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Despite the fact that all plants follow strict developmental programmes, they also have intrinsic mech-
anisms to monitor the environment and activate appropriate responses at the (sub-)cellular level,
facilitating adaptation to abiotic and biotic fluctuations. The functionality of plant adaptive systems
always relies on the sum of signalling machineries that control their transition from the resting state.
Phosphoglycerolipids play a role in such signalling mechanisms. These structural components of cell
membranes can be converted into multiple bioactive lipids, but also into soluble molecules. Together
they shape cell metabolism via binding to downstream protein targets, thus affecting enzymatic activi-
ties, vesicle trafficking and ion fluxes. The conversion of lipids is catalysed by the hydrolytic activity of
phospholipases and by the action of lipid-kinases and lipid-phosphatases. These activities are strictly
regulated in plant cells and are highly reactive to various environmental signals. While phospholipases
have been shown to be essential for plant growth and adaptability, many aspects of phosphoglyc-
erolipid signalling at the molecular level remain unknown. Here, we summarise the latest concepts
and challenges associated with phosphoglycerolipid signalling in relation to environmental responses in
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1. Introduction

Production of biologically active lipids, such as phosphatidic
acid (PA), results from the action of phospholipases and/or lipid-
kinases (Fig. 1). Phospholipases are found in all living organisms and
typically constitute single-polypeptide multi-domain hydrolytic
enzymes acting on (phospho)ester bonds of phospholipids. They
are classified according to the site of phospholipid cleavage, and
consistently, to the nature of their products, into phospholipases
A1,A,Cand D (PLAq, PLA,, PLC and PLD; Fig. 2) (Wang et al., 2012).
Some phospholipases are characterised by their strict substrate
preference. For instance, PLCs are either phosphoinositide-specific
PLCs (PI-PLCs) or non-specific PLCs (NPCs). The latter hydrolyse
membrane structural phospholipids such as phosphatidylcholine
(PC) or phosphatidylethanolamine (PE). Several types of lipid-
kinases are found in plants. One can distinguish kinases acting on
diacylglycerol (DAG) - the DAG-Kinases (DGK) - from those acting
on phosphatidylinositol (PI), - the Pl-kinases (e.g. phosphatidyl-
inositol 4-kinase, PI4K) - and those acting on phosphorylated
PI (PIP) - the PIP-kinases (e.g. phosphatidylinositol-4-phosphate
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5-kinase, PI4P5K). In plant genomes, many lipid-processing
enzymes are encoded as multigenic families. For instance, the
genome of Arabidopsis thaliana encodes 12 PLDs, 9 PI-PLCs, 6 NPCs
and 7 DGKs and 3 PI4Ks. It is not uncommon that each isogene codes
foran enzyme with unique regulatory properties, organ localisation
or stress-induced expression patterns (Pinosa et al., 2013; Zheng
etal.,2012). Moreover, the activity of phospholipases can be rapidly
altered by post-translational regulation (e.g. G-protein-mediated
activation, protein phosphorylation), granting them a role in rapid
signalling events. Phospholipases and lipid-kinases are also func-
tionally connected to other plant signalling systems including nitric
oxide (NO; Lanteri et al.,2008), reactive oxygen species (ROS; Zhang
et al., 2009) and Ca2* (Parre et al., 2007).

2. Plant phospholipases and lipid processing enzymes
2.1. Phospholipase D

PLD (EC 3.1.4.4) hydrolyses structural membrane phospholipids
(PC, PE and phosphatidylglycerol, PG) into phosphatidic acid (PA)
and the corresponding soluble headgroup. Only two PLD genes
are known in mammals (Exton, 2002). In contrast, plant PLDs are
encoded by large multigenic families. Twelve PLD genes were iden-
tified in A. thaliana (Qin and Wang, 2002), 17 in rice (Li et al.,
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Fig. 1. Phospholipid signalling pathways in plants. Lipid processing enzymes are shown in red. DAG, diacylglycerol; DGK, diacylglycerol kinase; DGPP, diacylglycerol pyrophos-
phate; FFA, free fatty acids; IPx, inositol polyphosphate; LysoPA, lysophosphatidic acid; LysoPL, lysophospholipids; LPP, lipid phosphate phosphatase; NPC, non-specific
phospholipase C; PA, phosphatidic acid; PAK, phosphatidic acid kinase; PAP, phosphatidic acid phosphatase; PE, phosphatidylethanolamine; PC, phosphatidylcholine;
PG, phosphatidylglycerol; PI, phosphatidylinositol; PI4K, phosphatidylinositol 4-kinase; PI4P5K, phosphatidylinositol-4-phosphate 5-kinase; PI4P, phosphatidylinositol
4-phosphate; PI(4,5)P,, phosphatidylinositol 4,5-bisphosphate; PI-PLC, phosphatidylinositol-specific phospholipase C; PLA, phospholipase A; PLD, phospholipase D.

2007), 18 in soybean (Zhao et al., 2012), 17 in poplar and 11 in
grape (Liu et al.,, 2010). Plant PLDs are characterised by a com-
plex domain structure. They facultatively contain C2, PH, PX and
DRY regulatory domains (Fig. 3) (Kolesnikov et al.,, 2012). The
differences in primary structure, together with differences in enzy-
matic properties, distribute plant PLDs into o, 3, 7y, 9, € and { sub
classes. In particular plant species, PLD isoforms named k and ¢
(the latter bearing a signal peptide sequence) are also present (Li
et al., 2007). The majority of PLDs are thought to be membrane-
associated and require Ca2* for their activity (Pappan et al., 1997).
The stress-induced, calcium-dependent PLD allocation to mem-
branes is considered as a key mechanism of PLD activation (Ryu
and Wang, 1996). Among other post-translational regulators of PLD
activity in plants are G-proteins (Munnik et al., 1995), lipids (such
as phosphatidylinositol-4,5-bisphosphate, PI(4,5)P,) and protein-
kinases (Novotna et al., 2003). The different classes of plant PLDs
have distinct modes of regulation. For instance, PLD«a activity is
PI(4,5)P,-independent and calcium-dependent, and that of PLD{
is calcium-independent and PI(4,5)P,-dependent. PLDs can par-
ticipate in a characteristic transphosphatidylation reaction with
primary alcohols leading to a production of non-metabolisable
phosphatidylalcohol (Rainteau et al., 2012). This reaction is used
both to inhibit PA production and monitor PLD activity in vivo
(Munnik and Laxalt, 2013). The primary alcohol most commonly
used for these experiments is n-butanol. Tertiary-butanol, which
is not a substrate of PLD, is used as a control. PLDs have long been

considered as the main contributors to PA signalling. However their
hegemony is now being challenged by the PLC/DGK pathway.

2.2. Phosphoinositide-specific phospholipase C

Phosphoinositides, such as phosphatidylinositol-4-phosphate
(PI4P) or PI(4,5)P,, are minor constituents of plant membranes.
PI-PLC (EC 3.1.4.11) selectively hydrolyses phosphoinositides
into diacylglycerol (DAG) and phosphorylated-myo-inositol. When
compared to animal PI-PLCs, the plant PI-PLC structure (close to
that of animal { isoform) is relatively simpler, with X and Y catalytic
domains, C2 domain and truncated EF hand regulatory domains
(Fig. 3) (Pokotylo et al., 2014a). Nine PI-PLC genes were identi-
fied in A. thaliana (Hunt et al., 2004) and rice (Singh et al., 2013)
and six in tomato (Vossen et al, 2010). In animals, it is well
established that DAG activates proteins, such as protein kinases
C (PKC), while inositol trisphosphate (IP3) binds calcium channels
and thus triggers the release of the cation from internal reservoirs.
However in plants, the mode of action of PI-PLCs is different. Iden-
tification of gene(s) encoding a receptor protein of IP3 in plant
cells has not been successful (Krinke et al., 2007a) and no plant
proteins orthologous to mammalian PKCs have been found. In
plants, IP3 might be phosphorylated into inositol hexakisphosphate
(IPg) - a putative signalling molecule (Lemtiri-Chlieh et al., 2003).
DAG on the other hand is phosphorylated into PA and thus con-
tributes to PA-dependent plant stress responses (Arisz et al., 2013).
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Fig. 2. Diversity of phospholipases. A generalised representastion of the structure of phospholipid molecule with an arbitrary fatty acid composition is shown with the
sites of phospholipid cleavage indicated. The polar and apolar regions of the phospholipid and corresponding lipid products are marked. PLA;, phospholipase A1; PLA;,

phospholipase A2; PLC, phospholipase C; PLD, phospholipase D.
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Fig. 3. Domain structure of lipid-processing enzymes in plants. Domains that are mandatory in the particular enzyme subtypes are shown in bold whereas facultative
domains and motives are given in italics. LKU, lipid kinase unique domain; MORN, membrane occupation and recognition nexus domain; NH, novel homology domain; PH,

pleckstrin homology domain; PPC, plant PI4K charged domain; PX, phox domain.

