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Preface

Phospholipases hydrolyze phospholipids. The activities of phospholipases affect
not only the structure and stability of cellular membranes but also the production of
cellular mediators. The past decades have brought rapid growth in knowledge about
the role of phospholipases in signaling processes. This volume reviews and high-
lights exciting developments in biochemical, molecular, and functional aspects of
various phospholipases in plants.

The first half of the book summarizes our current knowledge of six different types
of phospholipases, including phospholipase D (PLD; Chap. 1), phosphoinositide-
hydrolyzing phospholipase C (PI-PLC; Chap. 2), nonspecific PLC (NPC.
Chap. 3), patatin-related phopholipase A (pPLA; Chap. 5), and secretory PLA,
and PLA, (sPLA; Chap. 6). The activity of PLD, PI-PLC, and NPC contribute to
the production of phosphatidic acid (PA), which has been identified as a class of lipid
mediators (Chap. 4). The second half of the book describes the progress made
investigating the role of various phospholipases on plant stress responses, including
response to hyperosmotic stresses (Chap. 7), nitrogen and phosphate availability
(Chap. 8), NO and oxidative stress (Chap. 9), and plant—pathogen interactions
(Chaps. 10 and 11).

From information presented in these chapters, it becomes evident that each
family of phospholipases is comprised of multigene-encoding enzymes with
overlapping, yet unique functions. Knowledge on the biochemical and functional
heterogeneities of these enzymes will be important to understanding the multifac-
eted functions of phospholipases including cellular regulation, lipid metabolism,
and membrane remodeling. Phospholipase-based signaling in plants differs in
many aspects from mammalian cells, and considerable gaps in knowledge exist
concerning what lipid mediators are produced by a specific phospholipase and how
they function in plants. In addition, activation of more than one phospholipase is
often involved in a given stress response, and information on the interplay among
different phospholipases will help greatly the understanding of phospholipase
signaling in plant processes, such as stress responses, cell size, shape, growth,
apoptosis, proliferation, and reproduction.
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vi Preface

The publication of this book would not have been possible without the efforts of
many people to whom I am deeply indebted to. The authors of the individual
chapters generously devoted their time and wisdom to ensure the high quality, up
to date information presented in this book. My former and current students,
postdoctoral associates, and visiting scientists with whom I have had the privilege
to work have made numerous contributions to the field and made my editing of the
book possible. Brian Fanella read all the chapters and provided valuable editorial
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in the production of this book.
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Part I
Plant Phospholipase Families and Derived
Messengers



PLD: Phospholipase Ds in Plant Signaling

Xuemin Wang, Liang Guo, Geliang Wang, and Maoyin Li

Abstract Membrane lipids are rich sources for generating intracellular messen-
gers, and the activation of phospholipases is often an early step in the messenger
production. Phospholipase D (PLD) is a major family of membrane lipid-
hydrolyzing enzymes in plants, and PLD activity increases under a wide range of
stress conditions. Recent studies have revealed extensive biochemical and func-
tional heterogeneities of PLDs. Cellular effectors, including Ca®*, phosphoi-
nositides, and oleic acid, bind to specific PLDs and differentially modulate their
activities. The differential activation of specific PLDs plays crucial roles in the
temporal and spatial production of phosphatidic acid, a class of potent lipid
mediators involved in plant growth and stress responses. PLDs also interact directly
with proteins involved in various processes, including cell signaling, central metab-
olism, and cytoskeleton reorganization. Different PLDs have unique and
overlapping functions in plant growth, development, and stress responses.

Keywords Phosphatidic acid « Phospholipase D * Lipid signaling * Stress response

1 Introduction

The activity of phospholipase D (PLD) was first described in plants in 1940s
(Hanahan and Chaikoff 1947). Some distinctive, perplexing properties of PLD
activity were soon noted (Heller 1978). For example, the PLD activity originally
analyzed in plants required high millimolar Ca** for activity in vitro. PLD in plant
tissues was readily activated under some conditions, such as tissue homogenization
which led to the loss of most nitrogenous phospholipids, such as

X. Wang (<) « L. Guo » G. Wang « M. Li
Department of Biology, University of Missouri, St. Louis, MO 63121, USA

Donald Danforth Plant Science Center, St. Louis, MO 63132, USA
e-mail: swang@danforthcenter.org

X. Wang (ed.), Phospholipases in Plant Signaling, Signaling and Communication in 3
Plants 20, DOI 10.1007/978-3-642-42011-5_1, © Springer-Verlag Berlin Heidelberg 2014


mailto:swang@danforthcenter.org

4 X. Wang et al.

phosphatidylcholine (PC) and phopshatidylethanolamine (PE) (Quarles and
Dawson 1969). When leaves were sprayed with primary alcohols, most PC was
converted to phosphatidylalcohol due to PLD’s transphosphatidylation activity
(Roughan and Slack 1976). The physiological relevance of the PLD activity was
questioned, which had remained elusive for some time.

PLD gained renewed attention since 1990s because of its role in cell signaling.
PLD was first cloned from castor bean (Wang et al. 1994), which has propelled the
understanding of PLD and its functions at the molecular level. It is now known that
higher plants have multiple types of PLDs; besides the high millimolar Ca**-
requiring activity, many PLDs require micromolar Ca*, and others are independent
of Ca®* (Pappan et al. 1997a, b; Qin and Wang 2002). Rapid increases in PLD
activity upon perturbations have been investigated in the context of stress-induced
activation of PLDs. Other cellular effectors, besides Ca2+, have been identified to
modulate PLD activities. In addition, PLDs have been found to interact with
different proteins. Genetic manipulation of different PLDs has resulted in alter-
ations of plant growth, development, and response to abiotic and biotic stresses.
The study of PLD lipid product phosphatidic acid (PA) has provided further
insights into the mechanism of action.

2 The PLD Family and Catalysis

PLD was purified to apparent homogeneity from several plant species such as
peanut seeds (Heller et al. 1974), cabbage leaves (Allgyer and Wells 1979), rice
bran (Lee 1989), and castor bean endosperm (Wang et al. 1993). During the
purification and subsequent immunoblotting analyses, the presence of multiple
PLDs was observed (Dyer et al. 1994, 1996). The gene family of PLD has been
reported in several higher plant species, and all the plants examined contain more
than ten PLD genes. For example, there are 12 in Arabidopsis, 18 in soybean (Zhao
etal. 2012), 17 in rice (McGee et al. 2003), 18 in poplar (Liu et al. 2010), and 11 in
grape (Elias et al. 2002; Liu et al. 2010). The PLD family in Arabidopsis thaliana is
most extensively characterized and thus will be used to highlight the current
understanding of plant PLDs.

2.1 Identification of Different PLDs in Plants

One of the signature properties in vitro noted for the “conventional” PLD is its
requirement for high millimolar concentrations of Ca®* for activity and the great
stimulation of its activity by detergents such as sodium dodecyl sulfate. The
purification of the conventional PLD from castor bean and subsequent N-terminal
amino acid sequencing of it led to the first cloning of PLD (Wang et al. 1993, 1994).
The availability of the PLD sequence led to the cloning of the Arabidopsis PLDal
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and also PLDs from yeast and humans (Hammond et al. 1995; Waksman
et al. 1996). PLDal requires high Ca** for activity, and antisense suppression of
the common plant PLD activity led to the discovery of phosphatidylinositol
4,5-bisphosphate  (PIP,)-dependent PLD activity in Arabidopsis (Pappan
et al. 1997b). A PIP,-requiring PLD, named PLDf, was soon cloned (Pappan
et al. 1997a). At the same time, another PIP,-dependent PLD, PLDy, was cloned
and characterized (Qin et al. 1997). Later, the oleate stimulated PLDS was identi-
fied and analyzed (Wang and Wang 2001). The availability of the Arabidopsis
genome sequence facilitated the identification of PLD{s. PLD{1 requires no Ca**
for activity and appears to be specific to PC as substrate (Qin and Wang 2002).
PLDe, which was originally designated PLDo4, is the most permissive of all the
characterized PLDs in terms of reaction requirements, and it is active under PLDal,
B, and ¢ reaction conditions (Hong et al. 2009). These results show that PLDa, £, vy,
8, and ¢ display different requirements for Ca**, PIP,, and free fatty acids (Table 1).

Analysis of the Arabidopsis genome led to the identification of 12 PLD genes
named as PLDa(l,2,3), PLDp(1,2), PLDy(I,2,3), PLDS, PLDe, and PLD{(1,2)
based on gene architecture, sequence similarity, domain structure, and biochemical
properties (Fig. 1; Table 1). Two PLDS cDNA variants and two PLDy?2 variants,
which are likely derived from alternative splicing, have been reported (Wang and
Wang 2001; Qin et al. 2006). Thus, the total number of PLD enzymes in
Arabidopsis is greater than 12s. In rice, in addition to the C2-PLDs and PX/PH-
PLDs, one unique, putative PLD, PLD¢, which does not contain the C2 or PX/PH
domains, was identified (Li and Xue 2007), but the enzymatic identity of PLDg as
PLD is yet to be confirmed. In mammals, a unique mitochondrial PLD (MitoPLD)
was identified (Choi et al. 2006). MitoPLD, with only one single HKD catalytic
motif, is a divergent and ancestral family member most similar to bacterial
cardiolipin synthase (Choi et al. 2006; Wang et al. 2006). MitoPLD hydrolyzes
cardiolipin to PA and promotes transmitochondrial membrane adherence (Choi
et al. 2006).

2.2 Catalytic Mechanism

The PLD superfamily is characterized by the presence of the catalytic motif
HxKxxxxD (HKD) in a single or double copy in the primary structure (Fig. 1;
Waite 1999). Besides PLDs, this super family includes cardiolipin synthases,
phosphatidylserine synthases, tyrosyl-DNA phosphodiesterase, and nucleases. In
higher plants, multiple PLDs characterized so far all contain duplicated HKD
motifs. PLD catalyzes the hydrolysis of phospholipids at the terminal
phosphodiester bond, leading to the production of PA and a water-soluble head
group such as choline or ethanolamine. Two HKD motifs are required for PLD
catalysis, with one His residue acting as a nucleophile and the other as a general
acid/base (Stuckey and Dixon 1999). The PLD hydrolysis proceeds via a two-step
reaction. PLD first forms a phosphatidyl-enzyme intermediate, and the
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Table 1 Distinguishable catalytic and regulatory properties of Arabidopsis PLDs

PLD Signature property

type Ca** PIP, Oleate Substrate Subcellular location and others

PLDal mM/pM - - PC > PE Translocation between cytosol and IM,
PM, most PM

o2 mM - PC = PE Cytosol = IM and PM

o3 mM - PC > PE,PG  Mostly PM

€ mM/pM - —/+ PC = PE > PG PM; lost Ca®*-binding residues in C2

PLDp1 pM + - PC = PE Ca®*-binding at C2 and catalytic region,
actin binding

PLDyl pM + - PE > PC Mostly IM; differ from y2 in PIP, and
triton effect

v2 pM + - AA changes in DRY motif

PLDS pM-mM + + PE > PC PM, tubulin binding

PLD{1 No + - PC PM

Q2 Not IM, induced most by Pi deficiency

determined

— indicates no requirement of effectors for PLD activity. + indicates effectors promote PLD
activity. PC, phosphatidylcholine, PE, phosphatidylethanolamine, PG, phosphatidylglycerol,
PM, plasma membrane, /M, intracellular membrane

Oleate binding  DRY motif
(PL$6) (PLDa1)

C2-PLD:

\
Pou by e i — o2 —c
0 1

PIP, binding Actin binding
(PLDB1) (PLDB1)

PX/PH-PLD:
N —-—- HKD2 —
PLD Dl ¢

Fig. 1 Two PLD subfamilies and their domain structures. C2, Ca>*-dependent phospholipid
binding domain; PH, pleckstrin homology domain; PX, phox homology domain; HKD,
HxKxxxxD motif involved in catalysis; DRY motif, interacts with Ga. The different ligand
binding motifs have been experimentally determined for specific PLDs, as indicated

phosphatidyl group is then transferred to the —OH moiety in the presence of water
(H-OH) to produce PA (Fig. 2).

In the presence of primary alcohols (H-OR), PLD transfers the phosphatidyl to the
—OR moiety to produce phosphatidylalcohol (PtdOR; Fig. 2). This activity is referred
to transphosphatidylation and has been explored in various industrial applications for
the enzymatic synthesis of various natural and tailor-made phospholipids with func-
tional head groups (Sarri et al. 1996). The PtdOR formation is used as an indicator of
PLD activity in the cell because this reaction is unique to PLD.

By comparison, PA can be produced by PLD and other reactions such as PLC
coupled with diacylglycerol kinase (PLC/DGK). In addition, PtdOR is metaboli-
cally stable, unlike PA that can be removed by lipid phosphate phosphatases,
kinases, and acyl hydrolases. However, it is important to note that primary alcohols
are potent activators of PLDs in plants (Roughan and Slack 1976). The cellular and



PLD: Phospholipase Ds in Plant Signaling 7

o] o
1]
Y A any
R!\n/d H o} PA
o}
<, 0 O
A Il
X = head group %‘7%,. . )LO/\(\O,pH_OR
Choline "o : § I_
Ethanolamine R: O H o PtdOR
Serine \ﬂ/
Glycerol (0]

Fig. 2 PLD hydrolysis and transphosphatidylation activities. X represents head group of phos-
pholipids. PLD hydrolyzes phospholipids to produce PA and head group, and in the presence of
primary alcohols (H-OR), PLD transfers part of phosphatidyl moieties to —OR to form phosphati-
dylalcohol, also referred to as transphosphatidylation

physiological effects of increased membrane lipid hydrolysis and the formation of
PtdOR remain undetermined. Thus, the alcohol treatments are used often as a
supplementary approach and interpreting data involving such treatments requires
caution.

