Korean J. Soil Sci. Fert. Vol.51, No.2, pp.90-100, 2018

Korean Journal of Soil Science and Fertilizer

Article

https://doi.org/10.7745/KJSSF.2018.51.2.090
pISSN : 0367-6315 eISSN : 2288-2162

Effect of Ascorbate on the Arsenic Uptake, ROS-scavenging
Capacity, and Antioxidant Homeostasis in Rice

Ha-il Jung, Myung-Suk Kong, Mi-Jin Chae, Eun-Jin Lee, Goo-Bok Jung, and Yoo-Hak Kim=*
Division of Soil and Fertilizer, National Institute of Agricultural Science, RDA, Wanju 55365, Republic of Korea

*Corresponding author: kim.yoohak(@korea.kr
i1 J -

Received: March 12,2018
Revised: May 9, 2018
Accepted: May 10, 2018

ABSTRACT

Environmental pollution with arsenic (As) in croplands causes agricultural and health problems worldwide.
Rice is an important crop in South Korea, and many studies have evaluated the relationship between As and
glutathione (GSH) to alleviate As uptake from the soil into plants. However, information about the
relationship between As and ascorbate (AsA) in rice seedlings is still limited with regard to As phytotoxicity.
We therefore investigated changes in reactive oxygen species (ROS) and antioxidant levels in rice (Oryza
sativa L. cv ‘Dasan’) seedlings with toxic As and/or AsA application. The exposure of rice seedlings to 15 uM
As inhibited plant growth and resulted in increased contents of superoxide, hydrogen peroxide, and
malondialdehyde, and induced As uptake by the roots and leaves. Application of AsA to As-exposed
seedlings ameliorated As-induced oxidative stress by enhancing the capacity of AsA-GSH cycle in applied
plants and increasing As transfer from the roots to leaves. These results suggest that AsA application
alleviated As-induced oxidative damage by maintaining sufficient levels of AsA and GSH.
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Effect of ascorbate (AsA) application on the arsenic (As) content (A) and As-transfer factor (B)
between root to shoot of rice plants grown in the 15 uM arsenic (As)-treated hydroponics with or
without AsA (250 and 500 mg kg ') applications at the four-leaf stage.
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Introduction

Ay

ot AAstet mAISh= B A9 5 A 8ol HlA e B2 ST A P AR Aol F7g 219l <
TS 7138 Hatopzt, Holapao] 27 ol ARt QIe] AR S 1Skl It (Galiulin et al., 2001;
Nagajyoti et al., 2010; Jan et al., 2015; Jung et al., 2015).

ALEA] HlellA Hlae diizRgel 583t 7153 dd2 99che 84 e 9] Fal447] (sulthydryl
group, -SH) 2] X122l oF9} Ti= wetA |71 0 24 of 2] Tl A =9] 753 #|otA|d et ofu]2} superoxide =©]
2 2tz (0, 7), A (H,0,) B 47| 252 (hydroxyl radical, OH ) 58] 444 (reactive oxygen
species, ROS)S TAYAIA A E WollA] A ATbatels -frsho 24 Al zuks mhafstal Z=fofli= A S APEAZICH
(Meharg and Hartley-Whitaker, 2002; Dave et al., 2013; Jung et al., 2015).

H|A54d 0 2 Qlsto] HAE = E/d4tagE52 AlE ol S = o] A9 7] é’%‘?_ ks, T,
ZH} 2l SHARO] AUGHAL-S S| Bt ol gt AL} (redox) @A -GAloll B A Q] IRk 7] 2| B AT
201 AA|71'5-2 7| A5Fstct (Singh and Agrawal, 2010; Singh et al., 2013; Petrov et al., 2015). 12 X7t 222

W]2:0) T B4 20 2 SRS A5 AEUAS ohe} E Aol iste] ey el Aeteld T
SIAAHLS 7FE5t, o9 /498 =-E5lalAt St} (Piotrowska et al., 2009; Ahammed et al., 2013; Jung et al.,

2015). Blo] Sfal TS A¥Ya AEa 479} A5 81 b A A 5 7] Mol ofg) o] 2oz
o}, AR = AR A (superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), ascorbate peroxidase
(APX), glutathione reductase (GR))l| 2I3F § 42| Q1 {PH v} E4= F415}HA (ascorbate (AsA), glutathione (GSH))
o ol WA WS F15 EE 2Hsle] A ol T)oR ST IAE 470 ol8al Aok

(Shekhawat et al., 2010; Foyer and Noctor, 2011).

