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Abstract

Cell membranes are the initial site of stimulus perception from environment and phospholipids are
the basic and important components of cell membranes. Phospholipases hydrolyze membrane
lipids to generate various cellular mediators. These phospholipase-derived products, such as
diacylglycerol, phosphatidic acid, inositol phosphates, lysophopsholipids, and free fatty acids, act
as second messengers, playing vital roles in signal transduction during plant growth, development,
and stress responses. This review focuses on the structure, substrate specificities, reaction
requirements, and acting mechanism of several phospholipase families. It will discuss their
functional significance in plant growth, development, and stress responses. In addition, it will
highlight some critical knowledge gaps in the action mechanism, metabolic and signaling roles

of these phospholipases and their products in the context of plant growth, development and stress
responses.
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1. Introduction

Phospholipids are the backbone of cell membranes and their hydrolysis generates various
cellular signals, such as free fatty acids (FFAs), phosphatidic acid (PA), diacylglycerol
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(DAG), lysophospholipids, and soluble head groups. Phospholipases catalyze the hydrolysis
of membrane lipids , and they can be grouped into acyl-hydrolysing phospholipase A (PLA)
and head group-hydrolyzing phospholipase C (PLC) and phospholipase D (PLD) [1,2].
PLAs cleave sr+1 and/or sn-2 position of glycerophospholipids to release free fatty acids
and lysolipids [3]. PLCs hydrolyze the phosphodiester bond of the glycerol side to produce
DAG and phosphorylated head groups, whereas PLDs hydrolyze the phosphodiester bond
at the head group side to produce PA and free head groups [1,2] (Fig. 1). The PLA,

PLC, and PLD are classified into different families and subfamilies, according to the DNA/
protein sequences and conserved domains [1-3]. The diverse phospholipases indicate that
they may play key roles in various cellular processes in plants. This review will focus on
the structures, mechanism of action, substrate specificity, and reaction requirements, and
physiological functions of several phospholipase families, including patatin-related PLA
(pPLA), non-specific PLC (NPC), phosphoinostide-hydrolyzing PLC (PI-PLC), and PLD.

Patatin-related phospholipase As (pPLAS) in plants

2.1. Classification and domain structure of pPLAs

2.2.

pPLAs are related structurally to patatins that are the major storage proteins in potato tubers
and have acyl-hydrolyzing activity. pPLAs hydrolyze glycerolipids to generate lysolipids
and free fatty acids [3]. In Arabidopsis, the core pPLA family consists of ten members that
are classified into three groups, pPLA?, pPLA?? (a, B, v, 6, €), and pPLAIII (a, B, 7,

8) [3]. In addition, three triacylglycerol (TAG)-hydrolyzing lipases also contain the patatin
domain [3-5]. pPLAI is the only gene in group | with 18 exons, which is much larger than
other pPLAs in gene sizes. pPLAI has a leucine-rich repeat domain in C-terminal and a
weak ankyrin-like homology domain in N-terminal [3]. pPLAI is considered as the most
similar to ancestral gene among all pPLAs in evolution, because it keeps the recognizable
homology to animal iPLA2s [3]. pPLAIIs have five to six introns and pPLAIIIs only have
one intron. pPLAIIs are more closely related to potato tuber patatin and the catalytic domain
in pPLAIIs is similar to that in animal iPLA2s [3].

The catalytic region of the pPLA family includes the esterase box, the phosphate or

anion binding element and a catalytic dyad-containing motif. The esterase box GXSxG is
conserved in pPLAI and pPLAIIs, but the middle Ser in pPLAIIIs is substituted with Gly,
having the non-canonical esterase motif GXGxG [3,6]. The DGGGxXG represents phosphate
or anion binding site and in Arabidopsis. The catalytic dyad-containing motif is represented
by DGG sequence in pPLAIla, pPLAIIB, pPLAIIS, pPLAIle, pPLAIlIa and pPLAIIIS,
while DGA in pPLAL and pPLAIly, and GGG in pPLAIIIB and pPLAIIlYy [3,6].

Enzymatic properties of pPLASs

pPLAI, pPLAIIs, and pPLAIIIs hydrolyze both phospholipids and galactolipids in vitro
[7,8]. pPLAI prefers galactolipids to phospholipids, displaying much higher enzyme activity
on monogalactosyldiacylglycerol (MGDG) than PC or PE [7]. In comparison, pPLAlly,

8, and e have a similar enzyme activity towards galactolipids and phospholipids [9]. The
specific activity of pPLAlla is higher than that of the GxGxG motif-containing pPLAIIIB
[6]. The pPLAIIIs have been shown to have thioesterase activity, hydrolyzing acyl-CoAs
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[6,10]. The calcium independent phospholipase A2 (iPLA2) enzyme from macrophage-like
cell line P388D1 was shown to utilize different molecular species of PC [11]. These
differences in the substrate preferences indicate that pPLAs have the capability to hydrolyze
different membrane lipids.

In animals, some PLAs have TAG lipase activity [3]. While none of 10 Arabidopsis

pPLAs with TAG lipase activity was reported, three others, such as SUGAR-DEPENDENT1
(SDP1), are TAG lipases. Some pPLAs display much higher enzyme activity when

the concentration of calcium raises to 1 mM, but they are still active in the absence

of calcium ions [12]. pPLAs lack a functionally characterized signal peptide. Hence,

it is hypothesized that pPLAs might be localized in the cytosol or attached to the

outer surface of the intracellular membranes [8,12,13]. Previous studies have shown that
pPLAs could also be activated by the heterotrimeric G proteins and phosphorylation of
calcium-dependent protein kinases [14]. In vitro, calcium-dependent protein kinases can
phosphorylate pPLAIIS and pPLAlle, enhancing their activity towards phosphatidylcholine
(PC) and phosphatidylglycerol (PG) [9]. These activation patterns are analogous to the
activation of animal cPLAs, which also can be activated by the receptor-dependent elevation
in calcium ion concentration and the heterotrimeric G protein [15,16]. Further knowledge of
the reaction conditions, such as the cofactors requirement of pPLAs, will expand the insights
in the role of pPLA-driven lipid metabolism and signal transduction.

2.3. The functions of pPLAs in plant growth, development, and stress responses

2.3.1. Role of pPLAs in jasmonic acid (JA) biosynthesis and defense
response—JA is an oxylipin and its biosynthesis is initiated in the chloroplast

where linolenic acid is the substrate [7,17]. Most linolenic acid is esterified in
monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG), which are
the main galactolipids in plastid membrane. In vivo, the release of linolenic acid from
complex membrane lipids is accomplished through lipolytic activities, such as PLA enzymes
(Fig. 2) [18-20]. The subcellular localization of pPLAI in Arabidopsis suggests that the
enzyme might exert its function through hydrolysis of chloroplast membrane lipids [8].
Knockout of pPLA/impeded basal JA accumulation but not pathogen-triggered production
of JA or galactolipid and phospholipid hydrolysis. These findings were further supported

by the decreased level of free linolenic acid and repressed transcription of VSPZ, a JA
responsive gene [21,22]. However, it is still not clear whether JA biosynthesis is the result of
hydrolysis of complex membrane lipids or the change of free fatty acids in vivo. The level
of linolenic acid-containing DGDG-34:3 and DGDG-36:6 decreased after Botrytis cinerea
infection, and the extra-plastidic lipids PC, PE, Pl and PS also exhibited various patterns

of hydrolysis during pathogenesis [7]. It is possible that the increase in the extra-plastidic
phospholipid hydrolysis is linked with disease damage rather than controlling the initial step
of JA biosynthesis [7]. These findings also suggest the presence of other acyl-hydrolyzing
enzymes in plants that might contribute to membrane lipid degradation. Therefore, further
study of other acyl-hydrolyzing activities in the JA production in the pPLA/knockout
background may provide valuable insights into the other enzymes involved.
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pPLAI plays a positive role in plant defense against B. cinerea infection probably by
maintaining the homeostasis of free fatty acids and basal JA pools. In contrast, knockouts of
some pPLAIls confer Arabidopsis resistance to B. cinerea infection and their overexpression
renders plants more sensitive to the infection [8]. Arabidopsis leaves infected with A2
syringae displayed faster and larger necroses in lines overexpressing pPLAlla, pPLAIly
and pPLAIlla [23]. However, the JA-responsive PR-6 gene was not induced significantly.
The overexpression of pPLAlla, pPLAIly, or pPLAllla also did not produce significantly
higher levels of JA [23]. These results indicate that the fatty acid produced by pPLAIla,
pPLAIl-y, or pPLAIIla may not be involved in JA accumulation. It is possible that the

basal JA production and pathogen-induced JA biosynthesis are controlled by different
mechanisms.

2.3.2. pPLAs in hormone signaling and its impact on plant phenotypes—One
of the major effects of some pPLAIIs is related to the regulation of root development [9,24].
PPLAIle is highly expressed in roots except root tips. The root length increased and the
lateral root density decreased in pPLA/le-knockout mutants under phosphate deficiency, but
these phenotypes disappeared after an abscisic acid (ABA) treatment. These results indicate
that pPLA/Is might impact auxin signaling [9]. Alterations of root architecture under
phosphate deficiency were also linked to changes in endogenous cytokinin and gibberellin
[24-26]. However, the evidence linking pPLA/le and cytokinin or gibberellin signaling

are not strong. Rather, auxin promoting the expression of pPLAs is proposed [9]. Some
studies suggest a possible mechanism about the linkage between phosphate deficiency and
auxin signaling. Under phosphate deficiency, the concentration of auxin changes in lateral
roots, and the auxin-responsive promoter DR5 and the auxin receptor promoter TIR1 are
upregulated [24,27,28]. The sensitivity of auxin under phosphate starvation is considered to
modulate the root structures [24]. Auxin promotes lateral root growth, and pp/al//y mutants
were also observed to keep the primary root growth while restricting the lateral root density
under phosphate deficiency. These results suggest that pPLA/Is contribute positively to the
auxin modulation of root growth.

