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ABSTRACT

Sphingolipids, which comprise membrane systems together with other lipids, are ubiquitous in cellular or-
ganisms. They show a high degree of diversity across plant species and vary in their structures, properties,
and functions. Benefiting from the development of lipidomic techniques, over 300 plant sphingolipids have
been identified. Generally divided into free long-chain bases (LCBs), ceramides, glycosylceramides
(GlcCers) and glycosyl inositol phosphoceramides (GIPCs), plant sphingolipids exhibit organized aggrega-
tion within lipid membranes to form raft domains with sterols. Accumulating evidence has revealed that
sphingolipids obey certain trafficking and distribution rules and confer unique properties to membranes.
Functional studies using sphingolipid biosynthetic mutants demonstrate that sphingolipids participate in
plant developmental regulation, stimulus sensing, and stress responses. Here, we present an updated
metabolism/degradation map and summarize the structures of plant sphingolipids, review recent progress
in understanding the functions of sphingolipids in plant development and stress responses, and review
sphingolipid distribution and trafficking in plant cells. We also highlight some important challenges and is-
sues that we may face during the process of studying sphingolipids.
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In eukaryotes, enzymes involved in sphingolipid metabolism are
mainly localized in the endoplasmic reticulum (ER) and Golgi
apparatus, and the distribution of their products varies in a spe-
cies-specific and tissue-dependent manner. In this review, we

INTRODUCTION

Since their discovery in the late 19th century, sphingolipids have
been recognized as one of the major membrane lipid compo-

nents in eukaryotic cells and a few bacteria (Thudichum 1884;
Karlsson, 1970; Sperling and Heinz, 2003). Containing a fatty
acid linked to a long-chain amino alcohol (also known as the
sphingoid long-chain base), the ceramide backbone composes
the sphingolipid core (Hannich et al., 2011). In animals,
enzymes and regulators involved in sphingolipid metabolism
have been extensively investigated, and the physicochemical
properties of certain sphingolipid structures and trafficking
behaviors are also well elucidated (Mauri et al., 2018).
Functional studies have revealed that sphingolipids participate
in all major cell signaling pathways and that disruptions of their
metabolism cause numerous human diseases that have
attracted much attention (Hannun and Obeid, 2018). Although
still in the primary stage, research on plant sphingolipids has
accelerated in the last two decades: there are about 1,000
searchable papers (including no more than 80 reviews) showing
a close relationship with plant sphingolipid metabolism,
characteristics, or functions.

mainly summarize progress in plant sphingolipid metabolism, di-
versity, distribution, trafficking, and function and discuss their
intersections.

SPHINGOLIPID METABOLISM

Sphingolipid biosynthesis

De novo synthesis of sphingolipids begins with the condensation
of serine and palmitoyl-CoA, a reaction catalyzed by serine palmi-
toyl transferases (SPTs) in the ER (Mandon et al., 1992; Chen
et al., 2006). It is notable that precise regulation of SPT activity
by poly-peptides named small subunit of SPT (ssSPT) or
orosomucoid-like proteins (ORMs, inhibitors of SPT) is necessary
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for sphingolipid homeostasis (Kimberlin et al., 2013, 2016;
Markham et al., 2013). The intermediate 3-ketosphinganine can
be reduced by 3-ketodihydrosphingosine reductase (KSR) to
form sphinganine (d18:0) (Beeler et al., 1998; Chao et al., 2011),
which is also one of the major long-chain bases (LCBs) in
animals. In plants such as Arabidopsis, sphingoid base
hydroxylases (SBHs) add a third hydroxyl group to the C-4
position of the two-hydroxylated LCB sphinganine to generate
phytosphingosine (t18:0) (Figures 1 and 2) (Chen et al., 2008;
Sperling et al., 2001). Both d18:0 and t18:0 are then linked to a
fatty acid chain (usually 16 to 26 carbons in length) via an
amide bond by the ceramide synthase lag one homologues
(LOHs) to form ceramides (Ternes et al., 2011; Markham et al.,
2011). Among the three identified LOHs, LOH1 and LOH3 show
a preference for catalyzing the assembly of very-long-chain
fatty acids (VLCFAs) and LCBs, whereas LOH2 is mainly
responsible for the synthesis of ceramides with long-chain fatty
acids (LCFAs) (Ternes et al., 2011; Markham et al., 2011). The
biosynthesis of ceramides in plants, especially t18:0/t18:1 and
C24:0/C24:1-ceramides, can also be affected by a putative
enzyme named phloem unloading modulator (PLM) (Yan et al.,
2019) (Figure 2). The saturated LCBs are then desaturated via
sphingoid LCB desaturases (SLDs) at C-8 or via sphingolipid 3-
4-desaturase at C-4 to generate d18:1-based, t18:1-based, or
d18:2-based ceramides (Michaelson et al., 2009; Chen et al.,
2012). Notably, the C-8 to C-9 double bond in LCBs should be
either cis or trans in theory, although it is mainly in the trans
configuration in wild-type (WT) Arabidopsis tissues (Chen et al.,
2012). The ceramides always undergo o-hydroxylation in the
fatty acyl chain by fatty acid C-2 hydroxylase (FAH) before
modification of their head group (Dunn et al., 2004; Markham
and Jaworski 2007; Konig et al., 2012; Nagano et al., 2012)
(Figure 2).

Glycosylation of ceramides at the C-1 hydroxyl group produces
GlcCers or GIPCs (Luttgeharm et al., 2016). Glucosylceramide
synthase (GCS) transfers a glucose residue from UDP-glucose to
a hydroxyceramide (hCer) to produce GlcCer via beta-glycosidic
linkage (Leipelt et al., 2001; Melser et al., 2010). To synthesize
GIPCs, ceramides or hCers must be transported from the ER to
the Golgi. In mammalian cells, ceramide transport is mediated by
either vesicular trafficking or protein transporters. The identified
ceramide transfer protein (CERT) contains a hydrophobic pocket
composed of the steroidogenic acute regulatory protein-related
lipid transfer (START) domain, which can directly bind ceramides
(Hanada et al., 2007). In plants, however, it remains unclear how
the ceramides are delivered from the ER to the Golgi. Once
transported to the Golgi, the ceramides and hCers are
first modified by inositolphosphorylceramide synthases (IPCSs)
to add a head group derived from phosphatidylinositol (PI) to
form inositolphosphoceramides (IPCs) (Mina et al., 2010). Then,
a glucuronic acid (GIcA) moiety is added via «(1,4)-linkage by
inositol phosphorylceramide glucuronosyltransferase1 (IPUT1)
(Rennie et al., 2014). Further glycosylation of the head
group is mediated by GIPC mannosyl transferase1l (GMT1)
or glucosamine inositol phosphorylceramide transferase 1
(GINT1) and requires the Golgi-localized nucleotide sugar trans-
porters GONST1 and GONST2 or UDP-N-acetyl-D-glucosamine
transporter 1 (UGNT1) (Mortimer et al., 2013; Fang et al., 2016;
Ebert et al., 2018; Ishikawa et al., 2018; Jing et al., 2021). GMT1
has been shown to produce mannose- or hexose-mannose-
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linked GIPCs, whereas GINT1 mainly transfers glucosamine
(GlcN) or N-acetyl-glucosamine (GIcNAc) to the GIcA-IPCs
(Ishikawa et al., 2018). The Arabidopsis gonst1 mutant shows
reduced content of mannose-GIPCs and accumulates
more GIcA-IPCs (Mortimer et al., 2013), whereas loss of the
UDP-GIcNAc transporter results in a significant GIcN(Ac)-
GIPC deficiency (Ebert et al., 2018).

