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Abstract
Sphingolipids are structural components of the lipid bilayer that acts as signaling molecules in many cellular processes, in-
cluding cell death. Ceramides, key intermediates in sphingolipid metabolism, are phosphorylated by the ceramide kinase
ACCELERATED CELL DEATH5 (ACD5). The loss of ACD5 function leads to ceramide accumulation and spontaneous cell
death. Here, we report that the jasmonate (JA) pathway is activated in the Arabidopsis (Arabidopsis thaliana) acd5 mutant
and that methyl JA treatment accelerates ceramide accumulation and cell death in acd5. Moreover, the double mutants of
acd5 with jasmonate resistant1-1 and coronatine insensitive1-2 exhibited delayed cell death, suggesting that the JA pathway
is involved in acd5-mediated cell death. Quantitative sphingolipid profiling of plants treated with methyl JA indicated that
JAs influence sphingolipid metabolism by increasing the levels of ceramides and hydroxyceramides, but this pathway is dra-
matically attenuated by mutations affecting JA pathway proteins. Furthermore, we showed that JAs regulate the expression
of genes encoding enzymes in ceramide metabolism. Together, our findings show that JAs accelerate cell death in acd5
mutants, possibly by modulating sphingolipid metabolism and increasing ceramide levels.

Introduction

Plant sphingolipids make up an estimated 40% of plasma
membrane lipids; sphingolipids also regulate cellular pro-
cesses and responses to environmental stresses (Berkey et

al., 2012; Luttgeharm et al., 2016; Ali et al., 2018). The key
intermediates in sphingolipid biosynthesis and catabolism
are ceramides, which consist of a long-chain amino alcohol,
referred to as a sphingoid long-chain base (LCB), and a fatty
acid (FA) of variable length (Luttgeharm et al., 2016).

R
es

ea
rc

h
A

rt
ic

le

Received June 24, 2021. Accepted July 09, 2021. Advance access publication August 7, 2021
VC American Society of Plant Biologists 2021. All rights reserved. For permissions, please email: journals.permissions@oup.com

doi:10.1093/plphys/kiab362 PLANT PHYSIOLOGY 2021: 187: 1713–1727

https://orcid.org/0000-0002-3416-8659
https://orcid.org/0000-0003-3987-2618
https://orcid.org/0000-0002-6632-8952
https://orcid.org/0000-0002-2045-5462
https://academic.oup.com/plphys/pages/General-Instructions


Ceramides mediate plant programmed cell death (PCD;
Liang et al., 2003; Townley et al., 2005; Wang et al., 2008;
Ternes et al., 2011; Bi et al., 2014; Simanshu et al., 2014); for
example, treatment with exogenous C2 ceramide (ceramide
with a C2 FA) leads to calcium-dependent PCD in
Arabidopsis (Arabidopsis thaliana; Townley et al., 2005). The
loss of function of the ceramide-1-phosphate transporter in
the accelerated cell death11 (acd11) mutant leads to cer-
amide accumulation and salicylic acid (SA)-dependent PCD
(Simanshu et al., 2014). Moreover, mutation of the ceramide
synthase gene LONGEVITY ASSURANCE GENE ONE
HOMOLOG1 (LOH1) results in increased levels of trihydroxy
sphingoid bases, C16 ceramides, and C16 glucosylceramide
species, and leads to spontaneous cell death (Ternes et al.,
2011).

ACCELERATED CELL DEATH5 (ACD5) encodes a ceramide
kinase that catalyzes the conversion of ceramide to
ceramide-1-phosphate; the acd5 mutation causes SA-
pathway-dependent ceramide accumulation and spontane-
ous cell death late in development (Greenberg et al., 2000;
Liang et al., 2003, Bi et al., 2014). Treatment with SA or its
analog benzothiadiazole (BTH) accelerates cell death in acd5
mutants and the cell death phenotype is attenuated in the
acd5 NahG and acd5 nonexpresser of pathogenesis-related
genes1-1 (npr1-1) double mutants (Greenberg et al., 2000;
Yang et al., 2019). Furthermore, ethylene signaling is partially
required for acd5-conferred cell death (Greenberg et al.,
2000). In contrast, abscisic acid (ABA) suppresses the cell
death phenotype of the acd5 mutant after BTH induction
(Yang et al., 2019). Thus, phytohormones play important
and varying roles in sphingolipid-induced cell death.

Jasmonates (JAs) are also involved in cell death caused by
sphingolipid imbalances. The fungal toxin fumonisin B1
(FB1) inhibits sphingolipid biosynthesis, leading to cell death,
in a process requiring a functional JA pathway (Asai et al.,
2000). Moreover, disruption of neutral ceramidases 1 and 2
also results in JA-pathway-associated cell death (Zienkiewicz
et al., 2019). However, the mechanism by which JAs partici-
pate in sphingolipid-induced cell death has remained un-
known, along with the role of the JA pathway in the lesion-
mimic mutant acd5.

JAs, a family of lipid-derived phytohormones, are ubiqui-
tous in land plants and play an important role in stress
responses and development (Howe et al., 2018). Among
them, (þ)-7-iso-jasmonoyl-L-isoleucine (JA-Ile) is the bioac-
tive compound, which is synthesized by jasmonoyl amino
acid conjugate synthase (JASMONATE RESISTANT1, JAR1;
Fonseca et al., 2009). The core JA signaling pathway consists
of interconnected functional modules that govern the tran-
scriptional state of hormone-responsive genes. The basic he-
lix-loop-helix transcription factors MYC2, MYC3, and MYC4
are repressed by JASMONATE-ZIM-DOMAIN (JAZ) proteins
when the endogenous levels of JA-Ile are low (Howe et al.,
2018). When JA-Ile levels rise, the JA-Ile receptor
CORONATINE INSENSITIVE1 (COI1) binds to JAZs and
causes their ubiquitination and degradation, releasing the

transcription factors to activate the expression of down-
stream genes (Xie et al., 1998; Thines et al., 2007; Yan et al.,
2009). MEDIATOR25 (MED25) is a subunit of the mediator
transcriptional co-activator complex, which controls MYC2-
dependent transcription, and the MYC2–MED25 transcrip-
tional complex plays a critical role in the activation and ter-
mination of JA signaling (Chen et al., 2012; An et al., 2017;
Du et al., 2017; Liu et al., 2019).

