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The Role of Hydrogen in Plant Stress Tolerance

LIU Fang, LIU Yong-Bo', LI Jun-Sheng, HUANG Hai
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Beijing 100012, China

Abstract: In recent years, some studies have found that hydrogen as a new signal molecules involved in
plant stress resistance network and played an important role. Here, we reviewed the research of hydrogen
involved in plant stress response in recent years, and summarized the hydrogen participated in the process of
plant resistance to stress mainly through regulation of reactive oxygen species (ROS). Hydrogen promotes
the ROS production to regulate stomas closure in plant drought tolerance, whereas it scavenges ROS to
decrease oxidative damage from saline, metal ions and pesticides. Hydrogen also involves in regulating the

expression of genes related with insect- and disease-resistance.
Key words: hydrogen; plant stress tolerance; ROS; molecular mechanism; agricultural application

TE H AR B, RS A= A i SRR b e —
AW A . & H IR BE AR A
VIR IE R R B MAK, B RIRE %42
T I A KRB BT RE A2 () 3E L, el 2 5% T A
WA . SHEYAE KR B AR RIS AR
YopUiE 7 SER K7/ UB A1) SER W 7)) IS ERIE S
AEWIE . R B FE R TR AR R B I
UL R R B S 4 55 ARV M e A iR 5
A TR BRBRULEEYRSE. BiasxEy
R, AR, BRERGRIN . JeAEET
B PR S R A AR AR, B S ESET. BT
IS, A RebBE /NI B 124k, N T4
17, RA OB A 5 LA B PR 45 7 5k & B
W, 2 KIWME R 53k, EYE T 825
2R BN R BRI A T 5, AT 32 36 5 0 1D L
X7 K& A R PR (i AL 452004)
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G o a0 ] 368 i 20 H K 52 O £ S B b A (S
S B R0 TIRA IR SR R R IE
AR NS, RN A S R S AT
—. AAREAPEML. VLR, PUdBEEER, &
AR R — PSS AR, B TR IT (Ohsawa %
2007; Hong%52010). 5T kI, S AT ReAEN—Fh
TGS S TS 5EMMIENEMNgEH. AR
A RETEAE YA e B R, Wit T
PR (Xie%52014), JkEe 25 Mid 7 >k i A B
(Xie%52012; Zeng2013), a4 Jm 551 AR 257
K E AT (Chen$2014; Cui$2014), Z 5z

ks 2014-08-28  fEE  2015-01-23
BE RN AW SRR B KL T(20122X08011002) IR
PR 28 PEAT AL RHIT L 3520 130903 8) A3 158 JE i 5 XU
il 18 5K B A0 = B AR S T .
* Ol HMER (E-mail: liuyb@craes.org.cn; Tel: 010-84910906)




142

TP L PR

PO S 5 A DL (1) 3R A (Zeng552013)

ARLLER IR AR S S YU E R,
WA SEYIRTTT 5. Rt B2
HRES R RN T A YA 8 5 AL
HlA BT AT R F s T B 55 8 A ks
TEMIRB s (o 2, IR AR BB S E, R
AR TR
1 YR MER AR S5IRE

2ok K A& B S A, FE A AT R A
RIE5M%, BRPIHZE. PUREAS, IEEHEY
GG B RE 7o IR A B 38 F iR 45
— MR =AY B BB B B S AR B
FAY A R B (B 1) (WufliBaldwin 2010).

JEEN I B R R R AR A B A5 5 R A
Jol B A RASTR], AR B 7 SR AN ], dn T
F SIS K2 25 (R K H52008; #1t58552001; Bar-
telsFlISunkar 2005); JBEJM &b 18 (14 25 38 18 1 5
H H U (Shig2000; Xied52012); J&AE IR A Y)
{140 240 it 58 7 52 4 2 11 R0 P P 2608 2R 1 (Dodds Al
Rathjen 2010); X B H HUCE ek = R U R
1 (8 R T (elicitor) (Wu2%2007; Skibbess
2008). 7Ef5 5L E, M2 ETFILEYS S
Hoh, FEAEEF(Ca®). & BB &,

BT (B AH B g2 St [F R 1 T i S P S A
JRIE . fEEAZED A, Ca¥ A5 5 Mg B 5
(58 A58, Ca® W FE AR fh 38 3 Ca® BN 2R (A 1%
IBZG T, SURMR N R B RE Y, R AR
FE K ) £ & (Lecourieux£2006; i 1E H452005)

Z 5 4L W 38 R R B KR (salicylic
acid, SA). ZEF[f(jasmonic acid, JA). Z i (eth-
ylene,ET). Jii 7% (abscisic acid, ABA)FI—4 L%
(NO) (Kunkelfl1Brooks 2002; 5K 5% #£%52008), 4
FIAAFE R EE SRR PhE . &
NS S8, YRNG5S/ N g1
RS BBt e, XA SR NG R B

GG BERTH RN IR EOK
WEEA. LEAEH. WEBEA. draiuis) i
WERAGRE T EEEE. BEECH —LF
ST AEEZ2006). % HEEA(ROS)HIF=A &
TP Jilh 3 I 2 v ) B LAY, B AT DA gk 2 2R
B, A R ARG A B A 18 B IR AE TS fE4H fu B
R i JE TR AR BRI IG5, B ke A N AR
(BestwickZ51995; Brown%51998), Jji i E L4 5]
R ZESA. JAFETH A R, XS = 5l
T SR AN R G 1 S g% 2 06 75 I (Mlishina fll Zeier
2007; Tsuda%$2008), 15 5 2 H0E T ilf R 1)
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Fig.1 A model of stress signaling pathways in plants
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FIE LA Bk p0, W J5URH 5C 2 1 (pathogene-
sis-related protein, PR). £ [ 41l Xl F-(protease
inhibitor, P1)f1Z W4 1L (polyphenol oxidase,
PPO)%(FeltonflIKorth 2000).
2 S5 5EYmMENE
2.1 EYIRESKH

FES IR R i a8 B2 Y 4 v, SR —
PGS T2 5 kD S&ARAT
FERMF IR, HERESLEAR, a2 —
FREGHESUE, ot Bk, 2R RERA R AR
BH T E BT AEJE (Dutta?$2005; Huang%$2010), —
H LA, AATIN A MZE v 41 1 21 B A% e 2 35 m]
e E A ECE & 1E e AR S R(Gaffron
1939; EroglufiMelis 2011). J6&EYIHIE AR
BHIFRIE T 433 1 (Gaffron 1939; GaffronfIRubin
1942), 2 J5 R ILAEG A 20 B A7 £ (Gest Al
Kamen 1949; MelisfliMelnicki 2006). iX$E54=4

e AT S AR 2 S A B (hydrogenase), ZAL
B Ph R & 5, B 2 TR ZAE . WEP K
[NiFe] S AL B FI B VE PRI B . S35 P ) [FeFe] &
1L (EroglufMelis 2011; Hatchikian®1992; Shima
£52008). HHT, VP2 KM [FeFe] AL R O
B 2, RN MEEE (Scenedesmus obliquus) AL,
B L K SoHydAl . ¢ A% (Chlamydomonas rein-
hardtii) () EALEGR R CrHydA IR CrHydA2 . /NG
FE(Chlorella fusca))EAMNEGEE K CfHydA (55
£52007; Forestier®2003). REALEEYL, 75264y
H [ 208 (nitrogenase) 9 1] {16 A4 A S (Meyer
£1978). AW AESR FE@E L LU LA T
(W EZAEDI IR, SREEAE R BOLRE, T
IKEHE I A AR JhE RS (photo sys-
tem I, PSD A& & 4l (photo system 11, PSIT) 52
L H o, PSIIR IO REAG 7K 731 5 il S SR H,
F, BRSPS HE, WOm PSII 2k 4