H] 40| sl e Hli= B/ditA-F Aol High Atelas: B H e 4291 GSHO| A} 7]5-2 ThfRt AlE2 o
ot o] AFES Fotod & Y= AT (Srivastava et al., 2010; Singh et al., 2015), G340 oJs]] HAYE
AR AEYIA 737, Abe st d, Ml EF7), Al g7 B /0% DNA B4 5ol Toloh= AsAS] 7|5 o
&2 oFA e A7} m|RIRE JRoItt (Luwe, 1996; Akram et al., 2017). &2 A&52] HhRt ﬂﬁ*EE] (s
Foll, -2, A2 5)oll 285 AsA ITARIE 51 AsA7HIBE] AEFA 948} T= AA of| ul9- -3t 753t}
A2 ol Ylrh= ZS Akram et al. (2017)2 T4 0|2 AIAA] 0 & A2fsto] HATse{th °V‘]'ﬂi7é o
SHLERI AsAZ} of=] 2FE A~

2o 711t AtefAEd| 2 ehobA| =4 v o] 8E AL QlZole E6kal, WA

/30 AsA ] 3o A gl iRt At oFAE mHlRE gEfefl L
THEA 2 e HA e FR]0A Bl o] A2=4731hE fIrt A2 IAE BAsta Al AsA 2 8ol hE H]aAdo]

o B

7SI, W27} ol She AR A ke S e 2 s o] S 2AIe o) Eale] vl
QARG AsAS] AR o] MO T HAH B4 Qlto] WA ABEA Z el Hio] 22
o185k Hl4 0 A= ake] Aslo]
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Materials and Methods

A-AME o SRS 70% &&= 227 Hafoll, SR of2] AR o2, 2 mL L 598 At Al
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(8% ipconazole) -SHN 4] 48|17t FoF HHAARE & SH4E FALE $Hds] et Ade SRS 30°C oA
48117 2 W oA Y] & FUSH AR 2.0 719 - HE AHsto] o & ARl EefAE I E (12704)
FEE)o] o]AstLt. o]52] ZetkAE EE (30 x 25 x 15 cm, 0.075 m* XA ¥ Afufjof] 2gst =74l (1 mM
NH4NOs, 0.6 mM NaH,PO,*H,0, 0.3 mM K,SO,, 0.2 mM CaCl,, 0.4 mM MgCl,*6H;0, 45 uM Fe-EDTA, 50 uM
H,BOs, 9 tM MnClo*4H,0, 0.3 tM CuSO;+5H,0, 0.7 uM ZnSO4+7H,0, 0.1 uM NasMoOs+2H,0, pH 5.6) 9 L2
A3, pHE 5.6 02 A5 (Kamachi et al., 1991; Jung et al., 2017). A13goll 4] =0 Ht-2- I 30/25°C,
FHELE 60/80% 2 2EEE FelA (s et oli 4 A7 ASAR A2 2 e Al
= o] =T Jung et al. (2015)°] 2lof AAH H AL AAE 21t HIA (As, NaAsO,) 24530 15 uM
3} 1] 7 A 2] A] ascorbate (AsA)°l| 2]5] SFallE 2 FERHA] $-2 5221 250~500 mg kg™ AsAE & A5 $I9t
292 T = A5t wLsHA Al 459712 ¥ FHell 15 pM AsE -§AVTEI = 2 2]ekal, SA]of 2
mL L A48 A2 (10% polyoxy ethylene alkyl arylther®}20% sodiumligno sulfonate)”F &4 250 2 500 mg
kg' ASAE 1,000 L ha'! F-7eF0 2 ol A=|oct. ZH Al A7) $ 1490 27, AV AEF, Hal(Ast
) 225, 2180l AR SRRt AL, Ae] W e 248 f1sto] AlEAE AFlstaltt. 1 AHFE
A=A et ol o= Felotal, 71| RO E 100 mg&-S E-tubed] Fol A AAR F4 5 HAIX] Th, -80°C