JAs function in plant resistance to necrotrophic pathogens
and insects (Howe et al., 2018). Previous reports suggested
that disturbance of sphingolipid metabolism affects plant
tolerance to the insect herbivore brown planthopper
(Nilaparvata lugens) and aphids (Myzus persicae), as well as
the necrotrophic fungal pathogen Botrytis cinerea (Magnin-
Robert et al., 2015; Begum et al., 2016). Sphingolipid profiles
are altered upon B. cinerea infection (Bi et al., 2014; Magnin-
Robert et al., 2015). Nevertheless, the direct connection be-
tween the JA pathway and sphingolipid metabolism has
remained poorly understood.

In this work, we investigated the effects of JA on the acd5
mutant. We treated acd5 plants with exogenous methyl
jasmonate (MeJA) and found it enhanced the cell death
phenotype. By analyzing sphingolipid profiling, we showed
that MeJA treatment triggered an increase in ceramide and
hydroxyceramide levels in a JA-pathway-dependent manner.
We suggest that JAs accelerate cell death in the ceramide ki-
nase mutant acd5 by modulating sphingolipid metabolism.

Results

The JA pathway is activated in acd5 mutants
To explore the association between the JA pathway and
ACD5 function, we investigated the transcript levels of JA-
related genes in acd5 at different developmental stages. In
16-d-old plants, the expression of the JA biosynthesis genes
ALLENE OXIDE SYNTHASE (AOS), MYC2, and 12-
OXOPHYTODIENOATE REDUCTASE3 (OPR3) and the JA sig-
naling pathway gene JAZ1 was not upregulated in acd5
compared with the wild-type. However, the JA-responsive
gene PDF1.2 showed higher transcript levels in acd5 than in
the wild-type (Figure 1A). In 32-d-old acd5 plants, all five of
these JA-related genes were significantly upregulated (Figure
1A). Furthermore, in 16-d-old plants, the contents of jas-
monic acid, JA-Ile, the JA precursor 12-oxophytodienoic acid
(OPDA), SA, and its storage form salicylic acid O-b-glucoside
(SAG) were similar between the wild-type and acd5 (Figure
1B; Supplemental Figure S1). At 32 d, however, JA levels
were dramatically higher in the acd5 mutant than in the
wild-type (Figure 1B), and as described previously, the acd5
mutants accumulated SA in late developmental stages
(Greenberg et al., 2000; Supplemental Figure S1).

Ceramide accumulation is a key feature of the acd5 mu-
tant (Liang et al., 2003; Bi et al., 2014). To assess whether
ceramide accumulation could increase the transcript levels
of JA pathway genes, we treated 7-d-old wild-type seedlings
with exogenous C2-ceramide and C16-ceramide. These treat-
ments resulted in increased expression of AOS, OPR3, MYC2,
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JAZ1, and PDF1.2 (Figure 1C). Taken together, these data
suggested that ceramide accumulation induces the expres-
sion of JA pathway genes.

acd5 mutants uncouple JA-associated gene expres-
sion and stress responses
Because the acd5 mutant had higher expression of JA-
related genes and JA contents than the wild-type, we hy-
pothesized that it would have correspondingly greater resis-
tance to insect herbivory and necrotrophic pathogens.
However, as shown in Figure 2, we found no difference in
phenotype between the wild-type and acd5 mutant after
challenge by larvae of the beet armyworm Spodoptera exigua
(Figure 2A). No significant difference was detected in weight
between S. exigua larvae that fed on the wild-type and acd5
plants (Figure 2B), despite herbivory-induced increases in

the transcript levels of the defense genes JAZ10 and TAT1
and in the endogenous levels of jasmonic acid in acd5 as
compared to the wild-type (Figure 2, C and D). We also
checked JA-associated gene expression levels after B. cinerea
inoculation. Consistent with a previous report (Bi et al.,
2014), the acd5 plants were susceptible to B. cinerea
(Supplemental Figure S2A). However, higher expression of
ALLENE OXIDE CYCLASE1 (AOC1) and PDF1.2 compared
with the wild-type was found at 12 h after inoculation
(Supplemental Figure S2B).

Furthermore, upon treatment with 100-mM MeJA, the
acd5 mutant plants did not show more severe root-growth
inhibition or anthocyanin accumulation than the wild-type
(Figure 2, E and F). Thus, notwithstanding the JA pathway
activation seen in the acd5 mutant, the resistance to JA-
related biotic stress was not enhanced, and the MeJA-

Figure 1 JA-related gene expression and plant hormone contents in acd5 mutant plants. A, Expression of jasmonate-pathway-related genes in
acd5 plants, as indicated by RT-qPCR analyses of AOS, OPR3, MYC2, JAZ1, and PDF1.2 transcript levels in the wild-type and acd5 plants sampled at
16 and 32 d of age. ACT2 transcript levels were used as the internal control. Gene expression values are relative to the average for wild-type plants
(set as 1). B, Levels of the hormones JA, JA-Ile, and OPDA in 16- and 32-d-old wild-type and acd5 plants. Note no cell death phenotype in 16-d-old
acd5 plants. C, Expression of JA-pathway-related genes after ceramide treatments. Seven-day-old wild-type seedlings were treated with 50-mM C2-
or C16-ceramide. The samples were collected after 6 h and used for RNA isolation. The JA biosynthesis genes AOS, OPR3, and JA downstream
genes MYC2, JAZ1, and PDF1.2 were assayed by RT-qPCR. ACT2 transcript levels were used as the internal control. Gene expression values are rela-
tive to the average for mock (1% ethanol)-treated wild-type (set as 1). These experiments were repeated at least three times using independent
samples. Data represent means 6 SE from triplicate biological replicates. Significant differences were determined by Student’s t tests (*P < 0.05,
**P < 0.01; ***P < 0.001).
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induced root-growth inhibition and anthocyanin accumula-
tion were not increased in the acd5 plants.

