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Abstract: Lipid membranes, as primary places of the perception of environmental stimuli, are a
source of various oxygenated polyunsaturated fatty acids—oxylipins—functioning as modulators of
many signal transduction pathways, e.g., phytohormonal. Among exogenous factors acting on plant
cells, special attention is given to drought, especially in highly sensitive crop species, such as yellow
lupine. Here, we used this species to analyze the contribution of lipid-related enzymes and lipid-
derived plant hormones in drought-evoked events taking place in a specialized group of cells—the
flower abscission zone (AZ)—which is responsible for organ detachment from the plant body. We
revealed that water deficits in the soil causes lipid peroxidation in these cells and the upregulation of
phospholipase D, lipoxygenase, and, concomitantly, jasmonic acid (JA) strongly accumulates in AZ
tissue. Furthermore, we followed key steps in JA conjugation and signaling under stressful conditions
by monitoring the level and tissue localization of enzyme providing JA derivatives (JASMONATE
RESISTANT1) and the JA receptor (CORONATINE INSENSITIVE1). Collectively, drought-triggered
AZ activation during the process of flower abscission is closely associated with the lipid modifications,
leading to the formation of JA, its conjugation, and induction of signaling pathways.

Keywords: abscission zone; CORONATINE INSENSITIVE1; drought; flower abscission; JASMONATE
RESISTANT1; jasmonic acid; jasmonates; lipoxygenase; phospholipase D

1. Introduction

Jasmonates, among them jasmonic acid (JA), as well as its derivatives, such as methyl
jasmonate (MeJA), and jasmonoyl-L-isoleucine (JA-Ile), are a diverse group of galactolipid-
derived phytohormones ubiquitously distributed in plant cells [1]. Particular members of
JAs exhibit various activities in the physiological, metabolic, developmental, and defensive
processes in different species [2,3]. Additionally, JAs are known to promote senescence [4,5].
There are also several reports indicating their involvement in organ separation processes,
e.g., in Arabidopsis thaliana [6,7], Bryophyllum calycinum [8], Citrus sinensis [9], Kalanchoe
blossfeldiana [10], Rosa chinensis [11], and Phaseolus vulgaris [12]. The positive effect of JA on
organ detachment was observed in A. thaliana [6,7], while MeJA stimulated this process
in K. blossfeldiana, and B. calycinum [8,10]. JAs regulate the process of organ separation at
various stages, starting with modulation of the expression of genes encoding enzymes that
are involved in the modification and rearrangement of cell walls (e.g., polygalacturonase,
pectinase, xylanase, pectin methylesterase), through the formation of a secondary abscission
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zone [8], and finishing with their involvement in the degradation of polysaccharides in the
abscission zone (AZ)—a place of organ shedding [10]. Furthermore, JAs’ role is even more
complicated, given their interaction with other phytohormones, e.g., ethylene (ET) or auxins,
as described in A. thaliana and C. sinensis [13,14]. In turn, the independent action of JAs has
been observed in species such as Oryza sativa [15], Zea mays [16], Fagopyrum tataricum [17],
and Agropyron cristatum [18]. Considering that JAs are a large, heterogeneous group of
phytohormones, which differ in their chemical structure, spectrum of activity, and possible
interaction with other hormones, studies regarding JAs’ role in abscission-related processes
are necessary. Such research is important especially in crops, such as Fabaceae. A key factor
affecting the organ separation in these species is soil drought. Water deficit causes organ AZ
activation, leading to extensive, and more importantly, preliminary abortion [19–21]. It has
been recently pointed out that flower abscission in Lupinus luteus, economically important
Fabaceae, is accelerated by JAs and is accompanied by lipid modification specifically in AZ
cells [22]. Given that JAs participate in the response of a plant to water deficit, in this paper,
we answer a question: whether the soil drought stress can affect the JAs-related events
taking place in extremely sensitive tissue—that being flower AZ.

The consequence of drought is the generation of oxidative stress in the plant. Reactive
oxygen species (ROS) accumulated in high concentrations cannot be detoxified by enzy-
matic or non-enzymatic repair systems and might reorganize cell membranes, especially
lipid components [19,21,23]. It has been demonstrated many times that water stress is
correlated with an increased level of malondialdehyde (MDA) [24,25]. Concomitantly, the
activity of enzymes responsible for cell membrane remodeling, such as phospholipase D
(PLD) and lipoxygenase (LOX), is upregulated [25]. These proteins are the first enzymes in
the JAs’ biosynthesis pathways at the same time [26]. Increased mRNA levels of the PLD
gene and activity of PLD was observed in A. thaliana [27], sweet orange [28], Craterostigma
plantagineum [29], Petunia [7], Vigna radiata [30], Z. mays [31], and Arachis hypogaea [32] under
drought. In turn, accumulation of LOX mRNA evoked by water deficit has been demon-
strated in Capsicum annuum L. [33], P. vulgaris [34], Panax ginseng [35], Diospyros kaki [36],
Setaria italica [37], Cucumis melo [38], Solanum lycopersicum [39], Agrostis stolonifera [40], and
Triticum aestivum [41]. LOX-encoding lipoxygenases catalyze the conversion of α-linolenic
acid to (13S)-hydroperoxy-octadecatrienoic acid (13-HPOT), which is further subjected to
processes of oxidation, cyclization, and acyl chain shortening, to finally form JA [42,43].
Studies made on Triticum aestivum [14], A. thaliana [44,45], Gossypium hirsutum [3], and
Citrus Paradisi × Poncirus Trifoliata [46] have proven an existing correlation between a
high endogenous level of JA and the increased transcriptional activity of LOX genes
when plants were subjected to drought. Under such stressful conditions, JAs, mainly JA
and MeJA, positively influence the level of osmoprotectants, including proline, betaine,
flavonoids, sugars, and phenolic compounds [47]. These hormones regulate the function-
ing of antioxidant systems and determine the intensity of photosynthesis by regulation
of stomata opening [47]. Other JAs derivatives also exhibit biological activity. For in-
stance, JA conjugate with isoleucine (JA-Ile), which can be biosynthesized in a reaction
catalyzed by JASMONATE RESISTANT (JAR) proteins, similarly to other amino acid deriva-
tives [48]. During stress, the proper functioning of JAs’ signal transduction pathway is just
as important as their biosynthesis. In drought-treated rice, the transcriptional repressor
protein—JASMONATE ZIM DOMAIN protein (OsJAZ1)—inhibits both JAs, as well as
abscisic acid (ABA) signal transduction pathways, and consequently reduces the plant’s
tolerance to water deficit [44,45]. Generally, once JAs are recognized by a receptor—F-box
protein COI1 (CORONATINE-INSENSITIVE 1)—then, various members of JAZ proteins are
targeted for ubiquitination, and subsequently subjected to proteasomal degradation [49].
COI1 is a part of a Skp/Cullin/F-box complex (SCFCOI1) that functions as a ubiquitin
ligase [50].

In the presented paper, we used molecular, biochemical, immunocytochemical, and
instrumental analyses to investigate flowers’ AZ-specific response to soil drought stress,
related to JAs. First, we measured MDA content as a marker of lipid peroxidation. Next, we
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analyzed the impact of drought on two JA biosynthesis enzymes (PLD and LOX), followed
by JA detection. Finally, we checked the appearance of JAR and COI1 under water deficit
conditions. We provide evidence that JAs are connected to flower abscission processes
evoked by drought, which has a strong impact on organ separation.

