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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 PLA2

and PLA1 (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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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

suggestions. Also I thank editorial staff of Springer for their professional guidance

in the production of this book.
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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 Ca2+, 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 Ca2+ 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
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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 Ca2+-

requiring activity, many PLDs require micromolar Ca2+, and others are independent

of Ca2+ (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

et al. 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 Ca2+ 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 PLDα1

4 X. Wang et al.



and also PLDs from yeast and humans (Hammond et al. 1995; Waksman

et al. 1996). PLDα1 requires high Ca2+ for activity, and antisense suppression of

the common plant PLD activity led to the discovery of phosphatidylinositol

4,5-bisphosphate (PIP2)-dependent PLD activity in Arabidopsis (Pappan

et al. 1997b). A PIP2-requiring PLD, named PLDβ, was soon cloned (Pappan

et al. 1997a). At the same time, another PIP2-dependent PLD, PLDγ, was cloned
and characterized (Qin et al. 1997). Later, the oleate stimulated PLDδ was identi-

fied and analyzed (Wang and Wang 2001). The availability of the Arabidopsis

genome sequence facilitated the identification of PLDζs. PLDζ1 requires no Ca2+

for activity and appears to be specific to PC as substrate (Qin and Wang 2002).

PLDε, which was originally designated PLDα4, is the most permissive of all the

characterized PLDs in terms of reaction requirements, and it is active under PLDα1,
β, and δ reaction conditions (Hong et al. 2009). These results show that PLDα, β, γ,
δ, and ζ display different requirements for Ca2+, PIP2, and free fatty acids (Table 1).

Analysis of the Arabidopsis genome led to the identification of 12 PLD genes

named as PLDα(1,2,3), PLDβ(1,2), PLDγ(1,2,3), PLDδ, PLDε, and PLDζ(1,2)
based on gene architecture, sequence similarity, domain structure, and biochemical

properties (Fig. 1; Table 1). Two PLDδ cDNA variants and two PLDγ2 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, PLDφ, which does not contain the C2 or PX/PH

domains, was identified (Li and Xue 2007), but the enzymatic identity of PLDφ 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

PLD: Phospholipase Ds in Plant Signaling 5



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

�ORmoiety 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

Table 1 Distinguishable catalytic and regulatory properties of Arabidopsis PLDs

PLD

type

Signature property

Ca2+ PIP2 Oleate Substrate Subcellular location and others

PLDα1 mM/μM – – PC > PE Translocation between cytosol and IM,

PM, most PM

α2 mM – PC ¼ PE Cytosol ¼ IM and PM

α3 mM – PC > PE, PG Mostly PM

ε mM/μM – –/+ PC ¼ PE > PG PM; lost Ca2+-binding residues in C2

PLDβ1 μM + – PC ¼ PE Ca2+-binding at C2 and catalytic region,

actin binding

PLDγ1 μM + – PE > PC Mostly IM; differ from γ2 in PIP2 and

triton effect

γ2 μM + – AA changes in DRY motif

PLDδ μM-mM + + PE > PC PM, tubulin binding

PLDζ1 No + – PC PM

ζ2 Not

determined

IM, induced most by Pi deficiency

– indicates no requirement of effectors for PLD activity. + indicates effectors promote PLD

activity. PC, phosphatidylcholine, PE, phosphatidylethanolamine, PG, phosphatidylglycerol,

PM, plasma membrane, IM, intracellular membrane

HKD1 HKD2PX PHN CPX/PH-PLD:
PLDζ

HKD1 HKD2C2N C
C2-PLD:
PLDα, β, γ, δ, ε

Oleate binding 
(PLDδ)

Ac�n binding
(PLDβ1)

PIP2 binding 
(PLDβ1)

DRY mo�f 
(PLDα1)

Fig. 1 Two PLD subfamilies and their domain structures. C2, Ca2+-dependent phospholipid

binding domain; PH, pleckstrin homology domain; PX, phox homology domain; HKD,

HxKxxxxD motif involved in catalysis; DRY motif, interacts with Gα. The different ligand

binding motifs have been experimentally determined for specific PLDs, as indicated

6 X. Wang et al.



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). PLDα1 prefers PC, and such preference has also been shown by mea-

suring phospholipid hydrolysis in plants (Welti et al. 2002). On the other hand,

PLDδ prefers PE to PC as substrate (Qin et al. 2002). The surface dilution kinetic

analysis indicates that PLDδ displays a sevenfold higher specific catalytic constant

(Vmax/Km) for PE than PC. PE has an approximate fivefold lower interfacial

Michaelis constant, Km, than PC, indicating that PE has a higher affinity than PC

(Qin et al. 2002). PX-PH-PLDζ1 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.

PLD

PA

PtdOR

X

OH

ORX  = head group
Choline
Ethanolamine
Serine 
Glycerol

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

PLD: Phospholipase Ds in Plant Signaling 7



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 Ca2+/phospholipid-binding domain

consisting of approximately 130 amino acid residues that form antiparallel eight-

stranded β-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 PLDαs miss some of

the key acidic residues required for Ca2+ binding (Zheng et al. 2000). Two PLDζs
are PX/PH-PLDs. The sequences of PLDζ1 and PLDζ2 are more similar to mam-

malian PLD2 and PLD1, 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 PIP2-

dependent PLDβ, and they have been shown to interact with PIP2 (Zheng

et al. 2000). In addition, PLDβ has other motifs in the catalytic regions that are

also involved in PIP2 binding (Zheng et al. 2002). In contrast, PLDα and PLDδ do

not contain these two motifs, and PIP2 is not required for their activity (Qin

et al. 1997, 2002). The region involved in the oleate binding of PLDδ is located

approximately 30 amino acid residues after the first HKD motif. Arg-399 of PLDδ
was found to be involved in oleate stimulated activity of PLDδ. The presence of

oleate stimulates PLDδ’s binding to PC. PLDα1 has been shown to interact with the
heterotrimeric G protein subunit Gα (Zhao and Wang 2004). PLDβ1 contains a

8 X. Wang et al.



specific actin-binding region. Whereas monomeric (G-) G-actin inhibits PLDβ
activity, filamentous (F-) F-actin stimulates it (Kusner et al. 2002).

3.2 Differential Activation of Different PLDs by Ca2+, PIP2,
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 Ca2+ 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.

PLDβ C2 has all the conserved Ca2+-binding residues, whereas PLDα1 C2 lacks at

least two of these potential Ca2+ ligands due to substitution. PLDβ1 and PLDα1
have been shown to bind to Ca2+ with different binding affinities, with PLDβ1
requiring micromolar whereas PLDα1 needing millimolar Ca2+ for activity (Zheng

et al. 2000). Under acidic pH conditions, however, PLDα1 is active at micromolar

Ca2+ (Pappan and Wang 1999). In addition to direct binding, Ca2+ may alter

membrane microdomains to facilitate PLD interaction with the phospholipid sur-

face and activate PLD activity.

Phosphoinositides, particularly PIP2, is another key regulator of PLD activity.

PLDβ, PLDγ, and PLDζ require PIP2 for activity (Pappan et al. 1997a; Qin and

Wang 2002). The binding of PIP2 to PLDβ1 enhances the PLD interaction with

membrane lipids and thus its substrate affinity (Qin et al. 2002; Zheng et al. 2002).

PLDβ1 requires PIP2 and PE for its activity, whereas PLDδ is stimulated by PIP2
but does not require PIP2 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 PIP2 stimulates PLDδ activity by

promoting substrate binding to the enzyme, without altering the bulk binding of the

enzyme to the micelle surface. Ca2+ decreases significantly the interfacial

Michaelis constant Km, indicating that Ca2+ activates PLD by promoting the

binding of phospholipid substrate to the catalytic site of the enzyme.

PLDδ 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. PIP2
stimulated PLDδ to a lesser extent than oleate. In addition, N-acylethanolamines

(NAEs), which are produced from N-acyl-PE by PLD, acts as potent inhibitors of

PLDα1 (Austin-Brown and Chapman 2002).

PLD: Phospholipase Ds in Plant Signaling 9



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). PLDα1 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).

PLDβ1 is membrane bound and binds to actin (Pappan et al. 1997a; Kusner

et al. 2002). PLDδ is associated with the plasma membrane and binds to

microtubulin (Gardiner et al. 2001). PLDζ2 is associated with the tonoplast mem-

brane (Yamaryo et al. 2008). Whereas PLDδ, PLDε, and PLDα3 are mostly

associated with the plasma membrane (Wang et al. 2000; Hong et al. 2008a,

2009), PLDγ 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 PLDα1 is the most abundant PLD in most tissues. The transcript level

of PLDα1 is highest in all tissues except pollen. The expression of PLDζ2 is highly
induced by phosphorus deficiency (Li et al. 2006), and PLDδ is induced highly by

extreme hyperosmotic stress (Katagiri et al. 2001). After ABA treatment of leaves,

the transcript of PLDα1 displayed little change but that of PLDδ increased

(Distefano et al. 2012). The transcription of PLDζ1 is regulated by the homeobox

transcriptional regulator GLABRA2 (GL2) which binds to the PLDζ1 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.

10 X. Wang et al.



4.1 Water Loss, Drought Tolerance, and High Salinity

Genetic abrogation of PLDα1 or PLDδ results in increased water loss (Sang

et al. 2001; Guo et al. 2012a; Distefano et al. 2012). One mechanism by which

PLDα1 and PLDδ 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 PLDα1 compromises the effect of

ABA-promoted stomatal closure, and the same effect was also observed with PLDδ-
KO plants (Distefano et al. 2012; Guo et al. 2012a). Increased transpirational water

loss is also detected in detached leaves and PLDα1- or PLDδ-deficient whole plants.
Application of PA to epidermal peels mimics the ABA effect on stomatal closure,

indicating that PLD-produced PA promotes stomatal closure. PLDα1 and PLDδ
occupy different steps in the ABA signaling pathway. PLDα1 promotes H2O2

Table 2 PLD family members and functions as indicated by genetic manipulation in plants

Plant water loss and drought tolerance

Water loss (PLDα1-knockdown, Sang et al. 2001; PLDα1-overexpression, Hong et al. 2008b;

Zhang et al. 2009; Lu et al. 2013)

H2O2 and/or NO response in stomata (PLDδ-knockout, Guo et al. 2012a, b; Distefano

et al. 2012)

Drought response (PLDα3-knockout and overexpression, Hong et al. 2008a)

Salt response

Altered sensitivity to salt stress (PLDα3-knockout and overexpression, Hong et al. 2008b)

Decreased salt tolerance (PLDα1PLDδ-double knockout, Bargmann et al. 2009)

Increased aluminum resistance (PLDγ1-knockdown, Zhao et al. 2011)

Nutrient response

Response to phosphorous deprivation (PLDζ1-knockout and PLDζ2-knockout, Li et al. 2006;
Cruz-Ramı́rez et al. 2006)

Response to nitrogen deprivation (PLDε-knockout and overexpression, Hong et al. 2009)

Pathogen resistance

Response to bacterium and fungi (PLDβ1-knockdown, Bargmann et al. 2006; Yamaguchi

et al. 2009; PLDβ1-knockdown and knockout, Zhao et al. 2013)

Response to fungi (PLDδ-knockout, Pinosa et al. 2013)
Hormonal responses

ABA response (PLDα1-knockdown and knockout, Zhang et al. 2004; PLDα1PLDδ-double
knockout, Uraji et al. 2012; PLDδ-knockout, Jia et al. 2013)
Auxin response (PLDζ2-knockout, Li and Xue 2007)

Pollen tube and root hairs

Actin dynamics and pollen tube growth (PLDβ-knockdown, Pleskot et al. 2010)
Root hair patterning (Ohashi et al. 2003)

Root hair deformation under Pi deprivation (PLDζ1-knockout and PLDζ2-knockout, Li
et al. 2006; Cruz-Ramı́rez et al. 2006)

Root hair elongation under N deficiency (PLDε-knockout and overexpression, Hong et al. 2009)
Seed aging and freezing damages

Delayed seed deterioration and aging (PLDα1-knockdown, Devaiah et al. 2007; Lee

et al. 2012).

Freezing tolerance (PLDα1-knockdown, Welti et al. 2002; PLDδ-knockout and overexpression,
Li et al. 2004)
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production through PA interaction with NADPH oxidase, whereas PLDδ is involved

in H2O2 response through the interaction of PLDδ with cytosolic glyceraldehyde-3-

phosphate dehydrogenases (Zhang et al. 2009; Guo et al. 2012a). On the other hand,

PLDα1 and PLDδ have been suggested to act cooperatively as the PLDα1PLD-
δ-double KO displayed more robust insensitivity to ABA than PLDα1- or PLD-
δ-single KO did (Uraji et al. 2012). It is possible that some redundancy of PLDα1 and
PLDδ or cross talk between them exists under certain experimental conditions.

Increased expression of PLDα1 results in a decreased water loss in tobacco and

canola, lending further support to the role of PLDα1 in promoting stomatal closure

(Hong et al. 2008a; Lu et al. 2013). Under prolonged drought, however, PLDα1-
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 PLDα1 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 PLDα3 also change plant response to water deficiency (Hong et al. 2008b).

PLDα3-KO is more sensitive to drought whereas PLDα3-OX is less sensitive.

However, PLDα3-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 PLDα1 and PLDδ.
Manipulations of PLDα1, PLDα3, PLDδ, or PLDε 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). pldα3-1 seeds are more susceptible to salt stress, as

indicated by delayed germination, lower germination rate, retarded seedlings, and

reduced root growth. In contrast, PLDα3-OE seeds displayed more resistance to salt

with enhanced germination rates and seedling growth. The loss of PLDα3 or PLDε
also renders plants more sensitive to salt, while plants overexpressing PLDα3 or

PLDε 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 PLDε result in more apparent changes in

plant response to nitrogen (N) availability (Hong et al. 2009). The PLDε effects on
root growth and morphology differ at different levels of N. At severe N deprivation

(0.1 or 0.6 mM), PLDε 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, PLDε promotes lateral root growth and biomass production.

These results suggest that at sufficient N, PLDε promotes biomass accumulation

and lateral root growth, whereas under N deficiency, PLDε 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 PLDζ2 increases greatly during Pi starvation in

Arabidopsis, and the accumulation of DGDG in the roots of Pi-limited PLDζ2-KO
plants is reduced while PC and PE accumulate in Pi-starved PLDζ2-KO roots

(Cruz-Ramı́rez et al. 2006; Li et al. 2006). However, under moderate phosphorus

limitation, PLDζ1PLDζ2-double KO mutants, but not PLDζ1- or PLDζ2-single
KO, display shorter primary roots than wild type. Thus, both PLDζs 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 PLDζs 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 PLDζ2 resulted in bulging,

deformed root hairs under phosphate deprivation (Li et al. 2006). Under N depri-

vation, root hairs of PLDε-KO Arabidopsis were shorter whereas those of PLDε-
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, PLDζ1 was reported to be
the target of the transcriptional regulator GL2 that regulates root hair patterning,

and transient suppression of PLDζ1 alters root hair patterns and morphology

(Ohashi et al. 2003). However, the root hair pattern in single or double KOs of

PLDζ1 and PLDζ2 is normal (Li et al. 2006), and the exact effect of PLDζs 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 NtPLDβ1 (Pleskot et al. 2010). PLDβ1 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). PLDα1- or PLDδ-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 PLDα1 rendered Arabidopsis plants more tolerant to

freezing (Welti et al. 2002), whereas KO of PLDδ 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 PLDδ function during freezing. PLDα1 plays a

major role in promoting phospholipid hydrolysis in both freezing and postfreezing

phases, but the presence of PLDδ reduced lipid hydrolysis during postfreezing

recovery (Li et al. 2008). These data suggest a negative role for PLDα1 and a

positive role for PLDδ in freezing tolerance.

One way by which PLDα1 promotes freezing damage is its hydrolysis of PC to

PA. PLDα1-deficient plants had a higher level of PC and a lower level of PA,

indicating that PC is the major in vivo substrate for PLDα during freezing-induced

activation (Welti et al. 2002). This preference of PLDα 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 PLDα1 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). PLDδ 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 PLDα1 activity destabilizes membranes and increases

membrane leakage, regulated increase of PLDδ may produce signaling PA species

that mitigate stress damage. Specifically, PLDδ and the resulting PA decrease cell

death promoted by the reactive oxygen species H2O2. The level of H2O2 increases

in plant cells in response to freezing stress. Thus, the impaired response to oxidative

stress in PLDδ-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 LePLDβ1 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).OsPLDβ1-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 OsPLDβ1-suppressed plants, which include the induction of

pathogenesis-related protein genes and WRKY/ERF family transcription factor

genes. These data suggest that the OsPLDβ1-knockdown plants spontaneously

activated the defense responses in the absence of pathogen infection. The

OsPLDβ1-knockdown plants exhibited increased resistance to the infection of the

common rice pathogens, Pyricularia grisea and Xanthomonas oryzae pv oryzae.

These results suggest that OsPLDβ1 functions as a negative regulator of defense

responses and disease resistance in rice. In Arabidopsis infected with Pseudomonas
syringae pv. DC3000, PLDβ1-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 PLDβ1 is a negative effector of disease resistance.

However, PLDβ1-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 PLDβ1 mutants than in wild-type plants. The PLDβ1-deficient plants had
lower levels of PA-, JA-, and JA-related defense gene expression after B. cinerea
inoculation. PLDβ1 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, PLDδ 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). PLDδ 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, PLDα1- or PLDδ-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

Inducible1). 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 PLDα 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 PLDα1–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 PLDα1 in membrane lipid degradation in

seeds (Devaiah et al. 2006). The PLDα1-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 PLDα-
knockdown seeds germinated but WT seeds were non-viable (Lee et al. 2012). The

results indicate that the presence of PLDα1 promotes seed deterioration and aging.

In Arabidopsis, PLDα1-antisense knockdown seeds were more tolerant of aging

than were PLDα1-KO seeds (Devaiah et al. 2007). Because the antisense may not

act as specific as KO to PLDα1 and antisense may also suppress other PLDαs such
as PLDα2 and PLDα3. This difference could mean that other PLDs are also

involved in lipid deterioration and seed aging.

During seed germination, KO of PLDα1 or PLDδ results in seeds with decreased
sensitivity to the ABA inhibition, and the effect was greater with PLDα1- and

PLDδ-double KO (Uraji et al. 2012). These results suggest that PLDα1 and PLDδ
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. PLDζ2-null Arabidopsis root displays an attenuated

cycling of PIN2-containing vesicles. PLDζ2-overexpression results in an enhanced

cycling of PIN2-containing vesicles in roots (Li and Xue 2007). PLDα-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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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 PLDα1 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.

Stress/hormone
physiological 

cues

PA
Phospholipid

Lipid turnover/
membrane remodeling

PLD

PDK1
MPK6
SPHK
etc

ABI1
PEPC
CTR1
etc

Cellular/physiological responses

PA  protein 
Targets:

Effector proteins:
Gα, GAPC, ac�n, etc

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, PDK1
phosphoinositide-dependent protein kinase 1, MPK6 mitogen-activated protein kinase 6, SPHK
sphingosine kinase, ABI1 abscisic acid-insensitive 1, PEPC phosphoenolpyruvate carboxylase,

CTR1 constitutive triple response 1
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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.

PLDα1 is responsible for most of the PA produced in response to ABA (Zhang

et al. 2004; Guo et al. 2012a), whereas PLDδ produces PA under H2O2-treated cells

(Zhang et al. 2003). PLDζ2 plays a major role in the PA production under phos-

phate deprivation. PLDα1, PLDα3, and PLDδ 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 PLDζ, PLDδ, and PLDα1, 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 Gα, 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 PLDα1-Gα interaction, PLDα1 binds to the GDP-bound Gα and

the interaction decreases PLDα1 activity. In response to ABA, activation of Gα
may disrupt the binding of Gα-GDP to PLDα1, and thus activates PLDα1.
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PLDα1-derived PA then mediates ABA-induced promotion of stomatal closure

(Guo et al. 2012b). On the other hand, PLDα1 stimulates the intrinsic GTPase

activity that converts active Gα-GTP to inactive Gα-GDP (Zhao and Wang 2004).

PLDδ interacts with GAPC, which converts glyceraldhyde-3-Pi (G3P) to

1,3-bisphosphoglycerate during glycolysis. H2O2 promoted the GAPC–PLDδ inter-
action and PLDδ activity (Guo et al. 2012a). Knockout of GAPCs decreased ABA-
and H2O2-induced activation of PLD and stomatal sensitivity to ABA. The loss of

GAPCs or PLDδ rendered plants less responsive to water deficits than wild type.

The results indicate that the H2O2-promoted interaction of GAPC and PLDδ 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 PLDβ1 was found to bind to actin. Whereas monomeric (G-)

G-actin inhibits PLDβ activity, filamentous (F-) F-actin stimulates it (Kusner
et al. 2002). A later study using a tobacco PLDβ 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, PLDδ was

shown to bind to microtubules at membrane-cytoskeleton interface (Gardiner

et al. 2001). PLDα1 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 PIP2 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 PIP2.

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 SPHKs, 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 pldα1-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 sphk1-1 and sphk2-1 was significantly lower than WT while

overexpression of SPHK increased PA production, suggesting that PLDα1
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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 PLDα1 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. PLDα1 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 PLDα1 directly in vitro (Guo et al. 2012b). It was

shown that S1P caused an increase in Ca2+ in response to ABA (Ng et al. 2001), and

thus phyto-S1P may increase cytoplasmic Ca2+ to promote PLDα1 translocation to

the plasma membranes and tonoplasts. Ca2+ is a key factor required for PLDα1
activity (Qin et al. 1997). Ca2+ 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 PAmolecular 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 PLDα1 promotes stomatal closure

at earlier stages of drought but accelerates membrane deterioration in prolonged

drought stress (Hong et al. 2008b). PLDζ1 and ζ2 produce PA that promotes
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primary root elongation under a moderate Pi deprivation, whereas under severe P

starvation, PLDζ1- and ζ2-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 (PIP2) to generate the

second messengers, inositol 1,4,5-trisphosphate (InsP3) and diacylglycerol (DAG),

which release Ca2+ 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

InsP3 receptor and PKC, and display extremely low PIP2 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 PIP2, and PI-PLC to hydrolyze these lipids. Data is

also emerging that not InsP3 or DAG but their phosphorylated products, i.e.,

inositolpolyphosphates (IPPs) such as InsP5 and InsP6, 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

T. Munnik (*)

Section Plant Physiology, Swammerdam Institute for Life Sciences (SILS), University of

Amsterdam, Science Park904, 1098XH Amsterdam, The Netherlands

e-mail: t.munnik@uva.nl

X. Wang (ed.), Phospholipases in Plant Signaling, Signaling and Communication in

Plants 20, DOI 10.1007/978-3-642-42011-5_2,© Springer-Verlag Berlin Heidelberg 2014

27

mailto:t.munnik@uva.nl


activation of a PI-PLC to produce InsP3 and diacylglycerol (DAG). While the

water-soluble InsP3 diffuses into the cytosol where it triggers the release of Ca2+

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 Ca2+ 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 PIP2, the kinases that make them (i.e., PIK

and PIPK), and PI-PLC activity to break the PIP2 down into InsP3 and DAG (Cote

et al. 1996; Hetherington and Drøbak 1992; Drøbak 1992; Drøbak et al. 1999;

Munnik et al. 1998a; Einspahr and Thompson 1990). When then in the early 1990s,

microinjected InsP3 (or photoactivation of a caged variant) was shown to trigger an

increase in intracellular Ca2+ (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 InsP3 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 InsP3, but its phosphorylated product

InsP6 was shown to be responsible for the release of intracellular Ca2+ (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 PLCζ Class

Eukaryotic PI-PLCs have been classified into six subfamilies, i.e., β, γ, δ, ε, η and ζ,
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., PLCζ. 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 (PLCβ), tyrosine kinases (PLCγ),
or Ras (PLCε). How animal PLCδ, -η and -ζ isoforms are regulated is still not clear
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but may involve Ca2+ (Cockcroft 2006; Balla et al. 2009). Interestingly, mamma-

lian PLCζ is only expressed in sperm cells and is involved in generating an InsP3/

Ca2+ 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 PI(4,5)P2

Mammalian PI-PLCs have an absolute requirement for Ca2+. At physiological

concentrations (low μM level), the preferred substrates are PI4P and PI(4,5)P2 but

at mM Ca2+ concentrations, most enzymes also hydrolyze PI. Polyphosphoinositides

EF Cataly�c C2

PLCz plants YX

PLCb

X YPLCd

SH2 SH3
YXPLCg

PLCh

YXPLCz

PLCe
Ras GEF RA

PH PDZ binding mo�f

YX

YX

PDZ binding mo�f

X Y

Fig. 1 Domain structure and organization of PI-PLC isozymes. There are six different eukaryotic

PI-PLCs: β, γ, δ, ε, η and ζ. Plant PI-PLCs are most closely related to the PLCζ 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). PLCη 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
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(PPIs) that are phosphorylated at the D3-position of the inositol ring (i.e., PI3P, PI

(3,4)P2, PI(3,5)P2, 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 Ca2+. 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)P2 and requiring mM Ca2+ concentrations, and the other type being predom-

inantly bound to membranes, in particular the plasma membrane, preferring PI4P

and PI(4,5)P2 as a substrate, and being fully active at low μM Ca2+ 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)P2 because this

yields the InsP3 to release the intracellular Ca2+ via the ligand-gated receptor.

However, plants lack this receptor and, compared to mammalian cells, exhibit

extremely low PIP2 levels. Plant PI-PLCs also lack the PH domain that would

potentially be able to find PIP2. Mammalian PLCζ was recently found to bind PIP2
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)P2 as the sole

substrate for PLC. Moreover, if the role of plant PLC is to generate PA and InsP6
(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)P2 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; Drøbak 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 Ca2+

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 PLCζs 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 32P-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

Ca2+ 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 Ca2+, yet only a

few conditions are known to activate PLC. The fact that Ca2+ 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 Ca2+, InsP3, DAG, PI4P, and PI(4,5)P2 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. 2006).

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 32P-labeled cell suspensions (van der Luit et al. 2000; den Hartog

et al. 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 Gα (the GTPase) and a Gβγ
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 InsP3 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 InsP3 (Munnik

et al. 1998a; Quarmby et al. 1992; Legendre et al. 1993; Yueh and Crain 1993;

Drøbak and Watkins 1994; Cho et al. 1995; Kuin et al. 2000; Musgrave et al. 1992;

VanHimbergen et al. 1999), and hence suggested that plant PLCsmight be regulated

via a heterotrimeric G-protein coupled pathway. However, we now know that higher

plant PI-PLCs belong to the PLCζ class, which lack the conserved sequences found
in G-protein regulated PLCβ- or ε-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 Ca2+ 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 GRC1

(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 Gα and Gβ (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 Ca2+- and lipid-dependent

interaction where Ca2+ 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, AtPLC1 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 AtPLC1 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)P2. Measuring product formation, i.e. Ins(1,4)P2/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:PIP2 is approximately 1:1. In higher plant cells,

however, PIP2 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
3H- (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, PI5P, PI(3,5)P2, and

PI(4,5)P2 (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)P3 or its breakdown product PI(3,4)P2, although the latter has been

reported (Brearley and Hanke 1995), but this may have been PI(3,5)P2, 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 PIP2, 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 PIP2 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 AcidMeasurements

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 PIP2 levels are found than with isotope labeling.

On the basis of the fatty-acids method, PIP/PIP2 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
3H-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 PIP2 contains more 32P-phosphates than PIP, or that the PIP2 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 PIP2 (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 PIP2 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 PIP2 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 PIP2 (Munnik et al. 1994). 32Pi- and
3H-Inositol labeling of the same tissue

estimated the molar ratio for PI:PIP:PIP2 to be 385:35:1 (Munnik et al. 1994).

PI-PLC: Phosphoinositide-Phospholipase C in Plant Signaling 35



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)P2 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 PIP2 are composed of a specific lipid-binding domain, i.e., the PH domain

of human PLCδ1 for PI(4,5)P2, 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-PHFAPP1 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 PIP2 biosensor, however, mostly resides in the cytosol

(van Leeuwen et al. 2007). This is not because most of the PIP2 is there, but because

the concentration of PIP2 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 PIP2
is predominantly localized at the inner leaflets of the plasma membrane (Balla

2009; Varnai and Balla 2008). Nonetheless, in response to salt stress, the PIP2
biosensor clearly relocalizes to the plasma membrane and this coincides with an

unmistakable increase in PIP2 synthesis as observed with 32P-labelling (van

Leeuwen et al. 2007). Importantly, the quantitative 32P-PIP2 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 32P-PIP2 response (Mishkind et al. 2009). Using

the biosensor, first an increase of PIP2 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 PIP2 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).
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5.2 Inositolpolyphosphates

IPPs can be measured nonradioactively but then predominantly InsP6 is detected,

mostly reflecting phytate research in storage tissues (Munnik and Vermeer 2010;

Raboy 2003). In Arabidopsis seedlings, besides InsP6, a small amount of InsP5 can

be seen (Stevenson-Paulik et al. 2005). Using in vivo labeling with 3H-Inositol,

however, changes in pool size and synthesis of other InsPPs (InsP1–6) can be

witnessed (Lemtiri-Chlieh et al. 2000; Stevenson-Paulik et al. 2005; Perera

et al. 2008). Clear from these studies is that InsP3 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 InsP1, InsP2, and InsP6 (Lemtiri-Chlieh et al. 2000).

5.2.1 InsP3 Responses: Fact or Flux?

In the plant field, many InsP3 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 InsP3 concentrations are so low (Sect. 5.2), and there is

hardly any PIP2 in the membrane to produce it (Sect. 5.1), then what are people

measuring? Fact is that most (if not all) of the reported InsP3 responses were

measured using a commercial InsP3-mass assay. This kit uses an InsP3-binding

protein that can be pelleted, together with a known amount of radioactive Ins(1,4,5)

P3. The idea is that if there is any InsP3 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 InsP3 levels via PLC mediated-PIP2 hydrolysis is relatively high, in

plants it is a completely different story. Both PIP2- and InsP3 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 1996a, b). Obviously, the specificity of the InsP3-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 3H-Inositol

revealed predominant labeling of InsP1, InsP2, and InsP6. For InsP3, 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)P3 (16). Also three major peaks of

InsP5 were detected. In the commercial InsP3-detection kit, InsP5 (no isomer given)

competes for 5 % with the binding of Ins(1,4,5)P3. Obviously, if the concentration

of InsP5 is 100-fold higher and changing, then changes in “InsP3” will be

documented.

An alternative explanation for the reported InsP3 responses is that they reflect

changes in certain IPP levels, due to an induced change in the flux of InsP6, 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-InsP3 IPPs are emerging in

eukaryotic cell signaling and also in plants (see below).

5.2.2 Not InsP3 But InsP6 Releases Ca
2+

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)P3 was shown to trigger an increase in cytosolic Ca
2+,and to inhibit

a K+-influx channel in a Ca2+-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 InsP6 (Lemtiri-Chlieh et al. 2000,

2003). They showed that when InsP3 was microinjected, it was rapidly converted

into InsP6, and that the ability of InsP6 to release Ca
2+ was ~100 times more potent

than InsP3. This was not a simple charge effect since only myo-InsP6 was able to

induce K+ influx-channel inhibition and not neo-InsP6 or scyllo-InsP6. In vivo, 3H-

InsP6 responses were found within 30 s to 5 min after ABA treatment of 3H-

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)P2 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 PIP2 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 PKCγ
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

C1-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 PIP2 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-A2 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 PIP2 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 InsP3 is phosphorylated to InsP6 to release Ca2+, 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 Ca2+, 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/

Ca2+ 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 InsP4, InsP5, and InsP6 but also on the inositol pyrophosphates,

InsP7 and InsP8, which are also present in plants (Munnik and Nielsen 2011;

Munnik and Vermeer 2010). Whether the recent identification of InsP6 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

ipk1 mutants, which cannot make InsP6, and hence accumulate high levels of its

precursor, InsP5, display increased COI1-dependent sensitivity to wounding and

root-growth inhibition by jasmonate (Mosblech et al. 2011). The recent discovery

that InsP6 (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 PIP2 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)P2 or Ins(1,4,5)P3.

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

InsP5 and InsP6, for which several new signaling functions are emerging (c), e.g., releasing Ca2+

(InsP6) and activating F-box controlled plant hormone signaling pathways, such as TIR1 (InsP6,

auxin) and COI1 (InsP5, jasmonic acid). “Signaling IPPs” (c) should not be confused with those

involved in Pi 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 (Glc6P), 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 InsP2/InsP3; 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-GlcA

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 Glc6P, 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 PIP2 (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). InsP3 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 PIP2 hydrolysis by PLC or changes in the flux of InsP6.

Another possibility is that PI4P is hydrolyzed. Using 3H-inositol labeled carrot

cells, Cho et al. (1993) reported a rapid (30 min) decrease in PIP (PIP2 levels were

undetectable). If a PLC is indeed activated, then the decrease in PIP makes more

sense than the increase of PIP2, 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 InsP6, 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, InsP6 was shown to trigger the release of

intracellular Ca2+ (Lemtiri-Chlieh et al. 2000, 2003).
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Whether InsP6-released Ca2+ 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 Ca2+ signals. What is more, they showed that none of the

previously proposed ABA-signaling intermediates, including Ins(1,4,5)P3 and

InsP6 (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 InsP3 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 3H-Inositol labeling for 4 days, InsP3 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 InsP6.

Whether the effects are related to altered Ca2+ signaling remain to be seen.

Compared to the minor changes in Ca2+ 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, CVL1,

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 PIP2 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 InsP3 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

InsP3 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). InsP3 was measured with the displacement

assay, so this may reflect changes in the flux of other IPPs (Sect. 5.2.1). The

increase in PIP2 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 PIP2, than one of its functions may be to sustain PIP2’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/InsP3/Ca
2+

pathway (Perera et al. 1999, 2006; Stevenson et al. 2000; Boss et al. 2006, 2010).

Most evidence, however, is based on InsP3 measurements using the commercial

InsP3-displacement kit (Sect. 5.2.1). While this may reflect changes in InsP6 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)P2 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)P2] 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 Zn2+ 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 Zn2+ 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 NPC5 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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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

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, IP3 inositol 1,4,5-trisphosphate, IP6 inositol 1,2,3,4,5,6-

hexokisphosphate, PAP PA phosphatase, PC phosphatidylcholine, P-Cho phosphorylcholine,

PAK PA kinase, PIP2 phosphatidylinositol 4,5-bisphosphate
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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)P2,

suggesting that NPC substrate specificity is distinct from that of PI-PLC (Nakamura

et al. 2005). Interestingly, addition of EGTA to chelate Ca2+ does not affect NPC

activity, indicating that NPC does not require Ca2+ 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). NPC5, 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 NPC5, 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 contain a transmembrane domain (Nakamura

et al. 2005). NPC4-specific antibodies revealed NPC4 localization at the plasma
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membrane (Nakamura et al. 2005), and fluorescence of an NPC4-GFP fusion

protein also revealed localization at the plasma membrane of leaf epidermal cells

(Gaude et al. 2008). Unlike NPC4, NPC5-GFP fluorescence is evident at multiple

intracellular sites, particularly surrounding chloroplasts, suggesting that NPC5

resides in the cytosol adjacent to chloroplasts. Subcellular fractionation revealed

that NPC5-GFP is recovered in the endoplasmic reticulum-enriched fraction as well

as the soluble fraction. NPC5 may thus play a role in phospholipid trafficking

between the endoplasmic reticulum and the outer envelope of chloroplasts. In

summary, NPC4 and NPC5 have distinct intracellular localization patterns that do

not overlap. The localization of the remaining NPC isoforms remains unknown,

however, although NPC6 has a putative transit peptide for chloroplasts or mito-

chondria (Pokotylo et al. 2013).

3.3 Tissue Specificity

Apart from tissue-specificity data from microarrays, two independent studies used

quantitative reverse transcription (qRT)-PCR analyses (Peters et al. 2010;

Wimalasekera et al. 2010). NPC1 and NPC6 are ubiquitously expressed, whereas

the other isoforms have more specific tissue expression. NPC2 is highly expressed

in fertile organs such as flowers and siliques but not in roots, whereas NPC3 is

highly expressed in roots. NPC4 is expressed in mature leaves and

non-photosynthetic organs such as flowers and roots, whereas NPC5 expression is

specific to flowers. GUS reporter gene expression analyses revealed NPC3 and

NPC4 tissue-specific staining in the leaf margins, root meristem, and immature

anthers, although qRT-PCR data showed distinct expression patterns

(Wimalasekera et al. 2010). The detailed tissue-specific expression of the other

isoforms is unknown.

4 NPC4 and NPC5 Involvement in Phosphate
Starvation-Induced Membrane Lipid Remodeling

Phosphate is an essential nutrient for plant growth. Phosphate bioavailability is

often limited in many soils because phosphate may form insoluble salts that cannot

be assimilated by plant roots (Raghothama 1999). In response to phosphate starva-

tion, a significant portion of membrane phospholipids, particularly PC, is replaced

by the nonphosphate-containing galactolipid digalactosyldiacylglycerol (DGDG)

(Essigmann et al. 1998; Nakamura 2013). This membrane lipid remodeling is

indicated by the induction of galactolipid biosynthetic activity and gene expression

of type B monogalactosyldiacylglycerol (MGDG) synthases (MGD2 and MGD3)

NPC: Nonspecific Phospholipase Cs in Plant Functions 59



and DGDG synthase 2 (DGD2) (Awai et al. 2001; Kelly and Dormann 2002; Kelly

et al. 2003; Kobayashi et al. 2004, 2006).

A transient increase in PC occurs in plant cell culture upon phosphate starvation

(Jouhet et al. 2003). Because PC and DAG have similar acyl profiles, PC was

suggested as a precursor to DAG that can be galactosylated to produce DGDG

(Jouhet et al. 2003). Upon phosphate starvation in Arabidopsis seedlings, the

activity that produces DAG from PC is upregulated both in shoots and roots

(Nakamura et al. 2005). At least two pathways were suggested for this PC-to-

DAG conversion, namely a one-step reaction catalyzed by PLC or a two-step

reaction in which PLD hydrolyzes PC to yield PA, which is further

dephosphorylated by PA phosphatase to produce DAG. Assaying PLD using

1-butanol did not reveal a significant increase in PLD activity, suggesting that

PC-to-DAG conversion is mainly catalyzed by PLC (Nakamura et al. 2005).

PC-PLC activity, which hydrolyzes PC and other primary membrane phospho-

lipids, has only been found in bacteria (see Sect. 1). Based on homology, six

putative PLC genes (NPC1–6) have been identified in the Arabidopsis genome

(Nakamura et al. 2005).

Northern blotting has revealed that NPC4 is upregulated upon phosphate star-

vation. A recombinant NPC4 showed significant hydrolytic activity for PC and PE

but not PA or PI(4,5)P2 (Nakamura et al. 2005). Using an NPC4-specific antibody,

subcellular fractionation showed that NPC4 as well as total NPC activity are

enriched mainly at the plasma membrane (Nakamura et al. 2005). NPC4 knockout

mutants have lower total NPC activity induced upon phosphate starvation,

suggesting that NPC4 encodes the major PC-hydrolyzing PLC activity induced

by phosphate starvation (Nakamura et al. 2005). However, there is little effect on

DGDG levels and other lipids in T-DNA-tagged NPC4 mutants (Nakamura

et al. 2005). An independent study using microarray analysis found that NPC5 is

another phosphate starvation-inducible NPC gene, with a soluble recombinant

NPC5 showing 40-fold lower PC-PLC activity than plasma membrane-bound

NPC4 (Gaude et al. 2008). Interestingly, two knockout mutant alleles of NPC5,

npc5-1 and npc5-2, significantly reduced DGDG accumulation in response to

phosphate starvation, although total PC-PLC activity was not reduced in these

mutants (Gaude et al. 2008).

In conclusion, NPC4 and NPC5 are both induced by phosphate starvation. NPC4

has substantial NPC activity and localizes to the plasma membrane, although its

contribution to DGDG accumulation remains elusive. NPC5 is a soluble protein

with minor activity, although its disruption significantly affects DGDG accumula-

tion upon phosphate starvation (Fig. 2).
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5 NPC4 Involvement in Salt Stress

High-salt conditions stimulate metabolism of choline-containing compounds such

as phosphocholine, PC, and glycerophosphocholine (Summers and Weretilnyk

1993). Indeed, expression of many of the genes encoding choline metabolic

enzymes is upregulated in high-NaCl conditions (Tasseva et al. 2004), implying

rapid phosphocholine production from PC via NPC. Expression analysis of the NPC
family in response to different salt concentrations, including 100 mM NaCl,

revealed marked induction of NPC4 in roots, with a transient peak 3 h after

treatment (Kocourkova et al. 2011). The other isoforms did not show significant

induction, suggesting that NPC4 is the main isoform responding to high salt.

Arabidopsis seedlings treated with 100 mM NaCl showed a fourfold increase in

total PC-hydrolyzing PLC activity compared with the untreated control

(Kocourkova et al. 2011). Although involvement of PLD-mediated DAG produc-

tion was not examined, these data suggest that NPC activity contributes to DAG

production in high-salt conditions. In addition, DAG production was elevated

fourfold at 90 min after 100 mM NaCl treatment. pNPC4::GUS expression only

changed in roots in response to high salt, with expression not only in untreated root

tips but also in root epidermal and vascular tissues and throughout lateral root

Fig. 2 Differential roles for the two NPC isoforms, NPC4 and NPC5, in membrane lipid

remodeling upon phosphate starvation. NPC4 localizes to the plasma membrane, where it hydro-

lyzes local phospholipids to yield diacylglycerol (DAG). NPC5 is soluble and hence hydrolyzes

phospholipids on the cytoplasmic side of several organelles, including the endoplasmic reticulum

(ER). The DAG produced is galactosylated at the chloroplast envelope to yield digalactosyldia-

cylglycerol (DGDG), which is subsequently transferred back to the plasma membrane and other

organelles. NPC nonspecific phospholipase C, MGDG monogalactosyldiacylglycerol, MGD
MGDG synthase, DGD DGDG synthase
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primordia of NaCl-treated plants (Kocourkova et al. 2011). The fresh weight and

root length in the npc4-2 mutant were reduced by 25 % and 55 %, respectively, in

100 mM NaCl compared with wild type, and the seed germination rate after 24 h in

150 mM NaCl was only 27 % in npc4-2 whereas wild type attained 82 %

(Kocourkova et al. 2011). Compared with wild type, seedling viability in

200 mM NaCl was also reduced in the npc4-1 mutant whereas NPC4
overexpressors showed enhanced seedling viability with longer primary roots

than wild type, suggesting that NPC4 has a dose-dependent effect on plant tolerance

to high salt (Peters et al. 2010). The npc4 mutants have reduced or no expression of

salt overly sensitive (SOS) genes (SOS1–3) and ABA-related genes (ABI1, ABI2,
PP2CA, and SOT12), but the expression of ion transporter genes and phospholipid

signaling-related genes is unaffected (Kocourkova et al. 2011). The contribution of

NPC4 to choline metabolism under high-NaCl conditions is unknown because of

the lack of lipid analysis data in salt-stressed npc4 mutants.

6 NPC4 Involvement in ABA Signaling

Phospholipids play an important role in ABA signaling. An NPC4 T-DNA knock-

out mutant, npc4-1, showed reduced sensitivity to ABA; npc4-1 germinated in the

presence of ABA but had longer primary roots and more lateral branches than wild

type (Peters et al. 2010). In the presence of 25 mM ABA, npc4-1 flowering was not
inhibited, and plants exhibited two- to threefold higher dry weight, reduced seed

dormancy, enhanced seed germination, and compromised stomatal movement

compared with wild type. These phenotypic features of npc4 mutants were not

evident in mutants of other NPCs, suggesting a specific role for NPC4 in ABA

signaling (Peters et al. 2010). Indeed, ABA levels in freshly picked npc4-1 seeds

were 20 % higher than wild type. Basal expression of ABA-responsive genes in

npc4-1 was lower for RD29B and ABI2 but higher for RCN1. Upon ABA treatment,

expression of ABA-responsive genes (ABI1, ABI2, RAB18, OST1, RD29B, and
ERA1) was reduced in npc4-1 compared with wild type, suggesting that this npc4
mutant has reduced ABA sensitivity. The npc4-1 showed lower DAG level com-

pared with wild type. Since DAG level is reduced upon ABA treatment, it suggests

reduced DAG production owing to the NPC4 knockout causes reduced sensitivity

to ABA signaling. Indeed, overexpression of NPC4 (NPC4-OE) greatly enhanced

sensitivity to ABA, resulting in a lower rate of seed germination and suggesting that

NPC4 promotes ABA action and seed dormancy (Peters et al. 2010).