MeJA accelerates ceramide accumulation and cell
death in acd5 mutants

The acd5 mutant eventually shows spontaneous cell death
(Greenberg et al., 2000), accompanied by increases in gene
transcripts and hormones associated with the JA pathway.

To investigate whether the JA pathway functions in this
spontaneous cell death process, we sprayed the wild-type
and acd5 plants with exogenous MeJA. Treatment with 50-
mM MeJA had no significant effect on the cell death pheno-
type of the acd5 plants (Supplemental Figure S3A), as deter-
mined by phenotypic analyses and electrolyte leakage assays
(Supplemental Figure S3, B and C). However, treatment with
100-mM MeJA accelerated spontaneous cell death and in-
creased electrolyte leakage levels in the acd5 mutant, but
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Figure 2 Function of ACD5 in S. exigua resistance and JA-associated developmental responses. A and B, Insect bioassay on the wild-type and acd5
plants. A, Second-instar S. exigua larva were released on 4-week-old plants. Photographs of plants were taken 8 d after insect release. B, Larval
weights of S. exigua were measured 8 d after release on the wild-type and acd5 plants. Data represent means 6 SE (n � 20 larvae per genotype);
different letters in (B) represent significant differences from the wild-type as determined using Student’s t tests (P < 0.05). C, Expression of JAZ10
and TAT1 in the wild-type and acd5 plants after S. exigua herbivory. Data represent means 6 SE using independent samples (n ¼ 3). Significant dif-
ferences were determined by Student’s t tests (**P < 0.01; ***P < 0.001). D, Analysis of JA, JA-Ile, and OPDA contents in plants challenged by S. exi-
gua second-instar larvae for 24 h and then collected for analysis. Data represent means 6 SE using independent samples (n ¼ 3); different letters
indicate significant differences determined by ANOVA with post hoc test (P < 0.05). E, JA-inhibited root growth phenotypes of the wild-type and
acd5 plants. Ten-day-old seedlings grown on 1/2 MS medium with or without 100-mM MeJA were photographed. Data represent means 6 SE (n
� 40 seedlings per genotype). Different letters indicate significant differences determined by ANOVA with post hoc test (P < 0.05). F, The accu-
mulation of anthocyanin in response to JA in the wild-type and acd5 plants grown on 1/2 MS medium with or without 100 mM MeJA.
Representative photos show seedlings after 10 d, and their anthocyanin contents are at right. Data represent means 6 SE (n ¼ 10). Datasets
marked with different letters indicate significant differences assessed by ANOVA with post hoc test (P < 0.05). Experiments were repeated at least
three times (A–E) or twice (F). Scale bars, 1 cm (A, B, and E), 0.5 cm (F).
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not the wild-type, at the indicated time points after treat-
ment, compared with the mock-treated plants given 0.1%
ethanol (Figure 3, A–C). Treatment with 200-mM MeJA fur-
ther worsened cell death in the acd5 plants, while still not
causing cell death in the wild-type (Supplemental Figure S3,
A and C), indicating that the JA-induced acceleration of cell
death in the acd5 mutant was dose dependent. Moreover,
MeJA treatment induced the transcript levels of defense-, se-
nescence-, and reactive oxygen species-related genes in acd5
plants, and the JA and SA contents increased in MeJA-
treated acd5 mutants 10 d after treatment (Supplemental
Figures S4 and S5). These data further demonstrated that
MeJA induces cell death in acd5 and this process is closely
related to the plant hormones JA and SA.

Ceramide accumulation is a key factor in the timing of
the acd5 cell death phenotype (Bi et al., 2014). We mea-
sured the sphingolipid profiles of the wild-type and acd5,
with or without 100-mM MeJA treatment. In line with our
expectations, MeJA treatment increased the total amount of
ceramides and hydroxyceramides in the acd5 plants (Figure
3, D and F), and it induced the accumulation of individual
ceramide and hydroxyceramide species in acd5 (Figure 3, E
and G). Taking these observations together, our results
showed that exogenous MeJA treatment accelerated both
cell death and sphingolipid accumulation in the acd5
mutant.

As described in a previous study, exogenous C2-ceramide
induced cell death of wild-type protoplasts (Liang et al.,
2003). To investigate the effect of MeJA on ceramide-
induced cell death, we treated protoplasts from wild-type
plants with ceramides and MeJA. Treatment with C2-
ceramide or MeJA was sufficient to induce cell death in
Arabidopsis (Supplemental Figure S6). However, treatment
with C2-ceramide and MeJA together induced cell death of
wild-type protoplasts more strongly than C2-ceramide or
MeJA alone, which indicated that MeJA accelerates
ceramide-induced cell death at the cellular level
(Supplemental Figure S6).

The JA pathway contributes to SA-dependent cell
death in acd5
To confirm the roles of the JA pathways in MeJA-induced
cell death in acd5, we examined the relative expression levels
of JA-related genes after treatment with 100-mM MeJA. In
line with the data in Figure 1, JA pathway genes were not
induced in untreated 16-d-old acd5 plants (Supplemental
Figure S7A). The JA biosynthesis genes AOS and OPR3 and
the JA signaling pathway gene JAZ1 were upregulated in
both the wild-type and acd5 plants 2 d after MeJA treat-
ment (Supplemental Figure S7B). In contrast, the transcript
levels of the SA-related genes SALICYLIC ACID INDUCTION
DEFICIENT2 (SID2), ENHANCED DISEASE SUSCEPTIBILITY1
(EDS1), and PHYTOALEXIN DEFICIENT4 (PAD4) showed no
difference between the mock- and MeJA-treated acd5 plants
(Supplemental Figure S7B), suggesting that the JA pathway
plays an important role in accelerating the development of

the acd5 phenotype in early stages, 2 d after MeJA treat-
ment. At 8 d after MeJA treatment, most of the JA- and SA-
related genes were significantly upregulated in MeJA-treated
acd5 plants as compared to mock-treated acd5 mutants
(Supplemental Figure S7C).

