Chapter 11
Plant Sphingolipid Metabolism and Function

Kyle D. Luttgeharm, Athen N. Kimberlin, and Edgar B. Cahoon

Abstract Sphingolipids, a once overlooked class of lipids in plants, are now recog-
nized as abundant and essential components of plasma membrane and other endo-
membranes of plant cells. In addition to providing structural integrity to plant
membranes, sphingolipids contribute to Golgi trafficking and protein organizational
domains in the plasma membrane. Sphingolipid metabolites have also been linked
to the regulation of cellular processes, including programmed cell death. Advances
in mass spectrometry-based sphingolipid profiling and analyses of Arabidopsis
mutants have enabled fundamental discoveries in sphingolipid structural diversity,
metabolism, and function that are reviewed here. These discoveries are laying the
groundwork for the tailoring of sphingolipid biosynthesis and catabolism for
improved tolerance of plants to biotic and abiotic stresses.

Keywords Sphingolipid ¢ Ceramide ¢ Long-chain bases * Plasma membrane *
Lipid-signaling * Lipid rafts * Programed cell death

Introduction

Sphingolipids were originally identified in the late nineteenth century by Johann
Thudichum as an “enigmatic” major lipidic component of the brain (Thudichum
1884). Since this discovery, sphingolipids have been recognized as essential com-
ponents of eukaryotic cells and have been extensively studied in humans due to
their association with a number of lipid storage disorders, including Tay-Sachs dis-
ease and Niemann-Pick disease (Sandhoff 2013). Sphingolipids, however, were not
identified in plants until the late 1950s (Carter et al. 1958) and for nearly four
decades following this discovery, sphingolipid research in plants was limited mainly
to structural and compositional analyses, including studies of sphingolipid compo-
sitional changes in response to abiotic stresses. Since the late 1990s, plant
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sphingolipids have become an increasing research focus. Driving this heightened
interest is the realization that sphingolipids are among the most abundant endo-
membrane lipids in plant cells and that they contribute not only to membrane struc-
ture and function that underlies abiotic and biotic stress resistance but also to the
regulation of cellular processes. Recent advances in plant sphingolipid research
have been spurred by development and application of advanced mass spectrometry
methods that enable the rapid and quantitative measurement of molecular species of
specific sphingolipid classes (Markham and Jaworski 2007). Coupling of these
methods with the characterization of Arabidopsis mutants has resulted in advances
in our fundamental understanding of plant sphingolipid metabolism and its regula-
tion. The availability of Arabidopsis mutants has also led to discoveries of the
involvement of sphingolipids in plant growth and responses to environmental stim-
uli. In addition, unexpected connections between sphingolipids and physiological
processes such as programmed cell death and the related hypersensitive response
that is important for plant resistance to bacterial and fungal pathogens have arisen
from forward genetic studies of Arabidopsis. Recent research has also been directed
at understanding the specialized functions of sphingolipids in plasma membrane
microdomains that are believed to contribute to cell surface processes such as cell
wall metabolism and ion and auxin transport. This chapter provides an overview of
our recent understanding of plant sphingolipid structure, metabolism, and function
and highlights unanswered questions in plant sphingolipid biology.

Sphingolipid Structure

Sphingolipids consist of hydrophobic ceramide backbones that are typically linked
to polar sugar residues to form amphipathic lipid components of membranes (Lynch
and Dunn 2004; Chen et al. 2010). The ceramide backbone contains a long chain
amino alcohol referred to as a sphingoid long-chain base (LCB) linked through an
amide bond to a fatty acid. LCBs are unique to sphingolipids. In plants, LCBs typi-
cally have chain lengths of 18 carbon atoms and can contain double bonds in the A4
or A8 positions (Fig. 11.1a). The A4 double bond is found only in the frans configu-
ration, while the A8 double bond can be found in either the frans or cis configura-
tions. Following its initial synthesis, a LCB has two hydroxyl groups at the C-1 and
C-3 carbons (Lynch and Dunn 2004; Chen et al. 2010). These LCBs are referred to
as dihydroxy LCBs. A third hydroxyl group can be enzymatically added at the C-4
carbon to form a trihydroxy LCB. In the short-hand nomenclature, a dihydroxy
LCB with 18 carbons and 1 double bond is referred to as “d18:1”, and a trihydroxy
LCB with 18 carbons and 1 double bond is referred to as “t18:1”. LCBs can be
phosphorylated at the C-1 position to form LCB-phosphates (LCB-P). Free LCBs
and their phosphorylated forms are typically in low abundance in plant cells
(Markham and Jaworski 2007; Markham et al. 2006). Instead, the majority of LCBs
are found linked to fatty acids in ceramides (Fig. 11.1b). The chain-lengths of plant
ceramide fatty acids range from 16 to 26 carbon atoms, the majority of which con-
tain an enzymatically added hydroxyl group at the C-2 or a-position (Lynch and
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Fig. 11.1 Examples of long-chain bases (LCB) and sphingolipids found in plants. (a) Examples of
LCB modifications found in plants. Shown are examples of dihydroxy and trihydroxy LCBs The
nomenclature “d18:0” indicates that the LCB has two hydroxyl groups (d) and 18 carbon atoms
and no double bonds, and the nomenclature “t18:0” indicates that the LCB has three hydroxyl
groups (t) and 18 carbon atoms and no double bonds. (b) Hydoxyceramide composed of the LCB
t18:1 A8trans and the fatty acid 24:1 w9cis that is hydroxylated at the C-2 position. (¢) Most abun-
dant glycosyl inositolphosphoceramide (GIPC) found in Arabidopsis leaves. (d) Glucosylceramide



252 K.D. Luttgeharm et al.

Dunn 2004; Chen et al. 2010). Analogous to the diacylglycerol backbone of glyc-
erolipids, ceramides serve as the hydrophobic component of complex sphingolipids.
The polar head group of ceramides is attached at its C-1 position and can be a phos-
phate residue or a variety of sugar residues (Chen et al. 2010). The latter are referred
to as glycosphingolipids. The simplest glycosphingolipid in plants is the glucosyl-
ceramide (GlcCer) with a single glucose residue and comprises approximately one-
third of the glycosphingolipids of Arabidopsis leaves (Markham and Jaworski 2007,
Markham et al. 2006) (Fig. 11.1c). The most abundant glycosphingolipid in plants
contains an inositol phosphate bound to the ceramide with up to seven additional
hexose and pentose residues (Fig. 11.1c) (Cacas et al. 2013). These molecules are
referred to as glycosyl inositolphosphoceramides or GIPCs and comprise approxi-
mately two-thirds of the glycosphingolipids of Arabidopsis leaves (Markham and
Jaworski 2007; Markham et al. 2006). The quantitative significance of GIPCs in
plants was overlooked for many years due to the difficulty in their extraction using
standard lipid analytical protocols because of the high polarity of their glycosylated
head groups. Between the different carbon chain-lengths and hydroxylation and
unsaturation states of LCBs and fatty acids and the array of polar head groups, hun-
dreds of potentially different sphingolipid species can occur in plants, the individual
significance of which are only beginning to be elucidated (Markham et al. 2013;
Bure et al. 2011).