Rl AR S5HEYTNE

Table 1 Hydrogen gas involved in plant stress tolerance

Jipie A o A A T 7 2 ASIER = BUN
T2 ()EH (DFRIBET TR LR ERF A7 5R0S. S &, F P4 Xie%2014
(2)4H i 5z 4 T JEK W& F S 5ABAN S5 FL
)AL Q)FRBHBEB WP ANBG WS
et e IR R
it TN &P (DB (NVAS OG- R T ZAT10/12 5, Xie52012; Xu%%2013;
AfIn Q)EEE T H R AL R 1 R % Zeng#:2013
QYA TR HENa TSN, e R
BT
(3)A A AT Kt LAk Tl ) ek B A
ik
(4) I I Al P SR B IS, 2
TR
S)YAARH P AR &
e, T4 B B A R
SREBTAL  SEARATEELD (DSELERREEEEY (HEAS WD E 48 A Chen%$2014; Cuif

ERER A2 UV IR ]

() AR Tk

o

()% H 4 JE AR R AL R 52 AL

R, EA LA B T
QAT R AL
B2 5 ) 238 BRI 1k
(QERTIEy k=R T EREp il
ML 3R AL (HO- 1) 3 ik 5 R
Pk, Z HHO- 15 S 42 ikt

2013, 2014; Jin%£2013
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ik F (ferredoxin, Fd)id J5, S ALBERE & 52 1
FA S AL T 7 AR [FeFe] S Bl A i 20t 73
BITESRERE B 2 5 BBV Is R, i
R JiR S IR )R B AR 36 45 JE v I i iR I v —
WA IR iR, NAD)F 8 b Pk fide JI e v — A% 1 1R
R (4B, NADP"), [NiFe|E L EEENAD Al
NADP & 4k 3774 SR (Kimf1Kim 2011; Das%%
2008). (2)[EMEAYCREAT, WEEAMET IS
YRR e AR & RO, BB e T A 1
NI AR AR AR SR T, B B A A ARG
A5 45:2009; Sakurai flMasukawa 2008). X L7
AN B 2 BRI AR SR A d & A, (A
LE S AR A BBURK, B 32 B SRR T 2K
EEIRESE2009). H AT s AR S5
VP2, QoS S A 25 40 PR AR SRR BE, e = &
T IR, FIFH JE R TR T B A o SR Ak
N m R M E A BRRAIREE(RAF N ERE
2006; {%£%2013; Tamagnini%$2002).

K& S A BT T8 4R o 72 40 T A 2R
M SR T E/D ., HF|19474F, BoichenkofE
I 85 gk B TR AR R AR T o, SRR
E H= 26 w5 SR A ) AR A B 77 72 S AL (Boichenko
1947; Maionef1Gibbs 1986). RenwickZ5(1964)iH
1L I3 BTAS R SR A TR AR T RN AR AR,
WESEHES A = YA T AR AR . BESS, A
{11k 82 K ZE (Hordeum vulgare) 7Kg (Oryza
sativa)~ 1 f5 (Medicago sativa)F1$) 5 7+ (Arabidop-
sis thaliana)¥5) 7] 7= NI AR (Renwick 25 1964;
Xie452012; Jin%$2013; ZengZ$2013), Zengs
(2013)7F 7K 8 Jk PRI 21 mh 4 21 9 A 5 38 T A v & Ak
B [RIR AL K], 433 & OsHydA TR OsFhdB, —A~ 5
20 B S AR FVE (K1 OsHypB . KRG AL BTG PE AN
KK AR S IR E A B — 3L TR KFEA
TR ] P2 A YR S (Zeng®52013) . 4R, H FIHE
) v S5 R A A il 2 RIS 9 21 AR 2 R 1) () U
FER, Ko Pl Oaei A Rt . w5
YR S ASOR TR R S A B AL, W] R B 5 SRHE A
LA (AR IR B, AR R B A ] U R R TR
R, ARRESUE IR R RS R, B InE A
MR fem LIRS, R EY IR A K
(X E75452010; Dong%5:2003; IrvineZ$2004)

22 S5&5hTEMmE

TV 52 T 2 i Ja o kA B3 A PAR 4K,
T XA BRI E AL A
R . M2 . AR 2R ELFI G S 4 F sk
5595 (Bt 452004) . Z 5P R YR £
LAPIR, —F2 s S5 RS ERRIET
¥ESE N7, WIDREB. MYC/MYB. bZIP. WRKYAI
NAC (XU JIRANZE22006), Hoid E ik ] LLSHE T i
Z MR I RIE, GERmEn T R ae
o I—MRAABERNGEN. Pl
FABAT 73R AR B0 Ty A R DR O 23 15 452009) . Jil
RREMD BT T b+ HE, EAMAT R FR4H
BT 5 Ah A RS E - B b 2K ek ORER
JRAE RIS E 7R WG RR H %, B —ME
B 368 AR 5% )15 5 ) 5T (3 Hi SR 552004 Bartels Al
Sunkar 2005). T Fr EASFLEI ISR DA 25
AR, X YIRS R E LT, ABAH]
R KB TR AR DAL B LR T4 o
&, MRt AL &, K (iR
£52003; RockfINg 1999; Leckie%$1998). ABASY:
SRS A FTROS. NO. {4 P41 K j#iE
(guard cell outward rectifying K channel, GORK)
J:[F 2 5 (BrightZ$2006; Yand5:2007; Hao%52012),
R RAERE TP EAAESE H b (Xieds
2014), XieZdF(2014) K3, ABAT] 5| E L5 I Pk
B2 RR AR, T s S KA < ALT
B, PhBhRHT T2 . (H4NADPHE LA K 58 4R
i, & SUKTCIEEENOM & A LI A, HMIE
JANNOJG I i R 3L J5 g 2 IR AR I, &
UK A A SR HENO ™ AR S ALIH &,
{HE ZUKA AT EROSI 7 4E . X B JROSFINO
¥z 532 S E T, I ANOK) ™4
AL A A B A . FEGORKIGR R AR A4
ABA. EHE/K. NOM A AL AR T AL
(1 A4, 31X 3 B AL IR P A o 26 Al i KT 7 ok
e, FTEL, EE e B AEROS, AT N
NO, NOA 5K "1 i GORKGE i M 41 o 57 1) 2 Jfa 4k
B, LM E. FEAZ50AHE R
ABAE T — NHTI 0 34, ik —
FE5>§/KF BRI R A AR Y 5T 5 haE AR
AL .
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2.3 S5 5mEmE