To further investigate the contribution of the JA pathway
to the cell death phenotype of the acd5 mutant, we intro-
duced the JA pathway mutants jar1-1, coi1-2, and myc2-2
(Staswick et al., 2002; Xiao et al., 2004; Boter et al., 2004;
Yuan et al., 2017) into the acd5 background. The acd5
myc2-2 double mutant did not show rescue of cell death
(Figure 4A), with almost 55% of plants showing the cell
death phenotype at 4 weeks after germination, similar to
the percentage for acd5 plants (Supplemental Figure S8A).
Moreover, the cell death lesions in the acd5 myc2-2 mutants
were severe and widespread, as detected by trypan blue
staining (Figure 4B). In contrast, introducing jar1-1 or coi1-2
into the acd5 mutant delayed the appearance of the cell
death phenotype, so that fewer plants showed spontaneous
cell death at 4 weeks (Figure 4A; Supplemental Figure S8A).
Although the loss of function of JAR1 or COI1 delayed the
development of the acd5 phenotype, the cell death lesions
appeared and spread in both double mutants by 5 weeks
(Figure 4, A and B). The double mutants also exhibited the
cell death phenotype in stems, which is typical of acd5
mutants at 6 weeks after planting (Supplemental Figure
S8B).

We also measured the sphingolipid contents in 4- and 5-
week-old plants. The total amount of ceramides was higher
in 4-week-old acd5 and acd5 myc2-2 plants, but not acd5
coi1-2 or acd5 jar1-1 plants (Figure 4C). In addition, the lev-
els of different individual ceramides were significantly higher
in acd5 and acd5 myc2-2 compared with the wild-type,
which was consistent with the total ceramide levels (Figure
4D). All of the 5-week-old plants in the acd5 background
showed increases in total ceramides and individual ceramide
species, but the sphingolipid content was generally lower in
acd5 jar1-1 than in acd5 plants (Figure 4, C and E). Taken
together, these results indicate that the cell death seen in
acd5 is partly dependent on the JA pathway.

To investigate the relationship between the JA and sphin-
golipid pathways, and to determine the role of the JA path-
way in accelerating the cell death phenotype of acd5, we
treated wild-type plants and JA pathway mutants with 100-
mM MeJA. At 2 d after MeJA treatment, the levels of total
LCBs, glucosylceramides (GlcCers), and glycosylinositol phos-
phorylceramides (GIPCs) were not significantly changed in
wild-type plants, although, interestingly, the total ceramide
and hydroxyceramide contents increased in wild-type plants
(Figure 5A). Consistent with the total amount of sphingoli-
pids, the levels of individual ceramide and hydroxyceramide
species increased only in wild-type plants (Figure 5, B and C;
Supplemental Figure S9). Nevertheless, in the coi1-2 and
jar1-1 mutants, the levels of ceramides and hydroxycera-
mides were not increased by exogenous MeJA treatment
(Figure 5; Supplemental Figure S9, A and B). However, the
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loss of function of MYC2 in the wild-type had no effect on
the JA-induced accumulation of ceramides and hydroxycera-
mides (Figure 5D; Supplemental Figure S9C). We thus con-
cluded that JAs modulate the contents of ceramides and
hydroxyceramides through mechanisms that are dependent
on the normal functions of JAR1 and COI1.

Treatment with 100-mM MeJA did not cause cell death in
the wild-type or in JA and SA pathway mutants
(Supplemental Figure S10). Next, we sprayed 100-mM MeJA

on acd5, acd5 coi1-2, acd5 jar1-1, acd5 npr1-1, and acd5
NahG plants and recorded the proportion of plants showing
the cell death phenotype. The results showed that the loss
of function of COI1 or JAR1 in the acd5 mutant significantly
suppressed MeJA-induced acceleration of the cell death in
acd5 (Figure 6, A–C). The spread of cell death lesions in the
acd5 coi1-2 and acd5 jar1-1 double mutants showed similar
patterns with or without MeJA treatment, as observed by
trypan blue staining (Figure 6B). Furthermore, with or
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without MeJA treatment, the acd5 npr1-1 and acd5 NahG
plants showed no cell death phenotype (Figure 6, D–F),
again confirmed that the spontaneous cell death phenotype
of acd5 is largely dependent on the SA pathway (Greenberg
et al., 2000). We conclude that JA accelerated the cell death
in acd5 mutants by a mechanism that was dependent on
the presence of intact JA and SA signaling pathways.

JAs are involved in regulating ceramide metabolism
To further explore the mechanism by which JA accelerates
the cell death in acd5 mutants through regulating ceramide
metabolism, we treated wild-type plants with 100-lM MeJA
and detected the transcript levels of genes involved in cer-
amide synthesis and degradation. Arabidopsis has three cer-
amide synthase gene homologs, LOH1, LOH2, and LOH3
(Ternes et al., 2011). Our data showed that 6 h after MeJA
treatment, the expression of LOH1 and LOH2 was signifi-
cantly induced (Figure 7A). Moreover, the expression of
ARABIDOPSIS TURGOR REGULATION DEFECT1 (TOD1),
which encodes an alkaline ceramidase that degrades ceram-
ides into LCBs and FAs, was significantly decreased (Figure
7A; Chen et al., 2015), indicating that the transcript level of
TOD1 was inhibited by MeJA treatment. We also found that
the expression of ACD5 itself was upregulated under MeJA
treatment (Figure 7A). In acd5 mutants, the expression of
genes involved in ceramide metabolism was also regulated
by MeJA treatment (Supplemental Figure S11).