Biosynthesis of Long-Chain Bases

Serine Palmitoyltransferase Complex

The biosynthesis of LCBs is initiated through an endoplasmic reticulum-localized
reaction catalyzed by serine palmitoyltransferase (SPT) that condenses serine and
palmitoyl-CoA to form the 18 carbon intermediate 3-ketosphinganine (Figs. 11.2
and 11.3) (Chen et al. 2006; Dietrich et al. 2008; Teng et al. 2008). The product of
this reaction is then reduced by 3-ketosphinganine reductase (KSR) to form sphin-
ganine or d18:0, the simplest long-chain base in plants and other eukaryotes (Chao
et al. 2011). SPT is a member of the a-oxoamine synthase subfamily and is gener-
ally regarded as the main regulated step in sphingolipid biosynthesis (Hanada 2003).
Similar to other eukaryotes, the Arabidopsis SPT functions as a heterodimer com-
prised of LCB1 and LCB2 subunits (Table 11.1) (Tamura et al. 2001; Chen et al.
2006; Dietrich et al. 2008; Teng et al. 2008). Although both LCB1 and LCB2 show
similarity with a-oxoamine synthases, the catalytic lysine residue that forms a
Schiff base with pyridoxal phosphate is found in the LCB2 subunit (Tamura et al.
2001; Hanada 2003). A third smaller subunit, termed the small subunit of SPT or
ssSPT, also interacts with the LCB1/LCB2 subunits (Table 11.1) (Han et al. 2004;
Kimberlin et al. 2013). ssSPT polypeptides in Arabidopsis contain only 56 amino
acids that lack any predicted enzymatic activity but contain a single transmembrane
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Fig. 11.2 Schematic of the serine palmitoyltransferase (SPT) complex. In plants, SPT exists as an
ER-localized heterodimer of LCB1 and LCB2 subunits that interacts with several regulatory pro-
teins. A stimulatory small subunit of SPT (ssSPT) binds to the core SPT heterodimer to increase
SPT activity. Sacl phosphatase and Ypk1 have been shown in Saccharomyces cerevisiae to cata-
lyze reversible phosphorylation of the inhibitory regulator ORM in response to intracellular sphin-
golipid levels. The regulatory mechanism of ORM in plants remains to be elucidated. Long-chain
bases (LCBs) produced by SPT and 3-ketosphinganine reductase (KSR) are used by ceramide
synthase (CS) along with fatty acid acyl-CoAs to produce ceramides. Fumonisin B, (FB)) is a
mycotoxin that inhibits CS and triggers programmed cell death (Figure is derived from Kimberlin
etal. 2013)

domain (Kimberlin et al. 2013). It is believed that the active site of SPT occurs at
the interface of LCB1 and LCB2 with LCB1 and ssSPT acting to stabilize the com-
plex (Gable et al. 2000, 2002). Although SPT can function as a heterodimer (LCB1
and LCB2) with minimal enzymatic activity, ssSPT enhances SPT activity to levels
that produce LCBs in amounts that are sufficient to support cell viability in
Arabidopsis (Kimberlin et al. 2013).

Studies of LCB1, LCB2, and ssSPT mutants have demonstrated that SPT activity
is essential, and consequently, sphingolipids are required for the viability of plant
cells (Kimberlin et al. 2013; Dietrich et al. 2008; Teng et al. 2008). In this regard,
the fbr11-2 mutant of the single Arabidopsis LCB/ gene (At4g36480) displays male
gametophytic lethality (Teng et al. 2008). Loss of pollen viability is also observed
in double mutants of the two redundant LCB2 genes LCB2a (At5g23670) and
LCB2b (At3g48780) (Dietrich et al. 2008) as well as in null mutants of ssSPTa
(At1g06515), the more highly expressed of the two ssSPT genes in Arabidopsis
(Kimberlin et al. 2013). Pollen deficient in sphingolipid synthesis in lch2a™"~lcb2b™*
mutants lack Golgi stacks and surrounding intine layer and have vesiculated ER, all
of which are consistent with the contributions of sphingolipids to the structural and
functional integrity of the endomembrane system (Dietrich et al. 2008).

The regulation of SPT is thought to occur primarily through ssSPT and a second
class of interacting proteins termed orosomucoid or ORM polypeptides, rather than
transcriptional mechanisms (Fig. 11.2 and Table 11.1) (Markham et al. 2013). The
ssSPTs appear to be limiting and so modulation of their expression alters SPT
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activity. This has been shown in Arabidopsis with ssSPT over-expression leading to
increased SPT activity and ssSPT RNAi suppression resulting in reduced SPT activ-
ity (Kimberlin et al. 2013). Whether alteration of ssSPT levels occurs naturally in
response to intracellular cues to mediate sphingolipid homeostasis is unclear. In
addition, no evidence currently exists for regulation of SPT activity through post-
translational modifications of ssSPT polypeptides.

It is also notable that ssSPTs can dictate the acyl-CoA specificity of SPT (Han
et al. 2009). In this regard, human ssSPTa and ssSPTb polypeptides have been
shown to confer different acyl-CoA specificity when bound to SPT leading to the
production of either C18 LCBs using palmitoyl (16:0)-CoA substrates or C20 LCBs
using stearoyl (18:0)-CoA substrates (Han et al. 2009). These differences in acyl-
CoA substrate specificities were shown to result from a single amino acid residue
that is a Met in the human ssSPTa and Val in human ssSPTb (Han et al. 2009). The
Arabidopsis ssSPTa and ssSPTb polypeptides both contain Met at the analogous
position, but mutation of Met to Val results in the aberrant production of C20 LCBs
when expressed in transgenic Arabidopsis (Kimberlin et al. 2013).

In yeast, ORM proteins have been shown to act as homeostatic negative regula-
tors of SPT in response to intracellular sphingolipid levels (Roelants et al. 2011;
Han et al. 2010; Breslow et al. 2010). The regulation involves TORC2-dependent
phosphorylation of ORM to gradually relieve ORM suppression of SPT to enhance
LCB synthesis in response to sub-optimal intracellular sphingolipid levels and
reversible dephosphorylation of ORM by SACI phosphatase to engage ORM sup-
pression of SPT activity in response to excess intracellular sphingolipid levels (Muir
et al. 2014; Roelants et al. 2011). Arabidopsis has two homologs of the yeast ORM
genes, ORM1 (At1g01230) and ORM?2 (At5g42000). Although these proteins have
not yet been characterized, RNAi suppression of ORM genes in rice results in tem-
perature sensitivity and pollen abnormalities (Chueasiri et al. 2014).

Regulation of SPT by ORM proteins in plants and other eukaryotes appears to be
more complex than ORM phosphorylation/dephosphorylation in yeast. As described
above, the primary regulatory mechanism of ORM in yeast occurs through TORC2
dependent YPK1 phosphorylation of ORM that relieves inhibition of SPT that can
be reversed by SAC1 phosphatase activity that restores inhibition of SPT (Han et al.
2010; Muir et al. 2014). This mechanism is adjustable and dependent on intracel-
lular sphingolipid levels and has been shown to be coordinated with ceramide syn-
thase activity (Muir et al. 2014). An N-terminal extension of approximately 80
amino acids in yeast ORM was found to contain several Ser residues that are respon-
sible for this phosphorylation mechanism (Roelants et al. 2011). This phosphoryla-
tion domain, however, is absent in plant and mammalian ORM homologs (Roelants
et al. 2011). As a result, it is unclear if ORM phosphorylation/dephosphorylation
also regulates SPT activity in plants and mammals. Overall, homeostatic regulation
of SPT in plants and mammals remains an open and active area of research.
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3-Ketosphinganine Reductase

In the second step of LCB synthesis, the SPT product 3-ketosphinganine is reduced
by the enzyme 3-ketosphinganine reductase (KSR) to form sphinganine (d18:0), the
simplest LCB found in plants (Fig. 11.3 and Table 11.1). KSR is encoded by two
genes in Arabidopsis thaliana, KSR-1 (At3g06060) and KSR-2 (At5g19200). Both
genes are essential and contribute to the reductase activity (Chao et al. 2011),
although KSR-1 is more highly expressed throughout the plant (Chao et al. 2011).
KSR-1 and KSR-2 are functionally redundant, but KSR-/ is the primary contributor
to the reductase activity (Chao et al. 2011). Loss-of-function mutants of KSR-1 are
viable but display greatly reduced reductase activity (Chao et al. 2011). These
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mutants also display an altered leaf ionome that is associated with increased root
suberization, altered root morphology, and altered root iron homeostasis (Chao
etal. 2011). The sphinganine (d18:0) produced from the combined activities of SPT
and KSR can be used directly by ceramide synthase or modified by hydroxylation
or desaturation at the C-4 position prior to use for ceramide synthesis.