25 T1o] Hstc

1o

MER| W HIASEF M SA3EE o 49719 15 uM As =250 2 500 mg kg ASA S A4 25t
a1, 14 o) A EAIE B9 (B, 9)E o] Belste] 5B Jk S5 AFSse] Al2SH ok, 80°ColA] ¢F

Digestion System (ODLAB Co., Ltd. Seoul, Korea)= ©]-85F5937, 200 mg SZ A= ol 14 mL ZARS Y31 ARES)
G232 9J 4] (No. 40, Whatman, Buckinghamshire, UK)°A E<eE2 AT thg, fr=detaat=nt d3F
BX7] AICP-MS, Agilent 7900, Agilent Technologies Inc., Santa Clara, CA, USA)°IA AsSFe =451t}

SUAED XIFBSE 24 Superoxide =012 2 (superoxide anion radical, O, ) R Elstner
and Heupel (1976)°1] 180 7/ 42 ol 5te] 24515k ABAIE Spapdte] 9t Az 345] 52
A2 &, ujhlEto] B2 npajlel ok, Al Zof| 1 mL2] 50 mM K-phosphate buffer (pH 7.8)5 21! & 514 73t
1 S 4°CollA 12,000 rpme] HEE 1027 ARSI 200 uLeo] AN 50 pLef 10 mM
hydroxylamine hydrochloride 712t ¥, 25°Col A 6027} ¥hg-AI T, 1 9HA 2 100 wL2] 1% sulfanilamide
7100 uL 2] 7 mM napthylamine & Fo] 22 ¥ES 018 A1} 0, 3RS 530 nmol A BT o @ =4
5917, HE NaNO, 3] 9Z4-S AFEsio] Aito] o] &8k

THISIG4: (hydrogen peroxide, H;0;) T Jana and Choudhuri (1982)°] €15l 11l 1€ o1 gfel 24
AR S O, TR S FIo) HER AR 200 pL ] 2l 20% HoS0410.1% TiCly7H-E3H
w0} QL= 5HSH 200 uL F7Fet 2, 10,000 rppm 2] &5 2 3087 YAl Efot] A2 NS g P AIE o686
o] 410 nmoj|A =751 H,0, 832 0.28 uM™' em™ 2] E-E-F7|5 (molar extinction coefficient) S A}-&-5Fo] A

F3k
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A -7pAre12Rg-0] 2] H5ISHEZ Q] malondialdehyde (MDA) AA%RS: thiobarbituric acid (TBA)H# o2 =7
=]t AEAE wERpART ol H AT 20% trichloroacetic acid (TCA)©Y 0.5% TBAZ} 50Q)= 8005 5 mLL o] ulA]
g%, 20,000 go] £ = 1527 YaEsto] FANS Fekdh o] M-S 100°CollA] 25827t FR the ice
bathol| gof WZHAIZ1 &, T44] 20,000 g o] £ 2 1527 PAlEe]ste] ujato g A2 xS Hgge A2 =
etk Zr Ml 25 gl 532 nmolA SEEE S5, 600 nmollA ] FBE gho = HAsIITh
MDA /872156 mM™' em™' 0] Z58A5-E AF8-5te] 4HESI3ITT (Buege and Aust, 1978).