Furthermore, MYC2 is the master transcription factor in
JA signaling, and its function depends on its interaction
with MED25 (Chen et al., 2012). To test the effect of MYC2
on the expression of ACD5, we cloned the �1,700-bp ACD5
promoter sequence into the pGreenII 0800-LUC vector to
generate the ACD5pro-LUC reporter construct (Supplemental
Figure S12A). The coexpression of MYC2 with ACD5pro-LUC
in Arabidopsis protoplasts led to significantly increased lucif-
erase (LUC) activity (Supplemental Figure S12B). This result
demonstrated that MYC2 is involved in regulating the ex-
pression of the ceramide kinase gene ACD5. Moreover, we
found that the transcript levels of MYC2 and MED25 in-
creased in acd5 plants 10 d after MeJA treatment, which in-
dicated that the MYC2–MED25 transcriptional complex
plays an important role in MeJA-induced ceramide accumu-
lation and cell death in acd5 mutants (Supplemental Figure
S4). Taking these results together, we proposed our current
working model as shown in Figure 7B. The JA pathway may
be involved in the transcriptional regulation of genes related
to ceramide metabolism.

Discussion
Previous reports have suggested that plant hormones such
as SA, ABA, and ethylene mediate spontaneous cell death in
the acd5 mutant (Greenberg et al., 2000; Bi et al., 2014;
Yang et al., 2019), but the role of the JA in cell death pro-
cesses was not clear. In this study, we found that acd5
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plants had increased transcript levels of JA pathway genes
and increased JA contents compared with the wild-type.
Moreover, exogenous MeJA treatment induced cell death
and ceramide accumulation in the mutant, and the loss of
function of COI1 or JAR1 delayed the onset of cell death.
We found that JAs modulate sphingolipid metabolism by
triggering ceramide and hydroxyceramide accumulation,
which is dependent on an intact JA pathway.

To investigate the connection between JA and the cer-
amide kinase ACD5, we measured the transcript levels of JA-
related genes and the JA contents in acd5 mutants. The

acd5 plants exhibited increased ceramide levels in late devel-
opmental stages, along with upregulated expression of the
JA biosynthesis pathway gene AOS and accumulation of JAs
(Figure 1; Bi et al., 2014), which suggested that endogenous
ceramides promote JA synthesis. Moreover, the transcript
level of AOS increased in response to treatment with exoge-
nous ceramides (Figure 1), demonstrating that ceramides
can promote the JA biosynthesis pathway.

JA induces defenses against plant-associated organisms, es-
pecially vertebrate herbivores. Mutation of ACD5 had no ef-
fect on plant resistance to S. exigua, although the transcript
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levels of JA pathway genes and the JA contents did increase.
This phenomenon is very similar to previous reports show-
ing that acd5 uncouples defense-related responses during
pathogen attack (Greenberg et al., 2000; Bi et al., 2014). One
potential explanation is that, notwithstanding the activation
of hormone pathways (include JA and SA), some defense
responses were reduced in the acd5 mutant. For instance,
compared to the wild-type, acd5 plants had smaller cell wall
appositions and lower callose deposition and apoplastic re-
active oxygen species levels when responding to B. cinerea
(Bi et al., 2014). The JA pathway also acts in regulating root
growth and anthocyanin accumulation (Chen et al., 2011; Qi
et al., 2011). We found that for 10-d-old plants grown on
medium with MeJA, the acd5 mutant did not show more
severe root growth inhibition and did not accumulate more
anthocyanin than the wild-type, indicating that the JA path-
way is not yet activated in acd5 mutants at early stages of
development.

The JA pathway is involved in cell death caused by various
environmental stresses. For example, pretreating plants with
MeJA before exposure to ozone (O3) attenuates ozone-
induced cell death, and JA mutants have elevated sensitivity
to ozone (Rao et al., 2000). In contrast, cell death induced

by the mycotoxin FB1 requires the JA signaling pathway
(Asai et al., 2000; Zhang et al., 2015). Similarly, JA controls
1O2-induced PCD, which is dependent on SA (Beaugelin et
al., 2019). Our current results show that the JA pathway is
involved in acd5-conferred cell death when the acd5 plants
were treated with exogenous MeJA (Figure 3), and MeJA in-
duced cell death and sphingolipid accumulation in acd5
mutants in a dose-dependent manner.

Sphingolipid-induced cell death is closely associated with
hormone pathways, especially the SA pathway (Brodersen et
al., 2002; Wang et al., 2008; Mortimer et al., 2013; Bi et al.,
2014). Many reports suggest that the SA and JA signaling
pathways play antagonistic roles in the regulation of plant
resistance; however, the crosstalk between SA and JA signal-
ing is complex during the induction of cell death. Mur et al
(2006) reported that SA and JA synergize to induce cell
death. Several other reports also revealed that the SA and
JA pathways work together in processes such as 1O2-induced
cell death (Beaugelin et al., 2019) and cell death in mutants
that lack neutral ceramidase (Zienkiewicz et al., 2019). In the
case of acd5 mutants, combining previous reports with the
current data suggests that SA and JA may function synergis-
tically in ceramide-induced cell death (Greenberg et al.,
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2000; Figure 4). Both SA and JAs accumulated in acd5
plants, and SA- and JA-related genes were upregulated.
However, the timing of the expression of SA and JA pathway
genes in MeJA-treated plants occurs in a specific sequence.
We found that during the early stages of MeJA treatment in
the acd5 mutant, JA-related genes were upregulated, but SA
pathway genes were not, suggesting that the JA pathway
plays an important role in the initiation of cell death in
acd5. However, in later stages, the ceramide-induced cell
death in acd5 is predominantly dependent on the SA path-
way (Greenberg et al., 2000; Bi et al., 2014; Yang et al., 2019).

