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Abstract

A type of programmed cell death (PCD) in animals is due to lysosomal membrane permeabilisation or rupture.
One of the suggested reasons is sphingolipid accumulation in the membrane. In plants many examples of PCD,
including petal senescence, are due to vacuolar permeabilisation and rupture. Using Petunia flowers, we tested the
effect on PCD of sphingolipids and of sphinglolipid synthesis inhibitors. Feeding flowers with five main sphingolipids
(sphinganine, phytosphingosine, dihydroceramide, ceramide and sphingosine) hastened PCD. Feeding
phytosphingosine together with silver thiosulphate, an inhibitor of ethylene perception, completely prevented the
PCD-promoting effect of phytosphingosine, suggesting that its acts through ethylene. Feeding together with the
reactive oxygen species scavenger N-acetylcysteine had no effect, while the scavenger ascorbic acid only had a
slight alleviating effect. These data suggested that phytosphingosine did not act through reactive oxygen species.
Treatments with four inhibitors of sphingolipid synthesis (desipramide, fumonisin B1, myriocin, N,N-
dimethylsphingosine) hastened PCD. The data indicate that changes in the endogenous sphingolipid levels resulted
in early PCD. The effect of phytosphingosine was abrogated by blocking ethylene perception, suggesting that it

acted upstream of ethylene, thus not by directly affecting vacuolar membrane composition.

Keywords: Petunia; Ceramide; Desipramine; Dihydroceramide;
Fumonisin =~ Bl;  Myriocin,  N,N-Dimethylsphingosine;  Petal;
Phytosphingosine; ~ Programmed  cell ~ death;  Sphinganine,
Sphingolipids; Sphingosine; Vacuolar membrane

Introduction

Programmed cell death (PCD) during normal plant development
and during stress, i.e. plant PCD that is not due to pathogens, is
generally due to permeabilisation or rupture of the vacuolar
membrane. This results in the release of many hydrolases from the
vacuole. These hydrolases destroy the cytoplasm and thereby kill the
cell [1-3]. It is still completely unclear what the mechanical cause is of
the permeabilisation or rupture of the vacuolar membrane, and how
the process is activated.

One type of PCD in animal cells is very similar to the PCD during
normal plant development. In this type death is also due to loss of
semipermeability of the membrane of a lytic compartment (the
lysosome). As in plants, this loss results in the release of molecules
from the lysosome to the cytoplasm. This in turn causes cell death
[4,5].

One of the causes of lysosomal membrane permeabilisation in
animal cells, it has been suggested, is sphingolipid accumulation.
Sphingolipids are molecules containing a fatty acid and a long chain
aliphatic amino alcohol. Sphingolipids, if present at low
concentrations, are essential components of many membranes,
including the plasma membrane, of all eukaryotic cells. If it
accumulates in membranes, however, sphingosine disrupts the
membranes. The detergent properties of sphingosine seem the cause of

the permeabilisation of the lysosomal membrane. In animal systems
sphingosine derives from ceramide, hence its synthesis is catalysed by
ceramidase. Blocking ceramidase activity abrogated lysosomal
permeabilisation and animal cell death [6]. Ceramide is another
sphingolipid with detergent properties, which has been implicated in
lysosomal permeabilisation and PCD [7]. In animal cells it can form
pores (channels) in membranes. Treatment of plant cells with ceramide
induced PCD, but accumulation in the membrane was apparently not
required [8]. Sphingolipids such as ceramide are also secondary
messengers in animal cells, thus their effect on PCD might be more
indirect than through accumulation in the lysosomal membrane [7,9].

In plants much less is known about the possible role of
sphingolipids in PCD [10]. Feeding with sphingolipids induced PCD in
plants [11-13,8]. Two intermediate reactions have been proposed: an
increase in the levels of calcium ions in the cytosol and an increase in
reactive oxygen species (ROS). Data reviewed by Thuleau et al. in 2013
suggested a role of calcium in the induction of plant PCD by
sphingolipids. =~ Downregulation  of the  enzyme  serine
palmitoyltransferase (SPT), which catalyses the initial step in
sphingolipid synthesis, prevented the increase in ROS and also
prevented PCD [8].

