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Summary

� Sphingolipids act as regulators of programmed cell death (PCD) and the plant defence

response. The homeostasis between long-chain base (LCB) and ceramide (Cer) seems to play

an important role in executions of PCD. Therefore, deciphering the role of neutral ceramidases

(NCER) is crucial to identify the sphingolipid compounds that trigger and execute PCD.
� We performed comprehensive sphingolipid and phytohormone analyses of Arabidopsis

ncermutants, combined with gene expression profiling and microscopic analyses.
� While ncer1 exhibited early leaf senescence (developmentally controlled PCD – dPCD) and

an increase in hydroxyceramides, ncer2 showed spontaneous cell death (pathogen-triggered

PCD-like – pPCD) accompanied by an increase in LCB t18:0 at 35 d, respectively. Loss of

NCER1 function resulted in accumulation of jasmonoyl-isoleucine (JA-Ile) in the leaves,

whereas disruption of NCER2 was accompanied by higher levels of salicylic acid (SA) and

increased sensitivity to Fumonisin B1 (FB1). All mutants were also found to activate plant

defence pathways. These data strongly suggest that NCER1 hydrolyses ceramides whereas

NCER2 functions as a ceramide synthase.
� Our results reveal an important role of NCER in the regulation of both dPCD and pPCD via

a tight connection between the phytohormone and sphingolipid levels in these two processes.

Introduction

Sphingolipids are a diverse group of lipids ubiquitously dis-
tributed in eukaryotic cells and in a few bacteria (Hannun &
Obeid, 2008; Pata et al., 2010). In animals, furthermore, their
structural role, sphingolipid metabolites regulate many cellular
processes including autophagy or apoptosis (Young et al.,
2013). In plants, sphingolipids are important players in diverse
signalling pathways related to development and responses to
biotic and abiotic stresses (K€onig et al., 2012; Bi et al., 2014;
Lenar�ci�c et al., 2017; Ali et al., 2018). Plant sphingolipids are
classified into four major groups: LCB, Cer, glucosylceramide
(GlcCer) and glycosyl inositol phosphorylceramide (GIPC)
(Pata et al., 2010). Several specialised enzymes are involved in
the regulation of sphingolipid levels, such as ceramide syn-
thases, ceramidases, ceramide kinase, glucosyl ceramidase and
inositol phosphorylceramidase (Warnecke & Heinz, 2003;
Luttgeharm et al., 2015; Michaelson et al., 2016). It has been
demonstrated that sphingolipids play an important role in the

regulation of programmed cell death (PCD) occurring during
plant development (developmentally controlled PCD – dPCD)
(Li et al., 2016) or associated with plant defence responses
(pathogen-triggered PCD-like – pPCD) (Ternes et al., 2011;
K€onig et al., 2012; Bi et al., 2014). The first evidence of a
connection between sphingolipids and PCD came from obser-
vations of inhibition of ceramide synthases by mycotoxins,
such as Fumonisin B1 (FB1), produced by the pathogenic
fungi Fusarium verticillioides (Abbas et al., 1994; Stone et al.,
2000; Berkey et al., 2012). Treatment of Arabidopsis thaliana
plants with FB1 or loss of ceramidase synthase 1 (LOH1-
LONGEVITY ASSURANCE GENE ONE HOMOLOG1)
function both resulted not only in the accumulation of LCB
and of C16 fatty acid (FA)-containing sphingolipids, but also
in a decrease in the sphingolipid content containing very long-
chain fatty acids (VLCFA) (Markham et al., 2011; Ternes
et al., 2011). In addition, the ratio between the content of
LCB and their phosphorylated form (LCBP) was found to be
correlated with the degree of FB1-induced PCD (Shi et al.,
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2007; Qin et al., 2017; Yanagawa et al., 2017; Glenz et al.,
2019). Studies of Arabidopsis mutants with disruptions in
gene loci governing sphingolipid metabolism confirmed a link
between sphingolipid homeostasis and PCD associated with
plant defence (Wang et al., 2008; Bi et al., 2014; Magnin-
Robert et al., 2015). There are also several lines of evidence
that perturbations in sphingolipid metabolism induce SA
biosynthesis (Greenberg et al., 2000; K€onig et al., 2012;
S�anchez-Rangel et al., 2015). Many Arabidopsis mutants with
defects in sphingolipid metabolic pathways, such as acd5,
inositolphosphorylceramide synthase 2 (erh1), and accelerated cell
death11 (acd11) spontaneously accumulate SA and undergo
PCD (Greenberg et al., 2000; Brodersen et al., 2002; Wang
et al., 2008). So far, the regulation of SA biosynthesis by sph-
ingolipids on the molecular level is mostly unknown. However,
there is evidence that mitogen-activated protein kinase (MPK6),
generation of reactive oxygen species (ROS), and/or changes in
the cytosolic calcium level might be involved in SA accumula-
tion induced by altered sphingolipid content (Lachaud et al.,
2010; Saucedo-Garc�ıa et al., 2011; Xing et al., 2013; S�anchez-
Rangel et al., 2015). In plants, the regulation of dPCD as well
as of pPCD depends not only on SA signalling pathways but
also on the pathways mediated by other phytohormones, such
as jasmonoyl-isoleucine (JA-Ile) and ABA (Mur et al., 2006;
Cui et al., 2013; Liao et al., 2018). However, there is very little
information about the connection between jasmonic acid (JA)
and ABA signalling pathways and sphingolipid metabolism
(Guo et al., 2012; Magnin-Robert et al., 2015).

The balance between LCB and ceramide content, which sig-
nificantly affects plant physiology, is regulated by ceramide
synthase and ceramidase activity (Chen et al., 2015; Li et al.,
2015; Wu et al., 2015). The primary activity of ceramidases is
hydrolysis of ceramide to a LCB and an FA (Mao & Obeid,
2008). These enzymes might be also involved in the formation
of ceramide from the LCB and free FA (FFA) as acyl donors
via ceramidase-associated reverse activity (Okino et al., 2003;
Pata et al., 2008). Human ceramidases are classified into three
groups based on their optimal pH: acid, neutral and alkaline
(Mao & Obeid, 2008). In plants, homologues of neutral and
alkaline ceramidases have been characterised, but no homo-
logues of acid ceramidases have been found. The Arabidopsis
genome encodes two alkaline ceramidases – ACER (ALKALINE
CERAMIDASE) and TOD1 (ARABIDOPSIS TURGOR
REGULATION DEFECT1) – and three neutral ceramidases –
NCER1, 2 and 3 (Chen et al., 2015; Li et al., 2015; Wu
et al., 2015; Zheng et al., 2018). Previous studies showed that
Arabidopsis ceramidases are key regulators of autophagy, tur-
gor pressure and oxidative stress responses (Chen et al., 2015;
Li et al., 2015; Zheng et al., 2018).

Despite the fact that ceramidases are crucial players in the reg-
ulation of ceramide metabolism, their role in the regulation of
PCD in plants remains unknown. Therefore, we provide here
new evidence on the role of neutral ceramidases NCER1 and
NCER2 in A. thaliana, which is an important step towards better
understanding of the interconnection between sphingolipid
metabolism, phytohormonal homeostasis and plant PCD.