2.3 Different Substrate Preferences of PLDs

When assayed in vitro, C2-PLDs use common membrane phospholipids such as
PC, PE, phosphatidylglycerol (PG), and phosphatidylserine (PS), but substrate
preferences vary among the C2-PLDs (Pappan et al. 1997b; Qin et al. 2002)
(Table 1). PLDal prefers PC, and such preference has also been shown by mea-
suring phospholipid hydrolysis in plants (Welti et al. 2002). On the other hand,
PLD® prefers PE to PC as substrate (Qin et al. 2002). The surface dilution kinetic
analysis indicates that PLDd displays a sevenfold higher specific catalytic constant
(Vimax/Km) for PE than PC. PE has an approximate fivefold lower interfacial
Michaelis constant, K,,,, than PC, indicating that PE has a higher affinity than PC
(Qin et al. 2002). PX-PH-PLDC]I selectively hydrolyzes PC (Qin and Wang 2002).
None of the cloned PLDs to date use phosphatidylinositol (PI) as substrate. Thus,
the activation of different PLDs may result in the differential hydrolysis of phos-
pholipids and the production of different PA molecular species.
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3 Regulation and Activation of PLDs

The activity of PLD in plants increases under a wide spectrum of conditions, as
described below. However, over-expression of PLD did not result in increased
membrane lipid hydrolysis under normal growth conditions (Hong et al. 2008b),
suggesting that PLD activity in cells is highly regulated. Moreover, results from the
genetic manipulation of different PLDs clearly indicate that different PLDs are
activated under specific stresses. The regulatory domains of the PLD family and the
distinguishable biochemical properties of individual PLDs provide insights into the
cellular regulation of PLDs.

3.1 Regulatory Domains and Motifs of PLDs

PLDs in plants consist of two divergent subfamilies: C2-PLDs and PX/PH-PLDs
(Elias et al. 2002; Qin and Wang 2002). C2 is a Ca**/phospholipid-binding domain
consisting of approximately 130 amino acid residues that form antiparallel eight-
stranded B-sandwich structures. C2 domains have been identified in many proteins,
most of which are involved in lipid metabolism, signal transduction, or membrane
trafficking. PX and PH refer to the Phox homology (PX) and pleckstrin homology
(PX) domains, respectively. The PX domain can bind phosphoinositides and SH3
domain (Cheever et al. 2001; Hiroaki et al. 2001; Kanai et al. 2001). Therefore, it
may play a critical role in coordinating membrane localization and protein complex
assembly during cell signaling. PH domains are composed of approximately
120 amino acids found in more than 100 proteins involved in cell signaling,
cytoskeletal rearrangement, and other processes.

Most plant PLDs are C2-PLDs and the C2-PLD subfamily appears to be unique
to plants. Ten of the 12 PLDs in Arabidopsis are C2-PLDs but PLDas miss some of
the key acidic residues required for Ca* binding (Zheng et al. 2000). Two PLD(s
are PX/PH-PLDs. The sequences of PLD{1 and PLD{2 are more similar to mam-
malian PLD2 and PLDI, respectively, than to plant C2-PLDs (Elias et al. 2002; Qin
and Wang 2002).

Two polybasic motifs (K/RxxxxK/RxK/RK/R) have been identified in the PIP,-
dependent PLDp, and they have been shown to interact with PIP, (Zheng
et al. 2000). In addition, PLDp has other motifs in the catalytic regions that are
also involved in PIP, binding (Zheng et al. 2002). In contrast, PLDa and PLDS do
not contain these two motifs, and PIP, is not required for their activity (Qin
et al. 1997, 2002). The region involved in the oleate binding of PLD$ is located
approximately 30 amino acid residues after the first HKD motif. Arg-399 of PLD$
was found to be involved in oleate stimulated activity of PLDd. The presence of
oleate stimulates PLD&’s binding to PC. PLDal has been shown to interact with the
heterotrimeric G protein subunit Ga (Zhao and Wang 2004). PLDf1 contains a
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specific actin-binding region. Whereas monomeric (G-) G-actin inhibits PLDf
activity, filamentous (F-) F-actin stimulates it (Kusner et al. 2002).

3.2 Differential Activation of Different PLDs by Ca’*, PIP,,
and Oleate

Analyses of the domain structures of PLD proteins provide a structural basis for the
distinguishable biochemical properties. For example, the C2-PLDs need Ca”* for
activity whereas PX/PH-PLDs do not (Qin and Wang 2002). In addition, individual
PLDs can differ in key amino acid residues in the various domains and motifs.
PLDf C2 has all the conserved Ca2+—binding residues, whereas PLDal C2 lacks at
least two of these potential Ca>* ligands due to substitution. PLDB1 and PLDal
have been shown to bind to Ca®* with different binding affinities, with PLDp1
requiring micromolar whereas PLDa needing millimolar Ca** for activity (Zheng
et al. 2000). Under acidic pH conditions, however, PLDal is active at micromolar
Ca** (Pappan and Wang 1999). In addition to direct binding, Ca** may alter
membrane microdomains to facilitate PLD interaction with the phospholipid sur-
face and activate PLD activity.

Phosphoinositides, particularly PIP,, is another key regulator of PLD activity.
PLDB, PLDy, and PLDC require PIP, for activity (Pappan et al. 1997a; Qin and
Wang 2002). The binding of PIP, to PLD1 enhances the PLD interaction with
membrane lipids and thus its substrate affinity (Qin et al. 2002; Zheng et al. 2002).
PLDf1 requires PIP, and PE for its activity, whereas PLD? is stimulated by PIP,
but does not require PIP, or PE for activity. The interactions and differential
affinities are consistent with the domain structures of the plant PLD family.
Surface-dilution kinetics analysis indicates that PIP, stimulates PLDJ activity by
promoting substrate binding to the enzyme, without altering the bulk binding of the
enzyme to the micelle surface. Ca®* decreases significantly the interfacial
Michaelis constant K,,, indicating that Ca®* activates PLD by promoting the
binding of phospholipid substrate to the catalytic site of the enzyme.

PLDS was activated by free oleic acid in a dose-dependent manner, with the
optimal concentration being 0.5 mM (Wang and Wang 2001). Other unsaturated
fatty acids, linoleic and linolenic acids, were less effective than oleic acid, whereas
the saturated fatty acids, stearic and palmitic acids, were totally ineffective. PIP,
stimulated PLDS to a lesser extent than oleate. In addition, N-acylethanolamines
(NAE?s), which are produced from N-acyl-PE by PLD, acts as potent inhibitors of
PLDal (Austin-Brown and Chapman 2002).
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3.3 Subcellular Association and Expression of PLDs

PLD activities are associated with soluble and membranous fractions, but individ-
ual PLDs vary in their subcellular associations (Table 1). PLDal is present in both
the cytosol and membranes and undergoes intracellular translocation from the
soluble to membrane-associated form in response to stresses (Wang et al. 2000).
PLDp1 is membrane bound and binds to actin (Pappan et al. 1997a; Kusner
et al. 2002). PLDd is associated with the plasma membrane and binds to
microtubulin (Gardiner et al. 2001). PLDC?2 is associated with the tonoplast mem-
brane (Yamaryo et al. 2008). Whereas PLDJ, PLDe, and PLDa3 are mostly
associated with the plasma membrane (Wang et al. 2000; Hong et al. 2008a,
2009), PLDy is mostly associated with intracellular membranes (Fan et al. 1999).
The subcellular association of PLDs is expected to play an important role in the
spatial regulation of membrane lipid hydrolysis and PA production.

PLDs are expressed in all plant tissues examined, but the extent and patterns
differ greatly among different PLDs in tissues and timing during development and
in response to stresses (Qin et al. 2006; Zhang et al. 2010; Zhao et al. 2013). In
Arabidopsis PLDal is the most abundant PLD in most tissues. The transcript level
of PLDal is highest in all tissues except pollen. The expression of PLD{?2 is highly
induced by phosphorus deficiency (Li et al. 2006), and PLD¢ is induced highly by
extreme hyperosmotic stress (Katagiri et al. 2001). After ABA treatment of leaves,
the transcript of PLDal displayed little change but that of PLDS$ increased
(Distefano et al. 2012). The transcription of PLD{] is regulated by the homeobox
transcriptional regulator GLABRA?2 (GL2) which binds to the PLD{ 1 promoter and
inhibits its transcription (Ohashi et al. 2003). However, little is known about the
transcriptional regulation of the other PLDs or the detailed cellular pattern of PLD
expression. The differences in gene expression, together with those in subcellular
association and effector regulation, play important roles in regulating the temporal
and spatial activation of individual PLDs.

4 PLD Involvements in Diverse Physiological Processes

PLD has been implicated in a wide range of physiological processes. Analysis of
plants deficient in or overexpressing specific PLDs in Arabidopsis and other plants
have provided evidence for the involvement of specific PLDs in specific physio-
logical responses (Table 2). The following discussion will focus on the effect of
genetic manipulation of PLDs on physiological alterations.
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Table 2 PLD family members and functions as indicated by genetic manipulation in plants

Plant water loss and drought tolerance
Water loss (PLDal-knockdown, Sang et al. 2001; PLDal-overexpression, Hong et al. 2008b;
Zhang et al. 2009; Lu et al. 2013)
H,0, and/or NO response in stomata (PLD3-knockout, Guo et al. 2012a, b; Distefano
et al. 2012)
Drought response (PLDa3-knockout and overexpression, Hong et al. 2008a)
Salt response
Altered sensitivity to salt stress (PLDa3-knockout and overexpression, Hong et al. 2008b)
Decreased salt tolerance (PLDalPLD&-double knockout, Bargmann et al. 2009)
Increased aluminum resistance (PLDy1-knockdown, Zhao et al. 2011)
Nutrient response
Response to phosphorous deprivation (PLDC1-knockout and PLD{2-knockout, Li et al. 2006;
Cruz-Ramirez et al. 2006)
Response to nitrogen deprivation (PLDe-knockout and overexpression, Hong et al. 2009)
Pathogen resistance
Response to bacterium and fungi (PLDf1-knockdown, Bargmann et al. 2006; Yamaguchi
et al. 2009; PLDp1-knockdown and knockout, Zhao et al. 2013)
Response to fungi (PLD&-knockout, Pinosa et al. 2013)
Hormonal responses
ABA response (PLDal-knockdown and knockout, Zhang et al. 2004; PLDa1PLD&-double
knockout, Uraji et al. 2012; PLD&-knockout, Jia et al. 2013)
Auxin response (PLDZ2-knockout, Li and Xue 2007)
Pollen tube and root hairs
Actin dynamics and pollen tube growth (PLDB-knockdown, Pleskot et al. 2010)
Root hair patterning (Ohashi et al. 2003)
Root hair deformation under Pi deprivation (PLD{1-knockout and PLD{2-knockout, Li
et al. 2006; Cruz-Ramirez et al. 2006)
Root hair elongation under N deficiency (PLDe-knockout and overexpression, Hong et al. 2009)
Seed aging and freezing damages
Delayed seed deterioration and aging (PLDa1-knockdown, Devaiah et al. 2007; Lee
et al. 2012).
Freezing tolerance (PLDal-knockdown, Welti et al. 2002; PLD&-knockout and overexpression,
Li et al. 2004)

4.1 Water Loss, Drought Tolerance, and High Salinity

Genetic abrogation of PLDal or PLD6 results in increased water loss (Sang
et al. 2001; Guo et al. 2012a; Distefano et al. 2012). One mechanism by which
PLDal and PLD6 decrease water loss is through their role in the ABA signaling that
promotes stomatal closure. When epidermal peels of Arabidopsis leaves were
assayed, antisense suppression or knockout of PLDal compromises the effect of
ABA-promoted stomatal closure, and the same effect was also observed with PLDd-
KO plants (Distefano et al. 2012; Guo et al. 2012a). Increased transpirational water
loss is also detected in detached leaves and PLDal- or PLD6-deficient whole plants.
Application of PA to epidermal peels mimics the ABA effect on stomatal closure,
indicating that PLD-produced PA promotes stomatal closure. PLDal and PLDé
occupy different steps in the ABA signaling pathway. PLDal promotes H,O,
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production through PA interaction with NADPH oxidase, whereas PLDS is involved
in H,O, response through the interaction of PLDd with cytosolic glyceraldehyde-3-
phosphate dehydrogenases (Zhang et al. 2009; Guo et al. 2012a). On the other hand,
PLDal and PLDéS have been suggested to act cooperatively as the PLDalPLD-
6-double KO displayed more robust insensitivity to ABA than PLDal- or PLD-
o-single KO did (Uraji et al. 2012). It is possible that some redundancy of PLDal and
PLDé or cross talk between them exists under certain experimental conditions.

Increased expression of PLDal results in a decreased water loss in tobacco and
canola, lending further support to the role of PLDal in promoting stomatal closure
(Hong et al. 2008a; Lu et al. 2013). Under prolonged drought, however, PLDa1-
overexpressed tobacco plants displayed more damage, which is likely due to the
increased lipid degradation and membrane damage (Hong et al. 2008a). Recently,
the expression of PLDal was targeted to guard cells in canola to increase the
expression specifically in stomata. These plants lost less water and performed better
in biomass and seed yield under drought (Lu et al. 2013). In addition, the alterations
of PLDa3 also change plant response to water deficiency (Hong et al. 2008b).
PLDa3-KO is more sensitive to drought whereas PLDa3-OX is less sensitive.
However, PLDa3-altered plants did not display changes in ABA-promoted stoma-
tal closure, indicating that it mediates plant response to drought via a mechanism
different from that of PLDal and PLDé.

Manipulations of PLDal, PLDa3, PLDJ, or PLDe have resulted in alterations of
Arabidopsis response to high salinity (Hong et al. 2008b; Bargmann et al. 2009; Yu
et al. 2010; Zhang et al. 2012). plda3-1 seeds are more susceptible to salt stress, as
indicated by delayed germination, lower germination rate, retarded seedlings, and
reduced root growth. In contrast, PLDa3-OE seeds displayed more resistance to salt
with enhanced germination rates and seedling growth. The loss of PLDa3 or PLDe
also renders plants more sensitive to salt, while plants overexpressing PLDa3 or
PLDe show salt tolerance (Hong et al. 2008a). High salinity results in ionic toxicity
and hyperosmotic stress, the latter of which is shared with drought. The observa-
tions that the activity of many of the PLDs was altered both to drought and salinity
may indicate that they play a role in plant response to hyperosmotic stress, rather
than specifically to salt stress.