IR LR AE AW EER R, RE
il L E AR 21760 15 A B, 5P BEH AR 1 1/5
(B SC I 22014) 0 — el 7 5048 13 £h 4k
I R SR A, TR, 404 A ERZ A 20% KB AR
b R — 25 () FE W - £R 54 ™ L (Zha 2001).
R E X YRy W R, 25l gl s E 1
(1) 20 AR DA R T B R0 240 R N 85 - 1) P AT, A R R
(1272 4EROS, 5l 4514 (Zhu 2001; MunnsF
Tester 2008). AEAHEHT &5 i 3 i =Py
(HPisAL, B 5 R SR Ia R 3 1, (2)E g
RBP4, DUIE R B EREE; (3) 1 1 7RI 5
()42 K38 2R (Zhu 2001).

SRR FZAT10/127F 005 5 £ s I 2w
HEAEH, ATEUSPUEAL R R IL, tleAPXTN
FSDI (Zhu 2001). ¥ £hWa b2 5 LS IF, &
SUKATRFTZATI0/12 ) F2 R s bra A 2 R ) R IE,
W FifcAPX]. ZATIOMFSDIFEH F£is &, Bin
ZATI2 ) BE PR 3Rk 5, Wik 53 DR 35k 1 3 FAEAE 1 4 i
APXE A E e AE T, A H BT A 7 1 (Xie
2:2012). cAPX1/2ROSE B H i) 8 Bl 5
(DavletovaZ5£2005), XieZF(2012)F] H capx 13828 1K K
W, 45 EOK AL BR ) capx ] FRAFARAS L IR BT ER AL,
Bt CACAPXAR 1] B S SUE Sl g 1Y R4t 2 A
AT B 4ERR A I N B TRRAS, I b I 4
Na'#%i2H [1S0S1. AHA3MIH ZE £k, (2%
ARNa AN, H AN Y 2T (Xie%52012)
sos | RAFRE & A /KA PR 5 TeiE 5wt 6 2, X
% s Na #4142 5 [ 2L RISOST Al fE £ A SUE 5 i
EEFEIR (Xie552012) . H ‘& SUKIEFR/KHE, AR ZE
WA (1 H AR TR R A T A R R R AR
(17200 P 25 1 0 0 ) B AR G a2 TR Bh b EE 42 |
WK RSB R ) 2RI8, A=, &
ARG AT KR R b AR A I R R ) 2Rk (G
OsFeSOD. OsCATZ:) My A AL i35 7 (SOD A
CAT), M3 25 38 7 R i A 350493 (Zeng 55
2013). X ZKFE Rt I e 27K m S i o/ BiE
AR P, 0T RV I BB ) R AR, G A R R
RAER BAIHIE A &S0k nT A dr b
Pilg 5 LR P 2 53, ek 55 b~ i 52 (1) S8 Ak 40140, A HG TR
W R A K (XudE2013) . AT B3 )

TP EREE, 34 ] E e 5 ) IR A M 4 R )
RAE D PUER AR ST . HLIRT BRI U R AR A R T
3 R EE AN 1 2E K (Dong%52003), FEAL
1 B T BN A S R aa, eI e b I AL
YIS R AR, T EER O, SR AR R K
L AVEE A SR, SODFICATIF I, ™ P V5 ik
# K Z (indole-3-acetic acid, IAA)FIABA & &4,
b/ SRR SRS R R ZE . PR R R A
Fae K AE R (E#52012),
24 S8 58EREFMRANE KRG

— S BT REMMERKEEIHENEFRT
7, Plndn 2 e G AR EEPC (TR IR 2) I AR
5y, ZENE AL, B e, B
B & SEEMR A A K I .. BE R
B — e BUE R, e e e R EEA,
U AR KR E M, 2580
5. EEEEFERE@EL LT =4&REXEYIE
R (1)@ WA EE . 2 & AR 5 3 1 5 41
WM E N . BMEIEEAYSE; Q)REAEL
B = AR, B AR L Q)RS
SRS THAEGEEAMERN S, FEEAR
Thfge sk, HluntE(Cd™) il AF AR Ca® 5PSIIZ: &,
PELAS & SN Y #E4T (Sharma Al Dietz 2009). 4R,
PEVFZ B LLERERK T ESEE R %
I SR LR AR BN SE DR KT R AR AR AL, T T
EMPLESENS] . EYPE SR LS A
(1)) F 3 26 4 J i #5357, 014 J8 0 25 11 (meetallo-
thionein, MT) I 4 %% & 2 (phytochelatin, PC)5 =
SBEATRLERNE EW (A LM TR
1985; CasterlinfliBarnett 1982; ErnstZ£2000); (2)%%
HeEE PR RER e E, ngn i aE i, B
G N1 5 A4 75 (Nishizono 1987); (3)44 11
PLEALEEPOD. SODFICAT TG, 159 H 4 )@ 5
E A (P JE 2R 55 1995, 1 e 552002)

AR, DA hhEMIER &R T 5
A . AR(AD T FEEP R A KA 0
HI 01 /E H (Delhaize F1Ryan 1995; Kochian 1995),
B SR AT G2 M ALEE 0 A AR AR AR K
], DA S k> AIFEAR 92 (1) AR 2 (Chen%52014).
NOJE W) 5T AL R B 1) 25 507, H
X H BRI AR AR DA 4 (He%52012). NOA
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A S AR AR, LR AN [R] (AR ) AN B xR i dE R
PERIASTR], B AT 0 = 25 5 8RR nT W B AR 3 (Bel -
igniflLamattina 1999), ChenZ:(2014) K I, 7E & 15
WL BRNOT] Ik ALFE 3 AR, & SUK ATisb i
16 JE A S INOI = 2E, R BR AR AR K
IR o g R R (Hg) W ) 75 5 2R
PR AROS $ A= K A3 i fig il %04k (Cho
FPark 2000; Gao%2010; WangZ52012). &<
BEE Y MHe R, & S KT B s 4 i &
Tt EE A Hg AR R, XH B T EEEIEN S
TR S KT DROSI = A, 1t 48 4 g
PODFMIAPX i 1, FHn— e L fg R i E )
&, WA B H ik (glutathione, GST). GSTIA %
¥J(homoglutathione, hGSH) AT MR, X L6414
A 57 I3 T3 Bh A ) %Pt Hg 35 55 7 SR IR S Ak 45
fi(Cui%52014), E&BECHZMHEYEL, F
Bom =T MMIRTE, B KR D B E
XFCABIWR e, T g I e S A A ) pR 2 AR
(BRI, & SR> CAs T B R AR
R, FEHG b S A B S P AT T A AR B SR
(15 &, /D ROSHIE I, FfECAREHE X
T R AFR A P 1) AT A K I BEAS (Cui%52013) .