Materials and Methods

Plant materials and growth conditions

The Arabidopsis thaliana T-DNA insertion mutants: ncer1
(Salk_054725), ncer2 (Salk_050305) and ncer3 (Sail_552 E11,
Salk_020682, Salk_020138, Salk_150505) were obtained from
the Arabidopsis Biological Resource Center (ABRC). The dde2-2
mutant was described previously (von Malek et al., 2002). The
sid2-2, aao3-4 and aba2-1 mutants were kindly provided by Prof.
Gatz (University of Goettingen, Germany). The Col-0 ecotype
background plants were used as the control. Double and triple
mutants were generated by crossing the above mutants. For soil-
grown plants, seeds were sown on soil, stratified at 4°C for 2 d
and were grown at 22°C under long day conditions (16 h : 8 h,
light : dark) with a light intensity of 120–150 lmol m�2 s�1.
Genotype analysis of T-DNA insertion mutants was performed
by PCR using genomic DNA. Primer sequences used for geno-
typing are listed in Supporting Information Table S1. Analysis of
NCER gene expression in the mutant lines was carried out by
RT-PCR with the primers listed in Table S2. For plate-grown
plants, seeds were surface-sterilised and placed on half-strength
Murashige and Skoog (0.59MS) medium containing 1% (w/v)
sucrose. For salt stress assays, seeds were germinated on 0.59 MS
medium supplemented with 100, 150 or 200 mM NaCl. For
FB1 treatment, seeds were sown on 0.59 MS medium supple-
mented with 0.5 lM FB1 or MeOH (0.05% v/v) (control sol-
vent). After stratification at 4°C in the dark for 3 d, plates were
kept at 22°C under long day conditions for 11 d (16 h : 8 h,
light : dark).

Construction of plasmids and transformation of Arabidopsis
plants

Genomic promoter sequence with the full-length coding
sequence of At1g07380 (NCER1) or At2g38010 (NCER2) were
amplified with Phusion DNA polymerase (Thermo Fischer Sci-
entific, Bremen, Germany) using the primers listed in Table S3.
Amplified fragments were inserted into the pUC18-Entry vector
and then recombined into pCAMBIA3300 using Gateway LR
Clonase II Enzyme Mix (Thermo Fischer Scientific) (Hornung
et al., 2005). The final constructs were used for transformation of
ncer1 and ncer2 homozygous mutants, respectively, using the flo-
ral dip method (Clough & Bent, 1998).

RNA extraction and quantitative RT-PCR

Total RNA was extracted from 100mg of Arabidopsis rosette leaves
(31-d-old) using a Spectrum Plant Total RNA Kit (Merck KGaA,
Darmstad, Germany) according to the manufacturer’s instructions.
cDNA was produced using RevertAid H Minus First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific). qRT-PCR assays were per-
formed using TakyonTM No Rox SYBR® MasterMix dTTP Blue
(Eurogentec Deutchland GmbH, K€oln, Germany), following the
manufacturer’s instructions. The 2�MMCT method (Livak &
Schmittgen, 2001) was used to estimate the gene expression relative
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to the expression of the reference gene EF1-a. All primer sequences
used for qRT-PCR are listed in Table S4.

Sphingolipid analysis

The extraction of sphingolipids was carried out as described previ-
ously with minor modifications (Grillitsch et al., 2014). Briefly,
100mg of frozen homogenised full rosette leaves from 25-, 31-,
and 35-d-old plants were resuspended in isopropanol/hexane/wa-
ter (60 : 26 : 14, v/v/v) and incubated at 60°C for 30min. After
centrifugation at 635 g for 20min, the supernatant was dried
under nitrogen stream and dissolved in tetrahydrofuran/methanol/
water (4 : 4 : 1, v/v/v). For analysis of LCBP, microsomal mem-
branes were collected according to Abas & Luschnig (2010) before
extraction of sphingolipids and the resulting extract was measured
after acetyl derivatisation (Yanagawa et al., 2017). Sphingolipids
were analysed using an UPLC-nano ESI-MS/MS system equipped
with a 6500 QTRAP® tandem mass spectrometer (AB Sciex,
Framingham, MA, USA) and data were processed as previously
described (Tarazona et al., 2015). Data of the molecular sphin-
golipid species are shown as relative peak area (in %), where the
peak areas of all ceramide, glucosylceramide as well as GIPC
species per sample were summarised to 100%. Visualisation by
heat maps was used to overview changes in the intensity profiles of
sphingolipid species in Col-0 and mutant plants during a time
course. The visualisation was carried out with the MarVis tool
(Kaever et al., 2009). Data can be found in Dataset S1.

Phytohormone measurements

Measurement of phytohormones was carried out as described in
Kusch et al. (2019). Mass transitions are specified in Table S5.
Data can be found in Dataset S2.

Microscopy

To visualise cell death phenotype trypan blue staining was per-
formed as described previously (Fern�andez-Bautista et al., 2016)
and analysed using a stereomicroscope Olympus SZX12 (Olym-
pus, Hamburg, Germany).

Confocal laser scanning microscopy (CLSM) For ROS detec-
tion leaves from 31-d-old plants were incubated in 50 lM 20,70-
dichlorofluorescin diacetate (DCFH2-DA; Merck) in MES-KCl
buffer (5 lM KCl, 50 lM CaCl2, 10 mM MES, pH 6.15) or in
DMSO in MES-KCl buffer (control solution) for 10 min at
room temperature (Zafra et al., 2010). After washing for 20 min
in MES-KCl buffer, samples were analysed using Leica TCS SP5
confocal microscope (Leica Microsystems GmbH, Wetzlar, Ger-
many) with excitation at 495 nm and at 529 nm emission.
Chlorophyll autofluorescence was visualised using excitation at
633 nm and emission at 700 nm. Detection of callose depositions
by staining with aniline blue was performed as described previ-
ously (Schenk & Schikora, 2015) and analysed using a Leica
TCS SP5 confocal microscope with excitation at 405 nm and at
500 nm emission. Images were processed with IMAGEJ software
(Schneider et al., 2012).

Transmission electron microscopy (TEM) Arabidopsis leaves
were cut into small pieces and fixed in 50 mM cacodylate buffer
(pH 7.2) containing 2.5% glutaraldehyde overnight at 4°C.
Next, the samples were washed three times with the 50 mM
cacodylate buffer (pH 7.2) and postfixed in OsO4 at room tem-
perature for 1 h. Thereafter, the samples were washed twice with
the 50 mM cacodylate buffer (pH 7.2) and dehydrated in a
graded ethanol series. The samples were then embedded in
Araldite-Epon resin (Araldite 502/Embed 812 Kit; Electron
Microscopy Sciences, Science Services GmbH, M€unchen, Ger-
many) and polymerised at 60°C for 24 h. Ultrathin sections
(70 nm) were obtained by using Ultracut E microtome (Reichert-
Jung, Heidelberg, Germany), placed on Formvar-coated nickel
grids and observed with a JEOL 1011 transmission electron
microscope (Japan Electron Optics Laboratories Germany
GmbH, Freising, Germany) at 80 kV. Images were processed
using IMAGEJ software (Schneider et al., 2012).