Salinity and drought stresses involve ABA signaling. Under high-NaCl condi-

tions, npc4-1was found to be hypersensitive to salt stress with significantly reduced
seedling viability, 80 % reduced root length, and 70 % reduced biomass, whereas

NPC4-OE seedlings were more viable than wild type with 55 % longer root length

and twofold increased biomass (Peters et al. 2010). Transpiration rate and stomatal

conductance under watered conditions were lower in npc4-1 but higher in NPC4-

OE. In addition, npc4-1 exhibited a lower photosynthetic rate, water efficiency, and
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leaf turgor, whereas NPC4-OE exhibited higher water use efficiency and more

turgid leaves. Exogenous supplementation with di8:0-DAG or di8:0-PA restored

root length of npc4-1 plants in the presence of ABA. Addition of a DAG kinase

inhibitor together with di8:0-DAG abolished this effect, suggesting that DAG

produced by NPC4 is converted to bioactive PA. The DAG level was lower in

npc4-1 rosettes and roots, but DAGwas at a similar level in roots and at higher level

in rosettes of NPC4-OE plants compared with wild type. The PA level upon ABA

treatment was dependent on NPC4, as npc4-1 plants had an increased PA level

whereas NPC4-OE plants had a decreased PA level compared with wild type

(Peters et al. 2010).

7 NPC4 and NPC3 Involvement in Brassinolide Signaling

As described earlier, histochemical GUS staining showed overlapping tissue spec-

ificity of NPC3 and NPC4 (Wimalasekera et al. 2010). Brassinolide treatment of

pNPC3::GUS and pNPC4::GUS plants induced GUS staining in the primary root

tips, cotyledon margins, and developing and mature leaves. Compared with wild

type, npc3-1 and npc4-1 mutants treated with 0.05 μM 24-epi-brassinolide showed

increased lateral root density, suggesting their reduced sensitivity to this

brassinolide (Wimalasekera et al. 2010). Indeed, expression of a brassinolide-

regulated gene, LRX2, was partially compromised in these mutants (Wimalasekera

et al. 2010).

8 NPC4 Involvement in Auxin Signaling

NPC expression in response to auxin treatment has been studied using RT-PCR and

promoter::GUS staining. Among the six isoforms tested, only NPC4 showed

marked induction after 1 h of treatment with indole acetic acid (IAA), 1-NAA, or

2,4-D (Wimalasekera et al. 2010). In response to auxin treatment, pNPC4::GUS
was expressed throughout the root, the hypocotyl root-shoot junction, shoot meri-

stematic region, and emerging young leaves (Wimalasekera et al. 2010). pNPC3::
GUS had the same expression pattern, although no transcript increase was observed

using RT-PCR. Roots were slightly shorter in npc3-1 and npc4-1mutants compared

with wild type. npc3-1 and npc4-1 mutants treated with 1-NAA showed no signif-

icant phenotypic changes, although expression of the auxin-regulated genes IAA19
and IAA20 in npc3-1 was lower than in wild type (Wimalasekera et al. 2010).

9 Future Perspectives

Since the isolation of six Arabidopsis NPCs in 2005 (Nakamura et al. 2005), gene

knockout studies of these isoforms has revealed the critical involvement of NPCs in

diverse physiological processes such as phosphate starvation response, salt stress
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tolerance, and hormonal signaling (Fig. 3). Recent advances in understanding NPC

functions may help shed light on several issues.

First, fundamental studies of the uncharacterized isoforms, NPC1, NPC2, and

NPC6, are of great importance. These isoforms are highly homologous and thus

likely encode functional NPCs. However, their intracellular/tissue distribution

patterns may differ as NPC6 has a putative transit peptide for plastid or mitochon-

drial targeting, and NPC1/2 are predicted to localize at the endoplasmic reticulum

(Pokotylo et al. 2013). NPC1 and NPC6 are expressed more ubiquitously compared

with NPC2, but the former two isoforms have different tissue specificities. The fact

that single T-DNA mutants of all these isoforms were previously isolated suggests

that there are no known lethal isoforms in the NPC family (Peters et al. 2010).

Therefore, testing various stress conditions to identify conditional phenotypes or

creating double or multiple mutants with different combinations of isoforms would

help to dissect their putative differential functions.

Both NPC4 and NPC5 are involved in phosphate starvation. Whereas the role of

NPC5 in membrane lipid remodeling has been clearly demonstrated based on

compromised DGDG accumulation (Gaude et al. 2008), the role of NPC4 is

uncertain because lipid metabolism/composition is not affected in the npc4 mutant

(Nakamura et al. 2005). Because NPC4 is responsible for the majority of

upregulated PC-PLC activity under phosphate starvation, NPC4 may have a distinct

role other than membrane lipid remodeling. The released P-choline may serve as an

internal phosphate reserve because an enzyme was found that dephosphorylates

P-choline to produce free inorganic phosphate (May et al. 2012). An alternative

possibility is that P-choline produced by NPC4 serves a distinct function. In

PI-PLC, a reaction product (inositol 1,4,5-trisphosphate) serves as an important

signaling molecule that triggers Ca2+ influx (Boss and Im 2012). Likewise, a

phosphor-base produced by NPC (e.g., phosphocholine in the case of PC) may

have a distinct biological function. It will be important to investigate whether DAG

Fig. 3 Suggested physiological functions of NPCs in Arabidopsis. DAG diacylglycerol (DAG),

NPC nonspecific phospholipase C, PC phosphatidylcholine
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or a phosphor base plays a major role in response to environmental stimuli that

activates NPC function. Producing and characterizing an npc4 npc5 double knock-

out mutant under phosphate starvation, together with the metabolic fate of

phosphocholine produced by NPC4, are important future experiments.

The involvement of NPCs in hormonal signaling needs to be studied more

extensively. The roles of NPC4 and NPC3 in signaling mediated by ABA,

brassinolides, and auxin have been described, but involvement of the remaining

isoforms and other hormones is not known. Similarly, the roles of NPC in stress

conditions other than high salinity need to be determined. Based on the known

transcriptional data, targeting specific stresses for each isoform and examining

respective mutants in these conditions would further our understanding of NPC

isoform functions in hormonal or stress signaling.

In addition to their signaling role, the involvement of NPCs in glycerolipid

metabolism is an important issue. PC can be a substrate for plastidic galactolipid

biosynthesis (PC hypothesis) (Roughan 1970; Heinz 1977; Douce and Joyard 1980;

Roughan and Slack 1982) based on an in situ pulse-chase tracer experiment in

which radiolabeled PC was incorporated primarily into MGDG. Because DAG is

the substrate for MGDG synthesis, the initial step of PC-to-DAG conversion can be

catalyzed by one or multiple NPC isoforms. Measuring the galactolipid content in

each knockout mutant is an approach to resolve this issue. As in studies with other

phospholipases for which functions have been more fully established, e.g., PLD,

phospholipase A1/2, or PI-PLC, further investigation is needed to reveal the

importance of NPCs in various aspects of plant physiology.
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Phosphatidic Acid as Lipid Messenger
and Growth Regulators in Plants

Xuemin Wang, Yuan Su, Yu Liu, Sang-Chul Kim, and Brian Fanella

Abstract Phosphatidic acid (PA) has emerged as a class of important growth

mediators involved in various cellular and physiological processes. The cellular

level of PA is highly dynamic, increasing transiently in response to hormones,

abiotic cues, and biotic challenges. Several families of enzymes can contribute to

the production of PA, and phospholipase D and phospholipase C/diacylglycerol

kinases play a major role in the stimulus-induced generation of signaling PA. The

identification and analyses of PA-interacting proteins provide insights into the

cellular and physiological processes in which PA is involved and the mechanism

of PA action. The PA–protein interactions help tether proteins to membranes and/or

modulate enzymatic activities. In addition, PA has been implicated in modulating

proteolytic cleavage and inter-organelle translocation of target proteins. Manipula-

tions of the reactions involved in PA production and removal have provided

evidence for the involvement of PA in plant growth, development, and stress

responses.

Keywords Phosphatidic acid • Phospholipase D • Phospholipase C •

Diacylglycerol kinase • Lipid signaling • Stress response

1 Introduction

Membrane lipids provide essential boundaries that separate the cell from the

outside environment and form intracellular compartments. In addition to the well-

known structural functions, membrane lipids have many other crucial regulatory

functions (Wallis and Browse 2002; Wang 2004). Lipids are rich sources for the
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production of hormones and secondary messengers, while polyphosphoinositides

and oxylipins are extensively studied for their effects in diverse cellular and

physiological processes (Munnik and Nielsen 2011; Erb et al. 2012). In recent

years, phosphatidic acid (PA) has been identified as an important cellular mediator

in regulating cell growth, development, and stress responses in plants, animals, and

fungi (Wang et al. 2006; Li et al. 2009; Hong et al. 2010; Testerink and Munnik

2011; Shin and Loewen 2011; Kolesnikov et al. 2012; Jang et al. 2012; Peng and

Frohman 2012).

PA is a minor class of membrane phospholipids with the simplest head group.

PA occupies a central step in glycerolipid metabolism, and its regulatory function

has only recently been appreciated. PA in plants is produced under a wide variety of

stress conditions. Advances in the knowledge of phospholipases have facilitated the

understanding of PA production and function. Analyses of PA-interacting proteins

and their physiochemical properties have yielded mechanistic insights into how PA

functions as a class of cellular mediators. Manipulations of PA production and

catabolism have identified the involvement of PA in specific cellular and physio-

logical processes.

2 PA Production and Measurements in Plants

The cellular level of PA in plant tissues is highly dynamic, increasing rapidly under

various stress and growth conditions. Different approaches have been used to

quantify PA levels in plants, but accurate measurements of stimulus-induced PA

in plants remain challenging due to the rapid activation of lipolytic enzymes,

especially phospholipase D (PLD), during tissue handling.

2.1 Cellular Dynamics of PA Levels

PA consists of two fatty acid chains esterified to a phosphoryl glycerol (Fig. 1). The

cellular level of PA is estimated to range from 50 to 150 μM, constituting approx-

imately 1 % of total phospholipids in Arabidopsis leaves (Welti et al. 2002; Zhang

et al. 2004). However, the cellular PA can increase rapidly under various condi-

tions, such as hormone treatments, wounding, freezing, drought, and pathogen

elicitation (Wang et al. 2006). The magnitude of PA increase varies greatly, ranging

from a few percentage points to several folds, depending upon the types of stress

and tissues. For example, the amount of PA increased by approximately 50 % in

Arabidopsis leaves treated with abscisic acid (ABA) (Zhang et al. 2004; Guo

et al. 2012b), while the PA level was elevated by more than fivefold in Arabidopsis
leaves during freezing (Welti et al. 2002). When Arabidopsis plants were sprayed
with ABA, the increase in PA peaked at 10 min, but by 20 min the level of PA had

returned to the pretreatment level (Zhang et al. 2004; Guo et al. 2012b). In castor
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bean leaves, wounding-induced PA production plateaued 10 min after wounding

and then decreased (Ryu and Wang 1998). The transient changes indicate that PA is

actively metabolized after its production.

PA is a class of phospholipids with different molecular species because the two

acyl chains can differ in the number of carbons and double bonds. The major

species in Arabidopsis tissues are 34:2 (mostly 18:2/16:0), 34:3 (mostly 18:3/

16:0), 36:4 (mostly 18:2/18:2), and 36:5 (mostly 18:3/18:2), and the relative

abundance varies depending on the tissue type (Welti et al. 2002; Devaiah

et al. 2006). The different species may have different functions, because different

proteins interact with PA species differently (Zhang et al. 2004; Guo et al. 2011).

Different PA species also display various abilities to stimulate superoxide produc-

tion (Sang et al. 2001). Likewise, the various relative abundance among tissues

indicates possible tissue-specific function of different PA species that remains to be

determined.

PC, PE, PS, PG

PLD

PIP2 PC, PE, PS, PG

PI-PLC NPC

a

b

PADAG-PPi DAG

LPA

LPP DGK

PAK LPP/PAH

PLDPLCPLA

PLA

Fig. 1 PA structure, production, and metabolism. (a) Molecular structure of phospholipids and

the hydrolysis sites of phospholipases. (b) Metabolic reactions and enzymes that produce and

metabolize PA in the cell. The blue arrows indicate PA-producing pathways whereas the red
arrows indicate PA-removing pathways. Enzymes are abbreviated as follows: PLA
phospholipase A, LPAAT LPA acyltransferase, PLD phospholipase D, PI-PLC
phosphoinositide-phospholipase C, NPC nonspecific PLC, DGK DAG kinase, LPP lipid phos-

phate phosphatase, PAK PA kinase, PAH PA phosphohydrolase. Metabolites are abbreviated as

follows: DAG diacylglycerol, DAG-PPi DAG pyrophosphate, LPA lyso-PA, PC phosphatidylcho-

line, PE phosphatidylethanolamine, PS phosphatidylserine, PG phosphatidylglycerol, PIP2
phosphatidylinositol 4,5-bisphosphate
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2.2 Measurements of PA

Different approaches have been used to quantify PA levels in plant tissues. A

conventional method involves solvent extraction of total lipids, followed by thin

layer chromatography (TLC) separation and quantification of PA based on the level

of phosphate and/or fatty acids (Ryu and Wang 1996; Zien et al. 2001). To assess

new PA produced in response to a stimulus, membrane lipids may be prelabeled

with radioisotopes (e.g., 32Pi or 3H-fatty acids) or a fluorescent lipid, such as

NBD-PC, followed by quantification of radioactive or fluorescent PA produced

after treatments (Arisz and Munnik 2013; Zhang et al. 2004; Fig. 2b). In recent

years, mass spectrometry has been used increasingly to detect and measure PA. In

particular, lipid profiling using electrospray ionization tandem mass spectrometry

(ESI-MS/MS) has proven to be sensitive, quantitative, and efficient (Welti

et al. 2002). One major advantage of the mass spectrometry-based method is that

it allows the quantification of PA molecular species (Fig. 2a). To detect PA changes

in living cells, the use of intracellular PA reporters or sensors is being explored. In

this method, a PA-binding protein motif is fused to a fluorescent protein. The

fluorescently labeled, PA-binding proteins are used to image PA dynamics in living

cells (Vermeer and Munnik 2013). One motif in the PA-binding region of Raf-1

was sufficient to target green fluorescent protein to membranes (Rizzo et al. 2000).

The rapid activation of lipolytic enzymes, specifically PLD, during tissue han-

dling has made accurate measurements of cellular PA a challenge. Precaution must

be taken to minimize the PLD activation during tissue handling. One effective

approach is to submerge plant tissues quickly in heated isopropanol (75 �C) to
inactivate nonspecific lipolytic activities (Welti et al. 2002).

3 Cellular Production and Removal of Signaling PA

Cellular PA may be produced by multiple enzymes: (1) PLD, (2) phospholipase C

(PLC) coupled with diacylglycerol (DAG) kinase (DGK), (3) lysoPA acyl trans-

ferase (LPAAT), and (4) lipid phosphate phosphatases (LPP) that dephosphorylate

DAG pyrophosphates to PA (Fig. 1b). PLD and PLC/DGK are the two major routes

that produce signaling PA. Multiple enzymes are also involved in the PA removal.

Each class of these enzymes is comprised of multiple forms. The activation and

regulation of these enzymes play important roles in the location and timing of

signaling PA production.
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3.1 The PLD Multi-gene Family

The activation of PLD produces PA directly through hydrolysis of common mem-

brane lipids, such as PC and PE. PLD is a family of multiple enzymes that is subject

to complex control, as described in chapter “PLD: Phospholipase Ds in Plant

Signaling”. The different subcellular locales, expression patterns, and substrate

selectivities of PLDs play critical roles in regulating the spatial and temporal

production of PA and its molecular species.

3.2 Two Distinctively Different PLC Families

The activity of PLC can contribute to PA production by generating DAG that is

phosphorylated by DGK to PA. Plants have two distinct families of PLCs,

Fig. 2 Molecular species of PA measured by different methods. (a) PA molecular species were

analyzed by ESI-MS/MS in roots of wild type, pldζ1, pldζ2, and pldζ1 pldζ2 under Pi deprivation
condition. Values are means � se (n=5). The stars indicate that mutant and wild-type values are

significantly different (P < 0.05; modified from Li et al. 2006). (b) Representative image of

fluorescent-based assay of PLD activity using NBD-PC-labeled protoplasts of wild type and pldα1
treated with 50 μM ABA over different times. PA was identified by TLC (modified from Guo

et al. 2012a, b)
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phosphoinositide-hydrolyzing PLC (PI-PLC, described in chapter “PI-PLC:

Phosphoinositide-Phospholipase C in Plant Signaling”) and nonspecific PLC
(NPC, in chapter “NPC: Nonspecific Phospholipase Cs in Plant Functions”) that

hydrolyze common membrane phospholipids, such as PC. Both families of PLCs

have been reported to produce DAG as a substrate for DGK phosphorylation to PA,

but the exact contribution remains to be determined.

Worth noting is that in animal cells, DAG itself is a potent messenger, activating

certain members of the protein kinase C (PKC) family and other proteins, including

G-proteins and DGKs (Colón-González and Kazanietz 2006; Pu et al. 2009). DAG

modulates protein functions primarily via binding to the C1 domain, along with PE

in a phospholipid and zinc-dependent fashion. The C1 domain is cysteine-rich,

about 50 amino-acid residues long, and this lipid–C1 interaction is critical for

governing protein association to membranes and often leads to enzyme activation

(Pu et al. 2009). In plants however, no canonical PKCs have been documented.

Plants lack highly conserved C1 domains, but C1-like, divergent C1 (DC1) domains

exist in some proteins. It remains to be examined whether DC1s or other domains

interact with DAG in plants.

3.3 The DGK Family

Multiple DGKs have been grouped into three subgroups DGKI, II, and III in plants

(Arisz et al. 2009; Shulga et al. 2011; Gómez-Merino et al. 2004; Liu et al. 2013). In

addition to PI-PLC and NPC, DGKmay use DAG resulting from activation of other

enzymes. For example, 18:3/16:3-PA produced during low temperature stress in

Arabidopsis is likely to be derived from galactolipids via 18:3/16:3-DAG and

DGK, as the 18:3/16:3 species is abundant in galactolipids and nearly undetectable

in phospholipids (Welti et al. 2002).

3.4 Enzymes Involved in PA Removal

As signaling messengers, PA is expected to be removed after its function, and the

transient increase of PA in plants supports this notion. The removal of PA can be

accomplished by several enzymes: (1) lipid phosphate phosphatase (LPP) and PA

hydrolase (PAH) that dephosphorylates PA to produce DAG; (2) PA kinase that

phosphorylates PA to form DAG pyrophosphate; (3) PA-selective A type phospho-

lipases that deacylate PA to produce lysoPA and free fatty acids (FFAs) (Fig. 1b). In

addition to attenuating PA function, these enzyme activities can also generate new

lipid messengers such as DAG, FFAs, DAG pyrophosphate, and lysoPA (Wang

et al. 2006).
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4 Mechanisms of PA Action as Cellular Mediators

Recent results have begun to shed light on how PA acts as a messenger in the cells.

One main mode of PA action is its direct interaction with proteins, and its unique

physicochemical properties distinguish PA from other membrane lipids in its ability

to interact with proteins. The PA–protein interaction may modulate the catalytic

activity of target proteins, tether proteins to the membrane, or promote the forma-

tion and/or stability of protein complexes. In addition, PA, as a hexagonal type II

lipid, can also alter membrane structure, which can then affect membrane–protein

interactions and membrane budding and fusion.

4.1 PA Interactions with Proteins

PA has been shown to bind a number of proteins (Table 1). Different approaches

have been used to identify and characterize PA–protein interactions, including

nitrocellulose filter binding (commonly referred to as lipid strips or fat-blotting)

(Zhang et al. 2004), liposomal binding (Guo et al. 2011), and PA immobilized to

beads or membranes followed by mass spectrometry (Manifava et al. 2001;

Testerink et al. 2004). In addition to the qualitative approaches, the PA interaction

has been quantitatively characterized using surface plasmon resonance (SPR),

isothermal titration calorimetry (ITC), and other approaches (Mishra et al. 2006;

Guo et al. 2011; Wang and Benning 2012; Kim et al. 2013). Many PA-interacting

proteins exhibit binding specificity to PA but not to other membrane phospholipid

classes such as PC, PE, phosphatidylglycerol (PG), phosphatidylinositol (PI), or

phosphatidylserine (PS). Different PA molecular species have been shown to differ

in their affinity or ability to bind different proteins (Guo et al. 2011).

The protein motifs that bind PA are not highly conserved. Some phox homology

(PX) domains also bind PA (Karathanassis et al. 2002), but consensus sequences for

binding specifically to PA have yet to be defined. In general, basic, positively

charged amino acids, such as arginine and lysine, are involved in the binding to

PA (Fig. 3a). For instance, the protein kinase Raf-1 that binds to PA requires a

35 amino acid motif (Rizzo et al. 2000). A similar PA binding motif is found in the

protein phosphatase 2C abscisic acid insensitive 1 (ABI1) and protein kinase

constitutive triple response 1 (CTR1) in plants (Zhang et al. 2004; Wang

et al. 2006; Testerink et al. 2007). The motif contains polybasic amino acid residues

followed by a stretch of hydrophobic amino acids, suggesting that a specific

structural fold, rather than a simple electrostatic interaction, is required for a

PA-effector protein interaction. An “electrostatic/hydrophobic switch” has been

suggested as a mechanism for PA interaction with some proteins, such as ABI1 and

Raf1. In this model, the PA–protein interaction is initiated by electrostatic attraction

followed by hydrophobic partitioning of the hydrophobic residues of the

PA-binding region to membranes (Wang et al. 2006).
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Table 1 PA binding proteins in plants

PA-binding

proteins

PA effect on

proteins Protein functions Reference

14-3-3 protein Inhibition Protein interaction, activation of

membrane H+-ATPase

Camoni

et al. (2012)

ABI1 Translocation Protein phosphatase 2 family, ABA

signaling

Zhang et al. (2004)

ACBP1 Binding Acyl-CoA-binding protein Du et al. (2013)

AGD7 Activation Arf GTPase activation protein Min et al. (2007)

AtCHC1/

AtCHC2

Binding Clathrin heavy chain, coated vesicle

formation

McLoughlin

et al. (2013)

AtPDK1 Activation Phospholipid-binding 3-phosphoi-

nositide-dependent protein kinase,

pathogen response

Anthony

et al. (2004)

GAPC1/GAPC2 Cleavage Cytosolic glycerolaldehyde dehydro-

genase in glycolysis

Kim et al. (2013),

McLoughlin

et al. (2013)

CdeT11-24 Binding The late embryogenesis abundant-like

protein

Petersen

et al. (2012)

CP Inhibition Heterodimeric capping protein,

F-actin binding and inhibition

Huang

et al. (2006)

CTR1 Inhibition Raf-like protein kinase Testerink

et al. (2007)

MAP65-1 Activation Microtubule-associated protein Zhang et al. (2012)

MGD1 Activation MGDG synthase Dubots

et al. (2010)

MPK6 Activation Mitogen-activated protein kinase

phosphorylates SOS1 in salt

response

Yu et al. (2010)

PEPC Inhibition Phosphoenolpyruvate carboxylase Testerink

et al. (2004)

PIPKIγ Activation PI4P-5-kinase produces PI(4,5)P2 Roach et al. (2012)

PP2AA1 Binding PP2A scaffolding subunit A1 regu-

lates PP2A-mediated PIN1

dephosphorylation

Gao et al. (2013)

RbohD/F Activation NADPH oxidases Zhang et al. (2009)

SnRK2.10/

SnRK2.4

Translocation The sucrose nonfermenting-1-related

protein kinases

McLoughlin

et al. (2012)

SPHK1/SPHK2 Activation Phytosphingosine kinase, ABA

signaling

Guo et al. (2011)

TaPEAMT1/

TaPEAMT2

Inhibition Methylation of phosphoethanolamine,

PC production

Jost et al. (2009)

TGD2 Binding PA transportation to chloroplast Awai et al. (2006)

TGD4 Binding Lipid trafficking Wang et al. (2012)

ZmCPK11 Activation, stimu-

late

transcription

Calcium-dependent protein kinase,

plant wounding response

Klimecka

et al. (2011)

76 X. Wang et al.



Recent studies of PA structure and behavior have led to the proposition of an

“electrostatic/hydrogen bond switch mechanism” for PA interaction with effector

proteins (Kooijman et al. 2007; Fig. 3a). In this model, a PA-binding protein first

binds to a membrane region with negative charges via electrostatic interactions.

Then, the protein swings to the bilayer until it encounters a protonated PA which is

�1 charged. A hydrogen bond will be formed between the side chain of the basic

amino acids of the protein and the phosphomonoester head group of PA, which

dissociates its remaining proton, switching the charge of PA from �1 to �2. This

interaction leads to stronger electrostatic attraction between PA and proteins

(Kooijman et al. 2007; Shin and Loewen 2011; Fig. 3a). Besides hydrogen bonding

with proteins, the deprotonation status of phosphomonoester head group of PA can

be induced by bivalent cations, such as Ca2+ or Mg2+ (Fig. 3a) (Kooijman

et al. 2007). The electrostatic/hydrogen bond switch mechanism may explain the

specificity of effector proteins for PA over other anionic membrane phospholipids,

such as PS, with a maximum charge of�1. Overall, the electrostatic/hydrogen bond

and availability of the hydrophobic area around the PA-binding region in a protein

Cylinder-shape 
phospholipids Cone-shape PA

Ca2+, Mg2+

La3+

PA effector

Membrane

Hydrophobic 
domain

Protein nega�ve curvature

a

b

Fig. 3 Proposed model for PA interaction with proteins and structural effect on membranes.

(a) Dual negative charges of PA due to loss of one or two protons. The negative one and two

charges are influenced by cellular pH and the presence of cations. The electrostatic and hydrogen

bonding switch facilitates PA interaction with basic amino acid residues on PA-effector proteins.

In comparison to PC, the cone-shaped PA has a smaller head group and is more stable in the

negative curvature. (b) PA-mediated alterations of membrane structures. The local distortion of

membrane structure promotes protein association with membranes (left) and lead to negative

membrane curvature (right), potentially involved in membrane budding and fusion in vesicular

trafficking. The red head molecules represent PA, whereas the blue head molecules are other

phospholipids
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may determine the specificity of PA-protein binding (Wang et al. 2006; Shin and

Loewen 2011).

The ability of PA to change its negative charge numbers has also been proposed as

a base for PA to act as a pH sensor in yeast cells. The charge number on PA’s head

group is different from any other phospholipid and can change under physiological

pH (Shin and Loewen 2011). Such changes may render PA itself “active” or

“inactive” under different environmental conditions. PA contains a

phosphomonoester head group and thus has a second pKa within the physiological

range (6.9–7.9; Kooijman et al. 2005). PA can be more or less deprotonated when the

intracellular pH (pHi) goes up or down, respectively. For example, Opi1p, a tran-

scriptional suppressor for phospholipid biosynthesis, displays a higher affinity with

deprotonated PA compared with protonated PA, and the binding is pH dependent

(Young et al. 2010). The lower pHi, caused by glucose starvation, alleviates

PA-Opi1p binding. The released Opi1p enters the nucleus where it suppresses the

expression of genes for phospholipid biosynthesis. Hence, PA acts as a pHi sensor

that connects glucose metabolism to membrane lipid biogenesis (Loewen 2012;

Young et al. 2010).

4.2 PA Tethering Proteins to the Membrane

One major effect of the PA–protein interaction is the tethering of proteins to the

membrane, thus modulating the protein’s intracellular location and protein–protein

association. Signal transduction, vesicular trafficking, and many other critical

cellular functions require targeting proteins to specific locations. The membrane

tethering by PA helps to direct proteins to a membrane and/or to a specific

membrane region. The cellular levels of PA also support the hypothesis that

membrane PA binds effector proteins. The basal level of PA in plant cells

(50–150 μM) (Zhang et al. 2004) is considerably above a phospholipid’s critical

micelle concentration in the sub-nanomolar range. Thus, the stimulus-induced

increase in PA should not affect the monomeric PA concentration because the

concentration of PA monomer in solution is constant when the level of PA is above

its critical micelle concentration. Therefore, the membrane is likely the primary site

for PA signaling and interaction with target proteins (Wang et al. 2006).

In the PA-ABI1 interaction in ABA signaling, the PA binding tethers ABI1 to

the plasma membrane and decreases its translocation to the nucleus (Zhang

et al. 2004). Under salt stress, PA binds a cytosolic glyceraldehyde dehydrogenase

and recruits it to the membrane (McLoughlin et al. 2013). In response to auxin, PA

stimulates the membrane accumulation of protein phosphatase 2A (PP2A) and

enhances the PP2A activity at the membrane (Gao et al. 2013). In Saccharomyces
cerevisiae, increased PA tethers the transcriptional repressor Opi1p to the endo-

plasmic reticulum, thus keeping it from functioning in the nucleus (Loewen

et al. 2004). The PA binding to Raf1 and sphingosine kinases regulates their specific

functions associated with protein interactions and membranes (Rizzo et al. 2000;
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Delon et al. 2004). PA binds to a cytoplasmic region of the integral membrane

protein NADPH oxidase to promote ROS production in plants (Zhang et al. 2009).

Thus, besides regulating the intracellular translocation of soluble proteins to the

membranes and protein assembly on the membrane, the PA tethering of proteins

can also modulate the membrane association of cytosolic regions of integral

membrane proteins.

4.3 PA Modulation of Enzymatic Activities

In addition to membrane tethering, PA–protein interactions modulate the catalytic

activity of the protein. PA may inhibit or stimulate the protein catalytic activity,

depending on the target protein. PA promotes the phytosphingosine kinase activity

by enhancing its binding to its substrate (Guo et al. 2011). PA also stimulates

NADPH oxidase activity, whereas it inhibits the activity of ABI1 phosphatase and

protein phosphatase 1 (PP1) (Jones et al. 2005). PP1 is involved in promoting blue

light-induced stomatal opening. In the ABA signaling cascade, ABI1 is a negative

effector, but NADPH oxidase and phytosphingosine kinase are positive effectors

(Zhang et al. 2004, 2009; Guo et al. 2011). Thus, the differential modulation of

enzyme activities by PA could be an important cellular mechanism for coordinated

regulation of a specific cellular process that involves a number of proteins.

PA-effector protein interaction has also been proposed to act as a coordinator in

promoting protein phosphorylation in specific cellular responses (Wang

et al. 2006).

4.4 PA Alteration of Membrane Structures

One of PA’s effects on protein interaction and cellular processes may result from its

structural effect on cellular membranes. PA, with its small polar head group and

two relatively bulky acyl tails, is a hexagonal type II, cone-shape anionic lipid

(Fig. 3a) (van den Brink-van der Laan et al. 2004; Kooijman et al. 2003). The cone

shape of PA can prevent tight packing with head groups of neighboring phospho-

lipids, resulting in a loosened structure around PA and exposure of the hydrophobic

zone to the effector proteins (Fig. 3b, left). Most PAs in Arabidopsis contain two

unsaturated acyl chains (Wang et al. 2006), which expand the hydrophobic region

in the planar bilayer compared with phospholipids containing two saturated chains.

Thus, the aggregation of cone-shaped PA in the bilayer confers a unique platform

that attracts proteins enriched with basic amino acid motifs and hydrophobic

domains (Fig. 3b, left) (Roth 2008). The hydrophobic region of proteins can insert

into the bilayer and bind to PA tightly. In addition, the accumulation of the cone-

shaped PA at a certain region in the lipid bilayer induces negative curvature, which

is usually found at the neck of a vesicle during the process of fusing to an acceptor
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or budding from a donor membrane (Fig. 3b, right) (Roth 2008). Thus, through its

structural effect, PA may affect membrane–protein interactions and membrane

budding and fusion (Fig. 3b).

5 PA Effects on Cellular and Metabolic Processes

The analyses of PA interaction with proteins have provided valuable insights into

the specific cellular processes (Table 1). PA binds to various proteins including

those involved in cytoskeletal organization, vesicular trafficking, regulatory cas-

cades such as transcriptional factors/regulators, protein kinases, and protein phos-

phatases, metabolic catalysis, and transport. Here we will highlight the role of PA in

cytoskeleton organization, vesicular trafficking, lipid transport, and metabolism.

5.1 Cytoskeletal Rearrangements

Manipulating PA levels in the cell has led to alterations of cytoskeletal networks in

plants. An increase in PA levels is generally associated with an increase in the

density of actin filament arrays, possibly via actin filament polymerization, while a

decrease in PA levels is associated with disassembly of actin filaments

(Li et al. 2012). PA binds to the heterodimeric capping protein (CP) and inhibits

the end-capping activity of CP (Huang et al. 2006). CP inhibits filament–filament

annealing and filament elongation, reducing actin cytoskeletal dynamics (Huang

et al. 2006; Pleskot et al. 2012). Thus, the effect of PA inhibition of CP is promotion

of actin reorganization (Li et al. 2012). CP has been proposed as a PA biosensor that

transduces cues from cell membranes into changes in actin cytoskeleton dynamics

(Li et al. 2012). In addition, PA enhances the binding of the microtubule-associated

protein, MAP65-1, to microtubules (Zhang et al. 2012). The PA-MAP65-1 binding

promotes microtubule polymerization and bundling. Thus, PA is involved in both

actin and microtubule cytoskeletal dynamics in plants. Proteomic studies identified

cytoskeletal proteins annexin and tubulin as PA-binding protein candidates, further

supporting the possible regulatory function of PA associated with cytoskeletons

(Testerink et al. 2004; Kim et al. 2013).

5.2 Vesicular Trafficking

PA in plants has also been implicated in vesicular trafficking. PA interacts with

AGD7, an ADP ribosylation factor (ARF) GTPase-activating protein (GAP) homo-

log in Arabidopsis, and promotes the hydrolysis of GTP bound to ARFs to GDP

(Min et al. 2007, 2013). ARF GAPs regulate ARFs by converting the active
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GTP-bound forms of these proteins into their inactive GDP-bound forms. ARF is

known to play important roles in vesicular trafficking in animal and plant cells. In

animal cells ARF binds to and activates PLD to produce PA at specific regions of a

given membrane (Liu et al. 2010). The increase in PA accelerates negative curva-

ture of the membrane (Roth 2008). PA recruits and activates proteins important for

vesicle formation to the appropriate site in the membrane. PA and its binding

partners facilitate vesicle formation in the vesicle budding and fusion processes

that are critical for endocytosis and exocytosis. In plants, whether ARF interacts

with and activates PLD is not yet determined. PLD and PA have been suggested to

regulate auxin polar transportation through the cycling of the auxin efflux carrier

PIN-FORMED2 (PIN2) (Li and Xue 2007).

5.3 Lipid Transport and Membrane Biogenesis

Fatty acids in plants are synthesized exclusively in the plastid and then exported to

the ER for the synthesis of glycerolipids. Some of the glycerolipids are transported

back to the plastid where they are used for the synthesis of galactolipids and

sulfolipids, the abundant and essential components of photosynthetic membranes

(Wang and Benning 2012). Recent studies indicate that lipids from the ER are

transported into the plastids in the form of PA (Wang et al. 2012). The PA

mediation of the interorganelle transport of lipids raises an intriguing question of

whether PA regulates lipid production and photosynthetic membrane biogenesis.

PA is a central intermediate in glycerolipid biosynthesis and a key cellular medi-

ator. PA and PG increase the activity of chloroplast monogalactosyldiacylglycerol

synthase (MGD1) that synthesizes MGDG (Dubots et al. 2010). In yeast, PA has

been documented to mediate the transcriptional regulation of phospholipid synthe-

sis. PA binds to the transcriptional repressor Opi1p, serving as part of a lipid sensor

complex in the ER (Young et al. 2010). The enriched PA in the ER keeps Opi1p out

of the nucleus, leading to the increase in the transcription of genes encoding

phospholipid-metabolizing enzymes. When the PA level at the ER membrane

decreases, Opi1p translocates into the nucleus, where it represses a transcriptional

activator complex and, consequently, represses the expression of genes for phos-

pholipid metabolism (Loewen et al. 2004; Young et al. 2010). The data suggest that

PA plays a key role in membrane lipid synthesis and biogenesis.

5.4 Modulating Cellular Metabolism

In addition to lipid metabolism, PA has been implicated in regulating central

carbohydrate metabolism. PA interacts with C4 phosphoenolpyruvate carboxylase

(PEPC) and cytosolic glyceraldehyde dehydrogenases (GAPC) (Monreal

et al. 2010; Kim et al. 2013; McLoughlin et al. 2013). PA inhibits the activity of
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C4 PEPC, which catalyzes carboxylation of phosphoenolpyruvate to oxaloacetate, a

reaction for the initial fixation of CO2 in photosynthesis in C4 plants. GAPC

catalyzes a glycolytic, NAD-dependent conversion of glyceraldhyde-3-Pi (G3P)

to 1,3-bisphosphoglycerate. Glycolysis breaks down glucose and provides a central

link to energy production and cellular metabolism, such as the synthesis of fatty

acids and amino acids. PA does not affect GAPC activity but promotes GAPC

cleavage (Kim et al. 2013). GAPC is found in the cytosol and nucleus, and its

movement to the nucleus is promoted by oxidative stress. In response to salt stress,

PA interacts with GAPC and recruits it to the membrane (McLoughlin et al. 2013).

In mammalian cells, GAPDH, besides being a metabolic enzyme, has many regu-

latory functions including gene transcription, DNA replication, nuclear tRNA

export, and DNA repair (Sirover 1999; Nicholls et al. 2012). Thus, PA interaction

with metabolic enzymes may function as a key modulator coordinating cellular

metabolism. In addition, the lipid–protein interactions may play a role in the

conversion of some of the “classic” metabolic enzymes into regulatory proteins.

6 PA Involvements in Hormonal and Physiological
Processes

Genetic manipulations of genes encoding enzymes for PA production and removal

have been particularly informative in understanding the physiological functions of

PA. The function of PLD, PLC, and NPC has been described elsewhere in the

volume. Here we describe briefly the role of PA in plant response to selected

hormones, drought, salinity, nitrogen availability, phosphate deficiency, oxidative

stress, and microbial interaction, as well as seed germination, pollen tube growth,

root growth, and root hair patterning (Fig. 4).

6.1 PA in ABA Signaling, Transpirational Water Loss,
and Seed Germination

Plant hormones play important roles in growth, development, and stress responses.

ABA is a stress hormone well documented for its effect on promoting stomatal

closure, and PA can mimic the effect of ABA on stomatal movement (Ritchie and

Gilroy 1998; Zhang et al. 2004; Mishra et al. 2006). PA interacts with and inhibits

the protein phosphatase 2C ABI1, a negative effector in ABA response (Zhang

et al. 2004). PA binds to NADPH oxidase to promote the production of the reactive

oxygen species such as H2O2 (Zhang et al. 2009). PA also promotes nitric oxide

(NO) production. NO and H2O2 are positive mediators in ABA responses (Yan

et al. 2007; Cho et al. 2009). PA binds to SPHKs and stimulates their activity to

produce phytosphingosine-phosphate and stimulate stomata closure (Guo
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et al. 2011, 2012b; Guo andWang 2012). In addition, PA inhibits blue light-induced

stomatal opening via inhibition of protein phosphatase 1 (Takemiya and Shimazaki

2010). Thus, PA closes stomata by promoting the closure of open stomata and also

inhibiting the opening of closed stomata.

Terrestrial plants lose most of their water via transpiration through open stomata.

The effect of PA on decreasing stomatal aperture plays an important role in

decreasing water loss. Suppression of enzymes PLDα1, PLDδ, or both and thus

PA production have been shown to increase transpirational water loss using whole

plants or detached leaves, whereas overexpression of PLDα1 decreased transpira-

tional water loss (Sang et al. 2001; Guo et al. 2012a, b; Hong et al. 2008). A recent

study using guard cell-specific expression of PLDα1 demonstrated decreased water

loss and increased canola growth and yield under drought (Lu et al. 2013).

Another well-documented effect of ABA is its suppression of seed germination.

PA can mimic the effects of ABA, including inhibition of α-amylase production in

aleurone cells and suppression of seed germination. Knockout mutation of

PA-producing PLDα1 and PLDδ renders seeds less sensitive to ABA inhibition

of seed germination (Uraji et al. 2012). However, mutation of PA-removing

Plant 
hormones

ABA

auxin
ethylene

cytokinin

ABI1

ABA Response

stomatal closure
seed germina�on inhibi�on

H2O2NO

SPHKsNADPH 
oxidase

Hyperosmo�c
stress

MPK6 14-3-3

Na+ channel 
SOS1 H+-ATPase

Nutrients

Phosphate 
depriva�on nitrogen

MGD1

DAG MGDG

PA

S6K

TOR

Ribosomal
Protein S6

PPA

?

?

P

PAPA PA

Fig. 4 The roles of PA in the various physiological processes. PA functions as a mediator in

response to different plant hormones. Particularly in ABA response, PA interacts with ABI1,

NADPH oxidase, and SPHKs to regulate ABA effectors. Under the hyperosmotic stress, PA binds

to and stimulates MPK6 and 14-3-3 proteins to regulate Na+ channel SOS1 and plasma membrane

H+-ATPase, respectively. When phosphate is deficient, PA production is induced as the precursor

for DAG synthesis. Also, PA binds to and promotes MGD1 to enhance MGDG production. In the

case of nitrogen supply, PA stimulates the nitrogen uptake; however, the underlying mechanism is

not clear. The TOR-S6K pathway could be a candidate as the pathway in animals has the similar

functions
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enzymes lipid phosphate phosphatases (LPP2), which catalyze the conversion of

PA to DAG, renders seeds hypersensitive to ABA (Katagiri et al. 2005). The ABA-
insensitive 4 (ABI4), which encodes an AP2-type transcription factor, is epistatic to
LPP2, suggesting that LPP2 and PA removal act as negative regulators upstream of

ABI4 in ABA signaling during germination. On the other hand, PA and also PC

have been found to interact with ACBP1, one of the six acyl-CoA-binding proteins

(ACBPs) (Du et al. 2013). In addition, ACBP1 interacts directly with PLDα1.
Arabidopsis ACBP1-over-expressors showed increased sensitivity to ABA during

germination and seedling development, whereas the acbp1 mutant showed

decreased ABA sensitivity during these processes. Similarly, Arabidopsis npc4
displayed reduced sensitivity to ABA and this was fully restored by exogenous

PA application, implying the involvement of PLC/DGK pathway in ABA signaling

(Peters et al. 2010). These results indicate that the production and removal of PA

play important roles in regulating seed germination and seedling development.

6.2 PA in Ethylene and Auxin Signaling

Ethylene promotes senescence and an early study showed that suppression of

PLDα1 expression delayed ethylene- and also ABA-promoted senescence in

detached leaves, suggesting that PLDα1 and its product PA mediate leaf’s response

to ABA and ethylene (Fan et al. 1997). PA has been shown to bind to and repress

constitutive triple response 1 (CTR1), a protein kinase that negatively regulates

plant responses to ethylene (Testerink et al. 2007). It has been proposed that stress-

induced PA formation may switch on downstream ethylene responses via interac-

tion with CTR1 (Testerink et al. 2008).

PA and its producing enzyme PLDζ2 have been reported to modulate the cycling

of the auxin efflux carrier PIN-FORMED2 (PIN2) and auxin polar movement

(Li and Xue 2007). A recent study showed that PA binds to the scaffolding A1

subunit of PP2A, recruits it to the membrane, enhances PP2A-mediated PIN1

dephosphorylation, and regulates the polar localization of PIN1 protein in

Arabidopsis (Gao et al. 2013).

6.3 Plant Response to High Salinity

Increases in PA have been reported under salt stresses in different plants using

different approaches. Genetic ablation of several PA-producing enzymes, including

PLDα1, PLDα3, PLDδ, or PLDε, compromises Arabidopsis seedling growth under
high salinity (Bargmann et al. 2009; Zhang et al. 2012), while plants overexpressing

PLDα3 or PLDε show salt tolerance (Hong et al. 2008, 2010). High salinity results

in hyperosmotic stress and ionic toxicity. PA has been reported to modulate the

activity of ion channels/transporters on the membranes that remove excess ions
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such as Na+. PA binds to and stimulates the MAP kinase MPK6, which regulates the

Na+ channel SOS1 (Yu et al. 2010). Recently, it is reported that PA binds to the

sucrose non-fermenting-1-related protein kinase 2 (SnRK2), SnRK2.4 and

SnRK2.10 (McLoughlin et al. 2012). Binding of PA to 14-3-3 proteins hampers

their ability to activate the plant plasma membrane H+-ATPase (Camoni

et al. 2012). The lysine-rich motif of the intrinsically disordered stress protein

CDeT11-24 from Craterostigma plantagineum is responsible for PA binding and

protection of enzymes from damaging effects caused by desiccation (Peterson

et al. 2012).

6.4 Plant Response to Nutrient Availability

Phosphate (Pi) is an essential macronutrient for plants, and membrane phospho-

lipids contain approximately one quarter of total phosphate in the cell. Under

phosphate deprivation, a portion of membrane phospholipids is hydrolyzed whereas

the relative content of galactolipids and sulfolipids is increased. PA has both

metabolic and signaling roles in plant response to Pi deficiency. The activation of

PLDs, particularly PLDζ2, under Pi deprivation hydrolyzes PC to PA, which can be

further dephosphorylated to provide DAG for MGDG synthesis (Li et al. 2006).

Meanwhile, PA binds to and stimulates MGD1 activity for the synthesis of MGDG

and subsequently DGDG. On the other hand, PA inhibits phosphoethanolamine

N-methyltransferases that provide phosphocholine for PC production (Jost

et al. 2009). These effects of PA can contribute to the decrease in PC and increase

in DGDG under Pi limitation.