FEAO A= b, R 2= AR 2 PG e L, RE
BEREEIR P, (B s #E . W
JitiAR 24 ] FEAEY R S £ (ROS, K,
i BA A 5 (Jind52013) . Jin%5E(2013) B 78 A,
AR H EAL A B E R NS E RN AN
it N &SR L 2T 3R R A (HO- 1) 25 R ip Bl 4 1R
AR 25 3B AR AT, DR AR 2R AR A [
D B BT A AL . BRIRROS KA &, F H AT A
PUALEEI RIE EAEN; P R R AR
AERETE, PTG INHO-T3E R RIA &, HimHO-1
B MIEE . HO-1HHIHFHINO AT BHAS &< 1E
H, XA T fE BT HO- 15 585 K VBl
Yk A A, HAHEE P (Jin%52013)
2.5 SRE5MFBRE

i HUTE S AR Yl B R E AR, s fE
Yire R EERE . RAEYHE WA R E R 5N
PIAN RG], — B2 T A 12 s, Wi B . 5 A
RS MR e R RIS, gk, E
ORUEFIZZ 55 o AR5 H 5 (4 B R 6 - 43

B HAE%, St SR A R B R G 58
PR A EE MO S AT B A . 2 5 M PUR
HERME FEERSA. JANET. SARZS S5HY
IR A 975 JER A 1 B B A €, 2 O IR AR AR YR 4
U, SAM & EIG N, & BPREHNUI R E
W, SEEPURRE T, WEINANESA, Tz G AR
Y4 Pt /1 (Kunkel f1Brooks 2002; Ryals%51996).
JIAZEHL R B, e A MAEM RN
12, W90 R B> TA T & Rl 2 5 U ) 7™ ik =
#&P1 /1 (Kunkel f1Brooks 2002; CreelmanfiMullet
1997; Reymondf1Farmer 1998; Li%$2001). ET/E
N— MR S5IAMG 5L R (Kunkel F1Brooks
2002). X =ZKMEGE TIEEEIFARMEEH, &
AT Ta)AH B[R] Bl B, 3L [R] 20 R AR AR 3 1Y)
ERYb EEREI TR

AR, D 5EMBEEGE TP
VAR (Zeng?52013). ZengZ%(2013) K5 /K Al
£k 5. (Vigna radiata)Fh -1 B T AR E ) & Sk
B 5, R BT & SR T2 1 4 AR R 25 1 e
K, v BE IR K FEF I AR K AT 32 31 SUK
(A o SN R A AR K I R i 2l I B B
PUAS FI PR SE B, B WAl S & EUK T Il ET
&5 Msem, & K AT fgRR =R BETA A A2 K 4l
HilfE 4 (Zeng%52013). ATAEIZS 5WMEE
SIE R IR 1R, ZengZE(2013)EKFEF TR T A
ARSI ER IR R s, E S K b3
Ja I S B 580 8 5 5 A B EE N (RT-qPCR)
ARATI T 1200 5 A G EE R 1) 22 4, FEET
ZARFEE (Yau252004) . TAASZ 4k FE K (Dharmasiri
%£2005; Parry%5$2009). ABA /&3 B (Kim%%
2012). 758 (gibberellin, GA)*Z {A % [A (Shimada
££2008). 4l il 5 24 &K (cytokinin, CTK)AZ /A% X
(Choi%$2012). SASZRIEH (Fus2012). ETE AL
B GA(E 5110 T e sk K 1 Myt & H PRI
DRSS . 45 AR B R BE AT DA i I e S [
ZRIE, mEREEMIFNS]. FINF, AMEEMIA. ET.
ABA. PEG6000FINaCI ] i Ig 1 i 7K 75 IR A<
A, SRR A B R R R EREA AN FREE
()38 3% (Zeng%52013) . AWM 5 ZMEEE
FIE A B, XU RR T e S S IX e
REGIAEESRE., A HSA. JAMETHR
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KE SRR RL, HIAFETH A0 AJEE
S, ZULHEA SR RES 5IX =Fi R4
I HTI9 HUEAE 5 I 2%, H B A 87 CURIE A
HLELIE T SL AR UF S o
3 SEREEMF LA
3.0 SREEF LN

A EAPAEL. PUET. PUAERPLL
(R T, B 38 T K B — Bl = 97 S A& (Ohsawa 5§
2007; Hong%§2010). &0/ T b £ b i 55 W9 Fh F
A 4 I 1 1) R 2 (- OH) Rl 480 i %
(ONOO), X Fl A ] SA% e . NERAE A
R, FEDNA R Bk, fedsid Sk & AR
3% (Huang$2010) . S0 ] Ja i 38 o s AL g
AR 4 i, tCATHISOD (Kajiyama$2008;
Xie%52010). A AR R L 2R E A
i (caspase-3 ) 143 M K ARHT A0 B I T2 (Sun%$2009),
R 28 P 4 i BR] - 1) R AR T 46 1R 2 2R A
(Mao%52009; Chen%52004). AT ECNHT
Z PP BT, FEIS AN BCR, BlnyaTT
SRR B 2% g BUE S5 AR AR 2 R, 09T
) kR 85O0 LS, R Ml S B AR, 4 1)
Ji98 A4 12 (Huang2%2010) .
3.2 S5AEEYF ENNA

B T AR N —FhBRST S T DLE B % B AP,
AAEEY S FWE T2 R R AR
WO g K E RV, SRHE ) A EU RS AR
AT R AR AR B R A, o 3 A A
2 B AT e E R AR G L 0 S RE R R
e (R4 AF2007; DongZ52003; IrvineZ52004), &
AR AR B HERE, I T {E R gtk 2457
PR B RE
3.2.1 EMER

T 5 R0 L 458 R A 2 R R AR K AN A3 A 1) B
BRSNSt R 10% 6 ) Bk 4 sz 3T
ORI ER R A, A ERYE E N L. Bt
b0 S 8 o 5 5 R T A AR A ) A
Z (Bray%:2000), 51 50 5 S0 HE YA M
ACLRI 2, 5] G 5] e 248 L 7K R 454X 452473 (Bartels
FSunkar 2005). B 7> TAEVF KR E, AMITF]
FH % B DR AR SR 5 B P 38 0 1 42 b ol (R i 94
HA[E—2010) . AEPIL T Hhib 1 3] 22 Fh L D (1

Z 5, MATEFPENE T RZEEORER. W
3532 VR = D 1A B E TR . L 4R A 45349 T A
RIER S, By DABL R I ShAL 0 ¥0 R b ) A B A=
FAN K (Zha 20015 X FRATZE 2220065 J3 6 B <5
2009). H b, B 070 AT U F AL A= 1
PLRM SR EFEY . FADRS SHED PR
R0, R4 m R AR B R
LR — i, BYRTHES/KRE
J&i, AT DA RR SR i S SO R A0, 52 2RI
L BRI T K #(XuFE2013) . 3L W] LA
A KAE T R B B R N s S K,
T 45 BV HRAR S A 1 7 B A N B8 1 1
By b B K ZE T L JkE e ek 7 (Xie552014; Zengs
2013; Zhu 2001). 7EARMHIF R FIFH & S K58
PPN R 6E 77, MVFR— R E . B H
ZHMTFBL
322 mMEEEME