Mutation of MYC2 had no effect on cell death in acd5
plants, but coi1-2 and jar1-1 delayed the initial development
of the acd5 cell death phenotype: acd5 plants showed cell
death starting at 4 weeks, but acd5 coi1-2 and acd5 jar1-1
plants showed cell death starting at 5 weeks. In contrast,
NahG and npr1-1 largely suppressed the cell death of acd5:
cell death was absent in the acd5 NahG plants and was
highly attenuated in the acd5 npr1-1 plants (Greenberg et
al., 2000). These observations indicated that inactivation of
the JA pathway delayed cell death in acd5 mutants, but in-
activation of SA by NahG suppressed the cell death in acd5
mutants (Greenberg et al., 2000; Yang et al., 2019). Based on
these observations, we propose that acd5-conferred cell

death is dependent on the SA pathway and partly depen-
dent on the JA pathway. We speculated that JA acts up-
stream to accelerate the initiation of SA-dependent cell
death in acd5 plants.

Arabidopsis NCER1 encodes a putative neutral ceramidase
(Li et al., 2015; Zienkiewicz et al., 2019), and a T-DNA mu-
tant of NCER1 (SALK_054725) exhibits an increase in
hydroxyceramides and an early leaf senescence phenotype
that was partially suppressed by inactivation of JA-Ile biosyn-
thesis, but completely suppressed by inactivation of the SA
pathway (Zienkiewicz et al., 2019). Our findings are thus
consistent with these earlier results. It is noteworthy that
JAs induced the accumulation of ceramides (Figure 5), and
age-dependent ceramide accumulation was observed in cell
death mutants such as acd5 and orm1 amiR-ORM2 (Bi et al.,
2014; Li et al., 2016). Furthermore, during leaf senescence,
the JA level increased and genes associated with JA biosyn-
thesis were upregulated (He et al., 2002). These results sug-
gested that ceramide contents and JA levels increase during
plant aging and JA possibly promotes the accumulation of
ceramides in an age-dependent manner.

JAs mediate the biosynthesis of various metabolites, such
as glucosinolates and anthocyanin (Qi et al., 2011; Schweizer
et al., 2013; Wasternack and Strnad, 2019). We inferred that
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JAs may induce cell death in acd5 by mediating sphingolipid
metabolism. To test this hypothesis, we treated wild-type
plants with exogenous MeJA and found that this induced
ceramide and hydroxyceramide accumulation. Interestingly,
MeJA treatment did not effectively induce ceramide accu-
mulation in jar1-1 and coi1-2 mutants, but it caused myc2-2
plants to accumulate the same levels of ceramides as the
wild-type (Figure 5). Considering that MYC2, MYC3, and
MYC4 are involved in regulating glucosinolate biosynthesis
and insect resistance (Fernandez-Calvo et al., 2011;
Schweizer et al., 2013), we speculated that MYC transcrip-
tion factors function redundantly in regulating ceramide
and hydroxyceramide contents. These results indicated that
JAs regulate sphingolipid metabolism through a mechanism
that requires intact JA signaling pathways. Moreover, we
found that MeJA-induced cell death in acd5 mutants was
dependent on COI1 and JAR1 (Figure 6), which further dem-
onstrated that JAs induce cell death in acd5 by increasing
the levels of ceramides. However, MeJA had no effect on the
cell death phenotype of acd5 in the absence of an intact SA
pathway (Figure 6) again confirming that cell death in acd5
is SA dependent.

JAs mediate plant secondary metabolism by regulating the
expression of genes encoding enzymes in metabolic path-
ways (Wasternack and Strnad, 2019). Ceramides in
Arabidopsis are regulated by several enzymes, such as cer-
amide synthases, ceramidases (TOD1), and ceramide kinases
(ACD5); these enzymes play an important role in balancing
ceramide metabolism (Liang et al., 2003; Ternes et al., 2011;
Bi et al., 2014; Chen et al., 2015). We found that MeJA pro-
moted the expression of LOH1 and LOH2, but repressed the
transcription of TOD1, which might result in the accumula-
tion of ceramides in Arabidopsis under MeJA treatment
(Figures 5 and 7A). Moreover, MeJA induced the transcript
level of ACD5 (Figure 7A). We assumed that elevated expres-
sion of ACD5 allows the plant to convert MeJA-induced
ceramides into other derivatives and avoid cell death.

Analyzing the data from previous reports (Wang et al.,
2019; Zander et al., 2020) indicated that the important tran-
scription factor MYC2 may bind to the promoters of sphin-
golipid pathway genes such as TOD1, LOH2, and ACD5.
Furthermore, the MYC2–MED25 transcriptional complex
may regulate the transcription of sphingolipid pathway
genes. These results supporting the idea that JAs regulate
the expression of genes encoding enzymes in sphingolipid
metabolism and thus alter ceramide homeostasis.

We summarize our current working model in Figure 7B.
We found that JAs promote the accumulation of ceramides
in wild-type plants, and this requires an intact JA pathway.
In turn, ceramides enhance the expression of JA-related
genes and JA levels. ACD5 is involved in balancing ceramide
contents after JA treatment in wild-type plants. In the acd5
mutant, ceramide kinase activity was disrupted, and ceram-
ides induced by JA could not be converted to other deriva-
tives, leading to excess accumulation of ceramides, which
resulted in SA-dependent cell death. Thus, JA accelerates cell

death in the acd5 mutant. Taking these observations to-
gether, we speculated that the JA pathway mediates sphin-
golipid metabolism by affecting the expression of genes
involved in ceramide metabolism. However, the mechanism
whereby JA regulates the transcription of sphingolipid-
related genes, and the functions of sphingolipids in plant–in-
sect interaction, still need further investigation.

