1 or in a
glasshouse with controlled temperature around 22 ◦C and ambient light condition. In both glasshouse
and growth chamber experiments, plants were grown in individual 0.9 L pots with Arabidopsis soil
mix (Richgrow company, Perth, WA, Australia). Plants were fertilized with liquid Nitrosol fertilizer
(Amgrow Australia, Perth, WA, Australia) once planted and watered two times per week throughout
the experiments.

4.2. Aphid Species and Rearing Conditions

The aphid species used were A. kondoi (bluegreen aphid), A. pisum (pea aphid.) and T. trifolii
f. maculate (spotted alfalfa aphid). Aphids of each species were obtained from colonies initiated
from single aphid clones collected in Western Australia and were reared on Subterranean clover
(Trifolium subterraneum) for A. kondoi, faba bean (Vicia faba L.) for A. pisum and alfalfa (M. sativa) for
T. trifolii with 14 h light (23 ◦C)/10 h dark (20 ◦C) under high pressure sodium lamps and fluorescent
light at 280 μE m–2 s–1. Aphids were transferred to experimental plants with a fine paintbrush.

4.3. Screening for F2 Plants Containing the Sickle Homozygous Allele

To obtain lines with the homozygous sickle locus and all three aphid resistance genes, AKR, APR
and TTR crosses between sickle and Jester were performed F2 plants were first screened for the sickle
mutation using 1-aminocyclopropane-1-carboxylic acid (ACC) [30]. To establish an effective and
reliable condition for the screening, five concentrations of ACC, 20, 40, 60, 80 and 100 ppm were initially
evaluated with the sickle mutant, A17 and Jester with water as the control. While the sickle mutant
showed no response to all ACC concentrations, 20 ppm ACC started to show impact on the embryonic
root of A17 and Jester, while 80 ppm or 100 ppm of ACC resulted in severe stunting of root radicles of
both A17 and Jester (Supplementary Figure S1). The 100 ppm was used for the screening of the Jester x
sickle F2 population (Supplementary Figure S2).

4.4. Genotyping F2 Plants with AKR, APR and TTR Loci

In order to obtain F2 lines that combined the homozygous sickle allele and the three aphid resistance
gene loci, 90 of the 163 pre-selected F2 sickle mutant plants were randomly selected and analysed using
high throughput Multiplex-Ready marker technology (MRT) and molecular markers linked to these loci
(Supplementary Table S1). The plants were grown in the growth room conditions as described above.
Two weeks after planting, a single trifoliate leaf from each plant was collected and DNA isolated using
the CTAB method as described previously [49]. DNA was subsequently diluted to a concentration of
50 ng/μL in a 96-well plate and multiplex ready PCRs were setup using the primers in Supplementary
Table S1 and the protocol described by Hayden et al. [50]. The multiplexed PCR products were
subjected to fragment analysis on an ABI3730 DNA analyser (Applied Biosystems, Melbourne, Victoria,
Australia) according to Hayden et al. [50] and marker allele sizing determined using the Genemarker
software (SoftGenetics LLC, State College, PA, USA).. After the genotyping, seeds from the F2 plants
with both the homozygous sickle and the three homozygous aphid resistance gene alleles, AKR, APR and
TTR, were harvested to obtain F3 seeds for the subsequent aphid infestation experiments.

4.5. Aphid Performance and Plant Damage on Single Trifoliate Leaves

To assess the aphid performance and leaf tolerance of sickle in comparison with its wild-type,
parent A17 and Jester against three aphid species, three experiments were conducted, one in the
glasshouse and two in growth chambers. Six replicate plants of each M. truncatula accession were
randomly arranged. For all three experiments, three weeks after sowing, a single trifoliate leaf of
similar age (fourth or fifth trifoliate leaf to emerge on the primary stem) of each plant was infested with
four, five or seven adults of A. pisum, A. kondoi or T. trifolii, respectively. The number for each aphid
species was determined based on our previous experiences with regards to the aphid size, the speed of
aphid reproduction and degree of leaf damage caused to create a condition that allowed the aphid
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growth and leaf damage to be fully expressed to make comparison between the three M. truncatula
accessions [17,22,23,26,31–33]. The aphids were caged on a single trifoliate leaf in a linen mesh cage
(35 × 200 mm) per plant. A wooden stake supported the stem and cage [26]. Seven days after aphid
infestation, the aphids on each leaf were collected and weighed. The damage on each leaf was visually
assessed after the removal of the aphids.

The effect of the sickle mutant on R gene mediated aphid resistance was first measured using
the F2 plants after the genotyping. This was followed by an experiment using three independent F3

lines which contained the sickle, AKR, APR and TTR homozygous alleles. A17, Jester and the sickle
mutant were included for comparison. For each accession/F3 line, six replicate plants were set up for
the aphid infestation as described above with single trifoliate leaves. The aphid population weight and
leaf damage symptoms, such as leaf senescence and necrosis, were assessed. To examine if the sickle
mutant affects the AIN -mediated hypersensitive response to A. kondoi and A. pisum, the numbers of
macroscopic necrotic flecks per single trifoliate leaves were also recorded.

4.6. Aphid Performance and Plant Tolerance Experiments on Whole Plants

To assess the aphid performance and plant tolerance on whole plants, non-choice experiments
were conducted under glasshouse conditions. Plants of M. truncatula sickle mutant, A17 and Jester
were grown as described above. Two weeks after planting, each plant was infested with four, five or
seven adults of A. pisum, A. kondoi or T. trifolii, respectively. Six replicate plants were set up for each
M. truncatula accession with or without aphid infestation. Plants were randomly arranged. Fourteen
days after the aphid infestation, aphids were collected from each plant and weighed immediately. After
the removal of the aphids, the aerial part of all the plants including the non-infested control plants
were dried in the oven at 50◦C for two days. The dried weight of each plant was recorded. For each
plant, aphid fresh weight per plant dry weight was calculated to determine aphid performance on the
plant. For each M. truncatula accession, the tolerance of individual plants to aphid infestation was
measured as the percentage of plant biomass reduction (PBR) relative to mean biomass of the control
plants of the same M. truncatula accession using the formula: PBR = [(A − B)/A] × 100, in which A:
average of the non-infested plant dry weight; B: dry weight of individual aphid-infested plant.

With each experiment, the aphid weight, the number of necrotic flecks or plant biomass reduction
were analyzed by one-way ANOVA and compared by the LSD test at a 5% significance level using
GenStat (VSN International, Rothamsted Research, Hertfordshire, UK).

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/13/4657/s1.
Table S1. Overview of the PCR primers used; Table S2. Overview of the genotyping data. Supplementary Figure S1.
The radicle root growth of Medicago truncatula A17, Jester and sickle mutant. Supplementary Figure S2. Screening
of Medicago truncatula F2 plants of crosses between Jester and sickle
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Abstract: Hydrogen sulfide (H2S), once recognized only as a poisonous gas, is now considered the
third endogenous gaseous transmitter, along with nitric oxide (NO) and carbon monoxide (CO).
Multiple lines of emerging evidence suggest that H2S plays positive roles in plant growth and
development when at appropriate concentrations, including seed germination, root development,
photosynthesis, stomatal movement, and organ abscission under both normal and stress conditions.
H2S influences these processes by altering gene expression and enzyme activities, as well as regulating
the contents of some secondary metabolites. In its regulatory roles, H2S always interacts with either
plant hormones, other gasotransmitters, or ionic signals, such as abscisic acid (ABA), ethylene, auxin,
CO, NO, and Ca2+. Remarkably, H2S also contributes to the post-translational modification of proteins
to affect protein activities, structures, and sub-cellular localization. Here, we review the functions of
H2S at different stages of plant development, focusing on the S-sulfhydration of proteins mediated by
H2S and the crosstalk between H2S and other signaling molecules.

Keywords: hydrogen sulfide; reactive oxygen species; S-sulfhydration; plant hormone;
gasotransmitter

1. Introduction

Sulfur (S) is an essential element and is involved in the synthesis and metabolism of the
sulfur-containing amino acids cysteine (Cys) and methionine (Met), as well as co-enzyme A, thiamine,
biotin, iron-sulfur clusters, and nitrogenase. Only plants, algae, fungi, and some prokaryotes can
take advantage of the inorganic sulfur (sulfate, SO4

2−) naturally found in soils and incorporate it into
organic forms [1]. During sulfur assimilation in plants, the SO4

2− absorbed by roots is first reduced to
hydrogen sulfide (H2S) under the catalysis of adenosine-5′-phosphoryl sulfate reductase (APSR) and
sulfite reductase (SIR) and then transformed into Cys under the catalysis of O-Acetylserine (thiol) lyase
(OAS-TL). Therefore, H2S is an extremely important intermediate in the thio-metabolism pathway.
H2S can also be generated from chloroplasts and mitochondria through the reduction of Cys by
β-cyanoalanine synthase (CAS) and cysteine desulfhydrase (CDes) [2–5]. CAS can transform cyanide
(CN−) and L-Cys into β–cyanoalanine and H2S to degrade the toxin cyanogen (Figure 1) [3,6,7]. CDes,
such as L-cysteine desulfhydrase (LCD, at3g62130) [2], L-cysteine desulfhydrase 1 (DES1, at5g28030) [4],
D-cysteine desulfhydrase 1 (DCD1, at1g48420), and D-cysteine desulfhydrase 2 (DCD2, at3g26115) in
Arabidopsis, catalyze both L-Cys and D-Cys into H2S, pyruvate, and ammonia. LCD and DES1 use
L-Cys as substrate and are the two pivotal enzymes in the process of endogenous H2S production [2].
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Figure 1. The synthesis and metabolism of H2S in higher plants. H2S is generated coincident with
sulfate reduction in the plant cell. The key enzymes in H2S biosynthesis and metabolism include sulfite
reductase (SIR), L-cysteine desulfhydrase (L-CDes), D-cysteine desulfhydrase (D-CDes), β-cyanoalanine
synthase (CAS), and O-acetylserine(thiol)lyase (OAS-TL). Plants are capable of reducing activated
sulfate (SO4

2−) to sulfite (SO3
2−), after that SIR catalyzes SO3

2− to H2S, with ferredoxin (Fdred) as the
electron donor. In the presence of OAS-TL, the generated H2S is reversibly reduced to L-cysteine by
reacting with O-acetylserine (OAS). L-CDes and D-CDes catalyze the degradation of L/D-cysteine
to produce H2S, amine (NH3) and pyruvate to maintain H2S homeostasis. CAS, located in the
mitochondria, can also catalyze the production of H2S, using cyanide (CN−) and cysteine as substrates,
removing the toxin cyanogen.

H2S is a toxic gaseous molecule with the pungent odor of rotten eggs and has serious impacts
on animals and plants [8]. Just 30 μmol/L H2S can inhibit the activity of mitochondrial cytochrome
c oxidase and reduce the intensity of mitochondrial respiration by 50% [9]. Surprisingly, H2S also
functions as a gasotransmitter, with essential roles at different stages of plant development. H2S
interacts with other signals, such as plant hormones, other gasotransmitters, and ionic signals. H2S can
also post-translationally modify proteins or affect secondary metabolism [10]. During seed imbibition,
the endogenous H2S level increases in Arabidopsis under normal growth conditions [11]. When
the germination of wheat seed is inhibited under copper (Cu) stress, treatment with an appropriate
concentration of exogenous H2S (1.4 mM) promotes germination by reducing oxidative damage [12].
In addition, H2S induces stomatal movement of guard cells and serves as a switch in stomatal
opening [13]. The application of an exogenous H2S donor (sodium hydrosulfide (NaHS) or GYY4137
(morpholine-4-4-methoxyphenyl)) reduces the nitric oxide (NO) accumulation induced by abscisic
acid (ABA) and promotes guard cell movement to allow stomatal opening in light or darkness [14].
In Arabidopsis, mutation of des1 leads to premature senescence of leaves [15]. In many fruits and
vegetables, H2S treatment delays premature leaf senescence and the decay of fruits after harvest via
reducing the accumulation of reactive oxygen species (ROS) [16,17] and inhibits the abscission of plant
organs via increasing the content of auxin in abscission zone tissues [18]. A recent report has shown that
there is a significant increase in the S-sulfhydration level of the actin proteins in an H2S-overproducing
line, created by the over-expression of LCD in the Arabidopsis O-acetylserine(thiol)lyase isoform a1 (oasa1)
mutant (OE LCD-5/oas-a1). This increase in S-sulfhydration decreased the distribution of the actin
cytoskeleton, which directly weakened actin polymerization and impaired root hair growth [19].

Here, we comprehensively review the functions of H2S in plant growth and development under
normal or adverse environmental conditions and the mechanisms by which H2S influences different
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processes. The review focuses on both the crosstalk of H2S with other signals and the H2S-mediated
S-sulfhydration of proteins.

2. Roles of H2S at Different Stages of Plant Development

2.1. H2S Promotes Seed Germination

Seed germination, the first step of the plant life cycle, is quite vulnerable to unfavorable
environmental conditions [20], and several studies have addressed the concentration of H2S that
contributes to seed germination under normal or stress conditions. For instance, when the seeds and
later roots of bean, pea, wheat, and corn were exposed to 10–100 mM H2S solutions, their germination
rate and seedling size were increased, and their germination times were shortened. After growing
to maturity in soil, the total mass, roots and fruits of all H2S-pretreated plants were greater than the
controls [21]. In imbibed seeds, the activities of L/D-CDes were stimulated and the content of H2S
increased slightly compared with the dry seeds [11]. In the presence of hypotaurine (HT, an H2S
scavenger) or DL propargylglycine (PAG, a DES1 inhibitor), seed germination was delayed [11],
suggesting that H2S is indispensable in seed germination. Furthermore, metal, osmotic, and heat
stresses often cause oxidative damage during seed germination. In wheat seeds inhibited by Cu,
aluminum (Al), or osmotic stresses, treatment with the H2S donor, 1.4 mM NaHS, not only increased
the content of endogenous H2S but also improved germination, with increased activities of amylase
and esterase. Meanwhile, NaHS treatment prevented the absorption of Cu and maintained lower
levels of malondialdehyde (MDA) and hydrogen peroxide (H2O2) [12,22,23]. It was concluded that
H2S plays an important role in promoting seed germination during ionic stress by reducing oxidative
damage and preventing the absorption of metal ions.

Heat stress generally suppresses seed germination by enhancing the contents of ABA, which acts
through ABA-INSENSITIVE 5 (ABI5) and ELONGATED HYPCOTYL 5 (HY5), positive regulators of
ABA inhibition of seed germination [24]. In maize seeds under high temperature, pre-soaking with
0.5 mM NaHS enhanced seed germination rates, sprout length, root length, and fresh weight [25].
In Arabidopsis seeds under heat stress, 0.1 mM H2S treatment broke the ABA inhibition on seed
germination. This was shown to be due to decreased translocation of the E3 ligase CONSTITUTIVE
PHOTOMORPHOGENESIS 1 (COP1) from the nucleus to the cytoplasm, causing continued degradation
of ELONGATED HYPCOTYL 5 (HY5) in the nucleus. Degradation of HY5 in the nucleus inhibits
ABA signaling since the transcription of ABI5 could not be activated by HY5. H2S is thus potentially
important in the modulation of thermotolerance of seed germination [24].

Li et al. (2012) found that soaking Jatropha curcas seeds with H2O2 could greatly improve the
germination rate by stimulating LCD activity and H2S accumulation [26]. Interestingly, germination
was enhanced by exogenous H2S but was reduced by pretreatment with an H2S biosynthesis inhibitor
(aminooxyacetic acid, AOA). Thus, H2S plays a vital role in H2O2-induced seed germination in
Jatropha curcas [26].

Together, these reports show that the content of endogenous H2S increases during seed germination
and that exogenous NaHS treatment enhances the production of endogenous H2S, which in turn
protects seed germination from damage by enhancing the activities of amylase and esterase, by reducing
oxidative damage, by preventing the absorption of metal ions, and by repressing ABA signaling.

However, there are also reports of confounding roles for H2S during seed germination. In the
des1 mutant of Arabidopsis, the content of H2S remained unchanged after imbibition, and there was
no significant difference in seed germination between wild type (WT) and des1 under a range of
temperatures (15–25 ◦C) and either 1 μM or 5 μM ABA [11]. In another study, when wheat TaD-CDes
was ectopically overexpressed in Arabidopsis, both the transcription level and enzyme activity of
D-CDes were increased, but the seed germination of TaD-CDes-expressing plants was more sensitive
to ABA [27]. Therefore, the above results indicate that appropriate increase in the content of H2S
aids seed germination under both normal and stress conditions but that endogenous H2S has an
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incompatible role with the exogenous application of H2S under ABA treatment, and the mechanism is
not clear absolutely.

2.2. H2S Affects Formation of Lateral Roots

The development of plant root is primarily regulated by indoleacetic acid (IAA) [28]. However,
recent studies have shown that H2S plays a significant role in the development of lateral roots
by interacting with IAA, NO or H2O2 [29–31]. For instance, Zhang et al. (2009) reported that
the application of 0.2 mM NaHS on cuttings of Ipomoea batatas seedlings promoted the number
and the length of adventitious roots in a dose-dependent manner with increases in IAA and
NO [29]. Further research showed that 1 mM NaHS pretreatment induced the up-regulation of
an auxin-dependent Cyclin Dependent Kinases (CDK) gene (SICDKA1) and a cell cycle regulatory gene
(SICYCA2) and the down-regulation of the Kip-Related Protein 2 (SlKRP2), which is dependent on
NO signaling [32]. The gene expression induced by H2S could be blocked by an IAA transport
inhibitor (N-1-naphthylphthalamic acid; NPA) or a NO scavenger [2-(4-carboxyphenyl)-4,4,5,5
-tetramethylimidazoline-1- oxyl-3- oxide; cPTIO], indicating that the lateral root development promoted
by H2S is also dependent on NO and IAA signaling through regulation of SICDKA1, SICYCA2 and
SlKRP2 [29]. Moreover, 1 mM NaHS treatment upregulated the respiration burst oxidase homologous
(RBOH1) transcript, resulting in the overproduction of H2O2, contributing to lateral root formation
in tomato. However, when plants were co-treated with an H2O2 scavenger (dimethylthiourea;
DMTU) and an inhibitor of NADPH oxidase (diphenylene iodonium; DPI), the lateral root formation
induced by NaHS was impaired, and the up-regulation of SlCYCA2;1, SlCYCA3;1, and SlCDKA1
and the down-regulation of SlKRP2 induced by H2S was suppressed [31]. Therefore, it can be
concluded that H2S treatment upregulated the RBOH1 transcript and promoted the production of
H2O2, which stimulated NO and IAA signaling through regulation of the expression of SICDKA1,
SICYCA2, SlCDKA1 and SlKRP2, leading to lateral root formation.

Methane (CH4) is another gaseous compound that may transmit signals. Recent studies have
shown that CH4 plays an important role in some plant physiological processes, such as responses
to water, salt and heavy metal stressors [33–35]. In addition, CH4 was also found to participate in
root organogenesis, an activity that might be related to NO [36]. Kou et al. (2018) discovered that
CH4 treatment increased the expression levels of L-CDes genes and the endogenous H2S content,
which then promoted adventitious root development in cucumber with the up-regulation of genes
related to cell division, namely CsDNAJ-1, CsCDPK, CsCDPK5, and CsCDC6, to auxin signaling, namely
CsAux22D-like and CsAux22B-like, and that this response was disrupted by the presence of the H2S
scavenger HT or the DES1 inhibitor PAG [37]. Similar results were reported in tomatoes [38]. Further,
the lateral roots of the Atdes1 mutant showed defects in the presence of CH4 in Arabidopsis [38].
All these data demonstrated that DES-dependent H2S signaling plays a major role in CH4-triggered
lateral root formation.

Chen et al. (2014) found that selenium (Se) stress inhibited root growth in Brassica napus by
suppressing the expression of most of the LCD and DCD homologues [30]. Pretreatment with 0.5 mM
NaHS alleviated the inhibitory effect of Se on root growth by partly restoring the endogenous H2S
content in roots and reducing the accumulation of ROS by increasing the content of glutathione (GSH),
suggesting that both H2S and GSH are involved in the regulation of lateral root growth under stress
through antioxidation [30].

However, in some other studies, high levels of H2S (100–500 μM) changed root development by
inhibiting auxin transport and thus altering the polar subcellular distribution of the PIN proteins,
which is an actin-dependent process [39]. NaHS treatment (100 μM) and the overproduction of
endogenous H2S in the OE LCD-5/oasa1 line significantly increased the S-sulfhydration level of
actin-2 and decreased the distribution of actin cytoskeleton in root cells, which directly weakened
the aggregation of actin and reduced the root hair density of Arabidopsis [19]. Overexpression of
D-CDes further inhibited root growth under ABA treatment [27]. Based on the above studies, it is
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speculated that the concentration of H2S may vary in different plants. The appropriate concentration
of H2S promotes the formation of adventitious roots by affecting the expression of cell division-related
genes and auxin signaling-related genes or by reducing the accumulation of ROS induced by stress.
In Arabidopsis, increasing the endogenous H2S levels, either through treatment with high concentration
of NaHS (100 μM) or through overexpression of a CDes gene, to a harmful level that affects lateral root
development through the S-sulfhydration of actin-2, a posttranslational modification.

2.3. H2S Regulates Plant Stomata Movement and Photosynthesis

Stomata are the channels that allow the exchange of gas and water between plants and the
environment, and their opening and closing regulate the important physiological processes of
photosynthesis and transpiration, thus affecting the growth and development of plants [40]. Stomatal
movement and photosynthesis are most often influenced by environmental factors—including
light, temperature, and water-and regulated by plant hormones, such as ABA, jasmonic acid (JA),
or ethylene (ET). Other important signaling components influencing stomatal movement are Ca2+, NO,
and H2O2 [41–45].

At present, a number of studies have confirmed that H2S, as a gaseous signaling molecule,
also regulates stomatal movement of guard cells [13,46]. For instance, under normal conditions,
0.01 mM H2S treatment improved photosynthesis by increasing stomatal aperture and density and
reducing photorespiration in rice and Spinacia oleracea [16,47]. In tall fescue, 500 μM H2S increased
photochemical efficiency and antioxidant enzyme activities while reducing the levels of H2O2 and MDA
under low-light stress conditions [48]. In blueberry seedlings, exogenous 500 μM H2S alleviated low
temperature stress by maintaining the content of chlorophyll, carotenoids, and the osmotic regulator
proline and by reducing photosynthetic inhibition and membrane peroxidation [49].

In guard cells, other studies have shown that both ET and ABA could increase L/D-CDes activity,
resulting in an increase of H2S content [50,51]. In Vicia faba L. and Arabidopsis, the application of an
H2S synthesis inhibitor (AOA), NO scavenger (cPTIO), or NO synthesis inhibitor (Na2WO4) suggested
that H2S was located downstream of the NO signal that regulates ET-induced stomatal closure [51–53].
In addition, D-CDes overexpression accelerated ABA-induced stomatal closure by up-regulating
the expression of ABA-responsive genes [27], while the mutation of des1 blocked ABA-induced
stomatal closure through the signaling pathway of LONG HYPOCOTYL1 (HY1, a member of the heme
oxygenase family) [54]. Further investigation revealed that, under the induction of ABA, the Cys44
and Cys205 residues of DES1 were persulfidated by H2S, and DES1 activity was also rapidly activated,
resulting in a large amount of intracellular H2S accumulation in a short period of time. Furthermore,
this sustainable H2S accumulation contributed to the S-sulfhydration of the NADPH oxidase RBOHD
at Cys825 and Cys890, which could then stimulate a large amount of ROS production. Simultaneously,
excessive intracellular production of ROS could induce stomatal closure and negatively regulate
the degree of S-sulfhydration of DES1 and RBOHD, and thus played a role in feedback inhibition
of ABA signaling [55]. Additionally, the accumulation of H2S induced by ABA could also mediate
the S-sulfhydration of SNF1-RELATED PROTEIN KINASE 2.6 (SnRK2.6), which in turn positively
regulates ABA signaling to induce stomatal closure [56]. Therefore, during ABA-induced stomatal
closure, H2S, on the one hand, activates ABA signaling via the S-sulfhydration of SnRK2.6 and, on the
other hand, is a feed-back regulator of ABA signaling via the S-sulfhydration of RBOHD, which then
induces stomatal movement.

Inconsistence with the above results, the application of an exogenous H2S donor, 200 μM NaHS
or 200 μM GYY4137, caused guard cell to open stomata in light or darkness by reducing the NO
accumulation induced by ABA in Capsium anuum and Arabidopsis [14,57]. As discussed above, it is
speculated that a low concentration of H2S participates in regulating stomatal closure induced by
drought, ABA, or ET and enhances photosynthesis by acting with NO, H2O2 or persulfidation-based
modification of proteins. However, a high concentration of H2S can prevent stomatal closure.
This paradox is emblematic of the double-sided effect of H2S.
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2.4. H2S Delays Plant Senescence

Plant senescence is an actively programmed cell death (PCD), which not only occurs naturally in
the plant life cycle during times such as leaf senescence, fruit ripening and abscission, but also when
a plant is subjected to darkness, drought, disease, low temperature and other stresses [58]. At the
molecular level, plant senescence is mainly regulated by plant hormones—including cytokinin (CTK),
gibberellin (GA), ET, brassinolide (BR), salicylic acid (SA), and JA—by senescence-associated genes (SAGs)
and by WRKY family transcription factors [59]. However, recent research revealed that H2S also
participates in the regulation of plant senescence.

2.4.1. H2S Delays Leaf Senescence

Leaf senescence is an important developmental process, which involves a variety of metabolic
changes related to macromolecular degradation, recycling nutrients back to the main plant body [60].
In S. oleracea seedlings, the senescent leaves had higher H2S levels than the new leaves, indicating
that H2S may also be involved in the regulation of plant senescence [16]. Zhang et al. (2011) showed
that the flower and shoot explants from Gossypium and Salix, treated with 0.6 mM and 0.2 mM
NaHS, respectively, increased the activities of catalase (CAT), superoxide dismutase (SOD), and APX
and kept the low levels of MDA, H2O2 and superoxide anion (•O2

−), which resulted in prolonging
fresh cut flowers and one-year-old shoots [61]. In detached leaves of Arabidopsis, 0.5 mM H2S
inhibited chlorophyll degradation by regulating the dark-dependent response, and actively regulated
the expression of SAGs, such as SAG1 and SAG21, in a manner dependent on S-nitrosoglutathione
reductase 1 (GSNOR1) under long dark condition [62]. The leaves in the Arabidopsis des1 mutant
showed premature senescence and higher expression of SAG1, SAG21 and related transcription factors
compared to WT. Remarkably, senescence-associated vesicles, related to cell autophagy, were detected
in mesophyll protoplasts in the des1 mutant, and DES1 deficiency stimulated the accumulation and
lipidation of autophagy related protein-8 (ATG8) [15]. Moreover, treatment with an H2S donor, NaHS,
or sodium sulfide (Na2S), negatively regulated autophagy in Arabidopsis in a way that was unrelated
to ROS or nutrient deficiency [63,64]. Thus, H2S might regulate plant senescence by reducing ROS
accumulation and chlorophyll degradation, positively regulating SAG genes expression, and negatively
regulating autophagy. Nevertheless, the mechanism by which H2S regulates autophagy is unclear.
There is some evidence that H2S regulation of autophagy might be related to the persulfidation of
autophagy-related proteins (ATGs), such as ATG18a, ATG3, ATG5, ATG4, or ATG7 [15,63,65,66].

2.4.2. H2S Delays the Postharvest Maturation of Fruits

Postharvest maturation of fruits and vegetables is also a type of senescence. H2S treatment
positively regulates certain physiological aspects of ripening, such as color metabolism, softening, and
postharvest decay during storage, suggesting that H2S might regulate aging to protect the ripening and
quality changes in various fruits and vegetables [17]. In addition, H2S can eliminate ROS in harvested
produce by promoting the activities of antioxidant enzymes, through synergism (NO) or antagonism
(ET) with other molecules, and by regulating the expression of SAGs related to protein and chlorophyll
degradation in order to maintain the integrity of membranes and to slow senescence [67]. In softening
kiwifruit, 45–90 μM NaHS treatment up-regulated the activities of protective enzymes, such as SOD
and CAT, and down-regulated the levels of ROS and ET during storage [68]. Moreover, H2S contributed
to the maintenance of firmness and the soluble solids content, affecting the expression of related genes,
and to the protection of the integrity of the cell wall and modulation of ET signal transduction [69].
During postharvest storage of tomato fruit, H2S acts as an antagonist to ET, coordinates antioxidative
enzymes, and reduces the production of •O2

−, MDA, and H2O2 [70]. H2S has a significant role in
postharvest fruit biology, through establishing crosstalk with ET, ROS, NO, oxidative stress signaling,
sulfate metabolism, and post-translational modification of proteins [71]. Therefore, all of the above
studies indicate that H2S delays postharvest maturation of fruits mainly by enhancing their antioxidant
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capacity to reduce the production of •O2
−, MDA, and H2O2 and by establishing crosstalk with NO

and ET signaling pathways. It is speculated that H2S can be used to delay crop aging for increasing
crop yield and for keeping fruits and vegetables fresh during storage and transport.

2.4.3. H2S Inhibits Organ Abscission in Plants

Abscission in plants refers to the process by which some organs, including leaves, flowers,
fruits, seeds, and petioles, grow to a certain extent and then are removed naturally from the plant
itself. Normal organ abscission is often associated with maturation and senescence [72]. For instance,
most fruits undergo abscission during ripening, and petals wither and fall from flowers after pollination
and fertilization [73]. Abnormal organ abscission also occurs when plants encounter unfavorable
environmental conditions or are damaged by diseases or insects [74,75]. Numerous experiments have
shown that plant hormones, such as auxin, ET and SA, are involved in regulating organ abscission
in plants [76]. ET is a pivotal abscission inducer and has an indispensable role at different stages of
abscission, such as the initiation and progression of floral and organ abscission [77,78]. Furthermore,
ET is associated with INFLORESCENCE DEFICIENT IN ABSCISSION (IDA)-mediated floral organ
abscission through regulation of the transcription of DNA binding with one finger 4.7 (AtDOF4.7),
which can directly impair the expression of the abscission-related gene ARABIDOPSIS DEHISCENCE
ZONE POLYGALACTURONASE 2 (ADPG2) in Arabidopsis [79]. Liu et al. (2020) demonstrated that
H2S also participates in ET-induced petiole abscission of tomato [18]. The research showed that H2S
treatment could delay abscission of the tomato petiole, but the situation was reversed when the plants
were exposed to an H2S scavenger. Moreover, H2S treatment reduced the enzymatic activities that
modify the cell wall. Along with the expression levels of IAA/AUX family genes (SlIAA3 and SlIAA4),
the transcription of genes in the IAA-amino acid conjugate hydrolase (ILR) family (ILR-L3 and ILR-L4)
were found to be up-regulated and down-regulated, respectively, in the abscission process, suggesting
that H2S prevented ET-induced petiole abscission by increasing the content of auxin in abscission
zone tissues [18]. Additionally, Hideo et al. (2019) reported that D-Cys, as a physiologically relevant
substrate, participates in the process of root abscission and that exogenous application of H2S chemical
donors or polysulfides can positively induce abscission to cope with environmental stimuli in the
water fern Azolla [80]. Therefore, H2S also plays a positive role in ET-induced organ abscission by
regulating the transcription of IAA-related genes and by promoting the accumulation of auxin in
abscission zone tissues.

3. Mechanism by which H2S Regulates Plant Growth and Development

3.1. Crosstalk of H2S with Plant Hormones

Phytohormonea are indispensable regulators of plant growth and development. A large number
of studies have showed that H2S closely interacts with the plant hormones ABA, ET, auxin, SA, GA,
and JA during plant growth and development under normal or stress conditions.

3.1.1. Crosstalk of H2S with Abscisic Acid

ABA plays important roles in many physiological processes of plants, such as maintaining
seed dormancy, promoting plant senescence, and even responding to drought stress [81]. A recent
study showed that ABA could activate the gene expression and enzyme activities of LCD/DES1,
which are responsible for the synthesis of H2S [13]. On the other hand, exogenous H2S treatment
accelerated stomatal closure induced by ABA in Vicia faba, Arabidopsis thaliana, and Impatiens walleriana,
suggesting that H2S may participate in the ABA-induced stomatal closure [46]. Further analysis
showed that ectopic expression of D-CDes from wheat (TaD-CDes) in Arabidopsis makes plants more
sensitive to ABA, which means that ectopic expression of TaD-CDe amplifies the stomatal closure
and root shortening and further delays the seed germination and cotyledon greening induced by
ABA. Simultaneously, TaD-CDe plants showed up-regulation of the ABA receptor PYR1; the ABA
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responsive element-binding factors ABF2 and ABF4; and the ABA negative regulators ABI1, ABI2,
HAB1, and HAB2, and down-regulation of ABA-induced SNF1-related protein kinases (SnRK2.2,
SnRK2.3, and SnRK2.6) [27]. Moreover, the accumulation of H2S induced by ABA in turn activates
the activity of SnRK2.6 by the S-sulfhydration of SnRK2.6 at Cys131 and Cys137, which enhances the
interaction of SnRK2.6 with ABF2. Thereby, H2S plays a positive role in the regulation of ABA-induced
stomatal closure through mediating the S-sulfhydration of SnRK2.6 [56]. Another study demonstrated
that H2S mediated the S-sulfhydration of DES1 at Cys44 and Cys205, which is stimulated by ABA and
positively activates DES1 activity, leading to further accumulation of H2S [55]. However, excessive
production of ROS in turn inhibits the S-sulfhydration of DES1 and RBOHD, forming a feedback
regulation mechanism to control ABA signaling [55]. On the other hand, pretreatment with an
ATP-binding cassette (ABC)-transporter inhibitor (glibenclamide), an H2S scavenger (HT) or an H2S
synthesis inhibitor (PAG), blocks ABA signaling, suggesting that the regulation of ABC transporters
play a critical role in the signaling transduction of ABA-dependent stomatal closure mediated by
H2S [46]. Taken together, we can conclude that H2S activates ABA signaling through mediating the
S-sulfhydration of SnRK2.6 and that higher levels of H2S tamps down ABA signaling by mediating the
S-sulfhydration of RBOHD, leading to an increase in ROS, thereby balancing the ABA signal. ATP also
plays an important role in the cross-talk between H2S and ABA [46].

In order to study the close relationship between H2S and ABA under drought stress, the mutants
lcd, aba3, and abi1 were studied. Compared with WT, the lcd mutant showed a weakened response
to ABA-induced stomatal closure and was more sensitive to drought stress with the decrease of
expression of ion-channel coding genes for Ca2+ and outward-rectifying K+ channels, and, conversely,
an increase of inward-rectifying K+ and anion channels. In both the aba3 and abi1 mutants, the stomatal
aperture was increased with the decrease of LCD expression and H2S production rate. Remarkably,
NaHS treatment rescues all the above defects, implying that H2S is an important mediator in the ABA-
regulated stomatal response to drought through ion channels [82]. In addition, Li et al. (2016) found
that ABA treatment increased the activity of LCD in tobacco cells under high temperature and that
application of NaHS enhanced the heat tolerance induced by ABA by alleviating the increase in MDA
content and electrolyte leakage [83]. This effect of exogenous H2S or ABA treatment was weakened by
the addition of an H2S scavenger or a specific inhibitor of H2S biosynthesis, suggesting that there is a
synergistic effect between H2S- and ABA-mediated heat resistances of tobacco suspension-cultured
cells [83]. More research discovered that application of H2S promoted the accumulation of the E3
ligase COP1 in the nucleus, resulting in the degradation of HY5 and a decrease in ABI5 expression,
which lead to a decrease of ABA content and enhanced seed germination under high temperatures [24].
Therefore, it is speculated that H2S may cooperate with ABA signaling to enhance the tolerance of
plants to drought stress by activating Ca2+ signaling and inward-rectifying K+ channels. Under heat
stress, H2S cooperates with ABA signaling to promote seed germination and growth by reducing
oxidative damage and regulating the expression of ABA-related genes.

3.1.2. Crosstalk of H2S with Ethylene

ET has many roles, including inducing stomatal closure. In Arabidopsis, ET significantly affects
the transcription of AtD-CDes. Similarly,1-aminocyclopropane-1-carboxylic acid (ACC), a precursor of
ET, treatment increases the content of H2S and the activities of D/L-CDes [51]. Although inhibitors of
D/L-CDes alone cannot inhibit stomatal closure, they do significantly inhibit ACC-induced stomatal
closure. Furthermore, L/D-Cdes overexpression plants are more sensitive to ET. Thus, H2S may be
located downstream of ET and work synergistically with ET to induce stomatal closure, similar to its
interaction with ABA [51,52]. However, further research revealed that when the NO content decreased,
the ET induction of H2S and of L/D-CDes activities was reduced. The inhibition of H2S synthesis
had no effect on the accumulation of NO and the activity of nitrate reductase (NR). Furthermore,
ET induced NO synthesis but failed to enhance stomatal closure in the NO-related mutants atnia1
and nia2, indicating that H2S enhances ET-induced stomatal closure under the guidance of NO [52].
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Equally, in Vicia faba, H2S is a key participant in ET-induced stomatal closure downstream of NO [53],
but their interaction mechanism is not clear.

ET-fumigation promotes the ripening of fruits with increases in the content of ROS and MDA.
Li et al. (2017) found that H2S treatment could effectively alleviate ET-induced fruit softening when
fumigated kiwifruit with both ET and H2S while increasing the levels of ascorbic acid, titratable acid,
starch, and soluble protein and reducing sugar [84]. In addition, ET and H2S treatment enhanced the
activities of antioxidant enzymes (CAT, APX) and reduced the oxidative stress of the fruits. Further
research showed that H2S inhibited the expression of ET synthesis-related genes and decreased the
expression of Cys protease genes [84]. In addition to fruit ripening, ET positively regulates organ
abscission. Liu et al. (2020) recently showed through H2S-ET co-treatment that H2S inhibited the
up-regulation of ET synthesis and signal transduction genes, including ACS6, ACO1, ACO4, ERF1,
and ETR4, eventually resulting in the suppression of ET-induced petiole abscission in tomato [18].
Together, these experiments show that, during fruits ripening, senescence and organ abscission, H2S
antagonizes the effects of ET by reducing oxidative stress and reducing the expression of ET-related
genes and ET synthesis, thereby suppressing the ET signaling.

What is the relationship between H2S and ET under stress condition? Jia et al. (2018) revealed that
an H2S scavenger (HT) or synthesis inhibitor (PAG) could eliminate the effect of ET or osmotic stress
on stomatal closure, indicating that H2S is a necessary downstream factor of ET-induced stomatal
closure under osmotic stress [50]. However, under hypoxia, NaHS pretreatment inhibited the activity
of ACC oxidase (ACO), a key enzyme in ET biosynthesis [85]. Moreover, it was documented that H2S
reduced ethylene synthesis by inhibiting the transcription of LeACO genes and restraining the activities
of LeACO1 and LeACO2 by inducing the S-sulfhydration of LeACO1 at Cys60 in a dose-dependent
manner [50]. In short, these data show that the ET-induced H2S signal has a negative regulatory effect
on ET biosynthesis through mediating S-sulfhydration of ACO.

3.1.3. Crosstalk of H2S with Auxin

Auxin affects many stages of plant growth and development, coordinating the adaptation of plant
growth and morphology to environmental conditions [86]. During lateral root development, NaHS
treatment rapidly increases the content of auxin and promotes the number and length of adventitious
roots, showing that there may be also a close cross-talk between H2S and auxin [29]. Auxin normally
inhibits organ abscission, and further investigation showed that the IAA/auxin family genes (IAA3 and
IAA4) are often up-regulated by H2S [18]. In cuttings from sweet potato seedlings and excised willow
shoots and soybean seedlings, both the IAA polar transport inhibitor NPA and the NO scavenger
(cPTIO) can disturb the formation of root system mediated by H2S. It is speculated that H2S acts
as upstream of NO and IAA to promote root hair development or to restrain organ abscission [29].
However, auxin-insufficiency weakened DES1 activity and reduced the content of H2S in tomato.
Both NAA and NaHS can counteract the effects of auxin deficiency on SlDES1 transcription, DES1
activity and endogenous H2S content and can rescue the stimulation of lateral roots induced by auxin
depletion [32]. Simultaneously, NaHS- or NAA-induced up-regulation of the cell cycle regulatory
genes SlCDKA;1 and SlCYCA2;1 and down-regulation of SlKRP2 were reversed after exposure to the
scavenger HT, suggesting that H2S might be downstream of auxin to promote the formation of lateral
roots [32]. These data suggest that there may also be feedback regulation between H2S and auxin
during plant growth and development, in which H2S can up-regulate the transcription of IAA family
genes, and IAA can also affect the DES1 expression and DES1 activity.

During the plant response to pathogen, the expression of auxin signaling F-box protein 1 (AFB1),
AFB2, and AFB3 are negatively regulated by H2S [87]. Furthermore, cold stress promoted the
accumulation of H2S and also triggered the endogenous IAA system. Application of NaHS significantly
increased the activity of favin monooxygenase (FMO) and the relative expression of the FMO-like
protein YUCCA2 in cucumber seedlings, which in turn increased the level of endogenous IAA and
improved cold tolerance, seen as decreases in electrolyte leakage and accumulation of ROS and
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increases in expression of genes and enzyme activities related to photosynthesis. Application of IAA
or removal of H2S had little effect on the signaling of the other molecule, but the IAA polar transport
inhibitor NPA inhibited H2S-induced cold tolerance and defense gene expression [88]. IAA participates
in H2S-induced stress tolerance in plants as a downstream signaling molecule, while H2S promotes
auxin signal transduction by regulating the expression of auxin-related genes and the synthesis of
auxin, thereby enhancing the plant tolerance to adverse environmental conditions.

3.1.4. Crosstalk of H2S with Gibberellin

GA can regulate many aspects of plant growth and development, such as seed germination,
leaf expansion, and flowering [89]. During seed germination, GA can stimulate the synthesis of
α- amylase and some secreted hydrolases to break seed dormancy. H2S significantly enhances the
activity of β-amylase and accelerates the germination of barley seeds with or without GA, although the
survival rate of cells without GA is higher than those with GA. It is speculated that at the early stage of
seed germination, the activation of β-amylase by H2S is ahead of the activation of α-amylase by GA,
both of which can then degrade starch and provide sugar for seedling growth and development [90].
In the wheat aleurone layer, GA accelerates PCD, and during these, both the activity of LCD and the
production of H2S are reduced [91]. Interestingly, application of NaHS not only inhibits the production
of endogenous H2S, but also alleviates the PCD induced by GA. It was speculated that this reversal is
related to GSH because NaHS causes an increase of endogenous GSH content, and the alleviation of
NaHS-mediated PCD is eliminated by an inhibitor of GSH synthesis [91]. Therefore, the interaction
between H2S and GA is likely indirect through the regulation of GSH homeostasis.

3.1.5. Crosstalk of H2S with Salicylic Acid

The phenolic compound SA widely exists in plants, can be transported in the phloem, and plays
multiple roles, such as improving disease resistance, drought resistance and heat resistance [92]. Li et al.
(2015) discovered that SA pretreatment enhances the activity of LCD and contributes to the accumulation
of endogenous H2S during heat tolerance response of maize seedlings [93]. The heat resistance induced
by SA is enhanced by the addition of NaHS and decreased by the addition of an H2S-synthesis inhibitor
(PAG) or scavenger (HT). However, there was no significant effect on key enzymes of SA biosynthesis
and endogenous SA content. In addition, pretreatment with SA-biosynthesis inhibitors (paclobutrazol,
PAC and 2-aminoindan-2-phosphonic acid, AIP) do not affect the heat tolerance induced by NaHS [93].
These results indicate that H2S is located downstream of SA and works with SA to induce plant
resistance to heat stress.

3.1.6. Crosstalk of H2S with Jasmonate

JA is an important endogenous regulator in higher plants, especially as an environmental signaling
molecule, and both regulates plant growth and development and mediates plant defense response to
biotic and abiotic stresses [94,95]. JA and JASMONATE INSENSITIVE (JIN/MYC) transcription factors
are key factors in regulating stomatal development in Arabidopsis [96]. A recent experiment suggested
that the removal of H2S increased the number of stomata inhibited by JA, while the application of
NaHS alleviated the stomatal inhibition in the JA-signaling-deficient myc234 mutant. H2S reduces
the expression of stomate-associated genes and blocks key components of the stomatal signaling
pathway, such as TOO MANY MOUTHS (TMM), STOMATAL DENSITY AND DISTRIBUTION1
(SDD1), and SPEECHLESS (SPCH). Interestingly, mutation of LCD increased stomatal density and
index values, and an H2S synthesis inhibitor (HT) counteracts the JA-mediated reduction of stomatal
density [97]. All of these data confirm that H2S is located downstream of JA and cooperates with JA to
negatively regulate stomatal development.
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3.2. Crosstalk between H2S and Other Gasotransmitters

H2S is the third known gaseous signaling molecule, along with carbon monoxide (CO) and NO.
There are many similarities between these three molecules in their physiological functions in plants,
such as regulating growth, enhancing the response of plants to various adversities, and improving the
antioxidation capacity, and many close interactions between their signaling pathways.

