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Abstract

To understand the involvement of HHP1 in ABA responses in this study, stomatal
behavior was examined using hhpl1-1 with known stomatal regulator, hydrogen peroxide
and nitric oxide. The inhibition of primary root growth by ABA was also examined.

Dark-, ABA-, H,O,-, or NO-induced stomatal closure were observed in both
wild-type and hhpl-1. The mutant hhpl-1 was found to have larger stomatal aperture
width than wild-type in the absence of regulators, indicating the altered balance of ion
strength in guard cells by the loss of HHPL.

The three independent experiments of ABA treatment didn’t show good consistency,
so it would not be able to tell whether hhpl-1 stoma has different sensitivity to ABA.
The induced stomatal closure by the treatment of H,O, and NO did not show significant
differences between wild-type and hhpl-1 plants. It is suggested that HHP1 acts
upstream of H,O,and NO in the signaling of ABA in guard cells, if hhpl-1 does have
less sengitivity in stomatal ABA response.

It was also found that the elongation of primary roots inhibited by ABA isless severe
in hhpl-1 mutants than in wild-type plants, indicating that HHP1 promotes the
ABA-induced inhibition of primary root elongation.

HHP1 might be involved in ABA-inhibited primary root growth, and HHP1 might act
upstream of H,O,and NO in ABA response in guard cells. Due to the inconsistency in
the results of ABA-treated stomatal behavior, the sensitivity of hhpl-1 to ABA in
stomatal response was unknown. Improvement is still required to further investigate

how HHP1 regulates the ABA responses in plants.

Keywords: abscisic acid, signal transduction, stoma, heptahelical protein 1, nitric oxide,
Arabidopsisthaliana
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HEfElL abscisic acid (ABA) RIFHEEYIELE R FBE T L EEN A NE -
ASRSLEARA ~ (e R TP IRER ~ IR T A% S - IRERBES
Gh > TEVIERBET S A FEEHREEYIERET > 525 - (2R ~ (RIRE - HFEH ABA
s Bt AR B A DU A

I

111 B pe s + B F
1111 ARl R A

LABeffAa 7T Rl FEEEHT ABA SRkl 2 FiF ERe=3 (zeaxanthin) -
&% ABAl K ABA4 {EH 15 9-cisneoxanthin » 4% nine-cis-epoxy-carotenoid
dioxygenases (NCEDs) fEHfk xanthoxin > 5 ABA2 (ABA deficient 2) {EfS
abscisic aldehyde & %48 AAO3 (Arabidopsis adehyde oxidase 3)i% > &1L A
abscisic acid (Figurel-1.1) (Nambara and Marion-Poll, 2005) - [a[#i7{H7~ &5 ABA
ORI RERAE R - BEBETE TR RENRIE - s 4k
P A TFERE T1E 10% (Wiv) REREHY S 2 A B R B AR B I A IE R 48 5F - 1
ABAL G LA A FIR R A 2 P alge 2 2f (Koornneef et al., 1982) ; HAthze
PRAIBRSS ABAZ ~ ABA3 B AAO3 BTEGVKIF A S MZ - St 2N MiEES
i ABA IR =Z $HRILIT RHVEREE - iERUKITRERL (Leon-Kloosterziel et al.,
1996; Seo et al., 2000; Rook et al., 2001) -
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Figure 1-1. The biosynthetic and metabolic pathways of abscisic acid in Arabidopsis

thaliana

Enzymes and organellesinvolved are shown (Nambara and Marion-Poll, 2005).
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Table 1-1 Enzymes involved in ABA biosynthesis in Arabidopsis thaliana, and the
phenotype of null mutants

T EEREN TREGRR ZEERMSIR
ABAL/ Zeaxanthin W £ % ABA R B O~ A %
NPQ2/LOS6 epoxidase (ZEP) stress-/ABA-induced genes F=HH K%

4T A A R i
ABA2/ Short-chain alcohol A 4 M ABA R & -~ JH Z
GINV/ISI4/SISA  dehydrogenase stress-/ABA-induced genes FE %
gl A AR R i
ABA3/ MoCo sulfurase N 4 M ABA R B -~ B =
LOS5/GINS stress-/ABA-induced genes FEFH(E%
ghiea A RN SR BHMEOR SR
AAO3 Abscisic adehyde A4 ABA R IE -
oxidase

(Koornneef et al., 1982; Leon-Kloosterziel et al., 1996; Seo et al., 2000; Rook et al.,
2001; Schwartz and Zeevaart, 2010)

Endo %81 Koiwal ZELLsH@ ey Tz - S8 ABA L &R IR
22 AINCED - fEFEIRER/KIG & RGeS BRI - Ky e R R G
F| AtNCED3 &3 1iZo4h ABA L oalia &Mz E ABA2 1 AAO3 343
FEHEE AR TP AR E R - T ABA2 {ERERAIMEIIAYRIA - NILHENEEELH
SOUETHY) ABA LS RHVERENL - fEGKEGS BRI EN T35 5% N ER ABA
(Cheng et al., 2002; Koiwai et al., 2004; Endo et al., 2008) -

H Bi3% 5 ABA il 13248y ATP-binding cassette (ABC) transporter (1575 =t

FEFfrEIFR EsF ABA Eim AR EHEH AtABCG25 (AtWBC26) Al
AtABCG40 > & f ABC transporter - AtABCG25 &> FRIAA4EE TR4HR T -

Fa/Kf#E ATP it ABA » i ABA mTECH4EE L - Wi 2 apoplastic

12



space (Kang et al., 2010) : AtABCGA0 FEEA 4R (IR - EHEH o Bl DU A4
TR » FE/KBE ATP FIHIPTEIA ABA - DU ABA BHRALITRATHRE]
(Kuromori et al., 2010) - ©fk AtABCGA0 HyZE &k fE HAE ABA JFRIEIRHY
ABA-induced ZLNFIR - LUSSRILSEEAIERAIR S » BURA R IEFHT ABA
iy (Kangetal., 2010) -

Epidermis
Plisade
Tissues
ABA efflux by O
Vascular )) )| Atasce2s
Tissues ¥ ABA

L ]
.
O = ABA influx by D
Mesophyll O ." ®| AtABCG40

Cells %

Guard Cells

Figure 1-2. ABA transportersin Arabidopsis thaliana
Synthetized ABA is exported from vascular tissues by AtABCG25, and imported
into guard cellsby AtABCG40 (Umezawa et al., 2010).

1.1.1.2. Hfglesersy) sk A

AV EG LR (4)-(9-ABA » MY SRS (LAY ABA
HATRER (4)-(9-ABA 1 (-)-(R-ABA HYEGY) - WiE Y H s HA R ERAE
HUEM: - Walker-Simmons FLL (+)-(9-ABA E2 (-)-(R-ABA 73l #ET TRz » #53R
(H)-(9-ABA £1 (-)-(R-ABA #f/\NZefE 105 SV HIHIRE UM E - (/N

ABA-responsive %t [N group 3 lea FIRMYAE I AHIT & (HE R 55— B
13



ABA-responsive £:[A dhn (rab) &z EmBYFEIR > (+)-(S)-ABA AR #ERE T RIBHEE =7~
(-)-(R-ABA (Waker-Simmons et al., 1992) » “N[E]AY 45 5R - BR%fE ABA 28
SRR AR AR T RE M

Lin & 230 > ¥} Marsilea quadrifola # 77 (-)-(R)-ABA & ¥ » & 5 i
(+)-(9-ABA BLHEACHY) phaseic acid (PA) & & BTt REEHEN] ()-(R)-ABA HJEE
A (1)-(9-ABA LRAVENE - 1M (-)-(R-ABA HYEMERES AT BETR B YA 54
THYRG CHEVRE - DU ey (+)-(9-ABA A% (Linetal., 2005) -

Zhou %4557 » (+)-(9-ABA TR RHINE —ERIERA 7 - 83 -1 LT
hydroxylation- 7' ~8' Kz 9'-figHy hydroxylation E¥ & A &5y ABA JEM4:-{H 8 -OH
ABA F 9-OH ABA {[yal44i(Ti(L > 5 BIR PA KA ABA &M
neo-phaseic acid (neo-PA) - HI i 7'-OHABA & neo-PA 1 LA R B 1
WigsIR 0 {H 8 -OHABA R PA fEHEHIHEch ol w4 i -

Hrita®§ ABAHY 8- hydroxylation g5—f& cytochrome P450 monooxygenase 8'
hydroxylase #77 (Krochko et al., 1998; Saito et al., 2004) » [H-—{ZEfit 0 B (R %
S » RS B BERCCE ABA TR ABA JEME AT RS R ME
(Zou et al., 1995; Zhou et al., 2004) - ZAIMESFYEA ABA (UEHERTE ~ AELHEKAIA
iR - RSEYZ ABA JEMEAIFTAIAR
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Figure 1-3. The structure and catabolic pathways of (+)-(S)-abscisic acid
(Zaharia et al., 2005)

1.1.1.3. BEfERZA L)

ABA W BT FTY ABA AEFERZERTHZE  AFEY) ABA iz 2 ABA FHLE
{EARMHTSE - FEFY ABA BRERNE - #E{TIREENY ABA HREREYIA SR 2 ER
MARER S - Abrams FEFFEEIRR S ABA Y 8 - E#Ef T(LEMEET 55] ABA
Y 8-methylene-ABA - 3435 8 -methylene-ABA ¥ /Kir 5o 58 fe TORRRF
PR AR - AR ESF ARHIRITER » FEHIE 8 -methylene-ABA A IEH #ETT
ABA 8 -hydroxylation » {5 DA4ERF A E M ZEIR &SR] (Abrams et al., 1997) - H
AL By ABA <=2 f8 pyrabactin resistance (PYR) / PYR1-like/ regulatory
component of ABA receptor (PYR/PYL/RCAR) RilJE i A —7f& n] {1 HIFE 5 5F 1Y
ABA J{LI%) pyrabactin #E{TZESEMREREE M54 # (Park et al., 2009) -
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112, 4 fit & ®ib R =
1.1.2.1. FEEREEEIRZ O

ABA FPERF S AR E - AR H e REa S P& kAR - B Al
WiEzHy ABA 223 PYR/IPYL/IRCAREHERIG HK B HAYABA 455G HE

HEesE & B group A type 2C serine threonine protein phosphatase (PP2C) & H
BRIEKREEN (Maetal., 2009; Park et al., 2009)

ABA EERER: » PP2C EHEFFEFEMEL subfamily 2 Snfl-related kinases
(SnRK2) EHERFLES @ WA HHEEHENE D EE SR - Bk Eilizk
DIHI%] SnRK2 3EME (Nishimura et al., 2010) ; & ABA EE 7 BB » A5
PYR/PYL/RCAR EHERFEHIK SRR ABA 456 » EMEEMBPEL - D&EE
PP2C (977U PP2C-SnRK2 5 B GG » (i SnRK2 15 DL B EE {1 i 2 AR 8L
& - DABRER(LAYIE FIZERE TR/ F 88 B BV DIRE AT (Fujii et al., 2009) (25,
Figure 1.14) - 2R} SnRK2 R &R 7= RAAfE s i ie (b > A
A s AT ALE PYRIPYL/IRCAR EHERIFENE » BIfE/E ABA RS
R IRFFELR E PP2C 2B HE IR B 45 GHIREE (Nishimuraet al., 2010) -
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A environmental stimuli B
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PYR/PYL
/RCAR

ABA
o

@
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Target genes (e.g. ion transport)

N 174

ABA Responses
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Seed dormancy
etc.