2. Results
2.1. Drought Changes MDA Level in Flower AZ of Lupine

As we have previously shown, ROS accumulate during drought-activated AZ of
yellow lupine flowers [21]. Oxidative stress evoked by ROS may lead to lipid peroxidation,
which could be measured by analysis of MDA [51]. Here, to better characterize the effect of
the water deficit in the soil on the destabilization of the lipid bilayer in AZ of lupine flowers,
we first determined the MDA level (Figure 1). As Figure 1 shows, MDA content increased
two times in AZ tissues from stressed plants in comparison to AZ from non-abscised
flowers (control).
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Figure 1. Effect of soil drought on the malondialdehyde (MDA) level in the flower abscission
zone (AZ) of Lupinus luteus. Flower AZ was excised from plants subjected to 2 weeks of drought
(25% water holding capacity, WHC) or lupines growing under optimal moisture (70% WHC, control).
Results are presented as means ± SE (n = 3). Asterisks indicate a significant difference (Student’s
t-test: ** p < 0.01).

2.2. Drought Induces the Appearance of Phospholipase D (PLD) in Flower AZ of Lupine

Hydrolysis of the components of plant cell membranes, such as phospholipids, might
be mediated by PLD and produce phosphatidic acid—a key molecule in the signaling
pathways evoked by stress [52]. Furthermore, the activation of phospholipases (PLD or
DAD1) leads to the formation of JA’s precursor—α-linolenic acid [53]. Thus, in the next step,
we aimed to check the level and localization of PLD in flower AZ cells of drought-treated
lupines (Figure 2). Western blot experiments showed the presence of two bands of ~90 and
~95 kDa, which were recognized by the anti-PLD antibody (Figure 2B). As densitometry
analysis revealed, the first, smaller isoform was strongly accumulated in drought-treated
AZ, while the second one was downregulated by stress and was abundant in the control
variant (Figure 2A). We next used the same antibody to examine the cellular localization of
PLD. We found that the response of these cells to stress was accompanied by the appearance
of this enzyme in the whole AZ area, including the distal and proximal region (Figure 2F).
Such labeling has not been observed in the control section (Figure 2D). When we looked at
a higher magnification, strong, green fluorescence was emitted by vascular bundles located
at the central area of drought-stressed AZ (Figure 2G). This region of the control section
was characterized only by several luminous spots in the phloem and higher fluorescence
emitted by the peripheral regions of xylem cells (Figure 2E).
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Figure 2. The level of phospholipase D (PLD) in the flower abscission zone (AZ) of Lupinus luteus
is strongly affected by soil drought. For the analyses, flowers’ AZ fragments were collected on the
48th day of cultivation from drought-treated lupines (25% water holding capacity, WHC) or control
plants (70% WHC). For details, see the Material and Methods section. Western blot analysis was
performed with an anti-PLD antibody and revealed the presence of two reactive bands of ~90 kDa
and 95 kDa (B). These bands were scanned, and densitometry data were generated (100% was set
for the control (A). Results on the chart are presented as means ± SE. A significant difference in
AZ from drought-treated plants in comparison to control for the isoform of ~95 kDa are ** p < 0.01,
while for the isoform of ~90 kDa are ˆˆ p < 0.01. Coomassie brilliant blue-stained SDS-PAGE gel (C).
Molecular mass marker (M), sizes are shown in kDa. Immunolocalization of PLD in flower AZ of
control (D,E) and drought-stressed lupines (F,G). Green fluorescence indicates the presence of PLD,
whereas blue labeling corresponds to nuclei stained with DAPI. AZ region is marked by white dotted
lines. Images (E,G) are magnified regions of the central area of AZ containing vascular tissues from
control and stressed plants, respectively. Abbreviations: AZ—abscission zone; D—distal region
of AZ; P—proximal region of AZ; Ph—phloem vessels; VB—vascular bundle, X—xylem vessels.
Bars = 40 µM.

2.3. Drought-Evoked Upregulation of Lipoxygenase (LOX)

Changes in membrane lipid metabolism could be related to the action of LOX, which
catalyzes lipid peroxidation and affects lipid bilayer fluidity and permeability through the
increasing lipid unsaturation [54]. So, we analyzed the influence of soil drought on the
expression, protein level, and localization of LOX in lupine flowers’ AZ (Figure 3). The
mRNA content of LlLOX2, which was identified recently by us and shown to be involved in
AZ functioning [22], increased under water deficit conditions in flower AZ cells (Figure 3A).
At the same time, we detected the isoform of LOX protein of ~98 kDa, accumulated strongly
in the AZ under drought (Figure 3B,C). In the next step, the cellular localization of LOX
protein was performed by using the same antibody as for the Western blotting. A green
fluorescence labeling, indicating LOX presence, was detected in the whole region of AZ
from flowers subjected to drought, in both proximal and distal areas (Figure 3G). At higher
magnifications, strong fluorescence was observed in the cytoplasm region around the
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vacuoles of AZ cells (Figure 3H). The cells were almost filled with LOX protein. Such
extensive staining was not seen in the control section (Figure 3E). Those AZ fragments were
characterized by weak labeling, which presented in the peripheral areas of cells (Figure 3F).
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Figure 3. Lipoxygenase (LOX) is regulated by drought in the flower abscission zone (AZ) of Lupinus
luteus. Analyses were carried out on flower AZs collected from 48 day-old lupines cultivated under
drought (25% water holding capacity, WHC) or control (70% WHC) conditions. See Material and
Methods for the details. Plant tissues were used for the expression analysis of LlLOX2 (A). Asterix
indicates a significant difference with * p < 0.05. The isoform of LOX of ~98 kDa was obtained on
the nitrocellulose membrane in the Western blot reaction with an anti-LOX antibody (B). A band
was scanned and quantitative densitometric analysis was made (C, 100% was set for the control).
ˆˆ p < 0.01 indicates a significant difference. SDS-PAGE electrophoresis gel stained with Coomassie
Brilliant Blue (D). Sizes of molecular mass marker (M) are shown in kDa. Immunodetection of LOX in
the flower’ AZ of control (E,F) and drought-stressed (G,H) plants. Green fluorescence indicates LOX
accumulation (marked by red arrows), while blue labeling corresponds to nuclei stained with DAPI.
AZ area is marked by white dotted lines. Images F and H are magnified regions of AZ from control
and stressed tissues. Abbreviations: AZ—abscission zone; D—distal region of AZ; P—proximal
region of AZ; VB—vascular bundle. Bars = 40 µM.
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2.4. The Level and Localization of Jasmonic Acid (JA), JASMONATE RESISTANT1 (JAR1), and
CORONATINE INSENSITIVE 1 (COI1) in the Floral Abscission Zone (AZ) Are Affected under
Drought Stress

In the subsequent step, we used chromatography and immunofluorescent methods to
detect JA in flower AZ cells following drought (Figure 4). Our data revealed that this stress
increased the level of JA almost three times when compared to the material collected from
plants growing under optimal moisture (Figure 4A). After this, we used a specific antibody
against JA to check the cellular distribution of this phytohormone. When lupine was
subjected to drought, we observed green labeling, indicating JA’ presence in the proximal,
distal, and whole AZ region (Figure 4C). Higher magnifications provided additional details
about the subcellular localization of JA. It was located in the cytosolic regions of AZ cells,
mainly around vacuoles and cellular membranes (Figure 4D). In the control section, the
reaction did not show such strong labeling (Figure 4B).
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Figure 4. Drought upregulates the level of jasmonic acid (JA) in the abscission zone (AZ) of yellow
lupine flowers. AZ fragments were collected for these analyses from 48 day-old plants subjected to
drought (25% water holding capacity, WHC) or lupines cultivated in the soil of optimal moisture
(70% WHC, control). Details in the Material and Methods section. The level of JA was examined
using GC-MS (A). A significant difference is ** p < 0.01. Immunolocalization of JA in the AZ of
control (B) or stressed (C,D) plants. Green fluorescence is related to JA localization (indicated by red
arrows), whereas blue color corresponds to DAPI-stained nuclei. AZ area is marked by white dotted
lines (B,C). (D) image is magnified AZ area presented on C. Abbreviations: AZ—abscission zone;
D—distal region of AZ; P—proximal region of AZ. Bars = 40 µM.