Sphingolipid base phosphorylation

Phosphorylation is an important form of sphingolipid
modification and is closely related to sphingolipid function.
Phosphorylation can occur at the C-1 OH position of LCBs
by long-chain base kinases (LCBKs) to form LCB 1-
phosphates (LCB-Ps) (Nishiura et al., 2000; Imai and Nishiura
2005) or at the C-1 OH position of ceramides by ceramide
kinases to form ceramide 1-phosphates (C1Ps) (Liang et al.,
2003). Dephosphorylation and phosphorylation together
create a dynamic balance of LCBs/LCB-Ps and ceramides/
C1Ps in cells and affect plant resistance to environmental
stresses. The plant LCB-1-P phosphatases, including phyto-
S1P phosphatase (SPPASE) and phyto-S1P lyase (DPL1),
have been identified, but the enzymes responsible for cer-
amide-1-phosphate dephosphorylation have not (Liang et al.,
2003; Guo and Wang, 2012; Nakagawa et al., 2012;
Luttgeharm et al., 2016; Qin et al., 2017).

Sphingolipid degradation

Degradation of sphingolipids has been well investigated in
mammalian cells. The pH optima of ceramidases (CDases) can
be acidic, neutral, or alkaline (Gault et al., 2010). In Arabidopsis,
an alkaline ceramidase (AtACER) has been shown to hydrolyze
t18:0-ceramides, and several neutral ceramidases (AtNCERs)
can degrade hydroxyceramides into sphingosine and fatty acids
(Li et al., 2015; Wu et al., 2015). In addition, an OsCDase in rice
with an optimum pH of 5.7-6.0 has been demonstrated to
preferentially hydrolyze d18:1A4-ceramide over t18:0-ceramide,
consistent with the properties of neutral CDases (Mao and
Obeid, 2008; Pata et al., 2008). Interestingly, enzyme activity
analysis in yeast systems indicates that OsCDase may exhibit
reverse ceramidase activity: once induced, the enzyme can
increase the content of C26- and C28-phytoceramides (Pata
et al., 2008).

In human, glucocerebrosidases that release Cer and glucose
from a glucocerebroside are reportedly related to severe
diseases such as Gaucher disease (a lysosomal storage disorder
caused by mutations of glucocerebrosidase) (van Weely et al.,
1993). Their Arabidopsis homolog was recently reported to be
glucosylceramidase (GCD) AtGCDS3, which preferentially
hydrolyzes glucosylceramides that contain long acyl chains.
The knockout mutant of GCD3 shows no obvious phenotype
compared with the WT (Dai et al., 2020). The author also
predicted the existence of another three AtGCDs based on
sequence homology analysis (Dai et al., 2020).

In cabbage leaves, a GIPC-specific phospholipase D (GIPC-PLD)
was found to cleave at the D position of the ester linkage between
inositol and phosphate to produce phytoceramide 1-phosphate
(PC1P) (Hasi et al., 2019). The enzyme exhibits a substrate
preference for GIPCs that contain two sugars (Hasi et al., 2019).
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Figure 1. Plant sphingolipids and diagrams of their structures

(A-F) (modified from Dunn et al.,, 2004 and Cacas et al., 2013). (A) Sphingoid LCBs. (B) Ceramide backbones. (C) Hydroxyceramides. (D)
Glucosylceramides. (E) Inositolphosphoceramides. (F) GIPCs in plants. They can be divided into seven series based on their head groups. Purple
cycle with X on it indicates GIPCs with only Hex head groups connected with inositol. R1 refers to OH, NH,, or N(Ac) (Cacas et al., 2013). Cer,
ceramides; Hex, hexose; Pen, pentose.
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Figure 2. Diagram of sphingolipid metabolism in plants
Enzymes involved in sphingolipid metabolism pathways are in blue characters; regulators are in red characters and are also indicated by the triangular

symbol. Dotted line with a question mark means that the details are unknown.

ER, endoplasmic reticulum; TGN, trans-Golgi network; ORMs, orosomucoid-like proteins; 3-KSR, 3-ketodihydrosphingosine reductase; SBHs, sphin-
goid base hydroxylases; LOH, lag one homologue; PLM, phloem unloading modulator; FAHSs, fatty acid C-2 hydroxylases; GCS, glucosylceramide
synthase; Pl, phosphatidylinositol; DAGs, diacylglycerols; DPL1, phyto-S1P Iyase one; SPPASE, phyto-S1P phosphatase; IPCSs, in-
ositolphosphorylceramide synthases; IPUT1, inositol phosphorylceramide glucuronosyltransferasel; GIPCs, glycosyl inositol phosphoceramides;
GMT1, GIPC mannosyl-transferase1; GINT1, glucosamine inositol phosphorylceramide transferase one; GONST1/GONST2, Golgi-localized nucleotide
sugar transporter 1/2; UGNT1, UDP-N-acetyl-D-glucosamine transporter one; LCBKs, long-chain base kinases; GCDs, glucosylceramidases; GIPC-

PLD, GIPC-specific phospholipase D; NPC4, nonspecific phospholipase C4.

SPHINGOLIPID DIVERSITY

Sphingolipids are structurally diverse owing to differences in
sphingoid bases, fatty acyl chains, and polar head groups

In addition, a nonspecific phospholipase C4 (NPC4) was recently
reported to hydrolyze GIPCs during phosphate deficiency (Yang
et al.,, 2021). In general, our understanding of the sphingolipid
degradation process in plants is still rudimentary (Figure 2).
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acyl chain (168 species):

four free LCBs (d18:0, d18:1, t18:0,
t18:1) and four phosphorylation forms
40 ceramides (four LCBs linked to
¢16:0, ¢18:0, c20:0. c20:1, c22:0,
c22:1, c24:0, c24:1, c26:0, c26:1)

40 hCers; 40 GlcCers with hydroxy
fatty acyl chains

40 GIPCs with hydroxy fatty acyl chains

Publications Characteristics Organism Detection methods
Chen et al., 2006 distinguished six LCBs: t18:1(2), A. thaliana HPLC-MS

t18:1(E), t18:0, d18:1(2),

d18:1(E), d18:0
Markham and Jaworski, 2007 | distinguished eight LCBs with 10 fatty | A. thaliana HPLC/ESI-MS/MS

Buré et al., 2011

distinguished eight GIPC LCBs:
118:1(82); t18:1(8E); t18:0; d18:1(4E);
d18:1(8E); d18:2(4E,82); d18:2(4E,8E);
d18:0

A. thaliana (Col-0 and
Landsberg erecta)
N. tabacum

GC/MS

distinguished 25 GIPCs: Glc-GlcA-IPC
£18:0 and t18:1 with hydroxy and non-
hydroxy fatty acyl chains