PA is involved in plant response to nitrogen availability (Hong et al. 2009). The

mechanism by which PA enhances plants’ response to nitrogen is unclear but may

share some similarities with mammalian mTOR, a serine/threonine kinase that

integrates a wide range of signals such as nutrient, growth factors, and mitogen

stimuli (Foster 2007). PA competes with rapamycin to bind the FKBP12-rapamycin

binding (FRB) domain of mTOR (Fang et al. 2001). The PA binding stabilizes

mTOR complex formation and also activates the mTOR kinase activity (Foster

2009). Plants have the TOR kinase but the components in the TOR signaling

complex are not well defined. In addition, the inhibition of plant TOR requires

much higher concentrations of rapamycin (Xiong and Sheen 2012). It would be of

interest to determine if PA modulates TOR function in regulating plant response to

nutrient availability.

6.5 Wounding and Freezing Responses

PA levels were found to be upregulated rapidly after plant wounding (Ryu and

Wang 1996). A recent study in maize identifies that PA binds and regulates a
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wound-inducible, calcium-dependent protein kinase (CPDK), ZmCPK11

(Klimecka et al. 2011). PA increases ZmCPK11 activity and also upregulates the

transcript level of ZmCPK11.

During cold acclimation, both PLD and PLC/DGK are involved in the PA

production (Ruelland et al. 2002; Welti et al. 2002), but the function of PA

accumulation in the process is unknown. The PA increase in cold acclimation

was modest when comparing to freezing under which large increases in PA

occurred (Welti et al. 2002; Li et al. 2008). PLDα1 contributed most PC hydrolysis

to PA during freezing, and the increased PA to PC ratio has been proposed to result

in structural change and the potential disruption of the plasma membrane (Welti

et al. 2002).

6.6 Plant–Microbial Interactions

When exposed to microbial pathogens, rapid PA production occurs in plants. The

source of PA may come from the reaction of PLD and/or PLC/DGK. In rice,

PLDα1-like PLDs distribute differently on the cell membrane in resistant and

sensitive interactions with bacteria pathogen Xanthomonas oryzae (Young

et al. 1996). PLC/DGK derived PA accumulates in tomato during C. fulvum
invasion (de Jong et al. 2004). Suppression of LePLDβ1 resulted in a strong

decrease in xylanase-induced PLD activity and a disproportionate oxidative burst

(Bargmann et al. 2009). Infection of PLDβ1-deficient plants by Pseudomonas
syringae pv. DC3000 resulted in less bacterial growth than in WT plants, and the

effect was more profound in virulent Pst DC3000 than avirulent Pst DC3000

(avrRpt2) infection. The PLDβ1-deficient plants had lower levels of PA, JA, and

JA-related defense gene expression after B. cinerea inoculation. PLDβ1 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.
PLDβ1 is responsible for the majority of increased PA in response to necrotrophic

B. cinerea and virulent Pst DC3000 infection but contributes less to the avirulent

Pst DC3000 (avrRpt2)-induced PA production (Zhao et al. 2013).

6.7 Pollen Tube and Root Hair Growth

PA also regulates cell expansion in root hairs and pollen tubes (Anthony et al. 2004;

Hong et al. 2009; Pleskot et al. 2013). PA has been shown to interact with

phosphoinositide-dependent protein kinase 1 (PDK1), which activates AGC2-1

kinase to promote root hair growth in Arabidopsis (Anthony et al. 2004). It has

been reported that PA promotes pollen tube elongation and germination partially by

modulating microtubule integrity in tobacco (Potocky et al. 2003). Arabidopsis

86 X. Wang et al.



pollen tube also requires PA for the maintenance of Ca2+ gradient and vesicle

secretion, both essential for pollen tube growth and reorientation (Monteiro

et al. 2005). Taken together, PA, as noted, plays a crucial role in promoting

cytoskeletal rearrangements and vesicle trafficking, thus affecting cell growth and

changing cellular architecture.

7 Perspectives

PA is a new class of cellular mediators involved in a wide range of metabolic,

cellular, and physiological processes in plants. Genetic manipulations of the genes

encoding PA-producing and -removing enzymes have been highly informative,

providing direct evidence for cellular and physiological functions of

PA. However, multiple PLDs, PLCs, and DGKs, as well as other enzymes, may

contribute to the production of signaling PA, which makes it challenging to define

the role of PA in the specific processes of growth, development, and stress

responses. Inhibitors specific to mammalian PLD1 and PLD2 have been identified

(O’Reilly et al. 2013), but their efficacy on plant PLDs is yet to be determined.

Direct testing of the functions of PA in the cell is challenging because PA is water

insoluble and can be metabolized rapidly. Importantly, the location and timing of

PA production are critical to the PA function. Analyses of PA-interacting proteins

have been informative to PA’s mode of actions. A systematic characterization of

the PA-interactome will provide valuable insights into the processes that PA is

involved in and the mechanisms by which PA functions in the cell. Genes in PA

production have been manipulated to explore the application of PA alteration for

crop improvement. Further advances in the study of PA as a growth mediator will

enhance current understanding of growth and stress signaling, opening more ave-

nues for crop improvement.
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Muszyńska G (2011) Regulation of wound-responsive calcium-dependent protein kinase

from maize (ZmCPK11) by phosphatidic acid. Acta Biochim Pol 58:589–595

Kolesnikov YS, Nokhrina KP, Kretynin SV, Volotovski ID, Martinec J, Romanov GA, Kravets VS

(2012) Molecular structure of phospholipase D and regulatory mechanisms of its activity in

plant and animal cells. Biochemistry (Mosc) 77:1–14

Kooijman EE, Chupin V, de Kruijff B, Burger KN (2003) Modulation of membrane curvature by

phosphatidic acid and lysophosphatidic acid. Traffic 4:162–174

Kooijman EE, Carter KM, Van Laar EG, Chupin V, Burger KN, de Kruijff B (2005) What makes

the bioactive lipids phosphatidic acid and lysophosphatidic acid so special? Biochemistry

44:17007–17015

Kooijman EE, Tieleman DP, Testerink C, Munnik T, Rijkers DT, Burger KN, de Kruijff B (2007)

An electrostatic/hydrogen bond switch as the basis for the specific interaction of phosphatidic

acid with proteins. J Biol Chem 282:11356–11364

Li G, Xue HW (2007) Arabidopsis PLDζ2 regulates vesicle trafficking and is required for auxin

response. Plant Cell 19:281–295

Li M, Qin C, Welti R, Wang X (2006) Double knockouts of phospholipases Dζ1 and Dζ2 in

Arabidopsis affect root elongation during phosphate-limited growth but do not affect root hair

patterning. Plant Physiol 140:761–770

Li W, Wang R, Li M, Li L, Wang C, Welti R, Wang X (2008) Differential degradation of

extraplastidic and plastidic lipids during freezing and post-freezing recovery in Arabidopsis
thaliana. J Biol Chem 283:461–468

Li M, Hong Y, Wang X (2009) Phospholipase D- and phosphatidic acid-mediated signaling in

plants. Biochim Biophys Acta 1791:927–935

Li J, Henty-Ridilla JL, Huang S, Wang X, Blanchoin L, Staiger CJ (2012) Capping protein

modulates the dynamic behavior of actin filaments in response to phosphatidic acid in

Arabidopsis. Plant Cell 24:3742–3754

Phosphatidic Acid as Lipid Messenger and Growth Regulators in Plants 89



Liu HY, Lee N, Tsai TY, Ho SY (2010) Zebrafish fat-free, a novel Arf effector, regulates

phospholipase D to mediate lipid and glucose metabolism. Biochim Biophys Acta

1801:1330–1340

Liu Y, Su Y, Wang X (2013) Phosphatidic acid-mediated signaling. Adv Exp Med Biol

991:159–176

Loewen CJ (2012) Lipids as conductors in the orchestra of life. F1000 Biol Rep 4:4

Loewen CJ, Gaspar ML, Jesch SA, Delon C, Ktistakis NT, Henry SA, Levine TP (2004)

Phospholipid metabolism regulated by a transcription factor sensing phosphatidic acid. Sci-

ence 304:1644–1647

Lu S, Bahn SC, Qu G, Qin H, Hong Y, Xu Q, Zhou Y, Hong Y, Wang X (2013) Increased

expression of phospholipase Dα1 in guard cells decreases water loss with improved seed

production under drought in Brassica napus. Plant Biotechnol J 11:380–389
Manifava M, Thuring JW, Lim ZY, Packman L, Holmes AB, Ktistakis NT (2001) Differential

binding of traffic-related proteins to phosphatidic acid- or phosphatidylinositol (4,5)-

bisphosphate-coupled affinity reagents. J Biol Chem 276:8987–8994

McLoughlin F, Galvan-Ampudia CS, Julkowska MM, Caarls L, van der Does D, Laurière C,

Munnik T, Haring MA, Testerink C (2012) The Snf1-related protein kinases SnRK2.4 and

SnRK2.10 are involved in maintenance of root system architecture during salt stress. Plant J

72:436–449

McLoughlin F, Arisz SA, Dekker HL, Kramer G, de Koster CG, Haring MA, Munnik T, Testerink

C (2013) Identification of novel candidate phosphatidic acid-binding proteins involved in the

salt-stress response of Arabidopsis thaliana roots. Biochem J 450:573–581

Min MK, Kim SJ, Miao Y, Shin J, Jiang L, Hwang I (2007) Overexpression of Arabidopsis AGD7
causes relocation of Golgi-localized proteins to the endoplasmic reticulum and inhibits protein

trafficking in plant cells. Plant Physiol 143:1601–1614

Min MK, Jang M, Lee M, Lee J, Song K, Lee Y, Choi KY, Robinson DG, Hwang I (2013)

Recruitment of Arf1-GDP to Golgi by Glo3p-type ArfGAPs is crucial for golgi maintenance

and plant growth. Plant Physiol 161:676–691

Mishra G, Zhang W, Deng F, Zhao J, Wang X (2006) A bifurcating pathway directs abscisic acid

effects on stomatal closure and opening in Arabidopsis. Science 312:264–266
Monreal JA, McLoughlin F, Echevarrı́a C, Garcı́a-Mauriño S, Testerink C (2010) Phosphoenol-

pyruvate carboxylase from C4 leaves is selectively targeted for inhibition by anionic phos-

pholipids. Plant Physiol 152:634–638

Monteiro D, Liu Q, Lisboa S, Scherer GEF, Quader H, Malho R (2005) Phosphoinositides and

phosphatidic acid regulate pollen tube growth and reorientation through modulation of [Ca2+]c
and membrane secretion. J Exp Bot 56:1665–1674

Munnik T, Nielsen E (2011) Green light for polyphosphoinositide signals in plants. Curr Opin

Plant Biol 14:489–497

Nicholls C, Li H, Liu JP (2012) GAPDH: a common enzyme with uncommon functions. Clin Exp

Pharmacol Physiol 39:674–679

O’Reilly MC, Scott SA, Brown KA, Oguin TH 3rd, Thomas PG, Daniels JS, Morrison R,

Brown HA, Lindsley CW (2013) Development of dual PLD1/2 and PLD2 selective inhibitors

from a common 1,3,8-Triazaspiro[4.5]decane Core: discovery of Ml298 and Ml299 that

decrease invasive migration in U87-MG glioblastoma cells. J Med Chem 56:2695–2699

Peng X, Frohman MA (2012) Mammalian phospholipase D physiological and pathological roles.

Acta Physiol (Oxf) 204:219–226

Peters C, Li M, Narasimhan R, Roth M, Welti R, Wang X (2010) Nonspecific phospholipase C

NPC4 promotes response to abscisic acid and tolerance to hyperosmotic stress in Arabidopsis.

Plant Cell 22:2642–2659

Petersen J, Eriksson SK, Harryson P, Pierog S, Colby T, Bartels D, Röhrig H (2012) The lysine-
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inhibition of actin-capping protein by interactions with phosphatidic acid and phosphatidy-

linositol (4,5)-bisphosphate. PLoS Comput Biol 8(11):e1002765
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pPLA: Patatin-Related Phospholipase As
with Multiple Biological Functions

Maoyin Li and Xuemin Wang

Abstract The release of fatty acids from membranous and storage lipids has been

implicated in a variety of cellular functions, including carbon partitioning, cell

elongation, defense response, seedling establishment, and plant growth. Patatin-

related proteins are the major enzymes that catalyze the release of fatty acids and

are present in various organisms, including plants and mammals. The Arabidopsis
genome has 13 patatin-like genes encoding proteins including three groups of

patatin-related phospholipases, pPLAI, pPLAII (α,β,γ,δ,ε), and pPLAIII (α,β,γ,δ).
The pPLAI, pPLAIIs, and pPLAIIIs possess phospholipase and galactolipase activ-

ities, while pPLAIIIs have an additional acyl-CoA thioesterase activity. The fourth

group of patatin-related proteins possesses triacylglycerol lipase activity and

includes SDP1, SDP1-L, and ATGL-L. Phenotypic analyses of Arabidopsis defi-
cient in and overexpressing specific patatin-related genes have revealed their

important roles in stress responses, plant development, and lipid homeostasis.

This chapter aims to summarize current knowledge of patatin-related proteins and

document their emerging importance in plant growth and lipid metabolism.

Keywords Lipid metabolism • Patatin-related protein • Phospholipase A • Plant

growth • Stress response

1 Introduction

Lipid acyl hydrolases are diverse enzymes that hydrolyze the ester or amide bonds

of fatty acids (FA) in lipids. These include triacylglycerol lipases, phospholipases,

galactolipases, ceraminidases, cholesterol ester hydrolases, and retinol ester
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hydrolases. The function of these enzymes is diverse, including the generation of

lipid messengers, remodeling of biological membranes, lipid degradation, and

regulation of energy homeostasis. Patatin-related phospholipase A (pPLA) is a

major family of lipid acyl hydrolases and plays important roles in lipid metabolism,

signal transduction, cell growth, and plant response to environmental stresses. The

genetic manipulation of various pPLAs has shed light on their metabolic, cellular,

and stress responsive functions.

During the last decade, much knowledge has been gained regarding the bio-

chemical properties and biological functions of plant patatin-related enzymes, and

several reviews have highlighted their importance in signal transduction (Ryu 2004;

Matos and Pham-Thi 2009; Scherer et al. 2010, 2012), plant immunity

(Grienenberger et al. 2010; described in chapter “Phospholipase A in Plant Immu-

nity”), and seedling growth (Quettier and Eastmond 2009). This chapter aims to

summarize recent advances in the understanding of the biochemical properties and

the physiological significance of patatin-related enzymes in lipid turnover, cellulose

production, drought response, and plant growth.

2 pPLA Classification and Subcellular Localization

The acronym pPLA was recently introduced to designate patatin-related proteins in

Arabidopsis (Scherer et al. 2010). The eponym of this protein family, potato patatin,

possesses an evolutionarily conserved esterase motif GxSxG (Andrews et al. 1988),

but variations occur in some members with demonstrated enzymatic activity

(Li et al. 2011). Patatin in potato tubers is localized in vacuoles, but pPLAs are

associated with different subcellular fractions.

2.1 Subclasses of Patatin-Related Proteins

Thirteen patatin-related genes have been identified in the Arabidopsis genome

database (Fig. 1; Eastmond 2006; Scherer et al. 2010; Kelly et al. 2011). Based

on their gene structure, deduced protein sequences, and enzymatic properties, they

are divided into pPLAI, pPLAII (α,β,γ,δ,ε), and pPLAIII (α,β,γ,δ) (Scherer

et al. 2010). The fourth subclass includes SDP1, SDP1-L, and adipose triglyceride

lipase-like (ATGL-L; Eastmond 2006). pPLAI is the only member that contains a

C-terminal leucine-rice repeat domain and an N-terminal ankyrin-like domain that

are involved in protein–protein interactions. Based on protein sequence analysis,

pPLAI is more closely related to the human patatin-like phospholipase domain

containing proteins (PNPLA6–9, calcium-independent iPLAs) (Fig. 1). The

pPLAIIs have five to six introns while pPLAIIIs have only one intron (Scherer

et al. 2010). pPLAIIIs share less overall similarity to patatin (Holk et al. 2002; La

Camera et al. 2005; Yang et al. 2007; Scherer et al. 2010). They possess a

noncanonical esterase motif GxGxG instead of GxSxG in other family members
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(Scherer et al. 2010; Li et al. 2011). The fourth subclass members have

triacylglycerol lipase activity that other family members do not have (Eastmond

2006; Kelly et al. 2011). This group is more closely related to human PNPLA1–5

based on protein sequences analysis (Fig. 1).

Besides Arabidopsis, function of patatin-related genes has been described in

other organisms, such as cowpea (Matos et al. 2001), tobacco (Dhondt et al. 2002),

rubber tree (Jekel et al. 2003), cucumber (Rudolph et al. 2011), oncidium (Lin

et al. 2011), rice (Singh et al. 2012), and mammals (Kienesberger et al. 2009).

Sixteen pPLAs have been identified from rice genome (Singh et al. 2012). They are

classified into three groups as one OspPLAI, nine OspPLAII, and six OspPLAIII.
Nine patatin-related proteins, designated PNPLA1–9, have been identified in the

human genome which possess acyl hydrolase activities with diverse substrates,

including triacylglycerols, phospholipids, and retinol esters (Wilson et al. 2006;

Kienesberger et al. 2009; Moon et al. 2012). Since some PNPLAs were originally

discovered to have Ca2+-independent phospholipase A2 activity, they are referred to
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Fig. 1 Phylogenetic relationship and structural comparison of plant and human patatin proteins.

The plant patatin proteins, pPLAs, are highlighted under blue background, including 13 proteins in
Arabidopsis, one in rice, and one in oncidium flower. PNPLA1-9 refer to nine human patatin-

related proteins and are highlighted under pink background. The patatin domain in the full-length

proteins is shown as green box. The red vertical line indicates the canonical esterase motif GxSxG.

The dark vertical line indicates the noncanonical esterase motif GxGxG which is specific for

pPLAIIIs. The number on the right denotes the predicted protein length in amino acids. Multiple

sequence alignment was done with MUSCLE, and corresponding tree was generated in

MEGA5.05
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as iPLA2 as opposed to the cytosolic, Ca2+-dependent cPLA2 and secreted, Ca2+-

dependent sPLA2 (Six and Dennis 2000; Schaloske and Dennis 2006).

2.2 Subcellular Localization

Using transiently produced and green fluorescence protein (GFP) fused pPLAs in

tobacco leaf cells, pPLAI-GFP was found in the cytosol and also to be associated

with chloroplasts, while pPLAIIα-GFP, pPLAIIγ-GFP, and pPLAIIε-GFP were

potentially associated with the plasma membrane or endoplasmic reticulum (Holk

et al. 2002). The plasma membrane location of pPLAIIα-GFP has been further

proved in Arabidopsis leaf cells (La Camera et al. 2005). SDP1-GFP fusion protein

associates with the oil body surface in Arabidopsis seedlings (Eastmond 2006).

The majority of pPLAIIIβ-GFP protein is associated with the plasma membrane

as observed in epidermal cells of Arabidopsis leaves and roots (Li et al. 2011).

When total proteins from Arabidopsis leaf were subcellularly fractionated, approx-

imately 80 % of pPLAIIIβ-GFP was localized on the plasma membrane with the

remainder on intracellular membranes (Li et al. 2011). OSAG78 in Oncidium is a

patatin-related protein and is evolutionally close to pPLAIIIδ (Lin et al. 2011).

OSAG78-GFP associates with the plasma membrane in onion epidermal cells and

Arabidopsis root epidermal cells; it also associates with the chloroplast membrane

in Arabidopsis leaf guard cells (Lin et al. 2011). Rice OspPLAIIIδ-GFP protein

associates with the plasma membrane in onion epidermal cells (Singh et al. 2012).

3 Enzymatic Properties of Patatin-Related Proteins

When they are assayed in vitro, patatin-related proteins general possess acyl

hydrolase activity toward a broad range of substrates, such as phospholipids and

galactolipids, but they display differences in lipid substrate selectivity. Moreover,

the lipid substrates in vivo for these enzymes are difficult to determine and mostly

unknown.

3.1 Enzyme Activities of pPLAI, pPLAIIs, and pPLAIIIs

A pPLA in cowpea, VuPAT1, is specifically active with galactolipids and

sulfolipids but not with phospholipids (Matos et al. 2001). pPLAI and pPLAIIs

use phospholipids and galactolipids as substrates (Holk et al. 2002; La Camera

et al. 2005; Yang et al. 2007, 2012; Rietz et al. 2010). pPLAI exhibits much higher

galactolipase activity versus phospholipase activity and preferentially hydrolyzes

oxidized galactolipids over nonoxidized ones (Yang et al. 2007). pPLAIIγ, δ, and ε
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display higher galactolipase activity than phospholipase (Rietz et al. 2010).

pPLAIIδ and pPLAIIε can be phosphorylated by Ca2+-dependent protein kinases

in vitro and the phosphorylated proteins have enhanced activity toward phosphati-

dylcholine (PC) but not phosphatidylglycerol (PG; Rietz et al. 2010), implying a

phosphorylation-regulated substrate selectivity in vivo.

pPLAIIIs have the noncanonical esterase motif GxGxG, and their enzyme

activity was not demonstrated until the recent characterization of Arabidopsis
pPLAIIIβ (Li et al. 2011). pPLAIIIs hydrolyze phospholipids and galactolipids.

Recombinant pPLAIIIβ purified from E. coli and Arabidopsis plants hydrolyzes

phospholipids and galactolipids. In addition, it hydrolyzes acyl-CoAs

(Li et al. 2011). These activities are also shown with pPLAIIIδ (Li et al. 2013).

pPLAIIIβ releases more fatty acids from the sn-2 than sn-1 position in PC hydro-

lysis (Li et al. 2011). Knockout of pPLAIIIβ in Arabidopsis results in a 20 %

reduction of the total free fatty acids in leaves (Li et al. 2011). The oncidium pPLA,

OSAG78, is closely related to pPLAIIIδ and has acyl-hydrolyzing activity as shown
by an artificial substrate p-nitrophenyl palmitate (pNPP) (Lin et al. 2011). The level

of free 18:2 and 18:3 fatty acids in 35S::OSAG78-GFP overexpressed plants is

twofold higher than that of wild-type Arabidopsis (Lin et al. 2011).

The substrate uses of pPLAI, pPLAII, and pPLAIII are distinguishable in vitro.

pPLAI hydrolyzes monogalactosyldiacylglycerol (MGDG) at levels fourfold

higher than PG (Yang et al. 2007), whereas pPLAIIIβ hydrolyzes PG fourfold

greater than MGDG (Li et al. 2011). pPLAIIγ,δ, and ε have similar activities on

both substrates (Rietz et al. 2010). The specific activity of pPLAIIα is much higher

than that of pPLAIIIβ (Yang et al. 2007; Li et al. 2011). These differences suggest

that individual pPLAs may selectively hydrolyze different classes of membrane

lipids. It should be noted that substrate presentation affects greatly the lipid uses of

lipolytic enzymes in vitro and that the substrate selectivity of these enzymes in
planta remains to be determined. None of the pPLAI, IIs, and IIIs examined so far

possesses triacylglycerol lipase activity.

3.2 Enzyme Activities of Group 4 Patatin-Related Proteins

The group 4 patatin-related proteins possess triacylglycerol (TAG) lipase activities.

In a mutant screening for sucrose-dependent germination, sugar-dependent 1 (sdp1)
was identified as an Arabidopsis mutant with retarded postgerminative growth

(Eastmond 2006). SDP1 has a patatin domain and exhibits a strong specificity

toward TAG and a weak activity toward diacylglycerols (DAG), but no activity

toward monoacylglycerols (MAG), phospholipids, galactolipids, or cholesterol

esters (Eastmond 2006). Based on homology with SDP1, sugar-dependent 1-like
(SDP1-L) was cloned from Arabidopsis (Eastmond 2006; Kelly et al. 2011). SDP1-

L displays higher activity toward TAG than DAG but no activity on MAG (Kelly

et al. 2011). The TAG preference of SDP1 and SDP1-L resembles that of human

adipose triacylglycerol lipase (ATGL, PNPLA2). Lipase activity of SDP1 and
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Table 1 Distinct biochemical properties of patatin-related proteins

pPLAI (AtPLAI) Phospholipase; galactolipase (Yang et al. 2007)

pPLAIIα (AtPLAIIA) Phospholipase; galactolipase (La Camera et al. 2005;

Matos et al. 2008; Yang et al. 2012)

pPLAIIε (AtPLAIVA) Phospholipase; calcium dependent and inhibited by

BEL (Holk et al. 2002)

pPLAIIγ (AtPLAIVC); pPLAIIδ
(AtPLAIVB); pPLAIIε (AtPLAIVA)

More galactolipase activity over phospholipase (Rietz

et al. 2010)

pPLAIIβ (AtPLAV)

VuPAT1 (Cowpea) Galactolipase; sulfolipase; but not phospholipase;

evolutionally closed to pPLAII (Matos et al. 2001)

pPLAIIIβ (AtPLAIIIA) Phospholipase; galactolipase; acyl-CoAs thioesterase

(Li et al. 2011)

pPLAIIIδ (pPLAIIIB) Phospholipase; acyl-CoAs thioesterase (Li et al. 2013)

pPLAIIIα (AtPLAIIB); pPLAIIIγ
(AtPLAIVD)

OSAG78 (Oncidium) Lipase activity as assayed by pNPP; evolutionally

closed to pPLAIIIs (Lin et al. 2011)

OspPLAIIIδ (DEP3, Rice)

SDP1 Triacylglycerol lipase; inhibited by BEL (Eastmond

2006)

SDP1-like Triacylglycerol lipase (Kelly et al. 2011)

ATGL-like

Patatin (Potato) Phospholipase; galactolipase; transacetylase (Andrews

et al. 1988)

NtPAT (Tobacco) Phospholipase (Dhondt et al. 2002)

CaPLA1 (Pepper)

CsPAT (Cucumber) Phospholipase (Rudolph et al. 2011)

PNPLA1

PNPLA2 (iPLA2ζ; PLA2GVIE) Acylglycerol transacylase; triacylglycerol lipase;

transacetylase; inhibited by BEL (Jenkins

et al. 2004)

PNPLA3 (iPLA2ε; PLA2GVID) Acylglycerol transacylase; triacylglycerol lipase;

transacetylase; inhibited by BEL (Jenkins

et al. 2004)

PNPLA4 (iPLA2η; GS2; PLA2GVIF) Acylglycerol transacylase; triacylglycerol lipase;

transacetylase; inhibited by BEL (Jenkins

et al. 2004)

PNPLA5 (GS2-like)

PNPLA6 (iPLA2δ; NTE; PLA2GVIC) Neuropathy target esterase; phospholipase;

lysophospholipase (van Tienhoven et al. 2002)

PNPLA7 (NTE-like) Lysophospholipase; but not phospholipase and

triacylglycerol lipase (Kienesberger et al. 2008)

PNPLA8 (iPLA2γ; PLA2GVIB) Lysophospholipase; phospholipase; inhibited by BEL

(Yan et al. 2005; Moon et al. 2012)

PNPLA9 (iPLA2β; PLA2GVIA;

PLA2G6)

Phospholipase; acyl-CoA thioesterase; inhibited by

BEL (Jenkins et al. 2006)

BEL (E)-6-(bromomethylene)-3-(1-naphthalenyl)-2H-tetrahydropyran-2-one, NTE Neuropathy

target esterase, GS2 gene sequence 2, pNPP p-nitrophenyl palmitate
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PNPLA2 can be inhibited by the mechanistic inhibitor bromoenol lactone (BEL, or
HELSS), implying a conserved catalytic mechanism among them (Table 1). Based

on sequence homology to ATGL, an ATGL-like protein was deduced in

Arabidopsis (Eastmond 2006), but its enzyme activity remains unknown.

3.3 Enzyme Activities of Human Patatin-Related Protein
PNPLAs

Since mammalian PNPLAs are extensively studied and are evolutionarily close to

plant pPLAs, some recent progresses on PNPLA are highlighted here to shed some

light onto the enzymatic properties and function of plant patatin-related proteins

(Fig. 1; Table 1). Like pPLAs, PNPLA contain a patatin domain and a conserved

lipase motif GxSxG (Kienesberger et al. 2009). Human patatin-related proteins,

PNPLA1-9, have diverse lipolytic activities and important biological functions

(Cedars et al. 2009; Kienesberger et al. 2009; Cohen et al. 2011). PNPLA2,

3, and 4 possess activities of TAG lipase and acylglycerol transacylase and are

sensitive to BEL inhibition (Jenkins et al. 2004). PNPLA2 is the principal enzyme

for fat cell lipolysis, and its polymorphisms are associated with increased risk for

type 2 diabetes (Schoenborn et al. 2006). PNPLA6, 7, 8, and 9 display phospholi-

pase and/or lysophospholipase activity (van Tienhoven et al. 2002; Yan et al. 2005;

Kienesberger et al. 2008; Moon et al. 2012). PNPLA9 also has acyl-CoA

thioesterase activity (Jenkins et al. 2006). Male mice deficient in PNPLA9 produce

spermatozoa with impaired motility and have greatly reduced fertility (Bao

et al. 2004). Enzyme activity remains unknown for PNPLA1.

The GxSxG motif in PNPLA3 is critical in its substrate selection. PNPLA3 has a

strong TAG lipase activity but a weak activity toward acyl-CoA-dependent

lysophosphatidic acid acyltransferase (LPAAT; Huang et al. 2011; Kumari

et al. 2012). PNPLA3 (I148M), a variant of PNPLA3, possess strong LPAAT

activity but no detectable TAG lipase activity (Kumari et al. 2012). Modeling

analysis on protein structures suggests that the I148M substitution between cata-

lytic dyad S47 and D166 could interfere with the configuration of the catalytic

center (He et al. 2010). PNPLA3 (I148M) has a strong genetic association with

nonalcoholic fatty liver disease NAFLD, which results in an aberrant TAG accu-

mulation in the liver, and affects one-third of human population (Romeo et al. 2008;

Cohen et al. 2011; Sookoian and Pirola 2012).

pPLA: Patatin-Related Phospholipase As with Multiple Biological Functions 99



4 Physiological Functions of Patatin-Related Proteins

pPLAs are involved in a wide range of physiological processes. The effect of

pPLAs on plant–pathogen interactions are described in chapters “Phospholipase

A in Plant Immunity” and “Lipases in Signaling Plant Defense Responses”. Here

we focus on the role of patatin-related proteins in plant metabolism, growth, and

plant response to abiotic stress.

4.1 pPLAIIs in Drought Stress and Root Development

pPLAIIα plays a role in pathogen infection and drought stress (Yang et al. 2012).

Knockout of pPLAIIα increases water loss and drought sensitivity in Arabidopsis
plants (Yang et al. 2012). pPLAIIα hydrolyzes oxylipin-containing galactolipids,

such as 12-oxo-phytodienoic acid (OPDA)- and dnOPDA-containing galactolipids

(Yang et al. 2012). OPDA is a precursor for synthesis of jasmonic acid (JA).

Therefore, it is proposed that the ablation of pPLAIIα could result in less JA

production during drought stress. Interestingly however, detached leaves of

pPLAIIα knockout mutants produced more JA than wild-type ones (Yang

et al. 2012). This observation suggests that pPLAIIα plays a role in the removal

of oxylipins from oxidized lipid to maintain membrane integrity but does not

influence the JA production during drought stress.

Functions of pPLAIIγ,δ,ε have been investigated in Arabidopsis root in

responses to hormone treatment and nutrient starvation. pPLAIIγ is highly

expressed in the floral gynoecia and is upregulated in roots by abscisic acid

(ABA) and phosphorus-deficient conditions (Rietz et al. 2010). pPLAIIγ-deficient
mutant exhibits a normal ABA response but an impaired growth of primary roots

under phosphorus-deficient conditions and a 50 % increase in hypocotyl length

(Rietz et al. 2010). The transcript level of pPLAIIδ is low in roots but increased by

auxin treatment. pPLAIIδ-deficient Arabidopsis seedlings were normal in primary

root growth but with an increased lateral root density (Rietz et al. 2010). pPLAIIε is
expressed strongly in roots, and pPLAIIε-deficient mutants display a decreased

number of lateral roots (Rietz et al. 2010). These results suggest that pPLAIIs play
important roles in root development.
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4.2 pPLAIIIs in Stress Responses, Lipid Metabolism,
and Plant Growth

4.2.1 pPLAIIIs on Stress Response

pPLAIIIs are also implicated in pathogen defense and abiotic stresses.

Overexpression of OSAG78 in Arabidopsis leads to more than a tenfold induction

of pathogenic inducible genes PDF1.2 and pathogenesis-related 4 (PR4) (Lin

et al. 2011). Rice OspPLAIIIα and OspPLAIIIδ (DEP3) are induced two- and

fourfold, respectively, to salt stress, and 4- and 30-fold, respectively, to drought

stress, implying their potential functions in osmotic stresses (Singh et al. 2012).

pPLAIIIδ deficiency in Arabidopsis impedes early auxin-induced gene expression

and increases lateral root numbers under auxin treatment (Labusch et al. 2013).

4.2.2 pPLAIIIs on Lodging Capacity and Grain Yield

An early mutant screening for enhanced lodge tolerance identified a dominant

Arabidopsismutant, STURDY. STURDY has a stiff inflorescence stem, thick leaves,

short siliques, large seeds, and round flower (Huang et al. 2001). Map-based cloning

shows that the multiple tandem 35S mosaic promoters are inserted into the pro-

moter region of pPLAIIIδ and results in an increased expression of pPLAIIIδ
(Huang et al. 2001). A recessive mutant, dense and erect panicle 3 (dep3), was
isolated in a screening for changes in rice panicle architectures (Qiao et al. 2011).

The gene structure and deduced amino acid sequence of DEP3 are closely related to

those of pPLAIIIδ (Qiao et al. 2011; Figs. 1 and 2). The panicle of the dep3 remains

erect from flowering to full maturation, and the dep3 mutant displays shorter

panicle length, rounder grain, more grain number per panicle, and higher grain

yield per plant (Qiao et al. 2011). The dep3mutant has more small vascular bundles

and thicker culm than wild-type plants, which may explain the greater stem

mechanical strength of dep3 (Qiao et al. 2011).

4.2.3 pPLAIIIs on Flower Time

OSAG78 was isolated from a suppression subtractive hybridization between fully

opened and partially senescent oncidium flower (Lin et al. 2011). Analysis of

deduced protein sequence indicates that OSAG78 is closely related to pPLAIIIδ
with a noncanonical esterase motif GxGxG (Figs. 1 and 2). Transgenic Arabidopsis
plants overexpressing OSAG78, 35S::OSAG78, had smaller leaves, rounder

flowers, and a late flowering phenotype which are rescued by an application of

gibberellin A3 (GA3). The expression levels of gibberellin metabolism genes are

decreased in 35S::OSAG78, including genes of GA2ox1, GA2ox2, GA3ox1, and
GA20ox1. 35S::OSAG78 plant has a decreased level of active gibberellin GA4 and
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decreased gene expression levels in gibberellin-responsive gene SUPPRESSOR OF
CO OVEREXPRESSION 1 (SOC1) and GALABAR1 (GL1) (Lin et al. 2011). These

results suggest OSAG78 and its lipid products suppress gibberellin synthetic gene

expression, which can result in a lower level of active gibberellin, a decreased

expression level of gibberellin-responsive genes, and subsequently a late flower

phenotype in 35S::OSAG78 plants (Lin et al. 2011).

4.2.4 pPLAIIIs on Lipid and Cellulose Production

pPLAIIIs have been shown to regulate membrane lipid metabolism and plant

growth. Knockout of pPLAIIIβ in Arabidopsis results in longer leaves, petioles,

hypocotyls, primary roots, and root hairs than in WT plants, while overexpression

of it leads to opposite effects (Li et al. 2011). The epidermal cells in leaf and

hypocotyl are significantly longer in pPLAIIIβ knockout mutants than in

overexpressors (Li et al. 2011). Knockout of pPLAIIIβ results in lower levels of

leaf free fatty acids and a higher stem cellulose content (Li et al. 2011). On the other

hand, overexpression of pPLAIIIβ leads to a significantly lower cellulose content

and weaker stem mechanical strength than that of WT plants (Li et al. 2011).

Multiple lines of evidence indicate that pPLAIIIs suppress plant growth.

Overexpression of pPLAIIIδ, pPLAIIIβ, and OSAG78 (OnpPLAIIIδ) leads to a

shorter Arabidopsis plant stature (Huang et al. 2001; Li et al. 2011; Lin

et al. 2011), while a recessive rice mutant dep3, deficiency of OspPLAIIIδ, displays
a taller plant stature (Qiao et al. 2011). These results suggest that pPLAIII-mediated

lipid metabolism is involved in cellulose production and plant growth.

Overexpression of pPLAIIIδ in Arabidopsis resulted in higher oil content with

increased long chain fatty acids (20C and 22C) (Li et al. 2013). It is hypothesized

that the acyl-hydrolase activity of pPLAIIIδ enhances the PC turnover and facili-

tates the fatty acyl elongation (Li et al. 2013). The TAG synthesis enzymes,

diacylglycerol acyltransferases (DGAT), have selectivity on long chain fatty acyl

CoAs (Weselake et al. 2006; Siloto et al. 2008). Increased availability of long chain

fatty acids could facilitate DGAT to synthesize TAG.

Fig. 2 Sequence alignment of conserved motifs in pPLAIIIs. The conserved motifs are

highlighted for four Arabidopsis protein pPLAIII (α,β,γ,δ), one rice protein DEP3 (OspPLAIIIδ),
and one oncidium protein OSAG78 (OnpPLAIIIδ), including the phosphate or anion binding

element DGGGxxG, the noncanonical esterase box GxGxG, and the catalytic dyad-containing

motif DGG (in pPLAIIIα,δ). The gray highlighting indicates the region of conserved motif. The

bold highlighting indicates the amino acids in the conserved motif
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4.3 Functions of Group 4 Patatin-Related Proteins in Seed
Storage Lipid Mobilization

SDP1 and SDP1-L play major roles in TAG hydrolysis during Arabidopsis seed
germination (Eastmond 2006; Kelly et al. 2011). During the first 5 days of

postgerminative growth, the TAG level drops 95 % in wild-type seedlings while

only 20 % in SDP1-deficient seedlings (Eastmond 2006). The postgerminative

growth is retarded but not arrested in SDP1-deficent mutants, implying that

SDP1-like protein might account for the resting TAG hydrolysis which could be

sufficient for seedling establishment (Eastmond 2006). Indeed, double mutants with

deficiency in both SDP1 and its homologous SDP1-L display a more severe

phenotype with respect to postgerminative growth arrestment and storage lipid

breakdown (Quettier and Eastmond 2009; Kelly et al. 2011).

Patatin-related TAG lipases also play important roles in seed oil metabolism and

accumulation. Three cDNAs in Brassica napus have been identified to be closely

related to Arabidopsis SDP1 (Kelly et al. 2013). There is approximately a 10 %

decline in oil content during the final stage of rapeseed maturation, suggesting a

potential oil degradation at this stage (Kelly et al. 2013). However, RNAi suppres-

sion of BnSDP1 alleviates this oil decrease; BnSDP1-RNAi seeds harvested both in

green house and in field have an 8 % increase in seed oil content (Kelly et al. 2013).

There is no observable retardation on germination or plant growth for transgenic

seeds which are stored for as long as 2 years (Kelly et al. 2013).

Different patatin-related proteins may function at different steps of storage lipid

mobilization. A patatin-related protein in cucumber, CsPAT, possesses PLA activ-

ity but not TAG lipase activity; however, it facilitates TAG breakdown in cucumber

cotyledons (Rudolph et al. 2011). The PLA activity is co-localized with isolated

lipid bodies (Rudolph et al. 2011), suggesting that CsPAT decomposes the oil body

membrane that would allow a better access to TAG by TAG lipases. ATGL-L was

identified due to its homology to human ATGL (PNPLA2; Eastmond 2006).

ATGL-L is more closely related to pPLAIIIs, but its esterase motif is canonical

GxSxG which is different from pPLAIII’s GxGxG (Fig. 1). Neither enzyme activity

nor biological function has been identified for ATGL-L.

5 Conclusions and Perspectives

Many exciting advances have been made recently on the biochemical properties

and biological functions of patatain-related proteins (Fig. 3). pPLAIIs selectively

hydrolyze oxylipin-containing galactolipids which suggests a role in basal produc-

tion of JA and maintenance of cellular membrane integrity. Some of the functions

of pPLAIIs have been revealed in drought stress (Matos et al. 2008; Yang

et al. 2012), pathogen defense (La Camera et al. 2009), and root development

(Rietz et al. 2004, 2010; Scherer et al. 2012). The plant unique subclass pPLAIIIs
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with noncanonical esterase motif have been proven to have phospholipase,

galactolipase, and acyl-CoA esterase activities (Li et al. 2011, 2013). The involve-

ment of pPLAIIIs on plant growth and development has been revealed by forward

and reverse genetic studies in multiple plant species, including Arabidopsis (Huang
et al. 2001; Li et al. 2011), rice (Qiao et al. 2011), and oncidium (Lin et al. 2011).

Some plant patatin proteins have also been shown to have unique TAG lipase

activity and are involved in seed oil mobilization and postgerminative growth

(Eastmond 2006; Kelly et al. 2011, 2013).

It is still unknown whether the noncanonical esterase motif in pPLAIIIs impacts

their specific activity, particularly their substrate selection in vivo. The

noncanonical esterase motif may have a unique configuration critical for substrate

accessibility. The substitution I148M in PNPLA3 can interfere with the configura-

tion of its esterase motif (He et al. 2010). PNPLA3 has strong TAG lipase activity

and weak LPAAT activity, while PNPLA3 (I148M) possesses strong LPAAT

activity but lacks TAG lipase activity (Huang et al. 2011; Kumari et al. 2012). It

is necessary to understand the specific configurations in different pPLAs in an

attempt to study their biochemical and biological functions.

A highly intriguing finding from recent investigation is that overexpression of

pPLAIIIs decreases cellulose content. How do the enzymes that catalyze fatty acid

release impact cellulose production. It would be of great interest to determine if

pPLA
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Oil/lipid body

TAG

Stress or development cues 

pPLApPLA �FFA/LPC

FFA, 
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Fatty acids 
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Metabolic functions
Lipid metabolism
Cellulose production
Storage lipid breakdown

Physiological functions
Pathogen defense
Drought response
Phosphorus response
Auxin response
Post-germinative growth

Fig. 3 Metabolic and physiological functions of pPLAs. In response to the stress or development

signals, pPLA can hydrolyze membrane lipids to generate lipid signaling molecules. pPLA may be

involved in lipid synthesis by facilitating fatty acids flux from plastids to ER, in which the newly

fatty acids synthesized in plastids can be acylated to LPC to form PC, and the fatty acids can be

released from PC and form LPC in ER by pPLA. pPLA can also mobilize fatty acids from storage

lipids in oil bodies during postgerminative growth
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pPLA-derived products, such as fatty acids and lysolipids, impede the cellulose

deposition machinery on the plasma membrane. Such investigations may reveal

important metabolic and/or regulatory link between lipid and cellulose metabolism.

In addition, some of the pPLA members can selectively hydrolyze oxylipin-

containing substrates. Considering the induction by different stress conditions, it

would also be interesting to study the metabolic mechanisms between the biochem-

ical properties and biological functions. Novel technologies such as the high

throughput lipidomics, proteomics, and reverse genetics will be powerful tools in

these studies.

In addition, the components that interact with pPLAs have been scarcely iden-

tified. The chemical BEL can be useful to characterize pPLA-mediated pathways.

BEL is a potent, irreversible mechanism-based PLA2 inhibitor that possesses

greater than 1,000-fold selectivity for Ca2+-independent iPLA2 (PNPLA) compared

with Ca2+-dependent ones (Jenkins et al. 2004, 2006). BEL inhibits PLA2 activity in

a very low dosage as reported in PNPLA2,3,4,8,9, pPLAIIε, and SDP1 (Table 1).

BEL inhibits plant root elongation as assayed in agar plates (Holk et al. 2002). It

will be advantageous to use chemical genetic methods to screen plant mutants that

have altered growth in response to BEL.

Therefore, it will be necessary in the future to characterize the relationship

between protein structure, biochemical properties, and biological functions of

pPLAs. It will also be interesting to identify the up- and downstream components

in pPLA-mediated pathways. The next few years will likely witness significant

advances in the elucidation of pPLA-mediated metabolic, cellular, and physiolog-

ical responses during plant growth and development and environmental stresses.
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sPLA2 and PLA1: Secretory Phospholipase
A2 and Phospholipase A1 in Plants

Hae Jin Kim and Stephen Beungtae Ryu

Abstract Plant phospholipase As (PLAs) are classified into two major types, PLA1

and PLA2, according to the hydrolysis sites of their membrane lipids. The lipid

products released by PLAs have been suggested to act as bioactive molecules that

mediate cellular signaling pathways functioning in plant growth and development,

as well as responses to abiotic and biotic stimuli. The past few years have witnessed

a wealth of new information regarding the function of these phospholipases in

various biological processes. In this chapter, we discuss recent insights into lipid-

based signaling mediated by PLAs and their lipid products, with particular empha-

sis on their emerging role as lipid mediators.

Keywords PLA2 • PLA1 • Signaling • Cellular roles Lipid mediators

1 Introduction

Phospholipid-derived products generated by phospholipase A (PLA), such as free

fatty acids (FFAs) and lysophospholipids, play critical roles in plants, as these

products are the precursors of second messengers in signal transduction pathways.