To analyze the potential correlation of JAR (responsible for JA conversion into its
various conjugates) and drought-evoked abscission in lupine, we used an anti-JAR1 anti-
body for Western blotting and immunofluorescent localization of this enzyme (Figure 5).
One band of ~64 kDa reactive to the antibody was detected, and, importantly, it was ac-
cumulated under drought in flower AZ tissues (Figure 5A). The level of this isoform was
approximately twenty times higher when compared to control variant (Figure 5B). We then
used the microscopy technique to check the cellular distribution of JAR1 in AZ cells. The
presence of this enzyme in the control section was restricted to the thin layer of cytoplasm
(Figure 5D). In turn, observation of drought-treated plants revealed a high concentration of
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JAR1 in the flower AZ, including the vascular tissue, which is located in the central region
of AZ (Figure 5E). The signal was diffused within the whole AZ cells; protein-free areas are
possibly vacuolar regions.
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Figure 5. JASMONATE RESISTANT1 (JAR1) is induced in the abscission zone (AZ) cells of yellow
lupine flowers in response to soil drought. AZ from flowers collected from 48 day-old plants growing
under optimal soil moisture (70% water holding capacity, WHC) was a control, while the “drought”
variant was AZ excised from 48 day-old plants subjected to drought (25% WHC), as written precisely
in the Material and Methods section. Western blot analysis was performed with a JAR1 antibody and
revealed the presence of a reactive band of ~64 kDa (A). The membrane was scanned, densitometry
analysis was performed (100% was set for the control), and presented in (B). Protein samples separated
by SDS-PAGE and stained with Coomassie Brilliant Blue (C). Protein marker (M) is displayed on the
left and sizes in kDa are provided. Immunolocalization of JAR1 in flower AZ cells during soil water
deficit (E) and under control conditions (D). Green fluorescence indicates JAR1 localization (marked
by red arrows). Blue labeling corresponds to DAPI-stained nuclei. AZ region is restricted by white
dotted lines. Abbreviation: VB—vascular bundle. Bars = 40 µM. A significant difference is ˆˆ p < 0.01.

Jasmonate signaling can be mediated by the COI1 protein. We investigated the possi-
bility of the contribution of this enzyme to drought-related events taking place in flower
AZ. Firstly we applied an anti-COI1 antibody for the protein measurement using Western
blot. One isoform of ~70 kDa appeared both in the control and drought-treated tissue
(Figure 6A), however, the band showed higher intensity in the stressed AZ (Figure 6B).
Immunofluorescent analysis revealed that COI1 was detected in almost every cell of the AZ
region (Figure 6E). The fluorescent labeling was observed mainly in the nuclei (Figure 6F)
and cytoplasm surrounding the central vacuole, as small fluorescent spots (Figure 6E). AZ
from plants growing in optimal moisture was labeled as being much weaker; the signal
was visible in the peripheral cellular regions (Figure 6D).
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Figure 6. The content of coronatine insensitive 1 (COI1) in the flower abscission zone (AZ) of Lupinus
luteus strongly increased under soil water deficit. Flower AZ was harvested from plants growing in
the soil of optimal moisture (70% water holding capacity, WHC, control) or drought-stressed lupines
(25% WHC). Detailed description in the Material and Methods section. Proteins were isolated and
subjected to Western blot analysis with an anti-COI1 antibody, which revealed the presence of a
band of ~70 kDa (A). Quantitative densitometry analysis was made and presented in (B) (100% was
set for the control). ˆˆ p < 0.01 indicates a significant difference. Protein samples were separated by
SDS-PAGE and stained with Coomassie Brilliant Blue (C). Mass marker (M) is provided on the left,
sizes of proteins are displayed in kDa. COI1 antibody was used for immunolocalization analysis
performed on control (D) and drought-stressed (E,F) tissues of AZ from flowers. A green fluorescence
signal, indicated by red arrows, corresponds to the presence of COI1. Nuclei were detected by DAPI
(blue color). Enlarged cells of stressed AZ are provided on the left side of the (F) image. These
are magnified regions marked by white boxes and show colocalization of CO1 with nuclei (red
arrowheads). Bars = 40 µM.

3. Discussion

The involvement of JAs in organ abscission has been already documented in the
scientific literature, however, the changes mediated by these phytohormones directly in AZ
have not been described so far. The first data regarding this issue in L. luteus, published
recently, indicate that JAs are important components of the AZ cells’ functioning during
the natural processes of flower abscission [22]. In turn, the presented paper is the first to
investigate JAs-related events taking place in flower AZ under soil drought stress. The
ROS formed during water deficit are signaling molecules that induce defense reactions in
the plant [55]. However, the excess production of superoxide anion (O2

•−) and hydrogen
peroxide (H2O2) leads to disorders in the structure and function of tissues, including
lipid peroxidation and electrolyte leakage, which is expressed by an increase in markers
of oxidative stress, e.g., MDA [56]. The here-presented accumulation of MDA in flower
AZ in L. luteus under water stress (Figure 1) indicates the lipid peroxidation state. These
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observations led us to suppose that drought in yellow lupine causes the destabilization
of the lipid bilayer in flower AZ, which might involve the action of PLD and LOX. PLD
is a key regulator of responses to abiotic and biotic stress, including drought [57]. Its
activity is positively correlated with the sensitivity of plants to drought stress in cowpea,
peanut and Arabidopsis [32,58,59]. The existence of various PLD isoforms, active in a
different spatial and temporal manner during stress, reveals the complexity of regulation
of various target proteins triggered in the PLD-dependent pathway and the production
of lipid second messenger—phosphatidic acid (PA) [57]. The specific response of yellow
lupine to soil drought stress involves the appearance in AZ cells of the PLD isoform of
~90 kDa (Figure 2B). Its level is much higher when compared to control AZ. In turn, the
other PLD isoform of ~95 kDa presented in control variant was almost undetectable in
drought stressed-AZ (Figure 2B). Such a specific relationship at the level of isoforms might
suggest that one of them (~90 kDa) is required for normal cell functioning, while the
second (~95 kDa), might play a role in the modification of the lipid bilayer under stressful
conditions. Tissue-specific accumulation of PLD in response to drought was confirmed by
immunocytochemical analyses (Figure 2F,G). This experiment has shown that the signal
indicating PLD presence is low in control, however, the cell wall of the xylem emits green
fluorescence, which corresponds to the unique localization of this enzyme (Figure 2),
suggesting its potential role in extracellular signaling. A similar, xylem-specific presence of
PLD was described in rice (OsPLDα1) [60]. On the other hand, PLD detected in the cytosol
of drought-stressed AZ (Figure 2F) might mediate actin-dependent reorganization of the
cytoskeleton, which has been previously pointed out in tomato [61], and Arabidopsis [62].
It is highly possible for this to happen in L. luteus, since we previously observed drought-
evoked modification of the structure of AZ cells, e.g., cellular divisions, disruption of
tissue integrity, and increased number of aggregates in the cytosol [21], which involves
the modification of microfilaments in the cells. Furthermore, PLD participates in hormone
signaling mediated by ABA [63], so its presence in the vascular bundles of lupine AZ
under drought (Figure 2G) could be related to the accumulation of ABA, as we previously
presented [21]. In line with these findings is the conception of Loveys [64], according
to which ABA acts as a xylem-located signal formed under drought and transported to
different plant’ parts.