Results

The ncer1 and ncer2mutants showed early leaf senescence
and necrotic leaf lesion phenotypes

Arabidopsis thaliana genome encodes three putative neutral
ceramidases: NCER1 (At1g07380), NCER2 (At2g38010) and
NCER3 (At5g58980). Phylogenetic analysis of putative plant
neutral ceramidases showed that Arabidopsis NCER1 together
with NCER3 form a distinct branch than AtNCER2 (Fig. S1).
Moreover Arabidopsis NCER2 is highly related to other putative
NCER2s from species belonging to the Brassicaceae family, such
as Capsella rubella or Brassica napus. Amino acid sequence align-
ment of the putative neutral ceramidases demonstrated the pres-
ence of the highly conserved amidase domain NXGDVSPNXXC
motif of ceramidases in all Arabidopsis NCERs (Fig. S2; Galadari
et al., 2006). However all of our efforts failed to detect cerami-
dase activity for any of the enzymes by expressing them in the
yeast strains 4D.Lass5 and Dypc1Dydc1 (Vionnet et al., 2011). To
examine the expression profiles of NCER genes in different tissues
throughout development, we used the microarray data available
on TAIR (http://www.arabidopsis.org). As shown in Fig. S3, all
of the NCER genes are expressed in rosette leaves, with NCER2
having the highest expression level compared with NCER1 and
NCER3 (Fig. S3a). However, in senescent leaves, NCER2 expres-
sion is lower than NCER1 and NCER3. The NCER mRNA are
also present in flowers and in mature pollen and seeds (Fig. S3b).

To determine the function of Arabidopsis neutral ceramidases,
we analysed T-DNA mutant lines for all NCER genes: ncer1
(Salk_054725), ncer2 (Salk_050305) and ncer3 (Sail_552 E11,
Salk_020682, Salk_020138, Salk_150505) (Figs S4a, S5a, S6a).
Homozygous lines were confirmed for each of these mutants by
PCR performed on genomic DNA (Figs S4b, S5b, S6b). RT-
PCR analysis showed that the transcript of NCER1 was absent in
Salk_054725 mutant (Fig. S4c). According to TAIR (http://
www.arabidopsis.org), NCER2 has two splice variants,
At2g38010.1 and At2g38010.2 (Fig. S5a). We did not observe
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any NCER2 transcript in Salk_050305 indicating that ncer2 is a
null mutant (Fig. S5c). As NCER3 (At5g58980) has two splice
variants NM_125288.4 and AY057506.1 according to NCBI
(http://www.ncbi.nlm.nih.gov) (Fig. S6a) we performed RT-
PCR analysis in order to detect NCER3 transcript in ncer3 lines
(Fig. S6c). Transcript of NCER3 was still present in all mutant
lines selected for this study (Fig. S6c). Although the transcript
was slightly reduced in Salk_020138, this line did not show any
obvious phenotype. Therefore, for subsequent studies we selected
only ncer1 and ncer2 mutant lines, which we crossed to obtain
ncer1 ncer2 homozygous lines.

We observed an early senescence phenotype (dPCD) on ncer1
and ncer1 ncer2 cotyledons and rosette leaves visible as yellow or
brown areas occurring from the tip to the base of a leaf blade,
which was absent in Col-0 and ncer2 (Figs 1a, arrows, S7a). The
ncer2 and ncer1 ncer2 mutants exhibited a pPCD-like phenotype;
clear spotty necrotic lesions of rosette leaves were observed within
4–5 wk of growth (Fig. 1a, arrowheads). To investigate if this
phenotype was caused by the T-DNA insertions in the NCER1
or NCER2 genes, ncer1 and ncer2 mutants were complemented
with the corresponding full-length NCER1 or NCER2 sequences
under control of their native promoter. The complemented ncer1
and ncer2 lines showed Col-0 phenotype (Fig. 1b). In addition,
ncer2 and ncer1 ncer2 plants showed reduced fresh weight
between 25% and 50% (Fig. 1c) and water content was reduced,
respectively, by c. 5% and 15% after 10 h when compared with
Col-0 and the ncer1 mutant (Fig. S7b). We also found that ncer2
and ncer1 ncer2 had a significant reduction in the number of
rosette leaves (c. 14%) and siliques (31%; Fig. 1d,e) and signifi-
cantly enlarged leaf blade width of 28% (Fig. S7c).

Loss of NCER2 function leads to cell death in leaf blades

To investigate the cell death phenotype in the ncer mutants at the
transcriptional level, we performed expression analyses of the dPCD
and senescence marker genes FMO1 (FLAVIN-CONTAINING
MONOOXYGENASE1), SAG12 (SENESCENCE-ASSOCIATED
GENE 12) and SAG13 (SENESCENCE-ASSOCIATED GENE 13)
(Fig. 2a). FMO1 and SAG13 are expressed during diverse PCD-re-
lated processes, including pPCD, while expression of SAG12 is
induced by leaf senescence (Lohman et al., 1994; Kaurilind &
Brosch�e, 2017). The expression of FMO1 and SAG13 was 29-fold
and 5-fold induced in the ncer1 ncer2 mutant compared with
Col-0. Significant accumulation of SAG12 mRNA was observed in
both ncer1 (eight-fold) and ncer1 ncer2 (350-fold, Fig. 2a).

ROS such as hydrogen peroxide or hydroxyl radicals regulate
plant growth and development and are also one of the triggers of
cell death (Van Breusegem & Dat, 2006). To test if ROS accu-
mulates in the leaves of ncer mutants, DCFH2-DA staining was
used. The green fluorescence produced by DCFH2-DA was more
intense in all ncer mutants when compared with Col-0 and sol-
vent control samples (Figs 2b, S8). While we detected in Col-0
and ncer1 mutants only a fluorescence signal in mesophyll cells,
ncer2 and ncer1ncer2 mutants showed a strong DCFH2-DA-
derived green fluorescence in both, epidermal cells and in meso-
phyll cells. A strong fluorescence signal was observed in the

cytoplasm around chloroplasts in the cells of ncer1 leaves
(Fig. 2b, ncer1, arrows). In the ncer2 mutant the green fluores-
cence co-localised also with the chloroplasts (red autofluores-
cence, arrowhead) and with the cell wall (arrows) and cytoplasm.
The strongest fluorescence was detected in the cells of ncer1 ncer2
leaves and was localised in the chloroplasts, cytoplasm and in the
cell wall. We also confirmed the presence of cell death lesions in
ncer mutants by trypan blue staining (Fig. 2b). Extensive staining
was observed in 30-d-old leaves of ncer2 and ncer1 ncer2 plants
when compared with Col-0.

ncer2mutant has increased sensitivity to FB1

Seed germination analysis was performed to examine whether the
loss of NCER1 and NCER2 affects tolerance to FB1 and salt
stress (Figs 3, S9). Both ncer2 and ncer1 ncer2 mutants were more
sensitive to FB1, which was manifested by obvious differences in
seedling growth when compared with Col-0 (Fig. 3). There were
no obvious changes in the growth of ncer1 seedlings compared
with Col-0. No changes in the seedling growth rates were
observed when ncer mutants were grown on 0.59 MS medium
containing different concentrations of NaCl when compared
with Col-0 (Fig. S9).