SHASH| M 33 ascorbate (reduced AsA), AF8H dehydroascorbate (oxidized DHA) 2 - ascorbate (2F
H% AsA + 41515 DHA) Fg-2 Law et al. (1983)°]l 2Jofl 11<HE ®H-S WEdsto] 74513l 2t A2 Al =9 &
B 525 nmolA] 715 =, B AsA SIS EESHe] Akl o853t 2HHE AsA+ AR o= 54
H 2ol AFBEINN, A5 DHA= A 02 F AsAofA] 2HUa AsAE W1l F-2 g3 o]-851itt

211 glutathione (reduced GSH)™} At} glutathione disulfide (oxidized GSSG) & % glutathione (2H3
GSH + 413} GSSG) &:& S7517| flsto], A=AlE HAAPE o Y11 AAdAg J455] FAAX 7, Al
o] B = upAfobiet, 71 A&l 1.2 mL2] 5% (w/v) S-sulfosalicylic acidE 2] GSHE| AHSME WR|A|Z AL, 11
T 2995 4°C 2] 12,000 g0 &= 1027 LIS T GSHeFE S8 9151, 200 pL 2] 47 Hell 800
uL 2] 9E-S-2H (143 mM Na-phosphate buffer (pH 7.5), 6.3 mM EDTA, 0.22 mM nicotinamide adenine dinucleotide
phosphate (NADPH))= 2-2 5 100 pL 2] 6 mM 5,5-dithiobis-2-nitrobenzoic acid (DTNB)E 3d7Foto] 25 kg
oBS ZABFALE B 7HAIE €151 0.5 unite] GSH 2H4 8 4> (GSH reductase) 2] 7151, 412 nmof|A] 11 52t
S o) HshE Z4slin). E5h A1et GSSGEH =742 1allA1 200 pL 2] A Hof] 4 L 2] 2-vinylpyridine S
A7} 5 EBPAR] TG, 25°COlA 6027 HESAIZIEE. Z17] Hkgele & GSHE ST U3 1S 714 &
ottt o2 FE 0] GSH Ei= GSSGO] B3] HFAS 2Hdste] Z17] A &.9] GSHEF GSSG e AFEotaitt
(Meister and Anderson, 1983).

SAXME| 2 A= Feldolx 7 A 39S el o] ufjx|ste] a¥stSint. B T|olEl o] S AR 2=
Statistical Analysis Software (SAS ver. 9.2) L& T151-& o]-85}o] 2] }—E—QEJB. (ANOVA)= AA]oliTt A8
, Hlolel= Btgl + B0k

1o
ol
A=)
r
3|
4
=
D
19
by
)
2
<
.%
7
fi
ol
&
Jo
19
o,
o
uf
il
rli‘
c
ol
_,d
l:l

stk

Results and Discussion

HIAZH0l| M2 MSYHES0| 0|X|= ascorbate (AsA)2| S Aol E 49719] B -FHol| AsS -8
FeiE H2fskar, 54101 0,250 3 500 mg ke FIE0] AsAE A2 T 14l 27, AV 2F HE =T
% ?HAYh= Fig. 13 A}, FA]2|oh vlalh W= #|2jofl A v frro] fie] 257t 4]

e

o HH

= T
A B ERRS ASISIL (Fig. 1C, D), 247} AR 7852 250 % 500 AsA A 70 BAIRl0] AsEA
ofl ofsf o7 == A AISHE LrERlT (Fig. 1A, B). 74122} Hl L As A2 9] AV A2Foll=26.3% Ad=
HAaAZ Tl 5L (Fig. 1B), 2] AE2FolA= AsAEE HIERH 7 50 AsA 73 FAE] oA TA14
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]I 2tel7} gl3ltt (Fig. 10).

A 4 B 0.40
a
44 - a 0354
42 4 L _
—_ ab 5 0.30 "
g b ab - b b
L i = —T
SR B
[
=2 2
o 38 0.20 -
2 o
- T
s 3 0.15
o 2
9 0.10 A
0.05 -
0As 15 A 15 As|
0 . : 0.00 0As .
C o.10 D ss0
a a 82.5 - a a a a
008 —~1— & a =
— S 80.0 A
(=] -
= g 775
S 0.06 €
5 S
3 o 75.0
:
3 0.04 - 2
o k)
(4 o
K=
0.02 - (2]
0 A 15 As| 0 A 15 As
0.00 S : 0.0 ald ,
Control 0 250 500 Control 0 250 500
AsA treatment (mg kg™") AsA treatment (mg kg™')

Fig. 1. Effect of ascorbate (AsA) application on the growth characteristics of rice plants grown in the 15 pM arsenic
(As)-treated hydroponics with or without AsA (250 and 500 mg kg ') applications at the four-leaf stage. Fourteen days
after treatment, plant height (A), shoot dry weight (B), root dry weight (C), and shoot water content (D) were measured.
Each data point is the mean + standard error (SE) of three replications. Means denoted by the same letter are not
significantly different at the 5% level, according to Fisher’s least significant difference (LSD) test.