Drought stimulates the expression and activity of enzymes responsible for the biosyn-
thesis and signaling of JAs; among them, LOXs are sensitive to such conditions [55].
Here, we present that soil water deficit upregulates mRNA of LlLOX2 and the level of
the LOX isoform of ~98 kDa in flower AZ (Figure 3B). This is reflected by the tissue lo-
calization of LOX (Figure 3G,H). We recently observed a similar correlation following the
natural activation of lupine AZ [22]. However, in this case, the accumulation of three
isoforms (~98, ~100, and ~100 kDa) was noted. In combination with the findings from
our previous work and this study, we can conclude that the isoform of ~98 kDa is highly
sensitive to drought. This kind of stress upregulates LOX1 in pepper [33] and Agrostis
stolonifera [40], while upregulating LOX2 in Phaseolus vulgaris [34]. Interestingly, a posi-
tive correlation between LOX expression and JA level was observed in Triticum [41] and
P. vulgaris [34], indicating LOX as being crucial for maintaining the proper biosynthesis rate
of these phytohormones. Furthermore, based on the data presented here, we supposed that
soil drought causes destabilization of the lipid bilayer in flower AZ cells of yellow lupine,
while changes in the occurrence and localization of enzymes related to this process—PLD
and LOX (Figures 2 and 3)—indicate that it may be related to JAs. Thus, we checked
whether these modifications are accompanied by JA production. Cells of flower AZ from
lupine accumulate high amounts of this hormone when the plant is subjected to drought
(Figure 4A,C,D). So far, the positive impact of drought on JA production has been shown,
however, to the best of our knowledge, the here-presented results comprise the first report
regarding JA presence in organ AZ under stressful conditions. JA content is not stable
under the influence of stress. For instance, water stress leads to the transient production of
JA in soybean leaves within 2 h, and then its downregulation to control values by 4 h [65].



Plants 2022, 11, 527 10 of 16

In turn, 5 days after drought in three Arabidopsis ecotypes (Ws, Ler, and Col-0), JA remains at
basal levels, while a precursor’s (12-OPDA) content is induced [66]. Interestingly, drought-
tolerant apricot transiently accumulates JA in leaves, which subsequently promotes their
senescence to avoid further water loss by the plant [67]. Our current results could coincide
with these reports. JA presented in the AZ cells of lupine flowers (Figure 4) might be
responsible for the activation of abscission and flower separation, leading to increased
water accessibility for other, developing organs. This hypothesis is highly possible given
our recent findings suggesting that exogenous JAs applied directly to lupine flower AZ
stimulates their abortion, and that the natural abscission of flowers is accompanied by a
remarkable accumulation of JA in AZ cells [22].

Apart from JA, its derivatives are also characterized by physiological activity in
response to stress. Application of MeJA induces drought-responsive genes, in turn, drought
accelerates JAs biosynthesis including JA-Ile [68–71]. JA derivatives are formed in the
reaction catalyzed by JAR. It has been proven that recombinant JAR1 can form JA conjugates
with Ile, Leu, Val, Phe, and ACC (1-aminocyclopropane-1-carboxylic acid)—a precursor of
ethylene [72,73]. Arabidopsis jar1-11 displayed hypersensitivity to drought, while drought
treatment of transgenic plants overexpressing JAR1, results in reduced wilting due to the
saving of higher amounts of water [74]. Our methodology, Western blotting supported
by a precise cellular localization, was used for the first time to visualize the occurrence of
JAR1 directly in the AZ of the organ (Figure 5). The changing presence (Figure 5A) and
localization of JAR in lupine AZ (Figure 5E) suggest that the response of these cells to
drought is associated with JA conjugation.

The action of JAs as phytohormones and a proper physiological response of plants is
determined by the tissue competence, related to the presence of the receptor. Currently, the
only known receptor for JAs is COI1, which is a component of E3 ubiquitin ligase SCFCOI1

and acts as a crucial player of the machinery involved in the perception of JAs [75]. The
here-observed accumulation of COI1 in the lupine AZ of flowers (Figure 6A) might support
the induction of the JA signaling pathway when the plant is subjected to drought stress.
A consequence of these events is flower abscission, as we have recently shown [21]. The
presence of COI1 in the cytosolic region (Figure 6E,F) could be an effect of the synthesis
of this protein, while nuclear localization (Figure 6F) provides evidence for the action of
COI1. It is known that once JA-Ile is accumulated in the cytosol, then it is transported
to the nucleus via JASMONATE TRANSPORTER 1 (JAT1, an ABC transporter) [76] and
binds to COI1, which triggers degradation of the repressors—JAZ [77]. Nevertheless,
another scenario related to the distinct action of COI1 is possible, given the recent finding
of [78]. According to the authors, COI1 can act independently of JA-Ile and modify the
transcriptional activity of genes in an independent way, other than the JA signaling pathway.
Thus, COI1 was suggested to be a candidate for a new class of “moonlighting protein” [78].
In the presented paper we provide results of JAR1 and COI1 levels and localization, which
is a future perspective for further studies regarding the role of JAs’ derivatives under
stress conditions.

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

The plant material used was abscission zone (AZ) sections, dissected from the flower
bases of yellow lupine (Lupinus luteus L.). Taper variety was sown as previously de-
scribed [79]. Drought conditions were supplied similarly as in our recent papers [21,80]. In
brief, plants were cultivated for 5 weeks, maintaining 70% water holding capacity (WHC).
Then, part of the plants was watered to ensure 25% WHC for 2 weeks (drought variant),
while the amount of water given for well-watered plants was unchanged (control variant).
At the generative stage (48th day of development), flower AZ fragments were dissected
using a razor 1 mm above and 1 mm below the AZ, those being the distal and proximal
parts of the AZ, respectively (see Supplementary Material). For AZ excision and collection,
we applied the procedure of [79]. The material was frozen in liquid nitrogen and stored at
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−80 ◦C for further RNA isolation, MDA analysis, protein isolation, and JA quantification.
In turn, fresh sections were fixed immediately for microscopy assays. All experiments were
performed in three replicates.

