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Antioxidative Responses of Transgenic Tobacco Plants Expressing
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ABSTRACT Antioxidative responses of transgenic tobacco plants expressing both superoxide dismutase (SOD)
and ascorbate peroxidase (APX) in chloroplasts was investigated with several herbicides. In greenhouse test,
tolerance of SOD/APX-overexpressed tobacco (CA) to photosystem (PS) I inhibitor paraquat was increased by
about 40%. However, any response differences between CA and wild type (WT) tobacco was not observed in
a treatment with PS Il inhibitors (bromoxynil, diuron and bromacil), chlorophyll biosynthesis inhibitor
(oxyfluorfen), carotenoid biosynthesis inhibitor (fluridone) and 5-enolpyruvylshikimate-3-phosphate (EPSP)
synthase inhibitor (glyphosate). This tendency was also similar in the growth chamber test of low light
intensity, using paraquat and diuron. That is, increased antioxidant activity of CA was shown only in paraquat
treatment. When paraquat was foliar-treated to 6 to 9-leaf stage plant, the third to fourth placed leaf from shoot
tip showed relatively higher antioxidant activity. Ascorbate supplemented to paraquat solution alleviated the
phytotoxicity with a similar range in both CA and WT. In conclusion, CA specifically responded to oxidative stress
induced by paraquat among tested herbicides in a whole plant assay.
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M 2 superoxide, hydrogen peroxide, hydroxy radicals 5-©] )
o} (Bartosz 1997). 6| 5-& A E 2] 453} 27

A 5714 AEQ AT A Expol AR WHg3te] ZtE AdlE dod FEol =) " A EL
ol mebA = XA flEAlZ ME ¢ ok 4tae o5 AAT F = RHEAAE Z B 835t
A7)E AEiy AR F71E o] sEkg St wE A ATk TS ThFs 7)o e BAAATE 2AE ofd] @
d EAFS 444 4o ofof = singlet oxygen, o} &}= 3Faksl-EA 2 A} = tocopherol, ascorbic acid, caro-

tenoid, flavonoid, 7€} #l&/ 5o] o A3 a42
)= superoxide dismutase, ascorbate peroxidase, catalase,
718} 92 reductase E°] )t} (Foyer 1994; Bartosz 1997).
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e QEAT AnzddA LU 8ol ux] 2
HEA7| = AAE 220 Qlernz AAzxdA &A4k4
BATEs ol w23 FAlOl ool din|s gitel A
A7 b 2 wesel g A AxL7|Rld. 4
Az2710| A= photosystem (PS) 164 ZAIAF2 (super-
oxide)7} @o] LAE=4| o]= CwZnSOD9)| s} T4t
strAhs HEEn] XS4 ascorbate peroxidasec]]
o8l 22 A" o] Wl BelA2A ascorbate 7}
o3t A3l ascorbate 2 dehydroascorbate W&
monodehydroascorbate= Z}Z} dehydroascorbate reductase
(DHAR) X+ monodehydroascorbate reductase (MDAR)
of ]3| ascorbateZ A &Hr}. e DHAR 3o glu-
tathione 2] 2Fs}8ko] Q& o]d|= glutathione reduc-
tase®] &A3}7} Fubkgojo} vl dh} (Alscher 1997;
Asada 1999).
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(Kwon et al. 2002). @4hstr] g P23 252 A 24
o] AZ272E oldlslhe dox fF&5tA &84 & o
Hetd AzA Folle A5AE g4zt Aeste %
=°] °F 40-50% A, o]E& 27| H&Ho] AR Tt
EAGE AR AEAE FA 3= dde &84
7h 2A 71dde Ao R olFEar l7] wiEolt) (Hess
2000; Rutherford and Krieger-Liszkay 2001; Kim et al.
2002). GEA A& 7 Azr) 2| 44340t
Hoh 24 #iEo] vkl AR = B ARAEH
o]o] F@ 7]&0 2 (Hess 2000; Kim et al. 2002), 1)
PS [0 258 Az &3 st 4845 VYehliE paraquat
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g9t 98-8 3= plastoquinone #AFe] A E/d-S hydroxy-
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wheba] 2 el el A= superoxide dismutase (CuZnSOD)
9} ascorbate peroxidase (APX)7} S Ao #of TS
PR g ddeE &g 71Fo] AR & oy
Az SFEEC] T v 54 HAEFORA Hx7)%)
3 FAstAARES] Bo] 93 chemical stress WA 2HE A
2 dere] 712 Aag dux Agsick

LT
MM} AlY stE

2l (Nicotiana tabacum cv. Xanthi)& XS5 Z A&
3RS F A EA = Kwon 5 (2002)01 23 #|z2te A&
ARgEtg o1 o) CaMV 35S promoterE o] £3}o] oM
9] CuZnSOD 728k APX F-7A7F FAloll Fo] HE s
EE slglom, A4 diAL GEA FUHES A
HATk (013 CA Hulztar 3. A& e dAFE ]
paraquat (=% 97% ©]4), bromoxynil (=% 97% ©]Ah),
diuron (<% 80%), bromacil (X% 97% ©]Ah), oxyfluorfen
= 97% o]/, fluridone (£% 95% ©]7d), glyphosate
(£% 64.5%)2 AHeatgith

CA Htliel of2] x| MZHSoll thEt B

Al

Gl

H TAE SR AFsta 29 = ASAHG
F5 el g FE 557F F2 A% 9 em, E0] 8.5 cm
of| o]