In addition, the expression of auxin-response genes was delayed in the knockout mutants

of pPLAIlla, B, v, and &[29]. However, pPLAIII&-knockout plants displayed increased
lateral root density while delayed the expression of early auxin-inducible genes under

an auxin treatment [29]. pPLAIIIS is also associated with longitudinal and transverse
growth of different organs in Arabidopsis and oilseed rape [30]. Previous study suggests
that pPLA/IIS controls cell expansion and elongation by activating endogenous auxin
distribution machinery [30]. Similarly, some auxin-related phenotypes such as longer
hypocotyls and roots are shown in early seedling stages in pPLA///B knockout lines, and the
opposite phenomenon was observed in pPLAI/IS overexpression lines [6]. However, how
pPLAIIIs impact the distribution or expression of auxin is still unknown.

2.3.3. Role of pPLAs in uniparental genome elimination and seed
germination—A major discovery in haploid plant generations with one set of
chromosomes eliminated from the genome is the identification of a specific pPLAII
in maize. This key gene named as MATRILINEAL(MTL)/NOT LIKE DAD(NLD)/
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ZMPHOSPHOL IPASE-A1(ZmPLA1)is represented by the GRMZM2G471240 locus in
maize and its corresponding protein is predominantly localized in sperm cells [31-34].

A survey of wide range of maize haploid inducer lines identified a 4-bp insertion in

the MTL/NLD/ZmPLAI gene. This insertion causes a frameshift giving rise to a new
unstable truncated variant which loses its intracellular membrane association [31,33]. The
knockout of MTL/NLD/ZmPLAI gene results in haploid induction in maize [31-33]. The
molecular events perturbed in mtl/nld/zmplal mutant sperms are not known. Nonetheless,
the synchronicity between the abnormal chromosome number in the inducer lines and
transcriptional activation of MTL/NLD/ZmPLAZ1 during sperm cell formation suggest a role
of MTL/NLD/ZmPLAI in unknown metabolic and/or signaling processes that probably
operate during the formation of sperm cells rather than the initial stages of normal

pollen development [33,35]. How the loss of MTL/NLD/ZmPLA1 affects membrane lipid
dynamics and intracellular signaling cascades leading to haploid formation is yet to be
elucidated.

The rice plants overexpressing pPLA/lla and camelina plants overexpressing Arabidopsis
PPLAIIIS yielded shorter and round seeds [36,37]. When a segment of rice pPLAIIIS gene is
deleted, the rice plants produced dense and erected panicles with smaller and round-shaped
seeds [38]. The loss of pPLAI/la rendered Arabidopsis more sensitive to ABA inhibition

of germination and the mutants had more endogenous ABA contents and a higher transcript
level of the GA repressor, GAZox;, a GA oxidase. The overexpression of pPLA//la resulted
in a higher expression level of GAZox;. pPLAIlIla may regulate seed germination phenotype
probably by maintaining the homeostasis of active and non-active forms of GA, as well as
ABA/GA balances [39].

2.3.4. The role of pPLAllls in cell wall composition, lipid biosynthesis and
seed oil accumulation—Previous studies reported that the overexpression of pPLAIIIB
and pPLA/IIS in Arabidopsis and pPLA/lla in rice led to a decrease in cellulose

contents [6,36]. Meanwhile, overexpression of pPLA/IIB from ginseng or pPLAIlla from
Arabidopsis decreased lignin content but not cellulose content [40,41]. These results imply
that different pPLAIIIs exert their functions differently in altering cell wall composition.
PPLAIIIS was shown to regulate cellulose and oil contents in camelina through regulation
of carbon partitioning [37]. Therefore, pPLA/I/ls may have a role to regulate the central
carbon flux involved in cell wall biosynthesis [40,41]. The effect of pPLA/l/son cellulose
deposition raises interesting questions about their function in lipid metabolism and oil
accumulation in seeds. Subsequent study showed that pPLA//I6 had higher expression in the
developing radicle and cotyledons in Arabidopsis seeds. The seed oil content was decreased
in pPLAI/IIS knockout lines, but increased in overexpression lines [10]. These results suggest
that pPLAIIIS hydrolyzes PC to generate free fatty acids and lysophosphatidycholine (LPC),
which plays a role in channelling fatty acyl chains from plastids to ER [10]. Kinetic
labelling indicates that fatty acids in the plastid are first converted into PC and later

into TAG in the embryo of soybean [42-44]. In higher plants, fatty acids are synthesized

in plastids and then exported to ER where the oil biosynthesis takes place [42]. Acyl-
CoA:lysoPC acyltransferases (LPCAT1 and 2) in Arabidopsis seeds were shown to catalyze
the incorporation of fatty acids into PC [45,46]. pPLAIIIS hydrolyzes PC to release fatty
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acids in ER and generate LPC, which could be utilized by LPCAT to accept fatty acids
from plastids. Lin et al. (2019) reported that overexpression of pPLAIIB from P, fendleriin
Arabidopsis resulted in decreased levels of hydroxy fatty acids (HFA) both in PC and TAG,
indicating that released HFAs from PC were not incorporated into TAG [47]. These results
imply that LPCAT-pPLA cycle might facilitate fatty acid export from plastids to ER.

2.3.5. Enthralling questions regarding acting mechanism of pPLAs and their
products—The forgone studies suggest that individual pPLAs have distinctive and yet
overlapping functions in plant growth, development, and stress responses. Hence, one key
to understanding those enzymes is to elucidate and distinguish the mechanism of actions
for various pPLAs. For instance, what are the key downstream signals generated by pPLAs
under specific stress conditions? FFAs and lysolipids as the products of pPLAs are the
cellular mediators, but how they regulate plant functions are largely unknown. For example,
the pPLA activity is triggered upon treatment with elicitor and this induction involves the
transcriptional regulation of heterotrimeric G protein a-subunit [14]. This phenomenon
causes the efflux of vacuolar protons and thereby lowers the pH in the cytosol. This
integrated signal then initiates phytoalexin biosynthesis (Fig. 2) [14,48]. It is speculated
that the production of LPC from pPLA hydrolysis of lipids could possibly trigger H*/Na*
exchange transporter and impact the pH [48]. Further, the reacylation of the produced LPC
prevents itself to become a toxic compound [49]. Elevation of LPC physiological levels
upon pPLA induction was also observed in response to other stimuli including mycorrhiza
and peptide 13 elicitor [50,51]. However, the experiment of fluorescent labelling showed
the accumulation of FFAs instead of LPC, suggesting the existence of unknown mechanism
in the subsequent step [49]. The phosphorylation of pPLAs by CPKs is another potential
mechanism reported to activate pPLAs [9]. In a recent study, pPLAIIly was found to
confer tolerance against osmotic and salt stress in Arabidopsis during seed germination and
seedling growth by regulating the levels of lysolipids and FFAs [52]. How the equilibrium
of lysolipids and FFAs interfere with MAPK, SOS, and other cascades in modulating abiotic
stress responses is also unknown.

Previous studies found that pPLAI-produced unsaturated fatty acids could stimulate an
unknown protein kinase to downregulate the expression of MP2C, which is a protein
phosphatase involved in the MAP kinase pathway under wounding conditions (Fig. 2)
[53-55]. Furthermore, studies reported that polyunsaturated fatty acids could control the
stomatal aperture and potassium ion channels [55]. Oleic acid could trigger the activity
of PLD& and lysophosphatidyletholamine (LPE) inhibited the activity of PLD to retard
fruit senescence [56-59]. Whether the products of pPLA participate in these processes are
not clear. It is worth noting that many other acylating or lipolytic enzymes also influence
the content of lysolipids and FFAs intracellularly. Therefore, distinguishing FFAs coming
from which route is the key step to study whether pPLA and its products regulate cellular
processes as signaling mediator.

Another important question is how specific pPLAs are activated. Do stressors induce

the transcriptional activation of pPLAs directly or through intermediate signals? The
identification of variety of signals and environmental challenges inducing the transcriptional
activation of various pPLAs will greatly facilitate the cross talk of pPLAs-mediated
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signaling with other signaling networks. The identification of novel specific activators,
inhibitors, and elicitors as upstream regulators of pPLA may broaden our knowledge

to understand the activation mechanism of a particular pPLA isoform in response to a
particular stimulus. Furthermore, extensive functional characterization of identified pPLAS
in plants is needed to elucidate which pPLAs are responsible for the generation of lysolipids
and FFA species that could promote plant cell signaling under stress conditions.

3. Phospholipase Cs (PLCs) in plants

3.1

PLC hydrolyzes the phosphodiester bond close to the side of glycerol to produce
phosphorylated head group and DAG. Depending on the substrate preferences, PLCs are
classified into nonspecific phospholipase C (NPC) and phosphatidylinositol-specific PLC
(PI-PLC) in plants [60].

NPCs in plants

3.1.1. Classification and domain structure of NPCs—This class of phospholipase
is found only bacteria and higher plants and were originally identified as toxins in certain
bacteria and now identified as having potential roles in plants [61,62]. Six NPC homologs
named as NPC1 to NPC6 are identified in Arabidopsis [61 and references therein]. The
orthologs of NPC have also been identified in other plants such as rice [63] and Brassica
napus [64]. The protein structure of Arabidopsis NPCs comprises of phosphoesterase
domain, which is essential for esterase activity and other three unannotated domains

that are highly conserved with PC-PLC in Mycobacterium tuberculosis bacteria [60]. No
transmembrane domain was found in NPCs and signal peptides were predicated in some
Arabidopsis NPCs including NPC1, NPC2 and NPC6 [60]. Besides, the S-acylation site
exists at the C-terminal Cys-533 of NPC4, conferring NPC4 the ability to anchor into lipid
rafts on the plasma membrane [62,65]. It is proposed that the C-terminal domain of NPCs
comprises of highly diverse protein sequences which might be responsible for the functional
diversity of different NPCs [65,66].

