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Summary

� Jasmonates (JAs)-mediated pathways are central signaling hubs in plant defense responses.

However, the identification of mobile and nonmobile signals involved in downstream systemic

signaling is still less studied.
� Here, we investigate the role of the jasmonic acid-isoleucine (JA-Ile) conjugating enzyme,

JAR1, in shifting wound-induced local and systemic metabolic profiles using liquid chromato-

graphy mass spectrometry (LC-MS/MS) for untargeted metabolomics, and the mobility of

JA-Ile in wound-induced local and systemic defense using LC-MS/MS for targeted JAs analy-

sis in Arabidopsis thaliana leaves.
� The use of jarin-1, a specific inhibitor of JA-Ile biosynthesis, suggested that JA-Ile was

synthesized de novo in the particular tissues, rather than being a mobile signal. In addition,

inhibition of JAR1 enzyme activity affected an array of downstream metabolic pathways,

locally and systemically, such as amino acids and carbohydrate metabolism.
� This study suggests that the occurrence and spread of local and systemic downstream sig-

nals very likely depend on JAR1 activity, and this enzyme exclusively regulates a series of

metabolic pathways under both wounding and nonwounding conditions.

Introduction

Plants are challenged by various abiotic and biotic stresses across
their whole life. Biotic stress, such as infestation by herbivores
and pathogens, mainly occurs locally but often spreads through-
out the entire plant. Accordingly, the plant reacts locally and sys-
temically with defense. In this process, plants establish a set of
defense mechanisms and accumulate a plethora of defensive
metabolites against the attackers. Among them, jasmonic acid
(JA) and its derivatives are key phytohormones responding to var-
ious kinds of adverse environments (Santino et al., 2013). The
amino acid conjugate JA-isoleucine (JA-Ile) is the most active
endogenous jasmonate (JA) (Fonseca et al., 2009). JA-Ile is a key
molecule that regulates developmental processes as well as wound
response (Nie et al., 2025). To date, there are two views on the
occurrence of JA-Ile: One sees JA-Ile as a mobile signal from one
to another tissue (Sato et al., 2011; Matsuura et al., 2012); the
other as an immobile signal (Bozorov et al., 2017; Schulze
et al., 2019; Li et al., 2020). However, it is conceivable that these
two possibilities might co-exist in plants and function in different
contexts, including biotic and abiotic stress conditions. However,
there is a large knowledge gap in this field.

Additionally, metabolic changes occurring in cells play an
important role in systemic acquired acclimation and could con-
vey specificity to the rapid systemic response of plants (Choudh-
ury et al., 2018). Likewise, JA deficiency and exogenous
methyl-JA (MeJA) treatment have an impact on amino acids and
small peptides metabolism, glucosinolates and tryptophan meta-
bolism, lipid metabolism, especially fatty acyls metabolism in
Arabidopsis (Cao et al., 2016). Moreover, JA-Ile specifically acti-
vates many metabolites in the leaves that are distinct from the
ones induced by JA and MeJA (Xu et al., 2018). Until now, there
is still limited knowledge about exclusive JA-Ile-induced com-
pounds and metabolic pathways induced by wounding.

For many years, JAR1 was considered the sole enzyme catalyz-
ing the formation of JA-Ile from JA by conjugating isoleucine to
JA in Arabidopsis (Staswick & Tiryaki, 2004). More recently,
AtGH3.10, a homolog of JAR1 in Arabidopsis, was shown to
additionally contribute to JA-Ile biosynthesis and to function
redundantly with JAR1 in flower development and the wound
response (Delfin et al., 2022). Moreover, AtGH3.10 and JAR1
can catalyze the conversion of 12-hydroxyjasmonic acid (12-OH-
JA) to 12-hydroxyjasmonoyl-L-isoleucine (12-OH-JA-Ile) in
Arabidopsis (Oki et al., 2025). JAR1 belongs to the GRETCHEN
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HAGEN 3 (GH3) family of acyl acid amido synthetases which
mediate biochemical modifications, such as adenylation across
multiple phytohormone signaling pathways, including JA,
indole-3-acetic acids (IAA), and salicylic acid (SA; Staswick
et al., 2002; Jez, 2022). Since the GH3 protein family is involved
in a variety of catalytic reactions that could blur the line between
primary and specialized metabolism (Jez, 2022), it is necessary to
gain a comprehensive overview of the metabolic networks regu-
lated by GH3s, including JAR1. Untargeted metabolomics pro-
vides a powerful approach for achieving this comprehensive
understanding.

Here, we first set out to explore the role of JAR1 in the induc-
tion of downstream local and systemic signals and their involve-
ment in metabolic pathways and further find out the mobility of
JA-Ile upon wounding in our conditions. Thus, we used a
well-described specific JA-Ile biosynthesis inhibitor, jarin-1,
which was first reported to exclusively suppress the
JA-conjugating enzyme JAR1 in Arabidopsis, thereby preventing
the spreading of JA-Ile signaling (Meesters et al., 2014; Ishimaru
et al., 2018). By using this inhibitor and defining a local leaf, we
can study the dynamics of JA-Ile in systemic leaves. Here, the
application of jarin-1 to inhibit JA-Ile biosynthesis has even more
advantages than employing the jar1 mutant. We found that
JA-Ile shifted leaf metabolic profiles and provided the first evi-
dence for an inhibitory effect of jarin-1 on JA-Ile level upon
wounding in both a local and systemic manner. Finally, we
demonstrated that under our conditions, JA-Ile was not a mobile
signal itself but played a role in the transduction of downstream
mobile and nonmobile signals.