A. thaliana (Col-0 leaves)

distinguished 54 GIPCs:
Glc-GIcA-IPC; Hex-Glc-GIcA-IPC;
(Ara),-Hex-Glc-GIcA-IPC; (Ara)s-Hex-
Glc-GIcA-IPC; (Ara)4-Hex-Glc-GIcA-
IPC: t18:0 and t18:1 with hydroxy and
non-hydroxy fatty acyl chains

A. thaliana (Landsberg
erecta cells)

distinguished 121 GIPC: GIcN-GIcA-
IPC; GIcNAc-GIcA-IPC; Hex-GIcN-
GlcA-IPC; Hex-GlcNAc-GIcA-IPC; Ara-
Hex-GlcN-GIcA-IPC; Ara-Hex-
GlIcNAc-GIcA-IPC; Ara-(Hex),-GIcN-
GIcA-IPC
Ara-(Hex),-GlcNAc-GIcA-IPC; Ara-
(Hex)3-GlcN-GIcA-IPC; Ara-(Hex)s-
GlIcNAc-GIcA-IPC; (Ara),-(Hex)s-GIcN-
GIcA-IPC; (Ara),-(Hex)s-GIcNAc-GIcA-
IPC. t18:0 and t18:1 with hydroxy and
non-hydroxy fatty acyl chains

N. tabacum

MALDI-MS and
ESI-MS/MS

Kimberlin et al. 2013

additionally distinguished 40 t20:0-
based sphingolipids: t20:0-based
Cers, hCers, GlcCers and GIPC

A. thaliana

LC-ESI-MS/MS

Cacas et al., 2013

distinguished GIPCs with different
head groups in different plants:
Hex-IPC; Hex(R1)-HexA-IPC; Hex-
Hex(R1)-HexA-IPC
Hex-(HexA)s-IPC; (HexA),-IPC;
PenHexHex(R1)-HexA-IPC
(Hex),Hex(R1)-HexA-IPC;
Pen(Hex),Hex(R1)-HexA-IPC
(Pen)oHexHex(R1)-HexA-IPC;
Pen(Hex)zHex(R1)-HexA-IPC
(Pen)o(Hex)o,Hex(R1)-HexA-IPC;
(Pen)sHexHex(R1)-HexA-IPC
(Pen)4HexHex(R1)-HexA-IPC

23 plant species

MALDI-Q-TOF-MS
and ESI-MS/MS

Table 1. Widely-referenced methods of sphingolipid analysis

(Continued on next page)
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Publications

Characteristics

Organism

Detection methods

Tarazona et al., 2015

detected sphingolipids together with
other lipids via an enhanced
multiplexed LC-MS platform for broad
and in-depth analysis of plant lipids:
31 ceramide species;

24 hexosylceramide species

36 GIPC species

A. thaliana

UPLC-MS

Fang et al., 2016

detected different monosaccharide
compositions of GIPC headgroups,
including Ara, GlIcN, Gal, Glc, Man, and
GIcA

A. thaliana

LC-MS/MS and HPAEC-PAD

with odd number LCBs and fatty acyl

Cacas et al., 2016 detected sphingolipids with odd A. thaliana and GC-MS
number fatty acyl chains N. tabacum
detected different monosaccharide MALDI-TOF-MS
compositions of GIPC headgroups

Ishikawa et al., 2018 detected 166 sphingolipids with d18:0, | A. thaliana LC-MS/MS
d18:1, d18:2, t18:0, t18:1 LCBs
detected 100 sphingolipids (containing | Oryza sativa
odd number fatty acyl chains)

Wang et al., 2020a Identified a new glycosylsphingolipid Psychotria serpens NMR and MS

(LC-MS, and GC-MS)

chain

Ngo et al., 2020 Identified the new phytosphingolipid

markhasphingolipid A

Markhamia stipulata
var. canaense V.S. Dang

IR, UV, HR-ESI-MS,
HR-ESI-MS/MS and NMR

Panzenboeck

et al., 2020 the Rubus idaeus sample

Found four GIPCs containing t18:2 in

Lactuca sativa var. capitata
nidus tenerimma, Spinacia
oleracea, Rubus idaeus and
Fragaria

RP-HRMS/MS using the
open-source program LDA for
automated GIPC assignment

Table 1. Continued

ESI/MS, electrospray ionization MS; ESI-MS/MS, electrospray ionization tandem MS; MS; HPLC/ESI-MS/MS, high-performance liquid chromatography
electrospray ionization tandem MS; GC/MS, gas chromatography-MS; MALDI-(Q)-TOF-MS, matrix-assisted laser desorption ionization (quadrupole)
time-of-flight MS; UPLC-MS, ultraperformance liquid chromatography-tandem MS; IR, infrared spectroscopy; UV, ultraviolet; HPAEC-PAD, high-perfor-
mance anion-exchange chromatography with pulsed amperometric detection; HR-ESI-MS/MS, high-resolution electrospray ionization tandem MS; LDA,

an open-source software lipid data analyzer.

(Merrill et al., 2009, see Table 1). Most plant LCBs contain 18 or 20
carbons and differ from each other in the number or position of
hydroxyl groups and double bonds or in the conformation of
molecules  (Figure  1). A high-performance liquid
chromatography (HPLC) analysis identified the major plant C18
LCBs, including t18:1(2), t18:1(E), t18:0, d18:1(2), d18:1(E), and
d18:0 (Chen et al., 2006). Plants also contain traces of another
four C18 LCBs (d18:2(4E,8E), d18:2 (4E,82), t18:2 [with
unknown structure], and a unique d18:1 [with a C10=C11
double bond]), one C20 LCB t20:0, and special d21:1 or d22:1
LCBs (the last two LCBs contain a C7=C8 double bond), which
have been validated by either mass spectrometry (MS) or
nuclear magnetic resonance (NMR) (Kimberlin et al., 2013; Ngo
et al.,, 2020; Panzenboeck et al., 2020; Wang et al., 2020a).
However, the two common LCBs d20:0 and d20:1, which are
detected in animals and Saccharomyces cerevisiae, are rarely
reported in plant samples (De Castro Levatti et al., 2017; Zhu
et al., 2020).