3.2.1. Crosstalk between H2S and NO

During root organogenesis, IAA, H2S, and NO all promote root hair growth in Ipomoea batatas in a
dose-dependent manner, as shown by the application of the H2S donor NaHS, the NO donor sodium
nitroprusside (SNP) and IAA [29]. Furthermore, both the NO scavenger cPTIO and the IAA transport
inhibitor NPA could inhibit H2S-induced root hair growth. Interestingly, an H2S scavenger also inhibits
the lateral root formation induced by NO, but not by IAA, indicating that only H2S and NO might be
interdependent, although both NO and IAA are involved in the adventitious root formation induced by
H2S [29]. Moreover, Zhang et al. (2017) found that a high level of NaHS treatment inhibited the growth
of the primary root, which was accompanied by the accumulation of ROS and NO and activation of
MITOGEN-ACTIVATED PROTEIN KINASE 6 (MPK6) [98]. Further studies showed that ROS was
required for the generation of NO inducted by H2S, and that this induction was mediated by MPK6.
Moreover, the respiration burst oxidase homologous (rbohd/f ) mutant and NO biosynthesis-related mutants
(nial-2/2-5 double mutant and noa1) were less sensitive to NaHS, and the inhibition of NaHS on the
growth of root was reduced by the NO scavenger cPTIO. These results indicate that ROS-MPK6-NO
signaling mediates the inhibitory effect of high levels of H2S on root growth [98].

From the previous discussion of crosstalk between H2S and ET, we know that H2S may be a
signaling molecule downstream of NO in ET-induced stomatal closure [52,53]. However, Lisjak et al.
found that H2S causes stomatal opening in Arabidopsis and Capsicum anuum, when plants are treated
with an H2S donor (NaHS) and a slow-release H2S donor molecule (GYY4137) [14,57]. Moreover,
both donor molecules reduced NO accumulation caused by ABA treatment of leaf tissue [14,57].
These results suggest that the adjustment of both H2S and NO affects the sensitivity of stomatal
movement. In the gsnor1 mutant (which normally clears SNO to prevent NO signal transmission),
the positive effect of H2S on SAGs was weakened in the dark [62], indicating that H2S signaling
during the regulation of plant senescence depends on NO signaling [99]. Proteomic studies have also
found that sites in proteins that can be S-nitrosylated by NO can also be S-sulfhydrated by H2S [100].
Therefore, NO and H2S, may compete with each other through the post-translational modification of
proteins to regulate plant growth and development.

Under adverse conditions, both H2S and NO are important signaling molecules, but their crosstalk
relationship needs to be sorted out. Recent research revealed that both application of the H2S donor
NaHS and the NO donor SNP improved the survival rate of plants under heat stress because of reduced
electron leakage accumulation of MDA, and improved antioxidant capacity [101,102]. In maize under
heat stress, SNP pretreatment increases the activity of LCD, inducing the accumulation of endogenous
H2S [101]. The application of NaHS and GYY4137 enhances the heat resistance induced by SNP, but this
is eliminated by an H2S scavenger. Therefore, H2S might be a downstream signaling molecule during
NO-induced heat tolerance in maize seedlings [101]. However, in strawberry during the early stage of
exposure to high temperature, the application of NaHS reduced NO content, enhancing the tolerance
to the heat stress [103].

During Al stress, NO is also a negative regulator [104]. H2S alleviates the inhibition of Al on
Arabidopsis elongation by enhancing the activity of antioxidant enzymes and reducing ROS damage.
In rice, H2S increases Al transport into vacuoles and reduces the content of NO in roots [105,106].
Therefore, it is hypothesized that H2S interacts with NO signaling to improve Al and heat tolerance of
plants by reducing the content of NO and oxidative damage.

Hypoxic conditions, when O2 is lacking, often cause a ROS burst. Group VII ET-responsive factors
(ERFVII) sense hypoxia and then initiate the hypoxia response. NO is required for the destabilization
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of ERFVII [107]. H2S can also enhance tolerance to hypoxia by removing the accumulated ROS
and increasing the transcription of hypoxia-responsive genes (ADH, CRT1, GS, and CYP51) [85,108].
In maize seedling root tips, pretreatment with SNP enhanced the activity of key H2S metabolic enzymes
(LCD, CAS, OAS-TL) and the accumulation of endogenous H2S under hypoxia, but these effects were
reversed by cPTIO. Application of an H2S synthesis inhibitor (HA) and an H2S scavenger (HT) canceled
out the increased survival rate induced by SNP [108]. Therefore, under adverse conditions, NO and
H2S work interdependently to remove accumulated ROS and enhance the stress tolerance of plants.

3.2.2. Crosstalk between H2S and CO

Although CO is also an important signaling molecule, there are relatively few studies on any
crosstalk between CO and H2S. During root development, Heme Oxygenase-1 (HO-1), which catalyzes
the production of CO, acts downstream of the auxin signaling pathway, leading to the formation
of adventitious roots of cucumber [109]. Further analysis found that the addition of CO and H2S
could also promote adventitious root formation in cucumber [110]. In pepper, NaHS induced both
the CsHO-1 gene and CsHO-1 protein expression in a time-dependent manner. The application of
ZnPPIX, a specific inhibitor of HO-1, could reverse the formation of adventitious roots induced by
NaHS. However, the addition of an H2S scavenger (HT) could not alter the effect of CO on adventitious
root formation [110]. This indicates that H2S may play a specific role upstream of CO in the formation
of adventitious roots and may promote the production of CO, which then stimulates the formation of
lateral roots.

3.3. Crosstalk of H2S with Ionic Signals

3.3.1. Crosstalk of H2S with Ca2+

The Ca2+ is one of the most important nutrient elements in plants. Ca2+ functions to maintain
the stability of the cell wall, cell membrane and membrane binding proteins, but is also an
important signaling molecule and participates in the regulation of cell homeostasis, plant growth and
stress responses.

The application of exogenous NaHS increases the intracellular Ca2+ content under both hypoxia
and heat stress [108,111]. In the suspension culture cells of tobacco, exogenous Ca2+ and its ionophore
A23187 significantly enhances the high temperature tolerance induced by NaHS. On the other hand,
the heat tolerance induced by H2S could be weakened by a Ca2+ chelating agent, the plasma membrane
channel blocker La3+, or the calmodulin antagonist chlorpromazine or trifluoperazine. This suggests
that the H2S-induced thermostability requires the participation of Ca2+, which acts as a downstream
molecule, at least in tobacco suspension cells [111]. However, the application of Ca2+ or calmodulin
(CaM), a calcium ion receptor, activates the activity of DES1 and induces the accumulation of endogenous
H2S in tobacco suspension culture cells, and the application of a Ca2+ chelator or CaM antagonists
reduces DES1 enzyme activity and H2S content. All of these increases induced by Ca2+/CaM, in DES1
activity, H2S content, and heat tolerance are enhanced by the H2S donor NaHS or weakened by H2S
synthesis inhibitors or an H2S scavenger. Therefore, during the heat stress response process, the H2S
and Ca2+ signals may be interdependent [112].

Similarly, chromium (Cr6+) stress activates endogenous H2S synthesis and Ca2+ signaling
transduction. The damage caused by Cr6+ stress is greatly alleviated by application of H2S and
Ca2+ alone or in combination, with the combined addition more effective. In contrast, the induced
stress was intensified by treatment with an H2S synthesis inhibitor or Ca2+ chelators. This illustrated
the synergistic effect of H2S and Ca2+ under Cr6+ stress [113]. Furthermore, during Cr6+ stress,
the metallothionein (encoded by MT3A) and phytochelatin (synthesized by phytochelatin synthase,
PCS) bind the heavy metal to provide protection to the plant cells. The upregulation of MT3A and PCS,
regulated by Ca2+, is dependent on H2S signaling [113].
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Calcium dependent protein kinases (CDPK) are important protein kinases in plant signal
transduction. CDPK can be activated directly by combination with Ca2+. An activated CDPK
protein can be phosphorylated to amplify Ca2+ signaling. Experiments in Arabidopsis revealed that
both H2S and CDPK are involved in the cadmium (Cd) stress response through the alleviation of the
oxidative stress. Moreover, mutation of CDPK or treatment with the CDPK inhibitor TFP reduces
LCD enzyme activity and H2S content. In the cdpk3 mutant, H2S increases the transcription of Cd
stress-responsive genes, such as MYB107, CAX3, POX1, MT3, and PCS1, suggesting that H2S and
CDPK are linked under Cd stress [114].

All of these results show that H2S and Ca2+ signaling, especially under adverse conditions, are
interrelated. Ca2+ signaling can activate LCD enzyme activity, thereby promoting the accumulation of
H2S. In turn, H2S regulates the expression of stress response-related genes by stimulating the Ca2+

signal. Together, these two signals enhance the tolerance of the plant to stress.

3.3.2. Crosstalk of H2S with Na+ and K+

Salt stress invariably causes a rapid increase in the intracellular Na+ level and leads to an imbalance
of Na+/K+, which in turn represses plant growth. Therefore, maintaining the balance of Na+/K+ is
a crucial factor in conquering salt stress [115]. Several studies have proclaimed that H2S can reduce
the sensitivity of plants to salt stress mainly by preventing both uptake of Na+ and K+ efflux and
by promoting Na+ efflux and uptake of K+ and thus mediating the balance of Na+/K+ [116–118],
which have begun to reveal the regulatory mechanisms by which H2S helps to mediate the balance of
Na+/K+. In wheat, the addition of CaCl2 (an inhibitor of nonselective cation channels (NSCCs)) or
amiloride (an inhibitor of salt overly sensitive 1 (SOS1), a Na+/H+ antiporter) disrupts the Na+/K+

balance promoted by H2S, indicating that NSCC and SOS1 may be the main pathway of reducing Na+

by H2S [116]. In Populus popularis, NaCl induces K+ loss mainly due to the activation of H+-ATPase
on the plasma membrane. Application of Na+/H+ antiporter inhibitors, sodium orthovanadate and
amiloride effectively inhibited the Na+ efflux, but NaHS enhanced it. Thus, the Na+/K+ balance
maintained by H2S may be achieved by regulating the Na+/H+ antiport system in Populus popularis [117].
In Arabidopsis, application of NaHS alleviates the suppression of salt stress on root growth and
promotes the accumulation of H2O2, while exogenous application of H2O2 reduces the ratio of Na+/H+

and strengthens the role of H2S. Application of a ROS scavenger (DMTU), a plasma membrane (PM)
NADPH oxidase inhibitor (DPI) or a glucose-6-phosphate dehydrogenase (G6PDH) inhibitor (glycerol)
all eliminate the effect of H2S, further indicating that H2O2 may be involved in the H2S-mediated
tolerance to salt stress via the regulation of G6PDH and PM NADPH oxidase [119]. In conclusion,
under salt stress, H2S works to maintain ion homeostasis within plant cells by regulating the Na+/H+

antiport system in the way that is H2O2-dependent and that uses the enzymes NSCCs and the SOS1
antiporter to reduce Na+ levels.

3.4. S-sulfhydration Modification of Proteins Mediated by H2S

At present, many studies have proved that H2S can regulate the spatial structure of certain
target proteins via the post-translational modification named S-sulfhydration. S-sulfhydration affects
protein structure, subcellular localization, and function, in a way that can regulate plant growth and
development and responses to stress [65]. S-sulfhydration occurs when H2S reacts with Cys residues
(-SH, -S-S-, -S-OH or S-NO) in target proteins to form a persulfide group (-SSH) [120]. In a persulfidation
proteome in Arabidopsis treated with NaHS, a total of 106 persulfidated proteins were identified,
which were mainly involved in photosynthesis, protein synthesis, cell organization, and primary
metabolism [100,121]. Using a different technique, proteome analysis of endogenous persulfidated
proteins in leaves of WT Arabidopsis and the des1 mutant identified 2015 persulfidated proteins,
which were mainly involved in regulating primary metabolism, responses to abiotic and biotic stress,
plant growth and development, and RNA translation [65]. At least 5% of proteins in Arabidopsis may be
persulfidated under normal growth conditions [65], which is consistent with the persulfidation proteome
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with application of NaHS [100]. Further analysis found that the activities of APX, glyceraldehyde
3-phosphate dehydrogenase (GAPDH) and glyceraldehyde 3-phosphate dehydrogenase, isoform C1
(GAPC1) were increased by S-sulfhydration, indicating that S-sulfhydration may be a mechanism that
promotes reduction of oxidative stress in plants [100]. Physiological research further confirms that
S-sulfhydration, mediated by H2S, plays key roles in plant growth, development, and stress response.
For example, Li et al. found that ACTIN2 (ACT2) can be S-sulfhydrated by H2S at Cys287. This S-
sulfhydration interrupts actin-2 polymerization, resulting in root hair dysplasia in Arabidopsis [19].
Furthermore, Shen et al. (2020) and Chen et al. (2020) found that ABA-induced stomatal closure
was also related to H2S-mediated S-sulfhydration. In Arabidopsis, ABA addition stimulates the
S-sulfhydration of DES1 at Cys44 and Cys205 to activate DES1, which catalyzes the accumulation of
H2S [55,56]. This higher levels of H2S then mediates the S-sulfhydration of SnRK2.6 at Cys131 and
Cys137, promote its activity and the interaction between SnRK2.6 and ABF2, which in turn positively
regulates ABA signaling [56]. On the other hand, the produced H2S also drives the S-sulfhydration
of RBOHD at Cys825 and Cys890, enhancing the production of ROS. Physiologically, ROS is the
rate-limiting messenger in ABA-mediated stomatal closure and is part of the negative feedback loop
for inhibiting ABA signal [55].

In cucumber, H2S improves cold tolerance via actively modifying the synthesis of Cucurbitacin C
(CuC) by driving S-sulfhydration of the His-Csa5G156220 and His-Csa5G157230 proteins, transcription
factors that activate the CuC synthetase gene [122]. In tomato, H2S, as a downstream component
of ET-induced stomatal closure, reduces ET content by impairing the activity of ACOs through
persulfidation, which in turn enhances the osmotic stress response [50]. Consequently, H2S-mediated
S-sulfhydration occurs during many aspects of plant growth and S-sulfhydration of proteins may be
an essential mechanism by which H2S affects plant growth and development under both normal and
stress conditions.

Based on the above descriptions, it can be clearly seen that H2S does not function independently
in plants, but interacts with plant hormones and other signaling molecules, such as Ca2+, NO, H2O2,
and even proteins, form a complex signaling network that finely regulates plant growth, development,
and stress responses. In the future, we can make full use of advanced proteomics to further explore the
mechanisms by which H2S influences signaling pathways in plants.

4. Conclusions and Perspectives

Continuing investigation into H2S has revealed its numerous and varied regulatory roles in
biology and has brought more attention to this gasotransmitter. It is now recognized that H2S promotes
seed germination, root development, photosynthesis, stomatal movement, and plant senescence. H2S
also regulates plant responses to stress by activating antioxidant defenses, improving expression
of genes encoding resistance-related enzymes, and interacting with different signaling molecules.
Additionally, S-sulfhydration of proteins induced by H2S is an essential mediator (Figure 2).

However, there remain numerous issues to be explored. For example, it has been confirmed that
an appropriate concentration of H2S produces a marked effect on plant development and responses to
stress, but different plants have different tolerances to H2S. This means it is particularly important
to monitor the concentration of H2S in cells. Second, most of the existing research has focused on
how exogenous H2S improves plant resistance to stress, but the mechanism(s) by which endogenous
H2S functions is barely clear. In some studies, the des1 mutant exhibited stronger tolerance to Cd
and pathogen stress, which differs from the theory that increases in H2S could improve the stress
resistance of plants. Therefore, it is not clear whether H2S enhances the antioxidant capacity of plants
through the homeostasis of H2S-Cys or as an antioxidant signaling molecule itself. Furthermore, it is
unclear if endogenous and exogenous H2S have different function mechanisms. It is also unknown
how environmental stimulation triggers the accumulation of H2S, how cells perceive the H2S signal
and what are the direct targets and downstream cascades of H2S plant signal transduction. Numerous
reports have documented that H2S can crosstalk with the signaling pathways of plant hormones,
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other gasotransmitters, and ions to form a complex regulatory network for all aspects of plant growth
and development, but the interactional mechanisms of H2S with other signals remain to be elucidated.
It is also unknown whether H2S plays important roles through its receptor. Therefore, the functions
of H2S in plant growth and development need to be deeply studied by transcriptomics, proteomics,
metabolomics, and functional genomics, in combination with more genetic materials and H2S donors,
scavengers, and synthetic inhibitors in the future.

Figure 2. A model of the roles of H2S in plant development and stress responses. H2S has recently been
recognized as a novel gaseous signaling molecule with various functions during plant development at
different stages and during stress responses. H2S functions by promoting the expression of specific
genes, enhancing the activity of the antioxidant system and maintaining H2S-Cys homeostasis. Growing
evidence suggests that H2S is involved in seed germination, by increasing amylase and esterase content
for greater energy efficiency. H2S can also fine-tune lateral root formation, stomatal movement,
photosynthesis, and plant senescence by regulating protein S-sulfhydration and by establishing
crosstalk with CO, NO, IAA, ABA, ET, and other signaling pathways. In addition, H2S may also be
involved in plant senescence by inhibiting autophagy. Both exogenous and endogenous H2S are able
to optimize plant adaptation to various stresses (e.g., metal ion, drought, hypoxia, temperature, salt,
and osmotic stress) through positively regulating ionic equilibrium, stomatal movement, osmolyte
accumulation, ethylene synthesis, related enzyme activity, interaction with other reactive species,
and plant hormones. H2S can also regulate the expression of related genes and proteins, reduce the
oxidative stress caused by various stresses by enhancing the activities of antioxidant enzymes and the
accumulation of antioxidants, so as to improve the stress resistance and promote plant development.
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Abbreviations

S Sulfur
Cys Cysteine
L-Cys L-cysteine
Met Methionine
H2S Hydrogen sulfide
SIR Sulfite reductase
OAS-TL O-acetylserine (thiol) lyase
OAS O-acetylserine
APS Adenosine 5′-phosphosulfate
ATPS ATP sulfurylase
APSR Adenosine- 5′- phosphoryl sulfate reductase
CDes Cysteine desulfhydrase
LCD L-cysteine desulfhydrase
DES1 L-cysteine desulfhydrase 1
DCD1 D-cysteine desulfhydrase1
DCD2 D-cysteine desulfhydrase2
CAS β-cyanoalanine synthase
CN− Cyanide
GSH Glutathione
AOA Aminooxyacetic acid, an H2S synthesis inhibitor
HT Hypotaurine, an H2S scavenger
PAG Propargylglycine, a DES1 inhibitor
NPA N-1-naphthylphthalamic acid, IAA transport inhibitor
Cptio 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide, NO scavenger
GSNOR1 S-nitrosoglutathione reductase 1
GAPDH Glyceraldehyde phosphate dehydrogenase
SNP Sodium nitroprusside, NO donor
HA Hydroxylamine, H2S synthesis inhibitor
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Abstract: To elucidate the molecular mechanism of juvenility and annual flowering of fruit trees,
FLOWERING LOCUS C (FLC), an integrator of flowering signals, was investigated in apple as a model.
We performed sequence and expression analyses and transgenic experiments related to juvenility
with annual flowering to characterize the apple FLC homologs MdFLC. The phylogenetic tree analysis,
which included other MADS-box genes, showed that both MdFLC1 and MdFLC3 belong to the
same FLC group. MdFLC1c from one of the MdFLC1 splice variants and MdFLC3 contain the four
conserved motives of an MIKC-type MADS protein. The mRNA of variants MdFLC1a and MdFLC1b
contain intron sequences, and their deduced amino acid sequences lack K- and C-domains. The
expression levels of MdFLC1a, MdFLC1b, and MdFLC1c decreased during the flowering induction
period in a seasonal expression pattern in the adult trees, whereas the expression level of MdFLC3 did
not decrease during that period. This suggests that MdFLC1 is involved in flowering induction in
the annual growth cycle of adult trees. In apple seedlings, because phase change can be observed in
individuals, seedlings can be used for analysis of expression during phase transition. The expression
levels of MdFLC1b, MdFLC1c, and MdFLC3 were high during the juvenile phase and low during the
transitional and adult phases. Because the expression pattern of MdFLC3 suggests that it plays a
specific role in juvenility, MdFLC3 was subjected to functional analysis by transformation of Arabidopsis.
The results revealed the function of MdFLC3 as a floral repressor. In addition, MdFT had CArG
box-like sequences, putative targets for the suppression of flowering by MdFLC binding, in the
introns and promoter regions. These results indicate that apple homologs of FLC, which might play a
role upstream of the flowering signals, could be involved in juvenility as well as in annual flowering.
Apples with sufficient genome-related information are useful as a model for studying phenomena
unique to woody plants such as juvenility and annual flowering.

Keywords: Malus domestica; Rosaceae; juvenility; FLOWERING LOCUS C; flowering

1. Introduction

Fruit trees, which are perennial woody plants, have a long juvenile period after germination and
before flowering and fruit set. Because fruit quality cannot be evaluated during this juvenile phase,
it is necessary to address the long juvenile period of fruit trees with regard to fruit tree breeding.
Lengths of juvenile periods differ among species, and apple requires six to eight years of juvenility [1].
Although some cultivation techniques to shorten the juvenile period have been proposed, such as
plant hormone treatment, grafting to dwarf rootstocks, suppression of dormancy, and adjustment
of cultivation conditions [2–4], little is known about the molecular mechanisms of juvenility. It is
more difficult to elucidate the mechanism underlying the control of juvenility in fruit trees than in
herbaceous plants because fruit trees take longer to grow and are larger in size. Apple is one of the
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earliest plants whose genome sequences have been reported as woody plants and fruit tree [5], and is
utilized as a model because of its extensive genome information [6,7]. Therefore, apples are useful for
studying phenomena unique to woody plants such as juvenility and annual flowering.

In general, juvenility is stronger in young seedlings and gradually weakens as age progresses.
There is also known to be a gradient of juvenility in individual trees; that is, juvenility is stronger
at the base of trunks and branches and becomes weaker approaching the tip [8]. Genes that are
potentially related to juvenility have been reported in studies of homologs of flowering-related genes
from Arabidopsis, which is a model herbal plant. Previous studies focused on the relationship between
juvenility and the apple homologs of TERMINAL FLOWER 1 (TFL1), FLOWERING LOCUS T (FT),
LEAFY (LFY), and APETALA1 (AP1), which are floral meristem identity-related genes in Arabidopsis. The
expression of apple TFL1 homolog MdTFL is high during the juvenile phase, and the expression of apple
FT homolog MdFT is high during the adult phase [9]. The overexpression of apple homologs of LFY
and AP1 in Arabidopsis promotes flowering, and the overexpression of MdTFL delays flowering [10–12].
In citrus, the overexpression of LFY or AP1 of Arabidopsis reportedly decreases the juvenile period from
seven years to two years [13], and the methylation of the LEAFY homolog is thought to be involved
in juvenility [14]. However, most of these genes are located relatively downstream of the flowering
pathway, and in order to clarify the molecular mechanism of juvenility, it is necessary to analyze genes
farther upstream.

There are several flowering pathways, including the photoperiod, vernalization, gibberellin, and
autonomous pathways [15]. The photoperiod and vernalization-dependent pathways are controlled
by environmental factors, and the gibberellin-dependent pathway is comprised of a group of genes
related to the synthesis and signal transduction of gibberellin. In contrast, the autonomous pathway is
dependent on endogenous growth-related factors. Juvenility is not reduced by environmental factors
such as temperature and day length, but is reduced by growth over several years, which suggests that
juvenility is controlled by endogenous growth-related factors. Some genes in the autonomous pathway
are known to induce flowering by suppressing the expression of FLOWERING LOCUS C (FLC) [16]. FLC
plays a role as a key regulator of the autonomous and vernalization pathways and inhibits flowering
by suppressing the expression of floral induction genes SOC1 and FT in Arabidopsis [17–19]. Since FLC
is a key gene for the flowering pathways, including the autonomous pathway, it can be expected to
play a role in the suppression of flowering in the juvenile phase.

There have been some reports on FLC homologs in fruit trees. FLC homologs have been identified
in apple, and divergent functions have been suggested based on their nucleotide sequences [20]. Two
of these exhibit increased expression during dormancy and decreased expression with dormancy
release, which suggests that they repress flowering as described in Arabidopsis. In fact, the possibility
that the FLC-like gene is a candidate gene is mentioned in the genome-wide association mapping of the
flowering period in apple [21]. In other apple FLC-like genes, the repression of bud outgrowth during
dormancy and the promotion of flowering under non-chilling conditions have been reported [22,23].
Among other Rosaceae fruit trees, the FLC homolog in peach (Prunus persica) has not been reported to
be associated with dormancy, and its role has not been elucidated [24]. No FLC homolog has been
found in Japanese apricot (Prunus mume) either [25]. In fruit trees other than Rosaceae, changes in the
expression and splicing of an FLC-like gene were reported in trifoliate orange (Poncirus trifoliata) [26].
Although these reports provide some information about the role of FLC in fruit trees, information
about the relationship between juvenility and FLC homologs is still lacking. Therefore, to investigate
the physiological roles of apple FLC homolog MdFLC at the molecular level, sequence and expression
analyses and transgenic experiments were performed.
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2. Results

2.1. cDNA Isolation and Phylogenetic Tree Analysis of MdFLC

Nine apple expressed sequence tag (EST) sequences were obtained by a BLAST search in DNA
Data Bank of Japan (DDBJ, http://blast.ddbj.nig.ac.jp) using the amino acid sequence of the MADS
region of Arabidopsis FLC. The contig sequences corresponding to these EST sequences were searched in
GDR (https://www.rosaceae.org), a Rosaceae genome database, to obtain four contig sequences. Six EST
or contig sequences remained after excluding duplicate sequences. A phylogenetic tree was prepared
based on the amino acid sequences of these six genes and MADS-box genes from Arabidopsis and apple,
and three of the six sequences were assigned to the same group as Arabidopsis FLC. Next, one of the
three sequences was detected by PCR using cDNA from the juvenile phase of apple seedlings with
primers specific to the three sequences and designated as MdFLC1 (MD05G1037100) [23]. Three kinds
of mRNA sequence were obtained by the RACE method and designated as splice variants MdFLC1a
(accession number LC550081), MdFLC1b (LC550082), and MdFLC1c (LC550083).

PCR was performed using cDNA from the juvenile phase of apple seedlings with degenerate
primers in the MADS region, and 10 kinds of MADS box-like sequences were obtained. One sequence
among them was found to be juvenile phase-specific and homologous to Arabidopsis FLC; it was
designated as MdFLC3 (MD10G1041100) [23].

Figure 1 shows the amino acid sequence alignment of MdFLC1, MdFLC3, and AtFLC (AF537203)
from Arabidopsis. MdFLC1c, which was the longest of the MdFLC1 mRNA variants, and MdFLC3
contained MADS-, K-, I-, and C-domains with AtFLC. A phylogenetic tree of the amino acid sequence
of MdFLC1c, MdFLC3, and FLC homologous proteins from other plants was prepared with other
MADS-box proteins based on [27] (Figure 2). FLC, SVP, SOC1, AP1, and SEP groups were formed, and
MdFLC1c and MdFLC3 were included in the FLC group.

Figure 1. Amino acid sequence alignment of MdFLC and AtFLC. The MADS-, K-, I-, and C-domains
are underlined. Identical amino acids for five and less proteins are shown in black and gray
boxes, respectively.
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Figure 2. A phylogenetic tree based on the amino acid sequences of FLC, SVP, AP1, SEP, and SOC1
homologs from various species. The tree was constructed by the neighbor-joining method after sequence
alignment using the ClustalW program. Branch numbers refer to percentage of replicates that support
the branch using the bootstrap method (1000 replicates). The scale bar corresponds to 0.1 amino acid
substitutions per residue. The accession numbers of the proteins added to construct the phylogenetic
tree are as follows: PtFLC (EU497676), VvFLC (GU133630), PpFLC (KP164015), BrFLC1 (DQ866874),
BrFLC2, (DQ866875), BrFLC3 (DQ866876), MdJOINTLESS (DQ402055), AtSVP (AF211171), PsSVP
(AY830919), PaJOINTLESS (EU332978), VvAP1 (GU133634), MdAP1 (EU672877), AtAP1 (BT004113),
BdAP1 (HQ588324), MdMADS1 (U78947), MdMADS3 (U78949), MdMADS4 (U78950), MdMADS7
(AJ000760), MdMADS8 (AJ001681), FvSOC1 (FJ531999), MdSOC1 (DQ846833), GhSOC1 (JF701982),
NtSOC1 (JQ686938), AtSOC1 (AY093967).

2.2. Expression Analysis of MdFLC in the Adult Trees

Seasonal changes in the expression of MdFLC were examined in the adult trees. Flowering
induction occurs between late June and mid-July [27]. The expression levels of MdFLC1a, MdFLC1b,
and MdFLC1c were high in early June and decreased in early July during the period of flowering
induction (Figure 3a–c). On the other hand, the expression level of MdFLC3 did not change from early
June to early July, but increased in August (Figure 3d). FLC suppresses the expression of FT in leaves
as mentioned above [17]. FT generally produces mobile floral signals in leaves [28], and FT signal
movement is also reported in Rosaceae fruit trees [29]. Therefore, leaves were used for analysis in the
present study.
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Figure 3. Seasonal changes in the expression levels of MdFLC1a (a), MdFLC1b (b),
MdFLC1c (c), and MdFLC3 (d) in the leaves of adult trees. Total RNA was prepared for the expression
analysis of MdFLC1 and MdFLC3 on May 1, June 1, July 1, and August 1, 2016. Relative expression
was determined using triplicate measurements taken from three independent biological replicates.
The relative expression levels were normalized against MdACTIN with standard errors, and the
maximum level of the transcripts was set at 1.0. The values with different letters for each gene
significantly differed between days at p < 0.05, according to a Tukey test.

2.3. Expression Analysis of MdFLC During Phase Transition

The expression level of MdFLC during phase transition was performed in apple seedlings.
While MdFLC1a expression was not detectable, the expression levels of MdFLC1b and MdFLC1c were
high during the juvenile phase and low during the transitional and adult phases (Figure 4). The
expression level of MdFLC3 during the juvenile phase was also high compared to that in the transitional
and adult phases, and it was 7.4 times the level in the adult phase.
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Figure 4. Changes in the expression levels of MdFLC1b (a), MdFLC1c (b), and MdFLC3 (c) during phase
transition in apple seedlings. The expression level of MdFLC1a was undetectable. Total RNA was
prepared from the juvenile phase (A), transition phase (B and C), and adult phase (D and E) in early
July 2009 as described in [27]. Relative expression was determined in triplicate measurements taken
from three independent biological replicates. The relative expression levels were normalized against
MdACTIN with standard errors, and the maximum level of the transcripts was set at 1.0. The values
with different letters for each gene significantly differed between positions at p < 0.05 according to a
Tukey test.

2.4. Transformation of Arabidopsis with MdFLC3 cDNA

Delays in bolting were observed in more than three transgenic plants from individual seeds
(T1) obtained by Agrobacterium in planta vacuum infiltration transformation. Detailed analysis was
performed on their progenies, lines FOX1 and FOX2. The growth of FOX1 and FOX2 lines was observed
and expression analysis of AtFT was then performed (Figure 5; Figure S1a,b, Supplementary Materials).
The number of days from sowing to bolting was 31.8 in the wild-type (WT) control, and that in FOX1
and FOX2 was 35.5 and 35.7 days, respectively. The number of rosette leaves at the time of bolting
was 14.4 in the wild-type and 17.5 and 18.2 in FOX1 and FOX2, respectively. A lower expression level
of AtFT was observed with late flowering in the FOX lines. A very high expression level of MdFLC3
was confirmed in the FOX lines, whereas only a trace expression of endogenous FLC (AtFLC) was
found in the FOX lines and wild-type (Figure S2, Supplementary Materials). The average value of
transformants derived from individual seeds, which are different from FOX1 and FOX1 lines, at the
beginning of transformation showed delayed bolting, supporting the above result (Figure S1c,d).
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Figure 5. The overexpression of MdFLC3 and phenotypic analysis in Arabidopsis. Flowering phenotypes
32 days after sowing (a), days to bolting from sowing (b), the number of rosette leaves at bolting time
(c), and the expression levels of AtFT (d) in the MdFLC3 transgenic (FOX1, 2) and wild-type (WT)
plants grown under a 16 h photoperiod. The values with ** significantly differed between FOX and
WT plants at p < 0.01, according to the Dunnett test. The values in (b,c) indicate means and standard
errors (n = 30 or 31). The relative expression of AtFT was determined from triplicate measurements of
three independent biological replicates 15 days after sowing (d). The relative expression levels were
normalized against AtACTIN with standard errors and the maximum level of the transcripts was set
at 1.0.

3. Discussion

A phylogenetic tree analysis, including other MADS-box genes such as SVP and SOC1, revealed
that both MdFLC1 and MdFLC3 belong to the same FLC group as VvFLC [30] and PtFLC [26], which
has been reported to function as a floral repressor (Figure 2). Therefore, MdFLC1 and MdFLC3 were
further investigated as apple FLCs in this study. FLC is one of the MADS-box proteins, which are
transcription factors having a highly conserved region of approximately 60 amino acids, MADS-box,
that is involved in DNA binding and dimer formation. Many MADS-box proteins in plants are
classified as MIKC-type, contain MADS-, I-, K-, and C-domains [31], and form dimers and higher
multimers to function [32,33]. MdFLC1c and MdFLC3 contained these four conserved domains.

Three cDNA sequences of MdFLC1 were searched in the GDR database, and MdFLC1 was found to
correspond to MD05G1037100. MdFLC1c mRNA contained all exons, whereas MdFLC1a and MdFLC1b
mRNA contained the sequences of the fourth and third introns, which were not removed in splicing,
respectively (Figure 6). Therefore, the deduced amino acid sequence of MdFLC1c contained MADS-, I-,
K-, and C-domains, whereas the sequences of MdFLC1a and MdFLC1b lacked K- and C- domains
because of the stop codons in the intron sequences of their mRNA (Figure 1). K- and C-domains are
important for protein–protein interactions and other functions in MIKC-type MADS proteins [34].
These results suggest that MdFLC1c plays the role of MdFLC1 and that MdFLC1a and MdFLC1b are
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expected to be non-functional. However, since the regulation of expression by selective splicing has
been reported in plant response to environmental stress [35], expression analysis was performed in
the three splicing variants of MdFLC1. The MdFLC3 cDNA sequence was consistent with that of
MD10G1041100 in the GDR database, and its deduced amino acid sequence contained the four domains
of an MIKC-type MADS protein (Figure 1), suggesting that MdFLC3 functions as an MIKC-type
MADS protein.

Figure 6. Transcript structures of MdFLC1 splice variants, MdFLC1a, MdFLC1b, and MdFLC1c. E and I
with numbers indicate exons and introns, respectively. Numbers under the bar correspond to their
sizes, in base pairs.

In the present study, the expression levels of MdFLC1a, MdFLC1b, and MdFLC1c decreased during
the period of flowering induction in a seasonal expression pattern in the adult trees. In the annual
growth cycle of apple, MdFT1, which is a floral integrator, shows high expression, and the expression
level of MdTFL, which is a floral repressor, decreases during the period of flowering induction [9,27].
Therefore, the expression of MdFLC1a, MdFLC1b, and particularly MdFLC1c, which is expected to
translate functional proteins, is likely involved in suppression of flowering in the annual growth cycle
of adult apple trees, as is MdTFL. In contrast, the expression level of MdFLC3 did not decrease during
the period of flowering induction, suggesting that MdFLC3 is not involved in flowering induction in
the annual growth cycle of adult trees.

Because phase change is observable in individuals, seedlings can be used for expression analysis
of phase transition [36]. Five sites in the seedlings used in this study show phase transition based on
juvenile characteristics such as flower bud formation, leaf size, and leaf serration, and were used for
MdFLC expression analysis [27]. Although expression of MdFLC1a was not detected, the expression
levels of MdFLC1b and MdFLC1c were high in the juvenile phase and low in the transitional and adult
phases. The expression level of MdFLC3 was similarly high in the juvenile phase. The expression
pattern of MdFLC3 suggests that it does not play a role in flowering in the annual growth cycle but acts
specifically in juvenility. A similar seasonal expression pattern was observed in MdFLC3 within buds
in the adult trees and confirmed the specific role of MdFLC3 (Figure S3, Supplementary Materials).
Furthermore, the expression of MdFLC1c in the juvenile phase of seedlings is significantly lower than
the expression in the adult trees (approximately 1/6, data not shown). Therefore, we focused on
this specific role of MdFLC3 and subjected MdFLC3 to functional analysis by the transformation of
Arabidopsis. The results showed that MdFLC3 is a floral repressor, confirming its role in the juvenility of
apple. Since the result for phase transition was obtained in crossed seedlings, a genotype-specific effect
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could not be excluded. Further study using other several genotype combinations and apomixis will be
necessary to confirm the findings of the present study.

FLC suppresses the expression of FT containing the CArG box, which is an FLC-binding sequence,
in the promoter region and first intron in Arabidopsis leaves [17]. Apples also have sufficient genomic
information and such binding sites can be analyzed. Since the MdFTs in the database have CArG
box-like sequences in the intron and promoter region (Table 1), it can be expected that MdFLC1 and
MdFLC3 bind to these sequences to control annual flowering and juvenility. Regarding the molecular
mechanism of juvenility of woody plants, including fruit trees, little is known about genes located
upstream of the flowering pathway. Our results suggest that the apple homolog of FLC, which appears
to play a central role relatively upstream of the flowering pathway, could be involved in juvenility as
well as in annual flowering. Testing the correlation between MdFLC characteristics and the length of
the juvenile phase could provide valuable insight into the function of MdFLC in the regulation of this
process in the near future. In addition, if this gene could be used as a marker, it would be possible
to breed cultivars with a short juvenile period as well as various useful traits by marker-assisted
selection [21,37]. As apples have advanced in genome information and genome editing technology [38],
accumulating results as a model will be utilized for other fruit trees.

Table 1. Putative CArG boxes in MdFT a.

Gene
Accession
Number

Putative CArG Box Strand
Position of 1st C

from ATG b

MdFT1 AB458506 AACTCCATTAATTGCAGG Top +289
TACTCCTTATTTTGTCAA Top +846

MdFT2 AB458504 CTAACCATTAATTGTGTT Top +1001
AGATCCTAAAAAAGTATA Bottom +994
GTATCCAAATAAGTTGC Bottom −159
GTCTCCTAATTTGTTGT Bottom −745

a The boxes in the introns and promoter regions, the upstream 1500-bp MdFT promoter sequences of the start codon
were checked in both strands according to Helliwell et al. [17]. b The boxes in the introns and the promoter regions
are shown with the positive and negative number of positions, respectively.

4. Materials and Methods

4.1. Plant Materials

Mature leaves in the juvenile phase of 8-year-old apple (Malus domestica) seedlings of a cross
between ‘Fuji’ and ‘Himekami’ were used for cDNA isolation and sequence analysis of MdFLC. Mature
leaves from 11-year-old apple trees (‘Fuji’ grafted onto M.9, M. prunifolia) were used as adult trees.
For expression analysis in adult trees, mature leaves were sampled from 20-year-old apple trees (‘Fuji’
grafted onto M.9, M. prunifolia) on May 1, June 1, July 1, and August 1, 2016. For expression analysis of
phase transition, mature leaves were collected from the juvenile to adult phase in 8-year-old apple
seedlings of a cross between ‘Fuji’ and ‘Himekami’ [27]. All samples were collected in the Tohoku
University (Sendai, Japan) experimental field at 38◦16′ N and 140◦52′ E.

4.2. cDNA Isolation, Sequence Analysis, and Phylogenetic Tree Analysis of MdFLC

To isolate MdFLC1 cDNA, the apple EST sequences were searched using DDBJ and GDR. DDBJ
was also used to search homologous genes in other plants. The cetyltrimethylammonium bromide
(CTAB) method [27] and a TaKaRa RNA PCR kit (AMV) (Takara-Bio, Kusatsu, Japan) were used for
RNA extraction and reverse transcription, respectively. Cloning of MdFLC3 cDNA was performed by
PCR with degenerate primers MdMADSF and MdMADSR (Table S1, Supplementary Materials) based
on highly conserved sequences in the MADS-box protein using PROSITE (https://prosite.expasy.org).
The restriction sites of EcoRI and BamHI were added to the primers in advance. PCR was performed
with cDNA from leaves in the juvenile and adult phases. PCR products were electrophoresed on
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agarose gel, and amplified fragments of the expected size were collected using TaKaRa RECOCHIP
(TaKaRa). pUC18 was digested with EcoRI and BamHI, and the PCR fragments were ligated into this
vector and then transformed into Escherichia coli. The plasmid was purified for sequence analysis.
Sequence Alignment by ClustalW (http://align.genome.jp) was used to prepare the sequence alignments
and phylogenetic trees.

4.3. Expression Analysis by Real-Time PCR

For expression analysis in the adult trees, RNA extraction and reverse transcription were performed
using a Cica Geneus RNA prep kit for Plant (Kanto Kagaku, Tokyo, Japan) and ReverTra Ase qPCR
RT Master Mix with gDNA Remover (TOYOBO, Osaka, Japan), respectively. THUNDERBIRD
SYBR qPCR Mix (TOYOBO) was used for the subsequent PCR. For expression analysis with phase
transition, RNA extraction and reverse transcription were performed using the CTAB method [27] and
QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany), respectively. A QuantiTect SYBR
Green PCR Kit (Qiagen) was used for the subsequent PCR. Real-time PCR was performed as described
in Ikeda et al. [39], using the primer sets listed in Table S1. Coefficients of variant for quantification
cycle of the reference genes among samples were 1.85%, 2.75%, and 1.01% in Figures 3–5, respectively.

4.4. Transformation of Arabidopsis with MdFLC3 cDNA

The translated region of MdFLC3 cDNA was amplified by PCR using Q5 DNA polymerase (New
England Biolabs, Ipswich„ MA, USA) electrophoresed in an agarose gel. It was then collected from the
gel and used as an insert. The primers used were MdFLC3InsertF and MdFLC3InsertR, in which BamHI
and SacI sites were added to the 5′ and 3′ ends, respectively (Table S2, Supplementary Materials). The
GUS sequence in the binary vector pBI121 was excised using BamHI and SacI, and the MdFLC3 insert
was introduced into the vector instead. The resultant vector containing MdFLC3 cDNA with CaMV
35S promoter was used for the transformation of Arabidopsis thaliana ecotype Columbia (Inplanta
Innovation Inc., Yokohama, Japan). Transformed seeds (T1) were selected in a medium containing
kanamycin, and a transgene check was performed by PCR using the primer set for MdFLC3 (Table S2).
Expression analysis was performed by real-time PCR using the primer sets for AtFT, MdFLC3, and
AtFLC, and the Arabidopsis actin primer was set as a reference (Table S2). Seeds (T2) were collected
separately from individuals (T1) derived from individual seeds initially obtained by Agrobacterium in
planta vacuum infiltration transformation and each of them was sown as a line. In the T2 generation,
segregation of the transgene was checked in each line and seeds (T3) were collected. Homozygous
seeds that did not segregate in T3 were used. The homozygous seeds (T3) were planted and grown in
vermiculite/pearlite (1:1) at 22 ◦C under a 16 h photoperiod, and the number of rosette leaves and days
after sowing was measured at bolting [40].