Materials and Methods

Plant material and growth conditions

Five to six-week-old Arabidopsis thaliana (L.) Heynh. ecotype
Columbia-0 (Col-0) plants were used for all experiments. To
ensure the same starting conditions, all plants used for one assay
were sown on the same day and kept in the same growth cham-
ber. After stratification for 2 d at 4°C, plants were grown in
growth chambers in 10-cm-round pots with soil substrates under
short-day conditions (10 h : 14 h, light : dark period) with
minor differences. For phytohormone and metabolome analyses,
plants were grown at the Max Planck Institute for Chemical
Ecology (MPI-CE) or iDiv. The growth chambers were adjusted
to 50–60% humidity and constant 21°C with a light intensity of
100 lmol m�2 s�1 (Scholz et al., 2017).

Experimental setup

Untargeted metabolomics The leaves of an individual plant
were numbered as indicated in Supporting Information Fig. S1.
In the control group, Leaf 8 was treated with the chemical
DMSO or jarin-1 on the surface. There was no wounding treat-
ment on control plants. In the local study, Leaf 8 was treated with
the chemical DMSO or jarin-1 on the surface. One and a half
hours after chemical treatment, Leaf 8 was wounded twice

continuously by tweezers. Local and systemic leaves were 8 and
13, respectively. In the systemic study, Leaf 8 was treated with
the chemical DMSO or jarin-1 on the surface. One and a half
hours after chemical treatment, Leaf 13 was wounded twice con-
tinuously by tweezers. Local and systemic leaves were 13 and 8,
respectively. In all experiments, Leaves 8, 9, 11, and 13 were har-
vested separately 1 h after wounding while control plants were
waiting still for 1 h.

With the local study, we aimed to know which metabolic path-
ways are directly regulated by JA-Ile upon wounding. With the
systemic study, we aimed to know which metabolic pathways are
directly regulated by JA-Ile upon wounding via long-distance
transport.

We provided the following hypothesis for the metabolic profil-
ing study.
Null hypothesis: Inhibition of JA-Ile accumulation upon wound-
ing has no effect on the leaf metabolic profile in Arabidopsis. It
means that jarin-1 does not change the metabolic pattern of Ara-
bidopsis leaves that we test.
Hypothesis 1: Inhibition of JA-Ile accumulation upon wounding
has an impact on the leaf metabolic profile only locally.
Hypothesis 2: Inhibition of JA-Ile accumulation upon wounding
has an impact on the leaf metabolic profile only systemically.
Hypothesis 3: Inhibition of JA-Ile accumulation upon wounding
has an impact on the leaf metabolic profile in both a local and
systemic manner.

Targeted metabolomics In the local study, Leaf 8 was chosen
for wounding and chemical treatment. Local and systemic leaves
were 8 and 13, respectively. Leaf 8 was treated with the same
amount of DMSO or jarin-1, and 1.5 h later, Leaf 8 was
wounded twice continuously with tweezers. JA-Ile was assessed in
Leaf 8 1 h after wounding.

In the systemic study, there were two different designs. First,
Leaf 8 was chosen for wounding treatment while Leaf 13 for che-
mical treatment. Local and systemic leaves were 8 and 13, respec-
tively. Leaf 13 was treated with the same amount of DMSO or
jarin-1, and 1.5 h later, Leaf 8 was wounded twice continuously
with tweezers. Second, Leaf 13 was chosen for MecWorm
wounding treatment while Leaf 8 for chemical treatment. Local
and systemic leaves were 13 and 8, respectively. Leaf 8 was treated
with the same amount of DMSO or jarin-1, and 1.5 h later, Leaf
13 was wounded with the MecWorm instrument. JA-Ile was
assessed in Leaves 8 and 13 1 h after wounding.

Application of jarin-1 and wounding

Jarin-1 (AOBIOUS INC, Gloucester, MA, USA) powder was dis-
solved in dimethyl sulfoxide (DMSO) to obtain a stock solution of
7.07 mM that was kept at �20°C. For use, it was diluted to
10 lM with ddH2O and subsequently supplied with Tween-20
(0.1%, v/v) to facilitate application to the leaf surface (Neumann
& Chamel, 1986). The same concentration of DMSO (0.14%,
v/v) and Tween-20 (0.1%, v/v) was used as a chemical control for
jarin-1. For study investigating the systemic response and translo-
cation of metabolites, the leaves of each plant were counted
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according to their age (Dengler, 2006; Farmer et al., 2013; Kiep
et al., 2015). In all bioassays, leaves directly subjected to wounding
were regarded as local leaves, while their vascularly connected
leaves were regarded as systemic leaves. Using Leaf 8 as a local leaf,
Leaves 11 and 13 were systemic leaves connected via the vascular
system, while Leaf 9 was not connected.

For experiments of measuring phytohormones and metabo-
lites, five drops (50 ll in total) of chemical (DMSO or jarin-1)
solution were evenly applied using calibrated micropipettes on
the leaf surface. After 1.5 h, the leaves were wounded in two dif-
ferent ways: (1) the appointed leaf was wounded with a serrated
18/8 tweezers by pinching the surface twice at two different posi-
tions, vertically along the midvein (Landgraf et al., 2012); (2) the
leaf was treated with MecWorm to ensure a continuous wound-
ing process (Mith€ofer et al., 2005). This instrument was applied
for mechanical wounding of the appointed leaf with punches
every 5 s for 48 min. One hour after wounding, the leaves were
harvested, flash-frozen in liquid nitrogen (N), and stored at
�80°C for further analysis.