3.1.2. Substrate preferences and catalytic properties of NPCs—NPCs
hydrolyze common membrane phospholipids such as PC and PE. In addition to PC and PE,
NPC4 also hydrolyzes PA, PS, PG and PI (4,5)P, to a lower extent [67]. These results were
based on the mass spectrometry-based profiling of DAG and its acyl chain specificity was
not directly measured [67]. In Arabidopsis, the preferred substrates of both NPC5 and NPC4
are PC and PE. However, NPC5 activity is much lower than NPC4 [68]. Recently, NPC4 has
been reported to prefer the major sphingophospholipid glycosy! inositol phosphoceramides
(GIPC) to PC as substrate, especially under the condition of phosphorus deficiency in

plants [62,65]. NPC3 exhibited phosphatase activity using LPA as substrate to produce
monoacylglycerol [69]. Although NPC3 could use all the molecular species of LPA, the
affinity was higher towards LPA-18:0 than other LPA species [69,70]. The other members
like NPC1, NPC2, and NPC6 have the similar enzymatic characteristics to NPC4, preferring
PC and PE [71,72]. Recently, NPC6 is found to hydrolyze galactolipids to produce DAG
[73]. Likewise, rice NPC1 apart from phospholipid-hydrolyzing activity, was also active
towards the galactolipids MGDG and DGDG, and its activity against MGDG was roughly
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half of DGDG [74]. The enzymatic properties of NPCs were also characterized in other
plants such as cultured parsley, tobacco cells and petunia extracts [51,75].

Unlike PI-PLCs that require Ca2*, NPC activity is independent of Ca2*. The activity of
NPC4 slightly increased when EGTA was added because of chelation of inhibitory divalent
cations such as Co2*, Mn?*, or Zn2* [60]. NPC3 was non-responsive to the divalent cations
such as Mg2*, Ca?*, and Mn2*. Some detergents like Triton X-100, CHAPS, and NP-40
could reduce the activity of NPC3 in a dose-dependent manner [66]. Studies also showed
that the activity of NPCs was impacted by AICI3, glycoprotein and small protein cryptogein
[51,76].

3.1.3. Subcellular localization and expression patterns—In Arabidopsis, NPCs
exhibit highly unique subcellular distribution probably due to the presence of signal
sequences in N-terminal in NPC1, NPC2 and NPCS6, but not in the remaining NPCs [60].
The subcellular localization of NPCL1 is confined to the compartments of the secretary
pathway including endoplasmic reticulum (ER), trans-Golgi network and Golgi apparatus.
NPC2 and NPC6 are localized in the plastid of mesophyll cells in leaves [71,73,77].
Moreover, NPC2 is predominantly localized in Golgi apparatus in roots and weak GFP
signals GFP-tagged NPC2 have also been detected in ER [78]. The GFP imaging revealed
that NPC6 was localized in microsomal and chloroplast membranes when GFP-tagged
NPC6 was transiently expressed in tobacco mesophyll cells [73]. NPC4 was found to be
localized at the plasma membrane and NPC5 was detected in both soluble and microsomal
fractions [60,65,68]. There is no transmembrane domain in both NPC4 and NPC5. The
membrane localization of NPC4 is determined by the acylation at the C-terminal Cys-533.
The difference in C-terminal sequences endows NPCs with various subcellular localization
and function [65]. The expression patterns of NPCs also have their own characteristics. For
instance, Arabidopsis NPC3 and NPC4 are mainly expressed in vegetative tissues including
root tip, leaf margin and cotyledon [61]. NPC2 and NPC6 exhibit preferential expression
in petioles, leaf vasculature and trichome [71,77,79]. Besides, NPC2 and NPC6 are

highly expressed in cotyledon and hypocotyl in germinating seeds, respectively [71,77,79].
Moreover, NPC2 also has high transcript abundance in anther, filament and stigma, while
NPCS6 is highly expressed in ovules and style [71,77,79].

3.1.4. Mechanism of NPCs action with reference to DAG functions—The
regulatory function of NPC-generated DAG is intriguing in plants because the generation

of DAG involves several metabolic pathways including the Kennedy pathway and membrane
lipid hydrolysis [80]. The DAG production by hydrolysis involves three main routes: NPC
of membrane phospholipids, PI-PLC hydrolysis of phosphoinositides, and PA phosphatase
(PAP)- or lipid phosphate phosphatase (LPP)-catalyzed dephosphorylation of PLD-derived
PA [81,82]. The NPC-produced DAG can also serve as backbone for the biosynthesis of
sulpholipids, phospholipids, glycolipids and TAGs. NPCs play a role both in both plant
growth and development by supplying DAG backbone for the production of a variety of
glycerolipid species, as well as stress-induced signal transduction by delivering DAG as a
lipid second messenger [83]. However, unlike well-documented DAG target protein kinase C
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(PKC) in animal cells, the molecular mechanism of DAG as a second messenger is not well
defined in plants [66,84].

The application of medium-chain (8:0/8:0) DAG fully restored the lateral root number

in salt-treated /pc5 mutants, indicating that NPC-produced DAG has a role in regulating
the development of lateral roots under saline conditions [85]. Another study reported

that reduced NPC activity and DAG levels upon treatment of BY-2 cells of tobacco with
aluminium resulting in retarded growth of pollen tube [76]. Later study revealed that

the growth of the pollen tube was partially rescued upon overexpression of NPC4[86].
The phenotype was restored by exogenous DAG application providing evidence that DAG
promoted a cellular response to stress [86]. In another study, NPC4-generated DAG was
found to be involved in regulating stomatal aperture under well-watered conditions [67].
Under drought environment, npc4 mutants exhibited low water use efficiency [67]. It is
suggested that synthetic DAG triggers the ion pump in the plasma membrane of guard
cell during stomatal opening and inhibits the K* ion efflux leading to stomatal closure
[87]. To unveil the cellular functions of NPCs, it would be worthwhile to characterize

the DAG-binding domain-containing proteins for their affinities towards DAG and identify
downstream targets along with the pathways having core DAGs signaling in plants.

3.1.5. The functions of NPCs in plant growth, development, and stress
responses

3.1.5.1. Roaleof NPCsin gametophyte development and root growth.: NPC2 and
NPC6 have been characterized in Arabidopsis playing potential roles in the development

of gametophyte and root growth [71,77,79]. NPC2 is expressed highly in anther filament and
stigma, while NPC6 is highly specific to ovules and style. A study showed that the npc2
npcé6 double mutant was defective in the development of male and female gametophytes
[71]. Both NPC2 and NPC6 preferably hydrolyze PC and PE and lipidome analysis revealed
an increase in PC and PE levels and a decrease in MGDG in the floral buds of double
mutants, suggesting the catabolism of phospholipids by NPC2 and NPC6 at a specific
developmental stage of flowers [60,71]. The double mutants were unable to produce viable
seeds because the gametogenesis event was arrested. Subsequently, the leaky knockdown
double mutants were generated, such as suppressing the NPC6 expression in rpc2-1 mutant
or NPC2in npc6-2. The lipid content and gametophyte development had no apparent
changes between the leaky knockdown double mutants and the correspondent single mutant,
suggesting the functional redundancy of NPC2 and NPC6 [77]. However, these mutants
were impaired in root architecture, and the defective root phenotype could be recovered
partially after phosphocholine (PCho) was supplied in the growth media [77,88]. Gene
expression analysis showed that the transcript level of phospho-base N-methyltransferase
(PMTI) is high in both mutants. PMT1 catalyzes the formation of PCho and hence the
interaction of NPC2 and NPC6 with PMTs pathway was proposed during promotion of

root growth [77]. It is suggested that PC as the secondary product after an NPC-catalyzed
reaction played a role in root architecture [88]. Moreover, NPC4 distinctively plays a
unique role in regulating the density and growth of root hair under phosphate deficiency

in Arabidopsis [89].
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3.1.5.2. Roaleof NPCsin combating heat and salt stress.: The role of NPC1 in plant
thermotolerance was recently revealed. Knockout mutants of A/PCI are sensitive to heat
stress while the overexpression lines are tolerant [72]. In addition, NPCs are also involved
in plant response to high salinity. The number of lateral roots and the DAG content of the
root were reduced in npc5 mutant as compared to that in WT, but the content of DAG was
higher in overexpression lines [85]. The root phenotype was rescued in noc5 mutants after
application of exogenous DAG [85]. NPC4 is also reported to regulate plant response to salt
stress. The npc4 mutants were observed defective in seed germination, plant biomass and
root length under salt stress [67,90]. It remains to explore how these two NPCs function
synergistically in plant response to mild and severe concentration of salt stress.

3.1.5.3. Roaleof NPCsin plant responseto hormones.: ABA is a well-known
phytohormone that induces the expression of many genes under stress conditions [91]. NPCs
have been shown to play important roles in regulation of plant response to various stresses.
For example, the expression of ABA responsive genes was suppressed in npc4 mutants
under salt stress, suggesting that loss of the function of NPC4 affects ABA signaling [67,90].
Compared to WT, the overexpression lines of NPC4 exhibited hypersensitivity to ABA in
seed germination, root formation and stomatal closure, while knockout mutants displayed
opposite effects [67]. NPC5 affects auxin signaling. The number of lateral roots of npc5
mutants showed no change when supplemented with IAA [85]. It seems that the mutation
of NPC5 disrupts the signal transmission of IAA. However, the lateral root density was
reduced after treatment with salt, while the root morphology of the mutants was not affected
upon sorbitol- or mannitol-induced osmotic stress [85]. These findings suggest that NPC4
may take part in osmotic stress through ABA signaling while NPC5 may be involved in

salt stress response by regulating auxin signaling. The NPC6 in rice is also involved in the
mesocotyl elongation mediated by GA in rice [92]. Mutation of NPC3 or NPC4 affects the
root architecture through brassinolide (BL) response as evident from the expression of GUS
induced by the promoter from either NPC3or NPC4[70]. BL may induce NPC activity
through transcriptional activation of cell expansion genes, like 7CH4 encoding xyloglucan
endotransglycosylase and LRXZencoding leucine-rich extensin. The cell cycle events and
cell expansion might be controlled by NPC3/NPC4 produced DAG through BL. These cell
cycle events regulate root growth (Fig. 3).