In addition, these signaling molecules function in important physiological pro-

cesses such as cell elongation, gravitropism, anther dehiscence, biosynthesis of

jasmonic acid (JA), and defense signaling (Chen et al. 2011; Ryu 2004; Wang

et al. 2012). To understand the highly regulated production of these lipid mediators

in response to diverse extracellular stimuli, it is important to study the functions and

regulatory mechanisms of the diverse PLA enzymes. Recent developments in
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genetic and biochemical analysis have facilitated our understanding of the cellular

functions of plant PLAs. The PLA superfamily has three subtypes, i.e., phospholi-

pase A1 (PLA1), phospholipase A2 (PLA2), and patatin-like PLA (pPLA). PLA1 and

PLA2 catalyze the hydrolysis of membrane glycerophospholipids at their sn-1 or

sn-2 positions, respectively, while pPLA shows activity at both positions. In this

chapter, we will describe the current classifications of PLA1s and PLA2s that have

been identified in plants, especially in Arabidopsis, and recent advances in our

understanding of how these PLAs are involved in various cellular signaling

pathways.

2 Phospholipase A2

Based on the functional, structural, and catalytic properties of lipolytic enzymes, the

PLA2 superfamily can generally be divided into five principal families in animals,

categorized as secretory PLA2s (sPLA2), cytosolic PLA2s (cPLA2), Ca
2+-independent

PLA2s (iPLA2s), platelet-activating factor acetyl hydrolases (PAF-AHs), and

lysosomal PLA2s (Schaloske and Dennis 2006). Only lowmolecular weight secretory

PLA2s have been reported in plants, although patatin-like PLAs have been identified,

which are similar to the iPLA2s or cPLA2 but exhibit both PLA1- and PLA2-like

activity (Lee et al. 2005; Ryu 2004).

2.1 sPLA2 Grouping, Expression, and Localization

Four and three secretory PLA2 paralogs were identified in the Arabidopsis and rice

genomes, respectively. Based on their primary structures, plant sPLA2s are equiv-

alent to animal group XI sPLA2s, which are further divided into groups XIA and

XIB. The former group includes AtsPLA2-α, OsPLA2-α, and OsPLA2-β, while the
latter group includes AtsPLA2-β, AtsPLA2-γ, AtsPLA2-δ, and OsPLA2-γ (Lee

et al. 2005; Schaloske and Dennis 2006; Singh et al. 2012).

AtsPLA2s exhibit different spatial and temporal expression patterns. AtsPLA2-α
and AtsPLA2-β are expressed in all sporophytic tissues. Unlike AtsPLA2-α,
AtsPLA2-β is strongly expressed in actively growing young tissues and pollen.

AtsPLA2-γ and AtsPLA2-δ are exclusively expressed in pollen. While AtsPLA2-β
is expressed during all stages of pollen development, AtsPLA2-γ is expressed at low
levels during the early stage of pollen formation and is strongly expressed at the

mature stage, and AtsPLA2-δ is expressed at the mature pollen stage (Bahn

et al. 2003; Kim et al. 2011b; Lee et al. 2003).

Studies of the subcellular localizations of plant sPLA2 have been performed

using fused fluorescence proteins. These studies provide important insights into the

functions of these proteins in plants. Early experiments involving transient expres-

sion analysis of green fluorescence protein (GFP) in onion epidermal cells showed
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that AtsPLA2-β and AtsPLA2-γ are secreted into the cell wall/extracellular space

(Bahn et al. 2003; Lee et al. 2003), but this localization pattern is regarded as a

result of the masking of the ER retention signal (KTEL) by that of the C terminal

GFP fusion protein of AtsPLA2-β. More recently, Seo et al. (2008) reexamined the

subcellular localization of AtsPLA2-β with N terminal GFP fusion protein of

AtsPLA2-β and observed that it indeed localizes to the ER in Vicia faba guard

cells, and the result was supported in AtsPLA2-β:YFP transgenic plants (Lee

et al. 2010). Transient expression of AtsPLA2-γ:YFP and AtsPLA2-δ:YFP in tobacco

leaf epidermal cells demonstrated that AtsPLA2-γ localizes to the ER and Golgi,

while AtsPLA2-δ localizes to the ER and is found in the pollen of transgenic plants

(Kim et al. 2011b). Subcellular localization of AtsPLA2-α revealed a rather com-

plicated localization pattern unlike that of its paralogs. An analysis of AtsPLA2-α:
DsRed2 transgenic Arabidopsis plants suggests that AtsPLA2-α localizes to the

Golgi in root tissues (Lee et al. 2010). In another study, AtsPLA2-α exhibited

different localizations in a time-dependent manner when this gene was introduced

into Arabidopsis seedlings and tobacco leaves via Agrobacterium-mediated tran-

sient transformation (Froidure et al. 2010). The AtsPLA2-α:YFP signal was

detected in cytoplasmic vesicles around the nucleus 36 h after inoculation and

was detected at the extracellular spaces outside of the cells at 48 h after inoculation.

AtsPLA2-α was partially localized to the cell nucleus when it was co-expressed

with AtMYB30.

A more recent study shows that subcellular localization of AtsPLA2-α is depen-

dent on the developmental stage of the leaf tissue. Fluorescence signals are present

primarily at the Golgi apparatus in premature young leaves in transgenic AtsPLA2-

α:RFP plants, while these signals are detected primarily in the apoplasts in mature

leaves (Jung et al. 2012). Also, translocation of AtsPLA2-α to the apoplast is

stimulated by bacterial infection in premature young leaves. In contrast, the signal

of GFP:OssPLA2-α merges with that of an endoplasmic marker in onion epidermal

cells, which indicates that the transiently expressed OssPLA2-α localizes to the ER

(Singh et al. 2012). RFP fusion protein, but not GFP and YFP, is relatively stable in

the apoplasts. Thus, it is desirable to use RFP fusion protein rather than GFP or YFP

fusion proteins for apoplastic localization studies.

2.2 sPLA2 Functions

Plant PLA2s have been implicated in important physiological processes such as

development, senescence, biotic and abiotic stress responses, and the induction of

secondary metabolite accumulation (Lee et al. 2005; Mansfeld 2009; Ryu 2004;

Wang 2001). Lysophosphatidylcholine (LPC) and linolenic acid, which are the

products of PLA2, induce a decline in pH and accelerate the elongation of corn

coleoptiles (Yi et al. 1996). Also, the PLA2 inhibitors aristolochic acid and

manoalide inhibit the auxin-induced pH decrease and coleoptile elongation.

These results suggest that PLA2 is activated by auxin, and its products induce
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acidification of the apoplast by activating the H+ pump through the signal trans-

duction pathway of protein kinase, which in turn promotes corn coleoptile elonga-

tion (Yi et al. 1996). This hypothesis was supported by Lee et al. (2003) using

transgenic plants. These authors reported that AtsPLA2-β transcripts are induced by

auxin treatment. In addition, RNA interference-mediated silencing (RNAi) of

AtsPLA2-β expression retards cell elongation, while overexpression of AtsPLA2-β
promotes cell elongation. Moreover, AtsPLA2-β overexpressors exhibit faster sto-

matal opening than wild type, and AtsPLA2-β-RNAi plants exhibit delayed light-

induced stomatal opening, which can be rescued by exogenous application of LPC

or lysophosphatidylethanolamine (LPE). Also, exogenous applications of LPC or

LPE enhance stomatal opening in wild-type plants (Seo et al. 2008). In contrast,

AtsPLA2-β, AtsPLA2-γ, and AtsPLA2-δ are involved in pollen development and

pollen germination (Kim et al. 2011b). AtsPLA2-β may play a more vital role in

pollen development, while AtsPLA2-γ and -δ may function in pollen germination

and pollen tube growth. Also, pollen germination is inhibited by the application of

sPLA2 inhibitors and is recovered by exogenous application of LPE but not of LPC

or lysophosphatidic acid (LPA). These results indicate that LPE in particular is a

key signal molecule in pollen germination and tube growth (Kim et al. 2011b).

Both AtsPLA2-α-RNAi Arabidopsis plants and Arabidopsis seedlings treated with
the sPLA2 inhibitor ONO-RS-082 exhibit significantly disrupted plasma membrane

(PM) localization of PINs in the root tissues, causing internal PIN compartments to

form (Lee et al. 2010). Application of exogenous LPE restores the PM localization

of PINs in an AtsPLA2-α mutant and in ONO-RS-082-treated seedling. These

results indicate that AtsPLA2-α modulates PIN-FORMED protein trafficking to

the PM in Arabidopsis roots, thereby revealing that sPLA2 also plays an important

role in intracellular membrane trafficking in plants (Lee et al. 2010). AtsPLA2-α
was also suggested to be as a negative regulator of the defense response through its

interaction with AtMYB30, a transcription factor that functions in the hypersensi-

tive response in short-day conditions (Froidure et al. 2010). Intriguingly, the

regulation does not depend on the enzymatic activity of AtsPLA2-α but on the

just physical binding of AtsPLA2-α to AþMYB30.

Aristolochic acid reduces root elongation and causes radial swelling of the root

tip caused by microtubule disorganization (Gardiner et al. 2008). This indicates that

PLA2 is involved in microtubule organization and anisotropic growth. Another

study employing aristolochic acid suggests that PLA2 plays a critical role in

programmed cell death induced by misexpression of fatty acid elongation, likely

involving the exchange of very long chain fatty acids (VLCFAs) between phos-

pholipids and the acyl-CoA pool (Reina-Pinto et al. 2009). PLA2 is involved in salt

stress-induced LPA production in the unicellular green alga Chlamydomonas
(Meijer et al. 2001). LPA accumulates in Chlamydomonas under conditions of

salt and nonionic hyperosmotic stress. The fact that LPA is generated by PLA2 was

recently confirmed using differential 32P-radiolabeling experiments (Arisz and

Munnik 2011).
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3 Phospholipase A1

Plant PLA1s are classified based on the presence of N terminal stretches, sequence

similarities in the catalytic region, and substrate specificity. These PLA1s include

group I, II, and III PLA1, phosphatidic acid-specific PLA1 (PA-PLA1), and lecithin:

cholesterol acyltransferase-like PLA1 (LCAT-PLA1) in Arabidopsis and group I

and II PLA1 and PA-PLA1 in rice (Chen et al. 2011; Singh et al. 2012).

3.1 Class I PLA1s

Class I PLA1s include seven PLA1 genes in Arabidopsis and eight in rice. Class I

PLA1s are defined by the presence of a putative N terminal chloroplast-targeting

signal (Chen et al. 2011; Seo et al. 2009). All class I PLA1s have a GXSXGmotif in

the lipase class 3 domain and catalytic triad (Ser, Asp and His residues). All

GFP-class I PLA1 fusion proteins localize to the chloroplast (Ellinger et al. 2010;

Grienenberger et al. 2010; Hyun et al. 2008; Ishiguro et al. 2001; Seo et al. 2009).

However, a second opinion about the subcellular localization of AtPLA1-Iα1 has

recently emerged (Ellinger et al. 2010). In this study, AtPLA1-Iα1 was co-localized
with cytoplasmic lipid bodies instead of localizing to chloroplasts.

Defective in Anther Dehiscence1 (DAD1, AtPLA1-Iβ1) was the first reported

PLA1 enzyme in Arabidopsis. This enzyme preferentially hydrolyzes phosphati-

dylcholine (PC) at the sn-1 position and regulates anther dehiscence in flowers by

releasing linolenic acid for the initial step of JA biosynthesis (Ishiguro et al. 2001).

DONGLE (DGL, AtPLA1-Iα1) and DAD1 are necessary and sufficient for JA

production (Hyun et al. 2008). DGL plays a specific role in maintaining basal JA

content under normal conditions. During wounding, DGL was shown to be required

for the rapid JA burst in the early phase, and DAD1 was shown to play a role in the

late phase of JA production. However, the initial step in the biosynthesis of wound-

and pathogen-induced JA production remains controversial. Ellinger et al. (2010)

suggest that AtPLA1-Iγ1 is a novel target gene for the manipulation of jasmonate

biosynthesis and that, in addition to DAD1 and AtPLA1-Iγ1, as yet unidentified

enzymes with sn-1 and sn-2 hydrolase activity are involved in stress-induced JA

formation, indicating that there is functional redundancy within the lipase family.

3.2 Class II PLA1s

Class II PLA1s comprise four PLA1 genes in Arabidopsis and three in rice (Chen

et al. 2011; Singh et al. 2012). Based on their sequence homology, PLA1s from

other species are also included in class II, including Dclipase from Dianthus
caryophyllus (carnation) (Hong et al. 2000), LeLID1 from Lycopersicon esculentum
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(tomato) (Matsui et al. 2004) and CaPLA1 from Capsicum annuum (hot pepper)

(Seo et al. 2007). Class II PLA1s lack N terminal signal peptides and are predicted

to localize to the cytosol. Cytosolic localization of AtPLA1-IIδ and DAD1-like

Seedling Establishment-related Lipase (AtDSEL, AtPLA1-IIγ) were confirmed

through GFP fusion protein studies (Kim et al. 2011a; Lo et al. 2004). AtPLA1-IIδ
expression is induced by treatment with sublethal levels of UV-B. Plants with

suppressed AtPLA1-IIδ expression via antisense technology exhibit increased tol-

erance to sublethal levels of UV-B stress and are unable to upregulate the expres-

sion of pathogenesis-related protein 1 (PR-1) in response to UV-B treatment. These

results indicate that AtPLA1-IIδ is capable of deesterifying membrane phospho-

lipids and is induced in response to UV-B irradiation (Lo et al. 2004). Recombinant

AtDSEL expressed in Escherichia coli (E. coli) shows a preference for

1,3-diacylglycerol and 1-monoacylglycerol over PC, which suggests that AtDSEL

is a sn-1-specific lipase.

AtDSEL overexpressors are defective in post-germinative seedling growth on

medium lacking an exogenous carbon source; this phenotype is rescued by the

addition of sucrose to the growth medium. By contrast, atdsel-1 and atdsel-2 exhibit
a mildly fast-growing phenotype in the absence of an exogenous carbon source.

AtDSEL-overexpressors retained numerous peroxisomes and oil bodies in their

5-day-old cotyledons, while these organelles are exhausted in wild-type or mutant

cotyledons. These results suggest that AtDSEL is involved in the negative regula-

tion of seedling establishment by inhibiting the breakdown of storage oils (Kim

et al. 2011a). Dclipase transcript levels increase just as carnation flowers begin to

senesce, and the expression of this gene is also induced by ethylene treatment.

Southern blot analysis confirmed that these flowers contain a single copy of

Dclipase. Dclipase is predicted to be involved in mediating the onset of senescence

(Hong et al. 2000). Recombinant LeLID1 protein exhibits high activity against

triacylglycerols (TAGs) with long acyl chains but little activity against PC or

monogalactosyldiacylglycerol. Transcript levels of LeLID1 increase rapidly in

seeds during germination, reaching a maximum level just before cotyledon open-

ing, followed by a rapid decrease. Low levels of LeLID1 expression are detected in

flowers and fruits, while none can be detected in roots. LeLID1 is thought to

function as a lipase during lipid mobilization to liberate fatty acids from TAG’s

stored in oil bodies (Matsui et al. 2004).

3.3 Class III PLA1

There is only one class III PLA1 in the Arabidopsis genome and none in the rice

genome (Chen et al. 2011; Singh et al. 2012). Recombinant DAD1-like

acylhydrolase (AtDLAH, AtPLA1-III) displays a stronger preference for

1-lysophosphatidylcholine, 1-monoacylglycerol, and phosphatidic acid than for

PC, which indicates that AtDLAH is an sn-1-specific acylhydrolase. AtDLAH

exclusively localizes to the mitochondria. Seeds of Arabidopsis AtDLAH
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overexpressors are more tolerant to accelerated-aging treatment than wild type, and

thus these seeds have higher germination rate than wild-type seeds. By contrast,

atdlah knockout mutant seeds are susceptible to accelerated-aging conditions.

These results suggest that AtDLAH plays an important role in Arabidopsis seed

viability (Seo et al. 2011).

4 PA-PLA1

SGR2 in Arabidopsis is classified as a PA-PLA1 based on the similarity of its

domain structures to that of a mammalian PA-PLA1. One gene of PA-PLA1 was

found to be present in the Arabidopsis and rice genome. The fusion protein of

AtPA-PLA1 and GFP localizes to the membranes of vacuoles and small organelles.

However, the localization of OsPA-PLA1 was predicted to be nuclear using in silico

tools. AtPA-PLA1 mutants exhibit abnormal gravitropism in inflorescence stems

and hypocotyls and irregularly shaped seeds. Mutant analysis suggests that AtPA-

PLA1 is involved in a vacuolar membrane system that affects the early step of shoot

gravitropism. Microarray data and quantitative RT-PCR in rice show that OsPA-
PLA1 transcripts are upregulated in response to salt and drought stress (Kato

et al. 2002; Morita et al. 2002; Singh et al. 2012). In animals, LPA is a phospholipid

mediator with multiple biological roles, functions via interactions with G protein-

coupled seven-transmembrane receptors (GPCRs), and is implicated in various

human diseases. While two pathways for LPA production have been identified in

animal cells, little is known about the function of LPA at the molecular level. It was

demonstrated that LPA produced by hair follicle-specific PA-PLA1 is an important

signaling molecule for hair follicle development, which functions by modulating

epidermal growth factor receptor signaling (Aoki et al. 2008; Chen et al. 2011;

Inoue et al. 2011). However, PLA1 activity was not detected with recombinant

AtPA-PLA1 proteins expressed in E. coli. Moreover, GPCRs are not found in

plants. Elucidating the mechanisms of PA-PLA1 function in plants will be

challenging.

5 LCAT-PLA1

During a search for plant genes encoding enzymes involved in sterol esterification

by free acids, At3g03310 was identified as lecithin:cholesterol acyltransferase

(LCAT) (Noiriel et al. 2004). This gene has sequence homology with the recently

discovered gene encoding phosphatidylcholine:diacylglycerol acyltransferase from

Saccharomyces cerevisiae (ScPDAT). PLA1 activity was first revealed by LCAT or

PDAT assays, and the gene encoding PLA1 was designated AtLCAT-PLA1 (Chen

et al. 2011; Noiriel et al. 2004). Yeast expressing AtLCAT-PLA1 accumulates TAG
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(Noiriel et al. 2004). Thus, AtLCAT-PLA1 may play a role in acyl-editing during

TAG formation (Bates et al. 2009; Lu et al. 2009) but not in signaling.

6 Conclusions

Recent discoveries have significantly advanced our understanding of the biochem-

ical and genetic requirements of distinct phospholipid signaling in plants. However,

several unanswered questions still remain. For example, which isoforms of the PLA

families are activated in response to specific external stimuli? What are the down-

stream targets of the lipid signals that are generated by PLA? These targets may be

lysophospholipid-specific receptors, protein kinases, mitogen-activated protein

kinase, or other signaling enzymes. And what are the upstream regulators of PLA

activation? These regulators may take the form of receptors, activators, inhibitors,

or hormones. The next coming years will likely produce significant advances

towards the elucidation of PLA-mediated membrane phospholipid signaling in

plants at both the biochemical and genetic levels. Moreover, the construction of

knockout mutants and activation tagging lines, as well as the analysis of rapid

protein activation without involving gene expression, will help clarify the

phospholipid-derived signaling cascades.
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Phospholipase Signalling in Response to
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Phospholipase Ds in Plant Response
to Hyperosmotic Stresses

Qun Zhang, Yana Qu, Wen Jing, Li Li, and Wenhua Zhang

Abstract Many adverse environmental conditions, including drought, high salin-

ity, and freezing, induce hyperosmotic stresses to plant cells. Extensive efforts have

been made to elucidate sensory and signal transduction mechanisms that perceive

hyperosmotic stress and control cellular homeostasis in plants. In these cellular

processes, phospholipase D (PLD) and its lipid product phosphatidic acid (PA) act

as essential signal transducers. Recent studies have identified and characterized an

increasing number of targets for both PLD and PA, but especially PA. These targets

include protein kinases and phosphatases, NADPH oxidase, G proteins, and micro-

tubule- and actin-related proteins. Through interaction with these targets, PLD/PA

regulate a variety of cellular activities, including sodium transport, oxidative burst,

cytoskeletal organization (and reorganization), and ABA signaling. This chapter

will be focused on the advances in knowledge of molecular and cellular mecha-

nisms and physiological functions of PLD/PA in plant response to hyperosmotic

stresses.

Keywords Phospholipase D • Hyperosmotic stress • PA targets

1 Introduction

Hyperosmotic stresses such as high salinity, drought, and freezing are major

determinants of crop yield throughout the world. These adverse conditions induce

osmotic stresses in plant cells by decreasing water availability, leading to a loss of

cell turgor. To survive in a changing environment, plants must initiate intracellular

and physiological signaling networks to respond rapidly and efficiently to such

stresses (Zhu 2002). These responses are manifested as changes in the activation of
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ion channels, reorganization of membrane trafficking, changes in gene expression,

and increased biosynthesis of osmoprotectants such as sucrose, betaines, and

proline in the cytosol as a protective mechanism (Thiery et al. 2004).

During the past 2 decades, many key components of the signaling networks have

been identified, including the stress hormone, abscisic acid (ABA), and its recep-

tors, G proteins, protein kinases (calcium-dependent protein kinase and sucrose

non-fermenting-1-related protein kinase 2, SnRK2), protein phophatases (ABI1 and

ABI2), lipid-signaling molecules such as phosphatidic acid (PA) and sphingosine-

1-phosphate, reactive oxygen species (ROS), and nitric acid (Ng et al. 2001;

Santner and Estelle 2009, and references therein; Cutler et al. 2010, and references

therein). Some of the interconnections among key components have been defined.

Several reviews outlining lipid signaling in plants have been presented

(Li et al. 2009; Munnik and Vermeer 2010; Zhang et al. 2010; Hong et al. 2010).

This chapter highlights the components, mechanisms, and functions of phospholi-

pase D (PLD) signaling in plant response to hyperosmotic stresses.

2 Multiple PLD Isoforms are Involved in Hyperosmotic
Stress Response

2.1 Hyperosmotic Stress Induces PLD Activation

PLD is activated by hyperosmotic stresses or ABA in Vicia faba, tomato, tobacco,

alfalfa, Arabidopsis, and resurrection plant Craterostigma plantagineum (Jacob

et al. 1999; Munnik et al. 2000; Katagiri et al. 2001; Dhonukshe et al. 2003;

Zhang et al. 2004, 2012; Bargmann et al. 2009). The Arabidopsis genome contains

12 PLD genes that are grouped into six types: three αs, two βs, three γs, one δ, one ε,
and two ζs, based on gene architecture, sequence similarity, domain structure,

biochemical properties, and the order of cDNA cloning (Qin and Wang 2002;

Zhang et al. 2010). Different PLDs participate in different stress responses. The

transcript of PLDδ increases under dehydration, NaCl, and ABA, but not cold

treatments, whereas the transcript level of PLDα is not affected under these

conditions (Katagiri et al. 2001). PLDα protein level remains unchanged but the

activity increases transiently in Arabidopsis cells treated with NaCl (Zhang

et al. 2012). Knockdown or knockout of PLDα1 gene renders plants sensitive to

drought and salinity stresses (Sang et al. 2001; Yu et al. 2009), and knockout of

PLDδ leads to an increased sensitivity to freezing (Li et al. 2004). These results

support the notion that PLDα1 and PLDδ are important components in plant

response to hyperosmotic stresses.

There are 17 PLD genes in rice (Oryza sativa) and 18 in soybean (Glycine max)
(Li et al. 2007; Zhao et al. 2012). Similar to Arabidopsis, the mRNA level of

OsPLDα1 was unchanged after NaCl treatments (Li et al. 2007). Under high

salinity stress, the mRNA level of OsPLDα2 and OsPLDα3 increased but that of
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OsPLDα4 and OsPLDα5 decreased. In soybean, however, the mRNA level of

GmPLDαs (α1, α2, and α3) increased during the NaCl treatment (Zhao et al. 2012).

2.2 Some PLDs Mutually Interact in Response to Stresses

PLDα1 and PLDδ interact in response to salt and drought stresses (Zhang

et al. 2004, 2009; Bargmann et al. 2009; Guo et al. 2012a, b; Uraji et al. 2012).

For example, although pldδ seedlings show the same survival as wild type under

salt stress (Zhang et al. 2012), double mutant pldα1pldδ displays hypersensitivity of
root growth compared to the single mutant (Bargmann et al. 2009). These results

imply that PLDα and PLDδ interact directly or indirectly in response to salt stress.

With regard to reduced, ABA-induced stomatal closing, the double mutants also

show an additive phenotype as compared with single mutants, suggesting that

PLDα1 and PLDδ cooperate in ABA signaling in guard cells.

The mechanisms of cooperation between PLDα1 and PLDδ in response to ABA
were reported recently (Guo et al. 2012b). It is well known that ROS are key

regulators of ABA-regulated signal pathways in guard cells (Pei et al. 2000; Zhang

et al. 2001). Genetic ablation of PLDα1 or PLDδ impedes stomatal response to

ABA (Zhang et al. 2004; Guo et al. 2012b). Knockout of PLDα1, but not PLDδ,
impairs ABA-induced ROS generation. ROS can induce stomatal closing in both

mutants, thus placing PLDα1 upstream of ROS production, while PLDδ acts

downstream of ROS in the signal transduction of ABA-induced stomatal closure

(Guo et al. 2012b). When PLDα1 is activated by ABA, the produced PA binds to

and activates NADPH oxidase to produce ROS. ROS transduces the signal by

promoting the interaction of PLDδ and cytosolicglyceraldehyde-3-phosphate dehy-
drogenase (GAPC) that catalyzes the conversion of glyceraldehyde-3-phosphate to

1,3-bisphosphoglycerate in the glycolytic pathway. Such interactions may provide a

direct connection between lipid signaling, energy metabolism, and growth control

in the plant response to hyperosmotic stress (Guo et al. 2012b).

Interestingly, PLDα and PLDδ may act oppositely in response to freezing

(Li et al. 2004, 2008). Knockout of PLDα1 results in increased freezing tolerance,

while PLDδ knockouts are more sensitive (Welti et al. 2002; Li et al. 2004;

Rajashekar et al. 2006), suggesting a negative role for PLDα1 and a positive role

for PLDδ in Arabidopsis freezing tolerance. Although an exact mechanism for such

an opposite effect of the two PLDs has yet to be uncovered, PLDα1- and PLD-

δ-induced lipid compositional changes could be responsible (Li et al. 2008). Lipid

profiling analysis has shown that freezing treatment induces a sustained PA

increase, and 50 % of the PA formed during freezing is derived primarily from

PC hydrolysis by PLDα1. The lower ratio of PA to PC after freezing reduces the

propensity for formation of non-lamellar phase, hexagonal II phase, and thus

enhances PLDα1-null plant tolerance to freezing. In contrast, in PLDδ-null seed-
lings, there is little reduction in PA levels compared with wild type. It seems that

Phospholipase Ds in Plant Response to Hyperosmotic Stresses 123



PLD positively regulates freezing tolerance, perhaps by mitigating postfreezing

damage and cell death (Li et al. 2004, 2008).

2.3 Manipulation of PLD to Improve Stress Tolerance

As stated above, knockdown of PLDα1 increases water loss and renders plants

more drought sensitive (Sang et al. 2001). On the other hand, overexpression of

PLDα1 in tobacco promotes stomatal closure and decreases water loss at early

phases of water deficits. With prolonged drought stress, however, the high PLDα1
activity in the overexpressed plants leads to more severe damage due to increased

lipid hydrolysis and membrane degradation (Hong et al. 2008). However, when

PLDα1 is expressed under the control of a guard cell-specific promoter AtKatIpro,
the AtKat1pro::PLDα1-expressed canola (Brassica napus) plants display decreased

water loss, improved biomass accumulation, and higher seed yield under drought

and high salinity (Lu et al. 2013). Thus, like the ROS, PLDα1 seems to act as a

double-edged sword: When signaling molecules are at low levels, the PLD may

activate downstream adaptive responses, but a sustained lipid hydrolysis by PLDα1
may lead to membrane damage or other degradative cellular responses (Welti

et al. 2002).

Another PLD member, PLDα3, shows a different pattern of response to salinity

and water deficit (Hong et al. 2008). Quantitative real-time PCR data show that the

expression level of PLDα3 in most tissues is about 1,000-fold lower than that of

PLDα1 in the absence of any stress. The PLDα3-KO plants display increased

sensitivities to salt stress and water deficiency, while PLDα3-OE plants show

decreased sensitivities. Moreover, PLDα3-KO plants flower later than wild-type

plants under slightly dry conditions, whereas PLDα3-OE plants flower earlier

(Hong et al. 2008).

3 The Mechanisms of Stress Signaling by PLDs

3.1 Protein Phosphorylation

3.1.1 MAP Kinase Cascades

Mitogen-activated protein kinase (MAPK) cascades play an essential role in plant

signaling of various abiotic and biotic stresses. The Arabidopsis genome contains

about 20 MAPKs, 10 MAPKKs, and more than 80 MAPKKKs (Tena et al. 2011). It

has been reported that MAPKs, such as MAPK3, MAPK4, and MAPK6, are

activated by salt and cold stresses (Yuasa et al. 2001). Recent studies show that

PLDα1 and PA play an important role in regulating MAPK6 activity in response to
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NaCl stress (Yu et al. 2010). PA binds to MAPK6. MAPK6 phosphorylates the

plasma membrane Na+/H+ antiporter (SOS1), which mediates the extrusion of Na+

from plant cells (Shi et al. 2000). These results establish a link among salt stress,

PLD, MAPK6 activity, and the SOS pathway (Morris 2010).

CTR1 (CONSTITUTIVE TRIPLE RESPONSE1) is a potential PA target in

response to the plant hormone ethylene (Testerink et al. 2007). CTR1 is most

similar in sequence to the Raf protein kinase family in animal cells and believed

to function like Raf, as a MAP kinase kinase kinase (MAPKKK). However, the

existence of such a MAPK cascade in ethylene signaling is controversial, and no

authenticated substrate MAPKK of CTR1 has been identified. Instead, the recently

identified target EIN2 is a NRAMP-like, integral ER membrane protein, which

shows CTR1-dependent phosphorylation in the absence of ethylene. By binding to

ethylene, the receptor ETR1 at the ER is inactivated, and CTR1 also becomes

inactive. This triggers dephosphorylation of EIN2, resulting in EIN2 C terminus

cleavage, and subsequent nuclear translocation where it activates the transcriptional

factor EIN3 (Ju et al. 2012; Qiao et al. 2012).

Genetic evidence shows that CTR1 acts as a negative regulator in hyperosmotic

stress response, as ctr1-1 mutants display increased salt and osmotic tolerance

during germination (Achard et al. 2006; Wang et al. 2007). Using 32P labeling or

ESI/MS/MS analysis methods, it was shown that salt stress transiently stimulates

PA increase (Testerink et al. 2008; Yu et al. 2010), and PLDα1 is a contributor of

the salt-induced PA generation (Yu et al. 2010). In vitro experiments show that PA

inhibits CTR1’s kinase activity and disrupts the interaction between CTR1 and

ETR1 (Testerink et al. 2007). Therefore, it is possible that PLDα regulates salt

signaling through PA inhibition of CTR1 in vivo, although the exact mechanism

has yet to be determined.

3.1.2 SnRKs and SPHKs

The sucrose non-fermenting-1-related protein kinase 2 family (SnRK2) is a unique

family of protein kinases regulating cellular response to osmotic stress

(McLoughlin et al. 2012). The SnRK2 family is grouped into three classes

according to phylogeny. Arabidopsis class 3 members, SnRK2.2, -2.3, and -2.6

(OST1) are activated by ABA. In the absence of ABA, protein phosphatase 2C

(PP2C) binds to SnRK2 (SnRK2.6) kinase domain and inhibits its kinase activity.

When ABA increases under stress conditions, it binds to soluble receptor (PYL or

RCAR) which interacts with PP2C (ABI1, ABI2, HAB1) and inhibits PP2C activ-

ity. The SnRK2 released from PP2C is activated to transmit the ABA signal via

phosphorylation of downstream targets (Soon et al. 2012).

Arabidopsis class 1 members, SnRK2s, SnRK2.4, and SnRK2.10, are activated

within 1 min of salt treatment. Upon salt exposure, SnRK2.4 is targeted to the

membrane structures (McLoughlin et al. 2012). Interestingly, both SnRK2.4 and

SnRK2.10 bind to PA in vitro, suggesting PA may act to recruit SnRK2s to

membranes during stress response (McLoughlin et al. 2012). However, more
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physiological and cellular evidence is needed to unravel the detailed interaction

between PA and SnRK2.

Recent studies have shown that PA interacts with sphingosine kinase (SPHK) in

Arabidopsis (Guo et al. 2011, 2012a). SPHK phosphorylates long-chain bases to

generate long-chain base-1-phosphates such as phytosphingosine-1-phosphate

(phyto-S1P). There are four SPHK members similar to human SPHK in

Arabidopsis, but only two have sphingosine phosphorylating activity (Worrall

et al. 2008). SPHK1 and SPHK2 can phosphorylate phytosphingosine into phyto-

S1P. Phyto-S1P has been identified as a lipid messenger mediating plant response to

ABA (Coursol et al. 2005). Evidence shows that PA binds to and promotes SPHK’s

activity by increasing the specificity constant by decreasing Km
B in vitro (Guo

et al. 2011). Further cellular and physiological studies reveal that phyto-S1P

induces stomatal closure in sphk1-1 and sphk2-1, but not in pldα1, while PA

promotes stomatal closure in sphk1-1, sphk2-1, and pldα1, suggesting that SPHK

and phyto-S1P are upstream of PLDα1 and PA in ABA-induced stomatal move-

ment (Guo et al. 2012a).

3.2 Protein Dephosphorylation

Ablation of PLDα1 increases water loss and decreases ABA-induced stomatal

closure in Arabidopsis (Zhang et al. 2004). PA derived from PLDα1 binds to

ABI1, a negative regulator of ABA signaling (Raghavendra et al. 2010), and

inhibits its phosphatase activity. The PA–ABI1 interaction results in the tethering

of ABI1 to the plasma membrane, inhibiting its negative effects within the nucleus,

thereby inducing stomatal closure (Zhang et al. 2004). On the other hand, PLDα1
itself interacts with heterotrimeric G protein α-subunit (Gα/GPA1) through its DRY
motif. Biochemical data indicate that PLDα1 activates the intrinsic guanosine

triphosphatase activity that converts active Gα-GTP to inactive Gα-GDP (Zhao

andWang 2004). In turn, Gα-GDP binds to PLDα1 and decreases its activity. When

GPA1 is bound by GTP (Gα-GTP), it is dissociated from PLDα1, and the latter is

activated (Zhao and Wang 2004). The PA resulting from PLDα1 activity promotes

inhibition of stomatal opening. By promotion of stomatal closing and inhibition of

stomatal opening, PLDα1/PA regulate the bifurcating signaling pathway during

ABA-regulated stomatal movement, thereby reducing water loss (Mishra

et al 2006).

3.3 ROS

ROS are regarded as an important class of secondary messengers in response to

stresses (Delledonne et al. 2001). Antisense suppression of PLDα lowers the level

of superoxide production in Arabidopsis, while addition of PA enhances superoxide
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burst in leaves (Sang et al. 2001). A recent study indicates that PA regulates the

activity of NADPH oxidase RbohD (respiratory burst oxidase homolog D) in

ABA-induced stomatal closure (Zhang et al. 2009). There are ten Rboh genes in

the Arabidopsis genome, with RbohD and RbohF mainly expressed in guard cells

(Torres and Dangl 2005). The plda1 show similar phenotypes of insensitivy to

ABA-induced stomatal closure with rbohD/F double mutants (Kwak et al. 2003;

Zhang et al. 2004). Genetic and cellular evidence shows that ABA promotes PLDα1
activity, producing PA, which binds to the N-terminal region of RbohD in the

cytosol to promote the NADPH oxidase activity and ROS production in guard cells

(Zhang et al. 2009).

PA–ABI1 interaction affects ROS or NO-induced stomatal closure, but not ROS

or NO production, suggesting that ROS and NO may act upstream of the PA–ABI1

interaction in ABA signaling (Zhang et al. 2009). Other components such as small

G protein Rac, Ca2+, CDPK, and MAPK may work together with PLD/PA to

regulate NADPH oxidase activity and ROS production in stomatal movement

response to hyperosmotic stresses (Ogasawara et al. 2008; Zhang et al. 2009).

Besides NADPH oxidases, apoplast amine oxidases, including copper-

containing amine oxidase (CuAO) and polyamine oxidase (PAO) are also important

sources of ROS production (Mittler 2002). ABA treatment stimulated apoplast

CuAO activity to increase production and Ca2+ levels in Vicia faba guard cells

(An et al. 2008) and nitric oxide (NO) production in roots (Wimalasekera

et al. 2011). Whether CuAO (PAO) is regulated by PLD/PA is an interesting

question that has arisen.

3.4 Cytoskeleton

Microtubule dynamics and organization regulate cell growth, division, and devel-

opment, in response to biotic and abiotic stresses (Dixit and Cyr 2004; Ehrhardt and

Shaw 2006). For example, deletion of Na+/H+ antiporter protein (sos1 mutant)

results in microtubule depolymerization and salt sensitivity (Shoji et al. 2006). In

contrast, stabilization of microtubules by paclitaxel results in increased seedling

death under salt stress (Wang et al. 2007). These results suggest that precise control

of microtubule organization is essential for cells to survive under hyperosmotic

stress (Wang et al. 2011).

A microtubule-associated 90-kD polypeptide isolated from tobacco cells

displayed sequence similarity to PLDδ in Arabidopsis (Marc et al. 1996). PLDδ
was later shown to be associated with microtubules and plasma membranes

(Gardiner et al. 2001). Arabidopsis PLDδ was shown to be associated with the

plasma membrane as visualized with yellow fluorescence protein (eYFP) (Guo

et al. 2011). The tobacco 90-kD PLD can also associate with the preprophase

band and spindle. Gardiner et al. (2001) suggested that this protein dissociates

from the plasma membrane at the onset of mitosis and reattaches at the end of cell

division. Later, Dhonukshe et al. (2003) found that PLD activators such as
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mastoparan, xylanase, NaCl, and hypo-osmotic stress can induce the release of

microtubules from plasma membrane, resulting in their reorganization. However,

direct evidence was lacking for the direct involvement of PLD in the regulation of

microtubule organization.

A more recent study has shown that PA derived from PLDα1 regulates micro-

tubule organization by interacting with a microtubule-associated protein 65-1

(MAP65-1) (Zhang et al. 2012). The cortical microtubules in pldα1 mutant are

sensitive to NaCl treatment, being depolymerized into dot-like structures in plants

exposed to NaCl. In addition, application of PA restores the sensitive phenotype of

pldα1 mutant (Zhang et al. 2012). PA binds to a microtubule-associated protein,

MAP65-1, which can then bind to and bundle microtubules stabilizing them

(Chang-Jie and Sonobe 1993; Smertenko et al. 2004; Mao et al. 2005; Lucas

et al. 2011). PA promotes this polymerization and bundle activity of MAP65-1

both in vitro and in vivo, and mutations of the PA-binding amino acids disrupted the

binding of PA and MAP65-1, and the organization of microtubules in response to

salt stress (Zhang et al. 2012). PLDα1 itself does not bind to MAP65-1 or micro-

tubules, and PA does not bind directly to microtubules either. Furthermore, unlike

PLDα1, PLDδ is not involved directly in microtubule organization under salt stress

response. Knockout of PLDδ does not change microtubule patterns or salt tolerance

when compared with wild type (Zhang et al. 2012). Therefore, PA from PLDα1
hydrolysis specifically regulates microtubule organization in response to salt stress.

It is unclear whether other PLDs, for example, PLDα3 which is involved in salt and
osmotic stress (Hong et al. 2008), regulate microtubule organization during salt or

other stress responses.

In contrast to the regulation of microtubule organization by PA–MAP65-1

interaction during salt stress response, MAP65-1-bundling activity is negatively

regulated by MAPK cascades during cell division and development. The phosphor-

ylation of MAP65-1 by MAPKs reduces its microtubule-bundling activity, thereby

enhancing destabilization of microtubules and promoting mitosis (Sasabe

et al. 2006; Smertenko et al. 2006). The deficiency of a MAPKKK (ANP2 or

ANP3) induces a lesser phosphorylation status of MAP65-1, resulting in heavy

bundling of microtubules and abnormal root growth (Beck et al. 2010). These

results indicate that the dynamic organization of microtubules is controlled by

complex mechanisms of the cellular response to developmental and environmental

signals.

It is well known that plant cells remodel their actin cytoskeleton in response to

biotic and abiotic stresses. PA has been recently reported to bind a capping protein

(CP) and dissociate it from the ends of actin, thus enhancing actin filament–filament

annealing (Huang et al. 2006; Li et al. 2012). However, a direct link between

PA–actin filaments and any stress signal is yet to be established.
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3.5 Proline

Proline has been thought of as a compatible osmolyte which preserves protein

activity, maintains pH, and prevents oxidative damage (Delauney and Verma 1993;

Amtmann 2009). The significance of proline accumulation as an osmolyte has

recently been debated because the proline metabolism intermediate pyrroline-5-

carboxylate (P5C) is highly toxic to the cell, directly or indirectly triggering

apoptosis (Thiery et al. 2004). PLD and PLC have been found to be related to the

regulation of proline accumulation. The effect of PLD and PLC on proline accu-

mulation is dependent on both the degree of stress and the plant species (Szabados

and Savouré 2009). Using 1-butanol to inhibit PA generation, Thiery et al. (2004)

found that PLD functions as a negative regulator of proline accumulation in

Arabidopsis plants under non-stressed conditions. Treatments of plants with

200 mM NaCl or 400 mM mannitol induced an increase in proline, of which PLD

was probably not involved (Thiery et al. 2004), whereas PLC triggered P5CS

transcription and proline accumulation during salt stress (Parre et al. 2007).

In model halophyte, Thellungiella halophila/salsuginea, plants accumulate high

levels of proline even in the absence of stress. Pharmacological evidence shows that

PLDs positively control the proline accumulation under severe stress (400 mM

NaCl or 400 mM mannitol) but have no effect on its accumulation in non-stressed

conditions. Inhibition of PLC by the inhibitor U73122 leads to more proline

accumulation under unstressed or moderate salt stress (200 mM NaCl) conditions,

suggesting that PLC is a negative regulator (Ghars et al. 2012).

4 Conclusions and Perspectives

Plant PLDs are a family of multifarious enzymes with different biochemical,

regulatory, and structural properties. Different PLDs show unique functions in

response to hyperosmotic stresses and other stresses (e.g., PLDε for nutrition

deficiency) and development signals (e.g., PLDζ for root hair development,

which are described in other chapters in this book). With the extensive investigation

in recent years, increasing numbers of components in PLD/PA-regulated signaling

pathways are characterized. As outlined in Fig. 1, PLDs transmit osmotic stress

signals by regulating of the activity of protein kinases and phosphatases, NADPH

oxidase, as well as cytoskeleton organization. Genetic evidence indicates that the

activation of SPHKs by ABA produces phyto-S1P which in turn activates PLDα1 to
produce PA (Guo et al. 2012a). Early findings indicate that phyto-S1P activate G

protein (GPA1) (Coursol et al. 2003), while activated GPA1 probably release and

stimulate PLDα1 (Fig. 1). However, whether this loop exists in a cell in response to
a specific stimulus still needs to be investigated.

Aside from phospholipase activity, mammalian PLD (PLD2) has recently been

reported to bear an additional and novel catalytic function. The PLD2 acts as a
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guanine nucleotide exchange factor (GEF) for the small GTPase Rac2 by turnover

of the inactive GDP-bound GTPase to the active GTP-bound GTPase (Mahankali

et al. 2012). In Arabidopsis, the sequences of PLDζ1 and ζ2 are most similar to

those of mammalian PLDs, raising intriguing questions of whether plant PLDζs
also have GEF activity.

Therefore, in future work, it is necessary to further clarify PLD properties,

including biochemical characteristics, localization, and cellular functions. Com-

pared with identified PLD/PA targets, we know much less about the upstream

effectors of PLDs such as receptors and the components connecting receptors and

PLDs. More detailed and precise networks among PLDs and other signal molecules

should be established using combined genetic, molecular, cellular, and physiolog-

ical methods.
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Fig. 1 Proposed model depicting the functions of PLD/PA in response to hyperosmotic stresses.