Phytohormone measurements

In this study, we quantified the phytohormones using two proto-
cols from two laboratories where the plants were growing. For
the plants growing at MPI-CE, phytohormone extraction and
related liquid chromatography mass spectrometry (LC-MS/MS)
analysis were performed as described previously (Vadassery
et al., 2012; D�avila-Lara et al., 2021). The leaves of 5- to 6-wk-
old Arabidopsis plants were freshly harvested, frozen in liquid N
and weighed for quantitative analysis. Briefly, c. 50 mg of leaf tis-
sue was extracted and homogenized in 1.5 ml of methanol con-
taining the following internal standards: 60 ng D6-JA (HPC
Standards GmbH) and 12 ng D6-JA-Ile (HPC Standards
GmbH). The samples were shaken on a horizontal shaker at
room temperature for 10 min. The homogenate was mixed for
30 min and then centrifuged at 13000 rpm and 4°C for 20 min.
The supernatant was collected, and the homogenate was
re-extracted with 500 ll methanol, and the supernatants were
pooled. The combined extracts were evaporated under reduced
pressure at 30°C and dissolved in 500 ll methanol.

Phytohormone analysis was performed using LC-MS/MS. An
Agilent 1260 series HPLC system (Agilent Technologies, Santa
Clara, CA, USA) and a QTRAP 6500 tandem mass spectrometer
(SCIEX) were used for this analysis. A Zorbax Eclipse XDB-C18
column (50 9 4.6 mm, 1.8 lm) from Agilent Technologies was
used for chromatographic separation. Water with 0.05% formic
acid and acetonitrile were used as mobile phases A and B. The
elution profile was as follows: 0–0.5 min, 10% B; 0.5–4.0 min,
10–90% B; 4.0–4.02 min, 90–100% B; 4.02–4.55 min, 100%
B; and 4.51–7.0 min, 10% B. The flow rate was kept constant at
1.1 ml min�1, and the column temperature was maintained at
25°C. The mass spectrometer was equipped with a Turbospray
ion source operating in negative ionization mode. The ion beam
voltage was set to �4500 eV. The turbo gas temperature was set
to 650°C. The nebulizer gas was set to 60 psi, the curtain gas to
40 psi, and the heating gas to 60 psi.

For the plants growing at iDiv, the leaves of 5-wk-old Arabidop-
sis plants were freshly harvested, frozen in liquid N, and
freeze-dried for 4 d at �80°C (FreeZone Plus 12 l Cascade Con-
sole Freeze Dry System, Labconco, KS City, MO, USA). The leaf
samples were homogenized in 2-ml tubes with ceramic beads in a
ball mill (Mill MM400; Retsch GmbH, Haan, Germany) for
5 min at 30 Hz. After weighing, 10 mg of leaf powdered material
was extracted with 500 ll (this volume adjusted with sample
weight) extraction buffer. The extraction buffer comprised 75%
(v/v) methanol (LC-MS grade, VWR, Germany), 25% (v/v) acet-
ate buffer, and a deuterated form of each phytohormone (40 ng
each) as the internal standards (2H6-JA,

2H6�JA-Ile). The acetate
buffer was prepared by mixing 2.3 ml of acetic acid and 3.41 g of
ammonium acetate in 1 l Milli-Q water, and then pH was
adjusted to 4.8. Afterward, the samples with extraction solution
were homogenized with ceramic beads in a ball mill (Mill
MM400; Retsch GmbH) for 5 min at 30 Hz. The mixture was
then centrifuged at 15 000 g for 15 min at a low temperature
with �4°C. The supernatant was transferred into a 1.5-ml tube.
The leaf material went through a second extraction with the same
procedure as above. The two supernatants were mixed and stored
at �20°C overnight and centrifuged at 8000 g for 5 min. The
clarified supernatant was relocated to LC-MS vials. The method of
phytohormone measurement was described in Mbaluto et al.
(2020). Data acquisition and processing were performed using the
‘MS data Review’ software (Bruker MS Workstation, v.8.2; Bru-
ker, Bremen, Germany). Phytohormone levels were determined by
the peak area of the corresponding internal standard and the dry
mass of plant material (ng mg�1 DW).

Untargeted metabolomics analysis

Metabolite extraction After 4 d of freeze-drying at �80°C
(FreeZone Plus 12 l Cascade Console Freeze Dry System, Lab-
conco, Kansas City, MO, USA), the leaf samples were homoge-
nized in 2-ml tubes with ceramic beads in a ball mill (Mill
MM400, Retsch GmbH, Haan, Germany) for 5 min at 30 Hz.
After weighing, 10 mg of leaf powdered material was extracted
with 500 ll of buffer (this volume adjusted with sample weight).
The 1 l extraction buffer comprised 75% (v/v) methanol
(LC-MS grade, VWR, Germany), 25% (v/v) acetate buffer, and
50 ll of 100 mM IAA-Valin stock solution as an internal stan-
dard. The acetate buffer was prepared by mixing 2.3 ml of acetic
acid and 3.41 g of ammonium acetate in 1 l Milli-Q water, and
then, pH was adjusted to 4.8. Afterward, the samples with extrac-
tion solution were homogenized with ceramic beads in a ball mill
(Mill MM400, Retsch GmbH, Haan, Germany) for 5 min at
30 Hz. The mixture was then centrifuged at 15 000 g for
15 min at a low temperature with �4°C. The supernatant was
transferred into a 1.5-ml tube. The leaf material went through a
second extraction with the same procedure as above. The two
supernatants were mixed and then 200 ll of supernatant diluted
with 800 ll extraction buffer with a ratio of 1 : 5. The diluted
extracts were stored at �20°C overnight and centrifuged at
8000 g for 5 min. The clarified supernatant was relocated to
LC-MS vials.
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LC-MS measurements LC-MS analysis was performed follow-
ing the methods described in Weinhold et al. (2022).

