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W AEEEDEABAVEIZ S FLz s HUIER

FRE", T, 2R, RAX, BANR, #oe R
AR T A BNFER B (LA A AE DB T o, “SERIAL S, 1300384

HE: AILdhHd et A R B —H R I 00 B d R, 45264 RAVE R BT S CO, 0 IR Fa A A K93 k. LA BR
(abscisic acid, ABA)i# id 5§ A 3L K HA Y MKk . AR AW, BEAEEED (phospholipase D, PLD) A 3 = 44 B 5 B
(phosphatidic acid, PA) 45 ABAR Y 49 AILE 12 T4 Fid42. AL E L5 R AR T MIGABAE 5842 ¥, PLDul/PAEG
Eh . BOBBEEC. FHAFETAHMAENEA, A APLDE A IE F) b a94E A .

KA BRI EED; A 3UE 3h; BLIEBL; BRAS BR; 135

AL R A 35 B SRRSO R DR T 4 R0 Bl T
B, e A5 A0 FEAT SR RN K 53 A8 i 1) 8 T
SALTF PR I3 6 & A H P 75 COL I 15 HUR 25 i
TERZK Lk, SIS NENAEKKE S
A BRI O . DR A B R H RN
JZ A RN EE S AR R T, B E . R
TR 5 G o T3R5 TR R R A A R, T )
TR DA MUAE 5 7% S 72, J8 e oA g e P a3 9
ARALAL T B 3 B TE RS, AT # R FR 2 i A
AFEA X COL IR SR /D DR 25 s 2 BRI 7K 3 il ok
(SchroederZ2001; Hetheringtonf1Woodward 2003).
RN SALZEINE 53 3848 S LB
TR W BP0 58 i AL ) A R BR
XT38 s AAEYPU P . R AN A
F R SE R B X (Hetherington flWoodward 2003).
VE RN —FhPtidifE 5701, Biva iz (abscisic acid, ABA)
WA ALIB BN S T FHLH 22 8] Z IR AW
W, HIEALFE L ABAS R AN b2k g
&, TUHE E AR EE2C (protein phosphatase 2C,
PP2C)vE M, MM AEERPP2CXT T Uif & FH il i 41
fil, Ba— RYGESBERA . F TR G
TS S5 I IR R IE SN, 0T B AT o
BT, SRR PR, SEE R FLIE 3]
M. FE2E_EMSSHNT TR 48R
ABAfE 516 S &%, WiEBEEED (phospholipase
D, PLD). GTP4i&HEH(GEHA). i PEA (reactive
oxygen species, ROS). Ca™". —Z% 1k % (nitric oxide,
NO)ZE(Kim%5$2010; Merilo%52015; MunemasaZ
2015)., 23 & FEAHPLD K FH F= Wik g % (phos-
phatidic acid, PA)Efr DAIABA(S 5 &% 1R
FI R LB