3.1.6. Critical knowledge gaps in understanding metabolic and signaling
roles of NPCs—Phospholipases in plants have been investigated for their roles in lipid
signaling. The alteration in the membrane lipid composition by phospholipases themselves
is an indicator for a cell to initiate downstream signaling events. However, the regulatory
signaling events that act downstream of NPC activation are poorly understood in plants. The
NPC generated-DAG probably activates H*-ATPase pump through an unknown intracellular
signal leading to malate synthesis in response to humidity and light (Fig. 3) [87]. This
phenomenon has been shown to regulate stomatal opening and the involvement of exact
NPC isoform or other DAG-generators is not known. The role of NPC-derived DAG

in root growth promotion provided new insights that the polar head groups may also

play a downstream regulatory role upon NPC activation [77]. Earlier studies found that
knockout of NPC4 apparently does not alter membrane lipid contents but a mutant deficient
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in JA signaling exhibited higher transcription of NPC4 [60,93,94]. This observation led
researchers to the hypothesis that NPC4 may have role in signaling networks instead of the
primary metabolism of glycerolipids. However, recent studies reveal that NPC4 hydrolyzes
GIPC to release phosphorus from membrane lipids to maintain cell membrane homeostasis
and dynamics under phosphorus deficiency [62]. The galactolipid biosynthesis is governed
by both prokaryotic and eukaryotic pathways. It was hypothesized that eukaryotic pathway-
derived DAG for galactolipid biosynthesis through prokaryotic pathway initiates from

PC [95]. The hydrolysis of PC to produce DAG is an important metabolism step to
synthesize TAG. Higher transcription rate of NPC4and NPC5 has been reported during
TAG accumulation [96,97]. Apart from this, NPC2 and NPC6 have recently been reported to
take part in TAG biosynthesis [73,79]. The DAG production from PC also involves different
PLDs. Hence, this conversion of phospholipids to TAG and galactolipid biosynthesis seems
to be more complex than that presented above. Therefore, the contribution of individual
NPCs to the synthesis of lipids is still an open question to be addressed.

Phosphoinositide-hydrolyzing PLCs (PI-PLCs) in plants

P1-PLCs use P1(4,5)P2 as a substrate to yield DAG and inositol 1,4,5-phosphate (IP3) (Fig.
4) [98-101]. Those enzymes play important roles in plant growth, development, and stress
responses, but the mechanism of action of PI-PLCs remains largely elusive in plants [83].

3.2.1. Classification and domain structure of PI-PLCs—In mammals, thirteen
PI1-PLCs have been reported and are classified into six subgroups including PI-PLCp,

Y, 6, e, nand G, depending on the structure of the conserved domain and biochemical
properties [102-104]. PI-PLCs are identified in several plants [105-109]. Arabidopsis has
nine PI-PLCs named as AtPLC1-AtPLC9 [106]. Plant PI-PLCs contain several conserved
structural domains, including the X and Y catalytic domains that have the TIM barrel-like
shape important for phosphoesterase activity. Another structure located in the C-terminus

is activated by Ca2* ions whereas the N-terminal protein sequences varies in different
PI-PLCs in plants [102,110-112]. In animals, the X/Y domain of PI-PLC( was found to bind
P1(4,5)P2 [105]. The regulatory domain of EF-hand in animal PI-PLC was responsible for
binding of the substrate lipids and Ca2* [113]. The same domain is found in the N-terminus
in majority of plant PI-PLCs and plays vital roles in the enzymes, tethering them to the
plasma membrane. A study showed that EF-hand in PLC2 in Arabidopsis is essential for
catalytic activity [114]. On the other hand, the binding of Ca?* to the C2 domain changes the
hydrophaobicity of PI-PLCs, resulting in lipid tethering to the cell membrane [115]. There are
several other factors that can affect the lipid tethering to plasma membrane. For example, the
interaction of transmembrane protein NtC7 with the C2 domain of PI-PLC results in lipid
trafficking to plasma membrane [75]. Also, the EF-hand present in plant PI-PLCs plays a
vital role in PI-PLCs translocation to the plasma membrane [114].

3.2.2. Substrate preferences and reaction requirements of PI-PLCs—The
mode of action and substrate preferences of PI-PLC is dependent on Ca2* which modulates
its activity, subcellular localization, and substrate affinities. Usually, P1-PLCs prefer using
P1(4,5)P,, PI(4)P and PI as substrates, whereas they do not use PI(3)P, PI(3,4)P,, PI1(3,5)P,
and P1(3,4,5)P3 [116]. Under millimolar Ca2*, soluble PI-PLC prefers Pl to Pl (4,5)P, and
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P1(4)P. However, PI-PLC has higher affinity towards PI(4,5)P, and P1(4)P under micromolar
concentrations of Ca2* [117,118]. Additionally, different PI-PLCs show diverse biochemical
properties even under the same concentration of Ca2* [109]. For instance, under micromolar
concentrations of Ca2*, PpPLC1 of Physcomitrella patens prefers to utilize P1(4,5)P, as

the substrate, but PpPLC2 does not. However, PpPLC2 prefers using Pl but PpPLC1 does
not when Ca2* is increased to millimolar concentrations [109]. Meanwhile, the type of
divalent cations impacts the affinity of PI-PLC towards the substrate. Using Mn2* and Co2*
instead of millimolar concentrations of Ca2*, wheat PI-PLC showed less affinity towards
P1(4,5)P, but higher towards PI(4)P [119]. The pH gradient also affects the optimal activity
of PI-PLC towards its substrate; the optimal pH for PI(4)P hydrolysis is 6.0-7.0, and 6-6.5
for P1(4,5)P, [119]. Furthermore, calmodulin (CaM), G-protein and phosphorylation also
affect the activity of PI-PLC. For example, the activity of PI-PLC in Lily (Lilium daviddi)
could be stimulated by CaM or G protein (active in cholera toxin), while inhibition of

this activity occurred after adding CaM antibody or G-protein antagonist pertussis toxin,
respectively [120]. Plant PI-PLCs lack the conserved maotifs that are found in PLCp or
PLCe from animals reported to be involved in G-proteins interaction [121]. However, the
C2 domain of PI-PLC of Pisum sativum was found to bind to Ga.1 [122]. These results
imply that the C2 domain of PI-PLC in plants may have diverse roles. The phosphorylation
of tyrosine between the X and Y domains of PI-PLCy in animals was reported to regulate
the activity of PI-PLCy [123]. Several phosphorylation sites have been identified in the
N-terminal EF-hand, X or Y domains of the PI-PLCs in Arabidopsis [124]. It will be
interesting to understand which and how phosphorylation at those sites affects the activity of
P1-PLCs and whether and how the phosphorylation alters the function of PI-PLCs in plants.

3.2.3. Expression pattern and subcellular localization—Plant A/-PLCs are
expressed in various vegetative and reproductive organs, including roots, stems, leaves,
flowers, and fruits and at different developmental stages [125-127]. P/-PLCI and PI-PLC2
have high expression levels in rosette and immature seeds. P/-PLC3and P/-PLC7 are highly
expressed in phloem of roots, leaves and flowers. The PI-PLC?7 is also transcriptionally
active in trichomes and hydathodes. P/-PLC4, PI-PLC5 and PI-PLC8 are specifically
expressed in pollen [126-128]. Most P/-PLCs are induced under several types of stressors,
such as ABA, salt, low temperature, SA, and drought in rapeseed, mung bean, maize,
potato, wheat, lily, tomato, rice, and Arabidopsis [106,107,110-112,129,130]. Under cold,
drought and salt conditions, rice P/-PLC4 exhibited a reduction in its transcriptional level
while P/-PLCI and PI-PLC3showed an increase [63]. It was documented that mung bean
PI1-PLC3 and Arabidopsis PI-PLC2, PI-PLC3 and PI-PLC9 were associated with the plasma
membrane, whereas PI-PLCs of soybean and rice were localized in the cytoplasm and
membrane [63,106,110,114,131,132]. Wheat PI-PLCs was localized in ER and plasma
membrane in root while they were detected in plasma membrane fractions in mature

and germinating seeds of rapeseed [119,133]. It seems that the subcellular localization of
PI1-PLCs is different in different plants. In addition, PI-PLCs can be translocated between
cytoplasm and membrane depending on under the concentration of Ca2* [110,113].

3.2.4. Mechanism of PI-PLCs in plants—The induction of PI-PLCs change the
physiological levels of P1(4,5)P,, P1(4)P, IP3, IPg, DAG and PA which are vital cellular
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mediators affecting various cellular processes, such as signal transduction, cytoskeleton
framework, vesicular trafficking and membrane structural properties [83]. The activity of
P1-PLCs could also be induced by salt, temperature and dehydration to cause elevation

in the physiological levels of IP3 followed by increases in cytosolic calcium ions
[105,106,134,135]. However, the receptors of IP3 are yet to be identified in plants. It is
possible that plants may possess IP3 to IPg phosphorylation mechanism instead of 1P3
receptors as the IPg-triggered release of Ca2* is significantly more than that of 1P3 [136].
Moreover, the spatial distribution and physiological levels of the cellular mediators P1(4,5)P2
and conceivably P1(4)P and other polyphosphoinositides are altered as a result of PI-PLC
activity. Polyphosphoinositides contribute to <1% of the total phospholipid content of a
cell. The level of PI(4,5)P, in plant cells is dynamic and lower than PI1(4)P [116,137]. In
spite of the extremely low physiological level in plant cells, PI(4,5)P still modulates tip
growth, membrane asymmetry, vesicular transport and PLD activities [135,136,138]. PI1(4)P
also plays dynamic roles: it acts as a substrate for PI-PLC, precursor for the synthesis of
P1(4,5)P, and signaling molecule [116]. The other product of PI-PLC activation is DAG
[83]. Unlike animal cells, plant cells lack protein kinase C (PKC) that is activated by
DAG in the membranes [103,104,139]. A study reported that DAG derived from PI-PLC
activity mediated lipid metabolism occurring at ER, mitochondria and plastids [140]. PI-
PLC-derived DAG can be phosphorylated to PA by DAG kinase (DGK), but PA produced
by the PI-PLC-DGK pathway may function differently than PLD-produced PA [141].
Therefore, the type of downstream targets of PI-PLCs in plants could be different from
their mammalian counterparts, and the product DAG may have a role in lipid remodeling
and metabolism.