Chromatographic separation was performed by the injection
of 3 ll of the final extracts into an UltiMateTM 3000 Standard
Ultra-High-Performance Liquid Chromatography system
(UHPLC, Thermo Scientific) using a C18 column (Acclaim®

RSLC 120, 150 mm 9 2.1 mm, particle size 2.2 lm; Thermo
Fisher Scientific, Waltham, MA, USA) employing a stepwise
water–acetonitrile gradient. An elution program employing two
mobile phases consisted of mobile phase A (water : formic acid,
99.9 : 0.1, v/v%) and mobile phase B (acetonitrile : formic acid,
99.9 : 0.1, v/v%). The flow rate of solvents was set at
0.4 ml min�1, and the column temperature was kept at 40°C.

Metabolite detection was conducted within a mass range of
90–1600 m/z at a spectra rate of 5 Hz (line spectra) using an
ESI-UHR-Q-ToF-MS instrument (maXis impact, Bruker Dal-
tonics, Hamburg, Germany). The MS measurements featured an
electrospray ionization source run in positive ion mode with
data-dependent collision-induced dissociation (Auto-MSMS
mode). Mass calibration for each chromatogram was performed
by an automated infusion at the end of the gradient using an
HPC mode with a flow rate of 0.1 ml h�1. The calibration was
achieved by infusing a 10 mM sodium formate cluster of NaOH
solution prepared in a 50 : 50 (v/v) mixture of isopropanol and
water containing 0.2% formic acid.

Data processing The LC-qToF-MS raw data were processed in
the Bruker Compass METABOSCAPE software (2022b; v.9.0.1;
Build 11878; Bruker Daltonics, Hamburg, Germany). Mass reca-
libration, peak picking, peak alignment, region complete feature
extraction, and grouping of isotopes, adducts, and charge states
were operated with the T-ReX algorithm provided by the Meta-
boScape program. The settings used for peak detection were as
follows: intensity threshold: 1000 counts; minimum peak length:
7 spectra; feature signal: intensity; minimum peak length for
recursive feature extraction: 7 spectra; mass range: 90–1600 m/z;
retention time range: 0–18 min; MS/MS import method: aver-
age, grouped by collision energy. The parameters for ion decon-
volution were set as below: EIC correlation: 0.8; primary ion:
[M + H]+; common ions: [M + H-H2O]+; seed ions:
[M + Na]+, [M + K]+; T-ReX-Positive Recalibration: Auto-
Detect. Quality checks were implemented to inspect the stability
of retention time and signal intensity, examination for residue
effect, and verification of group identity. The settings for feature
filtering were employed as below: minimum number of samples:
present in 3 of 139; minimum for recursive feature extraction:
present in 3 of 139; group filter: present in at least all samples
(100%) of at least one group (1 group = all replicates in one
treatment). Finally, a feature list including 6178 features was cre-
ated. Features from blanks were excluded when the ratio of maxi-
mum signal of samples to blanks was ≤ 3.

Compound annotation We conducted de novo feature
annotation and compound classification based on MS/MS frag-
mentation patterns using the SIRIUS software (v.5.7.2; D€uhrkop

et al., 2019). The resulting annotations were ranked according
to ZODIAC scores (Ludwig et al., 2020). Molecular structures
were predicted with CSI:FingerID (D€uhrkop et al., 2015; Hoff-
mann et al.2022), and compound classes were assigned using
the Natural Product Classifier (NPClassifier; Kim et al., 2021).
De novo compound class prediction was performed with the
CANOPUS module (Feunang et al., 2016; D€uhrkop et al.,
2021). For SIRIUS analyses, a mass accuracy tolerance of
5 ppm was applied, the elemental composition was restricted to
C, H, N, P, O, and S, and all other parameters were kept at
default settings.

Data analysis

Data analysis was performed in R v.4.4.2 (R Core Team, 2024)
within RSTUDIO v.2025.09.2 + 418 (Posit Software, 2025)
unless otherwise stated. For the principal component analysis
(PCA), it was performed based on the intensity of the features at
METABOANALYST 6.0 platform (Pang et al., 2024). The settings
for the data normalization were as follows: sample normalization:
normalization by median/quantile normalization; data transfor-
mation: square root/log2 transformation; and data scaling: pareto
scaling. For Figs 2(b) (left panel) and 3(b), the average intensity
of four or five biological replicates was used for the heatmap ana-
lysis, while the feature intensity of each biological replicate was
used for the heatmap analysis in Fig. 2(b) (right panel). These
features were selected through one-way ANOVA analysis (false
discovery rate (FDR)-corrected P value ≤ 0.05 cutoff). For Fig. 4
and Table S2, features with high fold change (jarin-1/DMSO)
were extracted at a threshold of FDR-corrected P value ≤ 0.05
after comparing the feature list derived from DMSO and jarin-1
treatment on the same leaf from the same experiment design. For
Figs 4(c), 5, 6, S5, the pairwise comparison was examined by a
two-tailed Student’s t-test.

Figures were finalized in INKSCAPE v.1.0.2-2 (www.inkscape.
org). Fig. 4(a,c) was built in Omicstudio (www.omicstudio.cn)
and ChipPlot (www.chiplot.online), respectively.

