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The plant hormone jasmonic acid (JA) and its derivative, an amino acid conjugate of JA (jasmonoyl
isoleucine: JA-Ile), are signaling compounds involved in the regulation of cellular defense and
development in plants. The number of articles on JA has increased dramatically since the 1990s. JA
was recognized as a stress hormone that regulates plant responses to biotic stresses, such as those
elicited by hervivores and pathogens, as well as abiotic stresses, such as wounding and ultraviolet
radiation. Recent studies have progressed remarkably in understanding the importance of JA in the
life cycle of plants. It has been revealed that JA is directly involved in many physiological processes,
including stamen growth, senescence, and root growth. Furthermore, it has been known to regulate
the production of various metabolites, such as phytoalexins and terpenoids. Many active regulatory
proteins involved in the JA signaling pathway have been identified by screening for Arabidopsis mutants.
The discovery of the JA receptor, CORONATINE INSENSITIVE 1 (COI1), and the central repressors,
jasmonate ZIM (JAZ)-domain proteins, further promotes the efforts to understand the JA signaling
pathway in Arabidopsis. However, many aspects about the JA signaling pathway in other plant species
remain to be elucidated.

This Special Issue, “Jasmonic Acid Pathway in Plants” contains five review articles published by
field experts. Information available on the important role of JA in plant growth has been updated in
these reviews [1-5]. These reviews will help in understanding the crucial roles of JA in its response to the
several environmental stresses and developments in plants. In addition, this Special Issue also contains
15 original research articles. The noteworthy fact is that studies published in this Special Issue were
performed using several plant species, including those belonging to Arabidopsis: Camellia sinensis [6],
Panax ginseng [7], Oryza sativa L. [8,9], Prunus avium L. [10], Brassica rapa [11], Sorghum bicolor L. [12,13],
Nicotiana benthamiana [14], Pogostemon cablin [15], Zea mays [16], and Arabidopsis thaliana [17-20]. This
indicates that JA is an essential plant hormone across different plant species. Furthermore, these
articles prove that JA has different roles during the vegetative and reproductive stages of plant growth.
Gladman et al. [12] and Dampanabonia et al. [13] reported that JA negatively affects grain number in
sorghum, suggesting that a new breeding approach that modifies JA-biosynthesis genes using genome
editing can lead to increased grain yield in cereals. Below, I will focus on two studies published in this
Special Issue as a plant pathologist.

Uji et al. demonstrated that the JA-induced VQ-motif-containing protein, OsVQ13, positively
regulates the JA signaling pathway in rice [9]. Interestingly, OsVQ13 also activates the salicylic
acid (SA) signaling pathway and confers resistance to rice bacterial blight, which is caused by the
hemibiotrophic pathogen, Xanthomonas oryzae pv. oryzae (Xoo), in rice [9]. Generally, SA confers
resistance to biotrophic and hemibiotrophic pathogens, whereas JA has been known to confer resistance
to necrotrophic pathogens in plants. The relationship between JA and SA is antagonistic in many
plant species. However, this antagonistic crosstalk between JA- and SA-dependent defense signaling
pathways remains unclear in rice. It has been reported that a central repressor of the JA signaling
pathway negatively affects Xoo resistance in rice [21]. JA-induced volatiles, such as monoterpenes, act
as antibacterial or signaling compounds in the defense response against Xoo [22,23]. Uji et al. also
demonstrated that the central positive regulators of the SA signaling pathway are induced by JA in
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rice [9]. It has also been suggested that OsVQ13 plays a critical role as an activator involved in both
JA- and SA-induced resistance to Xoo. Taken together, these results strongly indicate that the JA and
SA signaling pathways interact coordinately to yield induced defense responses in rice. Rice may
develop a unique system to shield itself against pathogens. Recently, this unique system has been
called “Common Defense System” [24].

Nakano and Mukaihara published an excellent study in this Special Issue [14]. The pathogen
Ralstonia solanacearum is known to be hemibiotrophic and causes bacterial wilt disease in more than
200 plant species, such as tomato, potato, banana, and eggplant. Plants have developed a specialized
defense system, the so-called pattern-triggered immunity (PTI), to inhibit or attenuate infection due to
R. solanacearum. To suppress PTI, the pathogen injects approximately 70 type III effectors into the plant
cells through the Hrp type III secretion system. Nakano and Mukaihara identified an effector, RipE1,
which promoted the degradation of JAZ repressors and induced the expressions of JA-responsive
genes in a cysteine-protease-activity-dependent manner [14]. JA and SA signaling pathways have been
shown to antagonize each other in N. benthamiana. Thus, the activation of the JA signaling pathway
causes the suppression of the SA signaling pathway, which is essential for the defense response against
R. solanacearum. They also revealed that the effector RipAL induces JA production to activate its
signaling pathway and simultaneously suppress the SA-mediated defense response in these plants [25].
These results indicate that R. solanacearum hijacks the JA signaling pathway and exploits antagonistic
interactions between the JA and SA signaling pathways to promote a successful infection. They
unraveled one of the survival strategies, which was previously unknown.

Finally, I would like to express my heartfelt gratitude to all of the authors and referees for their
tremendous and relentless efforts in supporting this Special Issue. Without their valuable assistance, I
would not have had an opportunity to publish this timely and successful publication, with its useful
updates on the JA signaling pathway in plants. I also thank the assistant editor Sydney Tang for
supporting my works.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Jasmonic acid (JA) and its precursors and dervatives, referred as jasmonates (JAs) are
important molecules in the regulation of many physiological processes in plant growth and
development, and especially the mediation of plant responses to biotic and abiotic stresses.
JAs biosynthesis, perception, transport, signal transduction and action have been extensively
investigated. In this review, we will discuss the initiation of JA signaling with a focus on environmental
signal perception and transduction, JA biosynthesis and metabolism, transport of signaling molecules
(local transmission, vascular bundle transmission, and airborne transportation), and biological
function (JA signal receptors, regulated transcription factors, and biological processes involved).

Keywords: jasmonic acid; signaling pathway; environmental response; biological function

1. Introduction

Plants undergo many physiological changes to cope with biotic and abiotic stress. The survival
of plants mainly depends on their ability to adapt in a varying environment through signaling
networks [1]. These networks establish connections between the environmental signals and cell
responses [2]. Plant hormones play major roles in the establishment of signaling networks to regulate
plant growth and stress-related responses. Jasmonic acid (3-oxo-2-2’-cis-pentenyl-cyclopentane-1-acetic
acid, abbreviated as JA) is an endogenous growth-regulating substance found in higher plants. JA and
its methyl ester (MeJA) and isoleucine conjugate (JA-Ile) are derivatives of a class of fatty acids and
are collectively known as jasmonates (JAs). Initially identified as a stress-related hormone, JAs are
also involved in the regulation of important growth and developmental processes [3,4]. For example,
JAs can induce stomatal opening, inhibit Rubisco biosynthesis, and affect the uptake of nitrogen and
phosphorus and the transport of organic matter such as glucose. In particular, as a signaling molecule,
JAs can effectively mediate responses against environmental stresses by inducing a series of genes
expression [5]. JAs and salicylic acid (SA)-mediated signaling pathways are mainly related to plant
resistance, prompting plant responses to external damage (mechanical, herbivore, and insect damage)
and pathogen infection, thereby inducing resistance gene expression. In this review, the initiation,
transmission, and biological functions of jasmonic acid signaling are introduced from the point of view
of environmental signal molecules.

Int. ]. Mol. Sci. 2019, 20, 2479; d0i:10.3390/ijms20102479 5 www.mdpi.com/journal/ijms
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2. Initiation of Jasmonic Acid Signaling

2.1. Signal Perception and Transduction

In the last decades, a large number of studies have been conducted on how biotic and abiotic
stress signals are perceived by plants and the biosynthesis of JA is initiated. In tomato (Lycopersicon
esculentum), Pearce et al. in 1991 found a systemin that responded to mechanical damage such as insect
damage [6]. Systemin is a polypeptide signal molecule consisting of 18 amino acids derived from a
precursor protein consisting of 200 amino acids: prosystemin [7]. After the tomato is mechanically
damaged, the prosystemin is hydrolyzed into a systemin, which can be transported to other cells via
the apoplast and combined with the cell surface receptor SR160 (a protein rich in leucine repeat units)
to finally activate the JA signaling pathway [8,9]. In addition to the traumatic signals, oligosaccharide
signals induced by pathogens and fungal elicitors were also found in tomatoes, which ultimately
activate the JA signaling pathway. It is speculated that the mechanism of action of oligosaccharides has
a similar pathway to that of the systemin, but the specific mechanism of induction is still unclear [10,11].

Later, a polypeptide having the same function as a systemin, AtPEP1, consisting of 23 amino acids,
was also found in Arabidopsis thaliana. Similar to the production of systemin, mechanical damage or
pathogen infection promotes the hydrolysis of the precursor protein PROPEP1 (consisting of 92 amino
acids) to AtPEP1, which binds to the receptor PEPR1 (an enzyme rich in leucine repeat units) on the
plasma membrane, which ultimately activates the JA signaling pathway [12].

The process by which systemin and AtPEP1 bind to the receptor to activate the JA signaling
pathway is complex. It is known that the most important process is to activate phospholipase on
the plasma membrane, and then the phospholipase acts on the membrane to release linolenic acid
(a precursor of JA synthesis) from the phospholipid [13]. However, the mechanism by which systemin
activates phospholipase is unclear. So far, several phospholipases that can be induced by systemin
and AtPEP1 have been identified, including PLA2 in tomato and DAD1, DGL, and PLD in Arabidopsis,
and these phospholipases have similar mechanisms of action [14-16].

2.2. Synthesis and Metabolism of Jasmonate Compounds

Biosynthesis of JAs has been studied in a variety of monocotyledonous and dicotyledonous
plants during the last decades. Most of the work is done in the model plants Arabidopsis thaliana and
L. esculentum (tomato). So far, various enzymes in the JAs synthetic pathway have been identified,
and our knowledge of the relationship between the JA synthesis pathway and other metabolic
pathways is gradually improving (Figure 1). In Arabidopsis, there are three pathways for the synthesis
of JAs, including the octadecane pathway starting from a-linolenic acid (18:3) and the hexadecane
pathway starting from hexadecatrienoic acid (16:3) [17]. All three pathways require three reaction
sites: the chloroplast, peroxisome, and cytoplasm. The synthesis of 12-oxo-phytodienoic acid
(12-OPDA) or deoxymethylated vegetable dienic acid (dn-OPDA) from unsaturated fatty acid takes
place in the chloroplast, which is then converted to JA in the peroxisome. In the cytoplasm, JA is
metabolized into different structures by various chemical reactions, such as MeJA, JA-Ile, cis-jasmone
(CJ), and 12-hydroxyjasmonic acid (12-OH-JA).
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Figure 1. Scheme of the JAs biosynthesis pathway in Arabidopsis thaliana. The enzymes
and the intermediates are indicated as follows: LOX for lipoxygenase, AOS for allene oxide
synthase, AOC for allene oxide cyclase, OPR3 for OPDA reductase, JAR1 for jasmonate resistant
1, JMT for JA carboxyl methyltransferase; 18:3 for a-linolenic acid, 16:3 for hexadecatrienoic
acid, OPDA for 12-oxo-phytodienoic acid, dnOPDA for dinor-12-oxo-phytodienoic acid, OPC8
for 8-(3-oxo-2-(pent-2-enyl)cyclopentyl) octanoic acid, OPC6 for 6-(3-oxo-2-(pent-2-enyl)cyclopentyl)
hexanoic acid, OPC4 for 4-(3-oxo0-2-(pent-2-enyl)cyclopentyl) butanoic acid, tnOPDA for tetranor-OPDA,
4,5-ddh-JA for 4,5-didehydrjasmonate, JA for jasmonic acid, JA-Ile for jasmonoyl-L-isoleucine, and MeJA
for methyl jasmonate.

3. Transmission of the Jasmonic Acid Signal

The defense response triggered by a traumatic signal can result in a local defense response near
the wound and/or a systemic acquired resistance (SAR) at the uninjured site, and/or even induced
defense responses from adjacent plants. In these defense responses, short-distance transmission
and long-distance transmission of JA signals are involved [18]. With the studies in the area of
mechanisms of hormone signaling networks, it has been found that salicylic acid, ethylene, auxin,
and other plant hormones interact with JA to regulate plant adaptation to the environment. At present,
the understanding of complex regulatory networks and metabolic processes after plants perceive
environmental signals is still very limited.
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3.1. Short-Distance Signal Transmission

In plants, mechanical damage or insect feeding can cause rapid and transient accumulation of
JA and JA-Ile at the site of injury, thereby activating the expression of defense genes surrounding the
wound and producing a local defense response. In the local defense response, there are two ways of
short-distance transmission of the JA signal. First, the systemin produced by the wounding acts as
a signaling molecule, which is transmitted to the adjacent site through the apoplast and phloem to
activate the JA cascade reaction pathway. Second, JA and JA-Ile induced by systemin act as signals and
are transported to adjacent sites for defensive responses [19].

3.2. Long-Distance Signal Transmission

So far, it is known that the long-distance transmission of JA signals is via vascular bundle
transmission and/or airborne transmission.

3.2.1. Vascular Bundle Transmission

Previously, many researchers believed that systemin functions directly in the long-distance signal
transmission and is a mobile signal molecule. However, a series of grafting experiments using tomato
jasmonate-insensitive mutant (jail), systemin-insensitive mutant (sprl), and the JAs biosynthesis
deletion mutants spr2 and acx1A demonstrated that the systemin was not the systemically transmitted
signal [19]. After the induction of the synthesis of JA, JA and MeJA are systemically transmitted
in plants [20]. Thorpe et al. demonstrated by radioisotopic labeling experiments that MeJA can be
transferred to phloem and xylem in vascular bundles [21]. Some work has also shown that JAs are
not simply transported along the vascular bundle, but are accompanied by resynthesis of JAs during
transport [20]. The localization of various JA synthetases (such as LOX, AOS, etc.) was also found in
the companion cell-sieve element complex (CC-SE) of tomato vascular bundles [22], and the sieve
molecules in the phloem have the ability to form the JA precursor OPDA [23]. Recently, Koo et al. [24]
found that the systemic JA and JA-Ile caused by injury induction are not all transferred from the injured
site, at least part of which is resynthesized and cascading cycles in the uninjured site produce more
JA-Ile, which was later confirmed by Larrieu et al. [25].

3.2.2. Airborne Transmission

It was found that the flow rate of the tomato phloem signal is 1-5 cm per hour [26], but the
accumulation of JA and JA-Ile can be detected in the whole plant within 15 min after mechanical
damage [27]. In the 1990s, ring-cutting experiments demonstrated that although the vascular bundle
transmission was blocked, there was still a rapid and strong defense gene expression in the distal
leaves [27]. A large number of studies showed that in addition to vascular bundle transmission,
there are other long-distance transmission routes for JA signals. Compared with JA, which has
difficulty in penetrating the cell membrane without carrier assistance, MeJA easily penetrates the cell
membrane and has strong volatility, and thus can be spread by airborne diffusion to distant leaves
and adjacent plants [28]. It has been confirmed in a range of plants, such as Arabidopsis thaliana [20],
Nicotiana tabacum [29], Phaseolus lunatus [30], and Artemisia kawakamii [31], that MeJA can be transmitted
by air between damaged and undamaged leaves or between adjacent plants.

4. Perception of the Jasmonic Acid Signal and Induction of Response

4.1. Jasmonic Acid Receptor

The nuclear transport mechanism of JAs was systematically analyzed by means of molecular
genetics, molecular biology, biochemistry, and cell biology. The ABC transporter AtJAT1/AtABCG16
with JAs transport ability was screened by a yeast system [32]. Radioactive isotope uptake experiments
and autoradiography experiments showed that AtJAT1/AtABCG16 acts as a high-affinity transporter
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to regulate the subcellular distribution of JAs [32]. AtJAT1/AtABCG16 is localized on the nuclear and
plasma membranes of plant cells and mediates the transport of JAs across the plasma membrane and
the bioactive JA-Ile across the inner membrane of the nuclear membrane to activate JA responses at
low concentration. When the concentration of JAs is high, the function of the JA transporter on the
cytoplasmic membrane is dominant, which reduces the intracellular JA and JA-Ile concentrations to
desensitize the JA signal. The JAs signaling pathway is activated in other cells by transporting JA to
the apoplast. AtJAT1/AtABCG16 can rapidly regulate the dynamics of JA/JA-Ile in cells, which leads
to the quick transport of JA-Ile into the nucleus when the plant is under stress, as well as the quick
desensitization of the JA signal to avoid the inhibition of plant growth and development by the defense
response (Figure 2).

JAT1

Cytoplasm

SCESs

T

SCFcoIL

L

JAs-responsive
genes

L
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Figure 2. The working model of jasmonic acid transport and signaling pathway. JAT1: jasmonic acid
transfer proteinl; SCF: Skp1, Cullin and F-box proteins; COI1: coronatine insensitivel; JAZ: jasmonate
ZIM-domain protein; TF: transcription factor; TPL: TOPLESS protein; NINJA: NOVEL INTERACTOR
OF JAZ; 26S: 26S proteasome.

The understanding of JA receptors has undergone a complex process. In 1994, Feys first found
that the Arabidopsis coronatine insensitivel (coil) mutant lost all responses to JA [33], and further studies
indicated that the COI1 gene encodes an F-box protein that is a component of E3 ubiquitin ligase [34].
In this case, COI1 associates with the SKP1 protein and Cullin protein to form the SCF-type E3
ubiquitin ligase that is referred to as SCFCO!, which targets the repressor proteins for degradation by
ubiquitination [34,35]. The discovery of COI1 protein is of great significance for the study of theJA
signaling pathway.

It was once thought that COI1 is the receptor for jasmonic acid signaling in cells, until the discovery
of a jasmonate Zinc finger Inflorescence Meristem (ZIM)-domain (JAZ) protein family, which gave a
new understanding of the jasmonic acid signal transduction pathway. In 2007, three research groups
simultaneously found that JAZ proteins act as repressors in the JA signaling pathway [36-38]. To date,
13 JAZ proteins have been found in Arabidopsis, most of which have two conserved domains, Jas and
ZIM [39]. The JAZ protein interacts with COI1 via the Jas domain and interacts with MYC2 via the
ZIM domain [40]. Therefore, many researchers believe that JAZ proteins are the target protein of COI1
and the degradation of JAZ proteins is a key step to relieve the inhibition of the JAs pathway. However,
in 2010, Sheard et al. proposed different views on JAs receptors through the analysis of crystal structure
and confirmed that the COI1-JAZ complex is a high-affinity receptor for the bioactive JA-Ile; that is,
COI1 and JAZ are coreceptors of JA signaling [41]. It is currently believed that plants perceive stimuli
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from the external environment to generate JA-Ile, which promotes the interaction between COI1 and
JAZ proteins. Subsequently, JAZ proteins are degraded after being transferred to the 26S proteasome,
and simultaneously, transcription factors (TFs) are released to activate the expression of downstream
genes (Figure 2).

4.2. Jasmonic Acid Signal-Regulated Transcription Factor

JA-Ile activates the MYC transcription factors by directly binding to JAZ and COI1, which results
in the degradation of JAZ through the 26S proteasome pathway (Figure 2). Recent studies have
shown that the MYB transcription factors also bind with JAZ repressors and can be activated by the
degradation of JAZ in the presence of JA-Ile. In addition, several other transcription factors (TFs) such
as NAC, ERF, and WRKY are also involved in the JA signaling. These JA-responsive TFs regulate
the expression of many genes involved in the growth and development of plants, and especially the
responses and adaptation of plants to the environment (Figure 3). Studies have also shown that JA
signaling can also induce the MAP kinase cascade pathway [42], calcium channel [43], and many
processes that interact with signaling molecules such as ethylene, salicylic acid, and abscisic acid to
regulate plant growth and development [44].

biotic stresses abiotic stresses

N

ET

| ERFs | WRKYs | | MYBs || MYCs || NACs |
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JA synthesis Seconda-ry Development
& metabolites &
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Figure 3. The regulation network of the jasmonic acid signaling pathway. Biotic and abiotic stresses
induce the synthesis of JA, which can be converted to the biologically active JA-Ile by JAR1. Perception
of JA-Ile by its receptor COI1 triggers the degradation of JAZ repressors, leading to the release of
downstream transcription factors and the regulation of JAs-responsive genes in various processes.
The question marker indicates an adaptor protein which is not identified yet.

4.2.1. MYC Transcription Factor

The basic helix-loop-helix ((HLH) transcription factor MYC2 is a well-known regulatory protein
encoded by the JINT gene. Most members of the JAZ protein family interact with MYC2 [45]. For a long
time, it was believed that only the MYC2 protein can directly interact with the JAZ protein. In 2011,
Fernandez-Calvo et al. identified that two other bHLH proteins, MYC3 and MYC4, share high sequence
similarity with MYC2, suggesting they probably have similar functions. Indeed, MYC3 and MYC4

10



Int. ]. Mol. Sci. 2019, 20, 2479

interact with JAZ proteins in vivo and in vitro, have similar DNA-binding specificity to MYC2, and act
synergistically and distinctly with MYC2 [46]. A closely related TF, MYC5 (bHLH28), is induced by
JAs and required for male fertility [47]. Besides transcriptional activators, JA-associated MYC2-like
(JAM) proteins, JAM1, JAM2, and JAM3, were discovered as transcriptional repressors via forming
protein—protein interactions with JAZs to regulate JAs responses [48].

4.2.2. MYB Transcription Factor

Most of the JAs-responsive MYB TFs belong to the R2R3-MYB family, which are widely distributed
in plants and required for many processes. Schmiesing et al. showed that MYB51 and MYB34 regulate
the synthesis of tryptophan and glucosinolates and act downstream of MYC2 [45]. However, many
studies have found that MYB TFs can directly bind to JAZ proteins, indicating the release from JAZs to
activate their target genes. For instance, in Arabidopsis, MYB21 and MYB24 are key factors in stamen
and pollen maturation [49], and MYB75 can positively regulate the anthocyanin accumulation and
trichome initiation [50]. Recently, a set of MYB TFs, MYB11, MYB13, MYB14, MYB15, and MYB16,
were identified as repressors in the regulation of rutin biosynthesis in tartary buckwheat [51,52].

4.2.3. NAC Transcription Factor

ATAF1 and ATAF2 TFs in the Arabidopsis NAC family are both induced by JA signaling and
involved in plant resistance to drought, salt stress, Botrytis cinerea, and other pathogens [53]. At the
same time, ATAF1 and ATAF2 have an important regulatory effect on oxidative stress, flowering,
and pod development of plants [54]. Two other NAC TFs in Arabidopsis, ANAC019 and ANACO055,
are also present downstream of the MYC2 protein and regulate seed germination, cell division, and the
synthesis of secondary walls of cells [55]. In addition, ATAF1, ATAF2, ANACO019, and ANACO055 are
also involved in the crosstalk between JA and SA signaling pathways [53-55].

4.2.4. Ethylene-Responsive Factor (ERF) Transcription Factor

Microarray experiments at the genetic level have confirmed that JA signaling can induce the
transcription of many ERF genes. The first evidence for a link between AP2/ERF TFs and JA signaling
was found in Catharanthus roseus. The JAs-induced ORCA proteins, ORCA2 and ORCA3, belong to the
AP2/ERF-domain family and can activate the expression of monoterpenoid indole alkaloid biosynthesis
genes [56]. Based on the observation of ORCAs, the Arabidopsis ERF proteins, ERF1 and ORA59,
function dependently on JAs and/or ET for the defenses against Botrytis cinerea [57,58]. Moreover,
ORADSB9, rather than ERF1, acts as the integrator of JAs and ET signals [58] and regulates the biosynthesis
of hydroxycinnamic acid amides [59]. The JAs-induced ORA47 can activate the expression of the JAs
biosynthesis gene AOC2, indicating that ORA47 might act as an important regulator in the positive
JAs-responsive feedback loop [60]. Moreover, JAs-responsive AtERF3 and AtERF4 act as repressors
by not only down regulating their target genes’ expression, but also interfering with the activity of
other activators [61]. Interestingly, the activity of above TFs is not directly repressed by JAZ proteins,
suggesting the presence of adaptors or corepressors in the JA signaling pathway.

4.2.5. WRKY Transcription Factor

WRKY transcription factors play an important regulatory role in plant development, senescence,
and coping with environmental stress. In Arabidopsis, there are 89 members in the WRKY transcription
factor family. It has been shown that some WRKY TFs are regulated by the JA signaling pathway, such as
WRKY70[62], WRKY22 [63], WRKY50 [64], WRKY57 [65], and WRKY89 [66]. These WRKY transcription
factors are mostly associated with plant defense functions. In Nicotiana attenuata, two WRKY
transcription factors, NaWRKY3 and NaWRKY6, regulate the expression of JAs biosynthesis-related
genes (LOX, AOS, AOC, and OPR) to increase the levels of JA and JA-Ile [67]. In addition, Arabidopsis
WRKY57 interacts with the inhibitor JAZ4/JAZ8 in the JA signaling pathway and the inhibitor IAA29
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in the auxin signaling pathway, thereby regulating the interaction between JA and auxin-mediated
signaling pathways and effects on plant leaf senescence [65].

5. Biological Processes Involved in Jasmonic Acid Signaling

5.1. Environmental Responses Affected by Jasmonic Acid Signaling

JA and its derivatives are plant signaling molecules closely related to plant defense and resistance
to microbial pathogens, herbivorous insects, wounding, drought, salt stress, and low temperature.
In addition to the traumatic signals, oligosaccharide signals induced by pathogens and fungal elicitors
were also found in tomatoes, which ultimately activated the JA signaling pathway. Upon mechanical
wounding in tomato, the prosystemin is hydrolyzed into a systemin, which can be transported to
other cells via the apoplast and interacts with the cell surface receptor SR160 (a protein rich in leucine
repeat units) to finally activate JAs responses. In this section, we will discuss the role of JA signaling in
regulating plant responses in varying environments.

5.1.1. Effect of Light on Jasmonic Acid Signal Changes

To a large extent, the early development of plants is affected by light. It is observed that JA
signaling mediates two aspects of the plant response to light: the photomorphogenesis of plants and
the damage of plants by UVB. Red light/far-red light-mediated photomorphogenesis was observed in
Arabidopsis and rice to be affected by JA signaling [68]. The involvement of the JA signaling pathway
was also observed in blue light-mediated light morphogenesis in Arabidopsis and tomato [69,70].
Enhancement of UVB radiation induces the biosynthesis of JAs in the Nicotiana and Brassica genera
to initiate the JA signaling pathway, and these processes are associated with chemical defenses of
plants [68,71].

5.1.2. Effect of Temperature on Jasmonic Acid Signal Changes

The JA signaling pathway is involved in the response and adaptation process of plants to low
temperatures. Recent studies on bananas have shown that the MeJA treatment can significantly induce
the expression of MYC-family TFs and many cold-responsive genes (MaCBF1, MaCBF2, MaCOR1,
MaKIN2, MaRD2, MaRD5, etc.) after cold storage, thereby reducing the damage of plants caused by
cold [72]. It was also shown that the endogenous JA content of the banana (Musa acuminata) decreased
slightly after low-temperature treatment, and the change was not significant [72]. However, in the cold,
the MYC gene is activated rapidly in response to exogenous MeJA and resynthesizes a large amount of
JAs in the plant body to protect against cold damage. In addition, studies in tomato (L. esculentum) [73],
pomegranate (Punica granatum) [74], loquat (Eribotrya japonica) [75], mango (Mangifera indica) [76],
and guava (Psidium guajava) [77] have shown that exogenous MeJA treatment can induce heat shock
protein family transcription, increase antioxidant synthesis, reduce lipoxygenase activity, and increase
plant resistance to cold damage (with 0 °C upper temperature). At present, there are relatively few
reports on the JA signal involved in plant heat resistance, but JA is a key signal molecule for the
formation of sesquiterpene induced by heat shock in eaglewood (Aquilaria sinensis) [1,2,78].

5.1.3. Effect of Drought on Jasmonic Acid Signal Changes

Many studies have found that JA signaling pathways are involved in drought stress. In Arabidopsis
thaliana [79] and citrus (Citrus paradisi X Poncirus trifoliate) [80], it was found that the increase of
endogenous JA content after drought stress was rapid and transient, and then gradually decreased to
the basal level with the prolonged stress. On the other hand, the application of exogenous JA can also
effectively alleviate the damage caused by drought to plants. Peanut (Arachis hypogaea) seedlings treated
with MeJA showed enhanced drought resistance [81]. It was also observed that MeJA treatment can
improve drought resistance in rice (Oryza sativa) [82], soybean (Glycine max) [83], and broccoli (Brassica
oleracea) [84] by adjusting metabolism. Studies on broad bean (Vicia faba) and barley (Hordeum vulgare)
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have shown that MeJA may regulate stomatal closure through K* channels, thereby increasing the
ability of plants to resist drought [85,86].

5.1.4. Effect of Salt on Jasmonic Acid Signal Changes

It was found that the endogenous JA content increased significantly after salt treatment in
Arabidopsis thaliana [87], tomato (L. esculentum) [88], and potato (Solanum tuberosum) [89], among
other plants. Moreover, JA content increased rapidly and persistently in salt-sensitive plants, while
changes in JA content in salt-tolerant plants were not significant [89]. It has also been observed that
exogenous JA can enhance the resistance of plants such as pepper (Capsicum annuum) [90] and verbena
(Rupestris riparia) [91] to salt stress.

5.1.5. Effect of CO, Concentration on Jasmonic Acid Signal Changes

Ballhorn et al. found that high concentrations of CO, (500, 700, and 1000 pmol/mol) led to an
increase in the release of JAs (MeJA and cis-JA) into the environment in lima bean (P. lunatus) [92].
The induced defense of plants infested with nematodes may be affected by elevated CO, concentrations,
and CO,-induced changes in plant resistance may result in genotypic-specific responses of plants to
nematodes under elevated CO, conditions [93]. However, there are few studies on the JA signaling
pathway in plants under the action of CO,.

5.1.6. Effect of Ozone on Jasmonic Acid Signal Changes

The endogenous JA content of wild-type Arabidopsis increased significantly after ozone treatment.
Experiments with the ozone-sensitive mutants rcd1 (radical-induced cell death 1) [94] and ojil
(ozone-sensitive and jasmonate-insensitive) [91,95] and the JA signal mutant jar1 [96] have shown that
exogenous MeJA can inhibit the spread of programmed cell death caused by ozone. Repression of
the JA signaling pathway causes the plant to have a more intense response to ozone. Application
of exogenous MeJA also resulted in reduced sensitivity of the hybrid poplar (Populus maximowizii
x P. trichocarpa) [97] and tomato (L. esculentum) [96] to ozone. However, recent studies on cotton
(Gossypium hirsutum) have shown that MeJA exhibits inhibition of ozone damage diffusion only at high
concentrations (volume fraction: 685) of ozone, accompanied by antagonism with ethylene [98].

5.2. Gene Chip and Proteomics Studies on Jasmonic Acid Signal Changes

RNA-seq and proteomics studies further confirm the involvement of the JA signaling pathway
in regulating the physiological processes of plants. Systematic biological approaches such as using
gene chip and proteomics can study various physiological processes of plants at the whole genome
level, and thus analyze the relationship between various metabolic pathways. Jung et al. identified
137 genes with altered expression levels in MeJA-treated Arabidopsis using gene chip technology.
Among them, 74 genes were upregulated, including JAs biosynthesis genes, various defense genes (such
as pdfl.2, encoding genes of myrosinase-binding protein), oxidative stress genes (oxidases, glutathione
transfer), aging-related genes, cell wall modification-related genes, hormone metabolism-related
(such as ACC oxidase, responsible for ethylene synthesis) genes, and genes involved in storage,
signal transduction, and primary and secondary metabolism. The 63 downregulated genes included
photosynthesis-related genes (Rubisco enzyme gene, chlorophyll protein gene, early photoinduced
protein gene), cold regulatory genes, drought-responsive genes, defense-responsive genes, plant growth
and development-related genes, cell wall-modification -related genes, and some other unknown
functional genes, etc. [99]. Chen et al. compared the protein content of Arabidopsis thaliana before and
after MeJA treatment by proteomics and found 186 differentially expressed proteins. These proteins
are involved in plant photosynthesis, carbohydrate metabolism, hormone metabolism, secondary
metabolism, product transport, stress and defense, and gene transcription [100].
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6. Future Prospects

In the last decades, the JA signaling pathway has been studied extensively, but our knowledge
about the role of JA signaling in response to different environmental stimuli is limited. Environmental
signals usually result in a complex response network regulated by multiple signaling pathways.
The mechanism of action of JA signaling in plant-environment interaction is still not clear. A series
of signal transduction pathways related to JAs biosynthesis and transmission are well known, but it
has not been systematically studied how different environmental signals are perceived by plants and
initiate JAs synthesis. Due to the large number of receptors and kinases on the cell membrane, different
biotic and abiotic signals stimulate the activation of different enzymes, accompanied by a series of
complex reactions, such as calcium channel and potassium channel opening. Therefore, the perception
of environmental signals has still a lot of research space. The studies on JAs receptors has made great
progress, and the JA signal transduction pathway has also been established, but there are still many
questions regarding the regulatory process which need to be answered.
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Abstract: Circadian clock not only functions as a cellular time-keeping mechanism, but also acts as
a master regulator to coordinate the tradeoff between plant growth and defense in higher plants
by timing a few kinds of phytohormone biosynthesis and signaling, including jasmonic acid (JA).
Notably, circadian clock and JA pathway have recently been shown to intertwine with each other to
ensure and optimize the plant fitness in an ever-changing environment. It has clearly demonstrated
that there are multiple crosstalk pathways between circadian clock and JA at both transcriptional
and post-transcriptional levels. In this scenario, circadian clock temporally modulates JA-mediated
plant development events, herbivory resistance and susceptibility to pathogen. By contrast, the JA
signaling regulates clock activity in a feedback manner. In this review, we summarized the cross
networks between circadian clock and JA pathway at both transcriptional and post-transcriptional
levels. We proposed that the novel crosstalks between circadian clock and JA pathway not only
benefit for the understanding the JA-associated circadian outputs including leaf senescence, biotic,
and abiotic defenses, but also put timing as a new key factor to investigate JA pathway in the future.

Keywords: circadian clock; jasmonic acid; crosstalk

1. Introduction

Circadian clock, an internal timekeeping mechanism, regulates plant growth and development
by synchronizing the internal biological and physiological events with the external daily light-dark
cycle, thus to enhance fitness of plants [1,2]. The circadian clock molecular system is majorly
composed of three parts, namely the input pathways, core oscillator, and output pathways. The
input pathways can perceive and recognize the rhythmic environmental cues, then transfer the
external timing information to core oscillator through entraining mechanism. Conceptually, the
self-sustained central oscillator is based on a series of transcriptional-translational feedback loops.
The central loop of core oscillator is formed by the reciprocally repression between TIMING OF CAB
EXPRESSION 1 (TOC1) which is the founding member of the PSEUDO-RESPONSE REGULATOR
(PRR) family, and CIRCADIAN CLOCK-ASSOCIATED 1 (CCA1)/LATE ELONGATED HYPOCOTYL
(LHY), two MYB-domain containing transcriptional repressors, with the expression peak at dawn [3,4].
In the morning loop, CCA1/LHY can repress the expression of PRR7 and PRRY, by directly binding
to the evening element (EE) within their respective promoters [4]. Reciprocally, PRR9/7/5 proteins
also sequentially suppress the expression of CCAI/LHY from dawn to dusk [5,6]. In the evening,
another important component is evening complex (EC), composed by EARLY FLOWERING 3 (ELE3),
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EARLY FLOWERING 4 (ELF4), and LUX ARRHYTHMO (LUX), which is able to act as transcriptional
repression complex. ELF3 and ELF4 proteins localize in the nucleus and do not contain any of the
identified functional domains so far [7,8]. LUX is a GARP transcription factor with a single MYB
domain [9]. EC confers the nighttime repression to the clock by repressing the expression of TOC1,
GIGANTEA (GI), and PRR9 [9-11]. Loss of function any of the individual EC components will lead
to circadian arrhythmia, indicating that EC plays a crucial role in maintaining the proper circadian
clock activity [1,9,10]. F-box protein ZEITLUPE (ZTL), has been identified as a blue light receptor,
containing light, oxygen, and voltage (LOV) domain at its N-terminus and tandem KELCH domain at
its C-terminus, respectively [12]. ZTL plays an essential role in mediating the degradation of TOC1
and PRR5 at post-translation level [13,14]. Intriguingly, GI serves as a chaperone and interacts directly
with both HEAT SHOCK PROTEIN (HSP90) and ZTL to form a ternary complex, thus, specifically
facilitates the maturation of ZTL [15]. Additionally, GI recruits the deubiquitylases, UBP12 and
UBP13, to regulate the accumulation of ZTL photoreceptor complex [16] (Figure 1). Circadian output
pathways represent a plethora of downstream events regulated by, including the temporal regulation
on plant growth and development, timing biotic and abiotic stresses, and modulation on multiple
phytohormone signaling pathways. For instance, EC directly binds and represses the expression of
PHYTOCHROME INTERACTING FACTOR 4 (PIF4) and PIF5 to gate the hypocotyls growth in late
night [10]. In the other hand, independent of EC, ELF3 alone can also regulate hypocotyl elongation by
physically interacting with PIF4 protein to inhibit its transcriptional activity [17]. Importantly, circadian
clock regulates biological processes mediated by hormones through affecting hormone biosynthesis,
signaling, and response pathways, such as the defense hormones, salicylic acid (SA) and jasmonic acid
(JA) [18,19].
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Figure 1. A simplified model for the circadian clock in Arabidopsis thaliana. Morning expressed
CIRCADIAN CLOCK-ASSOCIATED1 (CCA1) and LATE ELONGATED HYPOCOTYL (LHY) repress
the expression of all of the PRR family members and evening complex (EC). All the PSEUDO-RESPONSE
REGULATOR (PRRs) reciprocally repress the expression of CCA1 and LHY. EC is composed by EARLY
FLOWERING 4 (ELF4), EARLY FLOWERING 3 (ELF3), and LUX ARRHYTHMO (LUX), and acts
as a negative regulator of PRR9. GIGANTEA (GI) acts as a co-chaperone, recruiting HSP90 for the
maturation of the ZEITLUPE (ZTL) protein. Additionally, GI recruits the deubiquitylases, UBP12 and
UBP13, to regulate the accumulation of ZTL photoreceptor complex.
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JA has been well recognized as a plant defense related hormone, which mainly regulates plant
response to biotic stresses, including herbivore and pathogen attack. JA also plays crucial roles
in mediating various biological events, such as photomorphogenesis, root growth, leaf senescence,
wounding response, regeneration, abiotic stress responses, herbivory, and pathogen infections [20-25].
The biosynthesis of JA has been well characterized [26-28]. In brief, bioactive JA, (+)-7-iso-JA-Ile (JA-Ile),
is generated from a trienoic fatty acid through the octadecanoid pathways (Figure 2). JA metabolism
pathways convert JA into active and inactive compounds (Figure 2). The JA perception shares canonical
ubiquitin-proteasome system with other hormones, such as gibberellin (GA) and auxin. CORONATINE
INSENSITIVE 1 (COI1), a F-box protein, acts as JA receptor, which can bind bioactive JA and trigger
the formation of receptor complex COI1-JA-Ile-JAZ, to promote the ubiquitination and degradation of
JASMONATE ZIM DOMAIN (JAZ) proteins [29-32]. JAZ family consists of 13 members in Arabidopsis,
and most of them possess two conserved domains, namely Zn-finger protein expressed in inflorescence
meristem (ZIM) and Jas domains [33]. ZIM domain is responsible to mediate the interaction with
NOVEL INTERACTOR OF JAZ (NINJA) or dimerization of JAZ proteins themselves, while Jas domain
facilitates its interaction with COI1 and other transcription factors [25,34,35]. To date, lots of JAZ targets
have been identified, including MYC, MYB, NAC, ERF, and WRKY family transcriptional factors,
which mediate various downstream JA responses. MYC2, a basic-helix-loop-helix (P HLH) transcription
factor, has been considered as a master downstream regulator of JA signaling pathway. A recent study
showed that MEDIATOR 25 (MED25), a subunit of the mediator coactivator complex, could bridge
COI1 to RNA Polymerase II and chromatin, thus, to trigger JA signaling. MED25 physically interacts
with COI1 and histone acetyltransferase 1 (HAC1), and cooperatively mediates the histone (H) 3 lysine
(K) 9 acetylation (H3K9ac) modification within the promoters of MYC2 target genes [36] (Figure 2).

MYC2, together with MYC3 and MYC4, belongs to the basic-helix-loop-helix Ille transcription
factor family. They are direct targets of JAZ repressors to play critical roles in mediating various
aspects of the JA response in Arabidopsis [37]. They redundantly regulate the activation of JA-induced
leaf senescence, by binding SENESCENCE-ASSOCIATED GENE 29 (SAG29)promoter thus to activate
its expression [38]. Interestingly, members of bHLH subgroup IIld transcriptional factors including
bHLHO03, bHLH13, bHLH14, and bHLH17, can inhibit the functions of MYC2, MYC3, and MYC4 in
regulating JA-induced leaf senescence [38]. In addition, MYC2, MYC3, and MYC4 can also directly
bind and promote the transcription of PHEOPHORBIDE A OXYGENASE (PAO), NON-YELLOWING 1
(NYET), and NON-YELLOW COLORING 1 (NYC1), which are associated with chlorophyll degradation
during leaf senescence [39]. Altogether, these evidences demonstrated that the JA signaling pathway
was involved in JA-mediated senescence. Furthermore, it is also reported that exogenous JA treatment
repressed flowering time by inhibiting FT expression, partially through MYC2/3/4 [40]. Recently, it has
been implicated that both JA homeostasis and signaling pathway are regulated by circadian clock,
while JA is capable of regulating circadian speed in a feedback manner. Here we summarize the
emerging crosstalks between circadian clock and JA pathway, and list out the perspective for future
investigation on their crosstalk network, which might shed light on the tradeoff among plant growth,
development, and defense to optimize plant growth and reproductive behavior.
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Figure 2. A model for jasmonic acid (JA) biosynthesis, metabolism and signaling pathways. JA-Ile is
generated from trienoic fatty acid through the octadecanoid pathways. JA metabolism pathways can
convert JA into active or inactive compounds. Coronatine insensitivel (COI1), a F-box protein,
acts as JA receptor, which can bind bioactive JA to trigger the formation of receptor complex
COI1-JA-Ile-JAZ, hence to promote the ubiquitination and degradation of jasmonate zim domain
(JAZ) proteins, then resulting in the release of downstream transcription factors, such as MYC2, and
activation of JA responsive genes. ST2a, 12-OH-JA sulfotransferase; FAD, fatty acid desaturase;
PLA, phospholipase Al; 13-LOX, 13-lipoxygenase; 13-HPOT, 13-hydroperoxyoctadecatrienoic
acid; AOS, allene oxide synthase; 12,13-EOT, 12,13(S)-epoxyoctadecatrienoic acid; AOC, allene
oxide cyclase; OPDA, (95,135)-12-oxo-phytodienoic acid; OPR, OPDA reductase. OPC-8:0, 3-oxo-
2(cis-2’-pentenyl)-cyclopentane-1-octanoic acid; OPCL, OPC-8:0 CoA ligase; ACX, acyl-CoA oxidase;
KAT, 3-ketoacyl-CoA thiolase; MFP, multifunctional protein; JAR1, jasmonate resistant 1; JA-Ile,
jasmonoyl-L-isoleucine.

2. Biosynthesis and Metabolism of JA are Regulated by Circadian Clock

Transcriptomic studies have shown many of the defense-associated genes are regulated by
circadian clock [41-44]. Consistently, the accumulation of JA content displayed a well rhythmic
oscillation pattern with the peak at middle of the subjective day time and the trough level at around
the middle night, indicating that JA biosynthesis and homoeostasis might be regulated by circadian
clock [45]. As expected, the transcriptional profile of SULFOTRANSFERASE 2A (ST2A) which encodes
a sulfotransferase family protein to involve the metabolism of JA, is significantly up-regulated at the
end of dark phase under short day, and controlled by circadian clock [46]. Moreover, transcriptomic
profiling analysis displayed that LIPOXYGENASE 3 (LOX3) and LIPOXYGENASE 4 (LOX4), encoding
two 13-lipoxygenases which directly catalyze the biosynthesis of JA, were significantly up-regulated in
lux arrhythmo (lux) mutant, which further indicated the biosynthesis of JA may be regulated by Evening
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Complex [47]. Collectively, both JA biosynthesis and metabolism genes are controlled by circadian
clock with peak at specific time of the day, hence to cause the rhythmic JA accumulation pattern.

3. Circadian Clock Regulates JA-Mediated Plant Development Events

In animals, the circadian clock has been reported to be tightly associated with aging process,
and the dysfunction or disruption of circadian clock will dramatically accelerate the aging process.
Nevertheless, whether the circadian clock regulates the aging or senescence process in higher plants is
still largely unknown. Intriguingly, circadian stress from the changed regime of light-dark duration
results in the lesser transcript levels of CCA1 and LHY. Strikingly, circadian stress, which changed the
regime of light-dark duration, also causes dramatically JA-dependent cell death process in cytokinin
deficient plants and clock related mutants [48]. Very recently, transcriptomic profiling analysis revealed
that evening complex is involved in the regulation of JA signaling and response by timing MYC2
transcription (Figure 3). Meanwhile, the JA content is decreased in EC mutant examined at midday,
the peak time for JA accumulation, which may result from the feedback regulation of activated JA
signaling pathway [47]. Time for coffee (TIC), a component of circadian clock, functions as a negative
regulator of JA signaling pathway, and the JA responses to root length inhibition is defective in tic
mutant. In this scenario, TIC protein can directly interact with MYC2 and inhibit its protein turnover
specifically in the evening phase [49] (Figure 3). Thus, we concluded that, not only JA content, but also
its signaling pathway are modulated by circadian clock, indicating the complex cross network between
circadian clock and JA regulated cellular events.
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Figure 3. A proposed model for crosstalks between circadian clock and JA pathway in Arabidopsis.
Evening complex (EC) transcriptionally represses the expression of MYC2, an essential master of
JA signaling pathway to mediate leaf senescence. EDSI and JAZ5 are the direct targets of LUX
in regulating salicylic acid (SA) and JA signaling. Time for coffee (TIC) directly interacts with
MYC2 and inhibits MYC2 protein turnover by timing the transcriptional level of CORONATINE
INSENSITIVE 1 (COI1) in an evening-phase-specific manner. CCA1 hiking expedition (CHE) serves
as an activation of ISOCHORISMATE SYNTHASE 1 (ICS1), an enzyme essential for SA biosynthesis.
SA modulates the amplitude of circadian clock accompany by the redox rhythm and NON-EXPRESSOR
OF PATHOGENESIS-RELATED GENE 1 (NPR1). NPR1 regulates the expression of circadian genes,
CCA1, LHY, PRR7, and TIMING OF CAB EXPRESSION 1 (TOC1). Reciprocally, JA signaling affects
clock activity through unknown mechanisms. Novel molecular links between circadian clock and JA
signaling pathway await to be further investigated.
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4. Circadian Clock Gates JA Regulated Herbivory Resistance

Circadian clock confers the ability of plant to anticipate diel abiotic threats including herbivory
and pathogen resistance, while JA is one of the major hormones during this process. The feeding
behavior of cabbage loopers, Trichoplusia ni (T. ni), is rhythmic under constant conditions [45]. Plants
entrained in-phase with the insects display much more resistance to the insect-attacking, with less
tissue damage [45]. These phenotypes indicated that the feeding behavior of insects could be under
the control of circadian clock. Furthermore, the circadian arrhythmic plants, Jux mutant and CCAI-OX
plants, did not display drastic difference in plant tissue loss compared with wild type, when challenged
with in- and out-of-phase entrained T. ni. This finding implies that circadian clock is required for plant
defense against herbivory. The plant tissue loss of allene oxide synthase (aos)and jasmonate resistant 1
(jar1) mutants, in which the biosynthesis of JA is defective, also show no obvious difference when
treated with in- and out-phase entrained T. ni. Both the circadian and JA mutants fail to display
enhanced T. ni resistance, even entrained in-phase to insect, implying that both circadian clock and JA
pathway are required for the in-phase-dependent enhanced herbivory resistance [45]. When plants
encounter herbivores, it will emit complex volatile compounds to against this biotic stress, of which
green leaf volatiles (GLVs) are a kind of fatty acid-derived compounds emitted upon plant damage [50].
HYDROPEROXIDE LYASE (HPL), encoding a GLV biosynthetic enzyme, is regulated by circadian clock
at transcriptional level in Nicotiana attenuata. Accordingly, the emission of GLV is also rhythmic, with a
peak at midday while its trough level at night. Moreover, JA signaling increases the basal turnover of
NaHPL transcripts. Taken together, the GLV emissions are co-regulated by damage, JA signaling and
circadian clock [51]. A study showed that the internal floral rhythm is abrogated in NaLHY and NaZTL
RNA interference transgenic lines in Nicotiana attenuata [52]. The NaZTL RNAI transgenic lines are
more susceptible to generalist herbivore Spodoptera littoralis compared to wild type. Plants usually
produce various secondary metabolites to defense herbivores [53]. Nicotine is one of the most efficient
defense-related metabolites in Nicotiana attenuata. To investigate whether the accumulation of nicotine
confers to the attenuated Spodoptera littoralis resistance in NaZTL RNAI line, the secondary metabolites
levels were measured. The results displayed that the nicotine level was significantly decreased in
NaZTL RNAi transgenic lines than in the control plants. Furthermore, exogenous supplementation
of nicotine could rescue the attenuated resistance to Spodoptera littoralis in NaZTL RNAi transgenic
lines [54]. These findings suggested that the nicotine levels mediate the resistance against to Spodoptera
littoralis in NaZTL RNAI transgenic lines. Moreover, they also found that the transcriptional levels
of nicotine biosynthesis genes were significantly decreased in NaZTL RNAIi plants. Meanwhile, the
biosynthesis of nicotine is also mediated by JA signaling. NaZTL interacts with JASMONATE ZIM
domain (JAZ) protein in the COI1 dependent manner, thus mediating JA signaling to gate plant defense
response. All these evidences showed that NaZTL RNAIi plants were more susceptible to Spodoptera
littoralis, partially due to the reduced JA-regulated accumulation of nicotine in Nicotiana attenuata [54].
Taken together, all these evidences implied the essential roles of circadian clock in gating JA regulated
herbivory resistance.

5. Circadian Clock Gates Temporal Variation Susceptibility to Pathogen by Jasmonates

Besides of gating herbivory resistance, circadian clock is also playing a vital role in gating
JA mediated-defense against to pathogen. CCA1, a single MYB-domain containing transcriptional
repressor with peak expression at dawn, has been identified as a regulator of plant defense [41].
TIC has also been reported to involve the circadian clock gated pathogen defense [49]. To address
whether there is a temporal variation susceptibility to pathogen in Arabidopsis, Col-0 plants were
challenged with pathogen Pseudomonas syringae pv. tomato (Pst) DC3000 at different circadian times
under constant light conditions to avoid the effect of light/dark photoperiod. It turned out that Col-0 is
more susceptible to Pst DC3000 at subjective midnight than at subjective morning [55]. However, the
temporal variation susceptibility to pathogen was vanished in two circadian arrhythmic plants, namely
CCAI-overexpressing line (CCAI-ox) and elf3 mutant. Expression profiling analysis further revealed
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that a series of known defense related genes, including components of SA-related signaling pathway,
namely ISOCHORISMATE SYNTHASE 1 (ICS1), ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1),
ENHANCED DISEASE SUSCEPTIBILITY 5 (EDS5), and CONSTITUTIVE EXPRESSION OF PR GENE
5 (CPR5) and the receptor of jasmonic acid (COII), are transcriptionally regulated by circadian clock in
Arabidopsis [55]. These lines of evidences suggest that the temporal variation susceptibility to pathogen
is indeed under the control of circadian clock [55]. In addition, Korneli and colleagues show that
circadian clock controls the discrepancy of pre-invasive and post-invasive defense responses against
pathogens. They found that the distinct time of day responses to pathogen in another arrhythmic
mutant Jux (lux arrhythmo), such as oxidative burst and cell death, is different to those in wild type [56].
Very recently, the interplay between circadian clock and JA signaling was further elaborated. LUX
was found to be induced when challenging with pathogen, and LUX is partially involved into the
stomata-dependent defense response. Transcriptomic profiling and ChIP-seq analysis characterized
EDS1 and JAZ5 as the novel targets of LUX in the regulation of JA signaling (Figure 3) [57]. Taken
together, the above evidences clearly indicated the prominent role of circadian clock in gating plant
defense, especially in a JA signaling dependent manner.

6. Circadian Clock is Associated with the Crosstalk between JA and SA Signaling

JA, together with SA, has been characterized as defense associated hormones. Intriguingly,
the JA and SA signaling display antagonistic roles to each other in many defense processes, and their
abundance are usually reverse to each other [1,58]. So far, several studies have indicated that the
circadian clock delicately primes the JA and SA signaling. The peak of SA is at the nighttime while JA
is at the midday, which is associated with the defense against morning biotrophic and dusk herbivore
attacks respectively [58]. PHT4;1 has been previously shown to affect SA-mediated defense. Wang and
colleagues found that the expression of phosphate transporter gene PHT4;1 was under the control of
CCA1, and CCA1 could directly bind the promoter of PHT4;1 to shape its diel transcription pattern,
thus mediating SA dependent defense resistance [59]. ICS1 is a central enzyme for biosynthesis of
SA, its expression can be activated upon various pathogens challenges. Yeast one hybrid assay found
that CCA1 HIKING EXPEDITION (CHE) protein could directly bind ICS1 promoter. Further study
found that the circadian expression patterns of CHE and ICS1 were similar. Moreover, the expression
of ICS1 was reduced in che-2 mutant. Consistently, the SA accumulation was also decreased in che-2.
These findings suggested that CHE served as an activator of ICS1 and SA contents (Figure 3) [60].
It seems like that the timing SA and JA oscillations at different time window by circadian clock confers
plant temporal variation susceptibility to specific invaders. Meanwhile, this separation of JA and SA
may be able to avoid their potential antagonism [58]. Plant immunity usually causes the alteration
of the cellular redox state including the total level of glutathione, the ratio of reduced (GSH) and
oxidized (GSSG) forms of glutathione. SA increases the ratio of GSH/GSSG, by contrast, JA decreases
the ratio of GSH/GSSG and the accumulation of glutathione. Unsurprisingly, glutathione is also
involved in the regulatory crosstalk between JA and SA [58,61,62]. Arabidopsis NON-EXPRESSOR
OF PATHOGENESIS-RELATED GENE 1 (NPR1) functions as a redox state sensor and regulates
transcription of core circadian clock genes such as PRR7 and TOCI [58]. SA triggers the enhanced redox
status, increased glutathione accumulation and GSH/GSSG ratio, which resulted in the reinforcement
of circadian clock [58] (Figure 3). Altogether, this balanced regulatory loop may maximize plants
adaptability to external environment.

7. JA Signaling Reciprocally Affects Clock Activity

It has been shown that many of plant hormones biosynthesis and signaling are under the control
of circadian clock to exert their function in specific time of day. Nonetheless, whether and how
phytohormones regulate clock activity such as circadian phase and period, amplitude had been rarely
explored. In higher plants, there are nine kinds of well-known hormones including auxin, gibberellins,
cytokinin, abscisic acid (ABA), ethylene, SA, JA, brassinosteroide (BR), and strigolactones (SL) [63—66].
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Years ago, the phytohormone effects on circadian clock have been examined using pharmaceutical
treatment and hormone related mutants. They found that auxin could regulate circadian amplitude and
clock precision, cytokinins could delay circadian phase, while brassinosteroid and abscisic acid could
modulate circadian period. In contrast, gibberellins and ethylene had no effects on circadian clock [67].
SA has been experimentally shown to modulate the amplitude of circadian clock accompanied by the
redox rhythm [68]. As for JA, recent study suggested that JA signaling also could reciprocally affect
clock activity, and the expression of a few core components of circadian clock, such as CCA1, LUX, and
GRP7, were reduced upon JA treatment. Further, JA treatment also resulted in a dampened amplitude
of CCA1:LUC [57]. Moreover, the circadian period could be significantly lengthened in Col-0 by treated
with JA-isoleucine (JA-Ile), a kind of bioactive JA derivative [57]. However, the underlying mechanism
of JA treatment caused the lengthened circadian period still remains unclear (Figure 3). In the future,
it would be required to systematically investigate the circadian phenotypes of JA signaling related
mutants to pinpoint the exact molecular links from JA signaling to circadian clock, which might be
occurred at transcriptional and post-transcriptional levels, or both.

8. Perspectives

To battle against various pathogens and pests, sessile plants had evolved many conserved
and sophisticated defense mechanisms. Circadian clock is an internal time-keeping mechanism,
which confers the anticipation of plants to the surrounding environmental cues such as daily changing
light and temperature information. The emerging studies indicate that circadian clock play crucial roles
in mediating leaf senescence. Evening complex, constituted by ELF4-ELF3-LUX, can directly bind and
repress the expression of MYC2, which is a master regulator for JA signaling pathway, thus gating the
circadian output regulation on JA-induced leaf senescence [47]. Another recent study confirmed that
Evening Complex mutants showed hypersensitivity to dark-induced leaf senescence [69]. By contrast,
the dark-induced leaf senescence is significantly delayed in prr9 mutant, as PRR9 can directly bind
the promoter of ORESARA1 (ORE1) and activate its transcription. Genetically, ORE1 overexpression
can rescue the delayed leaf senescence of prr9. Collectively, circadian component PRR9 serves as
a novel regulator of leaf senescence via positively activation of ORE1 [69]. Reciprocally, circadian
period is also feedback regulated by the leaf aging process. The circadian periods are about 1 h
shorter in older leaves than in younger leaves, implying that aging process is associated with the
regulation of circadian period [69]. Further study showed that TOC1 plays a central role in linking age
to circadian clock period regulation [69]. Intriguingly, as aging, the JA response decays in Arabidopsis,
which is regulated by the interaction between SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 9
(SPL9) and JAZ protein [70]. Whether SPL directly mediate the circadian period needs to be further
investigated in the future. Recent study shows that JA signaling reciprocally affects clock activity,
however, its elaborated mechanism still remains elusive. The mechanism of JA signaling coupled
to circadian clock is warranted to be further investigated by using JA signaling and circadian clock
related mutants. Moreover, whether the regulation of JA on circadian activity is direct or indirect is
still unknown. The network and the links between JA and circadian clock need to be further disclosed.

Besides of regulation on leaf senescence and defense resistance, JA also plays essential roles in
regulating photomorphogenesis, root growth, photoperiodic dependent flowering time control, abiotic
stress response and sterility as well [26]. Whether circadian clock gates these outputs and orchestrates
the interaction between various JA responses, especially the tradeoff between growth and defense,
awaits to be future investigated.

Furthermore, it has been known the biosynthesis of JA is circadian clock regulated and with a peak
at midday [45], however, its underlying molecular mechanism is still unknown yet. The biosynthesis
of JA is extremely complex, and a series of enzymes are involved in. Grundy and colleagues proposed
that TOC1, PRR5, and PRR7 may be the novel regulators of both JA signaling and biosynthesis, due to
the binding of these proteins to the promoters of JA responses genes by ChIP-seq analysis, including
LOX2, LOX3, LOX4, JAZ1, JAZ9, OCP3, PFT1, WRKY40, MYB108, and ANACO019 [71]. It would be
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interesting to know whether these genes are regulated by circadian clock. Further investigation with
big-data driven approaches including transcriptomics, together with classical biochemical assays
including protein-protein interaction, protein-DNA interaction, and genetic tools might be able to
reveal this mask.

JA is usually produced when attacked and regulates inducible defenses. However, multiple
lines of evidence showed that JA was regulated by circadian clock, which strongly suggested a more
constitutive role of circadian clock in gating plant abiotic stress. Circadian clock confers the ability of
plant to anticipate diel abiotic threats including herbivory and pathogen resistance at specific time of
day, thus to enhance fitness of plants. However, the reciprocal regulation mechanisms among circadian
clock, JA signaling, and abiotic stress are still not clear, which need to be further disclosed.
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Abstract: To date, extensive studies have identified many classes of hormones in plants and revealed
the specific, nonredundant signaling pathways for each hormone. However, plant hormone functions
largely overlap in many aspects of plant development and environmental responses, suggesting that
studying the crosstalk among plant hormones is key to understanding hormonal responses in plants.
The phytohormone jasmonic acid (JA) is deeply involved in the regulation of plant responses to biotic
and abiotic stresses. In addition, a growing number of studies suggest that JA plays an essential role
in the modulation of plant growth and development under stress conditions, and crosstalk between
JA and other phytohormones involved in growth and development, such as gibberellic acid (GA),
cytokinin, and auxin modulate various developmental processes. This review summarizes recent
findings of JA crosstalk in the modulation of plant growth and development, focusing on JA-GA,
JA—cytokinin, and JA-auxin crosstalk. The molecular mechanisms underlying this crosstalk are
also discussed.

Keywords: jasmonic acid; crosstalk; gibberellic acid; cytokinin; auxin

1. Introduction

Plant growth and physiology are regulated by endogenous processes and environmental signals;
phytohormones govern these processes by controlling transcriptional and translational networks.
Jasmonates, including jasmonic acid (JA) and its derivatives, were initially isolated as a methyl ester
form of JA in Jasminum grandiflorum. JA is classified as a cyclopentane fatty acid and is biosynthesized
from linolenic acid, a major fatty acid of membranes in plant cells. Details of the JA biosynthetic
pathway have been well reviewed [1,2]. Briefly, JA biosynthesis is regulated by enzymes such as
lipoxygenase, allene oxide synthase, and allene oxide cyclase, which mediate the octadecanoid pathway.
The free acid JA can be further metabolized into methyl jasmonate or the JA-isoleucine conjugate
(JA-Ile) via the activity of jasmonate methyl transferase and jasmonate-amido synthetase, respectively.
In response to environmental signals, the expression of the genes involved in JA metabolism is
dynamically regulated, leading to changes in endogenous JA levels and stress responses, supporting
the view that JA is a key hormone mediating plant responses to environmental stresses [3].

Early studies on JA showed that JA treatment rapidly and dynamically regulates genes involved
in plant defense, suggesting the existence of a JA-specific signaling pathway and the integral role
of JA in regulating gene expression networks [4,5]. In 1994, Arabidopsis thaliana coronatine insensitive
1 (coil) mutants, in which the JA response is blocked, were identified [6] and a series of studies on coil
extended our understanding of the JA signaling pathway. COI1 encodes an F-box protein that acts as
the JA receptor and functions in E3-ubiquitin ligase-mediated proteolysis of target proteins [7-9] such
as the JASMONATE ZIM-DOMAIN (JAZ) proteins. Further identification of JA signaling components,
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including JA-responsive MYC transcription factors, revealed a JA signaling pathway that includes
JA perception and JA-dependent gene regulation. Briefly, the expression of JA-dependent genes and
activation of the JA response are inhibited in plant cells with low JA levels. In these cells, the MYC2
transcription factors, which are responsible for the expression of JA-responsive genes, stay inactive
through the direct interaction with JAZ proteins, which are JA signaling repressors. JAZ proteins
contain two domains, ZIM and Jas, and these domains mediate the interaction of JAZs with other
proteins. The ZIM domain is responsible for its dimerization and interaction with NINJA, which
connects the transcriptional suppressor TOPLESS to JA signaling, and the Jas domain mediates the
JAZ-COI1 interaction [10,11].

When JA biosynthesis is activated in response to endogenous or environmental signals, and
JA, especially JA-Ile, accumulates in cells, JA-Ile activates JA signaling through interaction with
the COI1 receptor. This direct interaction induces proteolysis of the JAZ proteins and activates the
expression of JA-responsive genes by releasing the MYC2 transcription factor from the JAZ-MYC2
complex [8]. Unlike the JAZ repressors, the MYC2 transcription factor activates the transcription of
JA-responsive genes and promotes the JA response. As JAZs and MYC2 are key factors in plant growth
and development as positive and negative regulators, respectively, they may mediate JA-dependent
growth inhibition under stress conditions [12-14].

Plant hormones have their own specific biosynthetic and signaling pathways, but their roles
in plant development and physiology overlap. This suggests that plant hormones modulate plant
growth and physiology through interactions with other hormones, and the extensive interplay between
auxin and cytokinin in the regulation of all aspects of plant growth and development supports this
idea [15,16]. JA mediates the plant response to biotic and abiotic stresses through interaction with
salicylic acid, ethylene, and abscisic acid (ABA), and details of this crosstalk and its underlying
molecular mechanisms have been well reported in previous studies [3,17-19]. JA also modulates plant
development, such as root, stamen, hypocotyl, chloroplast, and xylem development, and increasing
evidence suggests that JA-dependent modulation of plant growth and development largely depends
on the interaction of JA with other phytohormones such as gibberellins (GAs), cytokinin, and auxin that
govern endogenous developmental programs. Many studies have revealed that the crosstalk between
phytohormones is mediated through regulatory proteins controlling phytohormone metabolic and
signaling pathways [3,20]. This review briefly describes the metabolism and signaling pathways of
the phytohormones GA, cytokinin, and auxin that interact with JA in the modulation of plant growth
and development, and recent findings on JA crosstalk, focusing on the JA-GA, JA—cytokinin, and
JA-auxin interactions. The molecular mechanisms underlying the JA-GA, JA—cytokinin, and JA-auxin
interactions are also discussed in this review.

2. The JA-GA Interaction

2.1. GA Metabolism and Signaling Pathway

GAs regulate plant growth and development, such as stem elongation, seed germination, leaf
expansion, root development, and stamen and flower development [21]. Due to the essential role
of GAs in plant growth, the GA response affects plant growth and productivity [22], and many
studies suggest that GA is fundamental to stress-related growth inhibition through interactions with
stress-response hormones [23-30].

GAs are a large class of tetracyclic diterpenoid compounds, and approximately 136 forms have
been identified in higher plants and fungi. However, only a few of them, including GA1, GA3, GA4,
and GAy, are biologically active, while other GAs are intermediate forms in the GA biosynthetic
process or inactive forms of GAs. Therefore, GA metabolism, including its biosynthesis, is integral to
GA homeostasis and the GA response in plants [31,32]. The biosynthetic pathway of GAs includes
the biosynthesis of ent-kaurene, the conversion of ent-kaurene to GAjp, and the formation of Cyy-
and Cy9-GAs in the cytosol, and three different classes of enzymes, terpene synthases, cytochrome

36



Int. . Mol. Sci. 2020, 21, 305

P450 monooxygenases, and 2-oxoglutarate-dependent dioxygenases, mediate this process [20,33,34].
Further metabolic processes are required for the formation of active GAs and the deactivation
of bioactive GAs, and GA 20-oxidase, GA 3-oxidase, and GA 2-oxidase mediate these metabolic
process [35-38].

GA signaling is another key step controlling the transcription of GA-dependent genes and
the regulation of the GA response, and, similar to other plant hormones such as JA, auxin, and
strigolactone, the GA signaling process is based on E3 ubiquitin ligase-mediated proteolysis of
DELLAs. The Arabidopsis genome encodes five DELLAs, including REPRESSOR OF GA1-3 (RGA),
which functions as an intracellular negative regulator of GA signaling [39,40]. In Arabidopsis,
direct interaction between GAs and the GA INSENSITIVE DWARF1 (GID1) receptor induces the
interaction between GID1 and DELLAs, and provokes the degradation of DELLAs through E3 ubiquitin
ligase-mediated ubiquitinylation and 26S proteasome-mediated proteolysis [39,41,42]. The proteolysis
of DELLASs leads to the release of GA-responsive transcription factors such as PHYTOCHROME
INTERACTING FACTORS (PIFs) in Arabidopsis and PIF-LIKE (PIL) proteins in rice (Oryza sativa),
and triggers the transcription of GA-responsive genes and the GA response [43-45]. The finding that
RGA-overexpressing plants displayed a reduced GA response while mutants lacking RGA expression
showed an enhanced GA response indicates a crucial role of DELLAs in GA signaling pathways [46—48].

2.2. The JA-GA Interaction and Its Underlying Molecular Mechanism

Environmental stresses strongly affect plant growth. To survive under stress conditions, plants
activate defense programs and suppress developmental programs, leading to growth inhibition.
By contrast, in the proper conditions for growth, plants activate developmental programs while
suppressing defense programs, leading to vigorous growth. This indicates that plants dynamically
coordinate growth and defense strategies in response to environmental stresses. The essential role that
GAs play in the regulation of plant growth suggests that GAs have key roles in this coordination, and the
finding that environmental stresses, such as salinity, promote the accumulation of DELLAs but reduce
endogenous levels of bioactive GAs supports this idea [24-26]. In addition, stress-induced growth
reduction was attenuated in quadruple-della mutants, while plants with reduced GA levels, such as the
GA biosynthesis mutant gal-3, exhibited enhanced tolerance to salt stress [24]. These findings indicated
that GA plays an essential role in the coordination of plant growth and defense, and further analysis
of della mutant plants suggested that DELLAs are deeply involved in GA-dependent coordination
process [49].

Many studies reported that developmental flexibility under stress conditions largely depends on
the interplay between stress-related hormones and growth-related hormones, and increasing evidence
indicates that JA and GA antagonistically interact to coordinate plant growth and defense [50-52].
Extensive studies on the JAZ JA signaling repressor proteins, and the DELLA GA signaling repressor
proteins revealed that direct interaction between JAZs and DELLAs mediates the antagonistic interaction
between JA and GA (Figure 1) [27,28]. In the “relief of repression” model, the JAZ-DELLA interaction
attenuates the functions of JAZs and DELLAs as signaling repressors. For example, in GA-free
conditions, DELLAs directly interact with JAZs and allow MYC2 to promote the JA response, while in
the presence of GA, JAZs are released from the DELLA-JAZ complex by degradation of DELLAs, and
the free JAZs attenuate the JA response through direct interact with MYC2. The model explained the
DELLA-mediated upregulation of the JA response and the antagonistic interaction between JA and
GA [27]. This model was supported by studies showing that JA promotes transcription of RGA3, and
the JA-responsive MYC2 transcription factor directly binds to the promoter of RGA3 [29].

37



Int. . Mol. Sci. 2020, 21, 305

Environmental Endogenous
stresses growth programs
JA GA

| 1
1 1
. -

# #
Expressions of Expressions of
JA-responsive genes GA-responsive genes
Defense Growth

Figure 1. A schematic of crosstalk between jasmonic acid (JA) and gibberellic acid (GA) in
coordination between plant growth and defense. JA and GA antagonistically interact to coordinate
plant growth and defense, and the crosstalk is mediated by direct interaction between JA signaling
repressors, JASMONATE ZIM-DOMAIN (JAZs), and GA signaling repressors, DELLAs. MYCs and
PHYTOCHROME INTERACTING FACTORS (PIFs) indicates transcription factors responsible for
transcription of JA-responsive and GA-responsive genes, respectively. The arrows and T bars indicate
positive and negative regulation, respectively.

A recent study using overexpression plants and knock-out mutants of OsJAZ9 revealed that
OsJAZ9 is a key JAZ protein that mediates the antagonistic interaction of JA and GA [21]. In this study,
they identified OsJAZ9 proteins that directly interact with the rice DELLA protein SLENDER RICE 1
(SLR1), and demonstrated that the OsJAZ9-SLR1 interaction mediates the antagonistic interaction
of JA and GA in rice by showing that overexpression of OsJAZ9 promotes the GA response while
knock-out of OsJAZ9 reduces the GA response. Together, these data suggest that JA is an essential
hormone that modulates plant growth under stress conditions, and its antagonistic interaction with
GA mediates this process.

3. The JA-Cytokinin Interaction

3.1. Cytokinin Metabolism and Signaling

Cytokinin regulates the maintenance of stem cell identity and cell proliferation; therefore, cytokinin
affects most aspects of plant growth and development [53]. The expression of genes involved in
cytokinin responses is largely affected by the stress-response hormone JA or JA-dependent stress
responses [54-56]. Furthermore, cytokinin-deficient mutant plants displayed increased tolerance to
stresses, similar to transgenic plants with higher JA responses [57-60]. These studies suggested that
the cytokinin response is integral to the JA-dependent stress response and growth modulation.
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Most naturally occurring cytokinins are derivatives of isopentenyladenine, and zeatin is the
ubiquitous form of cytokinins in higher plants [53,61]. Zeatin occurs as two isomers, frans-zeatin
(tZ) and cis-zeatin (cZ); tZ is the active form of cytokinin in all plant species and cZ is less active
than tZ [62,63]. Isopentenyl transferases (IPTs), and cytochrome P450 CYP735A1 and CYP735A2
mediate the production of tZ cytokinin [53]. The IPT-catalyzed reaction is the rate limiting step in
cytokinin biosynthesis process, and the results showing that overexpression of AtIPT1, 3,4, 5, 7, or
8 promoted cytokinin production and shoot growth support this [61,64,65]. The biological activity
and homeostasis of cytokinins can be regulated by conjugation with glucose or amino acids, or by
degradation. For example, glucosyl-conjugated cytokinins, which do not interact with cytokinin
receptors, are inactive, and overexpression of cytokinin oxidase, which is responsible for cytokinin
cleavage, reduces endogenous levels of cytokinins [66,67].

The cytokinin signaling pathway, which is composed of cytokinin receptors, histidine
phosphotransfer proteins, and transcription factors, regulates cytokinin responses in plants.
In Arabidopsis, three histidine kinases (AHK2, AHK3, and AHK4/WOODEN LEG) function as
cytokinin receptors [53,68]. Direct interaction between cytokinins and the histidine kinase receptors
activates the kinase activity of the receptors, leading to autophosphorylation on the conserved histidine
residue. The phosphate is transferred to the histidine phosphotransfer proteins (AHPs) via the
conserved aspartate residue of the receptors. In Arabidopsis, five genes encode AHPs that normally
function as histidine phosphotransferases and one gene (AHP6) encodes a pseudo-AHP that negatively
regulates cytokinin signaling. The AHPs activated by phosphorylation move into the nucleus and
sequentially activate B-type ARABIDOPSIS RESPONSE REGULATOR (ARR) transcription factors
responsible for the transcription of cytokinin-responsive genes [69,70]. Genes encoding components of
the cytokinin signaling pathways, such as AHKs, AHPs, and ARRs, are affected by JA or environmental
stresses such as drought, salt, and cold, suggesting that the cytokinin response is involved in plant
stress responses [50,56,71,72].

3.2. The JA—Cytokinin Interaction and Its Underlying Molecular Mechanism

Previous studies have proposed that JA antagonistically interacts with cytokinin in various
aspects of plant development. For example, JA inhibits cytokinin-induced soybean (Glycine max) callus
growth [73], and nullifies the effect of cytokinin on chlorophyll development [74,75]. Furthermore, JA
and cytokinin differently regulate the expression of the genes involved in the chlorophyll development,
indicating the existence of an antagonistic interaction between JA and cytokinin. A recent study revealed
that xylem differentiation is regulated by JA in Arabidopsis roots, and an antagonistic interaction
between JA and cytokinin is fundamentally important for JA-dependent xylem development [50].
Xylem is responsible for water and nutrient transport and it develops from procambial/cambial cells,
which are stem cells of the vascular system [76,77]. In Arabidopsis roots, cytokinin maintains stem
cell identity and functions as a negative regulator of xylem differentiation. The role of cytokinin
in xylem differentiation was demonstrated by showing that exogenous cytokinin treatment inhibits
xylem development, and the wooden leg mutants with defects in cytokinin signaling strongly exhibit
an all-xylem phenotype and lack procambial cells in their roots. Additionally, mutants that lack
transcription of Type-B ARRs, such as ARR1, ARR10, and ARR12, or transgenic plants overexpressing
AHP6, a negative regulator of cytokinin signaling, form extra xylem [50,78]. Similar to the cytokinin
signaling mutants, the wild-type plants or JA-deficient OPDA reductase 3 (opr3) mutants treated
with exogenous JA showed an extra xylem phenotype, whereas JA signaling mutants, such as
coil and jasmonate resistant 1 (jar1), did not [50]. Together with the results that JA suppresses the
procambium-specific cytokinin response, and that the effect of JA on extra xylem formation is nullified
by cytokinin, suggest that the stress hormone JA antagonistically interacts with cytokinin in xylem
development in Arabidopsis roots.

These findings were supported by the results that JA reduces the expression of the
cytokinin-responsive PIN-FORMED 7 (PIN7) gene, which is responsible for xylem development,
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and the finding that drought stress induces the formation of extra xylem in Arabidopsis roots further
supported this idea [50,79]. Furthermore, myc2 mutant did not form extra xylem in response to
exogenous JA, and the expression of AHP6, encoding a cytokinin signaling inhibitor, was reduced
in myc2 mutant, suggesting that the JA-responsive MYC2 transcription factor mediates this process
by promoting AHP6 expression (Figure 2). It is likely that an antagonistic interaction between JA
and cytokinin is also involved in the regulation of JA-dependent stress responses. A recent study
by Nitschke et al. (2016) showed that plants with reduced cytokinin levels or defective cytokinin
signaling exhibited a JA-dependent cell death phenotype in response to circadian stress, unlike
wild-type plants [80], suggesting that JA and cytokinin antagonistically interact in the plant response
to circadian stress.

JA
AHP6

- Xylem
Cytokinin development

Figure 2. A schematic of crosstalk between JA and cytokinin in xylem development. JA antagonistically
interacts with cytokinin in xylem development and the JA-responsive MYC2 transcription factor
mediates this process. MYC2 negatively regulates cytokinin response by promoting expression
of AHP6, a cytokinin signaling inhibitor. The arrows and T bars indicate positive and negative
regulation, respectively.

Despite many studies supporting an antagonistic interaction between JA and cytokinin in
modulation of plant development and physiology, the molecular mechanisms underlying the JA-GA
crosstalk remain largely unknown. Regulation of AHP6 expression by MYC2 transcription suggests
that components of JA and cytokinin signaling pathways might mediate the interaction between JA
and cytokinin. However, the observation that cytokinin levels were affected by stress conditions also
suggests that regulation of JA and cytokinin metabolism might also be involved in the JA—cytokinin
interaction [60,81,82].

4. The JA-Auxin Interaction

4.1. Auxin Metabolism and Signaling

Auxin has essential functions in cell fate determination and cell division, thus mediating most
aspects of plant growth and development [83]. Indole-3-acetic acid (IAA) is the predominant
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form of natural auxins in plants. IAA can be produced through tryptophan-dependent and
-independent pathways, and the tryptophan-dependent pathway is currently the best understood
auxin biosynthetic pathway in plants [84,85]. The tryptophan-dependent pathway is mediated by
tryptophan aminotransferase (TAA), and the flavin monooxygenase YUCCA (YUC). TAA and YUC
are responsible for the conversion of tryptophan to indole-3-pyruvate (IPA) and the conversion of IPA
to IAA, respectively. Similar to other plant hormones, IAA can be deactivated by conjugation with
amino acids or sugars, and by oxidation [86].

Auxin-mediated regulation of gene expression is crucial for auxin-dependent regulation of plant
growth and development, and this process is regulated by the auxin signaling pathway. Similar
to JA and GA, auxin signaling is based on E3 ubiquitin ligase-mediated proteolysis of signaling
repressor proteins [87]. AUXIN RESPONSE FACTORS (ARFs) are transcription factors responsible for
the transcription of auxin-responsive genes, and they regulate the transcription of auxin-responsive
genes by directly binding auxin responsive elements through their B3-like DNA binding motif.
The transcriptional activity of ARFs depends on the interaction with the auxin signaling repressor
Aux/TAAs, and degradation of Aux/IAAs induces the release of ARFs with transcriptional activity
and activates the transcription of auxin-responsive genes. The degradation of Aux/IAAs is provoked
by the SCFT™®! E3 ubiquitin ligase, and the direct interaction between auxin and the TIR1 auxin
receptor enhances the physical association between TIR1 and Aux/IAAs and sequential ubiquitination
of Aux/IAAs [88].

4.2. Interaction of JA and Auxin and the Underlying Molecular Mechanism

The interaction of JA and auxin in plant development and physiology plays a role in processes
such as cell elongation, tendril coiling, and the production of secondary metabolites [89,90], but this
interaction has not been elucidated at the molecular level. The identification of genes involved in JA
and auxin metabolism and signaling pathways have revealed that JA and auxin interact to modulate
plant development.

The interaction between JA and auxin has been well demonstrated in the regulation of root
development. JA inhibits apical growth of roots; JA-treated wild-type plants form much shorter
roots than untreated wild-type plants, while mutant plants with defects in JA signaling form similar
roots in length to the roots of wild-type plants even in JA-treated conditions [50]. By contrast, auxin
is essential for root growth and auxin deficiency or signaling mutants, such as (trp2-12) and auxin
resistant 3 (arx3-1), develop very short roots compared to wild-type plants [91,92]. This suggests that
JA-induced inhibition of root growth might be mediated by an interaction with auxin, and a study by
Chen et al. (2011) demonstrated this [93]. In the study, they showed that the JA-mediated inhibition of
root growth is caused by a reduction of root meristem activity, and exogenous JA treatment suppresses
the expression of the auxin-responsive transcription factors PLETHORAs (PLT5), which are responsible
for maintenance of the stem cell niche and cell proliferation [94]. However, the expression levels of PLTs
was not suppressed in JA-signaling mutants, such as coil-1 and myc2, suggesting that COI1-dependent
JA signaling mediates the JA-induced root phenotype, and the MYC2 transcription factor suppresses
the expression of PLTs. Together with the result that MYC2 directly binds to the promoters of PLT5,
indicate that JA-responsive MYC2 mediates JA-induced inhibition of root growth by directly repressing
the expression of auxin-responsive PLTs (Figure 3), and suggest that JA and auxin antagonistically
interact in the regulation of apical root growth.

The JA—-auxin interaction is involved in various aspects of plant development as well as root
development. The development of floral organs, such as petals and stamens, is coordinated as flowers
mature, and a study by Reeves et al. (2012) showed that an interaction between auxin-responsive
transcription factors and JA biosynthesis modulates this process [95]. The R2R3 MYB transcription
factors MYB21 and MYB24 are key regulators of petal and stamen growth, and the auxin-responsive
transcription factors ARF6 and ARFS regulate the expression of JA-responsive MYB21 and MYB24
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by controlling JA biosynthesis, indicating that auxin interacts with JA to regulate the development of
floral organs [95,96]. The JA-auxin interaction was also observed in the regulation of leaf senescence.
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Figure 3. A schematic of crosstalk between JA and auxin in root development. PLT1 and 2 transcription
factors are key regulators of root development downstream auxin. JA inhibits root growth, and MYC2
transcription factor mediates this development process by reducing expression of PLT1 and 2. The
arrows and T bars indicate positive and negative regulation, respectively.

Root

Auxin development

JA plays an essential role as a positive regulator of leaf senescence. JAZ7 suppresses dark-induced
leaf senescence, while MYCs, including MYC2, promote senescence by activating the expression of
senescence-associated genes and chlorophyll degradation-related genes, indicating that JA activates
leaf senescence through a COIl-dependent JA signaling pathway [97-99]. In JA-dependent leaf
senescence, the JA signaling repressors JAZ4 and JAZS8 function as negative regulators while the
auxin signaling repressor IAA29 functions as a positive regulator. In JA-dependent leaf senescence,
WRKY57 is another negative regulator that negatively affects the expression of senescence-associated
genes. More importantly, WRKY57 interacts with JAZ4/8 and IAA29. These results suggest that
competition between the WRKY57-JAZ4/8 and WRKY57-IAA29 interactions mediates JA-dependent
leaf senescence, suggesting that an antagonistic interaction of JA and auxin is involved in leaf
senescence [100].

5. Complexity of JA Crosstalk

Hormonal interactions are a critical component of plant growth and physiology [3]. This review
described the role of JA crosstalk with other phytohormones in the modulation of plant growth
and development, focusing on JA-GA, JA—cytokinin, and JA-auxin interactions and the molecular
mechanisms underlying these processes. JA interacts with most plant hormones, and as shown
in previous studies, JA extensively interacts with salicylic acid to modulate plant defenses against
pathogen attacks. The interaction between JA, which mediates disease resistance to necrotrophic
pathogens, and salicylic acid, which mediates broad-spectrum resistance to biotrophic pathogens,
allows plants to establish an efficient defense system against a variety of pathogen attacks, and ethylene
is also involved in this process [17,101]. In addition, ABA interacts with JA to regulate cellular metabolic
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processes, and ABA receptor PYRABACTIN RESISTANCEI1-Like proteins with the ability to interact
with JAZs medjiate this process by modulating JA signaling [102].

Brassinosteroids (BR) mediate various aspects of plant growth and development and modulate
JA signaling and JA-dependent growth inhibition. For example, DIWARF4 encodes a key enzyme
responsible for BR biosynthesis and a leaky mutation of DWARF4 restored JA sensitivity in the coil
mutant background and showed JA hypersensitivity in the wild-type background. Furthermore,
expression of DIWARF4 was downregulated by JA in a COI1-dependent manner, and exogenous BR
treatment attenuated the effects of JA on root growth inhibition [103]. These results indicate that a
BR-JA interaction is involved in the modulation of JA signaling.

As described in this review, JA interacts with a variety of hormones involved in growth regulation,
such as GA, cytokinin, auxin, and BR, to modulate plant growth and development, and the nature
of the interaction is generally antagonistic. These interactions may help optimize plant growth
and development under stress conditions. However, the nature of the interaction appears to differ
depending on the type of cell and tissue. For example, JA and GA antagonistically interact in stem
elongation, while they interact synergistically in stamen development [21,104]. JA antagonistically
interacts with auxin to modulate apical growth of roots, but synergistically to promote lateral root
growth [93,105].

6. Future Perspectives

Identification and characterization of the components involved in plant hormone metabolism
and signaling have provided important clues to understand the hormonal interactions underlying
the regulation of plant growth and physiology in response to endogenous and exogenous signals.
JA is a key hormone that mediates the plant response to biotic and abiotic stresses, and is deeply
involved in stress-induced modulation of plant growth and development. Increasing evidence
indicates that JA-dependent growth regulation largely depends on the crosstalk of JA with other
growth-related hormones such as auxin, cytokinin, GA, and BR. Although some of the molecular
mechanisms underlying these processes have been revealed, including protein—protein interactions
between hormone signaling components, many of the questions about the complexity and dynamics
of hormonal interactions still remain unanswered. Further molecular and genetic studies will expand
our understanding of the mechanisms underlying JA crosstalk in the modulation of plant growth and
development under stress conditions.
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Abstract: Plants as immovable organisms sense the stressors in their environment and respond to
them by means of dedicated stress response pathways. In response to stress, jasmonates (jasmonic
acid, its precursors and derivatives), a class of polyunsaturated fatty acid-derived phytohormones,
play crucial roles in several biotic and abiotic stresses. As the major immunity hormone, jasmonates
participate in numerous signal transduction pathways, including those of gene networks, regulatory
proteins, signaling intermediates, and proteins, enzymes, and molecules that act to protect cells
from the toxic effects of abiotic stresses. As cellular hubs for integrating informational cues from the
environment, jasmonates play significant roles in alleviating salt stress, drought stress, heavy metal
toxicity, micronutrient toxicity, freezing stress, ozone stress, CO; stress, and light stress. Besides these,
jasmonates are involved in several developmental and physiological processes throughout the plant
life. In this review, we discuss the biosynthesis and signal transduction pathways of the JAs and the
roles of these molecules in the plant responses to abiotic stresses.

Keywords: abiotic stresses; jasmonates; JA-Ile; JAZ repressors; transcription factor; signaling

1. Introduction

Plants grow in environments thatimpose a variety of biotic and abiotic stresses. The primary abiotic
stresses that influence plant growth include light, temperature, salt, carbon dioxide, water, ozone, and
soil nutrient content and availability [1], where the fluctuation of any of these can hamper the normal
physiological processes. Being static organisms, plants are unable to avoid abiotic stresses simply by
moving to a suitable environment. Consequently, they have evolved mechanisms to compensate for
the unwanted stressful conditions by altering their own developmental and physiological processes.

The growth, development, and survival of plants depend on complex biological networks coupled
with anabolic and catabolic pathways [2]. Abiotic stresses can disrupt these network pathways,
resulting in their uncoupling. For example, extremely high or low temperatures might inhibit a subset
of enzymes in the same or connected pathways [3], and hence various intermediate compounds might
accumulate as a result of this functional uncoupling of metabolic pathways [4]. These intermediate
compounds could be converted to toxic by-products that might affect the cell’s survival or longevity [5].
Reactive oxygen species (ROS) are one of the most common groups of toxic intermediates produced by
abiotic stresses.
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Phytohormones, the regulators of plant development, are central players in sensing and signaling
diverse environmental conditions, such as drought, osmotic stress, chilling injury, heavy metal toxicity,
etc. [6]. There are currently nine known major classes of naturally occurring phytohormones (viz.,
auxins, gibberellins, cytokinins, abscisic acid (ABA), ethylene (ET), brassinosteroids, jasmonic acid
(JA), salicylic acid (SA), and strigolactones), all of which evoke many different responses.