BEE R = SRR BT R, WiiiE e, i5K
A Y, E < 8 oxof b 3 R K AR (1) 35 G bk ok Bk
H, EVEEFEBRNESERERRAERE S,
S HKME. L3 ARG, JEES D
(SRR SRR AR A Ak b, E I B B K Bh RN
N (P HERMILIRE2003). HAT, HHEG 5
TR B TREBE . B R
KEWERE . RZHEETFRESREK. WA
18, JCH R A =15 G B bR AR 0 R AR B 2 — I
W DIFERS L FE o BIF 70 R ALK RT DA S A A7 5t
HEYR M, W0 B BT IR, %
IR R A () B3 55 38 AT IR B 4 Ok 4 R ) AL
T, 4ERFREAE BRI T e T 4k 2L A7 (Cuiss
2013, 2014; Chen:2014). JNHEHT TR A S S5HEY
Pt 4 8 3B 1 2 T L, R & S K AL B R A
IEHPUA BFY R 1, #0ok 8RS
4 T PR U AR AR A R
3.2.3 HifRHRE

RAEYD T HE A RAE VD™ 1 = 2R, 78
P A= B SRR AR R E . A
EE AR, HRRE AR R T8 8 Bf
o HERE R RAEY R R, B ER T
PUBREF . Pl PURREREEDKRE . Bk, 1R
1o KGR A, HHEs 2 iz




148 T A P22 IR

FA A P (James 2013), B ARFRL B RVEY)
TERELE Ty A L, anisb A& 2548 FH (Luds2012),
{EL 2 5 DR 0 BB 1R 52 M AN 25 R0, e B TR
VEVINT AR AS IR I 52 M gk 52 21 )32 B Sy (B A A
T 5iaF2002; X1 5 A52012) . ASAE N — RO
Z50 72 53SA. JARETH LK PR B E15
S, B K AT I N IR e 2 ST R B R 1)
S, HNREAS T B A0 2 2|JAFIETIR 20 (Zeng
262013), X TR SR AT Rl I RS 5 ™
25 1 B AR HCAE 0 AR A2 e F0 R R . A
XTI B A R E R R U, R A K b
FE )8 0P U B ) R R R B, HEE S
1T. R, BFHERANHFAASS S5EWHUR R
FEMBES S P, WA SIENES S TIE
PO R EHEH
3.2.4 HibrTEERR A

BT DL B LRSI A, SR AT R R B
AR . Fln, ES S 5 RE, HPEiE
FH Aok AT T 98 2% 5 A6 PR R 1, 8 00 5 s [R] (Su
2:2014), 5 A K bl &M 5 5 A T2 1N AT
Hto AARMIPUEARE R AT T 1 PR i El A7
(Hug2014), A5 LT LE. WHKRHE, BT
(IS A= iy S e e R WO NS S S ST
BIVEIT RCR, R VE ] DU R M R T K = i
FRAE, K Al NSNS B T s Rk
B, B m R T, XK A b
WAR KIS 8 E SO RAIED AT
FEBE, TTREXHED P A R MR, feisb Ak
ZifE A
3.2.5 EFAESKIMKERS

TEAR KA A =53 T, AR N E
AR 2 A% F T B A P HEPTE F a RE g, T
MM AEKMKE, EREREE®ES M.
DR ARG G T A A EER . fHE
ZUKTTREE — MR (E 21T SO R AL NTF
B s SR SR 0 45 SRR ), A
P R ANIEPUIEFE R 1) 5O\, FH Bl 3 35 DR R AR SR 13
WARGWE R L, HASZEHER TIRAUE,
ER P REM RS TG, e amE
SEBRA A AU, BT RN A S ik
MR &R, LUt EFEmSEHESR,

RIAEM B EK R G 28 SRR E 5 m, A
TE A BT 75 1) B0 e BE A 22 531, it DA 7% AR B AL 4
P A HARN AR 7= B R IE B i & 1 & EK
WRIE, I8 BN AL AR
4 RE
AASNERN—F SRS TS S a2
FEr, JERE EEREA . 8L Eggid T s, A
AEEEA I TEEAROS) & EKRS HHEY)
FRAR fp3e 1T FE, (B2 ] B e PR B, A HLEAS
. EHEYPT RS, S5 RS EY ik
PROS )& &R AT S FLHI A & 12 A A i 6
i EeEAR TR T, SRR FEKROS
{102 B SR U /D 3 2 iy 3 s R P A IR . EL S
FEREPIPIT 5. HE. BEREARGH TR T,
AAEMRATTROSIE &2 £ EERATIE 2
W7 X R SRR AR A S W S S5 Y ria
JOL 25 ) B . SRR I Il RN A SR (I A
) N AZ VE LU L7 : (1) B BT 78— e E1 9
S T 3 DR P 2R 40 T S AR TR 11 [ R S
HAY SR E A B R L0UE L. ik, &2
WY PSRN ECEBE R R, T3
HAEMFEIheE. QER TR, 4555549
& REE T ABAfS 5, BN JRE S & ] %2
FIABA IR ML A JN; ROSHIF=AEREASN
SAFLH A RSB R T, (HNADPHS AL B G {7 mi
NS TR TTROSHINLE IS ANTEEE . (3)FEDT
R, ST R B R DR ) R A R A
AR R A, B BRI ANE A LB
T b R [R) B B I IR S R R R A . AR
AR HENa 1) [ M I8 SR HE P3R5, SR T Al
Na'#i8 % [ 2 HINa ShHE L FE H a0 AT 28
(4)7EHEAE 2 4 8 U T, VR RE U D 4 S A A
SRS IR, xR A K B, 78tk
T, W] REE A MW R AE N A SUE 5 1 NI R
WAE TS5 H P, R, NOSHILA L.
G)YE AR TR RFEM R M ERE. A
M, PR RENEEE SRR E R, T
MRASREAS S5KE @K, RiTESWZ5E
TSR, B EHSA JA. ET(5 5 @M%
(O AH B2, B SR U HUSE R 0 RS R
FAMLIE




X7 8 SRR e R H 149

AR RN TR, ZEEDEA T
WA . JER RS S aa R LR
FRIAITE, 5 AN A ) T 2 AR A ) A 38 1) 73 5
U5 A BARE, KA B T2 A LK
TR, AEARSRAO A, b A A 2 A
FI S S SmAEAI 52 BE, AT PR30 34 5 A i i3 A
b (AT 5 B8 R L TTRIR