1 PLD#LR

PLD (EC 3.1.4.4)2 W AFER) — K E K
1k R /K e S A5 5 5 51, J@ K RaERE, 7= 2EPA
A — Sk iR, 2 5 MY 2 P A B B o FE
(Wang 2005; WangZ£2014b). 19474, Hanahan#l
Chaikoff i /X fEEH %Y MR B 32t i R B T PLD,
5 E 3 19944 36 M (R 20 PLD 3 TR 5 4 25 e e
BN G (Wang%51994), ANAA S HBHT T B ONIR
NI 125, AT AR H o %
€ T ZANPLDIE, R\ HE T 2 ERKE, R 6%
437 55 (Zhang2010; F 2342013, 2015).
WE I AN T 12ANPLDIER, 43 NPLDa (1,
2,3)s PLDB (1,2). PLDy (1,2, 3). PLDS. PLDe
NPLD{ (1, 2)7525(Wang 2005; WangZ52006) .
PLDFER IcDNA 7 51| 5 BEAR 57, BT PLD 3[R #
A F2ANHXKxxxx D7, BTHKD1FIHKD?2, %
R AR 41320 s R . Hy K. D%y % NHis (41
2R\ Lys (HER)MAsp (RAZR). HKDEFF
FEPLD (bR & 51, A2 1 A0 7K 8 A 3% 1 B 7
(Wang 2000). FRPLDCAAIFEYIPLDH & C245
Wi, C23 e —ANCa® 54 & i S .
PLDGZ —HFIRMPLD, 5 PR & C238, 21
PXFTPHZS #435(QinflIWang 2002). K EHF 51 % #
PLDREWSW N T2, msh. (KEA T MABAZ S
AR, R RSP 5 I da A A
(Hong%$2010; Zhang%$2010, 2014; Wang%$2014a;
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Yu%$2015). PLDH/ERMLEE AT LLE N LR LA
77 T (Welti%£2002; HongZ52010): 2445 5 g 20 1%,
SN 2 R E 1t B4R S YRR M BAR AT AN
PA—BAF N EERE (E S S5HME ST
T#o PLDSTERMIGEHARr e V40 5 fr AL A
I 2 A e M 55 7 T35 W i 22 5%, s AN [RIPLD
() 4= BRI BE 1 22 #E4% (Wang 2005). AN [E] I PLDAE
FEE ARG 5 7% Sl B R AT IR DR, |
T—FhPLDGR K i 51 2 ) R AL AR Ak, AN Rk F At
PLDHUR(Li%52004; Zhang52010). 14141, PLDal.
PLDa3MIPLDdZ S My B i 25 . T F AR IR 55
BiE M ia, PLDeZ 5HHY) N &S F7 5k R AE 15 W
18, PLDONZ 5 YR & & B (Hong%52010; Zhang
2014) . TEDAE S FhITSEEE S5 2F T BRI IR IE i
e R, VF 20T E 575 55 M PLD I
WA, HATHE AR R M, 2 5ABAN 4L
B3 £ E & PLDal fIPLDS.
2 PLDol/PAZ 5ABABIEHSFLIESD

PLD o 18 49 v d 5 3k () — AP PLD, LLBK i Pk
REAE N Y. b, PLDal 2 AEH S h & &
55 ) —FPPLD (Zhang%52010), < TPLD % PATE
AL B AR AL, £ ZHIEE R HPLDal 25
ABAWT S ALIZ ST 5 . PLDal i3 ABA{E 5
S i P GE S (Jacob%51999; Sang%52001b;
ZhangZ52004), L, £ ABAKCFE S )7 5 4% P44
Ji H PA K ST R I 484 02565 (Jacob%1999) . FHHPA
Ab PR AR AR MR PN K Gl IE, AT S A AL A IR
HlSFLIT . PLDME AR AR /K fif 25 B PA 1 35 1
A1) 75 1T A 5 4 4 | AB A 3 ALK A
(Jacob%$1999). PLDalHE R ik 2% 5 fe XA il 947
X ABAREUR, ABAKLIE 5 PA & 5 J0 B B T =,
ALK A G AR, S InPA BT DL i< FL %
(SangZ£2001b; ZhangZ$2004; MishraZ£2006). iX
LR AN, FEOR A0 ABA R IR PLD 7 2E
PA, PATIE— 20 5 NI A0 M [ SR AR BE R, 53
ALK . RPLDal/PATEABA 1T fLiz 3
fF9@mhi i iREER.

SALRED AN SR M) T EEE . M E R
A FF PLD oI AR 575 A LU B A 7Y 1) 25 s 2 7K R
ABAKC B A fE 03 B AR R K 25 M, Rk
PLDa I T B ABA S S5/ FL G P U,

WD 2N K. 2 W1 R A B AR I E 3R
PLDoc1 35 [R5 2 Y R A P B 5 AU 1 89 A A Al ke
(SangZ$2001b; ZhangZ52004), T 544, &= X
I PLDo] ‘555 % N R 3R R A= A8 Ak, 33 T 5 1
BRI S 55T AR R i B A A B
FE(Mane552007). £ 125 Pr TG0 i Ry st 320k 40 e
F-PLDad AR 1 i 5540 N s AL Bk 4
PR (Lu%2013), XL LRI, PLDal 3K S5
ABA RS ALK MG 57 3@ 1%, PLDalZ:H
B H i) J5 A A S ALAS BE MR B, AB A BRI 5% % B O A,
B I K Z NN K, FEPLDalHE R B2k BRI R BT
SRR
2.1 PLDal/PASEREESHEE1EH