Figure 1-4. Current model of ABA signaling
(Umezawa et al., 2010)

ABA %5 PYRL #5220 ABA {1 pyrabactin fife H S HLAHT I A
7 MERIARBURIZEE IR - PSP HILLE - PP2CABA insensitive 1 (ABI1) %yt
IO E R pyrabactin/ABA &5 G E RS ST AR F PYR/PYL/RCAR
EHERGRESLE 14 #; #EHEQELOERRFYILLETRERN T PP2C 5
R E 9 {# (Maetal., 2009; Park et al., 2009) - SNRK2 R E 10 {F -

FHHAIEY ABA [ EZEEFRETEE - AT AV E S BURECN BURZE Bk - hz2e
BEBNENE IS HatiE PP2CEL SnRK2 X5 & filx1 PP2C H ABA
insensitive 1 (ABI1) - ABA insensitive 2 (ABI2) - hypersensitive to ABA 1 (HAB1) -
ABA hypersensitive germination 3 (AHG3) %5 - 24X ABA f&E T-HA 8 IHIEFEEH
5 M SnRK2 #[1 open stomata 1 (OST1/ SnRK2.6) HII'Z4%HH ABA FRIEIVEFLIT
FRyEREE -
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Table 1-2 PYR/PYL/RCAR and their PP2C interacting partners in Arabidopsis
thaliana
adapted from (Joshi-Saha et al., 2011a)

RCAR PRR/PYL PP2C Interacting partners
RCAR1 PYL9 ABI1, ABI2, HAB1
RCAR2 PYL7 ABI1

RCAR3 PYL8 HAB1, ABI1
RCAR4 PYL10 ABI1

RCAR5 PYL11 HAB1, ABI1
RCARG6 PYL12 PP2CA/AHGS
RCARY PYL13 -

RCARS8 PYL5 HAB1, ABI1
RCAR9 PYL6 ABI1, ABI2, HAB1
RCAR10 PYL4 HAB1, ABI1
RCAR11 PYR1 HABL1, ABI1
RCARI12 PYL1 HAB1, ABI1
RCAR13 PYL3 HAB1

RCAR14 PYL2 HAB1

(Maet al., 2009; Melcher et al., 2009; Miyazono et al., 2009; Nishimura et al., 2009;
Park et al., 2009; Santiago et al., 2009a; Santiago et al., 2009b; Yin et al., 2009;
Nishimuraet al., 2010; Joshi-Saha et al., 2011a)

1.1.2.2. SnRK2 FHFZEHVERSRFZEN T
HOE EHY SNRK2 RS EEmkRE (L HARZE > 381% N H YIRS - &2 SnRK2
ARTEHVEE HEMEE S BN T~ BT EESE

BT FAMATFRAEQBNERAN 52— 2% ABA 1IEHRE
(Nemhauser et al., 2006) - [ifAZE{E T - KE 22| ABA SRETMZRIHIVERTFIE
EESFMER] ABA-responsive elements (ABREs, PYACGTGG/TC) » H: iy ACGT
JEREM—JARE(E basic leucine zipper (bZIP) HYBSEEIZEIA T SRATHEE ELINAGS
GINFSI - —fifi= » DNA R¥—F: ABRE [PFlIfiZiERk ABA SFE(EH »
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R ABREs S HAM coupling elements (CEs) JL[EIfF{EF gk AR I
S o

A kAR T bZIP JEREEEE RN 7507 Group A /Y 13 {ERKEA 9
HAEHIBL ABA SREHIEARA - HAEBl DNA 5l L ABRES{ER] - (HEEH'E#H%%
Bl {a el E—20 4l 57 By ABIS/AtDPBF 2% 2 AREB/ABF 52 »

ABI5/AtDPBF %A ABIS ~ EEL ~ DPBF2/AZIP67 - DPBF4 ~ AREB3 % 5 {3

5 BRI AE T - gEel Ry s TR B2 (Finkelstein and Lynch, 2000g;
Bensmihen et al., 2002; Kim et al., 2002; Bensmihen et al., 2005) ; ABI5/AtDPBF 5 J=
HI5 AREBL/ABF2 - AREB2/ABF4 - ABF1 - ABF3 % 4k 5 » F¥ 1 ABAJE
B By R BRI RIS B S E T (Unoetal., 2000; Kang et al., 2002;
Kim et al., 2002; Fujita et al., 2005) -

M#tFeda i SnRK2.6/open stomata 1 (OST1) ] Hifz (L # Sk M %N T ABA
insensitive 5 (ABI5) (Nakashima et al., 2009) 5z ABA-responsive element-binding
factor 2 (ABF2) (Fujii et al., 2009) - /&{LEIERIY ABREs BYEE JITI{EHT Tt
ABA-responsive E:AHIFERIHA -

A1 » Bk ABISIAtDPBF ZXjf s AREB/IABF ZEJRSN » (I7HRF%5 ABA SEEIM
SEALAYESE SR » 41 AP2/ERF ~ MYB ~ NAC ~ HD-Zip ~ bHLH ~ C;H,-ZF -
WRKY &5 > {H G AR ZE IR 15 LR e T2 SnRK2 Wil Laii% » ABA FTaizy
FLRFRIA 0TRE - &8 e 2 A B 42 N+ 202 EA R [EIRVEE X« Nakashima
5T snrk2.2/snrk2.3/snrk2.6 = EEZE5E R - abi3 22 KR abib 228 T ABA &
H DNA ff#51Hy mRNA FRIRER] - 3R 2 F BRYERFIREE A7 - 1
Sy EBRAVTIEAESS - BN R MRS SHIEAE (Nakashimaet al., 2009) -
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Figure 1-5. Network of transcriptional regulation by ABA via ABI5 and AREBs.
Adapted from (Fujita et al., 2011).

1.1.2.3. SNRK2 Firidf FEiEH'E
HATEAWZEEH S\RK2.6/0ST1 FErhilia(bIF A - ST

HEY] slow anion
channel-associated 1 (SLAC1) (Geiger et al., 2009) & inward-rectifying K* channel in
Arabidopsis thaliana 1 (KAT1) (Sato et al., 2009) > DA fEREAN EA wE LSRR E

H respiratory burst oxidase homolog F/D (RbohF/D) (Sirichandra et al., 2009)% 41T
JEVERTE - E RS R ILRRAT R -

R REFEVE(E T P ALE AR E RS ABA SHEEIEMHRIR 28
IR A A ENTUERAGIRNL - REH T 28R 2 ABA RIE ~ BLNFRIRAAHE -

Ref] ~ BV EL ~ RE(EREOE ISR HRR % > 2ETEE
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ABA1 —> NCED ——>ABA2
T A A
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ROS ,Ca™ and lipid
signaling
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AFP1 ; N
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Transcription factors and protein modification CAMTA

.

Figure 1-6. Integrated network of ABA biosynthesis, signaling and the protein
interactionsin Arabidopsis thaliana

Arrow ends are for promotion; blunt ends are for inhibition; dotted lines are for
proposed mechanisms; solid lines are for validated mechanisms (Hauser et al.,
2011).
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113 F3 758

FEMEYITER AT i CR il i e e SRS LS - R E A Y8Ry
BN RySr e s RRR R PRI LA - (BRI R AR e 2E S -
ISR ILBART T R AE A [FEREE MR A B ER -

Brgetat - B ABA > 245 ~ IR ~ BUK ~ R SCIRFEE RS R E A
N T A e BRSLBAR o HR R PR AR ARy — (IR B = - 124
HeL e KR B2 BR U P (B SRS LAEB TR > IER/KIF & (SR ILBE 4/ - fE 2 R
FLEARTT BEVERERAE N PR HIIEE 2 B R E K - KOy AR R 3T
s BN RR > G RCRFLBA I RS/ - DN L ER PR RR SRR R O AR Ay Bl T i
HAT ABA SE RISV E R Bl (L - Cads Bt Bl rmaElt - B8
et i A 1 FH BRI A R B -

1.1.3.1 -3 i s HLh

R ESE S i@ iE A KATL - KAT2 - AHAT/OST2 (Arabidopsis H*
ATPasel/open stomata 2) ~ SLAC1 - SLAH3 (SLAC1 homolog 3) ~ GORK1 (gated
outwardly-rectifying K* channel) % -

FEEDCHEST T - REHIHERA DA dE s 25{E - BS{E AHALOST2 &
Ay N ST EIIEA (Marten et al., 2007) - ZE R AR I I EE AL 220 2 M (. KATL ~
KAT2 BHEY - AP SR T - CEREPA2E BRI IO - 7K Oy #E A CRAEHHRE T B8R AL
FALIER - SRALBHRARF - KATL » KAT2 J AHAL/OST2 BifA > §HlET- A s i
Tt ERD > 1 SLACL K SLAH3 a7 ilabaa - 2R a1 - ik
FREE TSR - GORKL JRGHRL (T thAHAE > FRarIIE FERET FoK
AR > EECR LB 4/ -

PSRBT A RILBERATT Bt B EE AT - NS RS RIS EE T RE (e (AR

BN FSREETRE_ BTSRRI > HAFAIRTEEREH calcium-dependent protein
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kinase (CDPK) #E{T > 2000 A ZE S Ha0, YR B RE (R N $5 8 T-RIE _ETT (Pei
etal., 2000) - ifi AtrbohF/D LREGRSHITEIRAE ABA e BRI ATET AN $58ETR=E
A RFLIEFE HBHRA (Kwak et al., 2003a) - 2009 F- A RFErE S M F5HE
REfR PRI NO YRS » HEGRILEAN (Lietal., 2009) > Zr ABA
HERHIASLEERS - £ ABA NIF5AHANAYERE > T40 H20, fI NO % -

% Stomata open i Stomata closed

e
fOSTlJ ﬁ%ﬂ ?

M (CPK217) (CPKZS?] 4 (O5T1) {CPK23’J (PKS5)

| /
S MA / s/ \o o

-

Cytosal

ey
'_r/ﬂé’x.

Q

o 3y

Membrane |
40 4 [l h B[ H’
KAT1 05T2 A KAT1 and SLACT “—‘ SLAH3
and KAT2 KAT2
o - % g ;
(K channel (H™-ATPase, (K influx (Anion channel opens (Anion channel opens | (H-ATPase (K" efflux
open) H" ions exported) | channel closed) anions exit cells) anions exit cells) inactive) channel opens)

Figure 1-7. Theimportant ion channels and proteinsinvolved in stomatal behavior
White broad arrows indicate the change in protein activity, while the targets of
black narrow arrows indicate the proteins regulated. Abbreviations: KAT1/2,
potassium channel in Arabidopsis thaliana 1/2) ; AHA1/OST2, Arabidopsis H*
ATPasel/open stomata 2; SLACL, dow anion channel associated 1; SLAH3,
SLAC1 homolog 3; GORK1, gated outwardly-rectifying K* channel; CDPK,
calcium-dependent protein kinase; SnRK2, Snfl-related protein kinase2;, PP2C,
protein phosphatase 2C; PYR, pyrabactin resistance (Joshi-Saha et al., 2011Db).