Some examples of PCD induced by plant pathogens were found to
correlate with changes in sphingolipid levels. Fumonisin, a toxin
secreted by pathogenic fungi, induces PCD in the plant host.
Fumonisin disrupts sphingolipid biosynthesis by blocking sphinganine
N-acyltransferase. This inhibition has been suggested to result in lethal
accumulation of sphingolipid intermediates [14,15].

As in animals, plant sphingolipids have two carbon chains, an
aliphatic amino alcohol chain and a fatty acid chain. The major plant
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sphingolipids typically contain a C18 aliphatic amino alcohol chain
(also called sphingoid long-chain base). The aliphatic amino alcohol
chain can be dihydroxylated (d) or trihydroxylated (t) [16,17]. Plant
sphingolipids have a fatty acid chain of various lengths (about C14 to
C28), but the preponderance of plant sphingolipids has a C16 fatty acid
chain [18,19].

Petal wilting in Petunia flowers is an example of developmental
PCD that is regulated by ethylene [20]. It is likely due to vacuolar
membrane permeabilization, as in many other examples of
developmental PCD [21]. We here tested the idea that sphingolipids
are involved in PCD. We fed the flowers with various sphingolipids. As
PCD in Petunia flowers is regulated by ethylene [22], we also fed plants
with sphingolipids together with silver thiosulphate, an inhibitor of
ethylene perception, to determine if the sphingolipids affect PCD
through ethylene. Additionally, we fed plants with sphingolipids
together with N-acetyl-L-cyteine and with ascorbic acid, both
scavengers of reactive oxygen species (ROS), in order to find evidence
for the possible role of ROS in inducing PCD. We also tested the effect
of five inhibitors of sphingolipid biosynthesis, in an attempt to
determine if the accumulation of some endogenous sphingolipids
would be more important than that of others.

Materials and Methods

Plant material

Potted Petunia x hybrida cv. Baby Pink Morn (Surfinia group)
plants, growing in a peat soil, were obtained from a local grower and
were further grown in the laboratory greenhouse. Plants were watered
automatically by misting from above. Experiments were carried out in
spring and early summer with greenhouse temperatures varying
between about 8° (minimum at night) and 23°C (maximum during the
daytime). One day prior to an experiment the open flowers were
removed. On the day of the experiment the newly opened (fully open)
flowers were pinched off by hand, and brought dry to the laboratory,
within 10 min. A small part of the end of the pedicel was removed in
air, with about 5 mm of pedicel remaining. The flowers were
immediately individually placed in small plastic containers with
aqueous solutions.

Time to visible PCD

Isolated flowers were held in a controlled room at 20°C, about 60%
RH, and a photon flux density of about 10 pmol m-2 s-1 from Philips
TDL 36W/84 cool white fluorescent tubes. The lights were on for 12
continuous h per day. Visible petal wilting was used as an indicator of
PCD. PCD in the petals was also accompanied by petal bluing, which
was visible about one day prior to petal wilting. The colour change is
likely due to an increase in vacuolar pH in the vacuole, which changes
the colour of the anthocyanins [23,24]. Anthocyanins in Petunia petals
are localised in the vacuole of the epidermal cells [25]. This bluing was
a good indicator of impending wilting.

Chemicals

Sphingosine (d18:1, D-erythro-sphingosine) was obtained from
Matreya (Pleasant Gap, PA). The other sphingolipids were purchased
from Avanti Polar Lipids (Birmingham, AL): sphinganine (d18:0, D-
erythro-dihydrosphingosine), phytosphingosine (t18:0, 4-hydroxy-
sphinganine), C2 dihydroceramide, and C2 ceramide. The
sphingolipids were dissolved in 95% ethanol. A dilution series was

made, whereby the ethanol was also serially diluted. Controls for the
ethanol concentrations were included in the tests.