G TT R, ABII (ABA-insensitive 1)3& K 4
i —NPP2C, ABI 2k T SURE R AT AB AR 4 3
I, BEEPP2CIE ABAAE 5 i 4% (1) £ 4% A (Gosti
2:1999), Zhang®%(2004) % W PLDal/PA i it I
ABI1 45 & 6 FL I e 7640 B A Bl 932D T ABII
M2 PR B 40 B R R s, H) T ABTLI0E 5 55%
Kl -F-ATHB6 (ZhangZ52004), A4k 5 24 5256 ik
B PA T ABIL 45 4 417 i) JFC A8 R il v 1, 3 44 o)
T ABIIXTABA(E 538 42 1) 7 i # /E F (Mlishra%s
2006). ZAF4NHTIE B ABIL &5 ¥4 h N 45 73 A ks
FR %) T-PA-ABI1 45 5 %2 ¢ H % (Zhang%62004) .
— SR, KRN ABIL (ABI )RR ARALABI
(ABI1 y73,) He K i NAUFE T ABLL R TRAGAK (abil -
KO). ABIl,,Flabil-KOFE I RENS IE H i N ABATS
5, MW ABI s, 55 5 K () abi l-KOREFE X ABA S
T A AL AN ERURR, {H AR IE 1 N ABA#I )<
LI EIER A R IR R B S HPAL R
FIABI1Z3 5, S8 2241800, (R I A i ABIRE R
it PR 3 12 (Mishrad5:2006) o X — 5 471 388 4% A1 A4 2E
WEHE R BIPA-ABI1 45 5% T ABA 3 1)UL K ]
SR E L, (HIFA M ABAFI ]S FLIF I

PR, S5 I BRRNE ] (protein phosphatase
1, PP1)2 W61 S AL UE 5 &4 i IR 4%
Kl F-o SEESUE WIPA BE B4l 2 PP 1 1) 5 IR g
P, TR ) ST 2 A0 0 B AT P g v 1, T 411
W6 15 3 A AL, (R i3S FL 5 P (Takemiya
FShimazaki 2010).

gh4 HIRHAN I T BB 5T R BIPLDo Ll i 4




FARIREE: BEHERED/E ABA TS ALz 3h H 1E H] 863

S5 ABII FIGatH BAE FH K 7 3OS 2 R ABA A
SR FLIE B (Mishra252006). BIABAR S5
5 M B ABAUEPLDal, KM= 4EPA, J5 245
A ABI1 F- i) Hoyvf PR SE LAY T ABAF i) AL
FTHF ) 2 8 L PAAY 5: G- 28 (A RS2 B (Zhang &5
2004; ZhaoFl1Wang 2004; Mishra%52006).

2.2 PLDal/PASROSHI =4

W58 3E BIPLDIE SROSH = A A ) % R .
T 20 H ot FEEN ADPH 48 A T 228 R 5 e Sl vim 44
NP 45 SR A T [ 95 3 [K] (respiratory burst oxidase
homologs, Rboh), &4 /™= A ROSH) K H g, i
T AL = AR B A B S - R T P 2B H,0, (Torres %%
2002). CA KIFFCIE I NADPH &AL B IR 15 77 A
[FTH,O0,1F NABA] F (5 52 5 ABAE 1AL
1% l)(Torres%5$2002; Bright£$2006). £l Fg I+
PLDalifi i /1 3 ABA U & 40 57 4E 5T A Rboh
EMZ 5ABATE 3 H,0 = ALK . 1E
ABAYERF, TR P4 MPLDal 0, 7 A4 (I PALS
£ RbohD AR [N [ 4/ K 2 IR A7 55.(149, 150, 156,
157) I B v P, fE A= 2EROS, < FL A
(Zhang?5:2009). PLDoli %k %% S HABA S
Rbohifi £+ m FIROS I 7= A= 52 4l ], ALK
S2BH, At PAR] DL EE T i0E Rboh i 14 AR OS ) 7=
2 (SangZ52001a; Zhang®52009), i kb4t B B 75
T+ ABAF] DL PLD IR 1% 72 A2 PA, PA X
AT DL — 4538 i BOH Rboh i 1 77 42 HLO, T A2 33
AL . P, PA-Rboh#H HAE I Xf ABAS 1)
ROS;# A I FLIC PR LY, #E— R PLD/
PA R AN ABAMS 5 & 42 1) 8 2 15 8 7.
AtrbohDFRA JG ANGEHPALE A, S EPAIE FHIROS
T EF SRS Z BT, FK, ABATE M
ROS/™ A FI ALK Z FH .