1.1.3. 2.8 R FLEARARYEE 77+
HATCHA ABA ~ 2§ koK% (salicylic acid, SA) ATREEZGRLLEE - H T
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R EFRE S TH H.0 & NO - #8554 2', 7' -dichlorodihydrofluorescein
diacetate (H.DCF-DA) {0 HoO, » By diaminofluorescein diacetate (DAF-2 DA)
{E0H NO A=k - AJ853 ABA e ZNdpa B g e priirdlift  H20, k2 NO Y4k
(Bright et al., 2006) » ABA 2 2} BRAS pICRFLBE 14/ AR EAEH AtrbohF
Ak H20, M fEiEENE. (Desikan et al., 2006) - [fi H20, + ABA ~ SA FEEIERRAFL
B 14/ YRS 70 -t H RERA (E PR iErdlif Az 42 NO > T 1 ABA ~ SA K ZJfi
TERALBARAEFIE ALY HaO2 Jo NO 2 BJi# - [T HoOp XAZHY NO _EJfF - AHRH
HhMEH - EREEEY) NREETT HO2 2¢ in vitro NO $2{Ht3 anfiff A {ban
(sodium nitroprusside, SNP) =3 > A EZRFLE 148/ > & 157 HOF1 NO 7%
AFLBEAT By e S M7 (Bright et al., 2006) -

NO #y invitro z¥f F# L SNP /KR H#ETZ - {H SNP #al RbRkERL NO 73+
Z4h HgE e EEET (CN) JRAEREIFRE - TR NO 1258 AU Fshwk
T Al sE RS LB R R S 4= 8B EE 2k [Fe(CN)g]” ~ [Fe(CN)g]* %5 - #f 11t > Bright
%K Hao %L CN'-[Fe(CN)¢]* - [Fe(CN)e]* K 45E Y SNP FiEfTRILIT B E
e SNPH NO 2 AMEET Sesi &5 28 R ALBARARY AT gE M (Bright et al., 2006;
Hao et al., 2010) -

1.1.3.3. HEfgles [RERVRFLERR

HH ABA 5IEERVFEILBICI4E/ NRE - BRI AT4EH SnRK2.6/0ST1 HY/E(L »
M OST1 &E{L AtRbohD/F FEAE H0, » #EMM 5 (S5 HS MGHE T AR MR E S+
NO 4:jk » OSTL JRDARERE (L7 =URARH ThelE 8 KATL K KAT2 - il BAEX
SLACL DR Z -

EFHE HO, F1 NO 42k » fiil41LL catalase B ascorbic acid pRiiFE 7 » DLS M
SRR HoOy HIIHIRFLAE ABA FRIRAVRARATT Ky > 5z ABA FEFEAERE Ha0, 7Y
B## AtrbohD/F ThAEGRAHIIERE » RALMAUAIE ABA FREHRARA (Bright et al.,
2006) - [AAATT S B TAPRIZEE G - £ ABA BRI - LI T
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DAF-2 DA HAE R 4L NO ARk » K 2% BLAFR NO Z #E 7
2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (PTIO) Eii ABA H:[E[FEH T
F R Al HERFLA ABA FRHIFEI4E/\YIR S (Lu et al., 2005; Bright et al.,
2006) ; 55— J7H » fEEIEEEAE NO - FHIF A HTr2E8 bk nial/nia2 (nitrate
reductasel/2) SA RER ISR 2 SAFLEE T4/ MT R IR A d B Ak - B EUETT SNP R
AIlgEEREFL4E/ N (Hao et al., 2010; Sun et al., 2010) - %R~ NOTEE L ABA
SA ISR SRS LA -

Abiotic
Water Stress Stress T
Oxidative
Dehydration Stress
°C Extremes ABA
Root Flooding NAD(P)H \
Salinity ! Ca'-"icalmodulln Oxidase ™ ROS
ABA / ,
Receptor OST1 / \
H 0, ! Antioxidant
~—_/_Antioxidants
" Protective
NOS 0XI1 Enzymes/
/ Proteins
\
- \
Ca‘-’ NO =———— MAPK 1 \
Stomatal cGMP \‘ s :/- o “\"’* OONO
Closure = \\
<SSP esno /
/ Protein
Nitration
Protein

S-nitrosylation
Figure 1-8. Regulatory network in guard cell in stomatal closure
OST1, open stomata 1; NOS, nitric oxide synthase (AT3G47450, now renamed as
nitric oxide associated, NOA, for no nitric oxide synthase activity observed) ; NR,
nitrite reductase; OXI1, oxidative signal-inducible 1; GSH, reduced glutathione;

GSNO, nitrosylated glutathione; M APK, mitogen-activated protein kinase; ROS,
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reactive oxygen species, cGMP, cyclic cyclic guanosine monophosphate; OONO-,
peroxynitrite (Neill et al., 2008).

Desikan Z£853 ABA—H0,—NO SR FLEHFARY & NRe (R ik - IR ETAE
1 Ha02 8¢ NO HYAERK » S ORIEHINAETT H202 2 SNP i - BHIAR R SRLLTT
Fobt eSS - 28I - H AT R S RS M o T3S B R FLBH L 4/ N > 5

ERHIERNERE HE - IFrHIAIR - SR ILGEREHEE S EARE 1 _EAYZE
SEPRHETT HoO, 0 SNP 3 - Wi HSRS LT/ - BT REMR AR S EE H EYIEH]
el DU Z I BRI (R

1.1.3.4. FFLFAEUT B

— R Ry IRBE (e SR FLBERL - Kinoshita k2 Shimazaki £ % & (i 4HIREAYBTZE
hEE BERIEET R HT-ATPase ] C ImBEiiifE L 8L — 14-3-3 BHELEE
KA ATP LU H iiHHREAN - e B A A4S R AIERS KATL & KAT2 BHEL - Sk
TR ABEANTMERFLEFEL (Kinoshitaand Shimazaki, 1999) ; Marten St 45 H B L8
ERp il IS R e S 4 (Marten et al., 2007) - {F 2012 4 »
Zhao FEHFERE 7+ NO HYPEHI EHIFIE IR T RALBIREIIT~ (Zheo et al.,
2012) - BAE Y BRI RA L 2 BARAERE 0 FAE FRVER S — B0 BUREIN R AL S -
SERRELA FLRHPAR T RIS - (R FLRHPARHE B e RS R HIBRRH R, -

114, K EALiIL £

YIRS H Az E] ABA GRTZE - BRG] H TR EEEss - Ephritikhine 5%
B A RATE (RSN ABA (< 1 uM) HyERES Tl e TARAYAE 2 10%
feha o AR AT S A IR EARERAIIER (Ephritikhine et al., 1999) - ABA
S EIEA BRSSPk snrk2.3 45 £4R > f£ 3~50 uM ABA izl f RAZE &
BEE NN B A kaes - 2810 srk2.2 4y e [ i 2 B AR AR R AR RE RIS A R4
EHE - BUR ABA BN EMRAVAERIMIFIEEFRE SIRK2 281 - IR SnRK2

REFTREEA R EIDIEERMEM (Fujii et al., 2007) - [ff Kwak S¢6/50 AtrbohD K¢
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AtrbohF 1£ ABA SHEEIETHIZELFIY - S350 f(EAN B B RHVIEIRE ABA i
FRHYSASLRARATT R - LUK ABA SEEHY EARAERANGTEA B MEEMH H20; Bz
HZESERA PR AR K 4l - FRRE[EEY ABA AEURHVIRE: » BUR H0, 2281
SRFLTT R BLEARAE RANHIHIRTE (Kwak et al., 2003b)

1.2. HHP 3% ¥ 3#3% & HHP1

FEPT AT NG E e itk - &AL ot - #WHESPH 5 (HEHhY)
progesterone receptor [FAIBETVEH'E » HIRHINER 7 {EZEELE - ik Hay
%5 heptahelical protein (HHP) » 4371/ At5g20270 (HHP1) ~ At4g30850 (HHP2) -
At2g24150 (HHP3) ~ At4g37680 (HHP4) K At4g38320 (HHP5) (Hsieh and Goodman,
2005)

Frolbb ¥ 45 REUR - B HE A BL Fr 71 BB adiponectin receptor 1
(HsAdipoR1) HYMHLIERE 34.6% £ 38.2% A% » [ HsAdipoR2 HyAH L& E
31.4% #& 36.1% A1~ ; HEiASH membrane progestin receptors alpha, beta, gamma
(HSMPRA, HSMPRB, HSMPRG) HYMH{ELE 7MY 57 2 — /45 (Hsieh and Goodman,
2005)

HHP1 & BB &R ERE 50t - FEHIES 7 (EZFHESE - A A
EMBES > N InfsRAENIT C mfgRAEsN (Hsieh and Goodman, 2005) » 24
1 H A RrAAE A E A B BatEy AT e 2 s - DU B Battesy Homitn 2 f5 1] -

121 # 3R HHPl 2 B3 &E3 %4 RnF3

HHP1 promoter::GUS fYIHZEIEd GUS JEME: IR/ EAHE, ~ (R4 > DU
ETHER BT EE T o MBEEAE RIS > GUS B E AN EE RS
F- L rea-time PCR 52825 f[fi (A7 4 E ABA K NaCl fE3 HHP1 mRNA
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RIFEGREE b oyilE 6 [BR 12 (55 A2 mBE ST HHPL mRNA
R IR LR EREIAHY 2 /NI - HARR T = s -

& HHP1 promoter::GUS 43#fr » 28R HFTh{E7 4 e ABA 2 NaCl &
M E{E HHPL1 promoter » #x HHP1 TAEEEL ABA f{fi A Sk /2 % B &1 A [FH
(Chen et al., 2009, 2010) -

L Genevestigator (www.genevestigator.com) (Hruz et al., 2008) 4747 DNA s
FIERIER R > MEATEZ2%] HHP1 mRNA (YRR &2 5] ABA 3 - BAMkE
PREVZE B A B - £ ABA P HHP1 mRNA RIFEE L7 - 1
/NI ETF 2.28 % 0 EEREE 20 /N ETF 545 % 215 BURHY HHPL HEE 25
ABA 554 MER 2 ABA SUEEIE 2 ahgl-1 & ahg3-1 & 11£ ABA
g HHPL mRNA FIRE NMaEE K@ E s Y26 if o mEERET MEe
1/1.69 fi5: ABA SRS BUE S {7 BRI SNRK2.8/SnRK 2.7 B 28881k srkacf> [l ABA
FePiEE HHP1I mRNA R3R & EFf 2.37 & - MEFERERER BT 1.90 & & £
PP2C ER{yRIHYZEEE R ahgl-1 ~ ahg3-1 K SnRK2 Ef{niidcHy srkfc i » AR
B HHP1 mRNA EIHE1E ABA prIf BIEF AR RIE S - (ELL L3 nl M
HHP1 mRNA FIHHEAZE] ABA BFE - BEREVINY LN A R0 R
& e

FIF Genevestigator 4347 th#¥ HHP1 mRNA Z3H%2%| brassinolide (BL) ]I
#ill e DL BL JmEl 2 £ 10/NEASE - HHPL mRNA R 8 Bk B # T - wf
[FEERREEAZ 1257 % 19.97 5 » B84 RHETA T TGRS - #E
A —H S ATgE Sl HHPL 281 BL {2 A IR S AR -

122 HHP1 #d & pe 2 4 #3A 4 B ke B

# g rea-time PCR %% ABA K NaCl fEi > HHPL fyZestik hhpl-1 %}
ABA-responsive genes 71 KIN1-RD29A-RD29B- COR15A~ ADH1 - CORA47 (Narusaka
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et al., 2003; Shinozaki et al., 2003) HEFRIFEE > S5IREEEEAR RD29B 1+
NaCl gz BRI 8 AR B A RSE > hhpl-1 ofr E#IE/S{EZSAHY mRNA RIR 8 & &R
PPAPRAVIETR © (2 hhpl-1 2 G f#EfEMR c-hhpl-1 fEAHERRE - _EAl /SRRy
MRNA Z3 B4 BT R PRME AN E (Chen etal., 2009) - CUATE #7 ABA FHE AT
i EHVE SRR EIN T ABI3 2 ABIS » 8 IiAE ABA J NaCl m# - hhpl-1
ABI5 17 mRNA FEIR SRS B4R K& c-hhpl-1;1fij hhpl-1 £ ABI3 Y mRNA
TR HHHAE NaCl B IHE S R B Ak k2 c-hhpl-1 - ABA iz B Al R B8 A
PRIHEIFRILE (Chenetal., 2009) - ABA LA HRAHEANIFEANLU NCED3 ~ AAO3 »
ABA3 % > £ ABA Kz NaCl FEH > hhpl-1 §° mRNA FIR & B IHE SR AR
K c-hhpl-1- i~ FE ABA K2 NaCl R - fijzit ABA-responsive genes 2 ABA 4=
B RAERARVANRIEAE hhpl-1 fEVE I IIAVER S - NEEHER] HHPL mJgEfE ABA
FY B R A ey Bl e TR A% (Chenet al., 2009) -

A 16 /Ni% 0 & 4°C AEEHE 2% cold-responsive #:F%41 MYB15-CBF1 -
CBF2 - CBF3 -+ RD29A - KIN1 - CORI15A « COR4A7 2> mRNA E5#ifaskt » SR1E
hhpl-1 Ze ikt RD29A ~ KIN1 - COR15A « CORA47 ~ MYB15 &, CBF3 %y mRNA
FIRAHBU NN BB 2 FIEE (Chen et al., 2010) - LR ABA pail fo 2 ra sz

F HHPL sy 2 LR 20 » a8 h B2 %7 KINL - RD29A « CORA7 % »
B Fsfa] HHPL #1253 RIS R e i KAk R iR [E aysi s > BRTh2RRu -

123. HHPL &g pedp i 2. 2 32 F

e — RN H ABA U ERFEAY 0 B A TEE etk ABA-responsive
R ZRIR R BHY ABA ISR AEFRIR G2 7 [ » DA AR AR H iy 2 BLS I -
ABA-responsive FLAHYRIEITEAE 1.2.2. gl © A ETTH - BERAAR
ABA ZEMIRMTTEE L EARST R e flIH R ERAERMIFIEER - &
HERERY) M LFE 58 hhpl-1 ZE85PR(E ABA JRHffE T i8R BE RN B
ARREVEL T (Figure 1-9) > i 2% ABA SRR ; ifi hhpl-1 ZE8EPR{E ABA

TR R REL » B R BFAERRAVSRAL - BURH HHPL SRGHITE R Z ORiETEH
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HIEH7 ABA 7 FEWCR &R (Figure 1-10) (Chen et al., 2009) «

Al 006——n B. 100f
Sy -
2 os0f ) SR
=
8 60 S 60f
= =
= Z anl
£ 40 — : 40
...... A D
S 20 o hipl-d & 20t
codves c-hbpl-1 g
0 1 1 0 ‘.’ 1 1 1 Il 1
0 1 2 3 o 1 2 3 4 5 6 7
ABA concentration (uM) Days after stratification

Figure 1-9. Seed germination rates of WT, hhpl-1, and c-hhpl-lunder ABA
treatment

(A) Germination rates on the 4" day at different ABA concentration (0, 0.5, 1, or 3

uM (B) Germination ratesat 1 pM ABA from day O to day 7" (Chen et al., 2009).