12X 2 d|AsEn M0| AsA BEA | 2 224 F9H As S5 Ho] o2 Hrlsh| Slste,
As = As +250 2 500 AsA A 2] THof] AsTRS e et 9.0 2 Lo 27| § 14 of| v|u-EA 51T, Bel= A]
AR (E7] + ) HLE FolH o g U5 H‘—;-%A SRS LFERH T, AsHEF As + 250 AsA=7.2% 12|31 As + 500

AsAE=33.6% =7 As7F AEE]SITE AR 9, X|obEQl Bialel Uyke AH3Fo 2 Asof HIS] As + 250 AsAollA]
28.5% “12]31 As + 500 AsA°l A T2 41.3%7 } 1 =7 HEEAT} (Fig. 2A). A|5HES] e 2 HE] ZAHZ O] As
Zololl A AsH o] Bl As + 250 AsAH = GolA 0 2 1 28 =& Ago|E LERNE HHA, 112 AsAT A

85 As + 500 AsA+=FAIZS] 2t 7 G ME}(Fig. 2B). o= APl sl ftejol AJs] B2 As7H S =] 9l
7] Wzl A= Aol i]ﬂ W b 2o = ettt 2R[RF As=/gdol ThE AsA 280 7o BAY
| 2folE Hol7] eiatd A dit-a-o] Bufels AolotA fe] B AVFF2 0] AsZ4 ool AsA A=l adtE

SRRI = 31Tk (Figs. 1, 2). ASE_ HIES a5 A 2o S o2 Aed, B, 271, o, 1= F4

O
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Y AlEZ A R0 Wb 454 T ol Adoldt Afo| & UreRd Bt o2 of 2] BRREe] Aol o
SIA I FFS AT Itk (Fergusson, 1990; Park et al., 2009; Jung et al., 2015; Jung et al., 2016; Jung et al., 2017).

A 1200

B o.10
1100 - C—115As + 0 AsA °
= 15 As + 250 AsA & a
=~ . 15 As + 500 AsA E o008 B
< 1000 - ° b
Y 900 : % 2
> _
< E S 0.06 -
= »
£ 800 a bt
= b 3
8 75+ S 0.04 -
[ c =
_ .
S 60 3
0 45
< s i
20 - g 002
(]
15 <
15As| [15As
0 ‘ : 0.00 . .

Root Shoot 0 250 500

Rice tissue AsA treatment (mg kg'™")

Fig. 2. Effect of ascorbate (AsA) application on the arsenic (As) content (A) and As-transfer factor (B) between root to
shoot of rice plants grown in the 15 pM arsenic (As)-treated hydroponics with or without AsA (250 and 500 mg kg ")
applications at the four-leaf stage. Fourteen days after treatment, the As contents in roots and shoots were measured
via ICP-MS analysis. Each data point is the mean + standard error (SE) of three replications. Means denoted by the same
letter are not significantly different at the 5% level, according to Fisher’s least significant difference (LSD) test.

M MAZTL X[Eatitst HEE AsEA O R Qlofo] o |E = ALR ] AEYIA AL E HA S| 9151, As B
S ASAE APoE1 0, 2 H 0,3 2 A1 Fekal-g-0] 2| 5tehE A MDA A& XA As 473 4]
A G- T 14L0] FA 2]} Bl AsH 2] 0] 0," =2 FrE]ofl A 60% 12|l HellA] 51%7}
A A E 2O B, As + AsAH E}E ] HEof| A= 33~35% 18]l Qo A= 11~19%THS S AT

o= LTSRN AsA 0] 7 A= = As=/dol| o5l DAY= Atoh AEYAS Bl M= 42~45%E5 HolA] 7] 4,
Qo A= 63~78%Z A7) = TS HojF= Aulo|th (Fig. 3A).