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/12/
4562/s1. Table S1. Primers used for cloning of cDNA encoding MdFLC and real-time PCR in apple; Table S2.
Primers used for transformation of Arabidopsis with MdFLC3 cDNA and real-time PCR in transgenic Arabidopsis;
Figure S1. Phenotype analysis in the MdFLC3 transgenic (FOX) and wild-type (WT) plants as support data for
Figure 5; Figure S2. Expression levels of MdFLC3 and AtFLC in the MdFLC3 transgenic (FOX1, 2) and wild-type
(WT) plants; Figure S3. Seasonal changes in the expression levels of MdFLC3 in the buds of adult trees.
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Abbreviations

FLC FLOWERING LOCUS C
TFL1 TERMINAL FLOWER 1
FT FLOWERING LOCUS T
LFY LEAFY
AP1 APETALA1
EST expressed sequence tag
DDBJ DNA Data Bank of Japan
WT wild-type
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Abstract: Brassinosteroids (BRs) are important plant growth hormones that regulate a wide range of
plant growth and developmental processes. The BR signals are perceived by two cell surface-localized
receptor kinases, Brassinosteroid-Insensitive1 (BRI1) and BRI1-Associated receptor Kinase (BAK1),
and reach the nucleus through two master transcription factors, bri1-EMS suppressor1 (BES1) and
Brassinazole-resistant1 (BZR1). The intracellular transmission of the BR signals from BRI1/BAK1
to BES1/BZR1 is inhibited by a constitutively active kinase Brassinosteroid-Insensitive2 (BIN2) that
phosphorylates and negatively regulates BES1/BZR1. Since their initial discoveries, further studies
have revealed a plethora of biochemical and cellular mechanisms that regulate their protein abundance,
subcellular localizations, and signaling activities. In this review, we provide a critical analysis of
the current literature concerning activation, inactivation, and other regulatory mechanisms of three
key kinases of the BR signaling cascade, BRI1, BAK1, and BIN2, and discuss some unresolved
controversies and outstanding questions that require further investigation.

Keywords: brassinosteroids; receptor-like kinases; GSK3-like kinases; somatic embryogenesis
receptor-like kinases; protein phosphatases

1. Introduction

Brassinosteroids (BRs) are plant-specific steroid hormones and play essential roles in a broad range
of plant growth and developmental processes, including cell elongation, cell division, and differentiation,
seed germination, stomata formation, root development, vascular differentiation, plant architecture,
flowering, male fertility, and senescence [1–4]. BRs are also involved in responding to various abiotic
and biotic stresses, such as drought, flooding, salinity, extreme temperatures, microbial pathogens,
and insect herbivores [5–7]. Plants with defects in BR biosynthesis or signaling show a characteristic set
of developmental defects, including dwarfed statue, male sterility, delayed senescence and flowering,
and photomorphogenesis in the dark [8,9].

Using various experimental and theoretical approaches, including genetics, biochemistry, cell
biology, chemical biology, structural biology, proteomics, transcriptomics, genomics, mathematical
modeling, and computational dynamics simulation, a series of important BR signaling components
have been well established and intensively studied, revealing a protein phosphorylation-mediated
BR signaling cascade [10–12] (Figure 1). BRs are perceived at the plasma membrane (PM) by the
extracellular domains of BRI1 (Brassinosteroid-Insensitive1) receptor, a leucine-rich repeat receptor-like
kinase (LRR-RLK) [9,13], and its co-receptor BAK1 (BRI1-Associated receptor Kinase1, also known as
SERK3 for Somatic Embryogenesis Receptor Kinase3) [14–16], a versatile LRR-RLK involved in many
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signaling processes [17]. BR binding to the BR-binding pocket formed by the extracellular domains of
BRI1 and BAK1 is thought to trigger conformational changes of their cytoplasmic domains [18,19]. BRI1
subsequently phosphorylates its inhibitor BKI1 (BRI1 Kinase Inhibitor1) and induces its dissociation
from the PM [14,18,20,21], thus enabling heterodimerization, reciprocal phosphorylation, and full
activation of the kinase activities of BRI1 and BAK1 [14,18,20–23]. The fully activated BRI1 triggers a
series of phosphorylation or dephosphorylation events to transduce the extracellular BR signals into the
cytosol. BRI1 phosphorylates BSK1 (BR-Signaling Kinase1), CDG1 (Constitutive Differential Growth1),
and some of their homologs, leading to phosphorylation and subsequent activation of members of
a unique family of protein phosphatases with Kelch-like domain (PPKLs) that include BSU1 (bri1
suppressor1) and BSU1-Like1-3 (BSL1-3) [24–26]. It is generally believed that the phosphorylated
BSU1/BSLs inactivate BIN2 (Brassinosteroid-Insensitive2), which is a member of the plant GSK3
(Glycogen Synthase Kinase3)-like kinase family, via dephosphorylation of a phosphorylated tyrosine
(Tyr) residue in the activation loop of BIN2 [27]. The dephosphorylated BIN2 also interacts with
KIB1 (Kink suppressed in bzr1-1D1), an F-box E3 ubiquitin ligase, leading to BIN2 ubiquitination
and proteasome-mediated degradation [28]. Upon BIN2 inactivation and degradation, two highly
similar BIN2 substrates, BZR1 (Brassinazole-resistant1) and BES1 (bri1-EMS suppressor1) [29,30] are
rapidly dephosphorylated by certain nuclear-localized members of the PP2A (protein phosphatase
2A) family [31], leading to their nuclear accumulation. The dephosphorylated BZR1 and BES1 bind to
their target promoters containing BRRE (BR-response element) (CGTGC/TG) and/or E-box (CANNTG)
motif to regulate expression of thousands of BR-responsive genes that are crucial for plant growth and
development [32,33].

Figure 1. A current model of BR signaling. When BRs (brassinosteroids) are absent (left), BRI1
(Brassinosteroid-Insensitive1) is kept inactive by its autoinhibitory C-terminus and BKI1 (BRI1 Kinase
Inhibitor1) association. BIN2 (Brassinosteroid-Insensitive2) is constitutively active and phosphorylates
BES1 (bri1-EMS suppressor1)/BZR1 (Brassinazole-resistant1) transcription factors to promote their
degradation and 14-3-3-mediated cytosolic retention, and to directly inhibit their DNA-binding
activities. When BRs are present (right) and bind to the extracellular domains of BRI1 and its
co-receptor BAK1 (BRI1 Associated receptor Kinase1) to activate the two receptor kinases, leading to
dissociation of BKI1 from BRI1, phosphorylation and activation of BSKs (BR-signaling kinases)/CDGs
(Constitutive Differential Growth) and BSU1 (bri1 suppressor1). The activated BSU1 dephosphorylates
and inactivates BIN2 while KIB1 (Kink suppressed in bzr1-1D1) promotes BIN2 degradation, causing
nuclear accumulation of PP2A (protein phosphatase 2A)-dephosphorylated BES1/BZR1 that bind
BRRE (BR response element)/E-box-containing promoters to regulate expression of thousands of
BR-responsive genes important for plant growth and development.
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In the past few years, several excellent reviews were published that summarized the significant
progresses in understanding how the BR signal is perceived at the cell surface and how the extracellular
BR signal is transduced into the nucleus to regulate a wide range of plant developmental and
physiological processes [10–12,34]. In this review, we present a critical analysis of currently available
data on three early BR signaling components, including the BR receptor BRI1, its coreceptor BAK1,
and the crucial negative regulator BIN2, highlighting recent findings and discussing controversies and
unanswered questions on the regulatory mechanisms that control their protein abundance, subcellular
localizations, and signaling activities.

2. BRI1, the BR Receptor

BRI1 localizes to the PM and belongs to a large and plant-specific family of LRR-RLKs, which is
composed of 223 members in Arabidopsis thaliana [35]. BRI1 consists of an extracellular LRR domain of
25 LRRs, a single-pass transmembrane segment, and a cytoplasmic kinase domain [9]. The 25 LRRs are
interrupted by a 70-residue island domain (ID, from amino acid Lys586 to Met657), which constitutes
the BR binding domain with the 22nd LRR [36]. Its cytoplasmic kinase domain can be subdivided
into the JM (juxtamembrane) region, a canonical serine/threonine (Ser/Thr) kinase domain, and a short
C-terminal tail (CT) of 36 amino acids (AAs). The Arabidopsis genome encodes three BRI1 homologs:
BRL1 (BRI1-Like1), BRL2 (also known as VH1 for Vascular Highway1 [37]), and BRL3. BRL1 and
BRL3 can also bind BRs and function as BR receptors [38,39], whereas BRL2/VH1 does not bind BR but
functions in a BR-independent manner to regulate vascular development [37,40]. Gene expression
analysis and genetic studies revealed that BRI1 is expressed in most plant tissues/organs, whereas
BRLs are found only in the vascular tissues and stem cell niches [41]. BRLs have been shown to be
involved in vascular development [42] and plant tolerance to abiotic stresses, such as hypoxia and
drought [43,44].

2.1. Maintaining the Inactive State in the Absence of BR

In the absence of BR ligands, BRI1 is maintained at its inactive state via its inhibitory CT and
its binding to BKI1 at the PM [20,23]. Removal of the BRI1 CT not only increased the in vitro kinase
activity of a recombinant BRI1 kinase protein, but also led to a hyperactive BR receptor in vivo [23].
Further investigation will likely be required to fully understand the mechanism of this autoinhibitory
activity of the BRI1 kinase activity given the missing CT in several available crystal structures of the
BRI1 kinase domain [45,46]. The 36-AA CT could block the substrate binding site to interfere with
the in vitro homodimerization for the auto(trans)phosphorylation activity or the in vivo binding of
the kinase domains of BRI1 and BAK1. In addition to the “cis” autoinhibition, the binding of the
PM-associated BKI1 to the BRI1 cytoplasmic domain demonstrates a “trans” inhibitory mechanism
to prevent association and subsequent cross phosphorylation of the kinase domains of BRI1 and
BAK1, which is likely triggered by BR-independent heterodimerization of their extracellular domains
known to occur in plant cells [15,47,48]. A previous genetic demonstration of the absolute requirement
of BAK1/SERKs for the BRI1’s activation [49] implies that BRI1 can be kept in its inactive state via
competitive binding of BAK1 with certain BAK1-interacting proteins. Indeed, recent studies revealed
that ligand-independent interaction of BAK1 with BIR3 (BAK1-Interacting Receptor-like kinase3)
could inhibit BR-stimulated BAK1-BRI1 heterodimerization and BRI1 activation (see below for more
discussion on the BAK1-BIR interaction) [50].

2.2. BRI1 Activation

It was well known that many kinases are activated via phosphorylation of crucial Ser/Thr residues
in the activation segment catalyzed by upstream kinases [51]. In animal cells, many receptor kinases
are activated by homodimerization and auto(trans)phosphorylation [52,53]. Despite several reports of
BRI1 homodimerization in vitro or in vivo [15,23,54,55], BRI1 activation requires its heterodimerization
and subsequent transphosphorylation with its coreceptor BAK1/SERKs. An earlier in vitro kinase assay
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with dephosphorylated recombinant kinases of BRI1 and BAK1 showed that neither BRI1 nor BAK1
was active when incubated alone with the ATP-containing kinase reaction buffer but became active
when incubated together [45]. Similarly, the full-length BRI1 or BAK1 was inactive when expressed
alone in yeast cells but became active kinases when they were coexpressed. Neither BRI1 nor BAK1 was
active when coexpressed in yeast with a kinase-dead partner [18]. More important, a BRI1-FLAG fusion
protein could not be activated by exogenously applied BR in a transgenic Arabidopsis line that lacks
BAK1 and its two close homologs [49]. Furthermore, a recent study showed that ligand-independent
heterodimerization of a chimeric LRR-RLK, which was composed of the extracellular domain of
BIR3 and the intracellular domain of BRI1, and BAK1 led to constitutive activation of the BR
signaling pathway [56]. All these biochemical and genetic/transgenic experiments argue against the
widely accepted sequential-phosphorylation model. This model posits that BR binding-triggered
conformational changes result in weak activation of BRI1 and its subsequent phosphorylation and
activation of BAK1, which can then transphosphorylate BRI1 for its full activation [21]. Further
studies, especially structural analysis of the ligand-bound full-length BRI1-BAK1 complexes and
mass spectrometry (MS)-based quantitative phosphorylation analysis of BRI1 in bak1/serk mutants,
are needed to fully understand the activation mechanism of BRI1 and the genetic requirement of
BAK1/SERKs for its activation.

Structural analyses of the BRI1-BAK1 extracellular heterodimers and molecular dynamics
simulations suggested that BR binding to the extracellular domain of BRI1 causes conformational
changes in BRI1 [57,58]. Such subtle structural changes not only stabilize the ID to create a docking
platform for the BRI1-BAK1 association, which is further stabilized by a bound active BR (functioning
as “molecular glue” to interact with the N-terminal cap of BAK1), but also potentially create a secondary
interface involving the N-terminal 12 LRRs of BRI1 to interact with BAK1 [16,19] (Moffett and Shukla,
2020 bioRxiv: http://doi.org/10.1101/630640). Despite lack of experimental evidence or structural
information, it has been widely accepted that stable association of the extracellular domains of BRI1 and
BAK1 brings their cytoplasmic domains into close proximity, thus permitting cross phosphorylation,
especially at Ser1044 of BRI1 and Thr450 of BAK1 within their respective activation loop, and subsequent
activation of both kinases [45,46,59]. A recent structural modeling study suggested that the cytoplasmic
domains of BRI1 and BAK1 could weakly interact independently of BR binding to their extracellular
domains [60]. However, it is important to point out that the structural models of the kinase domains of
BRI1 and BAK1 used for the modeling study were derived from autophosphorylated and activated
kinase domains with stabilized αC-helixes and activation segments.

Structural models of the activated BRI1 kinase domain [45,46] suggested that the phosphorylated
Ser1044 is likely trapped in a positively-charged phosphate-binding pocket consisting of Arg922 (at the
beginning of the αC-helix), Arg1008 [within the HRD (His-Arg-Asp) motif], and Arg1032 (at the
beginning of the β9-strand), thus stabilizing the activation loop and establishing an active kinase
conformation (Figure 2). Specifically, the interaction of the phosphorylated Ser1044 (pSer1044) and
Arg922 of the αC-helix is likely critical for creating the so-called regulatory-spine (R-spine) consisting of
5 residues [the anchoring Asp1068 residue of the αF-helix, His1007 of the HRD motif, Phe1028 of the DFG
(Asp-Phe-Gly) motif, Ile931 of the αC-helix, and Leu942 of the β4-strand] (Figure 2). The assembly of
the R-spine has been considered as a crucial indicator of an active conformation of eukaryotic protein
kinases [61,62]. As expected, a Ser1044-Ala mutation resulted in a strong loss of kinase and signaling
activity of BRI1 in vitro and in vivo [22].
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Figure 2. A structural model of the activated BRI1 kinase domain. Shown here are three (0◦, 60◦,
and 180◦) rotational views of a rainbow-colored ribbon model of the crystal structure of the BRI1
kinase domain (Protein Data Bank No. 4oh4). Individual α-helices (αB-αI) and β-strands (β1-β5)
were labelled. The magenta-colored sticks indicate phosphorylated Ser/Thr residues with the magenta
dots surrounding Ser1044 and Thr1049 of the activation segment, the green sticks denote the Lys911 and
Glu927 residues that form the salt bridge between the β3-strand and αC-helix, the red sticks mark the
three positively charged residues of the phosphate-binding pocket, and the orange sticks represent the
phosphorylated Tyr residue. The red spheres show adenylyl-imidodiphosphate (a non-hydrolysable
ATP analog), the orange spheres indicate the gatekeeper Tyr956 residue that is also phosphorylated
in in vitro assays, and the light-blue spheres denote the five regulatory-spine (R-spine) residues
(from lower to upper: Asp1068, His1077, Phe1028, Ile931, and Leu942). The rainbow bar indicates the
order of amino acids (AAs) from the N-terminus (blue) to the C-terminus (red).

In addition to the pSer1044 residue within the activation loop, previous studies revealed an
essential role of a conserved Ser/Thr residue (Thr1049) in the “P+1 loop” [21,22], which is thought to
be the docking site for the backbone of the substrate P-site and the side-chain of the P+1 residue [61].
Previous bioinformatic analysis indicated that this position is occupied by a Ser/Thr residue in
>99% of the so-called “RD”-type RLKs containing Arg-Asp residues within the conserved HRD
motif [21]. By contrast, only 30% of “non-RD”-type RLKs contain a Ser/Thr residue at this position.
Mutating Thr1049 to Ala completely inhibited the in vitro phosphorylation activity of a recombinant
BRI1 kinase domain and greatly reduced its signaling activity in transgenic Arabidopsis plants [23],
demonstrating its crucial role in BRI1 kinase activity. Mutating the equivalent Ser/Thr residue in
several other “RD”-type LRR-RLKs resulted in loss of in vitro phosphorylation activity [63]. Further
studies will be needed to determine whether the phosphorylation of this residue is truly required for
BRI1 activation as the phosphorylation-mimic Thr1049-Asp mutation also led to a strong loss of the
in vitro phosphorylation activity of a recombinant BRI1 kinase [21]. Based on the structural model
(Figure 2), the phosphorylation of this residue could potentially interfere with ATP binding and/or
substrate binding.

The activated BRI1 is thought to autophosphorylate additional Ser, Thr, and Tyr residues in both
N-lobe and C-lobe (Figure 2). The phosphorylated N-lobe residues include Ser838, Thr842, Thr846,
Thr851, and Ser858 of the JM (not shown in Figure 2), Thr872 and Thr880 on the αB-helix that caps the
N-lobe, Ser887 and Ser891 on both ends of the β1-strand, Ser906 in the β2-β3 loop, Ser917 in the β3-αC
loop (missing in the BRI1 crystal structure), and Thr930 on the αC-helix. The phosphorylated C-lobe
residues include Ser963 at the start of the αD-helix, Ser981, Thr982, and Ser990 of the αE-helix, Ser1012

and Ser1013 of a half helical twist before the β7-strand, Ser1026 located between the β8-strand and the
DFG motif, Thr1039, Ser1042, and Thr1045 of the activation segment, Ser1071 and Thr1081 of the αF-helix,
Ser1109 located at the start of the twisted helical αG-αH linker, Thr1147 at the start of the αI-helix, and at
least 5 residues in the CT (Ser1166, Ser1168, Thr1169, Ser1179, and Ser1187) [21,22,63–66] (Figure 2). Among
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those phosphorylated residues, at least 11 were identified from immunoprecipitated BRI1 fusion
protein from transgenic Arabidopsis plants, including 6 uniquely identified (Ser838, Ser858, Thr872,
Thr880, Thr982, and Ser1168), 2 additional Thr sites (most likely Thr842 and Thr846) and 3 ambiguous
sites within the activation fragment [22]. In addition, at least 3 Tyr residues were reported to be
autophosphorylated, including Tyr831 (in the JM), Tyr956 (the gatekeeper residue on the β5-strand),
and Tyr1072 (on the αF-helix) [67,68] (Figure 2). It should be noted that the published MS data
from several in vitro and in vivo phosphorylation site-mapping experiments of BRI1 did not identify
any phosphorylated Tyr residue [21,22,63–66]. The 3 phosphorylated Tyr residues (Tyr831, Tyr956,
and Tyr1072) that were discussed in the current literature were deduced from immunoblot assays with
generic and site-specific anti-phosphorylated Tyr (anti-pTyr) antibodies [67,68]. It is generally believed
that these phosphorylated Ser/Thr/Tyr sites could regulate the abundance and/or signaling activity of
BRI1 and create docking sites for binding downstream signaling components or regulators to build
a BRI1 signaling complex, which likely include scaffolding proteins such as TTLs (Tetratricopeptide
Thioredoxin-Like proteins) and BSK3 [69,70]. The activated BRI1 can then transphosphorylate these
regulators and downstream targets to transduce the extracellular BR signal into the cytosol, ultimately
reaching the nucleus to alter gene expression.

One question that remains to be answered is how binding of BR to BRI1 triggers phosphorylation
of BKI1. As discussed above, the activation of BRI1’s kinase activity requires its heterodimerization
and transphosphorylation with BAK1, a process that is prevented by the PM-localized BRI1-binding
BKI1, while BKI1 dissociation from BRI1 and the PM absolutely requires phosphorylation by activated
BRI1 [71,72]. Previous studies showed that BRI1-catalyzed Tyr phosphorylation at the conserved
Tyr211, which likely requires BRI1-catalyzed phosphorylation at Ser270 and Ser274 [72], is necessary
and sufficient for its dissociation from the PM [71]. It might be possible that BR binding to the
BRI1’s extracellular domain triggers yet undefined conformational changes in its cytoplasmic domain.
Such structural changes could weaken the BRI1-BKI1 binding and permit weak BRI1-BAK1 association
to allow the BAK1-catalyzed transphosphorylation of Thr1044 in the activation loop of BRI1, leading
to further conformational changes and full activation of BRI1. Activated BRI1 can subsequently
phosphorylate BKI1 at Ser270/274 and Tyr211, resulting in BKI1 dissociation from BRI1 and the PM and a
stronger BRI1-BAK1 binding. A better understanding of the BRI1-BKI1 and BRI1-BAK1 interaction
requires further structural analyses of the protein complexes of full-length proteins in the absence or
presence of active BRs.

2.3. Attenuation and Deactivation

The magnitude and duration of the BR signaling is dynamically regulated by activation and
deactivation of the BR receptor. One simple mechanism of receptor inactivation or attenuation is
mediated by autophosphorylation. Previous studies suggested that autophosphorylation at certain
residues inhibited the in vitro kinase activity of an E. coli expressed BRI1 kinase domain and reduced
the physiological activity of BRI1 in transgenic Arabidopsis plants [21,23,67,73]. For example, mutating
Thr872 to Ala, which is located at the start of the αB-helix that caps the N-lobe of 5 antiparallel β-strands
(Figure 2), could significantly enhance the in vitro autophosphorylation activity or transphosphorylation
activity towards an artificial peptide substrate [22]. It is interesting to note that Thr872 and Thr880, known
to be phosphorylated and located at the start and end of the αB-helix (Figure 2), are highly conserved
among 213 Arabidopsis LRR-RLK [22], suggesting that phosphorylation of these residues might be a
conserved attenuation mechanism for many plant LRR-RLKs. Similarly, Ser891, located in the β1-β2
ATP-binding loop (better known as “glycine-rich loop” or “G-loop”) containing the GXGXXG-motif
(X indicating any AA), was previously shown to deactivate BRI1 [73], likely by interfering with ATP
binding, as the “G-loop” is known for positioning the three phosphate groups and the adenine ring
of ATP [61]. An earlier study also suggested that phosphorylation of two tyrosine residues, Tyr831

(located in the JM) and Tyr956 (a critical gatekeeper of the ATP binding pocket), might also inhibit
the BRI1 kinase and signaling activity [67]. However, the lack of appropriate phosphorylation-mimic
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AA for a pTyr residue makes it complicated to interpret the published experimental results on the
regulatory roles of BRI1’s Tyr phosphorylation.

In addition to the “cis” attenuation by autophosphorylation, the signaling activity of BRI1 could
be “trans” attenuated by dephosphorylation of certain phosphorylated Ser/Thr residues through
PP2A [66,74]. A PP2A holoenzyme is composed of three subunits: a catalytic C subunit, a regulatory B
subunit, and a scaffolding A subunit. A B subunit from one of the 3 subfamilies in Arabidopsis: B, B’,
and B”, determines the substrate specificity, while an A subunit brings the B and C subunits together
to form an active protein phosphatase complex [75]. An earlier study implicated the Arabidopsis SBI1
(suppressor of bri1), a leucine carboxylmethyltransferase, in methylating the C subunits of PP2A to
enhance the PM-association of certain PP2A holoenzymes [74]. As a result, PP2A could bind and
dephosphorylate activated BRI1, leading to increased BRI1 degradation and attenuated BR signaling.
Further support for the involvement of PP2A in attenuating BR signaling came from a recent study
showing that at least four cytoplasm-localized PP2A B’ subunits, including B’γ, B’η, B’θ, and B’ζ [75],
interact with BRI1 and mediate its dephosphorylation and inactivation [66]. Overexpression of any of
these PP2A-B’ genes in a weak bri1-5 mutant significantly enhanced its dwarf phenotype and further
reduced its BR signaling activity. By contrast, simultaneously eliminating these four PP2A-B’ genes
could enhance BR signaling and partially suppressed the dwarf phenotype of a weak BR-deficient
mutant det2 (de-etiolation2) [66]. Quantitative MS assays of autophosphorylated BRI1 kinase domain
incubated with immunoprecipitated PP2A complexes identified several autophosphorylated Ser/Thr
residues as the potential dephosphorylation sites of PP2A, including a phosphorylated residue (Thr872,
Thr880, or Ser887 on the αB-helix and the αB-β1 loop), Ser917 (in the β3-αC loop), Ser981 (on the
αD helix), and four phosphorylated Ser/Thr residues in the CT (Ser1166, Ser1168, Thr1169, or Ser1172,
and S1179/Thr1180) [66]. An earlier mutagenesis experiment indicated that individual mutations of
these Ser/Thr residues (except Thr872) had little impact on the in vitro autophosphorylation activity
of the BRI1 kinase but did reduce its transphosphorylation activity towards a peptide substrate [22].
In addition, the dephosphorylated CT was previously shown to exert inhibitory effects on BRI1 signaling
activity [23]. Further MS analyses of the endogenous BRI1 in PP2A B’-overexpressing transgenic
Arabidopsis lines and the Arabidopsis quadruple mutant lacking B’γ, B’η, B’θ, and B’ζ are needed
to pinpoint the exact Ser/Thr residues that are dephosphorylated by PP2A. Given the importance
of Tyr phosphorylation in BR signaling [67,68,71] and a previous report of Tyr dephosphorylation
of an LRR-RLK immunity receptor EFR (Elongation Factor-Tu Receptor) by a bacterial tyrosine
phosphatase [76], it will be interesting to investigate if the BRI1 signaling activity could also be
regulated by a member of the Arabidopsis PTP/DSPP (protein tyrosine phosphatase/dual specificity
protein phosphatase) family [77].

2.4. Regulating the Abundance of BRI1 on the PM

2.4.1. Trafficking from the ER to the PM

The BR signaling activity at the PM is also controlled by the amount of the PM-localized BRI1
receptor, which starts its secretory journey in the endoplasmic reticulum (ER) (Figure 3). It was
well known that the ER houses several stringent quality control (QC) systems that permit export of
only correctly folded proteins into the Golgi apparatus but retain incompletely or incorrectly folded
proteins in the ER for chaperone-assisted folding repair or degradation via ER-associated degradation
mechanism (ERAD) [78,79]. Two structurally defect but biochemically competent mutant variants of
BRI1, bri1-5 with Cys69-Tyr mutation and bri1-9 carrying a Ser662-Phe mutation, are retained in the
ER and degraded by ERAD [80–82] (Figure 3). Loss-of-function mutations in the ER quality control
(ERQC) or ERAD system resulted in increased amounts of mutant bri1 receptors on the PM, thus
partially suppressing the dwarfism phenotype of these bri1 mutants as the corresponding mutant
BRI1 proteins still retain partial signaling activity after being correctly targeted to the PM [83–86].
A recent study also suggested the presence of a yet to be defined QC system at the PM to remove
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misfolded/damaged PM-localized proteins, such as bri1-301 (with a Gly989-Ile mutation) that escapes
from ERQC/ERAD [87,88]. TWD1 (Twisted Dwarf1), a well-studied cochaperone protein that was
previously shown to be localized in the ER and at the PM, where it regulates auxin transport [89],
also interacts with both BRI1 and BAK1 to enhance BR signaling [90,91]. Given its demonstrated
interaction with HSP90 (heat shock protein 90) [92,93], it is tempting to speculate that TWD1 could
promote optimal folding of BRI1 and its coreceptor, thus maximizing their BR signaling activities at
the PM.

 

Figure 3. A current model of regulating the BRI1 abundance on the plasma membrane (PM).
Newly synthesized BRI1 is translocated through the Sec61 translocon from the ER (endoplasmic
reticulum)-associated ribosomes into the ER where it undergoes chaperone-assisted protein folding.
Correctly folded BRI1 is exported into the Golgi to continue its secretory journey through the
TGN (trans-Golgi network)/EE (early endosome) to be targeted on the PM (1), whereas the
incorrectly/misfolded BRI1, such as its mutant variants bri1-5 and bri1-9, are retained in the ER
by ERQC (ER quality control) for refolding and degradation via ERAD (ER-associated degradation)
that involves retrotranslocation and cytosolic proteasome. The PM-localized BRI1 or BRI1/BAK1
heterodimer is presumably ubiquitinated by the PUB12/13 (plant U-box protein12/13) E3 ligases
and undergoes constitutive CME (clathrin-mediated endocytosis)-mediated internalization (2) or
ligand-induced CIE (clathrin-independent endocytosis)-mediated internalization (3). The endocytosed
BRI1 at the TGN/EE could be packaged into ILVs (intraluminal vesicles) and delivered to the
vacuole for degradation via ESCRT (endosomal sorting complex required for transport)-mediated
biogenesis of MVBs (multivesicular bodies) and eventual MVB-vacuole fusion (4). Alternatively,
the TGN/EE-localized BRI1 can be recycled back to the PM via retromer-mediated cargo selection,
microtubule-assisted vesicle trafficking, and exocyst/SNARE (soluble N-ethylmaleimide-sensitive
factor-attachment protein receptor)-involved exocytosis (5). The circled numbers indicate different
secretion/trafficking routes. SNX1 (sorting nexin1) is one of the core retromer subunits, CLASP
(cytoplasmic linker-associated protein) is a microtubule-associated protein, and ALIX (the Arabidopsis
homolog of apoptosis-linked gene 2-interacting protein X) is a cytosolic ESCRT-associated protein.

2.4.2. Targeting to Unique PM Nano/Microdomains

Recent fluorescence microscopy studies coupled with live-cell imaging techniques have revealed
that plant LRR-RLKs, including BRI1 and BAK1, are not uniformly distributed on the PM but are
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rather localized to specific PM subcompartments known as lipid rafts, nanodomains, or microdomains
with unique lipid and protein compositions [48,94,95]. It was thought that members of the two protein
families: Flotillins (Flot) and plant-specific remorins, might function as organization centers to form
protein nanoclusters that are important for receptor signaling [55,95]. Interestingly, AtFlot1, one of the
two Arabidopsis Flot homologs, was shown to coexist with BRI1 in a PM microdomain to influence
BRI1 endocytosis [55] while OsREM4.1 (Oryza sativa remorin4.1), a member of the rice remorin family,
interacted with OsSERK1, a rice homolog of BAK1, to regulate the heterodimerization of OsSERK1 with
a rice homolog of BRI1, OsBRI1 [96]. It remains to be determined how AtFlot1 and OsREM4.1 recruit
BRI1/OsBRI1 to unique nano/microdomains on the PM given the presence of >600 RLKs, but only 2
Flots and 16 remorins in Arabidopsis [97,98].

2.4.3. Endocytosis

Like many PM-localized proteins, the wild-type BRI1 is also known to dynamically undergo
clathrin-mediated endocytosis (CME) or clathrin-independent endocytosis (CIE) from the PM to the
trans-Golgi network or early endosomes (TGN/EE) [15,55,99], where BRI1 can then be recycled back to
the PM or sorted into the vacuole for degradation via multiple multimeric ESCRT (endosomal sorting
complex required for transport) complexes [100–104]. Thus, BRI1 endocytosis serves to attenuate
BR signaling despite an early report that suggested endosomal initiation of BR signaling [99,105].
CME is a highly conserved cellular process that requires coordination of several groups of proteins,
including clathrin triskelia consisting of clathrin heavy chains and light chains, small GTPases and
their regulators such as ADP-ribosylation factor-guanine nucleotide exchange factors (ARF-GEFs),
and adapter complexes, including the canonical heterotetrameric adapter protein 2 (AP2)-complex
and the heterooctomeric TPLATE complex (TPC) [106]. Consistent with this, inhibition of BRI1
endocytosis by tyrphostin A23, which is a widely-used chemical that specifically blocks the cargo
recruitment step of CME [107], could inhibit BRI1 endocytosis and enhance BR signaling [55,104].
Similarly, genetic mutations or transgenic interferences (dominant-negative and/or gene silencing) of
the CME components, including clathrins, Rab GTPases, two ARF-GEFs (GNOM and GNOM-LIKE1),
the AP2-complex, and the TPC complex, impaired BRI1 endocytosis, leading to increased BRI1
abundance at the PM and enhanced BR signaling [104,108,109]. It was generally thought that the
CME-mediated BRI1 internalization is a constitutive process; however, a recent study suggested
that BRI1 internalization could be stimulated by BR treatment, which is mediated by a CIE pathway
involving a membrane microdomain-associated protein AtFlot1 (Arabidopsis thaliana Flot1 [110]. AtFlot1
directly associates with BRI1 and interference with AtFlot1 protein affects BRI1 endocytosis, leading to
increased BRI1 on the PM and enhanced BR signaling [55]. It remains to be determined to what degree
coordination of the CME and CIE pathways regulate BRI1 endocytosis and downstream BR signaling.

2.4.4. The Endocytic Pathway to the Vacuole for Degradation

Endocytosed BRI1 proteins accumulate in the TGN/EE compartments where they are sorted
into the vacuole for degradation, an endocytic pathway that is mediated through sorting/packaging
of BRI1 into ILVs (intraluminal vesicles) of the LE/MVBs (late endosomes/multivesicular bodies)
and eventual MVB-vacuole fusion [111]. Previous studies suggested that BRI1 endocytosis and its
subsequent sorting at TGN/EE into MVBs is likely regulated by the E3 ligases PUB12/13 (plant U-box
protein12/13)-catalyzed ubiquitination of BRI1 [112] while its packaging into MVBs is regulated by
ESCRT protein complexes and their associated proteins [113]. Interestingly, BR treatment stimulated
the BRI1-PUB13 interaction and PUB13 phosphorylation and simultaneous elimination of PUB12
and PUB13 inhibited BRI1 internalization, leading to increased BRI1 abundance and enhanced BR
sensitivity [112]. It was known that K63-linked polyubiquitination is involved in endocytosis and
subsequent ESCRT-mediated vacuolar delivery, whereas K48-linked polyubiquitination is the signal
for proteasome-mediated degradation [114,115]. A previous study indicated that PUB12/13-catalyzed
ubiquitination of FLS2 (Flagellin Sensing2), another LRR-RLK plant immunity receptor that senses
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bacterial flagellin [116], is involved in proteasome-mediated FLS2 degradation [117], implying that
PUB12/13 likely catalyzes the K48-linked polyubiquitination of FLS2. Thus, it will be interesting to
determine the exact type of the ubiquitin-linkage and the exact site(s) of the PUB12/13-catalyzed BRI1
ubiquitination given an earlier report indicating that the K63-linked polyubiquitination at Lys866 of an
immunoprecipitated BRI1 is the likely signal to drive the BRI1 endocytosis [115]. Experiments are also
needed to fully understand the discrepancy between the BR-dependent BRI1-PUB12/13 interaction [112]
and the kinase-dependent but ligand-independent BRI1 ubiquitination [115].

Interestingly, a partial loss-of-function mutation in Arabidopsis ALIX (apoptosis-linked
gene 2-interacting protein X), which is required for localizing an Arabidopsis deubiquitinating
enzyme in LE/MVBs and associates with an ESCRT complex to mediate packaging of cargos
into ILVs [118], was found to be defective in the vacuolar delivery of BRI1 [113]. It remains
unknown whether the failure to package endocytosed BRI1 into ILVs is functionally related to
the mislocalization of the deubiquitinating enzyme in the alix mutant. A recent study also implicated
BIL4 (Brassinazole-Insensitive-Long hypocotyl4), a 7-transmembrane protein localized in the TGN/EE,
LE/MVB, and vacuolar membrane, in regulating the endocytic trafficking of BRI1 to the vacuole [119].
RNAi-mediated BIL4 silencing resulted in increased BRI1 localization in the vacuole, whereas BIL4
overexpression reduced the BRI1 trafficking from the TGN/EE to the vacuole. It remains to be
investigated to fully understand the biochemical function of BIL4 in the plant endocytic pathway.

2.4.5. Endocytic Recycling

Most of the endocytosed BRI1 are thought to be recycled back to the PM to replenish the PM pool
of the BR receptor, thus enhancing BR signaling [99,101,102,104]. It was thought that the TGN/EE-PM
recycling involves retromer complex-mediated cargo retrieval, microtubule-assisted trafficking of
recycling endosomes, and SNARE (soluble N-ethylmaleimide-sensitive factor attachment proteins
receptor)-mediated exocytosis [111]. A hypomorphic allele of DET3 that encodes the cytosolic C
subunit of the Arabidopsis vacuolar ATPase (V-ATPase) reduces the ability of V-ATPase to acidify
the TGN/EE but not the Golgi or the vacuole, leading to compromised secretion and recycling of
BRI1 and reduced BR sensitivity [120,121]. An Arabidopsis microtubule-associated protein CLASP
(cytoplasmic linker protein-associated protein) was previously known to interact with SNX1 (sorting
nexin1), a component of the Arabidopsis retromer complex, to mediate the endosome-microtubule
association [122]. Interestingly, the expression of CLASP is regulated by BR in a BRI1-dependent
manner and CLASP also mediates the BR-induced microtubule reorganization [123]. Importantly,
a loss-of-function mutation in CLASP compromised the TGN/EE-PM trafficking of the constitutive
cycle of BRI1 endocytosis-exocytosis, leading to reduced BRI1 abundance on the PM and dampened
BR sensitivity [123]. The exocytosis is known to be coordinated by Rab GTPase, the vesicle tethering
complex known as exocyst, and SNAREs [124]. Mutations in EXO70A1 (exocyst subunit 70A1,
a component of the Arabidopsis exocyst complex) or components of the SNARE complex reduced BRI1
recycling back to the PM [125,126]. A recent study also implicated BIG3 (brefeldin A-inhibited guanine
nucleotide-exchange protein3) and BIG5, two members of the BIG subfamily of the Arabidopsis
ARF-GEFs, in BRI1 recycling. Simultaneous elimination of BIG3 and BIG5 resulted in dwarfed plants
with reduced BR sensitivity [127], but their exact cellular functions remain to be defined. Given the
widely accepted model of constitutive endocytosis of BRI1, it will be interesting to investigate how
plant cells integrate developmental cues and environmental signals to balance the endocytic vacuolar
degradation and the endocytic recycling process to control the abundance of signaling competent BRI1
on the PM.

3. BAK1, the Coreceptor

BAK1/SERK3 and three other members of the SERK family, SERK1, SERK4, and SERK5
(nonfunction in the Col-0 ecotype of Arabidopsis thaliana but remains function in the Ler-0 ecotype [128]),
are required to function as the BRI1 coreceptor to initiate the BR signaling at the PM [14,18,129,130].
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The 5 members of the SERK family share the same structural organization with an extracellular domain
of 5 LRRs plus the N-terminal cap, a single transmembrane helix, a cytoplasmic kinase domain, and a
CT with a conserved Ser-Gly-Pro-Arg motif at their C-terminal end known to be important for their
kinase activity [131]. Structural analysis of the BRI1-BAK1 heterodimer of their extracellular domains
identified key residues involved in forming and stabilizing the BAK1-BRI1 dimer [19]. In addition to
functioning as the coreceptors for BRI1 to activate the ligand-bound BRI1, BAK1/SERKs were found to
be versatile coreceptors that heterodimerize with many ligand-bound RLKs for their activation [17]
and intracellular signal transduction.

3.1. Phosphorylation of BAK1

As discussed above, BAK1 activation requires its heterodimerization with BRI1 when assayed
with E. coli expressed kinase domains of BRI1 and BAK1 [45] or with yeast expressed full-length
proteins [18]. An earlier transgenic experiment, which expressed a BAK1-GFP fusion protein in a
strong bri1-1 mutant background, showed that exogenous BR application resulted in no detectable
change in BAK1 phosphorylation [21], suggesting that BAK1/SERKs activation in vivo also requires its
heterodimerization with BRI1.

MS analyses of E. coli-expressed recombinant BAK1 kinase, in vitro phosphorylated forms, and
immunoprecipitated BAK1 fusion proteins from transgenic Arabidopsis plants identified a total of 23
phosphorylation sites in both N-lobe and C-lobe (Figure 4). The phosphorylated residues in the N-lobe
include Ser286 of the αB-helix, Ser290 of the αB-β1 loop, Thr312 of the β2-β3 loop, Ser324 within the
β3-αC loop (that is missing in the BAK1 kinase structure), Thr333 and Ser339 of the αC-helix, and Thr355

and Thr357 of the β4-β5 loop. The phosphorylated residues of the C-lobe include Ser370 and Ser373

on the αD-helix, Ser381 of the αD-αE loop, Tyr443, Thr446, Thr449, Thr450, and Thr455 on the activation
segment, Ser465 and Thr466 located on a short α-helix that links the P+1 loop with the αF helix, Ser557 of
the αI-helix, and 4 residues (Ser602, Thr603, Ser604, and Ser612) in the CT [21,59,65,130,132,133] (Figure 4).
Among these phosphorylation sites, a total of 9 residues, including Ser290, Thr312, Thr446, Thr449, Thr455,
and the 4 Ser/Thr residues in the CT, were discovered from immunoprecipitated BAK1 fusion proteins
of transgenic Arabidopsis plants [21,134]. Whereas no single pTyr residue of BRI1 was detected by
MS, a pTyr residue, Tyr443 located at the tip of the activation loop (Figure 4), was identified from MS
analysis of an E. coli expressed recombinant BAK1 kinase [65]. Two additional Tyr residues, Tyr463

(located at a short α-helix that links the P+1 loop with the αF-helix) (Figure 4) and Tyr610 (on the CT
that is not shown on the BAK1 kinase crystal structure), were previously shown to be phosphorylated
based on immunoblotting analysis with anti-pTyr antibodies and loss-of-phosphorylation (Tyr-Phe)
mutagenesis [73,135].

Structural analysis and molecular dynamics simulations suggested that the Thr450 phosphorylation
is likely the most critical for BAK1 activation as its attached phosphate group likely binds to a
positively-charged phosphate-binding pocket, which consists of Arg415 (within the HRD motif),
Lys439 (on the β9-strand), and Arg453 (on the activation segment), to stabilize the activation segment
(Figure 4). It is interesting to note that the third Arg residue of the BAK1’s phosphate binding pocket
is from the activation segment itself instead the αC-helix that contributes the third Arg residue for
the phosphate-binding pocket of the BRI1 kinase (Figure 2). The interaction between Arg922 with the
phosphorylated Ser1044 is important to stabilize the N-lobe-C-lobe interaction in BRI1 to assemble
the R-spine. It remains to be determined whether this is the likely cause for the apparent failure to
incorporate a hydrophobic residue (likely Ile338) from the αC-helix to the R-spine of BAK1 and an
apparent gap between the Lys317 (from the β3-strand) and Glu334 (of the αC-helix) that should form the
conserved salt bridge important for the kinase activity. Consistent with the structural analysis, Thr450

was found to be essential for its autophosphorylation and transphosphorylation activities when assayed
in vitro [59,132,136]. However, these results were contradictory to an earlier study demonstrating that
the Thr450-Ala mutation only marginally affected the in vitro phosphorylation and in vivo signaling
activities of BAK1 [21]. Further studies are needed to fully establish if the transphosphorylation of
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BAK1 by BRI1 at the Thr450 residue is absolutely required to activate the BAK1 kinase activity in vivo.
It is also interesting to investigate if the gatekeeper residue Tyr363 might contribute to the assembly of
the R-spine crucial for BAK1 activation (Figure 4).

 

Figure 4. A crystal structure of the BAK1 kinase domain. Shown here are three rotation (0◦, 60◦, and 180◦)
views of a rainbow-colored ribbon model of the crystal structure of the BAK1 kinase domain (Protein
Data Bank No: 3uim). Individual α-helices (αB-αI) and β-strands (β1-β5) were labelled. The purple
sticks indicate phosphorylated Ser/Thr residues with the Thr450 and Thr455 residues surrounded with
purple dots. The red sticks show the bound adenylyl-imidodiphosphate (a non-hydrolysable ATP
analog), the light-orange sticks denote the two residues that form the conserved salt bridge between the
β3-strand and the αC-helix, the blue sticks represent the three positively charged residues that make
up the phosphate-binding pocket, and the dark-orange sticks indicate phosphorylated Tyr residues.
The pink spheres mark the R-spine residues, the red spheres show the two Cys residues that were
S-glutathionylated in vitro, the orange spheres denote the gatekeeper Tyr residue, and the green spheres
designate the Asp287 residue important for Ca2+-dependent BAK1 cleavage. The rainbow bar indicates
the order of AAs from the N-terminus (blue) to the C-terminus (red).