Furthermore, the changes in phosphoinositide levels resulting from
PI-PLC activity may also have a regulatory role per se. Phospho-
inositides are indeed active molecules, that bind and regulate the
activity and/or localisation of plant proteins (Delage et al., 2013;
Oxley et al., 2013). PI-PLC activity regulation involves CaZ* (Hunt
et al.,, 2004), C2 domain-mediated membrane targeting (Rupwate
and Rajasekharan, 2012), protein—protein interactions and putative
post-translational modifications (Pokotylo et al., 2014a).

2.3. Non-specific phospholipase C

NPCs (EC 3.1.4.3) are phospholipases that predominantly
hydrolyse PC, an abundant structural phospholipid, as well as PE
and PG. They produce DAG and the corresponding phosphorylal-
cohol. Plant NPCs are characterised by a plain domain structure,
with little or no regulatory sequences identified (Fig. 3) (Pokotylo
et al., 2013). They share no sequence similarities with, and are
structurally unrelated to, PI-PLC or other plant phospholipases.
Instead, a similarity to bacterial non-toxic PC-PLC has been reported
(Nakamura et al., 2005). Rapid post-translational regulation of NPC
activity was reported in response to stress and hormonal stimuli
(Kocourkova et al., 2011; Pejchar et al., 2010; Wimalasekera et al.,
2010). The molecular mechanisms behind these regulatory events
remain unclear. Unlike PI-PLC, the soluble product of NPC activity,
a phosphorylalcohol, is thought to be irrelevant to signalling events
in plants.

2.4. Phospholipase A

PLAs (EC 3.1.1.4) are hydrolases cleaving many membrane
phospholipids, thus releasing a free fatty acid (FA) and a lysophos-
pholipid. Both these molecules can be biologically active (Scherer,
2010).PLAs are classified into PLA; and PLA, depending on whether
the sn-1 or sn-2 acyl chain is released from the phospholipid
molecule. In plants, the PLA, group is further diversified into
small secreted PLA; (sPLA,), patatin-like PLA, (pPLA;) and calcium-
activated PLA; (Scherer, 2010). This classification is essentially
based on the enzyme biochemical properties and not so much on
the presence of structural motifs (Fig. 3) (Chen et al., 2013). Patatin-
like phospholipases frequently combine the activities of both PLA;
and PLA;. PLA,-like activity has been also detected in structurally
divergent plant proteins (Chen et al., 2012). The implication of PLA,

in lipid signalling has now been demonstrated in relation to plant
defence responses (Viehweger et al., 2002) and reaction to auxin
that rapidly activates patatin-like phospholipases A (Effendi et al.,
2014; Labusch et al., 2013). The putative role of lyso-PA (a prod-
uct of PLA activity) in salt responses of Chlamydomonas has also
been reported (Arisz and Munnik, 2011). Amongst the mechanisms
involved in the regulation of PLA, activities in plants, a critical
role has been given to G-proteins (Heinze et al., 2013). Less is
known about the signalling role and mode of regulation of plant
PLA;.

2.5. Diacylglycerol kinase

DGKs(EC2.7.1.107) catalyse the ATP-dependent DAG phosphor-
ylation resulting in PA synthesis. Seven DGK genes were identified
in A. thaliana genome (Gomez-Merino et al., 2004) and eight in rice
genome (Ge et al., 2012). The structure of plant DGK is simpler than
that of animals (Fig. 3) (Liu et al., 2013Db). For instance, five out of
seven DGKs from A. thaliana lack the C1 domain characteristic of
animal enzymes. There is increasing evidence suggesting an essen-
tial role of DGKs in regulation of plant cell activities (for review
see Arisz et al., 2009). For example, DGK has been demonstrated to
play a role in the signal-specific PA production in cold-stressed A.
thaliana (Delage et al., 2013; Ruelland et al., 2002; Vaultier et al.,
2006). Inhibition of DGK activity results in the retardation of plant
growth (Gomez-Merino et al., 2005) and defence responses (Ge
et al., 2012). The DAG substrate required for DKG activity can be
produced by both NPC and PI-PLC. However, FA composition is usu-
ally different in phosphoinositides and structural lipids such as PC
or PE (Rainteau et al., 2012), thus the PA produced by the two path-
ways will be composed of essentially distinct molecular species. In
fact, based on FA composition, the PA produced from NPC-derived
DAG (via DGK activity) will be much closer to the PLD-generated
PA, than to a PA that originated from PI-PLC.

2.6. PA kinase

In some cases, PAis phosphorylated into DGPP by a PA kinase (EC
2.7.4.).This enzyme has not yet been cloned in plants. DGPP acts as a
stress-activated signalling molecule (Munnik and Testerink, 2009;
van Schooten et al., 2006), namely in the ABA-mediated responses
in A. thaliana cells (Zalejski et al., 2005).
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2.7. PI- and PIP-kinases

PI4P and PI(4,5)P; are not solely substrates of PI-PLC, they can
participate in signalling cascades by recruiting/sequestering pro-
teins through PH or PX domains (D’Angelo et al., 2008; Delage et al.,
2013). The synthesis of PI4P and PI(4,5)P; in plant cell relies on the
activity of PI4 kinase (EC 2.7.1.67) and PI4P5 kinase (EC 2.7.1.149)
respectively. Plant PI4 kinases are classified as type Illa, type III[3
and type Il enzymes that differ in their molecular weight and
domain composition (Fig. 3) (Drgbak et al., 1999). A unique gene
coding for PI3 kinase that facilitates production of phosphatidylin-
ositol 3-phosphate has been found in A. thaliana (Lee et al., 2008).
The structure of PI4P5 kinases (10 isoforms in A. thaliana) is more
homogenous with a N-terminal Membrane Occupation and Recog-
nition Nexus (MORN) regulatory domain (Saavedra et al., 2012).
The PI- and PIP-kinases have distinct biological roles in plants. For
example, the contribution of type Il PI4 kinases has been shown to
be indispensable for phosphoinositide-mediated stress responses
in A. thaliana (Delage et al., 2012).

2.8. Lipid phosphatases

Phosphoinositide phosphatases (EC 3.1.3.) act together with
kinases to maintain equilibrium between the pools of phos-
phorylated and dephosphorylated phosphoinositides. Recently,
Suppressor of Actin (SAC) phosphoinositide phosphatases have
been demonstrated to play a role in vacuolar development and
trafficking in A. thaliana (Novakova et al., 2014).

Lipid phosphate phosphatase (EC 3.1.3.4) dephosphorylates PA
(and DGPP) thus quenching the signal generated by those lipids.
This step is essential in a signalling pathway and such a role has
been assigned to lipid phosphate phosphatases in plant responses
to drought, ABA and the elicitor harpin (Franca et al., 2008; Paradis
et al., 2011; Pierrugues et al., 2001).

3. Implication of lipid signalling in plant stress and
hormonal responses

Plants are constantly challenged by their environment but they
cope with the majority of stresses by adjusting their metabolism
and physiological responses. Lipid signalling offers the perfect
mechanism for the information transmission between a plasma
membrane, the cytosol and other organelles, particularly the
nucleus. Membranes are the sites where many signals are perceived
by the cell and offer a unique environment for inducible enzyme
activity (Horvath et al., 2012; Sun et al., 2013). The lipid-processing
enzymes described above are responsible for the production or
the catabolism of lipid mediators involved in plant responses to
stresses. The majority of them stay, at least transiently, in mem-
branes. However, the binding of soluble proteins will allow the
transduction of the signal into the soluble compartments of the
cell. PI-PLC-class phospholipases furthermore produce a biologi-
cally active soluble molecule that is directly released to the cytosol.