Fatty acids with different chain lengths, saturations, or modifica-
tions also complicate sphingolipid structures. A widely used pro-
tocol based on reversed-phase HPLC separates sphingolipids
with 10 nonhydroxy fatty acyl chains (C16:0, C18:0, C20:0,

C20:1, C22:0, C22:1, C24:0, C24:1, C26:0, C26:1) and 10 C2-
hydroxy fatty acyl chains (Markham and Jaworski, 2007). In
addition, a low abundance of odd-chain fatty acids (like C23:0
and ¢25:0) can also be detected compared with even-chain fatty
acids such as C24:0 or C24:1 (Cacas et al., 2016). Different
combinations of LCBs and fatty acid chains contribute to the
variety of ceramide backbones (~100 species). Glycosylation of
head groups in sphingolipids further enriches the structure
database of sphingolipids. By contrast, the constituent
monosaccharide-ceramides in animals can be glucosylcera-
mides, galactosylceramides, and so on, but they are exclusive
glucosylceramides (GlcCers) in plants (Schulze and Sandhoff,
2014; Norberg et al., 1991). The animal disaccharide-ceramides
or polysaccharide-ceramides, such as lactosylceramides or glo-
bosides, have not been detected in plants (Schulze and Sandhoff,
2014). Compared with GlcCers, GIPCs are present at quite high
abundance in plants and in multiple forms (Buré et al., 2011;
Cacas et al.,, 2013; Adem et al., 2021) that are absent in
animals. The classic structure of plant GIPCs consists of a
ceramide backbone, inositol phosphate, glucuronic acid, and
saccharide residues (Figure 1F modified from Cacas et al.,
20138). Cacas et al. (2013) identified an unusual GIPC lacking
hexuronic acid (HexA) in the algae Chondracanthus acicularis
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via ESI-MS/MS (Cacas et al., 2013). In this work, they identified an
extra 21 polar head structures in GIPCs from 23 different plant
species, enlarging the existing database of 54 Arabidopsis
GIPCs and 121 tobacco GIPCs provided by Buré et al. (2011).
They identified the sugar residues as hexoses (or hexose-R1,
R1 representing an OH, NH,, or N(Ac) group) and pentoses (or
pentose-R1), but they did not distinguish the isomers of different
sugar residues as before (Buré et al., 2011; Cacas et al., 2013).
Mortimer et al. (2013) showed that the isomers of GIPC head
groups could be arabinose, galactose, mannose, glucose, and
so on. In total, based on their polar head variability, the plant
GIPCs are generally classified into seven series bearing one to
seven saccharide units (series 0-F) (see Figure 1F, Table 1).
This classification can cover most of the detectable GIPCs;
however, an exception also exists, in that tobacco leaf GIPCs
probably contain more than 10 sugar residues (Kaul and Lester,
1975).

DISTRIBUTION

Sphingolipids only make up a small proportion (0.5%-10%) of the
total lipid content in plant cells, depending on cell type and plant
species, and this proportion is also strongly influenced by extrac-
tion and detection methods. A comparison of sphingolipidomes
indicates a striking difference between Arabidopsis leaf and pol-
len sphingolipids: the sphingolipid LCBs in leaves are mainly
t18:1, t18:0, d18:1, and d18:0, whereas they include a large per-
centage of d18:2 in pollen (Chen et al., 2006; Markham et al.,
2006; Luttgeharm et al., 2016). In addition, there are more free
LCBs and ceramides in pollen than in leaves (Markham and
Jaworski, 2007). Meanwhile, the most abundant sphingolipids
in leaves are GIPCs, whereas those in pollen are GlcCers
(Luttgeharm et al., 2016). Leaf GIPCs are primarily Hex(OH)-
HexA-IPC (series A), with a small amount of Hex-Hex(OH)-
HexA-IPC (series B), whereas pollen GIPCs consist mainly of
Hex(NAc)-HexA-IPCs (series A), (Pen)s-Hex-Hex(NAc)-HexA-
IPCs (series E), (Pen)>-Hex-Hex(NAc)-HexA-IPCs (series D), and
trace amounts of Hex-Hex(OH)-HexA-IPCs (series B)
(Luttgeharm et al., 2016). Using the published database, we
also compared sphingolipids among different plant species. A
detailed report on polar heads of GIPCs demonstrates that
plants have their own characteristic sphingolipids (Cacas et al.,
2013). In addition, differences in the number of sugar residues
linked to the IPCs may contribute to plant susceptibility to
pathogens that produce necrosis and ethylene-inducing peptide
1-like (NLP) proteins (Lenarcic et al., 2017). The composition and
distribution of sphingolipids (free LCBs, Cers/hCers, GlcCers,
and GIPCs) also differ among different plants. For example, rice
leaf sphingolipids have a higher cis/trans LCB ratio and non-
hydroxy fatty acid ratio than Arabidopsis leaf sphingolipids
(Ishikawa et al., 2016; Markham et al., 2006).

As lipids, some sphingolipid groups are the major components of
membrane lipids. For example, GlcCers and GIPCs constitute
about 40% of plant plasma membrane (PM) lipids (Sperling
et al., 2005; Vu et al., 2014; Grison et al., 2015; Tarazona et al.,
2015) and are enriched in the membrane outer leaflet
(Tjellstrom et al., 2010). Sphingolipids are also relatively
abundant in the plant tonoplast, ER, and Golgi, accounting for
up to 20% of the total lipids in these membranes (Verhoek
et al., 1983; Warnecke and Heinz, 2003; Fouillen et al., 2018).
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Previous investigations have shown that sphingolipids are
highly enriched in plasmodesmata (PDs) and extracellular
vesicles (EVs), accounting for over 40% of the membrane lipids
in these structures (Grison et al.,, 2015; Liu et al., 2020b).
However, in the chloroplast and mitochondrion, sphingolipids
are undetectable or present only at trace levels (Verhoek et al.,
1983).

The sphingolipids are not evenly distributed in cellular mem-
brane systems. In the Arabidopsis rosette leaf, the proportions
of Cers, hCers, GlcCers, and GIPCs relative to total sphingoli-
pids are 4%, 3%, 37%, and 56% (Markham and Jaworski,
2007). Recently, a published article compared the Arabidopsis
leaf plasma and vacuolar membrane sphingolipidomes
(Carmona-Salazar et al., 2021). It revealed different
sphingolipid compositions in the microsomal membranes
(MICs) (which are a heterogeneous population of membrane
vesicles from different organelles and the PM), vacuolar
membranes (VMs), PMs, and PM-derived detergent-resistant
membranes (DRMs) (Carmona-Salazar et al., 2021). In general,
the MICs had the lowest sphingolipid content (relative to
protein content), and DRMs contained the most sphingolipids.
In all membrane fractions, Cers accounted for the smallest
proportion, whereas GIPCs were the major constituents
(except in VMs) (Carmona-Salazar et al., 2021). Consistent
with previous reports, the percentage of GIPCs in PM
sphingolipids was ~70% (% mol), whereas that in DRMs was
44% (lower than in the PM), in contrast to data from tobacco
(Grison et al., 2015; Cacas et al., 2016; Liu et al., 2020a;
Carmona-Salazar et al.,, 2021). The authors explained this
result based on the preference of DRMs for individual
sphingolipid species. Combined with other findings, we would
like to provide another explanation: Triton X-100 treatment
alters the restriction of GIPC-PLDs or other lipases in PMs and
results in GIPC degradation to Cers or hCers. We also notice
that the VMs contain a large amount of GlcCers, indicating
that endo-membranes prefer the simple glycosyl sphingolipid
GlcCers to the complex GIPCs. However, the situation is
completely reversed in the PM, PD, and EVs: they are enriched
in the GIPCs, which are thought to mainly aggregate outside the
protoplast (Warnecke and Heinz, 20083; Grison et al., 2015; Liu
et al., 2020b).