Similar to what was discovered with the BRI1 kinase domain, the Thr residue in the P+1
loop, Thr455, is essential for the BAK1 activity. Mutating Thr455 to Ala or Asp/Glu resulted in a
strong loss of BAK1’s phosphorylation activity in vitro and its BR-signaling function in transgenic
Arabidopsis plants [21,59,132], suggesting that autophosphorylation of this highly conserved Ser/Thr
residue might serve to inhibit rather activate BAK1 activity. Similar to what was discussed for the
BRI1’s Thr1049 residue, the phosphorylation of Thr455 could interfere with ATP binding or substrate
binding due to its strategic position at the P+1 loop. However, it remains a possibility that the
phosphorylation of Thr455 is required for BAK1 activation but the Thr-Asp/Glu mutation might not be
able to mimic the pThr455 residue at this strategic position. Site-directed mutagenesis coupled with
in vitro phosphorylation assays and Arabidopsis transgenic experiments revealed another Ser/Thr
residue whose phosphorylation serves to attenuate the BAK1 activity. Mutating Ser286 to Ala, which is
located at the αB-helix capping the N-lobe, had little impact on the BAK1 activity; however, mutating
Ser286 to Asp resulted in almost complete loss of in vitro phosphorylation activity of BAK1 and caused a
dominant negative effect in transgenic Arabidopsis plants [21]. The impact of pSer286 on BAK1 activity
is very similar to that of pThr872 on BRI1, which is also localized on the αB-helix that caps the BRI1’s
N-lobe [22]. Further studies are needed to fully appreciate the negative impact of phosphorylating the
Ser/Thr residues of the αB-helix. It is equally important to determine whether these Ser/Thr residues
are intramolecularly autophosphorylated or intermolecularly transphosphorylated in order to fully
understand the activation or autoinhibitory mechanisms of BAK1/SERKs and other LRR-RLKs.
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In addition to the “cis” attenuation mechanism via auto/trans-phosphorylation of Ser286/Thr455,
the BAK1 signaling activity could also be attenuated by a “trans” regulatory mechanism involving a
phosphatase. A recent study suggested a role of a PP2A (consisting of subunits A1, C4, and B’η/ζ)
in regulating the phosphorylation status of BAK1 in plant immunity response [137]. Given the
demonstrated constitutive BAK1-PP2A association [137] and implication of PP2A in regulating BRI1
phosphorylation status [66], it is quite possible that this PP2A or its close homolog(s) could negatively
influence BR signaling by controlling the phosphorylation level of the BRI1-associated BAK1/SERKs.

3.2. Regulating BAK1 Availability for BRI1 Interaction

Given the importance of BAK1/SERKs in activating the BR-bound BRI1 [49], it is no surprise
that plant cells could regulate the availability of BAK1/SERKs to control BR signaling. The ligand-
independent/dependent heterodimerization of BAK1 with BRI1 was previously known to induce
endocytosis of both LRR-RLKs [15]. An Arabidopsis protein, MSBP1 (membrane steroid binding
protein1) was previously found to inhibit BR signaling by stimulating BAK1 endocytosis to limit the
amount of BAK1 on the PM [138]. Recently, several members of a small subfamily of LRR-RLKs
known as BIRs were found to constitutively interact with BAK1/SERKs, thus interfering the signal
initiation processes of many BAK1/SERKs-required LRR-RLKs [50,60,139–143]. However, only the
BIR3-BAK1 interaction affects the BR-induced BRI1-BAK1/SERK heterodimerization and inhibits BR
signaling [50]. A previously known gain-of-function mutant of BAK1, elg1-D (elongated1-Dominant,
carrying an Asp122-Asn mutation) that was previously identified as a suppressor of an Arabidopsis
gibberellin-deficient dwarf mutant [144,145], exhibits a much weaker binding affinity to the extracellular
domain of BIR3 [143], thus increasing availability of BAK1 for BRI1 interaction to enhance BR signaling.
However, it remains to be studied why overexpression of BIR3 led to a strong bri1-like dwarf phenotype
with complete BR insensitivity but its loss-of-function bir3 mutation enhanced the dwarf phenotype of
a weak bri1 mutant and exhibited no morphological similarity to the elg1-D mutant or weak phenotype
of BRI1-overexpression. Further studies are also needed to fully understand why BIR3, but not its two
other homologs, BIR1 and BIR2, can inhibit BR signaling. One possible explanation is its ability to
interact with BRI1 and form ligand-independent BRI1-BAK1/SERKs-BIR3 receptor nanoclusters [60,95].
In addition to BIRs, members of another small subfamily of LRR-RLK [LRR-RLK IX subfamily, named
BAK1-Associated Receptor-like Kinase1 (BARK1) and BARK1-Like Kinase 1-3 (BLK1-3)], could also
bind BAK1/SERKs to influence BR signaling [146]. However, overexpression of BARK1 resulted in a
hypersensitive phenotype, suggesting a potentially positive role of BARK1 in BR signaling. Unlike
BIR3 that likely carries a cytoplasmic pseudokinase domain [50,147], the kinase domain of BARK1 is
predicted to be an active kinase that could potentially help to phosphorylate and activate BAK1/SERKs
or downstream signaling components to enhance BR signaling. A recent rice study also implicated
OsREM4.1, a member of the remorin family thought to be associated with micro/nanodomains on the
PM [97], as an interactor of OsSERK1 to interfere with the OsSERK1-OsBRI1 heterodimerization [96],
suggesting that competitive BAK1/SERK-binding is likely a conserved mechanism to control BR signal
initiation on the cell surface.

3.3. BAK1 Regulation by Other Mechanisms

Increasing evidence suggested an important role of S-glutathionylation, a post-translational
modification of a Cys residue via its disulfide linkage with the Cys residue of glutathione
(a γ-Glu-Cys-Gly tripeptide) [148], in regulating protein stability and activity in response to cellular
oxidative stress. A recent in vitro study showed that BAK1 could be S-glutathionylated at Cys353 and
Cys408 (shown in red spheres in Figure 4) by AtGRXC2 (Arabidopsis thaliana glutaredoxin C2) via a
thiol-dependent reaction with glutathione disulfide, leading to a reduction of the in vitro BAK1’s kinase
activity [149]. Molecular dynamics simulations suggested that S-glutathionylation of Cys408 promotes
an inactive kinase conformation state [150]. The S-glutathionylation of Cys408 might directly affect the
positioning of the αC-helix by steric hinderance or interfere with the interaction of the αC-β4 loop with
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the αE-helix, which is a crucial interaction that stabilizes the αC-helix to maintain an active kinase
conformation [61]. It is interesting to note that Cys408 was mutated to Tyr in bak1-5, which compromises
some plant innate immunity responses but has little effect on BR signaling [151]. It remains to be
tested if BAK1/SERKs are S-glutathionylated in vivo and whether S-glutathionylation interferes their
heterodimerization and transphosphorylation with BRI1 or other BAK1/SERKs-required LRR-RLKs
and whether such a modification exhibits different impacts on BR signaling, plant immunity, and other
BAK1/SERK-mediated processes.

A recent study suggested potential involvement of a Ca2+-dependent BAK1 proteolytic cleavage
process in BR-mediated plant development and growth [152]. Biochemical studies suggested that the
Asp287 residue (shown in green spheres in Figure 4), which is conserved among SERK family members
and located right after the important regulatory Ser286 residue [17], is critical for its proteolytic cleavage.
However, functional verification of the cleavage process in BR signaling was complicated by retention
of a mutated BAK1 (carrying Asp287-Ala mutation) in the ER, most likely caused by ERQC-associated
processes. This study suggested that considerable caution is needed in interpreting results with
mutated transgenic constructs because some introduced mutations could potentially cause structural
defects that could be detected by stringent quality control systems in plant cells, thus altering their
protein abundance and/or subcellular locations.

One question that remains to be answered is whether or not BAK1/SERKs interact with downstream
BR signaling components to directly influence the intracellular transmission of the extracellular BR
signals in addition to their essential role of activating BRI1. Previous studies indicated that a
C-terminally-tagged BAK1 or a bak1 allele (known as sobir7-1 for suppressor of bir1 7-1, carrying a
non-sense mutation at Trp597 and lacking the CT) affected plant defense signaling but had little
impact on BR signaling [131,153], leading to a conclusion that BAK1/SERKs require their CTs to
interact with downstream signaling components to influence the plant immunity. It is interesting to
note that the Arabidopsis BIK1 (Botrytis-Induced Kinase1), a receptor-like cytoplasmic kinase that
is rapidly phosphorylated by FLS2-associated BAK1 and transduces the plant immunity signal to
downstream targets [154], inhibits BR signaling by interacting with BRI1 but not the BRI1-interacting
BAK1 [26]. Given the versatile roles of BAK1/SERKs in plant growth/development and plant defense [17],
understanding the molecular mechanism(s) that determine the biochemical functions of BAK1/SERKs in
BR signaling and FLS2/EFR-mediated plant defense responses will have a huge impact on plant biology.

4. BIN2, the Negative Regulator

The GSK3-like kinase BIN2 was originally discovered in a forward genetic screen for mutants
similar to loss-of-function bri1 mutants [30] and was subsequently shown to phosphorylate and
negatively regulate BES1 and BZR1 [29,155,156] to block the intracellular transduction of the extracellular
BR signals. The Arabidopsis genome encodes a total 10 GSK3-like kinases that are divided into four
different subgroups [157], but genetic screens for BR-related dwarf mutants (bin2 or dwarf12) [30,158]
or leaf development mutants (ucu for ultracurvata) [159] discovered gain-of-function mutations only
in BIN2 but not in any of the remaining 9 GSK3-like kinases. Interestingly, at least 7 of the 8 known
bin2/dwarf12/ucu1 mutants carry single AA changes in a 4-AA “TREE” (Thr261Arg262Glu263Glu264)
motif that is a part of a surface-exposed α-helix (Figure 5) on the long connection fragment that links
the αG and αH helices. However, subsequent reverse genetic studies showed that BIN2 functions
redundantly with at least 6 other members of the Arabidopsis GSK3-like kinase family in regulating
BR signaling [27,160–163].
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Figure 5. A structural model of BIN2. Shown here are two rotational (0◦ and 60◦) views of a modeled
BIN2 structure obtained at SWISS-MODEL (https://swissmodel.expasy.org/). Individual β-strands
(β1-β5) and α-helices (αC-αH) were labeled. The two extra antiparallel-β-strands that cap the N-lobe
are not labelled. The TREE motif and the Pro284 residue mutated in known bin2/dwarf12/ucu1 alleles
are indicated with grey-colored sticks. The magenta sticks show the three positively charged residues
[Arg80, Arg164, and Lys189 (also acetylated)] of the conserved phosphate-binding pocket, the red sticks
with red dots denote the Tyr200 residue, the green sticks with green dots mark the Lys69-Glu81 salt
bridge between the β3-strand and the αC-helix, and the blue sticks represent the Lys167 residue that
corresponds to the acetylated Lys183 residue of the human GSK3β. The red spheres show the Cys
residues that were shown to be S-nitrosylated or S-glutathionylated in vitro, the orange spheres indicate
the gatekeeper Met115 residue, and the pink spheres mark the 5 R-spine residues (from lower to
top: Asp223, His163, Phe185, Met85, and Leu96). Important residues are also labelled with single letter
codes with positions. The rainbow bar indicates the order of AAs from the N-terminus (blue) to the
C-terminus (red).

4.1. BIN2 Regulation by Dephosphorylation

The signaling activity of BIN2 is likely regulated by post-translational modifications that include
phosphorylation, acetylation, S-glutathionylation, S-nitrosylation, and ubiquitination. Like its animal
homologs, BIN2 is a constitutively active kinase but is inactivated in response to BRI1/BAK1 activation.
Molecular modeling revealed that BIN2 likely adopts an active kinase conformation with a well
assembled R-spine consisting of Asp223 (the anchorage residue on the αF-helix), His163 (of the HRD
motif), Phe185 (of the DFG motif), Met85 (of the αC-helix), and Leu96 (of the β4-strand), the Lys69-Glu81

salt bridge between the β3-strand and the αC-helix, and an opened activation segment (Figure 5).
In animal cells, GSK3 phosphorylates its substrates via two different mechanisms: one requiring a
priming phosphorylation of the substrate by a different kinase and the other requiring an adapter
protein that binds both GSK3 and its substrate [164]. Accordingly, an animal GSK3 kinase can be
inactivated by two general mechanisms: phosphorylation of a key Ser/Thr residue in its autoinhibitory
N-terminal fragment and interaction of a GSK3-binding protein [164]. The phosphorylated N-terminal
fragment competes with a “primed” substrate for the phosphate-binding pocket consisting of three
positively-charged residues, Arg96, Arg180, and Lys205 in the human GSK3β (corresponding to Arg80,
Arg164, and Lys189 in BIN2, respectively) (Figure 5), while a GSK3-binding protein competitively
prevents the GSK3-substrate binding necessary to phosphorylate a non-primed GSK3 substrate.
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There has been no evidence so far for a similar phosphorylation-mediated autoinhibitory
mechanism in plant cells to inactivate BIN2 in response to BR. An earlier biochemical study showed
that the BIN2-catalyzed BES1/BZR1 phosphorylation does not need a priming phosphorylation but
instead requires a direct binding between BIN2 and BES1/BZR1 that carry a 12-AA docking motif [165].
However, phosphorylation is involved in BIN2 regulation, which is likely mediated by several protein
Ser/Thr phosphatases (PSPs) instead of protein kinases [27,166]. It is widely believed that BIN2
is inhibited through dephosphorylating a phosphorylated Tyr residue (pTyr200) in the activation
segment by BSU1/BSLs [27]. The phosphorylation of the corresponding Tyr residue in the human
GSK3 kinases was known to occur intramolecularly during HSP90-facilitated folding process [167,168],
and peptides of BIN2 or its closest homologs containing the pTyr200 residue were identified previously
by phosphoproteomic studies [169,170]. However, the requirement of the pTyr residue (pTyr216 in
human GSK3β) for the GSK3 kinase activity remains controversial for animal GSK3 kinases [171].
An early study reported that the mammalian GSK3 kinases required the pTyr residue for their maximum
enzymatic activities [172], but later studies showed that non-phosphorylated GSK3β adopted an active
conformation [173] and mutating the Tyr residue to Phe had a marginal impact on the GSK3β kinase
activity [174,175]. As expected from published GSK3 structures, structure modeling of BIN2 suggests
that Tyr200 adopts an anti-conformation (away from the substrate binding site) to avoid steric clash
with a substrate (Figure 5). However, mutating Tyr200 to Phe was shown to completely inactivate
BIN2 in transgenic Arabidopsis plants [27], but the inhibitory impact of the Tyr-Phe mutation could be
caused by lacking of a hydroxyl group or a phosphate group on the aromatic ring as the Tyr residue is
absolutely conserved among GSK3 and GSK3-like kinases [158]. Thus, further investigation is needed
to confirm whether dephosphorylation of the pTyr200 residue is capable of complete inactivating BIN2.

The current BR signaling model suggests that the phosphate group of pTyr200 is removed
by BSU1/BSLs [27], members of a plant-specific PPKL family [176]. BSU1, which was originally
discovered as an activation-tagged bri1 suppressor [177] but later found to be exclusively present
in the Brassicaceae family and exclusively expressed in pollen with yet unknown physiological
function [178], was predicted and shown to be a functional PSP [176,177]. Consistently, molecular
modeling revealed that BSU1 has the conserved PSP structure of an α/β fold with a β-sandwich
surrounded by a large and a small α-helical domains (Figure 6) and contains three catalytic signature
motifs, GDXHG (GlyAsp510IleHis511Gly in BSU1), GDXVDRG (GlyAsp544TyrValAspArgGly in BSU1),
and GNHE (GlyAsn576HisGlu in BSU1), plus two conserved His residues (His629 and His707 in
BSU1). It was well established that these conserved residues coordinate two metal ions that bind
and activate a water molecule for its nucleophilic attack on the phosphate ester linkage with a
Ser/Thr residue [179]. These signature motifs are quite different from the HCX5R motif (Figure 6),
the catalytic signature of PTP/DSPP with the Cys residue being the enzymatic nucleophile and Arg
directly binding the phosphate group of pTyr/pSer/pThr [180]. Furthermore, a previous genetic study
coupled with phylogeny/evolution analysis of BSU1/BSLs questioned a major BR signaling role of the
pollen-expressed BSU1 and its three homologs whose loss-of-function mutations had a marginal impact
on the in vivo BIN2 activity [178]. It is important to note that a role of BSU1/BSLs in BR signaling was
supported by a recent study in rice that investigated genetic and biochemical interactions between a
rice homolog of BSL1, qGL3 (quantitative trait locus regulating grain length3, also known as OsPPKL1),
and OsGSK3 (a rice homolog of BIN2) [181]. However, the rice study did not test whether qGL3
was capable of dephosphorylating the conserved Tyr residue of OsGSK3. Given the crucial role of
BIN2 and its homologs in regulating the intracellular transduction of the extracellular BR signals into
the nucleus, further genetic, biochemistry, and structural studies are needed to fully understand the
biochemical roles of pTyr200 and BSU1/BSLs in BR signaling and other relevant physiological processes.
The results of these future studies will not only increase our knowledge of BR signaling, but will also
significantly enhance our understating of GSK3 regulation in plants and catalytic mechanism of the
plant specific PPKLs.
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Figure 6. Comparison between a structure model of BSU1’s phosphatase domain with crystal structures
of PSP (protein Ser/Thr phosphatase) and PTP (protein tyrosine phosphatase). Shown here are a
predicted structure of the BSU1’s C-terminal phosphatase domain [obtained at SWISS-MODEL at
https://swissmodel.expasy.org/ using the protein sequence of BSU1 (accession No: NP_171844)], a crystal
structure of a human PSP (HsPP1; Protein Data Bank No. 4moy), and a crystal structure of a human
PTP (HsPTPN5 for the human PTP non-receptor type 5; Protein Data Bank No. 2cjz). The conserved
metal-coordinating amino acid residues are indicated by colored sticks: orange colored Asp(D)510,
Asp(D)544, and Asn(N)576, and three magenta-colored His(H) residues. The three dotted white lines
separate the β-sandwich of two β-sheets from the two flanking α-helix domains in the structure models
of BSU1 and PP1. The dotted spheres and the red sticks in PP1 represent two metal ions and the
phosphate, respectively. The two conserved residues (Cys and Arg of the HCX5R catalytic signature
motif) are colored with magenta in the human PTPN5 structure and a phosphorylated tyrosine is
shown with blue sticks. The rainbow bar indicates the order of AAs from the N-terminus (blue) to the
C-terminus (red) of each peptide.

BIN2 could also be regulated through dephosphorylation by ABI1 (ABA-Insensitive1) and
ABI2 [166], two protein phosphatase 2C-type PSPs known to play inhibitory roles in transducing the
signal of the plant stress hormone abscisic acid (ABA) [182]. While this discovery seems to support
earlier findings that the ABA-BR antagonism is mediated by a biochemical event located between BRI1
activation and BIN2 inhibition of the BR signaling cascade [183], it remains to be determined which
phosphorylated residue(s) are dephosphorylated by ABA1/2. Quantitative analysis of the in vivo BIN2
phosphorylation dynamics in response to ABA and/or BR treatment coupled with structural analysis
of BIN2 will not only lead to a better understanding of the well-known ABA-BR antagonism but will
also provide biochemical insights into the regulatory mechanism(s) of plant GSK3-like kinases.

4.2. BIN2 Regulation by Other Post-Translational Modifications

In additional to phosphorylation/dephosphorylation, BIN2 can be regulated by other
post-translational modifications. A recent study implicated a role of an Arabidopsis histone deacetylase
HDA6 (histone deacetylase6) in BIN2 inactivation [184]. HDA6 interacts with BIN2 and deacetylates
BIN2 at Lys189 in vitro. Because Lys189 is one of the positively charged residues that make up the
highly conserved phosphate-binding pocket (Figure 5), its acetylation should neutralize its positive
charge and likely reduce the BIN2 activity whereas deacetylation of the acetylated Lys189 is expected to
increase the BIN2 activity via enhanced BIN2 binding with BES1/BZR1 that has multiple conserved
(Ser/Thr)X3(Ser/Thr) GSK3 phosphorylation repeats. Consistent with the published GSK3 structures
and the role of the conserved phosphate binding pocket [173,185], acetylation of Lys205 in the human
GSK3β (corresponding to Lys189 of BIN2) was found to reduce its phosphorylation activity while a
histone deacetylase sirtuin1 (Sirt1) and the Lys205-Arg mutation increased the GSK3β activity [186].
By contrast, the Lys189-Arg mutation, which should eliminate its presumed acetylation, actually
reduced the in vitro kinase activity and in vivo signaling function of BIN2 [184], suggesting that
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acetylation of Lys189 stimulates BIN2 activity via a yet to be defined biochemical mechanism in plants.
However, the mutagenesis results should be interpreted with caution as previous sequence analyses
showed that Lys189 is absolutely conserved between BIN2 and its homologs from other plants or other
eukaryotic organisms [30,158]. By contrast, both Arg and Lys were found at the corresponding position
in plant LRR-RLKs [9,187]. It is noteworthy that acetylation at another conserved Lys residue, Lys183

(corresponding to Lys167 in BIN2) known to be important for ATP binding was recently shown to
inhibit the mammalian GSK3β activity, whereas its deacetylation by another histone deacetylase Sirt7
served to promote ATP binding and to stimulate GSK3 activity [188]. Further studies, such as mapping
the in vivo BIN2 acetylation sites and identification of BIN2 acetylation enzyme(s), are needed to fully
understand the role of acetylation and deacetylation in BIN2 regulation.

Nitric oxide (NO), an important signaling molecular, was shown to inhibit the kinase activity of
BIN2 by S-nitrosylation at the conserved Cys162 site in an in vitro assay [189]. It is important to note
that Cys162 sits right before the conserved HRD motif (Figure 5) and its S-nitrosylation could thus
interfere with the assembly of the R-spine (involving the His163 residue) or the interaction between a
phosphate group of BES1/BZR1 with the Arg164 residue, one of the three positively charged residues of
the BIN2’s phosphate binding pocket (Figure 5). S-nitrosylation was recently shown to regulate the
human GSK3β activity in a very interesting way that inhibits its phosphorylation of cytosolic substrates
containing the (Ser/Thr)X3(Ser/Thr) phosphorylation motif but promotes its nuclear localization to
phosphorylate its nuclear substrates containing the (Ser/Thr)-Pro motif [190]. In addition to the
NO-triggered S-nitrosylation of Cys residues, a recent study suggested that certain cysteine residues
of BIN2, such as Cys59 (sits at the end of the β2-strand) and Cys162, could also be S-glutathionylated
in vitro and are likely involved in the reactive oxygen species (ROS)-induced activation of BIN2
in vivo [191]. Further studies are needed to confirm these S-nitrosylation and S-glutathionylation sites
in vivo and to investigate their biochemical/cellular impacts on the catalytic activity and subcellular
localization of BIN2 and other plant GSK3-like kinases. It will also be interesting to determine if
additional post-translational modifications, such as ribosylation, SUMOylation, and methylation that
were implicated in regulating the mammalian GSK3 kinases [171], are also involved in regulating the
in vivo BIN2 activity.

4.3. BIN2 Regulation by Protein–Protein Interactions

Given the earlier discovery of a direct BIN2-BES1/BZR1 binding [165] that was recently confirmed
by a single-molecular analysis [191], it is no surprise that BIN2 is also regulated by its competitive
binding with other cellular proteins in plant cells. Recent studies showed that BIN2 interacted
in vivo with several well-studied light signaling components, including CRY1 (Cryptochrome1,
a blue-light photoreceptor) [192], the COP1 (Constitutive Photomorphogenesis1)/SPA (Suppressor of
phyA-105) complex (a light regulated E3 ubiquitin ligase) [193], and HY5 (long hypocotyl5, a bZIP-type
transcriptional factor) [194]. CRY1 exhibits a blue light-dependent binding with both BIN2 and BZR1
to enhance the BIN2-catalyzed BZR1 phosphorylation [192], thus inhibiting its nuclear translocation
(likely by increased interaction with 14-3-3 proteins [195]) and its DNA binding activity through
CRY1’s competitive binding to the BZR1’s DNA binding domain. Thus, the blue light-activated CRY1
functions as an adapter to further promote the recruitment of BZR1, which carries a BIN2-binding motif
near its C-terminus [165], to the BIN2 kinase. While the blue light-dependent CRY1-BIN2 interaction
stimulates the BIN2-catalyzed BZR1 phosphorylation, COP1/SPA was recently found to inhibit the
BIN2-catalyzed phosphorylation of PIF3 (phytochrome interacting factor3) [193]. COP1/SPA1 is a
well-studied crucial photomorphogenesis repressor complex [196] that was previously shown to interact
with CRY1 [197,198], while PIF3 functions together with its homologs to repress photomorphogenesis in
the dark [199]. Despite being an E3 ubiquitin ligase [196], COP1/SPA did not promote BIN2 degradation
to inhibit its PIF3 phosphorylation activity. Instead, the inhibitory effect of the COP1/SPA complex
on the BIN2-catalyzed PIF3 phosphorylation is mediated by preventing the BIN2-PIF3 binding via
competitive bindings of COP1/SPA with the kinase and the substrate [193]. Further experiments are
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needed to see whether these two studies actually revealed two general mechanisms to regulate the
phosphorylation activities of BIN2 and other plant GSK3-like kinases: one using an adapter protein
that facilitates the BIN2-substrate phosphorylation while the other relying on a disrupter that interferes
the BIN2-substrate binding.

A more interesting discovery on the impact of protein–protein interaction on the BIN2
phosphorylation activity came from a recent study [194] that investigated the genetic and biochemical
interactions between BIN2 and HY5, a bZIP-type transcription factor with versatile roles in plant
growth and development [200] and a known substrate of the COP1/SPA E3 ligase [201]. Biochemical
experiments coupled with molecular modeling and computational simulations suggested that the
HY5-BIN2 binding stimulated the BIN2 catalytic activity assayed by a HY5-stimulated increase
in pTyr200 signal [194], suggesting that HY5 might function similarly as the mammalian HSP90
known to facilitate GSK3β folding during which its Tyr206 (the equivalent of BIN2’s Tyr200 residue)
was intramolecularly autophosphorylated [167]. Further experimentation is needed to confirm its
hypothetic “chaperone-like” function to assist BIN2 folding into an active kinase in vivo.

4.4. BIN2 Regulation by Subcellular Localization

Given that many of the known BIN2 substrates are transcriptional factors [157], it is no surprise
that differential subcellular localization is an important regulatory mechanism to control the BIN2
phosphorylation activity in vivo. An earlier study with the GFP-tagged BIN2 or the mutant bin2-1
[carrying the Glu264-Lys mutation in the TREE motif (Figure 5)] revealed that the bin2-1 protein
mainly accumulated in the nucleus while the wild-type BIN2 seemed to exhibit more or less equal
distributions at the PM, in the cytosol and the nucleus [163]. More importantly, adding a nuclear
localization signal (NLS) to the wild-type BIN2 resulted in a stronger BIN2 activity to block BR
signaling, whereas fusing a nuclear export signal (NES) greatly reduced its BR signaling-inhibition
activity. Consistent with these findings, Arabidopsis OPS (OCTOPUS), a PM-associated protein crucial
for phloem differentiation in Arabidopsis roots [202], binds and recruits BIN2 to the PM, thus reducing
the BIN2 phosphorylation activity towards BES1/BZR1 and enhancing BR signaling to promote phloem
differentiation [203]. Similarly, a stomata lineage cell-expressed POLAR (polar localization during
asymmetric division and redistribution) protein [204], interacts with BIN2 and several other GSK3-like
kinases to prevent their nuclear localization and transiently polarizes their subcellular distributions,
thus driving asymmetric cell division essential for stomata development [205]. It is noteworthy that
the rice PM-associated protein GW5 (grain width and weight5) interacts with OsGSK2, a rice homolog
of BIN2, to inhibit the OsGSK2’s phosphorylation activity, presumably by recruiting OsGSK2 to the
PM, and to enhance BR signaling that regulates grain width and weight in rice [206]. The regulation
of BIN2/GSKs via differential subcellular localization was also discovered in Sorghum bicolor, which
uses DW1 (Dwarfing1), a PM/cytosol-localized protein, to interact with SbBIN2 (a Sorghum bicolor
BIN2 homolog), thus preventing the nuclear localization of SbBIN2 and increasing BR signaling [207].
It will be interesting to know if their Arabidopsis homologs can also bind BIN2/GSK3s to enhance BR
signaling. More importantly, further studies are needed to understand how these four distinct proteins
with little sequence homology interact with BIN2/GSK3s to regulate their subcellular distributions.
Careful biochemical analyses of their association with BIN2/GSK3s could define the minimum binding
motifs while structural biology studies might reveal similar docking mechanisms to allow their
BIN2/GSK3-binding.

In contrast to these four proteins that enhance BR signaling by preventing nuclear localization of
BIN2/GSK3s, at least two members of the Arabidopsis HSP90 family whose mammalian homologs were
known to assist the folding and activation of GSK3β [167], were shown to keep BIN2 inside the nucleus
in an ATP-dependent manner to inhibit BR signaling [208]. Treatment with geldanamycin, a widely
used inhibitor of HSP90-dependent ATPase, or active BR, resulted in nuclear export of the HSP90-BIN2
complexes [208]. Further studies are needed to determine 1) whether or not the Arabidopsis HSP90s
are needed for the cytosolic folding and autoactivation of BIN2/GSK3s, 2) if the HSP90-bound BIN2 is
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still capable of phosphorylating its many substrates, and 3) how the extracellular BR signal is rapidly
sensed by the nuclear-localized HSP90-BIN2 complexes that translocate into the cytosol [208].

4.5. BIN2 Inhibition by Degradation

Proteasome-mediated BIN2 degradation is another important mechanism to keep this negative
regulator of BR signaling at low levels. An earlier study suggested that the bin2-1 (Glu264-Lys)
mutation greatly stabilized the mutant kinase, which was partially responsible for its increased
BES1/BZR1 phosphorylation activity [209]. A recent study demonstrated that the Arabidopsis KIB1,
a Kelch-repeat-containing F-box E3 ubiquitin ligase that was identified as a genetic suppressor
of a constitutively active form of BZR1, bzr1-1D, ubiquitinated BIN2 in vitro and stimulated the
proteasome-mediated BIN2 degradation in vivo [28]. In addition to its role in BIN2 degradation,
the Kelch repeat-mediated KIB1-BIN2 interaction blocked the BIN2-BZR1 binding, thus further reducing
the BIN2 phosphorylation activity [28]. It remains to be determined whether proteasome-mediated
degradation is an evolutionally conserved mechanism in other plant species to regulate the
phosphorylation activity of BIN2 homologs given a recent discovery of restricted distribution of
KIB1 and its homologs in the Brassicaceae family and their extremely low expression in vegetative
tissues [210]. It is interesting to note that the proteasome-mediated GSK3 degradation was previously
shown to be induced by glucocorticoid in mammalian cells although the identity of a GSK3-interacting
E3 ubiquitin ligase remains unknown [211].

5. Conclusions and Remarks

The basic scheme of the BR signaling pathway is quite simple, involving a PM-localized BR
receptor complex, a cytosolic/nuclear-localized inhibitor BIN2, and two key transcription factors,
BES1 and BZR1. In the absence of BR, BIN2 is constitutively active to phosphorylate and inhibit
BES1/BZR1. BR binding to BRI1 triggers its conformational changes to allow stable heterodimerization,
transphosphorylation, and activation of BRI1 and BAK1, leading to inhibition of BIN2 and nuclear
accumulation of non/de-phosphorylated BES1/BZR1. These BES1/BZR1 proteins bind to their target
promoters to control expression of thousands of genes important for plant growth, development,
and stress tolerance. Studies in the last twenty years have provided molecular understanding of key
BR signaling events and discovered a wide range of biochemical and cellular mechanisms that regulate
the abundance, subcellular locations, and biochemical activities of these key signaling components,
which have dramatically enhanced our understanding of BR signaling processes. Despite these great
achievements, there are still outstanding questions and unresolved controversies (discussed throughout
this review) that require further investigation. Emerging technologies and novel experimental
approaches will not only help to answer questions and resolve controversies, but will also lead to new
discoveries that will provide a high-resolution atomic portrait of the BR signaling events to further our
understanding of the BR signaling pathway and its interactions with other plant signaling processes.
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Abbreviations

AA amino acids
ABA abscisic acid
ABI1/2 ABA-Insensitive1/2
ALIX apoptosis-linked gene 2-interacting protein X
AP2 adapter protein 2
ARF-GEF ADP-ribosylation factor-guanine nucleotide exchange factor
AtFlot1 Arabidopsis thaliana Flot1
BAK1 BRI1-Associated receptor Kinase1
BARK1 BAK1-Associated Receptor-like Kinase1
BES1 bri1-EMS suppressor1
BIG3/5 brefeldin A-inhibited guanine nucleotide-exchange protein3/5
BIK1 Botrytis-Induced Kinase1
BIL4 Brassinazole-Insensitive-Long hypocotyl4
BIN2 Brassinosteroid-Insensitive2
BIR1-3 BAK1-Interacting Receptor-like kinase1-3
BKI1 BRI1 Kinase Inhibitor1
BLK1-3 BARK1-Like Kinase1-3
BR Brassinosteroid
BRI1 Brassinosteroid-Insensitive1
BRL1-3 BRI1-Like1-3
BRRE BR-response element
BSK1/3 BR-Signaling Kinase1/3
BSL1-3 BSU1-Like1-3
BSU1 bri1 suppressor1
BZR1 Brassinazole-Resistant1
CDG1 Constitutive Differential Growth1
CIE clathrin-independent endocytosis
CLASP cytoplasmic linker-associated protein
CME clathrin-mediated endocytosis
COP1 Constitutive Photomorphogenesis1
CRY1 Cryptochrome1
CT C-terminal tail
det2/DET3 de-etiolated2/3
DW1 Dwarfing1
EFR Elongation Factor-Tu Receptor
elg1-D elongated 1-Dominant
ER endoplasmic reticulum
ERAD ER-associated degradation
ERQC ER-quality control
ESCRT endosomal sorting complex required for transport
EXO70A1 exocyst subunit 70A1
FLS2 Flagellin Sensing2
G-loop glycine-rich loop
AtGRXC2 Arabidopsis thaliana glutaredoxin C2
GSK3 Glycogen Synthase Kinase3
GW5 grain width and weight5
HDA6 histone deacetylase6
HSP90 heat shock protein 90
HsPTPN5 human PTP non-receptor type 5
HY5 long hypocotyl5
ID island domain
ILVs intraluminal vesicles
JM juxtamembrane
KIB1 Kink suppressed in bzr1-1D1
LE/MVBs late endosomes/multivesicular bodies
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LRR-RLK leucine-rich repeat receptor-like kinase
MS mass spectrometry
MSBP1 membrane steroid binding protein1
NES nuclear export signal
NLS nuclear localization signal
NO nitric oxide
OPS OCTOPUS
OsGSK3 Oryza sativa GSK3-like kinase3
OsREM4.1 Oryza sativa Remorin 4.1
PIF3 Phytochrome-Interacting Factor3
PM plasma membrane
POLAR polar localization during asymmetric division and redistribution
PP2A protein phosphatase 2A
PPKL protein phosphatase with Kelch-like domains
PSP protein Ser/Thr phosphatase
PTP/DSPP protein tyrosine phosphatase/dual specificity protein phosphatase
pTyr phosphorylated tyrosine residue
PUB12/13 plant U-box protein12/13
QC quality control
qGL3 quantitative trait locus regulating grain length3
ROS reactive oxygen species
R-spine regulatory-spine
SbBIN2 Sorghum bicolor BIN2 homolog
SBI1 suppressor of bri1 1
SERK Somatic Embryogenesis Receptor Kinase
Sirt1/7 Sirtuin1/7
SNARE soluble N-ethylmaleimide-sensitive factor attachment proteins receptor
SNX1 sorting nexin1
sobir7-1 suppressor of bir1 7-1
SPA Suppressor of phyA-105
TGN/EE trans-Golgi network/early endosome
TPC TPLATE complex
TTL Tetratricopeptide Thioredoxin-Like
TWD1 Twisted Dwarf1
ucu ultracurvata
V-ATPase Vacuolar ATPase
VH1 Vascular Highway1
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Abstract: Calcite processed particles (CaPPs, Megagreen®) elaborated from sedimentary limestone
rock, and finned by tribomecanic process were found to increase photosynthetic CO2 fixation
grapevines and stimulate growth of various cultured plants. Due to their processing, the CaPPs
present a jagged shape with some invaginations below the micrometer size. We hypothesised that
CaPPs could have a nanoparticle (NP)-like effects on plants. Our data show that CaPPs spontaneously
induced reactive oxygen species (ROS) in liquid medium. These ROS could in turn induce well-known
cellular events such as increase in cytosolic Ca2+, biotic ROS generation and activation of anion
channels indicating that these CaPPs could activate various signalling pathways in a NP-like manner.

Keywords: tobacco; calcium; calcite; reactive oxygen species; ion channels; cellular signalization

1. Introduction

Several minerals have been used in agriculture [1], among which sedimentary rock that emerges
from calcareous seaweed. Megagreen® is a preparation from calcite processed particles (CaPPs),
elaborated from sedimentary limestone rock, which is finned and activated by a tribomecanic process [2].
These processed calcite particles are supposedly small enough to enter the leaf and have a beneficial
effect on plants. The application of CaPPs on grapevines submitted to water stress was shown to
increase photosynthetic CO2 fixation [3]. The benefits of CaPPs once inside the plant were supposed to
be due the decomposition products, CO2 and CaO, that could feed the plant. However, the cellular
responses induced by the CaPPs are poorly understood. Due to the tribomecanic processing, the CaPPs
present jagged shape with some invaginations below the micrometer size (Megagreen® data sheet:
https://dokumen.tips/documents/megagreen-study.html, accessed on 06/04/2020). Nanoparticles (NPs)
possess a large specific surface area allowing a greater reactivity compared to macrosized particles.
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Since the high surface reactivity of NPs is important for their biological effects, we hypothesised that
CaPPs could have NP-like effects on plants.

Recent reviews focused on beneficial applications of nanomaterials in agricultural production [4–8].
NPs notably could induce enhancement in growth and seed yield [9], and participate in crop
protection [4,10]. Although some cerium oxide nanoparticles were shown to augment reactive oxygen
species (ROS) scavenging in Arabidopsis thaliana plants [11], a part of the biological effects of various NPs
is proposed to be due to their ability to produce ROS, possibly due to molecular size, shape, oxidation
status, increased specific surface area, bonded surface species, surface coating, solubility, and degree
of aggregation and agglomeration [12–14]. We effectively showed by using Nicotiana tabacum L. cv.
Bright Yellow 2 (BY-2) cultured cells that TiO2 NPs spontaneously generate ROS in the culture medium,
but also induced a rapid biological ROS production and a ROS-dependent increase in cytosolic calcium
([Ca2+]cyt) [15]. Variations of [Ca2+]cyt serve as secondary messenger involved in many adaptation and
developmental processes in plants [16,17]. Reactive oxygen species also play a key signal transduction
role in plant cells, such as growth regulation, development, responses to environmental stimuli and
cell death [18,19]. However, the response of plants to NPs varies with the growth stages, type of plant
species and the nature of NPs. Thus, they could have positive and negative effects on plants [20].
In this study, we tested the impact of CaPPs on cell viability and further checked if CaPPs as NPs could
induce ROS generation due to their increased specific surface area and carried out an experimental
layout on plant cultured cells to study the impact of CaPPs on variations of [Ca2+]cyt, biological
ROS generation and ion fluxes variations, early cellular responses frequently involved in signalling
processes [21].

2. Results

2.1. Non-Biological ROS Production by CaPPs

We made the hypothesis that CaPPs could have a NP-like effects and could thus generate
ROS independently of living cells. According to this hypothesis, we checked if CaPPs could
induce ROS generation independently of any living cells. We showed by using the Murashige
and Skoog (MS) culture medium that CaPPs spontaneously generate in a dose- and time-dependent
manner ROS production evidenced by chemiluminescence of Cypridina luciferin analogue (CLA)
(Figure 1A,B, Supplemenary Figure S1A). It is noteworthy that, on the contrary to CaPPs, the addition
of dissolved CaCO3 (the main component of CaPPs) at 100 μg.mL−1 in free MS medium did not
induce ROS generation (Supplementary Figure S1B), reducing the likelihood of a chemical effect for
CaPPs and providing a NP-like effect. The CaPP-induced ROS production continues to increase for
about 5 h and decreases slowly after 24 h (Figure 1B). The chemiluminescence of CLA indicates
the generation of superoxide anion (O2

•−), and of singlet oxygen (1O2) to a lesser extent [22].
We then checked the effect of DABCO (1,4-diazabicyclo(2,2,2)octane, a scavenger of 1O2) and tiron
(sodium 4,5-dihydroxybenzene-1,3-disulfonate, a scavenger of O2

•−) on CaPP-induced ROS generation
(Figure 1C,D). Only tiron allowed for a significant decrease of ROS generation. This suggests that CaPPs
induced mainly O2

•− generation in culture medium. Since hydroxyl radical (HO•) could be chemically
generated from O2

•− through Haber–Weiss or Fenton reactions, we further search for HO• generation
by using the specific probe hydroxyphenyl fluorescein (HPF) [23]. A time-dependent increase in HPF
fluorescence could be detected upon treatment with 100 μg.mL−1 CaPPs (Figure 1E). This increase
in HPF fluorescence was decreased by a pretreatment with 100 mM DMTU (Dimethylthiourea),
a scavenger of HO• (Figure 1F) supporting the hypothesis of HO• generation.
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Figure 1. Calcite processed particles (CaPPs)-induced ROS generation in free Murashige and Skoog (MS)
medium. (A). Typical time and dose Cypridina Luminescent Analog (CLA) luminescence recorded in
MS medium free of cells after addition of CaPPs. (B). Mean values of CaPP-induced CLA luminescence.
(C,D). Effect of singlet oxygen scavenger DABCO (5 mM), and superoxide anion scavenger tiron
(20 mM) on CaPP-induced CLA luminescence. The histogram represents the mean values after 20 min.
(E). Time-dependent hydroxyphenyl fluorescein (HPF) fluorescence in response to 100 μg.mL−1 CaPPs.
(F). Effect of hydroxyl radical scavenger DMTU (100 mM) on CaPP-induced HPF fluorescence after
30 min. Data corresponded to mean values ± standard error (SE) of at least 4 independent experiments.
* Significantly different from the water treatment. Data were analyzed by variance analysis (ANOVA)
and when ANOVA gave a statistically significant result, the Newman–Keuls multiple range test was
used to identify which specific pairs of means were different. All numeric differences in the data were
considered significantly different for a p-value ≤ 0.05.

2.2. CaPP Particles Induced Cytosolic Calcium Variation in Tobacco BY-2 Cells

We showed that TiO2 NPs induced a ROS-dependent increase in cytosolic calcium ([Ca2+]cyt) in
BY-2 tobacco cells [15]. ROS were also shown to activate plasma membrane Ca2+ channels in plant
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cells [24]. We thus investigated the effect of CaPPs on cytosolic calcium level in BY-2 tobacco cultured
cells expressing the Ca2+-sensitive luminescent protein aequorin in their cytosol [25]. CaPPs induced a
rapid dose-dependent and transient increase in [Ca2+]cyt (Figure 2A,B). Influx of Ca2+ from the apoplast
through plasma membrane was confirmed by using 500 μM La3+, a blocker of Ca2+ channels, and 3 mM
EGTA, a calcium chelator (Figure 2C,D). This Ca2+ influx was dependent on the early CaPP-induced
ROS production since tiron, and DMTU could also reduce the [Ca2+]cyt increase (Figure 2C,D).

Figure 2. CaPP-induced variations of cytosolic Ca2+ in BY-2 cells. (A). A typical [Ca2+]cyt variations of
aequorin expressing BY-2 cells in response to various concentrations of CaPPs. (B). Mean values of
maximal [Ca2+]cyt increase in response to various concentrations of CaPPs. * Significantly different
from the treatment at 10 μg.mL−1 CaPPs. (C). Effect of calcium (La3+, EGTA) and ROS (tiron and
DMTU) pharmacology on 100 mg.ml−1 CaPPs induced [Ca2+]cyt variations. (D). Mean values of
maximal [Ca2+]cyt increase in response to 100 μg.mL−1 of CaPPs in the presence of calcium and ROS
pharmacology. Controls with pharmacology alone did not affect significantly the basal [Ca2+]cyt (not
shown). Data corresponded to mean values ± SD of at least six independent experiments. * Significantly
different from the treatment at 100 μg.mL−1. Data were analyzed by variance analysis (ANOVA) and
when ANOVA gave a statistically significant result, the Newman–Keuls multiple range test was used
to identify which specific pairs of means were different. All numeric differences in the data were
considered significantly different for a p-value ≤ 0.05.