Specifically, JA and its derivatives (e.g., jasmonyl isoleucine (JA-Ile), cis-jasmone, JA-glucosyl
ester, methyl jasmonate (MeJA), jasmonoyl-amino acid, 12-hydroxyjasmonic acid sulfate (12-HSO4-JA),
12-O-glucosyl-JA, JA-Ile methyl ester, JA-Ile glucosyl ester, 12-carboxy-JA-Ile, 12-O-glucosyl-JA-Ile,
and lactones of 12-hydroxy-JA-Ile), which are collectively known as jasmonates (JAs), are fatty acids
derived from cyclopentanones and belong to the family of oxidized lipids that are collectively known
as oxylipins [7]. These oxylipins are biologically active signaling molecules that are produced either
enzymatically by lipoxygenases or alpha-dioxygenases, or nonenzymatically through the autoxidation
of polyunsaturated fatty acids [8].

The JAs are ubiquitous in higher plant species, where their levels are high in the reproductive tissues
and flowers, but very low in the mature leaves and roots [9,10]. JAs modulate many crucial processes
in plant growth and development, such as vegetative growth, cell cycle regulation, anthocyanin
biosynthesis, stamen and trichome development, fruit ripening, senescence, rubisco biosynthesis
inhibition, stomatal opening, nitrogen and phosphorus uptake, and glucose transport [10-25]. As
signaling molecules, JAs regulate the expression of numerous genes in response to abiotic stresses
(e.g., salt, drought, heavy metals, micronutrient toxicity, low temperature, etc.) and promote specific
protective mechanisms (Figure 1) [26]. In this review, we focus on the biosynthesis and signaling of
JA, cis-jasmone, MeJA, and JA-Ile in response to abiotic stresses because of the high bioactivity of
these compounds.

Trichome 5
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Root hair and

5 hook development
repression

Flowering

JA/JA-lle/

R Drought tolerance
development Clelasmonel
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Chlorophyll

degradation
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Figure 1. Various plant processes modulated by jasmonic acid and its isoleucine conjugate in response
to abiotic stresses. JA, jasmonic acid; JA-Ile, jasmonyl isoleucine; MeJA, methyl jasmonate.
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2. Abiotic Stress-Sensing Mechanisms in Plants

Abiotic stresses alter the physiological processes in plants by affecting gene expression, RNA
or protein stability, the coupling of reactions, ion transport, or other cellular functions [27]. Any
of these alterations could be a signal to the plant that a change in environmental conditions has
occurred and that it is the optimum time to respond by either activating the stress-response pathways
or altering existing ones. Some of the mechanisms used by plants to sense the abiotic stresses are
as follows [28]: (i) Physical sensing, involving mechanical effects of the stress on the plant or cell
structure, such as contraction of the plasma membrane from the cell wall during drought stress; (ii)
biophysical sensing, involving changes of the protein structure or enzymatic activity, such as the
inhibition of different enzymes during heat stress; (iii) metabolic sensing, involving the detection of
by-product accumulation due to the uncoupling of electron transfer or enzymatic reactions, such ROS
accumulation due to high light intensity; (iv) biochemical sensing, involving the presence of specialized
proteins to sense a particular stress, such as calcium channels that can alter the Ca?* homeostasis
and sense changes in the temperature; and (v) epigenetic sensing, involving modifications of the
DNA or RNA structure without altering the genetic sequences, such as the changes in chromatin that
occur during temperature stress [28-30]. These stress-sensing mechanisms can activate downstream
signal transduction pathways individually or in combination. Consequently, plants activate various
anti-stress mechanisms to acclimate or adapt to the various stresses.

3. Biosynthesis and Metabolism of Jasmonic Acid during Abiotic Stress

During the last decades, the biosynthesis of JA has been well characterized in a variety of
monocotyledonous and dicotyledonous plants [10,31,32]. To summarize, JA is biosynthesized through
the consecutive action of enzymes present in the plastid, peroxisome, and cytoplasm (Figure 2) [33].
Abiotic (and biotic) stimuli activate phospholipases in the plastid membrane, promoting the synthesis
of linolenic acid (18:3) in the plant [10,34]. Linolenic acid, a precursor in the JA biosynthesis process, is
converted to 12-oxo-phytodienoic acid (12-oxo-PDA) through oxygenation with lipoxygenase (LOX),
allene oxide synthase (AOS), and allene oxide cyclase (AOC). JA is then synthesized from 12-oxo-PDA
by the activity of 12-oxo-phytodienoic acid reductase (OPR) and 3 cycles of beta-oxidation. Therefore,
the JA biosynthetic pathway is known as the octadecanoid pathway [32,34,35].

In the cytosol, JA metabolic pathways convert the phytohormone into more than 30 distinct active
and inactive derivatives, depending on the chemical modification of the carboxylic acid group, the
pentenyl side chain, or the pentanone ring (Figure 2) [36-40]. Among the series of metabolites, free JA,
cis-jasmone, MeJA, and JA-Ile are considered to be the major forms of bioactive JA in plants [10,41].
cis-jasmone is produced through the decar-boxylation of JA (Figure 3) [42]. The volatile MeJA is
produced from JA through the activity of JA carboxyl methyltransferase (Figure 3) [26]. Jasmonate
amino acid synthetase 1 (JAR1) catalyzes the reversible conversion between JA and JA-Ile (Figure 3) [41].
Evidence suggests that JA-Ile is an important compound in the JA signal transduction pathway [43].
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Figure 2. Schematic diagram of jasmonic acid biosynthesis and metabolism in response to abiotic
stresses. In the chloroplast, JA biosynthesis begins with the chloroplast membrane release of linolenic
acid, which is finally converted to 12-oxo-PDA. Upon transport of 12-oxo-PDA into the peroxisome,
a series of enzymes work to convert it to JA, which is then exported to the cytoplasm. JA may be
metabolized into different compounds depending on the chemical modification of the carboxylic
acid group, the pentenyl side chain, or the pentanone ring. JA, jasmonic acid; JA-Ile, jasmonyl
isoleucine; MeJA, methyl jasmonate; 12-HSO,-JA, 12-hydroxyjasmonic acid sulfate; 12-oxo-PDA,
12-oxo-phytodienoic acid.
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4. Jasmonic Acid Signaling during Abiotic Stress

In the plant cell cytoplasm, the most bioactive JA is JA-Ile, the level of which is very low under
normal conditions [41]. Upon stress stimulation, JA undergoes epimerization to form JA-Ile, which
accumulates in the cytoplasm of the stressed leaves. JA-Ile is transported to the nucleus and adjacent
sites of the leaves for defensive responses [44,45]. In Arabidopsis thaliana (At), the subcellular localization
of JAs are regulated by a high-affinity transporter, jasmonic acid transfer protein 1 (AtJAT1, also known
as AtABCG16) [46]. Both the plasma membrane and nuclear membrane of plant cells contain JAT1,
through which JA or JA-Ile is exported from the cytoplasm to the nucleus and apoplast [46]. Therefore,
the dynamics of JA or JA-Ile in the cytoplasm, nucleus, and apoplast is regulated by JAT1 during
abiotic stress.

JA or JA-Ile in the apoplast activates the JA signaling pathways in other cells. JA signals can
transmit long distances via vascular bundles and/or air transmission. After their synthesis, JA and
MeJA are transmitted in plants systemically [47]; that is, they can transfer to different parts of the
plant via the vascular bundles [48]. During such transportation, JAs are not only transported but are
also resynthesized [47], a fact that has been proven by the localization of various JA synthetases in
the companion cell-sieve element complex of the vascular bundles in the tomato plant [49]. The JA
precursor 12-oxo-PDA is formed in the sieve elements of the phloem, which is another indication of
the resynthesis of JAs transported through the vascular bundles [50]. Compared with JA, MeJA can
diffuse easily to distant leaves and adjacent plants owing its strong volatility and high capability of
penetrating the cell membrane [40].

Under normal conditions, the promoters of jasmonate-responsive genes are not activated by the
different types of transcription factors (TFs) due to the low level of JA-Ile (Figure 4). The various
TFs [51] are repressed by a series of jasmonate-zinc finger inflorescence meristem (ZIM) domain (JAZ)
proteins that act as transcriptional repressors (Table 1). The JAZ repressors recruit the protein topless
(TPL) and the interactor/adaptor protein novel interactor of JAZ (NINJA); together, they form an
effective transcriptional repression complex that acts to inhibit the expression of jasmonate-responsive
genes by changing the open complex to a closed one through the further recruitment of histone
deacetylase 6 (HDA6) and HDA19 [43,52-55].
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Figure 4. Jasmonic acid perception and signal transduction during abiotic stress. In the absence
of abiotic stimuli or at a low level of JA-Ile, the transcription factors are repressed by JAZ proteins,
thereby preventing their activation of the promoters of jasmonate-responsive genes. JAZ proteins
recruit TPL and adaptor protein NINJA to form an active transcriptional repression complex that
inhibits JA responses by changing the open complex to a closed one through the further recruitment
of HDA6 and HDA19. Abiotic stresses elevate JA synthesis, which is readily epimerized to JA-Ile.
The latter is then transported to the nucleus by the JAT1 transporter. JA-Ile facilitates the interaction of
JAZ with the F-box protein COI1 within the SCF complex, leading to the proteasomal degradation of
JAZ. The derepressed TF binds to the G-box element, whereupon MED25, RNA Pol II, and GTF are
recruited, resulting in the expression of jasmonate-responsive genes. JA, jasmonic acid; JA-Ile, jasmonyl
isoleucine; JAT1, jasmonic acid transfer protein 1; TF, transcription factor; JAZ, jasmonate ZIM domain;
NINJA, novel interactor of JAZ; TPL, topless; HDA6, HDA19, histone deacetylase 6, 19; Ub, ubiquitin;
E2, ubiquitin-conjugating enzymes; RBX1, ring box 1; CUL1, cullin 1; ASK1, Arabidopsis SKP1 homolog
1; COI1, coronatine insensitive 1, MED25, mediator 25; RNA Pol II, RNA polymerase II; GTF, general
transcription factor.

To date, 13 JAZ proteins have been identified in Arabidopsis, most of which have two conserved
domains: the central domain known as the ZIM domain [56-59], and the C-terminal JA-associated
(Jas) domain [56]. The various domains present in the JAZ proteins facilitate their protein-protein
interactions [60]. The JAZ proteins interact with the TFs via the ZIM domain, interacting with NINJA
(which contains an ethylene-responsive element binding factor-associated amphiphilic repression
(EAR) motif) and recruiting TPL to form the JAZ-NINJA-TPL repressor complex [54,55]. Among the
13 JAZ proteins of Arabidopsis, JAZ5, JAZ6, JAZ7, JAZ8, and JAZ13 contain an additional EAR motif
that can interact directly with TPL in the absence of NINJA [57,59]. Within the Jas domain, the minimal
amino acid sequence that can bind the coronatine or JA-Ile is termed the JAZ degron, the bipartite
structure of which contains a loop and an amphipathic alpha-helix that binds to coronatine or JA-Ile
and coronatine insensitive 1 (COI1), respectively [61].

Abiotic stresses elevate the processes that lead to JA-Ile formation in the cytosol and its
transportation to the nucleus. JA-Ile is the natural bioactive ligand of A. thaliana, as affirmed by
gas chromatography-mass spectrometry and high-performance liquid chromatography analyses [41].
Among JA, JA-Ile, MeJA, and 12-oxo-PDA, only JA-Ile can promote COI1-JAZ binding [58].

The ubiquitin—proteasome complex comprises suppressor of kinetochore protein 1
(SKP1)—cullin—F-box (SCF). The Arabidopsis COI1 mutant lacks all responses to JA [62]. The COI1
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gene encodes an F-box protein, which associates with SKP1 and cullin to form SCE-type E3 ubiquitin
ligase [63]. During abiotic stress, the JA-Ile that is formed and transported to the nucleus is recognized by
the F-box protein COI1. JA-Ile facilitates the interaction of JAZ with COI1 within the SCF complex [63,64],
with inositol pentakisphosphate serving as a cofactor in the formation of the COI1-JAZ co-receptor
complex [61,65]. Ubiquitination of the JAZ protein leads to its proteasomal degradation and the
release of the TFs to modulate the expression of jasmonate-responsive genes, thereby regulating the
jasmonate-regulated defenses and growth. Mediator 25 (MED25), a subunit of the Arabidopsis mediator
complex [66], bridges the communication between the gene-specific TF, RNA polymerase II, and the
general transcription machinery [67]. Several lines of evidence have indicated that every aspect of
JA function is due to the matching pairs of TFs with a subset of JAZ repressors to orchestrate the
expression of jasmonate-responsive genes [64,68-71].

Table 1. Transcription factors that interact with the jasmonate-ZIM domain proteins and their
corresponding JA-regulated plant responses (adapted from Zhai et al. [72]; Zhu and Lee [73]).

JAZ-Interacting DNA-Binding

JAZ Domains Transcription Factors Physiological Functions

Root elongation, wounding responses,

JAZs MYC2/3/4/5 defense, metabolism, hook development
[58,74-77]

JAZ1/8/10/11 MYB21/24 Stamen development and fertility [71]

Trichome development and anthocyanin
TAZ1/2/5/6/8/9/10/11 TT$/GL3/EGL3 /MYB75/GL1 synthesis [70]
Chlorophyll degradation and anthocyanin
JAZ1/3/4/5 FIL/YAB1 accumulation [78]

JAZ9/11 OsRSS3/0OsbHLH148 Confer drought and salt tolerance [79,80]
JAZ1/4/9 ICE1/2 Increase freezing tolerance [68]
JAZ4/8 WRKY57 Promote leaf senescence [69]

Root elongation, defense, root hair and
JAZ1/3/9 EINS/EIL1 hook development [81]
Repression of flowering during early
TAZL/3/4/9 TOE12 vegetative development [82]
JAZS except JAZ7/12 bHLHO03/13/14/17 Root elongation, fertility, defense,

anthocyanin synthesis [83-86]

JA, jasmonic acid; JAZ, jasmonate ZIM domain.

5. Regulation of Diverse Jasmonic Acid Responses by Transcription Factors during Abiotic Stress

Abiotic stresses induce JA signaling through the derepression of TFs. JAZ proteins interact with the
MYC and MYB TFs and suppress the expression of jasmonate-responsive genes [56]. JAZ proteins are
stimulated for proteosomal degradation in the presence of the bioactive ligand JA-Ile [56]. Studies have
revealed that several other TFs (e.g., NAC, ERF, and WRKY) are also involved in JA signaling [87-89].
In addition to the TFs, JA signaling also activates the calcium channel [90], mitogen-activated protein
kinase cascade [45], and various other processes that interact with SA, ABA, and ET to govern plant
growth and development in response to abiotic stresses [91].

MYC2, encoded by the JINI gene, is a basic helix-loop-helix ((HLH) TF and a key regulator of
JA signaling. MYC2 binds to the G-box (CACGTG) and G-box-related hexamers [76,92-95], and can
interact with most members of the JAZ repressors [76]. However, it is the only MYC subtype that is
not the target of JAZ repressors. A number of other TFs can interact with JAZ repressors and remodel
the JA signals into specific context-dependent responses (Table 1). MYC3 and MYC4 have similar
DNA-binding specificity as MYC2 and can interact with JAZ proteins [76]. MYC5 (bHLH28), which
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is closely related to MYC2, is activated by the JAs and is required for stamen development and seed
production [96,97]. Besides the MYC TFs, the JA-associated MYC2-like (JAM) proteins bHLH3/JAM3,
bHLH13/JAM2, bHLH14, and bHLH17/JAM1 regulate JA-mediated anthocyanin accumu-lation,
chlorophyll loss, root growth, resistance to bacterial pathogens, and leaf senescence [83-85,98]. Inducer
of CBF expression 1 (ICE1) and ICE2, which are bHLH-type TFs, interact with JAZ4 and JAZ9 for the
regulation of JA-dependent freezing tolerance [68]. Rice salt sensitive 3 (RSS3) interacts with JAZ9
and JAZ11 and non-R/B-like bHLH TFs, forming the RSS3-JAZ-bHLH complex that regulates the
JA-mediated salt stress response [79].

The MYB TFs, which belong to the R2R3-MYB family, show considerable response to JA signaling.
They control many processes in plants; for example, the synthesis of tryptophan and glucosinolates
is regulated by MYB51 and MYB34, which also play an important role downstream of MYC2 [76].
A subset of JAZ proteins repress the transcriptional activities of MYB21 and MYB24 through their
N-terminal R2R3 domain [71]. Evidence suggests that MYB21 and MYB24 are crucial factors for
regulating stamen development and pollen maturation in Arabidopsis [71]. Anthocyanin accumulation
and trichome initiation are positively regulated by MYB75 [70]. MYB21 and MYB24 also interact with
MYC2, MYC3, MYC4, and MYC5 to form an MYC-MYB transcription complex that regulates stamen
development [97].

The NAC family of TFs is also activated by JA signaling. For example, the JA signal-activated
proteins ATAF1 and ATAF2 are involved in the development of plant resistance to salt stress, drought,
and plant pathogens like Botrytis cinerea [99]. ATAF1 and ATAF?2 also play crucial regulatory roles in the
oxidative stress caused by abiotic stresses. The NAC TF ANAC019 and ANAC055 work downstream
of MYC2 to regulate cell division, secondary cell wall synthesis, and seed germination [100].

The TFs ORCA2 and ORCAS3 belong to the AP2/ERF-domain family activated by JA signaling
and regulate the expression of genes related to monoterpenoid indole alkaloid biosynthesis [101].
ORADS9 regulates the biosynthesis of hydroxycinnamic acid amides and acts as the integrator of JA and
ET signals [26,102]. ORAA47 is a crucial regulator in the positive jasmonate-responsive feedback loop
owing to the activation of the JA biosynthesis gene AOC2 [103]. Jasmonate-responsive AtERF3 and
AtERF4 act as repressors to downregulate the expression of their respective target genes and interfere
with the activity of other activators [104]. JAZ repressors cannot repress the activity of the TFs directly,
indicating the existence of adaptors or co-repressors in the JA signaling pathway.

WRKY TFs play a critical regulatory role in confronting environmental stresses, as well as in
plant development and senescence. In Arabidopsis, WRKY70 [105], WRKY22 [106], WRKY50 [107],
WRKY57 [69], and WRKY89 [108], which are regulated by the JA signaling pathway, are particularly
associated with plant defense functions. In the Nicotiana attenuata, WRKY3 and WRKY6 increase the
levels of JA and JA-Ile by regulating the expression of jasmonate biosynthesis-related genes (LOX, AOS,
AOC, and OPR) [109]. In the Arabidopsis plant, WRKY57 combines with JAZ4 and JAZS to regulate
JA-induced leaf senescence [69].

Filamentous flower (FIL), a YABBY family TF, interacts with JAZ3 to regulate JA-mediated
responses, such as chlorophyll loss and anthocyanin accumulation [78]. Trichome initiation and
anthocyanin accumulation in plants are regulated by the WD-repeat-bHLH-MYB protein complexes.
JAZ1,JAZ8, and JAZ11 interact with these complexes and repress their transcriptional activity, leading
to the inhibition of anthocyanin accumulation and trichome initiation [70]. Plants biosynthesize JA-Ile
in response to environmental cues and induce the degradation of the JAZ proteins, thereby freeing the
WD-repeat-bHLH-MYB complexes and allowing them to regulate the expression of genes essential for
anthocyanin accumulation and trichome initiation [70,78].
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6. Roles of Jasmonic Acid in Alleviating Abiotic Stresses in Plants

6.1. Jasmonic Acid Signaling under Salt Stress

Salinity stress has both osmotic and cytotoxic effects on plant growth and development.
The endogenous JA content was increased in A. thaliana [110], tomato (Lycopersicon esculentum) [111],
and potato (Solanum tuberosum) [112] after salt treatment. Transcript profile analysis of stressed sweet
potato revealed that during salt stress JA level was significantly increased to cope with the effect of
salt stress [113]. The JA content increased immediately and persistently in the salt-sensitive plants,
whereas the changes were not significant in the salt-tolerant ones [112]. Exogenous MeJA increased
the tolerance of the black locust tree (Robinia pseudoacacia) to salt stress by increasing the activities of
superoxide dismutase (SOD) and ascorbate peroxidase (APX) [108]. These finding were similar to
those of Faghih et al. [114], who found that MeJA enhanced the activities of the APX, peroxidase (POD),
and SOD enzymes. These lines of evidence suggest that JAs can alleviate salt stress by increasing the
endogenous hormones and the antioxidative system.

6.2. Jasmonic Acid Signaling under Drought Stress

Drought stress or water deficit decreases turgor pressure, increases ion toxicity, and inhibits
photosynthesis. It has been reported in several studies that JA signaling pathways are associated with
the alleviation of drought stress. The increase in the endogenous JA content was rapid and transient in
A. thaliana [21] and citrus (Citrus paradisi X Poncirus trifoliata) [115] immediately after drought stress, but
the content decreased to the basal level with prolongation of the stress. MeJA treatment could improve
the drought resistance in peanut (Arachis hypogaea) [116], rice (Oryza sativa) [117], soybean (Glycine
max) [118], and broccoli (Brassica oleracea) plants [119]. The application of exogenous MeJA not only
increased the total carbohydrate, polysaccharide, total soluble sugar, free amino acid, total proline, and
protein contents, but also the activities of catalase (CAT), POD, and SOD in maize plants (Zea mays) [120].
In the broad bean (Vicia faba) and barley (Hordeum vulgare) plants, MeJA increased their abilities to
resist drought by regulating stomatal closure [121,122]. MeJA also increased the drought resistance of
cauliflower (B. oleracea) by activating the enzymatic (SOD, POD, CAT, APX, and glutathione reductase)
and nonenzymatic (proline and soluble sugar) antioxidative systems [119]. Therefore, MeJA effectively
improves the drought tolerance of plants by increasing the organic osmoprotectants and antioxidative
enzyme activity [123].

6.3. Jasmonic Acid Signaling under Heavy Metals Toxicity

Heavy metals can mimic the essential mineral nutrients and generate ROS. Several studies have
revealed that JA signaling pathways are associated with heavy metal toxicity. Exogenous MeJA could
alleviate the cadmium-induced damage in soybean (G. max) [124], A. thaliana [125], European black
nightshade (Solanum nigrum) [126], chili pepper (Capsicum frutescens) [127], and mangrove (Kandelia
obovata) plants by increasing the activities of SOD, APX, and CAT. MeJA mitigated the toxicity of
boron in the sweet wormwood (Artemisia annua) by reducing the amount of lipid peroxidation and
stimulating the synthesis of antioxidative enzymes [128]. In B. napus, oxidative stress was minimized
by MeJA through the induction of the expression of genes encoding antioxidants and secondary
metabolites [129]. Therefore, the exogenous application of MeJA effectively alleviates heavy metal
damage by increasing the levels of antioxidative enzyme activity and secondary metabolites.

6.4. Jasmonic Acid Signaling under Micronutrient Toxicity

Several reports have suggested that JAs can protect plants from the effects of micronutrient
toxicity. A high boron concentration is detrimental to plant growth and development [130,131]
as reported in the apple (Malus domestica) root stock [132], wheat (Triticum aestivum) [133], barley
(H. vulgare) [134], and tomato plants [135]. Treatment with exogenous MeJA could counter the boron
toxicity in plants by activating the antioxidative defense enzymes (CAT, POD, and SOD) and inhibiting
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lipid peroxidation [9,128]. JAs also play a crucial role in plant defense responses against lead (Pb)
stress. JA showed a reduction in Pb uptake and increased the growth of tomato plants when seeds
were primed with JA [136].

6.5. Jasmonic Acid Signaling under Freezing Stress

Low temperature or cold stress causes extracellular ice crystal formation and cell dehydration.
JA signaling plays a prominent role in the adaptation of plants to cold stress. The expression of the
MYC TFs and several cold-responsive genes (MaCBF1, MaCBF2, MaKIN2, MaCOR1, MaRD2, MaRD5,
etc.) was induced after the cold storage of bananas (Musa acuminata) [137]. MeJA could alleviate the
cold stress in the tomato [138], loquat (Eriobotrya japonica) [139], pomegranate (Punica granatum) [140],
mango (Mangifera indica) [141], guava (Psidium guajava) [142], cowpea (Vigna sinensis) plant [143],
and peach (Prunus persica) [144] by increasing the synthesis of antioxidants and the activation of
some defense compounds (e.g., phenolic compounds and heat shock proteins). These results suggest
that JAs can mitigate cold injury through their promotion of the active defense compounds and the
antioxidative system.

6.6. Jasmonic Acid Signaling under Ozone Stress

Ozone generates ROS that cause lesions and induce programmed cell death in plants. In wild-type
Arabidopsis, the JA content was found to be significantly increased after ozone treatment [145].
The spread of programmed cell death caused by ozone could be inhibited by exogenous treatment
with MeJA [145-148]. Moreover, the hybrid poplar (Populus maximowizii X P. trichocarpa) and tomato
(L. esculentum) showed reduced sensitivity to ozone after exogenous MeJA treatment [145,149]. Elevated
ozone activated the JA pathway in tomato plants which significantly up-regulated the emission rates
of volatile compounds for the protection of plants from natural enemies [150].

6.7. Jasmonic Acid Signaling under Light Stress

Fewer reports are available about the effects of light and the JA signal on plant growth and
development. In several studies, the JA signaling pathways in Nicotiana and Brassica species were
initiated by the JA biosynthesis induced by UVB treatment, which increased the defensive mechanisms of
the plants [151,152]. JA signaling had an effect on blue light-mediated light morphogenesis in A. thaliana
and tomato (L. esculentum) [153,154] and on red light/far-red light-mediated photomorphogenesis in
A. thaliana and rice (O. sativa) [152].

6.8. Jasmonic Acid Signaling under CO; Stress

There are few reports about the JA signal transduction pathway in plants under CO; stress,
however, these reports have varied for various plant and insect species [155-157]. Ballhorn et al.
reported that in lima bean (Phaseolus lunatus), the concentration of MeJA and cis-JA was increased at a
high concentration of CO; (500, 700, and 1000 ppm) [158]. An elevated level of CO; (750 ppm) increased
the defense mechanism of tomato plants against nematode by activating the JA- and SA-signaling
pathway [159]. The elevated level of CO; also increased the JA and main defense-related metabolites
in tobacco but decreased in rice [157].

7. Roles of Jasmonic Acid in Plant Species other than Angiosperms

The information herein regarding the biosynthesis and activities of JA and its derivatives is
related to angiosperms. Aside from the angiosperms, the bryophytes, lycophytes, fern (lycophytes
and ferns/horsetails, together known as pteridophytes), and gymnosperms have all been shown to
contain JA compounds, including the precursor 12-oxo-PDA. Among the multicellular sporophytes
(consisting of bryophytes and vascular plants), bryophytes such as the moss (Physcomitrella patens) and
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the liverwort (Marchantia polymorpha) produce 12-oxo-PDA but not JA [160,161], suggesting that only
the first half of the octadecanoid pathway in chloroplasts remains in the bryophytes.

Among the vascular plants, lycophytes (seedless vascular plants) such as the spikemoss
(Selaginella moellendorffii) have been shown to possess 12-oxo-PDA, JA, and JA-Ile, and the endogenous
concentrations of 12-oxo-PDA and JA were also transiently increased within 10 min after wounding [162].
Therefore, the evolution of the JA biosynthetic pathway after that of 12-oxo-PDA is related to the
plant acquisition of a vascular system. JA biosynthesis and its signal transduction pathway were
also observed in the fern (Pteridium aquilinum), where wounding stimulated 12-oxo-PDA and JA in
the plant [163], suggesting that JA and JA-Ile biosynthesis first emerged after the emergence of the
bryophytes in plant evolution.

Jasmonates also act as cellular signaling compounds in gymnosperms [164,165]. As shown in
several studies, the application of MeJA increased the resistance of the Norway spruce (Picea abies)
to the root pathogen Pythium ultimum Trow [166], induced the expression of the 14-3-3 gene in the
spruce plant [Picea glauca (Muench) Voss] [167], and accumulated a high amount of paclitaxel in several
Taxus species [168]. The accumulation of JA in response to wounding is a common physiological
feedback among all vascular plant species [1]. Therefore, JA has evolved as a plant hormone for stress
adaptation, beginning with the emergence of vascular plants.

8. Conclusions and Future Perspectives

JA and its derivatives play crucial roles in the defense and resistance of plants in response to
biotic and abiotic stresses. The roles of JAs in the plant defense responses and in growth protection
provide a direct way of alleviating the stresses. In the presence of abiotic stresses, JAs induce tolerance
chiefly by activating the plant’s defense mechanisms, which mainly involve the antioxidative enzymes
and other defensive compounds. Future studies will pinpoint how different environmental signals
are perceived by plants in the various components in the signaling pathways and the biosynthesis
of the JAs, especially in the initiation and establishment of cooperation between the TFs and JAZ
repressors during JA signal transduction. Future studies will also elucidate the molecular mechanisms
of JA movement through the transporter, resource allocation between growth- and defense-related
processes, synergistic or antagonistic interactions between JA and other hormonal signaling pathways.
Such works will expand our understanding of the molecular mechanisms underlying the actions of JA
against biotic and abiotic stresses.
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Abstract: Recently, plant secondary metabolites are considered as important sources of pharmaceuticals,
food additives, flavours, cosmetics, and other industrial products. The accumulation of secondary
metabolites in plant cell and organ cultures often occurs when cultures are subjected to varied kinds
of stresses including elicitors or signal molecules. Application of exogenous jasmonic acid (JA)
and methyl jasmonate (M]) is responsible for the induction of reactive oxygen species (ROS) and
subsequent defence mechanisms in cultured cells and organs. It is also responsible for the induction of
signal transduction, the expression of many defence genes followed by the accumulation of secondary
metabolites. In this review, the application of exogenous M]J elicitation strategies on the induction of
defence mechanism and secondary metabolite accumulation in cell and organ cultures is introduced
and discussed. The information presented here is useful for efficient large-scale production of plant
secondary metabolites by the plant cell and organ cultures.

Keywords: antioxidant enzyme activity; elicitor; methyl jasmonate; secondary metabolite;
signal molecules

1. Introduction

In plant defence systems, each cell has acquired the capability to respond to pathogens and
environmental stresses and to build up a defence response. A plant defence mechanism is determined
by several factors, mainly depending on their genetic characteristics and physiological state [1,2].
The supplementation of exogenous methyl jasmonate (M]) to in vitro cultures is responsible for the
induction of reactive oxygen species (ROS), regulation of defence response by an accumulation of
antioxidant enzyme activity [3,4]. On the other hand, MJ also stimulates molecular signal transduction,
regulation of gene expression which leads to accumulation of secondary metabolites [5,6].

Free radicals such as superoxide anion (O,°7), hydroxyl radical (*OH), as well as non-radical
molecules like hydrogen peroxide (H,0), singlet oxygen (1O,), are accumulated in plant cells in
response to stress mechanism [6,7]. Elicitation with MJ, salicylic acid (SA), environmental stresses, as
well as pathogens attack lead to enhanced generation of ROS in plants due to disruption of cellular
homeostasis [8,9]. When the level of ROS exceeds the defence mechanisms, a cell is said to be in a state
of “oxidative stress” [10]. Although all ROS are extremely harmful to organisms at high concentrations,
ROS are well-described second messengers in a variety of cellular processes including tolerance to
environmental stresses at low concentration [11]. ROS when present in lower concentration, control
many different processes in cells. However, higher concentration ROS in the cell is toxic and detrimental.
Therefore, it is necessary for the cells to control the level of ROS tightly to avoid any oxidative injury and
not to eliminate them completely [10]. The antioxidants enzymes include superoxide dismutase (SOD),
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catalase (CAT), guaiacol peroxidase (G-POD), enzymes of ascorbate-glutahione (AsA-GSH) cycle such as
ascorbate peroxidase (APX), monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase
(DHAR), and glutathione reductase (GR). While ascorbate (AsA), glutathione (GSH), carotenoids,
tocopherols, and phenolics serve as potent nonenzymic antioxidants within the cell, were achieved
scavenging or detoxification of excess ROS [10].

Application of exogenous MJ to in vitro cultures has emerged as a novel technique for a
hyperaccumulation of secondary metabolites. It has been demonstrated that application of MJ to
in vitro cultures has induced the antioxidant enzyme activity, expression of defence-related genes, and
over-production of secondary metabolites [3,4,12-14]. The process or methodology for enhancement
of secondary metabolites in Polygonum multiflorum adventitious and hairy roots cultures by application
of MJ has been presented in Figure 1. The first step is to establish an in vitro culture system, the second
step is the optimization of culture conditions for biomass accumulation in the bioreactor culture system.
Then, concentration and exposure time of MJ were determined in the third step, thereafter, scale-up of
culture process could be achieved up to pilot-scale. HPLC and Fourier-transform infrared spectroscopy
(FT-IR) analysis were applied to investigate the quality of bioactive compounds in the culture [15-17].
In this review, the role of M] on the induction of oxidative stress, antioxidant enzyme activity, signal
molecules transduction, and secondary metabolite accumulation in plant cell and organ culture system
are introduced and discussed.

Adventitious root system

Ex vitro plant In vitro plant

Hairy root system

FT-IR analysis * ) HPLC analysis *
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Figure 1. The experimental process of Polygonum multiflorum for enhanced production of secondary metabolites.

Pilot-scale culture

2. Jasmonic Acid (JA) and Methyl Jasmonate (M])

The Jasmonic acid (JA) and its derivatives were collectively called Jasmonates (JAs). JAs are
cyclopentanone compounds or plant hormones derived from a-linolenic acid. It includes a group of
oxygenated fatty acids, and JA is the main precursor of different compounds to this group like methyl
jasmonate (M]), which was first isolated from the essential oil of Jasminum grandiflorum [18], and the free
acid was isolated subsequently from the culture filtrates of the fungus Lasiodiplodia theobromae [19]. JAs
was synthesized from fatty acid including three steps. The first step occurs in the membrane chloroplast,
where o-linolenic acid and hexadecatrienoic acid were released from membrane phospholipids [20,21].
Lipoxygenase (LOX), allene oxide synthase (AOS), allene oxide cyclase (AOC) are key enzyme of JA
biosynthesis in chloroplast and they form (cis-(+)-12-oxophytodienoic acid (OPDA) and dn-OPDA
(dinor-OPDA) [22,23]. The second step of JAs synthesis takes place in peroxisome by the process of
-oxidation to give finally jasmonic acid [21,23]. In the final step, JA is exported to the cytoplasm for
further modification like MJ, JA-Ile (Figure 2) [21,24,25].
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Figure 2. Jasmonic acid and its derivatives.

Jasmonic acid (JA) and its precursors and derivatives are known to possess many physiological
processes in plant growth and development, and especially the mediation of plant responses to biotic
and abiotic stresses [26-28]. They have been used extensively for elicitation studies within in vitro
culture systems [29]. The elicitation process leads to crosstalk between jasmonates with their receptors
which are present in the plasma membrane, which leads an array of defence responses with the
cells, including the production of reactive oxygen species (ROS), reactive nitrogen species (RNS), and
induction of enzymes of oxidative stress protection [29]. This also leads to synthesis and accumulation
of signaling molecules such as JA, salicylic acid (SA), nitric oxide (NO), ethylene (ET) inside the cell
and subsequent regulation of gene expression involved in secondary metabolite production [5,30,31].
Therefore, a large number of chemicals such as JA, MJ, SA, ET, are used for elicitation studies in vitro.
However, MJ is the most commonly used elicitor which has shown a pronounced effect of accumulation
secondary metabolites in plant cell and organ cultures [29,30]. Giri and Zaheer et al. [29] reported that
M] was most abundantly used chemical elicitor (60% of reports) in in vitro culture system, followed by
SA and JA (approximately 15 and 10%, respectively). Cell suspension, adventitious roots and hairy
roots are commonly used as culture system followed by multiple shoots and embryos for elicitation
experiments [4,29,32].

3. Usage of Methyl Jasmonate (M]) on Oxidative Stress and Antioxidant Response

3.1. Summary of M] Elicitation Mechanism

Summary of MJ-treated elicitation mechanism is presented in Figure 3. In the first step, the elicitors
are perceived by the specific receptors localized in the plasma membrane, which initiates signalling
processes that activate plant defence mechanism [31]. Majority of the studies have revealed that
binding of elicitors to receptors leads to induction of pathogenesis-related proteins and the production
of ROS and RNS, enzymes of oxidative stress protection, the activation of defence-related genes [30-35].
During the process of signal transduction several processes such as protein phosphorylation, lipid
oxidation, enhanced antioxidant enzyme activity (SOD, G-POD, APX, CAT), and the activation and
the de novo biosynthesis of transcription factors and subsequent expression secondary metabolite
biosynthetic genes have been reported by several researchers [5,21].
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Figure 3. General mechanism after MJ perception. Abbreviations: ROS reactive oxygen species, SA
salicylic acid, JA jasmonic acid, ET ethylene, Oy~ superoxide anion, «OH hydroxyl radical, HyO,
hydrogen peroxide, SOD superoxide dismutase, CAT catalase, G-POD Guaiacol peroxidase, APX
ascorbate peroxidase.

3.2. Oxidative Stress-Induced by Methyl Jasmonate

Recent studies suggest that environmental stresses can increase the oxygen-induced damage to
cells due to increased generation of ROS. ROS brings about the peroxidation of membrane lipids,
which leads to membrane damage [13,27]. Some studies report that induction of oxidative stress
has been observed in plants exposed to MJ and SA [36-38]. In agreement with these early studies,
exposure to MJ significantly increased the MDA content, an index of lipid peroxidation. O2~ is known
to be harmful to all membrane constituents (Figures 3 and 4A). The accumulation of MDA content
increased significantly in the MJ exposed roots of Cnidium officinale compared to the control (Figure 4A).
This suggests that M] lead to the production of O,e~, ¢OH resulting in increased lipid peroxidation.
In other studies, the better protection in P. ginseng seems to result from the more efficient antioxidative
system while a significant increase in MDA level in M]-treated roots appeared to be derived from
lower to increased activities of the enzymes [13,14].

3.3. Antioxidant Response

M] is generally considered to modulate many physiological events in higher plants, such as
defence responses, flowering and senescence [13,39]. Plants respond to a variety of environmental
stresses (biotic and abiotic) through induction of antioxidant defence enzymes that provide protection
against further damage [8,40]. Stress tolerance is closely related to the efficiency of antioxidant enzymes
and these antioxidant enzymes and metabolites are reported to increase under various environmental
stresses [8,12,41]. Numerous studies have demonstrated that MJ plays a key role in the enhancement
of antioxidant enzymes activity such as APX, DHAR, MDHAR, AO, GR, GST, GPX, G-POD, CAT, SOD.
Ali et al. [12] achieved that induced activity of SOD, G-POD and reduced ascorbate (ASC) contents
indicated that antioxidants played an important role for protecting cells from MJ elicitation in Panax
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ginseng and Panax quinquefolium adventitious root cultures. In the apoplast and symplast of roots of
sunflower (Helianthus annuus L.) seedlings, MJ-elicited roots showed a fast increase in ROS content,
followed by a marked increase in the activity of H,O,-scavenging enzymes, G-POD, APX and CAT.
The mechanisms responsible for MJ-induced H,O, accumulation was investigated further by studying
both the production and scavenging of H,O; in the extracellular matrix [42].
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Figure 4. Effect of MJ on malondialdehyde (MDA) content (A), and antioxidant enzyme activity (B,C)
in adventitious root cultures of Cnidium officinale. SOD superoxide dismutase, CAT catalase, G-POD
guaiacol peroxidase, APX ascorbate peroxidase. Values represent mean + SE (1 = 3).

The effects of MJ on the accumulation of antioxidant enzyme activity in adventitious root culture
of Cnidium officinale has been presented in Figure 4B,C. The activity of SOD was significantly decreased
in MJ-treated roots, while the accumulation of H,O, was increased compared to control (un-treated
roots). M]J treatments resulted in a significant increase in G-POD and APX activity which were
approximately 1.33 and 1.48-fold higher than the control, respectively. However, the CAT activity was
slightly decreased in C. officinale adventitious roots treated with MJ. Similar results were also reported
by Ali et al. [13] in P. ginseng adventitious root cultures.

The main detoxifying enzymes in oxidative stress are SOD, APX, CAT and G-POD,
monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR), and glutathione
reductase (GR) also showed an important role in scavenging stress-induced ROS generated in
plants [10,13,14]. These enzymes operate in different subcellular compartments and respond in concert
when cells are exposed to oxidative stress [10]. SOD plays a central role in defence against oxidative
stress in all aerobic organisms [37]. The enzyme SOD belongs to the group of metalloenzymes and
catalyses the dismutation of Oe~ to O, and H,O,, which in turn is detoxified by CAT or G-POD or
APX reactions (Figure 3). Therefore, the control of the steady-state Oe~ levels by SOD is an important
factor for protecting the cells against oxidative damage. Therefore, SOD is usually considered the first
line of defence against oxidative stress [13,14,40,43]. CAT was the first enzyme to be discovered and
characterized among antioxidant enzymes. It is a ubiquitous tetrameric heme-containing enzyme that
catalyses the dismutation of two molecules of H,O, into H,O and O,. G-POD is a heme-containing
protein, preferably oxidizes aromatic electron donor such as guaiacol and pyrogallol at the expense
of H,O,. APX s a central component of AsA-GSH cycle and plays an essential role in the control
of intracellular ROS levels. APX uses two molecules of AsA to reduce H,O, to water with a
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concomitant generation of two molecules of MDHA [10,11,44-46]. Farooq et al. [47] reported that
the application of M] minimized the oxidative stress, as revealed via a lower level of ROS synthesis
in leaves of Brassica napus. This study also indicates that M] plays an effective role in the regulation
of multiple transcriptional pathways which were involved in oxidative stress responses, therefore
enhanced enzymatic activities and gene expression of important antioxidants (SOD, APX, CAT, POD),
secondary metabolites.

3.4. Signaling Pathway-Mediated Secondary Metabolite Accumulation in Plant Cell and Organ Cultures

Polyunsaturated fatty acids can produce signals, such as oxylipins, which include JA, JA methyl
ester, JA amino acid conjugates, and further JA metabolites [48,49]. JA and its derivatives are known
as the signalling molecules that can induce the biosynthetic enzymes involved in the formation of
secondary metabolites in ginseng as shown in Figure 5 [5,50]. Zhao et al. [31] reported that exogenous
application of MJ could induce endogenous JA biosynthesis, which stimulates expression of saponin
biosynthetic genes in ginseng. Kim et al. [51] reported that the expression of farnesyl pyrophosphate
synthase (FPS) was induced by MJ and produced the farnesyl diphosphate precursor for squalene
biosynthesis. The transcription level of squalene synthase (SS) and squalene epoxidase (SE), key genes
in ginseng biosynthesis was enhanced by M] treatment in P. notoginseng and P. ginseng [5,51].

A Elicitation ——Ca?* spiking
——NO production
= Singlet oxygen
ce
T3 H.0,
- ——Jasmonic acid
B E

—Ethylene

Chloroplast

Figure 5. Schematic illustration of the sequential signalling pathways activated in elicited ginseng (A). Model
of cross-talk between different signal transductions (B). Cross talk between different signalling molecules is
shown by bold arrows. ACC 1-aminocyclopropane-1-carboxylic acid, ACS 1-aminocyclopropane-1-carboxylic
acid synthase, ACO 1-aminocyclopropane-1-carboxylic acid, AOS allene oxide synthase, f-ASbeta-amyrin
synthase, DDS dammarenediol synthase, 12,13-EOT 12,13(S)-epoxyoctadecatrienoic acid, H,O, hydrogen
peroxide, 13-HPOT (13S)-hydroperoxyoctadecatrienoic acid, JA jasmonic acid, LOX lipoxygenase, NO
nitric oxide, NOS nitric oxide synthase, O, superoxide radical, OPR oxophytodienoate reductase,
PLA phospholipase, SS squalene synthase, SE squalene epoxidase, TFs transcription factors, UGRAGT
UDPG/ginsenoside Rd glucosyltransferase (Adapted from Rahimi et al. [5]).

The treatment of in vitro cultures with MJ may induce cross-talks between different signal
transduction (auxin, ET, ABA, SA, GA, Ca?t, 0,7, HyO,, NO) as in the case in vivo systems. JA
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signalling pathway triggers COL1 (coronatine insensitivel) gene in Arabidopsis, which encode F-box
protein and involved in ubiquitination and removal of repressors of the JA signalling pathways [52].
Similarly, two other genes JARI (Jasmonate resistant1) and JIN1 (Jasmonate insentivel and JINT are also
known as MYC2) were identified in Arabidopsis, which are involved in conjugation of jasmonic acid to
Ile [53] and transcription regulation of JA-responsive genes, respectively [54]. Another protein JAZ
(Jasmonate zim domain) mediates the interaction between JAZ and COL1 or other transcriptional factors.
COL1 protein, JAZ, and MYC2 constitute the core signal transduction mechanism of JA signalling and
also responsible interaction with other transduction pathways [55]. For example, NtCOL1, NtJ/AZ,
NtMYC24/2b are responsible for nicotine biosynthesis in Nicotiana tabacum [55]. JA and auxin singling
pathways participate in crosstalk and regulate various plant responses via COL1, MYC2 and JAZ
components. When plants are activated with exogenous auxin, the auxin-TIR-AUX/IAA-ARF signalling
is activated, which leads to JA synthesis. Contrarily, the endogenous JA induces the expression of
auxin synthase gene (ASA1) and auxin levels, which leads the regulation of JAZ1 [55]. During JA and
ET crosstalk ET3 (Ethylene insensitive3, which is involved in ET signalling pathway) and JAZ-MYC2
(which is involved in the JA signalling pathway) will interact and regulate the stress responses [55].
During JA and ET crosstalk JA and ET may antagonise or coordinately regulated the plant stress
responses. At the time of ABA and JA signalling pathways, JAZ-MYC2 participates in the crosstalk
between JA and ABA and they regulate the plant responses coordinately. ABA receptor PYL (Pyrabactin
resistancel-like proteins) interacts with the JA signalling pathway in many plants [55]. The crosstalk
between JA and SA signalling pathways involves many components such as MAPK (mitogen-activated
protein kinase), GRX (redox regulators of glutathione) and TRX (thioredoxin). It was demonstrated
that JA signalling inhibits SA biosynthesis and accumulation [55]. JA and GA singling pathways
regulate plant responses either coordinately or antagonistically. The interaction between JA and SA
was brought about by the C-terminus of JAZs with that of MYC2 or DELLA proteins. DELLA interacts
with JAZ to release MYC2, leads to activation of MYC2 genes. Concurrently, DELLA interacts with
JAZ to inhibit the expression of JA biosynthetic genes via MYB21 and MYB24. Within vitro cultures of
ginseng, elicitation with MJ induces crosstalk between M] and Ca%*, 0, (superoxide radical), HyO»,
NO, ethylene and JA have been reported [5]. In the beginning, calcium signalling flux is required for
further signalling, then both HO, and JA mediate early responses, whereas ethylene production is the
late response in elicitor-induced for saponin biosynthesis (Figure 5) [5,56,57].

4. Usage of Methyl Jasmonate (M]) in Plant Cell and Organ Cultures

4.1. Application of M] for Enhancing Secondary Metabolite in In Vitro Culture System

The metabolic profiling of a plant is influenced by various micro-environmental and macro-
environmental conditions. The plant responds to its surrounding environmental factors (as biotic and
abiotic stress) through the stimulation of secondary metabolism to produce the desired compounds
needed for its survival, the process is known as elicitation [58-62]. In recent days, MJ has been
used extensively for elicitation studies involving in vitro culture systems such as cell suspension,
adventitious root, hairy root and multiple shoot culture system (Table 1). Figure 6 shows the effect of MJ
on phenolic compound production in adventitious root culture of Cnidium officinale. The adventitious
roots treated with 100 uM M] led to significantly higher yields (two-fold increment) of total phenolic
compounds compared with the control treatments. These results corroborate the data for antioxidant
enzyme activity (Figures 3 and 4). Elicitor treatment might have resulted in the production of ROS due
to stress. In order to mitigate the effects of ROS, plant tissues exhibit a stimulated antioxidant enzyme
activity leading to an increased production of secondary metabolites [14,63,64]. Han and Yuan [65]
indicated that activation of phenylalanine ammonia-lyase (PAL) activity and accumulation of phenolic
compounds is regulated by the oxidative burst in suspension culture of Taxus cuspidata, that is believed
to change the membrane permeability and lead to the induction of secondary metabolism.
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Figure 6. Effect of MJ on phenolic compounds production in Cnidium officinale adventitious root culture.

M]J treatment stimulates the biosynthesis of secondary metabolites in plant cell cultures via a large
number of control points and triggers the expression of key genes that increase cellular activities at
biochemical and molecular levels through the involvement of signal compounds [29]. It also plays a
role in the signal transduction, which speeds up enzyme catalysis, thereby leading to the formation of
specific compounds such as polyphenol, terpenoids, flavonoids, and alkaloids [4,30]. Ho et al. [62]
reported that phenolic levels increased approximately 2-fold in adventitious root samples treated
with 50 uM M]J (22.08 mg-g~! DW) versus the control (10.08 mg-g~! DW) in Polygonum multiflorum.
In addition, hairy root cultures of P. multiflorum, the highest total phenolic content (52.87 mg-g~! DW)
was 3.4-fold higher than the control, especially, MJ treatment led to significantly higher levels of almost
all individual phenolics, such as 1.13-fold increase of physcion, 3.83-fold of quercetin, 1.58-fold of
kaempferol, 5.48-fold of p-hydroxybenzoic acid, and 4.3-fold of salicylic acid [62]. Level of ginsenoside
accumulation showed a seven-fold enhancement in the adventitious root cultures treated with 100 uM
M] when compared to the control [66]. M] at 100 uM enhanced the maximum production of xanthotoxin
and bergapten at 1.1-fold and 39.6-fold higher than control in Changium smyrnioides, respectively [67].

Optimization of MJ concentration, the growth stage and exposure time of cultures are important
critical factors for improving secondary metabolite synthesis [29,66]. Elicitation with 100 uM M] influenced
silymarin pigment accumulation in cell culture of Silybum marimum after 3 days of treatment [68]. In another
report, elicitation with 4 uM M]J for 2 weeks resulted in a 6.5-fold enhancement of solasodine content
(9.33 mg g~! DW) than un-elicited hairy root cultures of Solanum trilobatum [69]. In addition, increasing
of withanolide derivatives accumulation (14-fold) was achieved in 40-day-old hairy roots elicited with
15 uM MJ for 4 h exposure time [70]. In the previous studies on P. multiflorum, the phenolic compound
in adventitious root culture reached to 2-fold higher than the control after 7-days treatment with 50 uM
MyJ, whereas 3.4-fold higher was observed in hairy roots after 5-day of exposure time [34,62]. Besides, an
increase in 4.5-fold of triterpenoid in hairy root cultures of Centella asiatica was reported [71]. Treatment of
cultures with 100 uM M] for 6 days has been reported to influence the accumulation of both phenolic and
tanshinones in Salvia miltiorrhiza hairy root cultures [72].
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4.2. Application of M] for Enhancement of Secondary Metabolites in Bioreactor Cultures

Inhibition of root growth and decreased biomass accumulation are the major challenges with
M] treated cell and organ suspension cultures, this might be due to enhanced accumulation of ROS,
which adversely affects root biomass. Airlift bioreactors appear to be ideal for plant cell and organ
cultures by efficiently controlling the culture environment, foam generation, shear stress, and oxygen
supply [78,83,84]. They are suitable for the cultivation of cell, hairy root, adventitious root and embryo
suspension cultures of various medicinal plants [32,78,84,85], and are also applied in MJ treatment to
reduce the inhibition of root biomass by two 2-stage cultures. The first step involves the optimization of
root growth in bioreactors without elicitor and then concentration and time of elicitor application will
have to be standardized in the second step. A numerous study has been reported in using balloon-type
bubble bioreactor (BTBB) for both biomass production and enhancement of secondary metabolite
treated with MJ. After 6 weeks of culture, the addition of 50 uM M] for 1 week was found to be the
optimal concentration for eleutheroside B and E, and chlorogenic acid production in adventitious root
culture of Eleutherococcus koreanum [80]. Thanh et al. [80] used 200 uM M]J on day-15 during culture
period in cell suspension culture of Panax ginseng showed the highest ginsenoside yield after 8 days
of treatment. The ginsenoside, Rb group and Rg group content increased 2.9, 3.7, and 1.6-fold after
treatment, respectively. In the study of the somatic embryo of Eleutherococcus senticosus, the total
eleutheroside was increased 7.3-fold after treated with 200 uM M]J [83]. The maximum content of
salidroside (4.74 mg-g~! DW) was observed at 125 uM MJ, which was 5-fold higher than the control
in Rhodiola sachalinensis callus culture [81]. Jiang et al. [80] reported that when added 200 uM M]J to
culture medium after 30 days of culture, maximum productivity of bioactive compound was found
8 days after treatment in the adventitious culture of Olopanax elatus.

The effect of MJ on biomass and secondary metabolite production in adventitious root culture
of Polygonum multiflorum and Echinacea purpurea is presented in Table 2 and Figure 7. The treatment
with MJ inhibited root growth in both medicinal plants after 7 days of treatment. The biomass was
decreased by 5.8% (in DW) of P. multiflorum and 22.97% (in DW) of E. purpurea. The roots also turn
to brown with such treatments (Figure 7). However, MJ at 50 uM enhanced the phenolic content
approximately 2-fold in P. multiflorum compared to non-treated, and also reached to higher the total
phenolic compounds when compared to field-grown plants (Table 2). Whereas, total caffeic acid
derivatives in E. purpurea was also increased 1.16-fold compared to the control with the treatment of
200 uM M]J. Moreover, total productivity was also increased in both plants with 1.92-fold and 1.12-fold
compared with non-treated roots.

Table 2. Effect of MJ on the accumulation of biomass and secondary metabolites in Polygonum multiflorum
and Echinacea purpurea adventitious root culture system.

Dry Matter Growth Total Bioactive Total
Systems FW (g'L-1) DW (g'L™1) ry(o/ ) Ratio Compounds Productivity
° ato (mg-g"1 DW) Y (mg-L-1) *

Polygonum multiflorum ™
Control 93.95 +£3.23 10.61 + 0.32 11.30 £ 0.11  20.23 + 0.64 11.20 £ 0.17 118.82 + 1.78

MJ50 90.09 + 1.51 9.99 +0.23 11.10 £ 044 1898 +0.46 22.83 +0.30 228.08 + 3.00

5-year-old root 24.78 +0.82
Echinacea purpurea ¥

Control 83.81 +2.12 8.10 £ 0.72 9.63 + 0.64 15.19 + 1.45 2522 +1.27 204.16 +10.24

MJ200 67.26 +1.72 6.24 + 0.40 9.27 £ 0.53 11.48 + 0.80 38.32 + 0.34 239.20 + 4.44

Data present mean + SE. ¥ Adventitious root of E. purpurea culture in 20-L bioreactor in 3 weeks, treated with 200 uM
MyJ for 7 days before harvest. ¥ Adventitious root of P. multiflorum culture in 20-L bioreactor in 3 weeks, treated
with 100 pM M]J for 7 days before harvest. * Total productivity (mg-L™! medium) = Total bioactive compound
content (mg-g~' DW) x DW (mg-L™!). ¥ Total bioactive compounds (mg-g~! DW) = Total phenolic compounds in
P. multiflorum, and total caffeic acid derivatives in E. purpurea. * Growth ratio = (DW—Initial DW)/ Initial DW.
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Figure 7. Effect of MJ on biomass production in Polygonum multiflorum and Echinacea purpurea
adventitious root culture system. (A,B) control and 100 uM M] in P. multiflorum, (C,D) control and
100 uM M]J in E. purpurea, respectively.

In addition, the treatment of MJ for improving bioactive compounds is also successfully applied
in pilot-scale bioreactors up to 10,000 L [3,84-86]. A pilot-scale (500-L) bioreactor cultures were
established in adventitious root culture of Echinacea angustifolia [87]. In this study, the authors achieved
that although root biomass and growth ratio slightly decreased in the 500-L BTBB compared to
the 5- and 20-L BTBBs, the highest concentrations of total phenolics (60.41 mg~g‘1 DW), flavonoids
(16.45 mg-g~! DW), and total caffeic acid derivatives (33.44 mg-g~! DW) were observed in the 500-L
BTBB when added 100 uM M] in the culture after 4 weeks. Especially, the accumulation of echinacoside
(the major bioactive compound) in M]J-treated adventitious roots grown in the 500-L bioreactor was
the highest (12.3 mg-g~! DW), which is approximately three-fold higher than the non-MJ-treated
roots cultured in 5- and 20-L bioreactors [80]. Baque et al. [88] achieved the highest accumulation of
secondary metabolites in Morinda citriflora adventitious root cultures and cultures which were treated
with 100 uM MJ after 4 weeks of culture. They reported higher accumulation of anthraquinones
(205.75 mg-g~! DW), phenolics (90.26 mg-g~! DW) and flavonoids (93.34 mg-g~! DW) in pilot-scale
(500-L) bioreactor cultures when compared to small-scale bioreactor (3-L) cultures (approximately
1.8-fold, 1.3-fold, and 1.55-fold, respectively). In summary, two-stage culture systems should be
addressed within in vitro culture system. First, a stage cultivation of cell suspension, adventitious
roots and hairy roots for biomass production, followed by addition of MJ (at potential concentration
and exposure time) in the second stage for enhancing metabolite production without decreasing root
biomass. The application of scale-up bioreactor cultures is promising in the production of biomass and
bioactive compounds and such materials/products will provide material for the pharmaceutical and
cosmetic industry.

4.3. Effect of M] on Gene Expression and Secondary Metabolite Accumulation

The variation of the expression of genes encoding key enzymes in a biosynthetic pathway directly
influences the accumulation of the corresponding secondary metabolites [72,89,90]. The expression
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levels of the genes responsible for PAL, hydroxycinnamate coenzyme A ligase (4CL), cinnamic
acid 4-hydroxylase (C4H), tyrosine aminotransferase (TAT), 4-Hydroxyphenylpyruvate reductase
(HPPR), and rosmarinic acid synthase (RAS) were enhanced after 6-days of M] treatment [72]. These
enzymes were involved in the phenolic acid biosynthetic pathways which resulted in 197-fold
increment phenolics in Salvia miltiorrhiza hairy roots [66]. Rahimi et al. [5] also demonstrated the
enhanced regulation of genes involved in MEP (methylerythritol phosphate) and MVA (mevalonate)
pathways with the treatment of M], in Panax ginseng [5]. Genes involved in andrographolide
(diterpene) synthesis were influenced by MJ treatment in Andrographis paniculata [91]. The MEP
pathway genes namely DXS (1-deoxy-p-xylulose 5-phosphate synthase), DXR (1-deoxy-D-xylulose
5-phosphate reductoisomerase), HDS (4-hydroxy-3-methylbut2-enyl-diphosphate synthase) and ISPH
(1-Hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate reductase) were up-regulated under MJ stimulation.
Similarly, genes involved in the MVA pathway specially HMGS (3-hydroxy-3-methylglutaryl-Co-A
synthase) and HMGR (3-hydroxy-3-methylglutaryl-CoA reductase) were also enhanced (Figure 8)
by M] treatment. A number of studies demonstrated that MJ treatment affected on MEP and MVA
pathways and secondary metabolites biosynthesis [5,73,92,93].
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Figure 8. Andrographolide biosynthetic gene activation by MJ elicitation in Andrographis paniculata [91].
Dashed blue arrows show the relationship between M] signalling and andrographolide biosynthetic genes.
HMG-CoA, 3-Hydroxy-3-methylglutaryl CoA. MVA, mevalonic acid. MVAP, mevalonic acid 5-phosphate.
MVAPP, mevalonic acid 5-diphosphate. IPP, isopentenyl diphosphate. DMAPP, dimethylallyl diphosphate.
MEP, 2-C-methyl-D-erythritol 4-phosphate. CDP-ME, 4-diphosphocytidyl-2-C-methyl-p-erythritol.
CDP-MEP, 4-diphosphocytidyl2-C-methyl-D-erythritol 2-phosphate. ME-cPP, 2-C-methyl-D-erythritol
2,4-cyclodiphosphate. HMBPP, 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate. Enzymes of the MVA
pathway: HMGS, HMG-CoA synthase. HMGR, HMG-CoA reductase. MVK, MVA kinase. PMK,
MVAP kinase. PMD, MVAPP decarboxylase. Enzymes of the MEP pathway: DXS, DOXP synthase.
DXR, DOXP reductoisomerase. CMS, CDP-ME synthase. CMK, CDP-ME kinase. MCS, ME-2,4cPP
synthase. HDS, HMBPP synthase. HDR, HMBPP reductase, ISPH, 1-Hydroxy-2-methyl-2-(E)-butenyl
4-diphosphate reductase.
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Abbreviations

4CL Hydroxycinnamate coenzyme A ligase
AOC Allene oxide cyclase

AOS Allene oxide synthase

APX Ascorbate peroxidase

ASA Ascorbate

AsA-GSH Ascorbateglutahione

C4H Cinnamic acid 4-hydroxylase

CAT Catalase

DHAR Dehydroascorbate reductase

DXS 1-Deoxy-d-xylulose 5-phosphate synthase
ET Ethylene

FT-IR Fourier-transform infrared spectroscopy
GGPPs Geranylgeranyl diphosphate synthase
G-POD Guaiacol peroxidase

GR Glutathione reductase

GSH Glutathione

H,O, Hydrogen peroxide

HDR 1-Hydroxy-2-methyl-2-(E)-butenyl-4-diphosphate reductase
HPLC High-performance liquid chromatography
HPPL 4-Hydroxyphenylpyruvate reductase
ISPH 1-Hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate reductase
JA Jasmonic acid

JAs Jasmonate

JA-Ile (+)-7-iso-jasmonoyl-L-isoleucine

LOX Lipoxygenase

MJ Methyl jasmonate

MEP Methylerythritol phosphate

MDHAR Monodehydroascorbate reductase

MVA Mevalonate

NO Nitric oxide

PAL Phenylalanine ammonia-lyase

RAS Rosmarinic acid synthase

RNS Reactive nitrogen species

ROS Reactive oxygen species

SA Salicylic acid

SOD Superoxide dismutase

TAT Tyrosine aminotransferase
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Abstract: Characteristic aroma formation in tea (Camellia sinensis) leaves during the oolong tea
manufacturing process might result from the defense responses of tea leaves against these various
stresses, which involves upregulation of the upstream signal phytohormones related to leaf
chloroplasts, such as jasmonic acid (JA). Whether chloroplast changes affect the formation of JA and
characteristic aroma compounds in tea leaves exposed to stresses is unknown. In tea germplasms,
albino-induced yellow tea leaves have defects in chloroplast ultrastructure and composition.
Herein, we have compared the differential responses of phytohormone and characteristic aroma
compound formation in normal green and albino-induced yellow tea leaves exposed to continuous
wounding stress, which is the main stress in oolong tea manufacture. In contrast to single wounding
stress (from picking, as a control), continuous wounding stress can upregulate the expression
of CsMYC2, a key transcription factor of JA signaling, and activate the synthesis of JA and
characteristic aroma compounds in both normal tea leaves (normal chloroplasts) and albino tea
leaves (chloroplast defects). Chloroplast defects had no significant effect on the expression levels of
CsMYC2 and JA synthesis-related genes in response to continuous wounding stress, but reduced
the increase in JA content in response to continuous wounding stress. Furthermore, chloroplast
defects reduced the increase in volatile fatty acid derivatives, including jasmine lactone and green leaf
volatile contents, in response to continuous wounding stress. Overall, the formation of metabolites
derived from fatty acids, such as JA, jasmine lactone, and green leaf volatiles in tea leaves, in response
to continuous wounding stress, was affected by chloroplast defects. This information will improve
understanding of the relationship of the stress responses of JA and aroma compound formation with
chloroplast changes in tea.

Keywords: albino; aroma; Camellia sinensis; chloroplast; jasmonic acid; light-sensitive; stress; tea; volatile
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1. Introduction

Plants generally synthesize large amounts of volatile compounds in response to environmental
stresses. These volatile metabolites contribute to plant defense against environmental stresses [1,2]
and can also be regarded as important quality components in crops [3]. Utilizing the stress response
to improve the natural quality components of horticultural crops has recently attracted increasing
attention. Tea (Camellia sinensis) plants are famous horticultural and representative plants in China,
with their leaves used to make the second most popular beverage, globally, after water. Aroma is an
important factor affecting the character and quality of tea [4]. Aroma formation in tea leaves can result
from the defense responses of tea leaves against various stresses during the preharvest (tea growth)
and postharvest (tea manufacture) processes [3,4]. During tea growth, attack by insects, such as tea
green leafhoppers [5,6], and light conditions, such as dark, blue-light, and red-light treatments [7,8],
can significantly increase endogenous aroma compounds or produce new aroma compounds in tea
leaves. During the tea manufacturing process, especially that of oolong tea, tea leaves are exposed to
various stresses, including plucking (wounding), solar withering (drought, heat, and UV radiation),
indoor withering (drought), and turnover (continuous wounding) [5,9]. Aroma formation in tea
leaves during the oolong tea manufacturing process might result from the defense responses of
tea leaves against these various stresses [3]. For example, levels of three characteristic aroma
compounds, including indole, jasmine lactone, and (E)-nerolidol, were significantly enhanced during
the turnover stage of oolong tea manufacture owing to continuous wounding stress [9-13]. As these
aroma compounds are biosynthesized through different metabolic pathways, it has been proposed
that common upstream signals regulate the multiple biosynthetic pathways of tea aromas under
these stresses [3]. Phytohormones, especially jasmonic acid (JA), have been reported to regulate
the biosynthesis of volatiles and act as important upstream signal chemicals [14]. Several studies
have shown that JA is involved in the formation of tea aroma compounds [15,16]. In some plants,
the main upstream synthetic pathways involved in JA formation (linoleic acid (LA) is released from
chloroplast lipids, then converted to 12-oxo-phytodienoic acid by lipoxygenases (LOX), allene oxide
synthase (AOS), and allene oxide cyclase (AOC) as catalysts) have been reported to mostly occur in
the chloroplast [17-20]. In our previous study, CsAOS2 isolated from Camellia sinensis was found to
have a role in JA synthesis, and was located in the chloroplast membrane [21]. This suggested that
chloroplasts might be related to JA synthesis in tea. This inspired our interest in whether chloroplast
defects affect JA synthesis and, consequently, aroma formation in tea leaves.

Generally, tea cultivars naturally grown as green leaves are usually processed into tea products.
However, tea mutants whose young shoots are grown in white or yellow color in some conditions
have recently attracted a significant increasing attention from the researchers and manufactures
in the related areas, because they are supposed as potential raw materials to be processed into
“high-quality” tea products [22]. Light-sensitive and low-temperature-sensitive types are mainly
albino teas, and their new grown shoots exhibit white or yellow color [23,24]. In light-sensitive
mutants, strong light illumination is a determinant factor, while in low-temperature-sensitive types,
low temperature is a prerequisite [25-27]. Former studies showed that a significant deficiency of
chlorophylls mainly result in white or yellow shoots in these albino tea mutants [23,24,28]. In some
recent studies, the samples used to investigate the underlying mechanism of albino tea leaves are
under different genetic background, geography, climate, amongst other factors. Therefore, to avoid
the interference from these factors, C. sinensis cv. Yinghong No. 9 (an original cultivar grown with
green leaves), and its light-sensitive mutant (albino-induced yellow leaves in strong light illumination)
were collected in pairs under the same growth conditions as used in our previous experiments [22,28].
This light-sensitive mutant shared the same genetic background of the original cultivar. Under no-stress
conditions, the freshly picked albino-induced yellow tea leaves had lower contents of free tea aroma
compounds than the freshly picked normal green tea leaves [22]. Furthermore, the albino-induced
yellow tea leaves had defects in the chloroplast ultrastructure and composition [28]. This allowed us
to use albino-induced yellow tea leaves as a model for studying the influence of chloroplast defects
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on the formation of characteristic aroma compounds in tea leaves exposed to continuous wounding
stress, which is a major stress in the oolong tea manufacturing process. In this study, we compared the
endogenous free tea aroma compound contents of yellow leaves and green leaves either under single
wounding stress (from picking, as a control) or continuous wounding stress (from tea manufacture).
Furthermore, expression levels of key synthetic genes involved in the formation of characteristic aroma
compounds in both tea leaves under continuous wounding stress were investigated. Finally, the tea
aroma formation-related upstream signals in both tea leaves under continuous wounding stress
were studied.

2. Results

2.1. Effect of Chloroplast Defects on Characteristic Aroma Compound Contents in Response to Continuous
Wounding Stress

We first investigated whether chloroplast defects affected the characteristic aroma compound
contents in response to continuous wounding stress. The mass chromatogram of identified aroma
compounds is shown in Figure S1. When tea leaves are picked, they are exposed to a single wounding
stress as one main stress. Therefore, picked tea leaves left to stand for a certain time were the single
wounding stress treatment group used as a control. Stress-induced aroma compound formation mainly
occurs during the turnover stage of oolong tea manufacturing process, which involves continuous
wounding stress. A shaking machine was employed to simulate continuous wounding stress from the
turnover stage. Tea leaves subjected to this processing were regarded as the continuous wounding
stress treatment group. In contrast to single wounding stress, continuous wounding stress upregulated
the contents of (E)-nerolidol, jasmine lactone, and green leaf volatiles (including (Z)-3-hexenol,
1-hexenal, and 2-hexenal), and indole, and reduced the linalool content (Figure 1). Chloroplast defects
reduced the accumulation of volatile fatty acid derivatives, including jasmine lactone and green leaf
volatiles (Figure 1B), but had no significant effect on (E)-nerolidol and indole accumulation in response
to continuous wounding stress (Figure 1A,C).
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Figure 1. Changes in contents of characteristic aroma compound biosynthetic genes of normal tea leaves
and albino tea leaves exposed to single wounding treatment and continuous wounding treatment,
respectively. Data are expressed as mean £+ SD (n = 3). * p < 0.05; **, p < 0.01, comparison
between single wounding treatment and continuous wounding treatment at the same treatment time.
(A) Volatile terpenes. (B) Volatile fatty acid derivatives. (C) Indole.

2.2. Effect of Chloroplast Defects on Expression Levels of Characteristic Genes for Aroma Compound
Biosynthesis in Response to Continuous Wounding Stress

We next investigated whether chloroplast defects affected the expression levels of characteristic
genes for aroma compound biosynthesis in response to continuous wounding stress. In contrast
to single wounding stress, continuous wounding stress upregulated the expression levels of key
characteristic genes for aroma compound biosynthesis, including CsNESI and CsNES2 (responsible for
(E)-nerolidol synthesis), CsLIS (responsible for linalool synthesis), CsLOX1, CsLOX2, and CsHPL
(responsible for jasmine lactone and green leaf volatile syntheses), and CsTSB2 (responsible for indole
synthesis). No significant difference was observed in the continuous wounding response patterns of
most characteristic genes for aroma compound biosynthesis between normal tea leaves and albino
tea leaves, while CsHPL expression was upregulated only in normal tea leaves exposed to continuous
wounding stress (Figure 2B). This suggested that chloroplast defects affected CsHPL expression,
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which might lead to less accumulation of green leaf volatiles in albino tea leaves exposed to continuous
wounding stress (Figure 1).
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Figure 2. Changes in expression level of characteristic aroma compound biosynthetic genes of normal
tea leaves and albino tea leaves exposed to single wounding treatment and continuous wounding
treatment, respectively. Data are expressed as mean =+ SD (1 =3). * p < 0.05; ** p < 0.01, comparison
between single wounding treatment and continuous wounding treatment at the same treatment time.
NES, (E)-nerolidol synthase; LIS, linalool synthase; LOX, lipoxygenase; HPL, hydroperoxide lyase; TSA,
tryptophan synthase a-subunit; TSB, tryptophan synthase B-subunit. (A) Genes involved in formations of
volatile terpenes. (B) Genes involved in formations of volatile fatty acid derivatives. (C) Genes involved
in formation of indole.

2.3. Effect of Chloroplast Defects on Phytohormone Contents in Response to Continuous Wounding Stress

We also investigated whether chloroplast defects affected phytohormone contents in response
to continuous wounding stress. In contrast to single wounding stress, continuous wounding
stress significantly increased the JA content, but had no significant effect on abscisic acid (ABA)
and salicylic acid (SA) contents both in normal tea leaves and albino tea leaves (Figure 3).
Furthermore, chloroplast defects reduced the increase in JA content in response to continuous
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wounding stress, although there was no significant difference between the continuous wounding
response patterns of phytohormone contents in normal tea leaves and albino tea leaves (Figure 3).

Normal group Albino group Normal group  Albino group Normal group Albino group
JA JA ABA ABA SA SA
~ 24 = 24 PR P 12 ~Ji20] 120
= = =
o =} o
2 16 16 " 2 81 8 ] I 2 8 80 I’i—i
2 2 2 l% %
4 6 * 8 1 € 4 41 € 40 40
£ - ) z
o =] o
S ot o e S g 4—— 0 +—— S o +—— 0 +——
03 6 0 3 6 03 6 0 3 6 0 3 6 0 3 6
Time (h) Time (h) Time (h) Time (h) Time (h) Time (h)

—@—Single wounding treatment —fl—Continuous wounding treatment

Figure 3. Changes in contents of phytohormones of normal tea leaves and albino tea leaves exposed
to single wounding treatment and continuous wounding treatment, respectively. Data are expressed
as mean + SD (n =3). * p < 0.05; ** p < 0.01, comparison between single wounding treatment and
continuous wounding treatment at the same treatment time. JA, jasmonic acid; ABA, abscisic acid;
SA, salicylic acid.

2.4. Effect of Chloroplast Defects on Expression Levels of JA Synthesis-Related Genes in Response to
Continuous Wounding Stress

As the JA content was significantly increased by continuous wounding stress both in normal
tea leaves and albino tea leaves, we investigated whether chloroplast defects affected the expression
levels of JA synthesis-related genes in response to continuous wounding stress. In contrast to single
wounding stress, continuous wounding stress upregulated expression levels of most genes involved
in JA synthesis, both in normal tea leaves and albino tea leaves, with no significant difference
between the continuous wounding response patterns in normal tea leaves and albino tea leaves
(Figure 4). This suggested that chloroplast defects did not significantly affect expression levels of JA
synthesis-related genes in response to continuous wounding stress.
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Figure 4. Changes in expression level of jasmonic acid (JA) biosynthetic genes of normal tea leaves
and albino tea leaves exposed to single wounding treatment and continuous wounding treatment,
respectively. Data are expressed as mean & SD (1 =3). * p < 0.05; ** p < 0.01, comparison between single
wounding treatment and continuous wounding treatment at the same treatment time. LOX,, lipoxygenase;
AOS, allene oxide synthase; AOC, allene oxide cyclase; OPR, 12-oxo-phytodienoic acid reductase.
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2.5. Effect of Chloroplast Defects on Expression Level of CsMYC2, a Key Transcription Factor of JA Signaling,
in Response to Continuous Wounding Stress

We next investigated whether chloroplast defects affected the expression levels of CsMYC2,
a key transcription factor of JA signaling, in response to continuous wounding stress. In contrast
to single wounding stress, continuous wounding stress upregulated expression levels of CsMYC2,
both in normal tea leaves and albino tea leaves, and no significant difference was observed between
the continuous wounding response patterns in normal tea leaves and albino tea leaves (Figure 5).
This suggested that chloroplast defects did not significantly affect the expression levels of CsMYC2 in
response to continuous wounding stress.
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Figure 5. Changes in expression level of CsMYC2, a key transcription factor of jasmonic acid (JA),
of normal tea leaves and albino tea leaves exposed to single wounding treatment and continuous
wounding treatment, respectively. Data are expressed as mean + SD (n =3). * p < 0.05; ** p < 0.01,
comparison between single wounding treatment and continuous wounding treatment at the same
treatment time.

3. Discussion

Recently, using stress responses to improve tea aromas has attracted increased attention [3].
This approach is not only related to the tea growth process, but also explains aroma formation
during the tea manufacturing process. Among the six types of tea, aroma formation during
the oolong tea manufacturing process is a representative example of stress-induced tea aroma,
because oolong tea manufacture involves the most stresses. Among stresses applied in the oolong
tea manufacturing process, continuous wounding in the turnover stage significantly affects the high
accumulation of tea aroma compounds, which contributes to the floral odor of oolong tea [3,9-11,13].
Continuous wounding can induce the high accumulation of characteristic aroma compounds, such as
indole, jasmine lactone, and (E)-nerolidol. Furthermore, these compounds are produced by the
activation of key aroma synthetic genes in response to continuous wounding stress [10,11,13].
These observations were made using normal green tea leaves with normal chloroplasts. In this study,
normal tea leaves with normal chloroplasts showed similar tea aroma formation results in response to
continuous wounding stress (Figure 1), although a different cultivar (cv. Yinghong No. 9) was used.
This suggested that the relationship between continuous wounding stress and tea aroma formation
occurs widely in different tea cultivars. In the present study, chloroplast was partly defective in the
light-sensitive mutant (albino-induced yellow) of cv. Yinghong No. 9 original cultivar (green) [28].
Microscopy observations indicated that the albino tea leaves exhibited a significant reduction in
number of chloroplasts, and some chloroplasts showed grana thylakoid structures that were damaged
or developing (called etioplasts) [28]. This mutant was used to investigate whether chloroplast defects
affected tea aroma compound formation in response to continuous wounding stress. The results
showed that chloroplast defects did not significantly affect the formation of indole and (E)-nerolidol
(Figures 1 and 2). Furthermore, the linalool content was not increased by continuous wounding stress
both in normal tea leaves and albino tea leaves (Figure 1A), although expression of its synthetic gene,
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CsLIS, was significantly upregulated by continuous wounding stress both in normal tea leaves and
albino tea leaves (Figure 2A). The change in linalool formation under continuous wounding stress
showed a similar trend to that during the turnover stage of the oolong tea manufacturing process [9,12].
However, it is yet to be determined whether these changes are related to linalool glycosidation,
metabolism, or emission. Notably, chloroplast defects reduced the accumulation of volatile fatty acid
derivatives, including jasmine lactone and green leaf volatiles, in response to continuous wounding
stress (Figure 1B). In general, the final synthetic steps of these volatiles occur in the cytosol [29], but their
formations were affected by chloroplast defects in tea leaves. Therefore, it would be interesting to
investigate whether CsHPL located in the cytosol is affected by chloroplast defects and, consequently,
affects green leaf volatile formation.

In the investigations of C. sinensis, a mature genetic transformation system has not been firmly
established. Therefore, most genes related to the formation of tea aroma compounds have not been
functionally characterized, in vivo, in tea plants over the past decade [3]. These genes were usually
expressed in Escherichia coli, yeast, or an insect cell system. In addition, some of these genes were further
functionally characterized in transient overexpression model plant systems [3]. Many genes involved in
the final biosynthetic step of several important aroma compounds, including (S)-linalool, (E)-nerolidol,
and indole, have been functionally characterized, and the related contents have been summarized in
our previous review [3]. CsTPSs are responsible for the formation of (S)-linalool and (E)-nerolidol,
and CsTSA and CsTSBs play roles in indole synthesis in tea. CsNES1 and CsNES?2, identified in the
present study (Figure 2A), have been proposed to be responsible for (E)-nerolidol formation based
on their subcellular localization in the cytosol and function validation in Escherichia coli and transient
overexpression model plant systems [11,30]. CsLIS, also found in the present study (Figure 2A),
was proposed to be responsible for (S)-linalool formation based on its subcellular localization in plastids
and functional validation in Escherichia coli and transient overexpression model plant systems [7,30].
Our previous study showed that the protein mixture of CsTSA (tryptophan synthase x-subunit) and
CsTSB2 (tryptophan synthase (3-subunit) catalyzes indole formation in vitro [10], suggesting that
CsTSA and CsTSB2 might be a protein complex in C. sinensis that is similar to the a3, tetramer in
bacteria [31]. In the present study, only CsTSB2 was significantly upregulated by continuous wounding
stress both in normal tea leaves and albino tea leaves, while CsTSA was not significantly affected
(Figure 2C), suggesting that CsTSB2 was more sensitive to wounding stress compared with CsTSA.
Furthermore, a few enzymes and genes involved in the upstream pathways responsible for tea aroma
compound formation, such as CsLOX1 for jasmine lactone formation [13], have also been functionally
characterized. Based on correlation analysis of CsLOXs gene expression and the stresses and tissue
distributions of expression of different CsLOX genes, CsLOX1, CsLOX2, CsLOX3, and CsLOX4,
found in the present study (Figure 2B), were proposed to be closely involved in the syntheses of
green leaf volatiles [32]. CsHPL, found in the present study (Figure 2B), has also been proposed to be
involved in green leaf volatile synthesis based on function validation in E. coli [33], because functional
identification of CsHPL showed that recombinant CsHPL can catalyze 13-hydroperoxy-9(Z), 11(E),
15(Z)-octadecatrienoic acid into 3-(Z)-hexenal, which is a key precursor of 3-(Z)-hexenol, 2-(Z)-hexenal,
and 2-(Z)-hexenol [34]. In the present study, the levels of key genes involved in tea aroma formation
were investigated to compare the tea aroma biosynthesis abilities of albino-induced yellow leaves and
normal green tea leaves exposed to wounding stress (Figure 2). As the functions of most genes involved
in tea aroma formation investigated in this study have been validated previously, the differences in
metabolic flux between albino-induced yellow leaves and normal green tea leaves were more reliable.

Phytohormones are key upstream signals, especially in regulating the formation of plant volatiles
in response to environmental stresses. Among phytohormones, JA has mostly been reported to be
related to plant volatiles. In contrast to phytohormone formation in preharvest tea leaves exposed
to stresses, little is known about phytohormone formation under postharvest stresses. This study
found that continuous wounding stress from postharvest tea processing had no significant effect
on the ABA and SA contents, but increased the JA content both in normal tea leaves and albino
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tea leaves (Figure 3), which was attributed to activation of the expression of most JA synthetic
genes (Figure 4). Furthermore, chloroplast defects reduced the increase in JA content in response to
continuous wounding stress (Figure 3). Current knowledge concerning phytohormone and metabolite
biosynthesis in tea plants is mostly based on findings reported for other plant species. Based on
correlation analysis of expression of different CsLOX genes and stresses, and tissue distributions
of expression of different CsLOX genes, CsLOX1 (Figure 2), CsLOX6, and CsLOX7 (Figure 4) were
proposed to be closely involved in JA synthesis [32]. Furthermore, using a transient expression
system in Nicotiana benthamiana plants, CsAOS2, a gene involved in JA synthesis, was validated to
have a function in JA synthesis and located in the chloroplast membrane [21]. MYC2 is the core
transcription factor of JA signaling. Three Arabidopsis MYC2 homologue genes were found in the C.
sinensis genome database (Figure 5). Among these three MYC2s, CsMYC2a was clustered together
with the reported functional MYC2 in Arabidopsis [35]. In the study, the expression levels of CsMYC2
were not significantly affected by chloroplast defection in the albino leaves. Besides CsMYC2 and JA
synthetic genes, other factors—such as precursor metabolites—involved in JA synthesis may affect JA
synthesis in the albino leaves under wounding stress, since other metabolites that are shared with the
partly fatty acid-derived pathways of JA, such as jasmine lactone and green leaf volatiles, had similar
effects resulting from chloroplast defects (Figure 1B). As authentic standards of many precursors
of JA synthesis are unavailable, we did not confirm this hypothesis in the present study. In future
work, we will try to obtain authentic standards of the key precursors of JA synthesis and confirm
this hypothesis. In the present study, although the precursor of ABA is also synthesized in plastid,
ABA biosynthesis was not significantly influenced by chloroplast defects (Figure 3). Wounding stress
was the main stress in the treatments of the present study. Compared with ABA synthesis, JA synthesis
was generally more sensitive to the wounding stress. It remains to be determined whether ABA
biosynthesis is influenced by chloroplast defection under other stresses such as drought stress.

4. Materials and Methods

4.1. Plant Materials and Treatments

One bud and three leaves of C. sinensis cv. Yinghong No. 9 and its yellow mutant
(a light-sensitive variant) were plucked and used in the present study. These tea samples were picked at
the Tea Research Institute, Guangdong Academy of Agricultural Sciences (Yingde, Guangdong, China),
in November 2018.

The plucked tea leaves were shaken using a shaking table at 23 & 1 °C and 60% humidity, and
collected after continuous shaking for 0, 3, and 6 h (continuous wounding treatment). The tea leaves,
without continuous shaking, stored under the same conditions for 0, 3, and 6 h were used as controls
(single wounding treatment). After treatment, the samples were frozen immediately with liquid
nitrogen and stored at —80 °C for further study.

4.2. Extraction and Analysis of Aroma Compounds in Tea Leaves

According to our previous studies [12,13], direct organic solvent extraction was applied to
investigate content changes in endogenous aroma compounds of finely powered tea leaves [12,13].
Dichloromethane (1.8 mL) was used to extract aroma compounds from 300 mg (fresh weight)
of tea samples, and 5 nmol of ethyl decanoate was added to the organic solvent as an internal
standard. The mixture was treated in a shaker at room temperature, and the extract was collected
after overnight extraction. Anhydrous sodium sulfate was used to dry the extract, and nitrogen
was applied to condense the extract into a 200 puL volume. The extract (1 pL) was then subjected
to gas chromatography-mass spectrometry (GC-MS) analysis conforming on a GC-MS QP2010
SE (Shimadzu Corporation, Kyoto, Japan) equipped with GCMS Solution software (Version 2.72,
Shimadzu Corporation, Japan). The sample was injected in splitless mode for 1 min under 230 °C of
GC port. A SUPELCOWAX 10 column (30 m x 0.25 mm X 0.25 um, Supelco Inc., Bellefonte, PA, USA)

97



Int. ]. Mol. Sci. 2019, 20, 1044

was used to separate the aroma compounds, with helium as a carrier gas in the flow rate of 1 mL/min.
Initially, the temperature of GC oven was kept at 60 °C for 3 min, then ramped to 240 °C at 4 °C/min,
and held for another 20 min at 240 °C. A full scan mode was applied, and the mass spectrometry
ranged from m/z 40 to m/z 200. The authentic standards were used to make the identification of aroma
compounds, and quantitative analyses of compounds were constructed according to the calibration
curves by plotting the concentration against the peak area of the authentic standard [22]. The dry
weight of the sample was calculated based on the weight of fresh leaves and dried leaves obtained
after drying.

4.3. Transcript Expression Analysis of the Related Genes

Quick RNA Isolation Kit (Huayueyang Biotechnology Co., Ltd., Beijing, China) was used to
isolate total RNA from tea samples. The obtained RNA was purified after the removal of genomic
DNA (gDNA) and reversely transcribed into cDNA using PrimeScript RT Reagent Kit with gDNA
Eraser (Takara Bio Inc., Kyoto, Japan). Quantitative real time PCR (qQRT-PCR) were applied to analyze
the transcript expression level of gene [10,12,13]. The reaction system (20 pL) contained 10 pL iTaq™
Universal SYBR® Green Supermix (Bio-Rad, Hercules, CA, USA), 0.4 uL of each specific primer
(10 uM), 2 uLL cDNA (diluted into 20-fold), and 7.2 uL. ddH,O. The gRT-PCR analysis was performed
on a Roche LightCycle 480 (Roche Applied Science, Mannheim, Germany). One cycle of 95 °C for 60s,
and 40 cycles of 95 °C for 15 s and 60 °C for 30 s were used as PCR conditions. At the end of each
PCR reaction, to verify the specificity of PCR product, a melt curve was carried out. Calculation of the
relative expression level of genes was according to the 2724 method, and based on the normalization
to mRNA level of the reference gene. Identification and evaluation of reliable reference genes for
qRT-PCR analysis in tea plants showed that encoding elongation factorl (CsEF1) was the most stable
reference gene in diurnal expression series [36]. In the study, the samples were collected during 6 h,
and CsEF1 was used as a reference gene. The primers used for qRT-PCR analysis are provided in
Table S1.

4.4. Analysis of Phytohormone Contents in Tea Leaves

Finely powdered sample (300 mg, fresh weight) was extracted with 3 mL ethyl acetate by vortexing
for 30 s followed by ultrasonic extraction in ice-cold water for 20 min. [2Hs]JA, [2H4]SA, and [2Hg]ABA
were added to the mixture as internal standards. After centrifuging at 10,000x g for 5 min at 4 °C,
2.9 mL supernatants were collected and then dried under a stream of nitrogen. The residue was
re-dissolved in 200 uL methanol. The supernatants were filtered through a 0.22 um membrane,
and subjected to an ultra performance liquid chromatography/quadrupole time-of-flight mass
spectrometry (UPLC-QTOF-MS) (Acquity UPLC I-Class/ Xevo®G2-XS QTOF, Waters Corporation,
MA, USA). Each sample (5 puL) was injected onto a Waters ACQUITY UPLC HSS T3 C18 column
(2.1 mm x 100 mm, 1.8 um). Solvent A was Milli-Q water with 0.1% (v/v) formic acid. Solvent B
was acetonitrile with 0.1% (v/v) formic acid. The solvent gradient was started at 20% B, then linearly
increased to 35% within 10 min, and later increased to 95% B in 0.1 min and kept for 3 min. In that
moment, it suddenly dropped to 20% in 0.1 min and was maintained for 3 min. The flow rate was
0.4 mL/min. The column temperature was 30 °C. The electrospray ionization operated on negative
mode. The MS conditions were capillary voltage: 1.5 kV; source temperature: 100 °C; desolvation
temperature: 300 °C; cone gas flow: 50 L/h; and desolvation gas flow: 600 L/h. The quantitative
analyses of phytohormones were based on calibration curves, which were constructed by plotting the
concentration of each phytohormone against the peak area of the authentic standard.