4.2. RNA Extraction and RT-qPCR

Frozen AZs samples (100 mg) were ground in liquid nitrogen using the ISOLATE
II RNA Plant Kit (Bioline, UK) according to the manufacturer’s instructions. Isolated
total RNA (1 µg) was used for cDNA synthesis with Transcriptor First Strand (ROCHE
Diagnostics GmbH, Mannheim, Germany). The obtained cDNA was used for the analysis of
LlLOX2 (identified recently by Kućko et al. [22]) and LlACT (reference gene), performed with
primers and hydrolysis probes (Supplementary Table S1). Reactions were carried out in a
LightCycler 2.0 Carousel-Based System (ROCHE Diagnostics GmbH, Mannheim, Germany),
using a LightCycler TaqMan Master Kit (ROCHE Diagnostics GmbH, Mannheim, Germany)
following the previous procedures optimized for the lupine flower AZ [21,81,82].

4.3. Material Fixation and Immunocytochemical Assay

For microscopy analysis, fresh AZ sections were fixed in the solution of 4% paraformalde-
hyde mixed with 0.25% glutaraldehyde in 1 × PBS buffer pH 7.2, supplemented with 1%
N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (Sigma-Aldrich, St. Louis,
MO, USA) overnight at 4 ◦C. Further steps of dehydration, resin embedding, and polymer-
ization have been applied, following our standard procedure for lupine tissues described
by Wilmowicz et al. [81]. Necessary chemicals were provided by Sigma-Aldrich, St. Louis,
MO, USA. Tissues were cut to the sections (1.5 µm) using an ultramicrotome (UTC Ultracut
Microtome, Leica, Wetzlar, Germany) and put onto the glass slides. Detection reactions
were carried out according to Wilmowicz et al. [81] by incubating sections with primary
antibodies provided by Agrisera (Vännäs, Sweden) against JA (AS11 1799), LOX (AS06 128),
PLD (AS09 556), JAR1 (AS16 3688), and COI1 (AS12 2637), diluted 1:50 in 1% bovine serum
albumin (BSA) in PBS, pH 7.2. After overnight incubation (4 ◦C), sections were washed
with 1 × PBS buffer pH 7.2 and secondary antibodies (anti-rabbit DyLight IgG Alexa Fluor
488-conjugated IgG, AS09 633, Agrisera, Vännäs, Sweden), diluted in 1 × PBS buffer at
pH 7.2, were applied for 2 h (37 ◦C). The results were documented using a fluorescent
microscope (DM6000B, Leica, Wetzlar, Germany).

4.4. Jasmonic Acid Detection with GC-MS

For JA analysis, the methodology of Gundlach et al. [83] and Fan et al. [84], with some
modifications [22], was applied. All chemicals were provided by Sigma-Aldrich, St. Louis,
MO, USA. AZ fragments (~0.5 g) were homogenized in liquid nitrogen. JA was extracted
twice in 40 mL 90% (v/v) MeOH and, subsequently, internal standard (250 ng d2-MeJA was
added). The extract was reduced to the water phase, acidified to pH 2.0 with 12 M HCl,
and centrifuged (12,000× g, 30 min). The obtained supernatant was supplemented twice
with 20 mL of chloroform and mixed for 10 min. Collected organic phases were dried,
while the obtained pellet was dissolved in 3 mL of n-hexane and extracted with solid-phase
extraction SPE method (Backer-bound SPE silica gel, 500 mg, 3 mL; J.T. Backer, Philipsburg,
NJ, USA). The column was firstly washed with 5 mL n-hexane and then eluted with 5 mL
of n-hexane:diethyl ether, 1:2 (v/v) with 0.5% (v/v) acetic acid. After that, the sample was
evaporated, dissolved in 50 µL of MeOH, and samples were analyzed by GC-MS-SIM
(Auto-System XL coupled to a Turbo Mass, Perkin Elmer, Waltham, MA, USA) using a
DB-5 column (30 m × 0.25 mm, 0.5 µm phase thickness). The following temperature
program was applied: 80 ◦C for 1 min, 80–160 ◦C at 10 ◦C/min, 160–230 ◦C (5 ◦C/min),
a flow rate of 1 mL/min, and an injection port temperature of 250 ◦C. GC/MS-selected
ion monitoring was performed by monitoring 193, 195, 198, 224, 226, and 229 m/z. After
that, the samples were methylated using diazomethane, evaporated, dissolved in 50 µL of
MeOH, and analyzed by GC-MS-SIM one more time. The level of JA was analyzed based
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on the difference of the area of the ions obtained from the GC-MS analysis after methylation
and for the same ones before methylation.

4.5. MDA Determination

For MDA analysis we followed Hodges et al. [85] methodology by using thiobarbituric
acid (TBA). Minor modifications described in our previous paper [22] were applied.

4.6. Western Blotting

Frozen AZs sections (~0.4 g) were powdered in liquid nitrogen and mixed with 1 mL
extraction buffer (50 mM Tris-HCl, pH 8.0, 300 mM NaCl, 10% v/v glycerol, 1 mM EDTA).
Samples were centrifuged (4 ◦C, 10 min). All necessary chemicals were provided by Sigma-
Aldrich, St. Louis, MO, USA. The protein-enriched supernatant was stored at −20 ◦C
and used for further analyses. The total pool of proteins was estimated with the Bradford
method [86]. An amount of 25 µg of denatured proteins and molecular mass marker
(BlueStar Prestained Protein Marker, Nippon Genetics) were separated on two 4–12% (w/v)
polyacrylamide gels (SDS-PAGE) using a CriterionTM Cell apparatus (Bio-Rad, Hercules,
CA, USA). One gel was stained with Coomassie Brilliant Blue, while the second was
subjected to electroblotting onto the nitrocellulose membrane. This membrane was blocked
firstly with 1% BSA solution in TBS buffer at pH 7.5 for 1 h, at room temperature. After
that, the membrane was incubated at 4 ◦C overnight with an anti-PLD antibody (AS09 556,
Agrisera, Vännäs, Sweden) diluted at 1:1000 in 0.5% BSA solution in TBS buffer, pH 7.5.
Then, the membrane was washed 3 times with TBS buffer pH 7.5 and probed with DyLight
488-conjugated anti-rabbit IgG (AS09 633, Agrisera, Vännäs, Sweden) diluted 1:10,000 for
2 h at room temperature. Antigen was detected by using ECL SuperBright (AS16 ECL-SN,
Agrisera, Vännäs, Sweden) and the signal was visualized using a ChemiDoc™ Touch
Imaging System. The same procedure was applied for Western blotting with anti-LOX
antibody (AS06 128, Agrisera, Vännäs, Sweden), anti-JAR1 antibody (AS16 3688), and anti-
COI1 antibody (AS12 2637). For all bands on the membranes, image processing software
(ImageJ) was used for densitometry analyses. Average densitometry values were presented
on charts.

4.7. Statistical Analysis

The obtained data are results of the analysis performed in three biological repli-
cates, each biological sample was examined two times (n = 3). The data represent the
mean ± standard error (SE). Statistical analyses and charts were made using Microsoft
Excel and SigmaPlot 2001 v.7.0. (Chicago, IL, USA).