Variations in [Ca2+]cyt and ROS generation are known to regulate different early events involved
in signal transduction pathways such as ion channel activities and NADPH-oxidase activities induced
in response to various biotic and abiotic stressors [21,26]. We then further checked if such events could
be regulated by CaPPs.
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2.3. CaPPs Induced a NADPH Oxidase-Dependent ROS Production

As expected from the spontaneously CaPP-induced ROS production in MS medium (Figure 1A),
the chemiluminescence of CLA also rapidly increased after addition of 100 μg.mL−1 CaPPs in BY-2 cell
cultures (Figure 3A). From analysis of luminol-chemilumiscence, we further showed that CaPP-induced
ROS generation reached a maximum at about 8 h in BY-2 cultured cells when untreated cells presented
no significant increase in chemilumiscence level during the time of experiments (Figure 3B). This effect
was dose-dependent (Figure 3C). The addition of 50 μM diphenyleneiodonium (DPI), an inhibitor
of NADPH-oxidase [27,28], into BY-2 cell medium diminished the chemilumiscence (Figure 3C).
These data suggest the involvement of plant enzymes such NADPH-oxidase in this ROS production
induced by CaPPs.

Figure 3. Biological CaPP-induced ROS generation by BY-2 cells. (A). Typical time CLA luminescence
recorded with BY-2 cells after addition of 100 μg.mL−1 CaPPs with or without 20 mM tiron. (B). Kinetic
of biological ROS generation detected with luminol during 14 h after addition of 100 μg.mL−1 CaPPs.
(C). Mean values of maximal ROS increase (at 8h) in response to various CaPPs concentrations (in
mg.mL−1) and in the presence 50 μM diphenyleneiodonium (DPI), an inhibitor of NADPH-oxidase.
Data corresponded to mean values ± SD of at least six independent experiments. * significantly different
from the control. ** Significantly different from the treatment at 200 μg.mL−1 CaPPs. Data were
analyzed by variance analysis (ANOVA) and when ANOVA gave a statistically significant result,
the Newman–Keuls multiple range test was used to identify which specific pairs of means were
different. All numeric differences in the data were considered significantly different for a p-value ≤ 0.05.

2.4. CaPPs Induce a Depolarization of Plasma Membrane Due to Anion Channel Activation

We used an electrophysiological approach to test the effect of CaPPs on membrane potentials and
ion currents of cultured cells. Upon direct addition of CaPPs, we recorded a rapid dose-dependent
depolarization of BY-2 cells (Figure 4A). The depolarization was correlated with a large increase in ion
currents (Figure 4B). Because impalement of a single cells could not be maintained for a long time,
we further analysed the mean plasma membrane potentials and ion currents of BY-2 cell populations
exposed to CaPPs for different amounts of time (Figure 4C,D). The value of the resting membrane
potential (Vm) of control cells (without treatment) was around -25 mV (Figure 4C), in the same range of
previous studies [26,29]. As expected from the direct addition of CaPPs (Figure 4A), cells pretreated
15 min with CaPPs were drastically depolarized (Figure 4C), but these depolarizations were transient
and the cell polarizations were partly recovered for cells pretreated during 45 min (Figure 4C).
These membrane potential variations were correlated with a transient increase in ion currents
(Figure 4B,D) presenting the main hallmarks of anion current as previously characterized [26,29–31].
This type of current was shown to be sensitive to structurally unrelated anion channel inhibitors [26,29].
Accordingly, the increases in ion currents and the depolarizations after 15 min CaPPs pretreatment
were effectively partly avoided upon pretreatment with 200 μM of glibenclamide (gli) or 9-anthracen
carboxylic acid (9AC), two structurally unrelated anion channel blockers (Figure 4D), confirming
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the anionic nature of these currents. These currents present the features of slow anion channels [32],
but a part of the instantaneous current could be carried out by fast-activating anion channels [33].
However, these data show that increase in anion currents could be part of the early CaPP-induced
signaling events.

Figure 4. CaPP-induced depolarization and anion current increase in BY-2 cells. (A). Typical
depolarizations of BY-2 cell observed in response to CaPPs at 50 or 100 μg.mL−1 and mean values of
depolarizations. (B). Whole currents measured under control conditions and 5 min after addition of
100 μg.mL−1 CaPPs. The protocol was as illustrated, holding potential (Vh) was Vm. Corresponding
current-voltage relationships at 1.8 s. (C). Mean values of polarizations for BY-2 cells treated during
different times with 100 μg.mL−1 CaPPs and mean values of polarizations for BY-2 cells treated 15 min
with 100 μg.mL−1 CaPPs in the presence of 200 μM glibenclamide (gli) or 200 μM 9-antharcen carboxylic
acid (9AC), two unrelated anion channel inhibitors. (D). Mean values of anion currents for BY-2
cells treated during different times with 100 μg.mL−1 CaPPs and mean values of anion currents for
BY-2 cells treated 15 min with 100 μg.mL−1 CaPPs in the presence of 200 μM gli or 200 μM 9AC.
Currents were recorded at −200 mV and 1.8 s of voltage clamp. Control values corresponded to the
value before CaPPs addition. Data corresponded to mean values ± SD of at least six independent
experiments. * Significantly different from the control. ** Significantly different from the treatment
at 15 min. Data were analyzed by variance analysis (ANOVA) and when ANOVA gave a statistically
significant result, the Newman–Keuls multiple range test was used to identify which specific pairs of
means were different. All numeric differences in the data were considered significantly different for a
p-value ≤ 0.05.

2.5. CaPPs Toxicity?

Nanoparticles were shown to induce cell death in various models [6,13,34]. We thus checked if
CaPPs could induce death of BY-2 cells. No increase in cell death was observed in BY-2 cultured cells,
even after 24 h of treatment (Figure 5A). We further checked if these CaPPs could have an impact on
BY-2 cell culture growth. As expected from the data of cell death, addition of CaPPs in the culture
medium of BY-2 cells for 7 days has no impact on the culture cell growth (Figure 5B).
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Figure 5. CaPPs cytotoxicity in BY-2 cultured cells. (A). Cell death extent in BY-2 cultured cells detected
by the Evans Blue staining after 6 or 24h of treatment with various concentrations of CaPPs. (B). BY-2
cultured cell growth during 7 days in the presence or not of 200 μg.mL−1 CaPPs. The data corresponded
to means of at least 4 independent replicates and error bars corresponded to SE.

3. Discussion

The CaPPs application has been shown to be beneficial on several crops such as olive trees, maize,
strawberry and lettuce, especially under drought conditions (technical data sheet for Megagreen®:
https://dokumen.tips/documents/megagreen-study.html, accessed on 06/04/2020). The benefits of
CaPPs once inside the leaves was attributed to the decomposition products CO2 and CaO that could
feed the plant. CaPPs application on grapevines subjected to water stress was shown to increase
photosynthetic CO2 fixation [3]. The CaPPs penetrating directly into the leaves are supposed to increase
CO2 saturation in the leave leading to stomatal closure and therefore a reduction in evapotranspiration
a reduction of photorespiration in favor of photosynthesis [3]. Spray of CaO were also shown to correct
Ca2+ deficiency in groundnut [35] although the mean levels of Ca2+ were not statistically different
between CaPP-treated and untreated vines [36]. However, due to the size distribution of these CaPPs
ranging from the nano- to the microparticle (0.1 to 20 μm), we hypothesized NP-like effects of CaPPs at
the cellular level. By using nonphotosynthetic BY-2 cultured plant cells, we could discriminate the
effects of NPs from already-reported effects on photosynthetic activity.

Our data showed that CaPPs induce ROS generation independently of any living cells. This ROS
production is dose- and time-dependent and seemed to be mainly due to O2

•− (detected by CLA and
scavenged by tiron) and subsequently HO• (detected by HPF and scavenged by DMTU) through
Haber–Weiss or Fenton reactions after the dismutation of O2

•− into H2O2. These data correlate with
previous one indicating that NPs from different nature can produce ROS due to their increased specific
surface area [12–14].

Our pharmacological data with ROS scavengers show that these CaPP-induced ROS could be
responsible in BY-2 cells for the induction of well-known cellular events involved in the signalling
process, such as calcium influx through plasma membrane Ca2+ channels, subsequent NADPH-oxidase
stimulation and anion channel activation. The NADPH-oxidase stimulation and anion channel
activations could also be recorded in response to CaPPs in A. thaliana cultured cells (Supplementary
Figure S2). ROS generation and the cytosolic calcium increase are reminiscent with what was
observed in response to TiO2 NPs in BY-2 cells [15], or in response to ZnO NPs in Salicornia [37],
but also in responses to O3, another oxidative stress [38], on tobacco cells [39] and A. thaliana cultured
cells [21,40–42]. Less data are available on the effect of NPs on ion channel regulation especially in
plants, but it is noticeable that polystyrene NPs could activate CFTR-Cl− channels in hamster kidney
cells [43] and O3 anion currents in A. thaliana cells [21].

Although CaPPs do not seem to be toxic for BY-2 cells, such signalling events are frequently
related to the induction of programmed cell death (PCD) [21,26,29]. Effectively we could observe in
A. thaliana cells after addition of CaPPs an increase in cell death slowing the whole suspension growth
(Supplementary Figure S3). Toxic effects of nanoparticles were already observed in response to various
NPs such as ZnONPs or AgNPs in algae [44,45] or CuONPs, SiNPs and single-wall carbon nanotubes
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on a terrestrial model [34,46,47], sometimes due to the PCD process [34]. In A. thaliana, cell death was
dependent on transcription and translation (Figure S3), effectively suggesting an active process, thus a
PCD. The discrepancy observed in terms of cell death between the two cultured cell lines, since there
was no record of cell death or the slowing of suspension cell growth for BY-2 cells, which could be
explained by a difference in sensitivity. Effectively, carbon nanotubes were shown to induce the growth
enhancement of tobacco cells [48] when they induce PCD in A. thaliana and rice [14,34]. However,
the CaPP-induced PCD in A. thaliana cells could be reduced by the ROS scavengers DMTU and tiron,
the blockers of Ca2+ influx, BAPTA and La3+ and the anion channel blockers 9AC and glibenclamide
(Supplementary Figure S3). These data support the hypothesis that the CaPP-induced ROS generation
induces the signaling pathways leading to the PCD process. It is also noteworthy that these cellular
events are also involved in stomatal aperture regulation [49]. We could further confirm the decrease
of stomatal aperture 30 min after application of 50 μM CaPPs on the epidermis A. thaliana leaves
(Supplementary Figure S4). Thus, the CaPP-induced stomatal closure could be due to not only an
increase in CO2 saturation of the leaves [3], but also to the CaPP-induced ROS generation.

In summary, our study shows that CaPPs could have, in addition to its known effects on
photosynthesis [3], NP-like effects due to their size distribution. The abiotic ROS generation induced
by these CaPPs could induce cellular events that could be involved in various signaling pathways.
More studies, particularly with different species, will be needed to clarify the possible outputs of these
signaling pathways.

4. Materials and Methods

4.1. CaPP Particles

Megagreen® is composed of calcite processed particles (CaPPs) elaborated from sedimentary
limestones rock, which is finned and activated by tribomecanic process (European Patent N◦
WO/2000/064586). These CaPPs present a distribution ranging from the nano- to the microparticle
(0.1 to 20 μm). The chemical composition of CaPPs is: total calcium carbonate 823.0 g·kg−1; SiO2

85.2 g kg−1; MgO 30.2 g·kg−1; Fe 8.78 g·kg−1, and other trace elements. CaPPs were diluted in distilled
water and pH adjusted to 5.8 with HCl.

4.2. Plant Cell Culture Conditions

Nicotiana tabacum BY-2 cultured cells were grown in Murashige and Skoog medium
(MS medium) [50] complemented with 30 g.L−1 sucrose, 0.1 mg.L−1 2,4 D (pH 5.8) and maintained by
weekly dilution (2/80). The cell culture was agitated on a rotary shaker at 120 rpm at 22 ± 2 ◦C in the
dark. Such cells are white and nonphotosynthetic. All experiments were performed at 22 ± 2 ◦C using
the cells in log-phase (6 days after subculturing).

Cell growth was estimated for by recording each day after subculture the fresh weight of cells
contained in 50 mL of culture for BY-2 cell cultures.

4.3. Monitoring of ROS Production

The production of ROS was monitored using different techniques and probes. The chemiluminescence
of the Cypridina luciferin analog (CLA) react mainly with O2

•− and 1O2 with light emission [22].
Chemiluminescence from CLA was monitored using a FB12-Berthold luminometer (with a signal
integrating time of 0.2 s). For data analysis, the luminescence ratio (L/Lbasal) was calculated by
dividing the luminescence intensities of CLA-luminescence (L) with the luminescence intensity before
treatment (Lbasal). Hydroxy radicals (HO•) formation was also checked using the specific probe
hydroxyphenyl fluorescein (HPF) [23]. Briefly, HPF was added to 1 mL of MS medium to a final
concentration of 10 μM at different times after the addition of 100 mg.mL−1 of CaPPs. The fluorescence
increase was monitored at 515 nm after an excitation at 490 nm using a F-2000 spectrofluorimeter
(Hitachi, Tokyo, Japan).
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For biological production of ROS, we used the chemiluminescence of luminol [51], which is
dependent on the activity of cell-derived peroxidase. Briefly, 6 mL of the cultured cells were inoculated
with CaPPs. Before each measurement, 200 μL of the cell culture was added prior to the addition of
5 μL luminol (1.1 mM). Chemiluminescence measurements were carried out at 30 min intervals using
a FB12-Berthold luminometer (signal integrating time 0.2 s).

4.4. Aequorin Luminescence Measurements

Cytoplasmic Ca2+ variations were recorded from BY-2 cultured cells expressing the apoaequorin
gene [25]. For Ca2+ measurement, aequorin was reconstituted by an overnight incubation of the
cell cultures in MS medium supplemented with 2.5 μM native coelenterazine. Cell culture aliquots
(450 μL in MS medium) were transferred carefully to a luminometer glass tube and luminescence was
recorded continuously at 0.2 s intervals using a FB12-Berthold luminometer (Berthold Technologies,
Bad Wildbad, Germany). Treatments were performed by 50 μL injections containing the CaPPs. At the
end of each experiment, residual aequorin was discharged by addition of 500 μL of a 1M CaCl2 solution
dissolved in 100% methanol. The resulting luminescence was used to estimate the total amount of
aequorin in each experiment. Calibration of the calcium measurement was performed using the
equation: pCa = 0.332588(−logk) +5.5593, where k is a rate constant equal to luminescence counts per
second divided by total remaining counts [25]. To test the effects of each different pharmacological
treatment, BY-2 cells were pretreated for 15 min before the application of CaPPs.

4.5. Electrophysiology

Experiments were conducted on BY-2 cells maintained in their culture medium to limit stress
(main ions in MS medium 28 mM NO3

− and 16 mM K+) [26]. Individual cells were immobilized
by a microfunnel (approximately 30 to 80 μm outer diameter and controlled by a micromanipulator
(WR6-1, Narishige, Tokyo, Japan). Impalement were carried out with a piezoelectric micromanipulator
(PCS-5000, Burleigh Inst., New York, NY, USA) in a chamber (500 μL) made of Perspex. Voltage-clamp
measurements of whole-cell currents from intact BY-2 cells presenting stable running membrane
potential were carried out at room temperature (20–22 ◦C) using the technique of the discontinuous
single voltage-clamp microelectrode [52] adapted to plant cells [40,53]. Microelectrodes were made
from borosilicate capillary glass (Clark GC 150F, Clark Electromedical, Pangbourne Reading, UK)
pulled on a vertical puller (Narishige PEII, Tokyo, Japan). Their tips were less than 1 μm diameter;
they were filled with 600 mM KCl, and had electrical resistances between 20 and 50 MΩ with the
culture medium. Specific software (pCLAMP 8) drives the voltage clamp amplifier (Axoclamp 2A,
Molecular Devices, Sunnyvale, CAL, USA). Voltage and current were digitalised with a Digidata
1322A (Molecular Devices, Sunnyvale, CAL, USA). In whole-cell current measurements the membrane
potential was held to the value of the resting membrane potential. Current recordings were obtained
by hyperpolarizing pulses from −200 to +80 mV (20 mV, 2 s steps of current injection, 6s of settling
time). We systematically checked that cells were correctly clamped by comparing the protocol voltage
values with those really imposed. Only microelectrodes presenting a linear relationship were used.

4.6. Cell Viability Assays

Cell viability was checked using the vital dye, Evans Blue. Cells (50 μL) were incubated for
5 min in 1 mL phosphate buffer pH 7 supplemented with Evans blue to a final concentration of
0.005%.21 Cells that accumulated Evans blue were considered dead. At least 1000 cells were counted
for each independent treatment. The experiment was repeated at least 4 times for each condition.

4.7. Statistical Analysis

Data were analyzed by variance analysis (ANOVA) and when ANOVA gave a statistically
significant result, the Newman–Keuls multiple range test was used to identify which specific pairs of
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means were different. All numeric differences in the data were considered significantly different for a
p-value ≤ 0.05.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/21/12/4279/
s1. Figure S1. A. Mean values of CaPP-induced CLA luminescence B. Comparison of CaPP- and CaCO3-induced
ROS generation in free MS medium. Figure S2: A. Kinetic of biological ROS generation detected with luminol
during 7 h after addition of 100 μg.mL−1 CaPPs. B. Mean values of polarizations for A. thaliana cells treated
during different times with 100 μg.mL−1 CaPPs and mean values of polarizations for A. thaliana cells treated
15 min with 100 μg.mL−1 CaPPs in presence of 200 μM glibenclamide (gli) or 200 μM 9-antharcen carboxylic
acid (9AC), two unrelated anion channel inhibitors. Figure S3: A. Dose-dependent cell death reaching about 50%
of the Arabidopsis thaliana cell population was observed after 6 h after treatment with 200 μg. mL−1 CaPPs. B.
Decrease of the culture growth induced by 200 μg. mL−1 CaPPs. C. Decrease of cell death extent by pretreatments
with actinomycin D (AD, 20 μg/mL), cycloheximide (Chx, 20 μg/mL), inhibitors of traduction and translation,
ROS scavengers Tiron (5 mM) and DMTU (100 mM), Ca2+ channel blocker La3+ (500 μM), Ca2+ chelator, BAPTA
(3 mM), and anion channel blockers, glibenclamide (gli 200 μM) and 9AC (200 μM). For each pretreatment, cells
were incubated for 15 min before CaPPs treatment. Figure S4: Applications of 100 μg mL−1 CaPPs reduce the
stomatal aperture of A. thaliana leaves. Figure S4: Applications of 100 μg.mL−1 CaPPs reduce the stomatal aperture
of A. thaliana leaves. In presence of 3 mM EGTA, the CaPPs-induced stomatal closure was reduced.
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Abstract: Receptors form the crux for any biochemical signaling. Receptor-like kinases (RLKs) are
conserved protein kinases in eukaryotes that establish signaling circuits to transduce information
from outer plant cell membrane to the nucleus of plant cells, eventually activating processes directing
growth, development, stress responses, and disease resistance. Plant RLKs share considerable
homology with the receptor tyrosine kinases (RTKs) of the animal system, differing at the site
of phosphorylation. Typically, RLKs have a membrane-localization signal in the amino-terminal,
followed by an extracellular ligand-binding domain, a solitary membrane-spanning domain, and
a cytoplasmic kinase domain. The functional characterization of ligand-binding domains of the
various RLKs has demonstrated their essential role in the perception of extracellular stimuli, while
its cytosolic kinase domain is usually confined to the phosphorylation of their substrates to control
downstream regulatory machinery. Identification of the several ligands of RLKs, as well as a few of its
immediate substrates have predominantly contributed to a better understanding of the fundamental
signaling mechanisms. In the model plant Arabidopsis, several studies have indicated that multiple
RLKs are involved in modulating various types of physiological roles via diverse signaling routes.
Here, we summarize recent advances and provide an updated overview of transmembrane RLKs
in Arabidopsis.

Keywords: Arabidopsis; development; kinase; receptor; stress

1. Introduction

Responsiveness to extracellular or intracellular changes is the nub for the survival of any organism,
and receptors act as trump cards. Receptors predominantly tweak their downstream gene expression,
in accordance with the stimuli perceived and yield a suitable response that enables survival of the
organism. Eukaryotic protein kinases (ePKs) are a superfamily of proteins that facilitate this signal
transduction by catalyzing the transfer of γ-phosphate from ATP to the free hydroxyl groups of
serine/threonine/tyrosine residues of the substrate protein. This post-translational modification or
phosphorylation of the substrate alters its reactivity, which results in the activation or inactivation of the
signaling circuit [1]. The ePKs are represented by several families of kinases like receptor-like kinases
(RLKs), mitogen-activated protein kinases (MAPKs), calcium-dependent protein kinases (CDPKs),
NIMA-related kinases (NEKs), glycogen synthase kinases (GSKs) etc., each with their unique structural
and functional attributes [2].

Receptor-like kinases (RLKs), a multi-gene family, is the largest class of ePKs that is crucial for
mediating growth, development and stress-responsive signals in plants. Their domain organization
resembles the receptor tyrosine kinases (RTKs) and receptor serine/threonine kinases (RSKs) of the
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animal system, and their closest animal homologs are the Drosophila Pelle kinase family and human
interleukin-1 receptor-associated kinases (IRAKs) [3,4]. RLKs include transmembrane receptor kinases
as well as non-receptor or cytoplasmic kinases. The former consists of a signal peptide, an extracellular
ectodomain, single membrane-spanning domain, intracellular juxta membrane domain, and the
cytoplasmic kinase domain; while the latter has only the cytoplasmic kinase domain, and are, therefore,
called receptor-like cytoplasmic kinases (RLCKs) [5]. In addition, another group of proteins called
receptor-like proteins (RLPs) are similar to the RLKs, except that they do not possess the kinase
domain [6]. RLKs and RLPs are the major cell-surface receptors observed in plants [7]. Throughout
this review, ‘RLKs’ refer only to the transmembrane receptor kinases.

RLKs are known to exist in animals as well as plants, but are not yet reported in fungi, despite
the presence of other soluble protein kinases in them [8,9]. Unlike plants, RLKs are represented
by smaller gene numbers in the animal system. Except for transforming growth factor-β (TGF-β)
receptors, all animal receptor kinases are tyrosine kinases, whereas the majority of plant RLKs
possess serine/threonine kinase domain [10]. Some of the plant RLKs (nod factor receptor 1 (NFR1),
brassinosteroid insensitive 1 (BRI1), BRI1-associated kinase 1 (BAK1), pollen-expressed receptor kinase
1 (PRK1), somatic embryogenesis receptor kinase 1 (SERK1), BAK1-like kinase 1 (HAESA)) have been
found to behave as dual-specificity kinases, possessing conserved motifs of both types of kinases and,
thus, efficiently phosphorylating at serine/threonine as well as tyrosine residues [11,12]. The structural
configuration of animal receptor kinases is similar to plant RLKs. The three conserved motifs in their
cytoplasmic domains, such as Valine–Alanine–Isoleucine–Lysine (VAIK), Histidine–Arginine–Aspartate
(HRD), and Aspartate–Phenylalanine–Glycine (DFG), assign them to the kinase family, while a few
(human epidermal growth factor receptor 3 (HER-3), serine threonine tyrosine kinase 1 (STYK1)) that
have a variant residue in at least one of these motifs are called pseudokinases [13]. Intriguingly, both
plant and animal RLKs have similar downstream targets like MAPKs and reactive oxygen species
(ROS) and also undergo similar desensitization pathways, such as ubiquitination and endocytosis [14].

Despite the similarity of plant RLKs to their animal counterparts, it can be noted that these families
belong to distinct monophyletic groups within the protein kinases, implying the independent evolution
of these classes among plant and animal systems, whereas, the analogy in their biochemical events
indicates convergent evolution [3,10]. The enormous representative members in RLKs are confined to
the angiosperms only, whereas the numbers are fewer in the lower plant groups. Though the kinase
domains (KD) and the conserved motifs of the ectodomain (ED) are encountered as discrete entities in
algae, the receptor conformation, which is characterized by the presence of both ED and KD, has not
yet been reported, except in the charophytes (Nitella axillaris and Closterium ehrenbergii), suggesting
that the receptor conformation had been established just before the divergence of land plants from the
charophytes [3,15]. Furthermore, exploration of the sequenced genomes of different groups of plants
revealed that the RLKs in angiosperms range from 0.67%–1.39% of their protein-encoding genes, while
that of bryophytes (Physcomitrella patens) and pteridophytes (Selaginella moellendorffii) account for only
0.36% and 0.30% respectively. These indicate greater expansion of this family in the flowering plant
lineage within Viridiplantae, which might probably account for the acquisition of new roles that are
essential for their survival. Arabidopsis, rice, and poplar possess 1.9, 3.3 and 3.6 times the number of
RLKs detected in moss, validating that this expansion is not concomitant with an increase in genome
size but with genome complexity [15,16]. Within the RLK family, the expansion is not uniform in the
different taxa. Those subfamilies, which have a critical role in plant growth and development, tend to
remain more conserved within the taxa, while those specific to plant defense tend to expand more,
in order to co-evolve with their biotic counterparts [15].

This review focusses on RLKs in the model plant Arabidopsis thaliana providing insights into its
domain organization, classification, signaling mechanism, their roles in plant growth and development,
and in conferring resistance to biotic and abiotic stresses.
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2. Classification of Arabidopsis RLKs

In Arabidopsis, RLKs represent the largest protein family with more than 600 members, constituting
about 2.5% of its euchromatin; thus, eliciting the significance of this class of plant receptors. It is
noteworthy that the phylogenetic analysis of RLKs with other protein kinases of Arabidopsis validates
the monophyletic origin of RLKs. Out of the 610 genes encoding for RLKs, 417 encode for receptor
kinases while the other 193 lack the signature signal sequence and/or transmembrane sequence
indicating that these might be cytoplasmic kinases (RLCKs) [10]. Based on the signature motifs in the
ectodomains of receptor kinases, Arabidopsis transmembrane RLKs can be classified into 14 types,
viz., leucine-rich repeat (LRR), lectin (C-Lectin and L-Lectin), wall-associated kinase (WAK), extensin
like, proline-rich extensin like (PERK), Catharanthus roseus like (CrRLK), self-incompatibility domain
(S-domain), CRINKLY-like (CR-like), the domain of unknown function 26 (DUF26), lysin motif (LysM),
thaumatin, leaf rust kinase-like (LRK), receptor-like kinase in flowers (RKF), unknown receptor kinase
(URK), of which the biological role of only a few have been studied in detail [17–35] (Table 1). Some of
these RLK types are placed under different subfamilies due to the phylogenetic distinctness of their
kinase domains [5]. This suggests probable functional diversification such that single isoforms may
comply with different specificities. The structural features of different types of RLKs are explained
here (Figure 1).

Table 1. List of few representative members of each receptor-like kinase (RLK) type.

S. No. RLK Type Gene (s) Function Ref

1 LRR

CLAVATA1 Meristem and organ development [17]

SERK Microsporogenesis, embryogenesis, and
embryonic competence in tissue culture [18]

HAESA Floral organ abscission [19]

FLS2 Senses bacterial flagellin [20]

2 LecRLK LecRK1 Oligosaccharide-mediated signal transduction [33]

3 WAK-RLK WAK1 Cell wall integrity, pathogen response [21]

4 Extensin LRX1 Root hair morphogenesis [22]

5 PERK PERK4 Cell wall integrity and drought response [23]

6 CrRLK
HERK1 Determinants of pollen tube [35]

FER Polar growth of root hair and pollen tube [24,25]

7 S-domain
AtS1 Self-incompatibility [34]

ARK2, ARK3 Organ maturation [34]

8 CR-like ACR4

Epidermal patterning, integument
development in ovules [26]

Plant defense [27]

9 DUF26
CRK13 Biotic stress response [28]

CRK6, CRK7 Oxidative stress response [29]

10 LysM-RLK AtCERK1 Perception of MAMPs [30]

11 Thaumatin PR5K Response to pathogenic signals [31]

12 LRK 10-like LRK10L1.2 Drought resistance [32]

The functional significance of unknown receptor kinase (URK) and receptor-like kinase in flowers (RKF) in
Arabidopsis has not yet been reported and is thus, not mentioned in this table.
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Figure 1. Domain architecture of Arabidopsis RLKs. A. SERK (LRR), B. LecRK1 (Lectin), C. WAK1
(WAK), D. LRX1 (Extensin + LRR), E. PERK4 (PERK), F. FER (CrRLK), G. AtS1 (S-domain), H. ACR4
(CR-like), I. CRK (DUF26), J. AtCERK1 (LysM), K. PR5K (Thaumatin), L. LRK10L1.2 (LRK). RCC,
regulator of chromosome condensation.

Leucine-rich repeats (LRRs) are the largest represented class of RLKs, encoded by 239 genes
and comprising 15 subfamilies in Arabidopsis [5]. LRRs are tandem repeats of about 24 amino
acid residues, having conserved leucine residues and are homologous to the ectodomains of the
toll-like receptor of the animal system [36,37]. The exact number, arrangement of residues, and the
sequences interspersed between the leucine repeats determine the perception of diverse ligands by
their ectodomain, which ultimately initiate various signaling events to modulate growth as well as
stress responses [38,39]. Similarly, Lectin receptor-like kinases (LecRLKs), which are the second-largest
group of RLKs, are known for their role in plant stress and developmental pathways. These Lectin
RLKs are encoded by 47 genes belonging to two subfamilies in Arabidopsis [5]. They can bind to
various homo and hetero-disaccharides, such as chitobiose, glucose-mannose, and galactose-GlcNAc,
through the sugar-binding motifs in their ectodomains [33,40]. Broadly, LecRLKs are of three types:
C, L, and G, while only C and L type have been known to exist in Arabidopsis. C-type lectin is
encoded by a single gene in Arabidopsis and can be considered homologous to calcium-binding
lectin motifs of the mammalian system [5]. The carbohydrate-binding domains of C-type lectin are
calcium-dependent for ligand binding and maintenance of domain integrity [41]. The L-type lectins
have carbohydrate-binding domains similar to the leguminous plant lectins and extracellular ATP is
one of their chief ligands [42,43]. The lectin domain of L-type lectins is closely related to other RLKs
like wall-associated kinase (WAK) and proline-rich extensin like kinase (PERK) [44].

Maintenance of cell wall integrity is crucial to cater efficient mechanical support during growth,
development, injury, and exposure to abiotic/biotic stress. RLKs like lectin RLKs, wall-associated
kinases (WAKs), extensin-like kinases, proline-rich extensin like kinases (PERKs), and Catharanthus
roseus like kinases (CrRLKs), are the aides, which ensure it. WAKs are coupled with pectin to tether
the cell wall to cytoplasm for providing structural integrity. Arabidopsis has 26 WAKs, all of which
belong to the same subfamily. The ectodomain of WAKs possesses a cysteine-containing EGF motif,
which is the only motif that is common in both plant and animal ectodomains. The kinase domains of
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WAKs are known to facilitate protein-protein interactions and also respond to changes in cellulose
biosynthesis during pathogen attacks [21]. On the other hand, extensin is a cell wall structural
protein which consists of a repeating Ser-(Hyp)4 motif and extensin-like kinases possess glycosylated
Ser-(Hyp)3–5 motifs to maintain the dynamicity of the cell wall [45–47]. The LRX1 of Arabidopsis is a
chimeric RLK, possessing LRR, as well as extensin domains [22]. The ectodomains of PERKs share
sequence similarity with extensins and are rich in proline. This type of RLKs perhaps interact with the
positively charged pectin network and generate a repair response upon wall damage or injury, thus,
maintaining wall integrity [48]. Catharanthus roseus like RLK possess a putative carbohydrate-binding
malectin-like domain, essential for the supervision of cell wall tenacity [49]. This malectin-like domain
is globular, membrane-anchored, and known to bind Glc2-N-glycans [50]. FERONIA (FER), ANXUR1
(ANX1), ANX2, THESEUS1 (THE1), HERCULES1 (HERK1) are important members of CrRLK1L family.
Although FER, ANX1, and HERK1 have similar downstream targets, they are activated by diverse
ligand interactions [35].

Accumulating evidence indicates that a few groups of RLKs participate in plant responses
to a variety of biotic stresses, as well as during plant development, viz., S-RLK, CRINKLY-like
RLK and domain of unknown function 26 (DUF26). The S-domain of S-RLK is homologous to the
self-incompatibility-locus glycoproteins in wild cabbage [51]. In Arabidopsis, there are 40 different
S-domain bearing RLKs, which belong to three different subfamilies. The S-domain has the signature
WQSFDXPTDTFL, called the PTDT-box, where X and F represent any non-conserved and aliphatic
amino acid residues, respectively. This S-domain also contains 12 conserved cysteine residues as
well as agglutinin, EGF and PAN (plasminogen/apple/nematode) motifs [5,34]. On the other hand,
Arabidopsis CRINKLY-like RLKs (ACR4) have tumor necrosis factor receptor (TNFR)-like repeats in
their ligand-binding domain, i.e., seven tandem repeats of about 39 amino acid residues, followed
by three cysteine-rich regions [26,27]. Another cysteine-rich domain-containing receptor-like kinase
(CRK) is the domain of unknown function 26 (DUF26), which contains C-8X-C-2X-C motif in its
ectodomain [52,53].

Few RLK types are known to play essential roles predominantly in plant defense and one of
the major groups is LysM-RLK, which shows a critical role in chitin signaling and fungal resistance
in Arabidopsis. For instance, chitin elicitor receptor kinase 1 (CERK1) is essential for perception
of the fungal cell wall component, chitin and confers resistance against fungal pathogens. The
ectodomain of LysM-RLK is comprised of three lysin motifs and each motif is a stretch of about
40 amino acid residues, discovered in most organisms, except Archaea [54–56]. This motif can interact
with N-acetylglucosamine (GlcNAc) containing polymers; thus, mediating microbial interactions [55].
The other groups of kinases exhibiting anti-fungal and chitinase activity are the thaumatin and leaf
rust kinase 10-like (LRK 10-like) RLK. The thaumatin group, also known as pathogenesis-related group
5 receptor kinase (PR5K), is encoded by three genes in Arabidopsis and their ectodomains possess 16
conserved cysteine residues [5,31]. The ectodomains of leaf rust kinase 10-like (LRK 10-like) RLKs
are homologous to the LR10 protein, which belongs to the family of wheat leaf rust kinases (WLRKs).
The 14 conserved cysteine residues are arranged in a specific manner in the ectodomain of these
RLKs [32,57]. This diversity in the ectodomain architecture of RLKs facilitate the perception of distinct
ligands and thus account for the diverse roles of RLKs throughout a plant’s life.

3. Signaling Mechanism of RLKs

Ligand binding at ectodomain is essential for oligomerization and activation of the RLKs. The
diverse ectodomains of RLKs help in the perception of lucrative and noxious stimuli; thus, enabling
efficient survival of plants in the constantly changing environment. Ligands like plant growth
regulators (brassinolide and phytosulfokine), peptides (PSY1-sulphated peptide, TPD1-cysteine-rich
peptide, and CLV3-proline-rich peptide), and MAMPs (microbe-associated molecular patterns: Nod
factors or other GlcNAc) stimulate plant developmental signaling, while PAMPs (pathogen-associated
molecular patterns: chitin, lipopolysaccharides, ergosterol, transglutaminase, etc.) and DAMPs
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(damage-associated molecular patterns: cutin monomers, oligogalacturonic acid, cello oligomers, etc.)
induce immune response via diverse signaling cascades and enable combat against the pathogen/injury
for conferring tolerance or resistance to the plant cell [32,58]. An outline of the signal transduction
mechanism, depicting only the conserved members involved in most of the signaling cascades, is
illustrated in Figure 2.

Figure 2. Schematic outline of signaling mechanism of Arabidopsis RLKs. Complex formation
and interaction with receptor-like cytoplasmic kinases (RLCKs) with RLKs are prevented by
kinase-associated protein phosphatases (KAPP) and E3 ubiquitin ligases. Upon perception of ligand
(L), they dissociate to allow the stimulation of RLCK via phosphorylation. Activated RLCK has
many possible routes of activation. The RLKs might also activate guanosine exchange factors (GEF)
directly. RLCKs and G-proteins elicit gene expression via several intermediates like reactive oxygen
species (ROS), calcium channels, calcium-dependent protein kinases, (CDPK), mitogen-activated
protein (MAP) kinases (MAPKKK, MAPKK, MAPK), and transcription factors (TF). AP, apoplast; PM,
plasma membrane; CS, cytosol; AQP, aquaporin; CC, calcium channel; N, nucleus; NP, nuclear pore;
R, ribosome; P, protein.

Few RLKs require co-receptors (like BAK1) or scaffold proteins (like FERONIA) for the
establishment of receptor complex [59,60]. Before ligand perception, the cytosolic kinase domains of
RLKs are maintained inactive by intramolecular interactions or by phosphatases and other regulatory
proteins like E3 ligases, calcium-dependent kinases, G-proteins etc. Binding to their cognate ligand
causes a conformational change in the receptor, leading to the formation of homo or heterodimers.
Homodimerization is observed in Arabidopsis CERK1, in which the two inactive LysM-RLK monomers
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interact and dimerize to activate immune signaling, in response to chitin oligomers [61,62]. On the
other hand, an LRR-RLK, Flagellin sensitive 2 or FLS2 forms a complex with another LRR-RLK, BAK1
(co-receptor), upon the perception of bacterial flagellin, to form a heterodimer [63]. Heterodimerization
is known to occur either between a pseudokinase (FLS2) and an RD (arginine-aspartate) kinase (BAK1)
or between two RD kinases, like BRI1 and its co-receptor BAK1 [62,64]. Besides, RLKs are also known
to form complexes with RLPs for establishing the signal response. For instance, CLAVATA1 (RLK)
dimerizes with CLAVATA2 (RLP) upon the perception of a peptide ligand, CLV3 [6,65]. In all the above
scenarios, complex formation negates the auto-inhibition effect on the kinase domains of the RLKs and
makes it amenable for phosphorylation. The proximity of the kinase domains of the dimers induces
auto and/or transphosphorylation, facilitating mutual activation [66].

Most often, the immediate substrates of the activated complex are the diverse families of RLCKs.
On the other hand, guanine nucleotide exchange factors like GTPases and G-proteins have also been
reported to be the immediate substrates of the activated complex [67]. Occasionally, RLKs are associated
with their RLCKs in prior, in which the RLCKs are tethered to the membrane via palmitoylation or
myristoylation, and their activation is prohibited by negative regulators. However, ligand binding
induces dissociation of the regulators and thus, enable the stimulation of the RLCKs [62,68]. The
specificity of different families of RLCKs, as well as their downstream targets, is regulated by the
RLK complex and its configuration [69]. At times, the same RLCK interacts with different classes of
RLKs and generates different responses as a result of differential phosphorylation of the RLCK [70,71]).
For instance, BIK1 (RLCK) interacts with FLS2 (RLK) to positively regulate immune signaling, while it
interacts with BRI1 (RLK) to negatively regulate brassinolide-mediated growth [70,72]. Eventually,
RLCKs transduce the message from the apoplast to the interior of the cell via a phosphorelay [68].

One of the substrates of these RLCKs is the respiratory burst oxidase homologs (RBOHs),
which are membrane-bound NADPH oxidases that cause accumulation of ROS in the apoplast [73].
RLCK-mediated phosphorylation of RBOHs is sensed by calcium channels, followed by an influx of
calcium ions, which in turn, activates the RBOHs by feedback regulation. Calcium ions also activate
calcium-dependent protein kinases (CDPKs), which are also essential for RBOH triggering [68,74].
Moreover, RBOH stimulation is also achieved via the Rac/Rho like guanine nucleotide exchange factors
(Rac/ROP GEFs), which are GTPases, and also by G-proteins like XLG2 (extra-large G-protein 2) [75,76].
The subsequent accumulation of ROS in the apoplast stimulates the ROS-dependent signaling cascade
via post-translational modification of its target proteins [77]. Although ROS outbursts can also occur in
chloroplast, mitochondria, and peroxisomes, apoplastic burst has a rapid transduction rate [78]. Thus,
ROS, calcium ions and Rac/ROP GEFs act as secondary messengers for the amplification of the signal.

Another class of targets for the RLCKs is the MAPKs, which are activated via phosphorylation of
their regulatory domains. MAP kinases have known to be the core constituent of signal transduction
cascade during the response to many extracellular stimuli [79]. It constitutes three members viz.,
MAP kinase kinase kinase (MAPKKK), MAP kinase kinase (MAPKK) and MAP kinase (MAPK). The
MAPKKK acts on its substrate MAPKK, which in turn, activates MAPK by phosphorylation. MAPK
subsequently, activates respective transcription factors to elicit a relevant response from the nucleus [80].
The MAPK activation by RLCKs might be ROS-dependent or independent [77,81]. Ultimately, these
aid in the activation of respective transcription factors, which tweak the expression of their respective
genes, culminating with appropriate cellular responses like growth, development, immunity, symbiosis
and stress tolerance or resistance.

4. Functions of RLKs in the Regulation of Plant Growth and Development

Arabidopsis RLKs modulate growth and developmental responses by governing stem-cell
maintenance, cell fate determination and patterning, male and female gametophyte development,
pollen-pistil interactions, embryogenesis, hormone signaling, vascular patterning, organ development,
and abscission. Some of these essential responses are discussed here.
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4.1. Regulation in Anther and Ovule Development

The anther generally has four lobes and each lobe contains reproductive microsporocyte
surrounded by various layers of somatic cells viz., tapetum, middle layer, endothecium, and epidermis.
In Arabidopsis, multiple LRR-RLKs like excess microsporocytes1 (EMS1)/extra sporogenous cell (EXS),
somatic embryogenesis receptor-like kinase 1/2 (SERK1/2), receptor-like protein kinase 2 (RPK2),
barely any meristem 1/2 (BAM1/2), CLAVATA3 insensitive receptor kinase (CIK1/2/3/4), ERECTA
(ER), and ERECTA-like 1/2 (ERL1/2) regulate anther development, especially, the differentiation and
patterning of the somatic cell layers. EMS1/EXS was the first LRR-RLK to be identified that plays a
crucial role in anther cell differentiation [82,83]. The anthers of ems1/exs mutants lack tapetum but
produce large numbers of microsporocytes than the wild type. In addition, delayed expression of
EMS1 in the ems1 mutant tapetal initials has been shown to aid in the generation of a functional
tapetum and the diminution of microsporocyte numbers [84]. These results suggest that EMS1/EXS
determines the fate of tapetal cells during early anther development. Tapetum determinant 1 (TPD1),
a small secreted protein, is known to induce the phosphorylation of EMS1/EXS, thus, behaving as
their ligand; and the signal is transduced downstream via phosphorylation of β-carbonic anhydrases
(βCAs) [85,86]. Similarly, SERK1/2 has also been known to determine tapetal cell fate, as the anthers
of serk1serk2 double mutants are phenotypically similar to that of ems1/exs mutant [18,87]. Moreover,
SERK1 interacts with and transphosphorylates EMS1 to enhance its activity for guiding a co-regulatory
network (Figure 3A) [88]. Corroborated by the phenotype of rpk2 mutants, it can be deduced that
RPK2 is responsible for the differentiation of middle layers and tapetum during anther development.
It essentially controls tapetal cell fate by triggering their degradation via modulation of the enzymes
involved in cell wall metabolism and lignin biosynthesis [89] (Figure 3A). Both BAM1 and BAM2 are
responsible for regulating early stages of anther differentiation, as confirmed by the lack of somatic
cell layers, including endothecium, middle layer, and tapetum in bam1bam2 double mutants [90].
CLAVATA3 insensitive receptor kinases (CIK1/2/3/4) are co-receptors of BAM1/2 and RPK2, which
regulate the determination of parietal cell fate and archesporial cell division [91] (Figure 3A). ERECTA
(ER), ERECTA-Like 1 (ERL1), and ERL2 are also known to play essential roles in healthy anther lobe
formation and anther cell differentiation via mitogen-activated protein kinases like MPK3/MPK6
(Figure 3A). The sterility of er-105 erl1-2 erl2-1 triple mutant and the phenotypic similarity of the anther
lobes in single mutants of er-105 or erl1-2 or erl2-1 with that of mpk3 or mpk6 mutants suggests the
correlation of these genes in the regulation of anther cell division and differentiation [92]. Further, a
Lectin RLK, small, glued together, collapsed (SGC) has also been validated as a regulator of pollen
development as its knockout had led to the development of small, glued-together and collapsed pollen
and resulted in male sterility [93] (Figure 3A).

Knowledge about the role of RLKs in ovule development is very scarce. In Arabidopsis ovules,
EMS1 is expressed in nucellar epidermis and chalaza, while TPD1 is weakly restricted to the distal
end of integuments. Altered expression of cell-cycle genes and auxin signaling genes during ovule
development, concomitant with the ectopic expression of TPD1, indicates the regulation of ovule
development by TPD1-EMS1 [94] (Figure 3A).
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Figure 3. Arabidopsis RLKs in the regulation of growth and development. A few examples of RLKs that
regulate (A) anther and ovule development, (B) pollen-pistil interaction, and (C) embryo development.