Overall assessment of sphingolipid profiles also suggests that
membrane structures are characterized by sphingolipids with
distinct side chains. We have reported that sphingolipids contain-
ing saturated LCBs and fatty acyl chains are more abundant in
PDs than in PMs and have shown that saturated LCB chains
can bind proteins to regulate PD function (Liu et al., 2020a).
Coincidentally, Carmona-Salazar et al. (2021) revealed that the
saturation of sphingolipids was higher in Arabidopsis leaf DRMs
than in the PM fraction, indicating that the DRMs in the PM may
function in recruiting specific proteins (Carmona-Salazar et al.,
2021).

DRMs and sphingolipid-sterol rafts

Membranes are always nonuniform or asymmetrical lipid bila-
yers. The ‘rafts’ concept has been proposed to describe clus-
ters of sphingolipids and cholesterol that form platforms for
protein attachment within the fluid membranes owing to phase
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Figure 3. Sphingolipid movement patterns
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separation; they contribute significantly to membrane lateral
heterogeneity (Ahmed et al.,, 1997; Simons and Ikonen,
1997). Native raft units are small (10-200 nm) and tend to
form large raft regions through protein-protein, lipid-lipid, or
protein-lipid interactions (Kusumi and Suzuki, 2005; Pike
2006). Among the membrane lipids, sphingolipids exhibit
unique properties such as contributing to the molecular order
(rigidity) of phospholipid membranes, giving rise to lateral
phase separation, interacting with sterols, and forming
membrane microdomains (Goni and Alonso, 2006; Alonso
and Goni, 2018). A method of detergent treatment at low
temperature has been commonly used to study the
components or functions of sphingolipid-sterol rafts. When
treated with detergents at 4°C, cell membranes can be
cracked into non-solubilized fractions called DRMs. In plants,
these DRMs (mainly extracted upon Triton X-100 treatment)
have been shown to contain abundant sphingolipids
(especially GIPCs) and sterols, as well as an accumulation of
certain proteins (Simon-Plas et al., 2011). However, the
properties of detergents have also led to sharp criticisms of
the DRM concept, such as the assertion that Triton X-100
actually promotes lipid condensation in the PM (Munro,
2003; Tanner et al., 2011). Even so, DRMs are still
considered to be a starting point for the analysis of plant
sphingolipid-sterol-enriched membrane microdomains.

(?(/ Lipid microdomains have been found in the
animal ER and Golgi, but they are present
only in the Golgi not in ER membranes
upon Triton X-100 treatment (Laloi et al.,
2007). The lipid clusters can coalesce
some proteins, which benefit membrane
bending and vesicle fission during
trafficking processes, to form stable
phases and transfer to the apical PM or
elsewhere (Simons and lkonen, 1997;
Gkantiragas et al., 2001; Paladino et al.,
2007; Legrand et al, 2019). In plants,
Golgi-derived DRMs and PM-derived
DRMs have similar GlcCer compositions
(Laloi et al., 2007). Depending on the plant species, PM-derived
DRMs have approximately 2-fold to 7-fold higher sphingolipid
levels (mainly GIPCs) than non-DRM regions in the PM (Simon-
Plas et al., 2011). Cacas et al. (2016) showed that Nicotiana
tabacum DRMs were more enriched in GIPCs with
2-hydroxylated VLCFAs and polyglycosylated GIPCs compared
with the total PM fraction. Consistent with the findings of
Carmona-Salazar et al. (2021), they also reported enrichment of
t18:n-based GIPCs but did not provide quantitative data for
Cers and hCers in DRMs (Cacas et al., 2016; Carmona-Salazar
et al.,, 2021). The relationships between the composition and
function of these DRMs in plants require further study.

SPHINGOLIPID TRAFFICKING

Ceramides, the backbones of sphingolipids, are synthesized in
the ER, and the major plant sphingolipids such as GIPCs are pro-
duced in the Golgi. Sphingolipid trafficking and biosynthesis are
naturally related. Once synthesized, sphingolipids may undergo
translocation, sorting, and transport movements and finally
localize to membranes via a sophisticated network. In this sec-
tion, we mainly introduce sphingolipid movements, including
short-distance intramembrane transport/translocation, sorting,
and long-distance intermembrane transport (Figure 3), and we
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discuss factors that affect sphingolipid trafficking (Riboni et al.,
2010; Hurlock et al., 2014).

Intramembrane transport/translocation

In vitro assays of different sphingolipids in different media (e.g.,
fluid lipid bilayers composed of dipalmitoylphosphatidylcholine
or palmitoyloleoylphosphatidylcholine) demonstrate that their
lateral diffusion rates vary from 107 '° to 107 cm?/s (Riboni
et al., 2010). Lateral diffusion contributes to the flexible
movement of sphingolipids in bilayers and also provides
opportunities for sphingolipid aggregation. In turn, sphingolipid
lateral phase separation, which results in membrane lateral
heterogeneity through the formation of sphingolipid-enriched do-
mains, restricts lateral diffusion of sphingolipids and is largely
regulated by sterols or proteins (Riboni et al., 2010). For
example, the single-particle tracking system shows that the
sphingolipid GM1 undergoes transient confinement in the PM
through interaction within sphingolipids or sterols (Sheets et al.,
1997). In addition, the lateral diffusion of sphingolipids can
directly mediate sphingolipid flux among cellular organelles
through membrane contact sites (Csordas et al., 2006; Grimm,
2012). For instance, the continuous ER attaches to the outer
membrane of mitochondria (Csordas et al., 2006) and mediates
the direct flow of ceramides to mitochondria (Grimm, 2012).
The local excess of ceramides can form ceramide channels and
induce mitochondrial outer-membrane permeabilization to
proteins (Siskind, 2005; Figure 3A).

Sphingolipid “flip-flop” movement can occur spontaneously or
be mediated by facilitators, and the frequency depends on the
sphingolipid species. In general, transbilayer movement of sphin-
golipids with complex head groups takes place more slowly than
that of sphingolipids with simple head groups. In model mem-
branes, the animal sphingolipid gangliosides and sphingomyelins
(SMs) display little transbilayer movement, whereas GlcCers and
Cers can move freely between layers (Buton et al., 2002; Riboni
et al,, 2010, Figure 3B). Limitation of transbilayer movement
ensures membrane asymmetry. It has been proposed that
complex animal sphingolipids synthesized on the Golgi luminal
side, which are later transported to the PM outer layer, show
little translocation to the cytosolic face (Zachowski, 1993;
Riboni et al., 2010). Similarly, in plants, the GIPCs are
hypothesized to localize exclusively to the apoplastic face,
whereas the GlcCers are present at both the apoplastic and
cytosolic faces (Cacas et al., 2016). Nonetheless, it remains
unknown whether GIPCs never move to membrane cytosolic
faces. Facilitators that help with sphingolipid transbilayer
movement can be divided into three classes: the flippases
(which mediate movement from the outer to inner layer),
floppases (inner to outer layer), and scramblases (bidirectional
movement). In plants, the flippase that facilitates movement of
GlcCers to the cytosolic membrane surface has been reported
(Davis et al., 2020), but the floppases and scramblases have
not been identified.