4.2 Response to Nitrogen and Phosphorus Availability

Among all the PLDs tested, alterations of PLDe result in more apparent changes in
plant response to nitrogen (N) availability (Hong et al. 2009). The PLDe effects on
root growth and morphology differ at different levels of N. At severe N deprivation
(0.1 or 0.6 mM), PLDe promotes elongation of primary roots and root hairs,
whereas no such effect was observed under sufficient N supply (6 or 60 mM). At
sufficient N supply, PLDe promotes lateral root growth and biomass production.
These results suggest that at sufficient N, PLDe promotes biomass accumulation
and lateral root growth, whereas under N deficiency, PLDe promotes primary root
elongation and root hair growth (Hong et al. 2009).
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Under phosphate deprivation, phopsholipids, particularly PC, decreases whereas
nonphosphorus lipids such as digalactosyldiacylglycerol (DGDG) and sulfolipids
increase. The expression of PLD{2 increases greatly during Pi starvation in
Arabidopsis, and the accumulation of DGDG in the roots of Pi-limited PLD{2-KO
plants is reduced while PC and PE accumulate in Pi-starved PLD{2-KO roots
(Cruz-Ramirez et al. 2006; Li et al. 2006). However, under moderate phosphorus
limitation, PLD{1PLD{2-double KO mutants, but not PLD{I- or PLD{2-single
KO, display shorter primary roots than wild type. Thus, both PLDCs are involved in
plant response to phosphate deprivation and in primary root growth (Li et al. 2006).
PLDs hydrolyze phospholipids, particularly PC to PA, which is dephosphorylated
to DAG for galactolipid synthesis. In addition, PA inhibits phosphoethanlonamine
methyl transferase (PEAMT) involved in PC synthesis and stimulates MGDG
synthase (MSD1) (Jost et al. 2009; Dubots et al. 2010). Thus, PA may act as a
coordinator that suppresses PC synthesis with increases in DGDG formation. These
results indicate that PLD{s have both metabolic and regulatory functions in plant
response to phosphorus deprivation.

4.3 Root Hair and Pollen Tube Growth

PLD and its derived PA play an important role in polarized plant cell expansion,
such as root hair and pollen tube growth. KO of PLD({2 resulted in bulging,
deformed root hairs under phosphate deprivation (Li et al. 2006). Under N depri-
vation, root hairs of PLDe-KO Arabidopsis were shorter whereas those of PLDe-
OE plants were longer than those of WT plants. How PLDs promote root hair
growth under the stress is unknown. PA interacts with phosphoinositide-dependent
protein kinase 1 (PDK1), which activates AGC2-1 kinase to promote root hair
growth in Arabiodpsis (Anthony et al. 2004). In addition, PLD{ 1 was reported to be
the target of the transcriptional regulator GL2 that regulates root hair patterning,
and transient suppression of PLD({I alters root hair patterns and morphology
(Ohashi et al. 2003). However, the root hair pattern in single or double KOs of
PLD{I and PLD{?2 is normal (Li et al. 2006), and the exact effect of PLD{s on root
hair patterning requires further investigation.

Suppression of PLD-mediated PA production by the primary alcohol N-Butanol
in vivo inhibited pollen germination and tube growth whereas application of PA
overcame the inhibition (Potocky et al. 2003). Later studies show that PLD interac-
tion with actin cytoskeleton plays a role in pollen tube elongation as shown by
antisense suppression of tobacco NtPLDf1 (Pleskot et al. 2010). PLDf1 is activated
by F-actin whereas PA promotes the F-actin formation, thereby forming a positive
feedback loop for the polarized growth by increasing membrane-F-actin dynamics in
the cortex of plant cells.
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4.4 Low Temperature and Freezing Damage

Many plants during growth encounter frost and/or prolonged freezing. The plant
response to freezing temperatures may be divided into three phases: cold acclima-
tion, freezing, and postfreezing recovery. The PA level in plants increases during
cold acclimation (Welti et al. 2002). PLDal- or PLD&-deficient plants underwent
similar alterations in lipid composition as did wild-type plants, indicating that the
two PLDs do not play a major role in the alterations of lipid molecular species that
occurred in cold acclimation (Welti et al. 2002; Li et al. 2004). However, manip-
ulations of the two PLDs have opposite effects on Arabidopsis freezing tolerance.
Antisense suppression of PLDal rendered Arabidopsis plants more tolerant to
freezing (Welti et al. 2002), whereas KO of PLDd rendered Arabidopsis plants
more sensitive to freezing and OE increased freezing tolerance (Li et al. 2004). The
altered freezing tolerance occurred only in cold-acclimated plants, indicating that
cold acclimation is required for PLDS function during freezing. PLDal plays a
major role in promoting phospholipid hydrolysis in both freezing and postfreezing
phases, but the presence of PLDS reduced lipid hydrolysis during postfreezing
recovery (Li et al. 2008). These data suggest a negative role for PLDal and a
positive role for PLDS in freezing tolerance.

One way by which PLDal promotes freezing damage is its hydrolysis of PC to
PA. PLDal-deficient plants had a higher level of PC and a lower level of PA,
indicating that PC is the major in vivo substrate for PLDa during freezing-induced
activation (Welti et al. 2002). This preference of PLDa for PC is supported by
in vitro data (Pappan et al. 1998). PC is a bilayer-stabilizing lipid, whereas PA has
tendency to form a hexagonal II phase in the presence of cations. The propensity of
membranes to form the hexagonal phase has been suggested to be a key event in
freezing injury. The suppression of PLDal may decrease the propensity of mem-
brane lipids to undergo a transition from lamellar to hexagonal II phase, thus
increasing freezing tolerance (Welti et al. 2002). PLDd prefers PE to PC as
substrate (Qin et al. 2002), and its KO had no major impact on freezing-induced
decline of membrane lipids; rather, it produces a small increase in selective PA
species. Thus, while high PLDal activity destabilizes membranes and increases
membrane leakage, regulated increase of PLDS may produce signaling PA species
that mitigate stress damage. Specifically, PLDJ and the resulting PA decrease cell
death promoted by the reactive oxygen species H,O,. The level of H,O, increases
in plant cells in response to freezing stress. Thus, the impaired response to oxidative
stress in PLDd-null plants may be a basis for the decreased freezing tolerance.

4.5 Plant-Microbial Interactions

Pathogen infection of higher plants often induces a rapid production of PA and
changes in lipid profiles. Suppression of tomato LePLDpI resulted in a strong
decrease in a fungal elicitor xylanase-induced PLD activity and enhanced oxidative
burst in tomato suspension cells (Bargmann et al. 2006). OsPLDf1-knockdown rice
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plants displayed the accumulation of reactive oxygen species in the absence of
pathogen infection (Yamaguchi et al. 2009). More than 1,400 genes were up- or
downregulated in OsPLDpI-suppressed plants, which include the induction of
pathogenesis-related protein genes and WRKY/ERF family transcription factor
genes. These data suggest that the OsPLDfI-knockdown plants spontaneously
activated the defense responses in the absence of pathogen infection. The
OsPLDp1-knockdown plants exhibited increased resistance to the infection of the
common rice pathogens, Pyricularia grisea and Xanthomonas oryzae pv oryzae.
These results suggest that OsPLDfI functions as a negative regulator of defense
responses and disease resistance in rice. In Arabidopsis infected with Pseudomonas
syringae pv. DC3000, PLDf1-antisense or KO plants had also less bacterial growth
than in WT plants (Zhao et al. 2013). This result is consistent to other observations
that PLDf1 is a negative effector of disease resistance.

However, PLDf3]-deficient plants were more susceptible than WT plants to the
fungus Botrytis cinerea (Zhao et al. 2013). The expression levels of salicylic acid
(SA)-inducible genes were higher, but those inducible by jasmonic acid (JA) were
lower in PLD I mutants than in wild-type plants. The PLDfI-deficient plants had
lower levels of PA-, JA-, and JA-related defense gene expression after B. cinerea
inoculation. PLDfI plays a positive role in pathogen-induced JA production and
plant resistance to necrotrophic fungal pathogen B. cinerea, but a negative role in
the SA-dependent signaling pathway and plant tolerance to the infection of
biotrophic Pst DC3000 (Zhao et al. 2013). Among the 12 PLD genes in
Arabidopsis, PLDS deficiency resulted in the most severe compromise on resistance
against the penetration of spores of barley and pea powdery mildew fungi (Pinosa
et al. 2013). PLD accumulates on the plasma membrane of the cells surrounding
the attaching sites of the fungus spores, implying its function on cell wall rein-
forcement (Pinosa et al. 2013).

In addition, PLD has been suggested to be involved in beneficial plant—microbial
interactions. Piriformospora indica is a root endophytic fungus that colonizes many
plant species and promotes growth and resistance to certain plant pathogens.
However, PLDal- or PLDé-deficient plants lost the ability to respond to enhanced
growth and are impaired in PA production after P. indica infection. PA was
previously shown to interact with PDK1 (3-PHOSPHOINOSITIDE-DEPENDENT
PROTEIN KINASE1). PDK1 regulates another kinase OXI1 (Oxidative Signal
Induciblel). These results indicate that the pathway consisting of the PLD —
PDK1 — OXI1 cascade mediates the P. indica-stimulated growth response. In
the symbiotic interaction, the amount and activity of PLDa protein increase in
response to rhizobium infection (Wan et al. 2005), and the PLD-produced PA is
involved in the Nod factor-induced gene expression (den Hartog et al. 2003).

4.6 Seed Viability and Germination

The catabolism of membrane phospholipids has been associated with decreasing
seed quality and viability (Devaiah et al. 2007). In seeds of the PLDa/-KO mutant
plants, levels of PA, lysoPC, and lysoPE were significantly lower than those of
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wild-type seeds, suggesting a role for PLDal in membrane lipid degradation in
seeds (Devaiah et al. 2006). The PLDal-deficient seeds exhibited a smaller loss of
unsaturated fatty acids and lower accumulation of lipid peroxides than did wild-
type seeds (Devaiah et al. 2007). A similar effect was also observed in soybean (Lee
et al. 2012). When soybean seeds were stored for about 3 years, 30-50 % of PLDa-
knockdown seeds germinated but WT seeds were non-viable (Lee et al. 2012). The
results indicate that the presence of PLDal promotes seed deterioration and aging.
In Arabidopsis, PLDal-antisense knockdown seeds were more tolerant of aging
than were PLDal-KO seeds (Devaiah et al. 2007). Because the antisense may not
act as specific as KO to PLDal and antisense may also suppress other PLDas such
as PLDa2 and PLDa3. This difference could mean that other PLDs are also
involved in lipid deterioration and seed aging.

During seed germination, KO of PLDal or PLD¢ results in seeds with decreased
sensitivity to the ABA inhibition, and the effect was greater with PLDal- and
PLDé-double KO (Uraji et al. 2012). These results suggest that PLDal and PLDS
are involved in mediating the ABA effect not only in stomatal closure but also in
seed germination.

4.7 PLDs in Plant Response to Auxin, Cytokinin,
and Ethylene

Auxin is transported from the sites of synthesis to the sites of action through influx
and efflux carrier proteins. PLD{2-null Arabidopsis root displays an attenuated
cycling of PIN2-containing vesicles. PLD{2-overexpression results in an enhanced
cycling of PIN2-containing vesicles in roots (Li and Xue 2007). PLDa-deficient
plants displayed a slower rate of senescence than did wild type, suggesting a role of
PLD in ethylene response (Fan et al. 1999). PA has been found to interact with
CTR1 (Constitutive Triple Response) (Testerink et al. 2007), a protein kinase
negatively regulates ethylene response. PA inhibits the kinase activity of CTR1
and also blocks the interaction of CTR1 with the ethylene receptor ETR1 (Testerink
et al. 2007). Cytokinins are plant hormones that have an opposite effect on ethylene
in plant senescence. Cytokinin-induced activation of PLD occurs (Romanov
et al. 2002). The role of PLDs in the regulation of ethylene and cytokinin cascades
remains to be determined.

5 Mechanism of PLD Actions

The broad range of physiological consequences resulting from PLD alterations
raises an important question: How do PLDs mediate plant physiological responses?
The metabolic and cellular effect of PLD processes can be divided into three
general categories: cell regulation, membrane remodeling, and membrane
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Fig. 3 PLD in stimulus-activated cell signaling. Stimulus-activated PLD hydrolyzes phospho-
lipids to produces lipid messenger PA that interacts and regulates target protein functions. PLD
hydrolysis can also be involved in lipid turnover and membrane remodeling. In addition, PLD
interacts with effector proteins. GAPC cytosolic glyceraldehyde dehydrogenase, PDKI/
phosphoinositide-dependent protein kinase 1, MPK6 mitogen-activated protein kinase 6, SPHK
sphingosine kinase, ABI1 abscisic acid-insensitive 1, PEPC phosphoenolpyruvate carboxylase,
CTRI constitutive triple response 1

degradation (Fig. 3). The degradation refers to excessive hydrolysis of phospho-
lipids, such as PC, that leads to the loss of membrane integrity and functions.
Examples of these catabolic actions include the PLDal effect on freezing damages
and seed aging. Membrane remodeling refers to the involvement of PLD activities
in the changing of membrane lipid composition. An excellent example is the role of
PLD on decreasing PC and increasing DGDG under phosphate deprivation. Cell
regulation includes PLD roles in cell signaling, vesicular trafficking, and cytoskel-
etal rearrangements. The three functions of PLDs are not mutually exclusive and
the same PLD can be involved in signaling, membrane remodeling, and degradation
depending on the nature of stimuli and severity of stresses. The following discus-
sion will focus on the role of PLD in cell regulation.
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5.1 PLD Regulated Production of the Lipid Mediator PA

One major mode of PLD action is the production of PA (Fig. 3). PA is a potent lipid
mediator that directly interacts with proteins and regulates their activity and
intracellular location, as described in chapter “Phosphatidic Acid as Lipid Messen-
ger and Growth Regulators in Plants.” PA is present in small amounts in biological
membranes, but the cellular level of PA changes rapidly under various conditions in
plants. PLD plays a key role in the stimulus-induced production of PA. Moreover,
genetic manipulations of individual PLDs have demonstrated that different PLDs
often mediate the generation of signaling PA in plant responses to different stresses.
PLDal is responsible for most of the PA produced in response to ABA (Zhang
et al. 2004; Guo et al. 2012a), whereas PLDJ produces PA under H,O,-treated cells
(Zhang et al. 2003). PLDC2 plays a major role in the PA production under phos-
phate deprivation. PLDa1, PLDa3, and PLDS each have been shown to contribute
to hyperosmotic stress-induced PA production (Hong et al. 2009).