Changes in sphingolipid profiles affect plant physiology

To determine whether the observed phenotypes result from
changes in sphingolipid content we performed a comprehensive
analysis of sphingolipid profiles in 25-, 31- and 35-d-old Ara-
bidopsis rosette leaves. First, we analysed the level of LCB and
LCBP in ncer mutants using Col-0 as a control (Figs 4, S10). 35-
d-old ncer2 and ncer1 ncer2 mutants showed significantly higher
levels of LCB t18:0 (c. 35% and c. 60% increase, respectively)
when compared with Col-0 and ncer1 (Fig. 4, left). ncer1 and
ncer1 ncer2 mutants contained c. 55% and c. 78% lower amounts
of LCB t18:1 (Fig. 4, right) in comparison with both Col-0 and
ncer2 lines. A two-fold and four-fold higher accumulation of
LCBP t18:1 in 31-d-old ncer2 and ncer1 ncer2 mutants was
detected (Fig. S10). Free di-hydroxy-LCBs and di-hydroxy-
LCBPs were not detected.

Next, we performed a comparative analysis of the LCB and FA
moieties in Cer, GlcCer and GIPC between Col-0 and ncer
mutants (Figs 5, S11–S29). The analysis showed an increase in
hydroxyceramides harbouring a-hydroxylated (h) FA in ncer1
and ncer1 ncer2, particularly prominent at 35 d for h16, h24, h28
(Fig. 5). Simultaneously, a decrease of GIPCs harbouring nonhy-
droxylated (c) FA was observed for c24 or c26 in ncer1 and ncer1
ncer2 when compared with Col-0 and ncer2 (Fig. S19). Only sub-
tle changes were detected in the pool of hydroxylated and nonhy-
droxylated GlcCer (Fig. S17).

As the analysed ncer mutants showed dPCD and pPCD phe-
notypes, we complemented our sphingolipid profiling with a
comparative analysis of the key PCD-related phytohormones
including SA, SAG, ABA, and JA-Ile (Fig. S11c). Our results
revealed a substantial accumulation of all the analysed phytohor-
mones in the 31-d-old and 35-d-old ncer1 ncer2 mutant.
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(a)

(b)

(c) (d) (e)

Fig. 1 Mutation of NCER1 and NCER2 causes leaf early senescence and cell death phenotype in Arabidopsis thaliana. (a) Representative images of 28-d-old
and 35-d-old plants grown under long day conditions (16 h : 8 h, light : dark). The arrows indicate leaf senescence (dPCD) in ncer1 and ncer1 ncer2 plants.
The arrowheads mark cell death lesions (pPCD) in ncer2 and ncer1 ncer2mutants. Bars, 1 cm. (b) Complementation of ncer1 and ncer2mutants by
transformation with AtNCER1::AtNCER1 and AtNCER2::AtNCER2, respectively. Bars, 1 cm. (c) Rosette leaves fresh weight (FW) (g) of 30-d-old and 39-d-old
plants. (d) The number of rosette leaves in 25-d-old plants. (e) The total siliques number per three plants (49-d-old plants). The values represent the
mean� SD of three independent experiments with three biological replicates each (n = 9). Statistical analysis was performed by one-way analysis of variance
(ANOVA) with Tukey‘s post hoc test (P < 0.05). Different letters indicate significant differences between Col-0 and ncermutants with a P-value < 0.05.
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(a)

(b)

Fig. 2 Accumulation of reactive oxygen species (ROS) increases in Arabidopsis neutral ceramidase mutants. (a) Expression of programmed cell death (PCD)
marker genes: FMO1, SAG12 and SAG13 in 31-d-old rosette leaves. Each value represents the mean� SE of one independent experiments with three
biological replicates (n = 3). The experiment was repeated three times with similar results using independent biological samples. Statistical analysis was
performed by one-way analysis of variance (ANOVA) with Tukey’s post hoc test (P < 0.05). Different letters indicate significant differences between Col-0
and ncermutants with a P < 0.05. (b) ROS accumulation and cell death detection in rosette leaves of 28-d-old plants. Detection of ROS was performed by
DCFH2-DA staining (green fluorescence, arrows). The red fluorescence corresponds to the chlorophyll autofluorescence (arrowheads). Trypan blue staining
was used for detection of cell death.
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Interestingly, elevated levels of JA-Ile were only found in the 31-
d-old and 35-d-old ncer1 mutant. A more detailed profiling of
phytohormones will be presented in the following parts of this
work.

Loss of NCER2 function promotes SA biosynthesis

In ncer2 and ncer1 ncer2 mutants we observed an increase of up
to three-fold and six-fold at 35 d in the levels of conjugated SA

(SAG) and free SA, when compared with Col-0 and ncer1 plants
(Fig. 6a). This was accompanied by increased levels of two dihy-
droxybenzoates (DHBA): 2,3-DHBA and 2,5-DHBA, which can
be formed from SA (Fig. S30a). As ISOCHORISMATE
SYNTHASE1 (ICS or SID2) is a rate-limiting enzyme for SA
biosynthesis, we examined its expression and we found that SID2
transcript levels were c. six-fold increased in ncer1 ncer2 when
compared with Col-0 (Fig. 6b). We found that WRKY75, a posi-
tive regulator of SID2 transcription during leaf senescence and

Fig. 3 Effect of Fumonisin B1 (FB1) treatment on seed germination and seedling growth. Arabidopsis seeds were germinated on 0.59MS agar plates
supplemented with (0.5 lM) or lacking FB1 (control). MeOH was used as a solvent control. The experiment was repeated three times with similar results.
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similar results using independent biological samples. Statistical analysis was performed by one-way analysis of variance (ANOVA) with Tukey‘s post hoc
test (P < 0.05). Different letters indicate significant differences with a P < 0.05.
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the plant defence response, is upregulated c. six-fold and c. 21-
fold in ncer2 and ncer1 ncer2 mutants (Fig. 6b; Guo et al., 2017;
Zhang et al., 2017). Moreover, the expression of
NONEXPRESSOR OF PATHOGENESIS-RELATED GENES 1
(NPR1) gene, encoding a positive regulator of the SA-dependent
basal resistance pathway was slightly elevated in all ncer mutants.
We also examined the expression of PATHOGENESIS-
RELATED GENE 1 (PR1), a marker for the SA signalling path-
way and showed that ncer1 ncer2 plants exhibited its highest
expression (c. eight-fold increase) when compared with Col-0,
ncer1 and ncer2 mutants (Fig. 6b). To test whether the observed
early leaf senescence and cell death phenotypes of the ncer mutants
are related to the elevated levels of SA, we generated ncer1 sid2-2
and ncer2 sid2-2 double and ncer1 ncer2 sid2-2 triple mutants (Figs
6c, S30b). We found that the early leaf senescence and cell death
phenotypes are completely suppressed by sid2-2 (Figs 6c, S30b).