KR AR AT S PLD > A PA I g 34 IINADPH
FAEEEE . T PLDFINADPHSE A i i 410 1] 771 g
IR KM 8 5 5 A LG T o U B i SR AR 1 0
ROS# 2 ) DA /K % R (5 5 1544 1 B 2L 2
(Kalachova®$2013). Bk ' NADPH#{LEFAL, 4%
FLEF(CuAO; EC 1.4.3.6)/2ABAE S/ ALK A
BRI — ML P A HL O, 1 B, (HCuAOF
PLD7EABA% 3 1S LI IS 12 2 AH BT 1)
(Qu2014).

PA-ABI1 HAESZHROSE S AL A, (B
SEZMHROSI =42, id K, PA-ABIL 454 52 2
A ABAFE SROS™ 4, HANH ABAE
H,0,% 3 fLK M. IXKHROSTEABA(E Fi&E
Hi {7 T PA-ABI1 ) _L3#(Zhang%52009).,
2.3 PLDol/PASGERHEEER

AN B PLDad 5 3T ABA i 5 (113 1L
K ZB)$i), KEHPLDalZ: 53 FLAF ABAN Y. o
B X ABA RIS LIS S LB A TR 5T, IR
PLD/PASGE AFEMEAEM . GPAI (G protein o
subunit 1)/2& L 5+ 4w id 5 = R IAGE HGall %
FIFE R, PLDal fIGPA1# & ABAS 5 38 i (1) 1F 1
T o GPAIR:R 5 PLDal R A () o SR ASAAAE
i) )3, AB AR R 7K il A B LA AR AL R A, T <AL
BRI, JKINJE (SangZ52001b; Wang#52001),
% 7RPLDol M1GafE ABA(E 5 &% HH nl GEAEAEAH H.
ER . 4 FRVAEALIEYE B PLDalili it — 4 DRY
ZERIIR 5 Go-GDP4E &, 45 R S EPLDaliG M2 3
], 1B [F) I 0T T GTPEEIE T, R #EGDPE#E4L A
GTP. GTPHGal4s& AR PLDal 5 Gady &,
Rk & 7 PLDal 35 1. Kk, PLDal MGaff
G 5METERNR T — MMER R EPLDal MIGE H
35 1 (Zhao M1 Wang 2004). ttn, A PAPLDal-
GPA 1FH H.AE H fi# % 7 PLDal MIGPA 152 5] [ 40141
(Coursol£2003; Mishra2$2006). B AEE
GPA I A K I IE, KL 2 ABA S < FLIF
J(Pei%:1997; Coursol25£2003), {H I A2 ABA
FAALKH; MEGEPLDal W2 i ABA 5L
K (Mishra%2006). X Ee2s R, PLD/PA Y
GofH EAEH, S 5ABAHIH LA HOX —
EREE A SUR
3 PLDOIBIESFLIESEN

JEAESR, B —ANPLD, BIPLD8Z 55 fLiE5h &
R0 35 P 3 L 52 B BIF 90 (1) %9 . PLDS 22
LT i 5k 2L BE RGN R, /KA 7= HEPA. B FE R
PLDS ] # i BRIt 1 AR 2 A h RILE &
Tl 20 23 (Wang Ml Wang 2001). 7E i £ A it 7K
SW AT, PLDORIA EH 21 IN(Katagiri%s
2001).

FEAE W) e B A0 5RO A2 o, PLDal {2 i
ROS™ A= i PLD3 A FHE A% ROS (1)1 i (Zhang %%
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2003; Guo%§2012a). HARpldosz ABAE 3=
H,O, 7 A= B 3% A B 55 22 7)), {HABABH, 0,1 5
pldd’< 5L 132 BB R (Distéfano52012) . H k4
PLDal T AR PLDS, B3R T ROSHIF= A K HAr
SRS, UHIEABA SSRGS ik
%, PLDa i FROS ¥, PLDSHTROS it
(Guo%2012a). ROSILfEHt T iiFPLDOAN 3~ g H
T8 T I Sl A E AR P W B A A R 3- W R T
R 9 1,3- R H R . XL B AR MY
M 7 il O b i 2R AR RE AR R A KR
BRI R ALK (Guo2012a).