Materials and methods

Plants and growth conditions
The Arabidopsis (A. thaliana) reference accession Col-0 was
used as the wild-type. Plants were grown on soil at 22�C un-
der a 16-h light/8-h dark cycle with 6,000 lux light intensity.
The mutants jar1-1 (CS8072), coi1-2, and myc2-2
(SALK_083483) have been described in previous studies
(Staswick et al., 2002; Xiao et al., 2004; Boter et al., 2004).
The acd5 jar1-1, acd5 coi1-2, and acd5 myc2-2 double
mutants were generated by crossing the T-DNA or point
mutants into the acd5 background (Greenberg et al., 2000;
Bi et al., 2014). The npr1-1, NahG, acd5 npr1-1, and acd5
NahG mutants have been described previously (Greenberg
et al., 2000).

RNA extraction and RT-qPCR
Total RNA was isolated using the E.Z.N.A. Plant RNA Kit
(R6827-01, Omega Bio-tek) according to the manufacturer’s
instructions. Total RNA (1 mg) was reverse-transcribed in a
20-mL reaction mixture using the PrimeScript RT reagent Kit
(Takara, RR047A). RT-qPCR was performed with the SYBR
Premix ExTaqkit (Takara, RR820L) and analyzed using a
LightCycler480 Real-Time PCR System (Roche). We used the
2�DDCt method (Livak and Schmittgen, 2001) to determine
the expression level of target genes relative to ACT2. The
primers used are listed in Supplemental Table S1.

Hormone measurements
Phytohormones were extracted following the method in Pan
et al. (2010). Briefly, fresh leaf tissue was ground using liquid
nitrogen. The powdered samples (�200 mg) were sealed in
2-mL tubes containing 0.9-mL extraction buffer (2:1:0.002 [v/
v/v] isopropanol: water: concentrated HCl) with internal
standards (2H5-JA and 2H4-SA, Olchemim). The samples
were gently mixed for 30 min at 4�C, and then 0.9-mL
dichloromethane was added to each sample and the sam-
ples were shaken for 30 min at 4�C. The mixtures were cen-
trifuged at 13,000g for 5 min. One milliliter of solvent from
the lower phase was dried using a nitrogen evaporator. The
samples were dissolved in a 200-mL solution containing 120-
mL methanol and 80-mL distilled water. Ten microliters of
each sample were injected into a C18 column and analyzed
using the AB SCIEX Triple TOF 5600þ system as described
previously (Yuan et al., 2017).

Exogenous ceramide treatment
C2- and C16-ceramide were dissolved in ethanol and pre-
pared as 5-mM stock solutions. Seedlings were grown
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vertically on plates containing half-strength Murashige and
Skoog (1/2 MS) medium for 7 d and then transferred to 1/2
MS liquid medium in the presence of 50-mM C2- or C16-
ceramide in 1% ethanol. Control plants were transferred to
1/2 MS liquid medium containing 1% ethanol.

Combination treatment of Arabidopsis protoplasts
MeJA (Sigma-Aldrich) was dissolved in ethanol and prepared
as a 10-mM stock solution. C2-ceramides were dissolved in
ethanol and prepared as 5-mM stock solutions. The fluores-
cein diacetate (FDA) was dissolved in acetone and prepared
as a 5 mg�mL�1 stock solution. The protoplasts were iso-
lated from 3-week-old wild-type plants using the method
described in a previous study (Yoo et al., 2007). The proto-
plasts were treated with mock-treatment solution (1% etha-
nol), 100-lM MeJA, or 50-lM C2-ceramide under light.
After 24 h of treatment, the protoplasts were incubated in
50 lg�mL�1 FDA for 3 min and observed with confocal mi-
croscopy (LSM-880; Carl Zeiss). The excitation/emission
wavelengths were: 488 nm/493–567 nm for GFP; 633 nm/
649–721 nm for chlorophyll. Laser intensity was adapted in
the 2%. Gains were optimized and kept consistent through-
out the experiment.

Insect feeding assay and fungal infection
Spodoptera exigua larvae (2nd instar) were purchased from
Dr Kai Yang (Sun Yat-sen University). Two larvae were
reared on each plant per genotype. At least twenty 4-week-
old plants per genotype were used for the assay. After 8 d
of feeding, S. exigua larvae were weighed and then killed in
75% (v/v) methanol for photographic documentation.

Botrytis cinerea was cultured on potato dextrose agar
plates at 25�C for 15 d. Spores were washed and collected
in Vogel buffer containing 20-mM K2HPO4, 20-mM
NH4NO3, 1-mM MgSO4, 10-mM CaCl2, 50-mM sucrose, and
10-mM sodium citrate. For inoculation, the fungal spore
density was adjusted to 107 spores mL�1 and sprayed on
21-d-old plants. The inoculated plants were protected by a
transparent cover to maintain high humidity for 2 d and in-
cubated for 24 h under darkness. Then, the plants were
shifted to a 16-h light/8-h dark photoperiod regime.

Exogenous hormone treatments and root growth
inhibition assay
MeJA (Sigma-Aldrich) was dissolved in ethanol and prepared
as a 50-, 100-, or 200-mM stock solution. Plants grown in
soil were sprayed with mock-treatment solution (0.1% etha-
nol) or 50-, 100-, or 200-mM MeJA and then kept under a
transparent cover overnight.

For the root growth inhibition assay, seedlings were grown
vertically on plates containing 1/2 MS medium in the pres-
ence or absence of 100-mM MeJA for 10 d and then photo-
graphed. Primary root length was measured using ImageJ
software (National Institutes of Health, version 1.47).

Anthocyanin analysis
The wild-type and acd5 plants were grown on 1/2 MS me-
dium in the presence or absence of 100-mM MeJA for 10 d.
The anthocyanin analysis method has been described previ-
ously (Zheng et al., 2018). Briefly, the samples (�50 mg)
were submerged in methanol containing 1% (v/v) HCl solu-
tion at 4�C overnight. After extraction, 400-mL water and
400-mL chloroform were added and mixed. The mixtures
were centrifuged at 12,000 rpm for 2 min and the superna-
tant collected. The absorbance (A) of the supernatant was
measured at 530 and 657 nm, and the anthocyanin content
was determined using the formula (A530 – 1/4A657)/FW.