LCB Modifications

LCB C-4 Hydroxylation

The d18:0 LCB resulting from the sequential activities of SPT and KSR can undergo
combinations of three modification reactions to generate trihydroxylated and unsat-
urated LCBs (Figs. 11.1a, 11.3, and Table 11.1). In Arabidopsis leaves, ~90 % of the
total LCBs contain three hydroxyl groups and A8 unsaturation. The third hydroxyl
group of these LCBs occurs at the C-4 position and is introduced by a LCB C-4
hydroxylase (Chen et al. 2008; Sperling et al. 2001). This enzyme is a di-iron oxo
protein with homology to desaturases and hydroxylases (Sperling et al. 2001). The
two genes that encode the LCB C-4 hydroxylase in Arabidopsis are designated
SPHINGOID BASE HYDROXYLASE (SBH)I (Atlg69640) and 2 (Atlgl14290).
Expression of these genes in mutants of the Saccharomyces cerevisiae SUR2 gene
(Haak et al. 1997) that encodes a related LCB C-4 hydroxylase restores trihydroxy
LCB synthesis (Chen et al. 2008; Sperling et al. 2001). It is presumed that the
Arabidopsis LCB C-4 hydroxylase uses a free dihydroxy LCB as its substrate, in
part, because of the prevalence of trihydroxy LCBs in the free LCB pool (Markham
and Jaworski 2007).

LCB A8 Desaturation

LCBs with A8 unsaturation, either in the dihydroxy or trihydroxy form, are also
abundant in sphingolipids of most plant species (Lynch and Dunn 2004) (Figs. 11.1a
and 11.3). Like the LCB C-4 hydroxylase, LCB A8 desaturases are di-iron oxo
enzymes (Shanklin and Cahoon 1998). The plant A8 LCB desaturase was originally
identified in sunflower as a desaturase-like enzyme that also contains an N-terminal
cytochrome bs domain and shown to confer production of A8 unsaturated LCBs
when expressed in Saccharomyces cerevisiae (Sperling et al. 1995). Notably, the
LCB A8 desaturase is not found in mammals and Saccharomyces cerevisiae, but is
present in plants and filamentous or dimorphic fungi such as Pichia patoris and
Yarrowia lipolytica. Two homologs, SLD1 (At3g61580) and SLD2 (At2g46210),
were identified in Arabidopsis and confirmed to be A8 desaturases through yeast and
in planta studies (Sperling et al. 1998; Chen et al. 2012). To further add to the
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structural diversity found in LCBs, the A8 double bond can be introduced in either
the cis or trans configuration (Markham et al. 2006), which likely results from pre-
sentation of LCB substrates in alternative conformations relative to the di-iron oxo
atoms in the active site of these enzymes (Beckmann et al. 2002). Though evidence
to date cannot preclude that at least a portion of LCB A8 desaturation uses free LCBs
as substrates, it is presumed that these enzymes largely use LCBs bound in ceramides
as substrates (Beckmann et al. 2002; Sperling et al. 1998).

LCB A4 Desaturation

Long-chain bases (LCBs) with A4 unsaturation are also prevalent in sphingolipids
in many plant species. LCB A4 unsaturation occurs almost entirely in combination
with LCB A8 unsaturation in dihydroxy LCBs. These di-unsaturated, dihydroxy
LCBs (d18:2) also are found almost exclusively in ceramides of GlcCer, but absent
from ceramides of GIPCs (Markham and Jaworski 2007; Markham et al. 2006;
Sperling et al. 2005) (Figs. 11.1a, ¢, 11.3, and Table 11.1). Arabidopsis contains one
A4 desaturase gene (At4g04930) that was identified by homology to analogous
genes in filamentous fungi and mammals (Ternes et al. 2002). In contrast to the
LCB A8 desaturase, the A4 desaturase introduces double bonds exclusively in the
trans configuration, most likely using free LCBs as substrates (Ternes et al. 2002).
As aresult, two d18:2 isomers occur in plants: d18:2-transA4, transA8 and d18:2-
transA4, cisA8. It is notable that LCB C-4 hydroxylases and LCB A4 desaturase
can both use d18:0 as substrates. As a result, C-4 hydroxylation precludes A4 desat-
uration, and conversely, A4 desaturation prevents C-4 hydroxylation. In Arabidopsis
and likely other Brassicaceae, the LCB A4 desaturase gene has little or no expres-
sion in leaves (Michaelson et al. 2009). Instead, expression is limited almost entirely
to flowers and, specifically, pollen, which is consistent with the occurrence of
d18:2 in Arabidopsis organs (Michaelson et al. 2009). In most species outside of the
Brassicaceae family, LCB A4 desaturation, as evidenced by d18:2 production,
occurs throughout the plant, and in species such as tomato and soybean, d18:2 is the
most abundant LCB in GlcCer (Markham et al. 2006; Sperling et al. 2005).

Influence of Long-Chain Base Hydroxylation and Desaturation
on Metabolic Routing

Evidence that has emerged from sphingolipid compositional profiling of Arabidopsis
mutants indicates that LCB hydroxylation and desaturation affect metabolic
outcomes in sphingolipid biosynthesis. LCB C-4 hydroxylase mutants, for example,
accumulate high levels of sphingolipids with ceramide backbones containing C16
fatty acids and dihydroxy LCBs, rather than the more typical ceramides with very
long-chain fatty acids and trihydroxy LCBs (Chen et al. 2008). As discussed below,
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this metabolic phenotype arises from the substrate preferences of ceramide syn-
thases. In addition, Arabidopsis s/d1sld2 double mutants lacking LCB A8 unsatura-
tion have a 50 % reduction of GlcCer, perhaps due to the substrate specificity of
GlcCer synthase (Chen et al. 2012). Similarly, Arabidopsis mutants for the LCB A4
desaturase, have a 50 % reduction in GlcCer in pollen (Michaelson et al. 2009). This
phenotype is more extreme in LCB A4 mutants of the yeast Pichia pastoris
(Michaelson et al. 2009). Disruption of this LCB A4 desaturase in P. pastoris results
in nearly complete loss of GlcCer, likely due to a ceramide synthase that exclu-
sively uses LCBs with A4 unsaturation and is dedicated to GlcCer synthesis
(Michaelson et al. 2009).

In addition to metabolic alterations, loss of LCB C-4 hydroxylation and A8
desaturation affects plant performance. LCB C-4 hydroxylase mutants have
impaired growth and constitutive up-regulation of PCD (Chen et al. 2008). In addi-
tion, Arabidopsis mutants lacking LCB A8 unsaturation are more sensitive to low
temperature (Chen et al. 2012), and the relative ratio of cis-trans A8 unsaturation
affects resistance of Arabidopsis to aluminum (Ryan et al. 2007). However,
Arabidopsis LCB A4 desaturase mutants have no detectable impairment of pollen
viability or germination or other growth phenotypes, despite the reduction of GlcCer
levels (Michaelson et al. 2009). These findings bring into question the quantitative
significance of GlcCer for plant performance.

Sphingolipid Fatty Acid Synthesis and Structural
Modifications

Carbon chain-length, unsaturation, and hydroxylation of fatty acids also contribute
to the structural diversity of the ceramide backbone of sphingolipids (Table 11.1).
In plants, the fatty acid component ranges from 16 to 26 carbon atoms (Markham
and Jaworski 2007), including small amounts of odd-chain fatty acids with 21, 23,
and 25 carbon atoms (Cahoon and Lynch 1991). In Arabidopsis leaves, C16, C24,
and C26 fatty acids predominate (Markham and Jaworski 2007; Markham et al.
2006). The C16 fatty acids of ceramides arise from palmitic acid formed by de novo
fatty acid synthesis, whereas the very long-chain fatty acids or VLCFAs (i.e., fatty
acids with >C20) of sphingolipids arise from the ER-localized reactions involving
the two-carbon sequential elongation of fatty acids produced de novo in plastids
(Smith et al. 2013). Each two carbon elongation cycle involves the four successive
reactions catalyzed by 3-ketoacyl-CoA synthase (KCS), 3-ketoacyl-CoA reductase
(KCR), hydroxyacyl-CoA dehydratase (HACD), and enoyl-CoA reductase (ECR)
(Smith et al. 2013). Interestingly, KCS enzymes do not occur in Saccharomyces
cerevisiae (Paul et al. 2006). Instead, fatty acid elongation is initiated by ELO
enzymes that are structurally unrelated, but functionally equivalent to KCS (Paul
et al. 2006). Four ELO homologs occur in Arabidopsis, but no findings to date link
these enzymes to the synthesis of sphingolipid VLCFAs (Haslam and Kunst 2013).
Arabidopsis mutants of the PAS2 gene (At5g10480) encoding HACD are defective
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in VLCFA synthesis and have demonstrated the importance of sphingolipid
VLCFAs for cellular function. Partial PAS2 mutants are defective in growth and
phragmoplast (or cell plate) formation resulting in impaired cell division, and null
PAS2 mutants display embryo lethality (Bach et al. 2008, 2011).