5. Conclusions

To summarize, oxidative stress generated by drought causes the peroxidation of lipid
compounds of membranes, which are then used for reactions catalyzed by PLD and LOX,
leading to the formation of fatty acid-derived plant hormone—JAs—in flower AZ cells. As
a consequence of JA-mediated AZ activation, a flower is then cut off. We have provided
drought-specific molecules toward a better understanding of the physiological process
underlying the response of flower AZ to water deficits in soil.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants11040527/s1. Figure S1: Histological analyses of abscission
zone (AZ) from flowers of Lupinus luteus. Figure S2. The results of control immunofluorescent
reactions performed with omitting primary antibodies. Table S1. Specific primers and probes used in
reactions.
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22. Kućko, A.; Alché, J.D.; Tranbarger, T.J.; Wilmowicz, E. The acceleration of yellow lupine flower abscission by jasmonates is
accompanied by lipid-related events in abscission zone cells. Plant Sci. 2022, 316, 111173. [CrossRef] [PubMed]

23. Sade, B.; Soylu, S.; Soylu, E. Drought and oxidative stress. Afr. J. Biotechnol. 2011, 10, 11102–11109. [CrossRef]
24. Sairam, R.K.; Deshmukh, P.S.; Saxena, D.C. Role of antioxidant systems in wheat genotypes tolerance to water stress. Biol. Plant.

1998, 41, 387–394. [CrossRef]
25. Ge, T.D.; Sui, F.G.; Bai, L.P.; Lu, Y.Y.; Zhou, G.S. Effects of water stress on the protective enzyme activities and lipid peroxidation

in roots and leaves of summer maize. Agric. Sci. China 2006, 5, 291–298. [CrossRef]
26. Lyons, R.; Manners, J.M.; Kazan, K. Jasmonate biosynthesis and signaling in monocots: A comparative overview. Plant Cell Rep.

2013, 32, 815–827. [CrossRef]
27. Wang, C.; Zien, C.A.; Afitlhile, M.; Welti, R.; Hildebrand, D.F.; Wang, X. Involvement of phospholipase D in wound-induced

accumulation of jasmonic acid in Arabidopsis. Plant Cell 2000, 12, 2237–2246. [CrossRef]
28. Alferez, F.; Wu, J.; Graham, J.H. Phospholipase D (PLD) Response to Water Stress in Citrus Roots and Leaves. Agronomy 2020, 10, 45.

[CrossRef]
29. Frank, W.; Munnik, T.; Kerkmann, K.; Salamini, F.; Bartels, D. Water Deficit Triggers Phospholipase D Activity in the Resurrection

Plant Craterostigma plantagineum. Plant Cell 2000, 12, 111–123. [CrossRef]
30. Gnanaraj, M.; Baburajan, R.; Sekar, T.; Muneewaran, T.; Manoharan, K. Isolation and characterization of phospholipase D in

response to abiotic stress from Vigna radiata (L.) Wilczek. Plant Gene 2021, 27, 100308. [CrossRef]
31. An, Z.F.; Li, C.Y.; Zhang, L.X.; Alva, A.K. Role of polyamines and phospholipase D in maize (Zea mays L.) response to drought

stress. S. Afr. J. Bot. 2012, 83, 145–150. [CrossRef]
32. Guo, B.Z.; Xu, G.; Cao, Y.G.; Holbrook, C.C.; Lynch, R.E. Identification and characterization of phospholipase D and its association

with drought susceptibilities in peanut (Arachis hypogaea). Planta 2006, 223, 512–520. [CrossRef] [PubMed]
33. Lim, C.W.; Han, S.W.; Hwang, I.S.; Kim, D.S.; Hwang, B.K.; Lee, S.C. The Pepper Lipoxygenase CaLOX1 Plays a Role in Osmotic,

Drought and High Salinity Stress Response. Plant Cell Physiol. 2015, 56, 930–942. [CrossRef] [PubMed]
34. Porta, H.; Rueda-Benítez, P.; Campos, F.; Colmenero-Flores, J.M.; Colorado, J.M.; Carmona, M.J.; Covarrubias, A.A.; Rocha-Sosa, M.

Analysis of Lipoxygenase mRNA Accumulation in the Common Bean (Phaseolus vulgaris L.) during Development and under
Stress Conditions. Plant Cell Physiol. 1999, 40, 850–858. [CrossRef] [PubMed]

35. Bae, K.S.; Rahimi, S.; Kim, Y.J.; Devi, B.S.R.; Khorolragchaa, A.; Sukweenadhi, J.; Silva, J.; Myagmarjav, D.; Yang, D.C. Molecular
characterization of lipoxygenase genes and their expression analysis against biotic and abiotic stresses in Panax ginseng. Eur. J.
Plant Pathol. 2016, 145, 331–343. [CrossRef]

36. Hou, Y.; Meng, K.; Han, Y.; Ban, Q.; Wang, B.; Suo, J.; Lv, J.; Rao, J. The Persimmon 9-lipoxygenase Gene DkLOX3 Plays Positive
Roles in Both Promoting Senescence and Enhancing Tolerance to Abiotic Stress. Front. Plant Sci. 2015, 6, 1073. [CrossRef]

37. Zhang, Q.; Zhao, Y.; Zhang, J.; Li, X.; Ma, F.; Duan, M.; Zhang, B.; Li, H. The Responses of the Lipoxygenase Gene Family to Salt
and Drought Stress in Foxtail Millet (Setaria italica). Life 2021, 11, 1169. [CrossRef]

38. Xing, Q.; Liao, J.; Cao, S.; Li, M.; Lv, T.; Qi, H. CmLOX10 positively regulates drought tolerance through jasmonic acid -mediated
stomatal closure in oriental melon (Cucumis melo var. makuwa Makino). Sci. Rep. 2020, 10, 17452. [CrossRef]

39. Upadhyay, R.K.; Handa, A.K.; Mattoo, A.K. Transcript Abundance Patterns of 9- and 13-Lipoxygenase Subfamily Gene Members
in Response to Abiotic Stresses (Heat, Cold, Drought or Salt) in Tomato (Solanum lycopersicum L.) Highlights Member-Specific
Dynamics Relevant to Each Stress. Genes 2019, 10, 683. [CrossRef]

40. Xu, Y.; Huang, B. Comparative transcriptomic analysis reveals common molecular factors responsive to heat and drought stress
in Agrostis stolonifera. Sci. Rep. 2018, 8, 15181. [CrossRef]

41. Wang, X.; Li, Q.; Xie, J.; Huang, M.; Cai, J.; Zhou, Q.; Dai, T.; Jiang, D. Abscisic acid and jasmonic acid are involved in drought
priming-induced tolerance to drought in wheat. Crop. J. 2021, 9, 120–132. [CrossRef]

42. Cook, R.; Lupette, J.; Benning, C. The Role of Chloroplast Membrane Lipid Metabolism in Plant Environmental Responses. Cells
2021, 10, 706. [CrossRef]

http://doi.org/10.1105/tpc.111.094151
http://doi.org/10.1111/nph.14692
http://doi.org/10.1016/j.plantsci.2009.11.002
http://doi.org/10.1038/srep21542
http://doi.org/10.1104/pp.16.01004
http://doi.org/10.3390/ijms20153731
http://www.ncbi.nlm.nih.gov/pubmed/31370140
http://doi.org/10.1016/j.plantsci.2021.111173
http://www.ncbi.nlm.nih.gov/pubmed/35151456
http://doi.org/10.5897/AJB11.1564
http://doi.org/10.1023/A:1001898310321
http://doi.org/10.1016/S1671-2927(06)60052-7
http://doi.org/10.1007/s00299-013-1400-y
http://doi.org/10.1105/tpc.12.11.2237
http://doi.org/10.3390/agronomy10010045
http://doi.org/10.1105/tpc.12.1.111
http://doi.org/10.1016/j.plgene.2021.100308
http://doi.org/10.1016/j.sajb.2012.08.009
http://doi.org/10.1007/s00425-005-0112-0
http://www.ncbi.nlm.nih.gov/pubmed/16200410
http://doi.org/10.1093/pcp/pcv020
http://www.ncbi.nlm.nih.gov/pubmed/25657344
http://doi.org/10.1093/oxfordjournals.pcp.a029614
http://www.ncbi.nlm.nih.gov/pubmed/10555305
http://doi.org/10.1007/s10658-015-0847-9
http://doi.org/10.3389/fpls.2015.01073
http://doi.org/10.3390/life11111169
http://doi.org/10.1038/s41598-020-74550-7
http://doi.org/10.3390/genes10090683
http://doi.org/10.1038/s41598-018-33597-3
http://doi.org/10.1016/j.cj.2020.06.002
http://doi.org/10.3390/cells10030706