Moreover, an environmental stress, considered as a primary sig-
nal, will trigger the synthesis of hormones, e.g. ABA or SA, that will
act as a secondary signal and activate plant adaptive responses.

3.1. Stress responses

3.1.1. Biotic stress

Pathogens, such as bacteria or fungi, are a major threat to plants.
Throughout evolution, sophisticated defence mechanisms aimed
at counteracting pests have been selected. This has resulted in
a highly structured plant immune system (Wirthmueller et al.,
2013). The first line of plant defence comprises mechanical bar-
riers (e.g. a cuticle, wax deposits) and constitutive synthesis of

antimicrobial secondary metabolites such as phytoalexins. Then,
two components of plant immunity can be induced: a pathogen-
associated molecular pattern triggered immunity (PTI) and an
effector triggered immunity (ETI). A PTI is activated upon recogni-
tion of unspecific pathogen-derived molecules (e.g. a flagellin) by
pattern recognition receptor (PRR), whereas a more specialised ETI
is responsible for recognition of race-specific pathogen effectors by
nucleotide-binding leucine-rich repeat (NB-LRR) proteins (Senthil-
Kumar and Mysore, 2013). Both systems often act simultaneously,
leading to an expression of defence genes and, facultatively, to
a hypersensitive cell death response (HR) that restricts pathogen
propagation at the infection site.

Plant phospholipases are essential components of these systems
(Canonne et al., 2011), in particular for PTI-responses. A signif-
icant increase of PA production in tomato cells implicating both
PLD and PLC/DGK pathways was observed as soon as after 30 min
of treatment with chitosan, a polysaccharide elicitor (Raho et al.,
2011). A rapid accumulation of lysophosphatidylcholine, resulting
from PLA, activation, was reported in cultured cells of California
poppy elicited with a yeast glycoprotein (Viehweger et al., 2002).
In contrast, two oomycete-derived elicitors inhibited NPC activ-
ity in parsley and tobacco cell suspensions (Scherer et al., 2002).
This suggests that each phospholipase has its specific role in plant
immunity. The differently directed changes of expression of numer-
ous phospholipase-coding genes following pathogen encounter or
elicitor treatment are evident (Fig. 4).

An implication of lipid signalling to ETI response is also evident.
Indeed, a biphasic PA accumulation (from PLD and PLC/DGK path-
ways) was observed in A. thaliana after recognition of AvrRpm1
and AvrRpt2 by membrane receptors RPM1 and RPS2, respectively
(Andersson et al., 2006). Moreover, silencing of PLC4 in tomato
has resulted in weakened HR following Avr4 recognition in plants
expressing the Cf-4 R-gene. In contrast, the silencing of PLC6 did not
affect plant responses in similar conditions, but PLC6 was required
for efficient responses mediated by Vel and Pto/Prf receptor pro-
teins (Vossen et al., 2010).

Phospholipases are likely to participate in the immune
responses at the plasma membrane level, where PRRs, as
well as some of the NB-LRR, are located (Monaghan and
Zipfel, 2012; Mackey et al, 2002). Quantitative proteomics
of plasma membrane-enriched fractions from dexamethasone-
inducible GVG-AvrRpt2 A. thaliana plants, in which an ETI response
mediated by RPS2 resistance gene is evoked, have revealed that
among proteins whose abundance was increased upon onset of
the immune reactions are some members of phosphoglycerolipid
signalling system: DGK 5, PLDa1 and PLD+y1, and several members
of PLA; family (PLP2a/pPLA-Ila and SOBER1) (Elmore et al., 2012).

The PLD-mediated accumulation of PA has also been observed
in A. thaliana in response to wounding and thus may play a role in
biotic stress signalling necessary for resistance to herbivore attack
(Bargmann et al., 2009).

For this reason, PA appears to act as an active molecule in
the immune response. The application of exogenous PA (or DAG)
could mimic the effects of the N-acetylchitooligosaccharide elici-
tor in rice cells, as suggested by the triggering of ROS generation,
or expression of defence-related genes (Yamaguchi et al., 2005).
PA application was also sufficient to induce the accumulation of
phytoalexin in tobacco cells (Wang et al., 2013a).

The participation of several types of phospholipases in plant
immunity has been demonstrated at the molecular level. Arole in A.
thaliana resistance to powdery mildew fungus (Blumeria graminis f.
sp. Hordei) has been specifically ascribed to PLD that accumulated
in the plasma membrane near the site of fungal attack (Pinosa et al.,
2013). Analysis of PLD3-deficient plants demonstrated a declined
resistance to fungal spore penetration. The chitin-induced expres-
sion of NHL10, FRK1, and PHI-1 defence genes was also retarded
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Fig.4. Transcriptional responses of lipid-processing enzymes to environmental cues and hormones (Hruz et al., 2008). Colour saturation corresponds to the level of upregula-
tion (red) and downregulation (blue) of gene expression in designated conditions. Expression changes of five-fold or more are given as maximum color saturation. Expression
changes that are lower than 1.5-fold are assumed insignificant and marked white. ABA, abscisic acid; BL, brassinolide; MeJA, methyl jasmonate SA, salicylic acid. Gene
Expression Omnibus (GEO) codes for each set of experimental data are as follows: wounding, salt (roots), osmotic (leaves), osmotic (roots), cold - AT-00120; salt (leaves) -
AT-00262; heat - AT-00387; drought (leaves), drought (roots) - AT-00626; elicitor (flagellin 22 peptide) - AT-00107; pathogen (P. syringae pv. Maculicola) - AT-00406; BL,
ABA, MeJA - AT-00110; SA - AT-00113 (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).

in pld§ mutants (Pinosa et al., 2013). In pepper, silencing of the
CaPLP1 gene, encoding a pPLA,, activity resulted in loss of resis-
tance to Xanthomonas campestris pv. Vesicatoria (KKim et al., 2014).
The expression of CaPLP1 in A. thaliana (under the CaMV 35S pro-
moter) has rendered plants more tolerant to the pathogen infection.
This effect was accompanied by an increased ROS generation and an
enhanced expression of several defence-related genes upon infec-
tion (Kim et al., 2014). In contrast, the activity of some of the plant
phospholipases seems to favour the resting state of plant defences.
Suppression of PLDB1 expression in rice resulted in the activation of
defence-like reactions that include accumulation of ROS and phy-
toalexins and expression of defence-related genes, contributing to
elevated resistance to pathogenic fungi. These defence reactions are
thus constitutively repressed by a basal PLDS1 activity (Yamaguchi
et al., 2009).

Stress-induced accumulation of hormones constitutes an essen-
tial part of plant defences (Derksen et al., 2013). Interestingly,
the well-known antagonism between the signalling pathways
that control plant resistance and implicate salicylic acid (SA)
and jasmonic acid (JA), may be implemented at the level of
phospholipase-dependent signalling. The positive contribution
of A. thaliana PLDB1 to plant JA-dependent responses to the
necrotrophic fungi Botrytis cinerea has to be opposed to its nega-
tive role in plant SA-dependent response to biotrophic Pst DC3000
(Zhaoetal.,2013). Moreover, a negative correlation between PLD1
activity and lysophospholipid content has been reported in the
same study. Taken together with the data from another study

where the activity of a Suppressor of AvrBsT Elicited Resistancel
(SOBERT1) PLA, was antagonistic to PLD-dependent PA production
in A. thaliana elicited with AvrBsT (Kirik and Mudgett, 2009), a tight
interplay between PLA and PLD in plant defence signalling may be
suggested.

The downstream mechanisms of metabolism regulation by
phospholipases, including those in biotic stress conditions, are dis-
cussed below.