Sphingolipid VLCFAs are typically saturated in the plant kingdom, but monoun-
saturated VLCFAs occur in sphingolipids of Brassicaceae and some Poaceae spe-
cies as well as selected species from other families (Cahoon and Lynch 1991; Lynch
and Dunn 2004; Markham et al. 2006; Sperling et al. 2005). The double bond in
sphingolipid VLCFAs of these species is at the ®-9 position (Imai et al. 2000). In
Arabidopsis, this double bond is introduced by an enzyme encoded by ADS2
(At2g31360) that has homology to acyl-CoA desaturases (Smith et al. 2013). The
ADS?2 gene is induced by low temperatures and ADS2 null mutants display chilling
sensitivity, indicating a link between sphingolipid structure and low temperature
performance, as also shown for the LCB A8 desaturase (Chen and Thelen 2013).
Notably, ADS2-encoded enzymes do not occur in Poaceae and other monocots
(unpublished observation), suggesting that a distinct pathway has evolved for bio-
synthesis of monounsaturated VLCFA synthesis in Poaceae.

Fatty acids in ceramides of glycosphingolipids occur almost entirely with C-2 or
a-hydroxylation (Lynch and Dunn 2004). The C-2 hydroxyl group is introduced by
a di-iron-oxo enzyme related to the Saccharomyces cerevisiae fatty acid C-2
hydroxylase encoded by the FAHI or SCS7 gene (Haak et al. 1997; Mitchell and
Martin 1997). The Arabidopsis homologs AtFAHI1 (encoded by At2g34770) and
AtFAH2 (encoded by At4g20870) notably lack the N-terminal cytochrome bs
domain that is found in the Saccharomyces cerevisiae enzyme (Konig et al. 2012;
Mitchell and Martin 1997; Nagano et al. 2012). Based on phenotypes in T-DNA
insertion mutants and RNAi suppression lines, AtFAH1 appears to be primarily
associated with hydroxylation of VLCFAs, and AtFAH2 appears to be primarily
associated with hydroxylation of C16 fatty acids in planta (Nagano et al. 2012). It
is presumed that AtFAH1 and AtFAH2 use fatty acids in ceramides rather than free
or CoA esters of fatty acids as substrates, given that a substantial portion of fatty
acids in the free ceramide pool lack C-2 hydroxylation, even though hydroxylated
fatty acids predominate in glycosphingolipid ceramide backbones (Markham and
Jaworski 2007). Double mutants of the AtFAHI and AtFAH2 genes have elevated
levels of ceramides but ~25 % reduction in glucosylceramide level (Konig et al.
2012). These results suggest that ceramides with C-2 hydroxylated fatty acids are
important for metabolic channeling of ceramides to form glycosphingolipids, due
possibly to the substrate preference of enzymes such as glucosylceramide synthase
(see below). Suppression of PCD by ER-associated Bax inhibitor-1 protein in
Arabidopsis has been shown to be dependent on functional fatty acid C-2 hydroxy-
lases, and overexpression of the Bax inhibitor 1 gene increases fatty acid C-2
hydroxylation of ceramides through direct interaction with cytochrome bs (Nagano
et al. 2009, 2012). From these findings, it has been speculated that accumulation of
ceramides with fatty acids lacking the C-2 hydroxyl group initiates PCD, whereas
this response is reduced when the fatty acids of these ceramides are hydroxylated
(Nagano et al. 2012).
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Ceramide Synthesis

Ceramides are synthesized by the condensation of a long-chain base and fatty acyl-
CoA through an acyltransferase-type reaction catalyzed by ceramide synthase (Fig.
11.3 and Table 11.1). Three ceramide synthases have been identified in Arabidopsis
through homology with the yeast ceramide synthase encoded by LAGI (LONGEVITY
ASSURANCE GENE]). These enzymes are designated Lag One Homolog (LOH)-
1, -2, and -3 and correspond to genes encoded by LOHI, At3g25440; LOH2,
At3g19260; and LOH3, Atlgl3580, respectively (Ternes et al. 2011; Markham
etal. 2011). Homologs of these three enzymes are found throughout the plant king-
dom and appear to form two distinct evolutionary branches, LOH1/LOH3-related
isoforms and LOH2-related isoforms (Markham et al. 2011; Ternes et al. 2011).
Arabidopsis LOH1 and LOH3 share approximately 90 % amino acid sequence
identity, while LOH2 shares approximately 60 % identity with LOH1 and LOH3
(Ternes et al. 2011; Markham et al. 2011). In other mammals, multiple ceramide
synthases occur that have distinct specificity for fatty acyl-CoAs and/or long-chain
bases (Venkataraman et al. 2002; Laviad et al. 2008; Mizutani et al. 2005, 2006;
Riebeling et al. 2003). Studies of Arabidopsis LCB C-4 hydroxylase mutants ini-
tially pointed to the likelihood that two functional classes of ceramide synthases
occur in plants (Chen et al. 2008). Loss of or reduced LCB C-4 hydroxylation has
been shown to result in the aberrant accumulation of high levels of sphingolipids
with ceramides containing C16 fatty acids bound to dihydroxy LCBs (Chen et al.
2008). Based on this observation, it was proposed that Arabidopsis has one class of
ceramide synthase that links C16 fatty acyl-CoAs with dihydoxy LCBs (termed
“Class I’), and a second class (“‘Class II”’) that primarily links very long-chain fatty
acyl CoAs with trihydroxy LCBs (Chen et al. 2008) (Fig. 11.4). This prediction was
supported by the identification, biochemical and genetic characterization of LOH]1,
LOH2, and LOH3 in Arabidopsis. Studies using yeast complementation showed
that LOH2 prefers C16 acyl-CoAs, similar to the predicted Class I ceramide syn-
thase (Ternes et al. 2011). Similarly, Arabidopsis LOH2 mutants were found to be
deficient in sphingolipids with ceramide backbones containing C16 fatty acids and
dihydroxy fatty acids (Markham et al. 2011). Consistent with the substrate proper-
ties of Class II ceramide synthase, partial knock-out mutants of LOHI and LOH3
contained reduced amounts of ceramides with very long-chain fatty acids and trihy-
droxy LCBs (Markham et al. 2011). It is notable that under ideal growth conditions,
null mutants of LOH?2 are viable, suggesting that the Class I ceramide synthase and
hence ceramides with C16 fatty acids and dihydroxy LCBs are not essential in
Arabidopsis (Markham et al. 2011). Conversely, double null mutants of LOHI and
LOH3 were not recoverable, indicating that the Class II ceramide synthase and
ceramides with very long-chain fatty acids and trihydroxy LCBs are essential
(Markham et al. 2011).