3.2.5. The functions of PI-PLCs in plant growth, development, and stress
responses

3.25.1. Roleof phosphoinositidesin determining organelle identity and tissue
differentiation.: The physiological level of phosphoinositides is less than 1% of the
overall phospholipid content [142]. Each compartment of a cell has a unique pattern

of phosphoinositides accumulation determining their subcellular identity [143,144].
Phosphoinositides determine the physiochemical attributes of the plasma membrane and
other endomembrane systems because of the shape and nature of charge on them [143].
Some of these parameters remain the same among different tissues: for instance, the plasma
membrane of all types of cells is highly electronegative due to the accumulation of most
predominant PI species PI14P in the membrane [145]. PI14P accumulation at the equatorial
plate during cell division and the localization of PI4Kp1 controls cytoplasmic division and
establishment of phragmoplast [146,147].

Unlike PI4P, the PI(4,5)P, patterning is not limited to the cell type, but to the tissue

and organ level. The quantitative imaging of P1(4,5)P, sensor lines provided evidence for
P1(4,5)P, patterning at the tissue scale [148]. The indirect way to localize P1(4,5)P, by

a sensor is to introduce an expression cassette containing fluorescent proteins to which a
P1(4,5)P,-binding domain is fused in transgenic lines [142,149-152]. This fusion protein is
recruited to the membranes due to the accumulation of P1(4,5)P. In the cell with no or

low levels of P1(4,5)P,, the localization of such fusion protein that interact with P1(4,5)P, is
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disrupted, resulting in strong signals in the cytoplasm [142,149-152]. The PI(4,5)P,-binding
Plekstrin Homology (pH) domain abundantly accumulates at the margins instead of centre
of the SAM cells of Arabidopsis [148]. Therefore, it was hypothesized that P1(4,5)P2

could be important for self-maintenance of stem cell and organogenesis. In addition, it was
hypothesized that low levels of PI(4,5)P5 rendered the PH domain unstable according to

the finding that Lee et al., 2019 found a four-fold accumulation of the PH in the cotyledon
under a high salt concentrations known to stimulate the P1(4,5)P, synthesis [150,153]. In
the perspective of this hypothesis, the ¢/v3-17mutants were imaged and indicated that

the PH biosensors underwent degradation because of the absence of their binding partner
P1(4,5)P,, suggesting a role of PI1(4,5)P, in the maintenance of meristem [148]. Alteration
in the P1(4,5)P,/PI14P ratios is linked to the enhanced trafficking across the vacuole and
differentiation of protophloem, indicating that the phosphoinositide-mediated biogenesis of
vacuole and related transport could be linked to the development of phloem [154]. Also, the
dynamics of phosphoinositides as a result of PI-PLC activity are involved in tolerance to ER
stress induced by tunicamycin in Arabidopsis [126]. Further research should be conducted to
reveal how the individual PI-PLCs contribute to P1(4,5)P,/P14P ratios to regulate organelle
identity and tissue differentiation in plants. Simultaneously, the use of integrative biology
approaches will greatly assist to blend the intensive biochemical knowledge of P1-PLCs and
their substrate and products into their cellular and developmental functions.

3.25.2. Roleof PI-PL C2 in modulating male and female gametogenesis.: PI-PLC2

is reported to have a role in gametophyte development in Arabidopsis through the auxin
signaling pathway probably by controlling the cell division events [155,156]. The male
gametes produced by the pollen of pi-p/c2 mutant were defective and even entirely infertile
in homozygote. The segregation pattern was against the Mendel law of segregation (0.64:
1 compared to 1:1) after pollinating the heterozygous pollen to WT (Col) stigma [156].
Furthermore, the homozygous p/-p/c2 mutants had defective female gametophyte and their
megaspores exhibited abnormalities in mitotic division in ovules. A Mendelian ratio of
1.01: 1 was obtained after pollinating the WT pollen to the stigma of heterozygous pi-plc2
[152]. The results of a further study showed that the inflorescence of homozygous pi-p/lc2
mutants had higher expression levels of auxin biosynthesis genes including YUCCA1,
YUCCAZ, YUCCA4, YUCCA6and YUCCAS&than those of WT and the IAA content

in the mutants was higher than that in WT [156]. It was suggested that the homozygous
mutant plants had an abnormal distribution of auxins, which may have a role in the
embryo sac deformation [156]. These findings suggest that PI-PLC2 may maintain a

strict equilibrium of auxin homeostasis by controlling transcriptional activation of auxin
biosynthesis genes during gametogenesis. However, it remains to be determined whether
IP3 or DAG as products of PI-PLC2 independently modulate the transcription of YUCCA
genes or they act in a coordinated fashion to modulate auxin signaling during gametophyte
development. Therefore, genetic complementation of the gametophyte-lethal phenotype

of pi-plc2 knockout might shed light in future to conclude whether PI-PLC2 indeed

plays a role in gametogenesis. In addition to this, Rac/Rop signaling is also involved in
pollen tube growth [157,158]. The Rac component of the signaling is influenced by the
PI1-PLC substrate, P1(4,5)P, in tobacco [157]. Therefore, it is possible that the gametophyte
development in plants could be modulated by PI-PLC produced IP3 or DAG by regulating
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Rac/Rop signaling pathway. However, it is too early to give a mechanism how these players
interact.

3.25.3. Rolesof PI-PLCsin gravitropic response.: Previous reports suggest that 1P3
produced by the action of PL-PLCs played a vital role in plant gravitropic response
[134,159]. However, the mechanism by which gravity signals are perceived in plant cells
through the activation of PI-PLCs is unknown. Studies are available highlighting that the
involvement of auxin trafficking in gravitropism induced higher levels of 1P3 [134,160]. In
stark contrast to this, okadaic acid and lanthanum ions that are the inhibitors of protein
phosphatases 1 and phosphatase 2A, and calcium channels, respectively, inhibited the
accumulation of IP3 upon gravistimulation [160]. It is also suggested that the activation of
PI1-PLCs is influenced by amyloplast sedimentation, calcium and protein dephosphorylation
during gravity signaling [161]. In contrast to long term fluctuations, the transient changes in
IP3 contents are not affected by PI-PLCs inhibitors [134].

Suppression of PI-PLC leaded to inhibition of the gravitropic response in plants
[159-161,162]. Further studies indicate that this phenomenon might involve PI3 mediated
Ca?* to change the activity of calcium/calmodulin-dependent protein kinase (MCK1), or
interceded by inositol hexakisphosphate (1Pg) in modifying auxin receptor transport inhibitor
response 1 (TIR1) [163,164]. The mutant of ApPLCI led to reduced cytokinin sensitivity
and also reduced gravitropic response of 2. patens [162]. It would be worthy to dissect the
distinct mechanisms of action of individual PI-PLCs during gravity signaling in plants.

3.25.4. Roaleof PI-PLCsin regulating different phenotypic attributes and drought
tolerance.: PI-PLC3 has been characterized for its role in regulating root architecture,

seed germination and stomatal aperture in Arabidopsis. The loss of function of PI-PLC3
resulted in slight changes in the root architecture including shorter primary roots, reduced
lateral root number and density [127]. Auxins are an important determinant of lateral root
formation and IPg has been previously shown to bind to auxin receptor TIR1 probably
controlling its function [140,164]. However, it is still not known whether TIR1 binding IPg is
specifically produced by PI-PLC3 [127]. The reduced content of IPg in the p/-p/c3 mutants
could be the cause of a reduced response of the plant to auxin. Furthermore, under normal
conditions, the mutant seeds germinated more slowly than WT. However, the phenotype of
mutant seed germination was not impacted when ABA was added, indicating that the loss

of PI-PLC3 could reduce the seed sensitivity to ABA [127]. Another study showed that the
seed germination event required rapid cleavage of IPg to produce IP3. The pi-p/c3 mutant
maintained high PIP, level in germinating seeds, indicating that the hydrolysis of PIP, might
impact the seed germination of p/i-p/c3 mutant. However, it is difficult to prove whether

the product IP3 impacts the seed germination in this case, because the content of IP3 is too
low to be detected. Meanwhile, the mutants were also insensitive to ABA-induced stomatal
closure. Application of exogenous ABA induced more PIP, in germinating mutant seeds,
seedlings and guard cells of stomata than that in WT. On the contrary, overexpression of
PI-PLC3 conferred plant drought tolerance by reducing the stomatal aperture [165].

Recently, P/-PLC5 has also been reported to regulate plant root growth, stomatal aperture
and drought tolerance. The result of phospholipid analysis revealed that the content of PIP
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and PIP, was reduced while PA content was increased [128]. It suggests that PI-PLC5
hydrolyzes PIP and PIP, to generate DAG that can be phosphorylated to produce PA.
P1-PLC7 apparently did not affect plant root architecture and drought tolerance like PI-PC3
and PI-PLCS5, but it played roles in leaf serration and seed mucilage attachment. The double
mutant of pi-p/c3/7was lethal, but pi-plc5/7 was viable and exhibited leaf serration, more
seed mucilage attachment and enhanced drought tolerance [166]. Mucilage is characterized
by the presence of pectin containing predominantly rhamnogalacturonan I (RGI) and
polygalacturonic acid (PGA). Therefore, additional research is required to discover the
relationship between pectin composition and PI-PLC7 activity. The above studies indicate
P1-PLCs may play various roles in plant development and drought stress response.