When plant cells sense hyperosmotic or other stresses, PLDs are regulated (activated) by upstream

factors. For example, PLDα1 is activated with the stimulation of G protein by the conversation of

Gα-GDP to Gα-GTP and release of PLDα1 from Gα-GDP binding. Different stresses may

stimulate the appropriate PLDs. For example, ABA-promoted PA binds to and regulates ABI1

and NADPH oxidase in plasma membrane and interacts with SPHK in tonoplast, respectively. In

response to NaCl stress, PA may bind to and activate MAPK6 to regulate SOS1antiporter and

interact with MAP65-1 to stabilize microtubule, improving salt tolerance. Note that this model is

not comprehensive and only includes some of the signaling components implicated in the

hyperosmotic stress and ABA responses. Arrows with solid lines indicate established links and

arrows with dashed lines denote putative links
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Phospholipases in Nitric Oxide-Mediated
Plant Signaling

Gabriela Gonorazky, Ayelen M. Distéfano, Carlos Garcı́a-Mata,
Lorenzo Lamattina, and Ana M. Laxalt

Abstract Nitric Oxide (NO) is an important redox-based regulator of cell physi-

ology involved in many signaling processes in plants. The precise molecular

mechanism of how NO interacts with or activates different targets is still poorly

understood. The polar lipid phosphatidic acid (PA) is another molecule involved in

plant signaling. NO and PA have been independently regarded as general,

multifunctional stress-signaling molecules in plants. Results obtained in our labo-

ratory revealed that NO induces PA formation during plant-defense responses,

stomatal closure, and adventitious root formation. Conversely, during extracellular

ATP perception, PA modulates NO production. PA is generated via phospholipase

D and phospholipase C in concerted action with diacylglycerol kinase. In this

chapter, we discuss how NO might act on PA-generating enzymes as well as their

common downstream effectors like Ca2+, reactive oxygen species, kinases, and

phosphatases.

Keywords Adventitious root formation • Auxin • Extracellular ATP • Nitric oxide •

Phosphatidic acid • Phospholipases • Plant-defense • Stomatal closure

1 Introduction

Nitric Oxide (NO) is a short-lived, bioactive gas, able to cross biological mem-

branes (Stamler et al. 1992). NO is a well-established second messenger in animals

(Davis et al. 2001) and has been shown to be involved in different physiological and

developmental processes in plants (Lamattina et al. 2003). NO belongs to a family

of reactive nitrogen species (RNS) such as peroxynitrite (ONOO�), nitrogen

dioxide (NO2), dinitrogen trioxide (N2O3) and S-nitrosoglutathione (GSNO). RNS
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mediates signaling processes at low and localized concentrations and promotes

nitro-oxidative damage when they are over produced. The involvement of NO and

derived RNS in a wide variety of physiological processes is achieved via a rich

redox and additive chemistry (oxidation, nitration, or nitrosylation) toward its

targets (proteins, lipids, and nucleic acids), (Fig. 1) (Stamler 1994). Plant NO

research has focused on post-translational modifications (PTM) in proteins, mainly

S-nitrosylation and nitration. S-nitrosylation is the covalent binding of NO to a free

thiol group of a cysteine residue (Cys) (Astier and Lindermayr 2012). The nitration

of tyrosine residues (Tyr) is induced by •NO-derived species (homolytic addition of
•NO2). Proteins containing transition metals, thiols, or tyrosine residues strategi-

cally located at either allosteric or active sites are potential NO targets and essential

components of NO signaling.

NO concentrates in membranes where it more readily reacts with oxygen

generating oxidizing, nitrosylating, and nitrating species (Moller et al. 2005).

Therefore, membrane proteins, lipoproteins, and lipids are theoretically more

exposed to NO. Membrane NO targets have been described in animals (Stamler

1994). So far, only two membrane proteins were identified in plants: NADPH

oxidase and ion channels (Table 1). There are no reports of S-nitrosylation or

nitration of plant phospholipases. In animals, the only phospholipase reported to

Fig. 1 Chemical Biology of NO. NO reacts with molecules in two basic ways: via nitrosylation

(upside box) or nitration (downside box). Nitrosylation is the reversible addition of NO radical to

(a) thiol groups of Cys residues (R-Cys) of proteins, known as S-nitrosylation or (b) to transition

metals (R-M), like iron sulfur clusters, heme, and zinc-finger proteins. In S-nitrosylation NO first

reacts with S-nitrosoglutathione (GSH) to form GSNO, which then reacts with R-Cys. Nitration is

the incorporation of a nitro (�NO2) group by a double bond. This is mediated by NO-derived

species, peroxynitrite (ONOO�), formed by NO in the presence of superoxide anions (O2•�), and
subsequently NO2

•. NO2
• could react with: (1) the aromatic ring of tyrosine residues (R-Tyr),

(2) different unsaturated fatty acids, and (3) cyclic nucleotides or the nucleotides in the DNA or

RNA such as guanine
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be S-nitrosylated is phospholipase A2α (cPLA2α; Xu et al. 2008). Besides reacting
with membrane proteins, NO can react with lipid peroxyl radicals, effectively

inhibiting lipid peroxidation chain reactions, displaying an oxidant-protective and

anti-inflammatory role in animals (Rubbo et al. 2000). Fatty acid (FA) nitration is

induced by •NO-derived species yielding NO2-FAs (Fig. 1). Nitration of unsatu-

rated FAs was shown to be a new signaling mechanism in pathological processes in

animals (Freeman et al. 2008). So far, there are no plant reports on NO2-FAs. RNS

can also react with nucleic acids, generating DNA lesions on the bases and/or sugar

moieties (Kamiya 2003). Base nitration has been shown in cGMP in animals, and

nitrated-cGMP has previously been reported as a signal in animals and more

recently in plants (Joudoi et al. 2013).

Table 1 Examples of proteins involved in plant signaling that are regulated by S-nitrosylation

Protein

Nitrosylation

stimuli Plant species References

-Ascorbate peroxidase GSNO/NO gas A. thaliana/
Potato

Bai et al. (2011), Fares et al. (2011)

Salt Stress Citrus/

G. max
Tanou et al. (2009)

-Auxin receptor (TIR1) GSNO A. thaliana Terrile et al. (2012)

-Catalase GSNO/

Pathogen

A. thaliana
Pea/Potato

Maldonado-Alconada et al. (2011),

Kato et al. (2013),

Ortega-Galisteo

et al. (2012)

-GAPDH GSNO/
DEANO

salt

A. thaliana/
Potato/
G. max/
N. tabacum

Tanou et al. (2009), Wawer

et al. (2010)

-HSP90 GSNO A. thaliana Lindermayr et al. (2005)

-MYB2 GSNO A. thaliana Serpa et al. (2007)

-NADPH oxidase (RBOH
D)

GSNO/
Pathogens

A. thaliana Yun et al. (2011)

-NPR1 (Nonexpressor

of pathogenesis-

related gene 1)

GSNO A. thaliana Tada et al. (2008)

-PEPC (Phosphoenol

pyruvate

Carbaxylase)

Pathogens A. thaliana Maldonado-Alconada et al. (2011)

-SABP3 (SA-binding

protein 3)

GSNO/

Pathogen

A. thaliana Wang et al. (2009)

-Thioredoxin GSNO Potato Kato et al. (2013)

-TGA1 (Transcription

factor)

GSNO A. thaliana Lindermayr et al. (2010)

-Voltage-Gated

Ion Channels

GSNO Citrus Tanou et al. (2009)

Summary of those plant proteins involved in signaling processes that were reported to be a target

of S-nitrosylation either in vitro or in vivo. Bold denotes proteins that bind PA as well
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1.1 NO Production and Localization in Plants

Several nonenzymatic or enzymatic sources of NO have been described in plants

(Besson-Bard et al. 2008). They are either L-Arginine or nitrite-dependent.

L-Arginine-dependent sources involve NO synthase (NOS)-like enzyme. NOS-like

activity has been detected in several plant tissues and it plays a role in NO synthesis

during hormone treatments and (a)biotic stress (Neill et al. 2003). Recently, Foresi

et al. (2010) described a NOS enzyme from Ostreococcus tauri (OtNOS), a green

algae that branches near the base in the phylogenetic tree of photosynthetic organisms

(Foresi et al. 2010). OtNOS has most of the characteristics ascribed to animal NOS.

However, a NOS gene has not been identified in higher plants yet. A decade ago an

Arabidopsis gene was reported as the first plant NOS, when mutant plants displayed

reduced NO production. However, later on, this NOS-like enzyme was proven to be a

GTPase and renamed as AtNOA1 (Nitric Oxide-Associated1) (Moreau et al. 2008).

Other processes of NO production use hydroxylamines and polyamines as substrates

(Yamasaki and Cohen 2006). In both cases aerobic NO formation is stimulated

after external addition of hydroxylamines or polyamines; however, the enzymatic/

chemical reactions have not been described yet. Exogenous polyamines rapidly

induce NO production, either by triggering NO production via an unknown enzyme

or as substrate for NO production by themselves (Frohlich and Durner 2011).

The other NO source is nitrite. Nitrite can accumulate at significant levels under

anaerobic conditions as well as when photosynthetic activity is inhibited. The

nitrite-dependent NO production can be either enzymatic, catalyzed by the enzymes

nitrate reductase (NR) and nitrite-NO reductase (Ni-NOR), or nonenzymatic at low

pH (Bethke et al. 2004). The cytosolic enzyme NR reduces nitrite to NO in a NADP

(H)-dependent reaction, when nitrite concentrations are high and O2 concentrations

are low (Frohlich and Durner 2011). Arabidopsis has two NR genes. NR-deficient

double mutants, nia1/nia2, show low NO levels and are impaired in abscisic acid

(ABA)-induced stomatal closure (Desikan et al. 2002), root hair elongation

(Lombardo et al. 2006), and lateral root formation (Kolbert et al. 2007). A plasma

membrane-bound Ni-NOR, distinct from the plasma membrane NR, has been

shown to convert nitrite to NO in tobacco (Stohr and Stremlau 2006). Mitochondrial

electron transport-dependent reductase is also capable of reducing nitrite to NO

(Planchet et al. 2005). However, these latter routes seem to be localized in the roots

of higher plants, where the oxygen tension is low (Gupta et al. 2005).

NO has been detected in the cytosol, nucleus, peroxisomes, mitochondria, and

chloroplasts (Neill et al. 2003). The specificity of NO signaling can be explained by

this temporal and spatial NO distribution, superimposed to the spatial distribution

of its effectors (Besson-Bard et al. 2008). Such spatial versatility can possibly be

ascribed to the variety of NO sources.
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1.2 Post-translational Modification of Plant Proteins by NO

S-nitrosylation is considered the most important of the NO-dependent PTMs due to

its higher reactivity and occurrence under physiological conditions (Astier and

Lindermayr 2012). In this sense, S-nitrosylation/denitrosylation has been proposed

to be as important as phosphorylation/dephosphorylation (Martinez-Ruiz and

Lamas 2004). Several proteomic analysis of S-nitrosylated proteins have been

performed in plants (Astier and Lindermayr 2012). There are reports of proteins

which are nitrosylated in vitro using nitrosylating agents like GSNO or Cys-NO and

proteins which are endogenously nitrosylated in response to different stimuli like

plant pathogen infection and salt stress. Some of the S-nitrosylation target proteins,

particularly those involved in signaling processes, are listed in Table 1. The factors

that make this PTM a specific process are still under debate (Marino and Gladyshev

2010). It is speculated that the colocalization of NO sources and targets within

subcellular compartments is important. In this regard, given (Hess et al. 2005) that

NO partitions better in membranes than in cytosol (Moller et al. 2005), the role of

phospholipids and phospholipases might be of great importance. In addition, there

is a technical constraint in the identification of PTM of membrane proteins, since

the current methodologies used for NO targets (2D gel electrophoresis and mass

spectroscopy) are biased toward the detection of highly abundant proteins (Sun and

Murphy 2010). Therefore, it is not common to see low abundant proteins such as

ion channels or phospholipases in the lists of S-nitrosylated proteins.

Plant NADPH-dependent oxidases RboHD and RboHF play an active role in the

production of reactive oxygen species (ROS) associated with plant defense

responses (Torres et al. 2002). Recently it was demonstrated that the ability of

Arabidopsis RbohD to form ROS is negatively regulated by the S-nitrosylation

(Yun et al. 2011). Interestingly, PA binds to both RbohD and RbohF, increasing

their activity and thus promoting stomatal closure (Zhang et al. 2009). Another

example is phosphoenol pyruvate carboxylase (PEPC). This enzyme, which has

increased affinity to PA under hypo-osmotic stress (Testerink et al. 2004), was also

reported to be S-nitrosylated in Arabidopsis, C3, and CAM plants (Abat

et al. 2008). Finally, glyceraldehyde 3 phosphate dehydrogenase (GAPDH), one

of the first proteins to be identified as an S-nitrosylation target (Molina y Vedia

et al. 1992), is detected in the PA-binding fraction of root extracts of salt-stressed

plants (Yun et al. 2011).

Another form of PTM is metal nitrosylation. In this case, an NO moiety binds to

redox active metal centers of proteins, mainly those in heme proteins (Ford 2010).

Some of the target proteins of metal nitrosylation in plants are hemoglobins,

aconitase, and NO-dependent guanylate cyclase (Astier and Lindermayr 2012).

Finally NO can indirectly modify tyrosine residues. In this case NO reacts with

superoxide to form peroxynitrite (ONOO-) which reacts with the tyrosine of the

target proteins. Some examples of tyrosine nitration are Ferredoxin-NADP oxido-

reductase (FNR), O-acetylserine(thiol)lyase (OASTL), and Peroxide reductase II

(PrxII) (Astier and Lindermayr 2012).
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1.3 Phosphatidic Acid Signaling

PA has emerged as a second messenger in plants as described in Chap. 4 (Testerink

and Munnik 2011). It is formed within minutes in response to drought stress, ABA

treatments, salt stress, as well as during pathogenic and mutualistic interactions.

Increases in PA are transient since PA can be converted to diacylglycerol pyro-

phosphate by PA kinase or to diacylglycerol (DAG) by lipid phosphate

phosphatases.

In stress-induced signal transduction, PA responses have been mainly attributed

to two pathways: (a) via phospholipase D (PLD) hydrolysis of structural phospho-

lipids or (b) via phospholipase C (PLC) that hydrolyzes polyphosphoinositides

(PPIs) to DAG which is subsequently phosphorylated to PA by diacylglycerol

kinase (DGK). In addition, the hydrolysis of PPIs by PLCs results in water-soluble

inositol polyphosphates (InsPPs), Ins(1,4)P2 and Ins(1, 4, 5)P3, that diffuse into the

cytosol. In animals, InsP3 release Ca2+ from intracellular stores by activating a

ligand-gated calcium channel at the endoplasmic reticulum. To date, no clear

homologue of the InsP3-activated Ca2+ channel was identified in plant genomic

sequences. Instead, InsP6 was shown to stimulate the release of Ca2+ from intra-

cellular stores in guard cells, strongly pointing to a signaling function in plants

(Lemtiri-Chlieh et al. 2003). Further highlighting the case for InsP6 and other

InsPPs involvement during plant signaling is the recent discovery of InsP6 in the

crystal structure of the auxin receptor, TIR1, and of InsP5 in the jasmonate receptor,

COI1 (Munnik and Nielsen 2011). TIR1 and COI1 are F-box proteins and function

as part of SCF ubiquitin–ligase complexes. The role of InsPPs in the TIR1 and

COI1 protein functions remains unknown. Recently it was shown that two Cys of

TIR1 are S-nitrosylated, and targets of NO function in auxin signaling (Terrile

et al. 2012). In addition, phosphatidylinositol 4-phosphate (PtdIns4P) and phsphati-

dylinositol 4,5-biphosphate PtdIns(4,5)P2, originally characterized as PLC sub-

strates, have roles as signaling molecules, since many proteins involved in

signaling and membrane trafficking have domains that bind to these lipids (see

Chap. 2).

Arabidopsis has seven putative PLC genes and 2 pseudogenes (Mueller-Roeber

and Pical 2002). PLCs contain a Ca2+-dependent phospholipid-binding domain

(C2) and are activated by Ca2+. Until now, many aspects regarding the regulation

of plant PLCs were unknown. Very few regulatory mechanisms have been

described. In Arabidopsis, AtPLC2 gets phosphorylated upon elicitation (Nuhse

et al. 2007) and, in pea, one of the PLCs interacts with Gα protein (Misra

et al. 2007). Characterization of each PLC isoform, their mechanisms of regulation,

and their putative role in a specific physiological response, remains to be

elucidated.

A family of 12 PLD isoforms with specific biochemical, regulatory, and struc-

tural properties has been described in Arabidopsis (Elias et al. 2002; Qin and Wang

2002). PLD isoforms are classified into two classes. PX/PH-PLDs class (PLDζ
has N-terminal phox homology (PX) and pleckstrin homology (PH) lipid-binding
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domains, see Chap. 1), whereas the C2-PLDs, unique to plants, have a C2 domain as

described above. The latter is further classified into PLDα, β, γ, δ, ε, and ζ classes.
Therefore, lipids and Ca2+ regulate PLDs (described in Chap. 1). The isoform PLDδ
is activated by oleic acid (Wang and Wang 2001) and μM Ca2+ concentrations.

PtdIns(4,5)P2 activates the isoforms PLDβ1, PLDγ1, PLDγ2, and PLDδ
(Li et al. 2009). Genetically modified plants have been successfully used to address

the roles of individual members of the PLD family during a number of stress

responses.

1.4 NO Signaling: Connecting to PA

NO has been shown to be involved in the InsP3 and cADPR-dependent increase of

cytosolic Ca2+ (Garcia-Mata et al. 2003; Lanteri et al. 2006). Ca2+ is a regulator of

PLD and PLC, as well as many other enzymes such as NADPH oxidase. NADPH

oxidase is involved in ROS production. ROS production occurs concomitantly with

NO generation during several physiological processes (Delledonne et al. 2001). PA

has been shown to trigger an oxidative burst suggesting a similar activation of

NADPH oxidase (Sang et al. 2001; de Jong et al. 2004; Park et al. 2004). This

suggested a putative cross talk between NO, Ca2+, PA, and ROS. NO and PA share

other downstream effectors like an inward-rectifying K+ channel, ABI1 protein

phosphatase 2C, mitogen-activated protein kinase (MAPK), and Ca2+-dependent

protein kinase (CDPK). There are a number of processes in which NO- and

PA-generating enzymes have been shown to participate (Distéfano et al. 2010).

Much evidence supports the link between NO and phospholipid signaling

(Distéfano et al. 2010).

2 Plant Defense

NO is involved in the plant defense response of a growing list of plant–pathogen

interactions. Accumulation of NO has been observed in plant systems inoculated

with Pseudomonas syringae (Delledonne et al. 1998), the biotroph fungus Blumeria
graminis (Prats et al. 2005), and the necrotroph Botrytis cinerea (van Baarlen

et al. 2007). Rapid NO production has been reported as well in response to

treatment with several pathogen-associated molecular pattern (PAMP) molecules.

These include the bacterial PAMPs lipopolysaccharides and flagellin (Gust

et al. 2007), elicitin INF1 and cryptogein from Phytophthora (Foissner

et al. 2000; Yamamoto et al. 2004), as well as the fungal PAMPs xylanase and

chitosan (Laxalt et al. 2007; Manjunatha et al. 2009; Raho et al. 2011). Downstream

of NO, diverse plant defense responses are activated including ROS production,

expression of defense-related genes, and cell death (Gaupels et al. 2011). Increased

production of NO and ROS is necessary to trigger HR (Delledonne et al. 2001).
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Distinct evidence indicates that NO also negatively regulates the induction of

plant defense. This regulation would occur through the S-nitrosylation of crucial

components of the antioxidant defense system. For instance, S-nitrosylation of

NADPH oxidase inhibits its activity, thus reducing ROS production and therefore

plant defense responses during plant–pathogen interaction (Yun et al. 2011).

Nonexpressor of PR1 (NPR1) is a central salicylic acid-responsive coactivator of

the transcription factor TGA1 that regulates PR1 expression. NPR1 is present in the
cytosol as an oligomer and dissociates into monomers that move into the nucleus

and activate PR1 expression. During induction of SA-induced disease resistance,

S-nytrosilation of NPR1 induces its oligomerization, thus inhibiting the transcrip-

tion of PR1 (Tada et al. 2008). The activities of SA-binding protein 3 (SABP3),

GAPDH, prometacaspase 9, S-adenosyl-methionine synthetase1 (SAMS1), and

constitutive triple response 1 (CTR1) are also regulated by S-nitrosylation during

HR induction (Astier and Lindermayr 2012).

The accumulation of PA is one of the earliest host responses as evidenced upon

treatment with several PAMPs. The elicitors xylanase, chitosan, N-acetyloligosac-
charides, and flagellin induce PA production in tomato, alfalfa, and rice cells

(Testerink and Munnik 2011). Moreover, the race-specific pathogen effector,

Avr4 from the fungus Cladosporium fulvum induces PLC/DGK activity in Cf4-
expressing tobacco cells (de Jong et al. 2004). Similar results have been obtained in

RPM1/RPS2-expressing Arabidopsis cells treated with the specific effectors

AvrRpm1 and AvrRpt2 from P. syringae (Andersson et al. 2006). Nod factors

have also been reported to induce PA accumulation in alfalfa cells (den Hartog

et al. 2003). Flagellin treatment triggers the phosphorylation of AtPLC2 (Nuhse

et al. 2003, 2007) which may indicate its involvement in PA production. Surpris-

ingly, AtPLC2 knockout mutants cannot survive (Munnik, personal communica-

tion). Downstream of PA, ROS production, expression of defense-related genes,

and cell death are triggered (Testerink and Munnik 2011). Some of the target

proteins of PA have been previously described for their role in plant defense.

These include phosphoinositide-dependent kinase 1 (PDK1), mitogen-activated

protein kinase 6 (MAPK6), CTR1, NADPH oxidase, and GAPDH (reviewed by

Testerink and Munnik 2011).

Currently, the elicitors for which an interaction between PA and NO has been

established are xylanase and chitosan (Laxalt et al. 2007; Lanteri et al. 2011; Raho

et al. 2011). Both PAMPs activate rapid PA production in tomato cells via two

enzymatic pathways, PLD and PLC/DGK. Xylanase-induced PLC/DGK-derived

PA is NO dependent, while the triggering of PLD activity appears to be independent

of NO. In addition, pharmacological approaches indicate that protein kinase activity

upstream of NO production as well as protein S-nitrosylation events downstream of

NO are required for xylanase-induced PA production. On the other hand, chitosan

activates both PLC/DGK and PLD via NO. This suggests that, depending on

the elicitor, there is specificity on the requirement of NO for the activation of the

phospholipase pathway. Inhibition of NO accumulation or inhibition of either the

PLC or the DGK enzyme diminished xylanase-induced ROS production, gene

expression, and cell death (Laxalt et al. 2007). Similarly, PLC inhibitors blocked
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chitosan-induced ROS production (Raho et al. 2011). This suggests that

NO-dependent, PLC/DGK-generated PA is involved in the induction of plant

defense triggered by xylanase and chitosan treatment. Recent experiments have

shown that AVR4 induces NO production and that this response is required for

PLC/DGK activation (Laxalt et al. unpublished). Vossen et al. (2010) by

performing silencing assays demonstrated that SlPLC6 is required for general

resistance during incompatible interaction between Cf4-tomato plants and

C. fulvum expressing Avr4, while SlPLC4 is specifically involved in the induction

of HR triggered upon AVR4 perception (Vossen et al. 2010).

The oxidative burst in plant–pathogen interactions mediated by specific elicitors

occurs in two phases. The first phase shows a rapid, transient, and low ROS

production, whereas the second phase shows a prolonged and massive ROS pro-

duction (Lamb and Dixon 1997). The activation of PLC and PLD was shown for the

first phase of ROS generation in rice cells induced by N-acetylchitooligosaccharide
elicitor, whereas for the second phase only the activation of PLD was evident

(Yamaguchi et al. 2005). Recognition of Pseudomonas syringae AvrRpm1 or

AvrRpt2 in Arabidopsis induced a biphasic accumulation of PA. The first wave

was attributed to the PLC/DGK pathway and the second to PLD, and both act

upstream of ROS formation (Andersson et al. 2006). We suggest that PLC/DGK-

generated PA is involved in the induction of ROS production during the first peak of

the oxidative burst in xylanase and chitosan treated cells and that it is NO

dependent.

The proposed signaling is subject to several regulatory mechanisms, as illus-

trated in the model of the xylanase-induced signaling pathway (Fig. 2). Distinct

feedback loops are proposed in this signaling pathway. An increase in Ca2+

concentrations might stimulate PLC or C2-PLDs, thereby establishing possible

signal amplification via a positive feedback; however, this mechanism has not yet

been proven. A second positive feedback could be established between ROS and

NO, based on the observation that H2O2 triggers NO production in different

biological systems (Lum et al. 2002; Bright et al. 2006; de Pinto et al. 2006).

H2O2 also induces PA formation (Yamaguchi et al. 2004). In addition, NO nega-

tively modulates the induction of defense responses by inhibiting NADPH oxidase

activity and NPR1 monomerization through S-nitrosylation events (Tada

et al. 2008; Yun et al. 2011). Although this data suggests a feedback between

ROS, NO, and PA, genetic approaches are required to unequivocally demonstrate

the order of events following elicitor perception.

3 Stomatal Closure

Stomatal pores, located in the epidermis of plants, are form by a pair of guard cells.

The opening and closure of stomata is regulated by guard cell turgor, in rapid

response to several signals such as light, temperature, and humidity, and to the

hormones ABA, auxin, and ethylene. During drought stress conditions, ABA
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regulates water loss by two different process, induction of stomatal closure, and

inhibition of stomatal opening (Mishra et al. 2006). Stomatal closure involves

several processes resulting in inactivation of inward-rectifying K+ (K+
in) channels,

Fig. 2 Model of NO and PA signaling downstream of xylanase perception in cultured tomato

cells. Xylanase induces NO and PA production in a protein kinase (PK) activation-dependent

manner. NO directly or indirectly triggers PLC/DGK activity through S-nitrosylation events. PLC
catalyzes the formation of DAG, which is then converted by DGK to PA. Xylanase also induces

PLD to produce PA in an apparent NO-independent manner. PA in turn activates NADPH oxidase,

generating superoxide and related ROS. The resulting ROS induces cell death and PR1 expression
through translocation of NPR1 monomers to the nucleus. PLC signaling also results in InsP3
formation. InsP3-derived products induce the release of Ca

2+ from internal stores and Ca2+ further

stimulates NADPH oxidase leading to plant defense responses. ROS production forms a positive

feedback via stimulation of NO production. NO negatively modulates defense responses by

S-nitrosylation of NADPH oxidase and NPR1. Solid arrows indicate metabolic conversion;

dashed arrows indicate activation (directly or indirectly)
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activation of outward-rectifying K+ (K+
out) channels, and activation of slow- and

fast-anion channels (MacRobbie 2006).

NO is produced during ABA-induced stomatal closure, methyl jasmonate, UV-B

light, and bicarbonate (Distéfano et al. 2010). Cross talk of NO and ABA has been

thoroughly studied. In ABA-treated guard cells, endogenous NO has been shown to

induce stomatal closure. NO, in turn, participates in a subset of ABA-evoked

responses by inactivating K+
in channels via a cGMP/cADPR-dependent increase

of cytosolic Ca2+ concentration (Garcia-Mata et al. 2003). Sokolovski et al. (2005)

showed that several NO-dependent signals could be modulated through protein

phosphorylation upstream of intracellular Ca2+ release. We have shown that NO

induces PA production in guard cells, (Distéfano et al. 2008), and when either PLC

or PLD activity was inhibited, NO failed to induce stomatal closure. This evidence

suggests that PLD and PLC are participating in the NO-signaling pathway and

agrees with similar evidence presented for ABA-induced stomatal closure (Jacob

et al. 1999).

Recently, research has focused on the study of PLD isoenzymes involved in

phospholipid signaling during stomatal closure. Zhang et al. (2004) showed that

PLDα1 is downstream of ABA-induced stomatal closure. Afterwards, the same

group showed that upon ABA treatment, PLDα1-derived PA triggers NADPH

oxidase activation, with the consequent H2O2 production, which in turn induces

NO increase (Zhang et al. 2009). PA binds to recombinant Arabidopsis NADPH
oxidase RbohD and RbohF (Zhang et al. 2009). Our results show that PLDα1
knockout mutants do close their stomata in response to NO treatments (Distefano

et al. 2012), placing PLDα1 upstream of ABA-induced NO production, as reported

earlier (Zhang et al. 2009). In contrast, PLDδ knockout mutants do not close their

stomata in response to ABA, H2O2, and NO, placing PLDδ downstream of

ABA-induced NO production (Distefano et al. 2012). Two independent groups,

Uraji et al. (2012) and Guo et al. (2012), have obtained similar results (Guo

et al. 2012; Uraji et al. 2012). Guo and colleagues established that PLDδ is

downstream of H2O2 in mediating ABA-induced stomatal closure, further

supporting our results. H2O2 promoted GAPDH–PLDδ interaction and PLDδ
activity. Interestingly, GAPDH is regulated by S-nitrosylation (Lindermayr

et al. 2005), thus NO could modulate GAPDH–PLDδ interaction. All together,

these results suggest that PLDδ might have a role on regulation of stomatal closure

downstream of ABA-induced ROS and NO production via PLDα1 activation.

Direct evidences will be needed to confirm this hypothesis. However, Uraji

et al. (2012) suggested that PLDα1 and PLDδ have a cooperative function in

ABA-induced stomatal closure, since single mutants close the stomata upon ABA

treatment, but the double mutant does not.

Several components can be proposed as putative downstream effectors of

NO–PA production. It has been reported that PA inhibits the function of the

PP2C phosphatase ABI1, which is a negative regulator of ABA responses (Zhang

et al. 2004). Since abi1 mutant is able to produce NO in response to ABA, but is

impaired in ABA induction of stomatal closure, NO has been proposed to act

upstream of ABI1 (Desikan et al. 2002, 2004). Thus, it is speculated that NO
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inactivates ABI1 via PA production. In addition, MAPKs, which are involved in

ABA-promoted stomatal closure, have been implicated as targets of PA (Testerink

and Munnik 2011) and stimulated by NO (Neill et al. 2008). Thus, MAPKs could be

targets regulated by NO-induced PLDδ-mediated stomatal closure. K+
in channel

could be proposed as another target, because the channel activity is regulated by

both PA and NO (Jacob et al. 1999; Garcia-Mata et al. 2003). PLDδ-dependent
regulation of stomatal closure can also be linked to cytoskeletal changes, since it

has been proposed that PLDδ has a role in microtubule reorganization (Gardiner

et al. 2003; Andreeva et al. 2009; Ho et al. 2009). PLD activation induces micro-

tubules to be release from the plasma membrane and incremental F-actin polymer-

ization (Dhonukshe et al. 2003; Gardiner et al. 2003; Smertenko et al. 2004; Motes

et al. 2005). Interestingly, F-actin polymerization and changes in vacuolar volume

occur in NO-induced stomatal closure (Huang et al. 2009). Considering this evi-

dence, it would be interesting to study the role of PLDδ in actin polymerization and

microtubule organization during NO-induced stomatal closure.

Different proteins have been proposed to be the ABA receptor; however, only

one is now recognized as a bona fide receptor. The receptor is formed by soluble

proteins named PYR/PYL/RCAR (Ma et al. 2009; Park et al. 2009), which interacts

with a protein phosphatase–kinase complex, functioning as a double negative

regulatory system (Vlad et al. 2009; Umezawa et al. 2013). The phosphatases

ABI1, ABI2, and HAB1 belong to clade A type 2C protein phosphatase (PP2C)

and the kinases are SNF1-related protein kinase 2 type III (SnRK2-2; 2.3 and the

2.6 OST1) (Kulik et al. 2011). ABA promotes the interaction of PYR/PYL/RCAR

and PP2C, resulting in PP2C inhibition and SnRK2 activation. Downstream,

SnRK2 phosphorylate numerous target proteins involved in ABA responses,

including transcription factors that bind to ABA responsive elements, anion and

potassium channels, and the NADPH oxidase RbohF (Weiner et al. 2010). Yet,

there is no conclusive evidence that NO and PA production occurs through

PYL/PYR/RCAR receptor. Interestingly, PA interacts with the SnRK2s type I

SnRK2.4 and 2.10 (Testerink et al. 2004) and, as we have mentioned above, PA

interacts and regulates ABI1 (Zhang et al. 2004). In addition, NO activates type I

SnRK2 in tobacco (Lamotte et al. 2006).

It has been also reported that both NO (Garcia-Mata and Lamattina 2007; Zhang

et al. 2007) and PA (Mishra et al. 2006) are involved in the inhibition of light-

induced stomatal opening. After we reported the link between NO and PA during

stomatal closure, Takemiya and Shimazaki (2010) showed that NO also induces PA

during inhibition of light-induced stomatal opening. The authors showed that PLD

activity is required for NO induced PA; however, PLDα1 is not involved (Takemiya

and Shimazaki 2010). Thus it would be interesting to determine if PLDδ partici-

pates in this process. The proposed roles of NO and PA during stomatal movements

are summarized in Fig. 3.
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Fig. 3 Simplified model of phospholipid signaling in NO regulation of stomatal movement. In

guard cells, NO production is induced upon ABA detection. ABA could be internalized by an ABC

transporter (ABC) and then interacts with a soluble receptor (R). NO participates in the regulation

of stomatal movements by two different ways, by inducing closure (left guard cell) or inhibiting
opening (right guard cell). NO regulates phospholipases in both processes. In a closed stoma, K+

uptake and solute accumulation are inhibited. Because of that the osmotic pressure diminishes as

water leaves and the cell shrinks. The closed stoma has a big number of small vacuoles and a

random distribution of actin filaments. In an opened stoma an increase in the turgor pressure

occurs, due to the H+ATPasa activation, which in turns provokes the uptake of ions, mainly K+,

and the accumulation of solutes. In consequence water enters through guard cells, the cell swell,

and the stomata opens. Other characteristic of the open stoma is the low number of large vacuoles

and the radial distribution of actin filaments. For details of how NO and phospholipases regulates

these processes see the text
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4 Auxin and Adventitious Root Formation

The plant hormone auxin modulates diverse aspects of root growth and develop-

ment. NO is a second messenger in the auxin signal transduction leading to lateral

root formation (Correa-Aragunde et al. 2004), root gravitropism (Hu et al. 2005),

root hair formation (Lombardo et al. 2006), and adventitious root (AR) formation

(Pagnussat et al. 2003).

Auxin induces a transient increase in the level of NO in the tip of cucumber

(Cucumis sativus) hypocotyls, where ARs are formed. It was proposed that auxin-

induced NO triggers cGMP production (Pagnussat et al. 2003). NO also activates a

MAPK cascade in a cGMP-independent pathway (Pagnussat et al. 2004). A third

signaling pathway that is required is via the increase in cytosolic Ca2+ concentration

and CDPK activity (Lanteri et al. 2006). Pharmacological data indicate that inhib-

itors of InsP3-regulated Ca
2+ channels suppress auxin- and NO-induced AR forma-

tion in cucumber explants suggesting the participation of PLC activity (Lanteri

et al. 2006). Recent evidence indicates that auxin-induced NO production triggers a

rapid and transient accumulation of PA in cucumber hypocotyls and PA stimulated

AR formation (Lanteri et al. 2008). Before an increase in PA, auxin induces a

NO-dependent accumulation of PtdInsP and PtdInsP2 in cucumber explants

(Lanteri et al. 2008). Both PtdInsP and PtdInsP2 act as secondary messengers in a

wide scope of processes critical for cell survival, environmental adaptation, and

growth (Meijer and Munnik 2003). An increase of phosphatidylinositol

3-phosphate (PtdIns3P) was found upon auxin treatment in isolated membranes

of Arabidopsis roots, with a role in signaling during the root gravitropic response

(Joo et al. 2005). We still do not know which isomers accumulate in response to

auxin and NO treatments in cucumber (Lanteri et al. 2008). As mentioned earlier,

PtdInsP and PtdInsP2 induce activation of several PLDs in vitro. PLD is activated

in vivo during auxin and NO treatments generating PA in cucumber hypocotyls;

however, the activation of the PLC/DGK pathway could not be demonstrated

(Lanteri et al. 2008). PLD could be directly activated by NO via nitrosylation or

nitration and/or indirectly activated via elevations in Ca2+ and/or PtdInsP and

PtdInsP2. PA could possibly activate CDPK- and MAPK-signaling pathways, as

was previously shown (Farmer and Choi 1999; Lee et al. 2001).

Genetic evidence in Arabidopsis suggested an involvement of the PLDξ class in
root architecture and auxin responses. PLDξ1 is likely to participate in both

initiation and maintenance of root hair morphogenesis (Ohashi et al. 2003).

PLDξ2 has a role in auxin-induced primary root elongation, hypocotyl elongation,

and gravitropism (Li and Xue 2007). Inhibition of PLD with 1-butanol in wild-type

Arabidopsis seedlings showed stronger repression of gravitropism and lateral root

formation than is observed in pldξ2 mutant, indicating that other PLD members

may be involved in auxin responses (Li and Xue 2007). It will be interesting to

analyze the level of PA upon auxin treatment in pldξ2 mutant. A subsequent paper

by Mancuso et al. (2007) provides evidence that specifically PLDξ2, and no other

PLD, is specialized in the vesicular regulation of polar auxin transport in the distal
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portion of the transition zone in root apices. PLDξ2 may regulate auxin transport

through modulation of the activity of RCN1 and PID1 (Li and Xue 2007). RCN1, a

protein phosphatase 2A regulatory subunit involved in auxin transport (Rashotte

et al. 2001), is a potential target protein of PA (Testerink et al. 2004). PID1, a

serine/threonine protein kinase that acts as a regulator of polar auxin transport

(Bennett et al. 1995) is activated by PDK1 (Zegzouti et al. 2006) which is directly

stimulated by PA (Anthony et al. 2004). Since auxin induces PA formation via NO,

one can speculate that downstream of this NO-induced PA, auxin transport is

regulated via the phosphorylation of auxin transport proteins PIN.

5 Extracellular ATP

In animal cells, ATP is well established as an extracellular signal in a number of

cellular responses (Fredholm et al. 1994; Burnstock and Williams 2000). Extracel-

lular ATP (eATP) is perceived through the purine P2 receptors P2X (ion channels)

and P2Y (G protein-coupled receptors) (Ralevic and Burnstock 1998). Both P2X

and P2Y receptors affect directly or indirectly intracellular Ca2+ signaling resulting

in a variety of downstream cellular responses. P2Y receptors act via G protein

coupling to activate PLC, leading to the formation of DAG in the membrane and

InsP3 in the cytosol. InsP3 triggers Ca
2+ release from intracellular stores, stimulat-

ing a variety of signaling pathways including phospholipase A2, Ca
2+-dependent K+

channels, and NOS. Downstream, DAG, phosphatidylcholine-specific PLC, PLD,

the MAPK pathway, and Ca2+ influx via voltage-operated Ca2+ channels are all

being activated. eATP have been detected in plants and shown to participate in

different processes. Even though the presence of plant P2-like receptors has been

suggested (Song et al. 2006), the molecular components involved in the eATP

signaling pathway are poorly known. During wounding, the cell membrane is

broken and millimolar ATP concentrations could be released into the extracellular

space (Jeter et al. 2004). In addition, other stress conditions like mechanical stimuli

and osmotic stress induce ATP release (Jeter et al. 2004; Weerasinghe et al. 2009).

More recently, eATP levels were closely correlated with regions of active growth

and cell expansion (Kim et al. 2006). Remarkably, increases of PA production have

been reported in the abovementioned processes (Munnik and Meijer 2001;

Bargmann et al. 2009a, b; Han and Yuan 2009; Zhang et al. 2009). Considering

that phospholipases are downstream components of eATP perception in animals

(Ralevic and Burnstock 1998) and that in plants phospholipases and lipid-derived

molecules regulate diverse responses, we hypothesized a similar scenario in eATP-

induced plant responses. The addition of exogenous ATP activated the PLC/DGK

and PLD pathways, generating PA (Sueldo et al. 2010). In animals, one of the

downstream effectors of eATP-induced PLC activation is NO (Ralevic and

Burnstock 1998). In plants, NO production upon eATP treatments was reported

in tomato cells suspensions, as well as in Salvia miltiorrhiza hairy roots and in

Arabidopsis pollen tubes (Foresi et al. 2007; Wu and Wu 2008; Reichler
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et al. 2009). In tomato cell suspensions, ATP-induced NO production requires

PLC/DGK activation (Sueldo et al. 2010). NO production required Ca2+ influx

from the extracellular in ATP-treated hairy roots (Wu and Wu 2008). In tomato

cells, ATP-induced NO accumulation but not PA, requires the activation of plasma

membrane Ca2+-permeable channels (Sueldo et al. 2010). Ca2+ and PA have been

shown to activate NADPH oxidase in Arabidopsis (Ogasawara et al. 2008; Takeda
et al. 2008; Zhang et al. 2009). Thus, during eATP perception the secondary

messengers PA, Ca2+, ROS, and NO are interconnected.

6 Conclusions and Perspectives

In recent years, important efforts have been made to address the role of

PA-generating enzymes in different physiological processes. During this time, the

targets of PA in plants are being unraveled as well. The study of upstream

regulation of the PA-generating enzymes is a less explored area. We postulated

NO as an upstream regulator of PA signaling in plants and have demonstrated such

a role in four different physiological processes. How NO activates phospholipid-

related enzymes is still unknown, although a number of direct or indirect mecha-

nisms by which NO activates PLC/DGK or PLD can be envisaged. NO could act

(a) directly on PLC, DGK, or PLD enzymes by S-nitrosylation of cysteines or

nitration of tyrosines; (b) indirectly on phospholipases and DGKs by regulating

Ca2+ homeostasis, or (c) indirectly via protein kinases. Even though NO is regarded

as a diffusible signal molecule with a promiscuous sphere of influence, NO signal-

ing is characterized by a set of restricted and highly specific effects. NO activates

the PLC/DGK and PLD pathway in plant defense; NO activates PLD in auxin

treatments; and NO activates both PLC and PLD during stomatal closure. The fact

that PA is localized in membranes, seemingly confines NO–PA signaling to mem-

brane systems. NO activation of different phospholipase and/or kinase isoforms

will depend on which isoforms are present at/near the location where NO is

generated. Future work should focus on elucidating the specific phospholipase

isoforms activated by NO and the mechanisms of activation.
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Sueldo D, Foresi N, Casalongué C, Lamattina L, Laxalt AM (2010) Phosphatidic acid formation is

required for extracellular ATP-mediated nitric oxide production in suspension-cultured tomato

cells. New Phytol 185:909–916

Sun J, Murphy E (2010) Protein S-nitrosylation and cardioprotection. Circ Res 106(2):285–296.

doi:10.1161/CIRCRESAHA.109.209452, Review

Tada Y, Spoel SH, Pajerowska-Mukhtar K, Mou Z, Song J, Wang C, Zuo J, Dong X (2008) Plant

immunity requires conformational changes of NPR1 via S-nitrosylation and thioredoxins.

Science 321:952–956

Takeda S, Gapper C, Kaya H, Bell E, Kuchitsu K, Dolan L (2008) local positive feedback

regulation determines cell shape in root hair cells. Science 319:1241–1244

Takemiya A, Shimazaki K (2010) Phosphatidic acid inhibits blue light-induced stomatal opening

via inhibition of protein phosphatase 1 [corrected]. Plant Physiol 153:1555–1562

Tanou G, Job C, Rajjou L, Arc E, Belghazi M, Diamantidis G, Molassiotis A, Job D (2009)

Proteomics reveals the overlapping roles of hydrogen peroxide and nitric oxide in the accli-

mation of citrus plants to salinity. Plant J 60:795–804

Terrile MC, Paris R, Calderon-Villalobos LI, Iglesias MJ, Lamattina L, Estelle M, Casalongue CA

(2012) Nitric oxide influences auxin signaling through S-nitrosylation of the Arabidopsis

TRANSPORT INHIBITOR RESPONSE 1 auxin receptor. Plant J 70:492–500

Testerink C, Munnik T (2011) Molecular, cellular, and physiological responses to phosphatidic

acid formation in plants. J Exp Bot 62:2349–2361

Testerink C, Dekker HL, Lim ZY, Johns MK, Holmes AB, Koster CG, Ktistakis NT, Munnik T

(2004) Isolation and identification of phosphatidic acid targets from plants. Plant J 39:527–536

Torres MA, Dangl JL, Jones JD (2002) Arabidopsis gp91phox homologues AtrbohD and AtrbohF

are required for accumulation of reactive oxygen intermediates in the plant defense response.

Proc Natl Acad Sci USA 99:517–522

156 G. Gonorazky et al.

http://dx.doi.org/10.1093/jxb/erj058
http://dx.doi.org/10.1161/CIRCRESAHA.109.209452


Umezawa T, Sugiyama N, Takahashi F, Anderson JC, Ishihama Y, Peck SC, Shinozaki K (2013)

Genetics and phosphoproteomics reveal a protein phosphorylation network in the abscisic acid

signaling pathway in Arabidopsis thaliana. Sci Signal 6:rs8

Uraji M, Katagiri T, Okuma E, Ye W, Hossain MA, Masuda C, Miura A, Nakamura Y, Mori IC,

Shinozaki K, Murata Y (2012) Cooperative function of PLDdelta and PLDalpha1 in abscisic

acid-induced stomatal closure in Arabidopsis. Plant Physiol 159:450–460

Van Baarlen P, Woltering EJ, Staats M, van Kan JAL (2007) Histochemical and genetic analysis

of host and non-host interactions of Arabidopsis with three Botrytis species: an important role

for cell death control. Mol Plant Pathol 8:41–54

Vlad F, Rubio S, Rodrigues A, Sirichandra C, Belin C, Robert N, Leung J, Rodriguez PL,

Lauriere C, Merlot S (2009) Protein phosphatases 2C regulate the activation of the Snf1-

related kinase OST1 by abscisic acid in Arabidopsis. Plant Cell 21:3170–3184

Vossen JH, Abd-El-Haliem A, Fradin EF, van den Berg GC, Ekengren SK, Meijer HJ, Seifi A,

Bai Y, Ten Have A, Munnik T, Thomma BP, Joosten MH (2010) Identification of tomato

phosphatidylinositol-specific phospholipase-C (PI-PLC) family members and the role of PLC4

and PLC6 in HR and disease resistance. Plant J 62:224–239

Wang C, Wang X (2001) A novel phospholipase D of Arabidopsis that is activated by oleic acid

and associated with the plasma membrane. Plant Physiol 127:1102–1112

Wang YQ, Feechan A, Yun BW, Shafiei R, Hofmann A, Taylor P, Xue P, Yang FQ, Xie ZS,

Pallas JA, Chu CC, Loake GJ (2009) S-nitrosylation of AtSABP3 antagonizes the expression of

plant immunity. J Biol Chem 284:2131–2137

Wawer I, Bucholc M, Astier J, Anielska-Mazur A, Dahan J, Kulik A, Wysłouch-Cieszynska A,

Zareba-Kozioł M, Krzywinska E (2010) Regulation of Nicotiana tabacum osmotic stress-

activated protein kinase and its cellular partner GAPDH by nitric oxide in response to salinity.