Ceramide synthases are known targets for competitive inhibition by sphinganine
analog mycotoxins (SAMs) such as fumonisin B, or FB, produced by a variety of
Fusarium species and AAL toxin produced by Alternaria alternata f. sp. lycoper-
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Fig. 11.4 Model of ceramide synthase mediated long-chain base (LCB) and fatty acid routing.
The Arabidopsis gene names are shown as reference. As indicated, Class I ceramide synthase
(CSI) encoded by LOH?2 displays strict substrate specificity of C16 fatty acid acyl-CoAs and dihy-
droxy LCBs, and Class II ceramide synthase (CSII) encoded by LOHI or LOH3 display strict
substrate specificity for very long-chain fatty acyl-CoAs and trihydroxy LCBs. One or more prod-
ucts of the CSII pathway appear to negatively regulate serine palmitoyltransferase (SPT) activity.
In addition, sphingolipids with ceramides from the CSI pathway do not support growth, while
those from the CSII pathway are essential for plant growth. The mycotoxin fumonisin B, (FB;)
appears to preferentially inhibit CSII enzymes. KSR, 3-ketosphinganine reductase; SBH, LCB C-4
hydroxylase

sici (Abbas et al. 1994). These compounds, particularly FB,, have been widely used
as tools for induction of programmed cell death (PCD) in plants, presumably due to
the accumulation of cytotoxic LCBs from their inhibition of ceramide synthases
(Stone et al. 2000). Recent evidence using FB, treatment of Arabidopsis ceramide
synthase mutants has suggested that FB, is a more potent inhibitor of Class II
ceramide synthases (i.e. LOH1 and LOH3 ceramide synthases) (Markham et al.
2011). Interestingly, in addition to accumulation of free LCBs, elevated levels of
ceramides with C16 fatty acids and dihydroxy LCBs formed by Class I ceramide
synthases (i.e. LOH2 ceramide synthase) are detectable following treatment of
Arabidopsis with FB; (Markham et al. 2011). These results suggest that FB,
cytotoxicity and PCD induction may be triggered by accumulated ceramides rather
than or in addition to accumulated LCBs. FB, has also been used as a tool to study
sphingolipid homeostasis in plants based on the observation that down-regulation of
serine palmitoyltransferase (SPT) activity reduces FB, cytotoxicity and up-regula-
tion of SPT activity enhances sensitivity of plants to FB, (Kimberlin et al. 2013; Shi
et al. 2007).
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Glucosylceramide Synthesis

Following its synthesis by Class I or Class II ceramide synthases, the ceramide
backbone can be glycosylated at its C-1 OH to form either of two classes of glyco-
sphingolipids: glucosylceramides (GlcCer) or glycosyl inositolphosphoceramides
(GIPCs) (Fig. 11.3 and Table 11.1). GlcCer are the simplest glycosphingolipid and
occur broadly in eukaryotes, with the notable exception of Saccharomyces cerevi-
siae (Lynch and Dunn 2004). GlcCer consist of a glucose bound to the ceramide
backbone by a 1,4-glycosidic linkage and are formed by the condensation of a
ceramide substrate with UDP-glucose (Leipelt et al. 2001). This reaction is cata-
lyzed by GlcCer synthase, an ER-localized enzyme in Arabidopsis that is encoded
by At2g19980 (Melser et al. 2010). Compared to GIPCs, GlcCer are more enriched
in ceramides with C16 fatty acids and dihydroxy LCBs (Markham et al. 2006;
Sperling et al. 2005). In plants such as tomato and soybean, ceramides with C16
fatty acids and the LCB d18:2 predominate (Markham et al. 2006; Sperling et al.
2005). Based on this composition, it appears that a large portion of the GlcCer
ceramide backbone is channeled from Class I-type ceramide synthases that have
substrate preference for C16 fatty acids and dihydroxy LCBs (Markham et al.
2011). Although it is an abundant glycosphingolipid in plants, null mutants of the
LCB A4 deasaturase in Arabidopsis have 30 % reductions in GlcCer levels in flow-
ers (Michaelson et al. 2009) and 50 % reduction in GlcCer levels in pollen
(Luttgeharm et al. 2015) without any apparent effect on flower and pollen physiol-
ogy and function (Michaelson et al. 2009). GlcCer synthase is potently inhibited by
d,l-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol (PDMP) (Melser
et al. 2010). Treatment of Arabidopsis roots with PDMP results in altered Golgi
morphology, including reduced numbers of Golgi stacks, and defects in endomem-
brane trafficking (Melser et al. 2010, 2011). PDMP application to Arabidopsis root
cells has also been shown to result in rapid vacuolar fusion and altered vacuole
morphology including the appearance of vacuolar invaginations (Kruger et al.
2013). Arabidopsis GlcCer synthase mutants devoid of GlcCer have yet to be
described. Such mutants will clarify whether GlcCer are essential in plants, which
is an open question because viable fungal cells can be recovered that lack GlcCer
(Michaelson et al. 2009; Rittenour et al. 2011).

Inositolphosphoceramide Synthesis

As an alternative fate to GlcCer synthesis, ceramides can be used for the production
of GIPCs. GIPCs, which are approximately twofold more abundant in Arabidopsis
leaves than GlcCer, are typically enriched in ceramides with VLCFAs and trihy-
droxy LCBs that arise from Class II ceramide synthases (Markham et al. 2006). The
first step in GIPC synthesis occurs by the transfer of the inositolphosphoryl head
group of phosphatidylinositol (PI) onto ceramide to form inositolphosphoceramides
(IPCs) (Mina et al. 2010; Wang et al. 2008) (Fig. 11.3 and Table 11.1). This activity
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is catalyzed by IPC synthase, a phosphatidic acid phosphatase-2 (PAP2)-related
enzyme, that is encoded by three genes in Arabidopsis: IPCSI (or ERHI),
At2g37940; IPCS2, At2g37940; IPCS3, At2g29525 (Mina et al. 2010; Wang et al.
2008). In contrast to the ER localization of GlcCer synthase, IPC synthases pre-
dominantly occur in Golgi bodies of Arabidopsis. Plant IPC synthases are most
closely related to analogous enzymes in the protozoa Leishmania major and
Trypanosoma brucei than to the Saccharomyces cerevisiae IPC synthase (encoded
by the AURI gene) (Mina et al. 2010; Wang et al. 2008). Despite this, the three
Arabidopsis IPC synthase genes are able to rescue lethality associated with the loss
of IPC production in the Saccharomyces cerevisiae AUR1 mutant (Mina et al. 2010;
Wang et al. 2008). Although triple mutants of the three Arabidopsis IPC synthase
genes have not been reported, it is presumed that IPC biosynthesis is essential, as
the three genes are likely partially redundant.

Following the synthesis of IPC, up to seven additional sugar residues can be
added to the inositolphosphoryl head group to form an array of different GIPCs
(Bure et al. 2011; Cacas et al. 2013). The first residue added to the inositophospho-
ryl head group is a glucuronic acid moiety (Rennie et al. 2014). This reaction, which
uses a UDP-glucuronic acid substrate, was recently shown to be catalyzed by a
glycosyltransferase encoded by IPUTI (At5g18480) in Arabidopsis (Rennie et al.
2014). T-DNA null mutants of IPUT] are not transmitted through pollen, indicating
that this gene is essential in Arabidopsis (Rennie et al. 2014). The remaining glyco-
syltransferases associated with GIPC synthesis have yet to be identified. Interestingly,
a Golgi lumen-localized GDP-mannose transporter encoded by GOLGI-
LOCALIZED NUCLEOTIDE SUGAR TRANSPORTER 1 (GONST1, At2g13650) in
Arabidopsis was found to be deficient in GIPCs with glycosylation beyond the gluc-
uronic acid introduced by the IPUTI-encoded glycosyltransferase (Mortimer et al.
2013). This suggests that like Saccharomyces cerevisiae, Arabidopsis GIPCs con-
tain mannose, presumably bound to the glucuronic acid moiety. Interestingly,
GONSTI mutants display a dwarfed phenotype, constitutive induction of the hyper-
sensitive response, and elevated salicylic acid levels, consistent with a connection
between GIPC synthesis and plant pathogen defense (Mortimer et al. 2013).