0.25
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Ohhpl-1
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s s
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Figure 1-10. Stomatal width/height ratio of WT, hhpl-1, and c-hhpl-lunder ABA
treatment.
Detached fresh leaves of similar size and age from 21-day-old soil-grown WT,
hhpl-1, and c-hhpl-1 plants under long-day conditions were floated on stomatal
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opening solution for 2.5 hours, then were treated with O, 1, 10, 100 uM ABA for
another 2.5 hours. The stomatal width/height ratio was then measured. The values
are the mean width/height ratio + SEM for three independent experiments, with
approximately 20 to 30 stomata per experiment. The asterisks indicate the level of
significance of differences between the WT and hhpl-1 or c-hhpl-1 plants under
the sametreatment. (*P <0.05; **P <0.01, using Student’st test) (Chen et al., 2010).

ERAE ABA R HEIERIVIREN S E - EERE b High s o Lia 3%
(Wiv) FERERVRSEATIRIIAEDRE ABA MEfTRH B AR HHPL BRICHITE IR
WHERE R CREBREM) - AMAVITUE D EEA TR ZE ABA Y&
SEIE (Finkelstein and Lynch, 2000b) » 1ff HHP1 JR#R30 R RIfREE 5EE » A

s L P DA SRR R EE T E R - DElERAE HHPL fEARERSE 5 K. ABA 3
PETHYA[REA D -

13 =7

HIR HHPL SRRRIZE] ABA (YA - Gtk HHPL (yZestk hhpl-1 £
ABA FRIRIY A RIE MR TRASER SRS B 2 A E B A PRIV R B
7~ HHPL 2288 ABA AHEARVERE SATE

PRI ABA FRTZEZTEAFEEE - FEELRE HHPL $iFRIAAVREIE 2 1% > DUERILER
B LRI Z SHARAHRREY ABA K - BIAISRSLLASAREHETT ABA BHE T ER
BRI > DI HHPL 587 ABA SREHIETHVE X > DURAEA [FISHER T
AYERPZETT Ry

HE oy BWIRTTIE © H— 2t PREET ABA RENENESTT HO02
O paff - ELEZE B IR B BRI RE © HLAIEE#E: ABA Ry LIRSS - DIl
[EliE A HHPL £ ABA SRR SLEARARN S EAE T I gery R Z I - LAk, HHPL /&
B2 ABA HIHI FARERAVAEFIE -
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FoF HHeEE

2.1 e

21.1. WP iRk Arabidopsisthaliana

P {77 > B4 Arabidopsisthaliana e fy®E 135+t — L EAEY) - ik
ARMEHAE SRS > XNREE-ELHAOERE - EERERE - FRE K [FR
BT EREROTHE R #EZ M Rt A8 -

AE A 2 A B AR e L i (Col-0) - R H HHPL A2
T-DNA fi AZ€% %k (hhpl-1, SALK_056174) - BFA: Pk hhpl-1 2 f& 5255 5
The Arabidopsis Information Resource (TAIR) o ZE& kRS E G TE - HEF >
genomic DNA DifgEa 5 [T #1175 & s s fE (polymerase chain reaction, PCR) -
PREEH Ry iR EDRZY RS EEA T-DNA fEA ZFAIG T AR RE HHPL
AVRERR - DLHF BT E R -

2.1.2. HHP1 # %3 # 2 4 — c-hhpl-1

PR o - DARG R b 2 S TS S E . (sticky-end PCR) » B EF AR EHmEL oH an
Z cDNA #ffi 5 Ik 3 U EARMHIESVIAHY HHPL coding sequence f F% > LA
ligase {FH##ARARFERIH.Z binary vector pPCAMBIA 1302 > FILIEEEFFLEERL TS
= EEARE GV3101 7775 pCAMBIA 1302-HHPL #kfs - it K i ik LR
AR R R TR IEAYA (Bent, 2000) RigkAsi# A £ [E A5 12 hhpl-1
fEPR - ERAREHT DNA fE AEHIA KGR pCAMBIA 1302 41t Left T-Boarder
Jv Right T-Boarder iy DNA 5 Bz (T-DNA) fii AP AL{HFFAAPRIVEINES - #E
5% & A1 M 152 BL R A RERSE R complementary hhpl-1 (c-hhpl-1) -

AR E R pCAMBIA 1302 HYESEPNRIE A hygromycin $i% - HAE
32



A CaMV 35S Ei#f 173 HHPL coding sequence » #3pl A~ 2 A e B EA AR ECHY
HHP1 ZE9'4 > 4% red-time PCR {4 » {£[EAI4F complementary hhpl-1 fffk
1 HHP1 mRNA ERE S AEAKREREZ 0.7 22 3 4% S, Wi
s o0) ©

2.2. FFA|

221 ¥k

Abscisic acid» 43 -5 246.32 [ F] HPLC fgEaaiife A5, 98.5% (2)-Abscisic acid »
B Sigma-Aldrich» 53 -5 BL 24632 3F- BEHE (H)-(9-ABA & ()-(R-ABA
HEEY) - Ehah DR TR ET T R EZ M4 -

FeBUBER © FFME RSN E BSEE > Fi®l 100 mM BEREF5EEL X umole
(+)-ABA %L EREEMAZEE 10X ub R 2SR » SHEE a1k
7 -20C dE T EDLIRTT - (VMEE R AT © MU IR EEE iR E R £

TERSTR) ©

222. iFF iva

Hydrogen peroxide » {L22{, H.O, » SRt EHIRAS - 4C BEIRTT - [(TRFRE
DL 30% (wiv) &f o &H#E R 9.70M > Fhgd S RENRFLEARATT & -

223. LTARAF 4

Sodium nitroprusside dihydrate » SNP > {EE21{, Na[Fe(CN)sNO] « 2H,0) » 4difE A
r 98.0% > HELL 297.95 5f - lEH Sigma-Aldrich - B4 AR AGIRIE RS - Hrie
KIBRZREL O B ARE ORI & RS Fy 24k 0 - SEEBRTER NO Z1#Y in
vitro 25 - IR WL NO -
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RO - BUEEERG DL —JOKBCER 50 MM 7KIER - i EMERR L E R
Aam -20C EOEIRGF - DEZBERIEB AR EZ R0 » BRI RIRIERE
&S - NHELK -

2.2.4. Stomatal opening buffer

% 10 mM 2-(N-morpholino)-ethanesulfonic acid (MES) » 50 mM KCI > 50 uM CaCl; »
DL KOH Fi% pH £ 6.15' g I —HKEREHEERTE (Kuhn, Boisson-Dernier
et al. 2006) -

23 PRGN

231 %A I

2.3.1.1. Murashige and Skoog fHi 4k &4k

fiifE MSmedium - (L] SigmaMO0404 > FATHEERM 2.2 g LR R
12 MS medium (/2 MS) - fil A 30 g i » LA NaOH 3% pH 5y 5.7 & 58
FHINA 8 g phytoagar » SR B IR E DL EFHIE N IIK 2 THERSHE - S5
121C EPREBZRSRE 20 min (5812 NET - BIABFE ILALE 2 1% 75 0
Fi (Murashige and Skoog, 1962) - ABA &3 F > [E sk KL BRI » DUk
FERET-HE ABA SHEHIE (Finkelstein and Lynch, 2000b) » H7E441ZE R ZF &L
FEFRIEE A ABA ZEATKETs ST -

2.3.1.2. AAEEERNE

{5 F a7 T - B = SR R DUBE IR — EE Z 2 BB SR & A E - ik 1
i H RO E S =S RAEERE T BCA TARADRHT » (8 AR e i -6y
BRIEHY - B = SRR AR AT A1 DA S BRSO E 18 T R



232. 2 LR B

tEY)E R (FIRSTEK GC102) MAREPIARE - Ea ek 16 /NRHEIE 2 8 /1N
L] > DHEYIERE ROURE B 2 L7 IRT - sHEOEEE 5000 £
7000 lux Z [ > JREEER 22T -

233 A+ i e RFIEEF T b

HUE ST 15 mL gb0/Es 1.5 mL ffE L LE S - 1A 1mL 75% (v/v) I
TR e TR AR BRI - FIIACHEER (K © 10% (wiv) &R © Tween-20
=8 1:002) £=72 " HeshelagiRa g2k 10 min> ZEUNERIEIAREKE
=2 CRLsRENIRZE R Imin e SEE/OERNVPERILERE 500 DIAREY
HER - BEIAD E/K LT SR A ARG F20 LRAE -

T3 PRI EIA L SRR T 0 E T DUKERE - 1Y 4C THRDUEE 3 H - (#
TS5 P AT AR R R Y — 2K

234 I AATHE

KETA L BT RE R RN DUREACE . 3 2% » DURE KPE 1
SR E U2 MS EEEREEE F (& 3% (WiV) RERE) » WRRERE AL FEK  HAE
BRI G 2 v E R B I B R A AR (R s
TEYIE RAE IS -

ST R EBREAREN - BT EEARETREEYES HHEE 2 mm T
% (89 10 H) > BlEgE ek HERAE —tL R & A 2 E M E T - &
REEAIAA 12 HERS 88 cm~ % 7 em /NG FE/NZETEME 4 #R4hE - 2K
RF—ZN7K 800 mL R AHRERJES  FRREEFE M E KM BAF > KB /KEZR—H
A MUK o M ERERIFIE R HAERE - AEA AR 5 ARBIEZR

M 1/2MS [ERERzEE -
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24. F "M P F %

241 5T 4 L HE

BT THEYIAT AR AR EL AT AL - B SR 7Bl I 3R A7 e e A RAGHYO LR
EFRUER /N 2 1% - HUHAVEE R A REfb =245 - HAVEARE B3 KiviE
PR NIEAE TR — H Z At 5L T50K -

HEP bR B SR DU R T Z fH R - HURIE 25-35 om ZE R IIA
stomatal opening buffer ZEIFHIEM EHEFTIRIE > D8 T BAER AR - [FIEF
LA — @y fese s 7 ATl RS -

LB T T LIRSS H, stomatal opening buffer I » RERREFE
72 SRR - AT 7]F 46 stomatal opening buffer cirJi s A 5 pI4H 4
RAERRAITH 1% K FRECYIR BB 3mm /N DIF&SEHR(E -

SRR T 70 R IR T (T » Lo SRS MM Stomatal opening buffer
DARE I 2 B SR TE BT YErEREE - A TR ~ (Rl (e RS o R
BAERRR F ARSI - RSB S F R R RI REERIR 15 % 20
min » G RBERAIR R — 8 -