3.1.2. Salt and osmotic stresses

Salt stress is a frequent environmental situation caused by both
natural and anthropogenic factors. High osmolarity constitutes
an intrinsic, rapid and dominant component of salt stress. It is
accompanied by a long-lasting ionic component mainly caused by
the toxicity of Na* ions. Salt stress has a great impact on plants,
affecting photosynthesis and resulting in growth inhibition or com-
plete growth arrest. Different phospholipases are involved in plant
response to salinity. The expression of A. thaliana AtPLC1, N. tobacco
NtPLCS1 and Vr-PLC3 from Vigna radiate, all coding for PI-PLCs, was
greatly induced in salt conditions (Hirayama et al., 1995; Kim et al.,
2004; Tripathy et al., 2012). The same reaction was observed for
AtPLDS (Katagiri et al., 2001). A post-translational response was also
elicited, as a strong increase in IP3 production resulting from PI-PLC
activation, observed in the first minutes of plant exposure to salt
or hyperosmotic stress (DeWald et al., 2001; Drgbak and Watkins,
2000). This response was coupled to an increase in intracellular
Ca?* (DeWald et al., 2001). The implication of PLC/DGK pathway to
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rapid PA production in salt-treated rice has also been demonstrated
(Darwish et al., 2009). With respect to NPC, AtNPC4 expression
was induced after 6 h in salt-treated roots of A. thaliana, while the
induction of NPC activity was detected as early as after 30 min of
salt exposure (Kocourkova et al., 2011). It is important to mention
that plants overexpressing phospholipase genes frequently display
higher tolerance to salt stress. This is the case of NPC4-OE A. thaliana
(Peters et al., 2010) and PLC&1-OE tobacco (Tripathy et al., 2012).

Many studies imply PA as a key signalling molecule in plant
responses to salinity. A critical role in salt-induced PA production
in A. thaliana has been assigned to PLDa1. It has been reported
that PA content was significantly induced by salt treatment in
WT plants. However, this effect was almost negligible in PLDa1-
deficient mutants (Yuetal.,2010). The importance of PA production
in response to salinity is further supported by the fact that PLDa1-
deficient (Yu et al., 2010) and PLDa3-deficient A. thaliana mutants
had severely lowered salt stress resistance (Hong et al., 2008a).

PA has an impact on cytoskeleton organisation under salt stress.
Pld1 mutants have irreversibly disordered microtubule struc-
ture in stress conditions, contrary to WT plants. This observation
may be explained, at least in part, by PA-binding to MAP65-1 - a
microtubule-associated protein (Zhang et al., 2012). PA can also
stimulate activity of protein kinases in salt-stressed plants, for
instance that of MPK6 in A. thaliana (Yu et al., 2010). PA is also
thought to mediate accumulation of soybean MAPK in salt stress
conditions (Im et al., 2012). Interestingly, DGK-derived PA can be a
source of LPA produced by PLA, in Chlamydomonas following salt
stress (Arisz and Munnik, 2011). In this regard, a novel role for
mitochondrial PLA; in responses to hyperosmotic treatment was
recently reported in wheat. The FA production by PLA, has been
proposed to influence ion channels, resulting in the quenching of
transmembrane electric potential in mitochondria (Trono et al.,
2013). These events result in a stabilisation of respiratory chain
and prevent stress-induced ROS accumulation.

Lipid signalling pathways can also be involved in the regulation
of the level of proline (an osmolyte) in Thellungiella halophila under
salt stress. Depending on the severity of the stress, the activity of
either PLD or PI-PLC was essential for proline accumulation as sug-
gested by inhibitor studies (Ghars et al., 2012). Similarly, PI-PLC
specifically stimulated proline accumulation under ionic, but not
non-ionic, hyperosmotic stress in A. thaliana (Parre et al., 2007).

Interestingly, other lipid molecules are also implicated
in salt-stress responses. Phosphatidylinositol-3-phosphate or
phosphatidylinositol-4-phosphate were demonstrated to mediate
a defensive ROS production in salt-stressed A. thaliana (Leshem
et al., 2007).

3.1.3. Drought stress

Drought stress results in loss of turgor, inhibition of metabolic
activities, and most often in stomata closure. Both PLCs and PLDs
are involved in cell responses to dehydration. Zea mays plants over-
expressing PI-PLC1 (ZmPLC1) had better adaptation to drought,
while the corresponding antisense line has significantly impaired
growth parameters (Wang et al., 2008). In transgenic tobacco
plants, expression of ZmPI-PLC1, under the CaMV 35S promoter, also
conferred drought resistance (Zhai et al., 2013). Overexpression of
PI-PLC2 in canola plants resulted in drought tolerance accompa-
nied by an improved photosynthetic rate (Georges et al., 2009).
This is also true in canola expressing A. thaliana PLDa1 under a
guard cell-specific promoter (Lu et al., 2013). On the other hand,
antisense plda1 A. thaliana plants were more sensitive to drought,
had lower leaf water potential and had their photosynthesis more
severely affected compared to WT plants under the same conditions
(Mane et al., 2007). These effects can be explained by the acute
requirement for an up-regulation of phospholipase activity dur-
ing stress. In durum wheat, the abundance of four secreted PLA,

transcripts, as well as measured PLA, activity in vitro and the
increase in free FA content, positively correlated with a better
resistance to drought (Verlotta et al,, 2013). A patatin-like pro-
tein, with galactolipid and phospholipid acyl hydrolase activities,
is also expressed in response to drought in A. thaliana (Matos et al.,
2008). The expression of AtPLD§ was significantly induced and PA
was accumulated in A. thaliana tissues in response to dehydration.
Interestingly, the PA accumulation was significantly hampered in
AtPLD§-antisense lines, suggesting an essential role of AtPLDS in
drought stress responses (Katagiri et al., 2001). It was also reported
that under water deficit, a significant amount of produced PA
is phosphorylated to DGPP in the leaves of Craterostigma plan-
tagineum (Munnik et al., 2000). The same effect has been observed
in Chlamydomonas moewusii green alga and in cells of tomato and
alfalfa in response to water deficit induced by NaCl treatment
(Munnik et al., 2000).

Besides a role as signalling enzymes, PLDs can also act as
catabolic enzymes, participating in a slow membrane degradation
process. It is therefore not uncommon to assign this dual role to
PLDs during a stress. For instance, PLD«1 mediates guard cells clo-
sure at the early stages of drought, thus contributing to short-term
plant tolerance. However, plants overexpressing PLDo 1 were more
sensitive to prolonged stress. The latter effect can be explained
by the membrane degradation as confirmed by the analysis of ion
leakage. This suggests that both catabolic and signalling roles of
phospholipases in plant metabolism should always be considered
in parallel (Hong et al., 2008b)

Apart from phospholipases, the contribution of other lipid-
processing enzymes to plant resistance has also been reported.
Overexpression of phosphatidylinositol synthase from Zea mays
(ZmPIS) in tobacco plants led to drought stress tolerance (Zhai
et al.,, 2012), tentatively explained by an induced phosphoinosi-
tide signalling. Indeed, the over-expression of ZmPIS in maize
was accompanied by an enhanced content of major phospholipids
(including phosphoinositides) together with a higher level of trans-
cripts encoding DGKs (ZmDGK1, ZmDGK3), PI-PLCs (ZmPLC) and
PLDs (ZmPLDa1). Genes involved in ABA biosynthesis were also
up-regulated in ZmPIS-overexpressing plants (Liu et al., 2013a).

3.1.4. Temperature stress

In plants, acute temperature shifts represent a major stress.
Some plants, according to the species and cultivars, will be able
to trigger a response to help them cope with this stress. Lipid
signalling is a key part of temperature responses (Ruelland and
Zachowski, 2010).