Neutral ceramidases are involved in the defence response
in Arabidopsis

It was previously reported that significant enhancement of PR1
expression positively correlates with callose deposition during
plant–pathogen interactions (Riviere et al., 2008). Therefore, we
analysed the presence of cell wall apposition (CWA) in leaf tis-
sues by TEM (Fig. 7a). We observed many CWAs in the ncer1
ncer2 leaves when compared with Col-0 (Fig. 7a), but not in the
single ncer1 and ncer2 mutants. Because TEM analysis only
allows us to obtain ultrastructural details for small leaf fragments,
we also used aniline blue staining to examine callose deposition
in whole leaves. Few callosic plugs were observed in the ncer1 and
ncer2 mutants, and in the ncer1 mutant we only found these
structures in old leaves (Fig. 7a). Tryptophan-derived, indolic
metabolites such as indole-3-carboxylic acid (ICA) or camalexin
accumulate substantially in response to abiotic stress or pathogen
infection (Frerigmann et al., 2016; Stahl et al., 2016). An increase
of ICA and camalexin accumulation was observed in all ncer
mutants at all analysed stages of growth compared with Col-0
and the highest level were detected in ncer1 ncer2 mutant exhibit-
ing c. 22-fold and c. 25-fold increase at 35 d (Fig. 7b). We
observed up to 18-fold upregulation of PHYTOALEXIN-
DEFICIENT 3 (PAD3) a gene encoding the key enzyme involved
in synthesis of camalexin in ncer mutants compared with Col-0
(Fig. 7c). Further, we found that FLG22-INDUCED
RECEPTOR-LIKE KINASE 1 (FRK1) was nine-fold upregulated
in the ncer1 ncer2 mutant when compared with Col-0 (Fig. 7c).

JA-Ile and ABA signalling pathways are altered by loss of
NCER1

To test if the jasmonate signalling pathway is affected in neutral
ceramidase mutants, we measured the levels of 12-oxo-phyto-
dienoic acid (OPDA), JA and JA-Ile. OPDA was elevated in 31-
and 35-d-old ncer1 ncer2 mutants by c. two-fold and c. three-fold
(Fig. S31a). JA and JA-Ile increased only in 31-d-old and 35-d-
old ncer1 and ncer1 ncer2 mutant up to three-fold when com-
pared with Col-0 (Fig. 8a). Next, we examined the expression of

jasmonate pathway-related genes – LIPOXYGENASE2 (LOX2), a
gene encoding one of the enzymes involved in JA biosynthesis
and DEFENSIN (PDF1.2), a JA-Ile-responsive gene (Fig. 8b).
We found that the expression of LOX2 was slightly elevated in all
ncer mutants, whereas expression of PDF1.2 decreased in the
ncer1 ncer2 mutant compared with Col-0 (Fig. 8b). To further
corroborate the involvement of JA-Ile in early leaf senescence or
cell death phenotypes, the ncer mutants were crossed with the
dde2-2 mutant. dde2-2 is defective in the ALLENE OXIDE
SYNTHASE (AOS) gene encoding one of the enzymes of JA-Ile
biosynthesis pathway (von Malek et al., 2002). The 35-d-old
dde2-2 ncer1 and dde2-2 ncer1 ncer2 mutants exhibited early leaf
senescence to a lesser degree than ncer1 and ncer1 ncer2 mutants
(Figs 8c, S31b), and the cell death phenotype observed in ncer2
and ncer1 ncer2 mutants was reduced by the loss of AOS gene
function (Figs 8c, S31b).

To test if the action of another stress-related phytohormone is
related to the ncer phenotypes, we analysed ABA content in these
mutants and crossed these with the ABA-deficient mutants aao3-
4 and aba2-1. We found that the content of ABA was over two-
fold increased in the 31- and 35-d-old ncer1 ncer2 and c. two-fold
elevated in 35-d-old single ncer1 and ncer2 mutants when com-
pared with Col-0 (Fig. S32a). Interestingly, the senescence phe-
notype was accelerated in the aba2-1 ncer1, aba2-1 ncer1 ncer2,
aao3-4 ncer1 and aao3-4 ncer1 ncer2 mutants when compared
with ncer1 and ncer1 ncer2 mutants (Fig. S32b).

Loss of neutral ceramidases is associated with changes in
the cell ultrastructure

We used TEM to analyse the ultrastructure of rosette leaf cells of
ncer mutants and Col-0 to assess potential changes in cell archi-
tecture (Figs 9, S33, S34). In 25-d-old ncer1 mutant, (Fig. S30d–
f) we did not find any obvious ultrastructure changes compared
to Col-0 (Fig. S33a–c). ncer2 and ncer1 ncer2 mutants, however
exhibited double membrane autophagosomes near the plasma
membrane (Fig. S33g,h,j, arrows) and autophagic bodies (ABs)
with a single membrane, located in the vacuole (Fig. S33g–i,
arrowheads). These structures were observed as empty AB or con-
tained sequestered cargo such as mitochondria (Fig. S30h,i,
arrowheads). In addition, we also observed chloroplasts undergo-
ing degradation in the central vacuole of the ncer1 ncer2 mutant
(Fig. S33k, arrows). Unlike in Col-0 plants (Fig. 9a,b), in the 35-
d-old ncer1 mutant numerous vesicles were often observed near
the plasma membrane (Fig. 9c, arrows) and in close proximity to
the outer chloroplast membrane (Fig. 9c1, arrow). The presence
of chloroplasts in the central vacuole of ncer1 was also noted
(Fig. 9d). The leaf cells of the ncer2 mutant showed the presence
of swollen peroxisomes, mitochondrial rupture (Fig. 9e, arrow-
heads) and shrinkage of the protoplast (Fig. 9f, asterisks). Like-
wise, formation of autophagosomal structures and accumulation
of ABs was observed (Fig. 9e,f, arrows). Multiple ABs were also
present in the vacuoles of rosette leaf cells of ncer1 ncer2 mutant
(Fig. 9g,h, arrows). Finally, in 35-d-old ncer1 ncer2 mutant we
found cells with extensive changes in cellular morphology,
including disengagement of the protoplast from the cell wall,
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Fig. 6 Salicylic acid (SA) biosynthesis is triggered in ncer2mutant. (a) SA glucoside (SAG) and free SA were measured in rosette leaves of Col-0, ncer1,
ncer2, ncer1 ncer2 Arabidopsis plants after 25-, 31- and 35-d growth. The values represent the mean� SD of four biological replicates from one
independent experiment (n = 4). The experiment was repeated three times with the same results. (b) qRT-PCR profiling of SA pathway-associated genes
expression (WRKY75, SID2, NPR1 and PR1) from 31-d-old rosette leaves. Each value represents the mean� SE of three biological replicates per
experiment (n = 3). The experiment was repeated three times with the same results. Statistical analysis was performed by one-way analysis of variance
(ANOVA) with Tukey‘s post hoc test (P < 0.05). Different letters indicate significant differences with a P < 0.05. (c), Representative phenotypes of 35-d-old
Col-0, ncer1, ncer2, ncer1 ncer2, sid2, sid2 ncer1, sid2 ncer2 and sid2 ncer1 ncer2 plants. The arrows indicate leaf senescence in ncer1 and ncer1 ncer2

plants. The arrowheads mark cell death lesions in ncer2 and ncer1 ncer2mutants. Bar, 1 cm.
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(a)

(b)

(c)