4.5. Statistical Analysis

Statistical analysis was performed using SPSS software, version 18.0 (SPSS Inc., Chicago, IL, USA).
Two-tailed student’s t test was used to determine the differences between the single wounding and
continuous wounding treatment.
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5. Conclusions

In the present study, continuous wounding stress, which is a major stress in the postharvest
tea manufacturing process, can upregulate expression of CsMYC2, a key transcription factor of JA
signaling, and activate the synthesis of JA and characteristic aroma compounds (including (E)-nerolidol,
indole, jasmine lactone, and green leaf volatiles) either in normal tea leaves (normal chloroplasts)
or albino tea leaves (chloroplast defects). Furthermore, chloroplast defects did not significantly
affect the expression levels of JA synthesis-related genes and CsMYC2 in response to continuous
wounding stress, but reduced the increase in JA content in response to continuous wounding
stress. Furthermore, chloroplast defects reduced the increase in volatile fatty acid derivatives,
including jasmine lactone and green leaf volatile contents, in response to continuous wounding
stress. Overall, the formation of metabolites derived from fatty acids, such as JA, jasmine lactone,
and green leaf volatiles in tea leaves, in response to continuous wounding stress, were affected by
chloroplast defects (Figure 6). Although fresh albino tea leaves contained relatively low contents
of aroma compounds compared with fresh normal tea leaves [22], the stress responses of aroma
compounds occurred regardless of chloroplast defects. The information presented here will improve
understanding of the relationship between stress responses of phytohormones and aroma compounds,
and chloroplast changes. Furthermore, these results provide essential information for the future
utilization of stress responses to improve the weak aroma quality of albino tea leaves.

Continuous wounding from
postharvest process

Normal Albino

4 3 ‘ Normal or albino tea |

\4

JA synthesis transcript
factor CsMYC2 activation

“Chloroplast ﬂ : +
defects Most JA synthetic

gene activations

+ oroplast
Increase in JA defects
Key ch istic aroma compound
“Chloroplast Y|} biosynthetic gene activations
defects ‘I + *
3 s B e e Ioroplast
Increases in (E)-nerolidol, Increases in jasmine ol
indole lactone, GLVs

Figure 6. Formations of jasmonic acid (JA) and characteristic aroma compounds in normal tea leaves
and albino tea leaves exposed to continuous wounding stress. GLVs, green leaf volatiles.
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OPR 12-oxo-phytodienoic acid reductase
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Abstract: The MYB transcription factor family members have been reported to play different
roles in plant growth regulation, defense response, and secondary metabolism. However, MYB
gene expression has not been reported in Panax ginseng. In this study, we isolated a gene from
ginseng adventitious root, PgMYB2, which encodes an R2R3-MYB protein. Subcellular localization
revealed that PgMYB2 protein was exclusively detected in the nucleus of Allium cepa epidermis. The
highest expression level of PgMYB2 was found in ginseng root and it was significantly induced by
plant hormones methyl jasmonate (MeJA). Furthermore, the binding interaction between PgMYB2
protein and the promoter of dammarenediol synthase (DDS) was found in the yeast strain Y1H
Gold. Moreover, the electrophoretic mobility shift assay (EMSA) identified the binding site of the
interaction and the results of transiently overexpressing PgMYB2 in plants also illustrated that it may
positively regulate the expression of PgDDS. Based on the key role of PgDDS gene in ginsenoside
synthesis, it is reasonable to believe that this report will be helpful for the future studies on the
MYB family in P. ginseng and ultimately improving the ginsenoside production through genetic and
metabolic engineering.

Keywords: Panax ginseng; gene expression; ginsenoside; methyl jasmonate; MYB transcription factor;
dammarenediol synthase

1. Introduction

Panax ginseng C. A. Meyer is a kind of Araliaceae plant, which has been regarded as an important
conventional Chinese herb for a long time [1]. P. ginseng contains many active substances. The most
important substance is thought to be triterpene saponin, also known as ginsenoside. Medicinally, the
root is considered most valuable in providing the pharmacologically active ginsenoside and is widely
used for the treatment of tumor, obesity, angiocardiopathy, diabetes mellitus and senile diseases [2].
However, natural ginseng plant contains a very low amount of ginsenoside. Metabolic engineering
applications will be an attractive strategy to improve ginsenoside production in ginseng.

Based on previous reports and work [3-5], the biosynthetic process of dammarane-type ginsenoside
can be summarized as the following three steps (Figure 1). Step 1 is the biochemical synthesis of
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isoprene pyrophosphate (IPP); Step 2 is the synthesis of 2,3-oxidosqualene and Step 3 involves the
cyclization, hydroxylation, and glycosidation of 2,3-oxidosqualene. There are many rate-limiting
enzymes in the ginsenoside biosynthesis pathway, such as farnesyl diphosphate synthase (FPS),
squalene epoxidase (SE), squalene synthase (SS), dammarenediol synthase (DDS), cytochrome P450
(CYP450) and glycosyltransferase (UGT). Among them, the first key enzyme is dammarenediol
synthase [6], which catalyzes the cyclization of 2,3-oxidosqualene into dammarenediol-II [7]. It is the
most important biosynthetic branching of ginsenoside synthesis. Although there have some reports on
the involvement of DDS in ginsenoside biosynthesis [6,8-10], there is no specific report on regulating
DDS expression to improve dammarane-type ginsenoside. The underlying mechanism of regulation
is unclear.

Step 1 acetyl-CoA—»HMG-coA——> MVA:----3 |PP

Step 2 2,3-oxidosqualene ———FPP <s€---r0a

@ Dammarane-type|

Step 3 dammarenediol-ll-+===3PPD===x- > .
ginsenoside

Figure 1. Biosynthetic pathway map of dammarane-type ginsenoside in P. ginseng. FPP: farnesyl
pyrophosphate; PPD: protopanaxadiol.

In plants, many metabolic pathways are regulated at the transcriptional level, and the expression
pattern of related genes is often influenced by plant growth, environment and phytohormones [11].
Several transcription factors involved in the regulation of genes related metabolic pathway have been
reported, such as AP2/ERF, bHLH, MYB, WRKY and so on [11,12]. Among them, the MYB protein
family is the most widely distributed and functional transcription factor. The MYB domain is usually
composed of one to four incomplete repeats, each containing approximately 52 amino acid residues [13].
The first identified MYB gene was the v-MYB gene of avian myeloblastosis virus (AMV) [14]. Pazares
et al. were the first to clone plant MYB gene in Maize [15]. MYB proteins can be divided into four
categories according to the number of incomplete repeat sequences in the structural domain: 1IR-MYB
usually has only one repeat; R2R3-MYB has two repeats; while 3R-MYB and 4R-MYB have three and
four repeats, respectively. In land plants, R2R3-MYB is the most abundant among these groups and is
widely involved in various aspects of plant physiological metabolism [16]. In the past few years, many
MYB genes have been shown to be involved in the response of different plant hormones such as ABA,
SA, and MeJA, which related to plant defense and secondary metabolism [17-19]. In Nicotiana tabacum,
NtMYBJS1 regulates the production of phenylpropanoid in a MeJA-dependent manner [20], whereas
NtMYB1 and NtMYB2 are regulated by SA and are involved in plant defense [21]. In Arabidopsis
thaliana, numerous MYB genes have been studied for their involvement in response to external stress
and plant hormones [22]. Although there has been so much progress about the MYB genes in model
plant species, almost no MYB genes studies have been reported in P. ginseng.

In our previous work, we obtained 71,095 raw data of transcriptome using next-generation
sequencing (NGS) technology from adventitious root treated with MeJA [5]. After comparison using
different databases, 163 unigenes were identified to be annotated as putative MYB genes. Based on
the number of repeat sequences in the MYB protein domain, 30 unigenes with the R2R3 domain were
obtained. Based on the expression level of these 30 genes under the induction of MeJA (Figure S1) and
our previous screening experiment (Figure S2), we ultimately chose PgMYB2 (Unigene21198) as the
research object.

In this study, we used bioinformatics methods to predict the protein structure and physicochemical
properties of PgMYB2 (Figures S3 and S4). In order to find the target gene of PgMYB2, we conducted
the yeast one-hybrid assay. Moreover, we used RT-PCR and qRT-PCR to detect the expression patterns
of the PgMYB2 and the candidate target gene PgDDS under different conditions treated by MeJA. The
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role of PgMYB2 in ginsenoside biosynthesis has been elucidated. This research is the first to analyze
the function of hormone-responsive MYB gene, which may be helpful for the study of secondary
metabolites in P. ginseng.

2. Results

2.1. Characterization of P¢MYB2 and Bioinformatics Analysis

Sequence analysis displayed that PgMYB2 comprises 1401 nucleotides with an 843bp ORF. The
gene encoded 280 amino acids, and the predicted molecular weight of the protein was 31.71kDa
with an isoelectric point of 9.27. Amino acid alignment confirmed that PgMYB2 is a member of the
R2R3-MYB subfamily (Figure 2A). The three-dimensional structure of PgMYB2 was constructed by the
Swiss-Model software, using the Trichomonas vaginalis MYB3 DNA binding domain as the template
(SMTL ID: 3zqc.3, 37.72% sequence identity) (Figure 2B) [23].
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Figure 2. Bioinformatics analysis of PgMYB2 amino acids. (A) Amino acid sequence alignment
between PgMYB2 and other plant MYB proteins. Red stars indicate conserved tryptophan (W)
and phenylalanine (F) residues. (B) The three-dimensional structure diagram of the PgMYB2,
constructed by Swiss-Model software. (C) The phylogenetic tree of PgMYB2 with 31 other
plant MYB proteins was built using the MEGA 7.0. The procedure performed 1000 repetitions
under the Neighbor-Joining method. Full names of the respective plant species are mentioned
in brackets. All the accession number of amino acid sequences are listed below: PgMYB2
(API61854.1); AtMYB6 (XP_002872444.1); JeMYB6 (XP_012075785.1); AtMYB3 (NP_564176.2); MAMYB3
(AEX08668); BrMYB3 (XP_009115618.1); GhMYB1 (AAA33067.1); GrMYB6 (XP_011096483.1); MnMYB3
(XP_010104477.1); CsMYBI1 (AEI83425.1); AcMYB1 (AHB17741.1); GhMYB8 (ABR01221.1); SmMYB54
(AGN52078.1); GaMYB3 (KHG11058.1); GhMYB10 (ABR01222.1); PmMYB6 (XP_008219033.1);
MdMYB6 (XP_008378762.1); FvMYB6 (XP_004299892.1); PbMYB6 (XP_009362465.1); GrMYB1
(AAN28271.1); LeMYB2 (AIS39993.1); VVMYB5b (AAX51291.3); GKMYB1 (AAN28273.1); CIMYB6
(XP_008459665.1); PeMYB6 (XP_011001250.1); ThMYB6(XP_010530161.1); EgMYB6 (XP_010061981.1);
CsMYB6 (XP_004141649.1); BvMYB6 (XP_010680433.1); EgMYB1 (AFH03053.1); NtMYB3 (ATU39031.1);
TfMYB1 (AAS19475.1); TEIMYB6 (AAS19480.1); FEIMYB3 (AEC32977.1); BrtMYB3 (XP_013706502.1);
ThMYB3 (XP_010535219.1).
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2.2. Homology Analysis of PgMYB2 Protein

To further identify the characteristics of PgMYB2, the phylogenetic tree was constructed. The
analysis involved PgMYB2 with 31 MYB amino acid sequences from other species (Figure 2C).
Interestingly, a MYB protein similar to PgMYB2 seems to be involved in plant secondary metabolism.
The result indicated that PgMYB2 has high homology to MdMYB3, which is involved in transcriptional
regulation of the flavonoid synthesis pathway and regulates the accumulation of anthocyanin [24].
Therefore, we can speculate that PgMYB2 protein might participate in secondary metabolism in the
certain tissues of P. ginseng.

2.3. Subcellular Localization of PgMY B2

The PgMYB2 subcellular localization was observed by the co-expression of GFP-PgMYB2 under
the control of the 35S promoter. The GFP-PgMYB2 could be expressed in onion epidermal cells through
the Agrobacterium EHA105 infection. The onion epidermal cells infected by EHA105 with the empty
pPCAMBIA1302 vector were also observed as the control group. The experiment revealed that the
GFP-PgMYB2 recombinant protein was specifically located in the nucleus, whereas empty control
distributed evenly throughout the whole onion cell (Figure 3). So we can infer that PgMYB2 is a protein
located in the nucleus from these results.
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Figure 3. The subcellular localization of PgMYB2 protein in onion epidermal cells. Scale bar = 100 um.

2.4. Expression Analysis of PgMYB2 in Different Tissue of P. ginseng

We used RT-PCR and qRT-PCR to analyze the expression differences of PgMYB2 in different
ginseng tissues. The result revealed that the expression of PgMYB2 was vastly detected in roots
(4.66-fold) and lateral roots (3.53-fold) compared to leaves (normalized as 1-fold). Likewise, just a slight
increase of PgMYB2 was detected in stems (1.66-fold) and seeds (1.19-fold). The gRT-PCR results were
consistent with RT-PCR (Figure 4A,B). These data indicated that the expression pattern of PgMYB2 in
tissues of ginseng is significantly different.
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Figure 4. Expression analysis of PgMYB2 and PgDDS. RT-PCR (A) and qRT-PCR (B) analyzed the
expression of PgMYB2 in different tissues. The relative expression level was calculated according to
the expression of the corresponding gene in the leaves. RT-PCR (C) and qRT-PCR (D) analyzed the
expression levels of PgMYB2 under different concentration of MeJA for 12 h. The relative expression
level was calculated according to the expression of PgMYB2 at 0 uM MeJA. RT-PCR (E) and qRT-PCR (F)
analyzed the expression levels of PgMYB2 and PgDDS under the treatment of 100 uM MeJA at different
time points. The relative expression level was calculated according to the expression of PgMYB2 and
PgDDS at 0 h. All expression levels were normalized according to the -actin expression level. The
standard deviations from three independent repeated trials were indicated by the error bars. Asterisks
indicated a significant difference by t-test, * p < 0.05, ** p < 0.01.

2.5. Expression Analysis of PgMYB2 and PgDDS under MeJA Treatments

As a plant hormone, MeJA is involved in the synthesis of many secondary metabolites [25]. After
the ginseng hairy roots induced by MeJA in a concentration-dependent manner for 12 h, the expression
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levels of PgMYB2 were measured by RT-PCR and qRT-PCR. The result indicated that the PgMYB2
expression increased immediately and reached the maximum at 100 uM MeJA treatment, and then
declined obviously at 200 uM MeJA (Figure 4C,D). Therefore, we chose 100 uM as the optimal MeJA
concentration to detect the expression of PgMYB2 and PgDDS.

To investigate the expression level of PgMYB2 and PgDDS at different time points (0, 1, 3, 6, 12, 24,
36,48 and 72 h), 100 uM MeJA was supplemented to the liquid culture medium of the hairy root. The
RT-PCR analysis revealed that both PgMYB2 and PgDDS slightly expressed without MeJA treatment,
but the expression level significantly increased to the highest point after 24 h treatment of MeJA, and
then gradually decreased (Figure 4E). Furthermore, the qRT-PCR analysis showed an obvious increase
of PgMYB2 at 6-12 h of MeJA treatment and the relative expression level reached the highest point
accounting for approximately a 4.71-fold increase at 24 h compared to 0 h (Figure 4F). Interestingly, the
same tendency was shown on the relative expression level of PgDDS. These results suggested that
there may be some relationships between the expression of PgMYB2 and PgDDS.

2.6. DNA Binding Activity of PgMYB2

Based on the fact that transcription factors can bind to specific sequences on target gene
promoters [26], the promoter of the PgDDS gene which aliased as DDSpro was cloned by our
laboratory. To explore whether PgMYB2 can bind the DDSpro, we conducted the yeast one-hybrid
assay (Figure 5). The DDSpro was cloned into the pAbAi bait vector and the recombinant plasmids
were transformed into YIH Gold competent cells. Background expression test of Aureobasidin A (AbA)
resistance showed that 200 ng/mL AbA could almost inhibit the basal expression of the pAbAi-DDSpro
bait yeast strain without the prey protein. PgMYB2 was cloned into the pGADT7 prey vector to
construct the pGADT7-PgMYB2 recombinant vector. Then the pGADT7-PgMYB2 and the empty
pGADTY7 vector were respectively transformed into the Y1H Gold which contained the recombinant
bait vector pAbAi-DDSpro. All yeast cells transformed twice were cultured on SD/—Ura/—Leu selective
medium. As predicted, only the yeast cells with pGADT7-PgMYB2 were able to grow on the selective
medium containing 200 ng/mL AbA, suggesting that PgMYB2 can bind to DDSpro and activated
transcription in the yeast system.

SD/-Ural-Leu
SD/-Ural-Leu (+200 ng/mL AbA)

pGADT7-PgMYB2 pGADT7-Rec  pGADT7-PgMYB2 pGADT7-Rec

Figure 5. The interaction of PgMYB2 and DDSpro in Y1H Gold. As shown in the left half of the plate,
only the yeast cells with pGADT7-PgMYB2 were able to grow on the SD/~Ura/—Leu selective medium
added with 200 ng/mL AbA. Scale bar = 1 cm.

Based on the result of yeast one-hybrid assay, we found the DDSpro contains two MYB binding
sites (MBS and MBSII) [27,28]. The MBS (TAACTG) positioned in the promoter area between —841
and —836 bp, while the MBSII (AAAATTTAGTTA) located in the section between —406 to —395 bp
(Figure 6A). The results of EMSA revealed that PgMYB2 protein could bind to the MBSII in DDSpro
(Figure 6B).
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Figure 6. Binding assay of PgMYB2 to the MBSIL. (A) The diagram shows the relative location of the
MBS and MBSII in the region of DDSpro. (B) The fusion protein of PgMYB2 binds to the MBSII of
DDSpro. The reaction system from left to right: biotin-labeled probe (containing MBSII site); labeled
probe and trigger factor as negative control (TF, a kind of chaperonin); labeled probe and PgMYB2: TF
protein; labeled probe, PgMYB2: TF protein and 200x Comp (200 times unlabeled competitive probe);
labeled probe, PgMYB2: TF protein and 200X mComp (200 times unlabeled competitive mutant probe,
the MBSII site was mutated). The protein-probe complexes were indicated with a solid arrow and the
free probes were indicated with a hollow arrow.

2.7. PgMYB2 Activates the Expression of PgDDS in A. thaliana Protoplasts

To further explore whether the PgMYB2 combine with the DDSpro in plants and reveal the specific
role played by PgMYB2 in this process, we conducted the dual-luciferase reporter assay. In this assay,
the DDSpro was cloned into the vector pGreenII-0800-LUC as the reporter, and the PgMYB2 gene was
cloned into the vector pPEGAD-MYC as the effector. Both recombinant plasmids were co-transformed
into the protoplasts of A. thaliana according to the different molar ratio. In addition, we also constructed
the DDSpro genes with MBSII site knockout. Meanwhile, the empty vector pPEGAD-MYC was used
as control (Figure 7A). The results displayed that a more significant increase of relative LUC/REN
ratio was induced with the increase of pPEGAD-MYC-PgMYB2 concentration (Figure 7B). Compared
with the control group (pGreenlI-0800-LUC-DDSpro+pEGAD-MYC vector), the relative activity of
group C (pGreenlI-0800-LUC-DDSpro and pEGAD-MYC-PgMYB2 at a molar ratio of 1:1) increased
about 14.2-fold. However, the relative activity level decreased to 2.7-fold with the absence of MBSII in
DDSpro. These results further demonstrated that PgMYB2 could bind to the DDSpro and strongly
activated the PgDDS expression in A. thaliana protoplasts.
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Figure 7. Transient expression assays of PgMYB2. (A) Sketch map of reporter and effector constructs
used for transient expression system. The empty vector carrying CaMV 355:MYC was constructed as
a control. The CaMV Term box indicates the terminator. (B) The relative activity of PgMYB2 in the
transient expression assay. Group A-C represent for the different molar ratio (4:1, 2:1, 1:1) of reporter
and effector. Group D represents the absence of MBSII in DDSpro. The relative activity of the control
group was set as 1, and the relative activity of other groups was calculated according to the LUC/REN
ratio. (C) The phenotype of ginseng leaves after 2 d of Agrobacterium infection. EV1-3 represent the
leaves injected with empty vector, while OV1-3 were injected with the pPCAMBIA1302-PgMYB2 vector.
Scale bar = 1 cm. (D) RT-PCR was performed to confirm the overexpression of PgMYB2 in ginseng
leaves after 2 d of Agrobacterium injection. (E) The expression levels of PgMYB2 and PgDDS in ginseng
leaves were quantitatively analyzed by qRT-PCR. The related genes expression levels of the EV1 were
set as control, and the expression levels of other groups were calculated according to this group. All
expression levels were normalized according to the expression level of 3-actin. The diagram represents
the average values and error bars represent the SDs from three replicate experiments. Asterisks
indicated a significant difference between the EV1 and experimental groups, * p < 0.05, ** p < 0.01.

2.8. Transient Expression of P¢MYB2 in Ginseng Leaves Promote the Expression of PgDDS

In order to explore the function of PgMYB2 in native plants, Agrobacterium strain EHA105
harboring pPCAMBIA1302-PgMYB2 plasmid (355::PgMYB2) was injected into the lower epidermis of
ginseng leaves. Meanwhile, EHA105 cells harboring empty pCAMBIA1302 vector were also injected
into leaves as the control. The RT-PCR analysis indicated that PgMYB2 expressed in the leaves
(Figure 7D). Furthermore, the relative expression level of PgDDS in the experimental group was higher
than those groups with lower PgMYB2 expression level (Figure 7E). The results revealed that transient
expression of PgMYB2 in ginseng leaves may promote the expression of PgDDS.
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3. Discussion

MeJA is a plant-specific signaling regulator which regulates many physiological and developmental
processes, including resisting pests and synthesizing a series of secondary metabolites [29]. Increasing
evidence showed that the syntheses of many secondary metabolites were increased under the induction
of MeJA [30]. In N. tabacum, there was an increased accumulation of hydroxylcinnamoly-polyamine
conjugates and the NtMYBJS1 gene was reported to have interactions with several phenylpropanoid
synthesis genes in a MeJA-dependent manner. [20]. In Pinus taeda, PtIMYB14 has a similar expression
pattern to isoprenoid biosynthesis genes under MeJA treatments and may have a close relationship
to sesquiterpene production [31]. In P. ginseng, the accumulation of ginsenoside increased with the
upregulation of the key enzyme genes such as PgDDS after MeJA induction [32-34]. However, the
transcription factors regulating PgDDS have not been reported. In this study, we found that PgMYB2
directly binds to the promoter region of PgDDS and has a parallel expression pattern with PgDDS
under the induction of MeJA. This evidence suggested that similar regulatory mechanisms may
exist in different plants. However, the activation mechanism of transcription factors is complicated,
PgMYB2 may be stimulated directly by MeJA or regulated by other transcription factors [35]. Therefore,
expression regulation of PgMYB2 provides a flexible network for the study of transcription factors in
P. ginseng.

Among the transcription factors, the MYB is one of the largest family in plant [36], it plays an
important role in regulating specific plant physiological processes and plant secondary metabolism [13,
37]. Recently a report revealed that some SmMYBs were potential positive regulators of terpenoid
biosynthesis in S. miltiorrhiza [38]. It was also reported that MYB107 positively regulates suberin
biosynthesis by binding to the promoter of suberin biosynthetic genes in A. thaliana [39]. Based on
previous transcriptome data, we found two MYB binding sites (MBS and MBSII) in the DDSpro [27,28].
However, the experiments showed that PgMYB2 could bind to the MBSII binding site rather than MBS
binding site in DDSpro (Figure S5). Therefore, it is reasonable to believe that PgMYB2 could also be
involved in the ginsenoside biosynthesis by binding to the DDSpro in P. ginseng. However, besides
the MYB binding site, many other regulatory elements are also contained in the upstream region of
DDSpro, and the expression of PgDDS may also be regulated by other transcription factors. Based on
the above, how these transcription factors take part in the regulation of PgDDS will be an interesting
subject to explore.

Triterpenoid saponins are important compounds in plant secondary metabolism and act as the
defender against fungi and microbes. The pharmacological activity of triterpenoid saponins has been
confirmed by many clinical trials [40-42]. Saponins such as ginsenoside are synthesized through the
mevalonate pathway, with acetyl-CoA as the precursor of the reaction (Figure 1). However, the yield
of ginsenoside has been limited due to the long growth cycle of P. ginseng. Therefore, it is particularly
important to further elucidate the biosynthetic pathway and regulatory mechanism of ginsenoside. It
has been reported that overexpressing the VVMYB5b gene led to an increase of terpenoid metabolism in
tomato [43]. Moreover, in C. roseus, overexpression of CrBPF1 (MYB like protein) resulted in increased
expression levels for some genes in the terpenoid indole alkaloid (TIA) biosynthesis [44]. In our
study, we also showed that overexpression of PgMYB2 in P. ginseng leaves would lead to increased
expression of PgDDS (Figure 7E). Based on the fact that the expression of PgDDS increases the yield
of ginsenoside [9,45], it is reasonable to speculate that PgMYB2 could also lead to an increase of
ginsenoside by promoting the expression of PgDDS. Based on the above experimental results, we
present an updated model for the ginsenoside pathway in P. ginseng (Figure 8). The proposed model
clearly illustrates the mechanism of how PgMYB2 regulates the expression of PgDDS, so we assumed
that PgMYB2 could improve ginsenoside production through this pathway. It also provides a new
strategy to engineer the ginseng plant for more efficient ginsenoside production.
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Figure 8. A proposed model describing the function of PgMYB2 in the ginsenoside pathway.

However, our work still has some limitations. Although it has been preliminarily confirmed
that PgMYB2 could positively regulate PgDDS, whether it can achieve the expected effect after
overexpression of PgMYB2 remains to be further studied. We are still trying to develop the stable
overexpressed PgMYB2 hairy root lines, then check whether this transcription factor participates in the
accumulation of secondary metabolites.

4. Materials and Methods

4.1. Plant Materials and Culture Environment

Ginseng adventitious roots and other tissues were induced and subcultured in our laboratory.
MeJA-induced and absolute ethyl alcohol-treated (as control) adventitious roots were grown in 1/2 MS
liquid medium under a stable environment of 25 °C with 24 h dark treatment. We selected well-growing
ginseng tissue for subsequent experiments.

4.2. Total RNA Extraction and First Strand cDNA Synthesis

Total RNA from all plant tissues were extracted with the E.Z.N.A.® Plant RNA kit (Omega Biotek,
Guangzhou, China). For each sample, about 100 mg adventitious roots powder was digested in 75 uL
RNase-free DNase I (Solarbio, Beijing, China) to eliminate the effects of genomic DNA. After that, RNA
concentration and purity were determined by a spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). The first strand of cDNA was synthesized using the Maxima H Minus First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific, Waltham, USA) and stored at —20 °C for later use.

4.3. Bioinformatics Analysis and Prediction of PgMYB2

The ORF lookup was carried out in the ORF finder (https://www.ncbi.nlm.nih.gov/orffindery).
The DNA conserved binding domain was found by the NCBI conserved domains finder (https://www.
ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) [46]. The theoretical PI, MW, and other physiochemical
characteristics were predicted by the ProtParam tool (https://web.expasy.org/protparam/) [47]. The
phylogenetic tree was constructed through the MEGA 7.0 software [48] and multiple sequence
alignment was performed by the DNAMAN software. The TMHMM Server v. 2.0 (http://www.cbs.dtu.
dk/services/TMHMMY/) [49], the NPS@ server (https://npsa-prabi.ibcp.fr/) [50], and the Swiss-Model
tool (https://swissmodel.expasy.org/) [51] were used to predict the transmembrane domain, the
protein secondary structure, and the three-dimensional structure of PgMYB2 protein, respectively.
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The comparison of PgMYB2 with other homologous proteins was performed on the ESPript 3.0
(http://espript.ibcp.fr/ESPript/ESPript/) [52].

4.4. Subcellular Localization of PgMYB2

Complete PgMYB2 (GenBank: KU096984.1) sequence was cloned into an overexpression
vector pPCAMBIA1302 containing the GFP gene. EHA105 cells carrying the recombinant plasmid
pCAMBIA1302-PgMYB2 were injected into the inner epidermis of onion (Allium cepa). The onion inner
epidermis cells infected with EHA105 carrying empty pCAMBIA1302 plasmid were operated in the
same way as a negative control. After the dark culture process occurred for 36 h at 28 °C, the result of
subcellular localization was observed by the fluorescence microscope (Nikon Eclipse 80i, Tokyo, Japan).

4.5. Hormone Treatments

To explore the responses of PgMYB2 and PgDDS (GenBank: AB265170.1) to MeJA treatments,
4 weeks cultured adventitious roots were transferred in 1/2 MS liquid media containing 50, 100 and
200 uM MeJ A, then kept at 25 °C for shaking under 110 rpm. About 200 mg of adventitious roots were
taken from each group at the corresponding time points from 0 to 72 h and stored in liquid nitrogen for
subsequent RNA extraction. Equivalent volumes of ethanol were used for the controls and maintained
at the same conditions.

4.6. The Expression Analysis of Related Genes by RT-PCR and qRT-PCR

The expression level of related genes in ginseng hairy roots and different tissues were quantified
by RT-PCR and gRT-PCR. The RT-PCR procedure was set as follows: 98 °C for 15s; 98 °C, 10's; 58 °C,
55;72°C,10s; 30 cycles; and 72 °C for 5 min. The reaction mixture system was prepared according to
the reagent instructions of PrimeSTAR® Max DNA Polymerase (Takara, Dalian, China). Amplified
fragments from each sample were analyzed by 1% agarose gel electrophoresis.

The qRT-PCR experiment was performed by the three steps method on qTOWER 2.2 (Analytik
Jena, Jena, Germany). The amplification program was set as follows: 95 °C for 5 min; 95 °C, 10's, 58 °C,
20's; 72 °C, 20 s; 40 cycles. The melting curve analysis was set as follows: 95 °C for 15 s; 60 °C for 60 s
and 95 °C for 15 s. The reaction mixture system was prepared according to the reagent instructions
of UltraSYBR Mixture (CWBIO, Beijing, China). The relative expression level of related genes was
computed based on the 27#2Ct method [53]. All expression levels were normalized according to the
expression level of 3-actin (GenBank: AY907207). Three sets of parallel replicates were set up in
all experiments.

4.7. Analysis of Transcriptional Activity in Yeast of PgMYB2

In order to obtain the promoter fragment of PgDDS, we used plant genomic DNA kit (TTANGEN,
Beijing, China) to extract genomic DNA of P. ginseng The full-length fragment of DDSpro (GenBank:
GU323921.1) was amplified by the gene-specific primers (Table S1). The reaction mixture system was
prepared according to the FastPfu DNA Polymerase reagent instructions (TransGen Biotech, Beijing,
China). The amplification procedure was set as follows: 95 °C for 5 min; 95 °C, 30 s; 58 °C, 30's; 72 °C,
60 s; 35 cycles; and 72 °C for 10 min. Then the amplified products were purified and inserted into
pAbAI (Takara, Dalian, China) as the bait vector using the Xhol and Smal restriction endonuclease.
Meanwhile, the PgMYB2 sequence was cloned into pPGADT7 (Takara, Dalian, China) as the prey vector.
The pABAi-DDSpro recombinant plasmid was transformed into the YIH Gold yeast strain. After
3 days of culture at 28 °C, the transformed yeast cells were selected on the SD/-Ura selection plate
added with 200 ng/mL AbA. Then the pGADT7-PgMYB2 recombinant plasmid was transformed into
positive colonies. After the second transformation, the yeast solution was uniformly coated on the
selected medium (SD/—Ura/—Leu) containing 200 ng/mL AbA. The yeast cells carried with the empty
vector (pGADT7-Rec) were cultured as a negative control.
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4.8. Expression of Fusion PgMYB2 Protein and Purification

The PgMYB2 protein fused with a trigger factor (TF) and 6x histidine (His) tag was obtained
by prokaryotic expression with the pCold/TF vector. Isopropyl 3-p-thiogalactoside IPTG) at 1 mM
was used to induce the strain bacteria E. coli BL21 that carried the pCold/TF-PgMYB2 recombinant
plasmid and the empty vector (as control) for 24 h at 16 °C. The PgMYB2 recombinant protein with
His-tag was purified using Ni-NTA agarose (QIAGEN, Frankfurt, Germany) following the operating
instructions and subsequently dialyzed at 8000 g for 20 min using the Amicon® Ultra-4 centrifugal
filter (Millipore, Massachusetts, USA). The protein was stored at —80 °C with the 20 mM Tris-HCl
buffer, pH =7.2.

4.9. Electrophoretic Mobility Shift Assay

The EMSA was performed with the LightShift® Chemiluminescent EMSA Kit (Thermo Fisher
Scientific, Waltham, USA) following the manufacturer’s protocol. Two pairs of DNA oligonucleotide
probes were synthesized, including the corresponding sequence of MBSII and mutant MBSII (Table S1).
The annealed probe reacted with the purified protein at room temperature for 20 min. Then the
complexes were separated by native polyacrylamide gel electrophoresis.

4.10. Transient Expression Analysis of PgMYB2

We used the Dual-Luciferase® Reporter Assay System (Promega, Madison, USA) to detect the
transient expression of PgMYB2 in the protoplasts of A. thaliana. In the assay of the dual-luciferase
reporter gene, the pGreenlI 0800-DDSpro-LUC reporter and the pEGAD-MYC-PgMYB2 effector were
co-transfected into Arabidopsis protoplasts using PEG-Ca. The knockout of MBSII was performed
with the Fast Mutagenesis Kit V2 (Vazyme, Nanjing, China). The luminescent signals were detected by
EnSpire® Multilabel Reader (PerkinElmer, Waltham, USA).

In the experiment of transiently overexpressing PgMYB2 in ginseng leaves, we used the same
EHAT105 strain in the subcellular localization. The EHA105 cells were cultured in LB medium
(containing 0.01 M MES and 40 uM acetosyringone) and grew overnight on a shaker at 250 rpm. The
bacteria pellets were collected by centrifugation, resuspended to OD600 = 1.0 with a solution of 10 mM
MgCl, and 0.2 mM acetylclogenone, and kept it standing more than 3 h. The EHA105 suspension was
injected into the lower epidermis of ginseng leaves in the flourishing period (about 2 months) by a
sterile syringe. The injected ginseng plants were grown at 25 °C for two days, then the infiltrated
leaves were cut off for subsequent RNA extraction. Three sets of parallel replicates were set up in
all experiments.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/9/2219/
s1. Figure S1: Heatmap of 30 R2R3-MYB unigenes; Figure S2: The screening assay of 3 unigenes in Y1H Gold;
Figure S3: The transmembrane domain of PgMYB2; Figure S4: The MYB DNA binding sites of PgMYB2; Figure S5.
Binding assay of PgMYB2 to MBS site; Table S1: Specific primers used in the study.
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Abstract: The role of jasmonates in defense priming has been widely recognized. Priming is a
physiological process by which a plant exposed to low doses of biotic or abiotic elicitors activates
faster and/or stronger defense responses when subsequently challenged by a stress. In this
work, we investigated the impact of MeJA-induced defense responses to mechanical wounding
in rice (Oryza sativa). The proteome reprogramming of plants treated with MeJA, wounding
or MeJA+wounding has been in-depth analyzed by using a combination of high throughput
profiling techniques and bioinformatics tools. Gene Ontology analysis identified protein classes
as defense/immunity proteins, hydrolases and oxidoreductases differentially enriched by the three
treatments, although with different amplitude. Remarkably, proteins involved in photosynthesis or
oxidative stress were significantly affected upon wounding in MeJA-primed plants. Although these
identified proteins had been previously shown to play a role in defense responses, our study revealed
that they are specifically associated with MeJA-priming. Additionally, we also showed that at the
phenotypic level MeJA protects plants from oxidative stress and photosynthetic damage induced by
wounding. Taken together, our results add novel insight into the molecular actors and physiological
mechanisms orchestrated by MeJA in enhancing rice plants defenses after wounding.

Keywords: MeJA; priming; rice; proteomics; ROS; chlorophyll fluorescence imaging

1. Introduction

Plants are exposed to a variety of external factors that unfavorably affect their growth and
development, and are generally classified into biotic (microbial pathogens and insect herbivores) and
abiotic (extreme temperature, water logging, drought, high salinity or toxic compounds, etc.) stresses.
Adaptation to these environmental stresses is essential for survival, growth and reproduction [1].
Among the defense strategies that plants have evolved, some are constitutive whereas other are induced
in response to stimuli, thus being more specific [2]. It is widely recognized that the identification
of elicitors triggers the activation of peculiar subsets of defense responses [3]. Furthermore, plants
are able to recognize non-self molecules or signals from their own damaged cells and consequently
to activate an efficient immune response against the stress they encounter [4-6]. It has been shown
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that phytohormones such as salicylic acid (SA), jasmonic acid (JA), ethylene (ET), abscisic acid (ABA),
cytokinin, brassinosteroids and auxin are the main players in coordinating signaling networks involved
in the adaptive response of plants to its (a)biotic environment [6,7]. These signal-transduction pathways
in turn activate large suites of genes, including those coding for transcription factors, enzymes involved
in the production of plant toxins, plant volatiles and reactive oxygen species (ROS) [8]. Generally, SA
induces defense responses against biotrophic pathogens, whereas JA and ET are important hormonal
regulators of induced reaction against necrotrophic pathogens [6]. Moreover, it has been shown that
either JA or ABA induce plant defenses against herbivorous insects, and that both JA and its methyl
ester (MeJA) are key components of a wound signal transduction cascade in plants [6,9]. Indeed,
application of exogenous JA induces the expression of genes, such as phenylalanine ammonia lyase
and proteinase inhibitors, known to be responsive to wounding [10]. Furthermore, using defective
tomato mutants in both JA biosynthesis and perception in grafting experiments, it has been further
demonstrated that JA or one of its derivatives may also act as a long-distance transmissible wound
signal [10-13].

Recent evidences show that plants can be primed for more rapid and robust activation of defense
response to biotic or abiotic stresses [14,15]. Defense priming is considered to be an adaptive, low-cost
defensive strategy since defense responses are not, or only slightly and transiently, activated by a given
priming agent. Conversely, defense responses are activated in a faster, stronger, and/or more persistent
manner following the perception of a later challenging signal [15]. Effectively, primed plants possess
molecular mechanisms that allow them to memorize previous priming events and generate memory
imprints during the establishment of priming [16-19].

The primed state can be induced by a pre-exposition of the plants to low doses of natural or
synthetic (a) biotic stress inducers, among which are chemical compounds (hormones, pipecolic acid,
hexanoic acid, volatile organic compounds), pathogens, insect herbivores, beneficial microorganisms or
environmental cues [3,20-23]. To date, induction of priming by chemicals has been observed in many
plant species, such as parsley, tobacco, Arabidopsis thaliana as well as in many others monocots and
dicot species [24,25]. The mediation of hormones in the primed responses is mainly restricted to SA, ET,
JA and ABA [16,26,27]. Among them, JA was studied in relation to resistance induction, demonstrating
that Arabidopsis plants primed with JA showed protection and reduction of infection symptoms by
P. cucumerina and A. brassicicola [28]. The role of JA as a priming hormone was also studied in rice
following Rhizoctonia solani infection [29]. Moreover, Methyl Jasmonate (MeJA)-induced priming
was studied in the herbaceous monocotyledon Calla lily, infected with the necrotrophic bacterium
Pectobacterium carotovorum, highlighting decreased necrosis in infected plant tissues [30]. Unraveling
the molecular basis of priming has recently received increasing attention [17,21,31,32]. Depending on
the nature of the priming agent and the stressor, priming can involve diverse mechanisms. Priming
could be related to the accumulation of key cellular proteins in their inactive state, which could be
readily activated following exposure to biotic or abiotic stress speeding up the signal amplification
cascade [33]. Another hypothesis on the molecular mechanism of priming suggested that epigenetic
mechanisms get ready the defense genes in a permissive modified state facilitating quicker and more
potent responses to subsequent attacks [34]. Additionally, several studies have shown the relevance of
epigenetic mechanisms underlying priming phenomenon [17,18,35,36].

Rice (Oryza sativa L.) is an important food crop worldwide. In rice, priming was mainly used
to improve seeds performance in terms of higher rate of germination and seedlings vigor under
suboptimal environmental conditions. In the so-called “seed priming”, controlled hydration of seeds
is used to break dormancy, speed germination and improve germination under stress conditions [37].
Recently, “seed priming” was also exploited to enhance the tolerance against various abiotic stresses
including drought, submergence, salinity, chilling, and heavy metals in various plant species [38—40].

Recent developments in “omics” disciplines have opened up new perspectives to achieve a
comprehensive understanding of biological processes related to stress responses in plants. In the
post-genomic era, the enormous amounts of high throughput -omics data along with robust
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bioinformatics and data mining tools can potentially provide a global view on physiological processes
triggered by stresses and also support the identification of novel signaling nodes in the plant defense
signaling. Indeed, advances in transcriptomic, metabolomic and proteomic technologies allowed
highlighting new hallmarks of biotic and abiotic stress responses in several plant species [41-45].
In particular, proteomics could be crucial to understanding physiological processes that are not
accounted at genomic level. The few proteomic studies published so far on the priming role during
environmental stresses identified key protein targets and signaling pathways, which are involved in
mitigating negative effects of stress factors [19]. Recently, proteomics has been exploited to characterize
the response of monocots to MeJA [46—48]. In particular, a proteomic analysis has suggested a role for
MeJA in enhancing fungal disease resistance in rice [49]. Remarkably, to date there are not many studies
highlighting the role of MeJA in protecting plants from wounding in rice. Mechanical wounding,
which is induced by biotic (e.g., herbivore attack and pathogens infection) and abiotic (e.g., raining,
wind, touching, and hailing) factors in plants, exists widely in nature [50]. Wounding stress is pretty
deleterious since it can open the way to the invasion by microbial pathogens, providing nutrients to
pathogens and facilitating their entry into the tissue and subsequent infection [51].

In this work, we investigated the impact of MeJA-induced priming on the efficacy of the rice plant
response to mechanical wounding. The proteome profiling of MeJA-primed plants has been in-depth
analyzed by using a combination of high throughput profiling techniques and bioinformatics tools.
Moreover, Gene Ontology (GO) analysis has been carried out to obtain more comprehensive insight
into the biological processes affected by MeJA, wounding and MeJA + wounding treatments. Moreover,
we showed that low doses of MeJA prime plants for augmented level of a subset of proteins, upon
wounding. Interestingly, while some of them are defense-related, others are involved in oxidative stress
responses and photosynthesis. Finally, phenotypic analysis performed on primed and not primed
rice plants strengthened the role of MeJA in protecting plants against potential oxidative stresses and
photosynthetic alterations due to mechanical stress. To the best of our knowledge, this is the first study
performed by shot-gun proteomics-based approach to investigate the role of MeJA as priming agent
against wounding in rice.

2. Results and Discussion

Jasmonates (JAs) are plant-specific signaling molecules that steer a broad set of physiological as
well as defense processes. Pathogen attack and wounding caused by herbivores induce the biosynthesis
of JAs, activating defense responses both locally and systemically [52]. To shed some light on the
effect caused by MeJA-induced priming on defenses against herbivorous, we investigated the whole
proteome changes of rice plants subjected to mechanical wounding following or not priming treatment
by comparative proteomic analysis. An overview of the experimental workflow is shown in Figure 1.

To induce priming state, 21-day-old rice plants (3—4 leaves stage) were sprayed with 10 uM
Me]J A solution, a dose not able to induce direct defense response, as previously demonstrated [53].
Twenty-four hours after spraying, both mock and primed plants were wounded. Since plant response
to MeJA is quite fast, the time gap elapsed between hormone treatment and wounding is reasonably
enough to allow the establishment of the priming effect [53,54]. Leaf samples were harvested at
48 hours-post-wounding (hpw) and proteins were extracted from mock (M), wounded (W), primed
with MeJA (P) and wounded after priming treatment (P + W) rice plants (Figure 1A). Comparative
quantitative proteomic analysis (Figure 1B) was performed analyzing the proteome of the W, P and
P + W rice leaves with respect to the plants grown under physiological conditions (M), allowing the
identification of differentially expressed proteins (DEPs) in the treated samples. In the M sample, a
total of 1417 proteins was identified, while in P, W, and P + W samples, the proteins detected were 1448,
1430 and 1447, respectively. Three biological replicates were performed and the numbers reported
above encompass only the proteins overlapping between the three replicates. The differences in their
levels were evaluated by label-free quantification approach, chosen to avoid excessive manipulation of
samples and artifacts, using the MaxQuant software (Table S1).
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Figure 1. Experimental workflow. (A) Plant treatments. Mock (M), leaves after wounding (W), leaves
primed with MeJA (P), and leaves primed with MeJA followed by wounding (P + W). (B) Protein
treatment and proteomic analysis.

2.1. MeJA Treatment Modulates Broad Spectrum Biological Processes

The list of Differentially Expressed Proteins (DEPs) after MeJA treatment (P samples) compared to
the mock is reported in Table 1.

Actually, listed DEPs are only those identified by at least three unique peptides, showing a level
greater than two-fold or lower than two-fold (log; fold change >1 or <—1, respectively) compared to
the mock, and with a p-value < 0.05. The analysis disclosed 32 proteins that underwent significant
quantitative variations in plants treated by MeJA. Among these, 21 proteins showed a log, fold change
value greater than 1, indicating over-expression, whereas 11 proteins were found to be under-expressed
with log fold change value less than -1, as compared to the mock.

Gene Ontology analysis was performed by the Protein Annotation Through Evolutionary
Relationship (PANTHER) software to classify DEPs into two major categories: biological processes
and protein classes (Figure 2A,B, respectively).
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Table 1. Differentially expressed proteins (DEPs) after MeJA treatment (P), compared to mock (M).

UniProt Code MSU ID Code Protein Name Log; Fold-Change p-Value
Q10D65 LOC_0s03g52860 Lipoxygenase Linoleate 9S-lipoxygenase 2 6.66 0.018
Q53LW0 LOC_Os11g20160 O-methyltransferase 4.59 0.013
QO1HV9 no code Arginine decarboxylase 3.67 0.005
QOJR25 LOC_0s01g03360 Bowman-Birk type bran trypsin inhibitor 3.25 0.014

B7E4]4 LOC_0s05g31750 0s05g0382600 2.98 0.02
Q5WMX0 LOC_0s05g15770 DIP3 2.58 0.002
Q57678 LOC_0s06g47620 TAA-amino acid hydrolase ILR1-like 6 241 0.037
Q8LMWS LOC_0s10g11500 0s10g0191300 protein (putative PRB1-2) 2.26 0.022
Q5U1I3 no code Peroxidase 2.24 0.01
Q8s3r3 LOC_0Os04g56430 DUF26-like protein 223 0.018
Q69JF3 LOC_0s09g36700 0s9g0538000 2.14 0.016
Q7XADS8 no code 0s07g0126400 protein (putative Prb1) 2.07 0.024
Q5ZCA9 o code Bowman-Birk t(}l/:]s:gb;aer;tt)rypsin inhibitor 20 0.008
Q6YZZ27 LOC_0s08g08970 Germin-like protein 8-3 2.0 0.015
Q75T45 LOC_0s12g36830 05120555000 (root PR10) 177 0.014
Q8L6H4 LOC_0s03g32314 Allene oxide cyclase, chloroplastic 1.72 0.05
Q6YXT5 LOC_0s08g02230 0Os08g0114300 protein 1.58 0.02
Q33E23 LOC_0s04g45970 Glutamate dehydrogenase 2, mitochondrial 133 0.024
Q40707 LOC_0s12g36880 PBZ1 1.26 0.01
B9F4F6 no code Citrate synthase 11 0.046
Q9ATR3 no code Glucanase 1.07 0.0012
QOJG75 LOC_0Os01g71190 Photosystem II reaction center Psb28 protein -1.09 0.002
C5MRM9 no code PsbA (Fragment) -1.09 0.019
A2YVX9 o code Putative unchara;ieortieziidgl_:)lr;))tein (Germin-like ~1.09 0.044
Q5QLS1 LOC_Os01g47780 Arabinogalactan protein-like -11 0.047
B7EKW3 LOC_0s07g26690 Aquaporin -1.18 0.03
Q575A8 LOC_Os06g51330 Ph"f"sysﬁg‘;i;;a:’ﬁ;y{ﬁ‘::ﬁ"lbly factor —132 0.045
Q6ERW9 LOC_0s09g23540  Probable cinnamyl alcohol dehydrogenase 8B -1.36 0.041
Q7F8S5 LOC_0s02g09940 Peroxiredoxin-2E-2, chloroplastic -1.64 0.029
BOFY06 LOC_0s07g38300 Ribosome-recycling factor, chloroplastic -1.89 0.014
H2KwW47 LOC_Os11g13890  Chlorophyll A-B binding protein, chloroplastic -1.94 0.014
J3RG68 no code Photosystem I iron-sulfur center -2.06 0.013

GO analysis highlighted biological processes affected by MeJA treatment, largely represented
by metabolic processes (43%) as well as cellular processes (29%) (Figure 2A). Moreover, our analysis
revealed some proteins involved in developmental processes (14%). Indeed, it is well known from the
literature that JAs are involved in the regulation of many developmental processes, including male
fertility, fruit ripening, and root growth [52]. Within this group of proteins, we found a “probable
cinnamy]l alcohol dehydrogenase 8B” (OsCADSB) (UniProt code Q6ERW?Y, Table 1), involved in lignin
biosynthesis catalyzing the final step of the production of lignin monomers [55]. Interestingly, it has
been reported that CAD genes are also stress-responsive [56]. The rice genome contains 12 different
CAD genes distributed at nine different loci and expression patterns have been reported only for few
of them; moreover, it has been hypothesized that the rice CAD genes could share similar expression
profiles with orthologs in other plant species [55]. The OsCADSB closest related gene is LpCAD1,
characterized in Lolium perenne, which was found was found to be wound induced within six hours,
but its level dropped down between 24—48 h [57]. According to this, in our experimental condition,
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OsCADSB was found to be slightly down-regulated 48 hours after treatment with low doses of MeJA,
but its induction at earlier time point after treatment cannot be ruled out. Our in silico functional
characterization highlighted also that 14% of the input proteins belongs to the “Response to stimulus”
group (Figure 2A). A representative protein of this category is germin-like protein 8-3 (UniProt code
Q6YZZ7, Table 1) that resulted over-expressed in our experimental conditions and it is known to
play a role in broad-spectrum disease resistance [58]. Members of the Oryza sativa 12 germin-like
protein (OsGLP) gene cluster are located on chromosome 8 in the major-effect quantitative trait loci
(QTL) for fungal blast resistance. In particular, proteins belonging to the OsGLP family were shown
to contribute to disease resistance as silencing of several genes confers susceptibility to two distinct
fungal pathogens, Magnaporthe oryzae and Rhizoctonia solani, the sheath blight pathogen [58]. In general,
germins and germin-like proteins (GLPs) constitute a large plant gene family and they were first
identified searching for germination-specific proteins in wheat (Triticum aestivum) [58,59]. They are
present as glycoproteins often retained in the extracellular matrix by ionic bonds. Most are very stable
oligomers [60,61]. They are structurally related to members of the cupin superfamily, that includes
isomerases, sugar- or auxin-binding proteins, cyclases, dioxygenases, and monomeric or dimeric
globulin seed storage proteins, such as phaseolin [62,63]. Germins and GLPs are known to play a wide
variety of roles as enzymes, structural proteins, or receptors [60]. As Enzymes, germins have oxalate
oxidase activity [64,65] and some GLPs have superoxide dismutase (SOD) activity [60], highlighting a
role in defense responses since both of them can produce hydrogen peroxide (H,0,) in plants [66].
Some studies have demonstrated that germins and GLPs modulate plant responses to abiotic and
biotic stresses [61,62]. Moreover, according to our findings, they are responsive to MeJA [67].

A
[ Cellular process
M Developmental process
[ Metabolic process
B Response to stimulus
B

@ Defense/immunity proteins
Hydrolase
B Oxidoreductase

20% [ Transferase

20%

Figure 2. Functional classification of the 32 DEPs after MeJA treatment, using Protein Annotation
Through Evolutionary Relationship (PANTHER) gene ontology (GO) analysis. The proteins were
classified into (A) biological processes and (B) protein classes.

As shown in Figure 2B, DEPs are mostly “Defense/immunity proteins” (40%), whereas other
protein classes are represented by Hydrolase, Oxidoreductase and Transferase (20% each). Among
defense/immunity proteins are putative Pathogenesis-Related (PR) protein PRB1-2 (UniProt code
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Q8LMWS, Table 1) and Prb1 (UniProt code Q7XADS, Table 1) belonging to the PR1 family, both
over-expressed in our experimental conditions. PR1 family is a dominant protein group induced by
pathogens and is commonly used as a marker for SA-related systemic acquired resistance (SAR) [68].
In rice it has been shown that Prbl proteins were induced in roots of seedlings after salt stress
or JA treatment, as well as in JA-treated stems or leaves [69-72]. Within the “Hydrolase” group
a drought-induced gene, DIP3, encoding a chitinase III protein (UniProt code Q5SWMXO, Table 1)
was found over-expressed in our experimental condition. Chitinases (EC 3.2.1.14) catalyze the
hydrolytic cleavage of the 3-1,4-glycosidic bond in N-acetyl-glucosamine biopolymers largely found
in chitin [73,74]. One of the physiological roles of plant chitinases is the protection against fungal
pathogens by degrading chitin [75]. Remarkably, some chitinases do not show any antifungal
activities [76]. Chitinases also respond to abiotic stress, and are involved in developmental processes
or growth [74,77]. Notably, it has been demonstrated that treatment by JA induces the accumulation of
chitinases in rice [78], according with our results. The protein class “Transferase” includes the protein
o-methyltrasferase (UniProt code Q53LW0, Table 1), putatively involved in serotonin and melatonin
biosynthesis, which was found strongly over-expressed in our experimental system. Melatonin
(N-acetyl-5-methoxytryptamine) has been characterized as an important bioactive molecule that is
not only an animal hormone, but also plays a role in plant growth and development [79]. Although
significant advances in elucidating the physiological roles and biochemical pathways of melatonin
in animals have been achieved, studies on melatonin in plants are at their infancy, but advancing
rapidly [80]. Very recently, it has been reported that its functions in plants include also the ability to
reduce susceptibility to diseases [81]. Our results corroborate the role of MeJA in rewiring a broad
spectrum of biological processes in rice plants, even at low doses.

2.2. Wounding Induces Proteome Changes on Immunity-Related Proteins and Enzymes

The list of DEPs after wounding (W samples) compared to the mock is reported in Table 2.

The analysis disclosed 11 proteins subjected to significant quantitative variations in wounded
plants. Among these, 10 proteins showed a log, fold change value greater than 1, indicating
over-expression, whereas only 1 protein showed a log, fold change <-1, as compared to the mock.
Analysis was performed by PANTHER software and DEPs were classified into the category of
protein classes. As shown in Figure 3, DEPs can be grouped in the following functional groups:

"o

“Defense/immunity proteins”, “Hydrolase”, “Isomerase”, “Lyase” and “Oxidoreductase” (20% each).

Table 2. Differentially expressed proteins (DEPs) after wounding, compared to mock.

Log>

UniProt Code MSU ID Code Protein Name Fold-Change p-Value
Q306)3 LOC_Os12g14440 Dirigent protein 5.11 0.001
Q10D65 LOC_0s03g52860 Linoleate 9S-lipoxygenase 2 417 0.019
Q75T45 LOC_Os12g36830 05120555000 (root PR10) 3.52 0.001
Q945E9 LOC_Os03g18850 JIOsPR10 2.38 0.011
Q40707 LOC_Os12g36880 PBZ1 2.04 0.035
Q5WMX0 LOC_0Os05g15770 DIP3 1.63 0.001
Q8S3P3 LOC_Os04g56430 DUE26-like protein 1.63 0.012
Q5ZCA9 no code Bowman-Birk t(}l;}r):gbr;aeitt)rypsin inhibitor 132 0.007
QOJR25 LOC_Os01g03360  Bowman-Birk type bran trypsin inhibitor 12 0.025
Q7XAD8 no code 0s07g0126400 protein (putative Prb1) 1.14 0.036
Q9FTN5 LOC_Os01g01660 0s01g0106400 (putative isoflavone) -1.56 0.044
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Figure 3. Functional classification of the 11 DEPs after wounding, using PANTHER gene ontology
(GO) analysis. The proteins were classified into protein classes.

The only protein significantly repressed by wounding is categorized into “Oxidoreductase” and
it is represented by a putative isoflavone reductase (UniProt code Q9FTNS5, Table 2). Isoflavone
reductases are enzymes involved in the biosynthesis of isoflavonoid phytoalexins in plants. They play
essential roles in response to several biotic and abiotic stresses and are restricted to the plant kingdom.
Isoflavonoid phytoalexins are small anti-microbial compounds produced by plants upon pathogen
attack, exposure to elicitor molecules, or other biotic and abiotic stresses [82]. In rice, an isoflavone
reductase-like, OsIRL, was found to be regulated by phytohormones either positively through JA
or negatively through SA and ABA [82]. Moreover, when produced in combination with JA, upon
wounding or herbivory, ABA acts synergistically on the expression of the MYC branch of the JA
response pathway, while it antagonizes the ERF branch, induced by JA and ET [6,83]. A role of ABA
in defense against insects has been suggested also in Arabidopsis [84]. Moreover, ABA has been
demonstrated to be involved in gene regulation in response to wounding; in fact, endogenous ABA
levels rise in plants after mechanical damage, both locally and systemically [69]. In light of this and
according to previous findings [82], we may speculate that in our experimental conditions the isoflavone
reductase-like under study could be down-regulated after wounding due to the wound-induced
increase of ABA.

The GO category “Defense/immunity proteins” includes the protein Prb1 (UniProt code Q7XADS,
Table 2). We previously found that Prb1 is over-expressed also by MeJA (Table 1) and we discussed
about its role in plant defense. Accordingly, it has been demonstrated that PR1 gene family is
over-expressed after wounding in rice [85]. Moreover, the Arabidopsis Prb1 ortholog (At2g14580) is
also involved in response to wounding (source: TAIR). The Protein class “Hydrolase” includes DIP3,
a chitinase III protein (UniProt code Q5WMXO0, Table 2). In our hands we found DIP3 up-regulated
also by MeJA treatment (Table 1) and this is not surprising since it is well known that chitinases are
induced by different abiotic stresses such as salt, cold, osmosis and heavy metals. For instance, in
Arabidopsis, chitinase activity is induced by heat shock, UV light, and wounding [74]. Our study
suggests that proteome reprogramming induced by wounding involve a broad variety of proteins
functionally related with immunity processes and mainly aiming to boost defense responses.

2.3. Combined MeJA Treatment and Wounding Affect the Level of Proteins Related to Defense Processes

The list of DEPs after MeJA treatment followed by wounding (P + W sample), as compared to the
mock is reported in Table 3.
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Table 3. Differentially expressed proteins (DEPs) after MeJA treatment followed by wounding,
compared to mock.

UniProt Code. MSU ID Code Protein Name Log,Fold-Change p-Value
Q10D65 LOC_0s03g52860 Linoleate 9S-lipoxygenase 2 5.3 0.015
Q5U1I3 no code Peroxidase 5.1 0.039
Q306]3 LOC_Os12g14440 Dirigent protein 43 0.005
Q8s3P3 LOC_Os04g56430 DUF26-like protein 32 0.01
QOIHVY no code Arginine decarboxylase 3.1 0.033

Q5WMX0 LOC_0s05g15770 DIP3 3.0 0.01
Q9ATR3 no code Glucanase 29 0.043
B7E4]4 LOC_Os05g31750 0s05g0382600 27 0.016
Q10N98 LOC_0Os03g16950 33 kDa secretory protein, putative expressed 2.7 0.042
Q75T45 LOC_0s12g36830 051280555000 (root PR10) 27 0.018
Q691X7 LOC_0s09g36680 Drought-induced S-like ribonuclease 2.7 0.017
Q7XADS8 no code 0s07g0126400 protein (putative Prb1) 24 0.029
QSLMW8 LOC_0s10g11500 0s10g0191300 protein (putative PRB1-2) 22 0.001
QOJR25 LOC_0s01g03360 Bowman-Birk type bran trypsin inhibitor 22 0.037
Q69JF3 LOC_0s09g36700 0s09g0538000 21 0.008
Q6YXT5 LOC_0Os08g02230 0s08g0114300 protein 19 0.008
Q5ZCA9 1o code Bowman-Birk t(}l;gjgbr;aex; tt)rypsin inhibitor 18 0.005
Q8L6H4 LOC_0s03g32314 Allene oxide cyclase, chloplastic 17 0.031
Q5Z77]2 LOC_0s06g35520 Peroxidase 1.7 0.033
Q40707 no code PBZ1 17 0.037
Q33E23 LOC_Os04g45970  Glutamate dehydrogenase 2, mitochondrial 1.6 0.013
Q6Z195 LOC_Os08g41880 Purple acid phosphatase 1.6 0.036
QOD3V1 no code 0s07g0664300 protein 1.6 0.046
B9F4F6 no code Citrate synthase 1.6 0.024
S4U072 LOC_Os04g39150 OSJNBb0048E(2.12 protein -1.0 0.023
Q10A54 LOC_0s10g05069 Alpha-mannosidase -23 0.047

The analysis disclosed 26 proteins that underwent significant quantitative variations with respect
to mock. Among these, 24 proteins showed a log, fold change value greater than 1, indicating
over-expression, whereas 2 proteins were found to be under-expressed (log, fold change value less
than —1), as compared to the mock. Results of Gene Ontology analysis performed by PANTHER is
shown in Figure 4.

[@ Defense/immunity proteins
Hydrolase

[ Oxidoreductase

Figure 4. Functional classification of the 26 DEPs after MeJA + W, using PANTHER gene ontology
(GO) analysis. The proteins were classified into protein classes.
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DEPs are classified into “Defense/immunity proteins” (40%), “Hydrolase” (20%) and
“Oxidoreductase” (40%). The protein class “Defense/immunity proteins” includes the
Pathogenesis-related proteins PRB1-2 (UniProt code QSLMWS, Table 3) and Prb1 (UniProt code
Q7XADS, Table 3). As described above, both are significantly over-expressed by MeJA (Table 1), but
only Prb1 was found significantly over-expressed also by wounding (Table 2).

Analogously, within the “Hydrolase” group, we disclosed DIP3 (UniProt code Q5WMXO0, Table 3)
also found over-expressed by MeJA (Table 1) and wounding (Table 2), implying that the double
treatment is not essential for its induction. Within the “Hydrolase” group another representative
protein is a purple acid phosphatase encoded by NPP1 (UniProt code Q6Z195, Table 3). Plant acid
phosphatases are involved in phosphate acquisition and utilization and their synthesis is affected
by developmental as well as environmental cues. Phosphate starvation induces de novo synthesis of
extra- and intra-cellular acid phosphatases, that might be one of the strategies plants have evolved to
cope with phosphate-limiting conditions [86]. Purple acid phosphatases have mainly been studied
in Arabidopsis, especially for their response to phosphorus starvation. Induction at both mRNA
or protein level in roots and in leaves under phosphate deficiency suggests that they may function
in scavenging phosphate from the soil as well as recycling it within the plant [87]. Interestingly,
purple acid phosphatases share similar transcriptional regulation features to Arabidopsis Vegetative
Storage Protein2 (AtVSP2) gene. Basically, AtVSP2 is a gene induced by wounding, MeJA and insect
feeding. Moreover, the defense function of AtVSP2 is correlated with its acid phosphatase activity [88].
In addition, the Arabidopsis ortholog of the purple acid phosphatase encoded by NPP1, AtPAP27
(At5g50400), shared 65% of amino acid sequence identity with rice NPP1. By querying Genevestigator
V3 [89] we found a strong induction of AtPAP27 following MeJA treatment or wounding in different
plant developmental stages, suggesting a similar role of rice NPP1 in plant defense mediated by MeJA
and wound signaling.

Within the “Oxidoreductase” group, Os07g0664300 protein was found as differentially expressed
(UniProt code Q0D3V1, Table 3). This protein belongs to the Short-chain Dehydrogenases/Reductases
(SDR) family. SDR comprises a broad family of NAD(P)H-dependent oxidoreductases represented in
plant kingdom. Functions of SDRs include many aspects of primary (chlorophyll biosynthesis, lipid
synthesis, or degradation) and secondary (steroids, terpenoids, phenolics and alkaloids) metabolism.
In analogy with animal SDRs, it may be rational to assume that several SDRs play a major role regarding
hormone metabolism, including ABA biosynthesis [90]. Our results corroborate the evidence that
MeJA and wounding signaling could overlap in inducing proteins with key roles in defense responses.

2.4. Priming-Regulated Proteins Correlate with Defense Processes

Priming mechanisms include the accumulation of proteins in an inactive form that are rapidly
modulated upon exposure to stress, resulting in a more efficient and robust defense mechanism [34].
Our ultimate goal was to highlight proteins specifically affected by the priming treatment, i.e., all
proteins that after MeJA treatment and subsequent wounding (P + W) showed a alevel greater than
two fold (log, fold change >1) compared to both wounding (W) and MeJA (P) single treatment and
having a p-value < 0.05. This comparison was performed in order to exclude the contribution of
single treatments to the protein level occurred in the double treatment and to characterize molecules
regulating plant priming as well as the potential interplay between them at proteome level. These
proteins are listed in Table 4.
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Table 4. Priming-regulated proteins. Log2 fold-change after MeJA+wounding, compared to wounding
(P + W/W), log, fold-change after MeJA+wounding, compared to MeJA (P + W/P) and corresponding
p-values are shown.

UniProt Log; Log:
Code MSU ID Code Protein Name Fold-Change p-Value Fold-Change p-Value
(P + W/W) (P + W/P)

Carbonic anhydrase,
Q7F2G3 LOC_0s01g45274 chloroplast precursor, 148 0.006 133 0.002
putative, expressed

Chlorophyll A-B binding

Q943K1 LOC_0s01g64960 - . 1.22 9.29 x 1075 1.21 0.001

protein, putative, expressed
QBINWI  LOC_Os07g32sgo AT synthase gamma chain, 113 0.015 1.32 0.027

putative, expressed
Magnesium-protoporphyrin
IX monomethyl ester
QI9SDJ2 LOC_0s01g17170 cyclase, chloroplast 1.54 0.003 142 0.005
precursor, putative,
expressed
Q10582 LOC_Os03go3g1g  CAtalase domain containing 133 0.005 148 0.007
protein

Q7XSU8  LOC_Os04g59190 Peroxidase precursor, 121 0.049 114 0.028

putative, expressed

The protein carbonic anhydrase (UniProt code Q7F2G3) encoded by Os01g0639900 gene, belongs
to the large family of Carbonic Anhydrases (CAs). CAs are zinc metalloenzymes that catalyze the
interconversion of CO, and bicarbonate. CAs are ubiquitous in nature and they play essential roles
in all photosynthetic organisms [91]. In plants, CAs are involved in various physiological processes
such as photosynthesis, stomatal movement, development, amino acid biosynthesis, metabolism of
nitrogen-fixing root nodules and lipid biosynthesis [91]. CAs are also involved in biotic and abiotic
stress responses in both monocots and dicots [91]. In particular, many of them have been reported
as involved in response against various pathogens and pests [92-94]. Moreover, there are evidences
of CAs involvement in plant response to MeJA. Recombinant inbred lines of Arabidopsis resistant
to the herbivore insect Plutella xylostella showed a limited oxidative stress, due to a 2-fold increase in
abundance of AtbCA1 and AtbCA4 proteins [94]. Moreover, a proteomic study demonstrated that
CA1 and CA2 from Arabidopsis are strongly up-regulated by MeJA [41].

The importance in restraining oxidative stress induced by (a)biotic cues is emphasized by the
presence of ROS scavengers among the priming-regulated proteins disclosed in this study. Biotic
and abiotic stresses can induce an oxidative burst, which is followed by rapid changes in hydrogen
peroxide (HyO) levels, leading to a variety of physiological responses in plants. Catalases (CATs) and
peroxidases (Prxs) are heme enzymes that are able to detoxify H,O,, protecting cells from its toxic effects.
In our study, a catalase encoded by Os03g03910 (UniPROT code Q10S82) and a peroxidase encoded by
050440688300 (UniProt code Q7XSU8) were found involved in priming phenomenon. Our peroxidase
belongs to class III peroxidases which are glycoproteins located in vacuoles and cell walls [95]. They
are part of a large multigenic family with 138 members in rice and 73 members in Arabidopsis [96].
Prxs belong to the PR9 family [97] and are involved in a broad spectrum of physiological processes,
probably due to the high number of enzymatic isoforms (isoenzymes) and to the versatility of their
enzyme-catalyzed reactions [95]. Indeed, plant Prxs are involved in lignin and suberin formation,
cross-linking of cell wall components, auxin metabolism, phytoalexin synthesis and metabolism of
ROS [95]. Prxs ability to catalyze the synthesis of bioactive plant products enables them to exert a role
in plant defense. For example, Prxs are induced in host plant tissues by pathogen infection and are
expressed to limit cellular spreading of the infection through the formation of structural barriers [95].
The stress-induced expression of Prx is conferred by the nature of the 5 flanking regions of the genes
that contain many different potential stress-responsive cis-elements [96]. According with our results,
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it has been widely reported that JA, MeJA and beneficial microbes with priming effects positively
regulate prx gene expression [23,53,98].

Catalases (CATs) are major antioxidant enzymes primarily located in peroxisomes that detoxify
hydrogen peroxide, produced from various metabolic reactions and environmental stresses, into
oxygen and water [99]. Studies indicates that catalases play an important role in plant defense, aging,
and senescence [100]. Furthermore, CATs are involved in the resistance of plant cell wall and they
also act as a signal for the induction of defense genes playing a crucial role in maintaining active the
defensive responses [101]. Inrice, three classes of CATs have been identified as CatA, CatB, CatC, which
are involved in environmental stress response, root growth, and photorespiration, respectively [102].
Interestingly, CATs are also involved in resistance against insects. It has been demonstrated that aphid
resistance in tobacco plants infested with Bemisia tabaci nymphs is associated with enhanced antioxidant
activities in which CAT may play a dominant role. Moreover, a proteomic study highlighted that CAT2
and CATS3 from Arabidopsis were strongly up-regulated by MeJA [41]. It has been shown that MeJA
mediates intra- and inter-plant communications and modulates plant defense responses, including
antioxidant systems [103]. In our systems, up-regulation of proteins involved in ROS scavenging
corroborate the evidence that priming-induced plant resistance can be triggered by activation of
redox-sensitive genes, as previously found [103].

Among the protein significantly involved in the priming phenomenon there is also a “Putative
ATP synthase gamma chain 1, chloroplast (H(+)-transporting two-sector ATPase/F(1)-ATPase/ATPC1)”
(UniProt code Q84NW1) encoded by Os07g0513000 gene, belonging to the ATP synthesis-coupled
proton transport. ATP synthase is a greatly conserved enzyme catalyzing the synthesis of ATP
from ADP and phosphate through a flux of protons over an electrochemical gradient. Interestingly,
proteolytic fragments of chloroplastic ATP synthase have been found to mediate plant perception of
herbivory through the induction of volatile, phenylpropanoids, protease inhibitors and hormones,
including MeJA [104].

By using the freely available STRING program, we unraveled the interaction pattern of proteins
involved in the priming phenomenon (Figure 5).

Q943K1

e Q7XSU8
£ ) Q7F2G3

QS4NWI—"
Q1082

Q9SDJ2

Figure 5. Interaction map of priming-regulated proteins. Network was built by using STRING 10.5
software, at 0.4 confidence level. Prediction was performed on proteins listed in Table 4.

Analyzing the STRING output, we found out that ATP synthase (UniPROT code: Q84NW1)
interacts with Magnesium-protoporphyrin IX monomethyl ester [oxidative] cyclase (UniPROT code:
Q9SD]J2), encoded by ZIP1 gene and with a Putative photosystem II subunit PsbS (UniPROT code:
Q943K1), encoded by Os01g0869800 gene. Mg-protoporphyrin IX monomethyl ester cyclase is involved
in the chlorophyll biosynthetic pathway [105]. The PsbS protein is a key component in the regulation
of non-photochemical quenching (NPQ) in the photosynthesis of higher plant. The PsbS subunit
of photosystem II (PSII) plays a crucial role in pH- and xanthophyll-dependent nonphotochemical
quenching of excess absorbed light energy, thus contributing to the defense mechanism against
photo-oxidative damage [106]. Taken together, our results highlighted that the MeJA priming brings
about up-regulation of proteins involved in ROS scavenging and photosynthesis. This suggests an
inter-pathway crosstalk between ROS, phytohormone signaling and photosynthesis that allows plants
to efficiently respond to stress inputs, as previously reported [107]. It is worthwhile mentioning that
the increased photosynthesis rates suggest a boost of primary metabolism probably due to the need of
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energy and carbon skeletons necessary for the synthesis of secondary metabolites. In general, it has
been suggested that alterations in primary metabolism allow the plant to tolerate herbivores while
minimizing impact on fitness traits. Therefore, alterations in the levels of key primary metabolites
might themselves have the potential for a defensive mode of action.

2.5. MeJA Protects Plants from Effects of Wounding-Triggered H,O, Production

It is widely recognized that biotic and abiotic stresses induce ROS production in plant cells. Under
adverse conditions ROS may play two very different roles: activation of signaling leading to defense
responses or exacerbating damage. In fact, ROS can have a deleterious effect on cells since they can
modify biomolecules such as nucleic acids, proteins, and lipids leading to cell damage and death [108].
At basal level, hydrogen peroxide (H,O,), the simplest peroxide recognized as ROS, plays important
roles in several developmental and physiological processes When H,O, accumulates in response to
biotic and abiotic stresses, it is responsible of several phenomena, including stomatal closure and cell
death [109]. Our aim was to highlight the presence of HyO, in wounded rice leaves and to verify if MeJA
can affect wounding-dependent H,O, production exerting a priming role. To this end, three-week-old
rice leaves from M, P, W and P + W plants were incubated with 2’,7’-dichlorofluorescein diacetate
(2’,7”-DCFH,-DA) to detect the presence of HyO,. This compound exerts its function into the cytoplasm
where is deacetylated by intracellular esterase and subsequently oxidized by H,O, producing the green
fluorescent dye dichlorofluorescein (2’,7’-DCF). A negative control is represented by leaves incubated
with buffer only. Fluorescence was detected with a confocal microscope. The green fluorescence of the
probe was revealed using a 488 filter whereas the auto-fluorescence of the chlorophyll was detected
using a 563 nm filter. The experiment was performed three times independently and representative
results are shown in Figure 6.

The negative control showed the red fluorescence due to the chlorophyll (Figure 6A). In panel B,
wounded leaves exhibited very strong green fluorescence due to 2’,7-DCF highlighting the presence of
high levels of HyO; localized at the level of stomata and vascular tissue. Noteworthy, in P + W green
fluorescence was not observed anymore, suggesting a beneficial effect of the hormone in protecting
plants from oxidative damage. It has been shown that H,O, participates as a pivotal signal messenger
in response to wounding in several species, including rice [110]. It is conceivable that ABA could
represents one of the stimuli triggering H,O, production during wounding [111]. The accumulation
of HyO, detected in stomata could depend on ABA-induced stomata closure, a phenomenon that
exert a protection of leaves against further damage by subsequent threats [108,110]. Additionally, the
presence of this compound in the vascular tissue could be due to its nature since it could migrate
from the synthesis site to the neighboring vascular tissues or leaves, exerting a defense role against
biotic agents [50]. Unfortunately, HyO, levels are usually high under stress conditions so its effect
as strong toxic oxidant agent could lead to cell damage or cell death since the ROS scavenging is
compromised [112]. These latter considerations strengthen the role of MeJA in ameliorating plant cell
life during adverse conditions.
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2',7’-DCFH,-DA

Figure 6. Detection of HyO, in rice leaves using buffer (negative technical control) (A) or 2’,7/
DCFH,-DA (B). Detection was performed in rice leaves sprayed with a mock solution (M), with 10 uM
MeJA solution (P), wounded (W), or sprayed with 10 uM MeJA and wounded (P + W) and harvested
at 48 h-post-wounding. Fluorescence was observed under an LSM 710 confocal microscope with
Planneofluoar 40/1.30 objective. Two laser excitations lines were used (i.e., 488 for probe detection and
563 nm for chlorophyll autofluorescence). S: stomata. VT: vascular tissue. Bar corresponds to 200 um.

2.6. MeJA Protects Plants from Photosynthetic Damage

Chlorophyll fluorescence is a non-destructive method used to study plant photosynthetic
performance in response to biotic and abiotic stresses [113] In this study, we used the chlorophyll
fluorescence imaging tool in order to evaluate the effect of MeJA in wounded and not wounded leaves
(Figure 7).
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Figure 7. Measurement of chlorophyll fluorescence. Representative images of rice leaves mock (M);
primed with MeJA (P); wounded (W); primed and wounded (P + W) in brightfield, maximum quantum
efficiency of Photosystem II (Fy/Fys), minimal (Fy) and maximal fluorescence (Fyj) (panel A). The color
bar below shows the range of fluorescence values. Scale bar: 5 mm. Means (1 = 5) + SE of Fy/Fy (B),
FO (C) and FM (D) values are shown. In all bar panels, white bars represent M, blue bars P, black bars
W (w.a. = wounded area)), red bars P + W (w.a.), grey bars W (n.w.a = near wounded area), green
bars P + W (n.w.a.). A one-way ANOVA followed by Tukey’s test was performed to define statistical
significance (p < 0.05) of differences among means. Data not sharing the same letters are statistically
significantly different.

To this purpose, three-week-old rice leaves from M, P, W and P + W plants were imaged 48 hours
after wounding. We measured the maximum quantum yield of photosynthesis, Fy/Fy;, as a plant stress
indicator whose decline refers to a compromised photosynthetic performance [114]. The maximum
quantum yield of photosynthesis in M and P leaves was around a value of 0.8, indicating healthy
leaves (Figure 7B). P + W leaves, compared to W, showed a reduced damaged area (Figure 7A) and a
higher maximum quantum yield of photosynthesis (Figure 7B). In Figure 7A, the healthy part of the
leaves fluoresced whilst the damaged part appeared dark. In the wounded area (w.a.) Fy/Fy dropped
to zero due to very low Fy; values comparable to Fy (Figure 7B-D). In the regions near the wounded
area (n.w.a.), P + W showed a Fy/Fy similar to M and P whereas in W it was significantly decreased
(Figure 7B).

Other studies already showed a reduced chlorophyll fluorescence in wounded leaves [115] after
herbivorous insect attack [116] and fungal infection [117,118]. The decrease in Fy/Fy;, in our case,
is due to low Fy; values. Fy; reduction can be related to photoinactivation of photosystem II (PSII)
reaction centers or changes in PSII fraction due to modifications in thylakoid membrane structure and
organization [119,120].

Our data suggests that MeJA treatment protects PSII reaction centers and maintain structural
integrity of chloroplast, as already reported in salt stress conditions [121,122]. Therefore, we can put
forward the hypothesis that low doses of MeJA configure the priming condition and that the hormone
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can exert this action inducing proteins that are able to reduce the damaged area and to protect the
photosynthetic system.

3. Materials and Methods

3.1. Plant Material and Treatments

Rice seeds (Oryza sativa spp. Japonica cv. Carnaroli), supplied by Ente Nazionale Risi (Milano,
Italy), were surface sterilized using 10% (v/v) H,O, solution for 10 min. Seeds were washed with 70%
(v/v) EtOH solution for 5 min, and soaked in water overnight. After incubation at 37 °C for 2 days
on sterile water-imbibed filter paper, coleoptiles were transferred into alveolar trays and grown in
hydroponic culture in Yoshida nutrient solution, in a growth chamber under the following conditions:
28°C, 14 h light / 23°C, 10 h dark, with 60% =+ 5% relative humidity.

Three-week-old rice plants (3—4 leaves stage) were sprayed with 10 uM MeJA (Sigma; St. Louis,
MO, USA) and 1% (v/v) TWEEN 20 solution to induce priming. Mock plants were sprayed with
sterile water and 1% (v/v) Tween 20 solution only. Each plant was sprayed, making sure that droplets
were uniformly distributed. Both mock and primed plants were wounded 24 h after MeJA treatment
squeezing the leaves at the base and in the middle with a clamp and scraping the epidermal layer
with carborundum in three different areas equally spaced over the length of the leaf. Leaf samples
were harvested 48 hours-post-wounding (hpw) and homogenized by grinding with a pestle under
continuous addition of liquid nitrogen.

3.2. Protein Sample Preparation

Grinded leaves were suspended in a lysis buffer containing 10% TCA in acetone and 10 mM
DTT, left for 2 h at —20°C and then centrifuged at 13500 rpm for 14 min at 4°C. Pellet was washed in
acetone, containing 10 mM DTT, 2 mM EDTA and 1 mM PMSF and centrifuged again under the same
conditions. The obtained pellet was dried in Speed Vac Concentrator (Savant, ThermoFisher Scientific,
Waltham, MA, USA).

Samples were solubilized in 100 mM Tris-HCl, pH 8.5, containing 8 M urea and 7.5 mM DTT, and
sonicated by using 2 min-cycles (6 times) at 40 KHz and 4°C. Samples were subsequently centrifuged
at 45,000 rpm for 10 min at 4°C. Protein quantification was conducted by BCA assay (Thermo Scientific,
Rockford, IL, USA) in triplicate. Disulfide bridges reduction was performed by 10 mM DTT for 45 min
at 30°C. Alkylation was obtained by 50 mM 2-iodoacetamide for 20 min, under dark. Protein digestion
was performed by treating the diluted samples with two proteases. LysC digestion (LysC Mass
spectrometry grade, WAKO, Neuss, Germany) was carried out by using an enzyme to protein ratio of
1:100, with an incubation of 4 h at 37 °C. The resulting digestion mixture was treated with Trypsin
(Promega, Fitchburg, WI, USA) by using an enzyme to protein ratio of 1:50, incubating the samples
overnight at 37 °C. Reactions were stopped by adding TFA to a final concentration of 0.5% and the
mixture was desalted by RP-HPLC with a Zorbax column C18 eluted with a methanol gradient from 2
to 40% in 8 min, at a flow rate of 0.6 mL/min. Eluates were dried in Speed Vac Concentrator (Savant).

3.3. Proteomic Profiling and Data Analysis

LC-MS/MS analyses were conducted with a LTQ-Orbitrap XL mass spectrometer (ThermoFisher
Scientific, Waltham, MA, USA) coupled online with a nano-HPLC Ultimate 3000 (Dionex—ThermoFisher
Scientific, Waltham, MA, USA) using a 10 cm pico-frit capillary column (75 um Internal diameter
(LD.), 15 um tip, New Objective) packed in-house with C18 material (Aeris Peptide 3.6 um XB-C18,
Phenomenex, Torrance, CA, USA). Peptides were eluted with a linear gradient from 3 to 50% of
acetonitrile containing 0.1% formic acid in 160 min at a flow rate of 250 nL/min. The capillary voltage
was set at 1.2 kV and the source temperature at 200°C. For the analysis a full scan at 60,000 resolution
on the Orbitrap was followed by MS-MS fragmentation scans on the four most intense ions acquired
with collision-induced dissociation (CID) fragmentation in the linear trap (data-dependent acquisition
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- DDA). For each analysis, about 1 pg of protein extract was used. Protein identification and
quantification was performed by the software MaxQuant [123]. For each analysis, three biological
replicates were analyzed. The database used for protein identification was the Oryza sativa section
of the Uniprot database (version 20150805). Enzyme specificity was set to trypsin with 2 missed
cleavages. The mass tolerance window was fixed to 20 ppm for parent mass and to 0.5 Da for fragment
ions. Carbamidomethylation of cysteine residues was set as fixed modification and methionine
oxidation as variable modification. Proteins were filtered with a false discovery rate (FDR) < 0.01.
Data from different samples were compared using a T-test with a level of significance of 95% (p < 0.05).
For Gene Ontology analysis, data were analyzed by the PANTHER version 11.0 [124]. The PANTHER
classification system combines gene function, ontology, pathways and statistical analysis tools allowing
to analyze large-scale data from sequencing, proteomics or gene expression data. PANTHER is based on
82 complete genomes data organized in gene families and subfamilies. Genes are classified according
to their function, with families and subfamilies annotated with ontology terms (Gene Ontology
(GO) and PANTHER protein classes). STRING analysis (Search Tool for the Retrieval of Interacting
Genes/Proteins, http://string.embl.de/) has been carried out using STRING-10.5 server to predict the
protein-protein interaction of priming targets [125]. STRING database employs a mixture of prediction
approaches and a combination of experimental data (neighborhood, gene fusion, co-expression,
experiments, databases, text mining, co-occurrence). Network was completed at 0.4 confidence level.

3.4. ROS Detection in Rice Leaves

ROS detection was performed as previously described [126]. Briefly, H,O, production was
revealed by the specific probe 2’,7’-dichlorofluorescein diacetate (DCFH,-DA; Sigma Aldrich, St. Louis,
MO, USA), which is rapidly oxidized to highly fluorescent dichlorofluorescein (DCF) in the presence
of HyO,. Three-week-old rice plants were treated with MeJA or with sterile water (mock), as described
above. Both mock and primed plants were wounded 24 h after MeJA treatment. For each treatment,
two leaves from five plants were collected at 48 hpw Half number of leaves was incubated in a solution
containing 20 mM DCFH;-DA in 10 mM Tris-HCI (pH 7.4) for 45 min under dark. The remaining
half leaves was incubated in 10 mM Tris-HCl (pH 7.4) only, under the same conditions (negative
technical control). After staining, leaves were washed three times in fresh buffer for 10 min and
mounted on slides A LSM 710 confocal microscope (Carl Zeiss Microscopy GmbH, Jena, Germany)
with Planneofluoar 40/1.30 objective, was used to detect the fluorescence. Two laser excitations lines
were used (i.e., 488 nm for probe detection and 563 nm for chlorophyll auto-fluorescence). Data were
managed using Image J software 1.46r (http://rsbweb.nih.gov/ij/) (LOCI, University of Wisconsin,
Wisconsin, UW, USA). The experiment was performed three times independently.

3.5. Chlorophyll Fluorescence

Plants were dark-adapted for 30 min before chlorophyll fluorescence measurements. The minimal
fluorescence (Fy), maximal fluorescence (Fy) and maximum quantum efficiency of Photosystem II
(Fy/Fym = Fum = Fo/Fy) were measured in single leaves using an Imaging Pam M-series fluorimeter
(Heinz Walz GmbH, Effeltrich, Germany) [116]. ImagingWin software (Heinz Walz GmbH, Effeltrich,
Germany) allowed to select regions of interest in wounded leaves and to refer measurements to
wounded (w.a.) and near wounded areas (n.w.a.). Data are shown as means =+ standard errors (SEs).
The normality of data distribution was tested using the Shapiro-Wilk Normality Test. Significant
differences (p < 0.05) were analyzed using a one-way analysis of variance (ANOVA) followed by Tukey
post-hoc test. SigmaPlot was used for the analysis (Systat Software Inc., San Jose, CA, USA).