Results

Inhibition of JAR1 alters the local and systemic leaf
metabolic profiles

First, we wanted to analyze whether jarin-1 can suppress
herbivory- or wound-induced JA-Ile production in vivo in Ara-
bidopsis leaves. Therefore, the effect of different exogenously
applied jarin-1 concentrations on wound-induced JA-Ile accu-
mulation was tested. We found that jarin-1 reduced JA-Ile levels
at 7 and 21 lM in the youngest fully expanded leaves by c.
50% (Figs S2, S3). Considering that too high a concentration
of jarin-1 itself exerts a negative effect on plant growth (Zeng
et al., 2023), we selected 10 lM jarin-1 as the working concen-
tration for subsequent experiments. Next, to determine whether
jarin-1-mediated JAR1 inhibition affects the leaf metabolic pro-
files of Arabidopsis following wounding or not, we performed an
experiment illustrated in Fig. 1, handling leaves with different
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chemical and wounding treatments. After the indicated time,
leaves were harvested and used for metabolome analysis. PCAs
of all features across different leaves revealed the maximum var-
iance among leaves across six treatments (Fig. S4a–c). Across all
treatments, the metabolic pattern of Leaf 8 was clearly separated
from that of the other leaves (Fig. S4a–c), probably due to the
infiltration effects of solvents, such as DMSO and Tween-20 on
the chemically treated leaves. Compared with the controls,
jarin-1 caused only minor alterations in leaf chemistry in the
local wounding experiment, but it induced substantial meta-
bolic shifts in the systemic wounding experiment (Fig. S4b,c).
Focusing on the local Leaf 8, both the PCA plots (Fig. 2a) and
the feature richness analysis (Table S1) indicated that jarin-1
predominantly affected the metabolite composition of Leaf 8
under control conditions, but to a lesser extent upon local or
systemic wounding (Fig. 2a; Table S1). This might be because
intense wounding responses attenuated the jarin-1-mediated
metabolic changes in Leaf 8. In total, 1503 metabolic features
were identified as significant biomarkers in Leaf 8 (Fig. 2b).
Among them, the top 90 features were primarily induced by
wounding (Fig. 2b). By contrast, no complete separation of
metabolic profiles was observed in the systemic Leaf 13 under
any of the three experimental designs (Fig. 3a). However, this

does not imply that jarin-1 had no impact on Leaf 13; rather, it
partially shifted the overall metabolic composition (Fig. S4c;
Table S1). Among them, 201 metabolic features were signifi-
cantly altered (Fig. 3b). The features in Leaves 8 and 13 were
classified into alkaloids, amino acids and peptides, carbohy-
drates, terpenoids, polyketides, fatty acids, and other natural
product pathways (Figs 2c, 3c). The metabolic features detected
as significant ones in Figs 2(b), 3(b) were dependent on the
treatment.

In order to rule out the possible influence of the experimental
setup on the detection of metabolite profiles altered by jarin-1,
we performed pairwise comparisons of metabolic profiles within
the same leaf type and under the same experimental condition.
We found that JAR1 inhibition following wounding predomi-
nantly shifted the metabolic composition of Leaf 8, compared
with that of Leaf 13 (Fig. 4a; Tables S1, S2). This is evident from
the fact that Leaf 8 exhibited a considerably higher number of
significant features than Leaf 13, when the features from different
treatments are combined (Fig. 4a; Table S2). Consistent with
Fig. 2(a,c), the number of significant features in Leaf 8 in the
control group was higher than that in either the local or systemic
study. By contrast, fewer differential metabolites were detected in
Leaf 8 in both the local and systemic studies, indicating that the

Fig. 1 Experimental setup for leaf metabolic profiling. Control: Leaf 8 was treated with the chemical DMSO or jarin-1 on the surface. There was no
wounding treatment on control plants. Local study: Leaf 8 was treated with the chemical DMSO or jarin-1 on the surface. One and a half hours after
chemical treatment, Leaf 8 was wounded twice continuously by tweezers. Local leaf: Leaf 8. Systemic leaf: Leaf 13. Systemic study: Leaf 8 was treated
with the chemical DMSO or jarin-1 on the surface. One and a half hours after chemical treatment, Leaf 13 was wounded twice continuously by tweezers.
Local leaf: Leaf 13. Systemic leaf: Leaf 8. In all experiments, Leaves 8, 9, 11, and 13 were harvested separately 1 h after wounding while control plants
were waiting still for 1 h. The red arrows indicate the wounding site. DMSO, dimethyl sulfoxide.

Fig. 2 Metabolic profile of Leaf 8. (a) Ordination analysis of overall metabolites in Leaf 8 under different treatments. (b) Heatmap of fold change of
metabolic features in Leaf 8 under different treatments. The average intensity of four or five biological replicates was used for the heatmap analysis. One
thousand five hundred and three features were selected through one-way ANOVA analysis (false discovery rate (FDR)-corrected P value ≤ 0.05 cutoff).
The left panel indicates the fold change of the total 1503 features, while the right panel shows the fold change of top 90 features. In the right panel, the
feature intensity of each biological replicate was used for the heatmap analysis. (c) Annotation of features by SIRIUS in Leaf 8. Classified features were
sorted into the natural products (NP) pathways as shown in the legend. The values shown in the bar plot represent the number of features in the respective
NP pathway. A feature was counted as ‘present’ when the average intensity of each group was ≥ 1000 counts. The features in the respective blanks were
removed. DMSO, dimethyl sulfoxide; Wd, wounding treatment.
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observed changes were specifically triggered by the interaction
between jarin-1 treatment and wounding. This further suggests
that JAR1-generated JA-Ile plays a central role in regulating the
metabolic response of wounded leaves.

Notably, six metabolic features were shared in Leaf 8 across
the control, local and systemic experiments, all of which were
strongly upregulated or specifically shown in jarin-1-treated
leaves (Fig. 4b,c).
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Jarin-1 partly inhibits wound-stimulated JA-Ile biosynthesis
in a local manner

We previously tested the dose effect of jarin-1 on the accumula-
tion of JA-Ile in local leaves after wounding (Figs S2, S3). Next,
to further investigate the effect of jarin-1 on JA-Ile level of Leaf 8
upon wounding, we developed an in planta assay, where Leaf 8
was treated with jarin-1 and wounding (Fig. 5). As a result, we
found that there was no difference in JA level before and after
jarin-1 application (Fig. 5a). However, jarin-1 reduced JA-Ile
level triggered by wounding in the local leaves, compared with
JA-Ile level in DMSO-treated leaves by wounding (Fig. 5b).
Overall, these results suggest that jarin-1 functioned specifically
by preventing wound-induced JA-Ile production in a local
manner.