SE R

PRI, 4718 —(2010). RPIHT Tl 35 7 R 0F Je i Jig. BN A% 5
N A, 29 (3): 542~549

R0 (2007). Ik SR S0 8 A A0 4 1) 43 85 B R P 9 [ 18 5.
G2 PH bR

TR, SRORUE, B 5, VREHE, INH62(2009). ShE AR X H
LA 77 A A TR R EEREE, 13 (1): 77~83

15 24(2013). hemH-Ibak R 3 1K 1% 5 3 5 A S cc 124 4E K A= 4

020 ] E T et M e 2 k53 oy = 3

ST I, B AT, RS0, XUHREE, £ 30A(2014). il e R
BTk . 2RO RS, 42 (6): 1620~1623

VEIEE, SOER, IR, JHSLAE, 57 RAN(2005). £50 VBT e
TRRE R B F AR 382 S L AEZS 4R, 16 (5): 971~ 976

EER, iR, B43%2003). ByERxHEY <Lz sh a1
. R A AR, 39 (3): 262~266

XESF, ERD, B, FEUI(2010). S0 RIBLAR br - 3 3k
YRR £ R M R . N S IR BRI, 16 (4):
515~518

KUK, 2525(2006). 5 K7 5 R0 VR S0t J . AP R 08
7, 22 (4): 61~65

KB P, FRA, B, HRESC, JiH(2012). HEHE R /K AR HE PRI
RAEGERFRR. PSR, 23 (6): 1713~1720

DHRES, TLIRE (2003). REVIRT 58 WSR2 A A 2 R,
20 (1): 59~66

IR, TN, ZRURIEQ2004). A AEFE . AT SRR kL

JER, BT, mth R, LT, BAEAe, S 2009). MR
AAREE AW FE ik Jg. 22 B2, 29 (1): 166~173

FH(2012). #hhie T BN WS6XT /N RIS & K A AL
B FE A - 1830, P 22 PEAE R

B, T 50 TA(2002). W] T 5 B IRURI S RS e, HR LA R
R, 4 (4): 10~15

SR, B, WS, VP AQ2007). G [FeFe| S ALEY. £+
R, 17 (6): 89~91

FRF5, T AE(2006). A< AP H ZHE TR . o E A TR A
&, 26 (10): 88~92

WS 5, BRAEEHT, Wil (1995). Cdis Yl M BA AL IS, &
VIR AR, 14 (5): 193~197

ke, BOCHE, skORMB(2001). FAK S A fE S 0 55 4
PpaEiEIn, 37 (2): 149~154

ML, IR (1985). SEERIHR A & 8 LR R IR IR, R AR
PEAER, 11 (4): 357~365

TR S, % B, BFEAE2008). e FEMMMEESHS. &
PRI, 19 (3): 468~471

AAWKHE(2008). HEDLINIRNT 5B EAE 5 RN S 1 5. 2B
2,33 (3): 7~8

e, R I, SRR, 4L, TR, TN 22, FIZL T2002). He''\
Cu™ [Pl T2 22 (RIP I R GBI B . S A 5 3 855 A 4 2
. 8 (3): 250~254

JEER, MR, B, AR, R, B EER(20006). Y
T HURIBT TR . i R IR 2k (A AR ERE AR, 15 (2):
169~175

Bartels D, Sunkar R (2005). Drought and salt tolerance in plants. Crit
Rev Plant Sci, 24 (1): 23~58

Beligni MV, Lamattina L (1999). Is nitric oxide toxic or protective?
Trends Plant Sci, 4: 299~300

Bestwick CS, Bennett MH, Mansfield JW (1995). Hrp mutant of
Pseudomonas syringae pv. phaseolicola induces cell wall alter-
ations but not membrane damage leading to the hypersensitive
reaction in lettuce. Plant Physiol, 108: 503~516

Boichenko EA (1947). Hydrogenase from isolated chloroplasts. Bio-
khimiya, 12: 153~162

Bray, EA, Bailey-Serres J, Weretilnyk E (2000). Responses to abiotic
stresses. In: Gruissem W, Buchnnan B, Jones R (eds). Biochem-
istry and Molecular Biology of Plants. American Society of Plant
Physiologists, Rockville, MD, 1158~1249

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,O, synthesis. Plant J, 45: 113~122

Brown I, Trethowan J, Kerry M, Mansfield J, Bolwell GP (1998).
Localization of components of the oxidative cross-linking of
glycoproteins and of callose synthesis in papillae formed during
the interaction between non-pathogenic strains of Xanthomo-
nas campestris and French bean mesophyll cells. Plant J, 15:
333~343

Casterline JL, Barnett NM (1982). Cadmium-binding components in
soybean plant. Plant Physiol, 69: 1004~1007

Chen M, Cui W, Zhu K, Xie Y, Zhang C, Shen W (2014). Hydro-
gen-rich water alleviates aluminum-induced inhibition of root
elongation in alfalfa via decreasing nitric oxide production. J
Hazard Mater, 267: 40~47

Chen XL, Zhang Q, Zhao R, Medford RM (2004). Superoxide, H,0,,
and iron are required for TNF-alpha-induced MCP-1 gene ex-
pression in endothelial cells: role of Racl and NADPH oxidase.
Am ] Physiol Heart Circ Physiol, 286: 1001~1007

Cho UH, Park JO (2000). Mercury-induced oxidative stress in tomato
seedlings. Plant Sci, 156: 1~9

Choi J, Lee J, Kim K, Cho M, Ryu H, An G, Hwang I (2012). Func-




150 T A P )

tional identification of OsHk6 as a homotypic cytokinin receptor
in rice with preferential affinity for iP. Plant Cell Physiol, 53:
1334~1343

Creelman RA, Mullet JE (1997). Oligosaccharins, brassinolides, and
jasmonates: nontraditional regulators of plant growth, develop-
ment, and gene expression. Plant Cell, 9: 1211~1223

Cui W, Fang P, Zhu K, Mao Y, Gao C, Xie Y, Wang J, Shen W (2014).
Hydrogen-rich water confers plant tolerance to mercury toxicity
in alfalfa seedlings. Ecotox Environ Safe, 105: 103~111

Cui W, Gao C, Fang P, Lin G, Shen W (2013). Alleviation of cadmium
toxicity in Medicago sativa by hydrogen-rich water. J Hazard
Mater, 260: 715~724

Das D, Khanna N, Veziroglu TN (2008). Recent developments in bio-
logical hydrogen production processes. Chem Ind Chem Eng Q,
14 (2): 57~67

Davletova S, Rizhsky L, Liang H, Shenggiang Z, Oliver DJ, Coutu
J, Shulaev V, Schlauch K, Mittler R (2005). Cytosolic ascorbate
peroxidase 1 is a central component of the reactive oxygen gene
network of Arabidopsis. Plant Cell, 17: 268~281

Delhaize E, Ryan PR (1995). Aluminum toxicity and tolerance in
plants. Plant Physiol, 107: 315~321

Dharmasiri N, Dharmasiri S, Estelle M (2005). The F-box protein
TIR1 is an auxin receptor. Nature, 435: 441~445