HO0 K &3, 0, 3} Bl oz 2] of vl As A2 o] BrafollA] 54% 18] 11 QoA 66% = 27|
Z7V3e WhA, 2507} 500 AsA 74 B2 0] Ba]of A= 21-26% 12|11 Qof| A= 39-43%4HS ZTHA) 71| 113
t} (Fig. 3B).

0, " CFH0, % el vl 2] o = 2] dupitslab-g-0] 2E4E <] MDA S TRt FA]2jof Hlsl As#]2] <] Hie

of| A 1.668 18] 1 Aol 1.53u]7} o] Wol A= Qiet. TR ]9} o) mFoj A AsAHE] o i AsEA O 7
S MDAAAI SRS Go]A 0 2 vt gatE skelsllth (Fig. 3C).

AsE7E Q1M AR AER| A SARJN SYNAE (0, @FH,00) T A Ep4HeFA8-0] 25488 221 MDA
A3l Aol AsA o] A-§ v 25| LpEhdg Q1 4 I SIT (Fig. 3). Akram etal. (2017)°] 2J5f ZARE o
2] 550 485 AsA ATALEIENA BT = 2SS R PAE A S HIRS 1Y) 0] S84 (As, Cd)
0 2 Qlsto] A E]= Aok AER|A A7 0] AsAZL 523 7153} HES "o, o 59 E/d7tol AsA R}
S AAH o= Zoksto] HAlsHATY. o]} BE0] Semida et al. (2018)-2 2.0] FAA 7oA T2, AsAZ-gof 2]

o
S
g
)
> 1 0

r‘o moll
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SRR AT ATIE AISIAE TRIEE AsA HGH ] wt A
Aot ~EdA ok 0 2 ALEA|O] AEds Aakde] SRIH0] Ase] S olalle] 57t

[ Control
121 " 15As+0AsA a

BN 15 As + 250 AsA T
B 15 As + 500 AsA

8| .

0, content (ug g FW)
o
o

w

40
35
30 A
25 -
20
15 4

a
101 b b

H,0, content (nmol g FW)

O

35

30 A
25 4
20 A

15 b b

10 -

MDA production (umol g'1 FW)