Inhibitors were obtained from Sigma Aldrich (Milan, Italy) unless
indicated otherwise. N,N-dimethylsphingosine (DMS) was bought
from from Calbiochem (Merck, Darmstadt, Germany) and fumonisin
Bl from Tocris (Bristol, UK). Chemicals were directly dissolved in
water except myriocin and DMS which were first dissolved in 5 ml
pure DMSO. Silver thiosulphate was made by adding a solution of
silver nitrate to one of 8 times excess sodium thiosulphate.

Results

PCD and symptoms observed with the naked eye

In Petunia petals some cells in the mesophyll started to die before
the onset of visible bluing and petal wilting, which are the PCD
symptoms that are visible with the naked eye. Holes were formed in the
mesophyll due to the local disappearance of mesophyll cells as a result
of death. Death was associated with complete degradation of the
cytoplasm and most of the cell walls. Only by the time the epidermis
cells lost turgor, wilting (i.e. turgor loss) in the entire petal was visible
with the naked eye (data not shown).

Feeding with intermediates of sphingolipid biosynthesis

Figure 1 gives a scheme of sphingolipid biosynthesis in plants,
according to Berkey et al. (2012). The pathway seems different in
animals, where dihydrosphingosine is converted by ceramide synthase
to dihydroxyceramide, which can be desaturated to form ceramide.
Ceramidases can degrade ceramide to sphingosine [26].

DMS

— 3  Ceramide-1-P

—  Dihydroceramide-1-P
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Ad-Desaturase T
Dihydroceramide

Dihydroceramide synthase T
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Sphingosine — Sphingosine-1-P
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Sphinganine-N-acyltransferase

Figure 1: Schematic representation of sphingolipid biosynthesis in
plants. Some of the enzymes involved are indicated, while some
inhibitors are placed in a box. Not shown are sugar-bound forms of
intermediates (such as glucosylceramide) and other derivatives such
as N-(2-hydroxytetracosanoyl) sphinganine. Data according to
Berkey et al. in 2012
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The main intermediates in the pathway (sphinganine,
phytosphingosine, dihydroceramide, ceramide and sphingosine) were
applied to cut flowers. Each of these resulted in a concentration-
dependent decrease in the time to PCD (Figure 2). Ethanol, used as a
solvent, also had a small effect, but its effect was independent of the
concentration used (2-70 mM; Figure 2). These data suggest that the
cells were sensitive to an increase in endogenous sphingolipid levels.
The data do not show how the exogenous sphingolipids exerted their
effects. Possibilities are: insertion into the plasma membrane and/or
internal membranes, an increase in active oxygen species, and
stimulation of effects of endogenous ethylene.
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Figure 2: Effect of continuous treatment with sphingolipids on the
time to visible PCD in petals of isolated Petunia flowers placed with
the pedicel in aqueous solution. The external PCD symptom was
wilting. Sphingolipids were all dissolved in ethanol before
placement in water. (A) sphingosine (d18:1, D-erythro-
sphingosine), (B)  dihydrosphingosine  (d18:0, D-erythro-
dihydrosphingosine; sphinganine), (C) phytosphingosine (t18:0, 4-
hydroxysphinganine), (D) C2 dihydroceramide (C2 D-erythro-
dihydroceramide), (E) C2 ceramide (d18:1/2:0, D-erythro-N-
acetylsphinganine).
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Phytosphingosine and silver thiosulphate (STS)

Phytospingosine by itself, applied continuously at 1 uM, decreased
the time to visible PCD from 8.0 to 4.9 days. Continuous feeding with
0.5, 1.0 or 2.0 mM STS increased the time to visible PCD from 8 days

to 9.3, 10.1 and 11.0 days, respectively. Differences were statistically
significant with the exception of that between 9.3 and 10.1 days (Figure
3A). The further inclusion of 1 uM phytosphingosine had no effect on
the effect of STS, except when applied in combination with 2.0 mM
STS, where it slightly reduced the time to visible wilting (Figure 3A).
The data show that STS completely alleviated the negative effect of

phytosphingosine on the time to visible PCD, and that
phytosphingosine was only slightly able to reduce the effect of STS.
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Figure 3: Combined effect of continuous treatment with
phytosphingosine (t18:0, 4-hydroxy-sphinganine) with silver
thiosulphate (STS) or with N-acetyl-L-cysteine (Nac), on the time
to visible PCD in petals of isolated Petunia flowers placed with the
pedicel in aqueous solution. The external PCD symptom was
wilting. (A) STS, (B) Nac.