The activity of different PLDs is expected to play a crucial role in regulating the
location, timing, and amount of PA production. Spatial and temporal regulation is
critical in events that depend on intracellular lipid mediators because of their
limited mobility in the cell. Lipid messengers can be compartmentalized not only
to different membranes, such as the plasma, endoplasmic reticulum, and nuclear
membranes, but also to microdomains within a specific membrane. The timing of
lipid messenger production is important in differentiating among potential path-
ways of messenger production. In addition, PA has many molecular species as the
acyl groups differ in the number of carbons and double bonds. PA species display
different abilities to interact with target proteins and affect differently enzyme
activities. PLDs, such as PLD{, PLD9, and PLDal, display different substrate
preferences and produce different PA species. The differences of individual PLDs
in activation, intracellular association, expression patterns, and substrate prefer-
ences provide a basis for the distinguishable cellular and physiological roles of
different PLDs in stress-induced PA production.

5.2 PLD Interaction with Proteins

Another mode of PLD actions is through PLD interactions with proteins. The
interaction affects the activity of PLDs and reciprocally the PLD-interacting pro-
teins (Fig. 3). Plant PLDs have been shown to interact with different proteins,
including a heterotrimeric Ga, cytosolic glycolytic enzymes glyceraldehyde-3-
phosphate dehydrogenases (GAPC), actin filaments (Guo et al. 2012a), microtubule
cytoskeleton (Gardiner et al. 2001), and aspartic proteinase cardosin A (Simoes
et al. 2005). In the PLDa1-Ga interaction, PLDal binds to the GDP-bound Ga and
the interaction decreases PLDal activity. In response to ABA, activation of Ga
may disrupt the binding of Ga-gpp to PLDal, and thus activates PLDal.
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PLDal-derived PA then mediates ABA-induced promotion of stomatal closure
(Guo et al. 2012b). On the other hand, PLDal stimulates the intrinsic GTPase
activity that converts active Ga-grp to inactive Ga-gpp (Zhao and Wang 2004).

PLDS interacts with GAPC, which converts glyceraldhyde-3-Pi (G3P) to
1,3-bisphosphoglycerate during glycolysis. H,O, promoted the GAPC-PLDS inter-
action and PLD3 activity (Guo et al. 2012a). Knockout of GAPCs decreased ABA-
and H,O,-induced activation of PLD and stomatal sensitivity to ABA. The loss of
GAPCs or PLD¢ rendered plants less responsive to water deficits than wild type.
The results indicate that the H,O,-promoted interaction of GAPC and PLDS may
provide a direct connection between membrane lipid-based signaling, energy
metabolism, and growth control in the plant response to ROS and water stress.

Arabidopsis PLDP1 was found to bind to actin. Whereas monomeric (G-)
G-actin inhibits PLDf activity, filamentous (F-) F-actin stimulates it (Kusner
et al. 2002). A later study using a tobacco PLDp has found that the F-actin
activation of PLD and PA promotion of F-actin forms a positive feedback loop to
increase locally membrane-F-actin dynamics in the cortex of plant cells, including
promoting pollen tube growth (Pleskot et al. 2010, 2013). In addition, PLDd was
shown to bind to microtubules at membrane-cytoskeleton interface (Gardiner
et al. 2001). PLDal promotes microtubule polymerization and bundling and is
involved in plant response to salt stress (Zhang et al. 2012). The results indicate that
PA and multiple PLDs are involved in both actin and microtubule cytoskeletal
dynamics and rearrangements in plants.

5.3 Cross Talk of PLDs with Other Signaling Pathways

The activation of PLD is an integral part of signaling cascades. Cross talk between
PLD-mediated pathway and other lipid-mediated signaling pathways, such as
PI-PLC, PLC/DGK, and PLA, have been proposed to generate several classes of
lipid mediators, such as PA, lysophospholipids, DAG, and free polyunsaturated
fatty acids (Wang et al. 2000, 2006). In addition, PLD-derived PA is a potent
stimulator of PIP-5 kinase that synthesizes PIP, which is a potent activator of PLDs.
It has been proposed that activation of PLD and PIP-5 kinase in mammalian cells
forms a positive feedback loop that leads to rapid generation of PA and PIP,.
Recent studies show that the PLD-mediated signaling interplays with sphingo-
sine kinase (SPHK) to mediate plant responses to ABA and stomatal closure. PA
interacts directly with two Arabidopsis SPHKs (Guo et al. 2011). PA binds to both
Arabidopsis SPHKSs, and the interaction stimulates SPHK activity, as shown in vitro
and also in plants. In response to ABA, the level of the SPHK products, long-chain
base phosphate (LCBP) is lower in pldal-knockout, and PA increased the LCBP
production. These results suggest that PA mediates the SPHK activation in response
to ABA (Guo et al. 2012b). On the other hand, in response to ABA, the PA
production in sphkl-1 and sphk2-1 was significantly lower than WT while
overexpression of SPHK increased PA production, suggesting that PLDal
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activation depends on SPHK (Guo et al. 2012b). These results indicate a codepen-
dence of PLD/PA and SPHK/phyto-S1P in the production of PA and phyto-S1P
lipid messengers.

In addition, the interplay between PLDal and SPHK provides a mechanism by
which stress signaling events are communicated between the plasma and vacuolar
membranes. The subcellular localization of membrane-based lipid signaling is
expected to play an important role in the regulation of enzyme activation, genera-
tion of lipid messengers, and mediation of downstream events (Li et al. 2009). It is
not well understood how signaling events between different subcellular compart-
ments are coordinated. PLDal is present in both the soluble and membrane
fractions, and it translocates from the cytosol to membranes in response to stress
(Ryu and Wang 1998; Fan et al. 1999). In response to ABA, SPHK is activated to
produce phyto-S1P (possibly along with other LCBPs) on the vacuolar membrane.
Phyto-S1P does not activate PLDal directly in vitro (Guo et al. 2012b). It was
shown that S1P caused an increase in Ca* in response to ABA (Ng et al. 2001), and
thus phyto-S1P may increase cytoplasmic Ca®* to promote PLDal translocation to
the plasma membranes and tonoplasts. Ca>* is a key factor required for PLDal
activity (Qin et al. 1997). Ca®* promotes PLD translocation and its binding to the
C2 domain increases the protein association with membrane lipids such as PC. This
membrane association activates PLD to generate PA that binds to SPHK to promote
its activity, thus, forming a positive feedback loop. The binding to phyto-S1P may
also promote the translocation to the plasma membrane.

5.4 Unique and Overlapping Functions of Different PLDs

The genetic manipulation of different PLDs has resulted in specific stress-inducible
phenotypes, demonstrating that individual PLDs have unique functions. The unique
functions may result from one or a combination of the following properties of
PLDs, such as (1) their different mechanism(s) of regulation that lead to differential
activation under different stress conditions, as described in Sect. 3, (2) its substrate
preferences, leading to formation of a particular PA molecular species and free head
group products, (3) its propensity to associate with specific proteins and/or partic-
ular subcellular membranes, which may define substrate availability, and (4) its
temporal and spatial (tissue and cell type-specific) pattern of expression. On the
other hand, under some conditions, such as response to Pi deprivation,
ABA-promoted stomatal closure, freezing, and high salinity, more overt inhibition
of PA production and phenotypic changes were reported when two PLDs were
ablated (Li et al. 2006; Bargmann et al. 2009). These results suggest that different
PLDs have overlapping functions in specific stress response.

In addition, one PLD may have different functions, depending on the nature of
the stress. For example, increased expression of PLDal promotes stomatal closure
at earlier stages of drought but accelerates membrane deterioration in prolonged
drought stress (Hong et al. 2008b). PLD{1 and {2 produce PA that promotes
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primary root elongation under a moderate Pi deprivation, whereas under severe P
starvation, PLD{1- and {2-produced PA is rapidly dephosphorylated presumably
for DGDG synthesis (Li et al. 2006).

6 Perspectives

Cell membranes are an initial and focal point of signal perception and transduction
involved in various biological processes, and the activation of phospholipases often
occupies an early step in the messenger production. PLD is the most active family
of phospholipases in plants. The plant PLD family has more members and more
diverse domain structures than other organisms, which is in contrast to other types
of phospholipases. Results increasingly indicate that PLDs play important roles in
mediating various physiological processes in plants. The molecular heterogeneities
of multiple PLDs play important roles in the diverse cellular functions of PLDs. The
function of different PLDs can be unique and overlapping, depending on the
specific type of stress and severity and stages of the stress. PLD and PA may
provide key linkages among cellular regulators such as hormones, oxidative stress,
G proteins, and protein phosphatase and kinases in plant growth and stress
responses. Further investigations are needed to understand the complex interplays
and functions of specific PLDs in the cell and their mode of actions. Specifically,
how are different PLDs activated by specific types of hyperosmotic stresses? What
are the molecular targets of PA and how the PLD and PA interactions with the
effectors affect cell functions? In addition, what are the functions of lipid head
groups released by PLD? How would the changes in lipid composition and mem-
brane structure resulting from PLD activation influence plant stress responses. A
better understanding of PLD and PA-based membrane lipid signaling has the
potential to connect the stimulus perception at the cell membrane to intracellular
actions and physiological responses.
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PI-PLC: Phosphoinositide-Phospholipase C
in Plant Signaling

Teun Munnik

Abstract Historically, phosphoinositide-specific phospholipase C (PI-PLC) cata-
lyzes the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP,) to generate the
second messengers, inositol 1,4,5-trisphosphate (InsP3) and diacylglycerol (DAG),
which release Ca** from intracellular stores and activate members of the protein
kinase C (PKC) family, respectively. While this signaling system is well understood
in animal cells, for plants this is still far from clear, as they lack homologs for the
InsP; receptor and PKC, and display extremely low PIP, levels in their membranes
under normal conditions. Plant genomes do contain numerous genes coding for
phosphatidylinositol kinase (PIK) to make phosphatidylinositol 4-phosphate (PIP),
PIP kinase (PIPK) to synthesize PIP,, and PI-PLC to hydrolyze these lipids. Data is
also emerging that not InsP; or DAG but their phosphorylated products, i.e.,
inositolpolyphosphates (IPPs) such as InsPs and InsPg, and phosphatidic acid
(PA), are functioning as plant signaling molecules. The goal of this chapter is to
provide a critical overview of what is currently known about plant PI-PLC signaling
and to indicate directions for future research.

Keywords Plant stress * Plant signaling * Signal transduction ¢ Lipid signaling
« Phosphoinositides ¢ Inositolphosphates ¢ Inositol lipids « Phospholipase C ¢ Lipid
kinases ¢ Phosphatidic acid

1 Introduction: History of Plant PI-PLC Signaling

Since the discovery of the PI-PLC signaling system in animals in the late 1980s, the
plant field traditionally followed closely, and perhaps too closely. From animal
systems it is clear that receptor stimulation by an extracellular stimulus causes
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activation of a PI-PLC to produce InsP; and diacylglycerol (DAG). While the
water-soluble InsP; diffuses into the cytosol where it triggers the release of Ca>*
from an intracellular store through binding and activation of a ligand-gated calcium
channel (the InsP3 receptor), the other second messenger, the lipid DAG, remains in
the membrane where it recruits and activates members of the PKC family via a
highly conserved C1 domain. The subsequent increase in Ca>* together with the
change in phosphorylation status causes various protein targets to become acti-
vated, inactivated, and/or relocalized, leading to a massive reprogramming of the
cell, allowing it to respond appropriately to the initial extracellular stimulus.

Since plants exhibited many components of the PI-PLC system with structural or
functional equivalents, it was reasonable to assume a similar function. They
contained the minor lipids PIP and PIP,, the kinases that make them (i.e., PIK
and PIPK), and PI-PLC activity to break the PIP, down into InsP3 and DAG (Cote
et al. 1996; Hetherington and Drgbak 1992; Drgbak 1992; Drgbak et al. 1999;
Munnik et al. 1998a; Einspahr and Thompson 1990). When then in the early 1990s,
microinjected InsP; (or photoactivation of a caged variant) was shown to trigger an
increase in intracellular Ca®* (Blatt et al. 1990; Gilroy et al. 1990), the plant PI-PLC
signaling system was thought to be another eukaryotic fact (Hunt and Gray 2001;
Krinke et al. 2007).

Recent advances, however, suggest that the plant PI-PLC signaling system is
quite different from the ‘“canonical” pathway described for mammalians. For
example, homologs of both the primary targets of the mammalian PI-PLC system,
i.e., the InsP; receptor and PKC, are lacking from higher plant genomes (Munnik
and Testerink 2009; Munnik and Nielsen 2011; Munnik and Vermeer 2010;
Wheeler and Brownlee 2008). Moreover, not InsP;, but its phosphorylated product
InsP¢ was shown to be responsible for the release of intracellular Ca** (Lemtiri-
Chlieh et al. 2000, 2003). Similarly, evidence has been accumulating that not DAG
but its phosphorylated product phosphatidic acid (PA) functions as the plant lipid
second messenger in this pathway (Arisz et al. 2009; Testerink and Munnik 2005,
2011; Munnik 2001). Still, what the precise role of plant PI-PLC and its reaction
products is, remains mostly enigmatic. A summary of what we currently know and
what remains confusing is given below.