24.2. T % A R

LT 2 TR EZERE 2 5A stomatal opening buffer Hy/NISEEELEE > 5¢ 22 BR
ANBRPEEET < JFBE7NHEHTE R EREE ~ $6HB0H T FOBM N 58 7o 70 Bl 4% &
B o NVERF DR PR ZER AR E R ERVRE - 2N RETOL
& 2.5 /DA R FLBERL (Bright et al. 2006) -
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2.4.2.1. PEl4A

JEIE 25 /NFFFEEFLBIRA » FERI4LF stomatal opening buffer th#An IR
2.5 /[N » BL/) BT B 2 T BB O 7 LB Olymipus BX50 #E(
172 A6 LIBLECR . Olympus DPTO SR 308% Bk LU (48088 Image]L45s
HIREEFLBICTAN -

2.4.2.2. W

S AFLBIES - B TS 5475 somatal opening buffer /N A M
BT > LUSSEAR S EAR » BN ERRE 25 /NF - BRI TR -
B/ B TR A R B - RG] 2421 -

2.4.2.3. ABA FEH

HETTEET i P B BRI - fyfiE stomatal opening buffer chsRBREERIRIETS— > Sl
gz i RE ;. stomatal opening buffer fid®! 50 mL &® 2 0~ 1-10uM ABA £FH
REREEN > RS S Bright F38R 2S00 (Bright et al., 2006) - f
FgEmBER Sy 100 MM ABA ZES/EK (-20C #OLIRG - 257 2.2, 5 - 3A(E
RILBHRLZ 1% - HU MR 2 & HmEEER] 2 stomatal opening buffer 1 » R
R=EIOE 25 /NEHEHU MR - BUD ST 2 AR R A
Tod A Eogk(E] 2.4.2.1

4
T

_Pl‘

P

1]

2.4.2.4. H,0O, EH

AL TEER B s > My stomatal opening buffer i ff &R HEERR LS — -
SEDL 30% (WIV) HoO, 7K (AESEELL 970 M 1) K stomatal opening buffer
Ac#d 50 mL 7% 100 uM H 0, 16 F 45 & 5% % M (Bright et al. 2006) - fitH
g2 R By 30% (WIV) HOp 7K (4C BELIRTE > 257 2.2, A H) - SEFERFL
BRI 1% » BUH TRA EEH RS stomatal opening buffer f » FIAAERE
ROt 25 /NFIRHUHE TR A7 - BUREAREE R ~ a5 EskJ7 AR 2.4.2.3 -
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2.4.2.5. SNP i

HEITEERIR B R - R stomatal opening buffer HAT & pE BEERTRES—
Jell SNP 7K RHACEE 50 mL /RS 50 uM SNP 1% f1/rAe 2 et BRI (Bright et
al. 2006) - A&t Ry SNP /KR (-20C EDLiRfy - HEAERLH > 2
R 2.2 G - FERIFHRZ & B N R ZE S AR EEER . stomatal opening
buffer o1 > FRAERERDE 2.5 /NRHRHUH TRE > BB ~ A AECsk )T
7E[E] 24.2.3 °

243. 5B Rl E

H3& & T HY PrETAIAERT I AV SRAL - FUSEBUNITREEATIEE] - A AR
AMREAT 2 RAVIKEAEETE RAL > B s A GA ABA prBl sl = SeiimERE g/
SHENERF M ERE 2  HEFSRIRRBEIP AR - ok E s e s
PPV B DR RE A I - (5 FHUSRILEREIR ~ 8/ ~ A e ER S -
HHETRO SR - & REHE 60 [HEFLAIF I -

FEAFSERET - RIVSERERE - NS PHEB SR EFTATF
A > 2R HEVEIETEARERY o RIE - $ FRAZHE— B EeR A R R
AHR > EHEL A ESRALE T e Ly i S A -

R R RIRSA L EENRS - fSNEE B ERSERE - e
ERESROHEE > BN ATRRE 2R OHIRRE o MR DR REHI A G5
HAt R ISR 5 Rl - BLRFLBE L R il 2 B U7 [0 0 2 SR L i R Jee A (U Y EE
B -

25. #k i 4ed £ il s

By R R 7 e T AE R AR B e B s 35 2R [FIPBAR - SRS V2 MSEREEFER: (&
3% wiv [ Kz 0.8% (wiv) phytoagar) - FMEY)AE AT R H © BURUNAREA
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T ZHERSIE SR ABA BRI 12 MS[ERERFER: ((EA HEFEDL - gt
%0, 3, 10 uM ABA }; 0.8% (w/v) phytoagar > “R&fEfE) » FF—FEML (9 X 9 X
1.5 cm) REE SIERATES R [E] L Z 2 4G DAE E BB IIE A A 72 5] — 35 I
AR ERPE A= SIG R T8 - AEDRE ABA AYREEASEE HE -

[E] 7 BRI EC G EARRE - RNAERME T EISEE/NH > DU EEEEE

» WLAEG ARG Imaged 1.45s I EARRIE - jReRg HAIESHY AR AR TR

FHIERRE - HRNAEERE T el g il pE PR RABVZ IR - T EEREIR A&

BHIR - NITA e G A RER - BREF R e NEH 10 (# LR
ARPHPrE N 3 MHER - Z1&LIER FHY 7 [EAETERETHEL T -

BEEE N L 47

M E e EH SRS T R B B i BEIA T B Ry (oneway ANOVA) DLk
Fisher's Least Significance Difference (LSD) #:174347 - 4cLL one-way ANOVA §7E
MHEREEEA =FE5m % (WT ~ hhpl-1 -~ c-hhpl-1) JHSHRSLREEE A (T
ZAME (L o =005 Borit) » 5F > AlE—FLL Fisher's LSD #Hllin £ [H5R
FLEEEZEE L a=005 K735t

PR R B B AL LRI B A Sudent's ttest 5 » 195 p /N
0.05 = SHRIAHI i HRES s TS 5
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311 kBT hhpl-l F3' %R+ 284

Pe[fI{AT T TR ZAE stomatal opening buffer = FrilESEERIE 5 /NFF 2 1% - =ZE0T
it AR P EEAVEIENT & 3.77 £ 0.30um- 347 £ 0.31um -
3.62 + 049 um>fi hhpl-1 EFLEVEHEEHIRE B 440 + 0.94um>3.92 + 057
um -~ 4.79 £ 0.68 um (Figure 5-1) - DL LSD E#ETIREE - —KAVGE R & ZHIZE8
Pk hhpl-1 fEHE RIS - RALF RSB RN ARRFL (p < 0.05) > MEE
AR 13% & 32% % -

312 2 ¢ hhpl-lF d“F R« 3HE4 kg 3t

PR {HF N EZAE stomatal opening buffer 2 tRllESepr i 2.5 /NEF R Cpn
2.5 /NFE - =081 E RS - BAKRRPEREENEAHERF A 237 £ 0.24
um- 244 £ 040 um~1.97 * 0.18 um- [fj hhpl-1 A9 & & 3.29 £ 0.70 um ~
2.83 + 0.46um-~2.18 * 0.28 um (Figure 5-3- [B 1§ 25— U B ERII4E 5 - L LSD
EHE TSR - EIRZEEMR hhpl-LAERH 2 1% - RALBE I S R B AR R R AL
(p<0.05) » BREFAERRSZ T 11% & 39% A% -

3.1.3. H,0, A2 hhpl-1l # 3* B R 228 4 45 34 49 3%

P {HF~ N3 7 4E stomatal opening buffer 7 i lESEE L 2.5 /NIGHEE4E H0, iR
M 25 /NKRHE o =TRILER T - AR EENEANEMRT & 2.65 £
054 um~2.29 * 0.28um~2.70 + 0.20 um-ifi hhpl-1FHgERE R 2.76 + 0.41um

2.68 + 0.37 um-~2.70 + 0.32 um (Figure 5-5 [ 1% 23— U BRAY4E 52) - L LSD
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FETIRE > B REE =TI E RS R E 2SR hhpl-1 fER B 2 1% - R
FLBA L S BB AL PRI E 252 (p < 0.05) i sh B ER&S R 232888k hhpl-1
FEpRE 2 1% o RALBH R ERE R B AEARAVIR S (p<0.05) - IR ERGER AT
JE > {EHEMN H0, JaH hhpl-1 SRfLERE AR EREr A PRRAHAT

3.14. SNP AUZ hhpl-1# 3 % B 2287 4 $h{E 4k 5 7° 4

iT

PETHIE TR R 222 AF stomatal opening buffer > frlEEEEHE 2.5 /\IFH:48 SNP &
H 25 /NRR - = ZOBILERT > BARRILCPEEEERIEKRF & 293 £
0.39um-~ 293 + 0.33um~2.63 £ 0.39um- [fj hhpl-1 A FHEEE & 3.12 + 047
um~3.10 £+ 0.57um ~3.24 £ 0.48 um (Figure 5-7 > [E {2 R — XN EFERAVEER) -
LA LSD R TIRER » SF— KRR T BRIV 2 ZEEPR hhpl-1 £ H
Z1% o SRALBH R B PRI E 2 2 (p < 0.05) > Eh = RHVE RS R 2528
SaPk hhpl-1 fERmP 2 1% - SASLBE IR ERE RN B AR RRIVER 52 (p < 0.05) » Hf?
HERGERATRE - N SNP P hhpl-1 SifL 5 o] RE BLEF AL PRAEPRAH AT

3.15. ABA EJZ hhpl-l § 3“5 ¥ i 2255 4 $h f 3
10T

fi& Figure5-9 s - 1 uM k10 uM () ABA R BT SR EF £ R » hhpl-1
ke c-hhpl-1 HYR LR LR E /) - A&/ NEERE ABA R I
dose-dependent FF I ABIE > (A) HYSERT > =FHALZAE 1uM K 10 uM Ky ABA
P BRI Y225 (B) &SR AR 10 uM ABA R FL-PHI R AR 1 uM
ABA R HH Y EE > /£ (C) JREUILESR - BURFTERAY ABA ABMEEHA
AHEN > H=RERVEFELARE
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FE= ABA RHEERT - 1 uM ABA RHE hhpl-1 fRFLENE - BEFERREAL
RERHEE - {RICIRIER 7r BIERE R (p<0.01) ~ Z5RE 5% Mg /KA R AE
/NFY (p<0.01) 5 ffifE 10 uM (15 ABA B3 hhpl-1 (YRFLEE - BB AERREFLERE
FHEE » RIS HIREZE AT (p<0.01) - BE AR (p<0.01) KFAEFRAKE 5% BEK
He o DL OuM FRPRAESRIE £y 100% ST ELAER AT TREE(L » JRIE N EFLAT4E/ N
ERRIEHH 60 2 80% Zfi] - 1 uM ABA iz hhpl-1 By fL R & BT A PRSR
FLREEAELL » B — RS AR - B FARE 5% BE/KHE » ML =R
Al R85/ NP (p<0.01) 5 TI1E 10 uM | ABA pE#E hhpl-1 HYREFLEE - BLEFAERE
RILEEAELL = REFATRIEERAE 5% BE/KEE - FEAN (p<0.01) K&
BN (p<0.01) « FLEf] FiEnyz=m - MEAHEENEEIEE © thelg
BUNF o I R R S &

GREbl b AEBRATHN SR - FREI R AR ABA FRIEAFTE - 5
PRI AP RFLILREZE(LEL ] » 1 uM FREL T hhpl-1 FTAEERET A BRA A ST
VRIS - T 10 WM ABA BT = Z04k RABUEURE AR AR - PRI B AT AL
B PRI 1 ABA HIBURRIE -

3.16. hhpl-1 8 3 k& § 34 {7 % chi &

JEIR R 2 hhpl-1 AL R RS 11% £ 39% 15 > BUR(E
REL ABA BCH TS EIE > T a2y hhpl-1 CReEHAE o SR E R By
ARRE AT REA [E] R BPAEPROREHIAE - H AT e 2FIA - 2R A Genevestigator
#1T HHPL FIRE T > MoRSEFDOCIRSED L BRI B FRIR B ARG > HEH
HHPL F£Or e dife th v E A rTREAE N 2 A LB iE iy aE M > SOs IR diE A
ABA ~ SA BLLSEFEIRE ST THYPHIRE