ABA FAALK AR, pldalpldS R
AR D41 il P ROS FINOAA B K i i fili Ak iod 2 A2
BH . PLD#HIFIE T B2 T 3ABAE F ipldal 5
plAORAFAR AL I Z B o X He 2 B Y
PLDo 1 fIPLDSTE{f TAII ABA(S 5 & 42 R A5 Wy
() 717 A~ 56 4 3 28 X/ FH (Uraji%2012)

4 PLD/PASHMESHESHEEIER

B T AILL BE S A HEEHZ 5ABAG S
#1522 Ak, PLD/PA{E 514 5| & iy ia 175 5 (240 i &
BB A A, IS I AE, T ABAE F: AL
KA S A5 2 By ()0 . (Pleskot552013; Jiang
£52014). M2 %N (sphingosine kinase, SPHK) &
HPLDalfEH I 57— AN EEHE A, PLDal MIPALL
F-SPHK FiiE(GuoZ:2012b). PAT] L5 SPHK ;4
o P e v P, A T GPALH) B (Guo%s
2011). PARAEMOEH -ATPEY . & IMEFC N 2258
Jir i A Bl 1 VA 5 i 1 i 1 7 1% (Zhang552003), 3
[FfEABAE FAALRMAGE SR REEH. H
HifE 54150 b/ NGEE . Ca™'. NOFIESBAR A &
S B m] LLAIPLD/PA— i i 5 i< fLig sk
N5 iE (Ogasawara®5:2008; Zhang®5:2009)

5 45

B LA b 220k o] A1, ABAJE I A B 2 AR 0%
SPHK, #— £ #PLDal*4PA. [id 3k, PAH
A DA InSPHK S 11« PA I 28 1 ol IR 14
(ABI)EPEAH ] LLEGENADPHA AL ™ 4R OS,
FERMERECa™ W E RN, 7 FALRM . B — 51,
PAJE L 2 GEE F s A H) < FLITIF . PLDSAL T
ROS R/~ S P M ROS K <LK 1)

N PLDa I 38 A /K S35, X i 58
gk, 5 —J7 T, MR R R IK PLDal {2 i <AL

ABA

- i
— i

/__=c
L
ﬂl"]%

K1 PLD/PATEABAS S ALIE 540 h A1 AR
Fig.1 Proposed model for the role of PLD/PA in
ABA-mediated stomatal signaling pathway

AR I AR TEEIABASS 512, IR T4 4 21
55415,

S AL, PO TS K 2 UK (SangZ52001b) .
SR, BEHE TSl e aE, T80 i PLDalif
I B 2K g, 72— B Bl R, 580 Rk
PLDodI (¥ %) 5 21| 55 K A% F (Hong%$2008) . [H Ik,
PLDalf1E A& —JE <X 7] &1, A /KF T 3% fn
PLDol 2305 40 M T i 5 5 S F2, (HRFSE Rk
“FPLDalth 2> FEUIRFE R A, AR 20 i JlE S At 4t
MmN AN, R AR 5 2R IA PLD o J8 /0 il 2
FET R m S hiE R K Bk, e T A R
FAFh7 7 B (LugE2013) . X R PLDalR] LI
AN L A B 5 R S E A A 2 R

H R, % FPLDZ 5ABA R fLIZ s 1S
FEGHLH S BRIRNE T R, BAE VL W
TREEfR Y. ELtn, FEABAS 5 i&4EH, PLDRY _EF
VA R R FF LR B2 th4h, PLDRYRE
Z FlitfE 5l arsdt— b %e. KK HE
I3 T AR AL 2 SR N R S, PLDAY 11
EReLINIR RS e it i

SR

Bright J, Desikan R, Hancock JT, Weir IS, Neill SJ (2006). ABA-in-
duced NO generation and stomatal closure in Arabidopsis are
dependent on H,0, synthesis. Plant J, 45: 113-122




FARIREE: BEHERED/E ABA TS ALz 3h H 1E H] 865

Coursol S, Fan LM, Stuff HL, Spiegel S, Gilroy A, Assmann SM
(2003). Sphingolipid signaling in Arabidopsis guard cells in-
volves heterotrimeric G proteins. Nature, 423: 651-654

Distéfano AM, Scuffi D, Garcia-Mata C, Lamattina L, Laxalt AM
(2012). Phospholipase Dd is involved in nitric oxide-induced
stomatal closure. Planta, 236: 18991907