Dodds PN, Rathjen JP (2010). Plant immunity: towards an integrat-
ed view of plant-pathogen interactions. Nat Rev Genet, 11 (8):
539~548

Dong ZM, Wu L, Kettlewell B, Caldwell CD, Layzell DB (2003).
Hydrogen fertilization of soils — is this a benefit of legumes in
rotation? Plant Cell Environ, 26: 1875~1879

Dutta D, De D, Chaudhuri S, Bhattacharya SK (2005). Hydrogen pro-
duction by Cyanobacteria. Microb Cell Fact, 4: 36

Ernst WHO, Nelissen HIM, Bookum WMT (2000). Combination tox-
icology of metal-enriched soils: physiological responses of a Zn-
and Cd-resistant ecotype of Silene vulgaris on polymetallic soils.
Environ Exp Bot, 43: 55~71

Eroglu E, Melis A (2011). Photobiological hydrogen production:
recent advances and state of the art. Bioresource Technol, 102:
8403~8413

Felton GW, Korth KL (2000). Trade-offs between pathogen and herbi-
vore resistance. Curr Opin Plant Biol, 3 (4): 309~314

Forestier M, King P, Zhang L, Posewitz M, Schwarzer S, Happe T,
Ghirardi ML, Seibert M (2003). Expression of two [Fe]-hydro-
genases in Chlamydomonas reinhardtii under anaerobic condi-
tions. Eur J Biochem, 270: 2750~2758

Fu ZQ, Yan S, Saleh A, Wang W, Ruble J, Oka N, Mohan R, Spoel
SH, Tada Y, Zheng N, Dong XN (2012). NPR3 and NPR4 are
receptors for the immune signal salicylic acid in plants. Nature,
486: 228~232

Gaffron H (1939). Reduction of carbon dioxide with molecular hydro-
gen in green algae. Nature, 143: 204~205

Gaffron H, Rubin J (1942). Fermentative and photochemical produc-
tion of hydrogen in algae. J Gen Physiol, 26: 219~240

Gao S, Ou-yang C, Tang L, Zhu JQ, Xu Y, Wang SH, Chen F (2010).
Growth and antioxidant responses in Jatropha curcas seedling
exposed to mercury toxicity. J] Hazard Mater, 18: 2591~2597

Gest H, Kamen MD (1949). Photochemical production of molecular
hydrogen by growing cultures of photosynthetic bacteria. Studies
on the metabolism of photosynthetic bacteria IV. J Bacteriol, 58:
239~245

Hao LH, Wang WX, Chen C, Wang YF, Liu T, Li X, Shang ZL (2012).
Extracellular ATP promotes stomatal opening of Arabidopsis
thaliana through heterotrimeric G protein o subunit and reactive
oxygen species. Mol Plant, 5: 852~864

Hatchikian EC, Forget N, Fernandez VM, Williams R, Cammack R
(1992). Further characterization of the [Fe]-hydrogenase from
Desulfovibrio desulfuricans ATCC 7757. Eur J Biochem, 203:
357~366

He H, Zhan J, He L, Gu M (2012). Nitric oxide signaling in aluminum
stress in plants. Protoplasma, 249: 483~492

Hong Y, Chen S, Zhang JM (2010). Hydrogen as a selective antiox-
idant: a review of clinical and experimental studies. J Int Med
Res, 38 (6): 1893~1903

Hu HL, Li PX, Wang YN, Gu RX (2014). Hydrogen-rich water delays
postharvest ripening and senescence of kiwifruit. Food Chem,
156: 100~109

Huang CS, Kawamura T, Toyoda Y, Nakao A (2010). Recent advances
in hydrogen research as a therapeutic medical gas. Free Radic
Res, 44: 971~982

Irvine P, Smith M, Dong ZM (2004). Hydrogen fertilizer: bacteria or
fungi? Acta Hort, 631: 239~242

James C (2013). Global Status of Commercialized Biotech/GM Crops:
2013. ISAAA Brief, Ithaca, NY

Jin Q, Zhu K, Cui W, Xie Y, Han B, Shen W (2013). Hydrogen gas
acts as a novel bioactive molecule in enhancing plant tolerance
to paraquat-induced oxidative stress via the modulation of heme
oxygenase-1 signalling system. Plant Cell Environ, 36: 956~969

Kajiyama S, Hasegawa G, Asano M, Hosoda H, Fukui M, Nakamura
N, Kitawaki J, Imai S, Nakano K, Ohta M et al (2008). Supple-
mentation of hydrogen-rich water improves lipid and glucose
metabolism in patients with type 2 diabetes or impaired glucose
tolerance. Nutr Res, 28: 137~143

Kim DH, Kim MS (2011). Hydrogenases for biological hydrogen pro-
duction. Bioresource Technol, 102 (18): 8423~8431

Kim H, Hwang H, Hong JW, Lee YN, Ahn IP, Yoon IS, Yoo SD, Lee S,
Lee SC, Kim BG (2012). A rice orthologue of the ABA receptor,
OsPYL/RCARS, is a positive regulator of the ABA signal trans-




X7 8 SRR e R H 151

duction pathway in seed germination and early seedling growth.
J Exp Bot, 63: 1013~1024

Kochian LV (1995). Cellular mechanisms of aluminum toxicity and
resistance in plants. Annu Rev Plant Physiol Plant Mol Biol, 46:
237~260

Kunkel BN, Brooks DM (2002). Cross talk between signaling path-
ways in pathogen defense. Curr Opin Plant Biol, 5: 325~331

Leckie CP, Mcainsh MR, Allen GJ, Sanders D, Hetherington AM
(1998). Abscisic acid-induced stomatal closure mediated
by cyclic ADP-ribose. Proc Natl Acad Sci USA, 95 (26):
15837~15842

Lecourieux D, Ranjeva R, Pugin A (2006). Calcium in plant de-
fence-signaling pathways. New Phytol, 171: 249~269

Li L, Li C, Howe GA (2001). Genetic analysis of wound signaling in
tomato. Evidence for a dual role of jasmonic acid in defense and
female fertility. Plant Physiol, 127: 1414~1417

LuY, Wu K, Jiang Y, Guo Y, Desneux N (2012). Widespread adoption
of Bt cotton and insecticide decrease promotes biocontrol ser-
vices. Nature, 487: 362~365

Maione TE, Gibbs M (1986). Hydrogenase-mediated activities in iso-
lated chloroplasts of Chlamydomonas reinhardii. Plant Physiol,
80: 360~363

Mao YF, Zheng XF, Cai JM, You XM, Deng XM, Zhang JH, Jiang
L, Sun XJ (2009). Hydrogen-rich saline reduces lung injury in-
duced by intestinal ischemia/reperfusion in rats. Biochem Bioph
Res Commun, 381: 602~605

Melis A, Melnicki MR (2006). Integrated biological hydrogen produc-
tion. Int J Hydrogen Energ, 31: 1563~1573

Meyer J, Kelley BC, Vignais PM (1978). Effect of light on nitroge-
nase function and synthesis in Rhodopseudomonas capsulata. J
Bacteriol, 136 (1): 201~208