2 Plant PI-PLCs Belong to the PLCC Class

Eukaryotic PI-PLCs have been classified into six subfamilies, i.e., B, ¥, 9, €, and {,
based on domain structure and organization [Fig. 1; (Munnik and Testerink 2009)].
Mammalian cells contain all six isoforms (13 in total) whereas plants only exhibit
one, i.e., PLCC. This class lacks the Pleckstrin Homology (PH) domain that is
present in all other PI-PLCs and only contains the catalytic X- and Y-domains,
along with a C2 lipid-binding domain (Fig. 1). Most, but not all of the plant
PI-PLCs, also contain one EF-hand lobe. Besides the aforementioned domains,
the other PI-PLC subfamilies contain various conserved sequences that allow them
to be regulated by, e.g., heterotrimeric G-proteins (PLCp), tyrosine kinases (PLCY),
or Ras (PLCe). How animal PLCS, -n and -C isoforms are regulated is still not clear
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Fig.1 Domain structure and organization of PI-PLC isozymes. There are six different eukaryotic
PI-PLCs: B, v, 8, €, n and C. Plant PI-PLCs are most closely related to the PLCC subfamily, which
lack the PH domain and only consist of the minimal core structure, the catalytic X- and Y boxes, a
C2 domain, and the first EF-hand motif (even though the latter is not always present). Other
subfamilies contain additional domains (see Sect. 4). PLCn undergoes alternative splicing, gen-
erating variable C termini with the PDZ-binding motif only being present in the longer forms. EF
EF-hand domain, PH Pleckstrin homology domain, RA Ras-binding domain, RasGEF guanine
nucleotide-exchange factor for Ras, SH2/SH3 Src homology domain 2 or 3, X and Y catalytic
domains

but may involve Ca** (Cockcroft 2006; Balla et al. 2009). Interestingly, mamma-
lian PLCC is only expressed in sperm cells and is involved in generating an InsP3/
Ca** signal in egg cells upon fertilization (Swann and Lai 2013).

Plants contain multiple gene families, with the Arabidopsis genome encoding
9 PLC genes, tomato 6, and rice 4 (Munnik and Testerink 2009; Tasma et al. 2008;
Vossen et al. 2010). Genes are differentially expressed in various cells and tissues,
during different stages of plant development, and in response to various abiotic and
biotic stresses (Tasma et al. 2008; Vossen et al. 2010; Wang et al. 2008; Lin
et al. 2004; Singh et al. 2013; Hirayama et al. 1995, 1997; Das et al. 2005; Song
et al. 2008; Pan et al. 2005).

3 Enzymatic Activity: PI-PLCs Can Hydrolyze PI4P
and PI1(4,5)P,

Mammalian PI-PLCs have an absolute requirement for Ca**. At physiological
concentrations (low pM level), the preferred substrates are PI4P and PI(4,5)P, but
at mM Ca®* concentrations, most enzymes also hydrolyze PI. Polyphosphoinositides
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(PPIs) that are phosphorylated at the D3-position of the inositol ring (i.e., PI3P, PI
(3,4)P,, PI1(3,5)P,, and PI(3,4,5)P3) are not used as substrates (Munnik et al. 1998b).
Bacteria also exhibit a PI-PLC activity, but this type only hydrolyzes PI and does not
require Ca”*. The coding genes are also totally different from the eukaryotic
PI-PLCs, lacking any sequence homology (Munnik et al. 1998b; Meijer and Munnik
2003; Mueller-Roeber and Pical 2002). Plants do contain bacterial-type of PLCs but
these enzymes hydrolyze structural phospholipids, like PE and PC, and are involved
in lipid metabolism rather than signaling. Arabidopsis contains six of them, called
NPCs, for nonspecific PLC (see Chap. 3 by Yuki Nakamura—NPC: Nonspecific
phospholipase Cs in plant functions).

In vitro, plant PLC activity has been measured in various tissues and species
(reviewed in Munnik et al. 1998b). Most enzymes are optimally active between pH
6 and 7 and stimulated by detergents. Roughly, PLC activity can be segregated into
two types: one being present in the soluble fraction, preferring PI over PI4P or PI
(4,5)P, and requiring mM Ca”* concentrations, and the other type being predom-
inantly bound to membranes, in particular the plasma membrane, preferring PI4P
and PI(4,5)P, as a substrate, and being fully active at low uM Ca®* concentrations
(Munnik et al. 1998b). This classification is, however, very oversimplified since all
data comes from crude protein extracts: none of the enzyme activities have ever
been linked to any of the PLC genes cloned. Nonetheless, in vitro PLC activity has
been confirmed for recombinant AtPLC1-5 (Hunt et al. 2004).

In vivo, PLCs are traditionally considered to hydrolyze PI(4,5)P, because this
yields the InsP; to release the intracellular Ca®* via the ligand-gated receptor.
However, plants lack this receptor and, compared to mammalian cells, exhibit
extremely low PIP, levels. Plant PI-PLCs also lack the PH domain that would
potentially be able to find PIP,. Mammalian PLCC was recently found to bind PIP,
via the linker between the X- and Y-domain (Nomikos et al. 2007, 2011) but this
sequence is not conserved in Arabidopsis (Munnik, unpublished). On the other
hand, plant cells contain relatively large amounts of PI4P in the plasma membrane
(Vermeer et al. 2009), and this lipid is hydrolyzed in vitro equally well (munnik
et al. 1998b), so there is no basis to stay focused only on PI(4,5)P, as the sole
substrate for PLC. Moreover, if the role of plant PLC is to generate PA and InsPg
(or other IPPs or metabolites of inositol; see below), then PI4P hydrolysis would
fulfill this role equally well, if not better since there is enough PI4P in the plasma
membrane (Munnik and Vermeer 2010). Of course, this may be different under
conditions where PI(4,5)P, synthesis is triggered, i.e., during salt and osmotic stress
(Darwish et al. 2009; Konig et al. 2008a; Beno-Moualem et al. 1995; DeWald
et al. 2001; van Leeuwen et al. 2007; Kaye et al. 2011; Drgbak and Watkins 2000;
Takahashi et al. 2001), in response to heat (Liu et al. 2006a, b; Zheng et al. 2012;
Mishkind et al. 2009), or during development (Pan et al. 2005; van Leeuwen
et al. 2007; Ischebeck et al. 2010a, b; Stenzel et al. 2008; Kusano et al. 2008;
Zhao et al. 2010; Sousa et al. 2008; Dowd et al. 2006; Xu et al. 2005; Monteiro
et al. 2005; Zonia and Munnik 2004; Lee et al. 2007). Note, that at high Ca**
concentrations, PI might also function as a substrate (e.g., during wounding).
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4 Mode of Regulation

In animals, PI-PLC activity is classically activated by receptor tyrosine kinases and
via small- or heterotrimeric-G proteins. To fall under such control, however, highly
specific domains are required which plant PLCCs typically lack [Fig. 1; (Munnik
and Testerink 2009)].

How plant PLC activity is controlled is still completely unknown. In vitro assays
indicate that most activity is located at the plasma membrane (Munnik et al. 1998b;
Pical et al. 1992; Kopka et al. 1998a; Melin et al. 1987; Kim et al. 2004; Otterhag
et al. 2001). Theoretically, there is enough PI4P there, but it does not appear that
this pool is continuously hydrolyzed as witnessed by **P-PPI labeling and lipid
biosensor studies (see Sect. 5, van Leeuwen et al. 2007; Vermeer et al. 2009);
Vermeer and Munnik, unpublished). This implies that the PI-PLC in the plasma
membrane of plants is inactive and that it requires some form of activation to start
the hydrolysis. Below, is a summary of potential regulators, both old and new.

4.1 Calcium

Ca”* is obviously one of the candidates to regulate plant PLC. The enzyme is
catalytically dependent on it and putatively contains an EF-hand- and/or a C2
domain to control this (Kopka et al. 1998a, b; Otterhag et al. 2001; Rupwate and
Rajasekharan 2012). Whether this is the sole form of regulation is, however,
unlikely. Almost everything triggers an increase in intracellular Ca®*, yet only a
few conditions are known to activate PLC. The fact that Ca** often oscillates, e.g.,
during the growth of pollen tubes or root hairs, could provide a nice model system
to test for simultaneous changes in Ca", InsP3;, DAG, PI4P, and PI(4,5)P, using
genetically encoded biosensors (van Leeuwen et al. 2007; Mishkind et al. 2009;
Vermeer et al. 2006, 2009; Swanson and Gilroy 2013; Choi et al. 2012; Vermeer
and Munnik 2013; Thole et al. 2008; Remus et al. 20006).

4.2 Phosphorylation

Phosphorylation is an attractive and potential form to control enzymatic activity
(and localization), because phosphate additions induce strong/large conformational
changes. Like many proteins, PLCs contain multiple putative phosphorylation sites
(Munnik, unpublished). Interestingly, in a proteomic analysis of plasma membrane
proteins phosphorylated in response to the microbial elicitor flagellin (flg22),
AtPLC2 was identified as one the proteins (Nuhse et al. 2003). Consequences for
PLC activity, however, remain unknown. Nonetheless, various elicitors, including
flg22, have been shown to trigger relatively fast PPI responses and to generate PA
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via DGK in *?P-labeled cell suspensions (van der Luit et al. 2000; den Hartog
etal. 2001, 2003; de Jong et al. 2004; Raho et al. 2010, 2011; Bargmann et al. 2006;
Chen et al. 2007).

4.3 G-Protein Regulation

G proteins are guanosine nucleotide-binding proteins that are typically involved in
signal transduction and function as molecular switches. Their activity is regulated
by factors that control their ability to bind and hydrolyze GTP to GDP. In their
GTP-bound form they are “on” and when bound to GDP, they are “off”. G proteins
belong to the larger group of enzymes called GTPases. There are two classes of G
proteins: the monomeric small GTPases (e.g., Rho, Rac, Ras, Ran) and
heterotrimeric-G proteins, which are composed of G, (the GTPase) and a Gg,
subunit that dissociate from each other in a GTP-dependent manner.

Earlier plant studies, mostly performed in the green algae Chlamydomonas,
which do have an InsP; receptor, showed that mastoparan [a 14-aa peptide isolated
from wasp venom that is a potent G-protein activator (Munnik et al. 1998a)] stim-
ulated the turnover of PPIs and/or increased the formation of InsP; (Munnik
et al. 1998a; Quarmby et al. 1992; Legendre et al. 1993; Yueh and Crain 1993;
Drgbak and Watkins 1994; Cho et al. 1995; Kuin et al. 2000; Musgrave et al. 1992;
Van Himbergen et al. 1999), and hence suggested that plant PLCs might be regulated
via a heterotrimeric G-protein coupled pathway. However, we now know that higher
plant PI-PLCs belong to the PLCC class, which lack the conserved sequences found
in G-protein regulated PLCp- or e-types (Fig. 1). An alternative explanation for the
ability of mastoparan to stimulate the PLC pathway is that these peptides can induce
small pores, allowing small molecules like Ca** to leak into the cell (Suh et al. 1996;
Tucker and Boss 1996) and thus stimulate PLC activity directly.

PLC has been claimed to function downstream of the Arabidopsis GRCl1
(G protein-coupled receptor 1 Apone et al. 2003); however, this conclusion was
predominantly based on the use of U73122, an unreliable PLC inhibitor (see
Sect. 5.4), and GRC1’s role itself upstream of G-protein signaling remains contro-
versial (Urano and Jones 2013). Remarkably, Tuteja’s lab reported a PLC in pea
that interacted with both Ga and G (Misra et al. 2007). Despite these publications,
however, it is unlikely that plant PI-PLCs are regulated by trimeric G-proteins.

Some of the plant PIPKs are regulated by small G-proteins and, in this way,
could control plant PLC activity indirectly by supplying substrate. For example,
during tip growth of root hairs or pollen tubes there is clear evidence for the
involvement of PLC, PIPK, and ROPs (Rho-like G proteins for plants) (Ischebeck
et al. 2008, 2010a, b, 2011; Kusano et al. 2008; Sousa et al. 2008; Dowd et al. 2006;
Kost et al. 1999; Kost 2008; Saavedra et al. 2011). Since mastoparan can also
activate small G proteins (Munnik et al. 1998a; Van Himbergen et al. 1999), this
may represent a third explanation for the potential increase in PLC activity reported
above.
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4.4 The Unknown Tobacco Linker

The C2 domain seems to be responsible for keeping PLC in the membrane (Kim
et al. 2004; Otterhag et al. 2001; Rupwate and Rajasekharan 2012; Rupwate
et al. 2012). Normally, this is considered to be a Ca®*- and lipid-dependent
interaction where Ca”* drives the conformational change for the domain to bind
the phospholipid bilayer (Kopka et al. 1998b). Another potential form of linkage
was recently found by coincidence. Screening tobacco for genes that were tran-
scriptionally activated during the early stages of wounding resulted in the isolation
of NtC7, encoding an unknown membrane-localized protein. Overexpression of
NtC7 in tobacco plants conferred a marked tolerance to salt stress, suggesting a role
in osmoregulation (Tamura et al. 2003). To search for proteins that interact with
NtC7, a yeast two-hybrid screen was used and this resulted in the identification of a
Nicotiana tabacum PI-PLC (Nakamura and Sano 2009). Physical interaction
between NtC7 and NtPI-PLC was confirmed by pull-down assays and this required
the C2 domain. Transient expression studies of GFP-fusion proteins in onion
epidermal cells indicated that both proteins predominantly localized to the plasma
membrane while bimolecular fluorescence complementation suggests that the
proteins interact in planta too. The role of this novel protein and its effect on
PLC activity was unfortunately not addressed, nor was the effect of salt or
wounding analyzed.