Gosti F, Beaudoin N, Serizet C, Webb AAR, Vartanian N, Giraudat J
(1999). ABI1 protein phosphatase 2C is a negative regulator of
abscisic acid signaling. Plant Cell, 11: 1897-1909

Guo L, Devaiah SP, Narasimhan R, Pan X, Zhang Y, Zhang W, Wang
X (2012a). Cytosolic glyceraldehyde-3-phosphate dehydroge-
nases interact with phospholipase Do to transduce hydrogen
peroxide signals in the Arabidopsis response to stress. Plant Cell,
24:2200-2212

Guo L, Mishra G, Markham JE, Li M, Tawfall A, Welti R, Wang X
(2012b). Connections between sphingosine kinase and phospho-
lipase D in the abscisic acid signaling pathway in Arabidopsis. J
Biol Chem, 287: 8286-8296

Guo L, Mishra G, Taylor K, Wang X (2011). Phosphatidic acid binds
and stimulates Arabidopsis sphingosine kinases. J Biol Chem,
286: 13336-13345

Hanahan DJ, Chaikoff IL (1947). The phosphorus-containing lipids of
the carrot. J Biol Chem, 168: 233-240

Hetherington AM, Woodward FI (2003). The role of stomata in sens-
ing and driving environmental change. Nature, 424: 901-908

Hong Y, Zhang W, Wang X (2010). Phospholipase D and phosphatidic
acid signalling in plant response to drought and salinity. Plant
Cell Environ, 33: 627-635

Hong Y, Zheng S, Wang X (2008). Dual functions of phospholipase
Dal in plant response to drought. Mol Plant, 1: 262-269

Jacob T, Ritchie S, Assmann SM, Gilroy S (1999). Abscisic acid sig-
nal transduction in guard cells is mediated by phospholipase D
activity. Proc Natl Acad Sci USA, 96: 1219212197

Jiang Y, Wu K, Lin F, Qu Y, Liu X, Zhang Q (2014). Phosphatidic
acid integrates calcium signaling and microtubule dynamics into
regulating ABA-induced stomatal closure in Arabidopsis. Planta,
239: 565-575

Kalachova T, lakovenko O, Kretinin S, Kravets V (2013). Involve-
ment of phospholipase D and NADPH-oxidase in salicylic acid
signaling cascade. Plant Physiol Biochem, 66: 127-133

Katagiri T, Takahashi S, Shinozaki K (2001). Involvement of a novel
Arabidopsis phospholipase D, AtPLD3, in dehydration-inducible
accumulation of phosphatidic acid in stress signaling. Plant J,
26: 595-605

Kim TH, B6hmer M, Hu H, Nishimura N, Schroeder JI (2010). Guard
cell signal transduction network: advances in understanding
abscisic acid, CO,, and Ca”" signaling. Annu Rev Plant Biol, 61:
561-591

Li W, Li M, Zhang W, Welti R, Wang X (2004). The plasma mem-
brane-bound phospholipase D3 enhances freezing tolerance in
Arabidopsis thaliana. Nat Biotechnol, 22: 427-433

Lu S, Bahn SC, Qu G, Qin H, Hong Y, Xu Q, Zhou Y, Hong Y, Wang
X (2013). Increased expression of phospholipase Dal in guard
cells decreases water loss with improved seed production in

Brassica napus. Plant Biotechnol J, 11: 380-389

Mane SP, Vasquez-Robinet C, Sioson AA, Heath LS, Grene R (2007).
Early PLDal-mediated events in response to progressive drought
stress in Arabidopsis: a transcriptome analysis. J Exp Bot, 58:
241-252

Merilo E, Jalakas P, Kollist H, Brosché M (2015). The role of ABA
recycling and transporter proteins in rapid stomatal responses to
reduced air humidity, elevated CO, and exogenous ABA. Mol
Plant, 8: 657-659

Mishra G, Zhang W, Deng F, Wang X (2006). A bifurcating pathway
directs abscisic acid effects on stomatal closure and opening in
Arabidopsis. Science, 312: 264-266

Munemasa S, Hauser F, Park J, Waadt R, Brandt B, Schroeder JI
(2015). Mechanisms of abscisic acid-mediated control of stoma-
tal aperture. Curr Opin Plant Biol, 28: 154-162