LCB and Ceramide Phosphorylation/Dephosphorylation

In addition to their occurrence in free form and in ceramides, LCBs are also detect-
able in low levels as phosphate derivatives that have been attributed to triggers of
physiological responses, such as ABA-dependent guard cell closure (Coursol et al.
2003; Ng et al. 2001) (Figs. 11.5, 11.6 and Table 11.1). Phosphorylation of LCBs at
their C-1 hydroxyl group is catalyzed by LCB kinases (often referred to sphingosine
kinases or SPHKSs). To date three LCB kinases have been identified in Arabidopsis:
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SPHKI (At5g23450), SPHK?2 (At2g46090), and At(LCBKI (At5g23450) (Imai and
Nishiura 2005; Worrall et al. 2008; Guo et al. 2012). Release of the phosphate group
from LCB-P molecules is catalyzed by the enzyme LCB-P phosphatase, which are
encoded by two genes in Arabidopsis (At3g58490 and At5g03080) (Nakagawa
et al. 2012; Worrall et al. 2008). As described below, the interplay between LCB
kinases and LCB-P phosphatases are believed to be important for signaling path-
ways in plants (Nakagawa et al. 2012; Worrall et al. 2008).

Similar to LCBs, ceramides can also be found in phosphorylated forms (Figs.
11.5, 11.6. and Table 11.1). Although ceramide-1-phosphates are believed to be of
low abundance in plants, they have proven difficult to measure by recently devel-
oped mass spectrometry-based protocols. Mutants of the proposed ceramide kinase
(encoded by At5g51290), termed accelerated death 5 or acd5 display spontaneous
onset of programmed cell death or PCD in late development (Greenberg et al. 2000;
Liang et al. 2003). This is accompanied by enhanced accumulation of ceramides
(Greenberg et al. 2000; Liang et al. 2003). This observation led to the hypothesis,
now accepted as dogma, that elevation of ceramide levels triggers PCD in plants
(Greenberg et al. 2000; Liang et al. 2003) via accumulation of mitochondrial-
derived hydrogen peroxide (Bi et al. 2014). A ceramide-1-phosphate phosphatase
that would convert ceramide- 1-phosphates to their free form has yet to be identified
in plants.
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Fig. 11.6 Phosphorylated/dephosphorylated long-chain bases (LCBs) and ceramides serve as
mediators of physiological processes in plants. The interplay between LCBs and ceramides and
their phosphorylated forms regulates cellular process and responses to environmental stimuli.
Abbreviations: LCB long-chain base, LCB-P long-chain base-1-phosphate, ABA Abscisic acid,
ROS Reactive oxygen species, NO nitrous oxide

Sphingolipid Turnover

The net content and composition of sphingolipids in membranes are determined by
rates of synthesis and turnover. Little is currently known about rates of sphingolipid
turnover, and the contributions of sphingolipid catabolism to membrane function
and plant responses to altered environmental conditions. Also unexplored to date in
plants are enzymes associated with removal of glycosphingolipid head groups,
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although candidate genes have been proposed (Chen et al. 2010). More is known
about ceramide turnover. Enzymes referred to as ceramidases convert ceramides to
free LCBs and fatty acids. Ceramidases are classified into three distinct forms based
upon their optimal pH preferences in in vitro assays: acid, neutral, and alkaline
ceramidases (Mao and Obeid 2008). Three predicted neutral ceramidase genes and
one predicted alkaline ceramidase have been identified by homology with human
ceramidase genes (Chen et al. 2010; Wu et al. 2015). The Arabidopsis alkaline
ceramidase homolog, AtACER (At4g22330), has been shown to function as a
ceramidase with mutant, and RNAi suppression lines for this gene had elevated
ceramide levels and increased salt sensitivity and enhanced susceptibility to a bacte-
rial pathogen (Wu et al. 2015). A second gene TOD] corresponding to At5g46220
was recently shown to encode a polypeptide with alkaline ceramidase activity, but
notably, lacked close homology to known alkaline ceramidases (Chen et al. 2015).
Based on mutant phenotypes, this enzyme was linked to control of turgor pressure
in pollen tubes and silique guard cells (Chen et al. 2015). A neutral ceramidase has
also been cloned from rice and confirmed in vitro to be a member of the neutral
ceramidase subclass (Pata et al. 2008) (Fig. 11.5 and Table 11.1).

LCBs, including those released by ceramidase activity, can be degraded follow-
ing phosphorylation by LCB kinases. This process is catalyzed by LCB-P lyase
(often referred to as DPL1, based on homology to the yeast enzyme), which gener-
ates C16-fatty aldehyde and phosphoethanolamine from a C18 LCB-P. Arabidopsis
contains only a single DPLI gene (Atl1g27980) (Nishikawa et al. 2008; Tsegaye
et al. 2007; Worrall et al. 2008) that is constitutively expressed and strongly upregu-
lated by senescence (Tsegaye et al. 2007). Null mutants of DPLI displayed small
increases in accumulation of the LCB-P t18:1-P, but surprisingly no obvious growth
phenotypes (Tsegaye et al. 2007) (Fig. 11.5 and Table 11.1).

Sphingolipids and Membrane Structure-Function

Membrane Function

Sphingolipids compose an estimated ~40 % of the total lipids in plasma membrane
of plants (Sperling et al. 2005), where they are enriched in the outer leaflet (van
Genderen et al. 1991; Burger et al. 1996; Tjellstrom et al. 2010). Sphingolipids are
also abundant lipid components of other endomembranes in the plant, including ER,
Golgi, and tonoplast (Bayer et al. 2014; Mongrand et al. 2004; Sperling et al. 2005;
Verhoek et al. 1983). GlcCer was first identified in the plasma membrane and tono-
plast of plant cells in a number of studies conducted in the 1980s (Cahoon and
Lynch 1991; Lynch and Steponkus 1987; Verhoek et al. 1983; Yoshida et al. 1986).
In these membranes, GlcCer was reported to compose between 7 and 30 % of
plasma membrane and tonoplast, depending on the plant species and tissue type
analyzed (Cahoon and Lynch 1991; Lynch and Steponkus 1987; Uemura et al.
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1995; Uemura and Steponkus 1994; Verhoek et al. 1983; Yoshida et al. 1986). More
recently, it has been shown that GIPCs, rather than GlcCer, are the more abundant
glycosphingolipid in plants (Markham and Jaworski 2007; Markham et al. 2006).
The quantitative importance of GIPCs was largely overlooked until very recently
because their highly glycosylated head groups offer challenges for extraction using
typical organic solvents, such as mixtures of chloroform and methanol (Markham
et al. 2006). Initially, by quantification of long-chain bases of GIPCs and GlcCer
and later by LC-MS/MS analysis, GIPCs were found to be nearly twofold more
abundant than GlcCer in Arabidopsis leaves, whereas amounts of GIPCs and GlcCer
were nearly the same in tomato leaves (Markham and Jaworski 2007; Markham
et al. 2006). GIPCs have subsequently been identified as one of the most abundant
lipids of plant plasma membrane and are also enriched in detergent resistant mem-
branes (DRMs) derived from isolated plasma membrane and in plasmodesmata
(Grison et al. 2015; Cacas et al. 2012). Given their abundance in plasma membrane
and tonoplast, it is likely that the content and composition of sphingolipids affect
the ability of plants to respond to abiotic stress, particularly osmotic stresses such as
freezing, drought, and salinity. For example, GlcCer concentrations were shown to
decrease by nearly half in plasma membrane during cold acclimation of rye and
Arabidopsis (Lynch and Steponkus 1987; Uemura et al. 1995; Uemura and
Steponkus 1994). More recently, it was reported that GIPCs increase and GlcCer
decrease in response to chilling of Arabidopsis (Nagano et al. 2014). Although this
is likely an adaptive response to low temperatures, the impact of such adjustments
in relative amounts of GIPCs and GlcCer on plant performance has not yet been
established. In addition, the fatty acid and long-chain base composition of sphingo-
lipids also affects plant resistance to abiotic stress. For example, Arabidopsis
mutants lacking LCB A8 and ceramide fatty acid unsaturation display sensitivity to
low temperature growth and alterations in the relative amounts of LCB cis-trans A8
unsaturation affects resistance of plants to aluminum (Chen et al. 2012; Chen and
Thelen 2013; Ryan et al. 2007).