Intermembrane transport

The distinct distributions of sphingolipids in membranes raise the
question of how sphingolipids are transported between different
membranes. Intermembrane movement of sphingolipids gener-
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ally occurs in two forms: non-vesicular (or protein-mediated)
and vesicular transport. In animal cells, the mechanism of the
most typical case of the non-vesicular sphingolipid transporter
CERT has been well illustrated (Hanada et al., 2003). The
protein uses its FFAT motif (two phenylalanines [FF] in an acidic
track [AT]) to seek the ER, the START domain binds with
Cers, and the PH (pleckstrin homology) domain targets
phosphatidylinositol 4-monophosphate-enriched areas of the
Golgi, thereby transporting the Cer between the ER and Golgi
(Hanada et al., 2003). In addition, animal FAPP2 can mediate
the movement of GlcCers from the cis-Golgi to the trans-
Golgi (D’Angelo et al., 2007). In plants, the ceramide
kinase accelerated cell death 11 (ACD11) and a glycolipid
transfer protein (GLTP1) are regarded as possible candidates
for sphingolipid transporters (Brodersen et al., 2002; West
et al., 2008), although solid evidence is lacking.

Vesicular transport is the dominant mode of sphingolipid inter-
membrane transport. Cers have been shown to associate with
ER-derived vesicles (Kajiwara et al., 2008; Giussani et al.,
2009), and the complex sphingolipids synthesized in the Golgi
lumina are also packaged into vesicles by uncertain
mechanisms (Holthuis and Levine, 2005). In plants, studies
have shown that vesicular transport behavior can easily be
affected by the sphingolipid biosynthesis process. For example,
the TGN secretes VLCFA-sphingolipid-enriched secretory
vesicles to assist auxin carrier PIN2 to the apical membrane
(Wattelet-Boyer et al., 2016). Inhibition of VLCFA synthesis by
Metazachlor can decrease hydroxy-VLCFA (hVLCFA)-based
sphingolipids and affect TGN-associated secretory vesicles
(SVs) and PIN2 polar localization, indicating that sphingolipid
biosynthesis and trafficking are closely related (Wattelet-Boyer
et al., 2016). Coincidentally, the Arabidopsis loh1-1 loh3-1 mutant
with impaired ceramide synthesis displays disruptions in the en-
dosome transport system and auxin transport (Markham et al.,
2011). In addition, animal COP | vesicles that bud from the
Golgi have been found to contain low amounts of sterols and
stearoyl sphingomyelins, except N-stearoyl sphingomyelin
(SM18) (Brugger et al., 2000). The p24 protein, which can
recruit COP | vesicles, has been demonstrated to have the
specific ability to bind with SM18 (Contreras et al., 2012).
Considering that COP  I-coated vesicles mediate
transport across the TGN to the Golgi and from the Golgi to the
ER, the above findings also imply that COP I-dependent vesicle
trafficking may be associated with certain sphingolipid (SM18)
trafficking. Impairing endosomal trafficking by knocking out
Golgi transmembrane 9 superfamily member 2 (TM9SF2)
reduces the level of glycosphingolipids such as
globotriaosylceramide (Gb3) (Tian et al., 2018). Our previous
work also showed that the Arabidopsis tetraspanin 8
mutant contained significantly lower GIPC levels than the
WT (Liu et al.,, 2020b). Although our understanding of them
remains rudimentary, factors that affect plant sphingolipid
transport deserve further investigation.

Sphingolipid sorting

Enzymes involved in sphingolipid biosynthesis intrinsically
form sphingolipid sorting modulators. For example, deletion
of Arabidopsis SLDs reduces not only the unsaturation of the
LCBs but also the GilcCer/GIPC ratio (Chen et al., 2012).
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Enzyme activity analysis shows that the AtSLDs are not
enzymatically distinct and do not specifically target one class
of sphingolipids (Chen et al., 2012). Considering that GCS is
ER localized whereas IPCS is Golgi localized, the authors
proposed a model in which ceramides containing t18:1A8
trans or t18:0 are preferentially shuttled from the ER to the
Golgi for GIPC synthesis (Chen et al., 2012). In the sld1 sld2
mutant, increased flux of t18:0-ceramides to the Golgi results
in elevated GIPC content (Chen et al., 2012). In addition,
proteins that display selectivity to certain sphingolipids may
regulate sphingolipid translocation. In our previous work, we
found that the plant PD membrane contained more saturated
LCB-based sphingolipids and that the PD-localized protein
PDLP5 had the specific ability to bind with t18:0-based sphin-
golipids (Liu et al.,, 2020a). However, more evidence of
facilitators that help to sort sphingolipids and maintain
membrane lateral heterogeneity is still needed.

FUNCTIONS

Membrane components

Sphingolipids are crucial for maintaining the morphology of mem-
brane systems and modulating membrane function. Inhibition of
ceramide synthesis by FB1 (fumonisin B1) causes mislocation of
auxin carrier proteins by inducing small vesicular structures like
dismantled vacuoles or fused vesicles in plant cells (Markham
et al., 2011). Downregulation of the SPT subunit LCB2 leads to
the destruction of both ER and Golgi membranes in Arabidopsis
pollen (Dietrich et al., 2008). Blocking GlcCer biosynthesis by
PDMP  (D,L-threo-1-phenyl-2-decanoylamino-3-morpholino-1-
propanol) induces Golgi heteromorphosis with swollen surround-
ing vesicles and, as a result, causes the breakage of the Golgi-
dependent protein secretory pathway (Melser et al., 2010).
Abundant in the plant cell PM and PD, sphingolipids associate
with sterols to build sphingolipid-enriched microdomains and
provide locations for protein anchoring, thereby restricting
protein diffusion (Simons and van Meer 1988; Grison et al.,
2015). Changes in sphingolipid composition of membranes affect
the aggregation of PD proteins and finally PD function (Huang
et al, 2019; Liu et al, 2020a). In animals, sphingosines or
ceramides form specialized channels: sphingosines form
channels in the erythrocyte PM with short open lifetimes and
small diameters (<2 nm), whereas ceramide channels in
mitochondrial outer membranes have longer open times and
larger apertures to allow the passage of proapoptotic proteins
(Siskind, 2005). Efforts should be made to investigate whether
such channel structures exist in plants.

Sphingolipids also act as powerful supporters to help the mem-
brane cope with abiotic stresses. In response to chilling treat-
ment, Arabidopsis plants are stimulated to increase GIPCs and
decrease GlcCers (Nagano et al., 2014). Moreover, increasing
the saturation of sphingoid long-chain bases impaired plant
tolerance to low temperature, as sphingolipid unsaturation may
be involved in membrane fluidity and the maintenance of H+-
ATPase function in the PM (Chen et al., 2012).

Receptors or sensors

Located in the outer layer of the PM, sphingolipids with sugar
head groups may act as surface receptors to sense ectocytic sig-
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nals. Similar to some animal glycosphingolipids (Smith et al.,
2004), plant GIPCs have been found to recognize NLP
microbial toxins (Lenarcic et al., 2017). Toxin binding assays
show that the NLP toxins have selective binding affinity for
series A GIPCs (Figure 1F), which are the major forms of GIPCs
in eudicots, providing an explanation for why eudicots are more
sensitive than monocots to NLP cytolysins (Lenarcic
et al., 2017). In addition to being toxin sensors, plant
sphingolipid GIPCs also exhibit the ability to sense salt through
direct binding of Na*, subsequently triggering Ca®* influx (Jiang
et al., 2019).