4. Conclusions

Priming encompasses accumulation of latent signaling components that are quickly activated
when plants are exposed to a stress. Therefore, it is interesting to exploit comparative proteomic
analysis in plants treated with chemical priming agents before they encounter stress conditions.
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Our results strengthen the awareness that LC-MS/MS-based proteomic approach is an exceptional
analytical tool for a better understanding of plant defense molecular mechanisms and of the proteome
reprogramming modulated by different treatments. Using this approach, we highlighted proteins
involved in ROS signaling and photosynthesis that could cooperate in regulating priming-dependent
defense responses. Some of the currently identified proteins had previously been shown to play a role
in defense responses; however, our study revealed a role of MeJA-priming in protecting rice plants
from mechanical damages. In the future, it would be interesting to further investigate the exact role of
these proteins in priming phenomenon.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/10/
2525/s1. Table S1. List of proteins identified by MaxQuant analysis, using the database Uniprot, taxonomy Oryza
sativa (version 20150805). Enzyme specificity was set to trypsin with 2 missed cleavages. The mass tolerance
window was set to 20 ppm for parent mass and to 0.5 Da for fragment ions. Carbamidomethylation of cysteine
residues was set as fixed modification and methionine oxidation as variable modification. Content of columns: A,
identified proteins by Entry name; B, identified proteins and other relevant information for the identification;
C-F, unique peptides media relative to the three replicated of samples M, W, P, P + W; G-I, label-free intensities
media relative to three replicates, standard deviation and percentage of coefficient variation of sample M; J-L,
label-free intensities media relative to three replicates, standard deviation and percentage of coefficient variation
of sample W; M-O, label-free intensities media relative to three replicates, standard deviation and percentage of
coefficient variation of sample P; P-R, label-free intensities media relative to three replicates, standard deviation
and percentage of coefficient variation of sample P + W.
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Abstract: Jasmonic acid (JA) is a plant hormone that plays an important role in the defense
response and stable growth of rice. In this study, we investigated the role of the JA-responsive
valine-glutamine (VQ)-motif-containing protein OsVQ13 in JA signaling in rice. OsVQ13 was
primarily located in the nucleus and cytoplasm. The transgenic rice plants overexpressing OsVQ13
exhibited a JA-hypersensitive phenotype and increased JA-induced resistance to Xanthomonas oryzae
pv. oryzae (Xoo), which is the bacteria that causes rice bacterial blight, one of the most serious
diseases in rice. Furthermore, we identified a mitogen-activated protein kinase, OsMPK®6, as an
OsVQ13-associating protein. The expression of genes regulated by OsWRKY45, an important
WRKY-type transcription factor for Xoo resistance that is known to be regulated by OsMPK6,
was upregulated in OsVQ13-overexpressing rice plants. The grain size of OsVQ13-overexpressing
rice plants was also larger than that of the wild type. These results indicated that OsVQ13 positively
regulated JA signaling by activating the OsMPK6-OsWRKY45 signaling pathway in rice.

Keywords: MAP kinase; jasmonate; rice bacterial blight; salicylic acid; grain development

1. Introduction

Rice (Oryza sativa L.) is a major crop in the world, and decreased crop yields caused by pathogen
attacks is a serious problem in rice farming. Many studies have shown that rice plants have developed
complex defense systems to protect themselves against various pathogens. Among the defense
systems, two plant hormones, jasmonic acid (JA) and salicylic acid (SA), are important signaling
compounds that help to regulate the expression of defense-related genes in rice [1]. Treatment
with benzothiadiazole (BTH), an SA analog, upregulates many pathogenesis-related (PR) genes and
defense-related transcription factors (TFs) in rice and enhances resistance to rice bacterial blight and
rice blast caused by Xanthomonas oryzae pv. oryzae (Xoo) and Pyricularia oryzae, respectively, which are
both hemibiotrophic pathogens causing two of the most serious rice diseases, rice bacterial blight
and rice blast, respectively [2]. The WRKY-type TFs, identified as a TF family containing a conserved
WRKY domain [3], have important roles in rice defense responses. As one of the WRKY-type TFs,
OsWRKY45 plays a crucial role in the BTH-mediated defense response against Xoo and P. oryzae [2,4].
OsNPRI, a rice homologue to Arabidopsis NON-EXPRESSOR OF PATHOGENESIS-RELATED GENES1
(AtNPR1) [5], acts as a positive regulator of SA signaling and is involved in SA-mediated defense
response in rice [6-8].
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JA also plays an important role in the defense response against Xoo. Prior treatment with
Xoo-derived cellulase (ClsA) and lipase/esterase (LipA) increases a rice plant’s resistance to subsequent
Xoo infection and upregulates the expression of JA-biosynthetic and JA-responsive genes [9].
The JA-upregulated rice jasmonate ZIM domain (JAZ) protein, OsJAZS, interacts with the F-box
protein CORONATINE INSENSITIVE 1 (COI1), which is the primary JA receptor, and acts as a
repressor of the JA response, thus negatively regulating the expression of JA-responsive defense-related
genes and resistance to Xoo [10]. OsWRKY45-2 is involved in the JA-mediated resistance to Xoo [11].
Activation of the Cysteine3Histidine (CCCH)-type zinc-finger DNA-binding protein has been reported
to induce JA-mediated resistance to Xoo in rice [12]. The basic helix-loop-helix (bHLH)-type TF
OsMYC2, which is the rice homologue of AtMYC2, positively regulates the JA-mediated defense
response against Xoo in rice [13]. OsNINJA1, which is the rice homologue of Arabidopsis NOVEL
INTERACTOR OF JAZ (AtNINJA) [14], acts as a negative regulator of the OsMYC2-mediated defense
response against Xoo in rice [15]. JA-induced volatiles such as monoterpenes and sesquiterpenes act as
antibacterial or signaling compounds in the defense response against Xoo [16-20]. Of these JA-induced
monoterpenes, linalool functions as a signal molecule to induce the upregulation of defense-related
genes in rice [17]. In addition, (E)-nerolidol and y-terpinene exhibit antimicrobial activities against
Xoo [19,20]: y-terpinene induces antibacterial activity against Xoo by damaging the bacterial plasma
membrane [19]. The JA-induced accumulation of some volatiles is regulated by OsJAZS8 [17,18].
These results suggest that the JA signaling pathway is necessary for inducing rice defense systems
against Xoo.

Recent studies have reported that JA-responsive plant-specific valine-glutamine (VQ)
(FxxxVQXLTG)-motif-containing proteins have been identified in many plant species [21-24].
In Arabidopsis, JASMONATE-ASSOCIATED VQ MOTIF GENE1 (JAV1, known as AtVQ?22) acts
as a negative regulator of JA-mediated plant defense, operating against necrotrophic pathogens and
herbivorous insects [25]. MITOGEN-ACTIVATED PROTEIN KINASE4 SUBSTRATE1 (MKS1, also
known as AtVQ21) is required for the activation of SA-dependent defense [26,27]. In addition, some
VQ-motif-containing proteins have been shown to interact with numerous WRKY TFs [21]. AtVQ23
interacts with AtWRKY33, a key regulator of plant defense against necrotrophic pathogens [26,28,29].
These results suggest that VQ-motif-containing proteins act as modulators in JA- and SA-mediated
plant defense. The rice genome contains 39 VQ-motif-containing protein family genes, some of which
respond to pathogen attacks [22,30]. However, studies on VQ-motif-containing proteins in JA-mediated
defense signaling in rice are lacking. We recently identified a few JA-responsive VQ-motif-containing
genes in rice through a microarray analysis [10]. In the current study, we investigated the role of the
JA-responsive rice VQ-motif-containing protein OsVQ13 in the JA-mediated defense response in rice.
We also provide evidence regarding an OsVQ13-associating protein, which acts as a key regulator
of OsWRKY45.

2. Results

2.1. Properties of OsVQ13

We carried out reverse transcription-quantitative PCR (RT-qPCR) analysis of OsVQ13 to investigate
its expression in response to JA treatment. The expression of OsVQ13 reached its maximum level after
24 h of JA treatment (Figure 1A). To determine the subcellular localization of OsVQ13, we generated
transgenic rice plants overexpressing the OsVQ13 green fluorescent protein (GFP) fusion protein
(OsVQ13GFP-ox) and confirmed the expression of the transgene through RT-PCR (Figure 1B). The GFP
signal in the root tissue of OsVQ13GFP-ox line 9 was observed by fluorescence microscopy. As shown
in Figure 1C, the GFP fluorescent signals were detected in the nucleus and the cytoplasm, indicating
that OsVQ13 was localized in these specific locations.
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Figure 1. Jasmonic acid (JA)-induced expression and subcellular localization of OsVQ13. (A) Expression
levels of OsVQ13 in response to JA. Total RNA was extracted at the indicated time points after
100 uM of JA treatment. Values are means + SE. Data were analyzed using Tukey’s HSD
test (n = 4 for each genotype). Bars with different letters are significantly different at p <0.05.
(B) Reverse transcription (RT)-PCR analysis of OsVQ13GFP and actin expression in wild-type (WT)
and OsVQ13GFP-overexpressing rice plants (OsVQ13GFP-ox; lines 1-9). (C) Subcellular localization
of OsVQ13. The green fluorescent protein (GFP) signal in the root tissue of OsVQ13GFP-ox (line 9)
was visualized by fluorescence microscopy. Nuclear localization of OsVQ13GFP was confirmed by
4’ 6-diamidino-2-phenylindole (DAPI) staining. Bars = 10 pm.

2.2. Phenotypes of OsVQ13-Overexpressing Rice Plants

We generated OsVQ13-overexpressing (OsVQ13-0x) rice plants (lines 2 and 8) and confirmed the
expression of the transgene through RT-PCR (Figure 2A). To identify JA responses in these transgenic
rice plants, we measured chlorophyll (Chl) contents after JA treatment, because it is known that JA
promotes a Chl degradation in rice [13]. The Chl contents of OsVQ13-ox rice plants were significantly
reduced at three days after JA treatment (Figure 2B).

To determine whether OsVQ13 is involved in JA-mediated resistance to Xoo, we performed a
resistant test on these transgenic rice plants. The JA-treated or untreated rice plants were inoculated
with a virulent Xoo, and the length of any blight lesions was measured 14 days after inoculation.
The lengths of blight lesions in the OsVQ13-ox plants were significantly shorter than those in the
wild-type (WT) plants without JA treatment (Figure 2C,D). Furthermore, JA-induced resistance was
enhanced in the transgenic rice plants compared to the WT plants (Figure 2C,D).
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Figure 2. Phenotype of OsVQ13-overexpressing rice plants. (A) RT-PCR analysis of OsVQ13 and
actin expression in wild-type (WT) and OsVQ13-overexpressing rice plants (OsVQ13-ox; lines 2 and
8). (B) Total chlorophyll content in leaf blades after treatment with 100 uM of JA for 3 d in WT and
OsVQ13-ox rice plants. Values are means + SE. Data were analyzed using Tukey’s HSD test (1 = 4 for
each genotype). Bars with different letters are significantly different at p < 0.05. (C) Disease symptoms
of rice bacterial blight in WT and OsVQ13-ox with mock or 100 uM of JA pretreatment for 24 h. The fifth
leaf blades were photographed 14 d after inoculation with Xoo. (D) The length of lesions on the fifth
leaf blades at 14 d after inoculation with Xoo with pretreatment with 100 uM of JA for 24 h. Values are
means + SE. Data were analyzed using the Tukey-Kramer test (1 = 12 for both WT mock and JA; n =7
for line 2 mock; n = 12 for line 2 JA; n = 10 for line 8 mock; n = 12 for line 8 JA). Bars with different
letters are significantly different at p < 0.05.

2.3. Identification of OsVQ13-Associating Proteins

Arabidopsis VQ proteins act as positive or negative regulators through interactions with various
proteins in response to abiotic or biotic stresses [31]. To determine whether OsVQ13 associates with
uncharacterized proteins in rice, we performed a co-immunoprecipitation assay on anti-GFP antibodies
derived from OsVQI13GFP-ox rice plants. The OsVQ13GFP-ox rice plant exhibited a JA-hypersensitive
phenotype similar to that of the OsVQ13-ox transgenic plant, indicating that the OsVQ13GFP protein
was functional in the rice plant (Figure 3A). The GFP-ox transgenic rice plant (GFP-ox) was used as
a negative control. After anti-GFP antibody precipitation, numerous proteins were detected in the
OsVQ13GFP-ox rice plant sample, whereas only a small number of proteins were detected in the
GFP-ox rice plant sample (Figure 3B,C). Experiments using OsVQ13GFP-overexpressing rice plants
were repeated five times, and ultimately, the four proteins that were reproducibly detected at least
twice in the immunoprecipitates were selected (Figure 3C). These selected proteins were analyzed
using matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS)
and identified in a MASCOT database. As a result, one mitogen-activated protein kinase (MAPK),
OsMPKG®6, and three TFs, namely OsNACS5, OsERF36, and OsMADS2, were identified (Table 1).
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Figure 3. Identification of OsVQ13-associating proteins. (A) Confirmation of JA-hypersensitive
phenotype in OsVQI13GFP-ox plant. Total chlorophyll content in leaf blades after treatment with 100 uM
of JA for 3 d in WT and OsVQ13GFP-ox rice plants. Values are means + SE. Data were analyzed using
Tukey’s HSD test (n = 4 for each genotype). Bars with different letters are significantly different at
p < 0.05. (B,C) The proteins co-purified with GFP-Trap from GFP-overexpressing (GFP-ox: (B)) and
OsVQ13GFP-overexpressing rice plants (OsVQI3GFP-ox: (C)) were separated through SDS-PAGE,
and protein bands were visualized by Oriole straining (Oriole). GFP (B) and OsVQ13GFP (C) proteins
were detected using anti-GFP antibody (I.B.). The numbers on the left indicate the position of the
protein size markers in kDa. The putative molecular weight of each protein was as follows: GFP,
27 kDa; OsVQI13GEFP, 41 kDa. The numbers on the right of the Oriole staining lane in (C) indicate
protein bands excised for MALDI-TOF MS protein identification. (C) The gel is representative of five
independent experiments.

Table 1. The list of proteins co-purified with OsVQ13.

Predicted MW Occurrence/Total No. of

No. Locus No. Protein Name (kDa) Experiments
Mitogen-activated protein
1 0506806090 Kinase 6 (OSMPK6) 45 4/5
NAC domain-containing
2 Os11g08210 protein 5 (OsNACS5) 35 3/5
Ethylene response factor 36
3 Os10g41330 (OSERF36) 29 2/5
MADS-box transcription
4 0501566030 factor 2 (OsMADS2) 2 5

OsVQ13 co-IP was performed using OsVQI13GFP-overexpressing transgenic rice plants. Experiments were
independently performed five times. Nos. 14 are as in Figure 3. MW: Molecular weight.

Among the OsVQ13-associating proteins, we focused on OsMPK6, which is known to be involved
in the rice defense response [32,33]. We first found a direct interaction between OsVQ13 and OsMPK6
proteins using a yeast two-hybrid system (Figure 4A). We next performed Phos—tag® SDS-PAGE to
reveal whether OsVQ13 in rice was phosphorylated. In SDS-PAGE using Phos-tag® acrylamide,
phosphorylated proteins are trapped by the Phos-tag® sites, which leads to a delay in their migration
and a resulting separation from unphosphorylated proteins. This makes it straightforward to identify
the phosphorylated proteins from their observed positions on blots [34,35]. As a positive control,
we used a commercially available x-casein, which contains both phosphorylated and unphosphorylated
forms. When the x-casein was separated by Phos—tag® SDS-PAGE, a slow-migrating band was detected
(Figure 4B). The band disappeared following treatment with protein phosphatase, indicating that the
upper band was a highly phosphorylated form of x-casein, which could be distinguished from the
unphosphorylated form through Phos-tag® SDS-PAGE (Figure 4B). In the case of the sample from the
OsVQ13GFP-ox rice plant, however, there was no change in the banding pattern detected by anti-GFP
antibodies between samples treated and not treated with phosphatase (Figure 4C).
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Figure 4. Phosphorylation assay of OsVQ13. (A) Interaction between OsVQ13 and OsMPK6 using
yeast cells. The yeast AH109 strain was dropped on synthetic dropout (SD) glucose medium lacking
Leu and Trp (-2) or on SD glucose medium lacking Ade, His, Leu, and Trp (=4). (B) Phosphorylation
assay of the a-casein protein through Phos-tag® PAGE. Here, x-casein was a control protein treated
with alkaline phosphatase (+AP) or untreated (-AP) (as indicated), separated through Phos—tag®
SDS-PAGE. The black arrowhead indicates phosphorylated-«-casein, and the white arrowheads
indicate dephosphorylated «-caseins. An asterisk indicates an AP protein. (C) Phosphorylation assay
of the OsVQ13 protein through Phos-tag® PAGE. Purified OsVQ13GFP proteins were treated with AP
(+AP) or were untreated (—AP). The treated proteins were separated through Phos—tag® SDS-PAGE
and were detected using anti-GFP antibodies.

2.4. OsVQ13 Affected OsMPK6-Mediated Signaling Pathways in Rice

OsMPKG6 is involved in the rice defense response through the phosphorylation of OsWRKY45,
a TF that, in turn, plays a crucial role in defense responses in rice [2,4,36,37]. To investigate whether
OsVQ13 affects the OsWRKY45-dependent pathway via its association with OsMPK6, we compared
the expression levels in WT and OsVQ13-ox rice plants of the following OsWRKY45-responsive
genes (identified by Nakayama et al. [4]): OsWRKY62, cytochrome P450, OsOPR5, OsPrx126, OsPrx72,
OsGSTU4, UDP-glucosyltransferase, Proteinase inhibitor 120, and beta-1,3-glucanase. Genes OsWRKY62,
cytochrome P450, OsOPR5, OsPrx126, OsPrx72, OsGSTU4, and UDP-glucosyltransferase tended to be
upregulated in OsVQ13-ox rice plants compared to WT plants in the absence of JA. The expression
levels of all genes tested were significantly higher in JA-treated OsVQ13-o0x rice than in WT plants
(Figure 5A). In contrast, the expression levels of endogenous OsVQ13, OsMPK6, and OsWRKY45 in
OsVQ13-ox plants with or without JA treatment were not significantly different from those in WT rice
plants (Figure 5B).

It was also shown that the length, width, and weight of OsVQ13-ox grains were significantly
larger than WT grains (Figure 6A-D). OsMPK6 has been shown to positively regulate grain size and
weight in rice [38,39].
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Figure 5. Expression of OsWRKY45-responsive defense-related genes in OsVQ13-overexpressing
rice plants. (A) Expression levels of OsWRKY45-responsive genes after JA treatment.
The OsWRKY45-responsive genes identified by Nakayama et al. [4] were used: OsWRKY62,
cytochrome P450, OsOPR5, OsPrx126, OsPrx72, OsGSTU4, UDP-glucosyltransferase, Proteinase inhibitor
120, and beta-1,3-glucanase. (B) Expression levels of endogenous OsVQ13, OsMPK6, and OsWRKY45
after JA treatment. (A,B) Values are means + SE. Data were analyzed using Tukey’s HSD test (n = 4 for
each genotype). Bars with different letters are significantly different at p < 0.05.
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Figure 6. Grain size of OsVQ13-overexpressing rice plants. (A) Mature grains of the WT and
OsVQ13-overexpresing rice plants (OsVQ13-ox: lines 2 and 8). Bar = 5 mm. The average grain length
(B), width (C), and grain weight (D) of the WT and OsVQ13-ox plants. Values are means + SE. Data
were analyzed using Tukey’s HSD test (1 = 100 for each genotype). Bars with different letters are
significantly different at p < 0.05.

3. Discussion

We previously demonstrated that the gene expression patterns in response to JA are broadly divided
into two phases, the early (<12 h) and late (>12 h) phases, under our experimental conditions [13].
The expression level of OsVQ13 reached a maximum at 24 h after JA treatment, indicating that OsVQ13
is a late JA-responsive gene in rice. It has been reported that the basal expression of OsVQ13 in
the resistant rice plants harboring a Xoo-resistance gene, Xa3/Xa26, was significantly higher than in
corresponding susceptible rice plants [30]. When OsVQ13 was overexpressed in rice in the current study,
the transgenic plants exhibited a JA-hypersensitive phenotype and increased basal and JA-induced
resistances against Xoo. The increased JA-induced resistance against Xoo in transgenic plants depended
on the expression levels of the OsVQ13 transgene. These results indicated that OsVQ13 acted as a
positive regulator of JA signaling in rice.

In the present study, we revealed that OsVQ13 associated with OsMPK6 and positively regulated
OsMPKé6-mediated signaling pathways in rice. OsVQ13 possessed putative phosphorylation sites
through MAPK. Furthermore, we suggested the possibility that OsVQ13 may not be a substrate of
OsMPKGe, although further analysis is needed to determine whether OsVQ13 is phosphorylated or not
by OsMPKG6 in rice. These results suggest that OsVQ13 acts as a regulatory protein toward OsMPK6,
but not as a substrate for OsMPK6. Furthermore, expression patterns of OsMPK6 and OsWRKY45
were similar in WT and OsVQ13-ox rice plants, suggesting that OsVQ13 positively regulated the
expression of OsWRKY45-responsive genes by activating OsMPK6 at the protein level but not at
the transcriptional level. The activity of OsMPK6 is suppressed via interaction with the MAPK
phosphatase OsMKP1, which dephosphorylates both serine/threonine and tyrosine residues of MAPKs
in rice [40]. Thus, it is possible that OsVQ13 blocks the interaction between OsMPK6 and OsMKP1 to
activate the OsMPK6-OsWRKY45 cascade in response to JA. Regulation of OsWRKY45 activity via the
phosphorylation mediated by OsMPK6 has been analyzed in detail [37]. OsWRKY45 is phosphorylated
at Thr266, Ser294, and Ser299 by OsMPK6. Phosphorylation of Ser294 and Ser299 is required for the
full activation of OsWRKY45 in the defense response in rice [37]. Conversely, phosphorylation of
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Thr266 negatively affects the defense response in rice [41]. In the current study, it was demonstrated
that OsVQ13 positively regulated the OsWRKY45-dependent signaling pathway by associating with
OsMPKGe, although there was no direct evidence for the phosphorylation of OsWRKY45 by OsVQ13 in
rice (Figure 7). Further studies are needed to test this hypothesis.

Both OsMPK6 and OsWRKY45 act as central regulators of SA signaling in rice [2,4,37]. In the
current study, we demonstrated that the expression of some OsWRKY45-responsive genes was
upregulated by JA, which also increased their upregulation in OsVQ13-ox rice plants. The expression
of OsMPK6 and OsWRKY45 is upregulated through JA treatment [42,43]. Another important fact is that
the expression of OsVQ13 is also upregulated by BTH, an analog of SA [2]. These results suggest that
OsVQ13 plays a critical role as an activator of the OsMPK6-OsWRKY45-dependent cascade involved
in both JA- and SA-induced resistance against Xoo.

Generally, SA confers resistance against biotrophic and hemibiotrophic pathogens, whereas
JA confers resistance against necrotrophic pathogens in plants. The relationship between JA and
SA is antagonistic in many plants. As an example of an Arabidopsis VQ protein, plants exhibiting
RNA interference (RNAIi) of JAV1 exhibited increased resistance against the necrotrophic pathogen
Botrytis cinerea [25]. The Arabidopsis mks1 mutant exhibited increased susceptibility to the biotrophic
pathogen Pseudomonas syringae [27]. However, in rice, it is unclear whether this antagonistic cross-talk
between JA- and SA-dependent defense signaling occurs. In addition to the current study, other studies
have demonstrated that the JA-dependent signaling pathway has an important role in resistance
against hemibiotrophic pathogens in rice. Accumulations of JA-isoleucine (JA-Ile), a bioactive
form of JA that is induced through inoculation with P. oryzae [44], and the jasmonate-deficient rice
mutants cpm2 and hebiba, exhibited decreased resistance to an avirulent P. oryzae [45]. The osjarl-2
mutant, which exhibits diminished JA-Ile accumulation in leaves, also showed decreased resistance
to P. oryzae [46]. Expression of the microRNA miR319b was upregulated through inoculation with
virulent P. oryzae. The upregulation of miR319b caused the suppression of its target gene, TEOSINTE
BRANCHED1/CYCLOIDEA/PROLIFERATING CELL FACTOR1 (TCP)21 (OsTCP21). OsTCP21 acts as
a positive TF regulating the JA-biosynthetic genes lipoxygenase2 (OsLOX2) and OsLOX5 [47]. On the
other hand, P. oryzae converts JA into 120H-JA by secreting a monooxygenase, Abm. The 120H-JA
suppresses the induction of JA-mediated defense responses [48]. It has been reported that 313
BTH-upregulated genes were identified by microarray analysis in rice [2]. When the expression
levels of BTH-upregulated genes were compared to those of JA-responsive genes, as identified by
microarray analysis in rice [10], more than half of the BTH-upregulated genes, including OsVQ13,
were also upregulated by JA [42]. OsNPR1 is degraded by OsCUL3a to suppress OsNPR1-dependent
cell death [8]. The expression of OsNPR1 is also upregulated by JA [49]. Furthermore, an oscul3a
mutant exhibited increased resistance to P. oryzae and Xoo by activating both the JA- and SA-signaling
pathways [8]. Taken together, these results strongly indicate that JA and SA signaling can interact
coordinately in an induced defense response and that OsVQ13 may be a key factor in the rice defense
pathway induced by both JA and SA.

The overexpression of OsVQI3 has resulted in larger grain sizes compared to WT.
The overexpression of OsMPK6 or a constitutively active version of OsMPK6 (CA-OsMPK6) has
also resulted in significantly larger grains [39]. Furthermore, an oscoilb mutant has exhibited a
significantly lower grain weight [50], suggesting that JA has a positive effect on the seed development
process. However, there is not enough experimental evidence to discuss the function of OsVQ13 in
JA-dependent seed development in rice (Figure 7). Further studies are needed.

Among the OsVQ13-associating proteins, the NAC-type TF OsNACS5 positively regulates some
defense-related genes in rice, and the expression of OsNACS responds to both JA and abscisic acid [51].
OsNACS5 is also required to express salt stress tolerance in rice [51]. OsNAC5-overexpressing rice plants
have exhibited increased salt tolerance, whereas OsNAC5-RNAI rice plants have exhibited greater
sensitivity than the WT to salt stress [51,52]. Recently, it has been reported that JA plays an important
role in salt tolerance in many plant species, including rice [53]. RICE SALT SENSITIVE3 (RSS3) acts as
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a negative regulator of JA signaling by interacting with OsJAZ9 and OsJAZ11, and the rss3 mutant
exhibits the salt-hypersensitive phenotype [54]. OsNACS is also known to be negatively involved in
leaf senescence in rice [55], whereas JA has a positive effect on leaf senescence in rice [50,56]. There is
no information as to whether OsVQ13 is a senescence-associated gene in rice. Further analyses of
OsVQ13-associating proteins such as OsNAC5 may provide new insights into the molecular mechanism
of JA-dependent biotic and abiotic stress responses in rice.
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Figure 7. A model for OsVQ13/OsMPK6 complex-mediated signaling pathways in rice. OsVQ13
associates with OsMPK6 and acts as an activator of the OsWRKY45-dependent signaling pathway,
contributing to resistance to Xanthomonas oryzae pv. oryzae. OsVQ13 also affects rice grain development
by associating with OsMPK6.

4. Materials and Methods

4.1. Plant Materials, Jasmonate Treatment, and Bacterial Inoculation

Plant and bacteria growth conditions were as previously described, they are grown and cultured
in our laboratory by ourselves [15]. The fully opened fifth leaf blades of rice plants were inoculated
using the clipping inoculation technique [57]. The lengths of blight lesions on each leaf blade were
measured for each leaf at 14 days post-inoculation.

To examine the effects of JA on rice growth and gene expression, rice plants were grown to the
four-leaf stage in a growth chamber in Kimura-B liquid medium [58] at 25 °C (24 h light) and then
incubated in the same medium supplemented with 100 M of JA (Sigma-Aldrich, St. Louis, MO, USA).
The fourth leaf blades were used for RT-qPCR analyses.

4.2. RT-qPCR

Total RNA was extracted from rice leaf blades from plants of different genotypes and treatments
using Trizol (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions.
RT-qPCR was performed as previously described [15,59]. The sequences of the gene-specific primers
used in this study are presented in the Supplementary Table S1.

4.3. Construction of OsVQ13-Overexpressing Vectors and Rice Transformation

The OsVQ13 cDNA (accession number: AK109228) was ligated into the pBI333-EN4 vector [60].
The pBI333-EN4-GFP binary vector was prepared by subcloning the GFP coding sequence into
the pBI333-EN4 binary vector. The production of transgenic rice plants was performed as
previously described [61,62]. Second- or third-generation plants were used for the experiments.
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RT-PCR was performed using the OneStep RT-PCR kit (QIAGEN, Hilden, Germany) according
to the manufacturer’s instructions. The sequences used for RT-PCR were as follows: OsVQ13F,
5-GACATGTTCGACTACGCGTC-3" and tNOSR, 5-GTATAATTGCGGGACTCTAATC-3’; GFPR,
5-GCATGGCGGACTTGAAGA-3’; actin, forward, 5'-CCTGGAATCCATGAGACCAC-3’ and reverse,
5’-ACACCAACAATCCCAAACAGAG-3'.

4.4. Chlorophyll Content Measurement

Leaf blades treated with 100 uM of JA for four days were homogenized in 1 mL of 80% acetone and
centrifuged at 15,000 rpm for 10 min. The specific chlorophyll content was determined as described
by Arnon [63].

4.5. Subcellular Localization Assay

Seven-day-old rice seedlings were incubated at 25°C in CHU (N6) medium (Duchefa Biochemie,
Haarlem, The Netherlands) with 50 mg/L of hygromycin. The GFP signal in the root tissue overexpressing
OsVQ13-GFP was visualized by using a KEYENCE BIOREVO BZ-9000 fluorescence microscope (Keyence,
Osaka, Japan). We used BZ filter GFP (excitation wavelength: 470/40 nm; absorption wavelength: 535/50 nm;
dichroic mirror wavelength: 495 nm) and BZ filter DAPI (excitation wavelength: 360/40 nm; absorption
wavelength: 460/50 nm; dichroic mirror wavelength: 400 nm). The root tissues were stained with
4’ 6-diamidino-2-phenylindole (DAPI) solution (Dojindo, Kumamoto, Japan).

4.6. Identification of OsVQ13-Associating Proteins

4.6.1. In Vivo Purification of the OsVQ13GFP Protein

Rice leaf blades (2 g, fresh weight) were homogenized with liquid nitrogen, and the powder
was resuspended in 30 mL of extraction buffer 1 (0.4 M sucrose, 10 mM Tris-HCI (pH 7.5), 5 mM
-mercaptoethanol (3-ME), 0.1 mM phenylmethylsulfonyl fluoride (PMSF), and 1% plant protease
inhibitor cocktail (Sigma-Aldrich)). After filtration of the slurry through Miracloth (Merck, Darmstadt,
Germany), the filtrate was centrifuged (2880x g, 20 min, 4 °C). The pellets containing nuclei were
resuspended in 1 mL of extraction buffer 2 (0.25 M sucrose, 10 mM Tris-HCl (pH 7.5), 10 mM MgCl,,
1% Triton X-100, 5 mM (-ME, 0.1 mM PMSE. and 1% plant protease inhibitor cocktail) and collected by
centrifugation (12,000x g, 10 min, 4 °C). The pellets were resuspended in 300 uL of extraction buffer 3
(1.7 M sucrose, 10 mM Tris-HCl (pH 7.5), 0.15% Triton X-100, 2 mM MgCl,, 5 mM 3-ME, 0.1 mM PMSE,
and 1% plant protease inhibitor cocktail), and the resuspended pellets were overlaid onto 300 uL of
extraction buffer 3. The nuclear proteins were collected by centrifugation (16,000 g, 60 min, 4 °C) and
suspended in nuclear lysis buffer (10 mM Tris-HCl (pH 7.5), 0.2 mM EDTA, 150 mM NaCl, 0.1% Triton
X-100, 5 mM B-ME, and 1% plant protease inhibitor cocktail).

4.6.2. Co-Immunoprecipitation and Protein Gel Blot Analysis

The nuclear proteins were mixed with magnetic bead-conjugated GFP-Trap (Chromotek, Munich,
Germany) and incubated overnight at 4 °C. The beads were then washed five times in 0.5 mL of
wash buffer II (Chromotek, Munich, Germany). The binding proteins were eluted with sample buffer.
The extracted proteins were separated by SDS-PAGE and transferred to a nitrocellulose membrane
through semidry blotting. A protein gel blot analysis was performed as previously described [13].
We used anti-GFP (1:1000) and antirabbit IgG horseradish peroxidase-conjugated secondary antibodies
(1:20,000).

4.6.3. Protein Identification Using TOF MS

The proteins that were purified by GFP-Trap were separated by 12% SDS-PAGE and stained with
Oriole Fluorescent Gel Stain (Bio-Rad, Hercules, CA, USA) for 90 min. The stained protein bands were
excised from the gels, washed twice with 100 mM of NH4HCOj3 containing 30% acetonitrile (Wako,
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Osaka, Japan), washed with 100% acetonitrile, and then dried in a vacuum concentrator. The gels
were reductively alkylated with 10 mM of dithiothreitol (DTT) in 100 mM of NH4HCO3 for 60 min at
56 °C and with iodoacetamide in 100 mM of NH4HCOj3 for 30 min at 25 °C. The gels were washed
with 100 pL of 100-mM NH4HCO; for 10 min and dehydrated through the addition of acetonitrile.
The dried gels were treated with 2 pL of 0.5 pug/uL of trypsin (Promega, Madison, WI, USA) in 50 mM
of NH4HCOj; and incubated at 37 °C for 12 h. Peptides were extracted with 50 mM of NH;HCOj3 in
1% trifluoroacetic acid and 50% acetonitrile. Sample preparation for MALDI analysis was according to
the method of Shevchenko et al. [64]. Peptides of proteins that associate with OsVQ13 were identified
through MALDI-TOF MS analysis with a Voyager-DE STR (Thermo Fisher Scientific, Waltham, MA,
USA). Experiments using OsVQ13GFP-overexpressing rice plants were repeated five times, and four
out of the five stained gels are presented in the Supplementary Figure S1.

4.6.4. Phos-tag® SDS-PAGE

To determine whether OsVQ13 was phosphorylated, we used Phos-tag® SDS-PAGE (NARD
Institute Ltd., Amagasaki, Japan). To achieve dephosphorylation, the beads were prepared in 50 uL of
1x alkaline phosphatase buffer (Thermo Fisher Scientific) and incubated with 2 units of fast alkaline
phosphatase (Thermo Fisher Scientific) for 2 h. After incubation, the beads were then washed five
times in 0.5 mL of extraction buffer, and the binding proteins were eluted with 2x SDS sample buffer.

4.7. Yeast Two-Hybrid System

An analysis of protein—protein interactions using a yeast two-hybrid system was performed as
previously described [15]. Images of yeast cells were obtained at day 3.

4.8. Additional Information

The accession numbers for the genes discussed in this article are as follows: OsVQ13
(AK109228), OsMPK6 (AK111942), OsWRKY45 (AK066255), OsWRKY62 (AK067834), cytochrome P450
(AK072220), OsOPR5 (AK104193), OsPrx126 (AK061206), OsPrx72 (AK067416), OsGSTU4 (AK103453),
UDP-glucosyltransferase (AK064395), proteinase inhibitor 120 (AK105387), and beta-1,3-glucanase
(AK068247).

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/12/
2917/s1.
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Abstract: Sweet cherries are non-climacteric fruits whose early development is characterized by
high levels of the phytohormone jasmonic acid (JA). Important parameters, such as firmness and
susceptibility to cracking, can be affected by pre- and postharvest treatments of sweet cherries with JA.
Despite the impact of JA on sweet cherry development and fruit characteristics, there are no studies (to
the best of our knowledge) identifying the genes involved in the JA biosynthetic pathway in this species.
We herein identify the sweet cherry members of the lipoxygenase family (13-LOX); allene oxide
synthase, allene oxide cyclase and 12-oxo-phytodienoic acid reductase 3, as well as genes encoding the
transcriptional master regulator MYC2. We analyze their expression pattern in four non-commercial
Tuscan varieties (‘Carlotta’, ‘Maggiola’, ‘Morellona’, ‘Crognola’) having different levels of bioactives
(namely phenolics). The highest differences are found in two genes encoding 13-LOX in the variety
‘Maggiola’ and one MYC2 isoform in “‘Morellona’. No statistically-significant variations are instead
present in the allene oxide synthase, allene oxide cyclase and 12-oxo-phytodienoic acid reductase 3.
Our data pave the way to follow-up studies on the JA signaling pathway in these ancient varieties,
for example in relation to development and post-harvest storage.

Keywords: Prunus avium; Tuscan varieties; jasmonic acid; lipoxygenase; bioinformatics;
gene expression

1. Introduction

Prunus avium L. is an economically relevant tree of the Rosaceae family producing stone fruits. Its
fruits are appreciated worldwide for their aroma, taste and richness in bioactive molecules. Sweet
cherries are indeed rich in polyphenols and pentacyclic triterpenes [1,2]. They have a low content
of calories. They are cholesterol-free and therefore valuable from a nutraceutical point of view.
The ripening of sweet cherries is accompanied by an early increase in endogenous jasmonic acid
(JA) levels [3]. This phytohormone is known to regulate different aspects of plant growth and
development [4], as well as the response to exogenous stresses [5,6].

Given the physiological relevance of JA, many studies in the literature have specifically looked
at the response of plants to this phytohormone in relation to flower and seed development [7], fruit
ripening [8,9], senescence [10] and secondary metabolite production [11-13]. Concerning fruits, the
majority of papers have dealt with the postharvest application of JA and its derivatives, which
improved shelf life by protecting against pathogen attack and by enhancing the antioxidant content [14].
Studies have also investigated the role of JA in the ripening of climacteric and, to a lesser extent,
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in non-climacteric fruits: In the former (e.g., apples), jasmonates act with ethylene in regulating
ripening [15], while in the latter (e.g., strawberries) the phytohormone affects cell walls, modifying
enyzmes, anthocyanin accumulation and lignin biosynthetic genes [16]. Some studies are present
in the literature concerning the response of sweet cherries to JA: More specifically, derivatives of
this phytohormones were applied both pre- and postharvest to improve the content of bioactives
and the firmness of the fruits [8,17,18]. The preharvest application of methyl jasmonate (MeJA) at
a concentration of 10 mM improved fruit flesh firmness, slowed down color changes and delayed
harvest by one week [8]. Additionally, MeJA (applied at a concentration of 0.4 mM) alone or in
combination with 0.1 mM abscisic acid (ABA) significantly reduced the susceptibility to cracking after
tests consisting of 6 h-water immersion [17]. Interestingly, this effect was observed over 2 consecutive
years and on fruits harvested both at the stage of fruit set and color change. Postharvest treatment
of sweet cherries with MeJA also increased the activities of a peroxidase and (3-1,3-glucanase: Those
findings suggest a possible protection against biotic stress, although little inhibitory activity was
observed on Monilinia fructicola [18].

Despite the economic value of sweet cherries and the physiological relevance of JA and its
derivatives, no study is available, to the best of our knowledge, on the identification of genes related
to its biosynthesis and signaling in P. avium. The content of JA is known to be extremely low in
sweet cherries at maturity [3]; therefore, we made the choice of focusing on JA-related genes in this
study. Here we identify the sweet cherry members of the lipoxygenase family (13-LOX), allene oxide
synthase (AOS), allene oxide cyclase (AOC) and 12-oxo-phytodienoic acid reductase 3 (OPR3), as well as
the transcription factor (TF) MYC2. We provide data concerning gene expression in non-commercial
ancient fruits collected at maturity (60 days post anthesis, dpa) and belonging to the regional germplasm
of Tuscany [19]. Since no similar study exists on P. avium (and even more so on these ancient fruits)
and since maturity is the interesting stage for an exploitation, we decided to measure gene expression
at commercial harvest. In particular, we focused our attention on 4 varieties which were previously
described to contain varying levels of bioactives (‘Carlotta” and ‘Maggiola’ that produce lower amounts
of phenolics, ‘Morellona’ and ‘Crognola’ that are instead high producers) [1]. The goal is to pave the
way to follow-up studies aiming at analyzing JA signaling in these ancient fruits; e.g., both during
development and postharvest storage. A kinetic study could indeed provide additional insight into
the relationship existing between JA biosynthesis and the content of phenolics in sweet cherries and
ultimately unveil potential links between early development and the higher antioxidant capacities
measured in some of the Tuscan varieties. A study on postharvest treatments with the phytohormone
or its derivatives will evaluate the effects on the stability of the fruits produced by the varieties studied
here. A high level of bioactives, together with an increase in postharvest stability are indeed important
characteristics for a potential exploitation of these ancient fruits.

2. Results and Discussion

2.1. Identification of JA Biosynthetic Genes in Sweet Cherries

The BLAST analysis carried out to mine the 13-LOX genes in the genome of sweet cherry [20] using
the six known thale cress sequences [21] led to the identification of five 9-LOXs and six members of the
13-LOX family. This number falls in the same range as the total number of LOX found in Carica papaya
and Vitis vinifera, where a total of 11 and 13 genes encoding LOXs were reported [22]. The maximum
likelihood phylogenetic analysis showed that P. avium’s corresponding proteins nicely cluster
into two separate branches, one for 9-LOXs (Pav_sc0000700.1_g070.1.mk/XP_021817420.1,
Pav_sc0000700.1_g050.1.mk/XP_021817418.1, Pav_sc0000700.1_g080.1.mk/XP_021817422.1,
Pav_sc0000861.1_g060.1.mk/XP_021820334.1, Pav_sc0000648.1_g280.1.mk/XP_021817417.1) and one for
13-LOXs (Figure 1).
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XP 021820334.1

Figure 1. Maximum likelihood phylogenetic tree (number of bootstraps in ultrafast mode: 1000) of
different LOX protein’s full length sequences from thale cress and P. avium (boxed). Accession numbers
from thale cress are NP_175900.1, NP_188879.2, NP_566875.1, NP_176923.1, NP_177396.1, NP_564021.1.
All the other accessions in the tree are sequences from P. avium (see Table 1). Bootstrap values comprised
of between 0.8 and 1 are displayed (the bigger the circle, the higher the bootstrap value). The tree was
rooted with Pseudomonas aeruginosa lipoxygenase PAO1 (accession number AAG04558.1).

Table 1. Details of the identified JA biosynthetic genes (13-LOX, AOS, AOC, OPR3, MYC2) in P. avium,
with proposed nomenclature, GDR (Genomic Database for Rosaceae) codes and NCBI accession numbers.
Genes separated by/indicate paralogs.

Proposed Nomenclature GDR Code NCBI Accession (Best Hit)
PavLOX2 Pav_sc0001040.1_g410.1.mk XP_021822553.1
PavLOX2.2 Pav_sc0001040.1_g480.1.mk XP_021822570.1
PavLOX2.3 Pav_sc0005842.1_g020.1.mk/Pav_sc0001040.1_g230.1.br XP_021801640.1/XP_021822570.1
PavLOX3 Pav_sc0001305.1_g640.1.mk XP_021825853.1
PavLOX3.2 Pav_sc0001580.1_g270.1.mk XP_021828445.1
PavLOX6 Pav_sc0000351.1_g320.1.mk XP_021809647.1
PavAOS Pav_sc0000890.1_g1300.1.mk/Pav_sc0004356.1_g050.1.mk XP_021820947.1/XP_021800682.1
PavAOC Pav_sc0000618.1_g380.1.mk XP_021804158.1
PavAOC 2 Pav_sc0000567.1_g750.1.mk XP_021814377.1
PavOPR3 Pav_sc0000129.1_g860.1.mk XP_021804971.1
PavMYC2 Pav_sc0000107.1_g180.1.mk XP_021803466.1
PavMYC2.2 Pav_sc0000652.1_g730.1.mk XP_021816617.1
PavMYC2.3 Pav_sc0006499.1_g050.1.mk XP_021802110.1

Based on the phylogenetic relationship with the thale cress 13-LOX, we could assign anomenclature
for the identified sweet cherry lipoxygenases (Table 1). The gene PavLOX2.3 corresponds to two
paralogs; however, it should be noted that Pav_sc0001040.1_g230.1.br is much shorter and may
represent an incomplete sequence; indeed the best hit in NCBI corresponds to XP_021822570.1, which
is 914 amino acids. The presence of a chloroplast signaling peptide was confirmed for all of the 13-LOX
from P. avium (scores berween 0.509-0.565).

161



Int. J. Mol. Sci. 2019, 20, 3569

Additionally, we identified two AOCs, one AOS and one thale cress ortholog of OPR3 (Table 1).
Interestingly, three orthologs of the master regulator MYC2 were retrieved from the genome of sweet
cherry (Table 1): The gene named MY(C2.2 showed the highest percentage identity (obtained when using
the blastx algorithm, and as input, the GDR nucleotide sequences indicated in Table 1) with Arabidopsis
MYC2 (85.71%), while MYC2 and MYC2.3 had lower scores (37.88% and 52.51%, respectively).

The MYC2 phylogenetic tree shows that PavMYC2.3 branches together with V. vinifera MYC2

(Figure 2), while the other sweet cherry MYC2 proteins do not show obvious similarities with MYC2
from other plant species [23].

pOAW BURIRUYY |ZZSE6L dN

oM snasoid b ZEEVIOVY

Figure 2. Unrooted maximum likelihood phylogenetic tree (number of bootstraps in ultrafast mode:
1000) of different MYC2 protein’s full length sequences from P. avium (boxed) and other species taken

from [23]. Bootstrap values comprised of between 0.8 and 1 are displayed (the bigger the circle, the
higher the bootstrap value).

2.2. Total and Targeted Quantification of Phenolics in the Four Ancient Varieties

We previously characterized six ancient Tuscan varieties of P. avium sampled in 2017 from a
nutraceutical point of view and ranked them according to their content in antioxidants, polyphenols,
flavonoids and anthocyanins [1]. We here quantify the same parameters in a subset of four varieties
known to show differences in the content of bioactives and sampled in the year 2018. We indeed
wished to confirm the stability in the trend of the measured parameters over a different year of harvest.
The results are shown in Table 2: Concerning the total antioxidants, the variety ‘Crognola’ ranks
first, followed by ‘Morellona’, while ‘Maggiola’ is the lowest. The same ranking is observed for the
polyphenols and flavonoids, while anthocyanins are highest in ‘Morellona’. It should be noted that
this variety is red fleshed, differently from all the others. Some differences are, however, observed with
respect to the previously published data on fruits sampled in 2017 [1], where ‘Carlotta” was the lowest

producer of antioxidants, polyphenols and anthocyanins. In 2017, the highest amount of anthocyanins
was observed for ‘Crognola,” despite the absence of a red flesh.
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Table 2. The table reports the values (+ standard deviation, number of independent biological
replicates = 3) obtained from the sweet cherry varieties sampled in 2018. The results show the total
content of antioxidants expressed as mmol Fe?* per 100 g fresh weight (FW), polyphenols as mg of
GAE (gallic acid equivalents) per 100 g of FW, flavonoids as mg of QeE (quercetin equivalents) per
100 g of FW and anthocyanins as CyE (cyanidin-3-glucoside equivalents) per 100 g of FW. Different
letters indicate statistically significant differences (p < 0.05) among groups at the one-way ANOVA
with Tukey’s post-hoc test.

Variety Total Antioxidants Polyphenols Flavonoids Anthocyanins
(mmol Fe?* mmol/100g FW) (mg GAE/100g FW) (mg QeE/100g FW)  (mg CyE/100g FW)

‘Carlotta’ 1.73 £0.01° 159.18 + 0.41P 49.33 +0.71° 34.46 + 0.81°

‘Morellona’ 222 +0.02¢ 313.11 +3.55°¢ 97.86 + 1.56 © 65.27 +1.03 4

‘Maggiola’ 1.43 +0.02° 137.70 +2.01 2 40.06 +1.232 32.41+0912

‘Crognola’ 3.07 +0.014 387.11+1.294 102.05 +2.42 4 58.46 +1.11¢

The targeted quantification of phenolics on the cherries sampled in 2018 reflects the
spectrophotometric analyses, with the only exception of p-coumaric acid, whose abundance is
significantly higher in ‘Maggiola” as compared to ‘Carlotta” and even ‘Morellona’ (Table 3). Despite
being fruits sampled in an experimental field, the standard devations are overall low: This is partly due
to our choice of pooling several fruits per biological replicate and to the grinding of the whole tissues
(exocarp, mesocarp and skin). Eventual differences in the content of bioactive molecules in the pericarp
and skin are thus levelled across replicates. These results differ from the values reported in 2017, where
the values were the lowest for ‘Maggiola’ [1]. The samples were harvested from trees grown in an
experimental field and therefore exposed to the natural environment—the differences observed may
have been due to the varying climatic conditions between 2017 and 2018. It will be interesting to carry
out high-throughput studies involving proteomics and transcriptomics to understand the reasons for
the recorded differences in the two years of harvest.

Table 3. The table reports the HPLC quantifications of specific bioactive molecules in the sweet cherry
varieties sampled in 2018 expressed as pug per gram of fresh weight (FW). The values are indicated
with the relative standard deviation (number of independent biological replicates = 3); different letters
indicate statistically significant differences (p < 0.05) among groups at the one-way ANOVA with
Tukey’s post-hoc test.

Chlorogenic p-Coumaric

Variety Acid Acid (+)-Catechin Rutin Cyanidin-3-Glucoside
FW) FW) FW)
(ng/g FW) (ng/g FW) (ug/g ) (ug/g ) (ug/s )
‘Carlotta’ 17942 £0.83°  29.02+057%  122.83+496P  32.54+0.63° 59.50 +1.02°
‘Morellona’ 27638 098¢ 5117+ 1.11P 17255+ 1.10¢  39.05+ 043P 80.62 = 0.77
‘Maggiola”  99.23 + 0572 76.50 % 0.88 © 46.74 £0.992 29.11+0.722 31.26 + 1472
‘Crognola’ 31267 +1.119 12349 +0.64¢ 219442499  99.78 +0.55¢ 149.77 £ 1.29 4

2.3. Gene Expression Analysis of JA Biosynthetic Genes in the Four Ancient Varieties

The qPCR analysis was performed on the same four varieties and on 8 targets whose expression
was detectable in mature fruits, namely LOX6, AOC2, AOS, LOX3, LOX3.2, MYC2.2, MYC2.3 and OPR3.
We reasoned that these four varieties would be the best samples to highlight an eventual correlation
between bioactive content and the expression of genes related to JA biosynthesis. As can be seen in
Figure 3, the four ancient varieties differ in the expression of LOX genes and MYC2.2. More specifically,
the variety ‘Maggiola” shows the highest expression of LOX3 and LOX3.2. LOXs code for non-haem
iron-containing dioxygenases catalyzing the oxygenation of polyunsaturated fatty acids (PUFAs),
such as «-linoleic or a-linolenic acid, and lead to the synthesis of molecules collectively known as
oxylipins [24]. LOXs known as 13-LOXs catalyze the oxygenation of the C atom in position 13 in the
PUFA o-linolenic acid which will then enter the JA biosynthetic pathway via the action of the enzymes
AOS and AOC [25]. The higher expression of LOX3 and LOX3.2 in ‘Maggiola,” coupled to the lack of
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any statistically significant differences in AOC2 and AOS expressions in the Tuscan fruits, suggest that
the identified genes partake in other biosynthetic branches (at least in the developmental stage herein
analyzed). For example, the two genes may be involved in the LOX branch linked with hydroperoxide
lyases (HPLs) which leads to the formation of volatiles responsible for the aroma of fruits. Plant HPLs
have been classified into those acting on 13-hydroperoxylinoleic acid and 13-hydroperoxy-«-linolenic
acid and those cleaving 9-hydroperoxy isomers of linoleic and «-linolenic acids [26]. In the literature,
it was indeed shown that, at maturity, the content of C6 aldehydes increased in Chinese varieties of
sweet cherry [27].

e Carlotta =Crognola ~ Maggiola =Morellona

[
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LOX3 LOX3.2 LOX6 AOC2 AOS OPR3 MYC2.2 MYC2.3

Figure 3. Relative expression of JA biosynthetic genes in the four Tuscan varieties. Error bars refer to
the standard deviation (number of independent biological replicates = 4). Different letters indicate
statistically significant differences among the groups of the one-way ANOVA with Tukey’s post-hoc test.

LOX6 shows a different pattern (Figure 3): Even if slight, the higher expression in ‘Crognola’
and ‘Morellona’ is statistically significant and follows the same trend observed for the antioxidants,
polyphenols, flavonoids and anthocyanins (Table 2). The Pearson correlation analysis showed a
strong positive correlation between LOX6 and total antioxidanty, polyphenols, flavonoids, and
anthocyanins, as well as chlorogenic acid, catechin and cyanidin-3-glucoside (Supplementary File 1).
Although JA is known to activate the late genes in the anthocyanin biosynthetic pathway via COI1
(Coronatine-Insensitive 1) in thale cress [28], a previous study comparing apple and sweet cherry fruits
highlighted, in the latter, a lack of correlation between endogenous JA/MeJA content and anthocyanin
accumulation at maturity [3]. Further experimental proofs are needed to understand the role of
P. avium LOX6.

We also measured the expression of two genes encoding members of the master regulator MYC2:
MYC2.2 and MYC2.3, which show different trends, with the former expressed at the highest levels
in ‘Morellona’ and the latter displaying no significant variations (Figure 3). MYC2 is known to be
involved in flavonoid biosynthesis [29,30] and ‘Morellona’ is one of the highest producers; the gene is,
however, expressed at lower levels in ‘Crognola’, despite its high levels of bioactives (Tables 2 and 3).
RNA was extracted from samples comprising both the skin and mesocarp. The variety ‘Crognola’ is
characterized by fruits displaying an intense red-colored skin but a yellow pulp: This may be due to a
lower expression of MYC2.2 with respect to ‘Morellona’.
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3. Materials and Methods

3.1. Fruit Harvesting

The 18-year-old sweet cherry trees were grown in an experimental field of the National Research
Council (CNR) in Follonica (Tuscany, Italy). The coordinates of the experimental field were previously
reported [31]. The fruits were harvested by picking them all over the tree canopy at an average height
of 1.70-1.90 m from the ground. Sampling took place in 2018 (sampling day: 18 May 2018, sampling
time: Between 9:00 and 10:00 a.m., daily maximum temperature: 24 °C, daily minimum temperature:
8 °C, humidity: 74%). The sampled fruits were immediately placed in liquid nitrogen, then brought to
the laboratory for long term storage at —80 °C.

3.2. Chemical Assays, HPLC Analyses and Statistics

For the determination of the total antioxidants, polyphenols, flavonoids and anthocyanins, we
followed the methods previously described [1]. The analyses were performed in 3 technical replicates
and 3 biological replicates (each biological replicate consisted of a pool of 3 sweet cherry fruits). The
quantification of targeted secondary metabolites was performed on an HPLC-DAD system (PerkinElmer
Series 200 HPLC Systems, Diode Array Detector, Norwalk, CT, USA) and by using curves generated
with standard molecules, as previously reported [1]. The values obtained by averaging 3 independent
technical replicates were log-transformed, and a one-way ANOVA with a Tukey’s post-hoc test was
performed with IBM SPSS Statistics v19 (IBM SPSS, Chicago, IL, USA) to determine the statistically
significant differences among groups.

3.3. RNA Extraction, Primer Design and Real-Time PCR Data Analysis

The RNA extraction method, together with quantification, assessment of integrities, reverse
transcription and real-time PCR conditions were as previously reported [31]. The primers used
for the reference genes have been previously published [2,31]; those for the JA biosynthetic genes
are reported in Table 4. They were designed with Primer3Plus (http://www.bioinformatics.nl/cgi-
bin/primer3plus/primer3plus.cgi, last accessed on: 20 May 2019) and the presence of self-dimers,
hetero-dimers, hairpins was checked with OligoAnalyzer 3.1 (http://eu.idtdna.com/calc/analyzer, last
accessed on: 20 May 2019).

Table 4. List of primers with details of the sequences, amplicon sizes and amplification efficiencies.

Name Sequence (5'—3') R? Tm (°C) Amplicon Size (bp)  Efficiency (%)
Pav_LOX3 Fwd TCTTGACCTCATTGGGAACC
Pav_LOX3 Rev ACCTGCTTGGATGGTGAATC 0995 7965 8 104.03

Pav_LOX3.2 Fwd GCCATCAGTGAAGATTTGGTG

Pav_LOX3.2 Rev CCTCCTTGATCTTGTTCCTCAC 0.995 81.39 106 9.7
PAOGR  CCHCIOMGTIC i s
IAGR COCHTTICICROTIC s e
TR QUOCICOCTS ame wm
omid UCROCGKOTA  y  wa
NG RTINS o

The gene expression values were determined with qBase’™US (version 3.2, Biogazelle, Ghent,
Belgium) by using actin7 and PP2A as reference genes. Statistics were performed with IBM SPSS
Statistics v19. A one-way ANOVA with a Tukey’s post-hoc test was carried out after having transformed
the NRQs (Normalized Relative Quantities) in log2 values and after having confirmed the normal
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distribution with a quantile-quantile plot (Q-Q plot). Four independent biological replicates, each
consisting of a pool of 3 fruits were used for the gene expression study.

3.4. Bioinformatics

Sweet cherry LOX, MYC, AOS, AOC, OPD3 were obtained by blasting the thale cress protein
sequences in NCBI and the GDR (Genome Data for Rosaceae) database (https://www.rosaceae.org/
blast/nucleotide/protein, last accessed on: 20 May 2019). The phylogenetic analysis was carried out
by using the full-length LOX and MYC protein sequences identified in sweet cherry and thale cress,
as well as other plant species. The pair-wise multiple alignment of LOX and MYC2 proteins from
P. avium, Arabidopsis thaliana and the other plant species indicated in Figures 1 and 2 was performed
with CLUSTAL-Q) (http://www.ebi.ac.uk/Tools/msa/clustalo/, last accessed on: 20 May 2019) [32],
and the alignment was then used for the maximum likelihood phylogenetic tree using the online
program W-IQ-TREE [33] (bootstraps in ultrafast mode: 1000; in auto mode, without selecting FreeRate
Heterogeneity), available at http://iqtree.cibiv.univie.ac.at. The tree was visualized with iTOL (available
at https://itol.embl.de/, last accessed on: 20 May 2019).

The chloroplast targeting sequence was verified with ChloroP [34] (available at http://www.cbs.
dtu.dk/services/ChloroP/, last accessed on: 20 May 2019).

4. Conclusions

We have herein identified the JA biosynthetic genes in the economically relevant fruit tree P. avium,
and measured their expression in four ancient varieties from Tuscany characterized by different levels of
bioactives. The data suggest that LOX3.2 in ‘Maggiola’ fruits at maturity is not linked to JA production,
but to other biochemical branches; e.g., volatile production. MYC2.2 is highest in “‘Morellona,” a variety
ranking first in terms of anthocyanins content. With this Communication, we wish to inspire future
studies focusing on kinetics and postharvest treatment with JA (or its derivatives), to evaluate the
relationship between bioactive contents and JA production, as well as to assess the stability of the
Tuscan fruits during postharvest storage.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/20/14/3569/s1.
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Abstract: The plant hormone jasmonic acid (JA) has been recognized as an important promoter of leaf
senescence in plants. However, upstream transcription factors (TFs) that control JA biosynthesis during
JA-promoted leaf senescence remain unknown. In this study, we report the possible involvement of a
TEOSINTE BRANCHED1/CYCLOIDEA/PCEF (TCP) TF BrTCP7 in methyl jasmonate (MeJA)-promoted
leaf senescence in Chinese flowering cabbage. Exogenous MeJA treatment reduced maximum
quantum yield (Fv/Fm) and total chlorophyll content, accompanied by the increased expression
of senescence marker and chlorophyll catabolic genes, and accelerated leaf senescence. To further
understand the transcriptional regulation of MeJA-promoted leaf senescence, a class I member of TCP
TFs BrTCP7 was examined. BrTCP7 is a nuclear protein and possesses trans-activation ability through
subcellular localization and transcriptional activity assays. A higher level of BrTCP7 transcript was
detected in senescing leaves, and its expression was up-regulated by MeJA. The electrophoretic
mobility shift assay and transient expression assay showed that BrTCP7 binds to the promoter regions
of a JA biosynthetic gene BrOPR3 encoding OPDA reductase3 (OPR3) and a chlorophyll catabolic gene
BrRCCR encoding red chlorophyll catabolite reductase (RCCR), activating their transcriptions. Taken
together, these findings reveal that BrTCP7 is associated with MeJA-promoted leaf senescence at least
partly by activating JA biosynthesis and chlorophyll catabolism, thus expanding our knowledge of
the transcriptional mechanism of JA-mediated leaf senescence.

Keywords: Chinese flowering cabbage; leaf senescence; JA; transcriptional activation

1. Introduction

As one of the major leafy vegetables, Chinese flowering cabbage (Brassica rapa ssp. Parachinensis)
is a popular in the Asian diet due to its health-promoting compounds and valuable anticancer
properties [1-3]. Generally, flowering shoots, stems, and younger leaves of this cabbage are harvested
for eating. However, harvested cabbage leaves senesce rapidly during transportation and storage,
wilt, and yellow, reducing product quality and commercial value [4-6]. Thus, there is a demand for
the elucidation of the molecular mechanisms of leaf senescence of Chinese flowering cabbage. Such
knowledge is important for developing practical solutions to maintain the quality and extend the
shelf-life of this vegetable.
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Previous genetic and molecular studies have demonstrated that leaf senescence is an active
biological process that is tightly regulated by various intrinsic and external factors, such as
developmental stage, natural plant hormones, and stresses [7-11]. Among the various phytohormones,
jasmonic acid (JA) and its derivate methyl jasmonate (MeJA), have been reported to accelerate leaf
senescence [12-14]. In a variety of plants such as Arabidopsis, rice, and maize, endogenous JA is found
to be significantly accumulated during leaf senescence [15-17]. Exogenous JA/MeJA application can
accelerate leaf yellowing and senescence and enhance the expression of several senescence-associated
genes (SAGs) including chlorophyll catabolic genes (CCGs), as well as genes involved in the JA
biosynthesis and signaling pathways [18].

Evidence suggests that transcription factors (TFs) are important regulatory proteins that control
the onset and progression of JA-induced leaf senescence by altering the expression of SAGs [11,14]. For
example, Arabidopsis MYC2, 3, and 4 function redundantly to activate JA-induced leaf senescence
by directly activating the expression of SAG29 and CCGs [18]. In contrast, PHLH subgroup IIId TFs
bHLHO03, 13, 14, and 1, target the SAG29 promoter and repress its expression [19]. WRKY57 directly
suppresses the transcription of SEN4 and SAG12, acting as a negative regulator of JA-induced leaf
senescence in Arabidopsis [20]. These findings highlight the complicated regulatory network of
JA-promoted leaf senescence governed by a series of TFs, promoting the identification of other TFs
associated with this process.

TEOSINTE BRANCHED1/CYCLOIDEA/PCF (TCP) proteins, with the conserved TCP domains,
are plant-specific TFs that have been identified in many plant species including Arabidopsis [21],
rice [22], maize [23], tomato [24], and Chinese cabbage [25]. TCP TFs have been well documented
to participate in multiple biological processes such as cell proliferation and growth, and stress
response [26]. Several TCP TFs have been shown to mediate hormone-induced changes in cell
proliferation and act as modulators, or even as key players of hormone synthesis, transport, and
signal transduction [26]. For instance, Arabidopsis TCP15 is required for the optimal balance between
auxin levels and cytokinins responses in the developing carpel [27]. Rice OsTCP19 is strongly
associated with abscisic acid (ABA)-mediated abiotic stress responses by binding and modulating the
activity of OsABI4 (ABSCISIC ACID INSENSITIVE4), and overexpression of OsTCP19 in Arabidopsis
affects not only ABA but also auxin and JA signaling [28]. GhTCP19 from gladiolus was shown
to be a positive regulator of the corm dormancy release process by repressing the expression of
an ABA biosynthesis gene expression (GKNCED, 9-cis-epoxycarotenoid dioxygenase), as well as
promoting cytokinins biosynthesis (GhIPT, isopentenyl transferase) and signal transduction (GhARR,
ARABIDOPSIS RESPONSE REGULATORS) [29]. Genome-wide transcriptional analyses revealed that
JA-related global responses are affected by gain or loss of TCP activity [30]. Breeze et al. conducted
transcriptome analysis and suggested the role of TCPs during leaf senescence in Arabidopsis [31].
Three Arabidopsis TCP TFs, TCP20, TCP9, and TCP4, were further found to target the promoter of a
JA biosynthetic gene LOX2 (Lipoxygenase2), repressing and activating its transcription, thus acting
antagonistically controlling JA-mediated leaf development and senescence [32]. The involvement of
TCP members in JA-promoted leaf senescence as well as the associated regulatory mechanism remain
to be elucidated.

Previously, we identified and characterized several TFs including BriWRKY65 [1], BrWRKY6 [2],
BrERF72 [5], and BrNACO055 [6] involved in leaf senescence in Chinese flowering cabbage, of which
BrERF72 was shown to enhance JA accumulation by inducing the expression of three JA biosynthetic
genes (BrLOX4, BrAOC3, and BrOPR3) during MeJA-promoted leaf senescence [5]. Leaf senescence is a
complex biological process mediated by numerous TFs, and the underpinning regulatory mechanisms
vary from species to species and with growing conditions. The current study revealed that a TCP, TF
BrTCP7, is positively associated with MeJA-promoted leaf senescence by the direct transcriptional
activation of a JA biosynthetic gene BrOPR3 and a CCG BrRCCR.
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2. Results and Discussion

2.1. Leaf Senescence of Chinese Flowering Cabbage is Promoted by Exogenous MeJA Treatment

The phytohormone JA-induced leaf senescence has been observed in several plant species [14-19].
Our previous study showed that exogenous MeJA treatment promotes leaf senescence of Chinese
flowering cabbage [5], which was further verified in the present work. As shown in Figure 1A,
appearance and non-invasive chlorophyll fluorescence imaging with maximum quantum yield (Fv/Fr)
default demonstrated that, in comparison to the control, MeJA-treated cabbage leaves exhibited a
greater degree of yellowing on the fifth and seventh day of storage. As expected, the Fv/Fm value and
total chlorophyll content were significantly lower in MeJA-treated leaves, which were 70.7% and 70.1%
of the control leaves, respectively, on the fifth day of storage (Figure 1B). To investigate why MeJA
promotes leaf senescence, we quantified the relative abundance of transcripts of two SAGs (BrSAG12
and BrSAG19) and six CCGs (BrPAO, BrPPH, BrNYC1, BrRCCR, BrSGR1, and BrSGR2) after MeJA
treatment. The transcript levels of all these genes increased more dynamically upon treatment with
MeJA, with a 2.89-, 1.44-, 2.03-, 1.81-, 1.47-, 2.62-, 1.93-, and 1.83-fold induction for BrNYC1, BrPPH,
BrPAO, BrRCCR, BrSGR1, BrSGR2, BrSAG12, and BrSAG19, respectively on the fifth day of storage
compared with the control (Figure 1C).
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Figure 1. Methyl jasmonate (MeJA) treatment promotes leaf senescence of Chinese flowering cabbage. (A)
Appearance and chlorophyll fluorescence imaging (Fv/Fm) of control and MeJA-treated cabbage leaves
during senescence. The false color code depicted at the bottom of the image ranges from 0 (black) to 1.0
(purple). Bar = 10 cm. (B) Changes in Fv/Fm and total chlorophyll content in control and MeJA-treated
cabbage leaves during senescence. (C) Relative expression of six CCGs (BrNYC1, BrPPH1, BrPAO1, BrRCCR,
BrSGR1 and BrSGR2) and two senescence-marker genes (BrSAG12 and BrSAG19) in control and MeJA-treated
cabbage leaves during senescence. Data presented in (B) and (C) are the mean =+ SD of three biological
replicates. Asterisks indicate a significant difference in MeJA-treated leaves compared with control leaves
(Student’s t-test: * p < 0.05 and ** p < 0.01).
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2.2. BrTCP7 is A Member of Class I TCP

Transcriptional regulation mediated by TFs, such as MYCs, NACs, and WRKYs, plays an important
role in JA-induced leaf senescence [14,33]. Numerous TCP TFs have been identified in plants; however,
only few of them were reported to be involved in JA-mediated leaf development and senescence [26,32].
Thus, we focused on the identification of TCP TFs from our RNA-seq transcriptome database associated
with Chinese flowering cabbage leaf senescence. Using a false discovery rate (FDR) of less than 0.05
and a fold change larger than 0.5 as thresholds, six genes annotated as TCP proteins were found to be
up-regulated (unpublished data). Among these TCPs, the member (GenBank number, XM_009152613.2)
that was most up-regulated during leaf senescence, was selected for further investigation.

The resulting amplified full-length gene was 753 bp, encoding a protein with 250 amino acid
residues, with a calculated molecular weight of 26.97 kDa, and a pI value of 9.69. By blasting the
NCBI database, we found that this gene shares high similarity (74.9%) with Arabidopsis AtTCP7, and
thus was named BrTCP7. The most distinguished characteristic of TCP proteins is the presence of a
~59-amino-acid-long conserved region with a non-canonical basic helix-loop-helix (b HLH) structure
(the TCP domain) in their N-terminal, which was proven to be responsible for nuclear targeting, DNA
binding, and protein—protein interactions [25,34]. Multiple-alignment of BrTCP7 showed that, similar
to other orthologous TCP proteins, BrTCP7 contains the conserved TCP domain (Figure 2A). On the
basis of the TCP domain, the TCP members can be grouped into two distinct subfamilies: class I (PCF
or TCP-P class) and class II (TCP-C class), among which class II can be further divided into subclades
CIN and CYC/TB1 [26,35]. As shown in Figure 2B, the phylogenetic tree shows that Br'TCP7 together
with AtTCP7, AtTCP14, and SITCP14 belong to class I.
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Figure 2. Multiple sequence alignment and phylogenetic analysis of BrTCP7. (A) Multiple alignment of
BrTCP7 with other TCP members. The following proteins were used for analysis: AtTCP7 (NP_197719.1),
AtTCP11 (NP_196450.1), SITCP13 (NP_001233966.1), and SITCP14 (NP_001293140.1). Identical and
similar amino acids are shaded in black and grey, respectively. Single underlining indicates the
conserved non-canonical basic helix-loop-helix structure. (B) Phylogenetic analysis of TCPs. BrTCP7
is boxed. The phylogenetic tree was constructed using the maximum likelihood inference method
using the MEGA program (version 5.0,Institute of Molecular Evolutionary Genetics, The Pennsylvania
State University, PA, USA).
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2.3. Molecular Properties of BrTCP7

To evaluate whether BrTCP7 is associated with MeJA-induced leaf senescence, we quantified
its expression in Chinese flowering cabbage during leaf senescence. qRT-PCR analysis showed that,
consistent with the RNA-seq data, the transcript level of BrTCP7 increases during leaf senescence.
More pronounced elevation of the BrTCP7 transcript was observed in MeJA-treated leaves, which
were ~0.85- and 0.51-fold higher than that of the control leaves on days 3 and 5 of storage, respectively
(Figure 3A). Generally, TCP proteins are localized in nuclei [34,36,37]. Subcellularlocalization prediction
also indicated that BrTCP7 is located in the nuclear region. To verify this prediction, BrTCP7 was
fused to green fluorescent protein (GFP) and transiently expressed in Nicotiana benthamiana leaves.
Compared with the fluorescence of control 355-GFP that is distributed throughout the cell, BrTCP7-GFP
fusion protein, like the nuclear marker (NLS-mCherry), was exclusively detected in the nucleus
(Figure 3B). To provide evidence for potential roles of BrTCP7 in transcriptional regulation, we assessed
the transcriptional activity of BrTCP7 in vivo using the dual-luciferase reporter system. As shown
in Figure 3C, similar with the activator control VP16, co-infiltration of BrTCP7 with the reporter
significantly increased the luciferase (LUC)/renilla luciferase (REN) ratio. These data reveal that
BrTCP?7 is a nuclear-localized transcriptional activator that is possibly associated with MeJA-induced
leaf senescence of Chinese flowering cabbage.
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Figure 3. Molecular properties of BrTCP7. (A) Relative expression of BrTCP7 in control and
MeJA-treated cabbage leaves during senescence. Each value represents the mean + SD of three
biological replicates. Asterisks indicate a significant difference in MeJA-treated leaves compared with
control leaves (Student’s t-test: * p < 0.05 and ** p < 0.01). (B) Subcellular localization of BrTCP7
in epidermal cells of Nicotiana benthamiana leaves. A plasmid harboring GFP or BrTCP7-GFP was
transformed into N. benthamiana leaves by Agrobacterium tumefaciens strain EHA105. GFP signals were
observed with a fluorescence microscope after two days of infiltration. Bars =30 um. (C) Trans-activation
of Br'TCP7 in N. benthamiana leaves. The trans-activation ability of BrTCP7 was indicated by the ratio of
luciferase (LUC) to renilla luciferase (REN). The LUC/REN ratio of the empty pBD vector (negative
control) was used as a calibrator (set to 1). pBD-VP16 was used as a positive control. Data are means +
SD of six independent biological replicates. Asterisks represent significant differences at the 0.01 level
by Student’s t-test compared to pBD.

173



Int. ]. Mol. Sci. 2019, 20, 3963

2.4. BrTCP7 Directly Binds to the Promoter of BrOPR3 and BrRCCR

We then intended to reveal the regulatory mechanism of BrTCP7 involved in MeJA-induced
leaf senescence of Chinese flowering cabbage. For this purpose, it is vital to identify the potential
targets of BrTCP7. Molecular analyses showed that the predicted consensus binding site of class I TCP
TFs is GGNCCCAG, especially the core sequence GCCCR [26,32,34]. After surveying the promoter
sequences of three JA biosynthetic genes (BrLOX4, BrAOC3, and BrOPR3) as well as six CCGs (BrPAO,
BrPPH, BrNYC1, BrRCCR, BrSGR1, and BrSGR2) that were previously reported to be associated with
leaf senescence in Chinese flowering cabbage [2,5,38], the TCP binding site was found in BrOPR3 and
BrRCCR promoters (Text S1). To confirm the binding of BrTCP7 to BrOPR3 and BrRCCR promoters,
an in vitro electrophoretic mobility shift assay (EMSA) was performed. Results showed that purified
GST-BrTCP7 protein (Figure 4A), not the GST protein, binds to the TCP binding elements presented in
BrOPR3 and BrRCCR promoters, causing a mobility shift band (Figure 4B). Adding excess amount
(250-fold) of the cold probe (unlabeled wild-type DNA fragment) but not the mutant probe eliminated
the binding complex (Figure 4B), indicating the specificity of the DNA-protein interaction. Expression
analysis showed that BrOPR3 is significantly upregulated by exogenous MeJA treatment (Figure S1).
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Figure 4. BrTCP7 directly binds to BrOPR3 and BrRCCR promoters. (A) SDS-PAGE gel
stained with Coomassie brilliant blue demonstrating affinity purification of the recombinant
glutathione-S-transferases (GST)-tagged BrTCP7 protein used for EMSA. Recombinant GST-BrTCP7
protein is indicated by the arrow. (B) EMSA showing the binding of BrTCP7 to the TCP binding site of
the BrOPR3 or BrRCCR promoter. Purified GST-BrTCP7 protein was incubated with the biotin-labeled
wild-type probe containing the TCP binding site, and the DNA—protein complexes were separated on
native polyacrylamide gels. Sequences of both the wild-type and mutant probes are shown at the top of
the image (wild-type and mutant TCP binding site are marked with red letters). The mutant probe was
used to test binding specificity. Shifted bands, suggesting the formation of DNA-protein complexes,
are indicated by arrows. — represents absence, + represents presence. Competition experiments were
conducted by adding 250-fold molar excess of cold probe (unlabeled wild-type DNA fragment) or
mutant probe.

2.5. BrTCP7 Activates the Transcription of BrOPR3 and BrRCCR

After deciphering BrOPR3 and BrRCCR as the potential downstream targets of BrTCP7, and
establishing BrTCP7 as a transcriptional activator, we hypothesized that BrTCP7 could act as a direct
transcriptional activator of BrOPR3 and BrRCCR. To investigate this hypothesis, Nicotiana benthamiana
leaves were co-transformed with transient over-expression effector construct containing 355-BrTCP7,
and a dual-luciferase reporter construct carrying BrOPR3 or BrRCCR promoter fused to LUC (Figure 5A).
As illustrated in Figure 5B, expression of BrTCP7 resulted in 3.07- and 2.11-fold increases in LUC
expression driven by BrOPR3 and BrRCCR, respectively, compared with the vector control, providing
evidence for a positive trans-activation activity of BrTCP7. Collectively, BrTCP7 binds directly to the
promoters of BrOPR3 and BrRCCR and activates their transcriptions, rendering them direct targets
of BrTCP7 transcriptional regulation. Further experiments, such as chromatin immunoprecipitation
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(ChIP) assay or transient over-expression of BrTCP7 in Brassica protoplasts, are needed to confirm the
binding of BrTCP7 to BrOPR3 and BrRCCR in vivo.
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Figure 5. BrTCP7 enhances BrOPR3 and BrRCCR transcriptions by transient transcription dual-luciferase
assay in Nicotiana benthamiana leaves. (A) Diagrams of the reporter and effector vectors. (B) BrTCP7
activates BrOPR3 and BrRCCR promoters. Data are means + S.D. of six independent biological replicates.
Asterisks indicate significant differences by student’s t-test (** p < 0.01).

Similar to BrTCP7, Arabidopsis class II CINCINNATA (CIN)/TCP TFs, such as TCP4, positively
influence JA biosynthesis by directly activating the transcription of a JA biosynthetic gene LOX2 [32].
Conversely, the class I TCP members TCP9 and TCP20 are negative regulators of leaf senescence via
repressing LOX2 expression [32]. These findings highlight the complexity of TCPs in modulating
JA-promoted leaf senescence. Auxin usually promotes leaf senescence and functions downstream of
class I'and CIN TCPs by regulating the same auxin-responsible TFs, indicating the possible involvement
of TCPs in auxin-modulated leaf senescence [39,40]. A class I TCP TF GhTCP19 from gladiolus was
reported to positively regulate corm dormancy release by suppressing the transcription of an ABA
biosynthetic gene GENCED while activating the transcription of cytokinin biosynthetic gene GhIPT and
signal transduction gene GEARR [29]. As ABA and cytokinins have been implicated to accelerate and
delay leaf senescence in Chinese flowering cabbage, respectively [4,37], investigating whether BrTCP7
or other TCP members like GhTCP19 have regulatory roles in ABA-, cytokinins-, and auxin-mediated
leaf senescence will be required.

Transcriptional activity of TFs on their targets is finely controlled by many factors, such
as homo-/hetero-dimerization, post-transcriptional/translational modification, and protein—protein
interactions [41]. For example, miR319a/JAGGED targets class II TCPs and subsequently represses
LOX2 expression, which attenuates JA-induced senescence [26,30]. A study in bananas showed that
MaTCP20 is associated with MaTCP5 or MaTCP19 to form complexes, which influence the regulation
of cell wall-modifying genes during fruit ripening [42]. An ERF TF BrERF72 was found to be associated
with MeJA-promoted leaf senescence in Chinese flowering cabbage by enhancing JA accumulation
through upregulating the expression of three JA biosynthetic genes: BrLOX4, BrAOC3, and BrOPR3 [5].
Thus, elucidating whether BrTCP7 and BrERF72 can form a complex to affect the expression of
JA biosynthetic genes, as well as identifying other interaction proteins and regulatory factors, will
provide more detailed information about the BrTCP7-mediated regulation of gene networks operating
Me]JA-promoted leaf senescence of Chinese flowering cabbage. Targeted transgenic research is required
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to unravel the biological function of BrTCP7 in regulating MeJA-promoted leaf senescence in Chinese
flowering cabbage.

3. Materials and Methods

3.1. Plant Materials, MeJA Treatment, and Growth Conditions

Chinese flowering cabbages (Brassica rapa var. parachinensis) grown in a local commercial
vegetable plantation near Guangzhou, Southern China, were harvested after 40 days of growth,
and were immediately transported to laboratory under low temperature. Uniform size cabbages
without appearance defects were selected and randomly divided into two groups for control and MeJA
treatment. MeJA (100 uM) and distilled water (control treatment) were foliar-sprayed onto cabbages as
described previously [5]. Subsequently, both control and MeJA-treated cabbages were stored at 15 °C
in incubators with a 16-h light/8-h dark cycle for 5 days. On days 0, 1, 3, and 5 of storage, the third
leaves from the bottom of 10 cabbages were collected for physiological and molecular analysis. All
samples were immediately frozen in liquid nitrogen and stored at —80 °C for further assays.

Tobacco (Nicotiana benthamiana) plants were planted in a growth chamber set at 22 °C and
a 16-h photoperiod. Leaves from four-week-old tobacco plants were used for Agrobacterium-
tumefaciens-mediated transient expression assays.

3.2. Physiological Measurements of Leaf Senescence

Leaf total chlorophyll content and photochemical efficiency (Fv/Fm) are physiological parameters
commonly used as indicators of leaf senescence. Total chlorophyll content was measured by extracting
approximately 0.1 g of leaves in 10 mL in 80% acetone in the dark for 24 h and measuring the
absorbance of extracts at 663 nm and 645 nm using a spectrophotometer as described earlier [5,6].
Fou/Fm was determined non-invasively after leaves were adapted to dark conditions for 30 min.
A chlorophyll fluorometer (Imaging-PAM-M series, Heinz Walz GmbH, Effeltrich, Germany) equipped
with a charge-coupled device (CCD) camera to capture high-resolution digital images of the emitted
fluorescence from the dark-adapted leaves.

3.3. RNA Extraction, Gene Cloning, and Bioinformatic Analysis

A Quick RNA Isolation Kit (Huayueyang, Beijing, China) was used to extract total RNA
from cabbage leaves. RNA was then treated with DNase I to remove contaminating DNA and
reversely transcribed to cDNA using the reverse transcriptase M-MLV (TaKaRa, Shiga, Japan) using
1 ug RNA template, following the manufacturer’s protocol. The full-length BrTCP7 gene was
isolated from our transcriptome database. Theoretical isoelectric points (pI) and mass values were
calculated using the Compute pI/Mw tool (http://web.expasy.org/compute_pi/). Sequence alignment
and phylogenetic analysis of TCP proteins were conducted with the CLUSTALW program (version
1.83, The Conway Institute of Biomolecular and Biomedical Research, University College Dublin,
Dublin, Ireland). A phylogenetic tree was created with the MEGAS.0 program (Institute of Molecular
Evolutionary Genetics, The Pennsylvania State University, PA, USA), using the maximum likelihood
inference method.

3.4. Gene Expression via qRT-PCR

cDNA from each sample were quantified by quantitative real-time PCR (qQRT-PCR) assays.
qRT-PCR was performed using the step one plus a CFX96 Touch™ real-time PCR detection system
(Bio-Rad, Hercules, CA, USA) and GoTaq qPCR master mix kit (Promega, Madison, WI, USA).
The expression levels of target genes were normalized according to the cycle threshold (Ct) value using
BrActinl [43] as the reference gene.
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3.5. Subcellular Localization Assay

The BrTCP7 coding sequence (CDS) fragment without the stop codon was amplified and inserted
into the pPEAQ-GFP vector [44] to produce the fusion protein BrTCP7-GFP. Then BrTCP7-GFP and the
control pEAQ-GFP constructs were transformed to A. tumefaciens strain EHA105. Overnight cultures of
Agrobacteria were collected by centrifugation, resuspended in MES buffer to 0.8-1.0 ODggg, incubated
at room temperature for 2 h before infiltration. Agrobacteria suspension collected in a 1-mL syringe
(without the metal needle) was carefully press-infiltrated manually onto healthy leaves of 4-week-old
Nicotiana benthamiana as described previously [45]. Two days after infiltration, the GFP fluorescent
signals in the epidermal cells of leaves were directly observed and images were captured by using a
Zeiss fluorescence microscope (Carl Zeiss AG, Oberkochen, Germany).

3.6. Recombinant Protein Induction, Purification, and EMSA Assay

For protein expression and purification, the BrTCP7 coding sequence was recombined into the
vector pGEX-4T-1 and transferred to Escherichia coli strain Transetta (DE3). When the transformed DE3
cell density reached 0.6 (ODgqy), protein expression in 1-L cultures maintained at 37 °C was induced by
the addition of 0.3 mM isopropyl thio-f-D-galactoside during a 3 h course. Cells were harvested by
centrifugation. The cell pellet was resuspended in phosphate-buffered saline and incubated on ice for
30 min. Following sonication, the lysate was cleared by centrifugation. Glutathione-Superflow Resin
(Clontech, Mountain View, CA, USA) was used for purification of GST-tagged protein by gravity-flow
chromatography according to the manufacturer’s protocol, followed by SDS-PAGE and Coomassie
Brilliant Blue staining to confirm protein size and purity.

Electrophoretic mobility shift assay (EMSA) was performed as described previously [46].
The synthetic nucleotides (~60 bp) derived from the 5 UTR of BrOPR3 and BrRCCR oligonucleotides,
which contain the consensus binding site (GGNCCCAC) of TCPs, were biotin-labeled at the 5" end.
The purified recombinant BrTCP7 protein (1 pg) was incubated with biotin-labeled probe (2 x 107°
umol) in binding buffer for 25 min at 30 °C. Competitions were conducted by adding excess amount
(250-fold) of cold probe (unlabeled DNA fragment) or mutant probe. The reaction mixture was
electrophoresed on a 6% native polyacrylamide gels, and then transferred onto a positively charged
nylon membrane, followed by cross-linking though illumination under an ultraviolet lamp. The signals
from the labeled DNA were detected by using the LightShift chemiluminescent EMSA kit (Thermo
Scientific, Rockford, IL, USA) in a ChemiDoc™ MP Imaging System (Bio-Rad, Hercules, CA, USA).

3.7. Transient Transcription Dual-Luciferase (Dual-LUC) Assays

To investigate the transcriptional ability of BrTCP7 in vivo, its full length was inserted into
pBD [45] to construct pBD-BrTCP7 as an effector. The positive control (pBD-VP16) was constructed by
fusing VP16, a herpes simplex virus-encoded transcriptional activator, to pBD. pBD itself was used as
a negative control. The GAL4 plasmid with the firefly luciferase (LUC) gene was used as a reporter [45],
and the renilla luciferase (REN) gene in the same plasmid was used as an internal control.

To determine the activation of BrOPR3 and BrRCCR by BrTCP7, the promoter fragments of
BrOPR3 and BrRCCR were amplified and cloned into the transient dual luciferase expression vector
pGreenll 0800-LUC [47] as reporter constructs. To generate the 35S::BrTCP7 effector construct, the
BrTCP7 coding sequence was amplified by PCR and inserted into pEAQ vector [44]. The empty vector
was included as a control.

Transient transcription dual-LUC assays were performed using Nicotiana benthamiana plants as
described [46]. The reporter and effector constructs mentioned above were co-infiltrated into tobacco
leaves. After 2 days of infiltration, the luciferase activity of tobacco leaf extract was quantified by a
Luminoskan Ascent Microplate Luminometer (Thermo Fisher Scientific, Rockford, IL, USA), using
commercial dual-luciferase reporter assay kit according to the manufacturer’s instruction (Promega,
Madison, WI, USA). The trans-activation ability of BrTCP7 was indicated by the LUC/REN ratio.
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3.8. Statistical Analysis

Data are represented as means =+ SD of three or six biological replicates. Statistical differences of
two treatments were examined using the Student’s f-test. Data are considered significant as follows:
*p <0.05 *p <001

3.9. Primers

All primers used in this research are listed in Table S1.

4. Conclusions

In summary, exogenous MeJA treatment promotes leaf senescence of Chinese flowering cabbage.
A class I TCP member BrTCP7, which is Me] A-upregulated and acts as a nuclear-localized transcriptional
activator, was identified. BrTCP7 targets the promoters of a JA biosynthetic gene BrOPR3 and a CCG
gene BrRCCR, leading to their transcriptional activation. These findings expand our understanding
of TCP TFs’ functions and shed light on the transcriptional mechanism operating JA-mediated leaf
senescence, and also the molecular mechanism(s) involved in maintaining postharvest quality of an
important leafy vegetable, Chinese flowering cabbage.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/16/
3963/s1.
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Abstract: As in other cereal crops, the panicles of sorghum (Sorghum bicolor (L.) Moench) comprise
two types of floral spikelets (grass flowers). Only sessile spikelets (SSs) are capable of producing
viable grains, whereas pedicellate spikelets (PSs) cease development after initiation and eventually
abort. Consequently, grain number per panicle (GNP) is lower than the total number of flowers
produced per panicle. The mechanism underlying this differential fertility is not well understood.
To investigate this issue, we isolated a series of ethyl methane sulfonate (EMS)-induced multiseeded
(msd) mutants that result in full spikelet fertility, effectively doubling GNP. Previously, we showed
that MSD1 is a TCP (Teosinte branched/Cycloidea/PCF) transcription factor that regulates jasmonic
acid (JA) biosynthesis, and ultimately floral sex organ development. Here, we show that MSD2
encodes a lipoxygenase (LOX) that catalyzes the first committed step of JA biosynthesis. Further,
we demonstrate that MSD1 binds to the promoters of MSD2 and other JA pathway genes. Together,
these results show that a JA-induced module regulates sorghum panicle development and spikelet
fertility. The findings advance our understanding of inflorescence development and could lead to
new strategies for increasing GNP and grain yield in sorghum and other cereal crops.

Keywords: transcriptional regulators; plant development; jasmonic acid signaling; gene expression

1. Significance

Through a single base pair mutation, grain number can be increased by ~200% in the globally
important crop Sorghum bicolor. This mutation affects the expression of an enzyme, MSD2, that catalyzes
the jasmonic acid pathway in developing floral meristems. The global gene expression profile in this
enzymatic mutant is similar to that of a transcription factor mutant, msd1, indicating that disturbing
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any component of this regulatory module disrupts a positive feedback loop that occurs normally due
to regular developmental perception of jasmonic acid. Additionally, the MSD1 transcription factor is
able to regulate MSD2 in addition to other jasmonic acid pathway genes, suggesting that it is a primary
transcriptional regulator of this hormone signaling pathway in floral meristems.