4.5 Gene Expression

Gene expression analysis in rice, pea, tobacco, potato, tomato, and Arabidopsis
revealed that several PLCs are responsive to biotic and/or abiotic stresses (Tasma
et al. 2008; Vossen et al. 2010; Lin et al. 2004; Singh et al. 2013; Hirayama
et al. 1995, 1997; Das et al. 2005; Kim et al. 2004; Sanchez-Cach et al. 2008;
Suzuki et al. 2007; Repp et al. 2004; Venkataraman et al. 2003; Coursol et al. 2002).
Whether this reflects truly “signaling” or is already part of the plant’s response to
acclimate is a matter of discussion. Nonetheless, cell-specific or stress/develop-
mentally induced gene expression is a way to control PLC activity indirectly.

In silico promoter analysis of Arabidopis (Tasma et al. 2008) or rice PLC genes
(Singh et al. 2013) have identified several putative cis-acting regulatory elements,
which may reflect control by stress and/or hormones. Recently, AtPLCI was
identified as one of the downstream targets of ETHYLENE RESPONSE FACTOR
53 (AtERF53), which belongs to the AP2/ERF family of transcription factors that is
induced in the early hours of dehydration and salt stress and is involved in abiotic
stress tolerance in Arabidopsis (Hsieh et al. 2013). These results are in agreement
with the data of Hirayama et al. (Hirayama et al. 1995), showing that AzPLCI is
strongly upregulated in response to salt-and drought stress.
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5 Measuring PLC Activity In Vivo: Complexities
and Matter to Consider

PI-PLC signaling has been implicated in many different stress responses, both
biotic and abiotic, yet whether all these observations are significant remains to be
seen. How would one know if and when PLC signaling is involved? Many claims in
the literature come from studies using the “quick and dirty” approach, based on a
“specific” PLC inhibitor. These inhibitors are not specific though (see Sect. 5.4), so
claims solely based on that should be treated with great caution in general.

Probably the most reliable observations come from studies measuring the level
of PPIs and/or IPPs in vivo. A number of complexities, however, restrict such
analyses. First of all, the concentrations of these molecules are extremely low and
hardly ever pop-up in lipidomic- or metabolomic screens. At most, phosphatidy-
linositol for the lipids, or inositol- and inositolphosphate for the IPPs, is reported,
since the MS detection cannot discriminate between lower and higher IPPs,
let alone the isomers. Similarly, different PPI isomers exist and the PLC pathway
only involves PI4P and PI(4,5)P,. Measuring product formation, i.e. Ins(1,4)P,/Ins
(1,4,5)P3 and DAG, has the same limitations: quantity and complexity of isomers.
Below, a more detailed overview of their measurement is given.

5.1 Polyphosphoinositides

The concentration of PPIs in plant cells is extremely low, i.e., less than a percent of
the total phospholipids and even 3-5 times lower when all glycerolipids are
considered. In animal cells, but also in green algae like Chlamydomonas and
Dunaliella, the ratio of PIP:PIP, is approximately 1:1. In higher plant cells,
however, PIP, levels are 20- to 100-fold lower (Munnik et al. 1994, 1998b;
Einspahr et al. 1988; Arisz et al. 2000).

5.1.1 Radioactive Labeling In Vivo

Quantity problems can be overcome by using radioactive tracer molecules such as
32Pi (or 33Pi) and *H- (or 14C-) inositol. Plant tissues and cells take up these tracers
relatively easy and PPIs tend to incorporate them rather quickly due to their rapid
turnover (Munnik et al. 1998a, b). Lipids can then be extracted and separated by
thin-layer chromatography (TLC) (Munnik and Zarza 2013). PPI isomers can be
distinguished by analyzing their radioactive headgroups through HPLC analysis
after removal of the fatty acids (Munnik 2013). In this way, five of the seven natural
occurring PPIs have been detected in plants, i.e., PI3P, PI4P, PISP, PI(3,5)P,, and
PI(4,5)P, (Munnik et al. 1994; Munnik 2013; Brearley and Hanke 1992, 1993,
1994; Parmar and Brearley 1993, 1995; Meijer et al. 1999, 2001a). Plants do not
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make PI(3,4,5)P; or its breakdown product P1(3,4)P,, although the latter has been
reported (Brearley and Hanke 1995), but this may have been PI1(3,5)P,, an isomer
that was still unknown at that time (Munnik and Testerink 2009; Meijer et al. 1999).

In higher plants, PPI levels are usually measured in multicellular tissues, and it
not clear whether all cell types express the complete PI system. Therefore, it
remains to be seen whether certain specialized cells contain amounts equivalent
to those in algae. In the latter, short-term labeling studies reveal most of the
radioactivity in PIP and PIP,, belying their low concentrations (Munnik
et al. 1998a; Einspahr et al. 1988). In higher plants, only PIP is labeled like that,
indicating that most of the PIP is not converted to PIP, and likely fulfills signaling
roles on its own, including regulating polarized membrane trafficking (Munnik and
Nielsen 2011; Ischebeck et al. 2010b; Heilmann and Heilmann 2013).

5.1.2 Determining PPI-Mass Levels Through Fatty Acid Measurements

Recently, a method was published in which PPI levels were determined on the basis
of their fatty acid content using TLC and gas chromatography (Konig et al. 2008b).
Strangely however, much higher PIP, levels are found than with isotope labeling.
On the basis of the fatty-acids method, PIP/PIP, ratios range from 3:1 in
Arabidopsis leaves to ~2:1 in Arabidopsis roots and tobacco cells suspensions
(Konig et al. 2008a, b), which is in huge contrast to numerous 32Pi- and *H-Ins
labeling studies of different plants and tissues, where ratios range from 20:1 to
100:1 (reviewed in Munnik et al. 1998b). Small differences may be explained by
the fact that PIP, contains more **P-phosphates than PIP, or that the PIP, is more
easily lost from extracts due to its polarity, but this is unlikely to explain the
differences seen in so many studies. Another possibility is that the fatty acid method
used by Konig et al. (2008a, b) slightly overestimates the PIP, (and PIP) levels due
to contamination of fatty acids from other lipids. For example, their tissue-extracted
lipids were separated by TLC without pre-purification, and PIP- and PIP, locations
were only scraped-off approximately, on the basis of a stained marker lane that ran
on the side of the TLC (the chemical abundance of PPIs in plant extracts is too low
to be stained). Obviously, such a method is prone to contamination since many
lipids stick to each other, even during TLC, or leave the origin of application at
different rates due to dissolving problems of other components present in the extract
(pigments, waxes, etc). For example, when the fatty-acid composition of PPIs in
Chlamydomas was determined, pre-purification on a silica column and elution with
various different solvents was required before pure PIP and PIP, could be eluted
(Arisz et al. 2000, 2003). Similarly, when the fatty acid composition of PPIs in
carnation flowers was analyzed, only PIP could be detected after pre-purification,
not PIP, (Munnik et al. 1994). 32Pi- and *H-Inositol labeling of the same tissue
estimated the molar ratio for PI:PIP:PIP, to be 385:35:1 (Munnik et al. 1994).
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The take-home lesson here is that fatty acids can be used to measure PPI mass
levels but that care should be taken when assuming their purity.

5.1.3 Visualizing PI4P and PI(4,5)P, in Living Plant Cells Using Lipid
Biosensors

Lipid biosensors have proven themselves as being very valuable new tools (Ver-
meer and Munnik 2013). Not always quantitatively, but certainly qualitatively. For
the first time, we are able to see where certain lipids reside! The lipid biosensors for
PIP and PIP, are composed of a specific lipid-binding domain, i.e., the PH domain
of human PLCd1 for PI(4,5)P,, or the PH domain of the human FAPP1 protein for
PI4P, fused to a fluorescent protein (FP) of any color, which is stably expressed in
cell suspensions or plants behind a constitutive promoter (35S, UBI10). Specificity
for these probes in vitro and in vivo is remarkably good (van Leeuwen et al. 2007,
Mishkind et al. 2009; Vermeer et al. 2006, 2009; Thole et al. 2008; Balla 2009;
Varnai and Balla 2008; Hammond et al. 2012).

Confocal imaging of tobacco BY-2 cells or Arabidopsis seedlings expressing
FP-PHgapp, revealed that most of the PI4P is localized in the plasma membrane,
with a small, second pool residing at the early endosomal/trans-Golgi network
(Vermeer et al. 2009). The PIP, biosensor, however, mostly resides in the cytosol
(van Leeuwen et al. 2007). This is not because most of the PIP, is there, but because
the concentration of PIP; in plant membranes is too low to keep the biosensor there
(van Leeuwen et al. 2007). This is in huge contrast to mammalian cells where PIP,
is predominantly localized at the inner leaflets of the plasma membrane (Balla
2009; Varnai and Balla 2008). Nonetheless, in response to salt stress, the PIP,
biosensor clearly relocalizes to the plasma membrane and this coincides with an
unmistakable increase in PIP, synthesis as observed with *?P-labelling (van
Leeuwen et al. 2007). Importantly, the quantitative **P-PIP, response in the bio-
sensor line was the same as in control cell lines. Phenotypically, cell suspensions or
Arabidopsis plants stably expressing the biosensor, are indistinguishable from
non-transgenic lines too (van Leeuwen et al. 2007; Vermeer et al. 2009).

Heat stress also triggers a rapid >*P-PIP, response (Mishkind et al. 2009). Using
the biosensor, first an increase of PIP, at the plasma membrane was revealed. Later,
small unknown intracellular compartments became labeled and after 30-45 min,
even the nuclear envelope (Mishkind et al. 2009). While in the animal field, nuclear
PPI- and PLC signaling is well known (Fiume et al. 2012; Keune et al. 2011; Irvine
2006); for plants this is still an unexplored area of research (Dieck et al. 2012a, b).

In growing root hairs and pollen tubes, there is a clear plasma membrane
gradient of PIP, at the tip which quickly disappears when the cells stop growing
(van Leeuwen et al. 2007; Ischebeck et al. 2008, 2010a, b, 2011; Kusano et al. 2008;
Sousa et al. 2008; Dowd et al. 2006; Vermeer et al. 2009; Vermeer and Munnik
2013; Kost et al. 1999; Kost 2008; Saavedra et al. 2011).



PI-PLC: Phosphoinositide-Phospholipase C in Plant Signaling 37
5.2 Inositolpolyphosphates

IPPs can be measured nonradioactively but then predominantly InsPg is detected,
mostly reflecting phytate research in storage tissues (Munnik and Vermeer 2010;
Raboy 2003). In Arabidopsis seedlings, besides InsPg, a small amount of InsP5 can
be seen (Stevenson-Paulik et al. 2005). Using in vivo labeling with *H-Inositol,
however, changes in pool size and synthesis of other InsPPs (InsP;_¢) can be
witnessed (Lemtiri-Chlieh et al. 2000; Stevenson-Paulik et al. 2005; Perera
et al. 2008). Clear from these studies is that InsP; levels are extremely low; so
low, that not even a positive ID of the isomer can be made (Stevenson-Paulik
et al. 2005). Overnight labeling of potato guard cell preparations revealed predom-
inant labeling of InsP;, InsP,, and InsPg (Lemtiri-Chlieh et al. 2000).

5.2.1 InsP; Responses: Fact or Flux?

In the plant field, many InsP; responses have been reported, e.g., in response to
gravitropism, ABA, heat stress, salt stress, or drought (reviewed in Munnik and
Vermeer 2010). But if InsP; concentrations are so low (Sect. 5.2), and there is
hardly any PIP, in the membrane to produce it (Sect. 5.1), then what are people
measuring? Fact is that most (if not all) of the reported InsP; responses were
measured using a commercial InsPs-mass assay. This kit uses an InsP3-binding
protein that can be pelleted, together with a known amount of radioactive Ins(1,4,5)
P;. The idea is that if there is any InsP; present in a plant extract, then it will
compete with the binding of the radioactive probe, whose displacement can be
subsequently quantified via a calibration curve. While this works well in mamma-
lian cells where InsP; levels via PLC mediated-PIP, hydrolysis is relatively high, in
plants it is a completely different story. Both PIP,- and InsP; levels are extremely
low and, meanwhile, plants contain huge amounts of other IPPs (Lemtiri-Chlieh
et al. 2000; Stevenson-Paulik et al. 2005; Flores and Smart 2000; Brearley and
Hanke 19964, b). Obviously, the specificity of the InsP;-binding protein is limited
and we don’t even know what all of the plant-IPP isomers are, let alone that they
have been tested for interference with the commercial displacement assay. For
example, overnight labeling of potato guard cell preparations with *H-Inositol
revealed predominant labeling of InsP;, InsP,, and InsP¢. For InsPs, three tiny
peaks were detected of which one co-migrated (which does not necessarily mean
that it is the same compound) with Ins(1,4,5)P; (16). Also three major peaks of
InsP5 were detected. In the commercial InsP3-detection kit, InsPs5 (no isomer given)
competes for 5 % with the binding of Ins(1,4,5)P;. Obviously, if the concentration
of InsPs is 100-fold higher and changing, then changes in “InsP;” will be
documented.

An alternative explanation for the reported InsP; responses is that they reflect
changes in certain IPP levels, due to an induced change in the flux of InsP¢, which
can be synthesis as well as degradation (see Munnik and Vermeer 2010). This flux
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is becoming very relevant since several roles for non-InsP; IPPs are emerging in
eukaryotic cell signaling and also in plants (see below).

5.2.2 Not InsP; But InsP¢ Releases Ca**

In guard cells, ABA inhibits stomatal opening and stimulates its closure through
coordinated regulation of ion transport. Initially, photorelease of microinjected
caged-Ins(1,4,5)P5; was shown to trigger an increase in cytosolic Ca**,and to inhibit
a K*-influx channel in a Ca**-dependent manner (Blatt et al. 1990; Gilroy
et al. 1990). Data from Brearley’s lab, however, provides compelling evidence
that this was caused through its metabolism into InsPg (Lemtiri-Chlieh et al. 2000,
2003). They showed that when InsP; was microinjected, it was rapidly converted
into InsPg, and that the ability of InsPg to release Ca>* was ~100 times more potent
than InsP;. This was not a simple charge effect since only myo-InsPg was able to
induce K* influx-channel inhibition and not neo-InsP¢ or scyllo-InsPg. In vivo, 3H-
InsPg responses were found within 30 s to 5 min after ABA treatment of *H-
inositol-prelabeled guard-cell preparations from potato (Lemtiri-Chlieh
et al. 2000). The latter would be a nice system to simultaneously monitor PPIs,
Ca2+, InsP3, and DAG using genetically encoded, FP-based, biosensors (Munnik
and Nielsen 2011; Swanson and Gilroy 2013; Vermeer and Munnik 2013; Remus
et al. 2006).