Phytosphingosine and N-acetyl-L-cysteine (Nac)

Two experiments were carried out. In the first Nac was fed
continuously at 20, 40 and 80 mM. This hastened the time to visible
PCD (Figure 3B). At 20 mM, Nac by itself resulted in a time to visible
PCD of 6.7 days, about 1.5 d less than that in the controls (Figure 3B).
As indicated in the previous paragraph phytospingosine at 1 uM by
itself decreased the time to visible PCD to 4.9 days. The combination of
20 mM Nac and phytospingosine at 1 uM resulted in a time to visible
PCD of 5.9 days. The difference with the effect of phytospingosine
alone was not significant (Figure 3B). The data of the higher doses of
Nac in this experiment could not be used as their effect was close to
that of phytosphingosine (data not shown). The second experiment
used 5 and 10 mM Nac. At 5 mm Nac had no effect on PCD when
compared to the ethanol control, while at 10 mM it slightly hastened
PCD. In this experiment phytospingosine at 1 uM produced PCD after
5.5 days. The combination of this phytospingosine concentration and
either concentration of Nac did not alleviate the effects of the
phytosphingosin (Figure 3B).

Phytosphingosine and ascorbid acid

Ascorbic acid was applied at 1, 5 and 10 mM. It slightly delayed the
time to senescence, at 5 and 10 Mm (Figure 3B). Ascorbid acid also
slightly alleviated the negative effect of phytosphingosine on the time
to senescence. The effect was absent at 1 mM, very small at 5 mM and
a bit larger at 10 mM (Figure 3B). At the concentrations tested the
effect of ascorbic acid on the control flowers was similar to the effect
together with phytosphingosine (Figure 3B).
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myriocin (Chen et al. 1999). Myriocin significantly (P = 0.05) hastened
the visible PCD symptoms when a concentration of 0.3 pM was
included in the aqueous solution used for standing isolated Petunia
flowers (Figure 4A). At higher concentrations, it increasingly further
hastened these PCD symptoms. The highest concentration tested was
10 puM. It reduced the time to the visible PCD symptoms to less than
half (Figure 4A). In these experiments myriocin was first dissolved in
DMSO. DMSO controls had no effect (not shown). In other tests
myriocin was first dissolved in potassium hydroxide. Although the
solvent had no effect on the time to the visible symptoms, myriocin
was much less effective. In these experiments it was only statistically
shortening the time to the symptoms at 5 uM, and at 10 uM it had an
effect similar to that of 0.6 uM in the experiment in which it was first
dissolved in DMSO.

Figure 4: Effect of continuous treatment with inhibitors of
sphingolipid biosynthesis on the time to visible PCD in petals of
isolated Petunia flowers placed with the pedicel in aqueous solution.
(A) myriocin (B) fumonisin Bl (C) desipramine, (D) DMS (N,N-
dimethylsphingosine), (E) Combined treatment with myriocin and
desipramine.. In these experiments DMS and myriocin were first
dissolved in 10 ml pure DMSO. Desipramine and fumonisin Bl
were directly dissolved in water. No effect was found of DMSO
control.

DMS (N,N-dimethylsphingosine)

DMS decreases the activity of sphingolipid kinases such as
sphinganine kinase, phytosphingosine kinase, ceramide kinase and
spingosine kinase. These enzymes phosphorylate their substrates
(Figure 1). DMS significantly (P = 0.05) hastened the visible PCD
symptoms at a concentration of 1.5 uM in the aqueous solution (Figure
4B). The effect became larger at higher concentrations. The highest
concentration tested was 25 uM (Figure 4D). DMS was first dissolved
in DMSO. A control for this solvent showed no effect on the parameter
studied.