We can distinguish heat stress, from chilling stress and freez-
ing stress. Heat stress leads to an early activation of PLD in BY-2
tobacco cells. In parallel, PI(4,5)P, accumulated at the plasma
membrane and nucleus levels, indicating a stimulation of (a) PIP
kinase(s) (Mishkind et al., 2009). In S. Lycopersicum (a tomato)
PLC3 and PLC6 genes were up-regulated in response to high tem-
perature exposure. It is important to mention that an increased
PA level in such conditions was accompanied by decreased lev-
els of PI and PIP in vivo, suggesting an activation of PLC/DGK
pathway (Abd-El-Haliem et al., 2012). InA. thaliana, AtPLC9 expres-
sion tightly correlated with plant resistance to heat stress. Atplc9
mutant plants became thermosensitive compared with wild-type
plants after high temperature stress. Complementation of atplc9
mutants by AtPLCI restored a thermotolerance. Moreover thermo-
tolerance was further improved in overexpressor lines. This effect
was explained by altering level of IP3 accumulation and Ca2* influx
in mutant plants. In addition, AtPLC9 expression has also correlated
with the accumulation of two small heat shock proteins, HSP18.2
and HSP25.3 (Zheng et al., 2012). A complementary implication of
AtPLC3 to heat stress repsonses in A. thaliana has also been revealed
(Gao et al,, 2014).
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In response to chilling temperatures, a rapid phosphoinositide
turnover and IP; production has been observed to occur within
minutes in maize (Kravets and Nokhrina, 1998) and A. thaliana
cell suspensions (Ruelland et al., 2002). A burst of PA production
associated both with PI-PLC/DGK and PLD activities has also been
observed in these conditions (Ruelland et al.,2002). The PI-PLC/DGK
pathway was also involved in early PA generation in cold-stressed
A. thaliana plantlets or leaf disks (Arisz et al., 2013; Delage et al.,
2012). The proposed origin of PI-PLC activation is the cold-induced
membrane rigidification that might activate mechanosensitive cal-
cium channels, leading to calcium entry (Vaultier et al., 2006). The
activity of PI-PLC is also dependent on the availability of its main
substrate, PI(4,5)P,, that is generated by the combined action of PI
4-kinases and PI4P 5-kinases. During a cold response, PI-PLC does
not only uses pre-existent phosphoinositides; a de novo production,
that occurs in parallel to PI-PLC activity, has been monitored. Muta-
tions in two type III phosphatidylinositol 4-kinases (81 and [32)
led to lower PIP and PI(4,5)P, levels and to a decrease in PLC/DGK
mediated PA production in response to cold in A. thaliana plantlets.
This implies that PI4KIII1, PI4KIIIB2 and PI4KIIla1 all participate
in providing the substrates to the PI-PLC activity during cold stress
(Delage et al., 2012). Several DGK isoforms are probably at play to
transform DAG into PA at low temperatures, as PA production was
not significantly affected in various dgk single mutants (Arisz et al.,
2013). As for the role of PLD in response to chilling stress, genes
downstream of the cold-activated PLD activity have been identified
in A. thaliana suspension cells. They include the CBF transcription
factors and their target genes (Ruelland et al., 2009; Vergnolle et al.,
2005).

Response to freezing stress is more complex than evidenced in
chilling stress. In addition to induced temperature stress, freezing
is accompanied with ice formation in the apoplast. This can lead
to water efflux from the cytosol, essentially effecting subcellular
dehydration or desiccation and loss of cellular integrity (Ruelland
and Zachowski, 2010). The analysis of the lipid composition of
cold-tolerant Thellungiella salsuginea plant showed that PA content
was low under normal growth conditions. In contrast, it increased
almost 10-fold at low but positive temperature (chilling) and 100-
fold in response to negative temperature (freezing). The membrane
PC content was also reduced, suggesting an activation of PLD(s)
or NPC(s) (Zhang et al., 2013). In Celtis bungeana callus, a rise in
PLD activity, as measured by choline release in vitro, in both micro-
somal and mitochondrial membrane fractions was also reported in
response to freezing. This effect correlated to the elevated expres-
sion of CbPLD noticed after 6-days of stress (Yang et al., 2013).
Therefore a PLD is activated during freezing stress. But, similarly
to what is discussed with drought stress, the PLD function might
be more attributable to its catabolic role rather than to a signalling
one. Moreover, the functions of PLD during freezing are likely to be
isoform-dependent as suggested by the discrepancy in the role of
PLDS (a positive role)(Li et al., 2004) and PLDa1 (a negative role)
(Rajashekar et al., 2006) in A. thaliana freezing tolerance.

3.1.5. Nutrient deficiency and toxic metals

Plants obtain all of the required essential nutrients from the
soil. However, they frequently find themselves in a situation
when the soil nutrient composition is unbalanced of deficient.
These conditions require rearrangements of metabolism that are
facilitated, at least in part, by the activity of lipid-processing
enzymes. Overexpression of PLDe had a positive effect on A. thaliana
root growth in conditions of nitrogen, phosphorous or potas-
sium deprivation and affected the activity of several enzymes
employed in nitrogen assimilation (Hong et al., 2009). Membrane
phospholipids can be considered as a source of phosphate. The func-
tions of NPCs were associated with phosphoglycerolipid turnover
in phosphate-deprived plants. In those conditions, membrane

phosphoglycerolipids are hydrolysed by NPCs, releasing DAG which
is used for the synthesis of digalactosyldiacylglycerol, which in
turn substitutes for phosphoglycerolipids in extra-plastidial mem-
branes. The released phosphorylated head group is catabolised
to recycle the phosphate (Gaude et al., 2008; Nakamura et al.,
2005). An implication of PLD{2 (Cruz-Ramirez et al., 2006) to plant
responses to low phosphate has also been reported. These effects
are to be associated with metabolic, rather than signalling, func-
tions of phospholipases. Many phospholipids contain nitrogen in
their structure (e.g. PC, PE). Despite this, no significant changes to
phospholipid contents were reported following nitrogen depriva-
tion in soybean (Narasimhan et al., 2013).

Toxic metals (such as AI** or Cd2*) are common, though unwel-
come, constituent of soils. They can drastically affect essential plant
enzymes and metabolism by forming chelates or antimetabolites.
The induced Al resistance in PLDy-suppressed A. thaliana plants
was ascribed to the alleviation of ROS damage and lipid remod-
elling (Zhao et al., 2011). An inhibition of NPC activity has been
monitored as early as after 10 min in aluminium-treated tobacco
BY-2 cells (Pejchar et al., 2010). The physiological importance of
the observed effects is yet to be explained.

3.2. Hormonal responses

Hormones govern plant life, from seed germination to senes-
cence. They also constitute an intrinsic part of plant adaptation.
Both stress-related hormones (e.g. salicylic acid, abscisic acid) and
some of the growth-promoting hormones (e.g. brassinosteroids)
may actively participate in plant responses to the environment.
Indeed, lipid signalling has been revealed to be an essential part of
hormonal signal transduction (Janda et al., 2013). Therefore, hor-
mones could interfere on the lipid signalling pathways activated
by environmental stresses. This interference could be positive or
negative.

3.2.1. Brassinosteroids

Connections between phospholipid and brassinosteroid
signalling pathways in plants are now documented. Brassinos-
teroids stimulate NPC activity as early as 15 min after hormone
application (Wimalasekera et al., 2010). Moreover, the expression
of the negatively-regulated brassinosteroid biosynthetic CPD gene
was not repressed in npc3 and npc4 A. thaliana mutants treated
by a brassinolide (a brassinosteroid) (Wimalasekera et al., 2010).
The stimulatory role of a brassinosteroid on the post-translational
activation of PLD activity was observed in Brassica napus (Pokotylo
et al., 2014b). A functional connection between brassinosteroid
and lipid signalling pathways in plants may rely on the activity
of protein phosphatase 2A (PP2A). PP2A is a multifunctional
heterotrimeric enzyme. For instance, PP2A dephosphorylates
Brassinazole-Resistant 1 (BZR1) - a transcriptional repressor that
is active in a dephosphorylated state (Tang et al., 2011). Together
with BRI1-EMS-Suppressor 1 (BES1), BZR1 is tightly connected
with brassinosteroid-induced regulation of gene expression (Ryu
et al, 2007). In turn, the activity of BRI1 receptor kinase (a
brassinosteroid receptor), is negatively regulated by PP2A at the
plasma membrane (Wu et al,, 2011). PA recruits and activates
PP2A specifically in membrane fractions presumably via binding
to its A1 subunit. At the same time, a depletion of total (cytosolic)
PP2A activity following PA treatment has been reported (Gao et al.,
2013). Therefore, PA as a mediator of lipid signalling could act on
brassinosteroid perception, through BRI1, and its transduction,
through BZR1. However, it is becoming apparent that different
pools of PA and PP2A may be involved in these processes. In this
manner, a negative effect of PA on BZR1 phosphorylation has been
reported. This effect is likely to be exerted by PLD-derived PA,
since treatment with R59022 (an inhibitor of DGK) did not affect
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the phosphorylation of BZR1 while treatment with n-butanol
(an inhibitor of PA production by PLD) reversed the effect. In
addition, the pld¢2 mutant (PA-deficient) was characterised by the
constitutively activated brassinosteroid signalling as suggested by
the repressed expression of CPD and DWF4 genes implicated in
brassinosteroid biosynthesis (Wu et al., 2014). The existence of a
PP2A-independent mechanism of PA-mediated regulation of the
BZR1 phosphorylation and BR-signalling as a whole should also be
considered.