3.2.5.5. Involvement of PI-PL Csin salt stresstolerance through Ca?* signaling.: The
transcriptional regulation of P/-PLC1,3,4-7in Arabidopsis, PLCS61 from Nicotiana tabacum,
PLC3from Vigna radiate, PLC1 from Populus tomentosa, PLC1 from Triticum aestivum
and P1-PLC7 from Glycine max has been reported [129,167-172]. Their activation
mechanism and the downstream signaling consequences under salt stress are still unknown.
Previous studies highlighted PI-PLCs in modulating plant salt stress tolerance through
changes of Ca2* concentration in cells. However, the isoform was not identified. It was
shown that PI-PLC4 negatively modulated the seedling growth of Arabidopsis [173].
Mutation in PLC4 resulted in hyposensitivity while its overexpression rendered the seedlings
hypersensitive to the salt stress. PI-PLC4 also affected the expression of salt responsive
genes including RD29B, MYB15and ZAT10[173]. Since IP3 receptors are yet to be
discovered in plants, a phosphorylation mechanism involving unknown kinases responsible
for IP3 to IPg conversion is suggested. This unknown mechanism involving unknown multi-
kinases causes the release of CaZ*. Oscillation in the frequency, amplitude and waveform

of Ca2* generates stimulus-specific signals [174]. The calcium signal generated by IP3 as

a result of PI-PLC activity during salt stress accounts for ~30% of the total Ca2* signal
[175,176]. The overexpression of P/-PLC4 caused an increase of CaZ* while its knockout
repressed Ca2* signals in response to salt stress [173]. Treatment of seedlings with EGTA
did not affect their sensitivity to salt stress [173]. Furthermore, PLCS interaction with Ga
and G subunits of heterotrimeric G-protein was reported but whether this interaction exists
in response to salinity stress is not known (Fig. 4). These results highlight that PI-PLCs are
involved in the Arabidopsis response to salt stress through modulating Ca%* signals.

3.2.5.6. PI-PLCs-mediated signaling in plant innate immunity.: Plants respond to
pathogen attack by activating both early and late signaling events. The early signaling events
include protein phosphorylation, alteration in the composition of membrane phospholipids,
increase in cytosolic Ca2*, NO and ROS generation. Subsequently, the synthesis of
phytoalexin, induction of glucanases and chitinases, activation of the phenylpropanoid
metabolism pathway and accumulation of phenolic compounds are the later defense-
related responses [177,178]. PI-PLCs have been shown to act downstream of the immune
receptors and are involved in both early signaling and late defense responses [179]. The
pharmacological inhibitor U73122 of PI-PLC significantly suppressed the internalization
of immune receptor Flagellin Sensing 2 (FLS2) that was induced by flg22, indicating

that P1-PLC activity might have a role in affecting the localization of FLS2 immune
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receptor. This phenomenon seemed also to occur with another immune receptor Cf-4

[179]. Additionally, fluctuation in IP3 or IPg levels results in cytosolic Ca2* oscillations
modulating the activities of several cellular proteins such as transporters, protein kinases and
transcription factors etc. [174]. The PI-PLC activity inhibition blocks the defense-mediated
medium alkalization response, followed by a repression of effector-modulated endocytosis
of the immune receptors thereby inhibiting their signaling role [179-181]. In these processes,
the change of Ca2* concentration and pH in cytoplasm altering the activity of PI-PLC
suggests that the activity of PI-PLC is indirectly mediated by receptor [179]. Furthermore,
the substrate PIP, of PI-PLC is reported to be involved in plant defense against pathogens.

Depletion of PIP, resulted in blockage of K* channels, leading to decreased concentration
of potassium ions. Additionally, it also caused stomatal closure and arrested the cell

cycle at equatorial plate resulting in programmed cell death (PCD), thereby avoiding
pathogen spread [182]. The DAG produced by PI-PLC may also participate in recruiting
and activating signaling proteins involved in initial defense responses [174]. However, it is
unknown which PI-PLCs are activated upon stimulation of cell-surface immune receptors
by pathogen. Further investigations concerning PI1-PLCs signaling during plant defense and
disease resistance may help in the identification of key processes/interactions facilitating
plants to combat microbial infection.

4. PLDs in plants

4.1. Classification and domain structure of PLDs

PLD hydrolyzes the phosphodiester bond in phospholipids to generate PA and soluble head
groups [183]. In Arabidopsis, twelve PLD genes including PLDa(1-3), A(1,2), »(1-3), 6,
eand ({1, 2) are classified into six groups depending on protein structures and enzyme
properties [184]. In B. napus, 32 PLDs were identified, such as PLDa1(4), a2(2), a3(4),
B1(2), B2(2), y(6), 8(7), £(2), C1(2) and C1(1) [185]. Based on protein structures, these
PLDs are classified as C2-PLDs and PHPX-PLDs due to the presence of the C2 or PH and
Phox homology (PX) domains. Most PLDs belong to C2-PLDs except PLDCs which belong
to PHPX-PLDs [186,187]. The C2 domain mediates Ca2*-dependent phospholipid binding.
All PLDs have two HKD (HxKxxxxD) domains [188]. Recently, it was shown that the
N-terminal C2 domain of Arabidopsis PLDal exhibited hydrophobic interaction with the C-
terminal catalytic domain that features two HKD motifs [189]. In addition, some PLDs have
specific motifs and domains. For instance, PLDB1 has a P1(4,5)P; binding region (PBR1)
following the first HKD domain. The PBR1 binding to P1(4,5)P, is critical for PLDB1
activity [190]. Furthermore, PLD1 also has two polybasic motifs (K/RxxxxK/RxK/RK/R)
responsible for P1(4,5)P, binding close to the second HKD domain, while PLDa, vy, 6 and
e lack some key residues in the corresponding region [187,190]. PLDal contains a motif
located between 562 and 586 amino acid residues with a high resemblance to DRY motif in
proteins, which is required to interact with the heterotrimeric G protein subunit Ga [191]. In
PLDS, there is an oleate binding motif responsible for oleate-dependent stimulation, which
is localized in front of the first HKD domain [56]. The presence of these domains or motifs
in the PLDs underlies a structural basis for the different biochemical properties and diverse
functions of PLDs.
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4.2. Substrate selectivity, catalytic and regulatory properties of PLDs

Earlier studies indicated that the presence of detergents such as SDS, and millimolar Ca2*
stimulated PLDa1 activity in vitro. All C2-PLDs require Ca2* for activity; whereas PLDy1,
PLDvy2, PLD6 and PLDB1 are most active at micromolar Ca*, PLDa.1 and PLDa3 are
most active at millimolar Ca2* [192-194]. Ca?* binding to the C2 domain can promote

the ability of PLD binding to substrates such as PC, PE, PG and PS [195,196]. PIP,

as a cofactor is required for the activity of PLD+y, B and C [190]. The production of
N-acylethanolamine by PLDp and PLD-y inhibits the activity of PLDa1 [197]. The activities
of PLDa and PLDe are not affected by PIP, because they lack some key residues in

the PIP, binding domain [187]. However, the role of PIP, is not only a cofactor but an
enhancer for the activity of PLD8 which is the PLD induced by oleate [56]. Furthermore,
PLDal, PLDa3 and PLDe show strong affinity towards PC. PLDa3 and PLDe can also
cleave PS with a relatively slower rate [198,199]. By comparison, PLD6 and PLD-y1
preferentially hydrolyze PE whereas PLD(s are specific to use PC [187]. The different
cofactor requirements and lipid preferences suggests that individual PLDs are activated
differently and hydrolyze different lipid species to generate PA in specific biological
processes.

4.3. Tissue distribution and subcellular location of PLDs

Different PLDs have different subcellular associations in plant cells [200,201]. In
Arabidopsis, PLDa1 was reported to be present in both soluble and membrane fractions.

It tends to move towards the membranes to hydrolyze membrane lipids when plants
encounter stress [202,203]. PLD-y has multi-subcellular locations and is present in the
plasma membrane, nuclei, intracellular membrane and mitochondria [200]. PLDB1 was
unsuccessfully detected in different subcellular fractions in Arabidopsis, probably due to its
low abundance. PLD(C2 was localized to tonoplasts [204]. PLDa3, 6 and e showed strong
signals in the plasma membrane [198,205,206].

4.4. The functions of PLDs in plant growth, development, and stress responses

Various stress conditions, such as high salinity, drought, diseases, and pest attacks, induce
PLD expression. Extensive studies involving genetic manipulations, phospholipid profiling
and physiological analyses have resulted in identifications of different PLD genes in
specific physiological processes, and elucidation of the modes of action in specific signaling
cascades [83,207].

4.4.1. Unique roles of individual PLDs in plant responses to different
stressors—In Arabidopsis, PLDal is highly active and abundant in many tissues. p/da 1
mutants were observed to have impairments in stomatal closure under drought, reactive
oxygen species production, and plant response to salt and ABA treatments. PLDS is

the second abundant PLD in Arabidopsis, playing significant roles in freezing tolerance,
dehydration, H,O»-induced cell death, salt stress and the ABA responses [57,208-212].
PLDa3 mediates plant response to hyperosmotic stress and PLDe has a significant effect
in nitrogen signaling, leading to enhanced root hair development and biomass production
[198,205]. In addition, PLDs are also involved in pathogen defense in Arabidopsis.
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PLDp1 confers resistance against necrotrophic fungal pathogens and negatively impacts

the plant resistance to the biotrophic Pst DC3000 [213]. PLD6 plays a positive role in
powdery mildew tolerance [214]. PLD-ys are involved in aluminium stress, p/dyZ and
pldy2knockdown plants display increased tolerance to aluminium stress, suggesting PLD-ys
are involved in plant responses to heavy metal stress [215]. The expression of PLD(s,
particularly PLD(2, increased when phosphate was deprived, and the single mutant p/a¢1,
plac2 or the double mutant p/aC1pld(2 showed slower elongation of primary roots than did
WT under phosphate limitation [216-219]. In addition, the loss of PLD( function caused

a reduction in PC and an increase in DGDG levels under phosphorous deficiency. The
results indicate that PLDCs hydrolyze PC to provide phosphorus for other cellular needs and
DAG for the biosynthesis of galactolipids under phosphorus starvation [218]. These reports
suggest that PLD(s are positive regulators helping plants to adapt to phosphate deficiency.
These studies show that different PLDs can play unique roles in mediating plant responses
to different stressors, suggesting that PLDs are important to coordinate plant adaptation to
adverse conditions (Fig. 5).