M= EER T hhpl-1 ¥ ABA BRI @IS HER A EE > WA RE
M hhpl-1 BYSRALIT /% ABA HYBEIEA (AR - iR EHEIREZ HO,

R SNP % ABA FHENES TR T » BIEEEHEAGIT T hhpl-1 FFLATE
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AAIFFL - hhpl-1 BAEF AR RFLRARARE 1 HiE AR BUR HHPL GhACHE
o8 ABA NiF H0p Jx NO HYFHYE 5 %5 hhpl-1 (REF4HAEHEE 17> ABA 2
JESABEL > B & ABA ~ Hx0; &2 NO HY_E iR - AIHER] HHPL {F {R{E4Ae
FHIEF FTREME N R 22 20 5y ABA [EIAISGRE IR - HREE H02 A pkiy
[@%x > 4N PYR/PYL/RCAR ~ PP2C B¢ SnRK2 FY4HRLELHT ~ BN H202 A AL
REJ1%E > M AIAEZE genomic EE non-genomic HYFEM e

3.2. hhpl-1 2 494 £ $43 8k pe2 $rd
T @I 4 7 TR

MBI E RS > ABA SR ERAIFIE = dose-dependent 51 - BEURAEA
SR 2 R AT 4 E (T ABA B J5UA]{T (Figure 5-6 {EEIR
FHoRHVEERGER) - IR ERRGER » B AMRYIEE 10 uM ABA By EARA &
2 OuM ABA 73518 ) 52.4% Jv 43.8% - 1f] hhpl-1 F£ R JCIRIIT & e s D s
53Rk 30.6% ke 35.8% > [NELHAEN] hhpl-1 FEMRAERS ABA ZHIGI(EHEE
ARRABHER - HHPL fEAR TP EU(E I Al REAE N (iR 4E ABA FaFZRY AR ReANH -
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YrE AREY

41 fEHhF I 5

EEBORAESER R A SR ALTT By > A58 HHPL &Rk ZFE PR hhpl-1 ££ stomatal
opening buffer ffoEidlEgE 5/ - HERSL PR BIE RN B AR Z A8 AR - 18
AN ERIAENS > #& in vitro SJALTT AAYERS - #354E stomatal opening
buffer FEIEEE IS R ASLFARL - (ERESRIAMEE N Z MR - fRIEHIAE
BNFROBRCPErNAE IR B VE ERY bhpl-1 2 & FAEEERTOLR - &F
SRALKRFEFEREREI S IE - ATRE AL MR IR T > (e R LBH RS YR RS 2%
IR F e 2 BOE RR FEm S8UE » ARG hhpl-1 5@ AL Fe 03K R e o e i Y
FARZRE © [FIF I TR A Rl s A AR SR ALY BEAEE BT ~ B s i T &
T R B E SRR L RN T -

42. AL BRFZ L2 FIVF AT

(e TF RV HE T = - HHPL A gEs2 B th IR AR P - HHIRRE NHYZERR
JRBI HHPL wTRE(E A R AR AR eAt a5 B A A A 1 3 6l - B 6T R A ISR LB
B e i SR TLRARA - FLERET IR B (AR Bl T - SR S R U5 =
PAERIRBE TS o LR nAEESEE T e At B BCR FLREPA Z 5 S 7 T
JEEIRRILIT RV EE  LURAE stomatal opening buffer frogiissss 5 /iR E
AILBHRE Z MRS EIEY) > 40 SA~ABA ~ H0,~ NO iy &5 » S HHPL
s BRSFARHIRN -

4.3. InVvivoHHP1 3-v T4 {53

HAT# Ay HHPL RJRER—EEED - (Hi A e 2 E MEEiR ST - HATE
P RERIEOLE R -HHPL A E S HIPH AT EIERR - nTRE G e i ([ I REAY 7
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EFTAE - YA E AL B 5 & protease protection assay » i A[HE#EL & E {7 4E
Zieid ~ NI ke CImiVTEIR © frA a0t B EREECHY HHPL - alRE sy 3400
Hhi B L in vivo XE/EREAE > $5 HHPL MR E DU 7%
ABA fERI T HY EMRE BHIB(RERER HilE— P © 55—l > WA
HHP1 S0 & '8 7R A H —4EfR D B R w58 HHPL{E ABA fER] T AJAE
HER B2 -

44. BA B L GRS | iR

FEALISNE ABA S EAEY R B AVERET 1 2 R LB ARG - Al REEd iRt
ARG P RS AR LR ERTZEIA TR > 21 PYR/PYL/RCAR » PP2C ~ OST1 %% > H]
FEHH real-time PCR ELfge S bR By R PRE IR s USRI L EEBE - (ERRIRR
HREREEZGARTAE - B HHPL S ZTHPRAE ABA-responsive JL[AHY
RIEE  RAAIT 20 ABA S EIENZREZIAR -
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Figure 5-1. Width of stomata from epider misincubated under light for 5 hours.

Data shown are in mean * standard error with n = 60. Significant difference was

observed between WT and hhpl-1 in each experiment (p < 0.05).

Table5-1. LSD test for threereplicates for stomatal width under light for 5 hours

(* indicatesthe pairswith significant difference at 5% level)

Multiple Comparisons

LSD

Treatment Treatment Difference Alpha=0.05
WT hhp1-1* -0.62 0.28
c-hhp1l-1  0.19 0.28
hhpl-1 c-hhpl-1* 0.82 0.28
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Multiple Comparisons

LSD

WT hhpl-1*  -0.45 0.24

hhpl-1  c-hhpl-1* 0.80 0.24

Multiple Comparisons

LSD

WT hhpl-1* -1.17 0.28

hhp1-1 c-hhpl-1* 051 028

Figure 5-2. Lower epidermis of WT (left) and hhpl-1 (right) under control
condition
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Figure 5-3. Width of stomata from epider mis incubated under light for 2.5 hours,
and then covered with aluminum foil to be sheltered from light for another 2.5
hours.

Data shown arein mean + standard error with n = 60. Barswith the same letter (s)

are not significantly different at 5% level by Fisher’sL SD test.

Table5- 2. LSD test for stomatal width in thedark for 2.5 hours

(* indicatesthe pairswith significant difference at 5% level)

Multiple Comparisons

Dark
LSD
Treatment Treatment Difference Alpha=0.05
WT hhpl-1* -0.39 0.23
c-hhpl-1* -0.73 0.23
hhp1-1 c-hhpl-1* -0.34 0.23
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Figure 5-4. Lower epidermisof WT (left) and hhpl-1 (right) incubated in darkness
for 2.5 hours
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Figure 5-5. Width of stomata from epider mis incubated under light for 2.5 hours,
followed by treatment of 100 uM H»O, for another 2.5 haurs.

Data shown arein mean = standard error with n = 60. Bar s with the same letter (s)

are not significantly different at 5% level by Fisher’sL SD test.

Table5- 3. LSD test for stomatal width under H,O>treatment for 2.5 hours

(* indicatesthe pairswith significant difference at 5% level)

Multiple Comparisons

H.0,
LSD
Treatment Treatment Difference Alpha=0.05
WT hhp1-1 0.10 0.17
c-hhpl-1* 0.28 0.17
hhp1-1 c-hhpl-1* 0.18 0.17
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Figure 5-6. Lower epidermis of WT (left) and hhpl-1 (right) incubated in 100 uM
H,0, for 2.5 hours
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Figure 5-7. Width of stomata from epider mis incubated under light for 2.5 hours,
followed by treatment of 50 uM SNP for another 2.5 hours

Data shown arein mean = standard error with n = 60. Bar s with the same letter (s)

are not significantly different at 5% level by Fisher’sL SD test.

Table5-4. LSD test for stomatal width under SNP treatment for 2.5 hours
(* indicatesthe pairswith significant difference at 5% level)

Multiple Comparisons

SNP
LSD
Treatment Treatment Difference Alpha=0.05
WT hhpl-1 -0.19 0.23
c-hhpl-1  0.05 0.23
hhp1-1 c-hhpl-1* 0.24 0.23
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Figure 5-8. Lower epidermis of WT (left) and hhpl-1 (right) incubated in 50 uM
SNPfor 2.5 hours '
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Figure 5-9. Width of stomata from the epidermis treated with O, 1, 10 uM ABA for
2.5 hours (A), (B), (C). Ratio of stomatal width from the same replicates (D), (E),

(F), resultsof O uM ABA were set at 100%.

ABA can induce stomatal closure in WT, hhpl-land c-hhpl-1 backgrounds. The
dose-dependent effect of ABA was not significant in three indipendent experiments.

Data shown arein mean * standard error with n = 60.
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Figure 5-10. Lower epidermis of WT (left) and hhpl-1 (right) incubated in 10 uM
ABA for 2.5 hours :
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Figure 5-11. ABA inhibition of primary root growth of WT and hhp1-1

Data shown arein mean + standard error with n = 7. Seedlings grown vertically s

on 1/2 M S plates supplied with 3% (w/v) sucrose for 5day were transferred onto

minimum medium plateswith indicated concentration of ABA and grew for 6 days.

WT c-hhpl-1 hhpl-1

c-hhpl-1 hhpl-1

Figure 5-12. Arabidopsis seedlings transferred to 1/2 M S medium containing O uM
ABA (left), and 10 uM ABA (right) for 6 days. The edge of squaresis 1.35 cm.

57



4 2

Abrams, SR., Rosg, PA., Cutler, AJ., Balsevich, J.J., Le, B., and
Walker-Simmons, M .K. (1997). 8-Methylene Abscisic Acid (An Effective and
Persistent Analog of Abscisic Acid). Plant Physiol 114, 89-97.

Bensmihen, S., Giraudat, J., and Parcy, F. (2005). Characterization of three
homol ogous basic leucine zipper transcription factors (bZIP) of the ABI5 family
during Arabidopsis thaliana embryo maturation. J Exp Bot 56, 597-603.

Bensmihen, S, Rippa, S., Lambert, G., Jublot, D., Pautot, V., Granier, F., Giraudat,
J., and Parcy, F. (2002). The homologous ABI5 and EEL transcription factors
function antagonistically to fine-tune gene expression during late embryogeness.
Plant Cell 14, 1391-1403.

Bent, A.F. (2000). Arabidopsisin planta transformation. Uses, mechanisms, and
prospects for transformation of other species. Plant Physiol 124, 1540-1547.

Bright, J., Desikan, R., Hancock, J.T., Weir, |.S., and Neill, S.J. (2006).
ABA-induced NO generation and stomatal closure in Arabidopsis are dependent
on H,O, synthesis. Plant J 45, 113-122.

Chen, C.C., Liang, C.S,, Kao,A.L., and Yang, C.C. (2009). HHP1 isinvolved in
osmotic stress sensitivity in Arabidopsis. J Exp Bot 60, 1589-1604.

Chen, C.C., Liang, C.S,, Kao,A.L., and Yang, C.C. (2010). HHP1, anovel signaling
component in the cross-talk between the cold and osmotic signalling pathwaysin
Arabidopsis. J Exp Bot 61, 3305-3320.

Cheng, W.H., Endo, A., Zhou, L., Penney, J., Chen, H.C., Arroyo, A., Leon, P,,
Nambara, E., Asami, T., Seo, M., Koshiba, T., and Sheen, J. (2002). A unique
short-chain dehydrogenase/reductase in Arabidopsis glucose signaling and abscisic
acid biosynthesis and functions. Plant Cell 14, 2723-2743.

Desikan, R., Lagt, K., Harrett-Williams, R., Tagliavia, C., Harter, K., Hooley, R.,
Hancock, J.T., and Neill, S.J. (2006). Ethylene-induced stomatal closure in
Arabidopsis occurs via AtrbohF-mediated hydrogen peroxide synthesis. Plant J 47,
907-916.

Endo, A., Sawada, Y., Takahashi, H., Okamoto, M ., Ikegami, K., Koiwai, H., Seo,

58



M., Toyomasu, T., Mitsuhashi, W., Shinozaki, K., Nakazono, M ., Kamiya, Y.,
Koshiba, T., and Nambar a, E. (2008). Drought induction of Arabidopsis
9-cis-epoxycarotenoid dioxygenase occursin vascular parenchyma cells. Plant
Physiol 147, 1984-1993.