2. Introduction

Sorghum (Sorghum bicolor (L.) Moench) is a crop plant domesticated in northern Africa ~6000 years
ago [1,2]. A C4 grass with robust tolerance to drought, heat, and high-salt conditions, sorghum is the
fifth most agriculturally important crop in terms of global dedicated acreage and production quantity.
It also serves as a useful model for crop research due to its completely sequenced compact genome
(~730 Mb) [3] and similarity to the functional genomics capabilities of maize, sugarcane, and other
bioenergy grasses comprising more convoluted genomes.

Increasing grain yield has always been a high priority for breeders. Increasing grains per
panicle (GNP) and optimizing panicle architecture represent feasible goals for modern gene editing
in sorghum [4,5]. GNP and seed head architecture are related traits, with origins in early stages of
inflorescence development [6,7]. Sorghum forms a determinant panicle that manifests at the end of
the shoot meristem, with nodes regularly extending throughout from which secondary and tertiary
branches emanate [8]. A terminal trio of spikelet florets are attached through a pedicel to these branches:
one sessile spikelet (SS) that is fertile and two pedicellate spikelets (PSs) that fail to generate mature
pistils and sometimes anthers, which results in an inability of PSs to fertilize. They will ultimately
senesce during grain filling instead of becoming viable seed [6]. Below this terminal spikelet group,
several pairs of SSs and PSs populate the branches down to the nodes.

Jasmonic acid (JA) is a plant hormone derived from o-linolenic acid and shares structural
similarities to animal prostaglandins [9,10]. JA plays roles in organ development, as well as biotic and
abiotic response signaling mechanisms [7,11-14], spikelet formation in rice [15], and sex determination
in maize [13,16,17]. In sorghum, the TCP family transcription factor MSD1 (multiseeded 1) controls
PS fertility [7]. MSD1 is expressed in a narrow spatiotemporal window within the developing
panicle in wild type (WT), BTx623; its expression is dramatically reduced in ethyl methane sulfonate
(EMS)-induced msdl mutants. Many genes involved in JA biosynthesis, including 12-oxophytodeinoate
reductase 3 (OPR3) [18,19], allene oxide synthase (AOS) [20], cytochrome P450 [21,22], and lipoxygenase
(LOX) [23], are also downregulated in msd1 mutants. MSD1 is thought to activate the programmed cell
death pathway through activation of JA biosynthesis, which destines the PS to abortion.

In this study, we characterized another msd mutant, msd2, from the same publicly available
sorghum EMS population in which msd1 was identified [24]. MSD2 encodes a 13-lipoxygenase that
catalyzes the conversion of free x-linolenic acid (18:3) to 13(S)-hydroperoxylinolenic acid (13-Hpot),
the first committed step of the JA biosynthetic pathway [11,25]. As with msd1, mutants in msd2 exhibit
complete spikelet fertility for both SSs and PSs, resulting in seed formation from both flower types.
Multiple independent alleles were discovered for msd2, including nonsense and missense mutations
within the LOX functional domain. Mutants in msdl and msd2 exhibit similar regulatory network
profiles, including downregulation of JA pathway genes and other expression cascades related to
developmental and cellular restructuring. Finally, MSD1 is capable of activating MSD2 expression,
as well as regulating other gene networks in trans, leading to the multiseeded phenotype. Taken together,
our findings demonstrate that MSD2, along with MSD1, modulates the JA pathway during sorghum
sex organ development.
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3. Results

3.1. MSD2 Encodes a Lipoxygenase in the Jasmonic Acid Biosynthetic Pathway

Sorghum bicolor (L.) Moench plants manifesting the multiseeded phenotype were identified from a
collection of EMS-induced single nucleotide polymorphisms (SNP) [24]. MSD1, which encodes a TCP
(Teosinte branched 1(TB1), Cycloidea (Cyc), and Proliferating Cell nuclear antigen binding Factor (PCF)) [26-28]
transcription factor, was the first to be characterized, revealing a role in controlling bioactive JA levels
in developing floral meristems [7]. To identify additional causative alleles, we subjected seventeen
different msd mutants to whole-genome sequencing followed by comparative variant calling analysis.
Three of these independent alleles, msd2-1, -2, and -3, localized to SORBI_3006G095600 (Sb06g018040) [7],
which encodes a class II 13-lipoxygenase that shares >95% amino acid identity with the maize tasselseed
1 (TS1) gene [16]. SORBI_3006G095600 is syntenic to TS1 and is the closest related maize orthologue
based on a maximum likelihood phylogenetic analysis (Supplemental Figure S1). The msd2-1 mutant
harbors a nonsense mutation (peptide residue Q402*) and msd2-2 a missense mutation (peptide residue
A423V), respectively, within the lipoxygenase (LOX) domain (Figure 1A). The msd2-3 allele contains the
same mutation as msd2-1, but the lines are not siblings, as evidenced by the lack of other shared SNPs.

Lipoxygenases catalyze linolenic acid to hydroperoxyoctadecadienoic acid in the initial committed
step of the JA biosynthetic pathway [11]. There are 12 LOX paralogs in Sorghum bicolor (Figure 1B),
which exhibit different patterns of tissue-specific expression in WT BTx623 plants. MSD?2 is
expressed at lower levels overall than other LOX genes [29-32], but is more strongly expressed in
developing panicles than its 13-LOX paralogs SORBI_3007g210400 and SORBI_3001G483400 (Figure 1C);
only SORBI_3004G078600 is more strongly expressed at particular stages. Thus, like MSD1, MSD2
operates under low levels of expression in specific tissues within developing meristems. EMS-induced
SNP mutant lines exist for the other 13-LOX paralogs (Supplemental Table S1), including a nonsense
mutation in the more highly expressed SORBI_3004G078600, but no multiseeded phenotype has been
observed in any of these lines. This suggests that MSD2 is a specific and necessary LOX isoform
involved in the JA pathway, which controls floral organ progression.

MSD2 mutants display the same floral phenotype as msd1: complete development of anthers and
ovaries in both PSs and SSs. Electron micrographs of developing floral spikelets revealed that the
developmental pattern of msd2 is similar to that of WT [7] (Figure 1D), but like msd1, the end result is
complete floral fertility of all spikelets with near 100% grain filling, increasing the GNP of the mutant
(Figure 1E), although the msd2 seeds from both PS and SS are smaller than those of WT. Dissected
images of PSs also show that msd2 has the same full pistil development phenotype as msd1 in contrast
to WT PSs that lack mature gynoecia (Supplemental Figure S1). The only other consistent agronomic
difference between msd2 and WT plants were a slight increase in initial root growth rate in the mutant
(Supplemental Figure S1).
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Figure 1. (A) Boxshade section of a MUSCLE alignment for MSD2-orthologous sorghum, maize, rice,
and Arabdiopsis lipoxygenase (LOX) peptide sequences surrounding the ethyl methane sulfonate
(EMS)-induced changes within MSD2. Arrows with red highlights indicate the positions of the msd2-1
(GLN > premature stop) and msd2-2 (Ala > Val) mutations. Below the alignment is a diagram of the
MSD2 gene; colored boxes indicate encoded domains of the gene product. The sizes of legend boxes
are equivalent to 100 base pairs. (B) Phylogenetic tree of sorghum 9- and 13-LOX proteins (MSD2
highlighted in red). (C) RNA-seq FPKM expression data of the 13-LOX paralogs across developing
panicle tissue stages (colors correspond to panel B). (D) SEM images of developing inflorescence
meristems in WT and msd2-1. Scale bars are 1 mm in length for stages 1, 4, and 5, and 500 pum for stage
3. Sessile spikelets (SS) are indicated in red and pedicellate spikelets (PS) in orange. (E) A section of a
secondary branch of late-dough filling panicles from WT and msd2-1 lines. White scale bar indicates a
length of 0.5 cm.
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3.2. The msd2 Phenotype is Rescued by Exogenous Methyl-JA Treatment

To determine whether exogenous application of JA could rescue the msd2 phenotype, as it does in
msd1 mutants, we pipetted 1 mM methyl-JA (Me-JA) directly down the whorls of young WT and msd2
mutant plants. This chemical treatment restored PS infertility (Figure 2). Panicle size was reduced in
Me-JA treated plants, as was branch length and number. Panicle emergence was also delayed in all
genotypes relative to untreated or negative control plants, likely due to other developmental signaling
effects and inhibition of cell expansion caused by the introduction of exogenous jasmonates [33,34].

BTx623 untreated BTx623 water BTx623 1mM Me-JA

msd2 untreated msd2 water

Figure 2. Phenotypic rescue of msd2 plants with exogenous application of methyl-JA. Wild type
(WT) and msd2 lines were treated every 48 h with either water + 0.05% Tween-20 or 1 mM Me-JA +
0.05% Tween-20.

3.3. MSD2 Regulatory Networks Are Similar to MSD1

Transcriptomic data indicated that many JA biosynthetic pathway genes, including all LOX
paralogs, were coordinately downregulated in stage 4 SS and PS tissues of developing msd2 panicles
(Figure 3A,B). Within these tissues, the global transcriptomic profile of genes downregulated in msd2
revealed Gene Ontology (GO) term enrichment for proteins involved in oxylipin biosynthesis, as well
as reorganization of cellular structure (Supplemental Figure S2), including members of the glycoside
hydrolase, lipid transferase, and cellulose synthase families. Genes upregulated within stage 4 PS and
SS tissues of msd2 were enriched for functions related to system development, an ontological group
consisting of transcription factors involved in developmental signaling and progression (Supplemental
Figure S3).
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Figure 3. Transcriptomic profile showing the WT: msd2 log,(fold change) of (A) Jasmonic Acid (JA)
biosynthetic pathway genes and (B) only LOX paralogs (based on homology from Arabidopsis and
maize orthologs) across various stages of meristem development. (C) Principal component analysis
(PCA) biplot and (D) eigenvectors of meristem stages from msd1 and msd2 RNA-seq data for the JA
biosynthesis genes. Plot points are colored and sized according to dimensional contribution and quality,
respectively. Eigenvectors are colored according to dimensional contribution.

Comparison of msdl and msd2 transcriptomes revealed conserved GO enrichment categories,
with little difference in expression of JA biosynthetic and signaling genes between mutants in the TCP
transcription factor and lipoxygenase components of the hormone pathway. Principal component
analysis (PCA) of JA pathway gene expression in both msd1 and msd2 showed that the greatest variance
involved particular JA biosynthesis genes, predominantly cytochrome, jasmonate methyl transferases,
OPC-8, OPR, and LOX genes (Figure 3C). Early-stage meristems (stage 1 and stage 3) exhibited the least
variance between the msd1 and msd2 transcriptional profiles, whereas stage 4 and 5 inflorescences and
spikelets made the greatest contribution to PCA dimensionality. PCA eigenvectors also indicated that
the transcriptional divergence between WT and multiseeded plants occurs around stage 4 and continues
through maturation in stage 5 (Figure 3D). A set of 149 genes identified by Jiao et al. (2018) as putative
regulatory targets of MSD1 was strongly downregulated in msd2 in either stage 4 or stage 5 tissues
(Supplemental Figure S4a,b). Again, dimensional analysis of RNA-seq data revealed little variation
between msdl and msd2, and indicated that stage 4 meristem marks the moment of demarcation
between multiseeded and WT plants (Supplemental Figure S4d,c).
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Motif analysis of JA biosynthetic and signaling genes revealed enrichment for various
developmental and environmentally responsive DNA-binding domains, specifically the AP2,
BZR (brassinazole-resistant family), bZIP, and WRKY families, as well as TCP proteins (Supplemental
Figure S5a). A similar analysis of the 149 candidate MSD1 regulatory targets yielded a significant
enrichment for CG-rich motifs strongly recognized by TCP, AP2, MYB, and E2F (specifically Della)
transcription factors (Supplemental Figure S5b).

3.4. MSD2 Is Regulated by the TCP Transcription Factor MSD1

To evaluate if MSD1 directly regulates components of the JA biosynthetic pathway, Yeast 1-hybrid
(Y1H) analysis was performed to determine whether MSD1 directly regulates MSD2 in trans. Indeed,
MSD1 bound to the sequence upstream of the MSD2 transcriptional start site (TSS). MSD1 also bound
sequence upstream of its own TSS (Figure 4A). These observations are consistent with the idea that
MSD1 controls expression of both itself and MSD2.

In a less biased investigation of MSD1 regulatory targets, we conducted DNA Affinity Purification
sequencing (DAP-seq) [35] analysis using Illumina short-read libraries constructed from developing
floral meristem tissues and incubated with bacterially-expressed GST-tagged MSD1 proteins. The full
list of 2730 identified peaks with their nearest annotated genes is provided as Supplementary Table
S2. Motif analysis of peaks localized near TSSs were only enriched for the canonical TCP DNA
binding motif (GTGGGNCC) bound by other plant TCP proteins (Figure 4B) [35-37]. Comparing these
peaks with RNA-seq data revealed that 124 of the genes associated with these peaks were at least
two-fold downregulated in stage 4 PS or SS tissues of msd1 mutants, and the size of this candidate
gene list increased when we included genes downregulated in any meristem tissue stage. Based on
homology to JA pathway genes from other plant species, a subset of these downregulated genes is
involved in JA biosynthesis or signaling (Figure 4C), including the LOX genes SORBI_3008G157900
and SORBI_3007G210400. Additionally, several genes associated with DAP-seq peaks were among
the 149 MSD1 regulatory targets identified by Jiao et al. (2018): they are SORBI_3001G012200
(cytochrome P450), SORBI_3001G202600 (glutamyl-tRNA reductase), SORBI_3002G227700 (lipase),
SORBI_3003G061900 (zinc finger), SORBI_3007G004600 (ferredoxin-type iron-sulfur binding domain
containing protein), SORBI_3007G035600 (MSP domain containing protein), SORBI_3009G032600
(peroxidase), and SORBI_3009G100500 (WRKY).

The majority of DAP-seq peaks were localized more than 2000 base pairs upstream or downstream
of the nearest annotated gene TSS, suggesting that they represent MSD1-targeted enhancer regions.
When we applied motif analysis to all 2730 peaks, we identified additional DNA binding sequences.
Several of the most significant motifs are recognized by other environmentally responsive and
developmental transcription factors, including AP2, WRKY, HOMEOBOX, bZIP, and MYB (Figure 4D).
Transcripts downregulated in msdl panicles that were also associated with MSD1 DAP-seq peaks
included homologs of developmental signaling gene products, such as Ramosa3 and Embryonic Flower
1, as well as several WRKY, AP2/ERF, and ZINC-finger transcription factors.
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Figure 4. MSD1 as a regulator of developmental signaling genes. (A) Yeast 1-Hybrid of MSD1-mediated
activation of gene expression by binding to the MSD1 and MSD2 upstream promoter regions. (B) Teosinte
branched/Cycloidea/PCF (TCP) binding motif enriched in the MSD1 DNA Affinity Purification
sequencing (DAP-seq) peaks that are localized within 2000 bp of an annotated gene transcriptional start
site (TSS). (C) RNA-seq data from msd1 showing downregulation across developing panicles stages in
coordination with highlighted DAP-seq peaks localized near the transcriptional start sites (TSSs) of
JA pathway genes. (D) Enriched DNA-binding motifs from all significant DAP-seq peak sequences,
regardless of distance from an annotated gene TSS.
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4. Discussion

MSD?2 functions as an essential developmental gatekeeper in floral sex organ development;
MSD2-deficient plants exhibit 100% flower fertility and grain filling, culminating in higher GNP. Mutant
msd2 panicles have similar transcriptomic profiles to mutants in the TCP transcription factor MSD1,
suggesting that their respective phenotypes are both the result of disrupting an enzymatically-controlled
feedback loop. MSD1 has the capacity to bind the promoter of MSD?2, as well as promoters and
more distant genetic elements associated with developmental and JA pathway genes, including those
encoding other LOX-domain containing proteins.

JA is integral to environmental responsiveness and developmental progression; regulators of
JA, JA biosynthetic genes, and JA signaling proteins influence pest/pathogen sensitivity [38,39],
wound response [22,40,41], cell expansion [33], and sex determination and floral organ progression
(specifically, anther and pistil development) [7,15-17,22,27,42,43]. Barley, rice, and maize display
complex mechanisms of floral development. These modules have been genetically dissected via mutant
analyses of homeobox, AP2/ERF, and MADS-box transcription factors as well as JA signaling genes and
biosynthetic lipases. Notably, MSD?2 influences pistil progression in sorghum spikelets and the maize
ortholog TS1 controls pistillate determinacy in tassels. Molecular interpretation of these regulatory
network ensembles reveals that repression of spikelet fertility in grasses is the norm and is modulated
through one or a number of hormonal pathways in a given Poaceae lineage, which include JA and
auxin [15,44-46].

Specifically, the role of MSD?2 in regulating floral organ fertility in sorghum is analogous to those
of other LOX domain—containing proteins from other plant models [11,16,17,25,47]; multiple paralogs
exist and exhibit variable expression through the stages of meristem development, indicating potential
redundancy and narrow spatiotemporal expression of key LOX genes during development. Despite
the higher expression of some LOX paralogs in nsd meristems, exogenous Me-JA is sufficient to rescue
the multiseeded phenotype, indicating that msd2 is specifically responsible for sufficient JA signaling in
the meristem cells that differentiate into male and female organs in PS and SS tissues.

Furthermore, the msd2 RNA-seq data reveals the specific JA module of developmental control
within sorghum; the data confirms the previous observation that the lack of a functional lipid enzyme
can dismantle a regulatory network, resulting in observable downregulation of other biosynthetic
pathway genes [10,48,49]; ablating elements of the JA pathway triggers the disruption of a positive
feedback loop that would otherwise progress normally due to regular developmental perception of JA.
In the case of msd2, this yielded a transcriptomic profile similar to that of the TCP transcription factor
mutant msd1 across developmental time points in immature meristems. Furthermore, protein—protein
interaction and GO enrichment analyses of msd1 and msd2 gene networks in developing panicles
suggest the existence of a distinct molecular avenue that leads to elevated GNP by diverting the
expression of cellular restructuring genes and shunting to alternate developmental cascades mediated
by other transcription factors and influenced by other hormone pathways.

MSD1 can bind to the MSD2 promoter and activate gene expression. Consistent with this,
expression analysis also revealed reduced levels of MSD2 transcript in the msd1 mutants [7]. In addition,
DAP-seq analysis showed that MSD1 associates with other JA biosynthetic and signaling genes,
including both 9- and 13-LOX paralogs of MSD2. Additionally, we identified potential enhancer
binding regions for MSD1 that also exhibit enrichment for motifs bound by other developmental and
environmental response transcription factors, suggesting that MSD1 participates in a mixed model of
enhancer organization throughout the genome [50]. However, further chromatin conservation and
architecture analyses will be required to elucidate the complete enhancer profile of this and other
TCP proteins. It should be noted that although the sorghum Ramosa3 ortholog was downregulated,
several other trehalose phosphatase genes, in addition to Clavata3, were strongly upregulated in the
mutants, suggesting that in msd mutants there is a diverting of the developmental signaling networks
that canonically dictate sex organ determinacy in some plant lineages. The MSD1 DNA-binding data,
together with the transcriptomic overlap of msd1 and msd2 mutants, provide further support of a
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model in which JA is responsible for regulating floral sex organ fate in Sorghum bicolor, and MSD1 is a
major regulator of gene expression in this developmental schema (Supplemental Figure S6).

5. Materials and Methods

5.1. Identification of MSD2 and Phenotypic Evaluation

Seventeen msd mutants were isolated from an ethyl methane sulfonate (EMS) population [51] and
grown in the field of the USDA-ARS Cropping Systems Research Laboratory at Lubbock, TX (33’39” N,
101’49” W). High-quality DNA was extracted [52] from confirmed msd lines and submitted for
whole-genome sequencing at Beijing Genomic Institute (https://www.bgi.com/us/). Reads were
trimmed and aligned to the sorghum reference genome v1.4 with Bowtie2 [53]. SNP calling was carried
out on reads with PHRED >20 using SAMtools [54] and BCFtools; read depth was set from 3 to 50.
Only homozygous G/C to A/T SNP transitions were filtered through to prediction by the Ensembl
variation predictor [55]. Functional annotations of genes along with homology and syntenic analyses
were derived from the Gramene database release 39 [56]. Phylogenetic analysis (boxshade and trees)
was performed using MUSCLE alignment from MEGA X software. Phenotypic observations including
grain number per panicle, root length, and days to emergence were taken from individual plants
and seedlings grown in greenhouse or growth chamber conditions (16 h:8 h light:dark photoperiod,
27 °C). Photomicrographs of inflorescence tissues at five stages (from meristem to immature spikelets
as described in Jiao et al., 2018) were collected and processed for scanning electron microscopy (SEM).

5.2. Transcriptome Profiling

Sample collection, processing, and transcriptomic profiling was conducted as described in Jiao et al.
(2018). Three replicates (ten plants each) at each stage of panicle development were used for tissue
collection. The ten plants for each replicate were processed as follows: at stage 1, whole panicles were
harvested; at stage 3, differentiated floral organs on the tips of panicles were isolated; and at stages
4 and 5, the SS and PS tissues were isolated. For each replicate, the ten samples for each stage were
pooled together. Tissues were immediately frozen in liquid nitrogen and stored at —80 °C prior to
RNA extraction.

RNA was extracted using the TRIzol reagent, and then treated with DNase and purified using
the RNeasy Mini Clean-up kit (Qiagen). Total RNA quality was examined on 1% agarose gels and
RNA Nanochips on an Agilent 2100 Bioanalyzer (Agilent Technologies). Samples with RNA integrity
number > 7.0 were used for library preparation. Poly (A)* selection was applied to RNA via oligo
(dT) magnetic beads (Invitrogen 610-02) and eluted in 11 ul of water. RNA-seq library construction
was carried out with the ScriptSeq™ v2 kit (Epicentre SSV21124). Final libraries were amplified with
13 PCR cycles. RNA-seq of three biological replicates was executed at the sequencing center of Cold
Spring Harbor Laboratory on an Illumina HiSeq2500 instrument.

RNA-seq data from each sample was first aligned to the sorghum version 3.4 reference genome
using STAR [57]. Quantification of gene expression levels in each biological replicate was performed
using Cufflinks [58]. The correlation coefficient among the three biological replicates for each sample
was evaluated by the Pearson test in the R statistical environment. After removal of two low-quality
samples, the biological replicates were merged together for differential expression analysis using
Cuffdiff [58]. Only genes with at least five reads supported in at least one sample were subjected
to differential expression analysis. The cutoff for differential expression was an adjusted FDR of
p < 0.05. Motif enrichment analysis was performed using the MEME SUITE [59]. GO term analysis
was performed with either the agriGO [60] Singular Enrichment Analysis using the hypergeometric
statistical test method with significance level set to 0.01, or the GO Enrichment Analysis using
PANTHER version 11 with all default presets [61]. All raw FASTQ files have been deposited in the
NCBI Sequence Read Archive (see Data Availability statement). Statistical analysis, including PCA
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biplots (factoextra package), heatmap generation (heatmap?), along with additional figure generation
(ggplot2), was performed using RStudio v1.1.463 [62].

5.3. DAP-Seq Analysis

The full length MSD1 coding sequence (CDS) was cloned into the pDEST15 Gateway vector,
and the resultant plasmid was transformed into BL21 competent cells. GST-MSD1 protein was induced
by growing cells in Terrific Broth at 28 °C while shaking at 220 rpm; isopropyl-beta-D-thiogalactoside
(IPTG) (Goldbio: 12481C25) was added to a final concentration of 0.001 M. GST-MSD1 protein was
purified by resuspending cells in 1x PBS + 10 mM phenylmethanesulfonyl fluoride (PMSF), and then
sonicating at 4 °C to disrupt cell membranes and plasmid DNA. Soluble cell extracts were added
to MagneGST beads (Promega) and incubated and washed as described in Bartlet et al. (2017) [63].
High-purity DNA was isolated from stage 4-5 developing BTx623 meristems and sheared on a Covaris
5220 sonicator. Template DNA from three biological replicates was incubated with bead-bound
GST-MSD1 protein or GST beads alone (negative control). The MSD1-bound DNA was then washed,
eluted, and ligated with Illumina adaptor sequences and quality-controlled using Qubit and Bioanalyzer
as described in Bartlet et al. (2017). Sequencing was performed using the mid-output from the Illumina
NextSeq platform, multiplexing all six samples, yielding ~16-20 x 10° reads per samples. Two separate
sequencings runs were performed on experimental samples to increase detection power, with biological
replicates undergoing 75-bp and 100-bp paired-end reads. The resultant FASTQ files were aligned
and merged as follows: Trimmomatic [64] was used for FASTQ trimming, followed by Bowtie2 [53]
alignment and MACS2 [65] peak calling (using the bead-only control for background subtraction),
and finally the annotatePeaks program from the Homer [66] package was used to associate peaks with
gene models from the version 3.4 Sorghum bicolor reference genome files housed by Gramene [67,68].
Sorghum GFF and GTF files were both used for annotatePeaks features functionality; however, the GTF
file yielded more total gene-associated peaks than the GFF file. SAMtools was used for various file
formatting and manipulation steps, including sorting and merging of the 75-bp and 100-bp paired-end
read files. Motif enrichment analysis was performed using the MEME SUITE.

5.4. Phenotypic Rescue of msd2 with Exogenous Methyl-Jasmonate

Phenotypic rescue was performed exactly as described in Jiao et al. (2018). Briefly, BTx623
or msd2 mutant seeds were germinated and grown at 16-h day cycles at 24 °C in a polyethylene
greenhouse in Lubbock, TX. Beginning at leaf stage 7, 1 mL of either 0.05% Tween-20 (polyethylene
glycol sorbitan monolaurate) in water (control) or 0.5 mM or 1.0 mM methyl-jasmonate in 0.05%
Tween-20 was aspirated directly down the floral whorl. This treatment was repeated every 48 h until
the majority of control plants reached the flag leaf stage. At that point, all experimental treatments were
halted for that genotype. All plants were allowed to mature to the soft dough stage prior phenotypic
rescue evaluation.

6. Data Availability

Sequencing data is available on the National Center for Biotechnology Information Sequence
Read Archive (NCBI SRA: https://www.ncbinlm.nih.gov/sra). Accession codes for FASTQ files are
as follows: DAP-seq, PRINA550273; RNA-seq, SRP127741 [7] and PRINA550261. DAP-seq BED files
from MACS?2 calls are available in Supplementary Data File 1.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/19/
4951/s1.
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Abstract: Grain number per panicle is an important component of grain yield in sorghum (Sorghum
bicolor (L.)) and other cereal crops. Previously, we reported that mutations in multi-seeded 1 (MSD1)
and MSD2 genes result in a two-fold increase in grain number per panicle due to the restoration
of the fertility of the pedicellate spikelets, which invariably abort in natural sorghum accessions.
Here, we report the identification of another gene, MSD3, which is also involved in the regulation
of grain numbers in sorghum. Four bulked F, populations from crosses between BTx623 and each
of the independent msd mutants p6, pl4, p21, and p24 were sequenced to 20x coverage of the
whole genome on a HiSeq 2000 system. Bioinformatic analyses of the sequence data showed that
one gene, Sorbi_3001G407600, harbored homozygous mutations in all four populations. This gene
encodes a plastidial w-3 fatty acid desaturase that catalyzes the conversion of linoleic acid (18:2) to
linolenic acid (18:3), a substrate for jasmonic acid (JA) biosynthesis. The msd3 mutants had reduced
levels of linolenic acid in both leaves and developing panicles that in turn decreased the levels of
JA. Furthermore, the msd3 panicle phenotype was reversed by treatment with methyl-JA (MeJA).
Our characterization of MSD1, MSD2, and now MSD3 demonstrates that JA-regulated processes are
critical to the msd phenotype. The identification of the MSD3 gene reveals a new target that could be
manipulated to increase grain number per panicle in sorghum, and potentially other cereal crops,
through the genomic editing of MSD3 functional orthologs.

Keywords: jasmonic acid; fatty acid desaturase; multiseeded; msd; grain number; MutMap; sorghum

1. Introduction

Grain number per panicle is a major determinant of grain yield in sorghum (Sorghum bicolor (L.)
Moench) and other cereal crops [1-6]. Increased grain number and grain size, which are directly related
to improved grain yield, are common goals during domestication of cereal crops, resulting in selection
of genetic stocks with greater grain number and larger seeds [7]. Genetic, physiological, and agronomic
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studies performed in different environments have revealed that grain number per panicle is strongly
correlated with grain yield per hectare [3,4,6,8,9]. Thus, understanding the mechanisms that govern
the genetic determination of grain number per panicle and the effect of genetic manipulation of this
trait have great potential to increase grain yield.

Currently, however, very little is known about how grain number per panicle is determined.
Several features of the inflorescence contribute to the final grain number, including the number and
size of the primary and secondary flower branches and fertility of spikelets (grass flowers). In sorghum,
the inflorescence or panicle consists of a main rachis on which many primary branches are developed.
Secondary branches and tertiary branches are developed from the primary branches [10,11]. The main
inflorescence—primary, secondary, and tertiary branches—all end with a terminal triplet of spikelets,
consisting of one sessile bisexual spikelet and two lateral pedicellate spikelets [12]. Below the terminal
spikelets, one or more spikelet pairs can develop. These adjacent spikelet pairs consist of one sessile
and one pedicellate spikelet.

In natural accessions of sorghum, only the sessile spikelets are fertile and capable of producing
viable grains. The pedicellate spikelets occasionally develop anthers, but do not develop ovaries and
eventually abort. Recently, we isolated and characterized a series of sorghum mutants in which both
the sessile and pedicellate spikelets are fertile [11], and in which the number and size of the primary
inflorescence branches are increased. These mutants were designated as multiseeded (mmsd) because
their panicles are capable of producing more than 200% of the normal grain number per panicle
relative to the nonmutated BTx623 [11]. Previously, we reported two MSD genes, MSD1 and MSD2,
which determine the fertility of the pedicellate spikelets. The MSD1 gene encodes a TCP (teosinte
branched/cycloidea/proliferating cell nuclear antigen)-domain plant-specific transcription factor that
increases the expression of enzymes involved in the biosynthesis of jasmonic acid (JA) during panicle
development [13]. The MSD2 encodes a lipoxygenase (LOX) that catalyzes the first committed step of
JA biosynthesis [14]. The elevated levels of JA in the wild type panicle may activate programmed cell
death, leading to the arrest of the pedicellate spikelets in the wild type BTx623 [13,15]. Because the
increase in JA is blocked in the msd1 and msd2 mutants, the pedicellate spikelets continue to develop
into viable grains.

Here, we describe the identification of the MSD3 gene, defined by a new msd mutant locus. MSD3
encodes a major plastidial w-3 fatty acid desaturase that catalyzes the desaturation of linoleic acid (18:2,
18 carbon chain with two double bonds) to linolenic acid (18:3, 18 carbon chain with three double bonds).
The msd3 mutants have dramatically reduced levels 18:3 fatty acid, as well as reduced levels of JA. JAs
are lipid-derived cyclopentanone compounds that functionally resemble animal prostaglandins. Similar
to the eicosanoid pathway of animals, JA is synthesized from linolenic acid (18:3) and hexadecatrienoic
acid (16:3) through a series of steps of cyclization, reduction, and oxidation [16,17]. The reduced
levels of 18:3 fatty acid in msd3 mutants may lead to lower levels of endogenous JA. Indeed, the msd3
phenotype can be reverted to the wild-type phenotype by application of MeJA. Our results indicate
that the msd phenotype observed in the msd3 mutants is caused by the reduction of endogenous levels
of JA.

2. Results

2.1. Phenotype of the msd3 Mutants

Here, we characterized a new group of multi-seeded (msd) mutants that include p6 (putative
mutant #6), p14, p21, and p24. Similar to the msdl and msd2 mutants, the msd3 mutants also exhibit
increases in number and size of the primary inflorescence branches (Figure S1) [11,13,14], and both
their sessile and pedicellate spikelets are fertile. These coordinated phenotypic changes led to a ~2-fold
increase in grain number per panicle. Complementation tests revealed that these msd mutants p6,
pl4, p21, and p24 represented a new locus that is distinct from the msdl and msd2 loci (Table 1).
These mutants were designated as msd3. Similar to the msd1 and msd2 mutants, the increase in grain
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number in msd3 mutants was also associated with reduction in grain size [11,13,14]. However, the msd3
mutants had larger grains than the msd1 and msd2 mutants, (Figure 1), making msd3 potentially useful
trait for improving grain yield and grain appeal.

Table 1. Complementation tests between msd3, msd2, and msd1 mutants. The msd3 mutants were
crossed to each other and to msd1-1 and msd2-1 mutants by hand emasculation and manual pollination.
The panicle phenotypes of the F; plants were evaluated during the grain filling stage.

Mutant msdl-1(p12) msd2-1(p4) msd3-1(p24) msd3-2 (p14) msd3-3 (p6)
msd1-1 (p12)
msd2-1 (p4) WT
msd3-1 (p24) WT WT
msd3-2 (p14) WT WT msd
msd3-3 (p6) WT WT msd msd
msd3-4 (p37) WT WT msd msd msd
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Figure 1. Comparison of grain weight (mg/grain) of nsd3 mutants vs. BTx623 and the msd1 and nsd2
mutants. Grain weight was determined from plants planted on the Farm of Texas Tech University on
Quaker Avenue in 2017. Four samples of 100 grains were weighed from each line. One-way ANOVA
analysis revealed that grain weight varied significantly with an F-value of 276 and p-value of 1.8715.
Grain weights labeled with different letters are significantly different.

2.2. Identification of the MSD3 Gene

The MSD3 gene was identified through bulk segregant analysis of whole-genome sequencing
data with an in-house bioinformatics pipeline, as described in rice and sorghum [18,19]. Previously,
we crossed p6, pl4, p21, and p24 to BTx623 and derived four F, populations. After bioinformatics
analysis of the four bulked F, pools, we identified only one gene (Sorbi_3001G407600) that carried
homozygous mutations in all four bulked F, pools (Figure 2). The genomic sequence of MSD3 is
3132 bp in length, with a CDS of 1356 bp that encodes a protein of 451 amino acids. Two putative
msd mutants, p21 and p24, harbored a mutation that converted the G residue at Chr01_69163608 to
A, creating a splice site mutation at the junction of the third exon and the third intron (Figure 3).
Both were renamed as msd3-1. The mutant p14, renamed msd3-2, harbored a G-to-A transition at
Chr01_69163762 that created a nonsynonymous mutation, R240W, in the MSD3 protein. Mutant p6,
renamed msd3-3, harbored a G-to-A transition at Chr01_69164229, resulting in a premature stop codon
(W321%). Subsequently, we identified another mutation in the MSD3 gene from the sequenced mutant
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library (ASR106, 25M2-1370) at Chr01_69165175, which created a splice site mutation at the junction of
the seventh exon and the seventh intron [20]. The homozygous mutant (p37) exhibited the expected
msd phenotype and was named as msd3-4.

pé pl4

P21/p24

Figure 2. Identification of the Msd3 gene by MutMap. Four F2 populations, BTx623*p6, BTx623*p14,
BTx623*p21, and BTx623*p24, were subjected to sequencing of 20 bulked F2 mutants. The number in each
circle represents the number of homozygous deleterious mutations. Only one gene, Sorbi_3001G407600,
was commonly mutated in all four populations. In p21 and p24, the MSD3 gene was mutated at the
same position.

1 2 3 4
[ I T T I I T !
0 500 1000 1500 2000 2500 3000 3500
SNPid |Line| Chr Pos. SNP effect Sequence change
p24/p| SPLICE_SITE DONO
msd3-1 | 21 | Chr0l | 69163608 R G/A

NON_SYNONYMOUS
msd3-2 | P14 | Chr0l | 69163762 CODING Cgg/TeggR240W

msd3-3 | P6 | Chr01 | 69164229 STOP_GAINED tGg/tAg|W321%

SPLICE_SITE_DONO
msd3-4 | P37 | Chr01 | 69165175 R G/A

Figure 3. MSD3 gene model and mutations. The MSD3 gene, Sorbi_3001G407600, spanning a genomic
sequence of 3132 bp, with a CDS of 1356 bp, encodes a protein of 451 amino acids. The gene has eight
exons (grey boxes) and seven introns (black line). The vertical lines indicate mutation sites as described
in the table above.

To determine whether these mutations in the MSD3 gene resulted in the msd phenotype, we made
pairwise crosses among these four msd3 mutants; all F; plants from these crosses exhibited the msd
phenotype (Table 1). By contrast, F; plants resulting from crosses between msd3 and msd1, msd3 and
msd2, or msd2 and msd1 exhibited the wild type panicle phenotype. Together, these results indicate
that Sorbi_3001G407600 is the MSD3 gene. Furthermore, we tested the co-segregation of the msd3-4
mutation by Kompetitive allele-specific PCR (KASP) (Figure 4). Among 63 individual F, plants derived
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from the cross of BTx623 * msd3-4 (p37), 15 plants were scored as AA at the mutation site, and all 15
lines exhibited the expected msd3 phenotype. Fifteen plants were scored as GG, and 33 were scored
as GA; these two genotypic classes, GG (wild-type, WT) and GA (heterozygote), exhibited that the
wild-type panicle structure indicating that the msd3 mutation is recessive. These results also showed
that the causal mutation in the msd3-4 co-segregated perfectly with the msd phenotype.

10 T T T T T T T
GA

Allele Y (Flour 523-568)

5 L L L . . L .
5 7 9 11 13

Allele X (Flour 483-533)

Figure 4. Genotyping of msd3-4 F, backcrossed population by KASP (Kompetitive Allele-Specific PCR)
SNP (single nucleotide polymorphism) analysis. The x-axis represents the endpoint fluorescence data
at 483-533 nm (allele X or wild type allele) and the y-axis represents the endpoint fluorescence data at
523-568 nm (allele Y or mutant allele). Genotype for individual F, plants was determined by cluster
analysis of the endpoint KASP assay. AA, homozygous msd3-4; GG, homozygous wild-type (WT);
and GA, heterozygous WT.

2.3. MSD3 is FAD7, a Major Plastidial w-3 Fatty Acid Desaturase

Sequencing analysis indicates that the MSD3 gene (Sorbi_3001G407600) encodes a plastidial
fatty acid desaturase that adds a double bond to the w-3 carbon of linoleic acid (18:2) to convert it
to linolenic acid (18:3). The sorghum genome has two plastid-targeted w-3 fatty acid desaturases,
Sorbi_3001G407600 and Sorbi_3002G430100. However, in many plants, FAD7 is the major plastidial
linoleic acid desaturase [21-25]. Based on the panicle phenotype of the msd3 mutant, we reasoned
that MSD3 could be FAD7 rather than FAD8. To determine whether MSD3 is FAD7 or FADS,
we constructed a matrix of identity between the two sorghum genes using the annotated FAD7 and
FADS genes from rice and maize (Figure S2 and Table S1). MSD3 exhibits 84.8% identity with rice
FAD7 (OsFAD7_LOC_Os03g18070.1) and 74.6% identity with rice FAD8 (OsFAD8_LOC_Os07g49310.1),
whereas the other linoleic acid desaturase (Sorbi_3002g430100) shows 76.2% identity with rice FAD7
but 81.5% with rice FADS8. Therefore, we concluded that MSD3 is FAD7 not FADS.

FAD? appears to be the major w-3 fatty acid desaturase in sorghum. To determine the relative
transcript abundance of the two plastidial w-3 fatty acid desaturases in the developing panicle of
the wild type BTx623, we compared the transcript levels of FAD7 and FADS8 using qPCR with three
biological and three technical replicates. Comparing with the internal gene control EIF4«, the average
cycle threshold (Ct) to detect FADS transcript was 24.2 cycles, while the Ct number to detect FAD7
transcript was 19.8. This difference in Ct translated to a relative abundance of FAD7 transcript 21-fold
over FADS8 according to the calculation method as described previously [26]. This relative abundance
was largely consistent with the trends of online data (Figure S3).

To determine which of two plastidial w-3 fatty acid desaturases were affected in the msd3 mutants,
we compared the abundance of FAD7 and FADS transcripts in the msd3-1 and msd3-3 mutants relative
to the wild type BTx623 (Figure 5). The abundance of FAD7 was reduced to 10% in msd3-1 and 30%
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in msd3-3 in comparison to the wild type FAD7 levels. Because the primers of FAD7 and FAD8 were
designed based on the 3’-UTR sequences, which lie outside of the mutation sites, the low levels of
the FAD7 and FADS transcripts may be due to truncated RNAs that do not encode active proteins.
On the other hand, the transcript levels of FADS were increased by 3.8-fold and 1.5-fold in the msd3-1
and msd3-3 mutants relative to the levels of BTx623, respectively, indicating that only the transcript
abundance of the FAD7 gene was significantly reduced in the msd3 mutants. The slight increase in the
abundance of FADS gene suggested that the loss of function mutations in FAD7 gene may be partially
compensated by the elevated expression of FADS (Figure 5). This result suggested that expression of
FAD?, but not FAD8, was greatly reduced in the msd3 mutants.

51 [ s E
D msd3-1
@ msd3-3

9955552

Fold changes as compared to BTx623

Figure 5. Expression of FAD7 and FADS8 genes in developing panicles. Relative change in FAD7 and
FAD8 mRNA levels in msd3 mutants in comparison to BTx623 (normalized as 1).

In addition to the two plastidial w-3 fatty acid desaturases, the sorghum genome encodes two
microsomal w-3 fatty acid desaturases, Sorbi_3005G002800 and Sorbi_3008G003200, homologous to the
Arabidopsis FAD3 gene [25,27]. We searched our mutation database from the 256 sequenced mutant
lines [20] and identified nonsynonymous mutations in all three genes (Table S2). However, none of the
sequenced lines that harbored a mutation in one of the three w-3 fatty acid desaturase genes exhibited
a phenotype similar to the msd mutants.

2.4. Mutation in MSD3 Gene Dramatically Reduced the Levels of Linolenic Acid

To understand how mutations in the MSD3 (FAD?) gene lead to the dramatic change in panicle
architecture and restore the fertility of the pedicellate spikelets, we first assessed the effect of the
msd3 mutations on lipid composition of leaves and panicles of the msd3-1 mutant. In WT BTx623
leaves, 18-carbon fatty acids account for over 92% of total leaf lipids (Figure 6, Table S2). Levels
of seven lipid species with molar percentage >1% are plotted in Figure 6. Galactolipids, including
monogalactosyl diacylglycerol (MGDG) and digalactosyl diacylglycerol (DGDG), are the major lipids
in leaves, accounting for over 90% of the total lipids. The lipid species with 36 carbon and six double
bonds (36:6) consist of two linolenic acid molecules, whereas those with four double bonds (36:4)
consist of two linoleic acid molecules, and species with five double bonds (36:5) consist of one linoleic
acid and one linolenic acid. Sorghum has very low levels of 16-carbon fatty acids, and hexadecatrienoic
acid (16:3) was not detectable in either leaves or panicles (Table S3).
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Figure 6. Lipid profiles of leaves and panicles from BTx623 and msd3-3 (p6) mutants. Lipid profiles of
the youngest mature leaves and panicles were carried out by the Lipidomics Center at Kansas State
University. Numbers in parenthesis indicate the length and number of double bonds of the fatty acid
moiety: (36:6) represents lipid species with two linolenic acids (18:3), (36:4) represents lipid species
with two linoleic acids (18:2), and (36:5) represents lipid species with one linolenic acid and one linoleic
acid moiety. Minor lipid species (molar percentage <1%) were not plotted, but can be found in Table S3.
The difference between WT and msd3-1 in each lipid species was analyzed by t-test. * p < 0.05; ** p <
0.01.

As can be seen from Figure 6, mutation in MSD3 decreased the levels of 36:6 lipid species and
concomitantly increased the levels of 36:4 species. The ratio of linolenic acid to linoleic acid was 13.43
in the WT BTx623 leaves, falling to 2.48 in msd3-3 leaves (Table S3). In general, panicles contained
much less linolenic acid than in leaves. In WT BTx623 panicles, the ratio of linolenic acid to linoleic
acid was 0.62, falling to 0.08 in the msd3-3 mutant panicles. Thus, msd3-3 panicles contained very
little linolenic acid (7% vs. 38% in WT panicles). This result confirms that MSD3 is an w-3 fatty acid
desaturase that catalyzes the desaturation of linoleic acid to linolenic acid in both leaves and panicles.
Moreover, the dramatic effect of msd3 mutations on linoleic acid desaturation was consistent with the
idea that MSD3 is sorghum FAD?, as FAD7 has major effects on linoleic acid desaturation in other plant
species [22-24].

2.5. The msd3 Phenotype Was Reverted by Treatment with MeJA

Because linolenic acid (18:3) is a substrate for JA biosynthesis [28], we next asked whether the msd
phenotype of the msd3 mutants was due to a deficiency of JA. For this purpose, we then measured the
level of JA in developing panicles of msd3-1 and BTx623. The JA level was reduced from 709 ng/g fresh
weight (FW) in the wild type to 409 ng/g FW in msd3-1 (Figure S4).

To further demonstrate if the decrease in JA led to the msd phenotype, we applied MeJA to the
whorls of BTx623 and the msd3-1 mutant every other day, starting from when the plants had eight
fully expanded leaves until the plants had 10 fully expanded leaves. Because the pedicellate spikelets
never produce viable grains in BTx623 and other natural accessions, the reversion of the pedicellate
spikelets from grain-bearing perfect flowers to sterile spikelets is a reliable indicator to demonstrate
the effect of JA treatment. As shown in Figure 7, the pedicellate spikelets of the wild type BTx623
were sterile while that of msd3-3 mutant were fertile and produced viable grain. After treatment with
MeJA, the pedicellate spikelets of msd3-3 mutants became sterile spikelets as in the wild type BTx623.
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Furthermore, the grain size of the msd3 mutant also restored to similar size as the wild type BTx623
(Table S4). This result indicates that the lack of sufficient JA in the msd3 panicle resulted in full fertility
in the pedicellate spikelets.

Treated with water Treated with 1 mM Me-JA

BTx623 + Me-JA

msd3-3 msd3-3 + Me-JA

Figure 7. Reversion of the msd panicle phenotype by jasmonic acid (JA). 0.05% Tween-20 in water or
1 mM methyl-JA (MeJA) in 0.05% Tween-20 was directly applied to the central whorl of BTx623 and
msd3-3 (p6) plants every other day, starting from when the plants had eight fully expanded leaves
and continuing until they had 10 fully expanded leaves. Shown in the figure were a few spikelets to
demonstrate the reversion of the fertile pedicellate spikelets of the msd3 mutant to sterile spikelets by
the addition of MeJA. The effect of JA treatment on an entire primary inflorescence branch was shown
in Figure S5.

3. Discussion

In this study, we characterized a new group of msd mutants, msd3, that exhibits increases in
the size and number of the primary branches and fertile pedicellate spikelets, similar to the panicle
structure previously reported in the msd1 and msd2 mutants [13,14]. Using bulk segregant analysis of
four independent F, populations, we identified that all causal mutations are located within the FAD7
(Sorbi_3001G407600) gene. Because FAD? is a major plastidial fatty acid desaturase, loss-of-function
mutations in the FAD7 gene resulted in a dramatic reduction in the content of linolenic acid, a substrate
of JA, in both leaves and panicles. The reduction in JA levels in msd3 panicles and the reversion of
the msd3 phenotype to the wild type by application of MeJA indicate that the msd phenotype in msd3
mutants is probably due to insufficient levels of JA to activate the programmed cell death pathway
leading to the arrest of the pedicellate spikelets. This conclusion is consistent with the previously
reported mechanisms in msd1 and msd2 mutants [13,14].

MSD3 (FAD?) appears to the predominant form of w-3 fatty acid desaturase in sorghum.
Most plants, including sorghum, have multiple forms of microsomal and plastidial w-3 fatty acid
desaturases that catalyze the formation of linolenic acids from linoleic acid. Arabidopsis has one
microsomal fatty acid desaturase, originally known as FAD3, and two closely related plastidial w-3
desaturases, FAD7 and FADS (plastidial) [21-24,29]. Mutations in all three genes, FAD3, FAD7, and FADS,
are required to reduce the linolenic acid levels sufficiently to affect JA-regulated processes such as male
sterility and the defense response to insect attack [29-31]. However, loss-of-function mutation in FAD7
alone blocks the JA-induced responses in tomato [22]. The sorghum genome encodes two microsomal
w-3 fatty acid desaturases, Sorbi_3005G002800 and Sorbi_3008G003200, which are homologous to
Arabidopsis FAD3 [25,27], and two plastidial fatty acid w-3 desaturases, Sorbi_3001G407600 and
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Sorbi_3002g430100, which are homologous to Arabidopsis FAD7 and FADS [27,32]. Loss-of-function
mutations in MSD3 (FAD?) alone decreased the ratio of linolenic acid to linoleic acid from 13.43 to 2.48
in leaves, and from 0.62 to 0.08 in panicles, resulting in dramatic changes in panicle architecture, and
restoration of the fertility of the pedicellate spikelets. As noted above, MSD3 encodes one of the four
w-3 fatty acid desaturases, but the roles of the other three enzymes in fatty acid desaturation remains
unclear. Based on their relative expression levels (Figure S3), these genes may not contribute much to
the desaturation of linoleic acid except at specific developmental stages. Thus, MSD3 (FAD?) plays a
major role in the desaturation of linoleic acid to linolenic acid in sorghum.

Linolenic acid (18:3) and hexadecatrienoic acid (16:3) are the substrates for the lipid-derived
JAs [16,17]. Because sorghum has non-detectable levels of hexadecatrienoic acid, linolenic acid serves
as the main substrate for JA biosynthesis. We propose that the dramatic decrease in linolenic acid in the
msd3 mutants may result in deficiency of JA, which failed to arrest the development of the pedicellate
spikelets in sorghum. Thus, we determined the JA levels in the developing panicles of BTx623 and
msd3-1 mutant. Although JA level in the msd3-1 mutant panicle was significantly reduced to 409 ng/g
FW from 709 ng/g fresh weight (FW) of the wild type, the msd3 panicles still contained substantial
levels of JA. Next, we tested if the msd3 phenotype, such as fertile pedicellate spikelets, can be reversed
by JA treatment. As shown in Figure 7 and Figure S5, the fertile pedicellate spikelets on the msd3
panicle was reverted to sterile spikelets as in the BTx623. Thus, it is more likely that the dramatic
reduction in linolenic acid in msd3 mutants may lead to lower levels of JA, which failed to trigger
the programmed cell death pathway and allowed the pedicellate spikelets to develop viable grains.
This conclusion is also supported by our previous reports on msd1 and msd2 mutants [13,14].

The role of JA in the mediation of the msd phenotype in sorghum may be closely related to
its role in maize tassel development by functioning at the level of sexual determination. Maize is
monoecious with separate staminate (male) and pistillate (female) inflorescences called the tassel
and the ear, respectively. During early floral development, the florets in both the tassel and the ear
spikelets are bisexual. The monoecious nature is conferred by the selective abortion of pistillate organs
in tassel florets [15]. A large number of sex-determination mutants (tasselseed) have been identified
in maize [33]. The TS1 encodes a lipoxygenase that catalyze the conversion of free linolenic acid to
13(S)-hydroperoxylinolenic acid, the first committed step in JA biosynthesis. The sorghum MSD2
gene is an ortholog of the maize TS2 gene [14]. The maize TS2 gene encodes a short-chain alcohol
dehydrogenase, probably involved in JA biosynthesis [34]. Another tasselseed mutant was created by
knocking out the duplicated orthologs of OPR3, a major OPR (12-oxo-phytodienoic acid reductase)
gene in Arabidopsis that acts in JA biosynthesis [35]. The resulting maize opr7opr§ double mutant
is phenotypically similar to ts1 and fs2 mutants and can be reverted to normal tassel phenotype by
treatment with MeJA [36]. The maize TS5 gene encodes a wound-inducible gene, CY94B, which serves
as an enzyme that inactivates the biologically active JA-isoleucine [33]. Although the causal mutation
in the TS5 gene has not been identified, the mutation of ¢s5 is dominant and leads to the overexpression
of CY94B, decreased JA-isoleucine, and a concomitant increase in the deactivated 120H-JA-isoleucine.
As with the maize ts1 and ts2 mutants, the tasselseed phenotype was reverted by JA treatment. It is
well-established that JA plays a critical role in the maintenance of the staminate state of the tassel by
suppressing the development of female flower organs through JA-induced programmed cell death [15].

Sorghum is hermaphroditic and produces perfect flowers with both male and female floral
organs. Like many other grasses, sorghum produces two types of spikelets depending on the mode
of attachment to the inflorescence axis. The sessile spikelets, directly attached to the inflorescence
axis, contain perfect flowers and produce viable grains. The pedicellate spikelets, attached to the
inflorescence axis through a short petiole called pedicel, occasionally produce anthers but never produce
mature ovaries, and thus, become sterile spikelets in mature panicles. In sorghum, msd mutants
produce both sessile and pedicellate spikelets that contain perfect flowers and can develop viable
grains. Sorghum may employ similar mechanisms to control the fertility of the pedicellate spikelets
as reported in maize in controlling the ovary development in tassels. In the wild type BTx623, both
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sessile and pedicellate spikelets have both male and female floral organs initially but the floral organs,
especially the ovary, in the pedicellate spikelets become arrested in a late development stage [13].
The abortion of the ovary has been shown to be regulated by JA-induced programmed cell death as in
maize tassels [13,15]. As previously reported, the MSD1 gene encodes a TCP-transcription factor that
activates many genes involved in JA biosynthesis and MSD2 encodes a lipoxygenase that catalyzes the
first committed step of JA biosynthesis from linolenic acid [13,14]. The discovery of the MSD3 gene
as a predominant form of w-3 fatty acid desaturase responsible for the conversion of linoleic acid to
linolenic acid highlights the importance of the JA regulatory module(s) in the control of the fertility of
the pedicellate spikelets in sorghum.

The mechanisms determining the staminate state of tassels in maize and that suppressing the
development of the pedicellate spikelets in sorghum may also differ. All maize tasselseed mutants
are male sterile due to the ectopic growth of the silks. However, the sorghum msd mutants develop
both anthers and ovaries. Male sterility was never observed in the sorghum msd mutants. In addition,
JA may also contribute to panicle development in sorghum, because all msd mutants exhibit increases
in the number and size of the primary inflorescence branches [11,13,14].

4. Materials and Methods

4.1. Plant Materials

Sorghum (Sorghum bicolor (L.) Moench) msd mutants were identified from a pedigreed sorghum
mutant library that was developed by mutagenizing the sorghum inbred line BTx623 seeds with
the chemical mutagen ethyl methane sulfonate (EMS) [37]. The wild type BTx623, the msd mutants,
and their backcrossed F, populations were planted in the Agricultural Experiment Station at Lubbock,
TX (33/39” N, 101'49” W) of the Agricultural Research Service of the United States Department of
Agriculture (USDA-ARS) in May 2017. During the late grain-filling stage, when the msd phenotype
could be easily observed, leaf samples were collected from each of the confirmed homozygous msd
mutants to prepare genomic DNA as described previously [38].

The msd mutants isolated from the library harbored a high density of EMS-induced mutations [20].
To decrease the number of background mutations, these mutants were backcrossed (BC) to WT BTx623
for three generations before use in this study. Moreover, the new msd mutants were also crossed to the
known msdl and msd2 mutants, as well as to each other, to determine whether they represented alleles
of known msd loci or new locus.

4.2. Gene Identification by Next-Generation Sequencing

Homozygous msd mutants were identified from the backcrossed F, populations of p6, p14,
p21, and p24 during the grain-filling stage, during which the msd phenotype could be easily scored.
Genomic DNA pooled from the homozygous msd mutants from each F, population was sequenced
to >20x coverage on an Illumina HiSeq 2000 through a service from BGI (https://www.bgi.com/us/).
Causal mutations in these populations were identified by an inhouse bioinformatic pipeline described
previously [19]. Briefly, low-quality reads, adapter sequences, and contamination were excluded from
the raw reads, and then the clean reads were aligned to the sorghum reference genome v3.0 with
Bowtie2 [39]. SNP (single nucleotide polymorphism) calling was performed by Samtools and Bcftools
using only reads with mapping and sequencing quality greater than Q20 [40]. The read depth for
true SNPs was set from 3 to 50. Because EMS induces only G/C-to-A/T transition mutations [41],
only homozygous G/C to A/T SNPs were used for prediction of effects on gene function by the Ensembl
Variant Effect Predictor [42]. Homology analysis and functional annotation of candidate genes were
obtained from Gramene database release 39 [43] (http://www.gramene.org).
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4.3. Confirmation of the Causal Mutation with KASP

The BC3F, population consisting of 63 F, offspring was utilized for this study. Based on
putative SNPs discovered through the sequencing analysis described above, three types of SNP-KASP
primers were designed [44,45] and synthesized by Integrated DNA Technologies (Coralville, IA, USA).
Genotyping analyses were performed using extracted genomic DNA from leaf tissues of sorghum
plants collected from the field. SNP genotype in each offspring was determined by Kompetitive Allele
Specific PCR (KASP) chemistry (www.lgcgenomics.com) with some modifications [44]. Analysis of
genotypes was conducted at the Plant Stress and Germplasm Development Unit at Lubbock, TX,
USA. Phenotype data for the population were gathered at the full maturity stage of the panicle.
Co-segregation analyses were conducted based on the correspondence of genotype to phenotype and
chi-square test.

4.4. Lipidomic Assay

Samples were obtained from ~5 cm? from the middle lamina of the first mature leaf (the youngest
leaf with a visible leaf collar) and from developing panicles (approximately 3 cm long). The samples
were quickly immersed in liquid nitrogen and stored at —80 °C until use. Lipids were extracted and
analyzed following the procedure established at the Lipidomic Center of Kansas State University
(https://www.k-state.edu/lipid/). The original protocol was modified as follows: instead of cutting
leaves into small pieces, the leaf tissue was completely ground into a fine powder with liquid nitrogen
chilled mortars and pestles. The plant material was then treated with hot isopropanol and 0.01%
butylated hydroxytoluene (preheated to 75 °C). The resultant lipid extract was dissolved in chloroform
and stored at —80 °C. Lipid extracts were dried with a stream of nitrogen gas, packed in dry ice,
and shipped to the Lipidomic Center of Kansas State University for lipid analysis. The tissue used for
extraction was dried in an oven at 65 °C for 1 week to estimate the total dry weight of tissue used for
extraction of each lipid sample.

4.5. Jasmonic Acid Determination

Panicles at stage 4, when the fate of the pedicellate spikelets is determined [13,14], were collected
and immediately frozen in liquid nitrogen. Five biological replicates were solvent-extracted, methylated,
collected on a polymeric adsorbent using vapor-phase extraction, and analyzed using GC/isobutene
chemical ion mass spectrometry (GC/CI-MS) [46]. For metabolite quantification, dsJA (Sigma-Aldrich,
St. Louis, MO, USA) was used as an internal standard. The JA level in each sample was normalized to
the mass of the panicle, and expressed as ng/g fresh weight (FW).

4.6. Quantitative Gene Expression Analysis of FAD7 and FADS

Sorghum msd3 and BTx623 plants were grown in a greenhouse with temperatures maintained at
28 °C (12 h day)/25 °C (12 h night) cycle. Panicle samples at stage 4, about 3 cm long, were collected,
flash frozen in liquid nitrogen, and stored at —80 °C until use. Total RNA was extracted from a
single panicle with Trizol reagent (Thermo—Fisher Scientific, Waltham, MA, USA), followed by column
purification using the RNA Extraction kit from Sigma-Aldrich (Sigma—-Aldrich, St. Louis, MO, USA).
After purification, genomic DNA contaminants were removed by On-Column DNase I Digestion
supplied in the Sigma kit (Sigma, St Louis, MO, USA). RNA concentration was measured using a
BioSpectrophotometer® Kinetic (Eppendorf, Hamburg, Germany). RNA quality was checked by
electrophoresis on a 1% agarose gel. First-strand cDNA was synthesized from 1 ug RNA per sample
using the Superscript 2 Reverse Transcriptase kit (Invitrogen, Carlsbad, CA, USA). The reaction mixture
was incubated at 42 °C for 50 min followed by heat inactivation at 70 °C for 15 min. The resultant
cDNA is used as a template for quantitative analysis of FAD7 and FADS genes with control eukaryotic
translation initiation factor.
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Real-time polymerase chain reaction (PCR) analysis was used to determine which plastidial fatty
acid desaturase was affected in the msd3 mutants. The Primer3 software was used to design primers
for the FAD7 and FADS8 genes from sorghum. Combinations of forward and reverse primers with Tm
above 60 °C were selected for real-time PCR analysis, and the annealing temperature was set to 53 °C.
Because of the high sequence similarity among fatty acid desaturase genes, primers were designed
within the 3’-UTR region to prevent non-specific binding to genes in the same family. 3’-UTR regions
unique to FAD7 (FAD?7 forward primer: 5* TCC CTC AAA TCC CAC ATT 3, FAD? reverse primer:
5" GAA GAG CAC CCG ACT TCT TT 3) and FAD8 (FADS forward primer: 5* TGC ATG GAG GTT
CAT ATA CTG C 3, FADS reverse primer: 5 AAT TCT GTT CTG TTT GGT TGG TG 3°) were used
to design primer pairs that amplified a product of ~100 base pairs. Internal control primers were
designed against the gene encoding eukaryotic translation initiation factor 4 « (EIF4«) (SB_EIF4x
Forward: 5 CAA CTT TGT CAC CCG CGA TGA 3’ SB_EIF4aReverse: 5* TCC AGA AAC CTT AGC
AGC CCA3).

The cDNA was diluted five times with nuclease-free water, mixed with Roche Fast Start SYBR
Green® (Roche, San Francisco, CA, USA) along with specific primers and run on a Roche LightCycler
96. Three biological replicates (control and mutant samples) were used for gene expression analysis.
The melt curve from the Light Cycler was analyzed by exporting the ACt and AACt values to an Excel
file. EIF40c was used as an internal control for analyzing the relative expression level differences of
FAD7 and FADS genes.

4.7. Reversion of the msd3 Panicle Structure by MeJA

Treatment with MeJA was performed as described [13,14]. Briefly, 1 mL of 1 mM MeJA in 0.05%
Tween-20 in water was applied to the central whorl every other day, starting when the plants had eight
fully expanded leaves until the plants had 10 fully expanded leaves. Controls were treated with 1 mL
of 0.05% Tween-20.

4.8. Statistical Analyses

Statistical analyses, such as one-way ANOVA and t-test, were run in Excel with the XRealStats
add-in (http://www.real-statistics.com). Option “Tukey’s HSD” was used for multiple comparisons.

5. Conclusions

We identified MSD3 as FAD7 (Sorbi_3001G407600), a major plastid-targeted w-3 fatty acid
desaturase. Loss-of-function mutations in MSD3 (as in msd3-1, msd3-3, and msd3-4) result in low levels
of linolenic acid, the substrate for JA biosynthesis. The msd panicle architecture was restored to the
wild-type panicle phenotype by treatment with MeJA. The discovery that MSD3 is FAD7 provides
further support for the idea that JA-regulated modules are responsible for suppressing the development
of pedicellate spikelets in sorghum, as described previously in our characterization of the msdl and
msd2 mutants. Compared with msdl and msd2 mutants, msd3 mutants have higher grain weight
indicating that msd3 mutants may be better adapted to increasing sink capacity, and therefore may
have better potential to increase grain yield. These findings of this study provide a new approach for
genetic manipulation of grain numbers per panicle with the goal of increasing grain yield.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/21/
5359/s1.
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Abstract: Ralstonia solanacearum is the causative agent of bacterial wilt in many plants. To identify
R. solanacearum effectors that suppress pattern-triggered immunity (PTI) in plants, we transiently
expressed R. solanacearum RS1000 effectors in Nicotiana benthamiana leaves and evaluated their
ability to suppress the production of reactive oxygen species (ROS) triggered by flg22. Out of the
61 effectors tested, 11 strongly and five moderately suppressed the flg22-triggered ROS burst. Among
them, RipEl shared homology with the Pseudomonas syringae cysteine protease effector HopX1.
By yeast two-hybrid screening, we identified jasmonate-ZIM-domain (JAZ) proteins, which are
transcriptional repressors of the jasmonic acid (JA) signaling pathway in plants, as RipE1 interactors.
RipE1 promoted the degradation of JAZ repressors and induced the expressions of JA-responsive genes
in a cysteine-protease-activity-dependent manner. Simultaneously, RipE1, similarly to the previously
identified JA-producing effector RipAL, decreased the expression level of the salicylic acid synthesis
gene that is required for the defense responses against R. solanacearum. The undecuple mutant that
lacks 11 effectors with a strong PTI suppression activity showed reduced growth of R. solanacearum
in Nicotiana plants. These results indicate that R. solanacearum subverts plant PTI responses using
multiple effectors and manipulates JA signaling at two different steps to promote infection.

Keywords: Ralstonia solanacearum; type III effector; jasmonic acid; salicylic acid; Nicotiana plants

1. Introduction

Plants are exposed to various abiotic and biotic stresses during their life cycle. To combat pathogens,
plants have developed a specialized surveillance system, the so-called pattern-triggered immunity
(PTI), to reject or attenuate infection by potential pathogens [1]. In PTI, plants sense evolutionarily
conserved molecules from diverse pathogens, namely, pathogen/microbe-associated molecular
patterns (PAMPs), such as flagellin, cold shock protein, and chitin, through pattern-recognition
receptors (PRRs) on the plasma membrane [2]. The recognition of PAMPs by PRRs activates a large
set of physiological responses including ion-flux changes, generation of reactive oxygen species
(ROS), phosphorylation of mitogen-activated protein kinases, deposition of callose, production of
phytohormones, and transcriptional reprogramming of defense-related genes, conferring disease
resistance to a wide variety of pathogens.

Phytohormones act as signaling molecules that are required for immune responses against attacks
from pathogens. Salicylic acid (SA) mediates defense responses against biotrophic and hemibiotrophic
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pathogens, whereas jasmonic acid (JA) controls defense responses against necrotrophic pathogens [3,4].
In many cases, their signaling network shows an antagonistic relationship with each other to induce
appropriate immune responses against various pathogens with different infection strategies. During
the coevolutionary arms race between pathogens and their host plants, pathogens acquired various
virulence strategies to manipulate host hormonal signaling networks to accelerate successful infection [5].
One well-known example is the polyketide toxin coronatine (COR) produced by the hemibiotrophic
bacterial pathogen Pseudomonas syringae pv. tomato (Pto) DC3000 [6]. COR is composed of two moieties,
coronafacic acid and coronamic acid, and functions as a structural mimic of an active isoleucine
conjugate of JA (JA-Ile). In the presence of COR, the F-box protein coronatie-insensitivel (COI1)
can promote the degradation of jasmonate-ZIM-domain (JAZ) proteins that repress the JA signaling
pathway, resulting in the activation of JA signaling [7,8]. Upon Pto infection, the activation of JA
signaling by COR antagonistically suppresses the SA-mediated signaling pathway, leading to the
inhibition of stomatal closure and callose deposition to promote bacterial infection [9-11].

Many plant pathogenic bacteria have evolved a series of secretary proteins called effector proteins
and inject them into plant cells via the Hrp type III secretion system to subvert plant immune
responses [12]. Pathogen effectors often localize to specific organelles and exert their virulence
functions in the early stage of infection. For example, AvrPtoB from Pto DC3000 degrades Arabidopsis
PRR FLS2 through the E3 ubiquitin ligase activity to suppress PTI responses [13]. HopM1 localizes to
endosomes and induces the proteasomal degradation of its target protein, AtMIN7, which is involved
in PTI responses [14].

Ralstonia solanacearum is a Gram-negative phytopathogenic bacterium that causes bacterial wilt
disease in more than 200 plant species, such as tomato, potato, banana, and eggplant [15]. The pathogen
injects approximately 70 type Ill effectors into plant cells through the Hrp type Il secretion system [16,17].
To date, several studies have clarified the biochemical functions of R. solanacearum effectors in PTI
suppression. RipP2 suppresses the expressions of defense-related genes by acetylating WRKY
transcription factors [18]. RipAY suppresses PTI by degrading glutathione in plant cells [19,20].
RipAR and Rip AW suppress PTI responses through their E3 ubiquitin ligase activity [21]. RipAK inhibits
the activity of host catalases and suppresses a hypersensitive response [22]. RipAL suppresses the
SA signaling pathway by activating JA production in plant cells [23]. RipN suppresses PTI and alters
the NADH/NAD™ ratio in plant cells through its ADP-ribose/NADH pyrophosphorylase activity [24].
However, the functions of other effectors are as yet largely unknown.

To expand our knowledge of R.solanacearum effectors in PTI suppression, in this study,
we comprehensively screened for R. solanacearum RS1000 effectors with the ability to suppress
flg22-triggered ROS burst in N. benthamiana. We identified 16 effectors that show PTI suppression
activity. The detailed functional analysis of one of the effectors, RipEl, revealed that R. solanacearum
manipulates the plant JA signaling pathway at two different steps to suppress SA-mediated defense
responses. We also show that these PTI suppressors collectively contribute to bacterial virulence in
Nicotiana plants.

2. Results

2.1. Identification of R. solanacearum Effectors that Suppress FIg22-Triggered ROS Burst in N. benthamiana

We previously identified a type III effector repertoire of R. solanacearum strain RS1000 [16] and
constructed the binary vectors expressing effector genes under the control of a constitutive promoter [25].
To identify RS1000 effectors that affect plant PTI responses, we transiently expressed each effector protein
in N. benthamiana leaves by agroinfiltration and evaluated its ability to suppress ROS burst triggered
by flg22 treatment. Among the effector repertoire of R51000, three effectors, namely, RipB, RipP1, and
RipAA, were excluded from the screening because these effectors act as avirulence determinants and
induce rapid effector-triggered immunity (ETI) responses in N. benthamiana [26]. In this screening,
two type III effectors, AvrPtoB and HopM1, from Pto DC3000 with the ability to suppress PTI [13,14]
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were used as a positive control and an empty vector (EV) as a negative control. Out of the 61 Rip
effectors tested, 11 (RipA5, RipEl, Ripl, RipQ, RipAC, RipAL, RipAP, RipAR, RipAU, RipAW, and
RipAY) strongly (<50%) suppressed flg22-triggered ROS burst compared with the EV control (Figure 1).
Among them, four effectors (RipAL, RipAR, RipAW, and RipAY) were previously shown to suppress
plant PTI responses [19,21,23], indicating that our screening worked effectively. We also identified five
effectors that weakly (51-70%) suppress ROS burst in N. benthamiana. By the screening, we identified a
total of 16 effectors that affect flg22-triggered ROS burst.
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Figure 1. Identification of R. solanacearum effectors that suppress flg22-triggered ROS burst. Leaves of
N. benthamiana were infiltrated with A. tumefaciens harboring the binary vector expressing the effector or
empty vector (EV). Leaf disks were treated with the flg22 elicitor 2 days after agroinfiltration, and ROS
production was monitored as photon counts for 120 min. Total photon counts are shown. Values are
means +SD of four replicates.

2.2. RipE1 is a Member of the HopX Family and Suppresses PTI through its Cysteine Protease Activity

Among the seven newly identified effectors that strongly suppress flg22-triggered ROS burst,
we focused on RipE1 because it showed sequence similarity to P. syringae effectors belonging to the
HopX family, such as HopX1 from P. syringae pv. tabaci 11528 (HopXlp,) (21% identity and 69%
similarity; Figure S1). HopX1p, has been shown to activate plant JA signaling by directly degrading
JAZ repressors with its cysteine protease activity [27]. Although the entire sequence homology
between RipE1 and HopXlpy, is low, the cysteine, histidine, and aspartic acid residues corresponding
to the catalytic triad of HopXlpy, were conserved in RipE1l as C172, H203, and D222, respectively
(Figure S1). We previously showed that the R. solanacearum effector RipAL activates JA signaling by
inducing JA production to suppress SA-mediated defense responses in plant cells [23]. It has been
proposed that RipAL targets chloroplast lipids and releases JA precursors to induce JA production
because RipAL contains a putative lipase domain similar to that of the Arabidopsis DADI1 lipase that
is involved in JA biosynthesis through the production of JA precursors [28]. To elucidate whether
RipE1 manipulates and activates JA signaling by a mechanism different from that used by RipAL,
we tested the cysteine protease activity of RipEl. We transiently expressed hemagglutinin (HA)-tagged
RipE1l in N. benthamiana leaves by agroinfiltration (Figure S2A) and purified the recombinant RipE1
proteins using an anti-HA affinity resin. A protease activity assay using the fluorescein-labeled casein

215



Int. J. Mol. Sci. 2019, 20, 5992

substrate revealed that RipE1 showed a clear protease activity in vitro compared with the buffer control
(Figure S3). We also constructed two RipE1 mutants, in which the cysteine at position 172 was changed
to alanine (RipE1<1724), and the histidine at position 203 was also changed to alanine (RipE1H2034),
The recombinant RipE1¢17%A and RipE1"2%4 proteins lost their protease activity in vitro. This finding
indicates that RipE1 has cysteine protease activity and that the two putative catalytic residues are
essential for its protease activity.

To clarify the role of the protease activity of RipEl in PTI suppression, we transiently
expressed HA-tagged RipE1, RipE1¢1724, and RipE1H2034 in N. benthamiana leaves by agroinfiltration.
The expression of RipE1, but not those of RipE1¢17?A and RipE1H20%A, suppressed the flg22-triggered
ROS burst (Figure 2A,B) and the expressions of PTI marker genes (Figure 2C) compared with the
EV control. We confirmed that the expression of RipE1 induced no visible changes in colors and ion
leakage levels in the infiltrated leaves at least 3 days after agroinfiltration (Figure S2B,C). These findings
show that RipE1 suppresses PTI through its cysteine protease activity.
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Figure 2. Effect of RipEl expression on PTI responses in N. benthamiana. Leaves were infiltrated
with A. tumefaciens harboring the binary vector expressing N-terminal HA-tagged RipEl, RipElC172A,
or RipE1H2034 or EV. (A) Flg22-triggered reactive oxygen species (ROS) burst in leaves expressing RipE1
and its catalytic site mutants. Leaf disks were treated with the flg22 elicitor 2 days after agroinfiltration,
and ROS production was monitored as photon counts for 120 min. Values are means +SD of six
replicates. (B) Total photon counts in (A). The asterisk (*) denotes a statistically significant difference
compared with the EV control (p < 0.01, Student’s t-test). (C) Expression levels of PTI marker genes
in leaves expressing RipE1 and its mutants. Leaves were treated with the flg22 elicitor 2 days after
agroinfiltration, and total RNA was isolated from leaves 60 min after the treatment. Expression levels
were determined by qRT-PCR analysis and normalized to that in the water treatment. Values are means
+SD of three replicates. Asterisks (*) denote statistically significant differences compared with the
EV control (p < 0.01, Student’s ¢-test). All experiments were repeated three times with similar results,
and representative results are shown.
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2.3. RipE1 Localizes to Nucleocytoplasm in Plant Cells

To examine the subcellular localization of RipE1 in plant cells, we constructed binary vectors
expressing green fluorescent protein (GFP)-tagged RipE1, RipE1¢1724, and RipE1H2934 under the control
of the B-estradiol-inducible promoter. When the GFP-RipE1 fusions were transiently coexpressed
with the nucleocytoplasm marker mCherry in N. benthamiana leaves by agroinfiltration (Figure 3A),
the fluorescence signals of GFP-RipE1, GFP-RipE1C172A, and GFP-RipE1H203A were observed in
the cytoplasm of mesophyll cells as well as that of mCherry (Figure 3B). On the other hand,
line-scanning analysis revealed that the fluorescence intensity of GFP-RipE1 or GFP-RipE1¢!1724,
but not GFP-RipE1H2034 | completely overlapped with that of mCherry in the nucleus. To verify
this finding, we isolated total and nuclear protein fractions from N. benthamiana leaves expressing
HA-tagged RipE1, RipE1¢1724, and RipE1M2%34 and analyzed the accumulation levels of RipE1 and
its mutants by immunoblotting. RipElHZOSA was detected in the total fraction, but not in the nuclear
fraction, whereas RipE1 and RipE1¢172A were detected in both fractions (Figure 3C). These observations
indicate that RipE1 localizes to the nucleocytoplasm of N. benthamiana cells and that the H203A
mutation affects not only the protease activity but also the nuclear localization of RipE1.
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Figure 3. Subcellular localization of RipE1 in N. benthamiana cells. (A) Immunoblot analysis of green
fluorescent protein (GFP)-RipE1 fusions. Leaves were coinfiltrated with A. tumefaciens harboring the
binary vector expressing N-terminal GFP-tagged RipE1, RipE1¢172A, or RipE11203A and the binary

4000

3000

2000

1000

Fluorescence intensity

vector expressing mCherry under the control of the 3-estradiol-inducible promoter. Leaves were treated
with (3-estradiol 1 day after agroinfiltration. Total protein was extracted from the leaves 1 day after the
treatment and subjected to immunoblot analysis using an anti-GFP or anti-RFP antibody. The membrane
was stained with Ponceau S as the loading control. (B) Subcellular localization of GFP-RipE1 and its
mutants. Fluorescence was observed 1 day after the treatment by confocal microscopy. The overlay
of fluorescence was monitored by scanning fluorescence intensities in the regions indicated by blue
arrows. Bars, 50 um. (C) Immunoblot analysis of RipEl in the nuclear fraction. Leaves were infiltrated
with A. tumefaciens harboring the binary vector expressing N-terminal HA-tagged RipE1, RipE1€1724,
or RipE1H203A | Total and nuclear fractions were extracted from leaves 2 days after agroinfiltration and
subjected to immunoblot analysis using an anti-HA or anti-histone H3 antibody. The membrane was
stained with Ponceau S as the loading control.
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2.4. RipE1 Interacts with JAZ Proteins in Yeast and Plant Cells

To identify plant proteins that interact with RipE1, we performed yeast two-hybrid screening
using RipE1 as the bait. Yeast cells expressing ripE1 showed no significant difference in their growth
(Figure 4A), indicating that RipE1l is not toxic to yeast cells. Upon screening approximately 2 x
10° transformants with an A. thaliazna cDNA-derived prey library, we identified JAZ4 as a candidate
plant target of RipEl. The JAZ family consists of 12 members in A. thaliana [4,29]. We examined the
interaction of RipE1 with the JAZ proteins and found that RipE1 interacts with JAZ4, JAZ9, and JAZ10
in yeast cells (Figure 4B), particularly strongly with JAZ4 and JAZ9 (Figure 4C). The interaction with
JAZ proteins was not affected by the C172A and H203A mutations of RipE1 (Figure 4B,C).
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Figure 4. Interaction of RipE1l and jasmonate-ZIM-domain (JAZ) family. (A-C) Interaction of RipE1
and JAZ family in yeast. Serial dilutions of diploid cells harboring the bait vector expressing RipE1 and
the prey vector expressing JAZs were spotted on DDO (A), TDO moderately selective (B), and QDO
stringently selective (C) plates. Photographs were taken after 5 days of incubation. (D) Interaction
of RipE1 and JAZ proteins in planta. Leaves of N. benthamiana were coinfiltrated with A. tumefaciens
harboring the binary vector expressing N-terminal nYFP-tagged RipE1, RipE1¢172A, or RipE1H203A
and the binary vector expressing C-terminal cYFP-tagged JAZ4, JAZ9, or JAZ10. Fluorescence was
observed 2 days after agroinfiltration by confocal microscopy. Bars, 50 um. All experiments were
repeated three times with similar results, and representative results are shown.
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JAZ proteins are mainly localized in the plant nucleus and act as repressors in the JA signaling
pathway [4]. Indeed, fluorescence signals of GFP-tagged JAZ4, JAZ9, and JAZ10 were observed in
the nucleus of N. benthamiana cells (Figure S4). To elucidate whether RipE1 interacts with JAZs in
the plant nucleus, we performed a bimolecular fluorescence complementation (BiFC) assay using
N. benthamiana leaves by agroinfiltration. Notably, when the catalytically inactive nYFP-RipE1¢1724,
butnot the catalytically active nYFP-RipE1, was coexpressed with JAZ4-cYFP, JAZ9-cYFP, or JAZ10-cYFP,
fluorescence signals were observed in the nucleus of N. benthamiana cells (Figure 4D). No fluorescence
signal was observed when the catalytically inactive but non-nucleus-localized nYFP-RipE1H2034 was
used in the assay. Collectively, these observations indicate that RipE1l interacts with JAZ4, JAZ9,
and JAZ10, mainly in plant nuclei.

2.5. RipE1 Degrades JAZ Repressors to Activate JA Signaling and Simultaneously Suppresses SA Signaling

In the aforementioned BiFC experiments, no fluorescence signal was detected in the leaves
coexpressing nYFP-RipE1 and JAZs-cYFP fusions (Figure 4D). To test whether RipE1 degrades JAZ
proteins, we transiently coexpressed HA-tagged RipE1 and GFP-tagged JAZs in N. benthamiana leaves
by agroinfiltration. The expression of RipEl markedly decreased the accumulation of JAZ4-GFP,
JAZ9-GFP, and JAZ10-GFP in the infiltrated leaves (Figure 5A). On the other hand, the expression of
RipE1€1724 and RipE1M2%34 did not affect the accumulation of JAZs-GFP fusions. These results show
that RipE1 degrades at least three JAZ repressors through its cysteine protease activity in plant cells.
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Figure 5. Effect of RipE1 expression on the accumulation of JAZs and defense-related gene expression
in N. benthamiana. (A) Leaves were coinfiltrated with A. tumefaciens harboring the binary vector
expressing N-terminal HA-tagged RipE1, RipE1“1724, or RipE1H203A and the binary vector expressing
C-terminal GFP-tagged JAZ4, JAZ9, JAZ10, or GFP alone. Total protein was extracted from the leaves
2 days after agroinfiltration and subjected to immunoblot analysis using an anti-HA or anti-GFP
antibody. The membrane was subjected to immunoblot analysis using an anti-GAPDH antibody as the
endogenous and loading control. (B) Expression levels of jasmonic acid (JA) and salicylic acid (SA)
marker genes in leaves expressing RipE1 and its mutants. Leaves were infiltrated with A. tumefaciens
harboring the binary vector expressing N-terminal HA-tagged RipE1, RipE1€1724, or RipE1H20%4A or EV.
Total RNA was isolated from leaves 2 days after agroinfiltration. Expression levels were determined by
qRT-PCR analysis and normalized to that of EV. Values are means +SD of three replicates. Asterisks
(*) denote statistically significant differences compared with the EV control (p < 0.01, Student’s t-test).
All experiments were repeated three times with similar results, and representative results are shown.
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We observed that the prolonged expression of HA-tagged RipE1, but not RipE1¢172A or RipE1H2034,
induced leaf chlorosis, and a reduction in the chlorophyll content of the leaves (Figure S2D,E), which are
hallmark events accompanied by the activation of JA signaling [30,31]. Notably, the transient expression
of RipE1, but not RipE1¢17%A or RipE1124 induced the expressions of JA signaling marker genes,
such as NbDAOS and NbPR4, in N. benthamiana (Figure 5B). In contrast to JA signaling, the transient
expression of RipE1 greatly decreased the expression level of the SA signaling marker gene NbICS1
encoding the SA-producing enzyme. This finding indicates that RipE1l activates JA signaling by
degrading JAZ repressors and simultaneously suppresses the antagonistic SA signaling pathway in
N. benthamiana.

2.6. RipE1 can Complement the Impaired Virulence Phenotype of the COR-Deficient Mutant of Pto in
Arabidopsis Plants

Pto DC3000, the causative agent of bacterial speck disease in tomato, could also infect A. thaliana.
The A. thaliana-Pto interaction has been used as a model pathosystem for determining the contribution
of effector proteins from other pathogens to virulence [21,24,32]. Therefore, we generated transgenic
A. thaliana plants expressing GFP-RipE1, GFP-RipE1C172A, and GFP-RipE1H203A under the control of the
[3-estradiol-inducible promoter (Figure 6A). The growth of Pto in the transgenic plant leaves expressing
GFP-RipE1 showed no significant difference compared with that in the parental Col-0 leaves (Figure 6B).
Pto produces the phytotoxin COR, which is a functional mimic of JA-Ile that activates JA signaling to
suppress SA-mediated defense responses in plants [6,11]. The growth of the COR-deficient mutant
of Pto (Pto cor™) decreased 100-fold compared with that of the wild-type strain in the Col-0 leaves
(Figure 6B). Notably, the growth of the Pto cor™ mutant increased 100-fold and reached the wild-type
level in the transgenic plants expressing GFP-RipE1, but not GFP-RipE1¢1724 and GFP-RipE1H2034
compared with the parental Col-0 plants 2 days after inoculation. Moreover, the development of disease
symptoms caused by Pto cor™ was accelerated in the transgenic plant leaves expressing GFP-RipE1,
but not GFP-RipE1<172A and GFP-RipE1H203A (Figure 6C). These observations indicate that RipE1 can
complement the impaired virulence phenotype of Pto cor™ through the activation of JA signaling.

2.7. Multiple Deletions of Effector Genes that Show a Strong PTI Suppression Activity Affect the Growth of
R. solanacearum in Nicotiana Plants

To evaluate the contribution of RipE1 to bacterial virulence, we generated a AripE1 mutant of
R. solanacearum strain RS1002, a nalidixic acid-resistant derivative of RS1000, and inoculated the AripE1
mutant into solanaceous host plants. However, the AripE1 mutant showed no significant difference
in symptom development in the inoculated plants compared with the wild-type strain (Figure S5),
probably owing to functional redundancy among the effector repertoire. We next generated a AripA5
AripE1 Aripl AripQ AripAC AripAL AripAP AripAR AripAU AripAW AripAY undecuple mutant, in
which all of the 11 effector genes that strongly suppressed flg22-triggered ROS burst in N. benthamiana
were deleted. We monitored the growth of the wild-type strain and the undecuple mutant in vitro
and in planta. Although the growth rates of the two strains showed no significant difference in a
rich medium (Figure 7A), the undecuple mutant showed reduced bacterial growth in susceptible
N. sylvestris leaves compared with the wild-type strain (Figure 7B). Furthermore, the undecuple mutant
showed a significant growth defect in resistant N. benthamiana leaves. These findings indicate that the
11 effectors collectively contribute to the growth of R. solanacearum in Nicotiana plants.
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Figure 6. The phenotype of transgenic A. thaliana expressing RipE1. A. thaliana Col-0 and transgenic
plants expressing N-terminal GFP-tagged RipE1, RipE1¢1724, and RipE1H203A under the control of the
B-estradiol-inducible promoter were treated with -estradiol. (A) Immunoblot analysis of GFP-RipE1
fusions. Total protein was extracted from the leaves 3 days after the treatment and subjected to
immunoblot analysis using an anti-GFP antibody. The membrane was stained with Ponceau S as the
loading control. (B) Growth of Pto and Pto cor™ in A. thaliana Col-0 and transgenic plants expressing
GFP-RipE1 and its mutants. Leaves treated with B-estradiol for 1 day were sprayed with the bacterial
suspension, and the bacterial population was determined 2 days after inoculation. Values are means
+SD of three replicates. Different letters denote statistically significant differences (p < 0.05, one-way
ANOVA with Tukey-Kramer HSD test). (C) Disease symptoms caused by Pto cor™ in A. thaliana Col-0
and transgenic plants expressing GFP-RipE1 and its mutants. One day after treatment with p-estradiol,
the leaves were sprayed with the bacterial suspension. Photographs were taken 1 week after inoculation.
All experiments were repeated three times with similar results, and representative results are shown.
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Figure 7. Contribution of PTT suppressors to virulence of R. solanacearum in Nicotiana plants. (A) Growth
of R. solanacearum mutants in vitro. R. solanacearum wild-type strain and the AripA5 AripE1 Aripl AripQ
AripAC AripAL AripAP AripAR AripAU AripAW AripAY undecuple mutant were diluted in BG medium to
ODggp = 0.05. The cultures were incubated at 28 °C with shaking, and cell density was spectrometrically
measured at the indicated time points. Values are means +SD of three replicates. (B) Growth of
R. solanacearum mutants in planta. Leaves of N. sylvestris and N. benthamiana were inoculated with the
suspension of the wild type or undecuple mutant of R. solanacearum. The bacterial population was
determined on the indicated days after inoculation. Values are means +SD of four replicates. Asterisks
(*) denote statistically significant differences compared with the wild type (p < 0.01, Student’s t-test).
All experiments were repeated three times with similar results, and representative results are shown.

221



Int. J. Mol. Sci. 2019, 20, 5992

3. Discussion

In this study, we screened R. solanacearum RS1000 effectors for their ability to suppress plant
PTI responses using an Agrobacterium-mediated transient expression system. Out of the 61 effectors
tested, 16 (26%) were found to suppress flg22-triggered ROS burst in N. benthamiana (Figure 1).
Similar comprehensive screenings for bacterial effectors that suppress PTT have been performed in
Pto and Xanthomonas euvesicatoria. In Pto, seven out of the 22 effectors tested (32%) can suppress
flg22-triggered ROS burst and expression of PTI marker genes in N. benthamiana [33]. In X. euvesicatoria,
17 out of the 33 effectors tested (52%) show the ability to suppress flg22-triggered PTI signaling in
N. benthamiana [34]. Our finding corresponds well to the previous studies revealing that many effectors
in the effector repertoire of a plant pathogenic bacterium can suppress plant PTI responses.