4.2. Pollen-Pistil Interactions

Reproduction in angiosperms involves the release of an immobile male gamete from the pollen
tube onto the compatible pistil. A fruitful pollen-pistil interaction is a pre-requisite for successful
fertilization and this requires an accurate perception of ovule-emitted guidance cues by the receptors
in pollen tubes. LURE1, an ovule-secreted peptide is perceived by RLKs like pollen receptor kinase
1 (PRK1), PRK3, PRK6, PRK8 in the pollen tube [95]. Recent studies ascertain the presence of other
LURE receptors like Male Discoverer 1 (MDIS1), MDIS1-interacting receptor-like kinase1 (MIK1), and
MIK2 [96,97]. Once the pollen tube reaches the micropyle, its growth is ceased and the sperm cells are
released by its rupture. These processes are regulated by the RLK FERONIA (FER), which is expressed
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in the synergids of female gametophyte [98] (Figure 3B). The phenotypic study of fer mutants exhibited
overgrowth of pollen tube and loss of its rupturing ability [24]. ANXUR1 and ANXUR2 (ANX1, ANX2)
are homologs of FER-RLK, expressed at the tip of the pollen tube. The anx1anx2 double mutants have
been found to arrest the growth of pollen tubes and promote bursting immediately after germination.
These validate the clue that both FER-mediated and ANX-dependent signaling cascades act as a switch
for accurate pollen tube growth and subsequent release of sperm cells for fertilization [99] (Figure 3B).

4.3. Role in Embryo Development

After successful fertilization, the zygote develops into embryo via repeated cell division and
differentiation. Several genetic evidences suggest that multiple signaling cascades are essential for
embryogenesis in Arabidopsis, and RLK is one amongst them. Predominantly, embryo development
initiates from the asymmetric division of the zygote. Intriguingly, the transcript of ZYGOTIC ARREST
1 (ZAR1), a LRR-RLK, has been detected in the embryo sac before and after fertilization. It has been
noticed in an eight-nucleate stage of embryo sac to different cells of mature embryo sac including
the central cell, egg cell, and synergids. Even after fertilization, it was observed in the endosperm.
Phenotypic analysis of zar1 mutants revealed the role of ZAR1 in the regulation of asymmetric
division of zygote and determination of the cell fate of its daughter cells via the activation of calcium
and G-protein signaling cascades [100] (Figure 3C). Besides ZAR1, receptor-like protein kinase 1
(RPK1) and Toadstool 2 (TOAD2) are considered indispensable for normal protoderm development,
while GASSHO 1 (GSO1) and GSO2 are crucial for the formation of the proper epidermal surface
during embryogenesis. The gso1gso2 double mutants have shown abnormal bending of embryos,
highly permeable epidermal structure, and irregular stomatal patterning [101,102] (Figure 3C). Further,
molecular analysis has detected the interaction of ALE2 (Abnormal Leaf Shape 2) and ACR4 (CRINKLY 4)
with a subtilisin-like serine protease ALE1, which is essential for the formation of primordia of
cotyledons during embryogenesis [103] (Figure 3C).

4.4. Organ Development

Coordinated cell growth, differentiationand morphogenesis are the three fundamental aspects of
development that cause an organism to procure its shape and an intricate cascade of gene regulatory
networks comprising RLKs are known to be implicated in this. In higher plants, all the aerial organs
develop from shoot apical meristem (SAM). The maintenance of undifferentiated cells of SAM and organ
formation through differentiation from the progeny cells are two processes maintained in a balance
during the common developmental process. Interestingly, different RLKs are known to suffice this role.
In Arabidopsis, CLAVATA1 or CLV1 (RLK), CLV2 (RLP) and CLV3 (secreted polypeptide) perform a
pivotal role in meristem and organ development [17,104,105]. The CLV3 polypeptide acts as a ligand
for CLV1 and CLV2 complex. This ligand-receptor binding promotes the activation of cytosolic kinase
domain of CLV1 and subsequently, it initiates a signal transduction cascade to control gene expression
and stem cell fate in the SAM by elevation of cytosolic calcium as secondary messengers [17,106,107]
(Figure 4A). Meristematic receptor-like kinase (MRLK), a LRR-RLK expressed in shoot and root apical
meristems, interacts with and phosphorylates a MADS-box transcription factor, AGL24, to regulate
floral transition [108] (Figure 4A). Another LRR-RLK, ERECTA, which is expressed in the entire shoot
apical meristem and developing organs, monitors organ shape and inflorescence architecture, upon the
perception of epidermal patterning factors (EPFs)/EPF-like proteins (EPFLs) [109] (Figure 4A). Moreover,
mutants of ERECTA-family LRR-RLKs conferred extreme dwarfism and abnormal flower development,
suggesting that ERECTA-family RLKs control cell proliferation as well as organ growth and patterning
like stomata formation, the shoot apical meristem (SAM) and flower development [110]. ERECTA can
form complexes with a range of co-receptors like SERKs and transmembrane receptor-like proteins
like Too Many Mouths (TMM) to activate the signaling pathway [111,112]. Botrytis-induced kinase 1
or BIK1, an RLCK, interacts and phosphorylates ER-family proteins to modulate leaf morphogenesis
and inflorescence architecture [113] (Figure 4A).
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Figure 4. Arabidopsis RLKs in the regulation of growth and development. A few examples of RLKs
that regulate (A) shoot development, (B) root development, (C) vascular tissue development, and
(D) organ abscission.

Similar to aboveground organ development, several studies demonstrated the utmost importance
of multiple RLKs in root development. Arabidopsis CRINKLY 4 (ACR4) is involved in the formation of
proper lateral roots and columella stem cell differentiation in the root apical meristem [114,115]. ACR4
can regulate root meristem maintenance in response to the CLE4 peptide by forming heterodimers
with CLV1 [116] (Figure 4B). Besides, ACR4, abnormal leaf shape 1 (ALE1) (a member of subtilisin-like
serine protease family), and ALE2 (RLK) have been known to share partial overlapping roles in the
formation of leafy organs [103] (Figure 4A). Similar to ACR4, cysteine-rich receptor-like kinases (CRKs),
a member of one of the largest RLK families, is involved in root organogenesis. The crk28 mutants have
displayed longer and branched roots, while CRK28 overexpression lines have shown the contrasting
phenotype, i.e., delayed root growth and reduced lateral root formation [117] (Figure 4B).

Plasmodesmata are microchannels between two cells, through which trafficking of molecules
occur. STRUBBELIG (SUB) is a RLK involved in inter-cell layer signaling which is required for tissue
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morphogenesis. The sub mutants have shown defects in floral organ shape, integument initiation,
and outgrowth, asymmetry in leaf shape and stem morphology, as well as a reduction in plant height.
This indicates the functional role of SUB across several cells in the floral meristem, ovule, and shoot
apex [118,119]. Further genetic screening has led to the identification of a putative membrane-anchored
C2-domain protein, encoded by QUIRKY (QKY), which is known to act as a downstream component
of SUB signaling [120]. SUB and QKY interact in plasmodesmata to promote tissue morphogenesis
(Figure 4A). Apart from aerial organs, SUB or SCRAMBLED (SCM) also regulates cell-type patterning
in the root epidermis [121] (Figure 4B). The BAM1 (barely any meristem 1), a member of CLV1 class
LRR-RLKs, is expressed preferentially in the quiescent center and its surrounding stem cells at the
root tip and known to bind to the CLE peptide. BAM1 is capable of forming heteromeric complexes
with RPK2 and inhibit cell proliferation in the root meristem [122] (Figure 4B). Inflorescence and
root apices receptor kinase (IRK), a typical meristematic LRR-RLK, is known to be expressed in the
outer plasma membrane of root endodermal cells and negatively regulates cell division to maintain
tissue organization [123] (Figure 4B). Further, FERONIA (FER) receptor-like kinase functions upstream
of Rho-like small G-protein or RAC/ROP during reactive oxygen species (ROS)-mediated root hair
development. The FER activates RAC/ROP by GDP-GTP exchange to stimulate NADPH oxidase for
ROS formation [25] (Figure 4B).

4.5. Vascular Tissue Development

The development of xylem and phloem from the vascular meristem is a multifaceted process. The
RLK, phloem intercalated with xylem (PXY), maintains cell polarity during vascular development,
which is ascertained by the presence of partially interspersed xylem and phloem, and irregular vascular
development in pxy mutants [124]. The ligand for PXY receptor is tracheary element differentiation
factor (TDIF), a peptide, which is encoded by CLAVATA3/ESR 41/44 (CLE41/44) genes [125]. The
PXY-TDIF interaction activates the WUSCHEL-related homeobox 4 (WOX4) signaling pathway to
regulate cell division in the procambium. Another LRR-RLK, PXY/TDR-CORRELATED (PXC1),
acts as a positive regulator of secondary cell wall formation in xylem fibers [126] (Figure 4C). The
CLE41/PXY/WOX4 cascade is antagonistically directed by the LRR-RLK more lateral growth 1 (MOL1),
via regulating the stem cell homeostasis within the cambium. This MOL1 also attenuates ethylene and
jasmonic acid hormone signaling pathways that positively influence cambium activity [127] (Figure 4C).
The maintenance of the cell morphology organization during vascular development is accomplished
by a RLK, xylem intermixed with phloem 1 (XIP1). Genetic evidences also unveil that XIP1 prevents
ectopic lignification in phloem cells [128] (Figure 4C).

4.6. Regulation of Organ Abscission

Arabidopsis LRR–RLK HAESA (formerly named RLK5) exhibits developmentally regulated
expression in the abscission layers of floral organs. The antisense suppression of the HAESA is known
to delay the abscission of floral organs such as sepals, petals, and stamens [19]. Inflorescence deficient
in abscission (IDA) and IDA-Like (IDL) proteins are considered as the ligands of HAESA (HAE) and
HAESA-Like RLKs [129] (Figure 4D). The phenotypic analysis of ida mutant and overexpression
of IDA gene validates the role of HAE in floral organ abscission via IDA/IDL perception. A
phosphorylation-based activation mechanism of HAE leads to the stimulation of a MAP kinase-signaling
cascade and initiates cell wall hydrolysis at the base of the abscising organs. SERK1 acts as a co-receptor
of HAE and allows the binding of IDA, eventually leading to floral abscission pathway [130,131].
In contrast, an early leaf senescence phenotype observed in serk4-1 knockout mutant indicates that
SERK4 acts as a co-receptor in negatively regulating leaf senescence, as well [132] (Figure 4D).

4.7. Modulation of Phytohormone Signaling

Brassinosteroids (BRs) are essential polyhydroxylated steroidal phytohormones crucial for plant
development. The developmental defects of BR biosynthetic and signaling mutants are mostly similar,
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which include dwarfism, severely stunted and rounded leaf with a shorter petiole, delayed flowering,
photomorphogenic malfunctions as well as senescence and reduced male fertility. The first BR signaling
gene, whose mutation showed these phenotypes, has been named as brassinosteroid insensitive 1
(BRI1) [133]. BAK1 (BRI1-associated receptor kinase 1), a co-receptor of BRI1, is involved in BR
perception and signaling via heterodimerization with BRI1 [59,134]. In addition, a close homologue
of BRI1, BRI1-like receptor kinase (BRL1) is also responsible for BR perception [135] (Figure 5A).
BAK1-associating receptor-like kinase 1 (BARK1), a LRR-RLK, specifically binds to BAK1 and its
homologs. Overexpression of BARK1 enhances primary root growth and these roots are hypersensitive
to BR-induced root growth inhibition, suggesting the role of BARK1 in BR-mediated lateral root
development via auxin signaling [136] (Figure 5A). Apart from these, evidence achieved from bir1
mutants helps us to comprehend how it modulates immune response pathways and plant architecture
as an interacting partner of BAK1 [137]. A member of somatic embryogenesis receptor, SERK3 acts as a
co-receptor, which directly interacts with BRI1 [64] (Figure 5A).

 

Figure 5. Arabidopsis RLKs in brassinosteroid (BR) and abscisic acid (ABA) signaling. RLK-mediated
phosphorylation-based signaling circuits regulate BR (A) and ABA (B) responses.

Abscisic acid (ABA) is yet another vital phytohormone involved in the regulation of plant abiotic
stress-related phenotype as well as developmental processes. Unlike BR, in Arabidopsis, RLKs are not
accountable for direct ABA perception. A LRR-RLK, receptor dead kinase 1 (RDK1) is involved in ABA
signal transduction via interaction with abscisic acid insensitive 1 (ABI1), a type 2C protein phosphatase,
in the plasma membrane. Predominantly, this interaction is enhanced by exogenous application of
ABA, underpinning the involvement of RDK1 to recruit ABI1 to the plasma membrane [138] (Figure 5B).
Most recently, a cysteine-rich receptor-like kinase, CRK28, has shown an indirect relationship with ABA.
The CRK28 overexpression lines have displayed slow root growth, reduced lateral root formation, and
also ABA hypersensitivity; thereby being an important modulator of ABA signaling [117] (Figure 5B).
PERK4 is also known to play an important role in ABA response. The perk4 mutants have shown
reduced sensitivity to ABA concerning seed germination, seedling growth, and primary root tip growth.
Moreover, perk4 mutant cells have retained lower cytosolic calcium concentration and Ca2+ channel
currents. These results suggest that PERK4 contributes to the early stage of ABA signaling and inhibits
root cell elongation via intracellular calcium signaling [139] (Figure 5B). Other RLKs like CRK5, CRK36,
LRK10L1.2, and RPK1 are also known to be involved in ABA signaling during response to drought
and oxidative stresses.

5. RLKs in the Regulation of Plant Biotic Interactions

5.1. RLKs in Pathogen Triggered Immunity

Plants sense the invasion of pathogens through the perception of pathogen and host-derived
elicitors, like MAMPs, PAMPs, DAMPs, and HAMPs (herbivore associated molecular patterns). To
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combat the attack of invading pathogens, RLK-mediated signaling boosts transcriptional activation of
multiple defense and pathogenesis-related genes to eliminate the adversity caused by the pathogens.
These kinds of RLKs are also termed as ‘pattern recognition receptors’ (PRRs) and the resulting
immune response is called pathogen-triggered immunity (PTI). Predominantly, RLK-derived signals
activate defense responses like hypersensitive response, stimulation of ion fluxes, ROS (reactive
oxygen species) production, synthesis of phytoalexins, salicylic acid (SA) accumulation, and cell
wall reinforcement [6,140,141]. Some important examples of Arabidopsis RLKs involved in defense
responses are discussed here.

The flagellin sensitive 2 (FLS2) preferentially recognizes a PAMP, the flagellin epitope of
bacteria (flg22), to trigger the recruitment of co-receptors or adaptor proteins and subsequent
phosphorylation [20]. Usually, FLS2 heterodimerizes with BAK1 or its homolog BAK1-like kinase 1
(BKK1) and undergo transphosphorylation [72,142–144]. Subsequently, botrytis-induced kinase 1 (BIK1)
(RLCK) is phosphorylated and released from the FLS2-BAK1 or FLS2-BKK1 complex. This is followed
by rapid bursts of calcium and reactive oxygen species (ROS), activation of MAPKs and/or CDPKs,
in order to regulate the PTI [145] (Figure 6). In contrast, BIR2 is an atypical LRR-RLK or pseudokinase,
which competes with FLS2 for BAK1 and negatively regulates BAK1 mediated immune signaling and
cell death responses [5,146,147] (Figure 6). The bak1 mutants display enhanced susceptibility to the
most commonly encountered necrotrophic pathogens Alternaria brassicicola or Botrytis cinerea and thus,
BAK1 and its co-receptors are considered as important regulators of plant immunity [148]. Further,
BAK1 is also involved in temporary desensitization of signaling as it promotes the ubiquitination and
proteosomal degradation of FLS2 through phosphorylation of U-Box E3-ubiquitin ligases, PUB12 and
PUB13 [149].

Another PAMP known as bacterial elongation factor Tu (EF-Tu) is perceived by an LRR-RLK,
EF-Tu receptor (EFR), which activates plant defense responses, thereby reducing the efficiency of
Agrobacterium transformation [150]. EFR physically interacts with BAK1 in a ligand-dependent manner
and establishes the PTI signaling [151] (Figure 6). Another group of LRR-RLKs, PEPR1 (perception of
the Arabidopsis danger signal peptide 1) and its close homolog PEPR2 stimulate the innate immune
responses upon the perception of wound-induced or plant-derived peptides, PEP1 (perception of
the damage-associated molecular pattern peptide 1) and PEP2 [152,153]. Unlike FLS2 and EFR, the
signaling molecules of PEPR1 and PEPR2 are DAMPs, which are produced due to wounding, PAMP
treatment, or microbial infection, at the early stage of invasion. Both PEPR1 and PEPR2 associate with
BAK1 to activate downstream signaling for enhancing plant immunity [63,154] (Figure 6). RLK902 is
also linked with plant immunity as it phosphorylates brassinosteroid-signaling kinase 1 (BSK1) and
plays an essential role in conferring resistance to the bacterial pathogen Pseudomonas syringae. Enhanced
disease resistance 4 (EDR4), a protein involved in endocytosis, regulates sub-cellular trafficking of
RLK902 for proper modulation of plant immunity [155] (Figure 6).

Chitin, a fungal cell wall derivative, is recognized as a MAMP by a receptor complex comprising
of chitin elicitor receptor kinase 1 (CERK1), LysM receptor-like kinase 1 (LYK1) and LYK5 [61,156].
CERK1 directly interacts and phosphorylates PBL27, an RLCK, to regulate chitin-induced defense gene
expression and accumulation of callose [157]. Predominantly, PBL27 phosphorylates MAPKKK5, which
activate MKK4/5 and MPK3/6 cascades for triggering defense responses (Figure 7) [158]. CERK1 is also
involved in the perception of bacterial peptidoglycans (PGNs) and thereby, activate resistance against
bacterial infections [30,159]. In addition to chitin, fungal 1,3-β-D-glucan oligosaccharides are perceived
by LYK1 [160]. LYK4 augments chitin-induced signaling by acting as co-receptor or scaffold protein of
LYK5 [161] (Figure 6). The homologues of LYKs in other angiosperms are involved in the maintenance
of symbioses with beneficial mycorrhizal fungi and nitrogen-fixing bacteria [56,162,163]. In some
instances, heterotrimeric G-protein components are known to participate immediately downstream to
the PRRs. G-protein subunits Gα, Gγ1, and Gγ2 physically interact with the defense-related RD-type
receptor-like kinases CERK1, BAK1, and BIR1 [67]. The Gβ, Gγ1, and Gγ2 are required for FLS2, EFR
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and CERK1-mediated PTI responses, because flg22, elf18 and chitin induced resistance is known to be
compromised in Gβ single mutant (agb1) and Gγ1 and Gγ2 double mutant (agg1agg2) [164] (Figure 6).

 

Figure 6. Role of RLKs in Arabidopsis biotic stress responses. This cartoon is representing a few
examples of RLKs that regulate pathogen-triggered immunity (PTI), effector-triggered immunity (ETI)
or both. G, heterotrimeric G-protein.

Cell wall damage (CWD) triggers cell wall integrity (CWI) maintenance and immune signaling
systems to control stress responses. Multiple RLKs like FERONIA (FER), THESEUS 1 (THE1), Male
discoverer 1 (MDIS1)-interacting receptor-like kinase 2 (MIK2), WAK1, and WAK2 are known to be
involved in CWI maintenance [165–167]. Amongst them, FER, THE1, and MIK2 aid in conferring
resistance to the plant against Fusarium oxysporum, a fungal pathogen [168,169] (Figure 6). In
addition, BAK1, BIK1, BKK1, PEPR1, and PEPR2 modulate responses to CWD controlled by the
CWI mechanism [23]. Both PEPR1and PEPR2 perceive DAMPs, like plant elicitor peptides (AtPeps).
These AtPeps (AtPep1 and AtPep3) precursor peptides are encoded by the PROPEP (PROPEP1 and
PROPEP3) genes, which are induced by pathogen infection, wounding and CWD. Although the
application of AtPep plant elicitor peptides enhances expression of their corresponding PROPEP genes,
these peptides also inhibit CWD-induced Jasmonic acid (JA) and salicylic acid (SA) accumulation in a
concentration-dependent manner. These results suggest that both PTI signaling and CWI maintenance
mechanism contribute to biotic stress responses, coordinately [170].
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Figure 7. Role of RLKs in Arabidopsis abiotic stress responses. This cartoon is representing a few
examples of RLKs that regulate various abiotic stresses in plants (drought, osmotic, oxidative, salt, cold,
and heat).

5.2. RLKs in Effector Triggered Immunity

Effectors are the compounds secreted by bacterial and fungal pathogens, which translocate into
the host cell for attenuation of the host’s defense system (PTI). Impeding the formation of PRR complex
is one of the key mechanisms of effectors to suppress immunity and in accordance with this, plants have
evolved resistance (R) proteins to recognize pathogen effector proteins to establish effector-triggered
immunity (ETI). AvrPto A and AvrPto B are the two types of effectors produced by Pseudomonas
syringae to suppress the flagellin-induced PTI in Arabidopsis, by interacting with the cytosolic domain
of BAK1 and thus, preventing FLS2-BAK1 heterodimerization [171,172]. BAK1-interacting RLK 1
(BIR1) is known to associate with BAK1 in planta. The bir1-1 mutants display extensive cell death and
activation of constitutive defense responses. Moreover, these bir1-1 mutants show enhanced resistance
to biotrophic oomycete, Hyaloperonospora arabidopsidis. These responses are similar to hypersensitive
cell death (HR) observed during ETI, suggesting that BAK1 functions together with BIR1 to negatively
regulate multiple plant resistance signaling pathways [173].

Genetic screening for suppressors of the bir1-1 has led to the identification of SOBIR1 gene,
whose mutation showed impaired cell death in the bir-1-1 mutant. However, in contrast, SOBIR1
overexpression resulted in the activation of cell death, thereby indicating the role of SOBIR1 as a
positive regulator of cell death [173]. The LRR-RLK, SOBIR1 also triggers defense responses by
forming a complex with certain LRR-RLP like immune receptors. For example, RLP23 forms a complex
with SOBIR1 and the perception of a necrosis and ethylene-inducing peptide-like 1 protein (NLP)
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initiates recruitment of BAK1 to the LRR-RLP/SOBIR1 complex, thereby activating LRR-RLP-mediated
immunity [174] (Figure 6). A recent investigation has revealed that auto or transphosphorylation
events between SOBIR1 and BAK1 are crucial for this ETI signaling [175]. Interestingly, G-protein β

subunit mutant (agb1-2) has seemed to reduce the cell death and defense responses in bir1-1 mutant as
well as transgenic plants overexpressing SOBIR1. Furthermore, agg1agg2 double mutant has shown
suppression of cell death phenotype in the bir1-1 mutant. These results exhibit the contribution of
heterotrimeric G-protein subunits (AGB1, AGG1, and AGG2) in SOBIR1-mediated ETI signaling [164].

5.3. CRKs in Defense and Hypersensitive Responses

Cysteine-rich receptor-like kinases (CRKs) are one of the largest RLK groups, which are
transcriptionally induced during pathogen attack, oxidative stress, and also by the application
of salicylic acid (SA) [176]. Recent studies have demonstrated the implications of CRKs in the
regulation of defense responses and programmed cell death by guiding both PTI and ETI [10,177,178].
For example, constitutive over-expression of CRK5 and inducible expression of CRK13 leads to enhanced
defense against Pseudomonas syringae via up-regulation of defense-related genes, like PR1 (pathogenesis
related protein 1), PR5, and ICS1 (isochorismate synthase 1). Similarly, overexpression of CRK45 results
in enhanced resistance to P. syringae, whereas crk45 mutants display more sensitivity to P. syringae
by attenuating the expression of defense-related genes [179]. In addition, the induced expression
of CRK4, CRK5, CRK19, and CRK20 triggered hypersensitive response-like cell death in transgenic
plants [28,180,181]. Recently, a physical interaction study has established that CRK36 preferentially
interacts with and phosphorylates BIK1 (RLCK) and boosts plant immunity in response to flg22
treatment by regulating stomatal defense against pathogens [182] (Figure 6).

6. RLKs in the Regulation of Plant Abiotic Stresses

Abiotic stresses, such as drought, cold, salinity, ozone, metals, and UV-B radiations, have adverse
impact on plant growth and development. Plants have various tactics to survive in continuously
changing environmental conditions and one such is the RLK-mediated signaling circuit [183–185].

Among the plant hormones, ABA is a crucial mediator of the abiotic stress response; it can regulate
the expression of drought, salt and osmotic stress response genes [186–189]. Genetic screening in
Arabidopsis has established the connection between several LRR-RLKs and ABA-mediated abiotic
stress signal. The loss-of-function mutants of Arabidopsis leaf rust 10 disease-resistance locus receptor-like
protein kinase 1.2 (LRK10L1.2) display ABA-insensitive and drought stress-sensitive phenotypes
indicating that LRK10L1.2 acts as a positive regulator in response to drought tolerance, perhaps
through ABA-mediated signaling [32] (Figure 7). The insensitivity to ABA and downregulation of
various water stress-responsive genes are also observed in RPK1 knockouts and further, overexpression
of RPK1 exhibits increased tolerance to both drought and oxidative stress as well as up-regulation of
ROS related genes. These results indicate that RPK1 regulates water and oxidative stress response via
ROS homeostasis and ABA signaling [190] (Figure 7). Another LRR-RLK, guard cell hydrogen peroxide
resistant 1 (GHR1) is an early component in ABA signaling and is negatively regulated by ABI2. The
ghr1 mutants show impaired ABA and H2O2 regulated activation of S-type anion currents in guard
cells. Predominantly, GHR1 physically interacts with and activates the slow anion channel-associated
1 (SLAC1) by phosphorylation, resulting in stomatal closure during drought stress [191] (Figure 7).
In addition, Arabidopsis receptor dead kinase 1 (RDK1) plays an essential role in drought stress
response in an ABA-dependent manner. The rdk1 mutants are hypersensitive to drought stress as a
result of down-regulation of ABA-responsive genes [138] (Figure 7).

Few CRKs are also involved in ABA-mediated drought resistance. Overexpression of CRK5
promotes stomatal closure and inhibits stomatal opening, thereby acting as a positive regulator
of drought response [192]. CRK36 physically interacts with and phosphorylates ARCK1 (RLCK)
during abiotic stress. The crk36 knockdown mutants exhibit osmotic stress response during post-seed
germinative growth, increases ABA sensitivity, and upregulates ABA-responsive genes. Thus, CRK36
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seems to function as a significant negative regulator of ABA and osmotic stress signal transduction [186].
Besides, CRK6 and CRK7 are essential for overaccumulation of ROS in the apoplast during exposure
to O3, and therefore, their mutants show increased sensitivity to O3 [29] (Figure 7).

FERONIA (FER), a member of the CrRLK1L family, plays a crucial role in ABA and salt stress
responses. FER promotes activation of ABI2, a PP2C member, and a negative regulator of ABA signaling,
to attenuate the ABA signaling and it has been noticed that the fer1 mutants show hypersensitivity to
both ABA and salt. This confirms the clue that FER regulates salt stress response via ABI2-mediated ABA
signaling [187,188] (Figure 7). Rapid alkalinization factor 22 (RALF22) peptides are considered as the
ligands of FER, which are produced during salt stress, via S1P protease-dependent pathway. In addition,
RALF22/23 physically associates with the cell-wall leucine-rich repeat extensins 3/4/5 - (LRX3/4/5),
which are critical for salt tolerance. Strikingly, the fer mutant, lrx3/4/5 triple mutant, and overexpressed
RALF23/24 lines exhibit identical phenotypes, including increased sensitivity to salt stress and retarded
growth. These results demonstrate that FER, LRXs and RALFs form a signaling network that regulate
plant growth by conferring tolerance to salt stress [193] (Figure 7).

Phloem intercalated with xylem-like 1 (PXL1), a LRR-RLK, is induced by cold and heat stress.
Moreover, Arabidopsis pxl1 mutants display hypersensitive phenotypes when exposed to cold
and heat during the germination stage, suggesting that PXL1 functions in the regulation of stress
signaling pathways during temperature fluctuations. The downstream substrates for PXL1 are the
histidine-rich dehydrin 1 (HIRD1) and light-harvesting protein complex 1 (LHCA1) [194] (Figure 7).
Calcium/calmodulin-regulated RLK or CRLK1 is cold inducible and their expression is enhanced by cold
and hydrogen peroxide treatments; thus, justifying the role of CRLK1 in cold-related oxidative stress
signal transduction pathway. According to gene knockout studies, CRLK1 acts as a positive regulator
of cold tolerance and establishes a link between calcium and cold signaling [195,196] (Figure 7).

7. Conclusions and Outlook

The cellular signaling pathway is a complex network. This review summarized how the different
groups of RLK signaling pathways regulate developmental and stress responses in Arabidopsis. RLKs
are evolutionarily conserved from algae to angiosperms and are known to monitor a wide variety
of cellular processes. The abundance and diversity of RLKs provide insight into the significance
of this receptor and its role in sustaining cellular homeostasis for the efficient survival of plants. It
explains the reason for its continued expansion on par with the increasing complexity of the higher
group of plants. As discussed above, RLKs perform a crucial role in almost every aspect in a plant
cell, throughout its life, right from the embryonal stage to senescence. The involvement of RLKs in
various developmental, as well as stress responses, can be attributed to the diversity in the architecture
of their ectodomains, which aid in the recognition of a plethora of ligands. This is executed by
recruiting transducers, which help in communicating the signal further downstream. One such
important group of transducers belong to the RLCK family, which activate several other intermediates
for establishing a successful response. Interestingly, some RLCKs are conserved between different
RLK-mediated signaling pathways. Sporadically, the same RLCK interacts with one of the RLKs to
elicit a particular response, while expressing a contrasting response upon interaction with another
RLK, by activating a different downstream target. The RLKs can directly use guanosine exchange
factors (GEFs) like G-proteins and ROP as transducers, or indirectly via RLCKs and other intermediates.
Although differential phosphorylation might be one possible mechanism responsible for activating the
transducers, the molecular insights of how this distinction is possible remain elusive.

Although a lot of research has been carried out on RLKs in the last few decades, the biochemical and
molecular mechanisms of several RLKs modulating physiological responses are not well understood
in detail. The most important challenge is to identify the range of signals for RLKs and to explain how
plants integrate these signals downstream. In mechanistic concerns, the dependency of certain fully
functional RLKs (like BRI1) upon another RLK (BAK1) for successful complex formation and activation
is yet to be discovered. Furthermore, due to the presence of a lot of crosstalk in plants, the intermediate
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targets of many of the pathways tend to remain unidentified. However, irrespective of the transducer
activated and the pathway used, the ultimate outcome is to express appropriate proteins and products
that enable the plant to endure the environmental challenges, thus, prolonging its survival. More focus
on these aspects might be beneficial for developing resistant/tolerant agronomic cultivars via plant
breeding or transgenic approaches. Thus, RLKs can be considered as an inherent elixir for plants’ life.
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RLCK Receptor-like cytoplasmic kinase
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Abstract: MiPEPs are short natural peptides encoded by microRNAs in plants. Exogenous application
of miPEPs increases the expression of their corresponding miRNA and, consequently, induces
consistent phenotypical changes. Therefore, miPEPs carry huge potential in agronomy as gene
regulators that do not require genome manipulation. However, to this end, it is necessary to know
their mode of action, including where they act and how they enter the plants. Here, after analyzing
the effect of Arabidopsis thaliana miPEP165a on root and aerial part development, we followed
the internalization of fluorescent-labelled miPEP165a into roots and compared its uptake into
endocytosis-altered mutants to that observed in wild-type plants treated or not with endocytosis
inhibitors. The results show that entry of miPEP165a involves both a passive diffusion at the root
apex and endocytosis-associated internalization in the differentiation and mature zones. Moreover,
miPEP165a is unable to enter the central cylinder and does not migrate from the roots to the aerial
part of the plant, suggesting that miPEPs have no systemic effect.

Keywords: Arabidopsis; endocytosis; microRNAs; miPEPs; peptides

1. Introduction

Gene expression is the consequence of the transcription of an RNA molecule from
a gene—modulated by transcription factors and modifications of the chromatin structure—and
post-transcriptional mechanisms acting on the RNA stability of translation or on the protein it
encodes. One of the best-known mechanisms of post-transcriptional regulation of gene expression
is gene silencing induced by microRNAs (miRNAs). MiRNAs are small, regulatory RNA molecules
(21–24 nucleotides) first discovered in the worm Caenorhabditis elegans and later in plants and
humans [1–4]. Each miRNA regulates the expression of specific target gene(s) either by cleaving
the mRNA transcribed from it or by inhibiting its translation. Target genes of miRNAs are often key
regulatory genes encoding, for example, transcription factors or hormone receptors. MiRNAs are
therefore required for the correct regulation of most developmental processes in plants and animals,
and dysregulation of miRNA expression is a feature of many human pathologies.

MiRNAs are themselves encoded by genes and are transcribed in the form of long primary
transcripts (pri-miRNAs). One of the first steps in the maturation of pri-miRNAs involves a nuclear
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protein complex containing an enzyme called dicer-like 1 (DCL1), which cleaves pri-miRNAs to form
precursor miRNAs (pre-miRNAs). A second cleavage step then forms mature miRNAs. In the cytoplasm,
the mature miRNA anneals by homology with the mRNA of its target gene(s). This heteroduplex
molecule is recognized by a protein complex called RISC, containing the enzyme Argonaute (AGO1),
which either cleaves the targeted mRNA or inhibits its translation. Because the main role of miRNAs is
to act as regulatory small RNAs and not in the direct translation of proteins, miRNAs have always
been thought to be non-coding RNAs.

Surprisingly, the characterization of plant pri-miRNAs revealed that they encode small regulatory
peptides, which were called miPEPs for miRNA-encoded peptides [5]. MiPEPs are involved in a positive
autoregulatory feedback loop. They specifically activate transcription of their primary transcript and
consequently enhance the synthesis of the mature miRNA, thus turning down the expression of specific
genes. Interestingly, the application of exogenous synthetic miPEPs to plants is sufficient to stimulate
the synthesis of their corresponding miRNAs and to modify plant development accordingly [6,7].
Given their efficiency simply by an external application on plants, miPEPs are promising molecules for
many agronomic applications. In particular, they offer a new way of modulating plant development,
stimulating plant symbioses, or increasing plant fitness, to name a few potential uses. Moreover,
as natural and endogenous peptides, they are likely to be much less harmful to the environment than
chemical treatments and more acceptable to the general public than genetically modified organisms.

Endocytosis plays a crucial role in the internalization of extracellular molecules and plasma
membrane proteins into eukaryotic cells [8]. Clathrin-mediated endocytosis (CME) remains the
most extensively studied and characterized endocytosis and constitutes the major route of entry
and pathway in eukaryotes [8,9]. Clathrin is a triskelion-shaped scaffold protein composed of three
clathrin light chains (CLCs) and three clathrin heavy chains (CHCs). The formation of clathrin-coated
vesicle at the plasma membrane requires adaptor proteins, including AP2 complex [10]. In plants,
CME is involved in multiple important biological processes, including growth, development, nutrient
uptake, and biotic and abiotic stress responses [8,10–15]. For instance, clathrin is required for plasma
membrane-located receptor endocytosis upon peptide perception, leading to peptide-mediated
responses and thus to plant immunity [15,16]. Moreover, recent studies have also reported the existence
of sterol-sensitive clathrin-independent pathways in plants, although this alternative endocytosis
pathway is far less understood [17,18]. The best-studied clathrin-independent pathway in plants
corresponds to flotillin-1-mediated endocytosis, a membrane microdomain-associated protein involved
in plant development and promoted by flg22, a flagellin-derived 22-amino acid peptide [19,20].
Alternatively, proteins can assemble into clusters in membrane microdomains [8]. For instance,
remorins form clusters at the plasma membrane and interact with a symbiotic receptor that allows
bacterial infection in Medicago truncatula [21]. Finally, both clathrin-dependent and -independent
pathways can be constitutive or differentially regulated in response to stimuli [17,18,22]. In summary,
different endocytosis pathways have been reported to be involved in many biological outcomes.

Due to their capacity to modulate plant development, miPEPs are of interest in agronomy as
an alternative to chemicals to stimulate plant development. Nevertheless, to achieve this goal, a better
understanding of their mode of action at the molecular level, including the mechanisms of their entry
into plants, is required. In this study, we investigated how miPEPs enter into plants. We first reported
in detail the phenotypes observed after treatment of Arabidopsis thaliana with miPEP165a, previously
used to decipher the mode of action of miPEPs [5]. By using this miPEP labelled with a fluorescent dye,
we followed the internalization of the peptide into plants. The peptide entered rapidly into the root cap
and the meristematic zone and it took longer to penetrate the other parts of the root. Using mutants
potentially altered in endocytic pathways or chemical inhibitors affecting endocytosis, we identified
two mechanisms of miPEP165a entry into roots, passive diffusion followed by an endocytosis process.
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2. Results

2.1. MiPEP165a Promotes Cell Division in the Meristematic Zone to Increase Primary Root Length and Acts on
Flowering Time in Arabidopsis

It has been previously shown that A. thaliana miPEP165a, as well as miR165a, is expressed in
endodermis cells [5,23]. Exogenous treatment of A. thaliana seedlings with synthetic miPEP165a is
sufficient to increase the primary root length [5]. However, the precise mechanisms (spatial and
temporal) involved in the peptide uptake remained unknown. To study the entry of miPEPs, especially
miPEP165a, we first defined the best experimental conditions to obtain a significant effect of miPEP165a
on plant development. We first observed that watering plants with 100 μM of peptide was much
more efficient at increasing the primary root length than treatments performed with only 10 μM
of peptide, the concentration used in the previous study [5] (Figure 1A). In addition, similar to the
concentration of 10 μM previously used [5], applying miPEP165a at 100 μM also induced the activation
of the pri-miRNA from which it originates (Figure S1A). In addition, during the initial stages of the
study, when the effect of miPEP165a on primary root length was studied, whatever the control used,
i.e., scrambled miPEP165a, irrelevant peptides, or their corresponding solvents (acetonitrile or water),
no response was observed compared to miPEP165a treatments (Figure S1B). Similarly, water and
scrambled miPEP165a had no effect on the expression of pri-miR165a compared to miPEP165a (Figure
S1A). Finally, we observed that several freeze/thaw cycles of the peptide were detrimental to its activity
on the length of primary roots (Figure S1C). For these reasons, we used aliquots of unfrozen peptides
only once and kept water as a reference in all the following experiments.

The increase in root length upon treatment may be a consequence of higher cell elongation or
increased cell proliferation. To address this point, we analyzed the effect of miPEP165a at the cellular
level on the meristematic zone since root growth was often determined by meristematic activity [24].
We revealed that more cells were present in the meristematic zone when roots were treated with
miPEP165a (Figure 1B–E). Therefore, these experiments suggest that the increase in root length induced
by the miPEP165a treatment is likely due to the stimulation of cellular proliferation rather than an
increase in cell length.
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Figure 1. MiPEP165a promotes root growth by enhancing cell division. (A) Effect of miPEP165a
on primary root length. Arabidopsis thaliana seedlings were treated with various concentrations of
miPEP165a. Seedlings were treated daily with the peptide for 4 days, with the exception of those that
received only one treatment. Peptides were thawed once, except those that underwent five freeze/thaw
cycles. Two-way analysis of variance (ANOVA) significance levels were based on Tukey’s post-test
(1-way ANOVA), (a–c, p < 0.05, n = 70). At least three biological replicates were performed (B–E).
Three-day-old seedlings were treated daily with water or 100 μM miPEP165a for a further 3 days and
stained with 10 μg/mL propidium iodide for 20 min. (B) Confocal images showing the meristematic
zone for the cortex cells, defined as the region between quiescent center cells and the first elongating
cell that was twice the length compared to its distal neighbor (distance between white arrows) [25,26].
Meristematic cell number (C) and cell length (D) were determined with the software tool Cell-o-Tape,
an open source ImageJ/Fiji macro [27–29]. (E) Quantification of root apical meristem length. (B–E) Four
biological replicates were performed with at least 20 seedlings. Errors bars represent SEM. Asterisks
indicate a significant difference at p < 0.01 (*) according to the t-test. Scale bar = 25 μm. Water was used
as a control.

MiR165a and its target genes, REVOLUTA (REV), PHABULOSA (PHB), and PHAVOLUTA (PHV),
are also known to be involved in flowering [30]. To investigate whether miPEP165a could have an
effect on flowering, we treated the shoot apical meristem with a droplet of 100 μM miPEP165a three
times a week during plant development. Treatments with miPEP165a accelerated plant development
as illustrated by the decrease of the flowering day (Figure 2A,B) and the increase of the length of the
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inflorescence stem (Figure 2C,D). Interestingly, watering the roots with 10 μM peptide had no effect on
the flowering, suggesting that peptides cannot migrate throughout the plant (Figure 2).

 

Figure 2. Flowering phenotypes of Arabidopsis plants in response to miPEP165a treatment. Arabidopsis
plants were treated with either water (control) or a droplet of 100 μM miPEP165a placed on the shoot
apical meristem or by watering with 10 μM miPEP165a three times a week until analyses. Flowering
time measurements were determined using the number of days to obtain an inflorescence stem of 1 cm
(A) and the number of days to obtain the first flowers (B). (C) The length of the Arabidopsis inflorescence
stem was determined 24 days after sowing. Error bars indicate SEM. Statistical analysis was performed
using a t-test (p < 0.01). (D) Representative pictures showing the flowering phenotype according to
the miPEP165a treatment. Experiments were performed at least 4 independent times (n > 78 plants).
Bar = 1 cm.

2.2. MiPEP165a Entry Involves both Passive Diffusion at the Root Apex and Endocytic Pathways in the
Differentiation and Mature Zones

To document this observation, we used the miPEP165a labelled with FAM, a fluorescent dye derived
from fluorescein. As illustrated in Figure S2, the physiochemical properties of the miPEP165a-FAM are
similar to those of the non-modified peptide. Although slightly less active, the labelled peptide was
still able to increase the primary root length (Figure 3).

Interestingly, while the labelled peptide penetrated rapidly (~2 h) into the root cap and the
meristematic zone, it took longer to penetrate the other parts of the root (Figure 4). Twenty-four
hours after the application of the labelled peptide, the latter was present in most external parts of the
roots. The central cylinder was never labelled by the peptide, which seemed to be blocked by the
pericycle (Figure 4).
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Figure 3. MiPEP165a-FAM is biologically active. Seedlings were treated with water (control),
100 μM miPEP165a, miPEP165a-FAM, or fluorescein. At least 70 seedlings were used to determine the
normalized Arabidopsis root length. Data are given as ± SEM and statistical analysis was performed
using a t-test (a–c, p < 0.01).

 

Figure 4. Kinetics of miPEP165a uptake into Arabidopsis roots. The mobility of miPEP165a-FAM was
followed at the indicated time in different zones of Arabidopsis roots, as defined by [31]. Confocal
images are representative of four independent experiments, with at least 6 seedlings for each condition.
Bar = 50 μm (root cap/meristematic zone) or 25 μm (differentiation and mature zones). The different
cell layers are indicated in the differentiation zone image at 48 h as follows: cc, central cylinder; p,
pericycle; en, endodermis; co, cortex; ep, epidermis.
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The entry of peptides into plants might occur passively, by diffusion, or actively, via specific
transporters or by endocytosis. Because of the huge diversity of miPEPs in a plant and the lack
of conservation between species [5], we hypothesized that specific transporters for each peptide
are unlikely to exist and, more likely, the miPEPs might be internalized by generic internalization
machinery or, more simply, by passive diffusion. To decipher the mechanisms involved in the entry
of peptides into cells, we used A. thaliana mutants impaired on genes encoding proteins associated
to the clathrin pathway (chc1-1, chc2-1, ap2σ2) [12,16,32] or to the membrane microdomain (rem1-2,
rem1-3) [33–35]. Internalization of miPEP165a was not affected in most of the mutants tested, except
in the root cap/meristematic zone of the chc1-1 mutant and in the differentiation zone of the chc1-1
and rem1-2 mutants, suggesting that uptake in these parts was mainly passive (Figure 5, Figure S3).
Conversely, the entry of the peptide into the mature zone of all mutants was strongly impaired (Figure 5,
Figure S3). These data suggest that peptide entry in plants involves, in addition to passive diffusion,
both clathrin and membrane microdomain-mediated pathways.