Expression of genes encoding the enzymes implicated in the
lipid-signalling pathways, such as PLDa1, PLDa2, PLDy1, PLDS,
DGKs (Wu et al., 2014) and AtPLC1 (Sun et al., 2010) are upregu-
lated by brassinosteroids in A. thaliana. This might point out at a
feedback regulatory loop between a PA-mediated brassinosteroid
signalling and an expression of PA-generating enzymes.

Other phospholipids act as mediators of brassinosteroid in
plants. For example, lyso-phosphatidylethanolamine, a product of
PLA activity, takes part in the control of brassinosteroid-mediated
root elongation in A. thaliana (yoon Jeong et al., 2012).

3.2.2. ABA

Abscisic acid (ABA) is a key hormone implicated, among other
mechanisms, in plant stomatal responses to water loss. In barley
protoplasts, ABA activated PLD and thus led to a rise in PA content,
while the addition of n-butanol inhibited ABA responses (Ritchie
and Gilroy, 1998). ABA-induced PLD activation was mediated by G-
proteins and localised at the plasma membrane (Ritchie and Gilroy,
2000). PLDd and PLDa1 were shown to redundantly mediate ABA-
induced stomata closure in A. thaliana. A double mutant plda1pldd
had no stomatal response to ABA. However, both single mutants
had retained their sensitivity to ABA treatment, even though ABA-
triggered PA accumulation was significantly reduced (Uraji et al.,
2012).

Recent in vitro experiments using isotopic labelling have
revealed that PA produced by PLD in response to ABA treatment
in barley aleurone layers was likely to be rapidly processed. This
conclusion has been drawn from the fact that activities of both PA
kinase and PA phosphatase 1 (that is N-ethylmaleimide-sensitive)
were induced by ABA (Villasuso et al., 2013). This suggests a tran-
sient nature of PA-signalling in response to ABA.

Besides their signalling role, PLDs could act as catabolising
enzymes during ABA-responses. One of the PLD isoforms activated
by ABA in A. thaliana, PLDS, was shown to be responsible for the
ABA-induced senescence mediated by a PLD-assisted degradation
of membrane PC(Jiaetal.,2013).In another study, a metabolic-wise
PA production has also been observed in response to long-term
(12h) ABA exposure in A. thaliana (Katagiri et al., 2005). Inter-
estingly, in the latter study, ABA sensitivity of A. thaliana plants
deficient in the lipid phosphate phosphatase gene AtLPP2 has
also been investigated. These plants had a constitutively higher
PA content and were hypersensitive to germination inhibition by
exogenous ABA. This confirms a positive role of PA in ABA signal
transduction. This signalling pathway apparently implicates ABA-
insensitive 4 (ABI4) transcription factor as suggested by epistasis
mutant analysis. However, owing to the fact that germination of
AtLPP2-deficient mutants was not affected in the absence of ABA
(Katagiri et al., 2005), one can conclude that PA accumulation alone
is not sufficient to mimic the effect of ABA on seed germination.

Apart from PA, DGPP accumulation in response to ABA treatment
has also been observed (Katagiri et al., 2005; Zalejski et al., 2005).
DGPP could be a biologically active molecule. But it could also serve
to eliminate PA as a signal. It has been shown in A. thaliana cells that
the signal was effectively borne by DGPP, while PA did not trans-
duce the signal (Zalejski et al., 2005). If this applies to all situations
where DGPP is produced remains unanswered.

The implication of PI-PLC in ABA signalling is also evident.
Transgenic tobacco plants with depleted PI-PLC content in guard
cells were impaired in ABA-induced stomata movements (Hunt
et al.,, 2003). However, contrary to PLDs, PI-PLCs contribute to ABA
signalling by inhibiting ABA-induced stomata opening rather than
promoting ABA-induced closure (Mills et al., 2004). This effect is
probably mediated by Ca2* as evoked by the production of soluble
inositol phosphates.

3.2.3. Salicylic acid

Salicylic acid (SA) activated PLD after 45 min of incubation in
A. thaliana cells (Krinke et al., 2009; Rainteau et al., 2012). This SA-
stimulated activity was upstream of PR1 expression, since diversion
of PLD activity with primary alcohols led to a lower PR1 transcript
content (Krinke et al., 2009). PI-PLC response to SA is also well
known. IP; content decreased greatly in Capsicum chinense ]. cells
under SA treatment, suggesting a negative regulation of PI-PLC.
An increased PI(4,5)P, content, observed in the same conditions
can be explained by the PI-PLC inhibition, together with the acti-
vation of PI-kinases (AltGzar-Molina et al., 2011). An increase in
PI(4,5)P, has also been reported in A. thaliana suspension cells
(Krinke et al., 2007b) and it has been proposed that PI(4,5)P, would
act as a cofactor for the PLD activity responsible for PR1 expression
in response to SA (Krinke et al., 2009).

3.2.4. Jasmonates

Jasmonates are hormones implicated in various plant stress
responses (Wasternack and Hause, 2013). They are classified as
lipid molecules (oxylipins) derived from oxidised FA. This postu-
lates an involvement of phospholipases (notably a PLA) in their
biosynthesis (Wasternack and Hause, 2013). Moreover, transduc-
tion of the jasmonate signal in cells will also involve enzymes of the
lipid-signalling pathway. In Capsicum chinense ]. cells, jasmonate
was reported to stimulate PI-PLC and PLD activities, as measured
in vitro, as well as that of PI kinases, in a biphasic dose-dependent
manner (Armando Mufioz-Sanchez et al., 2012). In A. thaliana, leaf
treatment by methyl-jasmonate (a volatile form of the hormone)
stimulated in vitro measured activity of PI-PLC and also that of three
different PLDs: o and & isoforms and PI(4,5)P2-dependent isoforms
in vitro (Profotova et al., 2006).

4. Molecular mechanisms of phosphoglycerolipid
signalling in plants

4.1. Phosphatidic acid molecular targets in plant cells

Several mechanisms have been described unfolding down-
stream mechanisms of PA signalling in plants (Liu et al.,2013b). One
of the most important features of PA is its ability to bind proteins.
This interaction is pH-dependent (Loew et al., 2013) and typi-
cally results in protein recruiting to membranes, accompanied by
changes of protein conformation (Kooijman and Testerink, 2010).
When PA-target proteins are enzymes, these changes correspond
to an activation or an inhibition of their activity. PA-binding has
also been shown to promote nuclear localisation of a MYB family
transcriptional factor (Yao et al., 2013).

Several PA-binding proteins are involved in the regulation of
plant responses to hormones. PA binds to and inhibits the activity
of ABI1, a member of the protein phosphatase 2C (PP2C) family and
a key component of ABA signal transduction network (Mishra et al.,
2006). ROS production required for ABA-dependent stomata clo-
sure is also directly controlled by PA. This lipid indeed binds to and
activates two NADPH oxidases (RbohD and RbohF) both in vivo and
in vitro (Zhang et al., 2009). Sphingosine kinases are responsible
for the production of biologically active phytosphingosine-1-
phosphate and implicated in plant responses to ABA (Guo et al.,
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2012b) and chilling (Dutilleul et al., 2012). PA binds to two sph-
ingosine kinases in A. thaliana, resulting in the induction of their
activity (Guo et al., 2011). This provides another interface for PA to
regulate cell responses.

PA furthermore binds to the scaffolding A1 subunit of Protein
Phosphatase 2A (PP2AA1) from A. thaliana in vitro (Gao et al., 2013).
This mechanism should be responsible for PP2AA1 translocation
and activation in vivo. This process would have a role in the regu-
lation of auxin response (via the control of the dephosphorylation
of PIN1, an auxin transporter (Michniewicz et al., 2007)) and of the
brassinosteroid mediated signalling pathway (e.g. via the dephos-
phorylation of the brassinosteroid receptor BRI1 (Tang et al., 2011).