Out of the 16 effectors identified by our screening, 11 strongly suppressed flg22-triggered ROS
burst in N. benthamiana (Figure 1). Among them, RipE1 was found to share low homology with the
cysteine protease effector HopX1py, from P. syringae pv. tabaci 11528 (Figure S1). We showed that
RipE1 suppresses flg22-triggered ROS burst and reduces the expression levels of PTI marker genes in a
protease-activity-dependent manner (Figure S3 and Figure 2). However, the functions of HopX family
effectors vary among the members. For example, HopX1 from Pto DC3000 (HopX1pt,) does not show the
protease activity in N. benthamiana [27]. For PTI suppression, HopX1pi, and HopX1py, do not suppress
flg22-induced ROS burst and expressions of PTI marker genes in N. benthamiana [33]. X. euvesicatoria
possesses two HopX1 family effectors, XopEl and XopE2 [35]. XopE2, but not XopEl, has been
shown to suppress flg22-triggered PTI in N. benthamiana, although their enzymatic activity remains
unclear [34]. In this study, we clearly demonstrated that cysteine protease activity is indispensable for
the PTI suppression activity of RipE1.

For the function of RipE1 in plant cells, we obtained the following results. (i) RipE1 localized
to the nucleocytoplasm of plant cells (Figure 3). (ii) RipE1 interacted with JAZ4, JAZ9, and JAZ10 in
yeast and plant cells (Figure 4) and degraded the JAZ repressors in the nucleus when coexpressed in
plant cells (Figures 4D and 5A). (iii) RipE1 activated JA signaling and simultaneously suppressed SA
signaling (Figure 5B). (iv) The expression of RipE1 complemented the reduced growth phenotype of
the Pto cor™ mutant in Arabidopsis plants (Figure 6). It has been shown that HopX1p, degrades JAZ
repressors through its cysteine protease activity and activates JA signaling to suppress SA signaling [27].
Except for the ability to suppress plant PTI responses, RipE1 functions similarly to HopX1p,.

Itis widely known that the JA and SA signaling pathways antagonize each other to fine-tune proper
defense responses to combat against pathogens with different infection strategies. Upon activation of
JA signaling, the MYC?2 transcription factor released by the degradation of JAZ repressors induces the
expression of NAC transcription factors that repress the expression of the SA synthesis enzyme ICS1,
leading to the downregulation of SA signaling [11]. We showed that RipE1 activates JA signaling and
simultaneously suppresses the expression of NbICS1 in N. benthamiana (Figure 5). It has been shown
that the virulence of R. solanacearum is enhanced in NbICSI-silenced plants [23]. Our work provides
new evidence that R. solanacearum exploits antagonistic interactions between the SA and JA signaling
pathways to suppress SA signaling in plants and promote successful infection. We previously showed
that RipAL targets chloroplasts and induces JA production to activate JA signaling and simultaneously
suppress SA-mediated defense responses in plants [23]. Our findings indicate that R. solanacearum
uses at least two effectors that target different organelles and activate host JA signaling in two different
steps, JA production and JAZ degradation, probably giving a synergistic effect (Figure S6).

We observed that RipE1l preferentially interacts with JAZ4, JAZ9, and JAZ10 among the JAZ
members in the yeast two-hybrid system (Figure 4) and proteolytically degrades them in plant cells
(Figure 5A). It has been reported that the loss-of-function mutant jaz4-1 or jaz10-1 in A. thaliana makes
the plant hypersusceptible to Pto DC3000 and enhances pathogen growth in infected leaves compared
with the wild-type plants [36,37]. No other single-gene mutations of 12 JAZ members affect the in planta
growth of Pto DC3000, indicating that JAZ4 and JAZ10 play important roles in the defense response to
the bacterial pathogen. It is noteworthy that RipE1 interacts most strongly with JAZ4 (Figure 4C) since
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the jaz4-1 mutation showed the most striking effect in terms of the enhanced growth of the bacterial
pathogen in mutant plants [37]. JAZ4 and JAZ9 belong to the same subgroup of JAZ members based
on their amino acid sequences [29]; therefore, it is reasonable to consider that RipE1l interacts with
JAZ9 (Figure 4). The roles of JAZ4, JAZ9, and JAZ10 in defense responses against R. solanacearum
should be clarified in future work.

Generally, a single mutation in effector genes does not affect the virulence of plant pathogenic
bacteria, probably owing to its functional redundancy among the effector repertoire. Therefore,
we generated the undecuple mutant that lacks 11 effectors with a strong PTI suppression activity.
Notably, the growth of the undecuple mutant was reduced in susceptible N. sylvestris leaves and
extremely decreased in resistant N. benthamiana leaves (Figure 7). This finding clearly shows that Rip
effectors with PTI suppression activity collectively promote the growth of R. solanacearum in plants.
The greater inhibition of bacterial growth in resistant plants might be explained by the more rapid
and stronger induction of defense responses in resistant plants. From another viewpoint, it has
recently been suggested that one effector targets multiple plant factors to subvert immune responses.
For example, the acetyltransferase effector HopZ1la from P. syringae degrades not only JAZ proteins
but also GmHID1, which is involved in isoflavone biosynthesis [38,39]. Therefore, RipE1 or another
effector(s) in the 11 effectors deleted in the undecuple mutant might suppress defense responses other
than PTI, for example, ETI, in resistant plants. It would be interesting to determine whether any of the
11 effectors show the ability to affect ETI in N. benthamiana.

4. Materials and Methods

4.1. Plant, Yeast, and Bacterial Growth Conditions

N. benthamiana, N. sylvestris, and A. thaliana were grown in a controlled environment room,
as described previously [21]. The bacterial strains used in this study are listed in Table S1. The growth
conditions, media, and antibiotics used for the Escherichia coli, Saccharomyces cerevisiae, R. solanacearum,
Pto, and A. tumefaciens strains were described previously [19,21].

4.2. Agrobacterium-Mediated Transient Expression (Agroinfiltration)

ripE1 and JAZs were cloned into the Ncol-EcoRV sites of the pENTER4 vector (Invitrogen, Carlsbad,
CA, USA) using an In-Fusion HD cloning kit. ripE1¢17?4 and ripE112034 were produced by PCR-based
site-directed mutagenesis. The resultant entry clones were subcloned into pPGWB5 and pGWB15
vectors [40] using a Gateway LR Clonase II enzyme mix (Invitrogen). A. tumefaciens cells harboring
the resultant plasmids were suspended in infiltration buffer [10 mM MgCl,, 10 mM MES (pH 5.6)]
supplemented with 150 uM acetosyringone. The inoculum preparations were spectrometrically adjusted
to ODggp = 1.0 and incubated at 30 °C for 3 h with shaking before infiltration. For coexpression assays,
A. tumefaciens cells harboring pDGB«2-355:P19 [41], pGWBS derivatives, and pGWB15 derivatives
were mixed at a ratio of 1:3:3 and infiltrated into the leaves of N. benthamiana. The primer sets used for
plasmid construction are listed in Table S2.

4.3. Measurement of ROS

ROS were measured using a chemiluminescence probe L-012 (Wako, Osaka, Japan) as described
previously [21]. Leaf disks were floated on water overnight. Then, the water was replaced with
0.5 mM L-012 solution (10 mM MOPS-KOH, pH 7.4) containing 100 nM flg22 (Funakoshi, Tokyo,
Japan). Chemiluminescence was continuously monitored using a microplate reader (SH-8000Lab,
Corona Electric, Ibaraki, Japan).

4.4. Protein Extraction and Immunoblotting

Leaf disks (60 mg) were collected, frozen in liquid nitrogen, and ground to a fine powder. Proteins
were extracted in 100 uL of extraction buffer (0.35 M Tris-HCI (pH 6.8), 30% glycerol, 10% SDS, 0.6 M
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DTT, 0.012% bromophenol blue). The fraction of nuclear proteins was extracted from the leaves using
a CelLytic PN Isolation/Extraction kit (Sigma—Aldrich, St. Louis, MO, USA) in accordance with the
manufacturer’s instructions. Total protein (5 uL) was separated by 10% SDS-PAGE. Separated proteins
were transferred onto a membrane and incubated with an HRP-conjugated anti-GFP (1:5000; Miltenyi
Biotec, Bergisch Gladbach, Germany), anti-HA (1:2000; MBL, Aichi, Japan, #561-7), anti-RFP (1:2000;
MBL, #PM005-7), anti-GAPDH (1:5000; Proteintech, Rosemont, IL, USA), or anti-histone H3 (1:2000;
MBL) antibody. Immunodetection was performed using an ECL Prime Western blotting detection
reagent (GE Healthcare, Marlborough, MA, USA) or Clarity Max Western ECL Substrate (Bio-rad,
Hercules, CA, USA).

4.5. Protease Activity Assays

Protease activity assays were performed as described previously [27] with slight modifications.
Briefly, leaves of N.benthamiana plants transiently expressing HA-tagged RipEl, RipElClnA,
and RipE1H2%34 were homogenized in an extraction buffer containing 100 mM Tris-HCl (pH 7.5),
150 mM NaCl, 5 mM EDTA, 5% glycerol, 10 mM DTT, 1 mM PMSF, 0.5% Triton X-100, and a
protease inhibitor cocktail (Roche, Mannheim, Germany). HA-tagged proteins were purified from
the homogenate using an anti-HA affinity resin (Pierce, Rockford, IL, USA). Protease activity was
determined using a Protease Fluorescent Detection kit (Sigma—Aldrich) in accordance with the
manufacturer’s instructions. Fluorescence intensity was measured at 485 nm excitation and 535 nm
emission using a microplate reader.

4.6. Measurement of Ion Leakage and Chlorophyll Content

The severity of cell death was quantified by the degree of electrolyte leakage from leaves. Leaf disks
(8 mM in diameter) were immersed in 1 mL of water for 2 h with gentle shaking. The ion conductivity
of water was measured using a conductivity meter (LAQUAtwin, Horiba, Kyoto, Japan).

The chlorophyll content of the leaves was spectrophotometrically measured using a chlorophyll
meter (SPAD-502, Konica Minolta, Tokyo, Japan) in accordance with the manufacturer’s instructions.

4.7. Real-Time PCR Analysis

Real-time PCR was performed as described previously [42]. Briefly, total RNA was extracted from
leaves using an RNeasy Plant Mini Kit (Qiagen, Hilden, Germany), and cDNA was synthesized using
a High Capacity cDNA reverse transcription kit (Applied Biosystems, Foster, CA, USA). Quantitative
PCR was performed using a Power SYBR Green PCR master mix (Applied Biosystems). Expression
levels of target genes were normalized to those of multiple endogenous control genes, such as NDEFla,
NbNQO, and NbF-box. Gene-specific primer sets used for the real-time PCR analysis are listed
in Table S3.

4.8. Microscopic Analyses

ripET and its derivative genes were cloned into the BamHI site of the SUPERR:sXVE:GFPN:Hyg
vector [43] using an In-Fusion HD cloning kit.  The resultant plasmids were used for
Agrobacterium-mediated transient expression in N. benthamiana leaves. A. tumefaciens cells harboring
SUPERR:sXVE:mCherryy;:Bar vector were coinfiltrated and used as a nucleocytoplasm marker. Leaves
were treated with 50 uM p-estradiol (Wako) 1 d after the agroinfiltration. The fluorescence of GFP
and RFP was observed 1 day after the treatment with 3-estradiol under a laser scanning microscope
(FV1200, Olympus, Tokyo, Japan).

For BiFC analysis, the entry clones of ripE1 and its derivatives and JAZs were, respectively,
subcloned into the pB5nYGW and pBSGWCcY vectors [44] using a Gateway LR Clonase II enzyme mix.
A. tumefaciens cells harboring pDGB«x2-355:P19, pBSnYGW derivatives, and pBSGWcY derivatives
were mixed at a ratio of 1:3:3 and infiltrated into the leaves of N. benthamiana.
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4.9. Yeast Two-Hybrid Analysis

Yeast two-hybrid analysis was performed using the Matchmaker Gold yeast two-hybrid system
(Clontech, Palo Alto, CA, USA) in accordance with the manufacturer’s instructions. ripEl and its
derivatives were cloned into the EcoRI-BamHI sites of the pGBKT7 vector and transformed into
S. cerevisine Y2HGold as the bait. For the identification of RipE1 targets, yeast two-hybrid screening
was performed using Make Your Own Mate & Plate Library System (Clontech) in accordance
with the manufacturer’s instructions. Briefly, total RNA was extracted from A. thaliana leaves
infiltrated with R. solanacearum RS1002 (1 x 108 CFU mL™!) and 1 uM flg22. A mixture of total
RNA was used to synthesize the cDNA library and ligated into the pGADT7-Rec vector. The resultant
plasmids were transformed into S. cerevisize Y187 as prey. Positive clones were selected on QDO
(SD/—Ade/—His/—Leu/—Trp) stringent selective plates by mating the Y2HGold and Y187 strains.

For the validation of RipE1 and JAZs interaction, the entry clones for JAZs were obtained from
ABRC and RIKEN BRC through the National Bio-Resource Project of MEXT/AMED, Japan. The entry
clones were subcloned into the pGADT7-GW vector [45] using a Gateway LR Clonase II enzyme mix.
The resultant plasmids were transformed into Y187. Diploid cells harboring pGBKT7 and pGADT7
derivatives were selected on DDO (SD/-Leu/-Trp) plates. Positive interactions of RipEls and JAZs
were tested on TDO (SD/-His/—Leu/-Trp) moderate selective plates and QDO plates.

4.10. Generation of R. solanacearum Mutants

Each fragment (0.6 kb) upstream and downstream of the effector coding region was tandemly
inserted into the plasmid pK18mobsacB [46] using an In-Fusion HD cloning kit (Takara, Shiga, Japan)
The resultant plasmids were used to generate R. solanacearum mutants by the marker-exchange method
using E. coli S17-1 [46].

4.11. Bacterial Virulence Assay

The virulence of R. solanacearum and Pto in plants was assayed, as described previously [21].
For measuring the growth of R. solanacearum strains, the inoculum (1 x 10* CFU mL!) was infiltrated
into the leaves of Nicotiana plants using a needleless syringe. For measuring the growth of Pto,
A. thaliana was treated with 100 uM p-estradiol supplemented with 0.01% Silwet L-77 for 1 day and
then inoculated by spraying the inoculum (1 x 108 CFU mL ™) containing 10 mM MgCl, and 0.01%
Silwet L-77. Leaf disks were taken from the inoculated leaves and homogenized in water. Serial
dilutions of the homogenate were spread on BG plates containing nalidixic acid for R. solanacearum
and King’s B plates containing rifampicin for Pto.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/23/
5992/s1.
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Abbreviations

PTI pattern-triggered immunity

PAMPs  pathogen/microbe-associated molecular patterns
PRRs pattern-recognition receptors

ROS reactive oxygen species
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SA salicylic acid

JA jasmonic acid

COR coronatine

Pto Pseudomonas syringae pv. tomato

COI1 Coronatine-insensitivel

JAZ Jasmonate-ZIM-domain

ETI effector-triggered immunity

HA hemagglutinin

GFP green fluorescent protein

BiFC bimolecular fluorescence complementation
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Abstract: The JASMONATE ZIM DOMAIN (JAZ) proteins act as negative regulators in the jasmonic
acid (JA) signaling pathways of plants, and these proteins have been reported to play key roles in
plant secondary metabolism mediated by JA. In this study, we firstly isolated one JAZ from P. cablin,
PatJAZ6, which was characterized and revealed based on multiple alignments and a phylogenic tree
analysis. The result of subcellular localization indicated that the PatJAZ6 protein was located in
the nucleus of plant protoplasts. The expression level of PatJAZ6 was significantly induced by the
methyl jasmonate (MeJA). Furthermore, by means of yeast two-hybrid screening, we identified two
transcription factors that interact with the PatJAZ6, the PatMYC2b1 and PatMYC2b2. Virus-induced
gene silencing (VIGS) of PatJAZ6 caused a decrease in expression abundance, resulting in a significant
increase in the accumulation of patchouli alcohol. Moreover, we overexpressed Pat[AZ6 in P. cablin,
which down-regulated the patchoulol synthase expression, and then suppressed the biosynthesis of
patchouli alcohol. The results demonstrate that Pat] AZ6 probably acts as a repressor in the regulation
of patchouli alcohol biosynthesis, contributed to a model proposed for the potential JA signaling
pathway in P. cablin.

Keywords: PatJAZ6; jasmonic acid (JA) signaling pathway; Pogostemon cablin; patchouli
alcohol; biosynthesis

1. Introduction

Pogostemon cablin (P. cablin), the medicinal part of which is dry whole grass, is a kind of Labiatae
plant that has long been considered an important Chinese herbal medicine in Lingnan [1]. The main
medicine produced from P. cablin is patchouli alcohol, which has been reported to have antibacterial [2],
anti-inflammatory [3] and vasodilatory [4] properties, among others. On the one hand, patchouli
alcohol may be mainly used in the perfume and cosmetics industry, and on the other hand, it may be
frequently used for medical treatment. Due to the large market demand [5], an increasing number
of scholars have begun to study P. cablin, especially the molecular synthesis mechanism of patchouli
alcohol. Many investigations have focused on pharmacological effects in P. cablin; however, current
knowledge on patchouli alcohol biosynthetic pathways is limited. In cultivation and production, the
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quality of patchouli is often related to planting light conditions, ambient temperature and different
abiotic and biotic stresses. Previous studies in our research group found that these factors affected the
expression of the patchouli alcohol synthase gene and caused significant differences in patchouli alcohol
accumulation [6]. Subsequently, various exogenous hormone treatment experiments showed that
patchouli alcohol synthesis was specifically induced by Methyl jasmonate (MeJA). A large number of
studies have shown that different environmental signals stimulate plant synthesis of jasmonic acid [7],
which affects the synthesis and accumulation of important secondary metabolites and their chemical
reactions through JA signaling. Therefore, we predict that the biosynthesis process of patchouli alcohol
may be highly dependent on the JA signaling. The pattern of JA signaling regulating the synthesis of
secondary metabolites in medicinal plants has progressed in Catharanthus roseus, the main component
of which is vinblastine [8]. In addition, this signaling also exists in tobacco (nicotine) [9].

JA is one of the most important signaling molecules in plants, governing responses to abiotic and
biotic stresses, as well as in secondary metabolite biosynthesis, signal transduction, stress response [10],
growth and development [11]. The JASMONATE ZIM DOMAIN (JAZ) proteins are not only an
important component of the JA signaling pathway but also a node that links different signaling
pathways in plants [12]. The N-terminus of the JAZ contains a weakly conserved N-terminal (NT)
domain. The ZIM domain contains a conserved TIF[F/Y]XG (TIFY) motif, and the Jas domain at the
C-terminus is highly conserved and can interact with many proteins [13], such as various transcription
factors (TFs). In addition, there are nuclear localization signals in the Jas domain, which causes
JAZ proteins to have nuclear localization properties [14]. Thirteen JAZ proteins have been found in
Arabidopsis thaliana, playing roles in growth, defense, and reproductive output [15], these proteins are
regarded as repressors in the JA signaling pathway, and they interact with the MYC2 transcription
factor and repress its function. MYC2 is the initial transcription factor of the JA response gene [16],
but the JA induction of plants is controlled by CORONATINE INSENSITIVE 1 (COI1). JAZ family
proteins have been identified as COI1 targets and repressors of MYC2 [17]. To date, JAZ proteins have
been proven to repress the activity of TFs, and function as repressors in the JA pathway to mediate
many developmental processes, including secondary metabolite synthesis.

As a pivotal regulator in the plant JA signaling pathway, JAZ proteins should play important
regulatory roles in the biosynthesis of patchouli alcohol in P. cablin. However, little is known about the
unambiguous roles of JAZ proteins in patchouli alcohol biosynthesis in P. cablin. In our previous work,
we obtained 82,335 raw data of transcriptome using next-generation sequencing (NGS) technology
from leaves of P. cablin treated with MeJA [18], 12 unigenes were recognized and identified as JAZ
family genes, based on the expression levels of 12 genes under the induction of 300 uM MeJA and our
previous screening experiment, we ultimately chose PatJAZ6 (Unigene48011) as the research object,
which may participate in the regulation of biosynthesis of patchouli alcohol.

In this study, the PatJAZ6 gene from P. cablin was cloned and characterized, and the relative
expression pattern analysis was performed. Then, the subcellular localization study of PatJAZ6 was
performed. To further research on the interaction between PatJAZ6 and PatMYC2b1/PatMYC2b2,
which was cloned and identified by our laboratory [18], we performed a Yeast two hybrid (Y2H)
assay and Firefly Luciferase Complementation Imaging Assay (LCI) verification. Furthermore, to
illuminate the roles of PatJAZ6 in patchouli alcohol biosynthesis, gene silencing induced by viruses and
overexpression of PatJAZ6 in plants was examined and analyzed. We ultimately elucidated a molecular
conduction model between PatJAZ6 and PatMYC2b1/PatMYC2b2 in patchouli alcohol biosynthesis.
The present study is the first to analyze the function of the PatJAZ6 gene in P. cablin, which may be
instructive for the study of JA signaling molecular mechanisms and secondary metabolites in P. cablin.
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2. Results

2.1. Bioinformatics Analysis of PatJAZ6 from P. cablin

To determine the basic bioinformatics of PatJAZ6, several software and websites were used in this
work. Analysis of the sequence revealed that Pat[AZ6 consists of 1375 bp with a 972-bp open reading
frame (ORF). Amino acid alignment confirmed that PatJAZ6 is a member of the JAZ family. JAZ proteins
contain three conserved domains, NT, ZIM, and Jas (Figure 1A).Multiple alignments of PatJAZ6 with
12 JAZ proteins from Arabidopsis thaliana showed that PatJAZ6 contained two conserved domains: the
ZIM domain (TIFY motif), which is located near the N-terminus, and the Jas domain, which is near
the C-terminal (Figure 1B). To further identify the characteristics of PatJAZ6, a phylogenetic tree was
constructed using MEGA 7 software. The result illustrated that PatJAZ6 was highly homologous to
AtJAZ9 (Figure 1C).
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Figure 1. Bioinformatics analysis and expression profiles of PatJAZ6. (A) A schematic diagram of
JAZ (Jasmonate ZIM domain, JAZ) protein. Red triangles represent conserved domains, blue triangle
represents a weakly conserved NT domain. (B) Multiple alignments of PatJAZ6 with 12 JAZ proteins
from Arabidopsis thaliana. AtJAZ1 (NP_564075.1), AtJAZ2 (NP_565096.1), AtJAZ3 (NP_974330.1),
AtJAZ4 (NP_175283.2), AtJAZ5 (NP_001320905.1), AtJAZ6 (NP_001321693.1), AtJAZ7(NP_181007.1),
AtJAZ8(NP_564349.1), AtJAZ9(AAL32593.1), AtJAZ10(NP_568287.1), AtJAZ11(NP_001190007.1),
AtJAZ12 (NP_197590.1). (C) Phylogenic tree of PatJAZ6 with 12 JAZ proteins from A. thaliana
was built using MEGA 7. The red solid dot represents PatJAZ6. (D) The relative expression of PatJAZ6
was calculated after treatment with different concentrations of MeJA for 8 h, and the results were
calculated according to the expression of PatJAZ6 at 0 uM MeJA. (E) The relative expression of PatJAZ6
was analyzed at different time points under 300 uM MeJA treatment. The results were calculated based
on the expression of PatJAZ6 at 0 h. (One-way ANOVA test; ** p < 0.01).
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2.2. Expression Profiles of Pat]AZ6 under Me]A Treatments

MeJA plays an important role in regulating secondary metabolite synthesis in a variety of plants.
To detect whether PatJAZ6 responds to MeJA, the relative expression of PatJAZ6 was analyzed by
qRT-PCR after treatment with different concentrations of exogenous MeJA for 8 h (Figure 1D). This
analysis showed that 300 uM Me]J A effectively induced the expression of PatJAZ6 in P. cablin; therefore,
300 uM MeJ A was selected as the lowest effective concentration to detect the expression of Pat[AZ6.
Different time points (0, 0.5, 1.5, 3, 6, 9, 12, and 24 h) were set after MeJA treatment to detect PatJAZ6
expression. The results showed that MeJA effectively induced the expression of PatJAZ6 in P. cablin
(Figure 1E). Within 3 h of MeJA treatment, the expression levels of PatJAZ6 increased rapidly and
reached a maximum at 3 h, subsequently decreased at 6 h, and returned to the initial levels at 9 h and
12 h. After 24 h, the expression of PatJAZ6 began to increase again, which is possible that expression of
Pat]AZ6 is driven by circadian rhythms.

2.3. Subcellular Localization of PatJAZ6

To determine the subcellular localization of PatJAZ6, the ORF of PatJAZ6 without a termination
codon was inserted into the N-terminus of the Green Fluorescent Protein (GFP) tag in vector PAN580.
The recombinant plasmid was transformed into A. thaliana protoplasts by the polyethylene glycol
(PEG-mediated method [19]. Subcellular localization results showed that PatJAZ6 was localized in the
nucleus (Figure 2). We can infer that PatJAZ6 is highly likely to play functional roles in the nucleus,
such as regulating transcription factors in the JA signaling pathway.

GFP Chlorophyll Light field Merged

EGFPontrol

PatJAZ6-GFP

Figure 2. Subcellular localization of PatJAZ6 in Arabidopsis protoplasts. The open reading frame (ORF)
without a termination codon was inserted into the vector named PAN580, Enhanced Green Fluorescent
Protein (EGFP) was used as a control.

2.4. Pat]AZ6 Protein Interacts with PatMYC2b1 and PatMYC2b2

Based on the reported research that JAZ proteins interact with some TFs [20], such as MYC2, which
plays aregulated role in the JA signaling pathway, the ORFs of PatJAZ6 and TFs (PatMYC2b1/PatMYC2b2)
used in this study were cloned by the gene primers (Table S1) and fused to digested vectors PGBKT7
and pGADT7, respectively, in our research group. To explore whether PatJAZ6 can interact with
PatMYC2b1 and PatMYC2b2, a Y2H screen was chosen to confirm the possible interaction relationship
between them. Our screen results showed that pGBKT7-PatJAZ6 + pGADT7-PatMYC2b1 and
pGBKT7-Pat]AZ6+pGADT7-PatMYC2b2 could grow normally on three types of screening plates
and turned blue on SD/-Trp/-Leu/-His/-Ade/ plates containing X-x-Gal, which is consistent with the
positive control, indicating that there is an interaction between PatJAZ6 and PatMYC2b1 /PatMYC2b2
in yeast systems, which implied that a relationship between PatJAZ6 and PatMYC2b1 /PatMYC2b2
may have existed in plants to regulate the biosynthesis of secondary metabolites (Figure 3A).
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Figure 3. Protein interaction verification of PatJAZ6. (A) Yeast two-hybrid assay. Plasmids
PGADT7-LargeT and pGBKT7-P53 were cotransformed into AH109 as the positive control. Plasmids
PGADT7-LargeT and PGBKT7-LaminC were cotransformed into AH109 as the negative control.
PGBKT7-Pat]AZ6 and pGADT7-TFs were cotransformed into Saccharomyces cerevisiae AH109 competent
cells. The blue colonies represent the positive results. (B) (1) The complete ORF of PatJAZ6 was
inserted into the vector named PCAMBIA1300CLuc with the restriction enzyme sites Kpnl and
Pstl. (2) The complete ORFs of PatMYC2b1 and PatMYC2b2 were inserted into the vector named
PCAMBIA1300NLuc with the restriction enzyme sites Kpnl and Sall, respectively. (C) Firefly
Luciferase Complementation Imaging Assay. LCI images of N. benthamiana leaves coinfiltrated with the
Agrobacterial GV3101-Psoup-p19 strains containing PatMYC2b1/PatMYC2b2:NLuc and CLuc:Pat]AZ6.
Arrow positions indicate where the signal is strongest.

To verify whether this interaction exists in plants, further confirming the reliability of the
Y2H results, a LCI was performed in Nicotiana benthamiana leaves by injecting A. tumefaciens
GV3101-Psoup-p19 cultures containing recombinant constructs (Figure 3C). Injection positions @,
@ and ®, which represent different plasmid combinations, were set as negative controls. Injection
positions @ in LCI images showed large red areas, whereas ©, @ and ® had almost no red areas,
indicating that the signal at position @ was significantly stronger than the control, revealing that PatJAZ6
and PatMYC2b1 /PatMYC2b2 have a strong interaction in N. benthamiana, implying a relationship
between them most likely existed in P. cablin.

2.5. Effect on Patchouli Alcohol Biosynthesis by the Virus Induced Pat]AZ6 Silencing

To investigate the roles of the PatJAZ6 protein in the JA signaling pathway affecting the synthesis
of patchouli alcohol, Virus-induced gene silencing (VIGS) was selected to silence PatJAZ6 to explore
the effects of PatJAZ6 on related genes and patchouli alcohol. The buffer containing a 1:1 ratio of
PTRV1 and PTRV2 was set as a control. Leaf tissues were collected after PatJAZ6 was silenced 14 days,
which was used for qRT-PCR and Gas Chromatography-Mass Spectrometer (GC-MS) analysis. In the
virus-induced PatJAZ6 silencing, the relative expression level of PatJAZ6 was clearly downregulated in
comparison to the control (Figure 4B), while the expression of patchoulol synthase (PTS), which is the
key enzyme for patchouli synthesis, was upregulated by approximately 80%. Moreover, the relative
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expression of PatMYC2b1 and PatMYC2b2 interacting with PatJAZ6 were all increased, especially
PatMYC2b2. The results of GC-MS showed that the content of patchouli alcohol in the VIGS-JAZ6
group (3.67 mg/g Fresh weight (FW)) was significantly higher than that in CK (2.5 mg/g FW), exhibiting
an increase of 32% (Figure 4C). GC-MS chromatograms of samples from the standard of patchouli
alcohol (top panel), CK (middle panel) and VIGS-JAZ6 (bottom panel) leaves showing abundance of
patchouli alcohol (Figure 4D). The expression tendency of PatJAZ6 was contrary to PatMYC2b1 and
PatMYC2b2, and based on the results of Y2H and LCI, we can speculate that PatJAZ6 plays a role
as a transcriptional repressor in P. cablin. In addition, when PatJAZ6 was silenced, patchouli alcohol
synthesis was increased, which may be the result of a common increase in TFs and PTS gene expression.
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Figure 4. Analysis of virus-induced PatJAZ6 silencing. (A) The PatJAZ6 gene fragment (less than 500
bp) was cloned into the PTRV2 vector to form the PTRV2-PatJAZ6. (B) The corresponding mRNA
expression level of VIGS-JAZ6 analyzed by real-time gq-PCR. (C) The content of patchouli alcohol
detected in control check (CK) and VIGS-JAZ6 leaves. (D) Gas Chromatography-Mass Spectrometer
(GC-MS) chromatograms of samples from the standard of patchouli alcohol (top panel), CK (middle
panel) and VIGS-JAZ6 (bottom panel) leaves showing abundance of patchouli alcohol. Asterisks
indicate a significant difference from the control. (Student’s t-test; ** p < 0.01, * p < 0.05).

2.6. Effect on Patchouli Alcohol Accumulation by the Overexpression of Pat]AZ6

To confirm that PatJAZ6 plays a role as a transcriptional repressor in P. cablin, based on the
VIGS-PatJAZ6 experiment, we hypothesized that overexpression of PatJAZ6 may show opposite results
to gene silencing of Pat[AZ6. The empty PJLTRBO vector was transformed into GV3101-Psoup-p19 as
CK. In the PatJAZ6-overexpressing P. cablin leaves, PatJAZ6 expression was upregulated in comparison
to the CK, while the transcripts of PTS, PatMYC2b1 and PatMYC2b2 were all reduced at different
levels. Among these genes, PatMYC2b2 showed the most significant decrease, exhibiting a nearly
70% reduction (Figure 5B). The content of patchouli alcohol in PJLTRBO-PatJAZ6 was determined
by GC-MS, consistent with the gene expression profile of PTS, PatMYC2b1 and PatMYC2b2. The
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accumulation of patchouli alcohol in PatJAZ6 overexpressing appeared to decrease. Overexpression of
Pat]AZ6 produced lower levels of patchouli alcohol (5.04 mg/g FW) compared with the control (6.76
mg/g FW) (Figure 5C). The results described above confirmed our conjecture, indicating that PatJAZ6
may repress the biosynthesis of patchouli alcohol.
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Figure 5. Overexpression analysis of Pat[AZ6. (A) The PatJAZ6 gene fragment was cloned into the
PJLTRBO vector to form the PJLTRBO-PatJAZ6 construct with the restriction enzyme sites Pacl and
Notl. (B) The corresponding mRNA expression level of PJLTRBO-Pat]AZ6 analyzed by real-time q-PCR.
(C) The content of patchouli alcohol detected in CK and PJLTRBO-PatJAZ6 leaves. Asterisks indicate a
significant difference from the control (Student’s t-test; ** p < 0.01, * p < 0.05).

3. Discussion

Patchouli alcohol, a natural tricyclic sesquiterpene compound that is a bioactive ingredient in
P. cablin [21], is used worldwide in decorative cosmetics, toilet soaps, perfume industries [22] and
medical treatments [23]. With the increasing market demand in the world, a metabolic engineering
approach has been considered an effective approach to increase useful metabolites in medical plants,
and several strategies have been reported to promote the industrialization process of patchouli
alcohol production using Saccharomyces cerevisiae [24], and gene isolation and cloning in MVA and
MEP pathways participating in patchouli alcohol biosynthesis have been reported [25]. In addition,
full-length transcriptome data reported provide a valuable genetic resource in P. cablin [18]. Despite
in-depth research on genes related to patchouli alcohol synthesis, little is known concerning the
regulation of patchouli alcohol biosynthesis.

Me]JA is an important plant endogenous hormone that is widely present in plants and regulates
metabolic and developmental processes in plants [26]. Exogenous application of MeJA can stimulate
the expression of defense genes and induce chemical defense in plants, including stimulating the
synthesis of a series of secondary metabolites [27]. A growing number of reports indicate that the
synthesis of many secondary metabolites in medicinal plants is increased under MeJA induction [28].
Our previous experiments showed that MeJA treatment on P. cablin leaves can significantly increase the
accumulation of patchouli alcohol (Figure S1), but the specific molecular mechanisms involved have
not been elucidated. We hypothesize that this effect may be related to JA signaling in plants and that
the key factors of JA signaling are JAZ proteins. In our current research, the PatJAZ6 gene was cloned
from P. cablin and functionally identified as a repressor involved in patchouli alcohol biosynthesis.
Bioinformatics analysis revealed that the PatJAZ6 gene showed high homology with 12 JAZs from A.
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thaliana Arabidopsis and contained highly conserved ZIM and Jas domains, indicating that PatAZ6
may have similar effects to previously reported JAZ proteins. The expression profiles under MeJA
revealed that 300 uM MeJA was the lowest effective concentration to detect the expression of PatJAZ6,
this concentration is higher in comparison with other JAZs, such as NtJAZ in tobacco [29] and SmJAZ
in Salvia miltiorrhiza [30], that response to 100 pM MeJA. Subcellular localization results showed that
PatJAZ6 was localized in the nucleus (Figure 2). This result is consistent with the characteristics of the
Jas motif with nuclear localization. Previous studies on the subcellular localization of other JAZs also
support this result [31].

JAZ proteins belong to ZIM-domain proteins, are located near the C-terminus, and have a highly
conserved Jas motif of 26 amino acids. Studies have now determined that Jas motifs are involved
in protein-protein interactions with MYC and COI1 [32]. In our present study, it was found that the
PatJAZ6 protein can interact with PatMYC2b1 and PatMYC2b2 through a yeast two-hybrid (Y2H)
screening method, which was consistent with previous reports that JAZ proteins interact with the
MYC2 transcription factor [33]. Furthermore, an LCI assay was performed in N. benthamiana leaves,
which further confirmed the interaction between PatJAZ6 and PatMYC2b1/PatMYC2b2 separately. The
above data suggest that PatMYC2b1 and PatMYC2b2 transcription factors in P. cablin may be targets of
the PatJAZ6 protein in P. cablin and play key regulatory roles in the accumulation of patchouli alcohol.
Of course, there are other transcription factors involved in this synthesis process, which warrants
further investigation.

VIGS is widely used to downregulate target genes in a majority of plants [34]. Tobacco rattle virus
(TRV) is one of the most widely used viruses in VIGS technology [35]. The VIGS system constructed
by this virus is rapidly applied to the model plant N. benthamiana [36] and such crops as pepper [37],
cotton [38], and tomato [39]. For the silencing effect, some studies have shown that the silencing
effect of the target gene fragment between 300 and 500 bp is the best [40]. Not long ago, the efficient
VIGS system in P. cablin was established by our own laboratory (Figure S2A). According to other
research reports, gene silencing in wild tobacco revealed that NaJAZi functions as a flower-specific
jasmonate repressor that regulates JAs, TPIs, (E)-a-bergamotene and a defensin. Flowers silenced
in NaJAZi are more resistant to tobacco budworm attack [41]. In addition, there are reports that
knockdown of AsJAZ1 expression through RNA interference led to decreased number of nodules,
abnormal development of bacteroids, accumulation of poly-x-hydroxybutyrate (PHB) and loss of
nitrogenase activity in legumes-rhizobia symbiosis [42]. However, in our experiments, gene silencing
of Pat[AZ6 in P. cablin leaves did not exhibit a distinct phenotype, except for slight curling of the leaves,
but an increase in the expression of PTS, PatMYC2b1 and PatMYC2b2 was observed, resulting in a
significant increase in the accumulation of patchouli alcohol in the VIGS-JAZ6 group (3.67 mg/g FW)
compared with the control in CK (2.5 mg/g FW).

Research on JAZs in cash crops, including Oryza sativa [43], Glycine soja [44] and Gossypium
hirsutum [45], has progressed rapidly in the past several years. Overexpression of JAZs in these
crops produces different phenotypes. For example, overexpression of GsJAZ2 in soybean can increase
the sensitivity of plants to salinity; overexpression of GiJAZ2 in cotton impairs the sensitivity to
JA, decreases the expression level of JA-response genes (GhPDF1.2 and GhVSP) and enhances the
susceptibility to V. dahline and insect herbivory. However, we did not observe a significant phenotype
in the P. cablin plants that overexpressed PatJAZ6, but we observed a decrease in the expression of
PTS, PatMYC2b1 and PatMYC2b2, resulting in a lower level of patchouli alcohol (5.04 mg/g FW) in
PJLTRBO-JAZ6 compared with the control (6.76 mg/g FW). JAZ proteins have different functions,
which may be due to the different roles of transcription factors interacting with JAZ proteins. Since it
has been reported that JAZ protein may be involved in the development of glandular trichomes which,
in turn, affects the synthesis of secondary metabolites in Artemisia annua [46]; therefore, whether the
gene silencing or overexpression of PatJAZ6 also affects the development of glandular trichomes in P.
cablin requires further experimental confirmation.
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In S. miltiorrhiza hairy roots, SmJAZS acts as a core repressor regulating JA-induced biosynthesis
of salvianolic acids and tanshinones [30]. According to the results of our study, it is reasonable to
speculate that PatJAZ6 may act as a repressor in patchouli alcohol biosynthesis. Based on the above
experimental results, we first present a model for the JA signaling pathway in P. cablin (Figure 6).

¥

PatPTS -
patchouli alcohol

Figure 6. Model describing the function of PatJAZ6 in JA-induced biosynthesis of patchouli alcohol.
PatJAZ6 acts as a repressor regulating JA-induced biosynthesis of patchouli alcohol in Pogostenion cablin.

The model clearly illustrates the connection of how PatJAZ6 acts as a transcription factor suppressor
regulating JA-induced biosynthesis of patchouli alcohol in P. cablin. However, further research is
needed to determine whether Pat]JAZ6 interacts with other transcription factors and whether other
JAZ proteins are involved in this signaling pathway. We also need to further explore the COI-JAZ-TFs
model and how these proteins interact to regulate the synthesis of patchouli alcohol in P. cablin. Taken
together, the results of this study help to elucidate the molecular regulation of JA signal-induced
patchouli alcohol biosynthesis. Our work indicated that PatJAZ6 acts as a repressor in the regulation
of patchouli alcohol biosynthesis. The discovery of the PatJAZ6 function points out a direction for the
JA signaling pathway molecular mechanism and patchouli alcohol production in P. cablin.

4. Materials and Methods

4.1. Experimental Materials and Total RNA Extraction

The P. cablin plants were gathered from Yangjiang city, Guangdong Province, China. The cutting
propagation method was used to obtain more seedlings that were used for the analysis of the expression
patterns of PatJAZ6 and content of patchouli alcohol in leaves. The seeds of N. benthamiana were
kept in our laboratory and grown in flower pots in a growth chamber. Well-growing plant materials,
which were cultured under a constant environment at 25 °C with a 16/8 h photoperiod treatment, were
selected for our experiments. The vector plasmids, E. coli competent cells DH5x and A. tumefaciens
competent cells used in this study were all kept in our own laboratory. Total RNA was extracted
from P. cablin leaves with the GeneMark Plant Total RNA Purification Kit (GeneMarkBio, Taichung,
Taiwan), and then a spectrophotometer (IMPLEN GNBH, Germany) was used to determine the RNA
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concentration and purity. cDNA synthesis was performed via oligo dT and stored at —20 °C for
subsequent experiments.

4.2. MeJA Treatments

MeJA was purchased from Sigma-Aldrich, St. Louis, Missouri, The United States of America,
USA, dissolved in ethanol, formulated into 50 mM mother liquor for later use. To screen for the best
response concentration, P. cablin plants were sprayed with MeJA solution at 0, 50, 100, 200 and 300 uM
concentrations containing 0.1% Tween-80, and leaf samples were collected at 8 h after MeJA treatments.

To investigate the effect of MeJA on PatJAZ6 expression, P. cablin plants were sprayed in the
morning with MeJA solution at a 300 uM concentration. Leaf samples were collected at time intervals
0f0,0.5,1.5,3,6,9,12, and 24 h after MeJA treatment. All leaf samples were frozen with liquid nitrogen
and stored in a —80 °C refrigerator for subsequent RNA extraction.

4.3. Bioinformatics Analysis of PatJAZ6

Bioinformatics analysis of PafJAZ6 was performed using several bioinformatics software and
websites. The ORF of PatJAZ6 was determined using ORF finder (http://www.bioinformatics.org/sms2/
orf_find.html), and 12 JAZ proteins from A. thaliana were searched from NCBI (https://www.ncbinlm.
nih.gov/). MEGA v.7 software was used to construct the phylogenetic tree, and DNAMAN software
was used to perform multiple sequence alignment.

4.4. Expression Patterns of PatJAZ6 by qRT-PCR

The expression patterns of PatJAZ6 and related genes under different treatments were quantified
by qRT-PCR. Plant tissues were gathered after various treatments, and total RNA was isolated. cDNA
synthesis was performed using HiScript II QRT SuperMix for qPCR (Vazyme R222-01, Nanjing, China),
and the CFX96TM Real-Time System was selected to carry out qRT-PCR analysis with ChamQ Universal
SYBR qPCR Master Mix (Vazyme, Q711-02/03). qRT-PCR conditions were as follows: 95 °C for 3 min
for one cycle, followed by 40 cycles of 95 °C for 10 s and 60 °C for 30 s. The relative expression levels of
PatJAZ6 and related genes were calculated based on the 2744t method.

4.5. Subcellular Localization of PatJAZ6

The ORF of PatJAZ6 without a termination codon was fused to the N-terminus of the vector
PANS80-GFP tag with the restriction enzyme sites Spel and BamHI. The recombinant plasmids
PANS580-PatJAZ6 were transformed into Arabidopsis protoplasts. The empty vector pAN580 was used
as a negative control. The result of subcellular localization of PatJAZ6 was observed with ZEISS LSM
800 with Airyscan (ZEISS, Jena city, Germany).

4.6. Yeast Two-Hybrid Assays

The yeast two-hybrid (Y2H) screen was chosen to confirm possible TFs interacting with PatJAZ6.
The ORF of PatJAZ6 was cloned into the pGBKT7 vector to generate pGBKT7-PatJAZ6. Both the ORFs
of PatMYC2b1 and PatMYC2b2 were inserted into the PGADT? vector to form pGADT7-PatMYC2b1
and pGADT7-PatMYC2b2, respectively.  Plasmids PGADT7-LargeT and pGBKT7-P53 were
cotransformed into S. cerevisine AH109 competent cells as the positive control, while PGADT7-LargeT
and PGBKT7-LaminC were cotransformed into AH109 as the negative control. Recombinant
plasmids (pGBKT7-Pat]AZ6+pGADT7-PatMYC2b1, pGBKT7-Pat]AZ6+ pGADT7-PatMYC2b2 were
cotransformed separately into AH109 cells and cultured on SD/-Trp/-Leu medium. Then, transformants
were vaccinated on SD/-Trp/-Leu/-His/-Ade and SD/-Trp/-Leu/-His/-Ade/X-a-Gal to observe the
interaction situation of PatJAZ6 with PatMYC2b1 and PatMYC2b2. All medium plates were incubated
in an incubator at 29 °C for 3 days.
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4.7. Firefly Luciferase Complementation Imaging Assay

To further understand the interaction between PatJAZ6 and PatMYC2b1/PatMYC2b2 in living
plants, Firefly Luciferase Complementation Imaging Assay (LCI) was performed in N. benthamiana
leaves. The complete ORF of PatJAZ6 was inserted into the vector PCAMBIA1300CLuc with the
restriction enzyme sites Kpnl and Pstl, while ORFs of PatMYC2b1 and PatMYC2b2 were inserted into
the vector PCAMBIA1300NLuc with the restriction enzyme sites Kpnl and Sall, respectively (Figure 3B).
The A. tumefaciens strain GV3101-Psoup-p19 was transformed with recombinant constructs by the
freeze-thaw method. The cultured bacteria solution was mixed at a ratio of 1:1, centrifuged and
resuspended in buffer, adjusted optical density (OD) to 0.8-1.0, then placed at room temperature for
2—4 h, injected the back of N. benthamiana leaves with a needle-free syringe (Figure 3C), incubated for
12 h at 23 °C in the dark, and moisturized for 2-4 days at room temperature. The leaves were placed in
MS solid medium with the leaves facing up, sprayed with 100 mM p-luciferin potassium salt, and
kept in the dark for 6 min. A Berthold Technologies (LB983 NC100, Germany) was used to capture the
images with an exposure time of 2 min.

4.8. Virus-Induced Pat[AZ6 Silencing

The pTRV1 and pTRV2 vectors were kept in our laboratory and used in this study. A 418-bp
fragment (Figure S2B) from the PatJAZ6 ORF was cloned into the EcoRI and BamHI sites of the pTRV2
vector (Figure 4A). The resulting pTRV2-Pat]AZ6 constructs, PTRV1 and PTRV2, were transformed
into A. tumefaciens GV3101. The mixture of A. tumefaciens cultures containing a 1:1 ratio of PTRV1 and
PTRV2 or pTRV2-Pat]AZ6 was harvested by centrifugation and resuspended in infiltration buffer to
obtain an OD of 1.0 and then incubated at room temperature for 2—4 h. Six-leaf-staged P. cablin plants
were selected to infect with 1 mL needleless syringe on the abaxial side of leaves, and two to three
leaves per plant needed infiltration. When Pat]JAZ6 was silenced for 14 days, leaf tissues were collected
and frozen for later use.

4.9. Overexpression Analysis

The complete ORF fragment of PatJAZ6 was cloned into the PJLTRBO vector to form the
PJLTRBO-Pat]AZ6 construct with the restriction enzyme sites Pacl and NotI (Figure 5A). The recombinant
plasmids PJLTRBO-Pat]JAZ6 were transformed into GV3101-Psoup-p19, and the empty PJLTRBO vector
was transformed into the same strain as the control. A. tumefaciens cultures were harvested and
resuspended in infiltration buffer. For P. cablin leaf infiltration, the same injection method described in
4.8 was adopted. Samples were collected 4 days after plants were injected and frozen for later use.

4.10. Patchouli Alcohol Extraction and GC-MS Analysis

200 mg leaf tissues were ground frizzed in liquid nitrogen, 1.5 mL hexane was added into
centrifuge tubes, ultrasonic for 30 min with 60 Hz and then heated under a 56 °C water bath for 1 h.
After centrifugation, the supernatant was taken and passed through a 0.22-um organic membrane as
the test solution for GC-MS analysis using Agilent 7890B Gas Chromatograph with 5977A inert Mass
Selective Detector (Agilent, California, USA). The gas chromatograph was equipped with an HP-5MS
capillary column (30 m X 250 mm X 0.25 mm). The instrument was set to an initial temperature of
50 °C and maintained for 0 min. Then, the oven temperature was increased to 130 °C at a rate of 20
°C/min and then increased to 150 °C at a rate of 2 °C/min. The temperature was maintained at 150 °C
for 5 min and later increased to 230 °C at a rate of 20 °C/min. The injection volume was 1 uL, and the
injection port temperature was 230 °C. In addition, patchouli alcohol standards were purchased from
NanTong FeiYu, China. All reagents used were analytical grade.
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4.11. Agrobacterium Culture and Buffer Formulation

A. tumefaciens cultures were grown in the shaker with shaking (200 rpm/min) at 28 °C for 20-24 h.
The infiltration buffer formulation as follows: 1 M 2-(4-morpholino)-ethane sulfonic acid; 1 M MgCl,
and 200 mM acetosyringone, dissolved in dimethyl sulfoxide.

4.12. Statistical Analysis

Statistical significance was determined by student’s f-test and one-way ANOVA.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/23/
6038/s1. Figure S1. MeJA treatment on P. cablin leaves can significantly increase the accumulation of patchouli
alcohol. Figure S2. (A) Virus induced PatPDS silencing in P. cablin. (B) Electropherogram of cloning a 418 bp
fragment of PatJAZ6 into pTRV2 vector. Table S1: List of primers used in this study.
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Abstract: Jasmonates (JAs) together with jasmonic acid and its offshoots are lipid-derived endogenous
hormones that play key roles in both developmental processes and different defense responses in
plants. JAs have been studied intensively in the past decades for their substantial roles in plant
defense comebacks against diverse environmental stresses among model plants. However, the role of
this phytohormone has been poorly investigated in the monocotyledonous species against abiotic
stresses. In this study, a JA biosynthesis mutant opr7opr8 was used for the investigation of JA roles in
the salt stress responses of maize seedlings, whose roots were exposed to 0 to 300 mM NaCl. Foliar
stomatal observation showed that opr7opr8 had a larger stomatal aperture than wild type (WT) (B73)
under salinity stress, indicating that JA positively regulates guard cell movement under salt stress.
The results regarding chlorophyll content and leaf senescence showed that opr7opr8 exhibited delayed
leaf senescence under salt stress as compared to WT, indicating that JA plays a role in salt-inducing
cell death and subsequent leaf senescence. Moreover, the morphological parameters, including the
length of the shoots and roots, and the fresh and dry weights of the shoots and roots, showed that
after 7 days of salt treatment, opr7opr8 had heavier and longer shoots than WT but slighter and
shorter roots than WT. In addition, ion analysis showed that opr7opr8 accumulated less sodium but
more potassium in the leaves than WT but more sodium and less potassium in the roots than WT,
suggesting that JA deficiency causes higher salt stress to the roots but less stress to the leaves of the
seedlings. Reactive oxygen species (ROS) analysis showed that opr7opr8 produced less HO, than WT
in the leaves but more H,O, in the roots under salt treatment, and correspondingly, ROS-scavenging
enzymes superoxide dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX) showed a
similar variation, i.e., opr7opr§ has lower enzymatic activities in the shoots but higher activities in the
roots than WT under salt treatment. For osmotic adjustment, opr7opr8 produced less proline in the
shoots at 100 and 300 mM NaCl treatments but more in the roots than the WT roots under all salt
treatments. In addition, the gene expression for abscisic acid (ABA) biosynthesis under salt stress was
investigated. Results showed that the expression levels of four key enzymes of ABA biosynthesis,
ZEP1, NCED5, AO1, and VP10, were significantly downregulated in the shoots as compared to WT
under salt treatment. Putting all the data together, we concluded that JA-deficiency in maize seedlings
reduced the salt-stress responses in the shoots but exaggerated the responses in the roots. In addition,
endogenous JA acted as a positive regulator for the transportation of sodium ions from the roots to the
shoots because the mutant opr7opr8 had a higher level of sodium in the roots but a significantly lower
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level in the shoots than WT. Furthermore, JA may act as a positive regulator for ABA biosynthesis in
the leaves under salt stress.

Keywords: jasmonate; salt response; Zea mays; ROS; proline; ABA biosynthesis

1. Introduction

Salt stress is one of the most serious abiotic stresses restraining the production of agricultural
crops worldwide, specifically in arid and semi-arid areas. Grounded on the FAO/UNESCO report,
397 million hectares (approximately 3.1% of the world’s total land area) is affected by salt stress [1].
In addition, land degradation due to soil salinization has become a major global issue for maintainable
agriculture in arid and semi-arid regions. Salt stress affects almost all aspects of plant growth and
development including seed germination and the vegetative and reproductive growth development
of plants [2]. A high salinity causes ionic toxicity, macro and micro nutrient (Na, K, P, Ca, Fe, Zn,
etc.) deficiencies, and limits water uptake from the soil, thus reducing photosynthesis and metabolic
processes under oxidative stress [2]. To deal with the biotic and abiotic stresses, a number of plants
have developed multifaceted mechanisms to survive in adverse conditions including the saline soils.
Salt tolerance either by salt elimination or accumulation within the cells is an economic trait for crops
that helps them to produce a relatively high yield under saline soil conditions.

Phytohormones like abscisic acid (ABA), gibberellins (GA), ethylene (ET), salicylic acid (SA),
jasmonates (JA), auxins (IAA), cytokinins (CK), brassinosteroids (BR), and strigolactones (SL) play
positive roles in improving the tolerance of crops against abiotic stresses [3]. Some of them, such
as abscisic acid, have been identified as stress hormones. Classically, abscisic acid is a hormone
responsible against abiotic stresses such as drought, salt, cold, heat, and high-temperature stresses [4].
ABA upregulates the turgor pressure in cells, synthesizes osmoprotectants, and regulates the activity of
antioxidants conferring dehydration tolerance. ABA activates the expression of a number of responsive
genes including the genes of late embryogenesis abundant (LEA) proteins, dehydrins (DHNSs), and
other defensive proteins that play a fundamental protective role for membranes, organelles, and
metabolic processes during water limitation [5]. Moreover, ABA closely interacts with several other
stress-response hormones including SA, ET, and JA during the protective response to abiotic stresses [6].
Interestingly, evidence is increasing that growth-promoting hormones including IAA, GA, and CK
play an integral part in plant responses to heat, salt, cold, and other stresses [7-9]. In general, ABA
is regarded as the universal stress hormone. However, the hormonal crosstalk of ABA with other
hormones is crucial to fine-tune plant defense responses against abiotic stresses or combinations of
abiotic with biotic stresses.

Jasmonic acid (JA) and its offshoots, such as methyl jasmonate (MeJA), jasmonoyl-L-isoleucine
(JA-Ile), and jasmonoyl-L-Tryptophan (JA-Trp), are collectively stated as jasmonates (JAs). These
are fatty-acid-derived cyclopentanone compounds that occur ubiquitously and entirely in the plant
kingdom [10,11] and serve as natural growth regulators in plant species [12]. These compounds play
crucial roles in many plant biological processes, i.e., seed maturing, reproductive development, leaf
senescence, root development, trichome and tendril formation, and the biosynthesis of many secondary
metabolites in response to environmental stresses [13,14]. In model plants tomato and Arabidopsis,
jasmonic acid has been deeply studied for their defensive role against insect and pest attacks. JA
mutants, such as fad3/7/8 [15], opr3/ddel [16,17], aos/dde2 [18], and coronatine insensitivel (coil) [19], are
all male sterile, suggesting that JA is required for anther/pollen development in plants. All the above
mutants except opr3 have been shown to be susceptible to necrotrophic pathogens and insect pests,
indicating that JA is an important element for plant responses to biotic stresses [20]. Interestingly,
other JA signaling mutants, such as jarl [21] and jinl/myc2 [22], are fertile but still susceptible to
pathogens [22]. Similar results for defense responses have been obtained in tomato. In tomato, the
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systemin perception mutant spr1 [23], JA biosynthesis mutant spr2 [24], and JA perception mutant
spr6/jail [25] are impaired in the expression of wound-induced proteinase inhibitors (PIs) and are
susceptible to insects and pests [24]. In addition to biotic stress, a number of studies have shown that
JAs have taken significant protective responses against abiotic stresses including heavy metals [26],
salt [27-29], drought [30], heat [31], and cold stress [32]. Salinity is indisputably a foremost abiotic stress
factor that limits crop production by initiating ionic and osmotic stresses [33]. For salinity, JAs have
been intensively studied as the positive regulators of salt tolerance [29,34]. For example, the foliar spray
of MeJA can effectually lessen salt toxicity symptoms in soybean seedlings [35]. In grapevine, the foliar
application of jasmonic acid can save plant growth in the salt-sensitive cell lines [34]. The exogenous
application of JAs under saline stress improved the performance of safflower by a collective increase in
chlorophyll a, b, photosystem II (Fv/Fm), leaf area index (LAI) [36]. In addition, the foliar application
of JA to the seedlings of strawberries regulated enzymatic and non-enzymatic antioxidant activities,
reduced lipid peroxidation, and increased the potassium content under salt stress [37]. The foliar spray
of JA to the soybean seedlings enhanced the soluble protein content, antioxidant enzyme activity, and
membrane stability index of the leaves [38]. In common wheat (Triticum aestivumy), the TiAOC1 gene
encodes an allene oxide cyclase (AOC) enzyme of the JA biosynthesis pathway, and the over-expression
of TnAOC1 in Arabidopsis elevates jasmonic acid levels and promotes saline tolerance, suggesting that
jasmonic acid positively regulates the salt tolerance in wheat [35]. However, there are also several
reports available that suggest a negative role of JAs for the salt tolerance of plants. For example,
rice mutants cpm2 and hebiba are impaired in the function of allene oxide cyclase (AOC) of their JA
biosynthesis pathway. These mutants were resistant to salt and drought stress. Interestingly, both
mutants showed better scavenging of reactive oxygen species (ROS) under stress conditions [39].
In wild soybean (Glycine soja), the expression level of the GsJAZ2 gene was induced by varied abiotic
stresses, and over-expression of GsJAZ2 in Arabidopsis enhanced its tolerance to saline stress [40].
Maize is an important crop for global food security and its production is restricted by environmental
stresses especially by drought and soil salinity. Information about maize plant tolerance to salt stress
is very limited so far. In this study, the molecular bases of the jasmonate-regulating salt tolerance of
maize plants were investigated using the JA-deficient mutant opr7opr8. We found that JA-deficiency in
maize seedlings reduced the salt-stress responses in the shoots but exaggerated the responses in the
roots because JA takes an essential role in Na* transportation from the root to shoots and JA positively
regulates ABA biosynthesis in the leaves under salt stress.

2. Results

2.1. Jasmonate Is a Required Signal for Stomata Closure under Salt Stress

Stomata closure is the early response of plants to water stresses. Stomata closure largely reduces
water loss by transpiration during the water stress period. In this study, we noted that JA-deficient
mutant opr7opr8 [41] has delayed “wilting,” a water loss symptom of plants under drought and
salt-stresses, in comparison to wild type (WT), indicating that the stomata response to water stress of
opr7opr8 could be different from that of WT. We counted the stomatal density in the leaves of opr7opr8
and WT, and the results showed that opr70pr8 has a lower stomatal density in their leaves than WT after
salt stress (Figure 1d), indicating that endogenous JA positively regulates stomata formation during
leaf development. Stomatal visualization under salt stress at 0, 100, 200, and 300 mM salt stress showed
that opr7opr8 has fewer stomata in their leaves than wild type (WT), implying that opr7opr8 may lose
water less during water stress than WT. Stomatal closure during salt stress was studied. The results
showed that after 24 h of salt treatment, the pore aperture index (PAI) and stomatal aperture index
(SAI) of opr7opr8 were higher than those of WT under salt stress treatments (100, 200, and 300 mM)
(Figure 1a,b), indicating that the JA deficiency in opr7opr8 slows down the stomatal closure during salt
stress in comparison with WT. Figure 1c shows that the stomatal opening in opr7opr8 is wider than in
B73 after 24 h of 200 mM NaCl application. The stomatal visualization of leaves under 0, 100, and
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300 mM NaCl treatments is shown in Figure S1. At later hours of salt treatment, opr7opr8 and WT keep
their stomata close, and there is water loss through the epidermal cells in both genotypes.
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Figure 1. opr7opr8 displays a higher stomatal aperture than wild type (B73) under salt (NaCl) treatment.
(a) Pore aperture index of stomata. (b) Stomatal aperture index (SAI) of B73 and opr7opr8 after 24 h salt
treatment with 0 to 300 mM NaCl. (c) Stomata image of B73 and opr7opr8 after 24 h under 200 mM NaCl
treatment at 40x magnification. (d) Stomatal density on the third leaf of B73 and opr7opr8. The asterisks
denote significant differences between B73 and the opr7opr8 mutant at p < 0.05 (*) or p < 0.01 (**) by

analysis of variance.
2.2. opr7opr8 Mutant Showed Delayed Leaf Senescence under Salt Stress

To dissect JA roles in leaf senescence under salt stress, the seedlings of opr7opr8 and WT (at V3-stage)
were applied with different concentrations of NaCl (0, 100, 200, and 300 mM) in a hydroponic system.
Data were collected for different physiological parameters, i.e., fresh root length (FRL), fresh shoot
length (FSL), fresh root weight (FRW), fresh shoot weight (FSW), dry root weight (DRW), and dry shoot
weight (DSW), in these salt treatment experiments. We observed that the leaves of opr7opr8 were less
wilted and necrotic as compared to B73 under salt stress. At treatment of 100 mM sodium chloride, the
tips of the leaves of opr7opr8 and B73 were becoming yellowish after 7 days of salt treatment (Figure 2a),
but no substantial differences in leaf senescence were experienced among the two genotypes under
100 mM sodium chloride treatment. The treatment of 200 mM sodium chloride strongly activated leaf
senescence of B73 and opr7opr8, but the symptoms of leaf rolling and necrosis in opr7opr8 developed
slower than those in B73. At 7 days of treatment, all the leaves of B73 were dried and yellow, but
the leaves of opr7opr8 were rolled and green (Figure 2a). At treatment of 300 mM sodium chloride,
the symptoms of leaf rolling, yellowing, and drying were similar to the treatment of 200 mM sodium
chloride, but the symptoms under 300 mM sodium chloride developed 2 days earlier than those under
200 mM sodium chloride. At 5 days of 300 mM sodium chloride treatment, all seedlings of B73 were
dried, but the new leaves (third and fourth leaf) of opr7opr8 seedlings remained green (Figure 2a).
We measured the chlorophyll contents of the shoots of B73 and opr7opr8 at 2 days of salt treatment
(Figure 2b,c). The result showed that opr7opr8 had a significantly higher chlorophyll A content than
B73 at 200 and 300 mM sodium chloride treatments and significantly higher chlorophyll B at all the salt
concentrations including 0 mM. All the results indicated that JA-deficient mutant opr7opr8 underwent
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delayed leaf senescence upon salt stress as compared to WT, suggesting that endogenous JA acts as a
negative regulator for salt stress response in maize.
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Figure 2. opr7opr8 undergoes delayed leaf senescence upon salt (NaCl) stress compared to B73.
(a) Chlorosis symptom of leaves of B73 and opr7opr8 seedlings whose roots were treated with 0-300 mM
NaClin the hydroponic system. The third leaves of the two genotypes were used to take the pictures at
7 days of salt treatment. (b) Measurement of chlorophyll A content in the leaves of B73 and opr7opr8
seedlings at 2 days of salt stress. (c) Measurement of chlorophyll B content in the leaves of B73 and
opr7opr8 seedlings at 2 days of salt stress. The asterisks denote significant differences between wild
type (WT) and opr7opr8 at p < 0.01 (**) by analysis of variance.

2.3. opr7op8 Displayed Better Growth in the Shoots but Worse Growth in the Roots Than B73 under Salt Stress

In this study, we investigated the growth inhibition difference under salt stress between opr7opr8
and WT. The shoot and root length of opr7opr§ and WT showed growth inhibition under salt treatments
(Figure 3a,b). As the salt concentration increased, the effects of growth inhibition were exaggerated.
However, we observed that the shoot length of opr7opr8 was longer than that of WT after 7 days of
100 and 200 mM salt treatments, but the root length of opr7opr8 was significantly shorter than that of
WT. With the concentration of NaCl increasing, the root length of both genotypes decreased, but this
decrease was sharper in opr7opr8 than in B73. Our result indicates that the growth inhibition to opr7opr8
shoots was slighter than that of B73, but to the roots, it was stronger than that of B73 (Figure 3a,b),
suggesting that to JA-deficient mutant opr7opr8, salt treatments cause stronger damage to the roots
but slighter damage to the leaves as compared to B73. The opr7opr8 plants showed less shoot fresh
weight and shoot dry weight under salt stress as compared to B73 (Figure 3c,e). However, for the
roots, opr7opr8 showed a higher shoot fresh weight and shoot dry weight in comparison with WT
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(Figure 3d,f). For WT plants, as the salt concentration increased, the shoot fresh and dry weights and
root fresh and dry weights increased (Figure 3c—f).
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Figure 3. Salt treatments inhibit the growth of shoots and roots of B73 and opr7opr8 seedlings.
The V3-stage plants of B73 and opr7opr8 were treated with 0-300 mM NaCl in the hydroponic system,
and the (a) shoot length, (b) root length, (c) shoot fresh weight, (d) root fresh weight, (e) shoot dry
weight, and (f) root dry weight were measured after 7 days of salt treatments. The shoot length is the
distance from the first node (the coleoptiles node) to the tip of the leaves. The root length was measured
from the first node to the far-end of the root system. The asterisks show significant differences for WT
and the mutant at p < 0.05 (*) or p < 0.01 (**) by analysis of variance.

2.4. opr7opr8 Accumulated Less Sodium in the Leaves but More Sodium in the Roots Than WT under
Salt Stress

In this study, we analyzed sodium and potassium accumulation in the roots and leaves of B73
and opr7opr8 plants treated at 0, 100, 200, and 300 mM NaCl. Our results showed that the higher
the concentration of NaCl applied, the higher the content of Na* in the leaves and roots of B73 and
opr7opr8 plants detected (Figure 4a,c). However, B73 and opr7opr8 had different levels of salt content in
the leaves and roots. In the leaves, opr7opr8 accumulated significantly fewer Na* than WT (Figure 4a),
indicating that in opr7opr8, the Na* transportation from the roots to the leaves was reduced during
the salt stress. In the roots, opr7opr8 had a higher Na* content than WT (Figure 4c), indicating that
the mutant was compromised to exclude Na* out of the roots or to transport Na* from the roots to
the shoot. Homeostasis of potassium ions and sodium ions plays a crucial role in plant development
under salt stress conditions. A reduced K*/Na* ratio is the most commonly observed physiological
feature of plants challenged by salt stress [42]. In this study, we observed that the K* content declined
in the roots and leaves of both genotypes with the increase in salt solution concentration (Figure 4b,d).
Both genotypes showed different K* contents in the shoots and roots under salt stress. At the level
of 100 mM NaCl, K* contents in the shoots and roots in WT were higher than those in the mutant.
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At the level of 200 and 300 mM NaCl, opr7opr8 retained higher K* contents in the shoot than WT, but
in the roots, opr7opr8 accumulated lower contents than WT. Putting the sodium and potassium results
together, we concluded that the opr7opr§ mutant retained more sodium in the roots but less sodium
in the leaves under salt stress, and that for potassium was the opposite to sodium, suggesting that
JA plays an important role in maize plants regarding Na* ion uptake and transportation under the
salinity condition. Salinity may cause other mineral nutrient deficiencies or imbalances due to the
accumulation of Na* ions in the roots and shoots.
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Figure 4. The leaves and roots of B73 and opr7opr8 seedlings accumulate sodium and potassium under
NaCl treatments. The samples were taken at 7 days after salt treatment. (a) Na* ion content in the leaf
of B73 and opr7opr8 plants. (b) Na* ion content in the roots. (¢) K* ion content in the leaves. (d) K* ion
content in the roots. The asterisks denote significant differences between WT and the mutant at p < 0.05
(*) or p < 0.01 (**) by analysis of variance.

2.5. opr7opr8 and WT Accumulated a Different Level of ROS under Salt Stress

To investigate the JA roles involved in the ROS production under salt stress, a ROS visualization
experiment was performed in plant roots by using 2’,7’-dichlorofluorescin diacetate (H2DCFDA). Root
samples were collected 4 h after salt stress and immediately underwent ROS detection treatment.
The meristematic zone of the root tips of nine individual plants for each treatment was used as
the samples. ROS production in the meristematic zone of the roots was detected under a confocal
microscope for 0, 100, 200, and 300 mM NaCl treatments (Figure 5a). The relative fluorescence
quantification of ROS production in the root meristematic zone is shown in Figure 5b. Our results
show that the relative fluorescence value of ROS in opr7opr8 roots was significantly higher than in
WT (Figure 5a,b) at 200 and 300 mM salt treatments, suggesting that the roots of opr7opr8 are highly
sensitive to salt damage under salt stress.

In this study, the HyO; level was also determined in the roots and leaves of both genotypes under
salt treatments. HyO, causes plant cell death as a result of environmental stresses, so its regulation is
crucial in the growth and developmental events [43]. In the leaves and roots of B73 and opr7opr8, the
production of HyO, increased with the increase in salt concentration (Figure 6¢,d). H,O, production
was significantly higher in the leaves of B73 at 200 mM NaCl treatment, whereas there was no significant
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increase in HyO, production among the leaves of opr7opr8. Our study showed that opr7opr8 produced
significantly more H,O, in its roots as compared to its leaves. Salt treatments increased H,O; levels
in the roots and leaves of both genotypes (Figure 6¢,d), and the genotypes had significantly different
H,0O; levels. In the roots, opr7opr8 showed a higher H,O, level than WT, and in the leaves, opr7opr8
produced a lower HyO, level than WT.

Oxygen-free radicals cause lipid peroxidation in an organism. An upsurge in free radicals under
stress conditions causes overproduction of malondialdehyde (MDA). The MDA level is known as a
marker of oxidation stress and the antioxidant activity in plants under stress conditions. In this study,
MDA contents were detected in both genotypes under the salt treatments. The salt treatments resulted
in MDA accumulation in B73 and opr7opr8. The MDA levels increased in the leaves and roots of both
genotypes with the increase in salt concentration (Figure 6a,b). In the roots, the MDA accumulation in
opr7opr8 was significantly higher than that in WT (Figure 6b), whereas in the leaves, the MDA level
in opr7opr8 was significantly lower than that in WT, indicating that opr7opr8 suffered from a stronger
lipid peroxidation in the roots than WT but slighter lipid peroxidation in the leaves than WT under
salt stress.
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Figure 5. Reactive oxygen species (ROS) production in the meristematic zone of the roots of B73 and
opr7opr8 under 0-300 mM NaCl treatments. (a) Visualization detection of ROS production under
bright field (BF) and green light (480-550 nm) fluorescence (GLF) with a confocal microscope using
2’,7'-dichlorofluorescin diacetate (H2ZDCFDA) at 4 h after salt treatments. (b) Relative fluorescence
quantification of ROS production in root meristematic zones of B73 and opr7opr8 under salt treatments
by software Image] scan. The values of B73 and opr7opr8 were given 1 at 0 mM for relative ROS
quantification. The asterisks denote significant differences between WT and the mutant at p < 0.05 (*)
or p < 0.01 (**) by analysis of variance.
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Figure 6. Malondialdehyde (MDA) and H,O, accumulation in opr7opr8 and B73 under salt stress.
The MDA levels in the (a) leaves and (b) roots were detected after 48 h of 0-300 mM NaCl treatments.
The H,O, content in the (c) leaves and (d) roots was measured after 48 h of salt treatments. The asterisks
denote significant differences between WT and the mutant at p < 0.05 (*) or p < 0.01 (**) by analysis
of variance.

2.6. opr7opr8 Displayed Different Antioxidant Enzyme Activities from WT under Salt Treatment

The enzymatic antioxidant defense system including superoxide dismutase (SOD), peroxidase
(POD), catalase (CAT), ascorbate peroxidase (APX), and glutathione peroxidase (GPX) is important
for the plant to cope with ROS bursts during salt stress. In this study, the enzymes such as SOD,
POD, CAT, and APX were analyzed in the roots and leaves of opr7opr§ and B73 plants under salt
treatments. The activity of SOD increased with the increase in salt concentration in opr7opr8 and B73
plants. The SOD activity in the leaves of opr7opr§ was lower than that of WT under 200 and 300 mM
NaCl treatments (Figure 7a), but in the roots, the SOD activity of opr7opr8 was higher than that of
WT under 100, 200, and 300 mM NaCl treatments (Figure 7a). For peroxidase (POX) (total class III
peroxidases), salt treatments activated POX activity in the roots of B73 and opr7opr8. In the roots of B73,
the POX activity increased with the increase in salt concentration (Figure 7b). In the roots of opr7opr8,
the POX activity at 100 mM NaCl treatment was higher than 200 and 300 mM NaCl. opr7opr8 roots
showed a higher POX activity than WT at 200 and 300 mM NaCl treatment. In the leaves, the POX
activity was downregulated in WT under salt treatments, but for opr7opr8 salt, the treatments did not
affect the POX activity in the leaves (Figure 7b). For CAT, the fluctuation in enzyme activity under
salt treatment was similar to SOD. The salt treatments increased the CAT activity in the roots of B73
and opr7opr8, and the mutant had a higher activity than WT (Figure 7c). In the leaves, salt treatments
increased the CAT activity in B73 but decreased in opr7opr8 (Figure 7c). The mutant exhibited a
significantly lower level of CAT activity in the leaves than in WT. Ascorbate peroxidase (APX) is a
major ROS-scavenging enzyme controlling intracellular ROS levels in varied stresses. The variation
in APX activity under salt treatments was similar to the POX activity. In the roots, the APX activity
in B73 and opr7opr8 increased with the increased salt concentration (Figure 7d). At 100 and 200 mM
NaCl treatments, in the roots of opr7opr8, the APX activity was lower than that of WT. In the leaves, the
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APX activity in B73 was elevated when the salt concentration increased, but, in the leaves of opr7opr§,
the APX activity had no significant change under salt stress (Figure 7d). In the leaves, opr7opr8 was
significantly lower than that of WT for APX activity under salt stress. Putting the four enzyme results
together, we saw that opr7opr8 had a significantly different level of ROS-scavenging enzyme activity in
the roots and shoots under the salt treatments as compared to WT, indicating that the JA deficiency in
opr7opr8 plants caused ROS-scavenging enzyme genes to be differentially expressed under salt stress.
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Figure 7. ROS-scavenging enzyme activities in the shoots and roots of opr7opr§ and B73 seedlings
under 0-300 mM NaCl treatments. The samples were taken 2 days after the salt was applied to the
hydroponic solution. (a) SOD activity in leaves and roots, (b) POX activity in leaves and roots, (c) CAT
activity in leaves and roots, and (d) APX activity in leaves and roots.

2.7. opr7opr8 Exhibited Different Levels of Glutathione Reductase (GR) and Glutathione-S-Transferase (GST)
Activities from WT under Salt Treatment

Except for SOD, POD, CAT, and APX, glutathione reductase (GR) and glutathione-S-transferase
(GST) can also act as the enzymatic antioxidants in plants under abiotic stresses. In this study, the GR
and GST activities were analyzed in opr7op8 and B73 plants under salt treatments. The GR activity
increased with the increase in salt stress in the leaves and roots of opr7op8 and B73 plants (Figure 8c,d).
In the roots, the GR activity in opr7opr§ was higher than that in B73, but in the leaves, opr7opr8 was
lower than WT at salt treatments of 200 and 300 mM NaCl (Figure 8c). For GST activity, in the leaves,
salt treatments reduced the GST activity in B73 but activated GST activity in opr7opr§ (Figure 8a). At200
and 300 mM NaCl, the GST activity in the leaves of opr7opr8 was higher than that in WT. In the roots,
salt treatments slightly induced the GST activity in WT but slightly inhibited in opr7opr8 (Figure 8b).
At 200 and 300 mM NaCl, WT was significantly higher than opr7opr8 for GR activity in the roots
(Figure 8d).
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Figure 8. Enzymatic activities of glutathione reductase (GR) and glutathione-S-transferase (GST) in
B73 and opr7opr8 seedlings under 0-300 mM NaCl treatments. The samples were taken 2 days after
the salt treatments. GST activity in (a) the leaves and (b) roots and GR activity in the (c) leaves and
(d) roots. The asterisks denote significant differences between WT and the mutant at p < 0.05 (*) or

p <0.01 (**) by analysis of variance.

2.8. opr7opr8 Accumulated More Proline in the Roots but Less in the Leaves Than WT under Salt Stress

Under abiotic stresses, plants tend to accumulate soluble osmotic adjustment substances such

as proline to protect the cellular structure and enzyme activity against osmotic and ionic stresses.

In this study, the proline content accumulation was tested in the leaves and roots of opr7opr§ and
B73 plants treated with 0, 100, 200, and 300 mM NaCl. The results showed that proline production
was highly induced by salt treatments in the leaves and roots in both genotypes (Figure 9a,b). In the
leaves, the proline accumulation level in opr7opr8 was significantly lower than that in WT, except
under 200 mM NaCl (Figure 9a). In the roots, opr7opr8 accumulated a higher proline level than WT
(Figure 9b). Our results suggest that JA is involved in osmotic regulation under salt stress.
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2.9. Endogenous JA Production Is Required for Transcriptional Activation of ABA Biosynthesis Genes under
Salt Stress

Abscisic acid (ABA) plays an important role for plants to deal with abiotic stresses, including
drought and soil salinity. In this study, we tested the expression levels of four key genes, ZEP1, NCEDS,
VP10, and AO1, of the ABA biosynthesis pathway under salt treatment in the leaves and the roots
of opr7opr8 and WT. ZEP1 (zeaxanthin epoxidasel) is the initial enzyme of the ABA biosynthesis
pathway in maize. NCED (9-cisepoxycarotenoid dioxygenase) catalyzes the oxidative cleavage of
epoxy-carotenoid 9-cis-neoxanthin, the first step of abscisic-acid biosynthesis from carotenoids [44].
Vp10 (viviparous10) encodes the ortholog of Cnx1, which catalyzes the final common step of molybdenum
cofactor (MoCo) synthesis. The sulfur-containing form of MoCo, MoCo-S, is a required cofactor of
AO1 activity [45]. AO1 (aldehyde oxidase 1), a molybdenum-containing oxidoreductase, catalyzes the
final step of ABA biosynthesis, the conversion of abscisic aldehyde to ABA. In our experiments, the
expression of all the four genes showed a similar induction pattern, that is, in the leaves of B73, the
four genes were highly induced by salt treatment, but not induced or slightly induced in the opr7opr8
mutant (Figure 10a,c—e). Our results showed that 200 mM NaCl strongly induced the ZEP1 expression
in WT, and the maximum induction was more than 30 times at 6 h of treatment in comparison with
that at 0 h (Figure 10d). However, in the mutant opr7opr8, the ZEP1 gene was just slightly induced at
the early time points (2 to 12 h of the treatment) and the maximum induction was about 5 times at
2 h of treatment (Figure 10d). Overall, the ZEP1 gene expression in opr7opr8 was significantly lower
than that of WT at 4 to 72 h of salt treatment (Figure 10d). At 200 mM salt stress, the NCED5 gene
was highly upregulated in the leaves of B73, as compared to mutant opr7opr8 (Figure 10a). At 24 h of
200 mM salt treatment, the expression level of the NCEDS5 gene in B73 was increased to 130 times the
expression level at 0 h. Then, it decreased at longer time points. While in the mutant, it upregulated
gradually from 2 to 72 h salt stress, the expression level was highest at 72 h (Figure 10a). The AO1
gene was also highly induced by salt treatment in WT but not in the mutant opr7opr8 (Figure 10c).
The expression level of the AOI gene was increased to 50 times at 6 h of salt treatment compared
to 0 h of treatment (Figure 10c). In opr7opr8, the maximum induction was less than 5 times, which
happened at 2 h of salt treatment (Figure 10b). At the timepoints of 2 to 24 h of the treatment, the
AO1 expression level in opr7opr8 was significantly lower than that in WT (Figure 10c). Salt treatment
induced the expression of the VP10 gene in WT and the mutant (Figure 10e). For WT, the induction
peak appeared at 6 h of salt treatment, and for the mutant, it appeared at 24 h (Figure 10e), indicating
that VP10 induction by salt treatment was faster in WT than in the mutant. For all time points, the
induction level of VP10 expression in WT was significantly higher than in the mutant. Putting the
data of the four genes together, we saw that four key genes of the ABA biosynthesis pathway, NCED5,
ZEP1, AO1, and VP10, were strongly induced in the WT plants by salt stress but were significantly less
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expressed in the mutant with no or a slight induction by salt treatment, indicating that endogenous JA
is a positive factor for ABA accumulation under salt stress in maize.

OB73 W opr7opr8
(a) 3s { ZEPI x (b) 100 NCEDS

u
g
E

N
®
g

2
3

80

Relative Expression Level (folds)
by
Relative Expression Level (folds)

O g s @

» w S ) 2
S 2 s s S

Relative Expression Level (folds)

Relative Expression Level (Folds)
=

A0l

*k

1

*%

I *

LbLELL
0 2 4 6 12 24 48 72h) 0 2 4 6 12 24 48 T2h)

Figure 10. Quantitative real-time polymerase chain reaction (qQRT-PCR) expression level analysis of
(a) NCED5, (b) AO1, (c) VP10, and (d) ZEP1 genes in the leaves of the B73 and opr7opr8 plants under
200 mM NaCl treatment. The relative expression level was calculated according to the expression of
the gene at 0 h of treatment. The asterisks denote significant differences between WT and the mutant
opr7opr8 at p < 0.05 (*) or p < 0.01 (**) by analysis of variance.

3. Discussion

Salinity is one of the most ubiquitous environmental stresses limiting the yield of agricultural
crops with adverse effects on the vegetative and reproductive growth of plants [46]. Growing on
saline-alkali soil, the plant has to tolerate the root-absorbed excessive sodium ions that have a
damaging effect on biochemical reactions and causes ionic, osmotic, and oxidative stresses to plant
cells [46,47]. Phytohormones have long been considered essential endogenous molecules regulating
plant development and tolerance to diverse environmental stresses including salinity stress [48]. ABA
is well known as the endogenous signal molecules enabling plants to survive the severe adverse
environmental conditions such as salt and drought stresses [49]. Increasing evidence supports the
idea that jasmonic acid can play relevant functions in the abiotic stress response [50,51]. Up until
now, three major lines of evidence have been reported for JA contribution in the adaptive response
to salt stress. (1) Salt stress-activated JA biosynthesis in plants. Elevated JA levels were detected
in a number of plant species such as Arabidopsis [52], tomato [53,54], rice [55,56], maize [57], and
Brassica rapa [58] when challenged with salt stress, indicating that high levels of JAs accumulated in
salt-challenged plants after salt treatment may function as a protection signal in plants against salinity
stress. (2) The exogenous application of JA or MeJA to leaves or roots enhances the salt tolerance of
plants. Here are several examples: The exogenous application of 30 um JA applied 24 h after salt stress
effectively reduced the sodium ion uptake in rice seedlings, especially in the salt-sensitive cultivars
rather than the salt-tolerant cultivars [56]. A ten-micrometer solution of MeJA sprayed on rice varieties
could effectively alleviate the symptoms of rice varieties to salinity stress [59]. An exogenous spray of
2 mM JA can enhance the tolerance of wheat seedlings to salt stress [28]. The foliar application of 20 to
30 uM MeJ A can effectively lessen salinity stress symptoms and change endogenous ABA and GA4
levels in soybeans [37]. Foliar sprays of 1 mM SA and 0.5 mM JA stimulate the H*-ATPase activity of
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tonoplast and salt tolerance of soybean seedlings [60]. In grapevine, 10 to 50 uM JA treatments can
save growth in the salt-sensitive cell lines, and the salt stress response of the lines is modulated by
JA-signaling components such as JAZ proteins [34]. Exogenous sprays of 100 uM MeJA to the seedlings
of Brassica napus mitigate the inhibitory effect of all salt treatments [61]. In maize, 10 uM JA applied to
the seed before germination alleviates alkaline (Na,CO3) stress by improving the ascorbate glutathione
cycle and glyoxalase system in the seedlings [62]. (3) Alterations of JA biosynthesis or interference of JA
signaling affects the salinity tolerance of plants. A couple of JA biosynthesis or signaling mutants have
been tested for their tolerance or susceptibility against abiotic stresses so far. The mutants of the JA
biosynthesis enzyme AOC, hebiba, and cpm2 in rice showed an increased salt tolerance [51]. Transgenic
rice with overexpressed gene CYP94, encoding an inactivating JA-Ile catabolic enzyme, displayed
enhanced salt tolerance [63]. The suppression of OsJAZ9, a repressor of JA signaling, produced a
higher sensitivity to JA and increased sensitivity to salt [64]. The overexpression of OsJAZS8, a JA
signaling suppressor, improved the salt tolerance of transgenic rice seedlings [65]. The results of the
above four published works indicate that a JA-deficiency or JA signaling depression in transgenic rice
causes improved salt tolerance. Putting all the three evidence lines together, we saw that the roles of
exogenous JA applications are quite consistent from the different studies: The exogenous application
of MeJA or JA can significantly enhance the tolerance of plants to salt stress. However, the roles of
endogenous JA signals or JA signaling for salt tolerance can be varied, whose conclusion depends on
the plant species. Obviously, more research works using JA biosynthesis or signaling mutants from
different plant species are needed to clarify the endogenous JA roles involved in the adaptive response
against abiotic stresses in plants.

In this study, opr7opr8, a maize JA biosynthesis mutant [41], was applied to identify the roles of
endogenous JA in maize plants challenged by salt stress. Our results have shown that the shoots of
opr7opr8 display a number of symptoms weaker than those of WT under salt treatments, including
delayed leaf senescence, less sodium accumulation, less ROS production, and less antioxidant enzyme
activities in the leaves, among others. From these results, we can conclude that opr7opr8 shoots are
less sensitive to salt stress. Rice JA biosynthesis mutants hebiba and cpm?2 showed an increased salt
tolerance [51]. Our research results indicated that JA biosynthesis mutant opr7opr8 [43] resembles
the rice JA biosynthesis mutants hebiba and cpm2 [53] in the adaptive response against salt stress.
Interestingly, in this study, we found that the roots of opr7opr8 showed stronger symptoms such as
more sodium accumulation and more ROS and antioxidant enzyme activities than WT under salt
treatments, indicating that the roots of opr7opr§ are more susceptible than WT. Comparing the data of
shoots and roots, we suggested that endogenous JA differentially regulates salt responses in the shoots
and roots in maize seedlings for acclimation to salinity in the soil.

Stomata are the vital organ of plants to control water loss under abiotic stresses. Stomatal closure
can sharply reduce transpirational water loss under drought and salt stresses. It has been known that
the exogenous application of methyl jasmonate or jasmonic acid elicits stomatal closure in a large
number of plant species [66] including Arabidopsis [67], Olea europaea [68], and barley [69]. It has
also been known that JA negatively regulates stomatal formation in Arabidopsis cotyledons [70].
However, the question of how endogenous JA is involved in stomatal closure under abiotic stresses
remains unanswered. In this study, we observed that opr7op8 had a larger stomatal aperture than WT
(B73) under salinity stress (Figure 1), indicating that the JA-deficient mutant opr7op8 is insensitive to
stomatal closure under salt stress. This result implies that endogenous JA positively regulates guard
cell movement for stomatal closure under water stress conditions.

A common symptom of damage by salinity stress is the growth inhibition, and leaf senescence will
appear afterward during prolonged exposure to salt stress. In this study, we showed that after 7 days
of the salt treatments, opr7opr8 showed late leaf senescence as compared to WT (Figure 2), suggesting
that endogenous JA in maize acts as a negative regulator for plant growth and leaf senescence under
salt stress. We tested the fresh weight and dry weight and found that opr7opr8 had a higher fresh/dry
weight of shoots than WT, but a smaller fresh/dry weight of roots than WT. These results indicated
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that JA-deficiency in maize plants causes different stress strengths to the roots and shoots under salt
treatments. In addition, we noted that both genotypes have a higher fresh/dry weight under higher
NaCl concentrations (Figure 3c—f), suggesting that sodium and potassium accumulation in the leaves
and roots could be the major reason of the biomass weight increase under salt stress. We tested the
sodium and potassium contents in the shoots and roots, and the results showed that both genotypes
have increasing sodium contents in the shoots and roots as the treatment salt concentration increases
(Figure 4a,b). For example, under 300 mM NaCl at 7 days, WT leaves contained Na* 3000 pmol/gDW
(Figure 4a) and K* 2000 pmol/gDW (Figure 4c), which is NaCl 0.176 g/gDW and KCl1 0.151 g/gDW,
indicating that the salts (NaCl and KCl) occupied 32.7% of the dry mass of the WT leaves. Similarly,
opr7opr8 leaves contained Na* 2000 pmol/gDW (Figure 4a) and K* 1500 pmol/gDW (Figure 4c), that
is, salts (NaCl and KCl) occupied 23.0% of the dry mass. This calculation suggests that sodium and
potassium accumulation in the leaves and roots promoted the increase in biomass weight under
salt treatments.