The unique structural components of sphingolipid hydrophobic ceramide back-
bones include VLCFAs and an abundance of hydroxyl groups distributed between
the LCB and fatty acid moieties. Through these structural features, sphingolipids
confer rigidity to membranes. In addition, the hydroxyl groups enable the formation
of extensive hydrogen bonding networks that result in elevated phase transition tem-
peratures and reduced ion permeability (Lunden et al. 1977; Pascher 1976). The
rigidity and high phase transition temperatures of sphingolipid micelles is moder-
ated by interactions with other lipids, including sterols (Curatolo 1987).
Sphingolipids have been shown to cluster with sterol in membrane microdomains or
lipid rafts (Cacas et al. 2012). Lipid microdomains have long been hypothesized to
be present in membranes (Karnovsky et al. 1982) with sphingolipids potentially
aiding in the sorting of membrane proteins, such as GPI-anchored proteins, by
forming lipid domains that slow lateral protein diffusion (Simons and van Meer
1988; van Meer and Simons 1988; Brown and Rose 1992; Simons and Ikonen 1997;
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de Almeida et al. 2003). Indeed, pure sphingolipid membranes form a ‘solid gel’
phase with little lateral movement that is fluidized by the presence of sterols (van
Meer et al. 2008; Estep et al. 1980; Roche et al. 2008; Grosjean et al. 2015). The
co-localization of sterols and sphingolipids in the membrane may be due to sphin-
golipids complex sugar head group’s ability to shield the non-polar sterol from the
bulk solvent, much like an umbrella (Huang and Feigenson 1999; Ali et al. 2006).
Raft formation is also dependent on the various sphingolipid modifications, includ-
ing fatty acid chain length and fatty acid and LCB hydroxylation (Klose et al. 2010).

Proteomic analysis of DRMs prepared from plant plasma membrane has revealed
an enrichment of proteins in lipid rafts related to signaling, responses to biotic and
abiotic stress, cellular trafficking, auxin transport, and cell wall synthesis and deg-
radation (Brodersen et al. 2002; Lefebvre et al. 2007; Lin et al. 2008; Morel et al.
2006), suggesting that raft regions contribute to these cellular functions. Similar to
DRMs, plasmodesmata have also recently been shown to be enriched in sphingolip-
ids and sterols and contain specific GPI-anchored proteins (Bayer et al. 2014;
Grison et al. 2015).

Endomembrane Trafficking

Given their abundance in the endomembrane system, sphingolipids are presumed
to play a major role in ER export and Golgi-mediated trafficking of proteins
through the secretory system. Consistent with this, Arabidopsis pollen deficient in
sphingolipids have been shown to have vesiculated ER and lack Golgi stacks
(Dietrich et al. 2008). Consistent with defects in Golgi-trafficking to the plasma
membrane, the sphingolipid-deficient pollen lacked a surrounding intine layer
(Dietrich et al. 2008). Similarly, chemical inhibition of GlcCer synthesis has been
shown to alter Golgi morphology and impair Golgi-mediated trafficking of secre-
tory proteins to the plasma membrane (Melser et al. 2010, 2011). Recent studies
using an Arabidiopsis KSR mutant and GlcCer synthase and ceramide synthase
inhibitors demonstrated the importance of sphingolipids in trafficking of ATP-
binding cassette B19 (ABCB19) auxin transporter to the Golgi, trans-Golgi net-
work, and plasma membrane (Yang et al. 2012). Similar studies targeting sterols
indicated that sterols have greater significance for post-Golgi transport of ABCB19
from trans-Golgi to the plasma membrane (Yang et al. 2012). Of particular impor-
tance for trafficking of proteins through the secretory system is the presence of the
very long-fatty acid (VLCFA) component of sphingolipids, which are enriched in
GIPCs. Mutants defective in VLCFA synthesis or that have reduced activity of
Class II ceramide synthases that incorporate VLCFAs in ceramides have impaired
trafficking of secretory proteins, including PIN1 and AUX1 that are required for
auxin transport and plant growth (Bach et al. 2008, 2011; Markham et al. 2011;
Zheng et al. 2005).
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Sphingolipids as Physiological Mediators

ABA-Dependent Guard Cell Closure

In addition to the contributions of the glycosphingolipids GIPCs and GlcCer to mem-
brane structure and function, the less abundant sphingolipid biosynthetic intermedi-
ates LCBs, LCBPs, ceramides, and ceramide-1-phosphates have been linked to the
mediation of numerous, diverse physiological processes in plant cells. An important
contributor to the formation of these physiological mediators are kinase and phos-
phatase reactions that convert LCBs and ceramides between their phosphorylated
and free forms, as described above. The phosphorylation status of LCBs and cerami-
des are key to the particular physiological process that they regulate (Fig. 11.6).

One of the first links between sphingolipids and control of cellular processes was
the observation that the LCB-P sphingosine-1-phosphate or S1P participates in the
ABA-mediated signaling pathway that controls stomatal aperture by elevating cyto-
solic Ca?* levels which, in turn, activates ion channels in guard cell membranes,
with the resulting K* efflux causing loss of guard cell turgor pressure and stomatal
closing (Kim et al. 2010). After drought treatment of the plant Commelina commu-
nis, S1P levels were found to increase in leaves, and when applied exogenously,
S1P resulted in a Ca2* spike followed by stomatal closure (Ng et al. 2001).
Phytosphingosine-1-phosphate elicits the same response, although sphinganine-1-
phosphate does not, indicating some level of LCB specificity in the mediation of
guard cell closure (Coursol et al. 2003). Treatment of Arabidopsis plants with ABA
was found to activate LCB kinase, and this activity was sensitive to the mammalian
LCB kinase inhibitor, N,N-dimethylsphingosine (Coursol et al. 2003). As in mam-
mals, the target of S1P in plants is presumed to be a G-protein coupled receptor, and
Arabidopsis mutants lacking the G-protein a-subunit (GPA1) did not respond upon
exogenous S1P application (Coursol et al. 2005; Strub et al. 2010). More recently,
a connection between phospholipids and sphingolipids in the signaling pathway for
ABA-dependent guard cell closure has been proposed. In this regard, ABA and
phosphatidic acid (PA) produced by phospholipase Dal (PLDal) have been shown
to activate sphingosine kinase (SPK) to promote production of LCB-P (Guo et al.
2012; Guo and Wang 2012; Worrall et al. 2008). PA enhancement of SPK activity
was found to occur by direct interaction of PA with this enzyme (Guo et al. 2012;
Guo and Wang 2012). Given that LCB-P induction of guard cell closure requires a
functional PLDa1, it was proposed that LCB-P functions upstream of PLDal in this
signaling pathway (Guo et al. 2012; Guo and Wang 2012).

Programmed Cell Death

Sphingolipids, primarily in the form of ceramides and LCBs, have also been
strongly implicated in mediation of programmed cell death (PCD) in plants. As
described above, an initial indication of the role of ceramides as PCD triggers was
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obtained from the Arabidopsis acd5 mutant that is defective in a proposed ceramide
kinase (Greenberg et al. 2000; Liang et al. 2003). This mutant accumulates enhanced
levels of free ceramides and displays early onset of PCD relative to wild-type con-
trols (Greenberg et al. 2000; Liang et al. 2003), resulting in part to the enhanced
release of mitochondrial reactive oxygen species (Bi et al. 2014). PCD induction in
the acdll mutant has also been linked to ceramide accumulation associated with
defects in ceramide-1-phosphate transport in this mutant (Simanshu et al. 2014).
Similar findings have been obtained by treatment of Arabidopsis cell cultures with
C2 ceramide at a concentration of 50 pM (Townley et al. 2005). This treatment
induces a transient increase in cytosolic Ca*and hydrogen peroxide production,
followed by cell death, which was reversed by inhibition of Ca?* release (Townley
et al. 2005). These findings implicate Ca** as an essential component of ceramide
induction of PCD. Notably, C2 ceramides containing 2- or a-hydroxylated fatty
acids were not effective in PCD induction in Arabidopsis cell cultures (Townley
et al. 2005). Consistent with this observation, the ability of Bax inhibitor-1 (BI-1) to
suppress cell death in Arabidopsis is dependent on 2-hydroxylation of ceramide
VLCFAs (Nagano et al. 2012).