Jarin-1 inhibits wound-stimulated JA-Ile biosynthesis in a
systemic manner

To further test whether jarin-1 systemically affects JA-Ile accumu-
lation upon wounding, we developed another in planta assay,
where Leaf 13, treated with 10 lM jarin-1, was regarded as the
systemic leaf; Leaf 8 with wounding treatment was regarded as the
local leaf (Fig. 6). Without wounding, the application of DMSO
or jarin-1 chemical itself caused slightly the rise of JA-Ile level.
However, there was no difference between the two levels. With
wounding, there was a significant increase of JA-Ile level in Leaves
8 and 13, compared with the nonwounded plants (Fig. 6). Inter-
estingly, jarin-1 led to a downregulation of JA-Ile level of Leaf 13;
however, JA-Ile level of Leaf 8 remained high. This suggests that
jarin-1 can undermine the burst of JA-Ile of the systemic leaf
which has a vascular connection with the wounded leaf.

Similarly, to test the effect of jarin-1 on JA-Ile accumulation
upon mimicked herbivore feeding, we performed an experiment
using MecWorm (Mith€ofer et al., 2005). As for this experimental
setup, Leaf 8 chemically treated with 10 lM jarin-1 was regarded
as the systemic leaf, whereas Leaf 13 mechanically treated with
MecWorm was regarded as the local leaf (Fig. S5). Aligning with
Fig. 6, wounding led to a strong increase in JA-Ile level in Leaf
13 and its vascularly connected Leaf 8, compared with the non-
vascularly connected Leaf 9 (Fig. S5). As a result, jarin-1 led to a
decrease in JA-Ile level of the chemically treated Leaf 8, while the
JA-Ile level of the wounded Leaf 13 stayed high (Fig. S5). Based
on the results of the above two independent experiments, it
implies that jarin-1 can offset the burst of JA-Ile in the systemic
leaves upon wounding of the local leaves.

Discussion

Inhibition of JAR1 alters the leaf metabolic profile

JAR1 belongs to the GH3 acyl acid amido synthetase enzyme
family in plants (Staswick et al., 2002; Staswick & Tiryaki, 2004;
Suza & Staswick, 2008). Members of the GH3 family are cytoso-
lic acyl acid amido synthetases of the firefly luciferase enzyme

group, which catalyze the conjugation of JAs, auxins, SA, and
benzoic acid derivatives to a broad range of amino acids
(Jez, 2022). Jarin-1 was first reported to specifically inhibit JAR1
in Arabidopsis and as a consequence thereof, for example partially
alleviates MeJA-induced root growth inhibition in Arabidopsis
(Meesters et al., 2014). Until now, jarin-1 was applied in many
plant species, such as strawberry, tomato, and potato (Delgado
et al., 2018; Liu et al., 2022; Munawar et al., 2023). However, it
does not always have the same effect of relieving root growth
inhibition by MeJA on other species (Zeng et al., 2023). Addi-
tionally, jarin-1 may interfere with downstream components of
the JA signaling pathway and thereby indirectly influence GH3-
related metabolic pathways (Delgado et al., 2018). Moreover, in
addition to their well-known roles in wound responses, JAs also
participate in various plant developmental processes (Nie
et al., 2025). Therefore, we hypothesized that inhibition of JAR1
could influence a range of leaf metabolic pathways.

Upon boron deficiency, JAR1-dependent JA signaling is
involved in root growth inhibition in Arabidopsis (Huang
et al., 2021), and JAR1 is proposed to influence growth and
development in Medicago sativa by regulating photosynthesis
(Dai et al., 2025). Although several functions of JAR1 have been
characterized in different plant species (Svyatyna et al., 2014;
Huang et al., 2021; Dai et al., 2025), comprehensive information
on the global metabolic networks regulated by JAR1 under both
resting and stimulated conditions remains limited.

To address this gap, we performed untargeted metabolomic
analyses and found that the presence or reduced level of JA-Ile
selectively modified a range of metabolic features and their asso-
ciated pathways (Figs 2–4; Tables S1, S2). Furthermore, JAR1
activity influenced feature abundance under both wounding and
nonwounding conditions (Figs 2, 3; Table S1). Pathway classifi-
cation analysis revealed that JAR1 modulation affected several
key metabolic pathways, including alkaloids pathway, amino
acids and peptides pathway, carbohydrates pathway, fatty acids
pathway, terpenoids pathway and others (Figs 2c, 3c). Among
these, amino acids, carbohydrates and fatty acids pathways as pri-
mary metabolism are highly conserved and required for plant
growth and development (Bonaventure et al., 2003; Berger et al.,
2007; Kawade et al., 2023). Alkaloids, polyketides and terpenoids
pathways as secondary metabolism play a key role in plant
defense response (Koskela et al., 2011; Mith€ofer & Boland,
2012). Collectively, our results suggest that JAR1 as JA-Ile gener-
ating enzyme acts as a key integrator of metabolic regulation,
functioning not only in constitutive plant growth and develop-
ment, but also in spatial and temporal responses to wounding
stress.