Signaling molecules

Sphingolipids, particularly ceramides, LCBs, or their phosphory-
lated forms, can act as signaling molecules to regulate plant
development and stress responses. In plants, sphingosine-1-
phosphate (S1P, also named dihydrosphingosine-1-phosphate
or dh-S1P) has been shown to affect stomatal aperture via the ab-
scisic acid (ABA)-mediated signaling pathway (Coursol et al.,
20083). However, exogenous application of S1P fails to alter
stomatal aperture and guard cell ion channel activities in
heterotrimeric G protein alpha-subunit gene knockout plants,
which indicates that S1P signaling may be closely related to G
protein-coupled signaling pathways (Coursol et al., 2003). In
Commelina communis leaves, drought-induced S1P elevation
or the application of S1P can trigger a Ca®* spike and then
stomatal closure (Ng et al., 2001). Phytosphingosine phosphate
(phyto-S1P) is known to play a similar role in the control of
stomatal closure in the Pisum sativum epidermis by elevating
the NO content and pH of guard cells (Puli et al., 2016). A short
period of cold treatment increases the level of phyto-S1P and
ceramide-1-phosphate, suggesting a role for sphingolipids in
the rapid signaling response to low temperatures (Cantrel et al.,
2011).

Ceramides and free LCBs have been found to induce the hyper-
sensitive response (HR) or programmed cell death (PCD) in
plants, whereas their phosphorylated forms show the opposite
effect (Liang et al., 2003; Shi et al., 2007; Alden et al., 2011;
Lachaud et al., 2011; Saucedo-Garcia et al., 2011). Disruption
of sphingolipid biosynthesis always results in a trade-off be-
tween plant autotoxicity and defense. Liang et al. (2003)
identified the first Arabidopsis ceramide kinase known to affect
the balance between ceramides and C1Ps; it could modulate
PCD and plant resistance to the bacterial pathogen
Pseudomonas syringae pv. tomato (Pst). Shi et al. (2007)
reported that free sphingoid bases could trigger PCD, and S1P
could rescue the cell death induced by sphingosine but not
phyto-sph. Saucedo-Garcia et al. (2011) further reported that
LCB-induced PCD signals could be delivered via mitogen-
activated protein kinase 6 (MPK®6) and function as defense stra-
tegies against bacterial pathogens. Qin et al. (2017) then
reported that phyto-sph activated jasmonic acid (JA) and
phyto-S1P could initiate the salicylic acid (SA) signaling
pathway, and together they altered plant resistance to FB1
stress. Inhibition of ceramide synthase by noncontrolled
hydroxylated diterpene derivatives causes a severe toxin
reaction in Nicotiana attenuata, as well as in herbivores (Li
et al., 2021), whereas the controlled hydroxylated diterpene
strategy allows plants to gain resistance to their insect
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herbivores without ceramide-triggered autotoxicity (Li et al.,
2021). Infection by the virulent plant pathogen pst DC3000
triggers a temporary increase in free t18:0 in Arabidopsis,
whereas the avirulent pst DC3000 avrRpm1 causes sustained
upregulation of t18:0 (Peer et al., 2010). Exogenous application
of t18:0 or knocking out SLD elevates the expression of
disease resistance genes and enhances plant resistance
against pst DC3000 (Liu et al., 2020a). Moreover, Arabidopsis
mutants with abnormal sphingolipid content exhibit a
constitutive elevation of SA content and greater pathogen
resistance, indicating a role for sphingolipids as molecular
modulators of plant defense (Berkey et al., 2012; Magnin-
Robert et al., 2015; Zienkiewicz et al., 2020).

PERSPECTIVES

The last two decades have seen impressive research achieve-
ments in elucidating the biosynthesis and function of plant sphin-
golipids; however, there are still obstacles and difficulties to over-
come in order to gain a comprehensive understanding of
sphingolipids.

Extension of chemical information

Current sphingolipidomic studies rely heavily on liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS) with refer-
ence to known compounds; however, there are special sphingo-
lipids that require other analytic techniques, such as
markhasphingolipid A, which is identified specifically using
NMR. We also noticed that the widely used LC-MS/MS method
based on Arabidopsis has limitations in other plant species
(Markham and Jaworski, 2007). Ishikawa et al. (2016)
established a new MRM library to cover more GIPC structures
detectable in rice. However, a recent cotton sphingolipidomics
study, which contained only 18 GIPC species, with up to 5%
(% mol) of total sphingolipid content (Wang et al., 2020b),
indicated that the available MRM databases are still insufficient.
Thus, an integrative approach combining high-throughput
analyses, precise identification, and broad coverage will be
highly valuable for facilitating future research.

Except for some common sphingolipids such as free d18:0 or
some of the ceramides, few plant lipids are commercially avail-
able. Our recent report provided a method for the chemosyn-
thesis of the major plant sphingolipid LCB t18:1, which contains
both t18:18' and t18:13° conformations (Liu et al., 2020a), and
purification procedures of either trans- or cis-t18:1 can be
improved further. A troublesome problem is that plant GIPCs,
always harvested after long extraction times, are a complex
mixture with different ceramide backbones and head groups
(Buré et al., 2011; Hasi et al., 2020). Experiments using isolated
GIPCs leave uncertainties because they rely mainly on the
quality of the mixtures, and protocols to chemically synthesize
the simple GIPCs have yet to be developed. Thus, sphingolipid
research calls for innovation and further development of both
chemical and biological methodologies.

Updating of the metabolic pathway

The chemical diversity of sphingolipids contributes to the
complexity of composition and function of cellular membranes.
Most genes involved in sphingolipid biosynthesis, modification,
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and degradation in Arabidopsis thaliana have been identified.
Although sphingolipids are well studied, black boxes still exist
in the sphingolipid metabolism maps. For instance, nearly 200
GIPC species have been described in two reports (Buré et al.,
2011; Cacas et al., 2013); however, to date only three enzymes
and three sugar transporters involved in the decoration of GIPC
head groups have been reported (Figure 2). Research has
provided clues that membrane proteins with lipid binding
capacity can regulate sphingolipid content. In plants,
misexpression of Niemann-Pick disease type C1 (NPC1)-like pro-
tein, containing 11 predicted membrane-spanning regions and a
putative lipid binding site, causes transgenic Arabidopsis to
accumulate sphingolipids with hydroxylated fatty acyls
(Feldman et al., 2015). Knocking out one of the Arabidopsis
tetraspanin proteins, TET8, which has a potential sphingolipid
binding motif and is involved in extracellular vesicle secretion,
results in significantly decreased contents of GIPCs (Liu et al.,
2020b). Thus, the sphingolipid metabolism pathway must be
constantly updated.

Distribution issues

As mentioned earlier, the eukaryotic PMs are asymmetrical
because of the different lipid compositions of the inner and outer
leaflets, and they tend to exhibit lipid phase separation in one
leaflet (Bretscher, 1972; Lin and London, 2015). These
observations raise questions about the properties and
molecular functions of plant sphingolipids: (1) what is the
whole-cellular distribution of sphingolipids in plants? (2) How
can lipids in the inner monolayer be distinguished from those in
the outer monolayer? (3) How do these lipids stay in
separate phases within layers? (4) What is the importance or sig-
nificance of the heterogeneous lipid distribution?