Plants 2022, 11, 527 15 of 16

43. Santino, A.; Taurino, M.; De Domenico, S.; Bonsegna, S.; Poltronieri, P.; Pastor, V.; Flors, V. Jasmonate signaling in plant
development and defense response to multiple (a) biotic stresses. Plant Cell Rep. 2013, 32, 1085–1098. [CrossRef] [PubMed]

44. Fu, J.; Wu, H.; Ma, S.Q.; Xiang, D.H.; Liu, R.Y.; Xiong, L.Z. OsJAZ1 attenuates drought resistance by regulating JA and ABA
signaling in Rice. Front. Plant Sci. 2017, 8, 2108. [CrossRef] [PubMed]

45. Wang, J.; Song, L.; Gong, X.; Xu, J.; Li, M. Functions of Jasmonic Acid in Plant Regulation and Response to Abiotic Stress. Int. J.
Mol. Sci. 2020, 21, 1446. [CrossRef] [PubMed]

46. de Ollas, C.; Hernando, B.; Arbona, V.; Gómez-Cadenas, A. Jasmonic acid transient accumulation is needed for abscisic acid
increase in citrus roots under drought stress conditions. Physiol. Plant. 2013, 147, 296–306. [CrossRef] [PubMed]

47. Gao, X.-P.; Wang, X.-F.; Lu, Y.-F.; Zhang, L.-Y.; Shen, Y.-Y.; Liang, Z.; Zhang, D.-P. Jasmonic acid is involved in the water-stress-
induced betaine accumulation in pear leaves. Plant Cell Environ. 2004, 27, 497–507. [CrossRef]

48. Wang, L.; Halitschke, R.; Berg, A.; Harnisch, F.; Baldwin, I.T. Independently silencing two JAR family members impairs levels of
trypsin proteinase inhibitors but not nicotine. Planta 2007, 226, 159–167. [CrossRef]

49. Yan, J.; Li, H.; Li, S.; Yao, R.; Deng, H.; Xie, Q.; Xie, D. The Arabidopsis F-box protein CORONATINE INSENSITIVE1 is stabilized
by SCFCOI1 and degraded via the 26S proteasome pathway. Plant Cell 2013, 25, 486–498. [CrossRef]

50. Xu, L.; Liu, F.; Lechner, E.; Genschik, P.; Crosby, W.L.; Ma, H.; Peng, W.; Huang, D.; Xie, D. The SCF(COI1) ubiquitin-ligase
complexes are required for jasmonate response in Arabidopsis. Plant Cell 2002, 14, 1919–1935. [CrossRef]

51. Ayala, A.; Muñoz, M.F.; Argüelles, S. Lipid peroxidation: Production, metabolism, and signaling mechanisms of malondialdehyde
and 4-hydroxy-2-nonenal. Oxid. Med. Cell Longev. 2014, 360438. [CrossRef]

52. Hong, K.; Zhang, L.; Zhan, R.; Huang, B.; Song, K.; Jia, Z. Identification and Characterization of Phospholipase D Genes Putatively
Involved in Internal Browning of Pineapple during Postharvest Storage. Front. Plant Sci. 2017, 8, 913. [CrossRef] [PubMed]

53. Devoto, A.; Turner, J.G. Regulation of jasmonate-mediated plant responses in arabidopsis. Ann. Bot. 2003, 92, 329–337. [CrossRef]
[PubMed]

54. Mao, L.; Pang, H.; Wang, G.; Zhu, C. Phospholipase D and lipoxygenase activity of cucumber fruit in response to chilling stress.
Postharvest. Biol. Technol. 2007, 44, 42–47. [CrossRef]

55. Hasanuzzaman, M.; Bhuyan, M.; Zulfiqar, F.; Raza, A.; Mohsin, S.M.; Mahmud, J.A.; Fujita, M.; Fotopoulos, V. Reactive Oxygen
Species and antioxidant defense in plants under abiotic stress: Revisiting the crucial role of a universal defense regulator.
Antioxidants 2020, 9, 681. [CrossRef] [PubMed]

56. Anjum, S.A.; Ashraf, U.; Tanveer, M.; Khan, I.; Hussain, S.; Shahzad, B.; Zohaib, A.; Abbas, F.; Saleem, M.F.; Ali, I. Drought induced
changes in growth, osmolyte accumulation and antioxidant metabolism of three maize hybrids. Front. Plant Sci. 2017, 8, 69. [CrossRef]

57. Distéfano, A.M.; Valiñas, M.A.; Scuffi, D.; Lamattina, L.; Ten Have, A.; García-Mata, C.; Laxalt, A.M. Phospholipase D δ knock-out
mutants are tolerant to severe drought stress. Plant Signal. Behav. 2015, 10, e1089371. [CrossRef]

58. Maarouf, H.; Zuily-Fodil, Y.; Gareil, M.; d’Arcy-Lameta, A.; Thu Pham-Thi, A. Enzymatic activity and gene expression under
water stress of phospholipase D in two cultivars of Vigna unguiculata L. Walp. differing in drought tolerance. Plant Mol. Biol. 1999,
39, 1257–1265. [CrossRef]

59. Hong, Y.; Zheng, S.; Wang, X. Dual Functions of Phospholipase Dα1 in Plant Response to Drought. Mol. Plant 2008, 2, 262–269.
[CrossRef]

60. McGee, J.D.; Roe, J.L.; Sweat, T.A.; Wang, X.; Guikema, J.A.; Leach, J.E. Rice phospholipase D isoforms show differential cellular
location and gene induction. Plant Cell Physiol. 2003, 44, 1013–1026. [CrossRef]

61. Bargmann, B.O.R.; Laxalt, A.M.; Ter Riet, B.; Schouten, E.; Van Leeuwen, W.; Dekker, H.L.; De Koster, C.G.; Haring, M.A.; Munnik,
T. LePLDβ1 activation and relocalization in suspension-cultured tomato cells treated with xylanase. Plant J. 2006, 45, 358–368.
[CrossRef] [PubMed]

62. Kusner, D.J.; Barton, J.A.; Qin, C.; Wang, X.; Iyer, S.S. Evolutionary conservation of physical and functional interactions between
phospholipase D and actin. Arch. Biochem. Biophys. 2003, 412, 231–241. [CrossRef]

63. Peters, C.; Li, M.; Narasimhan, R.; Roth, M.; Welti, R.; Wang, X. Nonspecific phospholipase C NPC4 promotes responses to
abscisic acid and tolerance to hyperosmotic stress in Arabidopsis. Plant Cell 2010, 22, 2642–2659. [CrossRef]