Fig. 7 Immune response signalling is active in Arabidopsis ncer1 and ncer2mutants. (a) Cell wall apposition (CWA) observed at the levels of transmission
electron microscopy (TEM) and confocal laser scanning microscopy (CLSM, (blue fluorescence). The arrows indicate callose depositions stained with aniline
blue fluorochrome. (b) Accumulation of indole-3-carboxylic acid (ICA) and camalexin in rosette leaves of Col-0, ncer1, ncer2, ncer1ncer2 plants at 25th,
31st and 35th day of growth. The values represent the mean� SD of four biological replicates (n = 4) from one independent experiment. The experiment
was repeated three times with the same results. (c) Expression level of PAD3 and FRK1 genes in 31-d-old rosette leaves. Each value represents the
mean� SE of three biological replicates per experiment (n = 3). The experiment was repeated three times with the same results. Statistical analysis was
performed by one-way ANOVA with Tukey‘s post hoc test (P < 0.05). Different letters indicate significant differences with a P < 0.05.
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condensation of the cytoplasm and accumulation of organelle
corps (Fig. 9i,j). Furthermore, high magnification showed that
plastoglobules in the chloroplasts of ncer2 and ncer1 ncer2mutant

are larger when compared with Col-0 (Fig. S34, arrowheads).
We also noted the presence of irregular endoplasmic reticulum
(ER) cisternae in all ncer mutants (Fig. S34b, arrow). To support
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all these observations we performed expression analysis of ER
stress and autophagy marker genes. Expression profiling of
BASIC LEUCINE ZIPPER 28 (bZIP28) and bZIP60 revealed c.
one-fold and c. two-fold higher expression in ncer2 and ncer1
ncer2 when compared with Col-0 (Fig. S35a). These plants also
showed c. five-fold upregulation of the transcript of BINDING
PROTEIN 3 (BiP3, Fig. S35a). In addition, we analysed expres-
sion of AUTOPHAGY-RELATED 8 (Atg8) and found that Atg8b
and Atg8h transcripts are more abundant in ncer1 and ncer1 ncer2
mutants, similar to the expression profile of Atg8a in ncer2 and
ncer1 ncer2 (Fig. S35b).

Discussion

During the past decade, significant progress has been made in
understanding the function of sphingolipids in plant growth and
development. This includes new evidence of their roles in plant
defence (K€onig et al., 2012; Bi et al., 2014; Lenar�ci�c et al., 2017),
stomatal closure (Guo et al., 2012) and stress response (Zheng
et al., 2018). However, there is still a substantial gap in our
knowledge on the connection between sphingolipid signalling,
phytohormones and PCD (Berkey et al., 2012). Important for
the execution of PCD seems to be the ratio between LCB and
ceramides which is regulated by ceramide synthases and cerami-
dases. Overall the Arabidopsis genome encodes three ceramide
synthases and five ceramidases (Markham et al., 2011; Ternes
et al., 2011; Chen et al., 2015; Li et al., 2015; Wu et al., 2015).
Three of the latter are homologous to neutral ceramidases
(NCERs) from yeast and mammals. In this study, we could iso-
late ncer1 and ncer2 mutant lines, but none for ncer3 (Figs S1–
S3). The reduced transcript levels in the Salk_020138 line may
be in addition the basis for generating a triple mutant showing at
least a knockdown in NCER3 expression.

Ceramidases regulate the balance between LCB and ceramides
primarily by degrading ceramides (Okino et al., 1998). An
expected phenotype of a loss of function mutant may therefore
be the accumulation of ceramides (Berkey et al., 2012). This was
indeed the case for acer1 and ncer1 mutant lines (Li et al., 2015;
Wu et al., 2015). Our studies confirmed these findings for ncer1
and ncer1 ncer2 mutant lines (Fig. 5). The ceramide synthase
LOH1 and the neutral ceramidase NCER2 represent the major
enzyme activities according to physiological data (Ternes et al.,
2011) and expression profiles in leaves (Fig. S5). An expected
phenotype of a loss of function mutant for a ceramide synthase
may therefore be the accumulation of LCBs and although this
was less pronounced than the ceramide accumulation in case of
ncer1, ncer2 and ncer1 ncer2 mutant lines showed an increased
accumulation of trihydroxy LCBs (Fig. 4). As second experiment
that confirmed the ceramide synthase activity for ncer2 we per-
formed inhibition experiments with FB1 as has been described
before for LOH1 activity by Markham et al. (2011). Under these
conditions NCER2 function as ceramide synthase gets limiting
for seedling development (Fig. 3). Although clear biochemical
evidence about the enzyme activities of NCER1 and NCER2 is
still lacking, at least two arguments suggest that both enzymes
catalyse different reactions. First, NCER1 and NCER2 can be

clearly separated by phylogenetic tree analysis. While NCER2 is
more closely related to NCER genes from monocots, NCER1 and
NCER3 cluster together with genes from other dicots (Fig. S1).
Second, only ncer2 and ncer1 ncer2 mutants were more sensitive
to FB1 (Fig. 3). This strongly suggests that only NCER2 catalyses
a reverse ceramidase reaction like its homolog from rice (Pata
et al., 2008). The rice enzyme forms phytoceramides harbouring
LCB t18:0 and again this LCB accumulates only in ncer2 and
ncer1 ncer2 mutants (Fig. 4). Conversely ncer1 and ncer1 ncer2
mutants show an increase in Cer t18:0 and t18:1, which one
would expect for ceramidase mutants (Fig. S11). An alternative
explanation for the observed differences in the corresponding
mutant backgrounds may be that NCER1 and NCER2 show the
same enzyme activity, but have access to different substrate pools
because of different intracellular localisations. Although we have
not analysed their localisation in this study, both enzymes most
likely localise to the ER, because NCER1 from Arabidopsis and
NCER2 from rice have both been localised to this organelle (Pata
et al., 2008; Li et al., 2015) rendering the substrate pool hypothe-
sis unlikely.

Interestingly, ncer1 and ncer2 can be clearly distinguished by
their different phenotypes. We found that under our growth con-
ditions the ncer1 mutant exhibits an early leaf senescence pheno-
type (dPCD), while the ncer2 mutant displayed reduced numbers
of rosette leaves and siliques and the presence of leaf necrotic
lesions (pPCD; Figs 1, S4). The ncer1 ncer2 double mutant
showed all phenotypes associated with both of the single muta-
tions. By contrast, analysis of the ncer1 mutant in a previous
study demonstrated no obvious developmental differences com-
pared with wild-type plants (Li et al., 2015). This suggests that
the early leaf senescence phenotype of the ncer1 mutant is not
apparent under all growth conditions. However, reduced stature,
smaller leaves and flowers and accelerated leaf senescence were
also observed in the acer-1 mutant with disrupted alkaline
ceramidase (Wu et al., 2015; Zheng et al., 2018).