Trypan blue staining
Trypan blue staining assay was described in Yang et al.
(2019). Briefly, plant leaves were submerged in the trypan
blue solution containing 2.5-mg�mL�1 trypan blue (Sigma-
Aldrich), 25% (v/v) lactic acid, 25% (v/v) water-saturated
phenol, 25% (v/v) glycerol, and 25% (v/v) distilled water.
The samples were heated in boiling water for 1 min and
then decolorized in a chloral hydrate solution (2.5-g chloral
hydrate dissolved in 1-mL distilled water) for at least 10 h.
The leaves were stored in 50% (v/v) glycerol and observed
with a stereomicroscope.

Sphingolipid analysis
Samples for sphingolipid analysis were prepared as described
in Li et al. (2016). Briefly, 30 mg of lyophilized samples were
extracted using a mixture of isopropanol/hexane/water
(55:20:25; v/v/v) containing internal standards (d17:1-sphin-
gosine, d18:1/12:0-ceramide, d18:1/12:0-glucosylceramide,
GM1 ganglioside) and incubated at 60�C for 15 min. After
centrifugation, the supernatant was dried under nitrogen
and de-esterified in 33% methylamine in ethanol/water (7:3,
v/v) for 1 h at 50�C. The samples were dried, dissolved in
250-mL methanol, and analyzed using the hybrid quadrupole
time-of-flight mass spectrometer (AB SCIEX Triple TOF
5600þ) with a Phenomenex Luna C8 column (150 mm �
2.0 mm, 3 mm). The samples for GIPC detection were dis-
solved in a 250-mL mixture of methanol/tetrahydrofuran/wa-
ter (1:2:2; v/v/v) and analyzed using the Triple Quadrupole
mass spectrometer (Agilent 6410 Triple Quadrupole LC/MS
system).

Electrolyte leakage
Electrolyte leakage was determined as described in Yuan et
al. (2017). The wild-type and acd5 plants treated with differ-
ent concentrations of MeJA for 10 d were submerged in
deionized water and gently agitated for 1 h. The conductiv-
ity of the solution was measured, and it was then heated in
boiling water for 10 min. After it cooled to room tempera-
ture, total electrolyte strength was recorded. The relative
electrolyte leakage was calculated by comparing the leaked
ionic strength with the corresponding total ionic strength.
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Protoplast transfection assay
For generating effector constructs, the coding sequence of
MYC2 was cloned into pX-DG-GFP. For generating the
ACD5Pro-LUC reporter construct, the upstream �1,700-bp
promoter sequence of ACD5 was cloned into the pGreenII
0800-LUC vector. The protoplast preparation and subse-
quent transfection have been described previously (Yoo et
al., 2007), and 10 mg of reporter and effector plasmids were
used. The firefly LUC and Renilla luciferase activities were
measured with the Dual-Luciferase Reporter Assay System
(Promega) using Tecan-Spark.

Statistical analyses
Data represent means 6 SE. Significant differences were de-
termined by analysis of variance (ANOVA) post hoc tests in
conjunction with Fisher’s protected least significant differ-
ence test (P< 0.05, P< 0.01) using different letters or deter-
mined by Student’s t test (*P< 0.05, **P< 0.01,
***P< 0.001). The number of biological replicates is given in
the figure legends.

Accession numbers
Sequence data discussed in this article can be found in the
Arabidopsis Genome Initiative database under the following
accession numbers: AOS (AT5G42650), AOC1 (AT3G25760),
AOC2 (AT3G25770), OPR3 (AT2G06050), JAR1 (AT2G46370),
JAZ1 (AT1G19180), MYC2 (AT1G32640), PDF1.2 (AT5G4
4420), ACD5 (AT5G51290), COI1 (AT2G39940), JAZ10
(AT5G13220), TAT1 (AT5G53970), JAZ7 (AT2G34600), JAZ8
(AT1G30135), SID2 (AT1G74710), NPR1 (AT1G64280), EDS1
(AT3G48090), PAD4 (AT3G52430), PR1 (AT2G14610), LOH1
(AT3G25540), LOH2 (AT3G19260), LOH3 (AT1G13580),
TOD1 (AT5G46220), PR2 (AT3G57260), PR5 (AT1G75040),
SAG12 (AT5G45890), SAG13 (AT2G29350), SAG113
(AT5G59220), APX2 (AT3G09640), BAP1 (AT3G61190),
MED25 (AT1G25540), and ACTIN2 (AT3G18780).

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. Levels of SA and SAG in 16-
and 32-d-old wild-type and acd5 plants.

Supplemental Figure S2. The response to B. cinerea in
the wild-type and acd5 plants.

Supplemental Figure S3. Effect of MeJA treatments on
the cell death phenotype of acd5.

Supplemental Figure S4. The expression of defense, se-
nescence, and reactive oxygen species-related genes in acd5
after MeJA treatment.

Supplemental Figure S5. The hormone levels of JA and
SA in the wild-type and acd5 plants after MeJA treatment.

Supplemental Figure S6. The effects of ceramide and
MeJA on Arabidopsis protoplasts.

Supplemental Figure S7. SA- and JA-related gene expres-
sion in acd5 after MeJA treatment.

Supplemental Figure S8. Identifications and phenotypes
of acd5 myc2-2, acd5 coi1-2, and acd5 jar1-1 mutants.

Supplemental Figure S9. Ceramide and hydroxyceramide
contents in JA pathway mutants after MeJA treatment.

Supplemental Figure S10. Effect of 100-mM MeJA on the
phenotypes of the wild-type, JA mutants, and SA mutants.

Supplemental Figure S11. The expression of genes re-
lated to ceramide metabolism in acd5 after MeJA treatment.

Supplemental Figure S12. The MYC2 transcription factor
is involved in regulating the expression of sphingolipid path-
way gene ACD5.

Supplemental Table S1. Primers used in this study.
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