Mishina TE, Zeier J (2007). Pathogen-associated molecular pattern
recognition rather than development of tissue necrosis contrib-
utes to bacterial induction of systemic acquired resistance in
Arabidopsis. Plant J, 50: 500~513

Munns R, Tester M (2008). Mechanisms of salinity tolerance. Annu
Rev Plant Biol, 59: 651~681

Nishizono H (1987). The role of the root cell wall in the heavy metal
tolerance of Athyrium yokoscense. Plant Soil, 101: 15~20

Ohsawa I, Ishikawa M, Takahashi K, Watanabe M, Nishimaki K,
Yamagata K, Katsura K, Katayama Y, Asoh S, Ohta S (2007).
Hydrogen acts as a therapeutic antioxidant by selectively reduc-
ing cytotoxic oxygen radicals. Nat Med, 13: 688~694

Parry G, Calderon-Villalobos LI, Prigge M, Peret B, Dharmasiri S,
Itoh H, Lechner E, Gray WM, Bennett M, Estelle M (2009).
Complex regulation of the TIR1/AFB family of auxin receptors.
Proc Natl Acad Sci USA, 106: 22540~22545

Renwick GM, Giumarro C, Siegel SM (1964). Hydrogen metabolism

in higher plants. Plant Physiol, 39 (3): 303~306

Reymond P, Farmer EE (1998). Jasmonate and salicylate as global
signals for defense gene expression. Curr Opin Plant Biol, 1:
404~411

Rock CD, Ng PPF (1999). Dominant Wilty mutants of Zea mays (po-
aceae) are not impaired in abscisic acid percept ion or metabo-
lism. Am J Bot, 86: 1796~1800

Ryals JA, Neuenschwander UH, Willits MG, Molina A, Steiner H,
Hunt MD (1996). Systemic acquired resistance. Plant Cell, 8:
1809~1819

Sakurai H, Masukawa H (2008). Promoting R & D in photobiological
hydrogen production utilizing mariculture-raised cyanobacteria.
Mar Biotechnol, 9: 128~145

Schmelz EA, LeClere S, Carroll MJ, Alborn HT, Teal PE (2007).
Cowpea chloroplastic ATP synthase is the source of multiple
plant defense elicitors during insect herbivory. Plant Physiol,
144: 793~805

Sharma SS, Dietz KJ (2009). The relationship between metal toxicity
and cellular redox imbalance. Trends Plant Sci, 14 (1): 43~50

Shi H, Ishitani M, Kim C, Zhu JK (2000). The Arabidopsis thaliana
salt tolerance gene SOS! encodes a putative Na'/H' antiporter.
Proc Natl Acad Sci USA, 97: 6896~6901

Shima S, Pilak O, Vogt S, Schick M, Stagni MS, Meyer-Klaucke W,
Warkentin E, Thauer RK, Ermler U (2008). The crystal structure
of [Fe]-hydrogenase reveals the geometry of the active site. Sci-
ence, 321: 572~575

Shimada A, Ueguchi-Tanaka M, Nakatsu T, Nakajima M, Naoe Y,
Ohmiya H, Kato H, Matsuoka M (2008). Structural basis for gib-
berellin recognition by its receptor GID1. Nature, 456: 520~523

Skibbe M, Qu N, Galis I, Baldwin IT (2008). Induced plant defenses
in the natural environment: Nicotiana attenuata WRKY3 and
WRKY6 coordinate responses to herbivory. Plant Cell, 20:
1984~2000

Su N, Wu Q, Liu Y, Cai J, Shen W, Xia K, Cui J (2014). Hydro-
gen-rich water reestablishes ROS homeostasis but exerts differ-
ential effects on anthocyanin synthesis in two varieties of radish
sprouts under UV-A irradiation. J Agric Food Chem, 62 (27):
6454~6462

Sun Q, Kang Z, Cai J, Liu W, Liu Y, Zhang JH, Denoble PJ, Tao
H, Sun X (2009). Hydrogen-rich saline protects myocardium
against ischemia/reperfusion injury in rats. Exp Biol Med (May-
wood), 234: 1212~1219

Tamagnini P, Axelsson R, Lindberg P, Oxelfelt F, Wiinschiers R,
Lindblad P (2002). Hydrogenases and hydrogen metabolism of
cyanobacteria. Microbiol Mol Biol Rev, 66 (1): 1~20

Tsuda K, Sato M, Glazebrook J, Cohen JD, Katagiri F (2008). Inter-
play between MAMP triggered and SA-mediated defense re-
sponses. Plant J, 53 (5): 763~775




152 T A P )

Wang J, Feng X, Anderson CWN, Xing Y, Shang L (2012). Remedi-
ation of mercury contaminated sites. J Hazard Mater, 221~222:
1~18

Wau J, Baldwin IT (2010). New insights into plant responses to the
attack from insect herbivores. Annu Rev Genet, 44: 1~24

Wau J, Hettenhausen C, Meldau S, Baldwin IT (2007). Herbivory rap-
idly activates MAPK signaling in attacked and unattacked leaf
regions but not between leaves of Nicotiana attenuata. Plant
Cell, 19: 1096~1122

Xie K, Yu'Y, Pei Y, Hou L, Chen S, Xiong L, Wang G (2010). Protec-
tive effects of hydrogen gas on murine polymicrobial sepsis via
reducing oxidative stress and HMGBI release. Shock, 34: 90~97

Xie YJ, Mao Y, Lai DW, Zhang W, Shen WB (2012). H, enhances
arabidopsis salt tolerance by manipulating ZAT10/12-mediated
antioxidant defence and controlling sodium exclusion. PLoS
ONE, 7 (11): ¢49800

Xie YJ, Mao Y, Zhang W, Lai DW, Wang QY, Shen WB (2014).

Reactive oxygen species-dependent nitric oxide production con-
tributes to hydrogen-promoted stomatal closure in Arabidopsis.
Plant Physiol, 165 (2): 759~773

Xu S, Zhu S8, Jiang YL, Wang N, Wang R, Shen WB, Yang J (2013).
Hydrogen-rich water alleviates salt stress in rice during seed ger-
mination. Plant Soil, 370 (1-2): 47~57

Yan J, Tsuichihara N, Etoh T, Iwai S (2007). Reactive oxygen spe-
cies and nitric oxide are involved in ABA inhibition of stomatal
opening. Plant Cell Environ, 30: 1320~1325

Yau CP, Wang L, Yu M, Zee SY, Yip WK (2004). Differential expres-
sion of three genes encoding an ethylene receptor in rice during
development, and in response to indole-3-acetic acid and silver
ions. J Exp Bot, 55: 547~556

Zeng JQ, Zhang MY, Sun XJ (2013). Molecular hydrogen is involved
in phytohormone signaling and stress responses in plants. PLoS
ONE, 8 (8): €71038

Zhu JK (2001). Plant salt tolerance. Trends Plant Sci, 6: 66~71