Ephritikhine, G., Fellner, M., Vannini, C., Lapous, D., and Barbier-Brygoo, H.
(1999). The sax1 dwarf mutant of Arabidopsisthaliana shows altered sensitivity of
growth responses to abscisic acid, auxin, gibberellins and ethylene and is partially
rescued by exogenous brassinosteroid. Plant J 18, 303-314.

Finkelstein, R.R., and Lynch, T.J. (2000a). The Arabidopsis abscisic acid response
gene ABI5 encodes a basic leucine zipper transcription factor. Plant Cell 12,
599-6009.

Finkelstein, R.R., and Lynch, T.J. (2000b). Abscisic acid inhibition of radicle
emergence but not seedling growth is suppressed by sugars. Plant Physiol 122,
1179-1186.

Fujii, H., Verdues, P.E., and Zhu, J.K. (2007). Identification of two protein kinases
required for abscisic acid regulation of seed germination, root growth, and gene
expression in Arabidopsis. Plant Cell 19, 485-494.

Fujii, H., Chinnusamy, V., Rodrigues, A., Rubio, S., Antoni, R., Park, S.Y., Cutler,
SR., Sheen, J., Rodriguez, P.L., and Zhu, J.K. (2009). In vitro reconstitution of
an abscisic acid signalling pathway. Nature 462, 660-664.

Fujita, Y., Fujita, M., Shinozaki, K., and Yamaguchi-Shinozaki, K. (2011).
ABA-mediated transcriptional regulation in response to osmotic stressin plants. J
Plant Res 124, 509-525.

Fujita, Y., Fujita, M., Satoh, R., Maruyama, K., Parvez, M.M., Seki, M., Hiratsu,
K., Ohme-Takagi, M., Shinozaki, K., and Yamaguchi-Shinozaki, K. (2005).
AREBL1 is atranscription activator of novel ABRE-dependent ABA signaling that
enhances drought stress tolerance in Arabidopsis. Plant Cell 17, 3470-3488.

Geiger, D., Scherzer, S.,, Mumm, P., Stange, A., Marten, |., Bauer, H., Ache, P.,
Matschi, S, Liese, A., Al-Rasheid, K.A., Romeis, T., and Hedrich, R. (2009).
Activity of guard cell anion channel SLAC1 is controlled by drought-stress
signaling kinase-phosphatase pair. Proc Natl Acad Sci U SA 106, 21425-21430.

Hao, F., Zhao, S., Dong, H., Zhang, H., Sun, L., and Miao, C. (2010). Nial and Nia2

59



are involved in exogenous salicylic acid-induced nitric oxide generation and
stomatal closure in Arabidopsis. JIntegr Plant Biol 52, 298-307.

Hauser, F., Waadt, R., and Schroeder, J.I. (2011). Evolution of abscisic acid synthesis
and signaling mechanisms. Curr Biol 21, R346-355.

Hruz, T., Laule, O., Szabo, G., Wessendorp, F., Bleuler, S, Oertle, L., Widmayer, P,,
Gruissem, W., and Zimmer mann, P. (2008). Genevestigator v3: areference
expression database for the meta-analysis of transcriptomes. Adv Bioinformatics
2008, 420747.

Hsieh, M.H., and Goodman, H.M. (2005). A novel gene family in Arabidopsis
encoding putative heptahelical transmembrane proteins homologous to human
adiponectin receptors and progestin receptors. J Exp Bot 56, 3137-3147.

Joshi-Saha, A., Valon, C., and Leung, J. (2011a). Abscisic acid signal off the
STARting block. Mol Plant 4, 562-580.

Joshi-Saha, A., Valon, C., and L eung, J. (2011b). A brand new START: abscisic acid
perception and transduction in the guard cell. Sci Signal 4, red.

Kang, J., Hwang, J.U., Lee, M., Kim, Y.Y., Assmann, SM., Martinoia, E., and L ee,
Y. (2010). PDR-type ABC transporter mediates cellular uptake of the
phytohormone abscisic acid. Proc Natl Acad Sci U SA 107, 2355-2360.

Kang, J.Y., Choi, H.l.,Im, M.Y., and Kim, S.Y. (2002). Arabidopsis basic leucine
zZipper proteins that mediate stress-responsive abscisic acid signaling. Plant Cell 14,
343-357.

Kim, S.Y., Ma, J., Perret, P, Li, Z., and Thomas, T.L. (2002). Arabidopsis ABI5
subfamily members have distinct DNA-binding and transcriptional activities. Plant
Physiol 130, 688-697.

Kinoshita, T., and Shimazaki, K. (1999). Blue light activates the plasma membrane
H*-ATPase by phosphorylation of the C-terminusin stomatal guard cells. EMBO J
18, 5548-5558.

Koiwai, H., Nakaminami, K., Seo, M., Mitsuhashi, W., Toyomasu, T., and Koshiba,
T. (2004). Tissue-specific localization of an abscisic acid biosynthetic enzyme,
AAQ3, in Arabidopsis. Plant Physiol 134, 1697-1707.

Koornneef, M., Jorna, M.L ., Brinkhor st-van der Swan, D.L.C., and Karssen, C.M.
(1982). Theisolation of abscisic acid (ABA) deficient mutants by selection of

60



induced revertants in non-germinating gibberellin sensitive lines of Arabidopsis
thaliana. TAG Theoretical and Applied Genetics 61, 385-393.

Krochko, J.E., Abrams, G.D., Loewen, M K., Abrams, SR., and Cutler, A.J. (1998).
(+)-Abscisic acid 8'-hydroxylase is a cytochrome P450 monooxygenase. Plant
Physiol 118, 849-860.

Kuromori, T., Miyaji, T., Yabuuchi, H., Shimizu, H., Sugimoto, E., Kamiya, A.,
Moriyama, Y., and Shinozaki, K. (2010). ABC transporter AtABCG25 is
involved in abscisic acid transport and responses. Proc Natl Acad Sci U SA 107,
2361-2366.

Kwak, J.M., Mori, I.C., Pei, Z.M., Leonhardt, N., Torres, M.A., Dangl, J.L ., Bloom,
R.E., Bodde, S., Jones, J.D., and Schroeder, J.I. (2003). NADPH oxidase
AtrbohD and AtrbohF genes function in ROS-dependent ABA signaling in
Arabidopsis. EMBO J 22, 2623-2633.

Leon-Kloosterziel, K.M ., van de Bunt, G.A., Zeevaart, J.A., and Koornneef, M.
(1996). Arabidopsis mutants with a reduced seed dormancy. Plant Physiol 110,
233-240.

Li,J.H., Liu, Y.Q., Lu, P, Lin, H.F,, Bai, Y., Wang, X.C., and Chen, Y.L. (2009). A
signaling pathway linking nitric oxide production to heterotrimeric G protein and
hydrogen peroxide regul ates extracellular calmodulin induction of stomatal closure
in Arabidopsis. Plant Physiol 150, 114-124.

Lin, B.L., Wang, H.J., Wang, J.S,, Zaharia, L.l., and Abrams, S.R. (2005). Abscisic
acid regulation of heterophylly in Marsilea quadrifolia L.: effects of R-(-) and S-(+)
isomers. J Exp Bot 56, 2935-2948.

Lu, D., Zhang, X., Jiang, J., An, G.Y., Zhang, L .R., and Song, C.P. (2005). NO may
function in the downstream of H,O, in ABA-induced stomatal closure in Vicia faba.
Zhi Wu Sheng Li Yu Fen Zi Sheng Wu Xue Xue Bao 31, 62-70.

Ma, Y., Szostkiewicz, | ., Korte, A., Moes, D., Yang, Y., Christmann, A., and Grill, E.
(2009). Regulators of PP2C phosphatase activity function as abscisic acid sensors.
Science 324, 1064-1068.

Marten, H., Hedrich, R., and Roelfsema, M .R. (2007). Blue light inhibits guard cell
plasma membrane anion channels in a phototropin-dependent manner. Plant J 50,
29-39.

61



Melcher, K., Ng, L.M., Zhou, X.E., Soon, F.F., Xu, Y., Suino-Powell, K.M ., Park,
SY.,Wener, J.J., Fujii, H., Chinnusamy, V., Kovach, A., Li, J., Wang, Y.,
Peterson, F.C., Jensen, D.R., Yong, E.L ., Volkman, B.F., Cutler, SR., Zhu, J.K.,
and Xu, H.E. (2009). A gate-latch-lock mechanism for hormone signalling by
abscisic acid receptors. Nature 462, 602-608.

Miyazono, K., Miyakawa, T., Sawano, Y., Kubota, K., Kang, H.J., Asano, A.,
Miyauchi, Y., Takahashi, M., Zhi, Y., Fujita, Y., Yoshida, T., Kodaira, K.S,,
Yamaguchi-Shinozaki, K., and Tanokura, M. (2009). Structural basis of abscisic
acid signalling. Nature 462, 609-614.

Murashige, T., and Skoog, F. (1962). A Revised Medium for Rapid Growth and Bio
Assays with Tobacco Tissue Cultures. Physiologia Plantarum 15, 473-497.

Nakashima, K., Fujita, Y., Kanamori, N., Katagiri, T., Umezawa, T., Kidokoro, S,,
Maruyama, K., Yoshida, T., Ishiyama, K., Kobayashi, M., Shinozaki, K., and
Yamaguchi-Shinozaki, K. (2009). Three Arabidopsis ShRK 2 protein kinases,
SRK2D/SnRK 2.2, SRK2E/SnRK 2.6/0ST1 and SRK2I/SnRK 2.3, involved in ABA
signaling are essentia for the control of seed development and dormancy. Plant
Cell Physiol 50, 1345-1363.

Nambara, E., and Marion-Pall, A. (2005). Abscisic acid biosynthesis and catabolism.
Annu Rev Plant Biol 56, 165-185.

Narusaka, Y., Nakashima, K., Shinwari, Z.K., Sakuma, Y., Furihata, T., Abe, H.,
Narusaka, M., Shinozaki, K., and Yamaguchi-Shinozaki, K. (2003). Interaction
between two cis-acting elements, ABRE and DRE, in ABA-dependent expression
of Arabidopsis rd29A gene in response to dehydration and high-salinity stresses.
Plant J 34, 137-148.

Neill, S, Barros, R., Bright, J., Desikan, R., Hancock, J., Harrison, J., Morris, P.,
Ribeiro, D., and Wilson, . (2008). Nitric oxide, stomatal closure, and abiotic
stress. J Exp Bot 59, 165-176.

Nemhauser, J.L., Hong, F., and Chory, J. (2006). Different plant hormones regul ate
similar processes through largely nonoverlapping transcriptional responses. Cell
126, 467-475.

Nishimura, N., Hitomi, K., Arvai, A.S., Rambo, R.P., Hitomi, C., Cutler, SR.,
Schroeder, J.I., and Getzoff, E.D. (2009). Structural mechanism of abscisic acid

62



binding and signaling by dimeric PYRL1. Science 326, 1373-1379.

Nishimura, N., Sarkeshik, A., Nito, K., Park, S.Y., Wang, A., Carvalho, P.C., Leg, S,
Caddéll, D.F,, Cutler, SR., Chory, J., Yates, J.R., and Schroeder, J.I. (2010).
PYR/PYL/RCAR family members are mgor in-vivo ABI 1 protein phosphatase
2C-interacting proteinsin Arabidopsis. Plant J 61, 290-299.

Park, S.Y., Fung, P., Nishimura, N., Jensen, D.R., Fujii, H., Zhao, Y., Lumba, S,,
Santiago, J., Rodrigues, A., Chow, T.F., Alfred, S.E., Bonetta, D., Finkelstein,
R., Provart, N.J., Desveaux, D., Rodriguez, P.L., McCourt, P., Zhu, J.K.,
Schroeder, J.1., Volkman, B.F., and Cutler, S.R. (2009). Abscisic acid inhibits
type 2C protein phosphatases via the PY R/PY L family of START proteins. Science
324, 1068-1071.

Pei, Z.M., Murata, Y., Benning, G., Thomine, S., Klusener, B., Allen, G.J., Grill, E.,
and Schroeder, J.I. (2000). Calcium channels activated by hydrogen peroxide
mediate abscisic acid signalling in guard cells. Nature 406, 731-734.