Fumonisin Bl

Fumonisin Bl is an inhibitor of sphinganine-N-acyltransferase,
which catalyses the conversion of sphinganine to dihydroxyceramide
(Figure 1) [14]. When using myriocin, DMS, or desipramine, the
visible symptoms at the time of visible wilting were the same as in the
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untreated controls: bluing of the tepals rapidly followed by complete
turgor loss. These symptoms were also found in the experiments using
fumonisin Bl, but an additional symptom was observed. The petal
surface showed blue discoloration which was concentrated near the
center of the petals. The symptoms were localized in the epidermal
cells which also showed local collapse (data not shown). Fumonisin Bl
hastened the time to petal wilting from a concentration of 0.6 uM
(Figure 4B). At 5 uM it hastened the symptoms to more than half of the
time of that in the controls (Figure 4B).

Desipramine

The conversion of ceramide to sphingosine is catalysed by
ceramidases. Plants contain both neutral and acid ceramidase.
Desipramine is an inhibitor of acid ceramidase [8]. Desipramine
hastened the visible senescence symptoms from a concentration of 25
uM (Figure 4C). At 100 pM it hastened the symptoms to more than
half of the time of that in the controls (Figure 4C). Desipramine was
also applied together with myriocin. The combination of inhibitors had
a larger effect than myriocin alone (Figure 4E).

Discussion

Effects of exogenous sphingolipids

We observed a hastening of PCD when feeding Petunia petals with
some main plant sphingolipids. This suggests that maintenance of low
sphingolipid levels in the cell is important for survival. The largest
effects, at similar exogenous concentrations, were observed with
sphinganine and phytosphingosine. Similar effects on PCD of feeding
of plants with sphingolipids have been reported with ceramide [12,13],
sphinganine, phytosphingosine [11] and sphingosine [8]. Effects of
dihydroceramide in plants have apparently not been reported before.
Islam et al. in 2012 found that sphingosine was absent in Arabidopsis
(Brassicaceae), Glycine max (Fabaceae) and Pyrus malus (Rosaceae),
but present in all Poales investigated, as well as in potato and tomato
(Solanaceae). This suggests that it might also occur in the solanaceous
Petunia.

Role of ethylene, ROS, and Ca2+

We tested if the applied sphingolipids might act through ethylene.
PCD in many flowers, including Petunia, is due to an autocatalytic rise
in ethylene production [20,27]. Autocatalysis depends on perception of
the increase in ethylene, which then further increases ethylene
synthesis. This explains why PCD in these flowers is delayed by
blocking the ethylene receptors by silver thiosulphate (STS), an anion
that is mobile in plants [28]. We observed that STS counteracted the
effect of phytosphingosin. This suggests that phytosphingosin acted on
PCD through ethylene. An increase in ethylene production occurs as a
result of any type of stress. High levels of phytophingosine in the cells
might induce such a stress. The data do not exclude that sphingolipids
accumulate in the vacuolar membrane, but they render this idea less
likely. The rupture of the vacuolar membrane is the end product of
ethylene signaling. Phytosphingosine is apparently upstream of
ethylene signaling rather than downstream.

Some reports suggested that the sphingolipids induce the
production of ROS, such as hydrogen peroxide, which is toxic to cells
or can act as a second messenger. We tested if the effect of
phytospingosine would be alleviated by the further inclusion of N-
acetyl-L-cysteine (Nac). Nac is a scavenger of ROS. If

phytosphingosine acted through ROS, we expected Nac to alleviate its
effect. No such effect of Nac was observed. However, Nac was toxic by
itself. We therefore also tested feeding of phytosphingosine together
with ascorbic acid, another antioxidant (backslash) ROS scavenger.
Ascorbic acid slightly increased the time to senescence in the controls
and had about the same effects together with phytophingosine. The
effect of sphytophingosine was not abrogated. These data suggest that
phytophingosine did not act through ROS.

Ca2+ is a signal transduction molecule that results in specific
stimulation of gene expression. Ca2+ transport through plant
membranes is mediated by ion channels. These channels are inhibited
by La3+ [29-31]. In our tests, La3+ did not alleviate the effect of
phytosphingosine. However, La3+ by itself hastened PCD. The data
therefore neither contradict nor provide support for the hypothesis
that Ca2+ is involved as a messenger in phytosphingosine-induced
hastening of PCD.