5.3 Diacylglycerol

Besides being a product of PLC activity, DAG is also a precursor for de novo
synthesis of all glycerolipids, including phospholipids, glycolipids, and the neutral
storage lipid, triacylglycerol (TAG). Free DAG levels are difficult to measure,
however (Wewer et al. 2013; Vom Dorp et al. 2013). Probably because most
DAG is only present as a short-lived intermediate: either in the pipeline of
glycerolipid synthesis or because the PLC-generated DAG is rapidly converted
by DGK into PA (Munnik et al. 1998a; Arisz et al. 2009, 2013; Arisz and Munnik
2013). The PLC-generated DAG pool would not be very large anyway, because
PI4P and PI(4,5)P, are only minor lipids, representing less than a percent of the
total phospholipid pool, and even >3-5 times lower when all glycerolipids are
considered (i.e. MGDG, DGDG, SQDG,TAG) (Arisz et al. 2000).

One of the ideas of the extremely low PIP, levels in plants was that plant
PI-PLCs would be constitutively active, hydrolyzing the pool continuously. How-
ever, using a genetically encoded DAG biosensor, a C1-domain from human PKCy
that specifically binds DAG, fused to a fluorescent protein (GFP or mRFP)
expressed in tobacco BY-2 cells or in Arabidopsis plants, revealed that there was
no measurable amount of DAG in the cytosolic leaflet of the plasma membrane
(Vermeer and Munnik, unpublished). Interestingly, a small new pool was
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discovered at trans-Golgi membranes. DAG pools involved in general lipid metab-
olism were not picked up, because these processes reside at the inner leaflets of
intracellular compartments, (ER, plastid, mitochondrion), whereas the biosensor is
only expressed in the cytosol (Vermeer and Munnik, unpublished) (Vermeer and
Munnik 2013).

In animal cells, the observation that DAG was phosphorylated to PA was
initially seen as signal attenuation. Nowadays, however, PA is considered to be
an important lipid second messenger. In plant cells, there is no evidence that DAG
plays a role in signaling. They lack homologs of PKC and also the TRP channels
that are activated by DAG. The Arabidopsis genome encodes some genes with a
Cl-like domain, but testing DAG binding to one of them failed (Reznik
et al. unpublished). In contrast, there is a huge amount of evidence that PA plays
a signaling role in plants (Testerink and Munnik 2011; Hong et al. 2010; Li
et al. 2009; McLoughlin et al. 2012, 2013). Evidence that DAG is converted to
PA via DGK in vivo, can be obtained by means of a differential-labeling protocol
(Arisz et al. 2009; Arisz and Munnik 2013). As such, DGK-generated PA has been
shown in response to salt- and cold stress and to pathogenic elicitors (Arisz
et al. 2003, 2009, 2013; de Jong et al. 2004; Arisz and Munnik 2013; Delage
et al. 2012; Laxalt and Munnik 2002; Ruelland et al. 2002). The discovery of the
novel NPCs, however, adds another layer of complexity to the DAG-PLC link. PA
can also be produced via phospholipase D (PLD) hydrolysis of structural lipids
(Wang 2005; Qin and Wang 2002). To distinguish DGK- and PLD-generated PA,
the capacity of PLD to transphosphatidylate primary alcohols in vivo can be used
(Munnik and Laxalt 2013; Munnik et al. 1995).

5.4 U73122 and Neomycin are Not Specific PLC Inhibitors!

Many plant studies have claimed a role for PI-PLC in a particular pathway on the
basis of using “specific” PLC inhibitors. These inhibitors are, however, far from
specific and hence, their results should be ignored completely. Neomycin is an
aminoglycoside, which, like gentamycin, is often used as an antibiotic in plant
molecular biology. It binds negatively-charged molecules and therefore can affect
the hydrolysis of PIP, in vitro but the compound does not act on the enzyme itself
(Balla 2001). Since most of the phospholipid bilayer consists of negatively-charged
phospholipids, with various enzymes crucially being dependent on that, it is of no
surprise that in the end, one will find a concentration of neomycin that will affect a
plant’s response. This has likely nothing to do with PLC signaling, however.
Similarly, this holds for the aminosteroid, U-73122. This “PLC-specific inhib-
itor” was originally found during a search for phospholipase-A, inhibitors (Balla
2001), a totally different enzyme. While there are several reports that claim PLC
inhibition, U-73122 has been shown to affect several cellular processes independent
of PLC (Balla 2001; Mogami et al. 1997), including inhibition of 5-lipoxygenase
and PLD (Burgdorf et al. 2010; Hornig et al. 2012). A recent study even claims that
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PLC is activated by U-73122 (Klein et al. 2011). Fact is that we have no idea what
U73122 does in plant cells; hence, all PLC-signaling claims based on its use should
be ignored.

6 Role in Plant Stress and Development

6.1 New PLC Signaling Scenarios

While PLC signaling in plant is unlikely to fulfill the mammalian paradigm, several
other scenarios and ideas are emerging and we should keep an open eye to
everything. In a first scenario, PIP and PIP, are functioning as lipid signals
themselves, and PLC would be the attenuator of this process (Munnik and Nielsen
2011). As such, it could, e.g., play a dual role in vesicle trafficking, where PLC
removes the PPIs functioning as molecular beacons for protein targets involved in
membrane fusion/fission and simultaneously generates neutral DAG to facilitate the
process biophysically. In a second scenario, PLC follows the classical view, except
that InsP; is phosphorylated to InsPg to release Ca®*, and the DAG is converted to
PA to recruit protein kinases or other targets (Testerink and Munnik 2011). In a
third scenario, IPPs function as signaling molecules independent of Ca>*, e.g.,
regulating ion channels and affecting gene transcription and mRNA export (Perera
et al. 2004; York et al. 1999; Zonia and Munnik 2006; Zonia et al. 2002). Initially,
this PLC-dependent pathway was discovered in yeast (which also lacks an InsP3/
Ca”* and DAG/PKC pathway) but meanwhile has been confirmed in mammalian
signalling (York et al. 2001; Tsui and York 2010; Alcazar-Roman et al. 2006, 2010;
Alcazar-Roman and Wente 2008; Noble et al. 2011; Hodge et al. 2011). These
include roles for InsP,, InsPs, and InsPg but also on the inositol pyrophosphates,
InsP; and InsPg, which are also present in plants (Munnik and Nielsen 2011;
Munnik and Vermeer 2010). Whether the recent identification of InsPg in the
auxin receptor, TIR1 (Tan et al. 2007) and that of InsP5 in the jasmonate receptor
COI1 (Sheard et al. 2010) represent such signalling events remains to be established
(Munnik and Nielsen 2011; Munnik and Vermeer 2010). Nonetheless, it is inter-
esting that auxin previously was shown to induce rapid changes in PPI- and IPP
levels [19]. Wounding also affects PPI and IPP levels (Mosblech et al. 2008), and
ipkl mutants, which cannot make InsPg, and hence accumulate high levels of its
precursor, InsPs, display increased COIl-dependent sensitivity to wounding and
root-growth inhibition by jasmonate (Mosblech et al. 2011). The recent discovery
that InsPg (Murphy et al. 2008) and PLC (Vossen et al. 2010) have roles in pathogen
resistance, and the fact that both TIR1 and COI1 belong to large, related families of
F-box proteins, raises the exciting possibility that IPPs may act similarly in a broad
array of signaling pathways in plants. A last and forth scenario involves the role of
PLC in generating non-phosphorylated inositol metabolites, i.e., via oxidation,
methylation, or via conversion into RFOs (Fig. 2; Munnik and Vermeer 2010).
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Fig. 2 Potential roles of PLC in plant signalling and metabolism. PIP and PIP, are synthesized by
sequential phosphorylation of the structural phopholipid PI at the D4- and 5-position by PI 4kinase
(PIK) and PI4P 5-kinase (PIPK), respectively (a). Both lipids exhibit unique identities in structure
and function for signaling and membrane trafficking. PLC can hydrolyze both PPIs, which
generates membrane-bound DAG and the water-soluble headgroups, Ins(1,4)P, or Ins(1,4,5)Ps.
While DAG is rapidly phosphorylated by DGK to form the signaling lipid PA (b), the IPPs can be
stepwise phosphorylated by the inositolpolyphosphate multikinases, IPK2 and IPK1, to produce
InsPs and InsPg, for which several new signaling functions are emerging (c), e.g., releasing Ca>*
(InsPg) and activating F-box controlled plant hormone signaling pathways, such as TIR1 (InsPg,
auxin) and COI1 (InsPs, jasmonic acid). “Signaling IPPs” (c) should not be confused with those
involved in P; storage occurring in seeds and other storage tissues (named here as: “Storage IPPs”
(d). The latter is made through a “lipid-independent” pathway, starting from glycolytic glucose
6-phosphate (GIc6P), which is first cyclized to Ins3P by myo-inositol-3-phosphate synthase
(MIPS) and then further phosphorylated by IPKs (Note: isomer difference between PLC- and
storage-generated InsP,/InsPs; highlighted in red). Free myo-inositol (Ins) is predominantly
generated through the glycolytic pathway, through dephosphorylating of Ins3P via inositol
monophosphatase (InsPase); however, it can also be produced through dephosphorylation of
IPPs from the PLC- and/or “storage” pathway. Inositol not only is used for the PPI pathway to
synthesize PI via PI synthase (PIS) but also functions as precursor for three distinct sugar-
metabolite pathways (e), including: (1) Myo-inositol oxygenase (MIOX), which catalyzes the
oxidative cleavage of Ins into glucuronic acid (GlcA) that is subsequently activated to UDP-GIcA
to serve as precursor for cell wall polysaccharides, (2) Galactinol synthase (GolS) for the
production of Raffinose Family Oligosaccharides (RFO) for sugar transport and compatible solute
synthesis, and (3) Inositol methyl transferase (IMT) to produce compatible solutes like pinitol,
xylitol, etc. Figure is adapted from Munnik and Nielsen (2011). For further details, see text.
Described protein targets for individual lipids are indicated in dark red. Lipid (-derived) signals
are indicated in blue
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While this may seem unlikely, as there is a more direct way to generate inositol
from GIc6P, locally or intracellularly, this may have its advantage. Whatever
scenario, it may be worthwhile to take each into account when considering obser-
vations from the past or below.

6.2 Plant Stress and Development

While it remains debatable whether plants contain a canonical “PLC-signaling
pathway,” PLC’s role in plant signaling is certainly emerging. Until now, no
Arabidopsis T-DNA insertion mutants with phenotypes have been reported, but
this may reflect functional redundancy within the gene family. Nevertheless, there
is genetic evidence from knockdown experiments with Arabidopsis and tobacco
PLC genes that indicate a role for PLC in ABA signaling, while PLC
overexpression studies in maize, tobacco, and rape seed revealed a substantial
increase in their tolerance to drought and salinity (Wang et al. 2008; Georges
et al. 2009; Tripathy et al. 2012). Similarly, genetic evidence has been obtained
for PLC (and DGK) in fungal disease resistance (Vossen et al. 2010; Zhang
et al. 2008).

Upon salt- and drought stress (the latter mimicked by, e.g., mannitol, sorbitol, or
PEG), various plant systems have been shown to respond with a relatively rapid
(<15 min) increase in the synthesis of PIP, (Darwish et al. 2009; DeWald
et al. 2001; van Leeuwen et al. 2007; Takahashi et al. 2001; Zonia and Munnik
2004; Pical et al. 1999). InsP5 responses have also been reported (Takahashi et al.
2001), but as discussed above and earlier (Munnik and Vermeer 2010), it is not
clear whether this reflects PIP, hydrolysis by PLC or changes in the flux of InsPs.
Another possibility is that PI4P is hydrolyzed. Using *H-inositol labeled carrot
cells, Cho et al. (1993) reported a rapid (30 min) decrease in PIP (PIP, levels were
undetectable). If a PLC is indeed activated, then the decrease in PIP makes more
sense than the increase of PIP,, even though the latter can already be a secondary
response of the initial decrease (which may be too low to be witnessed). This could
make sense in seedlings where not every cell will respond and where differentiated
cells express distinct pathways of the PPI/IPP system. In cell suspensions, however,
every cell more or less responds. PA formation due to DAG phosphorylation has
also been shown (Arisz et al. 2003; Munnik et al. 2000; Meijer et al. 2001b).

A link between ABA and PPI turnover has been claimed but this data is still
controversial (Munnik and Vermeer 2010). What is clear, however, is that ABA can
trigger IPP responses, in particular InsPs, which was generated within minutes in
ABA-responsive tissue, i.e., in a guard-cell preparation of potato (Lemtiri-Chlieh
et al. 2000, 2003) or duck weed turions (a storage tissue) (Flores and Smart 2000).
What is more, in the former system, InsPs was shown to trigger the release of
intracellular Ca®* (Lemtiri-Chlieh et al. 2000, 2003).
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Whether InsPg-released Ca®* is indeed important for ABA induced-stomatal
closure remains to be seen. In this response, guard cell-anion channels play a
central role because they mediate anion efflux and, in turn, cause a
depolarization-induced K* release. Recent studies in Hedrich’s lab (Levchenko
et al. 2005) revealed that cytosolic ABA activates these guard cell-anion channels
without preceding Ca** signals. What is more, they showed that none of the
previously proposed ABA-signaling intermediates, including Ins(1,4,5)P; and
InsPg¢ (but also nicotinic acid adenine dinucleotide phosphate (NAADP) or cyclic
ADP-ribose), were able to mimic ABA as anion channel activator. Clearly, more
research is required to put all these individual observations into perspective.
Especially, we need to find out what is general and what is guard-cell specific,
and whether the ABA- and salt/drought-stress responses are related with respect to
inositol metabolism.