Our results showed that the premature leaf senescence of the
ncer1 mutant was accompanied by an increase in ceramides and
decrease in LCB (Figs 4, 5, 10). The increase in ceramide species,
accompanied by early leaf senescence phenotype was observed in
the Arabidopsis mutant with disrupted genes encoding orosomu-
coid (ORM) proteins – orm1 amiR-ORM2 as well (Li et al.,
2016). This phenotype was associated with the production of
ROS at the cell wall and in the mitochondria. Indeed, we found
increased production of ROS in the leaf cell cytoplasm of the
ncer1 mutant as well (Fig. 2). Furthermore the observed changes
in the ratio between LCB and ceramides, the early leaf senescence
phenotype observed in ncer1 and ncer1 ncer2 mutants was accom-
panied by elevated levels of JA-Ile (Fig. 8a). These plants also
showed upregulation of SAG12 (Fig. 2a), which agrees with pre-
vious data on JA-Ile-induced expression of SAG genes such as
SAG12, SAG29 or SEN4 (SENESCENCE4) (Qi et al., 2015).
These data show again a connection between a disturbed sphin-
golipid metabolism and elevated JA-Ile levels that was described
in a study of the Arabidopsis dpl1-1 mutant, exhibiting an altered
LCB/LCBP balance and accumulation of JA-Ile in response to
pathogen infection, suggesting a link between sphingolipid
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Fig. 9 Representative transmission electron microscopy (TEM) images of Arabidopsis leaves. (a, b) Ultrastructure of 35-d-old Col-0 leaf. Starch grains (S)
are observed in the chloroplasts (Chl). Mitochondria (M) are localised in the cell wall proximity and a large central vacuole (V) occupied the main volume of
the leaf cell. (c, d) Ultrastructure of ncer1 leaf after 35 d of growth. Numerous autophagosomal-like structures are observed in the cells (arrows). Numerous
vesicles (c1) are present in the proximity of the chloroplast. Chloroplasts are present inside the central vacuole (d). (e, f) Ultrastructure of ncer1 leaf after
35 d of growth. The burst mitochondria (arrowheads) and swell peroxisome (P) are observed. The autophagic bodies (AB, arrows) appeared in the central
vacuole accompanied by protoplast shrinkage (asterisk) and dismantling chloroplast. (g–j) Ultrastructure of ncer1 leaf after 35 d of growth. Formation of
AB in the cytoplasm and numerous ABs (arrows) in the central vacuole are observed (g, h). Protoplast shrinkage and the corps of the organelles are visible
in a dense cytoplasm (i, j).
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metabolism and JA-Ile signalling (Magnin-Robert et al., 2015).
However, the early leaf senescence phenotype of ncer1 and ncer1
ncer2 mutants was only partially suppressed by inactivation of
JA-Ile biosynthesis, but completely suppressed by inactivation of
the SA pathway which suggests for a crosstalk between the two
hormone pathways (Figs 6c, 8c).

It is well known that SA triggers the upregulation of several
SAG genes and thereby promotes leaf senescence (Morris et al.,
2000; Jing et al., 2007). In addition, SA biosynthesis and sig-
nalling mutants such as sid2-2 exhibit delayed leaf senescence
phenotypes (Guo et al., 2017). Our results provide further evi-
dence for the importance of SA in the regulation of leaf senes-
cence as the sid2 mutation completely abolished the early
senescence phenotype of the ncer1 and ncer1 ncer2 mutants
(Fig. 6). Unlike that of the plant defence response the role of SA-
JA-Ile crosstalk during leaf senescence is much less understood.
The early leaf senescence phenotype in atg5 and mlo2 (MILDEW
RESISTANCE LOCUS O 2) was suppressed by inactivation of
SA signalling, but not by inactivation of the jasmonate pathway
(Consonni et al., 2006; Yoshimoto et al., 2009). The phenotypes
of atg5 and mlo2 were accompanied not only by generation of
H2O2 but also by SA accumulation. Thus, it was suggested that
the antagonistic effect of JA-Ile on SA signalling might be
involved in the regulation of leaf senescence. Therefore, the early
leaf senescence phenotype of ncer1 and ncer1 ncer2 mutants
accompanied by alteration in SA and JA-Ile content may suggest
a role of a SA-JA-Ile interaction in triggering dPCD during leaf
senescence. We found that the reduced ABA content of the aba2-
1 ncer1, aao3-4 ncer1, aba2-1 ncer1 ncer2 and aao3-4 ncer1 ncer2

mutants leads to acceleration of leaf senescence when compared
with ncer1 and ncer1ncer2 (Fig. S27b). The regulatory network of
ABA-induced leaf senescence consists of several transcription reg-
ulators promoting that is chlorophyll degradation (Gao et al.,
2016). However, the crosstalk between ABA and sphingolipid-in-
duced leaf senescence remains poorly understood thus further
studies are necessary.

Several sphingolipid mutants were characterised by the appear-
ance of spontaneous pPCD-like phenotype, accompanied by SA
and ROS accumulation and by induction of genes involved in
the plant defence response (Ternes et al., 2011; Bi et al., 2014;
Bruggeman et al., 2015; Tartaglio et al., 2017). In many of these
mutants the pPCD-like is accompanied by accumulation of LCB
or ceramides. Here, we observed both an increase in saturated
LCB and ceramide content in ncer2 and ncer1 ncer2 mutants
(Figs 4, 5, 10). These findings were supported by previous reports
that correlated elevated content of 16:0 containing ceramides
with spontaneous cell death in acd5 (Bi et al., 2014) and in loh1
mutants (Ternes et al., 2011). In addition, the contribution of
VLCFA ceramide to the observed phenotype has been demon-
strated in acd5loh2 mutant (Bi et al., 2014).

It is well established that the crosstalk between SA and ROS
contributes to sphingolipid-associated pPCD-like, although the
molecular mechanism of this relationship remains unknown. Per-
turbations in sphingolipid metabolism in acd5, acd11 or iput1
mutants were associated with activation of pPCD, accumulation
of free and conjugated SA and elevated production of ROS
(Brodersen et al., 2002; Bi et al., 2014; Tartaglio et al., 2017).
The loss of SID2 function in the acd11 sid2 or of NahG in the

Cer 18:0;3/24:1;1↑
Cer 18:1;3/26:0;1↑

ICA↑
Camalexin↑

ABA↑
CWA↑

LCB t18:1↓
LCB t18:0↓

Cer 18:1;3/24:1;1↑

GlPC 18:1;3/26:1;1↑

JA-Ile↑

GlcCer 18:1;3/24:1;1↓

GlPC 18:1;2/16:0;1↓
GlPC 18:1;3/16:0;0↓

LCB t18:0↑
Cer 18:0;3/16:0;0↑
Cer 18:0;3/24:0;0↑

SA↑

ncer1 ncer1 ncer2 ncer2

dPCD pPCD-like

Fig. 10 Schematic representation of changes in sphingolipid and phytohormone profiles in Arabidopsis ncer1 and ncer2mutants specific and common for
dPCD and pPCD-like.
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acd5 NahG double mutants resulted in the reduction of SA levels
and in the suppression of pPCD (Greenberg et al., 2000; Broder-
sen et al., 2005). Similarly, we observed that the pPCD-like phe-
notype was accompanied by the accumulation of free and
conjugated SA in the ncer2 and ncer1 ncer2 mutants and sup-
pressed in the ncer2 sid2-2 and ncer1 ncer2 sid2-2 mutants
(Fig. 6). Recently, it was proposed that the WRKY75 transcrip-
tion factor induces the transcription of SID2, which leads to
accumulation of SA and H2O2 and finally promotes leaf senes-
cence and bacterial resistance in Arabidopsis (Guo et al., 2017).
Our analysis supports this model, as the expression of WRKY75
is upregulated in the ncer2 and ncer1 ncer2 mutants (Fig. 6b).