Both mechanical wounding and insect herbivory trigger a
rapid increase in cytosolic Ca2+ and a following boost in JA/JA-
Ile levels in local and systemic leaves of Arabidopsis (Vadassery
et al., 2012, 2014; Kiep et al., 2015). In this study, JAR1 activity
not only modified JA-Ile-dependent metabolic pathways but also
coordinated the JA-Ile-mediated wounding response at both local
and systemic levels (Figs 5, 6). Recently, JAR1 and GH3.10, two
members of the GH3 synthetases family, were shown to jointly
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catalyze JA conjugation in Arabidopsis (Delfin et al., 2022; Ni
et al., 2025; Oki et al., 2025). Accordingly, a residual level of JA-
Ile was observed following jarin-1 treatment (Figs 5, 6, S3, S5),
consistent with the fact that jarin-1 might not affect GH3.10

activity. Notably, JAR1 specifically influenced JA-Ile accumula-
tion, whereas JA levels remained unaffected (Fig. 5). A previous
study suggests that JA and probably MeJA, rather than JA-Ile,
function as long-distance transmissible signals, or interact with

Fig. 3 Metabolic profile of Leaf 13. (a) Ordination analysis of overall metabolites in Leaf 13 under different treatments. (b) Heatmap of fold change of
metabolic features in Leaf 13 under different treatments. The average intensity of four or five biological replicates was used for the heatmap analysis. Two
hundred and one features were selected through one-way ANOVA analysis (false discovery rate (FDR)-corrected P value ≤ 0.05 cutoff). The panel
indicates the fold change of the total 201 features. (c) Annotation of features by SIRIUS in Leaf 13. Classified features were sorted into the natural products
(NP) pathways as shown in the legend. The values shown in the bar plot represent the number of features in the respective NP pathway. A feature was
counted as ‘present’ when the average intensity of each group was ≥ 1000 counts. The features in the respective blanks were removed. DMSO, dimethyl
sulfoxide; Wd, wounding treatment.
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other long-distance signals to propagate systemic defense
response (Bozorov et al., 2017). Also, mobile signals such as
endogenous OPDA and its derivatives, rather than JA-Ile, trans-
locate from wounded shoot to nonwounded root, thereby coordi-
nating systemic wounding response (Schulze et al., 2019).
Consequently, JA-Ile precursors that accumulate upon wounding
may indirectly affect the biosynthesis of downstream-induced
metabolites associated with defense responses. However, this does
not imply that JA-Ile is dispensable in systemic defense regula-
tion. Exogenous JA-Ile application has been shown to induce a
few metabolites with high fold changes compared with JA and
MeJA treatments, including lactic acid, b-glucose, alanine, threo-
nine, steroids, 3,4-dihydroxypyridine and others in the leaves of
Leucaena leucocephala (Xu et al., 2018). Moreover, JA-Ile forma-
tion has been demonstrated to regulate a specific subset of the
JA-dependent soluble metabolome (Schuman et al., 2018).

Together, these findings suggest that JAR1-mediated JA-Ile bio-
synthesis might also play a crucial role in fine-tuning both local
and systemic defense metabolism in Arabidopsis. Therefore, our
results support Hypothesis 3.

JA-Ile is probably not a mobile signal in this context

Wounding and mechanical stimulation are well-known triggers
of plant defense responses (reviewed in Waterman et al., 2019).
Similarly, repetitive touch can activate metabolite-based signaling
pathways, including JA signaling pathways (Chehab et al., 2012).
These stimuli probably activate a set of responses in local and sys-
temic leaves through the direct and indirect vascular connections
among the rosettes. In this study, we observed that combined
jarin-1 and wounding treatment led to a reduction in JA-Ile levels
in jarin-1-treated leaves, both locally and systemically, compared

Fig. 4 Features with high fold change. (a) Multi-volcano plots presenting significantly changed features by the application of jarin-1 compared with
counterparts with DMSO treatment. There were no significant features detected in the leaves of sys_leaf11 and sys_leaf13. The labels ‘sigDown’ and
‘sigUp’ indicate those features significantly downregulated or upregulated in the respective leaves. The significant features were extracted at a threshold of
false discovery rate (FDR)-corrected P value ≤ 0.05 after comparing the feature list of DMSO and jarin-1 treatment on the same leaf from the same
experiment design. (b) Upset plot of significant features across different treatments and leaves. The numbers above the bars represent common features
shared by treatments or specific features in a single leaf. (c) Comparison of intensities of six features shared by control_leaf8, local_leaf8, and sys_leaf8.
Boxplots show peak intensities across treatments. The central horizontal line inside the box indicates the median. The box represents the interquartile range
(IQR; 25th–75th percentiles), and whiskers extend to 1.59 IQR. Data points beyond this range are regarded as outliers. Asterisks indicate significant
differences between groups (Student’s t-test: **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001). DMSO, dimethyl sulfoxide; Sys, systemic.
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with DMSO and wounding controls. However, this treatment
did not significantly affect JA levels (Fig. 5), nor did it alter JA-
Ile levels in wounded leaves during the systemic experiment
(Figs 6, S5). This is very likely due to the following facts: (1)
jarin-1 is a specific JAR1 inhibitor (Meesters et al., 2014), so it
did not affect the JA, but the JA-Ile level; (2) wounding in the
leaves might be so strong that the remaining JAR1 activity in the
local leaf is sufficient to generate JA-Ile despite the presence of
jarin-1; (3) the systemic response/resistance is probably activated
by JA-dependent and JA-independent mobile signals (Gasperini
et al., 2015; Bozorov et al., 2017). Some systemic signals, inde-
pendent of the JAs pathway, such as electrical signaling, calcium
ions, reactive oxygen species (ROS), were also involved in the
long-distance transmission of wounding or herbivory stress sig-
nals (Mousavi et al., 2013; Kiep et al., 2015; Nguyen et al., 2018;
Toyota et al., 2018; Wang et al., 2019). In Arabidopsis, a JA-
independent wound signal triggers the rapid de novo biosynthesis
of JA and JA-Ile in distal leaves (Koo et al., 2009). Moreover, the
rapid electrical signal triggers JAs upsurge in systemic leaves
(Mousavi et al., 2013; Toyota et al., 2018). GLUTAMATE
RECEPTOR-LIKE 3.3 (GLR3.3)-modulated electrical signal is
speculated to be converted subsequently into JA or JA-Ile (Li
et al., 2020). In addition, calcium and ROS may be relayed in a
self-propagating manner by the generation of JA waves along the
phloem pathway (Hilleary & Gilroy, 2018). A core set of tran-
scripts associated with the ROS wave are linked with Ca2+ signal-
ing (Zandalinas et al., 2019). Some JA-independent signals can
interact with each other and are involved in plant stress response
together with JA-dependent signals. Also, JA-dependent and JA-
independent mobile signals could be influenced by each other.