PA is also able to bind to CTR1 kinase in A. thaliana, resulting
in inhibition of its activity. This process could contribute to the
activation of ethylene signalling pathway in the absence of ethylene
itself (Testerink et al., 2007). Although, provided that CTR1 is co-
localised with ethylene receptor at the ER, an allocation of different
pool of PA (comparing to plasma membrane PA) to this process
should be considered.

More PA target proteins involved in its mediating role in plant
responses to abiotic stresses are now described. PA directly stimu-
lates the activity of salt stress-induced MPK6 kinase from A. thaliana
in vitro. This interaction is considered to be important, since a
Salt Overly Sensitive 1 (SOS1), a key agent of plant tolerance to
salinity, is a downstream target of MPK6 (Yu et al.,, 2010). Other
PA-binding proteins implicated in plant responses to salinity were
identified in cell cultures of tomato and A. thaliana, such as SnRK2
protein kinase, RCN1 (a regulatory subunit of phosphatase 2A), and
DRG (a GTP-binding protein) (Testerink et al., 2004). AtPTEN2, a
protein/phosphoinositide phosphatase from A. thaliana is another
target of PA (Pribat et al., 2012). PA can bind to and activate 3’-
phosphoinositide-dependent kinase-1 (PDK1) in A. thaliana that,
in turn, controls the activity of AGC2-1 protein kinase (Anthony
et al., 2004), a regulator of plant metabolism and defence reactions
(Garcia et al., 2012).

DHNT1, a dehydrin from maize, also binds to PA (Koag et al,,
2009). In C plantagineum, a so-called “resurrection plant” capa-
ble of surviving severe dehydration, a CDeT11-24 protein, a late
embryogenesis abundant-like and intrinsically disordered, binds
to PA. This association is an important regulatory event for plant
survival following desiccation (Petersen et al., 2012).

PA binding to 14-3-3 proteins in maize resulted in the
downstream regulation of plasma membrane H*-ATPase activity
(Camoni et al., 2012). In this regard it would be of great interest
to know if PA is a modulator of the effect of 14-3-3 proteins on
their numerous protein targets, including those implicated in plant
growth regulation and hormonal signalling (for review see Boer
et al, 2013).

PA-binding to various proteins/enzymes appears to be simi-
larly important for re-programming a lipid metabolism in plants.
The detailed PA-binding characteristics of a trigalactosyldiacylglyc-
erol 4 - a lipid trafficking protein — has been recently reported
(Wang et al., 2013b) indicating a potential role for PA to shift main
metabolic fluxes in response to environmental stimuli. Similar con-
clusion can be drawn from the fact that PA also binds to such
metabolically important enzymes as acyl-CoA-binding protein (Du
etal., 2010).

The molecular role of PA in the regulation of cytoskeletal dynam-
ics has been recently reviewed (Pleskot et al., 2013). Among the
mechanisms involved, there is a direct PA binding to microtubule-
bundling protein MAP65-1 (Zhang et al., 2012) and capping protein
(Li et al., 2012). These interactions are also thought to promote
stress tolerance in A. thaliana.

A link between PA and clathrin-mediated endocytosis has been
demonstrated in animals (Antonescu et al., 2010). In plants, a
similar relationship is likely to be present. Two clathrin heavy

chain proteins and two putative clathrin assembly proteins from
A. thaliana bind to PA (McLoughlin et al., 2013). More important,
it was shown that upon salt stress, these proteins are recruited
to the plasma membrane in a PA-dependent manner. This may be
important for stress-induced vesicle-mediated transport aimed at
rapid turnover of membrane components. One of the mechanism,
describing the role of clathrin-mediated endocytosis in plant stress
reactions, was characterised, suggesting that clathrin-mediated
endocytic recycling of PIN2 results in subsequent auxin-dependent
growth that facilitates negative root salt tropism (Galvan-Ampudia
etal, 2013).

Despite the number of identified PA-binding proteins, no con-
sensus for the PA-binding site could be identified in such proteins.
This hampers a bioinformatics research of PA-binding proteins in
databases. Not surprisingly, a critical role of positively charged
amino acids in mediating electrostatic interactions between PA and
targeted proteins was proposed (Kooijman and Testerink, 2010; Liu
etal, 2013b).

4.2. Molecular targets of diacylglycerol and diacylglycerol
pyrophosphate in plant cells

Little is known about the molecular targets of diacylglycerol
pyrophosphate (DGPP) and diacylglycerol (DAG) in plants. In con-
trast to animal systems, where DAG is a ubiquitous activator of
PKC via its binding to C1 domain (Leonard and Hurley, 2011),
the signalling role of DAG in plants is still questionable (Dong
et al., 2012). Even though several putative C1 domain-containing
proteins are encoded by plant genomes (Janda et al., 2013), the
molecular targets of DAG in plants await for experimental verifi-
cation. A majority of DAG-dependent signalling is ascribed to DAG
as a PA precursor (Arisz et al., 2013). Recently, we showed that
the basal expression of genes could be affected in the presence
of PI-PLC inhibitors, but also of DGK inhibitors (Djafi et al., 2013).
Interestingly, there is an over representation of genes for which
the effect (inducing or inhibiting) of PI-PLC inhibitors and of DGK
inhibitor is the same: the basal expression of those genes is con-
trolled by PA synthesised through a PI-PLC pathway. Amongst genes
negatively controlled are some DREB2 genes. The fact that PA, and
not DAG, is the active signalling molecule can also be concluded
from reverse genetic approach. The knockdown of DS1, a PA phos-
phatase gene, resulted in an accumulation of PA in plant tissues and
induced resistance of Nicotiana benthamiana plants to the infection
by Ralstonia Solanacearum. In contrast, DS1-overexpressing plants
that had low levels of PA (and presumably high levels of DAG) had
weakened defence-related responses and higher susceptibility to
the pathogen (Nakano et al., 2013). Nevertheless, DAG appears to
have its role in particular plant activities. The formation of lateral
roots was impaired in npc5-1 knockout mutants of A. thaliana under
salt stress. This effect had correlated with the diminished content
of DAG in roots of such plants. Intriguingly, the supplementation of
DAG, but not PA, to the cultivation media has reverted the effect of
salt on root development in npc5-1 plants (Peters et al., 2014).

DGPP is an almost undetectable lipid of cell membranes under
normal growth conditions. In contrast, it can be detected in plants
in response to some stimuli including hyperosmotic stress and elic-
itor treatment (Jeannette et al., 2010). In plants the production of
DGPP is always related to accumulation of PA. One can assume that
DGPP could represent a PA signal attenuation. However, DGPP is
likely to have a proper signalling role, as it is the case in ABA sig-
nal transduction; exogenous DGPP, and not PA, stimulated RAB18
expression (Zalejski et al., 2005). DGPP and PA have also been
shown to have considerably different biophysical properties. The
presence of two phosphate groups on DGPP, instead of one on PA,
will affect the interaction mode with putative targets. Electrostatic
forces (attractive towards positively charged residues, repulsive
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against negatively charged ones) will be stronger with DGPP. On
the other hand, the distance of the phosphate group to the bilayer
interface will be longer for DGPP than for PA (Strawn et al., 2012).

4.3. Molecular targets of phosphoinositides and
inositolphosphates

Phosphoinositides compose a divergent group of phospholipids
derived from phosphatidylinositol. Despite their low content in
plant membranes, phosphoinositides participate in regulation of
numerous cell activities. Some of their regulatory functions are
implemented via binding/recruiting of protein targets. These inter-
actions are mediated by PH, PX, FYVE domains and other structural
motifs. Particular isoforms of PLD were shown to bind polyphos-
phoinositides (e.g. PI(4,5)P;) resulting in their activation (Wang
et al., 2012). This is considered as an important link between two
branches of lipid signalling. Among other polyphosphoinositide-
binding proteins are those related to the regulation of actin
cytoskeleton (Pleskot et al., 2014). The presence of dissimilar intra-
cellular pools and molecular species of phosphoinositides with
distinct regulatory functions has been suggested (Heilmann and
Heilmann, 2013). It is also important to mention that different
phosphoinositides can be easily interconverted in plant cells. This
raises the question of the role of corresponding lipid kinases and
phosphatases in cell regulation (Delage et al., 2012).