64. Loveys, B.R. Diurnal changes in water relations and abscisic acid in field-grown Vitis vinifera cultivars. III. The influence of xylem
derived abscisic acid on leaf gas exchange. New Phytol. 1984, 98, 563–573. [CrossRef]

65. Creelman, R.A.; Mullet, J.E. Jasmonic acid distribution and action in plants: Regulation during development and response to
biotic and abiotic stress. Proc. Natl. Acad. Sci. USA 1995, 92, 4114–4119. [CrossRef] [PubMed]

66. Savchenko, T.; Kolla, V.A.; Wang, C.-Q.; Nasafi, Z.; Hicks, D.R.; Phadungchob, B.; Chehab, W.E.; Brandizzi, F.; Froehlich, J.;
Dehesh, K. Functional convergence of oxylipin and abscisic acid pathways controls stomatal closure in response to drought. Plant
Physiol. 2014, 164, 1151–1160. [CrossRef] [PubMed]

67. Yun-Xia, G.; Li-Jun, Z.; Feng-Hai, L.; Zhi-Bin, C.; Che, W.; Yun-Cong, Y.; Zhen-Hai, H.; Jie, Z.; Zhen-Sheng, S. Relationship
between jasmonic acid accumulation and senescence in drought-stress. Afr. J. Agric. Res. 2010, 5, 1978–1983. [CrossRef]

68. Zander, M.; Lewsey, M.G.; Clark, N.M.; Yin, L.; Bartlett, A.; Saldierna Guzmán, J.P.; Hann, E.; Langford, A.E.; Jow, B.; Wise, A.;
et al. Integrated multi-omics framework of the plant response to jasmonic acid. Nat. Plants 2020, 6, 290–302. [CrossRef]

69. Clauw, P.; Coppens, F.; Korte, A.; Herman, D.; Slabbinck, B.; Dhondt, S.; Van Daele, T.; De Milde, L.; Vermeersch, M.; Maleux, K.;
et al. Leaf growth response to mild drought: Natural variation in Arabidopsis sheds light on trait architecture. Plant Cell 2016,
28, 2417–2434. [CrossRef]

http://doi.org/10.1007/s00299-013-1441-2
http://www.ncbi.nlm.nih.gov/pubmed/23584548
http://doi.org/10.3389/fpls.2017.02108
http://www.ncbi.nlm.nih.gov/pubmed/29312378
http://doi.org/10.3390/ijms21041446
http://www.ncbi.nlm.nih.gov/pubmed/32093336
http://doi.org/10.1111/j.1399-3054.2012.01659.x
http://www.ncbi.nlm.nih.gov/pubmed/22671923
http://doi.org/10.1111/j.1365-3040.2004.01167.x
http://doi.org/10.1007/s00425-007-0477-3
http://doi.org/10.1105/tpc.112.105486
http://doi.org/10.1105/tpc.003368
http://doi.org/10.1155/2014/360438
http://doi.org/10.3389/fpls.2017.00913
http://www.ncbi.nlm.nih.gov/pubmed/28674540
http://doi.org/10.1093/aob/mcg151
http://www.ncbi.nlm.nih.gov/pubmed/12871847
http://doi.org/10.1016/j.postharvbio.2006.11.009
http://doi.org/10.3390/antiox9080681
http://www.ncbi.nlm.nih.gov/pubmed/32751256
http://doi.org/10.3389/fpls.2017.00069
http://doi.org/10.1080/15592324.2015.1089371
http://doi.org/10.1023/A:1006165919928
http://doi.org/10.1093/mp/ssm025
http://doi.org/10.1093/pcp/pcg125
http://doi.org/10.1111/j.1365-313X.2005.02631.x
http://www.ncbi.nlm.nih.gov/pubmed/16412083
http://doi.org/10.1016/S0003-9861(03)00052-3
http://doi.org/10.1105/tpc.109.071720
http://doi.org/10.1111/j.1469-8137.1984.tb04149.x
http://doi.org/10.1073/pnas.92.10.4114
http://www.ncbi.nlm.nih.gov/pubmed/11607536
http://doi.org/10.1104/pp.113.234310
http://www.ncbi.nlm.nih.gov/pubmed/24429214
http://doi.org/10.5897/AJAR.9000585
http://doi.org/10.1038/s41477-020-0605-7
http://doi.org/10.1105/tpc.16.00483


Plants 2022, 11, 527 16 of 16

70. de Ollas, C.; Arbona, V.; Gómez-Cadenas, A. Jasmonic acid interacts with abscisic acid to regulate plant responses to water stress
conditions. Plant Signal. Behav. 2015, 10, e1078953. [CrossRef]

71. de Ollas, C.; Arbona, V.; Gómez-Cadenas, A. Jasmonoyl isoleucine accumulation is needed for abscisic acid build-up in roots of
Arabidopsis under water stress conditions. Plant Cell Environ. 2015, 38, 2157–2170. [CrossRef] [PubMed]

72. Staswick, P.E.; Tiryaki, I.; Rowe, M.L. Jasmonate response locus JAR1 and several related Arabidopsis genes encode enzymes of the
WreXy luciferase superfamily that show activity on jasmonic, salicylic, and indole-3-acetic acids in an assay for adenylation. Plant
Cell 2002, 14, 1405–1415. [CrossRef] [PubMed]

73. Staswick, P.E.; Tiryaki, I. The oxylipin signal jasmonic acid is activated by an enzyme that conjugates it to isoleucine in Arabidopsis.
Plant Cell 2004, 16, 2117–2127. [CrossRef] [PubMed]

74. Mahmud, S.; Ullah, C.; Kortz, A.; Bhattacharyya, S.; Yu, P.; Gershenzon, J.; Vothknecht, U.C. Constitutive expression of
JASMONATE RESISTANT 1 elevates content of several jasmonates and primes Arabidopsis thaliana to better withstand drought.
bioRxiv 2021. [CrossRef]

75. Yan, J.; Zhang, C.; Gu, M.; Bai, Z.; Zhang, W.; Qi, T.; Cheng, Z.; Peng, W.; Luo, H.; Nan, F.; et al. The Arabidopsis CORONATINE
INSENSITIVE1 protein is a jasmonate receptor. Plant Cell 2009, 21, 2220–2236. [CrossRef]

76. Li, Q.; Zheng, J.; Li, S.; Huang, G.; Skilling, S.J.; Wang, L.; Li, L.; Li, M.; Yuan, L.; Liu, P. Transporter-mediated nuclear entry of
jasmonoyl-isoleucine is essential for jasmonate signaling. Mol. Plant 2017, 10, 695–708. [CrossRef]

77. Thines, B.; Katsir, L.; Melotto, M.; Niu, Y.; Mandaokar, A.; Liu, G.; Nomura, K.; He, S.Y.; Howe, G.A.; Browse, J. JAZ repressor
proteins are targets of the SCFCOI1 complex during jasmonate signalling. Nature 2007, 448, 661–665. [CrossRef]

78. Ulrich, L.; Schmitz, J.; Thurow, C.; Gatz, C. The jasmonoyl-isoleucine receptor CORONATINE INSENSITIVE1 suppresses defense
gene expression in Arabidopsis roots independently of its ligand. Plant J. 2021, 107, 1119–1130. [CrossRef]
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