Biochem J 429:73–83

Weerasinghe RR, Swanson SJ, Okada SF, Garrett MB, Kim SY, Stacey G, Boucher RC, Gilroy S,

Jones AM (2009) Touch induces ATP release in Arabidopsis roots that is modulated by the

heterotrimeric G-protein complex. FEBS Lett 583:2521–2526

Weiner JJ, Peterson FC, Volkman BF, Cutler SR (2010) Structural and functional insights into

core ABA signaling. Curr Opin Plant Biol 13:495–502

Wu SJ, Wu JY (2008) Extracellular ATP-induced NO production and its dependence on mem-

brane Ca2+ flux in Salvia miltiorrhiza hairy roots. J Exp Bot 59:4007–4016

Xu L, Han C, Lim K, Wu T (2008) Activation of cytosolic phospholipase A2alpha through nitric

oxide-induced S-nitrosylation. Involvement of inducible nitric-oxide synthase and

cyclooxygenase-2. J Biol Chem 283:3077–3087

Yamaguchi T, Tanabe S, Minami E, Shibuya N (2004) Activation of phospholipase D induced by

hydrogen peroxide in suspension-cultured rice cells. Plant Cell Physiol 45:1261–1270

Yamaguchi T, Minami E, Ueki J, Shibuya N (2005) Elicitor-induced activation of phospholipases

plays an important role for the induction of defense responses in suspension-cultured rice cells.

Plant Cell Physiol 46:579–587

Yamamoto A, Katou S, Yoshioka H, Doke N, Kawakita K (2004) Involvement of nitric oxide

generation in hypersensitive cell death induced by elicitin in tobacco cell suspension culture.

J Gen Plant Pathol 70:85–92

Yamasaki H, Cohen MF (2006) NO signal at the crossroads: polyamine-induced nitric oxide

synthesis in plants? Trends Plant Sci 11:522–524

Yun BW, Feechan A, Yin M, Saidi NB, Le Bihan T, Yu M, Moore JW, Kang JG, Kwon E, Spoel

SH, Pallas JA, Loake GJ (2011) S-nitrosylation of NADPH oxidase regulates cell death in plant

immunity. Nature 478:264–268

Zegzouti H, Anthony RG, Jahchan N, Bogre L, Christensen SK (2006) Phosphorylation and

activation of PINOID by the phospholipid signaling kinase 3-phosphoinositide-dependent

protein kinase 1 (PDK1) in Arabidopsis. Proc Natl Acad Sci U S A 103:6404–6409

Phospholipases in Nitric Oxide-Mediated Plant Signaling 157



Zhang W, Qin C, Zhao J, Wang X (2004) Phospholipase D alpha 1-derived phosphatidic acid

interacts with ABI1 phosphatase 2C and regulates abscisic acid signaling. Proc Natl Acad Sci

U S A 101:9508–9513

Zhang X, Takemiya A, Kinoshita T, Shimazaki K-I (2007) Nitric oxide inhibits blue light-specific

stomatal opening via abscisic acid signaling pathways in vicia guard cells. Plant Cell Physiol

48:715

Zhang Y, Zhu H, Zhang Q, Li M, Yan M, Wang R, Wang L, Welti R, Zhang W, Wang X (2009)

Phospholipase Dα1 and phosphatidic acid regulate NADPH oxidase activity and production of

reactive oxygen species in ABA-mediated stomatal closure in Arabidopsis. Plant Cell

21:2357–2377

158 G. Gonorazky et al.



Phospholipases in Plant Response to Nitrogen
and Phosphorus Availability

Yueyun Hong and Shaoping Lu

Abstract Nitrogen and phosphorus are vital elements with key roles in cellular

structure and metabolism and are essential nutrients required for plant growth and

development. Membrane phospholipids function as units of cellular structure and

also as perception sites that initiate signaling transduction in cells. Recent studies of

metabolism combined with genetic, molecular, and cellular analyses have deter-

mined that phospholipase-mediated signaling and metabolism play important roles

in nitrogen signaling and internal phosphate recycling. The involvement of phos-

pholipases in nitrogen or phosphate starvation occurs likely through different

mechanisms. Nitrogen response is through phospholipase Dε- and phosphatidic

acid-mediated signaling, which promotes root growth and nitrogen acquisition to

enhance N use efficiency and plant growth. Phospholipase Dζ2 and nonspecific

phospholipase Cs are involved in plant response to phosphate deprivation through

lipid remodeling to enhance internal Pi use efficiency.

Keywords Phospholipases • Nitrogen signaling • Phosphorus recycle • Plant

nutrient use efficiency

1 Introduction

Nitrogen (N) and phosphorus are essential, major elements for plant growth and

development. Plants frequently suffer from nutrient deficiency, especially in nitro-

gen (N) and phosphate (Pi), due to their low availability and heterogeneous

distribution in soil. To survive in adverse environments, plants have evolved

multiple mechanisms including altering their morphological patterns, molecular

regulation, metabolism, and physiology to enhance nutrient capture and use
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efficiency. Lipid signaling and lipid remodeling play important roles in such

responses. Membrane phospholipids function in cell structure and also as percep-

tion sites that initiate signaling transduction in cells. Phospholipids constitute

approximately 30 % of total internal Pi in plant tissues. In addition to Pi, several

classes of phospholipids also contain nitrogen, including phosphatidylcholine (PC),

phosphatidylethanolamine (PE), and phosphatidylserine (PS). Moreover, mem-

branes are enriched in signaling molecules involved in various signaling cascades.

Increasing evidence shows that phosphatidic acid (PA) is an important messenger in

different biological processes, such as plant growth, development, and responses to

stress and nutrient limitation (Wang 2004; Testerink and Munnik 2005; Wang

et al. 2006; Li et al. 2006a, b; Hong et al. 2008, 2009; Guo et al. 2012). Recent

genetic, molecular, and metabolic analyses have revealed that phospholipase-

mediated lipid messengers and metabolism play important roles in nitrogen signal-

ing and internal Pi recycling. Here we highlight recent advances in nutrient sensing

and metabolism mediated by phospholipase Dε (PLDε), PLDζ, and nonspecific

phospholipase C (NPC).

2 PLDε Is Involved in N Signaling and Enhances N Use
Efficiency

Plant growth and development are tightly regulated by N availability, and N

limitation is a major factor adversely impacting agricultural productivity. Recent

studies have shed light on N uptake, transport, and assimilation (Crawford 1995;

Zhang et al. 1999; Walch-Liu et al. 2006; Hirel et al. 2007). However, there is still

little known about the signaling events involving plant response to N availability.

The activation of PLD is an early, critical step in many signaling cascades regarding

nutrient sensing and stress responses (Wang et al. 2006; Li et al. 2006a, b; Hong

et al. 2008, 2009; Guo et al. 2012). PLD-derived PA has been implicated in the

regulation of protein phosphorylation, transcription, and translation processes that

enhance cell proliferation and growth (Potocky et al. 2003; Fang et al. 2001). In

animal cells, PLD1-derived PA activates mammalian target of rapamycin (mTOR)

signaling to promote protein synthesis in response to nutrient availability (Fang

et al. 2001, 2003).

Plant PLD family is heterogeneous and involved in various stress responses

including drought, salt, freezing, and senescence and also is implicated to regulate

growth and development. PLDε is quite distinct from the other 11 PLDs in terms of

its domain structure, subcellular localization, and regulation (Hong et al. 2009,

2010). Recently, PLDε has been found to promote whole organismal growth and

enhance biomass and seed yield in Arabidopsis (Hong et al. 2009). This growth

promotion by PLDε is mediated by PLDε-derived PA. Lateral root elongation in

response to external N availability is regarded as an indicator of N signaling (Zhang

et al. 2007; Desnos 2008). Enhanced lateral root elongation by PLDε-derived PA
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suggests that PLDε and its PA are involved in N signaling to promote plant growth

and N use efficiency.

2.1 Activation and Regulation of PLDε

The expression pattern and subcellular localization of PLDε are distinctively

different from other PLDs. Under nitrogen-sufficient conditions, the relative

expression level of PLDε in tissues is much lower than that of PLDα1, and its

tissue distribution is different from other PLDs as shown by RT-PCR as well as data

from Genevestigator (http://www.genevestigator.ethz.ch). The Arabidopsis PLDε
mRNA level is highest in roots, but low in leaves. The expression of PLDε was

induced by N limitation but not by other nutrient deficiencies such as sulfur (S) or

Pi. PLDε is exclusively localized at the plasma membrane as revealed by subcel-

lular fractionation and also visualization of YFP fused protein under confocal

microscopy (Hong et al. 2009).

Of 12 PLDs in Arabidopsis, 10 PLDs contain a C2 domain, which serves as a

structural fold for Ca2+-dependent phospholipid binding. Four to five acidic resi-

dues in the C2 domain are important for Ca2+ binding (Qin et al. 1997). Unlike

PLDβs, γs, and δ, which all contain Ca2+-binding residues, PLDε does not. Of

10 C2-PLDs, the sequence of PLDε is most closely related to that of the PX/PH

containing PLDζs (Qin et al. 1997; Qin and Wang 2002). Sequence analysis also

showed that PLDε is a unique protein that shares no more than 55 % similarity to

other PLDs (Qin and Wang 2002). The level of PLDε activity depends on reaction

conditions, but is most active under the PLDα1 condition that uses 50 mM Ca2+,

SDS, and single-class lipid vesicles. Under micromolar concentrations of Ca2+,

PLDε was also activated by either oleic acid or PE plus phosphatidylinositol

3,4-bisphosphate (PIP2). In vitro assay showed that PLDε hydrolyzed membrane

phospholipids PC, PE, and phosphatidyl-glycerol (PG) to produce PA (Hong

et al. 2009). The results suggest that PLDε activation is more permissive compared

to other PLDs, responding to a broad range of reaction conditions. The membrane

association of PLDε may facilitate its rapid access to membrane substrates for

activation without the relocation to the membrane.

2.2 PLDε Is Involved in Root Architecture in Response to N
Availability

In response to low N, plant root architecture is altered, including increases in lateral

root length and number, in order to enhance nutrient acquisition. It was shown that

the alteration of PLDε resulted in a significant difference in root growth in response
to N availability. When seedlings were grown in severe (0.6 mM N, NO3

�:
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NH4
+ ¼ 2:1) or mild (6 mM N) N-limited conditions (N levels that are 100- and

10-fold lower than those of 1 � MS media), the lateral root elongation was

markedly higher in PLDε-OE, but was lower in PLDε-KO, as compared with WT

seedlings. The PLDε effect is specific to N, but not to other nutrients deficiencies,

such as Pi, potassium (K), or S (Hong et al. 2009). When seedlings were supplied

with only nitrate, the root length was also greater in OE and shorter in KO than that

of WT. The result suggests that PLDε enhanced lateral root elongation and number

in response to N deficiency. PLDε also promotes primary root and root hair growth

under severe N stress (0.1 mM N) (Hong et al. 2009).

These results suggest that the basal level of PLDε expression is important for

maintaining normal primary and lateral root growth, especially under N-limited

conditions. Overexpression of PLDε enhances lateral root number and root hair

length. In addition, the enhanced root growth by PLDε was also found in conditions
of hyperosmotic stress including high salinity and water deficiency. Drought

usually induces N deficiency due to the interplay between water availability and

nutrient transport (Heckathorn et al. 1997; Foyer et al. 1998). The positive effect of

PLDε on hyperosmotic stress may result from the enhanced root growth by PLDε in
N response.

2.3 PLDε Enhances N Uptake and Assimilation

The alteration of PLDε resulted in changes in nitrogen acquisition in response to N

availability. The gene expression of dual-affinity nitrate transporter NRT1.1 was

suppressed in all genotypes and was significantly lower in PLDε-KO mutant plants

than in WT under N-limited condition (0.6 mM). The gene encoding high-affinity,

low-capacity nitrate transporter NRT2.1 was induced in all genotypes and was

twofold higher in PLDε-OE than in WT plants under N starvation (0.6 mM N)

(Huang et al. 1996; Cerezo et al. 2001; Hong et al. 2009). OE plants also exhibited

1.5-fold higher nitrate uptake thanWT after transferring nitrate-starved seedlings to

nitrate-sufficient medium for 6–7 h (Hong et al. 2009). The enhanced nitrate

transporter expression and uptake in PLDε-OE plants suggest that PLDε promotes

nitrogen acquisition. Further enzymatic analyses indicate that PLDε plays a posi-

tive role in N assimilation under N-limited conditions. Nitrate assimilation consists

of several reactions, including the reductions of NO3
� to NO2

� by nitrate reductase

(NR) and then to NH4
+ by nitrite reductase (NiR). NH4

+ is then incorporated into

organic molecules by glutamine synthetase (GS)/glutamine synthase (Crawford

1995; Takahashi et al. 2001; Walch-Liu et al. 2006). Analysis on PLDε-altered
plants showed that NiR and GS activities in PLD-OE were significantly higher than

in WT plants under severe and mild N starvation. However, the activity of gluta-

mate dehydrogenase (GDH), which is responsible for oxidative deamination of

glutamate, was lower in OE than in WT. The difference in NiR, GS, and GDH was

greatest between OE and WT seedlings under severe N deficiency (0.6 mM). Thus,
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PLDε enhances both N acquisition and N assimilation and meanwhile decreases

glutamate catabolism.

2.4 PLDε Enhances Plant Growth Under N-Enriched
Condition

It was shown that PLDε-OE plants grew faster and larger than WT plants in

N-enriched soil or agar plates under sufficient light conditions (Hong et al. 2009).

The fresh and dry weights of rosettes of PLDε-OE were 192 % and 212 % of those

of WT, respectively, after 5 weeks grown in well-fertilized conditions, and seed

yield of PLDε-OE was 25 % higher than that of WT. Further investigation revealed

that the enhanced growth resulted from an increase in both leaf size and leaf

number. The increased cell size and cell number contributed to the larger plant

size in PLDε-OE plants. When PLDε-OE, -KO, andWT plants were planted side by

side under low fertilizer and low light intensity conditions, PLDε-KO plants were

much smaller in size and were outcompeted by WT and OE plants. The growth

enhanced by PLDε was demonstrated by biomass accumulation in PLDε-altered
plant under different N supply conditions. The biomass of PLDε-KO was 20 % less

than that of WT under various levels of N (0.6, 2, 6, or 60 mM), whereas PLDε-OE
plants accumulated substantially more biomass as N concentrations increased. The

dry weight of OE plants was approximately 20, 30, and 40 % higher than that of WT

plants at N levels of 0.6, 2, and 6 mM (Hong et al. 2009). The described results

suggest that PLDε enhances N acquisition, which leads to improved plant growth in

response to N availability. This suggests that PLDε is required for plant growth

under severe N-limited conditions, whereas a high level of PLDε promotes plant

growth under N-enriched conditions.

Plant hormones auxin and abscisic acid (ABA) are often associated with growth

and morphological alterations under adverse conditions. Further investigation

revealed that PLDε may cross talk with hormones to regulate cell and plant growth

in response to N availability. When plants were grown in N-enriched soil, the level

of auxin (IAA) was higher in OE plants than in WT plants; however, the levels of

the stress hormone ABA were not different under the same conditions (Hong

et al. unpublished data). However, ABA content in OE plants was significantly

lower than in WT when seedlings were grown in agar plates under N limitation,

whereas PLDε-KO plants accumulated more ABA under high N (60 mM) condition

(Hong et al. unpublished data). This suggests that PLDε also affects the levels of

IAA and ABA to regulate plant growth and root architecture in response to N

availability (Fig. 1).
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2.5 PLDε-Derived PA Is Important for N Response
and Growth

Pharmacological treatments indicate that PLDε-derived PA is important for plant

growth regulation. PLD can transfer the phosphatidyl group to a primary alcohol,

forming phosphatidylalcohol (PEOH) at the expense of PA when a primary alcohol

was present. To distinguish the effect of PLDε itself or its product PA, 1-butanol

was used to suppress PLD-mediated PA formation. As a result, 1-butanol inhibited

the number and length of lateral roots in all genotypes. The application of 1-butanol

attenuated the difference in the number and length of lateral roots and biomass

among OE, WT, and KO plants under N-limited condition (Fig. 1).

Lipid profiling revealed that PA concentrations in OE and KO plants are

different from WT. When plants were grown in N-enriched soil, PA level in leaves

of PLDε-KO mutant was approximately 50 % lower, whereas that of OE was 15 %

higher than in WT. PA level in roots of PLDε-KO was only 67 % of that in WT,

whereas that of OE was slightly higher than that of WT under mild N-limited

Mild
Pi starvation

PLDe NPC4PLDz1/2

Nitrogen
availability

PA

PC/PE

DAG

PC/PE

PA

DGK

Growth enhancement

Enhanced nutrient use efficiency

P

N acquisition
N assimilation

Enhanced
root growth 

PA target
S6K?

PDK1?

phytohormones

Fig. 1 PLDɛ, PLDζ and
NPC derived PA is involved

in nutrient signaling and

growth regulation. In

response to nitrogen

availability, PLDε is
activated to hydrolyze

phospholipids PC, PE to

produce PA. PA

subsequently activates its

potential targets such as

S6K, PDK1 to promote

nitrogen uptake, transport

and assimilation to enhance

nitrogen use efficiency. The

enhanced root growth by

PA could also improve

nutrient acquisition to

promote plant growth. In

addition, under mild Pi

starvation, PLDζ1/2 and

NPC4 are also involved in

PA signaling to promote

root growth, thus enhance Pi

acquisition rather than

involvement of lipid

remodeling. PA may also

have crosstalk with

phytohormone signaling to

regulate growth
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conditions. The levels of major membrane lipids in roots, including PC, PG,

monogalactosyl-diacylglycerol (MGDG), and digalactosyl-diacylglycerol

(DGDG), were not significantly different among KO, OE, and WT. However, the

PE level in roots was substantially higher in KO, but lower in OE than in WT. The

inverse changes in PA and PE in roots suggest that most PA was derived from PE

hydrolysis by PLDε. Molecular species analysis revealed the concomitant changes

in the most abundant species 34:3-, 34:2-PE, and PA, suggesting that most PA is

derived from PLDε-catalyzed PE hydrolysis (Hong et al. 2009). Taken together, the

results from alcohol treatment and lipid analysis indicate that PLDε contributes to
PA production and that PLDε-produced PA is involved in growth promotion in

response to N availability (Fig. 1).

In addition, under severe N-deficient conditions (0.6 mMN), PG level was lower

in leaves of PLDε-OE than that of WT, with a concomitant increase in the level of

MGDG and DGDG (Hong et al. unpublished data). The decrease of PG in OE

seedlings was 13 %, whereas the increases in MGDG and DGDG were about 5 %.

The amount of PG lost was almost fully compensated for by the gain of

galactolipids. The effect of PLDε alterations on PG level also occurred in plants

grown in N-enriched soil (Hong et al. unpublished data). These results could mean

that PLDε is also involved in the turnover of plastidic lipids involved in photosyn-

thesis in response to nutrient availability. Since MGDG and DGDG are important

components in photosynthetic membranes, a higher level of MGDG and DGDG

may benefit plant growth under severe nitrogen deficiency. Plants are autotrophic,

and their growth relies on photosynthesis and carbon fixation. Enhanced growth in

response to N availability requires enhanced photosynthesis because C/N ratio is

important for many biosynthetic processes. However, further investigations are

needed to determine how the plasma membrane-associated PLDε is involved in

the change in plastidic lipids.

2.6 Downstream Processes Regulated by PLDε in N
Response

The activation of PLD is an early response to extracellular signal stimuli. How do

PLDε and its produced PA mediate N sensing and plant growth regulation?

Previous studies have revealed that PA interacts with phosphoinositide-dependent

protein kinase 1 (PDK1) to activate AGC2-1 kinase and thus promotes root hair

growth (Anthony et al. 2004). PLDε-OE displayed a similar effect on root hair

growth, suggesting that PLDε-derived PA may be also involved in the PDK1

activation pathway, and PDK1 may function as a PLDε-derived PA downstream

target in N response (Fig. 1). It was shown that PDK1 also phosphorylates ribo-

somal S6 kinase (S6K) in Arabidopsis (Mahfouz et al. 2006). In mammalian cells,

PA binds to TOR and S6K, a master regulator, to promote cell growth and nutrient

utilization (Fang et al. 2001, 2003; Wullschleger et al. 2006; Lehman et al. 2007).
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PLDε-derived PA was shown to promote cell growth and enhance osmotic toler-

ance in Arabidopsis. The alterations of PLDε affected the phosphorylation of S6K,

and the level of phosphorylated S6K in PLDε-KO plants was lower than that of WT

plants when plants were grown under severe N-limited conditions, whereas the

level of phosphorylated S6K in OE plants was higher than in WT and KO under

higher N levels (Hong et al. unpublished data). These results imply that PLDε plays
a positive role in growth response to N availability through S6K (Fig. 1). The

growth effect of PLDε raises intriguing questions as to whether PLD- and

PA-mediated signaling plays a role in connecting the sensing of external nutrient

cues at membranes to translational regulation and growth alterations.

3 Phospholipases in Lipid Remodeling in Pi Starvation

Pi is an important cellular component of membrane lipids, nucleic acids, and energy

supply sources. Pi is also a key component in various biological processes such as

protein phosphorylation and substrate activation for metabolism and signaling. Due

to its immobilization in soil by binding to other compounds, phosphorus in soil is

often unavailable for direct plant use in natural conditions (Raghothama 1999;

Poirier and Bucher 2002). To cope with Pi limitation, plants have developed a series

of mechanisms to enhance Pi use efficiency (Raghothama 1999; Theodorou and

Plaxton 1993; Vance et al. 2003). Membrane lipid remodeling is an important

strategy of plant adaptation to Pi deprivation through relocalization and recycling

of internal Pi within different cells or cellular compartments (Li et al. 2006a, b;

Cruz-Ramirez et al. 2006; Gaude et al. 2008). In response to Pi starvation, Pi is

released from membrane phospholipids for critical cell activities, and degraded

phospholipids are replaced by non-phosphorus containing lipids, particularly

DGDG and sulfoquinovosyldiacylglycerol (SQDG), to maintain membrane integ-

rity (Benning 1998; Hartel et al. 2000; Andersson et al. 2005; Russo et al. 2007;

Tjellstrom et al. 2008). Recent studies have shed light on molecular regulation

mediated by phospholipases in internal Pi use efficiency. Two phospholipase-

mediated pathways have been determined to be involved in phosphate recycling

through membrane remodeling in plants. One is through the activation of PLD to

hydrolyze phospholipids to produce PA, followed by the activity of PA

phosphohydrolase (PAH) to generate DAG for galactolipid production (Cruz-

Ramirez et al. 2006; Li et al. 2006a; Nakamura et al. 2009). The other is via a

nonspecific phospholipase C (NPC) to hydrolyze phospholipids to generate

diacylglycerol (DAG) that is then used to form DGDG (Nakamura et al. 2005;

Gaude et al. 2008).
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3.1 Alteration in Root Architecture and Lipid Remodeling
Under Pi Starvation

In response to Pi starvation, plants change their physiology and morphology to

enhance Pi acquisition and use efficiency. These changes include the inhibition of

primary root elongation, increases in lateral root length and number, and arrestment

of shoot growth, resulting in the increase of root/shoot ratio to enhance Pi acqui-

sition (Desnos 2008). The alteration in root growth results from reduced cell

elongation and retarded meristem growth (Williamson et al. 2001; Reymond

et al. 2006; Lai et al. 2007). The growth inhibition is a rapid response mediated

by root tip sensing of the low Pi supply (Linkohr et al. 2002; Svistoonoff

et al. 2007). The defect on the primary root growth cannot be recovered when

plants suffer from long-term Pi starvation due to root meristem exhaustion

(Sanchez-Calderon et al. 2005).

In response to Pi deficiency, lipid remodeling consisting of a decrease in

phospholipids and an increase in non-phosphorus containing lipids occurs in all

plant tissues, such as roots and leaves (Li et al. 2006a; Cruz-Ramirez et al. 2006;

Gaude et al. 2008). Quantitative analysis showed that Arabidopsis galactolipid

content in roots increased from 0.6 to 15 % for DGDG, and from 0.5 to 6.6 mol%

for sulfolipid SQDG, whereas phospholipid content in roots decreased from 33.8 to

21.8 mol% for PC and from 51.9 to 21.9 % for PE when seedlings were transferred

to Pi-starved condition (1 μM Pi) (Cruz-Ramirez et al. 2006). Li and his colleagues

also found that the DGGD increased tenfold in roots, whereas phospholipids, PC,

PE, and PG were decreased by 51 %, 65 %, and 49 % when Arabidopsis seedlings

were grown in low Pi for 7 days (Li et al. 2006a, b). Similar alterations in lipid

composition have been found in various plant species (Andersson et al. 2005; Russo

et al. 2007; Yamaryo et al. 2008). These lines of evidence suggest that lipid

remodeling is a ubiquitous response by plants to enhance internal Pi use efficiency,

under Pi-limited condition.

The decrease in phospholipids was replaced by galactolipids such that total

membrane lipids remained unchanged in shoot tissues between Pi-deprived and

Pi-replete condition. However, the magnitude of decreased phospholipids in roots

was more than that of increased DGDG. As a result degraded phospholipids could

not be compensated for completely by accumulated DGDG in roots (Li et al. 2006a,

b). The finding suggests that the effect of Pi starvation on lipid turnover in roots is

more impactful than in shoots. Lipid profiling revealed that the decrease in partic-

ular fatty acyl species in phospholipids was identical to that of the increased

galactolipid species under Pi starvation, indicating that DGDG is synthesized

from recycled component of phospholipids (Li et al. 2006a, b; Nakamura

et al. 2009). The acyl chain species 34:2, 34:3, 36:4, 36:5, and 36:6 that are mainly

derived from eukaryotic pathway contribute the most to lipid remodeling under Pi

starvation (Li et al. 2006a, b). The evidence suggests that most DGDG derived from

extraplastidic lipid and DAG produced by phospholipases may serve as substrates

for MGDG and DGDG synthesis (Fig. 2).

Phospholipases in Plant Response to Nitrogen and Phosphorus Availability 167



16(18):X
18:X
P-C (E)

PC (PE)

16(18):X
18:X
OH

16(18):X
18:X
MGal 16(18):X

18:X
DGal18(16):X

16(18):X
OH

18(16):X
16(18):X
MGal 18(16):X

16(18):X
DGal

16(18):X
18:X
P

18(16):X
16(18):X
P

16(18):X
18:X
P

16(18):X
18:X
OH

16(18):X
18:X
DGal

PLDζ1/2 NPC4/5

Pi starvation

PA

DAD MGDG

DGDG

OH
OH
P

18(16):X
OH
P

ATS1

ATS2

OH
OH
P

16(18):X
OH
P

GPATLPAT
16(18):X
18:X
P

sucroseauxin

Extraplastidic
membranes

Eukaryotic
pathway (OE)

Prokaryotic
pathway (IE)

Chloroplast

Pi

G3PLysoPA

G3PLysoPAPA

PA DAG DGDG

Pi

Pi

Fig. 2 PLDζ and NPC are involved in lipid remodeling under Pi starvation. In response to Pi

starvation, PLDζs are activated to hydrolyze phospholipids PC and PE to PA, which is subse-

quently dephosphorylated to DAG by PAH1/2. NPCs hydrolyze phospholipids to generate DAG.

The PA and DAG derived from extraplasitdic phospholipids are transported to chloroplast for

galactolipid synthesis in outer envelope membrane of chloroplast by galactolipid synthases

MGD2/3 and DGD1/2 (eukaryotic derived pathway) under Pi starved condition, which is distinct

from prokaryotic pathway localized in inner envelope membrane of chloroplast by MGD1 and

DGD1. The synthesized DGDG could be exported to extraplastidic membranes such as plasma

membrane, ER, tonoplast, and mitochondrial membrane to compensate degraded phospholipids

for maintaining membrane integrity. Pi released from phospholipids provides Pi source for critical

cell activities during Pi starvation
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3.2 Phospholipase Dζ1 and 2 Are Involved in Lipid
Remodeling Under Pi Starvation

One pathway involved in lipid remodeling during Pi starvation is controlled by

PLDζs. Both PLDζ1 and PLDζ2 contain phox homology and pleckstrin homology

domains similar to mammalian PLDs and are distinct from other C2-PLDs in plants

(Qin and Wang 2002). Biochemical assays showed that PLDζ1 activity is indepen-

dent of Ca2+ and selectively uses PC as a substrate to generate PA (Qin and Wang

2002). PLDζ2 is markedly induced by Pi limitation, as shown by different plant

species including Arabidopsis (Cruz-Ramirez et al. 2006; Li et al. 2006a, b), oat

(Nakamura et al. 2005), bean (Russo et al. 2007), and rice (Sun et al. unpublished

data). Of 12 Arabidopsis PLDs, the expression level of PLDζ2 is rather small under

Pi-sufficient condition, but is markedly induced in all tissues examined including

cotyledon, shoot apical meristem, primary root, lateral root, and differentiation

zone in response to Pi deprivation (Cruz-Ramirez et al. 2006; Li et al. 2006a, b).

PLDζ2 is specifically induced by Pi limitation and had minor induction by nitrogen,

but not with other nutrient components such as C, S, K, and Fe (Cruz-Ramirez

et al. 2006). It was shown that pldζ1/pldζ2 double mutants exhibited shorter

primary root and longer lateral root under Pi-limiting conditions (Li et al. 2006a,

b). Loss of PLDζ2 conferred the primary root meristem exhaustion in longer term

of Pi starvation (Cruz-Ramirez et al. 2006). Lipid profiling showed that DGDG in

pldζ2mutant roots accumulated only 60 % of that in WT under Pi limitation, while

corresponding PC and PE levels in pldζ2 mutant were less reduced than that of

WT. The amount of decreased DGDG is almost equal to that of increased PC and

PE regulated by PLDζ2 activity (Cruz-Ramirez et al. 2006). Other lipids such as

PG, phosphatidylserine (PS), phosphatidylinositol (PI), PA, MGDG, and SQDG are

not significantly different between pldζ2 mutant and WT under both Pi-sufficient

and Pi limitation conditions (Cruz-Ramirez et al. 2006; Li et al. 2006a, b). The

reciprocal alterations between PC, PE, and DGDG suggest phospholipids hydro-

lyzed by PLDζ1/2 are compensated by newly synthesized DGDG to maintain

membrane integrity for plant adaptation to Pi-starved condition.

Molecular species profiling revealed that compared to WT, pldz2 mutant had

decreased DGDG species in 34:2, 34:3, 36:4, 36:5, and 36:6 with a corresponding

increase in these molecular species of PC and PE (Cruz-Ramirez et al. 2006). The

finding indicates that 34:2, 34:3, 36:4, 36:5, and 36:6 acyl chain species are the

substrates for lipid remodeling during Pi limitation. The involvement of PLDζ2 in

Pi starvation was demonstrated by another study of PLDζ1/2 using mutant analysis

and lipid profiling (Li et al. 2006a, b). The results indicate that PLDζ selectively

hydrolyzed phospholipids PC to produce PA. PA was rapidly converted by a

phosphatase into DAG which can act as a substrate for DGDG synthesis in response

to Pi deficiency (Nakamura et al. 2009). The root meristem exhaustion and primary

root growth retardation in pldζ2 and pldζ1/2mutants (Cruz-Ramirez et al. 2006; Li

et al. 2006a, b) suggest that the PLDζ2 activity of hydrolyzing phospholipids to

release Pi is critical for root tip cell survival under Pi deficiency.
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The role of PLDζs in lipid remodeling in Pi starvation was also found in other

plants species. A study on oat found that phospholipids such as PC and PE were

decreased with a corresponding increase of DGDG in the plasma membrane and

tonoplasts (Andersson et al. 2005). The remodeling was accompanied by the

activation of PLD and PAH (Andersson et al. 2005; Nakamura et al. 2009). The

involved PLD is Ca2+ independent, similar to PLDζ type activity. A subcellular

study showed that PLDζ2 is localized in the tonoplasts as revealed by GFP tracking

in vivo (Yamaryo et al. 2008). The results show that PLDζ2 was active on tonoplast
phospholipids and was also involved in the plasma membrane and mitochondria

membrane remodeling during Pi starvation. A study on bean seedlings treated with

long-term Pi starvation also showed a significant decrease in PE, PG, and a marked

increase in DGDG level in the plasma membrane in roots (Russo et al. 2007).

3.3 Nonspecific PLCs Are Involved in Lipid Remodeling
Under Pi Starvation

Another pathway involved in lipid turnover from phospholipids to galactolipids is

initiated by the activity of NPC that uses PC as primary substrate. Arabidopsis

genome contains six NPC genes, NPC1-6. Transcript analysis revealed that NPC4
and NPC5 were also induced significantly by Pi limitation (Misson et al. 2005;

Morcuende et al. 2007; Nakamura et al. 2005), whereas the expression levels of

NPC1, NPC2, NPC3, and NPC6 were not changed under Pi starvation

(Wimalasekera et al. 2010). NPC4 and NPC5 share 84.7 % identity in their deduced

amino acid sequence. Biochemical studies revealed that both NPC4 and NPC5 use

PC and PE as substrates to produce DAG. NPC4 activity is independent of Ca2+,

Mg2+, and Cu2+, but is inhibited by Co2+, Mn2+, and Zn2+ (Nakamura et al. 2005).

Further studies showed that the regulations of two NPCs, NPC4 and NPC5, are

distinguishable in their expression level, activation, and subcellular localization.

The transcript level and PC-hydrolyzing activity of NPC4 were highly induced in

roots and shoots by Pi deprivation, whereas mRNA level and activity of NPC5 were

less induced by Pi limitation and were much lower than that of NPC4. NPC4 is

mainly localized at the plasma membrane, whereas NPC5 is predominantly present

in the cytosol as revealed by GFP fusions and membrane fractionation (Nakamura

et al. 2005; Gaude et al. 2008). NPC4 and NPC5 may function differently through

temporal and spatial regulation. Cytosol-localized NPC5 may facilitate its hydro-

lysis toward various membrane phospholipids. PC-hydrolyzing activity was

decreased by 80 % in npc4 mutant, but was not changed in npc5 mutants, when

compared with WT plants under Pi limitation (Gaude et al. 2008). In vitro assays

showed that NPC4 activity was 40-fold higher than NPC5 (Nakamura et al. 2005;

Gaude et al. 2008).

Although the transcript level and activity of NPC4 were highly induced by Pi

limitation, its contribution to lipid remodeling is rather small as shown by npc4
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mutant accumulating similar level of DGDG to WT under the condition tested

(Nakamura et al. 2005). Thus, the questions remain open on whether NPC4

contributes to lipid remodeling and in what process NPC4 is involved in plant

response to Pi deprivation.

By comparison, DGDG accumulation in npc5 leaves was 50 % of that in WT

during Pi limitation (Gaude et al. 2008). However, the effect of NPC5 on DGDG

accumulation in Pi-starved roots was rather small, indicating that NPC5 is specif-

ically responsible for leaf DGDG accumulation during Pi limitation (Gaude

et al. 2008; Eastmond et al. 2010). Lipid profiling showed that the eukaryotic

pathway-derived fatty acid species 16:0 DGDG increased markedly in WT leaves,

but was impaired in npc5 mutant (Hartel et al. 2000; Gaude et al. 2008), suggesting

that NPC5 is primarily involved in DGDG synthesis through eukaryotic pathways

under Pi starvation. The impairments in lipid remodeling resulted in growth arrest

in npc5 mutant under Pi starvation. It was shown that the leaves of pho1 mutant

exhibit a permanently Pi-starved status that is independent of environmental Pi

supply (Poirier et al. 1991). npc5/pho1 double mutants displayed a more severe

defect in plant growth than pho1 single mutant (Hartel et al. 2000; Poirier

et al. 1991; Gaude et al. 2008). In addition, SQDG accumulation in npc5/pho1
double mutants was less than that of npc5 single mutant, indicating that NPC5 also

plays a positive role in sulfolipid synthesis under severe Pi limitation. In contrast,

levels of phospholipids PE and PC in npc5 were higher than in WT, and the

magnitude of elevated PE and PC in pho1/npc5 double mutant was greater than

that of pho1 single mutant (Gaude et al. 2008). These data suggest that NPC5

activity in Pi starvation is through the hydrolysis of phospholipids such as PE and

PC to release Pi for cell activity and the production of DAG for DGDG accumu-

lation in leaves via eukaryotic pathway. NPC5 is a major contributor to DGDG

accumulation in leaves and is important for plant growth regulation during Pi

limitation (Fig. 2).

As mentioned earlier, the DGDG accumulation by PLDζ2 occurred in roots but

not in leaves (Cruz-Ramirez et al. 2006; Li et al. 2006a, b), whereas NPC5 is

responsible for DGDG accumulation in leaves under Pi starvation. However, npc5
mutants still had 50 % contribution to DGDG accumulation in leaves, suggesting

that other potential phospholipases may be involved in DGDG synthesis during Pi

starvation. A recent study showed that loss of NPC3 also conferred the inhibition on

lateral root growth under low Pi in Arabidopsis (Wimalasekeraa et al. 2010),

implicating that alternative NPCs or other phospholipases are also involved in

DGDG synthesis under Pi limitation. Taken together, we suggest that PLD is

primarily responsible for DGDG accumulation in roots, regulating root architec-

ture, whereas NPC5 is mainly involved in DGDG accumulation in leaves, affecting

plant growth. We also propose that NPC4 has a minor effect on lipid remodeling

and may be involved in lipid signaling under Pi starvation (Figs. 1 and 2).
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3.4 Dual Effects of Phospholipases on Pi-Derived Response

In addition to lipid remodeling, phospholipases are involved in cell signaling in

response to Pi deprivation. The dual effect on lipid metabolism and signaling

depends on the severity and stages of Pi starvation. PA is the intermediate substrate

for phospholipid synthesis and is an important signaling molecule involved in a

variety of physiological processes. PA is a minor lipid that accounts for 1–5 % of

total glycerolipids in leaf and can be produced directly from PLD activation or from

a two-step reaction of NPC to generate DGA, followed by phosphorylation to PA by

DAG kinase (Fig. 1). In cells, PA is structurally unstable and could be rapidly

transformed to other lipids such as PC, PE, PG, DAG, MGDG, and DGDG. It was

found that the expression level of PLDζ2 is very low, and the lipid composition in

pldζ2 mutant was not significantly different from that of WT under Pi-sufficient

condition. Under severe Pi deprivation (0 μM Pi), pldζ2 mutant exhibited higher

content of PC and PE and a corresponding lower content of DGDG in roots than that

of WT, while PA levels in pldζs mutant were not significantly different from those

of WT (Cruz-Ramirez et al. 2006; Li et al. 2006a, b), suggesting that PA produced

from PLDζ2 is rapidly transformed into other lipids such as DGDG.

Under mild Pi-starved conditions (25 μM Pi), however, pldζ2 or pldζ1/2 double

mutants had lower PA levels and displayed growth retardation, especially in

primary root elongation. PLDζ2 contributes more to PA formation

(Li et al. 2006a, b). It also was found that PLDζ is mainly involved in signaling

in early stages or short term of Pi starvation (Russo et al. 2007). The results suggest

that PLDζs involvement in low Pi response is through different mechanisms

depending on the severity and stages of Pi starvation. In response to severe Pi

starvation, PLDζ1/2 are involved in lipid metabolism by hydrolyzing PC and PE to

release Pi and by providing DAG for DGDG synthesis to retain membrane integrity

for plant survival. In response to moderate Pi limitation, PLDζ1/2 hydrolyze PC and

PE to produce PA, which functions as a signaling molecule to regulate root growth

and enhance Pi acquisition (Fig. 1). PA has been found to be very important for

plant growth and nutrient use, probably through activation of several protein

kinases such as PDK1 or S6K, involved in root growth (Anthony et al. 2004;

Hong et al. 2009) (Fig. 1).

In addition, NPC4-produced DAG may function as a signal in low Pi response.

NPC4-derived DAG could be phosphorylated to PA by DG kinase (Fig. 1). Both

DAG and PA are important messengers in signal transduction. Recent reports show

that NPC4 is involved in brassinolide signaling to regulate root growth and may

have cross talk with Pi-starved response to regulate root architecture

(Wimalasekeraa et al. 2010; Pokotylo et al. 2013) (Fig. 1).
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3.5 Lipid Transport Between Chloroplast and Extraplastidic
Membranes

Phospholipids are predominantly present in extraplastidic membranes, whereas

galactolipids are synthesized and located primarily in plastidic membranes

(Moellering and Benning 2011) (Fig. 2). It is still not clear how extraplastid-

localized phospholipids and DAG are transported into plastidic membranes for

MGDG, DGDG, and SQDG synthesis. How synthesized DGDG is exported to

extraplastidic membranes to replace degraded phospholipids under Pi limitation has

yet to be determined either. It was proposed that the lipid trafficking protein

complex TGD1/TGD2/TGD3/TGD4 that connects the ER and chloroplasts may

be responsible for DGDG accumulation under Pi-starved condition (Xu et al. 2010).

Moreover, the TGD2 subunit was found to bind to PA, suggesting that PA is

involved in TGD complex formation and may function as a transported phospho-

lipid from the ER to the plastid (Xu et al. 2010).

In addition, genes encoding putative lipid-binding or transport proteins are

potential candidates for lipid transport under Pi limitation. A recently identified

protein, GlcT, is targeted to chloroplasts and is involved in GlcGalDG transport in

response to Pi limitation (Holzl et al. 2009). Overexpression of GlcT in dgd1

mutant resulted in GlcGalDG accumulation to replace 90 % of DGDG (Holzl

et al. 2009). The connection sites between different organelles or vesicle trafficking

are also involved in DAG and DGDG transport (Jouhet et al. 2007). The PLDζ2-
enriched domain in tonoplasts was close to mitochondria and chloroplasts, which

may be responsible for galactolipid accumulation in extraplastidic membranes

(Yamaryo et al. 2008).

3.6 Upstream Regulators of Phospholipases in Pi Starvation

The fact that PLDζs and NPCs were rapidly induced by Pi deprivation suggests that
the expression of these phospholipase genes is tightly regulated by Pi deficiency. Pi

itself may function as a signaling molecule as well as a nutrient, whereas phosphite

(Phi, PO3
2�) acts as a signaling but not a nutrient since it cannot be converted into

Pi or further metabolized in cells (Carswell et al. 1996, 1997; Chiou and Lin 2011).

It was shown that exogenous Phi application attenuated Pi starvation response such

as root/shoot ratio, root hair elongation, anthocyanin accumulation, lipid

remodeling, and expression of Pi starvation-induced (PSI) genes (Carswell

et al. 1996, 1997; Kobayashi et al. 2006; Ticconi et al. 2001; Varadarajan

et al. 2002). The repressed expression by Phi is specific and an early event,

suggesting that Pi itself also functions in signaling during Pi starvation. Increased

intracellular Pi concentrations could suppress Pi starvation response. In addition,

PLDζ2 was induced by sucrose in a concentration-dependent manner and was

suppressed by cytokinin under Pi deprivation as tested by PLDζ2::GUS activity
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(Mart{in et al. 2000; Karthikeyan et al. 2007; Oropeza-Aburto et al. 2012). The

results suggest that multiple effectors control the transcriptional activation of

PLDζ2 or NPCs in response to Pi starvation.

Sequence analysis revealed the promoter region (1,232 bp) of PLDζ2 contains

five copies of the P1BS motif (GNATATNC), which is found in the promoters of

many Pi-response genes (Bustos et al. 2010). P1BS, the cis-regulatory element, is

important for the expression of Pi-response gene and is the consensus sequence for

its binding to Pi-responsive transcript factor PHR1 (Rubio et al. 2001). When the

construct containing PLDζ2::GUS was introduced into the phr1 mutant back-

ground, the GUS expression controlled by PLDζ2 promoter was significantly

reduced (Oropeza-Aburto et al. 2012), indicating that PLDζ2 transcript level is

controlled by PHR1. Other factors may be also involved in PLDζ2 inductions by Pi
limitation because the inducible expression of PLDζ2was not completely abolished

in the mutant background. Deletion analysis of PLDζ2 promoter showed that the

five motifs of P1BS are not equally important for PLDζ2 transcript activation in Pi

limitation. GUS reporter activity showed that there is an enhancer element located

in the region between –782 and –717 containing two motifs, P1BS3 and P1BS4,

that are necessary for PLDζ2 response to Pi deficiency (Oropeza-Aburto

et al. 2012). The enhancer response to low Pi is dependent on sucrose availability

(Oropeza-Aburto et al. 2012). The results shed light on PLDζ2 upstream effectors,

such as Pi, sucrose, and cytokinin, which modulate PLDζ2 expression through the

enhancer in the promoter region (Fig. 2).