Current lipidomic analysis of membrane fractions provides pri-
mary data for a sphingolipid atlas, and visualization of spatial
lipid distribution will contribute more solid evidence. Immuno-
labeling of certain sphingolipids via antibodies can display the
in situ distribution of sphingolipids. In plants, polyglycosylated
GIPCs in the tobacco PM have been shown to cluster around
the outer layer of the PM fraction using the immune colloidal
gold technique (Cacas et al., 2016). Fluorophore-labeled sphin-
golipids are widely used for lipid imaging in mammalian
cells (Makiyama et al., 2015). Fluorescence correlation
spectroscopy (FCS) with a stimulated emission depletion
(STED) microscope (STED-FCS) can reveal lipid dynamics
within the PM (Eggeling et al., 2009). Klitzing et al. (2013)
developed secondary ion MS (SIMS) imaging methods for
lipids: data pre-collected by bright field microscopy and low-
voltage scanning electron microscopy (SEM) were combined
with the signal abundance of isotope-labeled mass sphingoli-
pids to produce a distribution map of certain sphingolipids
(Klitzing et al.,, 2013). In addition, single particle tracking
systems have been used to evaluate heterogeneous
membranes (Komura et al.,, 2016). However, except for
immunolabeling methods, the abovementioned techniques are
seldom applied to plants.

Research shows that GIPCs prefer an aggregated status within
the ectocytic layer of plant cells (Cacas et al., 2016; Liu et al.,
2020b). The lipid-flip model suggests that sphingolipids with

Plant Communications 2, 100214, September 13 2021 © 2021 The Author(s). 11



Plant Communications

more complex head groups have less ability to undergo
transbilayer movement (Riboni et al., 2010), indicating that the
GIPCs may undergo special and stable transport before
targeting to the PM or EVs (Cacas et al.,, 2016; Liu et al.,
2020b). There are not enough studies on this topic, and more
evidence is therefore needed to support and explain the
maintenance of sphingolipid asymmetrical distribution between
bilayers.

Sphingolipid phase separation has been well illustrated based on
NMR spectroscopy in mammalian cells. Sphingomyelin molecules
have been shown to interact strongly with neighboring lipids via
hydrogen bonds and form lateral phase separation within mem-
branes (Boggs, 1987). Grosjean et al. (2015) showed that
phytosterols could create an ordered lipid phase through
formation of sphingolipid-sterol interacting domains. However, ef-
forts should still be made to explain the reason for and condition of
different sphingolipid separated phases in plants.

Proteins interacting with sphingolipids have been shown to func-
tion together within certain membrane structures. We have re-
ported that t18:0-based sphingolipids bind the PD-located pro-
tein PDLP5 to regulate PD permeability (Liu et al., 2020a).
Similar evidence suggests that lipid rafts (or liquid-ordered
phase) mediated via Remorin proteins are essential for SA-
induced PD closure. However, this work did not include lipidomic
analysis of the PD fraction or report the contributions of sphingo-
lipids to PDs (Huang et al., 2019). Thus, more focus should be
placed on how their particular structures contribute to
membrane fluidity and biophysical order and, finally, to
membrane functions.

Trafficking issues

Studies on sphingolipid trafficking in plants are few. It is not known
whether the principal factors of sphingolipid sorting are deter-
mined by the characteristics of lipids or proteins, nor is it known
how sphingolipids complete selective trafficking or what molecu-
lar mechanisms underlie the two different transport pathways
(protein-mediated and vesicular transport). Fluorophore-labeled
sphingolipids have been used to track sphingolipid intermem-
brane transport in microorganisms and mammalian cells
(Hackstadt et al., 1996; van Helvoort et al., 1997; Kenoth et al.,
2019). Transgenic plants (usually Arabidopsis) with different
tagged-marker proteins involved in lipid trafficking pathways
can be used to study sphingolipid transport. In addition,
lipidomic analysis of plant submembrane fractions or lipid-
protein complexes also provides clues for sphingolipid move-
ments (Grison et al., 2015; Liu et al., 2020a; Carmona-Salazar
et al., 2021). However, microscopy techniques (such as single
particle tracking) are needed to improve the visualization of
sphingolipid trafficking in plants.

Functional studies

Studies on sphingolipid function always revolve around two as-
pects: the membrane components and bioactive molecules.
Cellular membranes are formed from a chemically diverse set
of lipids present in various amounts and proportions. High lipid di-
versity is universal in eukaryotes and is seen from the scale of a
membrane leaflet to that of a whole organism, highlighting its
importance and suggesting that membrane lipids fulfill many

Sphingolipid metabolism, transport, and functions

functions. Indeed, alterations in membrane lipid homeostasis
are linked to various diseases.

The importance of sphingolipids in membranes is well known, but
the factors that affect plant membrane sphingolipid dynamics are
still poorly understood. Functional studies of plant membrane
sphingolipids start first from the biosynthetic enzymes. The influ-
ence of certain sphingolipids on cellular membranes must be
investigated carefully; for example, deleting the SLDs in
Arabidopsis alters PD sphingolipid composition as well as PD
function (Liu et al., 2020a). An unanswered question is how
membrane-associated proteins regulate sphingolipids, and the
interconnections between different classes of lipids and their
coordinated functions can be an exciting area of research. In
addition, understanding how membrane sphingolipid dynamics
are regulated by sphingolipid metabolism remains important,
and lipid trafficking mechanisms among cellular compartments
are also a challenging issue to address.

Free sphingolipids, such as ceramides, sphingosine, or their C1-
phosphates, are always signaling molecules and serve as second
messengers that function in the regulation of stress responses. In
animals, these bioactive sphingolipids have been shown to control
the balance of cell death/survival, cellular differentiation, senes-
cence, growth, inflammation, immunity, and so forth (Levi et al.,
2010; Subei and Cohen, 2015; Czubowicz et al., 2019). Several
classes of G protein-coupled receptors (GPCRs) are known to
interact with sphingosine-1-phosphate to conduct cellular signals
(Levi et al., 2010; Subei and Cohen, 2015). Although plant
sphingolipid signaling is associated with heterotrimeric G
proteins (Coursol et al., 2003), there is still no direct evidence of
plant sphingolipid receptors, such as SIP receptors.

Land plants are sessile and autotrophic organisms; although they
do not have a (typical) nervous system, they can respond to their
surroundings as readily as animals. Plant sphingolipid homeosta-
sis (including membrane lipids and signal lipids) is easily
disturbed by multiple environmental factors (Ng et al., 2001;
Cantrel et al., 2011; Chen et al., 2012). We are only beginning
to understand why even small changes in lipid structure or
composition can have profound effects on crucial biological
functions of sphingolipids. Although there are many unknowns,
interdisciplinary approaches have begun to reveal novel
functions of sphingolipids and their interactions. A detailed
picture of sphingolipids will help us to better understand plant
growth, development, and adaptation to ever-changing
environments.
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