Salinity induces the formation of reactive oxygen species (ROS) within plant cells, which is a
well-known cause of damage to all components of the cell, including proteins, lipids, carbohydrates,
and DNA [71]. To scavenge excessive levels of ROS, an effective system composed of non-enzymatic
and enzymatic antioxidants is evolved in plants [72]. Non-enzymatic antioxidants include phenolic
compounds, flavonoids, alkaloids, tocopherol, carotenoids, ascorbate (ASC), and glutathione (GSH) [73].
Enzymatic antioxidants include superoxide dismutase (SOD), peroxidase (POX), catalase (CAT), ASC
peroxidase (APX), guaiacol peroxidase (GPX), glutathione reductase (GR), monodehydroascorbate
reductase (MDHAR), and dehydroascorbate reductase (DHAR) [73,74]. A number of previous studies
have shown that jasmonate mediates ROS production and antioxidant enzymatic activities under
abiotic stresses [75]. An exogenous spray of 1 mM MeJA induced ROS accumulation and activated
the activities of CAT, GPX, and APX in Ricinus communis leaves [76]. The exogenous application of
50 uM MeJA to sunflower (Helianthus annuus L.) elicited a fast increase in ROS content, followed
by a marked increase in the activity of H,O,-scavenging enzymes such as GPX, APX, and CAT [77].
In grape, salt-tolerant cultivars have higher antioxidant enzyme activities [78]. In this study, we
showed that JA-deficient mutant opr7opr8 had a higher H,O; level in the roots than WT under the salt
treatments (Figure 6), indicating that endogenous JA may mediate ROS production or ROS-scavenging
under abiotic stress. Meanwhile, we saw that opr7opr8 had a lower H,O; level in the shoots than WT.
This result must indicate that the mutant opr7opr8 suffered from milder salt stress than WT in the
leaves because opr7opr§ leaves have a significantly lower sodium content than WT (Figure 4). As for
ROS-scavengers, opr7opr8 had lower levels of SOD, CAT, and APX activities in the shoots than WT
but higher activities in the roots than WT. This result indicates that JA-deficiency in maize seedlings
causes strong ROS production and enzymatic activities of ROS-scavenging in the roots, but an opposite
phenomenon in the shoots, suggesting that a differential mechanism of JA is involved in the salt
response in the shoots and roots of the maize plant.

In many studies, ABA has been regarded as the most important phytohormone that confers abiotic
stress tolerance in plants [79]. However, ABA crosstalk with other hormones is crucial to fine-tune
plant responses to varied stresses. It is identified that the JA signaling pathway interacts with the
ABA pathway via transcription factors such as MYC2, ABI5, and WRKY57 [80]. In our previous
study, we reported that ABA production was dramatically reduced in the senescing leaves of opr7opr8
compared to the wild type, indicating a significant role for JA in the regulation of ABA biosynthesis
during leaf senescence in maize [41]. In this study, we quantified the transcriptional levels of four key
genes (NCED5, ZEP1, AO1, and VP10) of the ABA biosynthesis pathway by quantitative polymerase
chain reaction (PCR) in the mutant and WT. Our results exposed that the expression of these four
genes was strongly activated by salt treatment (200 mM) in the leaves of WT but was just slightly
induced or non-inducible in the mutant, indicating that opr7opr8 was insensitive to salt stress for ABA
biosynthesis activation.
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In this study, we noted that the opr7opr8 mutant under salt stress showed milder growth inhibition,
a lower production of H,O,, lower level of ROS-scavenging enzymatic activities of SOD, CAT, and
APX, lower production of MDA and proline, and lower expression of ABA biosynthesis genes in
the leaves than WT. In the roots, opr7opr§ under salt stress showed stronger growth inhibition and a
much higher responsibility to salt. Our results indicated that endogenous JA in the maize plant might
differentially regulate the adaptive response to salt stress in roots and shoots, suggesting that different
JA-relevant mechanisms in roots and shoots might work in maize seedlings. Meanwhile, we observed
that the opr7opr8 mutant accumulated less sodium and more potassium in the shoots than WT but more
sodium and less potassium in the roots under the salt treatments than WT, indicating that endogenous
JA played a role in Na* and K* ion transportation from the roots to shoots, which might be the primary
cause of the differential responsibility of roots and shoots of the mutant to salt treatments.

4. Materials and Methods

4.1. Experimental Material, Planting, and Salt Treatments

JA biosynthesis mutant opr7opr8, which carried opr7-5 and opr8-2 alleles in ZmOPR7 and ZmOPRS,
respectively [41], was crossed with B73 to BCs-stage, and the double mutant opr7-50pr7-5/opr8-20pr8-2
(homozygous for both genes) was selected in the self-segregation population for this study. B73 was
used as the WT plant. The original mutant opr7opr8 was provided by Dr. Michael V. Kolomiets (Texas
A&M University, USA).

The experiment was conducted in greenhouses in Nanjing Agriculture University, Nanjing, China.
Good-quality seeds of two genotypes were surface-sterilized by 20% bleach solution containing sodium
hypochlorite ~5% for 10 min followed by three times of washing with sterilized double-distilled water.
The seeds were sown in the sand and grew for 10-12 days in a growth room at 28/25 °C with 16/8 h of
day/night cycles and ~180 umol m~2 s~!

The seedlings of both genotypes at the V3-stage were transferred to an aerated hydroponic system
with full nutrients of modified Hoagland solution, which contained 945 mg/L Ca(NO3),4H,0, 506 mg/L
KNO;3, 80 mg/L NH4NO3, 136 mg/L KH,yPOy, 493 mg/L MgSQOy, and 2.5 mL FeSO,. FeSO,4 was
prepared by FeSO4.7H20 + EDTA-Na. The micro-nutrient solution was 0.83 mg/L KI, 6.2 mg/L H3BO3,
22.3 mg/L MnSQOy, 8.6 mg/L ZnSOy, 0.25 mg/L NaMoOy, 0.025 mg/L CuSOy, and 0.025 mg/L CaCL;,

The hydroponic solution was replaced every 3rd day to ensure nutrient enrichment and the
pH value of the solution. For each 7 L-hydroponic box, nine seedlings of B73 and nine seedlings of
opr7opr8 were planted. The salt treatments were applied to the plant roots 2-3 days after transfer to the
hydroponics boxes by replacing the hydroponic solution. The treatment solutions contained the full
nutrients of Hoagland and NaCl. The concentrations of NaCl treatments were 0, 100, 200, and 300 mM.
The experiment had three repeats for every concentration of salt treatment.

of illumination.

4.2. Analysis of Root and Shoot Elongation

Seven days after salt treatment, the plant’s root and shoot were collected and measured instantly
after harvesting. Morphological parameters like primary root elongation, shoot length, fresh shoot
weight, fresh root weight, dry root-shoot weight, and plant water content were measured by a ruler
and an analytical balance. For dry weight (DW) and water content, the samples were dried in an oven
at —80 °C for 48 h and measured by an analytical balance.

4.3. Ion Content Profiling

Dry shoot and root tissues of each biological replicate were transferred into digestion tubes
(Gerhardt, Brackely, UK), supplemented with 5 mL of concentrated nitric acid (HNO3), and then
vortexed for 6 h. After cooling, the final volume of each sample was adjusted to 10 mL with distilled
water and vortexed. Contents of different ions were measured by an inductively coupled plasma
optical emission spectrometer (ICP-OES, Perkin Elmer Optima 2100DV) (College of Life Sciences,
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Nanjing Agriculture University). Blank samples were prepared by adding 5 mL of concentrated nitric
acid to an empty digestion vessel and processed.

4.4. Determination of Enzymatic Antioxidants

Fresh leaves and roots (0.5 g) of plants were collected 48 h after salt stress and stored at —80 °C
for the determination of various antioxidant enzymes. Tissues were ground in a tissue homogenizer.
CAT, POX, APX, SOD, H,O,, and MDA activities were determined by a chemical assay kit (Nanjing
Jiancheng Bioengineering Institute, China). One unit of enzyme activity was defined as an absorbance
change of 0.01 units per minute, and each enzyme’s activity was expressed as a unit per milligram of
protein. Activities of proline, GR (glutathione reductase), and GST (glutathione S-transferase) were
measured according to the kit protocol of the manufacturer. All chemicals were bought from Nanjing
Jiancheng Bioengineering Institute. The soluble proline content was calculated in micromoles of proline
per gram of fresh weight according to a standard curve.

4.5. Photosynthetic Pigments

The photosynthetic pigments leaf chlorophyll a (Chl a) and chlorophyll b (Chl b) were measured.
Leaf samples were collected 48 h after salt stress. About 30 mg of leaf segment was incubated with 10 mL
of acetone (80%) and kept in the dark for 24 h. The absorbance was measured by spectrophotometry at
645 and 663 nm. Chl a and Chl b contents were calculated using MacKinney equations [81].

4.6. Stomatal Imaging and Quantification

Stomatal densities in the maize leaf epidermis were observed after 24 h of salt stress under an
optical microscope, Olympus BX53. Stomata on the epidermis layer were imprinted using nail varnish
painted on fully expanded leaves at V3-stage plants. The stomatal aperture was calculated using
Image] software (University of Wisconsin-Madison, Madison, WI, USA). The size was measured in
Image] from a total of 35 stomata from each genotype of each salt treatment concentration, taken from
nine biological replicates. Pore aperture and stomata area were measured from imaged biological
replicates. The pore area was calculated from the major axis of the measured aperture length, and the
minor axis of the measured aperture width at the center of the pore. The stomatal area was calculated
from the axes of the measured guard cell length and the doubled guard cell width at the center of the
stoma. The stomata aperture was calculated by dividing the stomata width with the stomata length.

4.7. Reactive Oxygen Species Visualization

The reactive oxygen species (ROS) in the root tips were detected using a TCS-SP2 confocal
laser scanning microscope (LSCM 780, Zeiss, Leica Lasertechnik GmbH, Heidelberg, Germany).
The excitation was set at 488 nm and the emission was at 500-530 nm. The root tissues were collected
four hours after the salt treatments and loaded with 20 uM 2’,7’-dichlorofluorescin diacetate (H2DCFDA,
Sigma) in a 20 mM HEPES/NaOH bulffer (pH 7.5) for 20 min. Samples were then washed with distilled
water three times for each 15 min and detected immediately by the confocal microscope. Nine samples
were selected per treatment and measured. The experiment was performed at 25 °C. The Root tip
sections are imaged under bright field (BF) and green light (480-550 nm) fluorescence (GLF) mode
with a confocal microscope. The relative fluorescence production of reactive oxygen species in the root
tips was quantified based on 25 overlapping confocal scopes by using Image] software.

4.8. Gene Expression Analysis

Plant leaves were used for gene expression analysis. The total RNA was isolated with the Trizol
method (Sigma-Aldrich, Oakville, Ontario, Canada) under RNase-free conditions. The total RNA
was isolated from the leaves of control and salt-stressed plants (200 mM NaCl at 0, 2, 4, 6, 12 24,
48, and 72 h). The integrity of isolated RNA samples was examined spectrophotometrically and

259



Int. ]. Mol. Sci. 2019, 20, 6202

by gel electrophoresis. RNA samples were quantified using a NanoDrop 2000C spectrophotometer
(Nanodrop Technologies, Wilmington, DE, USA).

To eliminate genomic DNA in the total RNA extracted, total RNA samples were treated by DNase
I (DNasel, Invitrogen, Carlsbad, CA, USA) according to the manufacturer instruction. After DNasel
treatment, total RNA samples were tested for genomic DNA (gDNA) residue by the polymerase chain
reaction (PCR) using the primer pair for the maize actinl gene. No band of PCR amplification of
maize actinl indicated that the total RNA sample was free of gDNA residue. First-strand cDNA was
synthesized from 1 pg of total RNA following the manufacturer’s instructions. Quantitative PCR
(qPCR) was done with a QuantiTect SYBR Green PCR Kit (QIAGEN China Co., Ltd., Shanghai, China)
using an Opticon 2 system (Biorad, CFX96 USA). Specific primers for the amplification of target cDNAs
were designated by primer-Blast of NCBI (available online: https://www.ncbinlm.nih.gov/tools/primer-
blast/index.cgi, accessed on 5 December 2019) based on the target gene sequence. The primers are listed
in Table S1. The two-way analysis of variance was employed followed by Duncan’s multiple range test
to determine the significance of the differences of target gene expression levels among treatments at
the level of p <0.05 or p < 0.01.

4.9. Statistical Analysis

All the treatments were arranged in a completely randomized design. Morphological,
physiological, and biochemical data were presented as mean + SD (standard error). The data
were analyzed using a statistical package, Statistic 8.1 (Analytical Software, Tallahassee, FL, USA).
The data were subjected to the two-way analysis of variance (ANOVA). Significant differences at levels
of significance (* p < 0.05; ** p < 0.01) are represented by asterisks.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/24/
6202/s1. Figure S1, Visualization of stomata in B73 and opr7opr8 mutant. The leaves of B73 and opr7opr8 under
control, 100 mM, and 300 mM salt stress were used to image stomata 24 h after application of NaCl under a
microscope at 40x magnification; Table S1, Primers used for quantitative real time PCR (qRT-PCR) in the study.
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Abbreviations

FRW Fresh root weight
FSW Fresh shoot weight
DRW Dry root weight
DSW Dry shoot weight
FSL Fresh shoot length
FRL Fresh shoot length
Pro Proline

MDA Malondialdehyde
Chl Chlorophyll

CAT Catalase

SOD Superoxide dismutase
APX Ascorbate peroxidase
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Abstract: Arabidopsis heterotrimeric G proteins regulate diverse plant growth and defense processes
by coupling to 7TM AtRGS1 proteins. Although G protein mutants display alterations in response
to multiple plant hormones, the underlying mechanism by which G proteins participate in the
regulation of hormone responses remains elusive. Here, we show that genetic disruption of G and
Gp subunits results in reduced sensitivity to JA treatment. Furthermore, using confocal microscopy,
VA-TIRFM, and FRET-FLIM, we provide evidence that stimulation by JA induces phosphorylation-
and C-terminus-dependent endocytosis of AtRGS1, which then promotes dissociation of AtRGS1
from AtGPA1. In addition, SPT analysis reveals that JA treatment affects the diffusion dynamics
of AtRGS1 and AtRGS1-ACt. Taken together, these findings suggest that the JA signal activates
heterotrimeric G proteins through the endocytosis of AtRGS1 and dissociation of AtRGS1 from
AtGPA1, thus providing valuable insight into the mechanisms of how the G protein system perceives
and transduces phytohormone signals.

Keywords: heterotrimeric G proteins; AtRGS1; jasmonates; endocytosis; diffusion dynamics

1. Introduction

Jasmonates (JAs), which include jasmonic acid and its oxylipin derivatives, are synthesized
from the octadecanoid/hexadecanoid pathways and are widely distributed throughout the plant
kingdom [1]. As one of the important plant hormones, JAs function as growth regulators and
defense signals that control various plant developmental processes, such as root growth, anthocyanin
accumulation, male fertility, and leaf senescence, as well as mediate plant responses to abiotic and biotic
stresses, including insect attack, UV damage, pathogen infections, and wounding [2]. The jasmonate
ZIM-domain proteins (JAZs) that consist of 12 members act as repressors to negatively regulate
diverse JA responses by directly binding to downstream transcriptional factors (TFs) or interactions
with the co-repressor TOPLESS (TPL) via the novel interactor of JAZ (NINJA) [3]. Upon perception
of a JA signal, the F-box protein coronatine insensitive 1 (COI1) forms an SCFCO!! complex with
Arabidopsis SKP1 homologue 1 (ASK1)/ASK2, AtCullin1, and Arabidopsis Ring-box 1 (AtRbx1) to recruit
JAZs for ubiquitination and degradation through the 26S proteasome, which subsequently activates
downstream TFs [3].

Signal transduction through a heterotrimeric G protein complex, classically consisting of G, Gf3,
and Gy subunits, is an essential plasma membrane (PM) signaling pathway in most eukaryotes [4,5].
In animal cells, the heterotrimeric G proteins are directly regulated by seven transmembrane (7TM) G
protein-coupled receptors (GPCRs) that could catalyze the nucleotide exchange from guanosine
triphosphate (GTP) to guanosine diphosphate (GDP) on the Ga subunit upon stimulation [6].
Thus, GTP-bound G and Gy dimers are released to activate downstream effectors, thereby relaying
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diverse intracellular signals. In Arabidopsis, this complex comprises one canonical Ga subunit (AtGPA1),
one Gf subunit (AGB1), and one of three Gf subunits (AGG1, 2, and 3) [7-10]. In contrast to animal
alpha subunits, AtGPA1 spontaneously undergoes the GDP- and GTP-exchange cycle. AtRGSI,
a GPCR-like N-terminal 7TM fused to a regulator of G-protein signaling (RGS) protein, keeps the
complex in the inactive state by promoting GTP hydrolysis of AtGPA1 [11,12]. p-glucose or other
stimuli can induce the dissociation of AtGPA1 from AtRGS1 to maintain its self-active state and
trigger effector activities [13]. Genetic analysis of loss-of-function G protein mutants in Arabidopsis
and rice support the fundamental roles of heterotrimeric G proteins in various biological processes,
including morphological development from seed germination to silique development, response to
glucose, light stimuli and hormones, stomatal movements, and ion channel regulation, as well as
innate immunity [13].

Endocytosis of the 7TM receptors in mammals and plants is considered to be a vital step in the
regulation of G protein signaling. In animals, GPCRs are phosphorylated and then endocytosed
through a clathrin-dependent pathway to desensitize ligand stimulation [6]. However, phosphorylated
AtRGS] protein is internalized to release its inhibition upon AtGPA1 self-activation, permitting
sustained activation of G protein signaling. In the presence of glucose, WITH NO LYSINE kinases
(WNKs) can phosphorylate AtRGS1 at the C-terminal domain for endocytosis, which is critical to
the activation of G protein-mediated sugar signaling and cell proliferation [14,15]. After induction of
a conserved 22-amino acid domain in the N-terminus of flagellin (flg22), AtRGS1 is phosphorylated by
BRI1-associated kinase 1 (BAK1) at its C-terminal tail and then internalized [16,17]. Thus, the G protein
complex is physically uncoupled from its repressor, and then interacts with its effectors to regulate
reactive oxygen species (ROS) production and calcium release [17-19]. In addition, sodium-induced
activation of G signaling via AtRGS1 endocytosis plays a key role in plant responses to salt stress [20].

In the present study, we found that the loss of Gax and Gf3 subunits conferred hyposensitivity
to JA signaling. Furthermore, we demonstrated that JA induced the endocytosis of AtRGS1 in
a phosphorylation- and C-terminus-dependent manner, which in turn led to the dissociation of
AtRGS1 from AtGPAL for activation of downstream signaling. In addition, the diffusion dynamics
of AtRGS1 and C-terminus-truncated AtRGS1 proteins changed upon JA treatment. Our analyses
propose a possible role for JA-induced endocytosis of AtRGS1 in G-protein-mediated JA responses
and support the hypothesisthat plant hormone signaling might be relayed, in part, by the AtRGS1-G
protein pathway:.

2. Results and Discussion

2.1. The Heterotrimeric G Protein Complex Is Involved in JA Signaling

Considering that G protein mutants exhibit various phenotypes during growth and in defense
responses, it is possible that the heterotrimeric G protein complex might be involved with JA signaling,
which regulates plant development and immunity. To gain insights into the relationship between
G proteins and JA signaling, we subjected wild-type (WT, Col-0), Ga-deficient mutant (gpal-4),
Gp-deficient mutant (agb1-2), and double mutant gpal-4/agbI-2 to a series of JA response assays.

Compared to seedlings without methyl jasmonate (MeJA) treatment, each genotype exhibited
JA-induced inhibition of primary root growth when grown on MS medium with different concentrations
of MeJA (Figure 1A,B). However, the stunted growth of gpal-4, agh1-2, or gpal-4/agb1-2 mutants was
significantly less than that of WT seedlings (73%, 50%, and 56% for gpal-4, agh1-2, and gpal-4/agbl-2,
respectively, 44% for WT upon 10 um MeJA; 58%, 44%, and 47% for gpal-4, agb1-2, and gpal-4/aghl-2,
respectively, 38% for WT upon 25 pm MeJA) (Figure 1A,B). Consistent with the root length
phenotype, the G protein mutants were also hyposensitive to JA-induced anthocyanin accumulation.
The anthocyanin content of WT plants was 1.7-, 1.3-, and 1.2-fold greater than that of gpal-4, agh1-2,
and gpal-4/agbl-2, respectively, in response to JA induction (Figure 1C,D). Moreover, JA treatment
could upregulate the expression of VSP1 and LOX2 in each genotype, whereas the expression level
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in gpal-4 and gpal-4/agbl-2 mutants was significantly less than the WT seedlings (Figure 1E,F). For
example, VSP1 expression was reduced by 36% and 14% in the gpal-4 and gpal-4/agbl-2 mutant in
comparison to that in the WT seedling, respectively (Figure 1E). The JA-induced expression level of
LOX2 was also noticeably decreased in the agb1-2 plants, which was about half of that in the WT
seedlings (Figure 1F). However, the VSP1 induction pattern was almost identical in WT and agb1-2
mutants (Figure 1E).

Collectively, knockout mutants of AtGPAT and AGBI1 display and share reduced sensitivity to JA in
root growth, anthocyanin accumulation, and LOX2 gene expression (Figure 1). These findings suggest
that both G and G subunits likely function in some, but not all, JA responses as positive regulators.
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Figure 1. The heterotrimeric G protein complex is involved in JA signaling. (A) Root phenotypes of
9-day-old seedlings of WT, gpal-4, aghl-2, and gpal-4/agbl-2 grown on MS medium containing indicated
concentrations of MeJA. Bar = 1 cm. (B) Relative root length of 9-day-old seedlings of WT, gpal-4, agb1-2,
and gpal-4/agbl-2 grown on MS medium containing indicated concentrations of MeJA. Data shown
are from 34 to 104 plants. Significant differences are denoted by asterisks (** p < 0.01, *** p < 0.001,
Student’s t test). (C) Phenotype of 11-day-old seedlings of WT, gpal-4, agh1-2, and gpal-4/agbl-2 grown
on MS medium containing indicated concentrations of MeJA. Bar = 1 cm. (D) Anthocyanin contents
of 11-day-old seedlings of WT, gpal-4, agh1-2, and gpal-4/agbl-2 grown on MS medium containing
indicated concentrations of MeJA. Error bars represent SD (n = 3). Significant differences are denoted
by asterisks (** p < 0.01, *** p < 0.001, Student’s f test). (E,F), Relative expression level of VSP1 (E) and
LOX2 (F) in WT, gpal-4, agh1-2, and gpal-4/agb1-2 seedlings treated without (CK) or with 100 um MeJA
for 8 h. Error bars represent SD (n = 3). Significant differences are denoted by asterisks (** p < 0.01,
*** p < 0.001, ns, no significant difference, Student’s t test).
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2.2. JA Induces AtRGS1 Endocytosis and Dissociation from AtGPA1

One possible explanation for the involvement of the G-protein complex in JA signaling is that
JA itself indirectly activates G proteins and their downstream effectors to regulate JA responses.
Given that the endocytosis of AtRGS1 is a well-known reporter for G protein activation, plants
expressing AtRGS1-YFP (Figure S1) were treated with 100 um MeJA plus the protein synthesis inhibitor,
cycloheximide (CHX), for different times, and AtRGS1-YFP internalization was quantitated. Under
steady-state (CK) or with CHX treatment only, AtRGS1-YFP proteins were mainly localized to the
PM (Figure 2A). When treated with MeJA for 2 and 4 h, no detectable change in the subcellular
location of AtRGS1-YFP was observed (Figure 2A). Notably, distinct YFP-positive vesicles appeared
in the cytoplasm upon MeJA treatment for 6 h or more (Figure 2A). By analyzing the percentage of
AtRGS1 endocytosis, 2 and 4 h MeJA treatment (12% for both 2 and 4 h) showed no quantitative
effect compared to the control conditions (10% for both CK and CHX only) (Figure 2B). A significant
increase in internalization (15.8% of AtRGS1) was found at 6 h after MeJA treatment, and by 8 h,
more extensive endocytosis was observed (23% of AtRGS1) (Figure 2B), suggesting a time-dependent
AtRGS1 internalization upon JA treatment.
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Figure 2. JA induces the endocytosis of AtRGS1. (A) Confocal images of AtRGS1-YFP localization
without treatment (CK), with CHX treatment and with MeJA plus CHX pretreatment for indicated
times in an Arabidopsis hypocotyl epidermal cell. Bar = 5 um. (B) Quantification of the internalized
AtRGS1-YFP without treatment (CK), with CHX treatment, and with MeJA plus CHX pretreatment
for indicated times. Error bars represent SD (n = 5-8). Significant differences are denoted by letters
(Duncan multiple-comparisons test; values within the column followed by the same letter show no
significant difference (p > 0.05), whereas those with the different letter indicate significant difference
(p < 0.05)).

Using variable-angle total internal reflection fluorescence microscopy (VA-TIRFM), we found
that AtRGS1-YFP spots localized to the PM and formed dispersed punctate structures with increased
fluorescence intensities (Figure 3B). Sequential images with a 15 s recording in 0.15 s intervals showed
that the individual particles remained on the PM with lateral and temporal dynamics (Figure 3C,D).
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To obtain more data on JA-induced endocytosis of AtRGS1, we implemented kymograph analysis
to investigate the PM residence time of AtRGS1 particles in response to JA treatment. There was
no significant difference between seedlings without treatment (CK, t = 2.06 s) and with CHX only
(t =2.02 s), whereas JA treatment led to significantly shorter dwell times (t = 1.56 s) compared to the
control seedlings (CK and CHX only) (Figure 6A,B,E). These results provide evidence that JA facilitates
rapid internalization of AtRGSI.

e

AtRGS1-YFP

AtRGS1

Figure 3. The distribution of AtRGS1 on the PM. (A) Confocal images of AtRGS1-YFP in Arabidopsis
leaf epidermal cells. Bar = 5 um. (B) A typical single-particle image for AtRGS1-YFP at the PM.
(C) Sequential images of the boxed area in (B) with a 15 s recording in 1.5 s intervals by VA-TIRFM.
Bar = 2 um. (D) Three-dimensional luminance plots in (C) showing varied fluorescence intensity
among different spots. Bar = 2 um.

Endocytosis has been shown to cause physical separation of the Ga subunit from AtRGS1 for
sustained G protein-dependent signaling. To test whether JA-induced endocytosis of AtRGS1 also
results in its dissociation from AtGPA1, we performed forster resonance energy transfer-fluorescence
lifetime imaging microscopy (FRET-FLIM) assay to analyze their interaction by determining the donor
fluorescence lifetime (1) and the FRET frequency with a higher spatial temporal accuracy in living
cells. When expressed alone in Nicotiana benthamiana leaves, the donor AtRGS1-GFP signal exhibited
a generally long fluorescence lifetime (T = 2.53 + 0.001 ns) as depicted by the reddish pseudo-color on
the heat map, whereas a ‘blue-shift’ was observed in the AtRGS1-GFP/AtGPA1-mCherry heterologous
co-expression system, indicating a strong reduction in GFP lifetime (T = 2.36 + 0.005 ns) (Figure 4
and Figure S2). These results confirm that AtRGS1 directly interacts with AtGPA1 under steady-state
conditions. In contrast, treatment of MeJA resulted in a marked increase in GFP lifetime in the
AtRGS1-GFP/AtGPA1-mCherry co-expressed leaves (T = 2.50 + 0.006 s) (Figure 4). Meanwhile, FRET
efficiency significantly decreased from 6.8% to 1.4% (Figure 4B). These observations indicate that JA
triggers the dissociation of AtRGS1 and G protein pre-formed complex.

Taken together, our findings reveal that JA can stimulate the endocytosis of AtRGS1 protein
and subsequently enable AtRGS1 to move away from AtRGS]. It is reasonable to propose that other
potential ligands, such as plant hormones, in addition to p-glucose and fIg22, could also activate G
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signaling as a consequence of AtRGS1 endocytosis. Therefore, the endocytosis of AtRGS1 could be the
crux of signal modulation of heterotrimeric G proteins in response to diverse stimuli.
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Figure 4. JA induces the dissociation of AtRGS1 from AtGPA1. (A) Fluorescence lifetime heat maps of
AtRGS1-GFP alone or AtRGS1-GFP/AtGPA1-mCherry in N. benthamiana leaves prior and after MeJA
treatment for 8 h. Bar = 10 um. The scale varies from lowest lifetime of 2.1 s to the highest lifetime
of 2.7 s. (B) The average fluorescence lifetime (1) and FRET efficiency (IPS) of AtRGS1-GFP alone or
AtRGS1-GFP/AtGPA1-mCherry in N. benthamiana leaves prior and after MeJA treatment for 8 h. Error
bars represent SD (1 = 9-12). Significant differences are denoted by letters (** p < 0.01, Student’s  test).

2.3. The Phosphorylation and C-Terminal Domain Are Required for JA-Induced AtRGS1 Endocytosis

The C-terminal phosphorylation of AtRGS1 has been shown to play a critical role in its endocytosis.
Glucose-induced endocytosis of AtRGS1 is initiated by its transphosphorylation by three WNKs at
the C-terminal domain [15]. Stimulation by flg22 induces the phosphorylation of AtRGS1 by the
receptor-like kinase BAK1 at the C-terminal domain, leading to its endocytosis [16,17]. Therefore,
we were curious as to whether the phosphorylation and C-terminal domain of AtRGS1 are necessary
for JA-induced endocytosis.

To determine whether the phosphorylation state of AtRGS1 is required for its endocytosis upon JA
treatment, we employed the serine/threonine protein kinases inhibitor, K252a. Similar to our previous
observation, AtRGS1-YFP displayed an obvious intracellular accumulation in response to MeJA and
CHX co-treatment (Figure 5A). In contrast, a few intracellular puncta were observed in AtRGS1-YFP
seedlings after incubation of MeJA with pretreatment of CHX plus K252a (Figure 5A). Statistical
analysis of the internalized AtRGS1-YFP fluorescence percentage also showed almost 50% inhibition of
AtRGS1-YFP by co-treatment with MeJA, CHX, and K252a compared to that without K252a addition
(Figure 5B). We next tested the effect of K252a on the dwell time of AtRGS1 in response to JA treatment
by kymograph analysis. With reduced endocytosis, K252a application led to a significantly longer
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PM lifetime for AtRGS1-YFP upon JA treatment than that without the specific inhibitor (f = 1.93 s vs.
t =1.56 s) (Figure 6A,B,E). Thus, phosphorylation is an essential step in JA-induced AtRGS1 endocytosis.
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Figure 5. Phosphorylation and the C-terminal domain are required for AtRGS1 endocytosis.
(A) Confocal images of AtRGS1-YFP localization without treatment (CK), with CHX treatment,
with MeJA treatment for 8 h plus CHX pretreatment, and with MeJA treatment for 8 h plus CHX and
K252a pretreatment in an Arabidopsis hypocotyl epidermal cell. Bar = 10 pm. (B) Quantification of the
internalized AtRGS1-YFP without treatment (CK), with CHX treatment, with MeJA treatment for 8 h
plus CHX pretreatment, and with MeJA treatment for 8 h plus CHX and K252a pretreatment. Error bars
represent SD (1 = 5-8). Significant differences are denoted by letters (Duncan multiple-comparisons test;
values within the column followed by the same letter show no significant difference (p > 0.05), whereas
those with different letter indicate significant difference (p < 0.05)). (C) Confocal images of AtRGS1-YFP
and AtRGS1-ACt-YFP without treatment (CK), with CHX treatment, and with MeJA treatment for 8 h
plus CHX pretreatment in an Arabidopsis hypocotyl epidermal cell. Bar = 10 um. (D) Quantification
of the internalized AtRGS1-YFP or AtRGS1-ACt-YFP without treatment (CK), with CHX treatment,
and with MeJA treatment for 8 h plus CHX pretreatment. Error bars represent SD (1 = 5-8). Significant
differences are denoted by letters (Duncan multiple-comparisons test; values within the column

followed by the same letter show no significant difference (p > 0.05), whereas those with different letter
indicate significant difference (p < 0.05)).
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To investigate the role of the C-terminal domain of the AtRGS1 protein in its endocytosis upon JA
stimulation, we used a C-terminal truncation mutant AtRGS1-ACt-YFP assay (Figure S1). As shown in
Figure 5C, MeJA did not induce significant internalization of AtRGS1-YFP when the C-terminal domain
was truncated, whereas the full-length AtRGS1 induced an increase in the number of fluorescent
spots in the cytoplasm at the same time. Quantification assays confirmed that JA treatment induced
a two-fold increment in AtRGS1 internalization but not in that of AtRGS1-ACt-YFP (Figure 5D). We next
examined the effect of C-terminal truncation on its surface lifetime exposed to JA treatment. In contrast
to the relative low stability of AtRGS1-YFD, the life time of AtRGS1-ACt-YFP was much longer (t = 1.56
s vs. t =2.07 s) (Figure 6C,D,F). These results indicate that the C-terminal domain on AtRGS1 is
necessary for JA-induced internalization.

Based on these data, we provide compelling evidence to support that both phosphorylation and
C-terminal domain are prerequisites for JA-induced endocytosis of AtRGS1. AtRGS1 has a C terminus
highly enriched in serine residues that are analogous to phosphorylated sequence of GPCRs [6],
some of which are phosphorylated upon activation by p-glucose and flg22 for internalization [15,16].
These findings prompt us to propose that JA mediates endocytosis of AtRGS1 via the phosphorylation
of its C-terminal region. However, identification of the candidate kinase and phosphorylated sites
is warranted.

2.4. JA Treatment Affects PM Dynamics of AtRGS1 and AtRGS1-ACt

PM proteins are not static; instead, they exhibit dynamic behaviors. Except for subcellular
trafficking, changes in the diffusion dynamics within the PM also occur when cells sense an extracellular
signal. Single-particle tracking (SPT) techniques could trace the movements of single protein particles
from sequential images by VA-TIRFM. Thus, various diffusion properties of PM proteins in plant cells,
such as velocity, trajectory, diffusion coefficient, and mean square displacement, have been quantified
by SPT analysis with a high spatiotemporal resolution [21]. Herein, using VA-TIRFM and SPT analysis,
we quantitated the diffusion coefficient and motion range of AtRGS1-YFP and AtRGS1-ACt-YFD,
which reflected their lateral mobility within the PM.

As shown in Figure 7A,C, the motion ranges and diffusion coefficients of AtRGS1-YFP always
yielded a single population with different treatments. No distinct differences were found between
seedlings without treatment (CK) and with CHX treatment only, whereas the dynamic behaviors
of AtRGS1-YFP particles triggered by MeJA significantly changed (Figure 7B,D). For motion range,
we found an overall increase after JA treatment, with G from 0.40 pm (CK) to 0.49 um (Figure 7B).
Moreover, the diffusion coefficient of AtRGS1-YFP upon JA stimulation was markedly higher than
that under the non-treated condition (CK) (G =2.97 + 0.18 x 107 pm?/s vs. 1.97 + 0.08 x 10 um?/s)
(Figure 7D). Taken together, AtRGS1 proteins exhibit comparable trends to increased lateral mobility
within the PM in response to JA treatment.

Parallel experiments were also performed on AtRGS1-ACt-YFP. Consistent with AtRGS1-YFP,
the motion ranges and diffusion coefficients of AtRGS1-ACt-YFP were also characterized by a single
population (Figure 7E,G). Seedlings without treatment (CK) and treated with CHX only showed similar
dynamic features (Figure 7EH). Compared to the non-treated condition (CK), there was a distinct trend
towards an increased motion range (G =044 um vs. G = 0.49 um) and decreased diffusion coefficient
(G =2.59 + 0.08 x 1073 um?2/s vs. 1.68 + 0.17 x 107> um?/s) (Figure 7EH). These observations suggest
that JA treatment leads to a longer motion trajectory and lower diffusion coefficient of AtRGS1-ACt.

Collectively, full-length AtRGS1 and C-terminus-truncated AtRGS1 proteins had similar variations
in motion range upon JA treatment and showed the opposite behavior for diffusion coefficients.
Dynamic analysis of these molecules as individual entities will shed light on the underlying mechanisms
of G protein signaling.
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Figure 7. JA treatment affects PM dynamics of AtRGS1 and AtRGS1-ACt. (A,E), Distribution of the
motion range of AtRGS1-YFP (A, n=12589) and AtRGS1-ACt-YFP (E, n= 12776) without treatment
(CK), with CHX treatment, and with MeJA treatment for 8 h plus CHX pretreatment. (B,F), The average
frequency of the AtRGS1-YFP and AtRGS1-ACt-YFP motion range under different conditions as (A,E).
Error bars represent SD (n = 8-20). Significant differences are denoted by asterisks (*** p < 0.001, ns, no
significant difference, Student’s t test). (C,G): Distribution of the diffusion coefficients of AtRGS1-YFP
(C) and AtRGS1-ACt-YFP (G) without treatment (CK), with CHX treatment, and with MeJA treatment
for 8 h plus CHX pretreatment. (D,H): The average frequency of AtRGS1-YFP and AtRGS1-ACt-YFP
diffusion coefficients under different conditions as (C,G). Error bars represent SD (1 = 8-20). Significant
differences are denoted by asterisks (*** p < 0.001, ns, no significant difference, Student’s t test).

3. Materials and Methods

3.1. Plant Materials and Growth Conditions

Arabidopsis thaliana ecotype Columbia-0 (Col-0) was used as a wild-type control. The gpal-4, aghl-2,
and gpal-4/agbl-2 mutants [15], and the 355::AtRGS1-YFP [15] and 35S::AtRGS1-ACt-YFP [16] transgenic
lines were kindly provided by Dr. Alan M. Jones, University of North Carolina at Chapel Hill (Chapel
Hill, NC, USA). Seeds were surface-sterilized with ethanol and H,O, mixture (70% ethanol:30%
H,O; = 4:1), and then stratified at 4 °C for 3 days in the dark. For root length measurements,
anthocyanin measurement, and real-time PCR analysis, seeds were plated and grown on 1 MS
medium supplemented with 1% sucrose under a 16-h light (23-25 °C)/8-h dark (17-20 °C) photoperiod.
For confocal and VA-TIRFM analyses, seeds were sown on liquid % MS medium without sucrose,
followed by 2 h light, and then grown in the dark for 3 days followed by drug treatment and imaging.
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3.2. Anthocyanin Measurements

The anthocyanin quantification of 11-day-old Arabidopsis seedlings grown on MS medium with 0
or 25 mM MeJ A was performed as previously described [22]. Anthocyanin content was reported as
(A535-A650)/g fresh weight. For each treatment, the experiment was repeated thrice.

3.3. Root Length Measurement

The primary root length of 9-day-old Arabidopsis seedlings grown on MS medium with 0, 10, and
25 mM MeJ A was measured by Image] software (Image high-energy version 1.4.3.67, National Institutes
of Mental Health, Bethesda, MD, USA). For each treatment, the experiment was repeated thrice.

3.4. Quantitative Real-Time PCR Analysis

Three-week-old plants grown on MS medium were drenched in solution containing 100 mM MeJA
or water for 8 h in the daytime and then harvested. Total RNA extraction and cDNA synthesis were
conducted with an RNA prep Pure Plant Kit (Tiangen Biotech Co., Ltd., Beijing, China) and PrimeScript
1st Strand ¢cDNA Synthesis Kit (Takara Bio Co., Ltd., Shiga, Japan), respectively. Quantitative real-time
PCR analysis was performed with the Bio-Rad CFX Connect real-time PCR system (Bio-Rad, Hercules,
CA, USA) by SYBR Premix Ex Taq II (Tli RNase H Plus) (Takara Bio Co., Ltd., Shiga, Japan). ACTIN1
served as the internal control. Gene-specific primers are listed in Table S1. For each treatment,
the experiment was repeated thrice.

3.5. Transient Infiltration of N. benthamiana Leaves

The AtRGS1-GFP and AtGPA1-mCherry plant expression constructs were developed by inserting
the AtRGS1 and AtGPA1 coding sequence without a stop codon to pCAMBIA2300-355-GFP and
pCAMBIA1300-35S-mCherry vectors, respectively. The primers are shown in Table S1. Leaves of
seven-week-old N. benthamiana were co-infiltrated with equal volumes of different combinations of
Agrobacterium strains (AtRGS1-GFP with AtGPA1-mCherry). Plants were maintained at 22 °C for two
days in the dark before imaging.

3.6. Drug Treatment

Dark-grown 3-day-old seedlings were incubated in deionized water containing the indicated
compounds for the following times and concentrations: 4-10 h for 50 um CHX; 2 h pretreatment with
50 um CHX and then 2-8 h for 100 um MeJA plus CHX; and 2 h pretreatment with 50 pm CHX, 30 min
pretreatment with 10 um K252a, and then 8 h for 100 pm MeJA plus CHX and K252a.

3.7. Confocal Microscopy

A Zeiss LSM710 confocal laser scanning microscope with a C-Apochromat 40/1.2 water immersion
objective was used to image the vertical optical sections (Z stacks) of hypocotyl epidermal cells located
2 to 4 mm below the cotyledons. The YFP fluorescence signals were excited by a 514 nm laser line
and were collected at 526 to 569 nm by the photomultiplier detector. A series of Z-section images
were acquired from the top layer of cells with 0.5-um steps. Images at 2 to 3 um below the apical
plasma membrane were used to quantify the internalization of AtRGS1-YFP or AtRGS1-ACt-YFP by the
software Image] (Image high-energy version 1.4.3.67, National Institutes of Mental Health, Bethesda,
MD, USA). For internalization analysis, the ratio between the fluorescence signal intensity in the
cytoplasm and the whole cell represented the fraction of internalized AtRGS1-YFP or AtRGS1-ACt-YEP.
For each treatment, the experiment was repeated thrice.

3.8. VA-TIRFM and Fluorescence Image Analysis

The epidermal cells of hypocotyl were imaged on an Olympus microscope using a 100x 1.45
NA oil immersion objective. AtRGS1-YFP or AtRGS1-ACt-YFP proteins were excited with a 488 nm
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laser line from a diode laser (Chang-chun New Industries Optoelectronics Technology), and the
emission fluorescence was collected with an EM-CCD camera (ANDOR iXon DV8897D-CS0-VP, Andor
Technology, Belfast, UK) using bandwidth filters ranging from 505 to 540 nm. Images were acquired
with 150 ms exposure times and a time-lapse series of single particles of AtRGS1-YFP was taken
with up to 100 images per sequence. The stand-alone MATLAB (R2014) Graphical User Interface
program was used for SPT analysis according to the method described by Jagaman [23]. Kymograph
and lifetime analyses were performed as previously described [24]. After tracking the trajectories
of individual particles, the mean square displacement (MSD) was computed [25]. The diffusion
coefficient of a specific particle was calculated by linear fit to MSD versus time (MSD-t) plots [25].
The motion range was determined as the largest displacement during the lifetime [25]. The distribution
of the diffusion coefficients or motion range was plotted in a histogram [25]. The data were fitted
by a Gaussian function, and the position of the peak (denoted as G) was considered as characteristic
values for further analysis [25]. For each treatment, the experiment was repeated twice.

3.9. FLIM-FRET Measurement

FLIM was performed on an inverted Olympus FV1200 microscope equipped with a PicoQuant
picoHarp300 controller (PicoQuant, Berlin, Germany). Excitation at 488 nm was conducted with
a picosecond pulsed diode laser, and the emitted light was filtered with a 505/540 nm bandpass
filter and detected with an MPD SPAD detector. Single-pixel fluorescence lifetimes were averaged
across a representative region of interest (ROI). The resulting images showed the corresponding
fluorescence lifetime, T, for each pixel in a rainbow color code from navy (t = 2.1 ns) to red (T = 2.7 ns).
FRET efficiency (%) was calculated as described previously [26]. For each treatment, the experiment
was repeated twice.

3.10. Western Blot Analysis

Total proteins were extracted from the transgenic seedlings expressing AtRGS1-YFP and
AtRGS1-ACt-YFP. The amount of AtRGS1 and AtRGS1-ACt proteins was determined using a specific
anti-GFP antibody (Sigma, St.Louis, MI, USA).

3.11. Data Analysis

Significant differences are denoted by letters (p < 0.05; Duncan multiple-comparison test) and by
asterisks (* p < 0.05, *** p < 0.001, ns, not significant; Student’s t test). The standard deviation (SD) was
used to calculate the error bars.

3.12. Accession Numbers

This data used in this study are available from the Arabidopsis Information Resource (TAIR)
database under accession numbers AT3G26090.1 (AtRGS1), AT2G26300 (AtGPA1), AT4G03415 (AGB1),
AT5G24780 (VSP1), and AT3G45140 (LOX2).

4. Conclusions

In conclusion, these results demonstrate that the G protein-mediated pathway is involved in JA
signaling, which possibly requires G protein activation via phosphorylation and C-terminus-dependent
AtRGS1 endocytosis indirectly by JA.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/15/3779/
s1. Figure S1: Western blot analysis of the AtRGS1-YFP and AtRGS1-ACt-YFP; Figure S2: Co-transient expression
of AtRGS1-GFP and AtGPA1-mCherry in N. benthamiana leaves; Table S1: Primers used in this study.
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Abstract: In Arabidopsis basal hypocotyls of dark-grown seedlings, xylary cells may form from the
pericycle as an alternative to adventitious roots. Several hormones may induce xylogenesis, as Jasmonic
acid (JA), as well as indole-3-acetic acid (IAA) and indole-3-butyric acid (IBA) auxins, which also
affect xylary identity. Studies with the ethylene (ET)-perception mutant ein3eill and the ET-precursor
1-aminocyclopropane-1-carboxylic acid (ACC), also demonstrate ET involvement in IBA-induced
ectopic metaxylem. Moreover, nitric oxide (NO), produced after IBA/IAA-treatments, may affect JA
signalling and interact positively/negatively with ET. To date, NO-involvement in ET/JA-mediated
xylogenesis has never been investigated. To study this, and unravel JA-effects on xylary identity,
xylogenesis was investigated in hypocotyls of seedlings treated with JA methyl-ester (JAMe)
with/without ACC, IBA, IAA. Wild-type (wt) and ein3eill responses to hormonal treatments were
compared, and the NO signal was quantified and its role evaluated by using NO-donors/scavengers.
Ectopic-protoxylem increased in the wt only after treatment with JAMe(10 uM), whereas in ein3eill
with any JAMe concentration. NO was detected in cells leading to either xylogenesis or adventitious
rooting, and increased after treatment with JAMe(10 uM) combined or not with IBA(10 puM).
Xylary identity changed when JAMe was applied with each auxin. Altogether, the results show
that xylogenesis is induced by JA and NO positively regulates this process. In addition, NO also
negatively interacts with ET-signalling and modulates auxin-induced xylary identity.

Keywords: adventitious rooting; auxin; ectopic metaxylem; ectopic protoxylem; ethylene; hypocotyl;
jasmonates; nitric oxide; xylogenesis

1. Introduction

In vascular plants, the process leading to the differentiation of the xylem conducting elements
(xylary elements, XEs) is still not fully understood. The XEs differentiate either from the procambium,
and are named protoxylem and metaxylem, or from the vascular cambium (deuteroxylem). However,
XEs may be produced also by other cell types, both in planta and, mainly, in vitro. Auxin is
necessary for XE induction and early development [1], acting through the expression of the same
genes both in planta and in vitro [2]. In in vitro cultured systems, XE formation occurs either via
a direct trans-differentiation event, like in zinnia (Zinnia elegans) mesophyll cells [3], or via a cell
de-differentiation process, followed by mitotic proliferation, as in Arabidopsis thaliana stem thin cell
layers (TCLs) [4]. Additionally, other cell types than those of the procambium/cambium may be
triggered in planta to either trans-differentiate into XEs, e.g., after a mechanical wounding [3], or to
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proliferate. The latter process causes the formation of cells that only subsequently differentiate into
supernumerary XEs and has been observed in the hypocotyls of Arabidopsis dark-grown seedlings
treated with naphthaleneacetic acid (NAA) [5]. The xylogenic response in planta, defined as ectopic
xylary cell formation, occurs because vascular pattern formation is not cell clonal. XE-arrangement
can be, in fact, altered by local signals, e.g., derived by phytohormones, or modified in response to
environmental stimuli [6]. Xylogenesis is always preceded by an endogenous auxin (indole-3-acetic
acid, IAA) accumulation [7-9]. In the basal hypocotyl of Arabidopsis dark-grown seedlings, ectopic
XEs formation in the pericycle periclinal derivatives is controlled by either IAA, or indole-3-butyric
acid (IBA), one of the possible IAA precursor ([10,11] and references therein), or the synthetic auxin
NAA [5,7]. Moreover, in lettuce, pith cells trans-differentiate into XEs in the presence of NAA and
either the ethylene (ET) precursor 1-aminocyclopropane-1-carboxylic acid (ACC), or the ET-releasing
compound ethephon, thus demonstrating that ET and auxin are both required for xylogenesis in this
species [12]. Xylem cells differentiation requires the realization of programmed cell death (PCD) [3];
it has been shown that ET is involved in PCD signalling during early and late stages of XE differentiation,
at least in zinnia cell cultures [13,14]. Furthermore, exogenous ACC/ET stimulates xylem formation in
stems/cuttings of gymnosperms and angiosperms [15-17]. In Arabidopsis dark-grown seedlings, it has
been recently demonstrated that ET is involved in ectopic xylem formation through the activation of the
ETHYLENE INSENSITIVE 3 (EIN3) and EIN3-LIKE 1 (EIL1) transcription factors (TFs) [11]. Both these
TFs activate numerous ET-responsive genes [18] and when mutated cause complete ET-insensitivity
([19] and references therein) and persistent auxin-sensitivity [20]. In the basal hypocotyl of Arabidopsis
dark-grown seedlings, the treatment with IAA (10 uM) induces exclusively ectopic protoxylem
formation, whereas exogenous IBA (10 uM) only ectopic metaxylem, showing that the two auxins
have different effects on XE identity. Both ectopic protoxylem and metaxylem are induced by ACC,
when applied to the seedlings at 0.1 uM concentration together with IAA (10 M), but only ectopic
metaxylem is formed when seedlings are treated with ACC in combination with IBA (10 uM) [11].

It has been reported that both antagonistic and synergistic interactions occur also between ET
and jasmonates (JAs) in numerous morphogenic and defense responses, mainly relying on EIN3/EIL1
functions [21].

In zinnia cell cultures genes involved in jasmonic acid (JA) synthesis and signalling are expressed
at early stages of the xylogenic process [1]. In Arabidopsis, JAs trigger cambium cell division leading to
deuteroxylem formation in shoots [22]. In addition, the early release of JA, after treatment with JA
methyl ester (JAMe), and due to its demethylation [23], induces extra xylem in roots [24] modulating
XE formation by controlling polar auxin transport in the vascular tissues [25]. However, the effect
of JA seems to be dose-dependent, because low xylogenesis occurs after treatment with 1 uM JAMe,
while high xylogenesis with 10 uM JAMe [24]. Moreover, when JAMe is applied at 10 uM concentration,
xylogenesis is stimulated also in Arabidopsis TCLs cultured with IBA and Kinetin [26].

Nitric oxide (NO) is a reactive free radical molecule, which serves as a messenger in several cell
differentiation events [27], including PCD [28]. In Zinnia elegans, a NO burst occurs before secondary
cell wall formation and cell autolysis both in the differentiating xylem of the vascular bundles and in
mesophyll cells undergoing trans-differentiation into XEs ([29] and references therein). The production
of NO might be stimulated by auxin and be also spatially and temporally controlled ([27] and references
therein). Moreover, NO can also affect organ elongation by regulating auxin transport, as seen in rice
roots [30].

Exogenous NO may negatively impact ET synthesis; however, it may also stimulate ET production
([27] and references therein), and affect ET-signalling at the level of ETHYLENE INSENSITIVE 2
(EIN2) [31]. In the presence of ET, EIN2 activates a TF cascade, involving EIN3 and EIL1, which leads
to specific plant developmental responses [32]. However, a possible interaction between NO and
ET-signalling mediated by EIN3/EIL1 has been never demonstrated in the process of xylogenesis.
Recent studies show that ET and NO may act as transducers of PCD signalling in early stages of
xylogenesis, and as co-actors at later stages of cell death [33,34]. In addition, ET and NO are both
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involved in adventitious rooting in competition with xylogenesis in numerous plant species, including
Arabidopsis ([11,35] and references therein).

A crosstalk between NO and JA may occur in some developmental processes possibly mediated
by OPR3, a gene coding for OPDA-reductase 3 (OPR3), which converts 12-oxophytodienoic acid
(OPDA) into the first precursor of JA ([26] and other references therein). In Arabidopsis, OPR3
expression is increased by NO, resulting into an increased JA production ([36] and references therein),
although an OPR3-independent JA biosynthetic pathway has also been recently discovered in this
species [37]. Moreover, in Taxus cells, exogenous JAMe is known to stimulate NO synthase to induce
NO production [38]. Therefore, it seems that JA and NO can modulate each other production, but their
possible interaction in xylogenesis is not yet characterized.

The aim of the present research is to determine the involvement of JA, ET and NO in the
control of endogenous/exogenous-auxin-induced xylogenesis through a possible crosstalk mediated
by EIN3/EIL1. To this aim, ectopic xylem formation was investigated in the hypocotyl of dark-grown
Arabidopsis seedlings exposed to various concentrations of JAMe with/without ACC, and exogenous IBA
or IAA. The xylogenic response in the wild-type (wt) was compared with the ein3eill mutant, the NO
production monitored, and the NO putative role evaluated by measuring the effects of treatments with
NO-donors/scavengers.

Results show that the ectopic formation of protoxylem was enhanced by JAMe when applied alone
at a specific concentration (10 pM). The ein3eill mutant was sensitive to JAMe. In fact, the stimulation
of XEs mediated by JAMe occurred also in the mutant, suggesting that a negative interaction between
JA and ET-signalling is involved in xylogenesis. This was strengthened by the reduction in xylogenesis
observed in the wt after the combined application of JAMe with the ET-precursor ACC, in comparison
with JAMe single treatments. Nitric oxide was detected at early stages of both xylogenesis and
adventitious rooting in the hypocotyl pericycle cells, and its production was highly enhanced by JAMe
(10 uM).

Surprisingly, xylogenesis did not increase quantitatively with any JAMe treatment combined with
either IBA or IAA. Conversely, the xylary identity changed, in comparison with either auxin single
treatments. In addition, the IBA/IAA-induced adventitious rooting was increased by the same JAMe
concentration enhancing xylogenesis when applied alone. This suggests a role for JA in modulating
adventitious rooting and xylogenesis programs in the same target cells through an interaction with NO.

The role of JA in inducing xylogenesis and in modifying xylary cell identity is further discussed.

2. Results

2.1. A Specific Concentration of Exogenous JAMe Enhances Ectopic Protoxylem Formation but its Combination
with ACC Reduces it, without Affecting Xylary Identity

The hypocotyl base of seedlings grown in hormone free (HF) condition showed a sporadic cell
proliferation in the pericycle (Figure 1), with occasional ectopic protoxylem formation (Figure 2A,
and Table 1). Pericycle proliferation did not increase with 0.01 pM and 1 uM JAMe, but a significant
increase was observed with 10 uM JAMe (Figure 1). Independently from the treatment, the proliferation
was always associated with ectopic xylary cells (XEs) formation (Table 1).

In the mutant seedlings, the cell proliferation with XEs from the pericycle significantly increased
compared to the wt with any JAMe treatment condition (Figure 1). Thus, in contrast with the
JA-insensitivity observed in other morphogenic processes, e.g., root hair formation [39], the ein3eill
mutant perceived JA, giving rise to a pericycle xylogenic proliferation with significant increases even
at the lowest JAMe dose tested. Independently from treatment and genotype, only ectopic protoxylem
was formed (Figure 2B-E and Table 1). This showed that the JA deriving from the exogenous JAMe
did not change the xylary cell identity determined by endogenous hormones, even in the impaired
ET-perception mutant.
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Figure 1. Pericycle periclinal proliferation in the basal hypocotyl of Arabidopsis Col-0 (wt) and ein3eill
double mutant seedlings either cultured with different JAMe concentrations (0.01, 1, 10 pM) or in
hormone-free (HF) condition. Mean radial extension (+ Standard error (SE)) of the vasculature and the
pericycle periclinal proliferation in the basal 5 mm of the hypocotyl. Different letters among different
treatments within the same genotype, or between the two genotypes within the same treatment,
indicate significant differences at least at p < 0.001. The same letters indicate no significant difference.
Two-way ANOVA followed by Tukey’s post-test. n = 30.

Figure 2. Xylogenesis in the basal hypocotyl of Arabidopsis Col-0 (wt) and ein3eill double mutant
seedlings dark-grown for 22 DAS with different treatments.
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(A) Ectopic protoxylem elements occasionally formed by periclinal pericycle cell divisions in the
basal 5 mm of Col-0 hypocotyl in the absence of exogenous hormones (hormone-free, HF). (B-U)
Ectopic protoxylem or ectopic metaxylem elements formed in Col-0 (B-D,F-H,K,M,N,Q-S) or ein3eill
(ELJ,L,O,P,T,U) basal hypocotyl treated with: 0.01 uM JAMe (C), 1 uM JAMe (D), 10 uM JAMe (B,E),
0.1 uM ACC (F,G,I), 0.1 uM ACC + 10 uM JAMe (H,J), 10 uM IBA (K,L), 10 uM IBA + 0.01 uM JAMe
(M,N,P), 10 uM IBA + 10 pM JAMe (O), 10 uM TAA (Q), 10 uM TAA + 0.01 uM JAMe (R, T), 10 utM TAA
+ 10 uM JAMe (S,U). emx, ectopic metaxylem; epx, ectopic protoxylem; mx, metaxylem; px, protoxylem.
Radjial longitudinal sections stained with toluidine blue. Scale bars = 10 um (B-U), 20 um (A).

Table 1. Quantification of ectopic xylary elements (XEs) detected in the basal hypocotyl of Col-0 and
ein3eill seedlings. Mean number (+ standard error (SE)) of XEs and percentage of ectopic protoxylem
and metaxylem elements detected in an area of 150 x 150 um? in the middle portion of the basal
hypocotyl with different treatments. ACC, IBA and IAA were always used at 0.1 uM, 10 uM and 10 uM,
respectively. Different letters among values within the same column indicate significant differences
at least at p < 0.05. The same letter indicates no statistical difference. One-way ANOVA followed by
Tukey’s post-test. n = 30.

Col-0 Ectopic ein3eill Ectopic

XEs Mean XEs Mean Col-(? Col-q emSet{I em3e1{1
Treatment Ectopic Ectopic Ectopic Ectopic
Number Number Protoxylem % Metaxylem % Protoxylem % Metaxylem %
(« SE) (« SE) otoxylem % etaxylem % otoxylem % etaxylem %
HF (control) 0.5+02° 0.6+032 100 0 100 0
"fjiM“lY‘ 13+032 23070 100 0 100 0
1uM JAMe 1.0+032 24£07° 100 0 100 0
}OA”M“: 28+03° 25040 100 0 100 0
0.1 uM ACC 1140342 0.6+022 455 545 100 0
10 uM
JAMe + 08+0.2° 24+03b 100 0 100 0
ACC
10 uM IBA 44+06° 20+0.1P 0 100 100 0
133 ]*A(I’\',?: 35+04" 242030 176 82.4 207 793
[B’? :&:‘M 37+08° 23+04° 27 773 22 778
:BMAJZ;& 40+06° 36020 619 38.1 50 50
10 uM IAA 28+05P 20+04P 100 0 100 0
I:N‘?JZ%?: 254040 182040 100 0 35 65
IA? :N};M 25+02b 22+03b 333 66.7 25 75
i&‘ﬁ;&(’e 26+05° 3.8+08P 7.7 923 9 91

In the basal portion of wt seedlings treated with ACC a pericycle periclinal proliferation with
xylogenesis comparable to HF condition was observed (Figure 3). However, both protoxylem and
metaxylem elements were formed (Figure 2FG, and Table 1). The extension of the vasculature,
including the portion with pericycle proliferation, and the number of XEs formed were significantly
reduced after ACC treatment in comparison with 10 uM JAMe (Figure 3 and Table 1). Moreover,
there was also a significant decrease in proliferation with xylogenesis when the two compounds were
combined in comparison with both ACC or JAMe alone (Figure 3). Interestingly, only protoxylem was
formed in the combined treatment, as with JAMe (Figure 2B,H, in comparison, and Table 1).
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Figure 3. Pericycle periclinal proliferation in the basal hypocotyl of Arabidopsis Col-0 (wt) and ein3eill
double mutant seedlings either cultured with ACC (0.1uM), or with JAMe (10 uM) alone or combined
with ACC (0.1uM), and without exogenous hormones (hormone-free, HF). Mean radial extension
(+ Standard Error (SE)) of the vasculature plus pericycle periclinal proliferation in the basal 5 mm of
the hypocotyl. Different letters among different treatments within the same genotype, or between the
two genotypes within the same treatment, indicate significant differences at least at p < 0.05. The same
letters indicate no significant difference. Two-way ANOVA followed by Tukey’s post-test. n = 30.

In the ein3eill mutant, the periclinal proliferation with xylogenesis observed in the presence of
ACC was comparable to that obtained in HF condition (Figure 3), in accordance with the mutant
insensitivity to the ACC-derived ET. However, the xylogenic proliferation observed in the ACC and
JAMe combined treatment was higher than the wt, reaching values not significantly different from
those of JAMe alone (Figure 3). This confirmed the mutant responsiveness to JAMe and the stimulating
effect of the latter on xylogenesis (Figures 1 and 3, and Table 1). In addition, only ectopic protoxylem
was formed by the mutant (Figure 2I,] and Table 1).

Taken together, the results supported the hypothesis that JA positive role on xylogenesis was
negatively affected by ET perception, with no effect on JAMe-determined xylary cell identity.

2.2. JAMe Changes the Xylary Cell Identity Determined by Exogenous IBA or IAA and Promotes Adventitious
Rooting when Applied with IAA/IBA

Experiments were carried out to identify possible roles of JAMe on xylary cell identity in
cooperation/antagonism with either IAA or IBA control, and in the presence/absence of ET perception
through EIN3 and EIL1.

The pericycle periclinal proliferation with xylogenesis and the number of XEs formed (Table 1) in
the wt basal hypocotyl were comparable after IBA, IAA or 10 uM JAMe treatments, and noticeably
higher than in HF condition (Figures 1, 4 and 5).

In the ein3eill mutant, the pericycle proliferation was significantly lower than the wt for
IBA treatment (Figure 4), but higher for IAA (Figure 5). Additionally, the treatment with JAMe,
in combination with either IBA or IAA, did not cause significant increases in the number of XEs in
comparison with each auxin alone (Table 1).

The presence of JAMe in combination with either auxin resulted into changes in the xylary identity.

In fact, both in the wt and in the mutant, each JAMe concentration caused the formation of
both protoxylem and metaxylem when combined with IBA (Figure 2M-P, and Table 1). Conversely,
treatments with IBA induced only metaxylem in the wt, and only protoxylem in the mutant (Figure 2K-L,
and Table 1). In the wt, when 0.01 uM JAMe was combined with IAA, only protoxylem was formed,
as for IAA single treatment (Figure 2R,Q in comparison, and Table 1). For treatments with 1 uM
JAMe, metaxylem could be detected and became more abundant than protoxylem after treatment with
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10 uM JAMe (Figure 2S, and Table 1). Interestingly, in the mutant, where only protoxylem was formed
after IAA treatment (Table 1), metaxylem was instead abundantly and increasingly produced, after
combined treatments with IAA and increasing concentrations of JAMe (Figure 2T,U, and Table 1).

Collectively, the results showed that JAMe was able to change auxin-induced ectopic xylary cell
identity, with an enhancing effect with higher concentrations.
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Figure 4. Pericycle periclinal proliferation in the basal hypocotyl of Arabidopsis Col-0 (wt) and ein3eill
double mutant seedlings either cultured with IBA (10 uM) or with IBA combined with 0.01, 1 or
10 uM JAMe. Mean radial extension (+ standard error (SE)) of the vasculature plus pericycle periclinal
proliferation in the basal 5 mm of the hypocotyls. Different letters among different treatments within
the same genotype, or between the two genotypes within the same treatment, indicate significant
differences at least at p < 0.05. The same letters indicate no significant difference. Two-way ANOVA
followed by Tukey’s post-test. n = 30.
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Figure 5. Pericycle periclinal proliferation in the basal hypocotyl of Arabidopsis Col-0 (wt) and ein3eill
double mutant seedlings either cultured with IAA (10 M) or with IAA combined with 0.01, 1 or
10 uM JAMe. Mean radial extension (+ standard error (SE)) of the vasculature plus pericycle periclinal
proliferation in the basal 5 mm of the hypocotyl. Different letters among different treatments within
the same genotype, or between the two genotypes within the same treatment, indicate significant
differences at least at p < 0.05. The same letters indicate no significant difference. Two-way ANOVA
followed by Tukey’s post-test. 1 = 30.
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As adventitious roots (ARs) and adventitious root primordia (ARPs) are induced by auxin in
competition with xylogenesis in the basal hypocotyl of Arabidopsis [11], the density of the ARs/ARPs
was also evaluated. In the wt, the ARP/AR formation caused by IBA application did not change when
also JAMe was present in the medium at 0.01 and 1 uM concentration. Nevertheless, the AR-response
increased many folds (p < 0.0001) in hypocotyls of seedlings treated with 10 uM JAMe (Figure 6).
Similar results were also obtained when IAA was applied in combination with JAMe. However,
the AR/ARP production in the combined treatment with IAA and 10 uM JAMe was significantly lower
than with 10 uM JAMe + IBA (Figure 6). A similar trend was observed in the mutant treated with the
same hormone conditions, even if a significant reduction in AR/ARP density in comparison with the
wt was noticed (Figure 6).
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Figure 6. Mean density of adventitious roots (ARs) and adventitious root primordia (ARPs), evaluated
as N/mm (+ standard error (SE)) in the basal 5 mm of the hypocotyl of Col-0 (wt) and ein3eill
double-mutant seedlings cultured with IBA (10 uM) or IAA (10 uM), alone or combined with 0.01, 1 or
10 uM JAMe. Different letters among different treatments within the same genotype, or between the
two genotypes within the same treatment, indicate significant differences at least at p < 0.05. The same
letters indicate no significant difference. Two-way ANOVA followed by Tukey’s post-test. n = 30.

2.3. Nitric Oxide is an Early Marker of Cell Reactivation in the Hypocotyl Basal Pericycle Involved in Either
Xylogenesis or Adventitious Rooting, and its Signal is Enhanced by JAMe

Wild type seedlings cultured in HF conditions or treated with either 10 uM JAMe or 0.1 uM
ACC were grown for 22 days in the presence of either the NO donor sodium nitroprusside (SNP) or
the NO scavenger 2-4-carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO). The NO
signal was detected with the NO-fluorescent indicator diaminofluorescein-FM diacetate (DAF-FMDA)
(Figure 7 and Figure S1), and the derived epifluorescence signal quantified (Figure 8).

The basal hypocotyl of HF-grown seedlings showed a hardly detectable fluorescence signal
without addition of SNP in the culture medium. This indicated a very low NO production in the
poorly extended periclinal pericycle derivatives, leading to ectopic xylary cells, as well as in the rare
anticlinal derivatives and protruding adventitious root primordia (ARPs) (Figure 7A,B, and insets,
Figure 8 and Figure S1A). In the presence of SNP, the induced NO production was very low and not
significantly different from the HF condition (Figure 7C,D, and insets, and Figure 8). The fluorescence
signal was also almost absent in the presence of cPTIO alone (Figure S1B, and Figure 8). In contrast,
when the seedlings were cultured with JAMe +/-SNP, an evident NO signal characterized the hypocotyl
vasculature, being more intense in pericycle cells (Figure 7E, and inset, Figure 8) and in their first
periclinal derivatives (Figure 7F, upper inset and arrows, Figure 8). The signal was instead highly

286



Int. ]. Mol. Sci. 2019, 20, 4469

reduced by the cPTIO application in combination with JAMe (Figure 7G and inset, and Figure 8).
Moreover, for JAMe +/— SNP treatments, the ability to produce NO decreased with the progress of
xylem differentiation becoming almost absent in the differentiated ectopic xylary elements (Figure 7H,
inset, and arrows). The ectopic XEs formed were identified as protoxylem type (Figure 7F, lower
inset and Figure 7H, inset and arrows), as seen with JAMe treatments in the absence of the NO-donor
(Figure 2B, and Table 1). Interestingly, the NO signal was present also in the rarely formed anticlinal
derivatives (Figure 71, and inset), leading to ARP formation, and at the ARP base (Figure S1C), with the
NO signal quenching at about ARP VII stage [40] (Figure S1D,E).

Figure 7. Analysis of NO epifluorescence signal, due to diaminofluorescein-FM diacetate (DAF-FMDA)
treatment, in the basal hypocotyl of Col-0 (wt) seedlings dark-grown for 22 DAS. (A) Absence of
epifluorescence signal in the pericycle periclinal derivatives occasionally formed in hormone-free
(HF) condition. (B) Absence of epifluorescence signal in an adventitious root primordium
derived from anticlinal pericycle divisions in HF condition. (C,D) Weak signal in correspondence
of cells derived from periclinal (C) or anticlinal (D) divisions of the pericycle in seedlings
treated with 50 uM sodium nitroprusside (SNP). (E,F) Strong NO signal in the pericycle cells
(E), and their first periclinal derivatives (F; arrow in the inset) in 50 uM SNP + 10 uM JAMe
(SNP + 10JAMe)-treated seedlings. (G) Absence of epifluorescence signal in the pericycle after
100 uM 2-4-carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO) application to 10 uM
JAMe-treated seedlings (cPTIO + 10JAMe). (H) Strong NO signal in pericycle periclinal derivatives in
the hypocotyl of a seedling treated with SNP + 10JAMe. The signal disappears in the differentiated
xylary elements (the arrow indicates an ectopic protoxylem element). (I) Strong NO signal in pericycle
anticlinal derivatives occasionally formed after SNP + 10JAMe application.
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(J) Weak NO signal in pericycle-derived cells in 50 uM SNP + 0.1 uM ACC (SNP + ACC)-treated
seedlings. (K) Absence of NO signal in the hypocotyl of seedling cultured with 100 uM cPTIO + 0.1 uM
ACC (cPTIO + ACC). (L, M) Epifluorescence signal in the hypocotyl of seedlings treated with 10 uM IBA
(IBA; L) or 10 uM IBA + 10 uM JAMe (IBA + 10 JAMe; M). The signal intensity increases in the presence
of JAMe. All the insets show bright field images of whole-mount seedling hypocotyls. Scale bars =
10 pum (A,B,D-I,K-M, Insets in A-F, 1 K,L), 20 um (C ], Insets in G,H,M), 30 pm (Inset in J).
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Figure 8. Quantification of the epifluorescence signal due to nitric oxide (NO) production, by means of
DAF-FMDA probe, in the basal hypocotyl pericycle cells and in their early derivatives of Col-0 (wt)
seedlings grown in darkness for 22 DAS with different treatments. Mean intensity (+ standard error
(SE)) in Arbitrary Units (AUs) in seedlings cultured in control condition (HF) or with 0.1 uM ACC
(ACC), 50 uM SNP (SNP), 100 uM cPTIO (cPTIO), 10 uM JAMe, SNP + 10 uM JAMe, cPTIO + 10 uM
JAMe, SNP + ACC, cPTIO + ACC, 10 uM IBA (IBA), 10 uM IBA + 10 uM JAMe. Different letters among
treatments indicate significant differences at least at p < 0.05. The same letter indicates no significant
difference. One-way ANOVA followed by Tukey’s post-test. . = 100.

In addition, a very low fluorescence signal was observed for the ACC treatment, as measured
for HF condition (Figure 8). A weak, but significant, increase appeared instead for ACC treatment
combined with SNP (Figure 8). However, the signal intensity in the ACC and SNP combined treatment
was much lower than for the 10 uM JAMe and SNP combined treatment (Figure 7E,F]J in comparison
and Figure 8), and similarly lowered by cPTIO application (Figures 7K and 8). No changes in xylary
cell identity were induced by NO production.

The DAF-FMDA fluorescence was also evaluated in basal hypocotyls of seedlings cultured
with JAMe (10 uM) + IBA (10 uM) in comparison with IBA (10 uM) alone, because xylogenesis and
AR-formation were more responsive to treatments with IBA than IAA (Figure 6 and Table 1).

The NO production was significantly higher when the seedlings were cultured with IBA and
JAMe than only with IBA (Figure 7L,M) or JAMe (Figure 8). This was independent from the initiation of
either xylogenesis or rhizogenesis, suggesting a program-independent NO involvement in modulating
JAMe effects when combined with IBA.

3. Discussion

The data presented show that exogenous JAMe, applied at a specific concentration, induces
xylogenesis in Arabidopsis seedlings, with a positive involvement of NO and a negative involvement of
ET-signalling, and modulates IAA/IBA-determined xylary cell identity.
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3.1. The Action of JAMe on Xylogenesis is Negatively Affected by ET Signalling by EIN3EIL1

The ectopic formation of protoxylem in the basal hypocotyl is enhanced by JAMe, when applied at
10 uM concentration. Interestingly, JA has been recently demonstrated to induce extra xylem also in the
roots of the same ecotype of Arabidopsis here investigated, with high increases in xylogenesis with 10 uM
JAMe [24], in accordance with the present results for the hypocotyl. Moreover, the JA signalling mutant
coronatine insensitivel-1 (coil-1) does not form ectopic XEs in response to JA, whereas the JA biosynthesis
mutant oxophytodienoate-reductase3 (opr3) does form XEs, suggesting that the JA response, instead of
synthesis, is responsible for xylogenesis induction [24]. It is, thus, possible that also in the hypocotyl
the JA signalling, more than its biosynthesis, is positively involved in the control of xylogenesis.
The JASMONATE ZIM-DOMAIN (JAZ) proteins are the target of CORONATINE INSENSITIVE1
(COI1) protein, and COI1-JAZ is the co-receptor of the JA-isoleucine conjugate (JA-Ile), active form
of JA, in the responsive target cells, in our case in the hypocotyl pericycle cells. In accordance, coil
mutants are JA/JAMe-insensitive ([41] and references therein). It is widely known that the interaction
of JA-Ile with COI1 induces the proteolysis of JAZs, releasing MYC2. MYC2 regulates the JA responses
by controlling the expression of JA-responsive genes, including, in our hypothesis, those involved in
xylogenesis. One of the JA-responsive xylogenic gene might be ARF17, belonging to the Auxin Response
Factors (ARFs) mediating auxin-induced gene activation [42]. In fact, in Arabidopsis TCLs cultured
with IBA and Kinetin, JA/JA-Ile is immunolocalized in the xylogenic cells, where ARF17 is expressed
and upregulated by 10 uM JAMe [26]. Moreover, in some reports cytokinin is considered important
for xylogenesis to occur [3], but in others it is reported as a negative regulator of xylem development
([24] and references therein). JAMe treatments have been demonstrated to reduce cytokinin effects
in the Arabidopsis root vasculature, and cytokinin treatments to nullify JAMe promotion of ectopic
xylem formation [24]. In accordance, our previous [11] and present results on Arabidopsis hypocotyls of
dark-grown seedlings show that xylogenesis occurs in the absence of exogenous cytokinin, and that
this condition may favour the JA inductive action.

We also show that the ein3eill mutant is JA-sensitive in xylogenesis, whereas it is known
to be insensitive in other processes, e.g., the induction of pathogen-related genes and root hair
development [39]. Moreover, the xylogenic effect of 10 uM JAMe is observed in the mutant as in the
wt, showing that xylogenesis is negatively affected by the interaction of EIN3EIL1 with JA derived by
JAMe application. The reduction of the xylary response observed in the wt, after exposition to JAMe
combined with the ET-precursor ACC, supports the validity of this interpretation. The JA-sensitivity of
ein3eill in xylogenesis is in accordance with the observation that EIN3 and EIL1 are positive regulators
only in a specific subset of JA responses [39,43].

3.2. Nitric Oxide is a Common Marker of JAMe-induced Xylogenesis and Auxin-Induced Adventitious Rooting
Acting Downstream to Pericycle Cell Determination to either Program

Results showed that NO is early produced in the pericycle derivatives, from which either XEs or
ARPs are formed, showing that NO is a common marker for both programs. Its presence in pericycle
cells, either dividing periclinally to generate XEs or anticlinally to generate ARPs, demonstrates that it
is an early marker for either xylogenesis or rhizogenesis. It is known that the exogenous treatment
with the NO-donor SNP enhances initiation of root hairs in the root elongation zone through the
reorientation of cortical microtubules [44]. Furthermore, cell plate formation is known to be very
sensitive to perturbations of the microtubular cytoskeleton, and a peculiar target of nitrotyrosine,
coming from NO-mediated post-translational modification ([45] and references therein). It is, thus,
possible that a NO-guided rearrangement in the cytoskeleton and cell plate orientation may occur,
resulting into either xylogenesis or rhizogenesis. However, NO seems to act downstream on factor(s)
causing the pericycle cells to become committed to either program. Interestingly, NO production
increases when 10 uM JAMe is applied. NO signalling is involved also in stomatal closure, with NO
production highly enhanced by 10 uM JAMe [46]. Previous reports also showed that exogenous JAMe
stimulates NO synthase to induce NO production in Taxus cells [38], and that JA and NO modulate
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each other production [47]. In addition, our quantitative data show that NO production, either with
ACC single treatment, or when ACC was combined with SNP, was much lower than with 10 uM
JAMe, combined or not with the same NO-donor compound. This suggests an antagonistic connection
between JAs and ET in the control of xylogenesis, related to NO levels and, possibly, NO signal activity.

Interestingly, the disappearance of the NO signal occurs only later in xylogenesis, i.e., when the
XEs become mature, while in rhizogenesis it occurs at an early stage (stage VII) of ARP formation.
This means that a sustained NO production is needed until PCD and lignin deposition are concluded.
On the other hand, the disappearance of the NO signal occurs in a still widely meristematic condition
during rhizogenesis. In accordance, in Zinnia elegans a NO burst occurs before the processes of
secondary cell wall formation and cell autolysis, in both differentiating xylem of vascular bundles and
trans-differentiating xylary cells of leaf mesophyll ([29] and references therein). Moreover, in accordance
with our results, in Populus roots, NO signalling contributes to the onset of xylary differentiation and
to further stages of maturation, but it is not observed in the mature vessels [34].

It is known that IBA induces AR-formation by conversion into IAA, and this involves NO activity
([35] and references therein). Present and past results together show that NO is present in the ARPs
meristematic domes in TCLs [35] and in planta (present results). It is possible that NO signalling is
a long-lasting process in xylogenesis, in comparison with rhizogenesis, because it is necessary for
consecutive events until xylary maturation. Conversely, ARPs do not need prolonged NO activity,
being capable to sustain their growth after quiescent centre definition in their meristematic dome.
This normally occurs at stage VII of ARP development [7,40], i.e., when the NO signal is here shown to
be quenched.

Moreover, the DAF-FMDA fluorescence revealed that NO production was higher in the presence
of JAMe (10 uM) combined with IBA (10 uM), than with IBA (10 uM) alone, independently of the
initiation of either xylogenesis or rhizogenesis. This strengthens the idea of a program-independent
NO involvement in both processes, as well as the concurrent role of JAMe combined with IBA in
enhancing early NO formation.

Auxin (natural or synthetic) is necessary to trigger xylogenesis ([1] and present results), and IAA
and its precursor IBA are present in the hypocotyls of dark-grown Arabidopsis seedlings [19]. Moreover,
it is known that endogenous auxin accumulates before the formation of XEs in numerous plants/culture
systems, and this occurs both after either a dedifferentiation in the target cells or their direct
trans-differentiation ([11] and references therein). In particular, in Arabidopsis hypocotyls endogenous
auxin accumulates in the basal pericycle before the first divisions occur [40]. Present data show that
only a rare xylary formation is induced by the endogenous hormonal input (HF condition), whereas an
enhancement is detected in the presence of 10 uM JAMe. Although a synergism of auxin and NO
during the activation of cytokinesis has been reported [48], it still remains to be explained how the
endogenous auxin with exogenous JAMe direct the basal pericycle cells towards the realization of the
xylogenic program and not root formation, by using the same NO signalling molecule.

Surprisingly, xylogenesis does not increase with any JAMe concentration combined with either
IBA or IAA, in comparison with the auxins single treatments. Additionally, the IBA/IAA-induced
adventitious rooting is enhanced by the same JAMe concentration (10 M) that enhances xylogenesis
when applied alone. This suggests that JA acts as a common player between the two programs in
the same target cells, with a possible different action depending on the endogenous auxin levels.
Xylogenesis might need lower levels of auxin to be initiated, in accordance with the endogenous IAA
levels monitored in the absence/presence of IBA in Arabidopsis dark-grown seedlings [19]. Moreover,
this possibility has been also previously hypothesized based on the activity of the auxin influx carrier
AUX1 in switching between the two developmental programmes [7]. In addition, it has been suggested
that the JA-mediated activation of auxin response in Arabidopsis roots requires the function of AUX1,
and JAMe upregulates AUX1 expression [49].
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3.3. The Auxin-Determined Xylary Cell Identity is Modulated by J[AMe

It is known that auxins are essential for determining xylem cell identity, with the formation of auxin
maxima in the target cells mediating the process [50]. In various plant species, VASCULAR-RELATED
NAC-DOMAING and 7 (VND6 and 7) are master TFs in the control of XE identity, because VND6
and VND? ectopic expression causes the trans-differentiation of either metaxylem or protoxylem
elements ([51] and references therein). In fact, in Arabidopsis and poplar roots, these genes have been
proposed as transcription switches for metaxylem and protoxylem formation [52]. VND?7, in particular,
exhibits a critical role in regulating protoxylem formation in the root, and metaxylem formation in
both root and shoot [53]. In addition, SCARECROW (SCR) TF is induced by auxin [54], and forms
with SHORT ROOT (SHR) TF a complex that produces the microRNA 165/166, involved in the
destabilization of HD-ZIP III genes [55], determinant for metaxylem specification [7]. Both Arabidopsis
shr and scr null mutants produce ectopic metaxylem in dark-grown seedlings [7], supporting a possible
involvement of SHR-SCR complex activities in the specific realization of metaxylem. Moreover,
it has been recently demonstrated that the metaxylem and protoxylem identity might be mutually
repressed. Glycogen Synthase Kinase 3 (GSK3) proteins, like BRASSINOSTEROID INSENSITIVE 2
(BIN2), BIN2-LIKE 1 (BIL1), BIL2, SHAGGY-RELATED KINASE 11 (ATSK11) and ATSK13 have been
demonstrated to interact with PHLOEM INTERCALATED WITH XYLEM (PXY), with this interaction
seeming to specify repression of xylem identity [56].

The present results show that JAMe changes auxin-induced ectopic xylary cell identity, with an
enhancing effect caused by the increase in its concentration. This is the first report of a role for JAs in
changing xylary cell identity.

It is known, and here confirmed, that ectopic XE formation is stimulated by the exogenous
application of IAA and IBA at the same concentration (10 uM) in dark-grown Arabidopsis hypocotyls.
Nevertheless, the two auxins affect differently the xylary identity, with metaxylem induced by IBA and
protoxylem by IAA [11 and present results].

We showed that the pericycle periclinal proliferation with xylogenesis in the wt was comparable
for each auxin and JAMe (10 uM) individual treatments, and higher than HF or ACC, confirming the
xylogenic role of the two exogenously applied auxins, but also of JAMe acting in combination with
the endogenous hormonal pool. However, the presence of JAMe in combination with either IBA or
IAA did not increase the number of the XEs formed in comparison with IBA/IAA alone, but affected
xylary identity.

Independently of treatment and genotype, we observed only ectopic protoxylem formation after
JAMe treatment, as observed for HF condition, thus showing that the applied JAMe did not change the
xylary cell identity induced by the endogenous hormones. This was also demonstrated in the mutant
impaired in ET-perception, but JA-sensitive, excluding a possible involvement of the EIN3EIL1 complex
in this process. However, in the wt, JAMe, especially at the highest concentration, induced both ectopic
protoxylem and metaxylem when combined with either IBA or IAA. Interestingly, in the mutant,
forming only protoxylem after either IAA or IBA single treatments, metaxylem was instead abundantly
formed when JAMe was applied, especially at 10 uM, combined with each auxin. Altogether, the results
show that JAMe-modulation of ectopic xylem identity induced by exogenous IAA or IBA bypassed
ET-perception by EIN3EIL1.

In conclusion, the basic findings of this research add new elements to the intricate switching of
xylogenesis and adventitious rooting in the same cells. Here, JAs are demonstrated to be actors in both
developmental programs, and in the modulation of xylary cell identity, with an important mediation
by NO, as summarized in the model of Figure 9.

The present findings may be also exploited to implement practical aspects related to the creation
of plants with improved xylem, favouring plant survival under water stress conditions, or for
biotechnological purposes, e.g., for the optimization of biofuels and biomaterials production.
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Figure 9. Proposed model for jasmonates (JAs) and auxin (IAA/IBA) roles in the formation of ectopic
xylary cells (XEs) in the pericycle derivative cells of Arabidopsis basal hypocotyl of seedlings cultured
with JAMe (10 uM) +/- IBA (10 uM) or IAA (10 uM). The pathway leading to the formation of
adventitious roots (ARs) as an alternative to XE formation is also shown. The green part of the
figure shows JA’s effect in the absence of exogenous auxin. JAs derived by JAMe demethylation [23]
induce NO production. The NO signal triggers the expression of JA-induced genes responsible for
XE formation. This occurs through a negative interaction with ET-signalling by EIN3/EIL1. In the
following steps of the differentiation process, a long-term NO production occurs and lasts until the
maturation of ectopic protoxylem elements. When IBA is applied with JAMe (the pink part of the figure)
is converted into IAA, also inducing NO-formation [35]. When IAA is alternatively applied with JAMe,
NO-formation may also occur [27]. Cell perception of the endogenous IAA derived by the application
of the two exogenous auxins is associated with a positive crosstalk with ET through EIN3EIL1 in
AR-formation [11], and with a negative crosstalk in xylogenesis (present results). Different pathways
of NO production occur in the two programs. A short-term NO production is associated with the
expression of the IAA-induced genes involved in AR-formation, whereas a long-term NO production
is proposed to be induced after the possible interaction of JA-responsive and IAA-responsive genes for
XE-formation thereby leading to the ectopic formation of both protoxylem and metaxylem.

4. Materials and Methods

4.1. Plant Growth

One hundred seeds of Col-0 ecotype of Arabidopsis thaliana (L.) Heynh and of its homozygous
double mutant ein3eill [39] (provided by Hongwei Guo, Peking University, China) were sown,
after sterilization, on square Petri plates (12 cm X 12 cm; 10 seeds per plate) containing full
strength Murashige and Skoog (MS) [57] salts supplemented with 0.55 mM myo-inositol (Fluka,
Buchs, Switzerland), 0.1 uM thiamine-HCl (Sigma-Aldrich, St. Louis, MO, USA), 1% (w/v) sucrose
(Sigma-Aldrich) and 0.8% (w/v) agar (Sigma-Aldrich) (pH 5.7). As an alternative to this Hormone
Free (HF) medium, either JAMe (0.01, 1 or 10 uM) (Duchefa Biochemie B.V, Haarlem, NH, USA),
or ACC (0.1 uM) (Sigma-Aldrich), alone or combined with 10 uM JAMe, were added. The final JAMe
concentrations in the media were obtained taking the exact amounts from a stock solution (1073 M) in
10% ethanol. To dissolve the JAMe, diluted ethanol was preferred to pure ethanol, suggested by the
producer (Duchefa Biochemie B.V, Haarlem, NH), in order to keep the final ethanol concentration in
the media below 0.1% to avoid possible negative effects on germination [58].

Media containing the components of the HF medium and either IAA or IBA (both from
Sigma-Aldrich), at 10 uM concentration, alone or combined with JAMe (0.01, 1 or 10 uM), were
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also prepared. Moreover, treatments with either 50 uM of the NO donor sodium nitroprusside
(SNP; Merck, Darmstadt, Germany) or 100 uM of the NO scavenger 2-4-carboxyphenyl-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide (cPTIO; Sigma-Aldrich) were performed either in HF condition
or with JAMe (10 uM) or ACC (0.1 uM). The media were sterilized by autoclaving at 120 °C for 20 min.
IBA and IAA were added before autoclaving taking the appropriate volume from stock-solutions
(1073 M). Sterile stock-solutions of JAMe (10~ M), ACC (102 M), SNP (1072 M) and cPTIO (1072 M)
were prepared by filtering (with a 0.22 um pore filter), and the appropriate volume was taken to reach
the final concentration in the already autoclaved medium, after the medium temperature decreased up
to 45-50 °C.