3.7 Downstream Processes Affected by Phospholipase
in Response to Pi Limitation

The activation of phospholipases is an early response to Pi limitation and is coupled

with functions of related enzymes using PA and DAG as substrates for galactolipid

synthesis (Fig. 2). All these enzymes are tightly regulated as demonstrated by a

decrease in phospholipids with a concomitant increase in galcatolipids containing

the same type of fatty acyl moieties of glycerol backbone in Pi-starved plant tissues

(Cruz-Ramirez et al. 2006; Li et al. 2006a, b; Fritz et al. 2007). Recently, several

enzymes, including PA phosphohydrolase (PAH), galactolipid synthases (MGD,

DGD), and sulfolipid synthases (SQD) involved in lipid remodeling, were identified

as downstream targets of phospholipases in Pi deprivation response. PA, a direct

product of PLDζs, is unchanged in pldζ1/pldζ2mutants during Pi starvation (Cruz-

Ramirez et al. 2006; Li et al. 2006a, b), indicating that PA is rapidly

dephosphorylated to DAG for galactolipid synthesis. A recent study showed that

PAH1/2 dephosphorylated PA to produce DAG (Fig. 2). Loss of PAH1/2 resulted in

PA, PC, and PE elevation and reduced MGDG and DGDG accumulation in shoots,

suggesting that PAH1/2 function in downstream of PA. PLDζ-produced PA may

serve as substrate for PAH1/2 activity because pah1/2 double mutants display a
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similar manner in lipid remodeling under Pi starvation (Nakamura et al. 2009),

suggesting that PAH1/PAH2 is involved in PLDζ2-mediated Pi starvation response.

Galactolipids are initiated by galactose-UDP synthesis, and then galactose is

transferred to DAG to generate MGDG byMGDG synthase (MGD) and subsequent

DGDG formation by DGDG synthase (DGD). Arabidopsis contains three MGDs

including type A (MGD1) and type B (MGD2 and MGD3) responsible for MGDG

synthesis and two DGDs, DGD1 and DGD2, for DGDG synthesis (Awai et al. 2001;

Kelly and Dörmann 2004). MGDG, a major lipid in chloroplasts representing 60 %

of total lipids, is synthesized mostly by the activity of MGD1 localized in inner

envelope membrane of the chloroplast. DGDG is synthesized mainly by DGD1,

localized in the outer envelope membrane of the chloroplast (Fig. 2) (Kelly and

Dörmann 2004). In response to Pi starvation, the induction of phospholipase genes

such as PLDζ1/2 and NPC4/5 was temporally correlated with genes involved in

galactolipid synthesis such as PAH1/2, MGD2/3, and DGD1/2 (Narise et al. 2010).

The inner envelope membrane-localized MGD1 was activated by PA (Dubots

et al. 2010, 2012). This evidence implies that activation of enzymes that are

responsible for phospholipid degradation and galactolipid synthesis is coordinately

regulated. It was shown that MGD2, MGD3, and DGD2 play a predominant role in

galactolipid synthesis through a phospholipid recycling pathway during Pi starva-

tion (Hartel et al. 2000; Benning and Otha 2005; Kelly and Dörmann 2004) (Fig. 2).

This is consistent with DGDG species being derived from the eukaryotic pathway

as revealed in the lipid profiling of pldζ1/2 or npc5 mutants (Li et al. 2006a, b;

Cruz-Ramirez et al. 2006; Gaude et al. 2008). Likewise, DAG can also serve as a

substrate for sulfolipid (SQDG) synthesis to compensate for degraded PG in the

chloroplast (Essigmann et al. 1998; Hartel et al. 2000; Yu et al. 2002). Arabidopsis

SQD1 and SQD2 are involved in sulfolipid biosynthesis. A knockout mutant by

T-DNA insertion SQD2 gene displayed a lower SQDG level and showed reduced

growth compared to WT under Pi starvation (Yu et al. 2002). Taken together, in

response to Pi limitation, phospholipases PLDζs and NPCs function as a bridge,

linking the sensing of upstream regulators such as Pi, auxin, and sucrose signaling

to enhance nutrient use efficiency, via downstream enzymes including PAH1/2,

MGD2/3, DGD1/2, and SQD1/2 to regulate lipid metabolism and preserve mem-

brane function and integrity (Figs. 1 and 2).

4 Perspectives

Phospholipases are involved in N and Pi deprivation via different mechanisms

(Figs. 1 and 2). Recent studies have increased our understanding of nitrogen uptake,

transport, and assimilation in plants. How plants sense nitrogen signals remains

unclear. PLDε is almost exclusively localized at the plasma membrane and has a

positive effect on plant growth in response to N availability. This raises intriguing

questions as to whether PLDε and its PA signaling may play a role in linking the

sensing of external N stimuli at the plasma membrane to intracellular translational
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and metabolic regulation, thus enhancing growth. It would be of interest to inves-

tigate the molecular linkage between PLD/PA and cellular regulators to determine

how plants integrate nutrient usage and growth regulation.

The involvement of phospholipases in lipid remodeling under Pi starvation is

through an integral system with phospholipid hydrolysis and concomitant

galactolipid biosynthesis. Phospholipases, such as PLDζ1/2 and NPC4/5, have

been characterized in Pi-starved response. Several questions concerning lipid

remodeling remain unanswered. First, some genes involved in lipid remodeling

are unidentified. For example, PLDζ2 activity only accounts for partial DGDG

accumulation in roots, considering pldζ2mutant still had 40 % DGDG accumulated

in roots when compared to WT under Pi starvation. Meanwhile, the growth effect of

PAH1/2 was much stronger than that of PLDζs (Nakamura et al. 2009), suggesting

that PA, as substrate for PAH1/2, may be derived from PLD activation and also

from de novo synthesis. Second, instead of lipid remodeling by PLDζs in response

to severe Pi starvation, under moderate Pi-starved condition, PLDζ1/2 may function

in signaling. PA has been implicated in root and root hair growth regulation.

Whether Pi-starved signaling mediated by PLDζ-derived PA shares the same

pathway with nitrogen signaling mediated by PLDε-derived PA is yet to be

determined. It will be of great of interest to identify PA targets involved in growth

regulation in response to nutrient availability. Third, it was shown that the expres-

sion of PLDζ2 and NPC4 is rapidly induced by Pi deprivation, auxin, and sucrose,

which are known cues for the transcriptional upregulation (Nakamura et al. 2005;

Li et al. 2006a, b; Cruz-Ramirez et al. 2006; Karthikeyan et al. 2007; Oropeza-

Aburto et al. 2012). However, transcriptional regulators directly controlling PLDζ
or NPC activation have yet to be identified. Finally, little is known about lipid

transport between chloroplast membranes and extraplastidic membranes. Several

proteins such as TGD complex are proposed to function as lipid transport under Pi

starvation. Organelle contact may be also involved in lipid transport in response to

Pi-limited conditions, but direct evidence is still lacking. Future studies will be

required to unravel these issues and increase our understanding of plant Pi-starved

response, which enhances internal Pi use and recycling.
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Phospholipase A in Plant Immunity

Susana Rivas and Thierry Heitz

Abstract In addition to their structural role as major components of cellular

membranes, lipids and lipid-derived molecules act as important regulators of

plant cell signaling. The roles of lipid deacylating enzymes in the control of plant

growth, development, and responses to stress are becoming increasingly evident.

Following perception of attack by pathogenic microbes or herbivorous insects,

plant phospholipase A (PLA) activity has been linked to the activation of defense

signaling and appears to play crucial roles during the establishment of plant

immune responses through, for example, the production of defense signals such

as jasmonates and other oxylipins. Evidence for nonenzymatic modes of action of

PLA is also emerging. In this chapter, we review current data on plant PLA

proteins, and their involvement in plant defense responses to microbes and insects,

before discussing new ways to decipher PLA-dependent processes.
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1 Introduction

In plants, recognition of pathogenic microbes triggers a signal transduction cascade

that leads to the transcriptional reprogramming of the plant cell. In the case of

resistant plants, this signaling cascade directs the activation of plant immune

responses that are frequently associated with the development of the so-called

hypersensitive response (HR), a form of programmed cell death that contributes

to plant resistance by restricting pathogen growth to the inoculation site (Mur

et al. 2008; Coll et al. 2010).

Rapid accumulation of reactive oxygen species (ROS), changes in ion fluxes,

activation of protein kinase cascades, and production of defense molecules, such as

phytolexins, are some of the early signaling events that have been described

following pathogen perception by plant cells. In addition, a growing body of

evidence indicates that phospholipases and phospholipid-related molecules, such

as the secondary signal messanger molecule phosphatidic acid (PA), play essential

roles during the establishment of plant disease resistance (Andersson et al. 2006a;

Testerink and Munnik 2011). This suggests that phospholipids are much more than

just structural components of biological membranes. Moreover, a great variety of

lipid-related components including glycerolipids, sphingolipids, fatty acids,

oxylipins, jasmonates, and sterols are also increasingly involved in the regulation

of defense-related signaling (Shah 2005; Kachroo and Kachroo 2009).

In contrast to phospholipases C and D that act on the polar head of phospho-

lipids, phospholipase A catalyzes the hydrolysis of phospholipids into

lysophospholipids and free fatty acids, either at the sn-1 (PLA1) and/or sn-2
position (PLA2) of glycerolipids (Matos and Pham-Thi 2009). Free fatty acids

may be oxidized by lipoxygenases (LOX) or an α-dioxygenase (α-DOX) resulting
in the biosynthesis of oxylipins and jasmonic acid (JA), which play important roles

during plant defense signaling as mentioned above (Blee 2002; Browse 2009; La

Camera et al. 2009), and lysophospholipids are also bioactive molecules. In addi-

tion, plant PLA2 activity has been linked to ROS production (Chandra and Low

1995) as well as efflux of vacuolar protons, which triggers a pH-dependent signal

for the biosynthesis of phytoalexins (Viehweger et al. 2006). Galactolipids being

the major components of plant cell membranes, plant lipid acyl hydrolases (LAHs)

hydrolyze phospholipids but are also able to act on galactolipids, several charac-

terized LAHs even showing preferential galactolipase (GLA) activity in vitro.

Numerous LAH (bearing PLA, GLA, or triglyceride lipase, TGL activities) have

been identified in plants but, in many cases, knowledge of their real in vivo sub-

strates and cleavage specificities awaits deeper characterization.

In Arabidopsis, PLA proteins have been grouped in three main subfamilies

(Table 1): small secretory PLAs with PLA2 activity (AtsPLA2s), patatin-like pro-

teins with both PLA1 and PLA2 activities (pPLAs), and lipase-like PLA1s (DAD1-

like, for Defective in Anther Dehiscence1-like) (Grienenberger et al. 2010). In

recent years, the extensive use of molecular approaches related to lipid signaling

has led to the characterization of new enzymes and to the identification of new

proteins with putative lipase/esterase signatures (Matos and Pham-Thi 2009).
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Here we summarize our current knowledge about plant LAH proteins that have

been found to play a role in the regulation of plant immunity.

2 Secretory PLAs

Plant sPLA2 genes encode proteins with N terminal signal peptides that are of low

molecular weight (13–18 kDa) after secretion. sPLA2s present a highly conserved

Ca2+-binding loop and an active site motif with a conserved His/Asp dyad. The

mature proteins contain 12 cysteine residues that can form six disulfide bonds to

stabilize the protein’s three-dimensional structure (Ryu 2004).

In Arabidopsis, the secretory PLA2 family (AtsPLA2) consists of four isoforms

named AtsPLA2-α, AtsPLA2-β, AtsPLA2-γ, and AtsPLA2-δ (Ryu 2004). AtsPLA2-γ
and AtsPLA2-δ, which are exclusively expressed in pollen and localize to the

endoplasmic reticulum (ER) and Golgi apparatus, are involved in pollen germina-

tion and tube growth (Kim et al. 2011b). AtsPLA2-β, which is expressed in different
tissues and localizes to the ER, mediates cell elongation, shoot gravitropism,

stomatal opening, and pollen development and likely acts as a downstream com-

ponent of auxin signaling (Lee et al. 2003; Seo et al. 2008; Kim et al. 2011b).

Interestingly, the amino acid sequence, enzymatic properties, and expression pat-

tern of AtsPLA2-α are distinguishable from those of the other three AtsPLA2

isoforms, suggesting that AtsPLA2-α may play a distinct role that differs from

that of the other AtsPLA2s (Ryu 2004).

AtsPLA2-α is expressed in diverse plant organs (Kim et al. 2011b) and is

localized to Golgi-associated vesicles (Lee et al. 2010). AtsPLA2-α was reported

to modulate PIN protein trafficking to the plasma membrane (and therefore regula-

tion of auxin transport) in Arabidopsis root cells (Lee et al. 2010). A recent report

showed that AtsPLA2-α gene expression is controlled in a developmental stage- and

tissue-specific manner (Jung et al. 2012). The subcellular localization of AtsPLA2-α
appears to be dependent on the leaf developmental stage. Indeed, in premature

young leaves of transgenic Arabidopsis plants expressing an AtsPLA2-α-RFP fusion

protein, AtsPLA2-α was localized at the Golgi apparatus, whereas in mature leaves,

it was primarily detected in the apoplast (Jung et al. 2012). Apoplasts are important

sites for the interaction between plant cells and invading bacteria. In agreement with

this notion, translocation of AtsPLA2-α to the apoplast was found to be enhanced

after plant inoculation with avirulent bacteria, suggesting that AtsPLA2-α may

participate to the plant defense response that is mounted in the apoplast.

A role for intracellular AtsPLA2-α in the regulation of plant defense has been

reported. Golgi-associated AtsPLA2-α partially relocalized to the plant cell nucleus

after co-expression with the Arabidopsis MYB transcription factor AtMYB30

(Froidure et al. 2010). AtMYB30 is a positive regulator of defense- and cell

death-associated responses through the activation of the lipid biosynthesis pathway

that leads to the production of very long chain fatty acids [VLCFAs; (Raffaele

et al. 2008)]. AtMYB30 and AtsPLA2-α physically interact in the plant cell nucleus,

leading to repression of AtMYB30-mediated transcriptional activity. Physical or
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functional interactions have been previously suggested between cytoplasmic PLA2s

(cPLA2) and proteins involved in transcriptional regulation in animals (Flati

et al. 1996; Pawliczak et al. 2002; Tashiro et al. 2004b). In agreement with the

finding that transcriptional activation of VLCFA-related genes by AtMYB30 is

required to mount an efficient defense response during bacterial infection (Raffaele

et al. 2008), the protein interaction between AtMYB30 and AtsPLA2-α correlates

with the negative regulation of Arabidopsis HR and defense responses (Froidure

et al. 2010). Together, these data highlight the importance of dynamic nucleocy-

toplasmic protein trafficking for the regulation of the transcriptional activation

related to defense (Rivas 2012).

Interestingly, AtsPLA2-α nuclear targeting, interaction with AtMYB30, repres-

sion of AtMYB30 transcriptional activity, and repression of HR development

appeared to be independent of AtsPLA2-α enzymatic activity (Froidure

et al. 2010). Therefore, it was proposed that AtsPLA2-α may control AtMYB30-

mediated response through the physical interaction between the two proteins

(preventing AtMYB30 from activating its targets) rather than through a lipid signal

produced by AtsPLA2-α. This assumption is in agreement with the hypothesis

formulated for animal cPLA2, which is able to interact not only with B-Myb but

also with additional nuclear proteins that stimulate apoptosis, strongly supporting

the notion that cPLA2 plays additional roles in the nucleus other than its enzymatic

activity at the nuclear membrane (Sheridan et al. 2001; Tashiro et al. 2004a).

Moreover, new functions have been attributed to sPLA2s that do not require

enzymatic activity in animal cells. For example, it has been reported that sPLA2s

bind to and possibly signal through cell surface molecules (Lambeau and Lazdunski

1999; Granata et al. 2005; Triggiani et al. 2006; Boyanovsky and Webb 2009). In

addition to acting as lipolytic enzymes, sPLA2s may serve as high-affinity ligands

for cell surface receptors (Cupillard et al. 1997; Kundu and Mukherjee 1997;

Lambeau and Lazdunski 1999; Higashino et al. 2002). sPLA2s are also able to

bind proteoglycans with high affinity due to their overall positive charge (Rosengren

et al. 2006). Although our knowledge of the cellular functions of plant PLAs is

limited, it is tempting to speculate that, similar to animal PLAs, functions of plant

PLAs may extend beyond those related to their catalytic activities.

3 The Arabidopsis PLA2-Type Protein SOBER1

A well-characterized example of a PLA2-type protein that is involved in plant

defense responses is the Arabidopsis α/β hydrolase SOBER1 (Suppressor Of
AvrBsT-Elicited Resistance1). AvrBsT is a type III effector from Xanthomonas
campestris pv. vesicatoria that is predicted to encode a Cys protease. In an attempt

to identify lines resistant to Xanthomonas expressing AvrBsT, the natural variation

existing among Arabidopsis ecotypes was surveyed. Only the ecotype Pi-0 was

found to develop an HR in response to AvrBsT (Cunnac et al. 2007). In addition,

Pi-0 is resistant to Pseudomonas syringae pathovar tomato strain DC3000

expressing AvrBsT [Pst DC3000 (AvrBsT)] and resistance was found to be due
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to a loss-of-function mutation in SOBER1, suggesting that SOBER1 inhibits

AvrBsT-triggered phenotypes in Arabidopsis (Cunnac et al. 2007). Members of

the SOBER1 protein family possess phospholipase and carboxylesterase activity

with diverse substrate specificities. SOBER1-dependent suppression of the HR in

Pi-0 suggested that it might hydrolyze a plant lipid or precursor required for HR

induction. Indeed, Pi-0 leaves infected with Pst DC3000 (AvrBsT) accumulated

higher levels of PA compared to leaves infected with virulent Pst DC3000, in a

Phospholipase D (PLD)-dependent manner (Kirik and Mudgett 2009).

Overexpression of SOBER1 in Pi-0 led to reduction of PA levels and inhibition

of the HR. Moreover, SOBER1 was found to hydrolyze PC (phosphatidylcholine)

but not PA or lysoPC in vitro, indicating that the enzyme displays PLA2 activity

(Kirik and Mudgett 2009). Chemical inhibition of PLA2 activity in leaves

expressing SOBER1 resulted in HR in response to PstDC3000 AvrBsT, suggesting
that SOBER1 PLA2 activity suppresses PLD-dependent production of PA in

response to AvrBsT elicitation. Although the mechanism by which AvrBsT leads

to PA accumulation in Arabidopsis Pi-0 remains to be determined, this work

indicated an important role for SOBER1 in the regulation of PA levels generated

in plants in response to bacterial inoculation.

4 Patatin-Related Phospholipases (pPLA)

Patatins were identified and then isolated some decades ago as abundant storage

proteins in potato tubers (Park et al. 1983), which are at the origin of the generic

name given to this group of closely related proteins (Hendriks et al. 1991). These

proteins are responsible for most of the soluble LAH activity extracted from this

organ, acting in vitro on galactolipids or phospholipids (with low or no positional

specificity) but not on triglycerides (Racusen 1984; Andrews et al. 1988). Later on,

LAH activities purified from plant leaves were found to be related to patatins, and

patatin-encoding genes appeared to be inducible by various environmental stresses

such as microbial infection, drought, or senescence. The nomenclature of plant

patatins was recently updated, namely by introducing the acronym “pPLA”

(Scherer et al. 2010).

While patatins are suspected to accumulate in potato tubers for defensive

functions in addition to their presumed nitrogen storage function, the formal

demonstration of such a hypothesis is still missing. Two reports have described

direct activities on insect and microbial aggressors. An early study established that

potato tuber patatin inhibits Southern corn rootworm larval growth and that this

activity is sensitive to serine hydrolase inhibitors (Strickland et al. 1995). Similarly,

a patatin-related protein was purified from a somatic hybrid between potato and a

wild relative and displayed inhibitory activity in Phytophthora spore germination

assays (Sharma et al. 2004).

The first in-depth study of a non-tuber patatin in a context of induced innate

immunity was initiated by purification of LHA activity in soluble extracts of
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tobacco leaves reacting hypersensitively to Tobacco Mosaic Virus (TMV) (Dhondt

et al. 2000). Two hypersensitive response (HR)-induced genes (NtPAT) were

cloned that encode highly active LAH with preferential galactolipase over phos-

pholipase A activity. Their early expression was correlated with appearance of cell

death symptoms, upregulation of oxylipin biosynthetic genes, and jasmonic acid

(JA) accumulation. Further investigation using ß-megaspermin, a necrotizing pro-

tein elicitor from Phytophthora megasperma, to spatially dissect the LAH response

showed that NtPAT-encoded LAH activity was transiently stimulated in elicitor-

treated tissues that undergo programmed cell death and later on in living tissue

immediately surrounding the collapsed zone (Dhondt et al. 2002). However, JA

accumulation only occurred in tissue committed to cell death and therefore

uncoupling NtPAT activity from JA biosynthesis. NtPAT expression was induced

in tobacco leaves by viral, bacterial, and fungal pathogens, all triggering different

forms of host cell death. Transgenic tobacco plants overexpressing NtPAT3

exhibited an altered response to TMV infection manifested by decreased necrotic

lesion areas. In an independent study, using elicitin- and bacteria-induced HR,

Cacas et al. (2005) proposed that the combined action of 9-lipoxygenase and

NtPAT-encoded galactolipase is sufficient to bring about programmed cell death

during HR by converting plastid-released fatty acids into toxic hydroperoxides. A

similar situation was described in cotton leaves where co-expression of a patatin

galactolipase with a 9-LOX precedes Xanthomonas campestris-mediated HR symp-

toms, pointing to a possible conservation of an oxylipin-based cell death pathway

across the plant kingdom. The coupling of different LAHs with oxylipin biosyn-

thetic pathways seems to be evolutionary ancient, as lipolytic activities trigger

oxylipin defense upon wounding or epiphytic growth in red algae (Lion et al. 2006).

Patatin genes are ubiquitous in plant genomes and although they have only been

investigated thoroughly in a few species, stress-inducible patatins can be identified

in most plant species where large-scale transcriptional data are available, including

rice (Singh et al. 2012), wheat (Desmond et al. 2008), tomato, or maize. Inducible

patatin genes and LAH activity have been associated with other physiological

processes. For example, in cowpea, the extent of galactolipid breakdown upon

drought stress correlates with drought sensitivity, galactolipase activity, and patatin

gene induction (Matos et al. 2001).

The patatin family has been characterized in recent years in Arabidopsis, where

a family of ten pPLA gene members has been defined and classified into three

subclasses, according to gene structure and overall similarity (Holk et al. 2002; La

Camera et al. 2005; Scherer et al. 2010). There is evidence that at least one member

of each subclass is involved in plant defense mechanisms. pPLAI, the single

member of subclass I, is an atypical patatin as its sequence resembles iPLA2α, a
member of the animal so-called PNPLA protein family displaying a patatin domain

(Kienesberger et al. 2009). pPLAI also possesses leucine-rich and Armadillo

repeats that suggest regulatory interactions with protein partners. When assayed

in vitro, pPLAI exhibits preferential galactolipase over phospholipase activity and

hydrolyzes both oxylipin-containing and unoxidized galactolipids (Yang

et al. 2007). However, the in planta relevance of this observation is unknown, as
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lipid profiling of Botrytis-infected leaves did not evidence alterations in mono- or

di-galactosyldiacylglycerol hydrolysis between wild-type and pplaI-deficient
plants. Despite pPLAI transcription being stable upon biotic stress, pplaI mutants

were more sensitive to Botrytis infection, but their JA levels were not altered.

Instead, basal JA levels were reduced compared to WT, although how this change

conditions antifungal resistance is unclear (Yang et al. 2007). Several studies

showed that upon infection or wounding, Arabidopsis plants accumulate large

amounts of bound oxylipins, namely, the JA-precursor 12-oxo-phytodienoic acid,

that are esterified to galactolipids (Stelmach et al. 2001; Andersson et al. 2006b;

Buseman et al. 2006). Also, the induction by bacterial infection of novel and

abundant galactolipid accumulation bearing fragmented and/or peroxidized fatty

acids was reported (Zoeller et al. 2012).

Subclass II of patatin-related PLAs (pPLAII) comprises five genes in

Arabidopsis that are the closest by organization and sequence to classical potato

tuber patatins and also generally comprise the isoforms known so far in other plant

species (Scherer et al. 2010). Subclass I and II contain the canonical GTSTG

esterase box that is part of the catalytic center. Transcript profiling identified

pPLAIIα/PLP2 as the only isoform of subclass II whose expression was upregulated

in response to necrotizing bacteria or fungi (La Camera et al. 2005), and this

induction is dependent on JA signaling in response to Botrytis. Overexpression of

Arabidopsis pPLAIIα in petunia has independently conducted to similar observa-

tions (Zahn 2005). pPLAIIα was also reported to be responsive to numerous stimuli

in Arabidopsis (Narusaka et al. 2003), including drought stress (Matos et al. 2008)

where it may contribute to galactolipid breakdown. Functional analysis of pPLAIIα
in various pathosystems has shown that its expression increases the severity of

symptoms and favors colonization of leaves by fungal and bacterial pathogens.

pPLAIIα-deficient plants are more resistant to Botrytis or avirulent Pseudomonas
syringae infection whereas overexpressing plants display enhanced cell death

symptoms and elevated pathogen multiplication (La Camera et al. 2005). These

results were supported by altered sensitivity of engineered plants to the cell death-

inducing herbicide paraquat and point a primary role of pPLAIIα in promoting host

cell death execution. Conversely, a positive impact of pPLAIIα expression on

resistance was recorded when plants were inoculated with the obligate pathogen

Cucumber Mosaic Virus whose multiplication is counteracted by plant cell death

(La Camera et al. 2009). Finally, pPLAIIα effect on developmentally triggered cell

death was examined, eliminating the variable contribution of pathogen virulence

factors to the plant response. Silencing or overepression of pPLAIIα in the lesion

mimick mutant background vascular associated disease (vad1) reduced or

enhanced, respectively, the extent and kinetics of leaf damage. Collectively, these

results illustrate the multifaceted contribution of the pPLAIIα to the execution of

leaf cell death triggered by various microbial attackers, or by the plant itself.

To gain insight into the metabolic changes related to pPLAIIα expression, broad-

spectrum oxylipin profiling was performed in pPLAIIα-modifed, Botrytis-infected
plants. The results indicated that pPLAIIα manipulation does not significantly alter

fungus-induced accumulation of free C18 fatty acids and jasmonates, but that it
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modulated α-dioxygenase-derived oxylipin abundance, which was previously

linked to cell death promotion (La Camera et al. 2009). This analysis suggests

that in response to microbes, pPLAIIα does not seem to act as a signaling enzyme,

but rather catalyzes late, nonspecific hydrolysis of membrane lipids that commits

tissue to cell death. The exact mechanism by which pPLAIIα affects the cell death

process is still uncertain, as is the precise nature of endogenous substrate(s),

because no extensive phospho- and galacto-lipid profiling of pathogen-challenged

modified plants is available for this pPLA. Blocking genetically branches of

oxylipin pathways in plants displaying pPLAIIα-enhanced cell death may inform

if cellular collapse relies on specific oxylipin synthesis.

The subclass III of patatins contains four members in Arabidopsis that share less

overall similarity to potato tuber patatin (Holk et al. 2002; La Camera et al. 2005;

Scherer et al. 2010) and are distinguished by a variant esterase motif where the

central reactive serine typical of serine hydrolases is lacking, resulting in a GXGXG

motif. Until recently, there was no formal evidence of enzymatic activity for this

class of patatins, but characterization of pPLAIIIß clearly revealed LAH (with a

preference for sn-2 position) and acyl-CoA thioesterase activities, whereas

misexpression of pPLAIIIß affects plant growth and morphology (Li et al. 2011).

Transcript profiling identified pPLAIIIß as the only subclass III isoform that is

upregulated upon Botrytis or Pseudomonas infection (La Camera et al. 2005).

However, pPLAIIIß mutant or overexpressing plants appeared unaffected in their

resistance to these pathogens, and there is therefore no clear evidence of pPLAIIIß

involvement in plant innate immunity.

Interestingly, lipolytic proteins with limited patatin-resembling domains

evolved in animals with important functions in fat storage mobilization

(Kienesberger et al. 2009) or in pathogenic bacteria as virulence factors (Banerji

and Flieger 2004; Lang and Flieger 2011). Three Arabidopsis loci encode proteins

with a minimal patatin domain. Two of them (SDP1 and SDP1-like) are related to

the yeast triacylglycerol lipase TGL4, but with very limited resemblance to canon-

ical pPLA, and are responsible for most triglyceride breakdown upon post-

germinative seedling growth (Scherer et al. 2010).

When relatively stable and usually soluble patatin-encoded LAH activity is

detectable in total protein extracts from plant tissues, it is typically very difficult

to biochemically monitor other PLAs, because of their weaker or less stable/soluble

activity. Consequently, other LAHs have been poorly accessible to direct purifica-

tion in tissues/organs, such as leaves, that are not specialized in lipolysis. Alterna-

tive approaches, including genetics, are then suitable, although its has been difficult

to rationally design phenotypic screens that specifically target the isolation of PLA

mutants.
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5 DAD1-Like LAHs

This LAH gene family was identified by forward genetics when Arabidopsis

T-DNA mutant collections were screened for male sterility phenotypes. One of

the lines, deficient in anther dehiscence 1 (dad1), is impaired in flower and anther

opening and pollen maturation and hence its sterility (Ishiguro et al. 2001). The

inactivated gene was identified as encoding a plastidial PLA1 that initiates JA

synthesis in stamens to regulate water transport and late stage development pro-

cesses in anthers. This finding was the first description of a specific LAH that meets

the properties expected from a LAH feeding fatty acids to the plastid-localized

early steps of JA synthesis. DAD1 is expressed in filaments rather than in anthers of

wild-type stamens, suggesting that water flux is controlled by JA in filaments.

Phylogeny searches showed that DAD1 is one of a 12-member gene family

encoding putative lipolytic enzymes. Their catalytic region contains an esterase

(GXSXG) motif and these proteins are somehow related to fungal triacylglycer-

olipases, with which they share sn-1-specific PLA and galactolipase activities.

These predicted proteins were grouped into three subclasses according to the

structure of their N-termini and overall similarity. Subclass I contains seven

members including DAD1 that bear predicted transit peptides for targeting to

plastids. Subclass II members lack this feature and may reside in the cytosol. The

single subclass III member has an N terminal peptide typical for mitochondrial

targeting. A nomenclature for this PLA1 gene family has been defined (Ryu 2004;

Ellinger et al. 2010). Organelle targeting has been experimentally confirmed for

some class I members in chloroplasts (Padham et al. 2007; Seo et al. 2009; Ellinger

et al. 2010; Grienenberger et al. 2010) and for subclass III AtDLAH (or AtPLA1-

III) in mitochondria (Seo et al. 2011). Lipolytic activities of the seven subclass I

proteins have also been reported, and in vitro assays of recombinant proteins

allowed distinguishing three patterns of substrate preference for these enzymes.

The first one displays PLA-only activity, the second PLA and galactolipase activ-

ities, and the third deacylates phosphatidylcholine, galactolipids, and triglycerides

(Seo et al. 2009). The catalytic diversification in this structural family is consistent

with distinct patterns of chloroplast labeling when expressing LAH-GFP fusions

(Grienenberger et al. 2010). This differential distribution may reflect association of

the enzymes with subchloroplastic compartments such as the envelope, thylakoids,

and plastoglobules that are enriched in phospholipids, galactolipids, and triglycer-

ides, respectively. These LAH thus seem to play distinct roles in plastidial lipid

homeostasis.

The conclusive characterization of DAD1/PLA1-Iβ1 in JA biosynthesis for

anther and pollen development fostered additional functional studies to explore

the possibility that other family members may initiate JA synthesis in other organs/

situations, for example, under stress conditions. The initial enzymatic steps of JA

synthesis from linolenic acid up to its precursor 12-oxo-phytodienoic acid are

localized in the chloroplast (Schaller and Stintzi 2009), making the seven subclass

I enzymes good candidates to feed fatty acid precursors into the JA pathway in
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leaves. DAD1 deficiency was initially reported not to affect JA accumulation after

mechanical leaf wounding mimicking attacks by herbivorous insects (Ishiguro

et al. 2001). Later on, the sequential cooperation for JA biosynthesis between

DAD1 and a closely related galactolipase, DGL (also named PLA1-Iα-1), was
described (Hyun et al. 2008). An Arabidopsis activation line that overexpresses

DGL displays stunted growth, accumulates high levels of JA, and displays strong

resistance to Alternaria brassicicola, a necrotrophic fungus for which resistance is

mediated through the JA/ethylene defense pathway. No data on fungal resistance

are available for DGL-deficient lines. According to the authors, ectopic expression

of other Arabidopsis PLA1 genes did not result into elevated JA levels. DGL was

proposed to play a role in maintaining basal JA levels and for early accumulation

while DAD1 would participate in the later phases. These conclusions that DAD1/

PLA1-Iß1 and DGL/PLA1-Iα-1 are necessary and sufficient for JA accumulation

were debated in another study (Ellinger et al. 2010) that failed to confirm dimin-

ished basal or early-induced JA levels in DGL-deficient or dad1 plants upon

wounding or Pseudomonas infection. Also, detailed localization studies showed

that DGL is associated with lipid bodies rather than with chloroplasts. A reduction

by half in the wound-induced JA levels was evidenced in the single mutant PLA1-γ
1. This impairement could be accentuated to about 30 % of the wild-type basal and

injury-induced JA accumulation in a quadruple mutant in four DAD1-like genes

(including PLA1-γ1), showing that in Arabidopsis, different lipases are partially

redundant and may act during different phases of the response to account for the full

JA burst. In search of novel players to catalyze this step, 14 additional genes

encoding putative lipolytic enzymes with predicted plastidial transit peptides

were identified in the Arabidopsis genome, but analysis of mutant lines in 11 of

these genes showed normal basal and wound-induced JA levels (Ellinger

et al. 2010). This suggests that in chloroplasts, many lipases do not present the

adequate activity, association with lipids, or enzymatic partners to channel linolenic

acid into JA biosynthesis. Three other PLA1-I genes, PLA1-γ1, PLA1-Iγ2, and
PLAIII, were examined in the context of antimicrobial defense and found to be

induced by Pseudomonas or Botrytis attack (Grienenberger et al. 2010). However,

mutant lines in these genes did not exhibit a clear defect in microbe-induced JA

levels or in pathogen resistance. Therefore, strong evidence from PLA1-deficient

Arabidopsis lines demonstrating the role of these enzymes in antimicrobial defense

is still lacking. Other Arabidopsis genes in the PLA1 family have been linked to

roles in leaf senescence [PLA1-α2 (Padham et al. 2007)], seed viability

[mitochondria-targeted PLA1-III (Seo et al. 2011)], or negative regulation of seed

storage oil mobilization [PLA1-IIγ (Kim et al. 2011a)].

Interestingly, the functional analysis of PLA1-I genes in inducible defense in the
wild tobacco relative Nicotiana attenuata provided more clear data. Three

DGL-DAD1 homologs named GLA (for glycerolipase A) have been identified in

N. attenuata. Although GLA1 was the only isoform whose mRNA abundance was

downregulated upon wounding (Kallenbach et al. 2010), its silencing clearly and

specifically attenuated the accumulation dynamics of jasmonates and some other

oxylipins. GLA1-silenced plants were reduced by 50–65 % in their content in JA
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and JA-Ile in leaves or roots that were wounded or treated with insect elicitor

(Bonaventure et al. 2011). In the same material, sn-1- and sn-2-specific
lysophospho- and lysogalacto-lipid levels showed a similar reduction, in line with

the in vitro sn-1-specific activity on phospholipids, galactolipids, and triglycerides

determined for recombinant GLA1 (Kallenbach et al. 2010). In contrast, GLA1-
silenced plants display normal levels of JA and JA-Ile in flowers and are fully

fertile. Similarly, JA levels of leaves infected by the fungus Fusarium oxysporum or

by the oomycete Phytophthora parasitica var. nicotianae were unaffected as

compared to the different plant genotypes. Impact on other branches of the

lipoxygenase pathway (Feussner and Wasternack 2002; La Camera et al. 2004)

was also investigated. Green leaf volatiles that are hydroperoxide lyase cleavage

products released upon wounding were not modified. However, GLA1 silencing

was found to affect the early metabolism of divinyl ethers upon infection of leaves

by P. parasitica (Bonaventure et al. 2011). These results indicate that in vivo, the
plastidial lipase GLA1 is post-transcriptionally recruited to act on different lipid

classes and provides C18 fatty acid substrate to initiate JA synthesis or modulate

other oxylipins in some specific situations. This reinforces the idea that biosynthesis

of a given oxylipin may require different lipases depending on the stimulus and the

plant organ. Conversely, a given lipase can affect the abundance of different types

of oxylipins, pointing to a growing complexity of lipid hydrolysis networks.

Understanding how these critical events are regulated and interconnected is a

major challenge for future biochemical/cellular studies.

6 Other Predicted Lipases

6.1 The EDS1/PAD4/SAG101 Regulatory Node

In Arabidopsis, EDS1 (Enhanced Disease Susceptibility1) has emerged as a central

immune regulator (Aarts et al. 1998; Wiermer et al. 2005; Garcia and Parker 2009).

In association with its sequence-related partners PAD4 (PhytoAlexin Deficient4)
and SAG101 (Senescence-Associated Gene101), EDS1 forms an essential regula-

tory node that controls both low-level basal immunity to virulent pathogens and

effector-triggered activation of intracellular nucleotide-binding leucine-rich repeat

(NB-LRR) proteins, triggering the HR (Feys et al. 2001, 2005). EDS1 presents

different molecular and spatial in planta associations with PAD4 and SAG101, and

these complexes have distinct signaling activities (Feys et al. 2001, 2005). Indeed,

EDS1 homodimers are restricted to the cytoplasm whereas EDS1-PAD4

heterodimers accumulate in both the cytoplasm and the nucleus, and EDS1-

SAG101 complexes are confined to nuclei. Importantly, dynamic interactions

between nuclear and cytoplasmic pools of EDS1 are important in directing defense

signaling (Feys et al. 2005; Garcia et al. 2010).
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Based on primary-sequence analysis, the N terminal domain of EDS1 has

homology to proteins of the α/β-hydrolase fold family, including three residues

that comprise a serine hydrolase catalytic triad (Ser-Asp-His) (Ollis et al. 1992).

EDS1 shares this overall homology and a unique C terminal “EP” (EDS1-PAD4-

specific) domain with PAD4 and SAG101 (He and Gan 2002; Wiermer et al. 2005).

Although SAG101 lacks the canonical catalytic triad, weak acyl esterase activity

was detected for recombinant SAG101 expressed in Escherichia coli (He and Gan

2002). However, no enzymatic activity has been detected in the case of EDS1 or

PAD4 and their biochemical mode of action remains unknown. Although the lipase

homologies of these proteins might be misleading in terms of catalytic activity,

these domains appear to be conserved in all plant EDS1 and PAD4 orthologs

examined, and it has been suggested that they may play a structural rather than an

enzymatic role during plant immunity (Wiermer et al. 2005). EDS1 and PAD4 are

required to transduce reactive oxygen species-derived signals leading to cell death

during photooxidative stress and immune responses, suggesting the involvement of

a redox component necessary for EDS1 signal transduction (Muhlenbock

et al. 2008; Straus et al. 2010). Based on these observations and the lack of

enzymatic activity, it has been also proposed that that EDS1 and its partners may

help traffick rather than hydrolyze oxygenated lipids inside the cell (Wiermer

et al. 2005).

6.2 Other Structural Families

There are at least two more large gene families structurally related to lipases, with

members that have been clearly linked to innate immunity, but whose glycerolipase

activity remains unclear. The first one is the so-called GDSL family that displays a

conserved motif (PFAM 00657) present in the catalytic site and that is distinct from

the widespread GxSxG serine hydrolase motif discussed earlier. Structural analysis

suggests a flexible active site that can accommodate various substrates and char-

acterized members display lipase, protease, esterase, or even acyltransferase activ-

ities (Volokita et al. 2011; Kikuta et al. 2012). Therefore, it is not known to which

extent some isoforms are true lipolytic enzymes or even if some act on glycerolipids

(Li-Beisson et al. 2010). Arabidopsis has 108 GDSL members, but none has been

described as displaying PLA activity. In most described studies, poor enzyme

characterization was conducted, using synthetic short-chain p-nitro-phenyl esters
as substrates. Still, two genes have been identified with functions in plant defense.

GLIP1 was purified as a protein secreted by salicylic acid-treated cultured cells

(Oh et al. 2005). GLIP1 gene expression is induced by fungal infection and glip1
mutant plants are susceptible to Alternaria infection. GLIP1 has direct fungitoxic

activity but may also act in systemic signaling as its expression conditions the

presence in phloem exudates of a defense-inducing activity (Kwon et al. 2009). A

closely related member called GLIP2 seems to affect both auxin signaling and

resistance to the necrotrophic bacterium Erwinia carotovora (Lee et al. 2009).
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Finally, a pepper GDSL ortholog is a positive effector of defense against biotrophic

microbial infections (Hong et al. 2008), suggesting that this class of enzymes may

affect a conserved step in defense against pathogens with different colonization

strategies.

The second family called PRLIP was first identified in Arabidopsis (Jakab

et al. 2003) and similar sequences were found in rice and grapevine (Szalontai

et al. 2012). Predicted PRLIP proteins present features of serine hydrolases/ester-

ases and class 3 lipases but again no true lipidic substrate is known. These

sequences are grouped into two clades, one of which with constitutive expression

is found in all angiosperms with available sequences, the second being taxon-

specific and comprising defense signal- and pathogen-induced members.

7 Conclusions and Perspectives

Although interesting advances have been recently seen in the description of the

properties of diverse phospho- or galacto-lipases, our understanding of their roles in

innate immunity remains largely fragmentary. We are still far from understanding

how and where different lipid hydrolysis events are orchestrated by the recruitment

of the numerous players at specific subcellular sites.

Two main problems whose resolution will need the implementation of more

powerful strategies based on novel technologies are behind the slow progress in the

functional characterization of LAHs in recent studies. First, most reverse genetic

studies involve pre-identified gene families in plants or in other organisms where

candidate proteins exhibit recognizable features of esterases/lipases, such as in rice

(Singh et al. 2012). Gene annotation can sometimes be misleading and has

conducted many investigators to regard as lipolytic some protein candidates that

likely use non-acyl-lipidic substrates. Conversely, many true lipolytic enzymes

have likely been missed because of their “noncanonical” primary structures and

remain to be discovered. This functional gap between insufficient gene annotation

and in-depth characterization could be partly bridged by screening candidates at the

protein rather than transcript level, for example, by applying activity-based prote-

omics. This approach allows to visualize enzymes in complex proteomes by

incubation with fluorescent chemical probes that covalently label active sites

(Birner-Gruenberger and Hermetter 2007). Mass spectrometry-based identification

of labeled proteins then provides access to functional studies. This strategy proved

highly successful in the global analysis in animal models of storage lipid hydrolysis

such as adipocytes (Schittmayer and Birner-Gruenberger 2009) and has started to

be used in plant pathology. For example, this technique was applied to the

Arabidopsis–Botrytis interaction and led to the identification of 45 Arabidopsis

serine hydrolases of which only 9 had been characterized previously and also of

fungus-derived cutinases and lipases (Kaschani et al. 2009). Similar experiments

repeated with probes specific for PLA/GLA activities have the potential to reveal

198 S. Rivas and T. Heitz



unknown lipolytic enzymes, including some that are activated to establish immu-

nity independently of their transcriptional upregulation.