Inositol-phosphates arise from the hydrolysis of phosphoinosi-
tides by PI-PLC. The mechanisms behind a inositol-phosphate
dependent signalling in plants are dissimilar to those in animals
(Pokotylo et al., 2014a). However, a rapid accumulation of IP; in
plants is similarly associated with CaZ* release (Zheng et al., 2012).

4.4. Role of phosphoglycerolipids in modulation of membrane
properties

Phospholipids constitute a major part of cell membrane as
intrinsic structural components. When produced, the majority of
the phospholipid signalling molecules still reside in cell mem-
branes. This postulates their contribution to complex changes of
their physical properties. The diminishing levels of phospholipids
that are processed by phospholipases as substrates may also have
a regulatory effect per se (Pokotylo et al.,, 2014a). That is why
the downstream effects of lipid signalling can be achieved by
affecting the membrane-associated activities. Among them are cell
vesicular trafficking, endocytosis, secretion and other processes
associated with changes to membrane dynamics (Galvan-Ampudia
et al,, 2013; Li and Xue, 2007). However the molecular role of lipid
mediators in these processes is difficult to generalise.

In plant cells, the composition and structure of various cell
membranes are highly dynamic. In quiescent cells, the plasma
membrane is predominantly found in a stable bilayer state. How-
ever, upon stimulation, it could rapidly produce non-bilayer phases
provided that lipid molecules favoring this organisation are present
at a high enough molecular fraction. Phosphoinositides, DAG, and
PA belong to this lipid group (Kooijman et al., 2003). Unlike most
phospholipids that has a cylinder “shape”, DAG and PA are cone-
shaped molecules. In fact, for PA this shape exists at conditions
typical of those in Golgi vesicles, but under cytoplasmic conditions,
PA behaves as a cylindrical lipid (Kooijman et al., 2003).

Hence, the general notion suggests that, when introduced into
lipid bilayer, these molecules loosen the membrane and excite
membrane curvature rendering it prone for fusion/fission activ-
ities. As an example it is long known that PA stimulates vesicle
budding from Golgi apparatus in animals (Siddhanta and Shields,
1998). Similar conclusions were later reported for DAG (Fernandez-
Ulibarri et al., 2007). However, the general pattern of the impact of
such lipid mediators on cell membranes in plants is still unclear.

Current clues are pointing at their unspecific role in rendering a
cell membrane less stable ready for rapid turnover required for
perception and efficient implementation of environmental cues
on the cellular level. However, signalling lipids are far from being
abundant, and unless being locally enriched (by interaction with
proteins, for instance) their potential physical effect can be buffered
by the other (dominant) lipids.

5. Conclusions and open questions

Phosphoglycerolipid-based signalling is a ubiquitous mech-
anism employed for transduction of environmental cues. Such
diversity of functions is implemented via a limited set of lipid and
soluble messengers that raises the question of the specificity of
these signals. Many researchers agree that spatial (i.e. in which
cellular compartment) and temporal (i.e. when and how long the
production is sustained) features of lipid signalling are impor-
tant (e.g. biphasic PA accumulation following stress responses
(Andersson et al., 2006)). In addition, most lipid mediators are
composed of several molecular species owing to differences in
their FA composition. This factor is now being considered as an
important criterion when assaying the cellular effects of lipid medi-
ators (Peters et al., 2010; Rainteau et al., 2012). Different molecular
species of PA had markedly variable affinity towards certain protein
targets (Zhang et al., 2009).

In support of this suggestion, the phosphatidylbutanol (PBut)
produced by PLD in response to SA treatment in A. thaliana cell
has the same FA composition as PBut produced in untreated cells
(Rainteau et al., 2012). So it might be not the FA composition that
is important for the activation of hormone-triggered responses but
the level of the active molecule(s). In the same manner, it can be
expected that dissimilarities in FA composition of DAG produced
by NPCs and PI-PLCs do not impede its conversion by DGK thus
contributing to PA-signalling.

So far the multiplicity of regulatory effects exerted by lipid-
signalling is commonly explained by protein binding partners that
downstream mediate signalling on the whole-cell level. On this
basis, the role of PA in osmotic/salt stressed plants has been recently
summarised (McLoughlin and Testerink, 2013). More and more
novel lipid-binding proteins are now being discovered. However,
the results of in vitro binding assays, as well as studies exploiting
exogenous application of lipid mediators, should be taken with cau-
tion since they may not fully correspond to the processes that occur
in planta. In addition, researches should not restrict their attention
to PA, since other lipid (e.g. DAG, lysophospholipids) may be equally
effective in binding plant proteins.

Several other concepts regarding functioning of lipid signalling
in plants should be carefully considered. First, “lipid mediator
signature” represents the pattern of lipid messenger production,
conversion and decay which is notably specific to a particular
stimulus. As an example, PA phosphorylation into DGPP has been
observed in response to elicitors (van der Luit et al., 2000), ABA
(Zalejski et al., 2005) and salt stress (Darwish et al., 2009) but not
in response to cold stress (Ruelland et al., 2002).

It has been found that some phospholipases themselves are
able to regulate cell activities via protein-protein binding. PLDd
was shown to bind two glyceraldehyde-3-phosphate dehydroge-
nases of A. thaliana - GAPC1 and GAPC2 - implicated in cell energy
metabolism (Guo et al., 2012a). Such interaction was promoted
by H,0, and resulted in PLD9 activation. Intriguingly, it was later
revealed that PA also binds glyceraldehyde-3-phosphate dehydrog-
enases in Camelina sativa and A. thaliana. It has been observed that
PA induce proteolytic cleavage of GAPC2 in A. thaliana in vivo, sug-
gesting a feedback regulatory loop (Kim et al., 2013). This suggests
that studies aimed at identification of protein-protein interaction
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Fig. 5. Models demonstrating PA-producing enzymes, DGK (A) or PLD (B), as a part of supramolecular complexes. DGK or PLD can be involved in protein-protein interaction
with proteins that will regulate their activity (enzyme regulators). The lipid they produce (PA) can be bound by proteins. Some PA-binding proteins might also bind PA-
producing enzymes, as shown by (Du et al., 2013, 2010). DAG, diacylglycerol; DGK, diacylglycerol kinase; PA, phosphatidic acid; PC, phosphatidylcholine; PLD, phospholipase

D; ", proteins with the dual capability for binding PA and PA-producing enzymes.

implicating PA-producing enzymes (DGK, PLD) can at the same
time be a strategy for identifying PA binding proteins. For instance,
ACBP1 interacts with both PLDa1 and PA (Du et al., 2013; Du et al.,
2010). On this basis a concept of “dynamic lipid signalling platform”
can be proposed (Fig. 5.). It can thus be assumed that a particu-
lar PA-binding protein may first bind a PA-producing enzyme. This
interaction may facilitate a production of PA that further mediates
the activation or translocation of the very same protein. This may
also suggests a feedback connection between lipid mediators and
lipid-generation enzymes.

Rendering lipid signalling even more complex is the fact that
changesin the levels of phospholipases substrates have aregulatory
role (e.g. stress-regulated phosphoinositides) (Delage et al., 2013;
Oxley et al., 2013). In addition, a tight interplay of lipid signalling
with lipid metabolism as well as with other cell signalling systems
(e.g. Ca%*, NO, ROS) is also evident.

Another exciting question is about the possibility that lipid rafts,
i.e. the detergent-insoluble membrane fraction extracted from a
plasma membrane, might be a lipid signalling platform. Phospho-
inositides are enriched in plant membrane rafts where up to a
half of all cell phosphoinositides are present. PLD, P4 kinase and
PI4P5 kinase activities are also detected in this membrane sub-
fraction. Nevertheless, their activity is not enriched in lipid rafts
when compared to the control plasma membrane fraction (Furt
et al., 2010). More experimental data are necessary to establish the
role of detergent-insoluble membranes or other isolated pools of
signalling lipids in cell regulation.

Finally, a biotechnological implementation of lipid signalling is
another important task offering great benefits. Numerous data sug-
gest possibilities for increasing plant endurance in stress conditions
achieved via manipulations with lipid-signalling (Georges et al.,
2009; Peters et al., 2014; Wang et al., 2008). However, induced
resistance of crops may commonly come at the price of reduced
yield. Therefore a delicate balancing is required.
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