To dampen the so-called InsP; signal in response to drought stress in
Arabidopsis plants, overexpression of a human type I inositol polyphosphate
5-phosphatase (InsP 5-ptase) has been used (Perera et al. 2008). However, rather
than the plants becoming more sensitive to drought, the opposite occurred: plants
became more resistant. Using *H-Inositol labeling for 4 days, InsP; levels were only
slightly reduced in both seedlings and guard-cell preparations (Note: with the
commercial InsP3-assay kit, a 16.6-fold reduction was measured, 5 % remaining
of basal levels), but this was nothing compared to the huge decrease in InsPg.
Whether the effects are related to altered Ca”* signaling remain to be seen.
Compared to the minor changes in Ca®* levels (measured by aequorin) found in
the transgenic plants, huge differences in gene expression were observed that are
more realistic to explain the observed phenotype, including the constitutive
overexpression of the stress regulated transcription factor, DREB2A. Interestingly,
these transgenic plants exhibited increased expression of PLC7 and two galactinol
syntases. The latter encode enzymes that use inositol to produce galactinol, which is
a precursor for Raffinose Family Oligosaccharides (RFOs) that are involved in
various abiotic stress responses (Valluru and Van den Ende 2011), which may
represent another explanation of how IPPs and PLC may be involved in salt and
drought stress [Fig. 2e; (Munnik and Vermeer 2010)]. Alternatively, oxidation of
inositol by myo-inositol oxygenase (MIOX) to produce sugar precursors for cell
wall assembly or its methylation by inositol methyl transferases (IMT) to produce
compatible solutes such as pinitol (Fig. 2e) may explain water stress-related
phenotypes (Munnik and Vermeer 2010).

Interestingly, a number of genes coding for enzymes involved in inositol metab-
olism have been reported to affect vascular patterning. These include CVP2, CVLI1,
and At5PTAse13 which are all inositolpolyphosphate 5-phosphatases (although not
always clear whether the lipid or the water-soluble headgroup is used as a substrate)
and an ARF-GEF which can bind PI4P via its PH domain (Carland and Nelson
2004, 2009; Lin et al. 2005; Zhong and Ye 2004; Sieburth et al. 2006). It is
unknown whether this reflects functions of PPI- or IPPs signaling or metabolism
of inositol into other compounds. Similarly, 5-phosphatases have been picked up as
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fragile fiber (fra) mutants that are disturbed in cell wall assembly (Zhong
et al. 2004, 2005).

Heat stress also rapidly triggers a PIP, response (Mishkind et al. 2009; Horvath
et al. 2012). Concomitantly, PA levels were found to increase, but these were not
generated via DGK, but via a PLD pathway (Zheng et al. 2012; Mishkind
et al. 2009; Horvath et al. 2012). Heat stress-induced InsP; responses have been
reported (Liu et al. 2006a, b) and the same lab recently claimed to have identified a
PLC involved, as KO mutants of two independent T-DNA insertion lines lacked the
InsP; response and exhibited decreased thermotolerance (Zheng et al. 2012). Prob-
lem with this scenario, however, is that AtPLC9 was implicated, and this PLC is
predicted to lack some of the conserved amino acids in the X-Y domain that are
required for the enzyme’s catalytic activity; hence, it is expected to generate an
inactive enzyme (Hunt et al. 2004). InsP; was measured with the displacement
assay, so this may reflect changes in the flux of other IPPs (Sect. 5.2.1). The
increase in PIP, found by Mishkind et al. (2009; Horvath et al. 2012) was more
likely to be due to activation of a PIPK rather than through inhibition of its
breakdown (Mishkind et al. 2009). If, however, the inactive AtPLC9 is able to
bind PIP,, than one of its functions may be to sustain PIP,’s role as messenger
through competition with catalytically active PLCs or through microdomain
formation.

For a long time, gravitropism has been claimed to reflect a PLC/InsP5/Ca®*
pathway (Perera et al. 1999, 2006; Stevenson et al. 2000; Boss et al. 2006, 2010).
Most evidence, however, is based on InsP; measurements using the commercial
InsPs-displacement kit (Sect. 5.2.1). While this may reflect changes in InsP¢ flux,
which would be equally interesting and exciting, it is a pity to keep this strict
“tunnel vision” (Salinas-Mondragon et al. 2010; Khodakovskaya et al. 2010) while
there is so much data out. Maybe we have to get back to where it all started in 1988:
Auxin (Ettlinger and Lehle 1988).
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NPC: Nonspecific Phospholipase Cs in Plant
Functions

Yuki Nakamura

Abstract Nonspecific phospholipase C (NPC) is an emerging class of phospholi-
pases in plants that hydrolyzes primary membrane phospholipids such as phospha-
tidylcholine to yield sn-1,2-diacylglycerol and a phosphate-containing head group.
Unlike the phosphoinositide-specific type of phospholipase C, which is ubiquitous
from bacteria to mammals, NPC was known only in bacteria. Analysis of plant
genomic sequences has revealed that Arabidopsis and many other plants possess
bacterial NPC homologs. Since the first report of an NPC in Arabidopsis in 2005,
NPC has been shown to have multiple physiological roles in lipid metabolism or
signaling in plants. This chapter summarizes recent advances in NPC studies,
focusing on Arabidopsis NPC isoforms and the basic biochemical properties of
this enzyme type in different plant species.
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PA Phosphatidic acid

PAP PA phosphatase

PC Phosphatidylcholine

PE Phosphatidylethanolamine

PI(4,5)P, Phosphatidylinositol 4,5-bisphosphate
PI-PLC Phosphoinositides-specific phospholipase C
PLD Phospholipase D

1 Introduction

Nonspecific phospholipase C (NPC) is a PLC subtype that hydrolyzes a range of
membrane phospholipids such as phosphatidylcholine (PC), phosphatidylethanol-
amine (PE), and phosphatidylserine to produce sn-1,2-diacylglycerol (DAG) and a
corresponding phosphate head group (Fig. 1). By comparison, the
phosphoinositides-specific PLC (PI-PLC) specifically hydrolyzes phosphatidy-
linositol 4,5-bisphosphate [PI(4,5)P,] and its phosphorylated/dephosphorylated
derivatives. NPC was first discovered in the pathogenic bacterium C. welchii,
which exhibits lecithinase C-like activity and causes lysis of the host-cell plasma
membrane (Macfarlane and Knight 1941). Since then, NPCs (also called PC-PLCs)
have been identified in a variety of bacteria and can be clearly categorized into two
groups. The first group, found mostly in Gram-positive bacteria, is cytotoxic with
hemolytic characteristics and requires Zn>* for activity. The second group, which is
predominantly found in Gram-negative bacteria such as Pseudomonas,
Burkholderia, and Legionella, has neither hemolytic properties nor a Zn** require-
ment for activity (Titball 1993). PI-PLC has been studied extensively in bacteria,
humans, and plants for its vital roles in signal transduction, whereas NPC has only
been studied in prokaryotes (Titball 1993).

In higher plants, NPC-like activity and other phospholipase activities were first
identified in plant plastid fractions in which lecithin (or PC) hydrolysis was detected
(Kates 1955). NPC activity is also found in peanut seeds (Strauss et al. 1976), rice
grains (Chrastil and Parrish 1987), tomatoes (Rouet-Mayer et al. 1995), cultured
plant cells (Scherer et al. 2002), and petunia flowers (Nakamura and Ohta 2007).
Six NPC isoforms have been identified in the Arabidopsis genome (Nakamura
et al. 2005), and subsequent studies with T-DNA-tagged mutants of the respective
isoforms showed the isoforms to be involved in diverse physiological functions:
NPC4 and NPCS5 in phosphate starvation (Nakamura et al. 2005; Gaude et al. 2008),
NPC4 in salt stress (Peters et al. 2010; Kocourkova et al. 2011), NPC4 in signaling
mediated by abscisic acid (ABA) (Peters et al. 2010) and auxin (Wimalasekera
et al. 2010), and NPC4 and NPC3 in brassinolide signaling (Wimalasekera
et al. 2010). These results clearly indicate that NPCs are an emerging class of
enzymes involved in numerous biological processes.

This chapter describes the biochemical evidence for NPCs in various plant
tissues and summarizes recent evidence for the physiological roles of the NPC
family in the model plant Arabidopsis. For more extensive information on NPC,
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Fig. 1 Schematic illustration of plant lipid signaling mediated by phospholipase C and phospho-
lipase D. Membrane phospholipids are hydrolyzed by different classes of phospholipases such as
phosphoinositides-specific phospholipase C (PI-PLC), nonspecific phospholipase C (NPC), or
phospholipase D (PLD) according to substrate specificity. Resulting lipid intermediates such as
diacylglycerol (DAG) and phosphatidic acid (PA) or its phosphorylated derivative diacylglycerol
pyrophosphate (DGPP) are shown, which are interconnected by specific kinases/phosphatases.
DAG is utilized to reassemble polar glycerolipids or triglycerides, whereas DGPP serves a
signaling function. PA possesses both characteristics. Cho choline, DGK diacylglycerol kinase,
DPP DGPP phosphatase, [IP; inositol 1,4,5-trisphosphate, [Ps inositol 1,2,3,4,5,6-
hexokisphosphate, PAP PA phosphatase, PC phosphatidylcholine, P-Cho phosphorylcholine,
PAK PA kinase, PIP, phosphatidylinositol 4,5-bisphosphate

Pokotylo et al. (2013) provide an excellent review including in silico phylogenetic,
structural, and transcriptomic analyses of the plant NPC family.

2 Biochemical Features of Plant NPC Activity

Plant NPC activity was first demonstrated in 1955 (Kates 1955). Analyses of plant
extracts rich in plastids revealed that PC can be metabolized via multiple pathways to
yield choline and phosphatidic acid (PA; which can be further hydrolyzed to DAG
and inorganic phosphate) or yield fatty acids and glycerophosphate (which can be
further hydrolyzed to glycerol and inorganic phosphate). In addition, Kates (1955)
found that NPC activity hydrolyzes PC to phosphorylcholine (P-choline) and DAG.
A PLC-like activity in peanuts was later demonstrated using lysoPC as a substrate,
giving P-choline as a product (Strauss et al. 1976). In rice grains, high PLC activity
was suggested to hydrolyze PC and other phospholipids as well as inorganic phos-
phates such as P-choline (Chrastil and Parrish 1987), although the activity of a
purified fraction was not studied, leaving uncertain whether the broad substrate
specificity was due to a single enzyme. NPC-related signaling activity occurs in
parsley and tobacco culture cells (Scherer et al. 2002), primarily producing DAG
from exogenously fed labeled PC. Response to an elicitor downregulated NPC
activity, suggesting its involvement in defense responses (Scherer et al. 2002).
NPC activity also is relatively high in floral organs of Petunia hybrida, with the
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PC-hydrolyzing activity (forming DAG) being 1.5-fold, 2.5-fold, and 3-fold higher in
petals, pistils, and stamens, respectively, compared with leaf tissue (Nakamura and
Ohta 2007). The transphosphatidylation assay using 1-butanol facilitates measure-
ment of PLD activity (Yang et al. 1967). This assay showed that PC-hydrolyzing
activity to produce DAG in stamens and pistils is attributable to NPC, whereas in
petals most of the activity is attributable to PLD (Nakamura and Ohta 2007).

3 The Arabidopsis NPC Family

3.1 Enzymatic Properties

The first in vitro activity assay for recombinant NPC was achieved with
Arabidopsis NPC4 (Nakamura et al. 2005). The C-terminally His-tagged full-
length protein coding sequence was expressed in Escherichia coli. However,
induction of protein synthesis by IPTG needed to be carried out at a relatively
low temperature (e.g., 23 °C) because NPC easily forms insoluble inclusion bodies
if induced at higher temperatures. The purified NPC4 hydrolyzed PC to yield DAG
with specific activity of ~120 pmol DAG formed/min/mg (Nakamura et al. 2005).
NPC4 can hydrolyze PE, but substrate preference is higher towards
PC. Furthermore, phosphatidylserine and phosphatidylglycerol are possible sub-
strates although the enzyme’s specific activity in each case is lower than that with
PE (Peters et al. 2010). Unlike PI-PLC, NPC4 does not hydrolyze PI(4,5)P,,
suggesting that NPC substrate specificity is distinct from that of PI-PLC (Nakamura
et al. 2005). Interestingly, addition of EGTA to chelate Ca>* does not affect NPC
activity, indicating that NPC does not require Ca** for its activity, unlike most
PI-PLCs. NPC4 exhibits phosphatase activity when dipalmitoyl PA is used as
substrate (Peters et al. 2010), but such is not the case when dioleoyl PA is used as
substrate (Nakamura et al. 2005). NPCS5, the closest homolog of NPC4, has ~40-
fold lower NPC activity than NPC4 (Gaude et al. 2008). Similar to NPC4, NPC5
cleaves PE as well as PC although the specific activity with either substrate is quite
low. NPC3 is highly homologous to NPC4 and NPCS5, and yet it exhibits lysoPA
phosphatase activity (~500 pmol Pi formed/min/mg) (Reddy et al. 2010). NPC3
dephosphorylates PA and sphingosine 1-phosphate at relatively lower activity, but
it cannot dephosphorylate glycerol 3-phosphate, lysoPC, lysoPE, or
DAG-pyrophosphate. NPC3 has no apparent specificity for any particular acyl
group except that 18:0-lysoPA is slightly less preferred than the others. To date,
no in vitro enzyme activity has been demonstrated for NPC1, NPC2, or NPC6.

3.2 Intracellular Localization

The NPCs 1-6 are considered either membrane-associated or cytosolic proteins, as
none of their amino acid sequences con