A second challenge is to determine where a given PLA acts in the cell and on

which substrate. Images of fluorescently tagged PLA provide a first indication as to

where hydrolysis may take place, but they are generally acquired in heterologous

expression systems and do not account for the cellular changes and damage that

occur when immune reponses are being deployed in infected tissue. In this context,

the ultimate aim would be to visualize kinetically and with high-resolution indi-

vidual lipolytic events in living cells. Before this is feasible, we must rely on global

lipid profiling approaches where impressive analytical progress has been recently

made. Early studies attempted to link the activation or deficiency of a given LAH

with changes in lipid or presumed hydrolysis product abundance, but the analytic

resolution was limited to the separation of global lipid classes and frequently did

not correlate with the modification of lipid composition. A major pitfall is that

many phospholipids are present in several membrane systems across the cell,

potentially masking the discrete action of individual LAHs at a defined subcellular

location. In vitro-determined lipolytic activities can also be misinterpreted as to the

real substrate that is hydrolyzed in vivo. Improved protocols largely based on

electrospray ionization-mass spectrometry, either by direct infusion of coupled to

liquid chromatography, allowed the separation, identification, and in some cases

quantification of many lipid molecular species (Welti and Wang 2004). In further

recent methodological developments, hundreds of glycerolipid species differing by

their polar head and acyl chains were characterized (Ibrahim et al. 2011; Vu

et al. 2012; Zoeller et al. 2012). Furthermore, in response to wounding or bacterial

infection, the appearance of dozens of novel oxidized or fragmented galactolipid

species was reported. This enhanced analytic resolution will allow a much deeper

metabolic examination of LAH-modified lines with increased possibility of identi-

fying subtle changes in their lipid contents. Alterations in organelle- or membrane-

specific (lyso)-lipid species can even provide precise information on real in vivo

substrate(s). Finally, the emergence of MS-imaging techniques on tissues or iso-

lated organelles opens another door to the visualization of PLA product formation

(Horn and Chapman 2012). The combination of expanded genetic resources with

more systematic biochemical and analytical tools should significantly contribute to

increase our understanding about how PLAs impact the adaptation of plants to their

ever changing environment.
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Lipases in Signaling Plant Defense Responses

Jyoti Shah

Abstract Cellular membranes are important reservoirs for signaling lipids and

their precursors. Plant lipases have important functions in the release/synthesis of

signaling lipids that contribute to plant defense against pests, including effector-

and MAMP-triggered immunity and the hypersensitive response. However, some

pests have evolved a way to hijack host lipases and use them to counter and/or

suppress host defenses. Other pests actively secrete lipases to breakdown host

membranes, releasing molecular signals that benefit growth and development of

the pest. This chapter focuses on progress made in recent years toward the identi-

fication and characterization of lipases that have important roles in the outcome of

plant interaction with pests.

Keywords Effector-triggered immunity • Hypersensitive response • Biotrophy •

Necrotroph • Phospholipase • Elicitor • Plant–pathogen interaction

1 Introduction

In their natural environment, plants encounter a variety of stressors, including

pathogens and insects. Based on their life style, phytopathogens can be broadly

classified as biotrophs (e.g., Hyaloperonospora arabidopsidis and Erysiphe orontii)
and necrotrophs (Erwinia carotovora, Botrytis cinerea, and Alternaria
brassicicola). Biotrophic pathogens derive nutrients from live host cells. In con-

trast, necrotrophs release toxins and enzymes that kill the host tissue releasing

nutrients required by the pathogen (Glazebrook 2005; Mengiste 2012). Some

pathogens exhibit a life cycle that combines biotrophy and necrotrophy. These

hemi-biotrophs (e.g., Pseudomonas syringae and Fusarium graminearum) exhibit a
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biotrophic phase during the early stages of infection when the pathogen establishes

itself on the host plant, followed by a more aggressive necrotrophic phase, which in

case of F. graminearum coincides with the spreading of the pathogen through the

host. Plants utilize contrasting strategies to counter biotrophic and necrotrophic

pathogens. For example, programmed cell death is one mechanism utilized by

plants to control biotrophic pathogens. Biotrophs actively attempt to suppress the

activation of cell death by the host. In agreement with a role for cell death in

controlling infection by biotrophs, plant mutants exhibiting enhanced cell death are

in general more resistant to biotrophic pathogens (Mengiste 2012). In contrast,

these mutants exhibit heightened susceptibility to necrotrophic pathogens.

Plants have evolved surveillance mechanisms that recognize pathogen-derived

ligands, resulting in the activation of defenses (Jones and Dangl 2006; Thomma

et al. 2011; Spoel and Dong 2012). Recognition of conserved pathogen-associated

molecular patterns (PAMPs) by immune receptors in the plant results in activation

of pathogen-triggered immunity (PTI), which confers basal resistance against

virulent pathogens, and controls the extent of pathogen growth in this compatible

interaction. In comparison, immune receptor-mediated recognition of effectors

released by some avirulent races of a pathogen results in the activation of

effector-triggered immunity (ETI), which confers more robust resistance to this

incompatible interaction than PTI does. In most cases ETI is accompanied by the

hypersensitive response (HR), which is characterized by the activation of cell death

and accumulation of defense-associated metabolites (Mur et al. 2008). In response

to the localized activation of PTI and/or ETI, defenses can also be activated

systemically through the plant, a mechanism termed systemic-acquired resistance

(SAR). SAR confers resistance against a broad spectrum of pathogens (Durrant and

Dong 2004; Spoel and Dong 2012; Shah and Zeier 2013). Salicylic acid

(SA) signaling is a major contributor to PTI, ETI, and SAR. PTI and ETI have

not been reported for necrotrophic pathogens. The oxylipin jasmonic acid (JA) has

an important role in plant defense against necrotrophic pathogens (Glazebrook

2005; Antico et al. 2011). JA and its derivatives also have important signaling

functions in plant defense against herbivores and physical wounding (Wasternack

2007). Cross talk between SA and JA signaling fine tunes defense responses in

plants (Koornneef and Pieterse 2008).

Lipids are major structural constituents of prokaryotic and eukaryotic mem-

branes that also function as energy stores. In addition, membrane lipids are pre-

cursors for signaling molecules that regulate growth, development, and stress

response (Laxalt and Munnik 2002; Wang 2004; Ryu 2004; Shah 2005; Gillaspy

2011). Lipids are increasingly being recognized as important factors in plant

interaction with other organisms, including pathogens and insects (Laxalt and

Munnik 2002; Shah 2005; Kachroo and Kachroo 2009; Grienenberger et al. 2010;

Canonne et al. 2011; Gillaspy 2011; Berkey et al. 2012; Dave and Graham 2012;

Yan et al. 2013). In many cases of plant interaction with pathogens, the cuticular

matrix, which contains cutin (composed mainly of C16 and C18 ω-hydroxylated
esterified fatty acids), waxes, fatty acids, and terpenoids, provides the first line of

defense against pests (Chassot and Métraux 2005; Shah 2005; Nawrath 2006;
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Kachroo and Kachroo 2009). The cuticle is also a source of signaling molecules that

can promote resistance against some pathogens and in other cases promote disease.

Membrane lipids provide precursors for lipids that have signaling functions in plant

response to pests, including phosphatidic acid (PA), N-acylethanolamines (NAEs),

oxylipins like 12-oxo-phytodienoic acid (OPDA), and JA (Fig. 1). Oxidized mem-

brane lipids (e.g., arabidopsides) (Fig. 1), some of which have antimicrobial

activities, can also provide a source of oxylipins like OPDA that can be rapidly

released in response to stress (Andersson et al. 2006a; Buseman et al. 2006;

Kourtchenko et al. 2007). Other lipids that have important function in plant stress

response include polyphosphoinositides, sphingolipids, lysophospholipids, and

phytosterols. Plant lipases have key roles in the synthesis/release of many of

these signaling lipids. Lipases produced by pests also influence plant–pest interac-

tion (Voigt et al. 2005; Devescovi et al. 2007; Schäfer et al. 2011; Salomon

et al. 2012). Here, I summarize advances made in recent years on the involvement

of lipases and lipase-like proteins in plant–pest interactions, in particular plant

defense against pathogens (Table 1).

2 Lipases in Plant Defense

As described below, lipid hydrolysis has been widely reported in plant–microbe

interactions. The availability of genome sequences and molecular-genetic tools has

expedited the identification of defense associated lipases, their corresponding

genes, and their role in plant defense. Phospholipases A, C, and D, patatin-like

acyl hydrolases, as well as other lipid acyl hydrolases have been linked to plant

defense against diseases and insects. This section summarizes the involvement of

lipases in different aspects of plant defense against pests.

2.1 Role of Lipases in Effector-Triggered Immunity

Specific recognition by a plant immune receptor of a race-specific effector released

by a pathogen triggers a cascade of defense signaling that is associated with ETI,

thus resulting in strong resistance. PA produced by both phospholipase C and D

activities has been shown to participate in ETI-associated defenses.

In tomato (Solanum lycopersicum), the Cf-4 resistance gene is involved in the

recognition of Avr4, an elicitor produced by some races of Cladosporium fulvum, a
biotrophic fungus that causes leaf molding of tomato (Thomas et al. 1997). Cf-4-
conferred resistance against C. fulvum races that express Avr4 is accompanied by a

HR and activation of Ca2+-dependent kinases (Romeis et al. 2000). In experiments

conducted with tobacco cell cultures that stably expressed Cf-4, de Jong

et al. (2004) observed that addition of Avr4 rapidly induced PA production that

was dependent of the sequential action of a phospholipase C (PLC) and
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diacylglycerol kinase (DGK). This accumulation of PA was associated with an

increase in the production of reactive oxygen species by an NADPH oxidase

complex. More recently, SlPLC4 and SlPLC6 were identified as two

PLC-encoding genes in tomato that are involved in Cf-4/Avr4-mediated signaling

(Vossen et al. 2010). Expression of SlPLC4 and SlPLC6 was induced during this

incompatible interaction as well as in compatible interactions involving C. fulvum
and tomato. Virus-induced gene silencing of SlPLC4 expression in tomato resulted

in loss of Cf-4-mediated HR and resistance against Avr4 expressing C. fulvum. In
comparison, silencing of SlPLC6, resulted in loss of Cf-4-mediated resistance but

had no impact on HR development. ETI against Verticillium dahliae conferred by

the Ve1 resistance gene and against Pseudomonas syringae conferred by the Pto/Prf

Fig. 1 Biologically active lipids in plant defense. Jasmonic acid, 12-oxo-phytodienoic acid,

phosphatidic acid, and N-acylethanolamine are signaling molecules in plant defense.

Arabidopsides are suggested to have antimicrobial properties and potentially serve as a reservoir

for OPDA and dinor-OPDA. R1 and R2 acyl chains, Gal galactose
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gene pair was also compromised in the SlPLC6-silenced plants, thus suggesting

differential requirement of these two PLCs in ETI in tomato. SlPLC4 is specifically
involved in Cf-4 mediated resistance, while SlPLC6 seems to have a more general

function in ETI (Vossen et al. 2010). Although pharmacological experiments

conducted by de Jong et al. (2004) implicate the potential involvement of PA in

Cf4-mediated signaling, the simultaneous involvement of polyphosphoinositides

cannot be ruled out.

In addition to the PLC pathway, PA can also be synthesized by PLD. In

Arabidopsis interaction with the bacterial pathogen Pseudomonas syringae, both
PLC and PLD were shown to be involved in PA production in response to activation

of ETI. The RPM1 and RPS2 resistance loci in Arabidopsis confer ETI against

Table 1 Arabidopsis lipases involved in plant–pest interaction

Name (gene id) Description Biological function Reference

pPLA-I

(At1g61850)

Patatin family

lipase

Resistance against Botrytis cinerea;
JA production (basal)

Yang et al. (2007)

pPLA-IIα
(At2g26560)

Patatin family

lipase

Plant cell death; hypersensitive

response

La Camera

et al. (2005,

2009)

sPLA2-α
(At2g06925)

Secretory

phospholipase

Suppress hypersensitive response Froidure

et al. (2010),

Jung

et al. (2012)

DAD1

(At2g44810)

Plastidyl PLA1 Wounding-induced JA Hyun et al. (2008),

Ellinger

et al. (2010)

PLA-Iα1; DON-
GLE

(At1g05800)

Galactolipase and

phospholipase

activity

Basal and wounding-induced JA?

Resistance to Alternaria
brassicicola?

Hyun et al. (2008),

Ellinger

et al. (2010)

PLA1-Iβ2
(At4g16820)

DAD1 family

lipase

OPDA, dnOPDA, JA production in

response to wounding

Ellinger

et al. (2010)

PLA1-Iγ1
(At1g06800)

DAD1 family

lipase

OPDA, dnOPDA, JA production in

response to wounding; Interac-

tion with Botrytis cinerea

Ellinger

et al. (2010),

Grienenberger

et al. (2010)

PLA1-Iγ2
(At2g30550)

DAD1 family

lipase

Interaction with Botrytis cinerea Grienenberger

et al. (2010)

SOBER1

(At4g22300)

Phospholipase A2 Suppression of plant response to

Xanthomonas campestris AvrBst
effector

Cunnac

et al. (2007),

Kirik and

Mudgett (2009)

GLIP1

(At5g40990)

GDSL lipase 1 Resistance to necrotrophic and

hemi-biotrophic pathogens; eth-

ylene signaling

Oh et al. (2005),

Kwon

et al. (2009)

GLIP2

(At1g53940)

GDSL lipase 2 Negative regulation of auxin sig-

naling; Resistance against

Erwinia carotovora

Lee et al. (2009)

MPL1

(At5g14180)

Lipid acyl

hydrolase

Resistance against green peach

aphid

Louis et al. (2010)
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P. syringae expressing the AvrRpm1 and AvrRpt2 effectors, respectively. Using a

pathogen-free system in which these effectors were transiently expressed in

Arabidopsis, Andersson et al. (2006b) demonstrated a biphasic accumulation of

PA. Using selective inhibitors of PLC and PLD activity, they demonstrated that the

first burst of PA was dependent on PLC/DGK activity. They suggested that in this

pathogen-free system, polyphosphoinositides produced by PLC action likely stim-

ulate Ca2+ fluxes that promote DGK activity, thus contributing to the first burst of

PA. Pharmacological experiments further suggested that the second and stronger

PA peak was linked to PLD activity and that PA functions upstream of reactive

oxygen species (ROS) accumulation in this incompatible interaction.

In rice the expression and intracellular distribution of PLD was altered during an

incompatible interaction between rice expressing the Xa10 resistance gene and the

bacterial blight pathogen Xanthomonas oryzae pv. oryzae expressing the cognate

AvrXa10 effector (Young et al. 1996). PLD expression was induced during com-

patible and incompatible interactions involving X. oryzae. However, the induction
of PLD expression was faster in the incompatible interaction compared to the

compatible interaction. Furthermore, in contrast to the uniform distribution of

PLD at the plasma membrane during a compatible interaction, the PLD protein

was found to cluster on the plasma membrane at the site of pathogen contact. The

data suggest that PLD-promoted changes in plasma membrane, at the site of

pathogen contact, likely contribute to ETI-mediated resistance against bacterial

blight in rice.

2.2 Contribution of Lipases to the Hypersensitive Response

As mentioned above, ETI is accompanied by an HR, which is characterized by

localized death of cells at the site of pathogen ingress, accumulation of ROSs and

SA, and increased expression of various PATHOGENESIS-RELATED (PR) genes
(Mur et al. 2008). Cell death has also been observed in plant cells treated with

various elicitors derived from pathogens, as well as in the pathogen-free distal

leaves during the activation of SAR. While cell death is likely beneficial for plants

when responding to a biotroph, it could be detrimental against necrotrophs, which

thrive on dead cells and in fact secrete factors that promote cell death.

Phospholipases have been documented to have a role in the HR. As mentioned

above in case of the incompatible interaction between Cf-4 expressing tomato and

Avr4 expressing C. fulvum, StPLC4 is required for the activation of the HR (Vossen

et al. 2010). In contrast, AtsPLA2-α, a secretory phospholipase A2 encoded by the

Arabidopsis At2g06925 (AtsPLA2-α) locus has been suggested to be a negative

regulator of HR. In cells inoculated with an AvrRpm1 expressing avirulent strain of

P. syringae pv. tomato DC3000, AtsPLA2-α protein is rapidly translocated to the

apoplast (Jung et al. 2012). However, in experiments conducted with a transient

expression system in Nicotiana benthamiana, it was observed that AtsPLA2-α
physically associates with the transcription factor AtMYB30 (Froidure
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et al. 2010). In this system, transient overexpression of AtMYB30 promotes

HR induced by AvrRpt2-expressing bacteria. However, when AtMYB30 and

AtsPLA2-α were coexpressed, the interaction between AtMYB30 and AtsPLA2-α
resulted in the translocation of AtsPLA2-α associated with AtMYB30 into the

nucleus, where AtsPLA2-α suppressed AtMYB30 promoted HR (Froidure

et al. 2010). Consistent with a negative role of AtsPLA2-α in the activation of the

HR, AvrRpm1 expressing P. syringae, when inoculated at a low dose that does not

induce HR in wild-type plants, resulted in HR in the atsPLA2-α mutant plant.

Furthermore, the mutant line exhibited enhanced resistance to the avirulent patho-

gen (Froidure et al. 2010).

A negative role in HR has also been reported for another phospholipase encoded

by the Arabidopsis SUPPRESSOR OF AVRBST-ELICITED RESISTANCE1
(SOBER1) gene. AvrBsT is an effector from Xanthomonas campestris
pv. vesicatoria, a pathogen of pepper plants. When expressed in P. syringae
pv. tomato, this effector conferred avirulence on the Arabidopsis accession Pi-0

resulting in the activation of the HR (Cunnac et al. 2007). In contrast, AvrBsT-

expressing strains were virulent on all other Arabidopsis accessions. Resistance in
Pi-0 was due to a sober1-1 mutation in a phospholipase A2-encoding gene. Lipid

profiling of Pi-0 plants inoculated with AvrBsT-expressing bacteria indicated that

loss of SOBER1 function in Pi-0 results in increased accumulation of PA, which

required PLD activity (Kirik and Mudgett 2009). In agreement with a role for PLD

in this interaction, PLD inhibitors blocked AvrBsT-induced HR in Pi-0. Recombi-

nant SOBER1 protein utilized phosphatidylcholine (PC), but not PA or LsyoPC as a

substrate, thus suggesting that SOBER1 has PLA2 activity. Indeed, chemical

inhibition of PLA2 in Arabidopsis leaves expressing SOBER1 resulted in HR in

response to AvrBsT expression. The authors have proposed a model according to

which the PLA2 activity of SOBER1 suppresses HR by competing/suppressing

PLD-dependent production of PA in response to AvrBsT. How SOBER1’s PLA

activity inhibits HR is unclear. Furthermore, since SOBER1 does not impact HR

associated with ETI elicited by AvrRpt2, which as discussed above is mediated by

PA produced by PLC and PLD (Andersson et al. 2006b), SOBER1 is not a general

suppressor of HR.

The activation of HR-like cell death in tobacco leaves by the oomycete

Phytophthora megasperma elicitor β-megaspermin was also accompanied by the

induction of PLA2 activity (Dhondt et al. 2002). Similarly, a gene encoding a

patatin-like protein was induced in tobacco leaves treated with cryptogein, another

elicitor of HR-like cell death (Cacas et al. 2005). Thus, depending on the

pathosystem, different lipase activities seem to be associated with the HR.

2.3 Lipases in Basal and Elicitor-Induced Resistance

As opposed to ETI, basal resistance in many cases is conferred by recognition of

elicitors that are common to a group of microbes. Examples of these elicitors, also
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known as MAMPs, include the bacterial flg22 peptide derived from flagellin, the

bacterial flagellar protein, oligosaccharides derived from chitin in fungal cell walls,

and lipopolysaccharide derived from gram negative bacteria. Purified elicitors

when applied to plant cells induce changes in ion fluxes, ROS production, and

defense gene expression. In many cases, elicitors have been shown to stimulate

expression/activity of lipases. For example, in rice suspension cells treated with N-
acetylchitooligosaccharide, a chitin-derived elicitor, a biphasic increase in ROS

was observed (Yamaguchi et al. 2003, 2005). The first ROS burst was associated

with the activation of PLC and PLD, while the second burst was as a result of PLD

and was associated with the recruitment of PLD to the membrane. Similarly, the

general elicitors N,N0,N00,N000-tetraacetylchitotetraose, xylanase, and flg22 promoted

PA accumulation in tomato suspension cells (van der Luit et al. 2000). Inhibitor

studies indicated that DGK activity was required for PA accumulation in response

to elicitor treatment, suggesting that PLC is likely involved in providing DAG for

PA synthesis. A significant contribution of PLD, in addition to PLC/DGK was also

observed in the case of xylanase-induced PA accumulation (van der Luit

et al. 2000).

In Arabidopsis, expression of several PLD genes was observed to be upregulated

in response to infection with P. syringae (de Torres Zabela et al. 2002), and in

tomato, expression of a PLDβ1 was upregulated in response to xylanase treatment

(Laxalt et al. 2001). However, PLDβ1 expression was not induced when the tomato

cells were elicited with chitotetraose, suggesting that PLDβ1 involvement is not a

general elicitor-induced response. Xylanase-induced H2O2 accumulation was

enhanced in tomato suspension cells in which expression of PLDβ1 was silenced

(Bargmann et al. 2006). These results suggest that PLD may protect elicitor-treated

cells against damage caused by H2O2. Similarly, in Arabidopsis H2O2-induced cell

was antagonized by a PLD (Zhang et al. 2003). These results suggest that different

PA molecular species produced by different PLDs likely have different effects on

ROS and cell death.

The PLC pathway, which yields phosphoinositides, has also been suggested to

participate in elicitor-induced responses (Legendre et al. 1993). In soybean suspen-

sion cells, the elicitor polygalacturonic acid induced a rapid transient increase of

inositol 1,4,5-trisphosphate (IP3), which was accompanied by a decrease in the IP3
precursors PIP and PIP2. This increase of IP3 preceded the accumulation of H2O2.

Neomycin sulfate, an inhibitor of IP hydrolysis, blocked the polygalacturonic acid-

induced oxidative burst, confirming that IP3 accumulation promotes the

polygalacturonic acid-induced oxidative burst.

The Arabidopsis ssi2 mutant, which is deficient in a chloroplastic stearoyl-acyl

carrier protein desaturase, exhibits a spontaneous cell death phenotype and height-

ened resistance to biotrophic and hemi-biotrophic pathogens (Shah et al. 2001). In

comparison to the wild-type plant, expression of theMYZUS PERSICE-INDUCED
LIPASE1 (MPL1) gene was constitutively elevated in the ssi2 mutant (Morton

2007; S. Sarowar and J. Shah, unpublished results). Analysis of the ssi2 mpl1
double mutant indicated that MPL1 was required for the full extent of ssi2-
conferred resistance to P. syringae. In contrast, overexpression of MPL1 enhanced
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resistance against P. syringae (S. Sarowar and J. Shah, unpublished). As indicated

below, MPL1 is also required for defense against insects.MPL1 encodes a α/β fold
acyl hydrolase that exhibits lipase activity against a variety of phospholipids

in vitro (Louis et al. 2010).

2.4 Involvement of Lipases in Plant Interaction
with Necrotrophic Pathogens

As mentioned above, necrotrophic pathogens derive nutrients from dead cells and

actively engage mechanisms that result in the death of plant cells at the infection

site. Since cell death involves membrane lipid turnover, it is anticipated that lipases

will be involved in promoting cell death, but are also a part of plant defense to

control spread of cell death. Indeed, infection with the necrotrophic pathogens

E. carotovora and B. cinerea induced a patatin-like PLA2 activity in tobacco leaves

(Dhondt et al. 2002). Patatins are lipid acyl hydrolases that are related to the potato

tuber storage protein patatin. Arabidopsis contains ten genes, which encode patatin-
like proteins. The AtPLAI (At1g61850) (new nomenclature pPLA-I)-encoded
patatin was found to be required for controlling severity of B. cinerea infection

(Yang et al. 2007). The plaI mutant exhibited increased severity of disease com-

pared to wild type. As mentioned later, pPLA-I has been linked to basal JA content

and it has been suggested that pPLA-I-dependent basal JA is critical for defense

against B. cinerea (Yang et al. 2007).

Expression of another Arabidopsis gene (At2g26560) that encodes a patatin

family enzyme PLA-IIA (new nomenclature pPLA-IIα) was induced in leaves

inoculated with the necrotrophic fungi Alternaria alternata and A. brassicicola
(Narusaka et al. 2003). La Camera et al. (2005) observed that expression of pPLA-
IIα was also induced in response to infection by B. cinerea and an avirulent strain of
the hemi-biotroph P. syringae (La Camera et al. 2005). However, suppressing

expression of pPLA-IIα resulted in enhanced resistance against B. cinerea and an

avirulent strain of P. syringae. In contrast, overexpression of pPLA-IIα resulted in

increased growth of these pathogens, thus suggesting that this gene is involved in

conferring susceptibility to B. cinerea and avirulent P. syringae strains (La Camera

et al. 2005). Since JA contributes to resistance against B. cinerea, La Camera

et al. (2005) suggested that pPLA-IIα is unlikely to be involved in pathogen

infection-associated jasmonate synthesis. Quite to the contrary, they found that

JA and ethylene signaling were required for accumulation of pPLA-IIα protein in

pathogen-infected leaves. They further observed that pPLA-IIα -potentiated

B. cinerea inflicted plant cell death and also lowered the efficacy of HR in limiting

colonization by avirulent P. syringae. Thus, these pathogens have likely evolved to
target expression of pPLA-IIα to facilitate infection. Fatty acids provided by pPLA-
IIα likely contribute to this process, either by serving as precursors of products that

impact HR/cell death, or alternatively, influence the fungal physiology resulting in
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increased aggressiveness. In a subsequent study it was shown that PLA-IIα pro-

motes the accumulation of α-dioxygenase (α-DOX)-derived oxylipins, which likely
limit HR spread (La Camera et al. 2009). Thus, PLA-IIα could promote cell death

through hydrolysis of cell membranes and simultaneously control the spread of cell

death through the action of oxylipins.

GDSL lipases represent a distinct family of esterases/lipases that have a con-

served catalytic triad consisting of Ser, Asp, and His. However, unlike most other

lipases in which the Ser is contained within a conserved GXSXG motif, the Ser is

contained within a GXSX4G motif in GDSL lipases. The GLIP1 (GDSL Lipase 1;

At5g40990) protein was identified as a secretory protein from Arabidopsis cell

cultures (Oh et al. 2005). GLIP1, which has lipase activity, is required for control-

ling A. brassicicola infection on Arabidopsis. The fungus spread more rapidly on

the glip1 mutant than the wild-type plant (Oh et al. 2005). In contrast,

overexpression of GLIP1 resulted in enhanced resistance against A. brassicicola,
E. carotovora, and P. syringae (Kwon et al. 2009). The recombinant GLIP1 protein

had a detrimental effect on germination of fungal spores (Oh et al. 2005). In

addition, when locally applied to Arabidopsis plants, GLIP1 induced disease

resistance throughout the plant (Kwon et al. 2009), thus suggesting that GLIP1

activity promotes a systemic defense promoting signal. Ethylene, but not SA

signaling, was required for GLIP1-induced resistance (Kwon et al. 2009). Muta-

tions in the active site of GLIP1 that resulted in loss of lipase activity also resulted

in loss of its antifungal activity (Oh et al. 2005), thus indicating that GLIP1’s

lipolytic activity is likely important for its toxicity toward fungi.

GLIP2 (At1g53940) is another member of the GDSL family of lipases that is

required for controlling growth of necrotrophic pathogens. The GLIP2 gene was

expressed at elevated levels in plants treated with defense hormones such as JA,

ethylene, and SA. T-DNA insertion knockout of GLIP2 function resulted in

enhanced susceptibility to E. carotovora in the glip2 mutant plants (Lee

et al. 2009). GLIP2 also possesses antifungal activity. When applied to spores of

A. brassicicola, GLIP2 inhibited spore germination. The glip2 mutant showed

increased proliferation of lateral roots, which was accompanied by elevated expres-

sion of auxin-responsive genes, thus suggesting that auxin signaling is deregulated

in glip2 mutants. Considering that many pathogens synthesize auxins, and that

auxin signaling negatively impacts plant defenses (Fu and Wang 2011), Lee

et al. (2009) have suggested that GLIP2 promotes disease resistance by inhibiting

auxin signaling in plants.

3 Pathogens Target Plant Lipases to Facilitate
Colonization

As discussed above, the patatin-like acyl-hydrolase pPLA-IIα is targeted by some

necrotrophic pathogens to facilitate colonization (La Camera et al. 2005). Patho-

gens stimulate expression of the pPLA-IIα gene in the host plant, leading to
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increased colonization (Narusaka et al. 2003; La Camera et al. 2005), which is

likely due to the cell death-promoting activity of pPLA-IIα. Similarly, the pepper

GDSL lipase CaGLIP1 also contributes to host susceptibility to pathogens.

CaGLIP1was identified as a gene that was upregulated in pepper leaves in response
to infection by Xanthomonas campestris pv. vesicatoria, the bacterial leaf spot

pathogen (Hong et al. 2008). CaGLIP1 expression is induced primarily during

compatible interactions with the pathogen. In addition, CaGLIP1 expression was

also induced by other stressors. Resistance against X. campestris pv. vesicatoria
was enhanced when CaGLIP1 expression was silenced in pepper plants. In contrast,
overexpression of CaGLIP1 in Arabidopsis resulted in enhanced susceptibility to

P. syringae pv. tomato and the oomycete H. arabidopsidis. Induction of defense

genes was less sensitive to SA in the CaGLIP1-overexpressing plants. It is likely

that a product of CaGLIP1 action on lipids is responsible for reducing plant

sensitivity to SA and thus contributing to suppression of defenses.

4 Lipase and Plant–Insect Interaction

Similar to plant interactions with pathogens, lipases from plants and insects influ-

ence the colonization of plants by insects. In Arabidopsis, the MPL1 gene, which

encodes a lipase, is expressed at elevated levels in response to infestation by the

phloem sap-feeding insect Myzus persicae, more commonly known as the green

peach aphid (GPA) (Louis et al. 2010). The insect population grew larger on the

mpl1 mutant compared to the wild-type plant. In contrast, GPA population was

smaller on transgenic plants that overexpress MPL1. Vascular sap-enriched petiole

exudates of wild-type plants contain an antibiosis activity that normally controls

insect population size on Arabidopsis. However, this antibiosis activity was

reduced in mpl1 mutant, and in contrast, higher in the MPL1-overexpressing plants

(Louis et al. 2010). In agreement with a role for MPL1 in the vascular tissues,

MPL1 promoter when fused to the GUS reporter gene was found to express GUS

around the insect-feeding site (H. Mondal and J. Shah, unpublished). A signal

peptide at the N terminus likely targets MPL1 to the endomembranes. Although

the identity of the lipid product responsible for MPL1’s impact on GPA is not

known, it is possible that a MPL1-dependent lipid metabolite present in the phloem

sap is responsible for the antibiosis activity. The phloem sap contains variety of

lipids including oxylipins (Benning et al. 2012). Besides the GXSXG motif that is

present in many lipases, MPL1 also contains an acyltransferase HX4D motif,

suggesting that it might possibly also be involved in membrane lipid transacylation.

Insects chewing on plants cause extensive physical wounding to the plant. In

addition, the plant tissues come in contact with oral secretions from the insect,

which could impact plant physiology. In case of Arabidopsis leaves damaged by the

generalist grasshopper Schistocerca gregaria (Caelifera), the levels of oxylipins

like 13HPOD, OPDA, and JA increase (Schäfer et al. 2011). This increase in

oxylipins is paralleled by an increase in expression of various OPDA-responsive
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genes. These responses could be mimicked when oral secretions from the grass-

hopper were applied to wounded leaves. OPDA accumulation could also be pro-

moted when a greater than 10 kDa fraction derived from grasshopper oral secretions

was applied to wounded leaves. This OPDA inducing factor was sensitive to boiling

and hot isopropanol suggesting that it is a lipase. Indeed, oral secretions from the

insect when mixed with plant lipids released OPDA, presumably from OPDA-

esterified lipids (Schäfer et al. 2011). A lipase identified in this 10 kDa fraction was

active in promoting OPDA accumulation when applied to wounded leaves. Simi-

larly, oral secretions from other herbivores also promoted OPDA accumulation

when applied to wounded leaves, indicating that this is a common phenomenon in

plant–herbivore interactions. The OPDA that is released at the site of insect

chewing likely elicits plant defenses in the neighboring undamaged cells. Other

studies have shown that OPDA is a signaling molecule that has functions indepen-

dent of its relationship with JA (Stintzi et al. 2001; Taki et al. 2005; Ribot

et al. 2008) Thus, these lipases in insect oral secretions function as elicitors of

plant defenses.

5 Pathogens Produce Lipases to Promote Colonization

As discussed above, many pathogens produce effectors that target host enzymes

associated with lipid metabolism/signaling to promote colonization. This section

highlights how some pathogens themselves release lipases that act on host lipids,

thereby promoting colonization. Many fungi are known to depend on host lipids to

complete their life cycles (Tsitsigiannis and Keller 2007; Christensen and

Kolomiets 2011). Others like F. graminearum, an important pathogen of wheat

and barley, require lipid cues from the host to promote pathogenicity.

F. graminearum secretes a lipase, FGL1, when growing on the host, but not on

synthetic medium (Voigt et al. 2005). On synthetic medium, FGL1 expression and

secretion can be induced by addition of wheat germ oil. fgl1 mutant fungi could

initiate infection on wheat. However, unlike the wild-type fungi, the fgl1 mutant

fungi were unable to spread through the host, suggesting that a FGL1-derived lipid

is required for facilitating spread of the fungus through the host plant.

Burkholderia glumae causes seedling blight, seedling rot, and grain rot disease

in rice. It is also an opportunistic human pathogen. Quorum sensing is important for

successful infection. A secreted lipase that correlated with quorum sensing was

identified and shown to be required for pathogenicity (Devescovi et al. 2007). The

lipA mutant fungi that lack this lipase had lost the ability to cause disease on rice.

Similarly, the biotrophic fungus Blumeria graminis, which causes powdery mildew

disease in small grain cereals, secretes a lipase, Lip1, which is expressed at elevated

levels during early stages of the infection (Feng et al. 2005, 2009). Lip1 action on

epicuticular waxes likely releases metabolites that promote appressorium forma-

tion, thus facilitating infection. Secreted lipases have also been shown to be

important for infection by B. cinerea and A. brassicicola (Berto et al. 1997, 1999;
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Comménil et al. 1998, 1999). Disease development was reduced when fungal

conidia were incubated in the presence of lipase-specific antibodies prior to inoc-

ulation on host, thus confirming an important function of fungal lipases in facili-

tating infection (Comménil et al. 1998; Berto et al. 1999).

6 Lipid-Derived Defense Signaling Molecules: Role
of Lipases

PA is a phospholipid that also doubles up as a signaling molecule via its ability to

regulate activity of various proteins. The involvement in plant defense of PA, PLD,

and PLC that contribute to PA production has been discussed above. Highlighted in

this section is the involvement of lipases in the metabolism of other lipid-derived

molecules that have important signaling functions in plant defense.

6.1 Role of Lipases in Jasmonate Metabolism Associated
with Plant Defense

Jasmonates include a family oxylipins that are derived from oxygenation of 18- and

16-carbon polyunsaturated fatty acids (Wasternack and Kombrink 2010; Acosta

and Farmer 2010). JA (Fig. 1) and its derivatives methyljasmonate (MeJA) and

jasmonoyl-isoleucine (JA-Ile) are among the better studied jasmonates that are

associated with signaling in plant defense against foliar and root pathogens and

insects (Acosta and Farmer 2010). In addition, they also influence plant interaction

with detritivores and beneficial microbes. Increasing evidence suggests that OPDA

(Fig. 1), which is a precursor for JA and its derivatives, also has important functions

in plant stress response that are independent of JA (Dave and Graham 2012).

The first step in the biosynthesis of jasmonates, which occurs in the plastids, is

the oxidation of polyunsaturated fatty acids (e.g., α-linolenic acid) by

13-lipoxygenases to yield 13-hydroperoxy fatty acids that are sequentially acted

upon by allene oxide synthase and allene oxide cyclase to yield OPDA (Feussner

and Wasternack 2002). Similarly, dinor-OPDA (dnOPDA) is synthesized from the

16-carbon hexadecatrienoic acid. OPDA and dnOPDA are then exported from

plastids to the peroxisomes, where they are further processed to yield JA. JA can

be further converted into MeJA and JA-Ile in the cytosol (Feussner and Wasternack

2002; Acosta and Farmer 2010). The identification of arabidopsides (Fig. 1), which

can accumulate to high levels in wounded and pathogen-infected tissues, has led to

the suggestion that the early steps of oxylipin synthesis could potentially occur on

esterified fatty acids (Buseman et al. 2006; Kourtchenko et al. 2007). Irrespective of

whether free or esterified fatty acids are the source of OPDA/dnOPDA, a lipase is
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required to release the free fatty acid from glycerolipids or OPDA/dnOPDA from

arabidopsides for the synthesis of JA and its derivatives.

6.1.1 Contribution of DAD-Like Lipid Acyl Hydrolases to Jasmonate
Metabolism

In Arabidopsis thaliana flowers, DAD1 (DEFECTIVE IN ANTHER

DEHISCENCE1 encoded by At2g44810), a phospholipase A1 (PLA-Iβ1), is

required for JA accumulation. Compared to the wild-type (WT) plants, the

Arabidopsis dad1 mutant had reduced levels of JA and was male sterile due to

defects in pollen development and anther dehiscence (Ishiguro et al. 2001). Expres-

sion of DAD1 and DONGLE (DGL; At1g05800), which encodes a DAD1-related

PLA-Iα1 protein with strong galactolipase compared to phospholipase activity, was

induced in response to wounding (Hyun et al. 2008; Ellinger et al. 2010). While

DGL expression was transiently induced, peaking at 1 h after wounding, DAD1
expression was more sustained and remained at elevated levels through 4 h after

wounding (Hyun et al. 2008). Hyun et al. (2008) provided a combination of genetic,

biochemical, and molecular evidence that DGL partakes in basal- and wounding-

induced JA accumulation in Arabidopsis leaves. RNAi silencing ofDGL resulted in

lower (undetectable) basal levels of JA in leaves of the dgl-i plants. Furthermore,

the increase in JA content that was observed 1 h after wounding leaves of WT plants

was significantly lower in the dgl-i plants. However, at 4 h post-wounding JA levels

were comparably high between the dgl-i and WT plants. Hyun et al. (2008) have

suggested that DGL-dependent basal JA promotes the rapid accumulation of JA

during the early phases of wounding. In comparison to the WT plant, the wounding-

induced accumulation of JA was not observed in the dgl-i dad1 plant suggesting

that the combined activities of DGL and DAD1 function are required for wounding-

induced JA accumulation in Arabidopsis leaves. Overexpression of DGL in the

activation-tagged dgl-D plant resulted in elevated JA accumulation and expression

of JA-responsive genes, which was accompanied by enhanced resistance to

A. brassicicola (Hyun et al. 2008). However, whether DGL is required for JA

accumulation in response to fungal infection was not reported.

Ellinger et al. (2010) noted that JA levels were not as dramatically lower in

wounded dgl-i line as reported by Hyun et al. (2008). Furthermore, the wounding-

induced levels of dnOPDA, which also contributes to JA synthesis and is synthe-

sized from hexadecatrienoic acid released from the sn-2 position of galactolipids,

were comparably high in the WT and the dgl-i and dad1 plants, suggesting that

these genes by themselves do not contribute to the full extent of JA in wounded

plants. Ellinger et al. (2010) studied the involvement in wounding of several genes

predicted to encode chloroplast-localized lipases. While mutations in most of these

genes did not impact jasmonate composition, compared to theWT plant, wounding-

induced OPDA and dnOPDA levels were 75–80 % lower and JA levels 50 % lower

in the pla1-Iγ1 mutant that contains a T-DNA insertion in At1g06800. Similarly,

wounding induced OPDA, JA, and dnOPDA content were approximately 40–50 %
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lower in the pla1-Iβ2 mutant at the At4g16820 locus. However, accumulation of

these oxylipins was not completely abolished in any of the single mutant lines,

suggesting that multiple lipases contribute to the overall content of jasmonates in

wounded Arabidopsis leaves. The lowered content of 18:3-derived OPDA and

16:3-derived dnOPDA in the pla1-Iγ1 and pla1-Iβ2 knockout lines indicates that

the corresponding enzymes likely have activity toward both the sn-1 and sn-2 acyl

chains in glycerolipids. Expression of PLA1-Iγ1 and PLA1-Iγ2 (At2g30550) were

induced in Arabidopsis challenged with B. cinerea and P. syringae (Grienenberger
et al. 2010). However, according to these authors (data was not shown) individual

knockdown of either of these genes did not adversely impact JA profile or resistance

to these pathogens.

6.1.2 Contribution of Patatin-Like Lipases to Jasmonate Metabolism

Infection with the necrotrophic fungus B. cinerea resulted in a biphasic increase in

JA content in Arabidopsis, which was accompanied by a reduction in phosphati-

dylglycerol and digalactosyldiacylglycerol levels, suggesting that plastidic polar

lipids likely provide precursors for JA accumulation in response to infection by this

necrotrophic pathogen (Yang et al. 2007). As mentioned above, the patatin family

enzyme pPLA-I encoded by the Arabidopsis At1g61850 loci is required for con-

trolling the severity of B. cinerea infection (Yang et al. 2007). The enhanced

disease severity of the plaImutant plants was paralleled by a reduction in the extent

of induction of genes encoding lipoxygenase (LOX2 and LOX3) and 12-oxo-phyto-
dienoate reductase (OPR3) which are involved in jasmonate metabolism. Basal JA

content was lower in the plaI mutant and resistance to B. cinerea was restored by

MeJA application. However, fungal infection-induced JA accumulation was not

compromised in this mutant (Yang et al. 2007). These results suggest that pPLA-I-
dependent basal JA is critical for defense against B. cinerea. However, how basal

JA impacts resistance against B. cinerea is unclear. Expression of a patatin-like

PLA2 encoding gene was also observed to be upregulated in tobacco leaves

inoculated with β-megaspermin a cell death elicitor from Phytophthora (Dhondt

et al. 2002). This increase in PLA2 expression correlated with the accumulation of

OPDA and JA. However, whether this PLA2 is indeed required for jasmonate

accumulation was not determined in the above study.

6.1.3 PLDα1 Modulates Stress-Associated Jasmonate Accumulation

PLDα1 has also been suggested to have a role in promoting JA biosynthesis in

wounded plants (Wang et al. 2000). Compared to the WT plant, levels of JA, PA,

and JA-responsive genes were lower in wounded leaves of a transgenic line in

which PLDα1 expression was silenced. However, expression of LOX2, a

13-lipoxygenase-encoding gene that is involved in JA synthesis was also lower in

the PLDα1-silenced line, suggesting that the JA defect in the silenced line is likely
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due to lowered LOX2 expression. Hyun et al. (2008) have further suggested that PA
produced by PLDα1 also likely acts as a signaling molecule that promotes

wounding-induced upregulation of DGL and DAD1 expression. They observed

that the application of 1-butanol, an inhibitor of PLD activity, significantly reduced

the wounding-induced expression of DGL and DAD1. Furthermore, wounding-

induced expression of DGL and DAD1 were also attenuated in the pld1α mutant

plant. By contrast, wounded 35S:PLDα1 plants, in which PLDα1 is overexpressed

from the Cauliflower mosaic virus 35S gene promoter, expressed higher levels of

DGL, DAD1, and the JA-responsive VSP gene, than did the wounded WT plants. In

addition, 35S:PLDα1-promoted hyperactivation of VSP in response to wounding

was attenuated in the absence of functional DGL and DAD1 activity in the 35S:
PLDα1 dgl-i dad1 plants, thus further indicating that PLD1α-promoted wounding

responses likely function through DGL and DAD1.

6.2 Polyphosphoinositides and N-Acylethanolamines

Polyphosphoinositide and N-acylethanolamines (NAEs) (Fig. 1) are phospholipid-

derived signaling molecules that influence plant defense against pathogens. Accu-

mulation of NAEs, which are fatty acid ethanolamides, accompanied the activation

of defense responses by the fungal elicitor xylanase (Tripathy et al. 1999). Further-

more, expression of defense genes that are induced by xylanase, was also induced

by NAE application. Signaling mediated by abscisic acid, which is an important

regulator of plant defense against abiotic and biotic stress, was also impacted by

NAE metabolism (Teaster et al. 2007). Polyphosphoinositides are potent signaling

molecules that have been extensively studied for their impact on Ca2+ fluxes. IPs

also have important roles in plant–pathogen interaction. Expression of genes

involved in IP metabolism are induced by pathogen infection, and microbial

elicitors stimulate accumulation of IPs (Vasconsuelo et al. 2005; Vasconsuelo

and Boland 2007; Gillaspy 2011). Phytoalexin accumulation in response to elicitor

treatment was also associated with changes in levels of IPs (Zhao et al. 2004). IP

metabolism is also important for SA signaling (Krinke et al. 2007) and for

wounding-induced JA accumulation (Mosblech et al. 2008). Recently, IPs were

shown to be involved in JA perception by COI1 (Mosblech et al. 2011). IP

metabolism also modulates β-aminobutyric acid (BABA)-induced defense

responses (Ton et al. 2005). Lipases are required for the synthesis of IPs and

NAEs, which are derived from phosphatidylinositol and phosphatidylethanolamine,

respectively. PLC function is involved in the synthesis of IPs, while NAE synthesis

requires PLD action (Pappan et al. 1998; Kilaru et al. 2007; Gillaspy 2011).
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7 Conclusion

Significant strides have been made during the last decade in identifying lipases that

generate signaling lipids and their role in plant defense. However, the products of

many lipases involved in defense remain to be determined. Furthermore, how the

expression/activity of these genes is regulated in response to pathogen infection is

largely unclear. Likewise, little is known about the downstream targets of these

lipid signals and how they integrate into the defense-signaling grid. Finally, how

pests utilize lipases to target host lipid metabolism to facilitate colonization is also

poorly understood. The future challenge will be to exploit the recent improvements

in lipidomics and genomics to address these and other questions concerning the

involvement of lipids and lipid-metabolizing enzymes in plant defense and suscep-

tibility to pests.
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