4.4.2. Different PLDs with unique modes of action in the same physiological
processes in plants—Multiple PLDs can be involved in the same plant process but
they occupy different steps with different mechanisms. The loss of the function of

either PLDa1 or PLD& rendered Arabidopsis plants insensitive to ABA-induced stomatal
closure [206,210,220,221]. During plant response to ABA, PLDal interacts with Ga

to promote stomatal opening, and the PLDa 1-derived PA promotes stomatal closure
through interacting with ABA INSENSITIVE 1 (ABI1). Moreover, PLDal's product PA
activates NADPH oxidase to mediate the production of ROS that promotes stomatal closure
[208,210,222] (Fig. 5). However, the activity of PLDS is activated by interacting with

the cytosolic glyceraldehyde-3-phosphate dehydrogenases (GAPCs) which is oxidized via
H,0,. Activated PLD®& then produces PA to control stomatal aperture (Fig. 5). It has been
proposed that PA produced from PLD6 modulates the downstream target in ABA and H,0,
signaling during stomatal closure [223]. Thus, in plant response to ABA, PLDal enhances
the production of H,O5 that induces the activity of PLDS to produce PA in regulation of
stomatal aperture. Thus, PLD$6 acts downstream of PLDal in plant response to ABA [223].

PA produced by different PLDs are involved in plant response to salt stress. In Arabidopsis,
high salinity induced an increase in PA in WT plants, but the increase was attenuated in

pld plda 1, plda3and pldé mutants [209,212,224-226]. Further studies showed that PLDa.1-
derived PA bound to mitogen-activated protein kinase 6 (MPKG®), resulting in the regulation
of MAPK cascade that includes MAP65-1 to enhance the rate of microtubule polymerization
under the presence of NaCl [209,225]. The mutants of PLDa or PLDé both have low levels
of PA and exhibit increased sensitivity to salt stress while their overexpression lines elevate
the tolerance to salt stress [226]. It suggests both PLDa1 and PLD6 play an important role
in plant response to salt stress. The PLDa.3 is also reported to modulate the plant tolerance
to salt stress via enhancing root growth [205]. However, the mechanism of PLDa.3 and
PLDS in regulation of the plant response to salt stress remains unclear. Together, PLDs

have multifaceted mechanism of action in plants, and understanding the mode of action is
important to distinguish the function of different PLDs.
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4.4.3. PLDs' functions in lipid remodeling under cold stress—PLDs are the
major enzymes responsible for membrane lipid hydrolysis in plant tissues under stress and
tissue damages [201]. Cold stress results in a significant decrease of the main phospholipids
including PC, PE and PG with increases in PA, LPC and LPE. PLD increased PA levels

up to 5 folds upon exposure to —8 °C whereas the PA levels rose only half as much in

the PLDa1-deficient plants compared to WT under freezing [227]. The PLDa1-deficient
plants were more tolerant to freezing than WT [227]. These results suggest that PLDa.1
plays an important role in the membrane integrity and negatively affects plant tolerance

to freezing stress [227]. However, overexpression of PLDé& was reported to increase plant
freezing tolerance whereas PL DS knockout plants were more sensitive to freezing compared
to WT [211]. This suggests PLDé plays a positive role in plant freezing tolerance. A further
study shows the WT plant produces more PA than that in p/dé mutant during freezing [211].
It is suggested that PA produced by PLDs in different patterns such as the amounts, the
location and the timing may impact its function in plant response to freezing [211].

4.4.4. PLDs in plant immunity: plant-bacterial fungal, pathogen and viral
interactions—Cell membranes are the initial defensive barrier against the invasion

of pathogens. Phospholipids are the dominant components in cell membrane, and play
important roles in defending exogenous biological invasion. PLDs-catalyzed hydrolysis of
phospholipids is considered to have regulatory roles in plant response to diverse biotic
infections. It is suggested that PLDs are an important mediator in the plant immunity. A
previous study showed that the PA content increased in Arabidopsis upon infection with
either necrotrophic fungus Botrytis cinerea or the hemibiotrophic bacteria Pseudomonas
syringae [213]. PLDB1 was identified as the major generator of PA involved in the plant
response to biotic infection. In Arabidopsis, the loss of PLDB1 increases plant sensitivity
to Botrytis cinerea, but resistance to £, syringae by elevating the levels of SA and ROS
[213]. The function of other PLDs in resistance to pathogen penetration has also been
reported. The powdery fungi Blumeria graminis f. sp. hordeiand Erysiphe pisi can easily
penetrate into cells in the absence of PLDS&. PLDS& accumulated at the entry site of the
fungal pathogen or the place of treatment with chitin [228]. The p/d6 mutants exhibited

a delay in the expression of chitin-induced-defense genes, indicating ALDé has positive
relation to plant innate immunity [229]. Additionally, PLDvy1 is found to be translocated

to the plasma membrane induced by the intracellular immune receptor RPS2, implying
arole of PLDy1 in regulating plant immunity [230]. Further research indicated that the
resistance towards bacterial and fungal infections was enhanced after the p/dy mutants
were treated with microbe-associated molecular pattern (MAMP) but no difference in PA
levels was observed between p/dy 1 mutants and WT plants [231]. Moreover, PLD-y1 was
found to interact with BAK1-INTERACTING RECEPTOR-LIKE KINASES (BIR2 and
BIR3), which are the potent negative regulators of pattern-triggered immunity [231]. These
findings indicate that PLDy1 regulates plant innate immunity not by changing the levels of
PA but through association with BIR2 and BIR3, highlighting a novel function of PLDs in
plant immunity-related responses [231]. In future, the role of other PLDs in plant immunity
needs to be investigated.
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4.5. Mechanism of PLD-derived PA in cellular and physiological processes

4.5.1. Modulation of enzymatic activity and tethering proteins to the
membrane—It is now evident that PLD plays critical roles in stomatal closure mediated
by ABA. Thus, manipulating PLD gene expression results in decreasing water loss in plants
[184,210,232]. In this process, PLDal-derived PA played the role by binding to ABI1 and
NADPH oxidase (Fig. 5) [208,210]. ABI1 is a negative regulator in ABA signaling, PA
binding to ABI1 improves the release of ABA signaling and then enhances the stomatal
closure [210]. NADPH oxidase is regulated by PA and this regulation was reported to be
involved in stomatal closure through improving the production of H,O in Arabidopsis
[208]. PLD-derived PA can also interact with sphingosine kinase (SPHK), which participates
in the ABA signaling pathway [206,233]. In this process, PA interacts with SPHK directly
and promotes the activity of SPHK [233]. In addition, under salt stress, the expression

of PLDa1and PLDé was induced significantly to produce PA. Further studies certified

that PLDa 1 and PLD$ could enhance the salt tolerance in Arabidopsis [212,226]. In the
plda1 mutant, deactivation of MPK6 suggests that PA produced from PLDa.l can interact
with and promote the activity of MPK6 [209]. Moreover, PLDa1-derived PA can also
interact with MAPG65-1 which enhances the bundling of microtubule-polymerization [225].
The experimental results indicate that PLDs and the product PA could regulate MPK6 and
MAPG65-1 in the plant response to salt stress [209,225].

Another important function of PA is to direct proteins towards membranes involved in
modulation of the intracellular location and of protein-protein interaction. PA interacts

with and binds ABI1, resulting in tethering AB11 to the plasma membrane and limiting

its translocation to the nucleus [210]. PA binds to GAPC under salt stress and pushes it
towards membrane [234,235]. PA induces the production ROS in plants by interacting with
the cytoplasmic region of NADPH oxidase [208,210]. These results proposed that apart
from the translocation of intracellular soluble proteins to the membranes, PA tethering also
modulates the membrane association of cytosolic regions of important membrane proteins
[83]. Some studies identified that PA had affinity towards additional putative proteins in
plants [235,236]. However, the role of PA binding to these proteins needs to be verified.

PA has also been shown to interacts with a MYB transcription factor, WEREWOLF (WER)
at its R2 subdomain [237]. Deletion of PA-binding motif from WER interfered with its
nuclear localization and role in epidermal cell fate determination. It is also shown that the
suppression of PLD( driven PA production also inhibits the nuclear location of WER and
impedes root hair formation, and elongation [237]. These findings indicate that PLD-derived
PA can bind to the specific site in a target protein, leading to change the localization or the
activity of the proteins, thus impacting their function.

4.5.2. Effect of PA on membrane structural properties—PA has the hexagonal
type ?? structural configuration and induces structural changes in the membrane. PA has the
tendency to form a slackened structure around lipids thereby rendering the water repelling
zone of membrane lipids exposed to effector proteins [238,239]. For example, PA binding
proteins having hydrophobic residues can be positioned into the lipid bilayers of membrane
[238,239]. In addition, an increase in cone-shaped PA in membrane lipid bilayers triggers
negative curvatures that are normally found around the vesicle neck at the time of fusing
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acceptor from membrane donor [240]. Thus, the structural effects of PA interfere with
membrane-protein interaction, and membrane budding and fusion [238,239].