Figure 5. Internalization of miPEP165a is clathrin and remorin dependent. Representative confocal
images showing the uptake of miPEP165-FAM 48 h after treatment in wild-type seedlings and chc1-1,
chc2-1, ap2σ2, rem1-2, and rem1-3 mutants. A significant fluorescence decrease for each condition is
indicated in each panel by asterisks. Quantifications of the fluorescence intensity from more than
15 seedlings are shown in Figure S3. Bar = 50 μm (root cap/meristematic zone) or 25 μm (differentiation
and mature zones).
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In order to determine how and to what extent a defect in the peptide entry affects its biological
effect on plant development, we treated the roots of chc1-1, rem1-2, and rem1-3 mutants with the peptide
in parallel with the wild-type roots. While the mutants showed a longer primary root in the control
conditions compared to the wild type plants, they were unable to respond to the peptide by increasing
their primary root length (Figure 6). Indeed, the rem1-2 mutant, which was strongly affected in the
peptide uptake, was unable to respond to miPEP165a.

Figure 6. MiPEP165a-mediated root growth induction involves clathrin and remorin proteins.
Measurement of the primary root length in chc1-1 (A) and remorin (rem1-2 and rem1-3) mutants
(B) after water (control) or miPEP165a (100 μM) treatment. The error bars indicate SEM of at least
three biological replicates (n > 110 seedlings) and statistical analyses were performed using a t-test
(a–c, p < 0.01).

We next treated the aerial parts of the mutants with miPEP165a, and we observed similar results
on the flowering time (Figure 7). These results suggest that the mechanisms of miPEP165a uptake into
roots and aerial parts could be similar.
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Figure 7. Flowering time depends on clathrin- and membrane microdomain-associated pathways. The
number of days to obtain a 1-cm inflorescence stem (A) and the number of days to observe the first
flowers (B) were determined for wild-type plants as well as for chc1-1, rem1-2, and rem1-3 mutant plants.
(C) Measurement of the inflorescence stem length was determined 24 days after sowing for wild-type
and mutant plants. Data are representative of the average of at least four independent experiments
with at least 10 plants per condition, for each experiment. Error bars represent SEM and statistical
analyses were performed using a t-test (*, p < 0.01). (D) Representative images comparing wild-type
and mutant plants treated with water (control) or miPEP165a. Bar = 1 cm.
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Finally, we used TyrA23, a chemical inhibitor known to affect clathrin-mediated
endocytosis [22,32,36], and MβCD, a cholesterol-depleting agent, which have been suggested to
block microdomain-dependent endocytosis [17,18,22]. Interestingly, both molecules were able to
inhibit the miPEP165a-activated root length phenotype, suggesting that peptide entry in plant involves
clathrin-mediated endocytosis and membrane microdomain-dependent pathways (Figure 8).

Figure 8. Disruption of endocytic pathways prevents miPEP165a-induced root growth. Normalized
primary root growth analysis after treatment with miPEP165a and TyrA23 (A) or miPEP165a and
MβCD (B). Three biological replicates were performed by using at least 100 seedlings for each condition
and root lengths were statistically analyzed using a t-test (p < 0.01, *). The data represent the mean
value ± SEM. Water was used as a control for the miPEP165a treatment.

Altogether, our results showed that miPEP165a entry used passive diffusion at the root apex
followed by endocytosis in the differentiation or mature zone of plant roots. All pathways are required
to mediate full peptide uptake (and activity).

3. Discussion

MiRNAs have been considered for a long time as non-coding RNAs. However, a few years
ago, it was shown that pri-miRNAs can encode regulatory peptides, which were named miPEPs.
These miPEPs activate the transcription of their associated miRNA and thus downregulate the
expression of their target genes [5]. Among miPEPs, miPEP165a induces the accumulation of mature
miR165a, known to repress the expression of all five class III homeodomain-leucine zipper (HD-ZIP III)
transcription factors, i.e., REV, PHB, PHV, CORONA (CAN/AtHB15), and AtHB8 [5,37]. In Arabidopsis,
the overexpression of all HD-ZIP III results in plants with shorter roots whereas phb, phv double
mutants and phv-11 mutants display longer roots as well as an increase in the number of meristem
cells compared to wild-type plants [38,39]. Moreover, the overexpression of miR166, differing by only
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one nucleotide from miR165 and targeting the expression of three HD-ZIP III genes, also promotes
primary root growth in Arabidopsis [39]. These results can be correlated with those of the present study,
since we showed that miPEP165a promotes primary root growth by increasing cell division in the root
apical meristem (Figure 1). Moreover, misexpression of the HD-ZIP III genes by making them resistant
to miR165/166 and a reduction in the expression of HD-ZIP IIIs by overexpression of miR165/166
induces prolonged activity of floral stem cells [30]. Here, we observed that miPEP165a accelerates the
appearance of the inflorescence stem and the flowering time of Arabidopsis wild-type plants (Figure 2).

Since some small peptides were considered as long-distance signaling molecules, we wondered
whether miPEP165a was involved in root/shoot communication [40–42]. By tracking the FAM-labelled
miPEP165a across all layers of Arabidopsis roots, we showed that the labelled peptide entered into the
epidermis and migrated up to the pericycle but did not reach the root vessels (Figure 4). Moreover,
the acceleration of flowering observed in response to the miPEP165a treatment of the shoot apical
meristem was not observed after watering Arabidopsis roots with miPEP165a (Figure 2). Taken together,
these results indicate that miPEP165a is not a root-to-shoot mobile signal molecule.

Consequently, in order to have a better understanding of miPEP uptake into plants, we investigated
the mobility of FAM-labelled miPEP165a in Arabidopsis roots. Clathrin-mediated endocytosis is the
major and the most studied route of entry in plants [8]. A recent study showed that this endocytic
pathway is necessary for the internalization of the elicitor peptide Atpep1 and its receptor, leading
to Atpep1-induced responses [16]. Here, we showed that the entry of miPEP165a could also be
dependent on clathrin since miPEP165a uptake was significantly decreased in the primary roots
of chc1-1 and strongly reduced in the mature zone in the three mutants chc1-1, chc2-1, and ap2σ2
(Figure 5). These results were confirmed by the fact that the increase of the root length by miPEP165a
was not observed in the chc1-1 mutant or after treatment with TyrA23 (Figure 6A, Figure 8A), the most
commonly used CME inhibitor [8,32,36]. Similarly, the acceleration of the flowering time induced by
miPEP165a in wild-type plants was not observed in the chc1-1 mutant (Figure 7).

Besides clathrin-mediated endocytosis, membrane microdomain-associated endocytosis has been
described in plants as an alternative route of entry pathway [8]. This endocytosis pathway is sensitive
to sterol depletion and consequently to the sterol-depleting agent MβCD [8,17,18]. In the present
study, we showed that MβCD prevented miPEP165a-FAM entry and correlatively the increase of
root length induced by miPEP165a (Figure 8B, Figure S4). Collectively, our results indicate that both
clathrin-dependent pathways and microdomain-associated events may cooperate in peptide entry
into Arabidopsis roots. Previous results have demonstrated that internalization of the aquaporin PIP2;1
and RbohD involved both dependent and independent clathrin-mediated endocytosis, the latter being
stimulated in saline stress conditions [17,22]. Stimulation of the endocytic pathway under salt stress
requires the simultaneous action of both clathrin-dependent and membrane microdomain-associated
endocytosis [17,22]. In addition, Baral and his colleagues have shown that clathrin-mediated endocytosis
allows the internalization of transmembrane proteins in all cell root layers whereas a sterol-sensitive
clathrin-independent pathway internalizes lipid-anchored cargoes only in the epidermal cell layer [18].
Moreover, these authors showed that salt stress activates an additional clathrin-independent endocytosis
pathway across all cell root layers that takes up both molecule types [18]. Considering membrane
microdomain-associated endocytosis, it is known that proteins assemble into clusters in lipid rafts [8].
Among these proteins, remorins are considered as markers of membrane microdomains [35]. In Medicago
truncatula, the symbiotic remorin 1 forms clusters and interacts with symbiotic receptors at the plasma
membrane, playing a key role in bacterial signal perception [21]. Here, we showed that remorins 1-2
and 1-3, which are among the 10% of the most highly expressed genes in Arabidopsis [43], were also
involved in miPEP165a entry into Arabidopsis roots (Figure 6B, Figure 7). Indeed, miPEP165a-FAM
failed to enter the differentiation zone of Arabidopsis roots in rem1-2 and rem1-3 mutants. Moreover,
root length and flowering acceleration induced by miPEP165a were perturbed in both remorin mutants
(Figure 6B, Figure 7).
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To conclude, we showed that endocytic pathways participate in miPEP uptake in plants.
Thus, clathrin-mediated endocytosis as well as membrane microdomain-associated pathways seem
to cooperate, allowing miPEPs to regulate their corresponding miRNAs and consequently modulate
the plant phenotype, such as flowering and root development. Due to the simplicity of the mode of
administration of miPEPs, a better understanding of miPEP uptake into plants is a first step towards
the possible agronomic application of peptides.

4. Materials and methods

4.1. Peptide Synthesis

miPEP165a (MRVKLFQLRGMLSGSRIL), miPEP165a fused to fluorescein (miPEP165a-FAM),
scrambled miPEP165a (LMGRQGLKISSLVFRMLR), PEP1 (KSNKTRVNFPS), PEP2 (MCFSFPDL),
and PEP3 (MASAAKVYMA) were synthetized by Smart Bioscience (https://www.smart-bioscience.
com/). They were dissolved in water (control) as a 10 mM stock solution (except for PEP2, which was
dissolved in 50% acetonitrile as a 2 mM stock solution), aliquoted, and conserved at −80 ◦C until use.

4.2. Plant Materials

Different Arabidopsis thaliana plant lines (Columbia Col-0 ecotype) were used: the chc1-1
(At3g11130), chc2-1 (At3g08530), ap2σ2 (At1g47830), rem1-2 (At2g45820), and rem1-3 (At3g61260)
Arabidopsis mutants.

4.3. Peptide Treatment of Arabidopsis Roots

Surface-sterilized Arabidopsis seeds were sown on the surface of cellophane membrane placed
on 1

2 MS solid medium and stratified for one day at 4 ◦C in the dark. Seeds were vertically grown in
controlled environmental chambers at 22/20 ◦C, with a photoperiod of 16h light/8h dark, an irradiance
of ~ 97.5 μmol photons.m−2.s−1, and a relative humidity of 40%. Three days after sowing, seedlings
were treated daily for 4 days either with water, 2.5% acetonitrile, 100 μM scrambled miPEP165a, 100 μM
irrelevant peptides (PEP1, PEP2, PEP3), or fluorescein (control conditions) or with 100 μM miPEP165a
or miPEP165a-FAM (treated conditions). Twenty-four hours after the last treatment, seedlings were
scanned in order to measure primary root lengths using NeuronJ plugin of ImageJ.

4.4. Peptide Uptake in Arabidopsis Roots

Surface-sterilized wild-type and mutant Arabidopsis seeds were grown onto 1
2 MS solid medium

in the same conditions as those described in the previous section. Three days after germination, three
seedlings were transferred to each well of a 48-well plate containing 200 μL of 1

2 MS liquid medium.
One day later, medium was replaced by 10 μM miPEP165a-FAM diluted in 1

2 MS liquid medium until
confocal microscopy observations. FAM fluorescence was analyzed with a confocal laser scanning
microscope (Leica TCS SP2-AOBS using a 40 X water immersion objective lens (numerical aperture 0.80;
HCX APO). FAM fluorescence was excited with the 488-nm ray line of the argon laser and recorded in
the 511–551-nm emission range.

For quantification of miPEP165a-FAM entry into wild-type and mutant Arabidopsis roots,
the fluorescence intensity was determined per surface unit in the different root zones using
ImageJ software.

4.5. Inhibitor Treatment

TyrA23 was dissolved in dimethyl sulfoxide to yield a 50 mM stock solution and MβCD was
prepared in deionized water at a final concentration of 38 mM. For each experiment, 3-day-old seedlings
germinated on 1

2 MS solid medium + 1% sucrose (wt/vol) were pre-treated with 50 μM TyrA23 or
10 mM MβCD for 30 min [17]. Seedlings were then treated with the inhibitors supplemented with

230



Int. J. Mol. Sci. 2020, 21, 2266

100 μM miPEP165a. Treatments were performed daily for an additional 3 days and plates were scanned
for analysis of the primary root length with NeuronJ, an Image J plugin [29,44].

4.6. Flowering Phenotype

Arabidopsis seeds were grown on Jiffy® under a 16 h light/8 h dark cycle (22/20 ◦C), with a relative
humidity of 80%. Fifteen days after seed sowing, either a 2-μL droplet of 100 μM miPEP165a was put
on the shoot apical meristem or seedlings were watered with 500 μL of 10 μM miPEP165a three times
a week. Analyses of the aerial parts were performed 24 days after sowing.

4.7. Propidium Iodide Staining

Wild-type seeds were grown for 3 days on 1
2 MS solid medium + 1% sucrose (wt/vol) in the same

growth conditions as described above. Seedlings were then treated with water or 100 μM miPEP165a
daily for 3 additional days and placed in the growth chamber at the same settings. Seedlings were
then stained with 10 μg/mL propidium iodide for 20 min and Arabidopsis cell roots were analyzed with
a laser scanning confocal microscope (Leica TCS SP8-AOBS) with a ×25 water immersion objective
lens (numeral aperture 0.95; Fluotar Visir). The excitation and emission wavelengths of propidium
iodide were 561 and 570–640 nm, respectively.

The meristematic zone for the cortex cells was defined as the region between quiescent center
cells and the first elongating cell that was twice the length compared to its distal neighbor [20,26].
The meristematic cell length and cell number were determined with the software tool Cell-o-Tape,
an open source ImageJ/Fiji macro [27–29]. At least 20 roots were analyzed for each treatment.

4.8. Immunoblots and RT-qPCR

Seven-week-old Arabidopsis seedlings were treated with 100 μM miPEP165a or its corresponding
control for 24 h, and then the expression of pri-miR165a was evaluated by RT-qPCR according to
Lauressergues et al. [5].

To evaluate miPEP165a stability, 5 nanomoles of miPEP165a were subjected to several freeze/thaw
cycles and its degradation was detected by immunoblotting with an anti-miPEP165a antibody as
previously described [5].

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/7/2266/s1,
Figure S1. Effect of miPEP165a and importance of its stability. Figure S2. Physiochemical properties of miPEP165a.
Figure S3. Quantification of miPEP165a-FAM uptake in Arabidopsis roots. Figure S4. MβCD impairs the
miPEP165a-FAM entry in the Arabidopsis root cap/meristematic zone.
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Abbreviations

AGO1 Argonaute 1
AP2 adaptor protein 2
CAN/AtHB15 CORONA
CHC clathrin heavy chain
CLC clathrin light chain
CME clathrin-mediated endocytosis
DCL1 dicer-like1
FAM 5-carboxyfluorescein
HB8 homeobox gene 8
HD-ZIP III class III homeodomain-leucine zipper
MβCD methyl-β-cyclodextrin
miPEP miRNA-encoded peptide
miRNA micro-RNA
MS Murashige and Skoog medium
PHB PHABULOSA
PHV PHAVOLUTA
PIP2;1 plasma membrane intrinsic protein 2
pri-miRNA primary-microRNA
pre-miRNA precursor-microRNA
RbohD respiratory burst oxidase protein D
REM remorin
REV REVOLUTA
TyrA23 Tyrphostin A23.
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Abstract: DELLA (GAI/RGA/RGL1/RGL2/RGL3) proteins are key negative regulators in GA
(gibberellin) signaling and are involved in regulating plant growth as a response to environmental
stresses. It has been shown that the DELLA protein PROCERA (PRO) in tomato promotes drought
tolerance, but its molecular mechanism remains unknown. Here, we showed that the gai-1 (gibberellin
insensitive 1) mutant (generated from the gai-1 (Ler) allele (with a 17 amino acid deletion within the
DELLA domain of GAI) by backcrossing gai-1 (Ler) with Col-0 three times), the gain-of-function
mutant of GAI (GA INSENSITIVE) in Arabidopsis, increases drought tolerance. The stomatal density
of the gai-1 mutant was increased but its stomatal aperture was decreased under abscisic acid (ABA)
treatment conditions, suggesting that the drought tolerance of the gai-1 mutant is a complex trait. We
further tested the interactions between DELLA proteins and ABF2 (abscisic acid (ABA)-responsive
element (ABRE)-binding transcription factors) and found that there was a strong interaction between
DELLA proteins and ABF2. Our results provide new insight into DELLA proteins and their role in
drought stress tolerance.

Keywords: drought; GA; DELLA; ABF2; protein–protein interaction

1. Introduction

A water deficit is a restrictive factor for plant development, productivity, and geographical
distribution. Plants have evolved varied strategies to cope with decreased water availability,
including promoting stomatal closure and altered plant growth and development. The stress-induced
hormone abscisic acid (ABA) plays an important role in a plant’s response to drought tolerance [1–3].
Increasing evidence has proven that gibberellin (GA) plays a negative role in drought response. The
over-accumulation of the GA mutant or increased GA activity shows an increased water deficit
sensitivity, whereas a GA-deficient mutant or decreased GA activity shows an increased water deficit
tolerance [4–8].

DELLA (GAI/RGA/RGL1/RGL2/RGL3) proteins are major negative regulators of GA signaling. In
the absence of GA, DELLA proteins inhibit the GA-dependent processes, including germination, growth,
and flowering. Under increased GA levels, GA binds to its nuclear receptor GID1 (GA insensitive
dwarf1) and changes its conformation, leading to its interaction with the N-terminal end of DELLA
proteins [9–11]. The interaction of DELLA proteins with GID1 causes its ubiquitination and subsequent
degradation by the 26S proteasome, leading to the activation of GA responses [12,13]. DELLA proteins

Int. J. Mol. Sci. 2020, 21, 819; doi:10.3390/ijms21030819 www.mdpi.com/journal/ijms235



Int. J. Mol. Sci. 2020, 21, 819

are involved in most GA-mediated plant growth and environmental stresses, including dehydration
stress. Recently, it was reported that the DELLA protein PRO (PROCERA) in tomato functions positively
in the plant response to drought stress. The loss-of-function of the PRO mutant shows a reduced
tolerance to drought, whereas the overexpression of the constitutively active stable PRO increases
drought tolerance [8]. However, the molecular mechanism of DELLA proteins remains unclear.

There are five DELLA members in Arabidopsis: GAI (GA INSENSITIVE), RGA (REPRESSOR OR
GAI3), RGL1 (RGA-LIKE1), RGL2, and RGL3. To uncover the molecular mechanism that determines
how DELLA proteins function in drought tolerance, we used GAI as a sample to analyze the function
of DELLA proteins in response to drought stress. We made use of a gain-of-function mutant gai-1
generated from the gai-1 (Ler) allele (with a 17 amino acid deletion within the DELLA domain of GAI)
by backcrossing gai-1 (Ler) with Col-0 (Columbia-0) three times. We showed that this mutant has
an increased drought tolerance phenotype. Further, we found that GAI and other DELLA proteins
interacted with ABF2 (abscisic acid (ABA)-responsive element (ABRE)-binding transcription factors),
the transcriptional factor that plays a pivotal role in ABA signaling for drought tolerance. Our
results thus shed some light on the mechanism behind how DELLA proteins function in drought
stress tolerance.

2. Results

To study the function of DELLA proteins in drought tolerance in Arabidopsis, we firstly analyzed
the phenotype of the gai-1 mutant under the condition of drought treatment. Three-week-old seedlings
of wild type (Col-0) and mutant gai-1 were withheld from water for 21 days. The wild type plants were
severely wilted, whereas the gai-1 mutant did not wilt and continued to grow. After rewatering, all of
the gai-1 plants recovered, whereas none of the wild type plants survived (Figure 1A), indicating that
the gai-1 mutant is more tolerant to drought and that GAI is a positive regulator in the plant response to
drought tolerance. The function of GAI in drought tolerance is consistent with that of PRO in tomato,
suggesting that this tolerance is a conserved function of DELLA proteins in the plant kingdom.

Changes in transpiration rate could account for the altered tolerance to drought. We then tested
the water loss rate of the detached leaves. Leaves of 3 week old seedlings were cut and exposed to air
and were weighted at regular time points. To our surprise, the gai-1 mutant leaves lost their water
at a much higher rate than the wild type leaves (Figure 1B). The water loss of the wild type sample
was only 20%, whereas the water loss of the gai-1 mutant was over 30% at 4 h after exposure to air,
suggesting that the gai-1 mutant is sensitive to dehydration when detached leaves are exposed to air.

The stomata are key channels that control gas exchange and water evaporation. We then tested
the stomatal density and aperture from leaves of wild type and gai-1 plants grown in soil. The
stomatal density of the gai-1 mutant was significantly higher than that of the wild type plant (2.6×)
(Figure 1C,D). This may be the reason for the higher rate water loss in the gai-1 mutant for the detached
leaves. For the stomatal apertures, the wild type and gai-1 mutant were comparable under KCl-treated
control conditions. However, under ABA treatment, the stomatal aperture of the gai-1 mutant was
much smaller than that of the wild type (Figure 1E,F). The stomatal density and aperture of the
gai-1 mutant under stress conditions are consistent with those of the PRO gain-of-function mutant,
suggesting that this is a conserved mechanism for DELLA proteins in regulating plant development
and environmental adaption.

Generally, DELLA proteins function by interacting with other transcriptional factors. As ABF2
(abscisic acid (ABA)-responsive element (ABRE)-binding transcription factors) is a key regulator in
drought tolerance, we hypothesized that GAI interacts with ABF2 to increase drought tolerance. To
test this hypothesis, we tested the interaction between GAI and ABF2 via yeast two-hybrid and BiFC
(bimolecular fluorescent complimentary) assays. In the yeast two-hybrid assay, GAI and ABF2 were
recombined to the gateway-compatible destination vectors pGADT7-DEST (AD) and pGBKT7-DEST
(BD), respectively. The AD and BD constructs were cotransformed to the yeast strain AH109, and
their interaction was determined by the growth on the SD (synthetic dropout) medium lacking
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Trp (tryptophan), Leu (leucine), His (histidine), and Ade (adenine). There was a strong interaction
between GAI and ABF2 in the yeast two-hybrid assay (Figure 2A). For the BiFC assay, GAI and
ABF2 were recombined to pEarleyGate201-YN (N-terminal YFP (yellow fluorescent protein)) and
pEarleyGate202-YC (C-terminal YFP), respectively. Both constructs were coinfiltrated into Nicotiana
benthamiana leaves. The YFP signal was observed in the nucleus of the plant cell coexpressing GAI-YFPN

and ABF2-YFPC (Figure 2B), but no YFP signal was detected in the plant cell coexpressing GAI-YFPN

and empty YFPC or ABF2-YFPC and empty YFPN (Figure S1), indicating that GAI and ABF2 interacted
in the nucleus of the plant cell. We also tested the interactions between other DELLA proteins, including
RGA, RGL1, RGL2, and RGL3, with ABF2. The yeast two-hybrid and BiFC assays both showed that all
of the DELLA proteins interacted with ABF2 (Figure 2A,B).

Figure 1. The gai-1 (gibberellin insensitive 1) mutant is more tolerant to drought stress than WT (wild
type). (A) gai-1 mutant plants showed tolerance to dehydration stress. gai-1 mutant plants showed the
ability to withstand long drought conditions without negative effects whereas the wild type under
the same conditions completely wilted. (B) gai-1 plants showed increased water loss compared to
WT. Data shown are the means ± SDs from three biological repeats (n = 3, eight leaves from eight
plants were used for each repeat, p < 0.001). (C,D) Stomatal density of WT and gai-1 mutant. Stomatal
density was observed from comparable age leaves of 3 week old wild type and gai-1 plants. The
stomatal density was represent by number of stomata per millimeters squared. Data shown are the
means ± SDs from three biological repeats (n = 3, five leaves from five plants were used for each repeat,
p < 0.001). (E) Representative stomata of the WT and gai-1 mutant under control and abscisic acid
(ABA) treatment conditions. Leaves of the WT and gai-1 mutant were treated with 10 μM ABA for 2
h (+), and (−) represents leaves without ABA treatment. (F) Stomatal apertures of the WT and gai-1
mutant corresponding to (E). Values are mean ratios of width to length ± SDs of three independent
experiments. Letters indicate significant differences from the WT (0 ABA treatment) according to the
Student’s Newman–Kuels test (*** p < 0.05).
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Figure 2. DELLA (GAI/RGA/RGL1/RGL2/RGL3) proteins interacted with ABF2 (abscisic acid
(ABA)-responsive element (ABRE)-binding transcription factors). (A) DELLA proteins interacted
with ABF2 in yeast two-hybrid assay. The yeast cells expressing the indicated constructs
were spotted as a series of three dilutions. The yeast cells expressing the constructs of
ABF2-pGBKT7-DEST (BD)/GAI-pGADT7-DEST (AD), ABF2-BD/RGA (REPRESSOR OR GAI3)-AD,
ABF2-BD/RGL1 (RGA-LIKE1)-AD, ABF2-BD/RGL2-AD, and ABF2-BD/RGL3-AD grew better on the
SD medium than that of yeast growth cells expressing the control’s constructs. (B) BiFC (bimolecular
fluorescent complimentary) assay between DELLA proteins and ABF2. Nicotiana benthamiana leaves
were co-transformed with the constructs containing the indicated YFP (yellow fluorescent protein)
N-terminal (YFPN) and YFP C-terminal (YFPC) fusions, and YFP was imaged 48 h after transformation.
Bars = 50 μm. (C) Interaction assay between GAI and RGA with ABF2 fragments. P: 1–60 amino
acid; Q: 61–116 amino acid; R: 117–199 amino acid; bZIP (basic region/leucine zipper): 200–417 amino
acid. The yeast cells expressing the indicated constructs were spotted as a series of three dilution. The
yeast cell expressing the constructs of ABF2-BD/GAI-AD, ABF2-BD/RGA-AD, ABF2P-BD/GAI-AD,
ABF2P-BD/RGA-AD, ABF2bZIP-BD/GAI-AD, ABF2bZIP-BD/RGA-AD, grew more effectively on the
SD medium than that of yeast cells expressing ABF2R-BD/RGA-AD, ABF2R-BD/GAI-AD, ABF2Q-BD/
RGA-AD, and ABF2Q-BD/GAI-AD.
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There are three conserved motifs in the N-terminal of ABF2: P, Q, and R. The P motif is responsible
for transactivation activity and activates downstream gene expression [14]. To test which motif is
responsible for interacting with GAI, we tested the interaction between GAI and the P, Q, R, and bZIP
(basic region/leucine zipper) motifs of ABF2. Our yeast two-hybrid assay showed that there was a
strong interaction between the GAI and the P and bZIP motifs, whereas the interaction between GAI
and the Q and R motifs was much weaker (Figure 2C). We also tested the interaction between RGA
and the P, Q, R, and bZIP motifs of ABF2. RGA also showed a strong interaction with the P and bZIP
motifs but a weak interaction with the Q and R motifs (Figure 2C).

3. Discussion

GA is an important phytohormone that regulates plant growth. Increasing evidence has
demonstrated that GA plays a role in the response to environmental stresses. DELLA proteins
are key negative regulators in GA signaling, and our results showed that DELLA proteins increased
drought tolerance by interacting with ABF2, a positive regulator in the ABA signaling pathway.

The cellular mechanism of the drought tolerance of the gai-1 mutant seems complex and confusing.
The stomatal density of the gai-1 mutant is higher than that of the wild type, which makes water loss
occur more quickly. Indeed, we found that the water loss rate of the detached leaves in the gai-1 mutant
was higher than that of the wild type (Figure 1B). The stomatal aperture in ABA treatment was found
to be smaller in the gai-1 mutant than that of the wild type sample, which may be responsible for the
drought tolerance. The stomata’s phenotype, density, and aperture of the gai-1 mutant are similar to
those of the gain-of-function of PRO in tomato [8], suggesting that it is conserved for DELLA proteins
in regulating plant development and stress response.

As DELLA proteins do not have a DNA binding domain, it is common for them to interact with
other transcription factors to regulate downstream target genes. For example, DELLA proteins interact
with ABI3 and ABI5 to activate SOM (SOMNUS) expression at high temperatures [15]; RGA interacts
with BZR1 (Brassinazole-resistant 1) to inhibit its transcriptional activities to downstream genes to
regulate cell growth [16]; RGA interacts with WRKY6 (WRKYGQK) to block its transcriptional activities
on its downstream genes, SAG13 (Senescence-associated gene13) and SGR (Stay green), to regulate
senescence [17]; and RGL2 interacts with the NF-YC (NUCLEAR FACTOR-Y C) homologues NF-YC3,
NF-YC4, and NF-YC9 to activate the downstream gene ABI5 to regulate seed germination [18]. Here,
we showed that DELLA proteins interact with ABF2 to regulate drought tolerance. AREB/ABF (abscisic
acid-responsive element binding) proteins play pivotal roles in the regulation of plant responses
to abiotic stresses. By binding to the ABRE element in the promoter region of stress-responsive
genes, AREB/ABF factors regulate gene expression under drought stress [19,20]. In Arabidopsis,
four AREB/ABF factors, namely, AREB1/ABF2, AREB2/ABF4, ABF1, and ABF3, are induced by ABA
and osmotic stress [21,22]. Overexpressing AREB1/ABF2, AREB2/ABF4, or ABF3 promotes drought
tolerance, and a loss-of-function of these genes enhances drought sensitivity [14,16,23,24]. Many
stress-inducible genes, including RD29B and RAB18, were downregulated in the areb1 areb2 abf3 abf1-2
quadruple mutant [20]. Our results showed a strong interaction between DELLA proteins and the
ABF2 protein (Figure 2A,B). It is reasonable that the interaction of DELLA proteins with ABF2 could
activate ABF2 transcriptional activity to promote drought tolerance. A further expression assay of
the downstream gene in the gai-1 mutant and the binding assay of ABF2 to the promoter of RD29B
or RAB18 in the presence or absence of DELLA proteins would allow for the determination of the
role of the interaction between DELLA proteins and ABF2. We also cannot exclude the possibility
that DELLA proteins interact with other AREB/ABF factors, such as AREB2/ABF4, ABF1, or ABF3. A
further interaction assay between the DELLA proteins and other AREB/ABF factors will deepen our
understanding of the role of DELLA proteins in drought tolerance.

In summary, our results showed that GAI increased drought tolerance in Arabidopsis. GAI
had conserved functions in increasing the stomatal density and decreasing the stomatal aperture
under ABA treatment conditions. Further, we showed that GAI interacted with ABF2, especially the
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N-terminal end P domain and the bZIP domain of ABF2. Our results provide new insight into DELLA
protein functions in drought stress tolerance and the crosstalk between ABA and GA in response to
drought tolerance.

4. Materials and Methods

4.1. Plant Materials and Growth Conditions

Arabidopsis thaliana ecotype Col-0 was used as the wild type in this study. The gai-1 mutant was
kindly gifted by Dr. Xiangdong Fu (Institute of Genetics and Developmental Biology, CAS). The seeds
were germinated and grown on MS (Murashige & Skoog) medium and transplanted into soil at 10
days after germination. The plants were grown under a 16 h light/8 h dark photoperiod at 23 ◦C.

4.2. Drought Treatment, Water Loss Analysis, and Stomatal Aperture Measurement

For measurement of drought tolerance, water was withheld from 21 day old wild-type and
gai-1 mutant plants. After 21 days of drought treatment, the plants were rewatered; the plants were
photographed 6 days after re-watering. For measurement of water loss, eight rosette leaves from eight
plants were detached from 3 week old well-watered plants and weighted at the indicated times. For
the stomatal function, rosette leaves from well-watered plant were incubated in a solution containing
50 mM KCl, 10 mM CaCl2, and 10 mM MES (pH 6.15) for 2 h under light. ABA was then added to
the solution to a final concentration of 10 μM. After ABA treatment for 2 h, stomatal apertures were
measured as described previously [2].

4.3. Protein–Protein Analysis

The constructs were created in two pairs of Gateway-compatible destination vectors:
pGBKT7-DEST (BD) with pGBAD7-DEST (AD) and pEarleyGate201-YN (N-terminal YFP) with
pEarleyGate202-YC (C-terminal YFP) [25]. The coding sequences of GAI, RGA, RGL1, RGL2, RGL3,
ABF2, and different deletion fragments of ABF2 were amplified from Col-0 cDNA, inserted into
pDONR207, and then recombined in the appropriate destination vector. Yeast two-hybrid and BiFC
assays were performed as previously described [2]. For Y2H, Saccharomyces cerevisiae strain AH109
was used for co-transformation of the AD and BD constructs. A series of 5 μL aliquots of diluted
co-transformed AH109 culture was spotted onto SD plates lacking Trp, Leu, His, and Ade, and
incubated at 30 ◦C for 2–5 days. Plasmids pGBKT7 and pGADT7-Rec were used as negative controls.
For the BiFC assay, Agrobacterium tumefaciens GV3101 carrying the YFP N-terminal and YFP C-terminal
fusion constructs was infiltrated into N. benthamiana leaves, as described by Luo et al. [2]. The
reconstituted YFP signals were observed using confocal imaging 48 h after infiltration. Empty vectors
were used as negative controls.
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Abbreviations

ABA Abscisic acid
AREB/ABF Abscisic acid-responsive element binding
GA Gibberellin
GAI GA INSENSITIVE
GID1 GA insensitive dwarf1
PRO PROCERA
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Abstract: Soil salinization is one of the major environmental stressors hampering the growth and
yield of crops all over the world. A wide spectrum of physiological and biochemical alterations
of plants are induced by salinity, which causes lowered water potential in the soil solution, ionic
disequilibrium, specific ion effects, and a higher accumulation of reactive oxygen species (ROS).
For many years, numerous investigations have been made into salinity stresses and attempts to
minimize the losses of plant productivity, including the effects of phytohormones, osmoprotectants,
antioxidants, polyamines, and trace elements. One of the protectants, selenium (Se), has been found
to be effective in improving growth and inducing tolerance against excessive soil salinity. However,
the in-depth mechanisms of Se-induced salinity tolerance are still unclear. This review refines the
knowledge involved in Se-mediated improvements of plant growth when subjected to salinity and
suggests future perspectives as well as several research limitations in this field.

Keywords: salinity; selenium (Se); crops; reactive oxygen species (ROS); enzymatic anti-oxidative
system

1. Introduction

Various abiotic stresses, such as drought, heat, heavy metals, soil salinity, flooding, and cold, are
responsible for the reduction of the growth, development, and productivity of crops worldwide [1].
Soil salinity is an overwhelming environmental threat to world food production and agricultural
sustainability [2]. A soil with an electrical conductivity (EC) of saturated soil paste extract (ECe) in the
plant root zone more significant than 4 dSm−1 (about 40 mM NaCl), 0.2 MPa osmotic stress [3] and
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an exchangeable sodium percentage (ESP) of 15% at 25 ◦C is termed as salt-affected soil [4]. Some of
the most discussed reasons for soil salinity are poor soil-sustainable practices, excessive saline water
irrigation and a severe usage of mineral fertilizers in arid and semi-arid regions (characterized by high
evapotranspiration, high temperature, and low rainfall) across the globe [5]. The area under soil salinity
is further enhanced by the conversion of fertile agricultural land into urban area, placing the efforts of
scientists to produce 70% more food to feed the population of the world in 2050 of 9.3 billion at risk [6].
In 2001, almost 7% of the soils of the entire world were salt-affected in nature [7]. Globally, salinity is
a significant abiotic stress, affecting one-quarter to one-third of the crop productivity of agricultural
soils [8]. It was estimated in 2003 that up to the middle of the 21st century, the salinity-induced loss of
cultivated soil will reach up to 50% [9]. In 2008, it was reported that, due to high salinization, 77 million
hectares of the world’s total cultivated area (1.5 billion hectares) was adversely affected [10]. At present,
about 10% of the global land area and 50% of irrigated areas are exposed to salinity, causing a loss of
about 12 billion US$ in the agricultural sector [11].

Soil salinity is a complex mechanism that is responsible for adverse effects on the physiological
and biochemical pathways of crop plants [12]. Excess accumulation of Na+ induces efflux of
cytosolic K+ and Ca2+, consequently, leading to imbalance in their cellular homeostasis, nutrient
deficiency, oxidative stress, retarded growth, and cell death [13]. It has been reported in many
previous studies that a high level of salinization drastically affects plant photosynthesis due to some
stomatal restrictions; for example, stomatal closure [4] and/or non-stomatal restrictions comprising
chlorophyll malfunctioning [14], deprivation of enzymatic proteins and membranes of photosynthetic
apparatus [15], and chloroplast ultrastructure destruction [16]. Salt-affected soils have higher Na+/K+

and Na+/Ca2+ ratios because of the higher amount of Na+ in the soil solution. Hence, a reduction
in K+ and Ca+2 uptakes cause the inhibition of the proper functioning of the cell, instability of cell
membranes, and hindrance of enzymatic activities [17]. Moreover, some other secondary stresses, such
as oxidative stress followed by osmotic pressure and ionic toxicity, are involved in the production
of excessive reactive oxygen species (ROS) in cytosol, chloroplast, and mitochondria [2,4] such as
O2
− (superoxide radicals), H2O2 (hydrogen peroxide), O2 (singlet oxygen) and OH− (hydroxyl ions).

These reactive oxygen species with strong oxidation ability can cause injuries to plant tissue, DNA
mutation, cell membrane disruption [18], and the degradation of lipids, proteins, and photosynthetic
pigments [19] (Figure 1).

Figure 1. Schematic diagram interpreting the hazardous impacts of soil salinity stress in crop plants.
The figure is briefly modified from the literature [20].
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The application of macro- and micro-nutrients is one of the management approaches for coping
with environmental stresses such as soil salinity [21]. Selenium (Se) has been considered as a beneficial
element for crop production which plays an important role in physio-biochemical processes [22,23].
Although higher plants do not require Se for their growth and development [24,25], supplementation
of Se at lower dosages not only protects plants from ROS induced oxidative damage by activating
the antioxidative mechanisms [22], but also improves the Se content in the edible parts of the crop
plants [26]. Some studies have shown that Se is an essential element for human and animal, which
plays some beneficial roles in higher plants. Selenium application caused an increasing growth in
rice (Oryza sativa L.) [27] and wheat (Triticum aestivum L.) [28], under both stressed and non-stressed
conditions. Se has been demonstrated to regulate plant growth by strengthening the stress tolerance
mechanisms such as antioxidant and secondary metabolite metabolism [29]. It has also been reported
previously that Se reversed the negative impacts of soil salinity on the photochemical efficiency of
photosystem II [30]. Moreover, Se could also protect the metabolism and cellular functioning by
up-regulating the ROS neutralizing pathways and the osmoregulatory mechanisms [28].

Although several excellent investigations have been done on Se induced salinity tolerance
mechanisms in various crops, there is no comprehensive review on Se-mediated improvements in
crops. In this review article, the role of Se in the improvement of common morpho-physiological and
molecular responses of various crop plants subjected to salt stress are briefly discussed and some
practical options have been proposed on how Se could play its role to induce salinity tolerance in crops.

2. Hazardous Impacts of Soil Salinity in Crops

Salinity stress is exceptional among all the abiotic stresses limiting crop yield efficiency in arid
and semi-arid zones where natural conditions favor salinization due to insufficient precipitation for
the leaching of salts [31]. According to the biphasic model of growth reduction via salinization [32],
the detrimental impacts of salt-affected soils are coupled with a reduction of osmosis (primary phase)
and ion cytotoxicity (secondary phase), in addition to the production of reactive oxygen species (ROS)
and nutrient imbalance [4]. A high osmotic stress is linked with the accumulation of soluble salts in
soil solution, leading to water stress due to a reduction in the stomatal aperture, which eventually
hampers plant growth [33]. Ion cytotoxicity is the effect of the substitution of K+ and Ca+2 by Na+

and Cl− in different biochemical reactions due to a higher salt concentration in the root zone of crop
plants [34,35] (Figure 1).

2.1. Impacts of Salinity on Plant Agronomic Traits

Soil salinity is known for its adverse effects on plant growth and development [36]. However,
the inhibitory effect of salt stress depends on various factors such as salt concentration, time interval,
plant species and varieties, photochemical quenching capacity, plant growth stages, stress type,
gas exchange characteristics, photosynthetic pigments, and environmental conditions [21]. It was
concluded in various studies on Zea mays L. [37], Oryza sativa L. seedlings [38], Vigna unguiculata L. [39],
Brassica campestris L. [40], and Vicia faba L. [41] that a low level of salinization increased plant length.
However, higher concentrations of sodium chloride salt reduced the plant height of Vigna mungo L., [42],
Helianthus annuus L. [43], and Tanacetum parthenium L. [44]. The increment in plant height was might be
an effect of an adjustment of osmotic activity due to fewer soluble salts in the growth medium, while
plant height reduction was an indication of adverse effects of excessive salts on the photosynthetic rate,
a decreased level of carbohydrates and growth hormones (causing growth inhibition) and a reduction
in protein synthesis by changing antioxidant enzyme activities [45].

Various studies revealed that the plant biomass (fresh and dry biomass), number of leaves and leaf
area were drastically affected by salinity levels up to 8 dSm−1 [44,46,47]. In the context of plant growth,
it has been reported by many researchers that dry matter production and plant growth retardation
under salt-affected soils could be subjected to the inhibition of cell elongation [21] through the direct
impairment of the activities of transport proteins such as H+-ATPase and H+-PPase [48]. Another
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reason for plant growth reduction could be the detrimental effects of salinity stress on photosynthesis,
ultimately limiting plant and leaf growth and chlorophyll contents [49]. Furthermore, the fresh and dry
biomass of Brassica napus L. cv. Talaye was significantly decreased, while root growth was less affected
compared to shoot growth under salinity stress [47]. It was hypothesized that, under salinization, a
low water uptake efficiency leads to lesser leaf area development than root growth, due to which soil
moisture is conserved to prevent the accumulation of the vast amount of soluble salts in the soil [4,47].
Several studies have revealed that a high accumulation of Na+ and Cl− ions in cell sap excites a low
osmotic gradient in the nutrient medium, resulting in reduced water uptake, which in turn affects
plant morphological characteristics [50]. It has been documented that high salt density is responsible
for lower N accretion in plants due to the interaction between Cl− and NO3

− and between Na+ and
NH4

+, which subsequently reduces plant growth and crop yield [51]. Another mechanism behind the
reduction of plant growth under saline conditions might be the reduction in photosynthesis due to the
plant stomatal closure and the resulting reduction of carbon uptake [21]. A significant reduction in the
absorption of nutrient elements due to reduced osmotic pressure has also been reported as a secondary
impact of salinity stress on reduced plant nourishment [52].

2.2. Impacts of Salinity on Physiological Traits

Soil salinization has been recognized as a severe threat to crop growth and yield, even in irrigated
areas, worldwide [2]. It is estimated that salinity can reduce crop production in up to 20% of
irrigated lands across the globe, and this loss will increase to about 50% of arable land up to mid-21st
century [9]. Recently, various studies have reported that soil salinity stress causes reduction in the
physiological attributes of cereal crops such as wheat (Triticum aestivum L.) [13,28] and mung bean
(Vigna radiata L.) [53]. Plant growth and yield reduction induced by soil salinity might occur due to the
changes in numerous physiological and biochemical attributes, i.e., the reduction of leaf chlorophyll
content (Chl a, b, carotenoids) and photosynthesis capacity, as well as the alteration of energy in the
mechanisms of ion exclusion, osmotic adjustment, and nutrient imbalance [54]. Mostly, salt-affected
soils affect crops in three ways: osmotic stress, ion imbalance, and oxidative damage [55]. The main
response of salt-affected soils is the toxic effects of sodium (Na+) and chloride (Cl−) ion accumulation
in plant tissues [55,56]. It has been proven that plants under salinity stress accumulate more Na+

ions, resulting in the agitation of ionic balance and plant metabolism and stimulation of oxidative
damage, while the K+ ion status in plant tissues helps plants develop tolerance towards soil salinity [9].
Rice (Oryza sativa L.) grown in salt-affected soil slightly impacted the K+ ion contents; however, it
enhanced the Na+ contents in leaves and significantly lowered the K+/Na+ ratio [56,57]. Furthermore,
a significant reduction was reported in the growth of strawberry plants [58]. These growth retardations
could partially be attributed to reduced photosynthetic activity due to decreased Chl a and Chl b under
various salinity levels [59]. The entrance of Na+ and Cl− ions into the plant cell causes ion imbalance
in plant and soil, and this ion imbalance in the plant might cause crucial physiological problems [60].
A high concentration of salts in the soil profile may cause physiological drought due to the reduction in
water uptake and salt accumulation in the plant’s root zone [54], a decrease of plant osmotic potential,
and thereby, the disturbance of cell metabolic functions due to ion toxicity [33,60]. Excess Na+ in plants
harms the cell membrane and organelles of the plant, resulting in a reduction in plant physiological
mechanisms such as the net photosynthesis rate (Pn), stomatal conductance (Gs), transpiration rate
(Tr), intracellular carbon dioxide (Ci), and soil plant analysis development (SPAD) value, which lead
to plant cell death [56,61,62]. In addition, these physiological changes in the plant might include the
disruption of the cell membrane, leading to an inability to detoxify the reactive oxygen species (ROS)
in the cytoplasm, a reduced photosynthetic rate and transformations of the antioxidant enzymes [62].
These oxidative systems can interrupt the routine functions of various plant cellular components
such as proteins, DNA, and lipids, interfering with dynamic cellular functions in plants under abiotic
stress, especially soil salinity [63]. Furthermore, plants grown in a saline environment might inhibit
chlorophyll formation and trigger various modifications in the functions and structure of the pigment
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protein complex [64]. The inhibition of chlorophyll pigment synthesis under salt stress might be
attributed to the declined activity of various enzymes, i.e., porphyrinogen IX oxidase, porphobilinogen
deaminase, coproporphyrinogen III oxidase, 5-aminolevulinic acid dehydratase, protochlorophyllide
oxidoreductase, and Mg chelatase [65]. Theses enzymes in turn are responsible for the upgradation
of chlorophyllase activity [66] or a reduction in leaf water potential, N uptake, and thereby, the
reduced photosynthetic capacity of plants [53]. Chlorophyll degradation might also be carried out
by salinity-induced superoxide radicals and H2O2, which degrade the membranes of thylakoids and
chloroplast [27].