Ogasawara Y, Kaya H, Hiraoka G, Yumoto F, Kimur S, Kadota Y,
Hishinuma H, Senzaki E, Yamagoe S, Nagata K, et al (2008).
Synergistic activation of the Arabidopsis NADPH oxidase
AtrbohD by Ca® and phosphorylation. J Biol Chem, 283: 8885—
8892

Pei Z, Kuchitsu K, Ward JM, Schwarz M, Schroeder JI (1997). Differ-
ential abscisic acid regulation of guard cell slow anion channels
in Arabidopsis wild-type and abil and abi2 mutants. Plant Cell, 9:
409423

Pleskot R, Li J, Zarsky V, Potocky M, Staiger CJ (2013). Regulation
of cytoskeletal dynamics by phospholipase D and phosphatidic
acid. Trends Plant Sci, 18: 496-504

Qin C, Wang X (2002). The Arabidopsis phospholipase D family.
Characterization of a calcium independent and phosphatidyl-
choline-selective PLD(1 with distinct regulatory domains. Plant
Physiol, 128: 1057-1068

QuY, An Z, Zhuang B, Jing W, Zhang Q, Zhang W (2014). Copper
amine oxidase and phospholipase D act independently in abscis-
ic acid (ABA)-induced stomatal closure in Vicia faba and Arabi-
dopsis. ] Plant Res, 127: 533-544

Sang Y, Cui D, Wang X (2001a). Phospholipase D and phosphatidic
acid-mediated generation of superoxide in Arabidopsis. Plant
Physiol, 126: 1449-1458

Sang Y, Zheng S, Li W, Huang B, Wang X (2001b). Regulation of
plant water loss by manipulating the expression of phospholipase
Do. Plant J, 28: 135-144

Schroeder JI, Allen GJ, Hugouvieux V, Kwak JM, Waner D (2001).
Guard cell signal transduction. Annu Rev Plant Physiol Plant
Mol Biol, 52: 627-658

Takemiya A, Shimazaki K (2010). Phosphatidic acid inhibits blue
light-induced stomatal opening via inhibition of protein phos-
phatase 1. Plant Physiol, 153: 1555-1562

Torres MA, Dangl JL, Jones JDG (2002). Arabidopsis gp91™™ ho-
mologues AtrbohD and AtrbohF are required for accumulation
of reactive oxygen intermediates in the plant defense response.
Proc Natl Acad Sci USA, 99: 517-522

Uraji M, Katagiri T, Okuma E, Ye W, Hossain MA, Masuda C, Miura
A, Nakamura Y, Mori II, Shinozaki K, Murata Y (2012). Coop-
erative function of PLD$ and PLDal in abscisic acid-induced




866 T A P22 IR

stomatal closure in Arabidopsis. Plant Physiol, 159: 450-460

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 J, Ding B, Guo Y, Li M, Chen S, Huang G, Xie X (2014a).
Overexpression of a wheat phospholipase D gene, TaPLDa,
enhances tolerance to drought and osmotic stress in Arabidopsis
thaliana. Planta, 240: 103-115

Wang JB, Ding B, Li M, Chen SJ, Li X, Zhang WG, Peng SB, Xie
XD (2015). Cloning and expression analysis of phospholipase
Do gene from wheat. J Triti Crops, 35 (7): 888-895 (in Chinese
with English abstract). [ 2%k, T 18, 250, FEINE, 220K, 5k
T, PN, BRZR(2015). /N IR R DO K A v e J 3R
TEAYHT. FERAEWEAR, 35 (7): 888-895]

Wang JB, Li M, Ding B, Bao SG, Wang R, Xie XD (2013). Cloning
and sequence bioinformatics analysis of phospholipase Da gene
from wheat. Acta Agric Boreali-Sin, 28 (1): 117-122 (in Chinese
with English abstract). [FA&®, 220, 714, GG, 80,
WEAR(2013). /NE T NG W Do) 56 K] 5 S FL 2 17 41 F 220

5 RS HT. Hedb R AR, 28 (1): 117-122]

Wang X (2000). Multiple forms of phospholipase D in plants: the
gene family, catalytic and regulatory properties, and cellular
functions. Prog Lipid Res, 9: 109-149

Wang X (2005). Regulatory functions of phospholipase D and phos-
phatidic acid in plant growth, development, and stress responses.
Plant Physiol, 139: 566573