Similar to results with ceramides, application of the free LCBs d18:1, d18:0, and
t18:0 to Arabidopsis leaves also induces PCD, albeit at concentrations lower than
that observed with ceramides (Shi et al. 2007). This induction of PCD was also
dependent on ROS generation, but was suppressed by application of LCB-P along
with free LCBs (Alden et al. 2011; Shi et al. 2007). These findings suggest that the
ratio of free LCB to LCB-P, mediated by LCB kinases and LCB-P phosphatases, is
an important “rheostat” for regulation of PCD (Fig. 11.6) (Alden et al. 2011; Shi
et al. 2007). This is analogous to the dependence of PCD induction on relative lev-
els of ceramides and ceramide-1-phosphates (Greenberg et al. 2000; Liang et al.
2003). The transduction pathway for elicitation of PCD by free LCBs has been
shown to be dependent in Arabidopsis on mitogen-activated protein kinase 6
(MPK®6) (Saucedo-Garcia et al. 2011) as well as 14-3-3 protein phosphorylation by
calcium-dependent kinase 3 (CPK3) that is activated by LCB-triggered release of
cytosolic Ca?* (Lachaud et al. 2013).

Fungal-derived sphingosine-analog mycotoxins (SAMs) including fumonisin B,
produced by Fusarium species and AAL toxin produced by Alternaria alternata
lycopersici are also potent triggers of PCD in plants. These molecules competitively
inhibit ceramide synthases leading to the accumulation of free LCBs that, in turn,
elicit PCD (Abbas et al. 1994). Consistent with this, reduction of LCB synthesis by
chemical inhibition of serine palmitoyltransferase (SPT) activity enhances resis-
tance of plants to SAMs (Spassieva et al. 2002). Increased resistance to FB-
triggered PCD induction has also been observed in an Arabidopsis LCB1 mutant
and in small subunit of SPT RNAi suppression lines that have reduced SPT activity
(Kimberlin et al. 2013; Shi et al. 2007). Recent evidence has also emerged that FB,
not only increases levels of free LCBs in plant cells but also elevates levels of
ceramides containing C16 fatty acids (Markham et al. 2011; Ternes et al. 2011).
This finding suggests that FB, most effectively inhibits Class II ceramide synthases
(i.e., LOH1, LOH3) that produce ceramides with VLCFAs and are less effective
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inhibitors of Class I ceramide synthase (i.e., LOH2) that produces ceramides with
C16 fatty acids (Markham et al. 2011; Ternes et al. 2011). These findings suggest
that the potency of SAMs for PCD-induction is due to their ability to enhance accu-
mulation of LCBs and ceramides.

Pathogen Resistance

The hypersensitive response (HR) is an important process for resistance to bacterial
and fungal pathogens that is characterized by localized induction of PCD that
reduces or prevents the spread of pathogens in plants. Given the importance of
LCBs and ceramides to PCD induction, a considerable body of research has emerged
linking sphingolipids to bacterial and fungal pathogen resistance as described in a
recent review (Berkey et al. 2012). Notably, ceramide accumulation in acd5 and
acdl I mutants has been shown to be associated with salicylic acid (SA)-dependent
upregulation of HR-type PCD and pathogen-resistance genes, including genes for
PR1, ERDI1, and chitinase (Brodersen et al. 2002; Greenberg et al. 2000). More
recently, Arabidopsis mutants defective in 2-hydroxylation of ceramide fatty acids
were found to have elevated LCB and ceramide levels, as well as, increased levels
of free and glycosylated SA and constitutive induction of PR/ and PR2 genes
(Konig et al. 2012). These mutants also displayed enhanced resistance to the biotro-
phic fungal pathogen Golovinomyces cichoracearum (Konig et al. 2012). In addi-
tion, infection of Arabidopsis with the bacterial pathogen Pseudomonas syringae
was accompanied by transient increases in the LCB phytosphingosine (t18:0) and
induction of ROS and cell death (Fig. 11.6) (Peer et al. 2010; Bach et al. 2011).
Furthermore, resistance to the bacterial pathogen Pseudomonas cichorii was com-
promised in tobacco upon chemical inhibition of SPT and an accompanying reduc-
tion in LCB synthesis (Takahashi et al. 2009). This resistance appears to be mediated
by MPKG®6, as FB,-elicited Arabidopsis mpk6 mutants displayed reduced resistance
to the bacterial pathogen Pseudomonas syringae pv. tomato avrRpml due to com-
promised induction of PCD in this mutant (Saucedo-Garcia et al. 2011).

Cold Stress Signaling

Sphingolipids as abundant components of plasma membrane and tonoplast contrib-
ute to the ability of plants to resist chilling and freezing stresses. As evidence of this,
Arabidopsis mutants lacking LCB A8 unsaturation have increased sensitivity to
prolonged exposure to low, non-freezing temperatures (Chen et al. 2012). In addi-
tion to their roles as membrane components, recent studies have implicated sphin-
golipids in cold stress signaling pathways (Cantrel et al. 2011; Guillas et al. 2011,
2013). Exposure of Arabidopsis plants to 4 °C resulted in accumulation of PA and
nitrous oxide (NO). In addition, within 5 min of this cold treatment amounts of the
LCB-P phytosphingosine phosphate and ceramide-1-phosphate increased by ~50 %
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(Fig. 11.6) (Cantrel et al. 2011). This increase was negatively regulated by NO, as
chemical inhibition of NO production enhanced the accumulation of these mole-
cules but chemically-induced enhancement of NO levels reduced accumulation of
the phosphorylated LCB and ceramides (Cantrel et al. 2011). From these findings,
it was suggested that NO may regulate the relative levels of phosphorylated and
dephosphorylated LCBs and ceramides as part of a rapid signaling response path-
way to low, non-freezing temperatures (Cantrel et al. 2011; Guillas et al. 2011). The
mechanistic details of this potential signaling pathway remain uncharacterized.

Conclusions

As outlined here, significant advances have been made in plant sphingolipid biology
during the past 15 years. Nearly all of the genes involved in sphingolipid synthesis
have now been identified and numerous insights have been made in understanding
the role of sphingolipids in membrane function and physiological mediation path-
ways. In addition, the combination of mass spectrometry-based sphingolipid com-
positional profiling or sphingolipidomics and the characterization of Arabidopsis
mutants have revealed the unexpected importance of LCB modifications in regulat-
ing flux into glycosphingolipids due, in part, to the narrow substrate specificities of
the two functional classes of ceramide synthases. Furthermore, the biological
importance of sphingolipids in processes such as programmed cell death and patho-
gen resistance have been fortuitously discovered by forward genetic screens.
Despite the large amount of progress to date, many open questions and challenges
remain for plant sphingolipid research. For example, sphingolipid biosynthesis and
its regulation have been mostly examined in isolation, and metabolic networks that
supply the serine and fatty acid precursors to sphingolipid synthesis have not been
examined. We also have yet to understand the interconnections of sphingolipid met-
abolic and phospholipid and sterol metabolic pathways, particularly in response to
environmental stimuli, such as altered growth temperature, that together lead to
adjustments in membrane properties. In addition, details of sphingolipid homeo-
static regulation in plants have yet to be fully resolved. Also missing in our knowl-
edge is the contributions of sphingolipid turnover and the identities of many of the
catabolic enzymes that contribute to mediation of sphingolipid levels in plants.
Furthermore, the exact sugar residues, their linkages, and the enzymes that intro-
duce these residues in GIPC head groups have yet to be fully identified. Moreover,
it is not currently understood if the distinctive ceramide compositions in GlcCer and
GIPCs arise from substrate preferences of GlcCer and IPC synthases or from dif-
ferential partitioning of specific ceramides to the GlcCer synthase in the ER and to
IPC synthase in the Golgi. Similarly, the distinct roles of GlcCer and GIPCs in
plants have yet to be elucidated. Finally, an understanding of sphingolipid-associated
signaling pathways and their possible interconnections await further resolution.
Ultimately, with this information, it will be possible to more precisely genetically
tailor sphingolipid metabolism for improved plant performance, particularly in
response to environmental perturbations.
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