2.3. Impacts of Salinity on Enzymatic and Non-Enzymatic Antioxidants

Soil salinity stress is accompanied with a robust accumulation of ROS and hampers plant growth
and development. Under stressful circumstances (biotic and abiotic), reactive oxygen species (ROS):
(O2, O2−, H2O2, and OH−) production is a stress indicator at a cellular level and is known as a
secondary messenger which plays its role in the biological activities of plants, ranging from gene
expression and translocation to enzymatic chemistry [67,68]. Ultimately, these ROS might cause
alterations in the structures of lipids, proteins and nucleic acids, and thereby, cause an interruption
of the normal plant metabolism [69]. It has been reported that soil salinity-stimulated oxidative
stress due to the accretion of higher levels of H2O2 might induce apoptosis, cell shrinkage, chromatin
condensation, and DNA fragmentation [70]. Under salinity stress, higher levels of ROS production
might result in the production of malondialdehyde contents (MDA) in the thylakoid membranes. MDA
concentration, which is known to be an effective indicator of lipid peroxidation, helps to calculate the
lipid peroxidation of plant cells [71]. The balance between ROS production and their elimination by the
antioxidative defense mechanism defines the degree of collateral damage to these molecules involved
in plant metabolism [72]. Moreover, soil salinization causes acute oxidative damage in the plant tissues,
and as a result, plants develop their own complex natural antioxidant defense system to combat with
the salinity-induced oxidative stress [73]. The antioxidant enzymes inhibit the cell structural damages
caused by salinity-induced ROS [74]. In the presence of an efficient antioxidant system in crop plants,
it is believed that salt tolerance is better than for other types of plants. Previously, various researchers
have reported the differential impacts of salinity stress on antioxidative enzymatic and non-enzymatic
activities in Tanacetum parthenium L. [44], Brassica napus L. [47], Oryza sativa L. [75], and Glycine max
L. [76]. The non-enzymatic antioxidative system mainly includes carotenoids, ascorbic acid (vitamin
C), α-tocopherol, and flavonoids, while the enzymatic antioxidative system includes peroxidase (POD),
superoxide dismutase (SOD), ascorbate peroxidase (APX), glutathione reductase (GR), polyphenol
oxidase (PPO), etc. The major role of the enzymatic antioxidative system is to scavenge the injurious
radicals produced during oxidative stress and thus help the crop plants to survive under abiotic
stress such as soil salinity [67,77]. There are some natural antioxidants in almost all parts of the plant.
These natural antioxidants are vitamins, carotenoids, phenols, dietary glutathione, flavonoids, and
endogenous metabolites [78]. In salt-affected soils, the production and scavenging of these antioxidants
makes up the first line of defense in plants to handle the oxidative stress.

3. Salinity Tolerance Mechanisms Adopted by Crop Plants

Plants have developed various adaptations at cellular, subcellular and organ levels for their
nourishment under salt-affected soils. Some important salt resistance mechanisms are ion homeostasis,
stomatal regulation, ion compartmentalization, osmoregulation/osmotic adjustment, hormonal balance
changes, stimulation of the antioxidative defense mechanism, and the accumulation/exclusion of toxic
ions from cells and tissues. However, all these salt-tolerant mechanisms are complex and vary from
specie to specie [4]. According to biomass production under soil salinization, four plant groups are
differentiated: (1) true halophytes (Sued sp. and Atriplex sp.), which can invigorate biomass production
under salt stress; (2) optional halophytes (Plantago maritima and Aster trripolium), which show a minor
increase in biomass at lower salt concentration; (3) nonresistant halophytes (Hordeum sp.), which can
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tolerate lower salt concentrations; and (4) glycophytes/halophytes (Phaseolus vulgaris), which are much
more sensitive to salinization [79,80].

It has been suggested in many studies that salt tolerance is linked with the sequestration of
Na+ ions into vacuoles after their entry into leaf cells to maintain a low Na+ concentration in the
cytosol. This sodium and chloride ion compartmentalization phenomenon is carried out by proton
gradient drove tonoplast Na+/H+ antiporters [46]. Once excess Na+ and Cl−1 are vacuolated, this
significantly lowers the osmotic potential without any change in the metabolic process rate and
ultimately contributes to osmoregulation [57]. Many experiments have emphasized this strategy,
where the overexpression of vacuolar Na+/H+ antiporter gene (NHX1) family has enhanced the salinity
tolerance of tomato (Solanum lycopersicum L.) [81], rice (Oryza sativa L.) [82], and maize (Zea mays L.) [29].
More recently, a novel virus-induced gene silencing (VIGS) method has been applied to study the
function of GhBI-1 gene in cotton regarding the salt-stress response [83].

Excessive Na+ ion accumulation in plants is highly toxic because of its ability to interact with K+

ions, causing disturbed stomatal regulation. Therefore, the maintenance of a higher K+/Na+ ratio is an
essential strategy for salt resistance in plants [2,6]. Two essential findings support this strategy: 1) the
presence of CED-9 gene enhanced salinity tolerance in tobacco by accumulating K+ ions [6] under
salt-stressed conditions—more potassium is retained in the cell cytoplasm by caspase activity, i.e.,
proteases and endonucleases, [84]. Moreover, in salt-affected soils, the transfer of sodium and chloride
ions in stem and leaf sheaths is another adaptation of crop plants to reduce the accumulation of these
ions in more vulnerable leaf blades [85]. More precisely, it has been concluded that the K+/Na+ ratio in
the cytosol can be retained by K+ absorption maintenance, the reduction of K+ efflux from cells, the
prevention of Na+ uptake, and the enhancement of Na+ efflux from cells [86].

Generally, under stressful conditions, plant growth is also regulated by the synthesis of several
phytohormones, such as jasmonic acid, salicylic acid, auxins, gibberellins and cytokinins (growth
promoters) [87,88], ethylene, and abscisic acid (growth retardants). It has been reported that soil salinity
enhanced the abscisic acid level in Zea mays L. at the expense of auxins (IAA) [89]. This modification
may lead to the closing of stomata to reduce water loss as a consequence of osmotic stress under
salinization. Methyl jasmonate, a natural plant growth regulator, can ameliorate the inhibitory effects
of soil salinization on the photosynthetic rate to improve plant growth and development [90].

Another crucial physiological trait of salinity tolerance is the accumulation of organic compounds
such as certain amino acids (proline, proline betaine, glycine betaine, and β-alanine betaine) and soluble
sugars (fructose, glucose, fructans, raffinose, and trehalose). The accumulation of these compounds
is positively correlated with salinity tolerance in Zea mays L. [91], Pistacia vera L. seedlings [46], and
Tanacetum parthenium L. [44]. These compounds allow the maintenance of the turgor potential by
decreasing the osmotic potential and minimizing the deleterious effects of Na+ ions against ribosomes
and proteins. Recently, the exogenous application of different amino acids, proline, and glycine betaine
was also considered as an ameliorative strategy for soil salinity [75,92–94].

A variety of adaptive mechanisms at the molecular level are involved in overcoming the harmful
effects of salinity-induced oxidative stress. Some of the most important are the up and downregulation
of gene transcripts [29,95,96], changes of chemical composition and the rigidness of plant’s cell wall [97].
It was reported that the expression of antioxidant defense genes is stimulated in Zea mays L. shoots [98],
while Rodríguez-Kessler found that two genes, Zmodc and Zmspds2A, are responsible for salinity
tolerance in maize roots through the accumulation of polyamine and spermidine [99].

4. Role of Selenium under Abiotic Stresses

Selenium (Se) has already been proven to be beneficial for humans and animals. However, Se is
considered to be a double-edged sword due to its dual response to plants (beneficial or toxic) depending
on its concentration and the nature of plant species [100]. Se is available in many forms to plants,
such as selenate (Se, VI), selenite (IV), thioselenate, selenide, and elemental Se [101]. The optimum
level of Se plays a crucial role in human and animal metabolism, e.g., a low concentration of Se in the
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diet is essential for antioxidant production and a healthy life and is recommended in many countries
of the world. Thus, the effects of Se on humans and animals are linked with Se in the soil–plant
system, because Se contents in edible parts of the plant come from the soil and are consumed by
other organisms.

Under low Se levels, it acts as an important protectant in plants grown under different abiotic and
abiotic stresses. Selenium causes the disputation of ROS and protects plants from toxic elements-induced
oxidative stress. At high levels, Se acts as a pro-oxidant as with other heavy metals/metalloids and
enhances the production of ROS, causes protein oxidation, lipid peroxidation, and genotoxicity [102].
Selenium shows a hermetic effect in plants, but the mechanisms, as well as the optimal, essential,
and toxic values of Se in the soil, are not well-established for different plant species and soil types.
The essentiality of Se in plants depends on the plant species and Se concentration. For example, a
hyper-accumulator species of Brassica species (Helianthus, Camelina, and Aster) could accumulate Se up to
100–1000 mg·kg−1 DW without showing toxicity symptoms. On the other hand, non-hyper-accumulator
species of food crops, grasses, and vegetables hardly accumulate 100 mg·kg−1 DW of Se in plant
tissues [103]. However, the Se response to salinity stress is not very clear and needs to be explored
(Figure 2).

 

Figure 2. Schematic presentation showing the possible causes that overproduce reactive oxygen species
(ROS), which might disturb the normal function of plant cells. The mechanism of antioxidants shown
here scavenges the ROS effects as well as ameliorative effects of Se to induce salinity tolerance in
crop plants. Se represents “selenium” (25 μM Na2SeO4) and S1 and S2 represent salinity stress (100
and 200 mM NaCl), respectively. The seedlings are representative of Brassica napus L. (Source: [24]).
POD: peroxidase; SOD: superoxide dismutase; APX: ascorbate peroxidase; GSH: reduced glutathione;
GSSG: oxidized glutathione; H2O2: hydrogen peroxide; NADP+: nicotinamide adenine dinucleotide
phosphate; MPK: mitogen activated protein kinase gene; CPK: calcium dependent protein kinase gene;
NHX: sodium/hydrogen (Na+/H+) exchanger gene.

4.1. Selenium Speciation and Mobility in Soil

Selenium (Se) is present in excess in the Earth’s crust and can be beneficial or toxic to plants
depending on the concentration of Se, speciation, and nature of plant species. Se occurs in organic
and inorganic forms in soil with different oxidation states (+6, +4, 0, and −2) for selenate, selenite,
elemental Se, and selenides, respectively. The most mobile and water-soluble inorganic Se is selenate
(SeO4

2−), which is present abundantly under oxic soil conditions with low adsorption affinity to oxide
surfaces [104]. Selenate could be reduced into selenite due to poor adsorption ability onto the oxide
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surface under poor redox potential [102]. It has been demonstrated that selenite (SeO3
2, HSeO3

−,
H2SeO3) might be the most abundant inorganic Se speciation under an anaerobic soil environment (pH:
7.5–15) [105]. At low pH, selenite has a greater ability to be adsorbed on an oxide surface than selenate
and thus has reduced bioavailability to crop plants [104]. Selenite could be reduced into elemental
Se, Se0, or selenides, Se2− (unavailable to plants), under strong reducing conditions [102]. Various
factors which are responsible for Se mobility and solubility in soil are soil pH, sorption, and desorption
reactions, redox potential, organic/inorganic compounds, and dissolution processes in sediments and
soils [106].

Soil Se is mainly inorganic but it can also be present in organic forms, such as complexes with
organic matter, and incorporated into organic or organo-mineral colloids [107]. Se in organo-Se
compounds (e.g., seleno-aminoacids) presents a valence state of −2 and is highly bioavailable. In
addition, volatile organic forms of Se such as dimethyl selenide (DMSe) and dimethyl diselenide
(DMDSe) may be present in soils. Se accumulation in plants is higher when seleno-amino acids
are added to the hydroponic growth medium compared with inorganic forms of Se at the same
concentration [108]. Organo-selenium compounds can either be released into the soil from biological
decompositions of plant and soil microbial tissues or by Se-based fertilizer addition. Soil organic
matter (OM) is shown to influence the retention of Se in [109]; however, the mechanisms of Se–OM
interactions are poorly understood. Basically, three hypotheses explaining the OM-mediated retention
of Se are generally discussed: (i) OM has increased sorption sites, which facilitates direct complexation
with Se [109,110]; (ii) indirect complexation via OM–metal complexes [109]; (iii) microbial reduction
and incorporation into amino acids, proteins, and natural organic matter [110]. Depending on the type
of binding, Se may be easily mobilized (e.g., through pH adjustment) or immobilized (e.g., covalent
incorporation to OM).

4.2. Selenium Uptake and Mobility within the Plants

The Se toxicity or deficiency margin is very small. This small gap between toxicity and essentiality
is based on the nature of the organism and Se speciation [100]. It has been reported that a low-Se diet
is important for antioxidant protection and a healthy life [111]. Therefore, threshold levels of Se have
been added to the nutritional recommendation in various parts of the world such as China (essentiality:
> 0.125 mg kg−1; toxicity: > 3 mg kg−1) [112]. Se deficiency or Se excess due to the intake of low or
high-Se containing food may cause many health problems in living organisms [102]. Therefore, it is
essential to understand and monitor the behavior of Se in the soil–plant system.

The majority of crop plants are able to uptake various inorganic forms such as selenite (+4), selenate
(+6) [104], and/or various selenium based organic compounds such as SeCys (methylselenocysteine)
and SeMet (selenomethionine) [105]. In contrast, plants are incapable to uptake elemental Se (0),
selenide (−2) from the root zone. Even though Se is not an essential element for plants, it plays many
significant roles in the plant, which depends on its applied concentration in the growth medium. Lower
Se concentrations play a beneficial role and improve plant growth, whereas higher Se concentrations
disturb the metabolic processes of the plant and reduce plant growth. The pathway of Se accumulation
in plant roots is through specific and non-specific channels of essential nutrients (sulfur and phosphate),
whereas the xylem channels and sinks transport Se (VI) into the shoot tissues within plants. Previously,
it has been reported that phosphate transporter families (Pht1 and NIP2;1 transporter) are used to take
up Se by root cells such as HSeO3

− and H2SeO3 (selenite) using aquaporins [113]. Afterwards, these Se
speciations are translocated from root cells to the plant shoot as selenate via the root symplast and stele.
During this whole process, selenite is persuaded into Se-based organic compounds, which stay behind
in the plant roots [114,115]. Therefore, selenate and small amounts of SeMet and selenomethionine
Se-oxide (SeOMet) have been considered important Se species in the plant xylem [116]. The family
of aluminum-activated malate transporter (ALMT) genes are thought to be responsible for carrying
selenate in the shoot xylem sap [117], whereas, following the delivery of selenate from root to shoot via
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the xylem, the members of the Sulfate transporters (SULTRs) family take it to leaf cells [118], where it
is stored in the cell vacuoles [114].

In addition to inorganic Se, plant uptake of organic Se is known to occur and has been reported at
much higher rates (20–100 fold greater) than the uptake of inorganic species [108]. Evidence suggests
that amino acid transporters are important. To date, no Se-specific uptake mechanisms have been
reported [119]. However, SeMet (selenomethionine), SeMeSeCys (Se-methyl selenocysteine) and SeCys
(methylselenocysteine) forms of Se are taken up by the plant roots through transporters with the ability
to catalyze the uptake of Met and Cys, respectively [120]. A synchrotron-based X-ray fluorescence
microtomographic analysis was performed to demonstrate the transport mechanisms of organic species
of Se. The authors observed that organic Se (SeMet and SeMeSeCys) was translocated in Oryza sativa L.
exclusively via the phloem. The results indicated that, for SeMeSeCys- and SeMet-fed grain, Se was
distributed throughout the external grain layers and into the endosperm, while SeMeSeCys Se was
partitioned into the embryo. They demonstrated that organic Se species (SeMeSeCys and SeMet) are
rapidly loaded into the phloem and transported to grain more efficiently than inorganic species [121].

5. Selenium-Mediated Alleviation of Salinity Stress in Plants

The findings to date have shown that Se is not ranked as an essential element for crop plants;
however, a low Se concentration exerts beneficial effects on plant growth and development under biotic
and abiotic stresses, especially soil salinization (Figure 2). Many studies have reported the effects of
the application of Se to evoke tolerance against salt stress depending on the application method, dose
of Se, salinity levels, and plant species [58]. For example, a foliar application of selenate (20 mg·L−1)
mitigated the adverse effects of salinity stress (12 dS m−1) on the growth and development parameters
of maize (Zea mays L.) [122]. Likewise, another study reported that Se application (20 μM) in the form
of sodium selenite causes improvements in the growth and yield of eggplants under varying levels
of soil salinity [123]. However, higher doses of selenite were found to have deleterious effects on the
growth and development stages of maize under a salt stress of 100 mM NaCl [29]. Even though Se is
an essential trace nutrient to humans and other animals as an antioxidant, Se toxicity might appear at
higher concentrations due to the substitution of S with Se in the structure of amino acids, followed by
the inaccurate folding of proteins and thus the creation of nonfunctional proteins and enzymes [102].
Conclusively, higher doses of Se hamper the growth and development of crop plants, while low doses
cause improvements in growth and development mechanisms.

5.1. Improvement in Agronomic Traits

The maintenance of plant growth is directly associated with the survival of crop plants under
salt-affected soils. The application of minute levels of Se under salinity stress significantly improved
plant growth characteristics such as the shoot length, shoot diameter, and fresh and dry biomass of
cucumber (Cucumis sativus L.), lemon balm (Melissa officinalis L.), cowpea (Vigna unguiculata L.), wheat
(Triticum aestivum L.), and maize (Zea mays L.) as compared to salt stress alone [122,124–126] (Table 1).
Likewise, Se showed a great potential to improve stem growth (diameter and biomass) in melon
(Cucumis melo L.) and tomato (Solanum lycopersicum L.) when cultivated in salt-affected soils [30,106].
Recently, Astaneh suggested that growth parameters such as the bulb height, fresh and dry biomass
of bulbs, bulb diameter, and the number of cloves in one bulb of Garlic (Allium Sativum L.) were
significantly improved with the addition of Se under salinity stress [127]. Growth characteristics
related to plant roots such as length, fresh, and dry weight were significantly improved with the
supplementation of smaller amounts of Se alone and/or in combination with NaCl, compared to
salinity stress alone [30,122]. Se applications significantly promoted root and shoot fresh weight and
shoot dry weight as well as improving relative water contents in tomato (Solanum lycopersicum L.) and
antioxidants activity and photosynthetic pigments in lettuce plants [100,128]. In addition, added Se
also improved the growth parameters of ryegrass (Lolium perenne L.) and spinach (Spinacia oleracea L.)
by improving nutritive values [106].
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The accumulation of higher levels of Na+ ions in plant roots under salinity stress causes a
reduction in hydraulic conductivity and ultimately lowered relative water contents (RWC); however,
the Se (Na2SeO4) supply reduced Na+ ions and improved root growth, and thereby, might have
enhanced the water supply to shoots and sustained plant growth [27,139]. Salt-affected soils cause
hindrances in nitrogen assimilation, accumulation, and metabolism, and hence, disturb the proline (a
molecular chaperone responsible for maintaining protein integrity) biosynthetic mechanism [140,141].
The improvement in the phenological parameters of crop plants could also be a consequence of
Se-mediated increments in proline contents through the promotion of nitrogen (N) contents and nitrate
reductase activity [53]. Furthermore, Se has been involved in the improvement of nutrient elements
absorption and their transfer within the body of various crop plants, which ultimately improves
growth and production [142]. It was stated that suitable Se supplementation might be involved in
boosting the expression of tonoplast H+ ATPase and Na+/H+ antiport at the root membranes, limiting
Na+ ion translocation to the upper plant tissues, thus, decreasing its toxic impacts [143]. Moreover,
cations such as nitrogen, potassium, and calcium are required for growth regulation through their
impact on the vital metabolic pathways such as antioxidant metabolism, nitrogen assimilation, and
cellular stress signaling [72,91,144]. The Se supply has been reported to be beneficial to increasing
the nitrogen, potassium, and calcium uptake from soils, thereby, leading to a larger production of
amino acids, metabolites, and stress signaling for better induction of salinity tolerance in wheat
(Triticum aestivum L.) [28]. Another important mechanism is Se-accelerated reduction in the Na+/K+

ratio in plants grown in salt-affected soils, which ultimately induces the protection of some essential
processes and balanced osmotic potential [127]. Na+ ions are responsible for inhibiting K+ ion uptake
at the membrane transport level, whereas Se might have the ability to influence the expression of Na+

transporters and H+ pumps [145].

5.2. Se-Mediated Improvement in Physiological Attributes

To situate the scientific context compiled in this review article, it should be taken into account
that Se at low concentrations helped plants to alleviate exposed stress from its exterior environment,
especially regarding soil salinity. Therefore, an exogenous application of Se has gained considerable
interest in the scientific community around the world [22,24,94]. For instance, exogenously applied Se
played a significant role in appraising the physiological and biochemical mechanisms (Table 1) involved
in salinity tolerance in cucumber [124], canola [24], and parsley [133], which as a result helped plants
to survive better in salt-stressed environments. Salinity stress in particular not only damages a plant’s
osmotic potential, but also accompanies various secondary stresses, such as cellular oxidative damage
by the over-generation of reactive oxygen species (ROS) [122]. The maintenance of ROS homeostasis and
other physiological functions such as photosynthesis are the chief priorities of plants exposed to salinity
stress [29]. Therefore, finding suitable approaches to understand and investigate the mechanisms
underpinning plant responses to salinity stress is essential to sustain agricultural production in
saline soils. In this regard, the application of Se has been found to reduce the harmful effects of
salinity and support the growth of maize (Zea mays L.), tomato (Solanum lycopersicum L.), and garlic
(Allium sativum L.) through enhanced photosynthetic performance [29,30,122,129]. Moreover, enhanced
growth and nutritional qualities of spinach (Spinacia oleracea L.), ryegrass (Lolium perenne L.), wheat
(Triticum aestivum L.), and mung bean (Vigna radiate L.) have also been reported by exogenously applied
Se under stressed and non-stressed conditions [22,106,142,146]. Further, a lower Na+ concentration
and higher K+/Na+ ratio was observed in selenite-treated plants as compared to untreated plants [27].
Se might have decreased the accretion of Na+ ions which led to an increased K+/Na+ ratio in comparison
to the untreated control plants of dill (Anethum graveolens) and garlic (Allium sativum L.) [129,147].
The addition of Se under salinity stress significantly improved the physico-biochemical properties such
as the chlorophyll contents, carbohydrates, proteins, and carotenoids, of which adequate amounts are
essential to regulate major metabolic processes such as photosynthesis in maize (Zea mays L.) [148].
The application of Se significantly improved the plant growth, photosynthetic activities such as the net
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photosynthetic rate, the actual photochemical efficiency of photosystem II (PSII), maximum quantum
yield of PSII (Fv/Fm), photochemical quenching coefficient (qP), and non-photochemical quenching
coefficient (qN) of tomato (Solanum lycopersicum L.) cultivars [30]. Similarly, Se application showed a
positive effect on growth and improved the photosynthetic pigments and total amino acid contents
in lemon balm (Melissa officinalis L.) and decreased Na+, while increasing K+ concentrations in the
roots and shoots of dill (Anethum graveolens) plants [133,147]. Furthermore, many other researchers
have shown that Se application to salt-stressed cucumber and tomato protected the cell membranes
against lipid peroxidation, reduced oxidative stress by regulating the chloroplast, which is strongly
linked with increasing the photosynthetic rates by improving the PSII, and thereby, enhanced plant
stability [30,124]. Taken together, these findings suggest that Se played a significant role in improving
the physiological and biochemical adaptation of plants, which eventually helped plants to survive
better in stressed saline conditions.

It has been recognized previously that the amelioration of photosynthetic inhibition through
Se supply might be a result of the cumulative impact on the antioxidative defense mechanisms,
leading to the simultaneous alleviation of ROS effects, uptake and accumulation of important
crop nutrients [149]. Recently, it was shown that a higher Se supply (10 μM) causes retardation
in the growth and photosynthetic capacity of wheat (Triticum aestivum L.) seedlings [28], which
might be attributed to decreased chlorophyll formation due to the inhibition of chlorophyll
biosynthesizing enzymes and production of 5-aminolevulinic acid and protochlorophyllide [150].
An increment in Mn, Zn, and Fe contents in plant leaves under Se treatment [151] could also
be the reason for the improved photosynthetic apparatus and avoidance of the degradation of
chlorophyll [152]. Optimal supplementation of Se modulates photosynthetic functioning by enhancing
CO2 assimilation, photosynthetic rate, and chlorophyll fluorescence characteristics under normal
and stressful conditions [149]. Moreover, a Se supply regulated proline accumulation by enhancing
the activity of γ-glutamyl kinase (γ-GK) enzyme, leading to the enhanced synthesis of proline with
subsequent declines in its degradation via the slowing down of the activity of proline oxidase [28,153].
In halophytic grasses, it has been demonstrated that increased accumulation of proline leads to enhanced
photosynthetic efficiency and ATP production, resulting in greater water use efficiency [154]. The above
discussion reveals that the application of a low concentration of Se could play an important role in the
improvement of the physiological and defensive mechanisms of crop plants under salinity stress.

5.3. Se-Mediated Improvement in the Alleviation of ROS Effects

Plants produce an array of antioxidant enzymes once exposed to biotic and abiotic stresses and,
interestingly, Se supplementation has been found to upscale these antioxidant enzyme activities to
cope with experienced stresses [155]. Se has a significant role in numerous enzymatic processes—i.e.,
catalase (CAT), peroxidase (POD), superoxide dismutase (SOD), ascorbate peroxidase (APX), and
glutathione peroxidase (GPX)—and non-enzymatic processes—i.e., phytochelatins and glutathione
antioxidants—which help to combat the salt-induced overproduction of reactive oxygen species
(ROS), which are responsible for agitating plant cell integrity (Figure 2). Molecular oxygen (O2)
works as an electron acceptor with a subsequent accretion of reactive oxygen species (ROS) such
as singlet oxygen (1O2), hydroxyl radical (OH−), superoxide radical (O−2), and hydrogen peroxide
(H2O2) under salt-stressed conditions. It has been well proven that lower concentrations of selenate
(Na2SeO4) help to protect plants from ROS-stimulated oxidative damage, but a higher concentration
of Se works as a pro-oxidant and stimulates the formation of ROS and induces oxidative stress [92].
Many researchers have described that Se is required to increase the scavenging activity of ROS,
decreasing the concentration of MDA and membrane damage [156]. Moreover, decreased generation
of H2O2 under Se supplementation has also been confirmed [157,158]. Under salinity stress, lowered
H2O2 contents were observed in Se-treated canola (Brassica napus L.) plants [136]. Meanwhile, plants
exposed to Se showed lower concentrations of MDA under NaCl stress, showing that Se was vital
in bringing down the lipid peroxidation by amending the antioxidant enzymes and protecting the
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membranous structures of Oryza sativa L. [27], Cucumis sativus L. [124], Brassica napus L. [24], and
Anethum graveolens [147]. In addition, it was noticed that lipid peroxidation (MDA) production was
reduced by elevating Se concentration under salt stress [127]. A comprehensive impact of MDA on
plant cells is lowering the fluidity of the membranes to elevate membrane leakiness and avoiding
damage to membrane proteins, enzymes, and ion channels [159]. A suitable concentration of Se might
be useful to limit the over-expression of lipidoxygenease for sustaining fatty acid formation in addition
to the lessened ROS generation, which was led by the upregulation of antioxidant systems [28].

5.4. Se-Mediated Improvement in the Upregulation of Enzymatic and Non-Enzymatic Antioxidants

Under soil salinity stress, ROS can be detoxicated by antioxidant compounds (Figure 2; Table 2). It is
believed that enzymatic and non-enzymatic antioxidants, such as SOD, POD, APX, CAT, GSH-Px, and
GR, are positively interconnected in response to Se supplementation to induce salinity tolerance in crop
plants [22,131]. Researchers postulate that an elevation in the Se-mediated antioxidant defense is one
of the vital mechanisms that can save plants from salt-stimulated oxidative stress [58,134]. Antioxidant
enzyme activities (SOD, APX, and CAT) significantly improved with exogenous Se treatment in rapeseed
(Brassica napus L.) and dill (Anethum graveolens) seedlings under salinity stress [24,147]. In another
study, the accumulation of lowered H2O2 contents in rice plants might have been due to Se-mediated
higher levels of APX and CAT activities [27]. An increment in the activities of SOD, CAT, GST, APX,
and GR has been noticed in different crops such as Triticum aestivum L., Brassica juncea L., Avena sativa L.,
and Solanum lycopersicum L. [13,144,160,161]. Recently, it was noticed that the translocation of minerals
such as iron, zinc, and manganese was significantly increased in the shoots of rice (Oryza sativa L.) with
Se application [151]. These minerals are essential components of antioxidant enzymes and responsible
for increasing the activities of SOD, POD and CAT [162]. Under salinity stress, the exogenous
supplementation of Se to maize (Zea maize L.) plants resulted in the upregulation of expression of
mitogen activated protein kinase (MAPK5 and MAPK7) and calcium-dependent protein kinase (CPK11)
genes and stimulated the antioxidant defense system under salt stress [29,163]. It has been reported
that MAPK flow is at the center of cell signal transduction and implicated in stress-related signal
pathways [164]. Abscisic acid (ABA) accumulation could be stimulated under salinity stress [165],
which in turn produces H2O2, causing the activation of MAPK, resulting in stimulated expression and
activities of antioxidant enzymes [166]. Furthermore, NAD kinase-2 (NADK2) mutation impaired
ABA-induced stomatal closure and ABA inhibition of light-promoted stomatal opening. NADK2
disruption also impaired the ABA-stimulated accumulation of H2O2 [167,168]. Elevation of SOD
activity due to Se supplementation evolved in the quick transformation of the superoxide radicals into
H2O2, which was produced at the chloroplast and mitochondrial electron transport chain. The evolving
H2O2 was counteracted either by CAT in the cytoplasm or by APX in the ascorbate glutathione
(AsA–GSH) pathway. Furthermore, increased SOD activity in Se-supplemented seedlings altered the
chances of hydroxyl (OH−) radical composition, following a better defense of chloroplast function [162].
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Table 2. Selenium (Se) supplementation mitigates salinity-induced oxidative damage by changing
different antioxidant enzymatic and non-enzymatic activities in the leaves of different salt-stressed
plants (↑ indicates an increase, while ↓ indicates a decrease).

Salinity
Stress

Plant Species
Se

Dosages
Se

Speciation
Experimental

Details

↑↓
Antioxidant

Activity

% Increase or
Decrease

Reference

150 mM Oryza sativa L.
2, 4, 6, 8,

10,
12 mg·L−1

Se (VI) Sand culture

↑SOD
↑APX
↑CAT
↑GR

↑GSH-Px

40.7%
92.7%
82.9%
77.2%
66.1%

[27]

0, 25, 50,
75 mM

Fragaria ×
ananassa Duch

0, 10,
20 mg·L−1 Se-NPs

Reconstituted
pot culture

(perlite, peat,
sand)

↑SOD
↑POD

35.9%
63.1% [58]

100 mM Triticum
aestivum L. 5, 10 μM Se (VI)

Reconstituted
pot culture

(Peat, compost,
sand)

↑SOD
↑CAT
↑GST
↑APX
↑GR

16.2%
10.1%
16.2%
10.6%
22.1%

[28]

0, 30, 60,
90 mM

Allium sativum
L.

0, 4, 8,
16 mg·L−1 Se (VI) Hydroponic

culture

↑SOD
↑CAT
↓POX
↑PAL

81.0%
minute
minute
~15.0%

[127,129]

12 dS m−1 Zea mays L. 0, 20,
40 mg·L−1 Se (VI) Sand culture

↑CAT
↑POD
↑SOD

~56.0%
~63.0%
minute

[122]

0, 100 mM Phaseolus
vulgaris L. 0, 5, 10 μM Se (IV) Pot soil culture

↑SOD
↑POD
↑CAT

15.8%
313.3%
56.3%

[132]

8 dS m−1 Allium cepa L. 0, 0.5,
1 kg·ha−1 Se (IV) Field

experiment
↓CAT
↓POD

26.6%
10.0% [131]

0, 25,
50 mM

Lycopersicon
esculentum-Mill. 0, 5, 10 μM Se (IV) Hydroponic

culture
↓POD
↑CAT

60.0%
~240.0% [128]

0, 50 mM Vigna
unguiculata L. 5, 10 μM Se (VI) Sand-soil

culture

↑SOD
↑POD
↑PAL

63.4%
238.1%
73.5%

[169]

0, 100 mM Vigna radiata L.
Wilczek

1, 2.5,
5 ppm Se (VI)

Reconstituted
pot culture(Soil,
sand, farmyard

manure)

↑SOD
↑CAT
↑APX
↑GR
↑GPX

14.2%
37.0%
34.8%
24.6%
41.0%

[170]

0, 10 dS
m−1

Anethum
graveolens L. 0, 5 μM Se (VI) Hydroponic

culture

↑CAT
↑SOD
↓APX

~40.0%
~19.0%
minute

[147]

0, 100 mM
Lycopersicon

esculentum-Mill.
Shuangfeng 87-5

0.05 mM Se (IV) Hydroponic
culture

↑GR
↓APX
↑DHAR
↑MDAR

~23.0%
~14.0%
~50.0%
~16.0%

[30]

0, 100 mM Glycine max
var. L17

0, 25,
50 mg·L−1 Pot soil culture

↑CAT
↑POD
↑SOD

221.6%
85.0%
40.0%

[171]

0, 100 mM Cucumis melo L. 0, 2, 4, 8,
16 μM Se (IV) Hydroponic

culture

↑POD
CAT
↑SOD

~29.0%
unchanged

~106.0%
[172]

0, 100,
200 mM Brassica napus L. 25 μM Se (VI) Semi-hydroponic

culture

↑GSH
↑GSH/GSSG
↑DHAR
↑MDHAR
↑GST
↑GR

33.0%
86.0%
43.0%
45.0%
18.0%
40.0%

[24]

The values of % increase or decrease in antioxidant activities represent the NaCl and Se treatment dosages mentioned
in bold characters. “~” indicates approximate values.
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The scavenging of H2O2 and lipid peroxide (MDA) into water and lipid alcohol is done by two
important enzymes: glutathione peroxidase (GSH-Px) and glutathione reductase (GR) [20]. GSH-Px is
considered to be a vital enzyme, which is strongly activated by Se in different plants under various
environmental stresses [173]. In the presence of Se, GSH-Px quenches H2O2 and then APX, CAT,
and GR remove the leftover of H2O2. Under salinity stress, regardless of the mode of Se application,
Se enhanced the GSH-Px and GR activity compared to controls [27,28]. Under the availability of
Se, GSH-Px activity might be modulated due to higher selenocysteine formation at the catalytic
site of GSH-Px [27,173]. The enhanced activity of GSH-Px and GR lowered the levels of H2O2 and
MDA and improved the growth of rapeseed (Brassica napus L.) and rice (Oryza sativa L.) plants by
overcoming ROS-stimulated oxidative damage under soil salinity stress [24]. APX lowers the level of
H2O2, while GR impacts the preservation of GSH and AsA content resulting in reasonable cellular
redox [72]. The supplementation of Se in wheat (Triticum aestivum L.) seedlings upregulated the
AsA–GSH pathway by increasing the activities of APX and GR. Furthermore, elevating the AsA
and GSH contents consistently evolved in the defense of the photosynthetic electron transport chain
by sustaining better nicotinamide adenine dinucleotide phosphate (NADP+) levels and limiting the
composition of toxic radicals [28]. These results revealed that the wise use of Se could be beneficial to
improving the plant antioxidative defense mechanism under soil salinity stress.

5.5. Se-Mediated Gene Expression Modifications under Salinity Stress

Very few studies have elucidated the role of Se in the alleviation of Na+ accumulation and
its hazardous impacts on plant growth and development at the gene level. In an experiment on
maize (Zea mays L.), Jiang investigated the expression levels of associated genes such as ZmMPK5,
ZmMPK7, and ZmCPK11, which are responsible for the antioxidant defense system in roots, while the
expression of ZmNHX1 gene clarified Se’s involvement in Na+ and K+ homeostasis under salt-affected
soils [29] (Figure 2). In previous studies, the contribution of genes to the removal of ROS has been well
documented. It has been reported that H2O2 is the activator of ZmMPK5, and hence, the antioxidant
defense system of maize leaves was enhanced [174]. Similarly, the expression of ZmCPK11 increased
the activities of APX and SOD in maize (Zea mays L.) leaves [175]. Moreover, under a stress salt
environment, the ZmMPK7 gene was found to be a good alleviator of ROS-induced damages in tobacco
(Nicotonia tobaccum L.), resulting in low H2O2 accumulation [155]. Likewise, it was described that
a small amount (1 μM) of Se (Na2SeO3) addition under osmotic stress enhanced the upregulation
of ZmMPK5, ZmMPK7, and ZmCPK11 genes in roots of maize (Zea mays L.) [29]. In many previous
findings, NHX gene overexpression in transgenic plant species—i.e., rapeseed [176], tomato [81], and
poplar [14]—is responsible for Na+ compartmentalization and an enhancement of salt resistance.
Recently, it was proven that ZmNHX1 expression was significantly up-regulated in maize after 24 h of
salinity stress exposure, which may contribute to Na+ compartmentalization under osmotic stress [29].

Furthermore, it was reported that OsNHX1 (vacuolar Na+/H+ antiporter gene) is responsible for
maintaining plant osmotic balance by reducing the hindrance of Na+ ions during water movement
towards plant shoots [14], which might be due to the sequestration of sodium ions in vacuoles of roots
and/or shoots [177]. Previously, this phenomenal mechanism was strengthened by research work
on tomato (Solanum lycopersicum L.) and rapeseed (Brassica napus L.), respectively [81,176]. Recently,
Se (Na2SeO4) was supplied to salinity-stressed rice (Oryza sativa L.) plants grown under a saline
environment in a mixture of sand and polymer, and it was observed that plants receiving Se exhibited
a higher transcription level of OsNHX1 gene [27]. The researchers concluded that it could be imagined
that a higher OsNHX1 transcript level promoted Na+ sequestration within the root vacuoles and
therefore reduced the Na+ accumulation in rice shoots, which ultimately improved plant growth and
antioxidative defense mechanism. However, further research work is needed to explore how Se is
involved in antioxidant defense genes and how these genes are up and downregulated to induce
antioxidant defense systems in salt-stressed plants under Se supplementation.
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6. Conclusions and Future Perspectives

Soil salinization has become an overwhelming environmental threat to world food production
and agricultural sustainability. Selenium (Se) is recognized as an essential trace element for human
beings and animals, although this is controversial for different plant species. However, based on
published relevant literature, it is widely accepted that Se is capable of remediating various biotic
and abiotic environmental stresses including soil salinity. The important mechanisms involved in
Se-mediated salinity tolerance in crop plants include a reduction in Na+ ion accumulation in plant parts
through the overexpression of the Na+/H+ antiport, chelation and boosting of the antioxidative defense
system in plants, Na+ compartmentalization, improvement in various structural compositions, and the
upregulation of Na+ and Cl− ions transporter genes. However, these salinity-tolerance mechanisms
are still highly controversial and are influenced by growth conditions, growth medium (soil or water),
stress duration, plant genotypes, plant species types, Se doses, speciation, and many more. Therefore,
it is difficult to predict a general conclusion for the Se-mediated alleviation of salinity-induced
phytotoxicity in crop plants. More precisely, at lower concentrations, Se can mediate plant growth and
physiological characteristics (acts as a beneficial element), while at higher concentrations; it disturbs
various plant metabolic processes, and thereby suppresses plant growth under salinity stress. Moreover,
Se triggers the dismutation of ROS generated under salt stress and protects plants from oxidative
damage. In conclusion, this review article has shed light on the hazardous impacts of soil-affected soils,
various salinity tolerance mechanisms adopted by crops and the prospective mechanisms involved in
Se-mediated salinity tolerance as well as improvements in the growth and productivity of various crop
plants cultivated in salt-affected soils.

In this review paper, after critically reviewing the best available data to date, the authors anticipated
that there would be an emergent interest in the scientific community to studying the mechanisms of
Se-assisted salinity tolerance in plants in the near future; therefore, the following research gaps need to
be explored in future.

On an instructive note, the suitable concentration of Se supplementation is still a matter of research.
Complete interpretation of the role of Se as well as detailed protective mechanisms would be helpful
for developing salinity tolerance in plants.

The Se transformations in the plants are still unclear. Therefore, future studies are required to
explore the exact mechanisms involved in Se transformations inside plant species that enhance Se
transfer to the plant shoots and its volatilization from aerial plant parts.

Previous researchers have focused on evaluating the role of Se in individual plant species grown
in salt-affected soils; however, there is still a need to better understand its ameliorative roles in more
plant species under various environmental factors for the confirmation of the Se-mediated amelioration
of salinity-induced phytotoxicity on a larger scale.

According to the reviewed data, Se in most experiments was used under saline nutrient mediums
(hydroponics). Such experimental results can overestimate the Na+ uptake and translocation within
the plant body. It is advised to conduct future experiments on natural saline soils (pots or field), as
soil is a complex system, which will provide a better understanding of Se-mediated salinity-tolerance
mechanisms. Moreover, such experiments will help the local farming community to learn about the
use of Se in farming practices.

More importantly, to date, most soil-based experiments have been executed over the short term,
which raises questions on Se’s potential to remediate salt-affected soils in the long term. Therefore,
well-planned, comprehensive, and long-term field experiments are needed to check the productivity
and economic feasibility of Se-based ameliorations of saline soils.

Despite the widespread occurrence of Se deficiency globally, Se toxicity (selenosis) is a problem in
some areas. Some soils and mineral deposits are naturally Se rich, and exploitation of these seleniferous
soils can lead to toxic accumulation of Se in the environment. Therefore, effective enrichment of
agricultural crops with Se via soil using Se-enriched fertilizers can be challenging due to varying soil
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Se concentrations, soil types, soil redox potentials, soil pH, and microbiological activity. Furthermore,
the high cost of Se fertilizer, in combination with the modest incorporation rate, should be considered.
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Abbreviations

Se-NPs Selenium-nanoparticles
GSH Reduced glutathione
GSSG Oxidized glutathione
DHAR Dehydroascorbate reductase
MDHAR Monodehydroascorbate reductase
GST Glutathione S-transferase
GR Glutathione reductase
POX peroxidase
PAL Activity of phenylalanine ammonia-lyase
GSH-Px Glutathione peroxidase
CAT Catalase activity
APX Ascorbate peroxidase activity
SOD Superoxide dismutase activity
POD Peroxidase activity
GPX Glutathione peroxidase activity
MDAR Monodehydroascorbate reductase activity
RWC Relative water contents
TBARS Thiobarbituric acid reactive substances
NPQ Non-photochemical quenching
MDA Malondialdehyde
RuBPCase Ribulose-1,5-bisphosphate-carboxylase/oxygenase content
SPAD Chlorophyll content in leaves
H2O2 Hydrogen peroxide
ATP Adenosine triphosphate
NADP+ Nicotinamide adenine dinucleotide phosphate
MAPK Mitogen activated protein kinase gene
CPK Calcium dependent protein kinase gen
NADK2 NAD kinase2 gene
ALMT Aluminum-activated malate transporters
SULTRs Sulfate transporters
γ-GK γ-Glutamyl kinase
NHX Sodium/hydrogen (Na+/H+) exchanger gene
PSII Photosystem II
NPK Nitrogen, phosphorous, and potassium
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