4.5.3. PA as lipid mediators—PA is a class of minor phospholipids comprising around
1% of the total glycerophospholipids. The physiological level of PA is altered in response to
various stimuli [184]. Stimulus-promoted PA synthesis can be induced either by hydrolysis
of phospholipids by PLD or by DAG phosphorylation by DAG kinase [184,241]. Studies
show that PA can bind to different classes of proteins, such as transcription factors,

protein kinases and cytoskeletal proteins. A theory of “electrostatic/hydrogen bond switch
mechanism” effectively explains that PA has more affinity to effector proteins than the other
anionic phospholipids [242]. This theory suggests that electrostatic/hydrogen bond and the
existence of hydrophobic region in the adjacent PA binding point in the particular amino
acids in proteins may specify the affinity of PA-protein binding [184,243]. The interaction
of PA with proteins may have two major consequences: One is regulating the catalytic
activities and the intracellular distribution of the effector proteins. The other one is that
local PA building up influences the membrane structure [184,243]. Moreover, PA is the core
intermediate for the biosynthesis of glycerolipids including phospholipids, galactolipids,
DAG and TAG [184,243]. PA plays a direct role in modulating the metabolism of lipids

and their transport to the destination membranes [184,243]. Further, PA as lipid mediator
produced by ZmPLD3 is probably involved in haploid induction (HI) as the zmp/d3 mutant
triggered HI in maize [244]. Therefore, distinct PA mediated pathways need to be identified
for their direct or indirect effects on plant growth and development as PA can be produced
by several other reactions, in addition to different PLDs. Distinguishing the sources of PA
will benefit to better understand the roles of PA in plants.

5. Future perspectives

Although phospholipases are extensively studied for their roles in plant stress-related
signaling events, there are still critical knowledge gaps in terms of their acting mechanism,
metabolic, cellular, and physiological functions. Much remains to be learned to fully
understand the role of the products of pPLA in signaling pathways. Extensive functional
characterization of the identified pPLAs in plants is needed to figure out which pPLA is
responsible for the generation of particular lysolipids and FFA species to promote plant cell
signaling under stress conditions. Novel protein Kinases, phosphatases and other signaling
enzymes as FFA- and lysolipid-interacting partners and the receptors of lysolipids and FFAS
are completely unknown in plants. Hence, thorough dissection of the physiological and
biochemical events behind the phenotypes caused by genetic manipulation of pPLAs is
needed.

DAG can be produced by several reactions, and the contribution of NPCs to the total
physiological levels of DAG species produced remains unclear. It makes the NPC-specific
regulatory functions intriguing. Therefore, identification and characterization of DAG-
domain containing proteins for their affinities towards DAG and downstream targets along
with the pathways having core DAGs signaling in plants will greatly unveil the cellular
functions of NPCs. Furthermore, the concentration of IP3 in germinating seeds is extremely
low, hence advance fluorescence techniques and mass spectrometric tools are needed in
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future to detect such minute concentrations. The IP3 generation causes Ca2* oscillations
which brings the question about their signaling potential. An established link determining
the existence of 1P3 receptors or of phosphorylation mechanism converting IP3 to IPg is still
missing.

Both NPC and PI-PLC generate DAG that undergoes phosphorylation to produce PA while
PLDs are also the cellular generators for PA production. Meanwhile, lipid phosphate
phosphatases convert PA to DAG. This complex conversion makes it challenging to
delineate the molecular targets and biological roles of DAG and PA. Thus, precise
elucidation of the dynamic changes of DAG and PA controlled by different routes

under different conditions will greatly assist to understand the biological functions of
phospholipases and their products as second messengers or mediators in plant growth,
development, and stress responses.
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Abbreviation:

FFA free fatty acid

PA phosphatidic acid

DAG diacylglycerol

PLA phospholipase A

PLC phospholipase C

PLD phospholipase D

pPLA patatin-related PLA

SPLA2 secretory PLA2

iPLA2 calcium-independent PLA2
cPLAs calcium dependent PLAS
PAF-AHS platelet-activating factor-acetyl hydrolases
AdPLA adipose PLA

NPC nonspecific phospholipase C
PI-PLC phosphatidylinositol-specific PLC
TAG triacylglycerol
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PC
MGDG
DGDG
PG
GIPC
JA
ABA
MTL
NLD
GA
LPA
LPC
LPCAT1
HFA
CPK
MAPK
SoSs
LPE
CHAPS
PAP
PKC
LPP
PMT1
IAA
BL
LRX2
PI(4,5)P2
IPs

P1(4)P
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phosphatidylcholine
monogalactosyldiacylglycerol
digalactosyldiacylglycerol
phosphatidy! glycerol
glucosylinositolphosphorylceramide
jasmonic acid

abscisic acid

matrilineal

not like dad

gibberellic acid

lysophosphatidic acid
lysophosphatidycholine
lysophosphatidylcholine acyltransferase 1
hydroxy fatty acids

calcium dependent protein Kinase
mitogen activated protein kinase

salt overly sensitive
lysophosphatidyletholamine
3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate
phosphatidic acid phosphatase

protein kinase C

lipid phosphate phosphatase
phospho-base A-methyltransferase 1
indole acetic acid

brassinolide

leucine-rich repeat/extensin 2
phosphatidylinositol 4,5-bisphosphate
inositol 1,4,5-trisphosphate

phosphatidylinositol-4-phosphate
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PI phosphatidylinositol
CaM calmodulin
PH plekstrin homology
PBR1 phosphatidylinositol 4,5-bisphosphate P1(4,5)P2 binding region
MCK1 calcium/calmodulin-dependent protein kinase
TIR1 transport inhibitor response
RG1 rhamnogalacturonan |
PGA polygalacturonic acid
RD29B responsive to desiccation 29B
ZAT10 salt tolerance zinc finger 10
FLS2 flagellin sensing 2
ABI1 ABA insensitive 1
GAPC glyceraldehyde-3-phosphate dehydrogenases
BIR2 bak1-interacting receptor-like kinase 2
NADPH nicotinamide adenine dinucleotide phosphate
SPHK sphingosine kinase
WER werewolf
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Fig. 1.

Phgospholipid structure and hydrolysis site by phospholipase. The red cross shows the
cleavage site. PLAL, phospholipase Al. PLA2, phospholipase A2. PLC, phospholipase
C. PLD, phospholipase D. R1 and R2 are fatty acids. X represents the head group of
phospholipids.
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Fig. 2.

Activation and signaling functions of pPLAs. The black arrow indicates established links
while the green arrow represents putative links. pPLAs are activated by heterotrimeric G
proteins and phosphorylation of calcium dependent protein kinases. Phosphorylation of
pPLAs by CPK3 may cause both galactolipids and phospholipids hydrolysis. pPLASs activity
results in the generation of free fatty acids and lysolipids. Linolenic acid acts as precursor
for JA involved in host specific resistance. The lysolipids may have link with cytosolic

pH and phytoalexin synthesis to combat pathogen attack. Mutation in MTL/NLD/ZmPLA1
gene results in haploid embryo formation, resulting in the generation of haploid plants in
maize. Oscillations of VLCFAs due to pPLA activity is assumed to be associated with the
regulation of PIN auxin transporter.
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Fig. 3.
Signaling functions of NPCs under stress conditions. The black arrow indicates established

links while the green arrow represents putative links. BL may induce NPC activity

through transcriptional activation of cell expansion genes, 7CH4and LRX2. The cell cycle
events and cell expansion might be controlled by NPC3/NPC4-produced DAG through BL
signaling. In response to humidity and light, NPC generated-DAG probably activates H +
-ATPase pump through an unknown intracellular signal leading to malate synthesis. Salt
stress modulates NPC4 and it is speculated that NPC4's product DAG may undergo lipid-
protein interaction to mediate the signaling events. In addition, NPC4 also accomplishes
phosphosphingolipid hydrolysis under phosphate deficit condition to regulate root growth.
Phospholipid to galactolipid conversion is also accomplished through NPC4/NPC5 activity
under phosphate deficit conditions.
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Fig. 4.
P1-PLC-mediated signaling under stress conditions. The black arrow indicates established

links while the green arrow represents putative links. PI-PLCs-induced signaling events

or phenotypic effects should include PI-PLC-generated phosphoinositides phosphates. PI-
PLC3/PI-PLC5 confer drought tolerance possibly through calcium-dependent pathways or
a-subunit of heterotrimeric G protein. PI-PLC2 is involved in early flowering. Heat stress
induces PI-PLC9 activity and produced IP3 which may cause calcium ions oscillations.
PLCS interaction with Ga and G subunits of heterotrimeric G-protein is already known
but whether this interaction exists in response to salinity and heat stress is not known

yet. The PI-PLC generated IP3 regulates pollen growth probably by regulating the actin
dynamics, while the same phenotype might be regulated by PI-PLC produced DAG through
DAG-protein interaction. Ga subunit of heterotrimeric G protein and Clo3 also interact with
PI-PLC1 and this interaction is further strengthened by high Ca2* levels in cell. Distinct
functions of DAG and PA in PI-PLC signaling pathway are not clearly known but the
Rac/Rop signaling could be modulated by DAG and PA, leading to cell cycle regulation
which controls pollen tube growth.
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Fig. 5.

Signaling roles of PLD under stress conditions. The black arrow indicates established

links while the green arrow represents putative links. PLDa1 produces PA under drought
stress which interacts with ABI1 and NADPH oxidase. PLDal also plays a role in ABA
regulated stomatal responses in G-protein dependent manner. GAPC interacts with PLD&
and mediates response to ROS in ABA signaling pathway to regulate stomatal aperture.
Under salt stress, the PLDa1-produced PA activates MAPK cascade leading to the activation
of Na*/H* antiporter. Moreover, salt stress triggers PA production by PLDa1 which binds
and inhibits CTR1 and blocks the interaction between ETR1 and CTR1. PLDa3 controls
root growth probably through AGC2.1 kinase TOR signaling pathway. PLDC2 responds to
exogenous auxin and probably regulates gravitropism by impacting the auxin accumulation
and transport. PA produced by PLDe under nutrient stress regulates nitrate transport and GS
pathway but the intimate signal produced and its phenotypic consequence to plants is not
known. Under salt stress, PLDC1 produces PA which might regulate K* ion concentration
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through HAKS transporter. PA generated by PLD(C1/2 is hydrolyzed to DAG and inorganic
phosphate under phosphorous deficit condition.
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