Rook, F., Corke, F., Card, R., Munz, G., Smith, C., and Bevan, M.W. (2001).
Impaired sucrose-induction mutants reveal the modulation of sugar-induced starch
biosynthetic gene expression by abscisic acid signalling. Plant J 26, 421-433.

Saito, S., Hirai, N., Matsumoto, C., Ohigashi, H., Ohta, D., Sakata, K., and
Mizutani, M. (2004). Arabidopsis CY P707As encode (+)-abscisic acid
8'-hydroxylase, a key enzyme in the oxidative catabolism of abscisic acid. Plant
Physiol 134, 1439-1449,

Santiago, J., Dupeux, F., Round, A., Antoni, R., Park, S.Y., Jamin, M., Cutler, SR.,
Rodriguez, P.L., and Marquez, J.A. (2009a). The abscisic acid receptor PYR1 in
complex with abscisic acid. Nature 462, 665-668.

Santiago, J., Rodrigues, A., Saez, A., Rubio, S., Antoni, R., Dupeux, F., Park, S.Y.,
Marquez, J.A., Cutler, SR., and Rodriguez, P.L. (2009b). Modulation of
drought resistance by the abscisic acid receptor PY L5 through inhibition of clade A
PP2Cs. Plant J 60, 575-588.

Sato, A., Sato, Y., Fukao, Y., Fujiwara, M., Umezawa, T., Shinozaki, K., Hibi, T.,
Taniguchi, M., Miyake, H., Goto, D.B., and Uozumi, N. (2009). Threonine at
position 306 of the KAT1 potassium channel is essential for channel activity and is
atarget site for ABA-activated SnRK2/OST 1/SnRK 2.6 protein kinase. Biochem J

63



424, 439-448.

Schwartz, SH., and Zeevaart, J.A.D. (2010). Abscisic Acid Biosynthesis and
Metabolism. Plant Hormones, PJ. Davies, ed (Springer Netherlands), pp. 137-155.

Seo, M ., Peeters, A.J., Koiwai, H., Oritani, T., Marion-Poll, A., Zeevaart, J.A.,
Koornneef, M., Kamiya, Y., and Koshiba, T. (2000). The Arabidopsis adehyde
oxidase 3 (AAO3) gene product catalyzes the final step in abscisic acid
biosynthesisin leaves. Proc Natl Acad Sci U SA 97, 12908-12913.

Shinozaki, K., Yamaguchi-Shinozaki, K., and Seki, M. (2003). Regulatory network
of gene expression in the drought and cold stress responses. Curr Opin Plant Biol 6,
410-417.

Sirichandra, C., Gu, D., Hu, H.C., Davanture, M., Lee, S,, Djaoui, M., Valot, B.,
Zivy, M., Leung, J., Merlat, S., and Kwak, J.M. (2009). Phosphorylation of the
ArabidopsisAtrbohF NADPH oxidase by OST1 protein kinase. FEBS Lett 583,
2982-2986.

Sun, L.R.,Hao, F.S, Lu, B.S,, and Ma, L.Y. (2010). AtNOA 1 modulates nitric oxide
accumulation and stomatal closure induced by salicylic acid in Arabidopsis. Plant
Signal Behav 5, 1022-1024.

Umezawa, T., Nakashima, K., Miyakawa, T., Kuromori, T., Tanokura, M.,
Shinozaki, K., and Yamaguchi-Shinozaki, K. (2010). Molecular basis of the core
regulatory network in ABA responses. sensing, signaling and transport. Plant Cell
Physiol 51, 1821-1839.

uUno, Y., Furihata, T., Abe, H., Yoshida, R., Shinozaki, K., and
Yamaguchi-Shinozaki, K. (2000). Arabidopsis basic leucine zipper transcription
factorsinvolved in an abscisic acid-dependent signal transduction pathway under
drought and high-salinity conditions. Proc Natl Acad Sci U SA 97, 11632-11637.

Walker-Simmons, M .K., Anderberg, R.J., Rose, PA., and Abrams, S.R. (1992).
Optically pure abscisic Acid analogs-tools for relating germination inhibition and
gene expression in wheat embryos. Plant Physiol 99, 501-507.

Yin, P, Fan, H., Hao, Q., Yuan, X., Wu, D., Pang, Y., Yan, C., Li, W., Wang, J., and
Yan, N. (2009). Structural insights into the mechanism of abscisic acid signaling
by PYL proteins. Nat Struct Mol Biol 16, 1230-1236.

Zaharia, L., Walker-Simmon, M., Rodriguez, C., and Abrams, S. (2005). Chemistry

64



of Abscisic Acid, Abscisic Acid Catabolites and Analogs. Journal of Plant Growth
Regulation 24, 274-284.

Zhao, X., Qiao, X.R., Yuan, J., Ma, X.F., and Zhang, X. (2012). Nitric oxide inhibits
blue light-induced stomatal opening by regulating the K™ influx in guard cells.
Plant Sci 184, 29-35.

Zhou, R., Cutler, A.J.,Ambrose, S.J., Galka, M.M., Nelson, K.M., Squires, T.M.,
Loewen, M K., Jadhav, A.S., Ross, A.R., Taylor, D.C., and Abrams, S.R. (2004).
A new abscisic acid catabolic pathway. Plant Physiol 134, 361-369.

Zou, J.,Abrams, G.D., Barton, D.L ., Taylor, D.C., Pomeroy, M .K., and Abrams,
S.R. (1995). Induction of Lipid and Oleosin Biosynthesis by (+)-Abscisic Acid and
Its Metabolites in Microspore-Derived Embryos of Brassica napus L.cv Reston
(Biological Responsesin the Presence of 8-Hydroxyabscisic Acid). Plant Physiol
108, 563-571.

BEZh . (2009). [AH{ET A EE HHPL 2 IhReise. BITTE 8 e iy el

AALERTE T L5

65



9
¥

& ¥

i thERE—EZ—F A
Hiks - I =B R RLHEE 509 =

eI T

A -

o
AI:I .

] -

]

fie] -

HHPL & 5B IRE R & RRFE Y Z a5 BT i ?
HpifsH HHPL 81 A adiponectin receptor A 51 ERMEEL 5 FEREY)T AR
Abstis i RN E 2 EAE & - SRR EEr S -

SAALER R HHPL 2B REAiL TR SRR TR E
R 2

DB ORE IR A — RIS > BT R (R K O AR - A —

{RIEYSHAEEE R RARE A NS5 TEESRSLBEE AR © BT R SRk O B
FROREUINE - BECRILAR/]N - MR —HEH - B E IR SRS LI A R
HEOCTH RS L NVEE R TP SRR - AR AR - IE TR B T hhpl-1 HRCK
YRS > FETREHEH] hhpl-1 (REAHAE TR AYEE TR nT e B A ik - HE A
HHP1 =] gE 22 B A TR HYERED -

RER HHPL AEE il - i ARG = ElE AP 2
FEAET A IR S AR R K - AR R S A R R S

SRR EAENFRIR 2 S B RS A ARTT /& - AIReE R BRI
BAF AR 2N B RS E PR Tl S /£ ABA B [ hhpl-1 fy—
L ABA-responsive FLAHVFRIFE(RE Ak JRA rIRE R B LA NFRIRAT A
FPET hhpl-1 CREHIAE B TR R - -

RHETT ABA FETTHIEHEZ T > hhpl-1 HSRFLEEF AR AR > FESE K
ABA EHFEEERE T > OuM ABA HYRILEEHE AT ABA LA

66



T THIpREE 7 IRMHES R hhpl-1 HYSRFLEEr AR Ry N 2 G SRR EIRY —2L
PEAEERTE 7

D OuM ABA HYRREREFIRMEST ABA SHE T TR - A —BIEEHEEE

PREEFAEPRES ABA HYSERESS - fEpa N REEARAY SR AL Er Rl - H
BPAEPREL hhpl-1 SRFLBE AV NS B (R R EE E i WIEEE —&
—HRI AR -

i RS AERR OuM ABA HUSRFLREE B 00 2 B DV TRREAL - 2 A REdatt
BB RSLHVBUREE ? B2 E AR RHE R R ?

&t PR R R R B B 4 R R R B 45 S TR (WA AT RE AR
MEAEAIER - FHEREREEEE -

HEE ¢ B 5-3 PEFARRAT hhpl-1 [FI4H - (ENT A fPRAA [FEISH > AR B IRIE A
rE7E% - E A AL B SRR - s CAE R B o = T HERE RN A
&ham 1 BURUYARTSmEYZER] -

2 TR Y

[ BRI A —BMEEEAEESR ? HARER ? RHEAGFEEN—2: -
HiREG A RENEA - —EETERUESER 2 -

&R BE RN E MRS S D EEER  EREERIEMRRT FARF -
AERIEAE Y — 2 (HERITAESHZER -

] AR ESE NEE ABA REI = SR T RARE - G{FO TR HE
i S REEER T EEHEIGRY TERES 2

% ZHEAERERE G ABA mEIMARSLE IS/ NS » = REEE R

TEAR AR T HIBICIA N AT - 87 Aum Jofs - S KRB EHEH T
REEFRR hhpl-1 SRFLBICIA N ARSI I 5 AN K B R &
AR -

67



] e EROHERE T EH L ? EEMEE T-DNA (IR ABE & ?
MRNA KZEHENRE ? 2RE THMELE G A ? 26 A T EiEE T ?

% RO REEES EEETT > T-DNA ik A K. mRNA FIHEESHET
# BRI BT RS T HORAKCR R R D PCR iY77 T H AR A
£ T-DNA i AWERIGT > HEC/Z A T -

] AR EB A T S etk > FEERGER T hhpl-1 A e PRAVEEMAE -
SERRHIE RIS A RE S B e PREY EARA RARDCHEEE T 7 iR A b e iR
IYELNZRIGIR -

% R ERERAINIL AT A e - e P Rl ARy B R R
mRNA FEIH -

[ REEHR EEHNE ? REAHE—RILFR ?

E T IRAEEHREEASE 20 (ERIL > BEEHERIHR 2REHE T &
SRFLPIIR/ N ZE R - BIEAE IR (SRR R S R (e (ERRPARY e T >
R R/ Nefm RHYRIL (BB RV R A 2RISR AR S -

o e i

[ B AEHIE AR — M REAR A T A ERER R ? BIRE—BE FREAE O
UM ABA a7 RHHES - LA EDRE ABA HETRRH -

& RN > RN R BRRIIRF IR - MEIER R RoK DR’ B iR i ey i2
BEE - R ERREHROCE A AN TR A FIREHV R - iR
TERIERE IR B TREGET A EIRE ABA BOA[EIZERIAYEEHE - (EHTE
IR 2R Z ST ECE T/ NRLUETTZ o MR E [F— T/ AR R A
HARSEEHE -

SRS
B TR R BRI A TLITRE AT LB ? IR
SPLBA R R M 2

68



EUNRKEEE 25 /NEPEIRRERE Gl T — R TR e ERAE SRR
HEE BRI HEITIREHVEDE K SRR B - SRS LHYBA L ATZE] 7 pm > ISR
YRR Tum -

] ¢ SASLpa B A T2 e I SH 73 Bl R el - ] ST RFHET THUIRE R s B |l 17 2

&+ elR e A SLEH R B R FLRERA » SRR G TN - NI AT
Y » SERIEE B ABA ~ SNP ~ B R (L@ FAIE S S M ARIIFEAE R S R
& WTEIR R FIR LB PHRIT R -

i * ABA BRIETHHINVAS S RSLRARA - 55K ABA RIAVEEERT 10 uM
ABA HIRARATEIZ A0 L mM ABA » 2 HIER T (HEER AR ?

%R TRE AW NS SRR o (15 T REOREEE S RHREER -
KIS ZH] ABA HUTER] -

[ FERSLREREERETHY a~ b~ c AR ?

% AR FRAEGET EBE A ERIAER] - G RO ARNZ R G T
ANOVA i ZfEfE PR & 2 S A EREHZR - A RILL Fisher'sLSD
FREERZERNER > AARTFRREESGT EEEARENEE - mATHE
FRIFAR ST DS = RS -

69