Effects of inhibitors of sphingolipid biosynthesis

In order to obtain further insight into the role of endogenous
sphingolipid levels, we applied sphingolipid biosynthesis inbibitors. All
inhibitors, when tested individually, advanced the time to PCD in
Petunia petals. The inhibitors are expected to result in accumulation of
at least their substrate and in a decrease in the concentration of at least
their direct product (Figure 1).

Desipramine, therefore, would be expected to decrease levels of
sphingosine and sphingosinel-phosphate, and to increase ceramide
concentrations. Feeding of animal cell lines with desipramine indeed
resulted in ceramide accumulation, from a desipramine concentration
of 5 uM [32]. Desipramine also inhibits the conversion of sphingosines
to sphingomyelins (catalysed by sphingomyelin synthase), a reaction
found in animals, not in plants [16].

The present data on desipramine seem in contrast to similar
experiments in animal cells, where sphingosine induced PCD while
ceramide did not. Using a siRNA approach Ullio et al. in 2012 reported
that blocking acid ceramidase activity abrogated induced lysosomal
permeabilisation and cell death in animal cells. These data suggested
that death was due to sphingosine and that ceramide had no effect. The
present data, by contrast, indicated that endogenous ceramide induced
earlyt PCD in the present plant system, just as exogenous ceramide
did.

Fumonisin Bl is expected to increase the concentrations of
phytosphingosine and sphinganine, and their respective 1-phosphates,
and to decrease the concentration of dihydroceramide and ceramide
(Figure

1). Treatment of corn shoots with 1 pM fumonisin B1 resulted in
8-10 fold increase in sphinganine and phytosphingosine levels. The
toxicity of fumonisin was thought to be due mainly to
phytosphingosine accumulation [11]. Treatment with fumonisin B1 in
maize also resulted in higher levels of sphinganine-1-phosphate and
phytosphinganin-1-phosphate [33]. Arabidopis has three ceramide
synthase homologs. Each isoform showed a characteristic preference
regarding fatty acid chain length as well as sphingoid base
hydroxylation. Plants in which one of the three ceramide synthase
homologs was knocked out showed spontaneous PCD, after extended
culture under short-day conditions. The data suggested that the
spontaneous PCD was due either to the accumulation of free
trihydroxy sphingoid bases and/or that of ceramide species with C16
fatty acid. These data indicate that the effect of fumonisin B1 on PCD
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might be more complex than simply due to accumulation of
sphinganine and phytosphingosine. A role of a decrease in
(dihydro)ceramide can also not be excluded.

DMS inhibits the formation of sphingolipid-1-phosphates. Such
products exhibit anti-PCD activity. For example, PCD was induced by
ceramide, but its effect was partially blocked by the simultaneous gift of
ceramide-1-phosphate [12]. Similarly, feeding with sphinganine
induced PCD which was specifically counteracted by sphinganine-1-
phosphate [8]. The effect of DMS can be explained, apparently, by the
increase in substrate and decrease in product. The effect of DMS is in
accordance with the effect of feeding with the main plant
sphingolipids.

Myriocin is expected to decrease the levels of sphingolipids, at least
of 3- ketosphin- ganine, sphinganine,and 4-hydroxysphinganine.
Feeding with a combination of myriocin and desipramine (which
converts ceramide to sphingosine) hastened PCD more than feeding
with myriocin alone. This suggests that myriocin did not prevent the
synthesis of sphingolipids upstream of the biosynthesis pathway.

Possible mechanism of the effect of sphingolipids on PCD

Our data suggest that an increase in endogenous concentrations of
non-phosphorylated sphingolipids induces early PCD. The mechanism
of action is not known. We hypothesized that spingolipids might
disrupt the vacuolar membrane, thereby inducing membrane rupture,
as has been suggested for animal cells. This hypothesis is not likely, as
the effect of at least one sphingolipid (phytosphingosine) was
abrogated by blocking ethylene perception and synthesis. This suggest
that the sphingolipid acted upstream of ethylene, possibly by
perturbing metabolism, which induced an increase in ethylene
synthesis.
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