Wang X, Devaiah SP, Zhang W, Welti R (2006). Signaling functions
of phosphatidic acid. Prog Lipid Res, 45: 250-278

Wang X, Su'Y, Liu Y, Kim SC, Fanella B (2014b). Phosphatidic acid
as lipid messenger and growth regulators in plants. In: Wang X
(ed). Phospholipases in Plant Signaling. Berlin: Springer Heidel-
berg, 69-92

Wang X, Ullah H, Jones AM, Assmann SM (2001). G protein regula-
tion of ion channels and abscisic signaling in Arabidopsis guard
cells. Science, 292: 2070-2072

Wang X, Xu L, Zheng L (1994). Cloning and expression of phosphati-
dylcholine-hydrolyzing phospholipase D from Ricinus communis
L. J Biol Chem, 269: 20312-20317

Welti R, Li W, Li M, Sang Y, Biesiada H, Zhou HE, Rajashekar CB,
Williams TD, Wang X (2002). Profiling membrane lipids in plant
stress responses. Role of phospholipase Da in freezing induced
lipid changes in Arabidopsis. J Biol Chem, 277: 31994-32002

Yu H, Yong T, Li H, Liu Y, Zhou S, Fu F, Li W (2015). Overexpres-
sion of a phospholipase Da gene from Ammopiptanthus nanus
enhances salt tolerance of phospholipase Dal-deficient Arabi-
dopsis mutant. Planta, 242: 1495-1509

Zhang Q, Qu Y, Jing W, Li L, Zhang W (2014). Phospholipase Ds
in plant response to hyperosmotic stresses. In Wang X (ed).
Phospholipases in Plant Signaling. Berlin: Springer-Verlag,
121-134

Zhang W, Qin C, Zhao J, Wang X (2004). Phospholipase Dal-de-
rived phosphatidic acid interacts with ABI1 phosphatase 2C and
regulates abscisic acid signaling. Proc Natl Acad Sci USA, 101:
9508-9513

Zhang W, Wan X, Hong Y, Li W, Wang X (2010). Plant phospholipase
D. In: Munnik T (ed). Lipid Signaling in Plants. Berlin: Spring-
er-Verlag, 39-62

Zhang W, Wang C, Qin C, Wood T, Olafsdottir G, Welti R, Wang X
(2003). The oleate-stimulated phospholipase D, PLD$, and phos-
phatidic acid decrease H,0,-induced cell death in Arabidopsis.
Plant Cell, 15: 2285-2295

Zhang Y, Zhu H, Zhang Q, Li M, Yan M, Wang R, Wang L, Welti R,
Zhang W, Wang X (2009). Phospholipase Dal and phosphatidic
acid regulate NADPH oxidase activity and production of reac-
tive oxygen species in ABA-mediated stomatal closure in Arabi-
dopsis. Plant Cell, 21: 2357-2377

Zhao J, Wang X (2004). Arabidopsis phospholipase Dal interacts
with the heterotrimeric G-protein a-subunit through a motif anal-
ogous to the DRY motif in G-protein-coupled receptors. J Biol
Chem, 279: 1794-1800




FARIREE: BEHERED/E ABA TS ALz 3h H 1E H] 867

Roles of phospholipase D in ABA-regulated stomatal movement

WANG Jun-Bin"?, DING Bo', LI Xin', WU Tian-Wen', CHEN Xiao-Qiang', XIE Xiao-Dong""
"Tianjin-Bristol Research Center for the Effects of the Environment Change on Crops,’College of Basic Sciences, Tianjin Agricul-
tural University, Tianjin 300384, China

Abstract: Guard cells form stomatal pores in the leaf epidermis, which enable plants to balance CO, uptake for
photosynthesis and water loss via transpiration. Abscisic acid (ABA) has been extensively studied because of
the clear role of ABA in stomatal closing to limit water loss through transpiration. Phospholipase D (PLD) and
its lipid product phosphatidic acid (PA) have been implicated in mediating ABA-regulated stomatal signal trans-
duction. In this review, we focus on our current understanding of a connection between PLD and PA with G
protein, protein phosphatase 2C and reactive oxygen species in regulating the ABA response in guard cells.
Also, the role of PLD3 in ABA-regulated stomatal movement is summarized.
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