Root Leaf

Rice tissue

Fig. 3. Effect of ascorbate (AsA) application on the content of superoxide (A; O, ), hydrogen peroxide (B; H,0,), and
malondialdehyde (C; MDA) of rice plants grown in the 15 uM arsenic (As)-treated hydroponics with or without AsA (250
and 500 mg kg ") applications at the four-leaf stage. Fourteen days after treatment, the contents of O, ~, H,0,, and
MDA in roots and leaves were measured. Each data point is the mean + standard error (SE) of three replications. Means
denoted by the same letter are not significantly different at the 5% level, according to Fisher's least significant
difference (LSD) test.
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As=0l E2 5 AEA| Y] AHe} 2FH]E (redox ratio)
H3}= AsA redox ratio (ascorbate (AsA)/dehydroascorbate (DHA))YERF oFL2F GSH redox ratio (glutathione
(GSH)/glutathione disulfide (GSSG))2te ¢ WHsH| AE]o]QI} (Foyer and Noctor, 2011; Farooq et al.,
2016; Jung et al., 2017). TEFA As AE#| A0 LeEH B 51 250 2 500 mg kg 5 =0] AsAE HAAE] 5 14
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Fig. 4. Effect of ascorbate (AsA) application on the content of AsA/GSH and DHA/GSSG, and the AsA/GSH redox ratio in
rice plants grown in the 15 pM arsenic (As)-treated hydroponics with or without AsA (250 and 500 mg kgf')
applications at the four-leaf stage. Fourteen days after treatment, the levels of AsA/GSH and DHA/GSSG, and the
AsA/GSH redox ratio in roots and leaves were measured. A and B, AsA and GSH content; C and D, DHA and GSSG
content; E and F, AsA/DHA and GSH/GSSG redox ratio. Each data point is the mean + standard error (SE) of three
replications. Means denoted by the same letter are not significantly different at the 5% level, according to Fisher’s least
significant difference (LSD) test.
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Uofl AsA H GSHEZ 0] 59] redox AHIE H - FAISISIT (Fig. 4). 7422} Bl et AsAH 2] 9] AsAg<e-2 5
]9} 9] REoA f-o1AQ] 2jol7t YIS0l BLakl (Fig. 4A), AsA 2] AH51 (oxidized form)Q] DHA: Bi2]o]]
A 270% 1831 QoA 193%LE ZA] 27Tt (Fig. 4C). AsAS DHARFERS: 7|4E0 & AF=5] AsA redox ratio
(AsA/DHA)E T4 2]o] vla]] Ba]of| 4] 63% 12|31 AollA] 52%2 A ZrA=| AT (Fig. 4E). TZAT AsH 2|2}
H] 325037} 500 AsA A 2] 0] AsATTERS Bajof 4] 29%} 31% 1] oAl 17%2}21% F71H2 -G Hhd
(Fig. 4A), DHA= AsA%} Hitlo] ko 2 Majof| A 41%2} 39% 12|31 JoflA] 12%2} 16%S AAAI T (Fig.
4C). As# 2] HIo AsAAZl = ATHA O 2 =2 AsAS W2 DHAE fAE0 24 & 22| (Hafet 9f) R4
AsA redox ratioZ} 240 2 = YRS 7.0 2 T (Fig. 4E).

Fxj2|e} vl AsH ] 2] GSH T GSH redox ratiot= #a]e} QoA 37| Aol -5}l (Fig. 4B,
F), GSH2] 412k Q] GSSG= ol ATt A S7Fstar Bejollk= A5 W37t 3IITh (Fig. 4D). AsA2]e] ]t
AsAA 2] 2] GSHEFoI| glof, Bali= 15 <] 500 AsA A 2lollA] fold o2 Z71gd v, 92 05|28 sk
A2 250 AsASARE SA A Aol S Btelet 4= USITt (Fig. 4B). GSSGHHE GSHE} HiTlo] o & 24
Lol A ZHASHAAT (Fig. 4D). 12 E2 AsAHE] = AsA 2] Blall =2 GSHEH -2 GSSGEHS UEPH LS.
2A, GSH redox ratio s =7 AR 4 ISS A 0 =2 ) (Fig. 4F).

o= sS40 2 Ql5to] A U] 415k He10] o] Yofo 2A WA TALF A0} 1eHE912
o GBI AsA 2 AsEA F53} = ko] Fhofahis SIS GSHO| a4 AXFHe At} pchect

(Foyer and Noctor, 2011; Farooq et al., 2016; Jung et al., 2017).

Conclusions

B A o] F9AQl AR o2 #o] H|4 AEHA Ao A BAAE, A AT T8 416l
DHA2}GSSG7F57151, B o] 3H1e a4EskA9] AsAQF GSH-S 74 Bt= sy} gl o B & A7) 2] 0] SHA el
7 Ao B A HlAEAS YERl= ATt vl Eo] H]40] §4=HolE Algteh= 2
ZAgA el wet, AsA 2ol vlsl] A o2 S AtAE, 2 dapits) T1e] 1 4F
PAFeHAQ] AsA®t GSHOl S7HE S =24 f 7T 2= o] HlAS/AdS W50l AlEA| =9 H

4 %

0.

T $99 9 B
A5 Aol ZFHSHe 2102 A2k e B E M40 FXIoI AsA Y] AR A E-L H0] Az Qlste] WAL
L 423 A 5 Gl ohtel eto] B 4 LS Zlo] 1, AR 0] g3 vl 0 E o] Yool 7154
= AARIT 1 AR As=/dof tiet AsA o] 2| gxtE els] 517] fisto] AAIR Asoll @ A oA AsA9]
At A7) S9 A7t R Ao Az
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