The positive SA-ROS feedback loop is one of the known
pPCD triggers in plant defence response (Singh et al., 2018).
Indeed, we showed that the loss of function of NCER2 was not
only accompanied by high SA content but was also correlated
with increased production of ROS. The accumulation of ROS
was detected in the chloroplast and in close proximity to the cell
wall of ncer2 and ncer1 ncer2 mutants (Fig. 2b). Additionally, ele-
vated levels of ROS were found in CWA in the leaves of ncer2
and ncer1 ncer2 mutants. The formation of CWA is a part of the
first line of plant defence in both compatible and incompatible
interactions of plants and pathogens (H€uckelhoven, 2007). The
most numerous callose depositions were observed in ncer1 ncer2
mutant, and their number was positively correlated with the
degree of pPCD (Fig. 7a). Moreover, enhanced accumulation of
ICA and camalexin was detected in ncer1 and ncer2 mutants
(Fig. 7b). Thus, we assume that the disruption of NCER2 is asso-
ciated with activation of the defence response, as CWA formation
and ICA and camalexin biosynthesis and enhanced expression of
resistance-related genes like FRK1 and PR1 were observed in the
ncer2 mutant.

One of the common features of both dPCD and pPCD is the
presence of autophagy (€Ust€un et al., 2017). The connection
between sphingolipid metabolism and autophagy in plants was
proposed previously and it was demonstrated that the loss of alka-
line ceramidase (ACER) inhibits autophagy in Arabidopsis under
various environmental stresses (Yang et al., 2018; Zheng et al.,
2018). Here we report the activation of autophagy in both, ncer1
and ncer2 mutants and we propose that changes in ceramide
homeostasis are correlated with the regulation of this process dur-
ing dPCD as well as pPCD-like cell death. The early leaf senes-
cence phenotype of ncer1 mutant was accompanied by formation
of autophagosome-like structures and by the presence of chloro-
plasts inside of the vacuoles. These results suggest the occurrence
of chlorophagy which is responsible for delivery and degradation
of entire chloroplasts in the vacuole. Multiple autophagosome-like
structures as well as ABs containing mitochondria were found in
ncer2 mutant, exhibiting pPCD-like phenotype.

Conclusion

Taken together our data show that the neutral ceramidases
NCER1 and NCER2 regulate not only sphingolipid homeosta-
sis, but play a crucial role in controlling both types of plant PCD
- dPCD and pPCD, respectively. This control may occur via

activating either JA-Ile- or SA-dependent signalling pathways
most likely via maintenance of proper balance between LCB and
ceramides in Arabidopsis leaves (Fig. 10). Our data strongly sug-
gest that the ratio between LCBs and ceramides is controlled by
NCER1 via hydrolysis of ceramides whereas NCER2 functions
as a ceramide synthase. These findings contribute essentially to
our understanding on the complex network of molecular events
taking place during leaf senescence in response to developmental
programs (dPCD) or necrotic lesion formation (pPCD) upon
biotic stress.
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Fig. S9 Response of Arabidopsis seed germination to NaCl.

Fig. S10 Accumulation of LCB-P in Col-0 and ncer Arabidopsis
plants.

Fig. S11 Comparison of sphingolipid species and phytohormone
contents between Col-0 and neutral ceramidase mutants of Ara-
bidopsis.

Fig. S12 Comparison of the LCB backbone in the Cer fraction
in Col-0 and ncer1, ncer2, ncer1 ncer2 Arabidopsis plants.

Fig. S13 Comparison of LCB backbone in the GlcCer fraction
in Col-0 and ncer1, ncer2, ncer1 ncer2 Arabidopsis plants.

Fig. S14 Comparison of LCB backbone in the GIPC fraction in
Col-0 and ncer1, ncer2, ncer1 ncer2 Arabidopsis plants.

Fig. S15 FA profiles of Cer species in Col-0 and ncer1, ncer2,
ncer1 ncer2 Arabidopsis plants.

Fig. S16 FA profiles of GlcCer species in Col-0 and ncer1, ncer2,
ncer1 ncer2 Arabidopsis plants.

Fig. S17 FA profiles of GlcCer species in Col-0 and ncer1, ncer2,
ncer1 ncer2 Arabidopsis plants.

Fig. S18 FA profiles of GIPC species in Col-0 and ncer1, ncer2,
ncer1 ncer2 Arabidopsis plants.

Fig. S19 FA profiles of GIPC species in Col-0 and ncer1, ncer2,
ncer1 ncer2 Arabidopsis plants

Fig. S20 Analysis of sphingolipid profiles of Col-0 and neutral
ceramidase mutants (ncer1, ncer2, ncer1 ncer2) of Arabidopsis
during a time course of 25, 31 and 35 d.

Fig. S21 Molecular Cer species profile of rosette leaves of
25-d-old Col-0 and ncer1, ncer2, ncer1 ncer2 Arabidopsis
plants.

Fig. S22 Molecular Cer species profile of rosette leaves of 31-d-
old Col-0 and ncer1, ncer2, ncer1 ncer2 Arabidopsis plants.

Fig. S23 Molecular Cer species profile of rosette leaves of 35-d-
old Col-0 and ncer1, ncer2, ncer1 ncer2 Arabidopsis plants.

Fig. S24 Molecular GlcCer species profile of rosette leaves of 25-
d-old Col-0 and ncer1, ncer2, ncer1 ncer2 Arabidopsis plants.

Fig. S25 Molecular GlcCer species profile of rosette leaves of 31-
d-old Col-0 and ncer1, ncer2, ncer1ncer2 Arabidopsis plants.

Fig. S26 Molecular GlcCer species profile of rosette leaves of 35-
d-old Col-0 and ncer1, ncer2, ncer1 ncer2 Arabidopsis plants.

Fig. S27 Molecular GIPC species profile of rosette leaves of 25-
d-old Col-0 and ncer1, ncer2, ncer1 ncer2 Arabidopsis plants.

Fig. S28 Molecular GIPC species profile of rosette leaves of 31-
d-old Col-0 and ncer1, ncer2, ncer1 ncer2 Arabidopsis plants.

Fig. S29 Molecular GIPC species profile of rosette leaves of 35-
d-old Col-0 and ncer1, ncer2, ncer1 ncer2 Arabidopsis plants.

Fig. S30 Accumulation of 2,3-DHBA and 2,5-DHBA in Col-0
and ncer1, ncer2, ncer1 ncer2 Arabidopsis plants.

Fig. S31 Accumulation of OPDA in rosette leaves of Col-0 and
ncer1, ncer2, ncer1 ncer2 Arabidopsis plants.

Fig. S32 Accumulation of ABA in rosette leaves of Col-0 and
ncer1, ncer2, ncer1 ncer2 Arabidopsis plants.

Fig. S33 Representative TEM micrographs of rosette leaf from
28-d-old Arabidopsis plants.

Fig. S34 Ultrastructure of chloroplasts in Col-0 and ncer1, ncer2
and ncer1 ncer2 Arabidopsis leaves.

Fig. S35 UPR and autophagy signalling is induced in Arabidop-
sis ncer2 mutant.

Table S1 Gene-specific primers (LP – left primer, RP – right
primer) and T-DNA left border primers (LBb1.3 and LB3) used
for genotyping of plants.

Table S2 Gene-specific primers (F – forward primer, R – reverse
primer) used for RT-PCR.

Table S3 Gene-specific primers (F – forward primer, R – reverse
primer) used for construction of plasmid.

Table S4 Gene-specific primers (F – forward primer, R – reverse
primer) used for RT-qPCR.

Table S5 Mass transitions and corresponding conditions for
determination of the phytohormones.

Please note: Wiley Blackwell are not responsible for the content
or functionality of any Supporting Information supplied by the
authors. Any queries (other than missing material) should be
directed to the New Phytologist Central Office.
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