In summary, our data support the view that JA-Ile is not a
mobile signal. While mobile immune signals transmit to systemic
tissues (nonwounded leaves), JAR1 is essential to stimulate local
responses and catalyze JA-Ile biosynthesis locally. Our findings
indicate that other wound-induced signals move to the systemic
parts of the plants and induce JAR1-mediated JA-Ile synthesis.
Further investigation, for example, an approach with isotope-
labelled JA-Ile to trace its mobility, may provide new insights
into the regulation of plant defense mechanisms as well as growth
and developmental processes.

Limitations of the study and future experiments

We recognize that the employment of inhibitors might result
in unintended side reactions, such as off-target effects. How-
ever, at least to our knowledge, no such adverse reactions have
been reported yet. As jarin-1 did not affect JA-Ile levels in
non-jarin-1-treated leaves of wounded (e.g. Leaf 8 in Fig. 6
and Leaf 13 in Fig. S5) and nonwounded (Fig. 6) plants, we
concluded that jarin-1 did not travel within the plant. How-
ever, this should be further investigated in detail. Moreover, in
this study, jarin-1 could not completely inhibit the wound-
induced JA-Ile biosynthesis. This is due to an additional
enzyme, AtGH3.10, that can catalyze the generation of JA-Ile
in Arabidopsis. Thus, further studies that the use of jarin-1 in
a gh3.10 knock-out background might overcome this handi-
cap. Lastly, although local jarin-1 treatment did not lead to a
reduction in both local and systemic JA-Ile levels, we claim
that the occurrence and spread of local and systemic down-
stream signals still depend on JAR1 activity. However, this

Fig. 5 Effect of jarin-1 on the accumulation of
jasmonic acid (JA) and jasmonic acid-isoleucine
(JA-Ile) of local leaves after wounding. (a) JA and
(b) JA-Ile in local leaves (Leaf 8) of 5-wk-old
plants treated with DMSO or 10 lM jarin-1 and
subjected to wounding (Wd) or not. As indicated
in the upper panel, the leaves from one pot were
numbered, and Leaf 8 was chosen for wounding
and chemical treatment. Local leaf: Leaf 8.
Systemic leaf: Leaf 13. Leaf 8 was treated with
the same amount of DMSO or jarin-1, and 1.5 h
later, Leaf 8 was wounded twice continuously by
tweezers. JA-Ile was assessed in Leaf 8 1 h after
wounding. Data are mean � SD (n ≥ 7). Each
biological replicate represents leaf material from
one pot. Asterisks indicate significant differences
between groups (Student’s t-test: **, P ≤ 0.01;
ns, not significant). The red arrow indicates the
wounding site. DMSO, dimethyl sulfoxide.
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statement deserves to be further confirmed by extensively tar-
geted metabolomics.
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Fig. 6 Effect of jarin-1 on the accumulation of
jasmonic acid-isoleucine (JA-Ile) of systemic
leaves after wounding. JA-Ile in leaves of c. 6-
wk-old plants treated with DMSO or 10 lM
jarin-1 on Leaf 13 and subjected to wounding
(Wd) or not on Leaf 8. As indicated in the upper
panel, the leaves from one pot were numbered,
and Leaf 8 was chosen for wounding treatment
while Leaf 13 for chemical treatment. Local leaf:
Leaf 8. Systemic leaf: Leaf 13. Leaf 13 was
treated with the same amount of DMSO or jarin-
1, and 1.5 h later, Leaf 8 was wounded twice
continuously by tweezers. JA-Ile was assessed in
Leaf 8, 9, 11, and 13 1 h after wounding. Data
are mean � SD (n ≥ 5). Each biological replicate
represents leaf material from one pot. Asterisks
indicate significant differences between groups
(Student’s t-test: *, P ≤ 0.05; ns, not significant).
The red arrow indicates the wounding site.
DMSO, dimethyl sulfoxide.
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Fig. S1 Schematic representation of 5-wk-old Arabidopsis thali-
ana rosette leaves.

Fig. S2 Effect of DMSO or jarin-1 on the accumulation of JA-Ile
in leaves.

Fig. S3 Dose effect of jarin-1 on the accumulation of JA-Ile in
local leaves after wounding.

Fig. S4 Principal component analysis of overall metabolites in
Leaves 8, 9, 11, and 13 within control, local and systemic study.

Fig. S5 Effect of jarin-1 on the accumulation of JA-Ile of sys-
temic leaves after MecWorm wounding.
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Table S1 Mass spectrometry features detected by untargeted
metabolomics analysis of leaves harvested at different treatments.

Table S2 List of significant features as shown in Fig. 4(a).
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