Independently from the treatment, after sowing, the seeds were stratified for three days at 4 °C
under continuous darkness and exposed to white light (intensity 100 pE-m~2s ~1) for about 6 h,
to induce germination. The plates were then placed in vertical position under continuous darkness
until 22 days after stratification (DAS), at 22 + 2 °C.

4.2. Histological Analysis

After 22 DAS, 30 seedlings per genotype and per treatment were fixed, dehydrated, embedded
in Technovit 7100 (Heraeus Kulzer, Germany), longitudinally sectioned (8 um thickness) with the
Microm HM 350 SV microtome (Microm, Walldorf, Germany), and stained with 0.05% toluidine blue
(all procedures according to [40]). Sections were taken from the basal portion (5 mm in length) of the
hypocotyl, according to Fattorini and co-workers [11], and observed with a Leica DMRB microscope;
images were acquired with a DC500 camera (Leica, Wetzlar, Germany).

4.3. Nitric Oxide Detection

Intracellular NO content in 22d old Col-0 seedlings, cultured either in HF medium or treated
with 10 uM JAMe, or 0.1 uM ACC, with/without SNP (50 uM) or cPTIO (100 uM), or with 10 uM
IBA or 10 uM IBA + 10 uM JAMe, was monitored using the cell-permeable diacetate derivative
diaminofluorescein-FM (DAF-EMDA; Sigma). Seedlings were incubated in 20 mM HEPES/NaOH
buffer (pH 7.4) supplemented with 5 uM DAF-FMDA for 20 min [59] at 22 DAS, after having verified
that no significant epifluorescence signal was detectable with the buffer alone (Figure S2). The excess
of the fluorescent probe was removed by washing the seedlings for three times with the buffer, after
which they were observed using a Leica DMRB microscope equipped with the specific set of filters
(EX 450490, DM 510, LP 515). The images were acquired with a Leica DC500 digital camera and
analyzed with the IM1000 image-analysis software (Leica). The intensity of the green fluorescent signal
was quantified in the basal hypocotyl of ten seedlings per treatment. Ten measures per seedling were
randomly carried out in the pericycle cell derivatives using the Image] software (National Institute
of Health, Bellevue, WA, USA), and expressed in arbitrary units (AUs; from 0 to 255). The values
were averaged and normalized to those measured in hypocotyls incubated in the buffer without the
fluorescent probe according to Fattorini and coworkers [35].

4.4. Measurement Procedures and Statistical Analysis

The hypocotyls of 30 seedlings per genotype and treatment were cut into three portions.
Measures of the radial extension of the vascular system, including the de novo formed cells by
the pericycle periclinal divisions, were carried at the middle of the hypocotyl basal portion, according
to Fattorini and co-workers [11], and expressed as mean values (+ standard error (SE)) In the same
hypocotyl portion, the ectopic XEs present in an area of 150 x 150 um? were counted and quantified
as mean numbers (+SE). The protoxylem vs. metaxylem identity was determined and expressed as
percentage on the total of the de novo formed XEs. Adventitious roots were counted in the same
hypocotyl portions and evaluated as mean density (+SE).

One-way or two-way analysis of variance (ANOVA, p < 0.05) was used to compare the effects
of different treatments or different treatments and genotypes, respectively, and, if ANOVA showed
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significant effects, Tukey’s post-test was applied (GraphPad Prism 6.0, GraphPad Software, Inc., La Jolla,
CA, USA). All the experiments were repeated three times, with very similar results.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/18/
4469/s1.
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Abstract: Jasmonates are phytohormones that regulate development, metabolism and immunity.
Signal transduction is critical to activate jasmonate responses, but the evolution of some key regulators
such as jasmonate-ZIM domain (JAZ) repressors is not clear. Here, we identified 1065 JAZ sequence
proteins in 66 lower and higher plants and analyzed their evolution by bioinformatics methods. We
found that the TIFY and Jas domains are highly conserved along the evolutionary scale. Furthermore,
the canonical degron sequence LPIAR(R/K) of the Jas domain is conserved in lower and higher plants.
It is noteworthy that degron sequences showed a large number of alternatives from gymnosperms to
dicots. In addition, ethylene-responsive element binding factor-associated amphiphilic repression
(EAR) motifs are displayed in all plant lineages from liverworts to angiosperms. However, the
cryptic MYC2-interacting domain (CMID) domain appeared in angiosperms for the first time. The
phylogenetic analysis performed using the Maximum Likelihood method indicated that JAZ ortholog
proteins are grouped according to their similarity and plant lineage. Moreover, ancestral JAZ
sequences were constructed by PhyloBot software and showed specific changes in the TIFY and Jas
domains during evolution from liverworts to dicots. Finally, we propose a model for the evolution of
the ancestral sequences of the main eight JAZ protein subgroups. These findings contribute to the
understanding of the JAZ family origin and expansion in land plants.

Keywords: Jasmonate-ZIM domain; JAZ repressors; Jas domain; TIFY; degron; phylogenetic analysis;
ancestral sequences

1. Introduction

Jasmonates (JAs) are phytohormones that regulate the defense responses, growth and development,
fertility and reproduction, as well as the biosynthesis of secondary metabolites in terrestrial plants [1].
Their biosynthesis and canonical signaling pathways have been well characterized in vascular plants [2].
Specifically, the JA-signaling pathway is critical for suitable responses to development or environmental
stress. The activation of the JA-signaling pathway starts with the perception of the bioactive JA,
jasmonoyl-isoleucine (JA-Ile), which is a necessary step for the activation of JA responses. The
perception mechanism is mediated by the protein co-receptor complex CORONATINE INSENSITIVE1
(COIl)—jasmonate ZIM-domain (JAZ) in model plants of vascular plants groups such as Arabidopsis
thaliana and Fragaria vesca [3,4], among others. The presence of JA-Ile leads to JAZ protein degradation
by the proteasome, and the release of MYC transcription factors (TFs), which are master regulators
of JA responses [5-8]. Besides, additional proteins of the JA-signaling pathway such as the adaptor
protein Novel Interactor of JAZ (NINJA), co-repressor proteins, e.g., like TOPLESS (TPLs), histone
deacetylases (HDAs), antagonistic TFs, e.g., JASMONATE-ASSOCIATED MYC2-like (JAMs), and
MYC2-TARGETED BHLH (MTB) proteins establish a fine-tuning repressor mechanism on MYC
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TFs [9-13]. In the case of lower plants such as the liverwort Marchanthia polymorpha, COIl, JAZ
co-repressor and MYC TFs are conserved, although the ligand molecule is dinor-oxophytodienoic acid
(dnOPDA) [14-16]. Thus, the machinery of perception of the JA-signaling pathway and JAZ repressors
seems to be conserved from liverworts to angiosperms, although some structural and functional
differences could exist because of the great phylogenetic distance of these lineages.

JAZ repressors belonging to the TIFY family have been extensively studied in higher plants [17-21].
In Arabidopsis, this subfamily comprises 13 JAZ proteins (Figure 1) [17,22], while in M. polymorpha
it only contains a single JAZ protein [14,15]. Normally, these proteins contain the TIFY (ZIM)
conserved domain (Figure 1) consisting of 28 amino acid (aa) residues with the highly conserved
motif TIF(E/Y)XG in A. thaliana [23], which is involved in the JAZ-NINJA and JAZ-JAZ protein
interactions (Figure 1) [9,24]. However, some JAZ proteins such as AtJAZ13 lack the TIFY domain
(Figure 1) [22]. In addition, all JAZ proteins contain the Jas domain, which is constituted by 26 aa that
mediate the COI1-JAZ and MYC2-JAZ interactions (Figure 1) [25]. Generally, the Jas domain contains
the degron sequence LPIAR(R/K), which is crucial for the COI1-JA-Ile-JAZ complex formation [3],
the Jas motif for interaction with TFs and the nuclear localization signal (NLS) (Figure 1) [25].
Nevertheless, the functionality of JAZ proteins can be different depending on specific protein domains
or motifs. For instance, some JAZ proteins own an alternative degron sequence, e.g., JAZ7 and JAZS8 in
Arabidopsis, which is not functional, and therefore cannot be degraded by the proteasome [26]. Besides,
the additional cryptic MYC2-interacting domain (CMID) has been identified in some JAZ proteins
such as A. thaliana JAZ1 and JAZ10 proteins [27] (Figure 1), although it is weakly conserved [27].
Finally, ethylene-responsive element binding factor-associated amphiphilic repression (EAR) motifs
(LXLxL) are present in some JAZ proteins such as A. thaliana JAZ5, JAZ6, JAZ7 or JAZS8 (Figure 1),
which are related with the interaction with TPL proteins and the resultant repression [26,28]. Therefore,
the diversity of JAZ proteins generated by the absence/presence of these domains or by particular
changes in structural and functional domains leads to the regulation of a wide set of responses in
higher plants, although a functional redundancy of JAZ repressors has been suggested [29]. In turn,
the degron is a key sequence for JA responses, and the canonical degron defined as LPIAR(R/K) has
been well studied in A. thaliana [3]. In this sequence, the fifth and sixth amino acid residues (from the
N- to the C-terminus) are the highest conserved [3,4] and are involved in the interaction with COI1
in the presence of JA-Ile [3]. Moreover, these two residues remain conserved in lower plants such as
M. polymorpha [14,15], in monocots such as Oryza sativa [19], and in angiosperms such as F. vesca [18],
Solanum lycopersicum [17] or Vitis vinifera [30]. However, information about degron sequences in other
plant lineages is limited.

In general, the evolution of the JA-signaling pathway and JAZ proteins through the plant kingdom
has been scarcely explored. However, some evolutionary analysis on the TIFY family and the F-box
domain of COI1 receptors’ plant hormone signaling has been performed [21,31]. The signal transduction
of JA is not present in algae lineage and appeared in land plants for the first time [31], thus increasing
the number and diversity of JAZ proteins. Several authors suggest that the JA-signaling pathway
arose from a common ancestor with auxins because the receptors exhibit a high similarity, share TPL
proteins such as co-repressors, and the repressors are degraded by the proteasome [2]. Bai et al. [21]
reported that the number of proteins that are members of the JAZ family increases as we move along
the phylogenetic scale, with lower plants such as bryophytes containing 1-9 members and angiosperms
comprising more than 10 members in the JAZ subfamily. On one hand, genome-wide characterization
of JAZ proteins has mainly been studied in several families of higher plants, both in monocots such as
rice [19] and wheat [20], and in dicots such as cotton [32], strawberry [18], tomato [17] and grape [30],
among others. On the other hand, in gymnosperms, as well as in mosses and lycophytes, this protein
family has been less studied. Nevertheless, data about the origin and evolution of JAZ proteins through
the plant kingdom are still unknown. The large amount of genomic data now available in the plant
kingdom allows the study of the evolutionary history of JAZ proteins. The aim of this research was
to analyze JAZ proteins’ evolution through the structural characterization of domains and motifs,

300



Int. ]. Mol. Sci. 2019, 20, 5060

phylogenetic analysis and reconstruction of the ancestral sequence for JAZ proteins in different lineages
of land plants.

NINJA || JAZs

AtIAZ1/10 CMID TIFY -

AtIAZ2/3/4, AUAZY, AtIAZ11/12 TIFY -

AtIAZS/6 TIFY .-—|

o (R
s (0 .

EEE

Figure 1. Schematic representation of Arabidopsis thaliana JAZ proteins showing the main motifs
and domains through which they interact with other proteins (interactions indicated by T-bars and
proteins by circles, rectangles and hexagons). Frame boxes of Jas domains indicate the conservation of
functional degrons. CMID, Cryptic MYC2-interacting domain; COI1, CORONATINE INSENSITIVET;
EAR, ethylene-responsive element binding factor-associated amphiphilic repression; JAZ, jasmonate
ZIM-domain; NINJA, Novel Interactor of JAZ; TFs, transcription factors; TPL, TOPLESS. This figure is
based on References [3,9,22,24,25,27,29].

2. Results

2.1. Identification of JAZ Protein Family in the Plant Kingdom

In order to identify JAZ proteins in different lineages of the plant kingdom, A. thaliana JAZ proteins
were used as queries by using blastp searches against the proteomes included in the PLAZA database.
Previously reported JAZ sequences were directly obtained from their respective reports (Table 1). After
removing partial sequences, sequences lacking the Jas domain, sequences with additional domains
such as PEAPOD (PPD) or GATA zinc-finger (ZML), and redundant sequences, 1065 sequences
were identified. In this sense, we identified 183, 6, 196 and 389 new JAZ genes corresponding to
gymnosperms, Amborella trichopoda, monocots and dicots, respectively. In several organisms such as
Brachypodium dystachon, T. aestivum, Zea mays, Hevea brasiliensis, Populus trichocarpa, Malus x domestica,
Prunus persica, Pyrus X bretschneideri and Solanum lycopersicum, additional JAZ genes were identified
(Supplementary Table S1).

The number of JAZ genes ranged from 1 to 50 in M. polymorpha and T. aestivum, respectively.
However, 10-20 was the most common number of genes in most species (Table 1, Supplementary
Table S1). In algae lineage, no JAZ sequences were detected (Table 1). The length of amino acidic
sequences was highly variable through different plant lineages, but the normal range was between 100
and 300 aa (Supplementary Table S1). The longest JAZ protein corresponding to Selaginella moellendorfii
showed 1346 aa, and the shortest exhibited 50 aa in Erythranthe guttata. These results indicated that in
the different lineages and species, the number of genes and the protein length were variable, whereas
these sequences retained the characteristic motifs and domains of the JAZ family.
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Table 1. JAZ family genes in the plant kingdom.

Lineage Organism Number of Genes ~ Number of JAZ Genes Reference

Algae Chlamydomonas reinhardtii 17,741 0 [21], this research !

Moss Physcomitrella patens 32,926 9 [21], this research

Liverwort Marchantia polymorpha 19,278 1 [14]

Lycophyte Selaginella moellendorffii 22,285 8 [21]

Gymnosperms Cycas micholitzii 28,901 2 This research
Ginkgo biloba 30,404 7 This research
Gnetum montanum 32,549 2 This research
Picea abies 66,632 30 This research
Picea glauca 28,909 14 This research
Picea sitchensis 20,434 12 This research
Pinus pinaster 76,426 19 This research
Pinus sylvestris 36,106 25 This research
Pinus taeda 84,446 40 This research
Pseudotsuga menziesii 149,717 30 This research
Taxus baccata 32,062 5 This research
Taxus chinensis Unknown 9 [33]

Amborellales Amborella trichopoda 26,846 6 This research

Monocots Spirodela polyrhiza 19,623 7 This research
Elaeis guineensis 29,808 14 This research
Ananas comosus 270,240 8 This research
Musa acuminata 37,582 34 This research
Phalaenopsis equestris 29,431 9 This research
Brachypodium distachyon 34,310 17 [21,34], this research
Hordeum vulgare 25,780 8 This research
Oropetium thomaeum 28,446 16 This research
Oryza brachyantha 34,155 9 This research
Oryza sativa 42,189 15 [19,21]
Phyllostachis edulis 31,978 18 [35]
Setaria italica 34,584 18 This research
Sorghum bicolor 34,211 18 [21], this research
Triticum aestivum 114,581 50 [20],this research
Zoysia japonica 59,271 18 This research
Zea mays 44,474 38 [36], this research
Zostera marina 20,450 7 This research

Dicots Actinidia chinensis 39,040 5 This research
Amaranthus hypochondriacus 23,847 8 This research
Beta vulgaris 26,920 7 This research
Chenopodium quinoa 44,776 6 This research
Daucus carota 32,113 10 This research
Arabidopsis lyrata 31,073 13 This research
Arabidopsis thaliana 69,810 13 [17,22]
Brassica oleraceae 59,225 25 This research
Brassica rapa 40,492 28 This research
Capsella rubella 26,521 10 This research
Schrenkiella parvula 26,313 12 This research
Carica papaya 27,768 7 This research
Tarenaya hassleriana 30,556 16 This research
Citrullus lanatus 597,261 10 This research
Erythranthe guttata 28,140 10 This research
Cucumis melo 28,608 10 This research
Cucumis sativus 21,503 11 This research
Hevea brasiliensis 42,550 14 [37,38], this research
Manihot esculenta 33,033 16 This research
Ricinus communis 31,221 9 This research
Arachis ipaensis 41,840 10 This research
Cajanus cajan 48,680 11 [39]
Cicer arietinum 170,274 9 This research
Glycine max 56,044 24 This research
Medicago truncatula 50,894 12 [21], this research
Trifolium pratense 39,948 10 This research
Vigna radiata 22,368 10 This research
Utricularia gibba 25,930 11 This research
Gossypium raimondi 37,505 15 [40]
Theobroma cacao 29,232 8 This research
Corchorus oliotorus 37,281 8 This research
Eucalyptus grandis 36,349 11 This research
Nelumbo nucifera 26,685 9 This research
Ziziphus jujuba 31,701 10 This research
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Table 1. Cont.

Lineage Organism Number of Genes ~ Number of JAZ Genes Reference

Dicots Fragaria vesca 32,831 12 [18]
Malus x domestica 55,620 21 [41], this research
Prunus persica 26,873 12 [42], this research
Pyrus x bretschneideri 42,812 12 [43], this research
Coffea canephora 469,604 7 This research
Citrus clementina 24,533 7 This research
Populus trichocarpa 42,950 13 [44], this research
Capsicum annum 35,884 10 This research
Solanum lycopersicum 34,725 13 [17], this research
Solanum tuberosum 39,028 13 This research
Petunia axillaris 35,812 13 This research
Vitis vinifera 26,346 11 [21,30]

1 “This research’ refers to new JAZ sequences found in the PLAZA 4.0 database. For more details, see the Materials
and Methods section.

2.2. Conserved Motifs and Domains of JAZ Proteins in Land Plants

To gain insights into the evolution of domains and motifs in lineages of the plant kingdom,
consensus sequences of the Jas and CMID domains and the TIFY and EAR motifs were constructed.
The TIFY motif and the Jas domain showed stronger conservation in entire plant lineages. However,
not all JAZ proteins maintained these sequences (Figure 2, Supplementary Table S1). The majority of
JAZ proteins displayed the TIFYXG consensus sequences along the evolutionary history of the plant
kingdom (Figure 2, Supplementary Table S1). Motifs of the Jas domain also indicated a high conservation
in plant lineages (Figure 2). On one hand, the degron showed a LPQARK conserved sequence in lower
plants (liverwort, moss and lycophyte) and LPIAR(R/K) in gymnosperms, A. trichopoda, monocots and
dicots (Figure 2, Supplementary Table S1). The fifth and sixth amino acidic residues of the degron
consensus sequence exhibited the highest conservation (Figure 2). On the other hand, logo sequences
of the Jas motif showed higher similarity among lower plants than among higher plants (Figure 2).
However, consensus sequences of the Jas motif could be defined as X-SL-X-R-FL-X-KRK-X-R. Finally,
Nuclear Localization Signal (NLS) was the most variable motif between different species (Figure 2),
defined by the consensus sequence X5-PY [25]. Moreover, the first five amino acidic residues displayed
a stronger variability from gymnosperms to dicots (Figure 2, Supplementary Table S1). In the cases
of moss and lycophyte, the fifth position was occupied by Pro amino acid (Figure 2, Supplementary
Table S1). Therefore, the TIFY motif and the Jas domain were highly conserved in plant kingdom.

Otherwise, EAR motifs corresponding to both N- and C-terminal regions of JAZ proteins shared
the basic sequence LxLxL in all plant lineages (Figure 3). However, the EAR motif defined as DLNEPT,
which is located between the TIFY and Jas domains, was only conserved in dicot plants (Figure 3). So,
both EAR N- and C-terminals were conserved from moss to dicots, while the EAR motif defined as
DLNEPT appeared in dicot plants.

For a better understanding of the evolution corresponding to the N-terminal region of AtJAZ1
and AtJAZ10 orthologs involved with MYC2 interaction [27], a search was performed on 1065 JAZ
protein sequences reported in this research (Supplementary Table S1). Regarding AtJAZ1 proteins,
which contain the CMID domain and the adjacent EAR-like motif, gymnosperms and lower plants
did not show this conserved region, but it appeared in A. trichopoda for the first time, and it was
also conserved in angiosperms (Figure 4a). In all groups, the residues F, C, L and Y were the most
conserved in the CMID domain. In the case of EAR-Like motif, it displayed a lower conservation in
monocots and dicots (Figure 4a). On the other hand, the CMID domain of AtJAZ10 and its orthologs
appeared only in the monocot Elaeis guinensis (Supplementary Table S1). However, this domain was
extensively conserved in dicots (Figure 4b, Supplementary Table S1). In monocots, the CMID domain
of the AtJAZ10 ortholog protein was shorter than in dicots, where the monocot had 17 aa against the
33 aa of the dicots (Figure 4b). Besides, the C-terminal region of the CMID domain was more conserved
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than the N-terminal region in dicots (Figure 4b). Hence, these results showed that the CMID domain
of AtJAZ1 and AtJAZ10 orthologs emerged in basal angiosperms and in angiosperms, respectively.

Itis important to highlight that some previously reported JAZ proteins showed additional domains
by using the Conserved Domains Database (CDD). For instance, the wheat JAZs TaJAZ4-A, TaJAZ4-B,
TaJAZ4-D, TaJAZ5-A, TaJAZ11-A, TaJAZ14-A, TaJAZ14-B and TaJAZ14-D [20] exhibited the ZML
domain. In any case, these sequences were considered for subsequent analysis.
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Figure 2. Consensus sequences of the TIFY motif and the Jas domain for different lineages in the
plant kingdom. TIFY motif logo sequence and Jas domain showing degron, Jas motif and Nuclear
Localization Signal (NLS) logo sequences. Logo sequences of the TIFY motif were obtained from 9, 1,
8,159, 6, 287 and 515 sequences for moss, liverwort, lycophyte, gymnosperms, Amborella trichopoda,
monocots and dicots, respectively. Logo sequences of the degron were obtained from 9, 1, 8, 167, 6, 287
and 516 sequences for moss, liverwort, lycophyte, gymnosperms, A. trichopoda, monocots and dicots,
respectively. Logo sequences of the Jas motif were obtained from 9, 1, 8, 195, 6, 303 and 543 sequences
for moss, liverwort, lycophyte, gymnosperms, A. trichopoda, monocots and dicots, respectively. Logo
sequences of NLS were obtained from 7, 1, 2, 168, 6, 278 and 510 sequences for moss, liverwort,
lycophyte, gymnosperms, A. trichopoda, monocots and dicots, respectively. JAZ proteins lacking the
TIFY motif were not included in the analysis. For more details, see the Materials and Methods section.
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Figure 3. Consensus sequences of EAR motifs for different lineages in the plant kingdom. Logo
sequences of the EAR NT motif were obtained from 5, 17, 1, 28 and 118 sequences for lycophyte,
gymnosperms, Amborella trichopoda, monocots and dicots, respectively. Logo sequences of the EAR
(DLNEPT) motif were obtained from 19 sequences for dicots. Logo sequences of the EAR CT motif were
obtained from 1, 2, 2, 27 and 45 sequences for lycophyte, gymnosperms, A. trichopoda, monocots and
dicots, respectively. CT, C-terminal region; EAR, ethylene-responsive element binding factor-associated
amphiphilic repression; NT, N-terminal region. For more details, see the Materials and Methods section.

2.3. Degron Analysis in Land Plants

To explore different degron sequences in land plants, the canonical degron LPIAR(R/K) of
A. thaliana was used as a reference because it is a critical motif for the co-receptor COI1-JAZ complex
formation. We took into account that the amino acidic residues at the fifth and sixth position are the
most important for the degron functionality [3,45], through all JAZ proteins in the plant kingdom.
Next, we searched degron variants in entire species according to these criteria. As we moved through
the evolutionary scale, from moss to dicots, we observed that the number of degron variants increased
(Figure 5a, Supplementary Table S2). Moss and liverwort shared 100% frequency of the degron
sequence LPQARK (Figure 5a, Supplementary Table S2). In lycophyte, LPQARK was the major
degron and for first time, the new degron sequence DVQARK appeared (Figure 5a, Supplementary
Table S2). In the case of gymnosperms, the majority of sequences displayed alternative degrons
(Supplementary Table S2), and the canonical degron LPIAR(R/K) represented 18.46% (Figure 5a). Also,
LEIV(R/K)K, VPQARK and LEIA(R/K)K degrons surged in this group (Figure 5a). Otherwise, the
basal angiosperm A. trichopoda exhibited LPIARK with higher frequency, as well as VPQARK for
gymnosperms (Figure 5a). We considered that monocots and dicots contained a similar percentage of
the canonical degron LPIAR(R/K), and in these groups, the diversity of alternative degrons increased
(Figure 5a). Finally, from lycophyte to dicots, JAZ sequences without degrons emerged (Figure 5a).
Thus, the canonical sequence LPIAR(R/K) was the most represented degron from gymnosperms to
dicots. However, a wide diversity of degron sequences was observed for gymnosperm, monocot and
dicot lineages (Figure 5a). Besides this, JAZ proteins without degron sequences emerged in lycophytes
and were maintained to dicots (Figure 5a).
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Figure 4. Consensus sequences of the N-terminal region for AtJAZ1 and AtJAZ10 orthologs in different
plant kingdom lineages. (a) CMID domain and EAR-like logo sequences for AtJAZ1 orthologs in
Amborella trichopoda, monocots and dicots. (b) CMID domain for AtJAZ10 orthologs in monocots
and dicots. Logo sequences of the CMID domain were obtained from 1, 55 and 78 sequences for
AtJAZ1 orthologs in A. trichopoda, monocots and dicots, respectively. Logo sequences of the EAR-like
domain for AtJAZ1 orthologs were obtained from 1, 26 and 74 sequences for AtJAZ1 orthologs in
A. trichopoda, monocots and dicots, respectively. Logo sequences of the CMID domain were obtained
from 1 and 28 sequences for AtJAZ10 orthologs in monocots and dicots, respectively. CMID, cryptic
MYC2-interacting domain; EAR, ethylene-responsive element binding factor-associated amphiphilic
repression; JAZ, jasmonate-ZIM domain. For more details, see the Materials and Methods section.

To study the conservation of the amino acid biochemical features in degrons, we analyzed the
percentage of each biochemical group at the different positions in degron sequences containing Arg/Lys
(R/K) at the fifth and sixth positions, respectively. We observed differences depending on plant lineage.
For instance, degrons in moss and liverwort maintained the same pattern of biochemical groups at
the first four amino acid positions: the first, second and fourth positions corresponded to non-polar
amino acids, and the third corresponded to amino acids with polar groups in their lateral chain
(Figure 5b). In lycophyte, the first amino acid can also be a negatively charged amino acid (Figure 5b).
Gymnosperms’ degron was characterized by polar and non-polar amino acids at the first and third
positions, while any biochemical group was present at the second and fourth positions (Figure 5b).
In A. trichopoda, non-polar amino acids were established at the first four positions and the third position
can be occupied by polar residues (Figure 5b). In monocots and dicots, non-polar residues appeared
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mostly at the first four positions. However, depending on the lineage, the resting positions showed
higher variability (Figure 5b). Therefore, as we moved along the evolutionary scale of the plant
kingdom, a diversity of amino acidic residues with different physicochemical characteristics at the first
four positions of the degron sequence was observed.
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Figure 5. Analysis of degron sequences in different lineages of the plant kingdom. (a) Percentage
(%) of specific degron sequences in each plant lineage. (b) Percentage (%) of different amino acid
biochemical groups in each position of the degron sequence compared with the canonical degron
LPIARK. The percentage (%) of specific degrons was obtained from 9, 1, 8, 195, 6, 303 and 543 sequences
for moss, livewort, lycophyte, gymnosperms, Amborella trichopoda, monocots and dicots, respectively.
The percentage (%) of different amino acid biochemical groups in each position of the degron sequence
was obtained from 1, 1, 3, 37, 3, 39 and 51 different degron sequences for moss, livewort, lycophyte,
gymnosperms, A. trichopoda, monocots and dicots, respectively.

2.4. Phylogenetic Analysis of JAZ Proteins in Land Plants

In order to study the phylogenetic relationships between different JAZ protein orthologs in
different plant lineages, an unrooted phylogenetic tree was constructed by the Maximum Likelihood
method. Globally, JAZ ortholog proteins were grouped in nine (I-IX) clades (Figure 6). A. thaliana
JAZ1, JAZ2,JAZ5 and JAZ6 were grouped together in clade I, which contained ortholog sequences
from monocots and dicots (Figure 6). Clade II was only constituted by JAZ orthologs of monocots
and a JAZ ortholog of M. x domestica (Figure 6). Otherwise, clade III clustered AtJAZ7, AtJAZ8 and
AtJAZ13 ortholog proteins in dicots, but also showed grouping along with JAZ ortholog proteins of
some monocot species (Figure 6). In clade IV, JAZ proteins corresponding to liverwort, moss and

307



Int. ]. Mol. Sci. 2019, 20, 5060

lycophyte were grouped together (Figure 6). AtJAZ3, AtJAZ4 and AtJAZ9 were clustered near their
ortholog proteins with some JAZ proteins of lycophyte and gymnosperms into clade V (Figure 6).
On the other hand, clade VI included some JAZ proteins of dicots and monocots along with a lycophyte
JAZ protein (Figure 6). Clade VII showed the clustering of AtJAZ11, AtJAZ12 and their respective
orthologs in gymnosperms, monocots and dicots. Moreover, clade VIII only clustered gymnosperm
and monocot JAZ sequences. Finally, AtJAZ10 orthologs were grouped in clade IX (Figure 6). These
results indicated that different JAZ ortholog proteins are phylogenetically related based on their higher
similarity and land plant lineage.

oot

Clade VIl

W

ASPeD

Figure 6. Phylogenetic analysis of JAZ proteins in land plants. The phylogenetic tree was constructed
by using the full-length amino acid sequences of liverwort, moss, lycophyte, gymnosperms, monocots
and dicots. Purple, green, brown, yellow, blue and red used in sequence names indicate liverwort,
moss, lycophyte, gymnosperm, monocot and dicot JAZ proteins, respectively. Different colors indicate
clades for different JAZ ortholog proteins. JAZ, jasmonate-ZIM domain.

2.5. Ancestral Sequences of JAZ Proteins in Land Plants

To understand the evolution of the JAZ protein family, a reconstruction of the JAZ ancestral
sequences from liverwort to dicots was performed by the Maximum Likelihood method. For this
analysis, only 308 JAZ sequences were considered, according to previously characterized JAZ sequences,
including additional putative JAZs reported in this research (Table 1). As a result of this analysis,
an ancestral tree grouping all JAZ proteins was obtained. The PhyloBot software showed a set of
ancestors represented by numbers (Figure 7, Supplementary Table S3, http://www.phylobot.com/
464456268, last accessed date: 19 August 2019). The JAZ protein of M. polymorpha was individually
grouped in the first tree branch. Next, the ancestor 518 was common from moss to dicots (Figure 7).
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Then, a series of ancestors originated different tree branches, which clustered different species of
lycophyte, gymnosperms, monocots and dicots. First, AtJAZ3, AtJAZ4 and AtJAZ9 orthologs diverged
in an independent manner from the common ancestor 450 (Figure 7). AtJAZ9 appeared first, and
then AtJAZ3 and AtJAZ4 ortholog proteins diverged. The Fragaria vesca JAZs FvJAZ4-1, FVv]JAZ4-2,
FvJAZ4-3 and FvJAZ9 were originated from the ancestor 471 (Figure 7). Second, the ancestor 329 and
subsequent ancestors originated the groups of JAZ1, JAZ2, JAZ5 and JAZ6 orthologs. AtJAZ1, AtJAZ2
and FvJAZ1 arose from the ancestor 406, which was also the ancestor sequence of AtJAZ5, AtJAZ6 and
FvJAZ5. An independent branch of the ancestor 330 gave rise to an exclusive group of monocot JAZ
sequences (Figure 7). Third, the ancestors 327 and 326 originated some Taxus chinensis JAZ proteins.
Fourth, the ancestors 325 and 541 were the common ancestors for AtJAZ10, AtJAZ7, AtJAZ8 and
AtJAZ13 orthologs, respectively. These orthologs shared the ancestor sequence 541 and were separated
in two subgroups. Fourth, the ancestor sequence 321 initiated the cluster of AtJAZ11 and AtJAZ12
orthologs (Figure 7). Finally, some ancestors, such as 346 and 406, were exclusively ancestors of JAZs
for monocot and dicot plants, respectively. These results displayed an approach to the evolutionary
history of different JAZ subgroups.
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Figure 7. Reconstruction of JAZ ancestral sequences in land plants. The ancestral tree was performed
using 308 full-length sequences corresponding to liverwort, moss, lycophyte, gymnosperms, monocots
and dicots. Node numbers indicate some output ancestors obtained by using the PhyloBot software.
The analysis of JAZ ancestral sequences is available to download at the following URL: http://www.
phylobot.com/464456268 (last accessed date: 19 August 2019).
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3. Discussion

JAZ proteins are key positive and negative regulators of the JA-signaling pathway [46], regulating
different JA-responses such as tolerance against biotic and abiotic stresses, developmental processes,
reproduction and secondary metabolism [29,47]. However, the evolutionary history of JAZ proteins
and how new functionalities emerged along with the plant kingdom evolution are still unclear.
In this research, the changes in JAZ protein sequences along the evolutionary scale of land plants are
reported. Moreover, the ancestral sequences that gave rise to different JAZ groups are proposed by the
reconstruction of JAZ ancestors.

The mechanism of JA-signal transduction is similar to that of auxins, which contain a receptor, the
ubiquitin ligase complex for repressors’ degradation, co-repressors, specific transcription factors and
homologous repressors, leading to the hypothesis that JAs and auxins share a common ancestor [2].
The JA-signaling pathway, including JAZ proteins, is conserved in liverwort, moss, lycophyte, monocots
and dicots [31]. However, JAZ protein members are more numerous in dicots versus liverwort [14,15,31],
according to what was observed in the 82 organisms considered in this study (Table 1). The number of
JAZ proteins increased during the evolution of vascular plants (Table 1), and this possibly boosted
the colonization of new environments, enabling a higher tolerance against stress [1]. However, this
expansion of the JAZ gene family was not related to an increase in gene number (Table 1), similar to
that observed for the JAZ-homologous repressors, AUX/IAA proteins [48]. A high number of JAZ
members involves functional redundancy, such as that reported in Arabidopsis [29] against what was
observed in M. polymorpha, which only contains a single JAZ protein [14,15]. The expansion of JAZ
proteins may be the consequence of gene duplication, alternative splicing and the emergence of new
functional domains in proteins [27,49,50].

JAZ proteins in Arabidopsis and in other organisms such as O. sativa, T. aestivum, S. lycopersicum
or F. vesca shape different groups regarding the conserved domains [17-20]. JAZ proteins, a subfamily
within the TIFY family, are characterized by the TIFY domain [21,23] and the Jas domain [21,25].
In Arabidopsis, AtJAZ1-12 contain both conserved domains, while AtJAZ13 is non-TIFY domain [17,22].
JAZ proteins in non-vascular plants exhibited TIFY and Jas domains, but the gymnosperms showed
some sequences without the TIFY domain (Supplementary Table S1), suggesting that this domain
arose in the ancestor of this lineage. It is noteworthy that the TIFY and Jas domains were highly
conserved from liverwort to dicots (Figure 2), according to what was previously reported in different
species [17-20,41]. However, some repressors such as AtJAZ7, AtJAZ8 and AtJAZ13 contain an
alternative degenerated Jas domain, which was observed from gymnosperms to dicots, ruling out the
perception of JA-Ile and JAZ degradation [22,26]. Additional protein regions, such as EAR motifs, are
conserved in AtJAZ5, AtJAZ6, AtJAZ7 and AtJAZ8 [26]. EAR motifs are involved in the recruiting of
TPL proteins, which are present in land plants and in algae lineage [2,31], and proteins containing
these motifs were detected in all plant lineages from moss to dicots (Figure 3). This suggests that JAZ
proteins evolved from an ancestor sequence with EAR motifs. Otherwise, the CMID domain, involved
in the interaction between JAZ repressors and MYC2 transcription factors, is weakly conserved through
evolution and is different between AtJAZ1 and AtJAZ10 orthologs [27]. Although the logo sequences
indicated a high conservation of this domain in monocots and dicots (Figure 4), the evolution for each
one seems to be different because the amino acid composition is slightly variable and CMID is only
present in AtJAZ10 orthologs of monocots and dicots, while for AtJAZ1 orthologs, it is represented
from basal angiosperms (Figure 4).

The degron sequence of JAZ repressors is related with the JAZ degradation by the 26S proteasome
after the formation of the complex JAZ-JA-Ile-COI1 [3], promoting the release of MYC2 TFs and the
activation of JA responses [5,6]. The canonical degron LPIAR(R/K) was described in A. thaliana JAZ
proteins for the first time, and then other species showed this conserved sequence (Supplementary
Table S1) [17-19,30]. We also observed that the LPIAR(R/K) sequence is the most common degron,
at least for gymnosperms, A. trichopoda, monocots and dicots (Figure 5a). In contrast, JAZ proteins
of lower plants such as moss and lycophyte exhibited LPQARK (Figure 5a), the same sequence
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reported for the liverwort M. polymorpha [14,15]. The last amino acidic residues R and R/K are directly
involved in the interaction with COI1 and JA-Ile, unlike the other residues that could participate
in the three-dimensional structure and the binding affinity to the ligand, therefore regulating this
interaction [3]. During the evolution of land plants, we observed that the number of alternative degrons
rises, changing in the first four residues (Figure 5a). It is important to note that some JAZ proteins
lacking the conserved degron emerged in the lycophyte lineage, according to that reported for the
AtJAZ7, AtJAZ8 and AtJAZ13 orthologs [5,22]. On the other hand, the physicochemical characteristics
of the different amino acidic residues are critical for the structure and function of the proteins [51,52].
We observed that all of the JAZ proteins containing the conserved degron maintained R and R/K at
the fifth and sixth positions respectively (Figure 5b), as reported in Sheard et al. [3], so the function
is determined by their physicochemical properties. This could be applied to the first four residues,
detecting that in different lineages these positions can be occupied by different amino acids with similar
physicochemical groups. Otherwise, the change of the fifth positively charged residues prevents the
interaction with COI1 [26]. In summary, although the sequence LPIAR(R/K) is the canonical degron,
some JAZ proteins changed to amino acid residues with similar or different biochemical properties,
extending the diversity of degrons in the plant kingdom.

Therefore, all ortholog proteins belonging to different JAZ families in land plants showed similar
conserved domains, and this is evidenced in the phylogenetic relationships. The phylogenetic tree
and JAZ ancestral sequence reconstruction included previously reported and new putative JAZ
sequences identified in the present research (Table 1). The more similar JAZ sequences are clustered
closely (Figure 6), according to what was previously observed in different plant species such as
S. lycopersicum [17], V. vinifera [30], F. vesca [18], O. sativa [19], and T. aestivum [20]. Specifically, AtJAZ1
and AtJAZ2 ortholog proteins clustered in the same subgroup (Figure 6), similar to that observed in
O. sativa [19], F. vesca [18], and M. X domestica [41]. Otherwise, AtJAZ5 and AtJAZ6 orthologs, which
contain a conserved EAR motif in the C-terminal region (Supplementary Table 51) [28], are grouped in
the same clade (Figure 6), according to what was observed in F. vesca [18]. AtJAZ3, AtJAZ4 and AtJAZ9
proteins contain highly similar sequences and shape the same clade [17,18,41], in a comparable manner
to what was observed in this research (Figure 6). Moreover, AtJAZ10 orthologs showing the CMID
domain in a single monocot and in several dicots (Figure 4b, Supplementary Table S1), according
to previous reports for Arabidopsis [27] and FvJAZ10 [18], formed an independent clade, as well as
AtJAZ11 and AtJA12 ortholog proteins (Figure 6). Finally, a well differentiated clade is formed by JAZ
lacking the conserved Jas (AtJAZ7 and AtJAZ8) and TIFY (AtJAZ13) domains. So, phylogenetic trees
allow us to relate ortholog JAZ proteins regarding their sequence similarities and domain conservation.
However, how the different JAZ protein subgroups evolved from an ancestral JAZ sequence in land
plants cannot be elucidated.

The reconstruction of the ancestral sequence for a specific protein family is a powerful tool
to understand the origin and the evolutionary process followed by protein sequences [53], but the
current software can only provide the most conserved domains with higher fidelity [54]. JAZ proteins
are represented in lower land plants by 1-9 members (Table 1, Supplementary Table S1) [14,15,21],
compared to 40, 50 and 13 members in Pinus taeda, Zea mays and A. thaliana, respectively (Table 1) [22],
showing a big expansion of the JAZ repertoire in vascular plants. Until now, M. polymorpha is the
least evolved land plant with a sequenced genome [55], and its single JAZ protein has the TIFY and
Jas domains highly conserved (Supplementary Table S1, Figure 2) [14,15], so it is the best model to
study the evolution and functions of JAZ proteins [46]. The liverwort lineage is located in the first
branch of the ancestral tree (Figure 7), suggesting that an ancestral sequence would be the origin of JAZ
proteins. Being that the algae lineage contains TPL proteins [31], which are recruited by EAR motifs
such as LxLxL [9], we suppose that the JAZ ancestor had this motif. However, because of proteins in
lower plants, the conservation of these motifs is not represented in the ancestral sequences. In the
reconstruction of the evolutionary history of JAZ ancestors, the other JAZ proteins in the different
lineages were originated from the ancestor 518 (Figure 7). The group of the AtJAZ3, AtJAZ4 and
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AtJAZ9 ortholog proteins experienced a divergence from the ancestor 449, constituting a well-defined
group (Figure 7). Then, a set of ancestral JAZ proteins gave rise to the ancestor 330, which was
separated into two branches: AtJAZ1, AtJAZ2, AtJAZ5 and AtJAZ6 orthologs grouping dicots in the
same clade, while monocots were grouped in the other JAZ ortholog group (Figure 7). AtJAZ5 and
AtJAZ6 contain the conserved motif LxLxL [28], while AtJAZ1 and AtJAZ2 lack it, suggesting that
the ancestor 406 originator owned this conserved motif, but this one was lost during the evolution of
AtJAZ1 and AtJAZ2 orthologs and maintained to the AtJAZ5 and AtJAZ6 origin (Figure 7). The last
big group of JAZ orthologs showed the sequence 327 as the common ancestor for AtJAZ7, AtJAZS,
AtJAZ13, AtJAZ10, AtJAZ11 and AtJAZ12 (Figure 7), which diverged into three differentiated groups:
the first containing AtJAZ7, AtJAZ8, and AtJAZ13, the second only with AtJAZ10, and the third with
AtJAZ11 and AtJAZ12. These groups are characterized by the lack of the degron sequence for COI1
interaction in AtJAZ7, AtJAZ8 and AtJAZ13 [22,26], and the presence of the CMID conserved domain
in the case of the AtJAZ10 orthologs [27]. An important point is that AtJAZ7 and AtJAZS8 ortholog
proteins contain the EAR motif in the N-terminal region [18,26], suggesting that the previous ancestors
should have contained this conserved sequence. In summary, the oldest ancestor would show the TIFY
and Jas domains according to what was observed in the JAZ sequence of liverwort (Figure 7) [14,15].
Subsequently, we propose a general model of JAZ evolution in land plants, showing changes in
ancestral sequences in eight different JAZ groups (Figure 8). During the evolutionary process, the
putative ancestors (Supplementary Table S3) showed small changes in amino acidic residues of the
TIFY and Jas domains, allowing the evolution of structures and functions. The TIFY motif is the
most conserved sequence through evolution. In the case of the degron and Jas motif, some synonym
substitutions are observed between the different ancestors (Figure 8), so this may possibly involve an
adaptation to the environment [46]. It is noteworthy that the AtJAZ7, AtJAZ8 and AtJAZ13 orthologs’
clade lost the Jas conserved motif during evolution, originating a new functional group of JAZ proteins.
Besides that, the non-TIFY JAZ13 repressors lost the TIFY domain (Figures 7 and 8). Otherwise, the NLS
region is the most variable between different JAZ groups, similar to what was observed for AUX/TAA
proteins [48]. However, the oldest ancestor of the JAZ proteins of land plants is still unknown.

IAZ7, JAZ8 JAZ13
orthologs orthologs
| 1AZ10
TIFYNG GLSMKRSLQRFLQAKRKNRI 04SP 542 | “Jorthologs
JAZ1, JAZ2 ot
orthologs “TIFYNG LPIARKRSLQRFLOKRKDR
| JAZ11, JAZ12
- 2 -] orthologs
TIFYGG LPIARRASLHRFLEKRKDR 06 z
i ! | TIFYGG LPIARKHSLQRFLEKRKDR
330 ! i
TIFYGG LPIARKASLHRFLEKRKDR! ; [ 329 | I

TIFYGG LPIARKASLQRFLEKRKDR JAZ3, JAZA, IAZS
i orthologs

TIFYAG VPQARKASLARFLEKRKER
TIFYAG LPIARRRSLQRFLEKRRDR

TIFYAG LPQARKASLQRFLEKRKDR

TIFYSG LPQARKASLARFLEKRKDRV

Figure 8. Proposed model of JAZ protein evolution. Numbers framed in boxes indicate the output
name of the ancestor assigned by the PhyloBot software. The analysis of JAZ ancestral sequences is
available to download at the following URL: http://www.phylobot.com/464456268, last accessed date:
19 August 2019. The TIFY motif and the Jas domain are displayed near to each ancestor. Different colors
in boxes show different subgroups of eight JAZ ortholog proteins. Dashed lines indicate intermediate
ancestors. The length of branches does not correspond to evolution time. JAZ, jasmonate-ZIM domain.
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Regarding physiological implications, JAs are essential signaling phytohormones for stress
tolerance, metabolism and developmental responses [29]. Thus, the evolution of key components of the
signaling pathway, such as JAZ repressors, is necessary for overcoming environmental constraints [46].
In this sense, JAZ proteins are critical for the activation of JA responses, through the perception
mechanism of JA-Ile and dinor-OPDA in A. thaliana and M. polymorpha, respectively [3,14]. The degron
sequence is critical for interaction with COI1 and JA-Ile in A. thaliana [3], and a high diversity of
degron sequences was detected in land plants (Supplementary Table S2, Figure 5). This could be
related to different interaction affinities for the perception complex, because JAZs containing different
degron sequences show diverse binding affinities in the interaction with COI1 mediated by JA-Ile [26],
leading to fine-tuning of JA-response activation depending on the type of JAZ protein involved. In the
case of JAZ7, JAZ8 and JAZ13 orthologs, they lack the conserved degron sequence (Supplementary
Table S1) [22,26] and this prevents their degradation and maintains the repression over the transcription
factors, which is related to pulsed responses and desensitization to JAs [5]. Besides this, JAZ proteins are
involved in the formation of a co-repressor complex by the interaction with NINJA adaptor protein [27],
and they recruit TPL proteins mediated by TIFY and EAR-like motifs, respectively [25]. Thus, JAZ5-8
and JAZ13 orthologs that contain EAR motifs in land plants (Supplementary Table S1, Figure 3) allow
the formation of a repressor complex and the inhibition of JAZ responses mediated by TFs [22,26].
Some JAZ orthologs such as JAZ1 and JAZ10 show the N-terminal region containing the CMID domain
and the EAR-like motif, involved in the attenuation of JA responses by the repression of MYC2 TF [27].
Moreover, JAZs are repressors of different TF families involved in defense, secondary metabolite
biosynthesis, and tolerance to abiotic stress, among others [29]. In this case, JAZ proteins show a certain
degree of functional redundancy, but it seems to be restrained to specific TF families [29]. The JAZ-TFs
interaction is mediated by the Jas motif [25], which is highly conserved along the evolutionary scale
(Supplementary Table S1, Figure 2), however, specific interactions are observed between JAZ proteins
and some TFs [29]. In summary, the gain or loss of specific domains and motifs, along with changes in
the amino acid composition observed in different lineages of land plants (Supplementary Table S1,
Figures 1-4), may explain the higher ability for adaption under different environmental conditions
and stresses.

In conclusion, all lineages of land plants contain JAZ proteins with the TIFY and Jas domains
highly conserved. Besides this, some JAZs in subgroups such as JAZ1, JAZ5/6, JAZ7/8, and JAZ10
hold additional domains, e.g., EAR motifs or CMID domains. However, the origin of these domains
is unknown, although it could be explained by some still unknown ancestor. New approaches for
studying the conservation and evolution of protein sequences in each lineage could clarify the origin
of JAZ proteins in the plant kingdom. These results establish a basis to understand the functional role
of JAZ proteins during the evolution process in land plants, and they could be used to obtain crops
more tolerant to environmental stresses through genetic breeding or gene modification.

4. Materials and Methods

4.1. Bioinformatic Identification of JAZ Proteins

JAZ protein sequences of A. thaliana were used for the searching of ortholog proteins in different
plant genomes available in the PLAZA v4.0 database (Ghent University, Belgium, https://bioinformatics.
psb.ugent.be/plaza/, last accessed date: 9 August 2019) by the BLASTP tool. Then, the resulting
sequences were filtered. First, partial sequences and those with an e-value > 0.0 were removed. Second,
NCBI'’s Conserved Domain Database (CDD) was used for the identification of proteins containing
the Jas domain, and proteins lacking this sequence were removed. Third, sequences containing PPD
or ZML domains were removed. Fourth, redundant sequences were removed after the multiple
alignment with those previously reported by using Clustal Omega v2.0.12 (EMBL-EBI, Wellcome
Genome Campus, Cambridgeshire, UK, https://www.ebi.ac.uk/Tools/msa/clustalo/, last accessed date:
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15 April 2019). The resulting 1065 JAZ sequences used in the following analysis can be found in
Supplementary Table S1.

4.2. Structural Analysis of JAZ Protein Domains

The TIFY and Jas domains of newly identified JAZ proteins in moss, lycophytes, gymnospermes,
A. trichopoda, monocots and dicots were characterized by multiple alignment with respect to A. thaliana
JAZ proteins and by using the Conserved Domains Database (CDD) v3.12 (National Center of
Biotechnology Information, Maryland, USA; https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml,
last accessed date: 17 April 2019). Other conserved sequences, such as CMID domains and EARs
motifs, were searched manually using A. thaliana sequences as a reference. The TIFY and Jas domains of
previously reported JAZ proteins were obtained from the information collected in relative publications
(Supplementary Table S1). Logo sequences of structural domains were obtained by the Weblogo v3.0
tool (University of California, Berkeley, California, USA; http://weblogo.threeplusone.com/create.cgi,
last accessed date: 7 May 2019).

4.3. Analysis of Degron Sequences

For the degron analysis in the different plant lineages, only amino acidic sequences with Arg/Lys
(R/K) at the fifth and sixth amino acidic positions from N- to C-terminus according to the canonical
degron sequence LPIAR(R/K) [3] were considered as functional degrons. Then, the percentage (%)
of each specific degron was calculated in the different lineages. In order to clearly display the more
represented degrons, all sequences that individually showed a percentage lower than 5% were included
together as alternative degrons. The percentage of each type of amino acidic residue at the different
positions was calculated according to the physicochemical properties (non-polar, polar, negatively or
positively charged) by using the Amino Acid Explorer tool (University of Maryland, Maryland, USA;
https://www.ncbinlm.nih.gov/Class/Structure/aa/aa_explorer.cgi, last accessed date: 12 June 2019).

4.4. Phylogenetic Analysis

The evolutionary relationships between JAZ proteins were inferred using 308 full-length amino
acidic sequences by using the Maximum Likelihood algorithm and a Jones, Taylor and Thornton (JTT)
matrix-based model. The bootstrap consensus trees were inferred from 1000 replicates. Evolutionary
analyses were conducted in Molecular Evolutionary Genetics Analysis X (MEGA X) (University of
Pennsylvania, Pennsylvania, USA [56], last accessed date: 9 August 2019). An unrooted phylogenetic
tree was constructed using 308 amino acidic JAZ sequences corresponding to previously identified and
characterized JAZ proteins.

4.5. Reconstruction of JAZ Ancestral Sequences

For the ancestral JAZ reconstructions, different AtJAZ protein orthologs from different species
were used. The amino acidic sequences were obtained from the PLAZA v4.0 database (Ghent
University, Belgium, https://bioinformatics.psb.ugent.be/plaza/, last accessed date: 7 August 2019)
and from previously reported JAZ sequences. Ancestral sequences were inferred using PhyloBot
software (University of California, San Francisco, USA) [57] and using 308 JAZ sequences. Sequences
were aligned by using MSAProbs [58] and MUlItiple Sequence Comparison by Log-Expectation
(MUSCLE) (California, USA) [59] with default settings. The results of the MSAProbs alignment and
the tree drawn under the PROTCATJTT model were further analyzed and visualized by FigTree v1.4.3
(The University of Edinburgh, Scotland, UK, http://tree.bio.ed.ac.uk/software/figtree/, last accessed date:
16 August 2019). The analysis of JAZ ancestral sequences is available to download at the following
URL: http://www.phylobot.com/464456268 (last accessed date: 19 August 2019).
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Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/20/
5060/s1. Table S1. Main amino acid sequence features of JAZ proteins of different plant lineages contained in the
PLAZA database. Table S2. List of specific degron sequences for different plant lineages. Table S3. List of protein
ancestor sequences obtained by PhyloBot software.
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Abstract: Jasmonates (JAs) regulate the defense of biotic and abiotic stresses, growth, development,
and many other important biological processes in plants. The comprehensive proteomic profiling of
plants under JAs treatment provides insights into the regulation mechanism of JAs. Isobaric tags for
relative and absolute quantification (iTRAQ)-based quantitative proteomic analysis was performed on
the Arabidopsis wild type (Ws) and JA synthesis deficiency mutant opr3-1. The effects of exogenous
MeJ A treatment on the proteome of opr3-1, which lacks endogenous JAs, were investigated. A total
of 3683 proteins were identified and 126 proteins were differentially regulated between different
genotypes and treatment groups. The functional classification of these differentially regulated proteins
showed that they were involved in metabolic processes, responses to abiotic stress or biotic stress,
the defense against pathogens and wounds, photosynthesis, protein synthesis, and developmental
processes. Exogenous MeJA treatment induced the up-regulation of a large number of defense-related
proteins and photosynthesis-related proteins, it also induced the down-regulation of many ribosomal
proteins in opr3-1. These results were further verified by a quantitative real-time PCR (qQRT-PCR)
analysis of 15 selected genes. Our research provides the basis for further understanding the molecular
mechanism of JAs’ regulation of plant defense, photosynthesis, protein synthesis, and development.

Keywords: jasmonic acid; opr3; stress defense; quantitative proteomics

1. Introduction

Jasmonic acid (JA) is a plant hormone that plays an integral role in the regulation of plant growth
and development as well as in plant defense against wounding, herbivory attack, and other biotic and
abiotic stresses [1]. Jasmonates (JAs) are a class of compounds derived from jasmonic acid with varying
biological activities, including the active form (3R,7S) jasmonoyl-isoleucine (JA-Ile) and the volatile
methyl ester form methyljasmonate (MeJA) [2,3]. As a stress-related hormone, JAs are involved in plant
defense against insects and pathogens [4,5], the response to ultraviolet radiation [6], drought, and other
abiotic stresses [7-10]. In unwounded plant tissues, JAs regulate plant growth and development [11],
affect root growth [12], senescence, and stamen development [13-17]. However, when encountering
insect herbivory attack, plants immediately undergo a series of physiological responses and initiate a
rapid biosynthesis of JAs to trigger the transduction of a stress signal, which results in the activation
of the wound defense mechanism [18-20]. Most plants derive their jasmonates from octadecanoid
(18-carbon) fatty acid, while some plants also produce jasmonates from hexadecanoid (16-carbon) fatty
acid [21]. The major JA synthesis pathway starts from a-linolenic acid (18:3) released from membrane
lipids. The linolenic acid is oxygenated by 13-lipoxygenase (LOX) to form 13-hydroperoxylinolenic
acid (13-HPOT) in the plasma membrane. The resulting fatty acid hydroperoxide is released from
the plasma membrane to peroxisome, which is then dehydrated by allene oxide synthase (AOS)
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and cyclized by allene oxide cyclase (AOC) to form the cyclopentenone 12-oxo-phytodienoic acid
(95,135-OPDA). The pentacyclic ring double bond in 95,135-OPDA is reduced by OPDA reductase 3
(OPR3) in the peroxisome to form 8-(3-ox0-2 (pent-2-enyl)-cyclopentyl) octanoic acid (OPC:8). Finally,
3R,75-JA is generated from OPC:8 after three cycles of 3-oxidation in the cytoplasm [22,23]. JA can also
be produced from the OPDA derivative 4,5-didehydro-JA when OPR3 is completely knocked-out [24].
JA can be catalyzed by JA carboxyl methyltransferase (JMT) to form MeJA, while methyl jasmonate
esterase (MJE) can convert MeJA to form JA. The active form of jasmonic acid, JA-Ile, is formed through
the conjugation of jasmonic acid with isoleucine and is perceived by the COI1/JAZ co-receptor [25,26].
MeJA is volatile and can penetrate through plasma membrane readily, and it can be quickly converted
to JA and eventually to JA-Ile to participate in systemic signaling during development and responses to
stress [27]. MeJA has been widely used to study jasmonates signaling pathways and the mechanisms
of plant defense.

Mutants defective in JA biosynthesis and response have been used to investigate the roles of
JAs in defense and development [28-31]. These mutants included dad1, fad3-3, fad7-2, fad8, dde2-2,
ddel, and opr3. OPR3 is one of the restrictive enzymes in the JA synthesis pathway. There are six
OPR enzymes in Arabidopsis, but only OPR3 can effectively catalyze the reduction of 95,135-OPDA in
plants [32-35]. Endogenous JA is nearly absent in opr3-1 and the mutant showed three characteristic
phenotypes: floral organs develop normally within the closed bud, but the anther filaments do not
elongate enough to reach the locules above the stigma at the anthesis stage; the anther locules do
not dehisce during flowering; the pollen grains are predominantly inviable [36]. However, opr3-1 is
not a null mutant, it can form mature full-length OPR3 transcripts and synthesize JA under specific
conditions like under B. cinerea infection [37]. In the OPR3 complete knock-out mutant (opr3-3), JA
can still be synthesized through OPDA derivative 4,5-didehydro-JA under the catalysis of OPR2 [24].
Exogenous MeJA treatment can restore stamen development, the inhibition of root growth and the
degradation of the jasmonate repressor JAZ1 in JA biosynthesis-deficient mutants [24], such as opr3,
but not in JA signaling-deficient mutants [24]. Compared with other JA synthesis defect mutants,
the opr3-1 mutant is more resistant to necrotrophic fungus, Alternaria brassicicola, as well as to the
soil gnat, Bradysia impatiensthus [37]. So, opr3-1 is a valuable model to investigate the mechanism of
the JA signaling pathway due to its nearly absent endogenous JAs [36,38]. It has been reported that
exogenous JAs were involved in fertility regulation and root growth [39,40], whether the application of
exogenous JAs on biosynthesis-deficient mutants, such as opr3-1, affects other functions of Arabidopsis
remains an intriguing research topic.

The fast development of transcriptics and mass spectrometry-based quantitative proteomics
approaches provide powerful tools to investigate the biological response of plants under external
stress conditions or exogenous hormone stimulus. Pauwels L et al. investigated alterations in
the transcriptome of the fast-dividing cell culture of Arabidopsis after exogenous MeJA treatment.
The results showed early MeJA response genes encoded the JA biosynthesis pathway proteins and
key regulators of MeJA responses, including most JA ZIM domain proteins and MYC2, meanwhile,
in the second transcriptional wave, MeJA response transcripts were mainly involved in cellular
metabolism and cell cycle progression [41]. Mata-Perez et al. used RNA-seq to study the profiles
of Arabidopsis cell suspension cultures transcriptomes after linolenic acid treatment, identified
533 up- and 2501 down-regulated genes. RNA-seq data analysis showed that an important set of
these genes was associated with the JA biosynthetic pathway, including LOX and AOC. In addition,
several transcription factor families involved in the response to biotic stresses, such as pathogen
attacks or herbivore feeding, were identified [42]. Guo et al. used an iTRAQ-based quantitative
proteomics approach to analyze broccoli sprouts treated with exogenous jasmonic acid and found that
photosynthesis and protein synthesis were inhibited after JA treatment, which was responsible for the
slower growth of broccoli, but carbon metabolism and amino acid metabolism-related proteins were
up-regulated [43]. Farooq et al. investigated MeJA-induced Arsenic tolerance in Brassica napus leaves
using iTRAQ and 110 differentially regulated proteins were identified—proteins that were involved
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in stress and defense, photosynthesis, carbohydrates and energy production, protein metabolism,
and secondary metabolites [44]. Alvarez et al. investigated the changes in protein redox regulation
in response to oxidative stress induced by MeJA in Arabidopsis shoots and roots using quantitative
proteomics approach and confirmed cysteine residues of proteins were involved in redox regulation,
which provided a deeper understanding of the jasmonate signaling and regulation network [45].

Most of the reports investigated the effects of exogenous JAs on stress and defense responses in
the presence of endogenous JA. There were very limited reports on the effects of exogenous JAs in
the absence of endogenous JAs. The recovery of fertility in opr3-1 after exogenous MeJA treatment
indicated that exogenous JAs can, at least partially, replace the role of endogenous JA. Thus, we
raise the following question: which signaling pathways and metabolic processes can be affected by
exogenous JAs in the absence of endogenous JAs?

In this study, we used an iTRAQ-based quantitative proteomic method to investigate the effects
of exogenous MeJA on JA synthesis deficient mutant opr3-1 (Figure S1). A total of 126 differentially
regulated proteins (DRPs) were identified between the control and treatment groups of both genotypes
(Arabidopsis wild type (Ws) and opr3-1) after MeJA treatment. These DRPs were involved in metabolism
processes, responses to stress, the defense against pathogens and wounds, photosynthesis, protein
synthesis, as well as development processes. The transcriptional level of 15 selected genes from the
DRPs was further validated by qRT-PCR analysis. Our work contributed to a better understanding
of the molecular mechanisms of JAs regulating plant defense, photosynthesis, protein synthesis,
and development.

2. Results

2.1. Overview of Protein Identified in Ws and opr3-1

A quantitative proteomics analysis of Arabidopsis wild type (Ws) and JA synthesis deficient
mutant (opr3-1) treated with 0.25 mM of MeJ A for 8 h was performed to identify differentially expressed
proteins between these genotypes under exogenous MeJA treatment. A total of 45,691 unique spectra
corresponding to 25,957 unique peptides and 3683 proteins were identified in this experiment. Among
them, 3386 proteins can be identified in all three replicates and 3214 proteins can be quantified
(Figure 1a). It can be seen that sequence coverages of the identified proteins were mostly below 30%,
and most of the identified proteins were in the mass range 20-30 KD and 30-40 KD (Figure 1b,c).
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Figure 1. Information on the identified proteins. (a) A Venn diagram of the number of proteins
identified in three replicates; (b) the distribution of sequence coverage; (c) the distribution of the mass
of the identified proteins.

2.2. Identification of Differentially Regulated Proteins

In order to explore the effect of exogenous JAs on opr3-1 at the proteome level, differentially
regulated proteins (DRPs, fold change > 1.5, p < 0.05) were screened according to the intensity of the
iTRAQ reporter ions. A total of 126 DRPs were identified between the control and treatment groups of
both genotypes (Figure 2a). To further understand the effects of exogenous JAs on the proteome of
Arabidopsis in the absence of endogenous JA, we screened DRPs between opr3-1 and opr3-1 after the
MeJ A treatment and removed the proteins that showed significant changes in abundance in Ws after
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MeJA treatment. The remaining 97 DRPs were considered as proteins that were induced by exogenous
JAs. Among them, 44 proteins were up-regulated and 53 proteins were down-regulated (Figure 2b).
These DRPs were used for the following functional analysis.

A Wsvs.Ws-MeJA  opr3-1 vs. opr3-1-MeJA b opr3-1vs. opr3-1-MeJA
@ Up-regulated

_ o
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Figure 2. Functional classifications of differentially regulated proteins. (a) A Venn diagram of
differentially regulated proteins; (b) the numbers of up-regulated and down-regulated proteins; (c) the
GO assignment of DRPs in opr3-1 in response to methyl jasmonate (MeJA) treatment (opr3-1-MeJA). BP:
Biological Process; MF: Molecular Function; CC: Cellular Component.

2.3. Functional Analysis of Differentially Regulated Proteins

GO analysis of the DRPs showed that the DRPs responded to MeJA in opr3-1 can be classified into
11 biological process categories: metabolic processes (20.48%), cellular processes (21.10%), the response
to abiotic or biotic stimulus (10.39%), the response to stress (9.48%), other biological processes (11.31%),
protein metabolism (9.48%), transport (3.97%), developmental processes (4.89%), electron transport or
energy pathways (4.58%), cell organization and biogenesis (3.05%), and signal transduction (1.22%).
For molecular functions, 20.73% of the proteins were related to binding activity, followed by enzyme
activity (18.29%), structural molecule activity (12.19%), protein binding (11.58%), DNA or RNA binding
(9.76%), nucleotide binding (8.54%), hydrolase activity (6.71%), transporter activity (4.88%), other
molecular functions (4.27%), and transferase activity (3.05%). In the cellular components category,
17.82% of the DRPs were cytoplasmic components, followed by intracellular components (16.20%),
chloroplast (15.28%), other membranes (11.81%), plastids (10.65%), cytosol (8.10%), nucleus (6.02%),
ribosome (5.09%), plasma membrane (5.09%), and mitochondria (3.93%) (Figure 2c).

A Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of the DRPs between
opr3-1 and opr3-1-MeJ A showed 20 functional classes (Figure S2). Most of the proteins were enriched
in metabolic pathways, protein synthesis, photosynthesis, the biosynthesis of secondary metabolites,
carbon metabolism, and the biosynthesis of amino acids.
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A STRING analysis was performed to investigate the interaction network among these DRPs.
The DRPs can be divided into three groups (Figure 3). They were involved in protein synthesis
(red group), energy metabolism (green group), and photosynthesis (blue group). Among these
proteins, ATP synthase gamma chain 1 (AT4G04640.1, No.2) is involved in the regulation of ATPase
activity, it catalyzes the conversion of ATP from ADP in the presence of a proton gradient across the
membrane [46]. The abundance of this protein decreased by 0.59 fold in opr3-1 after MeJA treatment,
indicating that MeJA treatment reduced the synthesis of ATP and impaired the energy metabolism
of opr3-1. An oxygen-evolving enhancer protein (AT4G05180.1, No.4) is required for photosystem II
assembly/stability. The loss of the oxygen-evolving enhancer protein induces significant decreases in
photosystem II function [47], and this protein was up-regulated by 1.80 folds after MeJA treatment
in opr3-1. The expression of the Chlorophyll a-b binding protein (AT3G27690.1, No.3) was increased
by 1.54 folds in opr3-1 after MeJA treatment. This protein acts as a light receptor and is closely
related to photosystems. The up-regulation of these two proteins in opr3-1 after MeJA treatment
indicated that MeJA treatment could enhance photosynthesis in opr3-1. When the plant is mechanically
damaged, the JAs’ content increases abruptly [48], while the application of exogenous MeJA simulates
the process of pest or bacteria invasion and leaf damage, which results in the activation of the JAs’
synthesis pathway, however, in the opr3-1 mutant, the in vivo synthesis of JA is inhibited due to the
lack of OPR3 enzyme, thus, the opr3-1 mutant provides an excellent model to investigate the effects of
exogenous JAs without background interference from endogenous JAs. We found that the abundance
of pigment defective 334 (AT4G32260.1, No.1), which has hydrogen ion transmembrane transporter
activity and is involved in the defense response to bacterium, was increased by 1.66 folds in opr3-1 after
MeJ A treatment. The up-regulation of this protein suggested that the application of exogenous MeJA
could induce the defense mechanism against bacterium invasion. Proteins in the red group (protein
synthesis-related process) were closely interconnected, these proteins (AT2G41840.1, AT4G26230.1,
AT3G05560.1, AT3G02080.1, AT3G02560.2, AT2G43030.1, No.5—10) mostly belonged to the ribosomal
protein family and were involved in translation. The abundance of these proteins decreased by 0.66,
0.65, 0.61, 0.64, 0.66, and 0.65 folds in opr3-1 after MeJA treatment, respectively. The down-regulation
of these proteins indicated that MeJA treatment inhibited protein synthesis in opr3-1.
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Figure 3. Protein—protein interaction network of differentially regulated proteins (DRPs) in opr3-1
under MeJA-treatment. Red group: protein synthesis; green group: energy metabolism; blue
group: photosynthesis.

2.4. Verification of the DRPs by gRT-PCR

To validate the iTRAQ results, the transcriptional levels of 15 candidate DRPs were analyzed
using qRT-PCR (Figure 4). Among them, six DRPs showed similar trends of variation in their mRNA
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expression level compared with protein expression, including proteins involved in JA synthesis (OPR3,
AOC), photosynthesis (PRXQ), protein domain specific binding (GRF5), and defense against pathogens
and wounds (BG2, Thioredoxin M1) (Figure 4). OPR3 and AOC are key genes in the synthesis of
the JA pathway, OPR3 was not expressed in the opr3-1 mutant as expected, the expression of AOC
was significantly increased after MeJA treatment in both genotypes, but the expression level was
generally lower in the opr3-1 mutant compared with the wild type (Figure 4). However, the alteration
in protein expression levels did not always correlate well with the changes in mRNA expression. In
this study, we found several genes with discrepancies in protein and mRNA abundances. For example,
the abundance of RPS2C and RPL22B (protein synthesis-related) decreased in opr3-1 after MeJA
treatment, while their mRNA expression showed no significant changes in opr3-1. MeJA treatment
resulted in accumulations of PDE334 and PR5 (related to defense against pathogen) in opr3-1 but
their mRNA expression decreased in opr3-1 after treatment. Such discrepancies between qRT-PCR
and iTRAQ results can be attributed to the post-transcriptional, translational, and post-translational
regulation of gene expression [49].
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Figure 4. Relative mRNA expression levels of selected genes measured by qRT-PCR. OPR3:
12-oxophytodienoate reductase 3; AOC: Allene oxide cyclase 1; PRO5: Profilin-5; RPS2C: 40S ribosomal
protein S2-3; RPL22B: 60S ribosomal protein L.22-2; PRXQ: Peroxiredoxin Q; CURT1B: Curvature
thylakoid 1B; LHCB2.4: Chlorophyll a-b binding protein 2.4; COR47: Dehydrin COR47; PDE334:
Pigment defective 334; Thioredoxin M1: Arabidopsis thioredoxin m-type 1; KTI4: Kunitz trypsin
inhibitor 4; BG2: Glucan endo-1,3-beta-glucosidase; PR5: Pathogenesis-related protein 5; GREF5:
14-3-3-like protein GF14 upsilon.

3. Discussion

Jasmonates, including jasmonic acid, methyl jasmonate, and jasmonoyl-isoleucine are crucial plant
hormones widely present in higher plants. They play important roles in regulating seed germination,
growth, pollen fertility, the response to external damage (mechanical, herbivore, insect damage) and
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pathogenic infections. The endogenous level of JA in opr3-1 was only about 1/5 of the wild type
(Figure S5). The deficiency of endogenous JAs in the opr3-1 mutant results in the anther filaments
not elongating enough to reach the stigma, anther locules not dehiscing, and inviable pollen grains,
which eventually results in male sterility. The application of exogenous JAs can restore the male
sterile phenotype. The nearly absence of endogenous JAs in opr3-1 provide an excellent model to
investigate the regulation mechanism of JA on plant development and defense response. Previous
studies mostly focused on changes in the gene expression levels induced by exogenous JA, while
changes at the proteomic levels were less explored [50,51]. Therefore, we used an iTRAQ-based
quantitative proteomics approach to identify responsive proteins in JA synthesis deficient mutants,
after exogenous MeJA treatment, as a means of exploring the regulatory roles of JAs. This study not
only discovered the classic JA-induced proteins reported in previous studies [52,53] but also discovered
some new proteins affected by exogenous MeJA, which are mainly involved in protein synthesis,
photosynthesis, the response to stress, energy metabolism, and pollen development (Figure 5).
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Figure 5. Summary of the biological processes affected by exogenous MeJA in the absence of endogenous
jasmonic acid (JA). The red: up-regulation of protein expression; white: no significant change; purple:
down-regulation of protein expression. Green group: proteins affected by JAs reported previously; blue
group: proteins affected by jasmonates (JAs) discovered in this study. Orange group: plant hormone
affected by JAs in this study.

3.1. MeJA-Induced Physiological Changes

The physiological assays showed that there was no significant difference in the content of H,O,
between Ws and opr3-1 under normal condition (Figure S3a,b). After 8 h of MeJA treatment, the H,O,
content in Ws increased, while the opposite trend was observed in opr3-1 (Figure S3c). In addition,
opr3-1 had higher Peroxidase (POD) content under normal conditions, and the content of POD in opr3-1
was almost two times higher than that of Ws. The MeJA treatment led to decreases in POD content in
both genotypes and a larger decrease in opr3-1 was observed (Figure S3d), but opr3-1 still managed
to maintain a higher POD content than Ws. These results indicate that opr3-1 can maintain a better
reactive oxygen species (ROS) scavenging capability under exogenous MeJA treatment. The higher
POD content in opr3-1 may contribute to its lower ROS level, even though the POD content decreased
in both genotypes after MeJA treatment. In the proteomics data, it was found that the abundances
of ROS scavenge-related proteins (AT1G19570.1, AT3G26060.1, AT1G03680.1) were up-regulated in
opr3-1 after MeJA treatment, which may also explain the decrease in ROS content in opr3-1.
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The contents of the free amino acid of the two genotypes were determined by liquid
chromatograph-mass spectrometer (LC-MS) after derivatization with the AccQ tag reagent and
the effect of exogenous MeJA treatment on free amino acids was revealed by principal component
analysis (Figure S4). There were significant differences in free amino acid contents between Ws and
opr3-1 under normal conditions, and MeJA treatment did not show a significant effect on amino acids’
contents in both genotypes. These data show that there was a significant difference in endogenous
free amino acids’ contents between Ws and opr3-1. Such a discrepancy cannot be compensated by the
exogenous application of MeJA, indicating that exogenous JAs cannot fully replace the functions of
endogenous JAs.

The contents of three major plant hormones (ABA, JA, SA) were measured using LC-MS in Ws
and opr3-1 before and after MeJA treatment (Figure S5). SA, JA, and ABA play important roles in
plant defense and stress response. SA is best known for its central role in the plant defense response
against pathogens and as an inducer of systemic acquired resistance. It is synthesized from chorismate
via isochorismate. The infection of plants by pathogens results in an increase in SA levels both at
the site of infection and in distant tissues [54]. ABA is an isoprenoid compound associated with
seed dormancy, drought responses, and other growth processes [55]. ABA levels are regulated by
a variety of environmental factors, including drought, cold, and other biotic or abiotic stresses [56].
In response to abiotic stress, the crosstalk between plant hormonal signaling pathways prioritizes
defense over other cellular functions [57]. SA and JA-mediated signaling pathways are closely related
in plant stress resistance, and they crosstalk through certain regulatory factors, such as NPR1 [58].
The antagonism between SA and JA signaling pathways results in the downregulation of a large
set of JA-responsive genes, including the marker genes PDF1.2 and VSP2 in the presence of SA [59].
In this study, the significantly reduced JA content in opr3-1 confirmed the mutation of the OPR3
gene, and the spike in JA content after exogenous MeJA treatment indicated a quick absorption and
transformation of MeJA (Figure S5). Moreover, the ABA and SA contents showed similar trends after
MeJ A treatment, i.e., their contents were both significantly higher in opr3-1 than in Ws under normal
conditions, and they were both significantly decreased after MeJA treatment. Also, the plant hormone
contents in MeJA-treated opr3-1 was similar to those of the untreated wild type. These data indicate
that there was antagonism between JA and ABA/SA in both Ws and opr3-1, and the lack of endogenous
JA resulted in higher ABA and SA levels in untreated opr3-1, while the application of MeJA reduced
the levels of these two hormones.

3.2. Proteins Response to MeJA Treatment in opr3-1

3.2.1. Stress-Related Proteins

When wounded or under insect or pathogen attack, plants initiate defensive mechanisms and
activate the JA synthesis pathway, which results in a sharp increase in JA content [60]. In this
experiment, the application of exogenous MeJA simulated such stress process in the plants. We
found four wound-related proteins, DHAR1 (AT1G19570.1), ATCOR47 (AT1G20440.1), PDE334
(AT4G32260.1), and ATHM1 (AT1G03680.1). The abundance of these proteins were up-regulated by
1.62,1.70, 1.66, and 1.51 folds, respectively, in opr3-1, after MeJA treatment. DHAR1 is a key component
of the ascorbate recycling system; it is involved in ROS scavenging under oxidative stresses [61].
ATHM1 is the key enzyme of the oxidative pentose phosphate pathway, which supplies reducing
power (as NADPH) in non-photosynthesizing cells, and is involved in the response to oxidative stress
and regulates the carbohydrate metabolic process [62]. The up-regulated expression of DHAR1 and
ATHMI indicates the enhanced ROS scavenging capability of opr3-1 in the presence of exogenous MeJA,
which is evidenced by reduced HyO, level in MeJA-treated opr3-1 (Figure S3c). The accumulation
of ATCOR47 is triggered in response to the presence of fungus and PDE334 and is involved in the
response to an invasion of bacterium [63,64]. The accumulation of these two proteins indicates that the
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application of exogenous MeJA could also induce the expression of proteins involved in the response
to fungus and bacterium invasion.

3.2.2. Pollen Development-Related Proteins

In opr3-1, the pollen grains are inviable, the anthers are abnormally dehydrated, and the anther
filaments do not elongate, resulting in male sterility. These defects can be remedied by the application
of exogenous MeJA, indicating that JA is required for male gamete development [65]. In the proteomic
results, we found several up-regulated proteins in response to MeJA in opr3-1 that were involved in
anther and pollen development.

Nuclear pore anchor (NUA, AT1G79280.2) is a component of the nuclear pore complex, it mediates
the transportation of RNA and other cargoes between the nucleus and the cytoplasm. Nuclear
pore anchor mutants nua-1 and nua-4 showed diverse developmental phenotypes, including early
flowering, stunted growth, and shortened anther filament [66], indicating that NUA is required for
filament elongation. Profilin-3 (AT5G56600.1) is a ubiquitous eukaryotic protein that regulates the actin
cytoskeleton, which is essential for pollen development. Profilin-3 can rearrange the actin cytoskeleton
during pollen germination, and recently, it has been identified as a potent regulatory factor in pollen
development [67]. The up-regulation of these two proteins (1.66 and 1.32 folds) in opr3-1, after MeJA
treatment, indicates that these two proteins are induced by exogenous MeJA and that they may be
curial components for restoring opr3-1's fertility.

3.2.3. Protein Synthesis-Related Proteins

Ribosomes contain a large number of ribosomal proteins, which can catalyze the peptidyl transfer
reaction for polypeptide synthesis. They are responsible for protein synthesis and play a major role
in regulating cell growth, differentiation, and development [68]. In this study, we found five 40S
ribosomal proteins (AT2G41840.1, AT3G02080.1, AT1G48830.1, AT3G02560.1, AT5G02960.1), four 60S
ribosomal proteins (AT4G15000.1, AT4G26230.1, AT3G05560.1, AT4G27090.1), two 30S ribosomal
proteins (ATCG00900.1, AT5G14320.1), and one 50S ribosomal protein (AT2G43030.1) that were
dramatically down-regulated by MeJA in opr3-1 (Table S1). The decreased abundance of these
ribosomal proteins suggests that MeJA treatment inhibited protein synthesis in opr3-1.

3.2.4. Photosynthesis-Related Proteins

In plants, photosynthesis is an important metabolic process and is susceptible to environmental
stress. It has been reported that photosynthesis rate was promoted in Arabidopsis under drought
stress [69]. In this study, iTRAQ data show that MeJA application could remarkably enhance
the expression of photosynthesis-related proteins. The photosystem I reaction center subunit N
(AT5G64040.2) may function in mediating the binding of the antenna complexes to the PSI reaction
center and core antenna. It plays an important role in docking plastocyanin to the PSI complex [47].
Photosystem I protein P (AT2G46820.1) is a part of the photosystem I complex [70]. Photosystem
II subunit Q-1 (AT4G05180.1) and photosystem II subunit Q-2 (AT4G21280.2) encode the PsbQ
subunit of the oxygen evolving complex of photosystem II. They are required for photosystem II
assembly/stability [71]. These proteins were up-regulated by 1.51, 1.95, 1.70, and 1.55 folds in opr3-1
after MeJ A treatment, respectively. The up-regulation of these photosynthesis-related proteins suggests
that exogenous MeJ A treatment enhances plant photosynthesis processes.

4. Materials and Methods

4.1. Plant Materials and Growth Conditions

The seeds of Arabidopsis thaliana ecotype Wassileskija (Ws) and mutant opr3-1 were sterilized with
1% NaClO for 10 min, followed by washing with distilled water and sowing onto a 1/2 MS medium
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for 10 days. Afterwards the seedlings were transferred to pots to a climate chamber (22 °C; 8/16 h
light/dark cycle, 65% rh).

Four-week-old Arabidopsis (bolting but not flowering) plants were sprayed with 250 uM MeJA in
0.05% Tween-20, and the control groups were sprayed with 0.05% Tween-20 without MeJA. After 8 h
of treatment, the leaves of the plants were collected, ground into a fine powder in liquid nitrogen and
stored at —80 °C until protein extraction.

4.2. Protein Extraction and Digestion

Arabidopsis leaf proteins were extracted by a modified phenol extraction method [72]. In brief,
0.5 g of leaves were ground into fine powder in liquid nitrogen, and a 3 mL protein extraction buffer
(500 mM Tris-HCl, 700 mM sucrose, 500 mM EDTA,100 mM KCl, 1% protease inhibitor cocktail, 1%
phospho-STOP, pH 8.0) was added and ground for 10 min. Then, 3 mL of Tris-saturated phenol was
added and ground for another 10 min. The phenol layer was collected after centrifugation and the
proteins were precipitated with 0.1 M ammonium acetate in methanol overnight at —20 °C. The protein
pellet was washed three times with pre-cooled acetone and dried. The protein pellet was dissolved
with 7 M urea/2 M thiourea, and the protein concentration was measured by Bradford assay.

The protein was digested with a modified filter-aided sample preparation (FASP) workflow [73].
In short, 200 pg of protein was loaded onto an ultrafiltration device (10 KDa, MWCO, 500 puL, Sartorius,
Gottingen, Germany), reduced with 50 mM DTT at 56 °C and alkylated with 200 mM IAM for 30 min,
in the dark, at room temperature. The protein was digested with trypsin with a protein:enzyme ratio
of 50:1 at 37 °C for 16 h.

4.3. iTRAQ Labeling, High pH Reversed-Phase Fractionation, and NanoLC-MS Analysis

An iTRAQ 8-plex kit was used to label peptides from Ws and opr3-1, with or without MeJA
treatment, following the manufacturer’s instructions. The details of the iTRAQ channels used for each
sample are listed in Table S2. Three biological replicates were analyzed.

The labeled peptides were pooled and fractionated with a C18 column (2.1 mm X 100 mm, 2.6 pm,
Kinetex, Phenomenex) using a gradient elution program of 20 mM ammonium acetate in water (pH
10.0) and 20 mM ammonium acetate in 90% acetonitrile (pH 10.0) on a High Performance Liquid
Chromatography (HPLC) system (H-Class bio, Waters, Milford, MA, USA). The peptides were pooled
into 12 fractions, dried in a vacuum concentrator and resuspended with 0.1% formic acid.

Protein identification was performed with a Q-Exactive high resolution mass spectrometer
(Thermo Fisher Scientific, Waltham, MA, United States) coupled with nanoAcquity HPLC (Waters,
Milford, MA, USA). The labeled peptides were loaded on an Acclaim PepMap C18 trap column (75 pm
X 2 cm, 3 um, C18, 100A, Thermo Fisher Scientific) and separated by a home-made C18 column (100 pm
X 15 cm, 3 um, C18, 125A, Phenomenex) at a flow rate of 400 nL/min. Peptide elution was achieved
through a linear gradient of Buffer B (0.1% formic acid in acetonitrile) in 120 min. An MS survey
scan was performed between 300-1800 m/z with a resolution of 70,000. Higher energy collisional
dissociation (HCD) fragmentation was performed for the 10 most intensive precursor ions with a
resolution of 17,500, and the dynamic exclusion time was 30 s.

The MS raw files were processed with a Mascot distiller and searched with Mascot (version 2.6.0,
Matrix Science, London, United Kingdom) against the TAIR10 database. Scaffold Q+ (version 4.8.7,
Proteome Software, Portland, OR, United States) was used for quantitative analysis. The search
parameters were as follows: enzyme specificity was set as trypsin with two missed cleavages; precursor
ion mass tolerance was set at 10 ppm and MS/MS fragment ion mass tolerance was at 0.02 Da; the fixed
modification was carbamidomethyl (C) and variable modification was oxidation (M); iTRAQ 8-plex
was selected for quantification; only peptides with a false discovery rate (FDR) less than 1% were used
for subsequent data analysis.
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4.4. Bioinformatics Analysis

The identified proteins were annotated using the TAIR database (https://www.arabidopsis.org/,
Fremont, CA, USA). The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
was performed using an online searching tool (http://www.omicsolution.org/wu-kong-beta-linux/
passwd/KEGGEnrich/, Shanghai, China). The protein interaction analysis was performed using the
String program (version 11.0, http://www.stringdb.org/, Hinxton, UK).

4.5. Plant Hormone Assay

Plant hormone contents were assayed using a published method [74].

4.6. Quantitative RT-PCR Analyses

The total RNA was extracted individually using ImL of TRI reagent (Thermo Fisher Scientific,
Waltham, MA, USA). For all samples, 2 g of total RNA was converted to cDNA using M-MLV reverse
transcriptase (Promega, Madison, WI, USA). Quantitative RT-PCR was performed with the Applied
Biosystems 7500 RT-PCR system with SYBR Premix Ex Taq (Takara, Tokyo, Japan). The gene-specific
primers (a single peak in qPCR melting curve products) used are listed in Table S4, and ACTIN was
used as control. The relative quantification of RNA expression was calibrated using the formula
27A8C method.

5. Conclusions

In this study, we investigated the effects of exogenous MeJA on Arabidopsis using the
JA synthesis deficient mutant opr3-1. The differential defense against stress, photosynthesis,
and development-related proteins were up-regulated in opr3-1 after MeJA treatment, meanwhile, MeJA
could also down regulate the expression of a large number of ribosomal proteins. Our study shows
that, in the absent of endogenous JA, exogenous MeJA enhances Arabidopsis’ defense against stress,
photosynthesis, and developmental processes, whilst also inhibiting protein synthesis process. For
plant hormones, a trace level of JA could still be detected in opr3-1, indicating that the JA synthesis
capability of the opr3-1 mutant was significantly blocked but not completely inhibited, and we also
found antagonism between JA and SA/ABA. The presented results provide a new framework and
candidate protein list for further understanding the molecular mechanisms of exogenous JAs-regulated
plant defense, photosynthesis, protein synthesis, and development process.
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assays of two genotypes. (a)Water content; (b) Chlorophyll content; (c) H,O, content; (d) POD content. Figure S4.
Principle component analysis score plot of free amino acid contents of the two genotypes under MeJA treatment.
Figure S5. Plant hormone contents in the two genotypes under MeJA treatment. (a) Jasmonic acid; (b) Abscisic
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Table S4. Primer sequences for gene expression analysis by RT-qPCR.

Author Contributions: Conceptualization, Z.L.; methodology, ].Q. and Z.L.; formal analysis, Z.L. and ].Q.;
investigation, J.Q.; resources, Z.L.; data curation, Z.L. and J.Q.; writing—original draft preparation, J.Q.;
writing—review and editing, X.Z.; Z.L.; supervision, Z.L.; project administration, Z.L.; funding acquisition, Z.L.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by The State Key Laboratory of Plant Physiology and Biochemistry at China
Agricultural University.

Acknowledgments: We are very thankful to Pei Liu (Professor, College of Resources and Environmental Sciences,
China Agricultural University) for providing experimental materials, and we would like to thank Yiting Shi
(Associate Professor, State Key Laboratory of Plant Physiology and Biochemistry, College of Biological Sciences,
China Agricultural University) for the help in gqRT-PCR experiments and providing thoughtful insights.

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

329



Int. . Mol. Sci. 2020, 21, 571

Abbreviations

ABA Abscisic acid

AOC Allene oxide cyclase

AOS Allene oxide synthase

DRPs Differential regulated proteins

FDR false discovery rate

GO Gene ontology

H,O, Hydrogen peroxide

TIAA Auxin

JA Jasmonic acid

JA-Tle Jasmonoyl-isoleucine

JAs Jasmonates

JMT Jasmonic acid carboxyl methyltransferase
KEGG Kyoto Encyclopedia of Genes and Genomes
LOX 13-lipoxygenase

MeJA Methyl jasmonate

OPR3 12-oxophytodienoic acid reductase 3

PCA Principal component analysis

POD Peroxidase

ROS Reactive oxygen species

SA Salicylic acid

STRING Search Tool for the Retrieval of Interacting Genes
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