AR SAEACNA 719 20 5~6m o F

ol &
sHE
B2 v hand sprayer (Wider-61, Anest-Iwata, Yoko-
hama, Japan)Z FAIE AE A stgt FAE Lol
Q1 ok AAZ/dA| Tween 200] L3HH Ao 34
ate] 9 AWl T38| 22F Attt A FA] ALE-
gd gufo| #FsEE glyphosated} PQS] 4 olAE
20%, 71E} A= o} A E 50%°] L, Tween 202] | F%
EE BT 0.1%2A 47 5EdME FE f2A 714
okokt). kAN e F AR BEe 242 (1447 3
F71, F3F BELE 30T/oRE HF2 %= 20°C)oll A A A
skalon, kAl ME] 5 597 1047 <] 0~100% FHE
(0: 3} §12, 100: A IAPo] F38le] Seto T 2ALEY
t} (Frans et al. 1986).
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93 e T oAA e stk o ET Tween 209
HEEr: 247} 20%, 0.1%9) &9 PQE 30 pM} 60
M HE2 71ek ohe, Zzke] &9 ascorbic acidE 37t
slo] HZE %57} 0.5, 5, 50 mM HE2 F5EAe 24|
3149t} ©]= hand sprayer2 ¢ Ado] 283 2EF A
Y3l AT F AT HAL A0 (14AM7%
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ot JE2A), HSAE 5 Ohgshy] mEelth & ATelMe
A& Woll Cw/ZnSOD$} APX7} FA| A 02 Tof
=g Z o AgEh 287] B A8 Alx
Ao Az7Ael o]lZo] BHH Yrhd
(WTrth CA AEA7F WAdes Vehd

PQE PS 10 2RE HAE 235t
w7 FHY) Abao) vHggto 24 SIS S
AA) 7= 3HEHE-o)T} (Babbs et al. 1989; Hess 2000). 120
M 552 HgE 245 WIsh CAzZl Mg & 594 ¢]
Z7 DA EE H)5EA R 30 M} 60 uM A2 s

ol A= CARIA 22t 16%, 35%2] AZ8A ZAito] B2H
it} (Table 1, Figure 1). Bromoxynil, bromacil, diuron
PS 119] D1 proteinol] ZgHste] AxpdDS Apehdna o
% A=A o]t} (Kim et al 2002). o]Eo] A=W PS II
Bk Z Ao A] TAE Mg 3o Avs ol HakEelst
doju}a o]0} PEA AAL B o|E0] FHE Akt
u-2-3}e singlet oxygeno] ¥A3} (Rutherford and Kri-
eger-liszkay 2001) 1 122 AEAR] Hh3-0 F supero-
xide, hydroxyl radical 5-& SHAAI7]aL Alshd eglzols
o] wtyjgltiy dc} (Fuerst and Norman 1991; Hess
2000). ©]S& AH o7 paraquat BT} AZEA L £
Tt vEAw Agdew 9o 3} (chlorosis) B X7
TAE dojyt) ey WTeF CATHY] S78d $5 &
= AEEA AR Aol M3 BEAEA F3t (Table 1,
Figure 1). 0= Cw/ZnSODS} APX7} PS 1ol A Qojrp=
As ~EHAE AZATA B3-S HolEth Fluridone
phytoene desaturase B8 Adl|ste] FtEE o] =0] Y
e odABI} (Boger 1996). 7HZE] 0] = (carotenes, Xan-
thophylls)= =3] PS [oj A 9] BAtA 24 7152 74
7] w3l (Koyama 1991), 7F2E| 0] = A7} 22l =
W A2 A GEL AAR QAFE AP Hjet ojn]
9y z2HdME AEAIR Q9 f1F DAL Dot
(Kim et al. 2004). £ 218 ¢] fluridone X2|2] 7-9-ollA %=
WT9 CAZb 2488 &5 mE Alzxdd Jro Ao
A5 AR A
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okokt} (Table 1, Figure 1). Oxyfluorfen
Q24 AYA B9 PPOE Afstol AlEuio) PPIX
peko 7 ZAA)71th. PPIXS photosensitizere] 7]
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Figure 1. Herbicidal responses and symptoms of SOD/APX-
overexpressed (CA) and wild type (WT) tobacco to several
compounds in greenhouse. A, 5 d after 11.9 1M bromacil
treatment; B, 5 d after 11.2 UM bromoxynil treatment; C, 5 d
after 35 UM diuron treatment; D, 5 d after 3.8 uM fluridone
treatment; E, 5 d after 1,480 pM glyphosate treatment; F, 5 d
after 3.8 UM oxyfluorfen treatment; G, 3 d after 61 pM paraquat
treatment.
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Table 1. Herbicidal responses of SOD/APX-overexpressed (CA) and wild type (WT) tobacco to several compounds in greenhouse

. Rate Injury % at 5 DAT Injury % at 10 DAT
Herbicides - 3
(M) Wwild type CA Wild type CA
6.0 15.042.0 10.0£2.0 125432 88413
Bromacil 11.9 62.5+4.8 57.5+7.2 62.5+7.7 60.0+3.8
23.8 100=£0.0 100+0.0 100£0.0 100-£0.0
56 163413 13.8+2.4 11.3%1.3 113+13
Bromoxvmil 112 275448 33.842.4 275425 313413
yn 22.4 82.5+6.3 82.5492 80.0+9.1 76.3+7.2
44.8 1000.0 100£0.0 100£0.0 100+0.0
17 26.5+3.8 263+3.8 32.5+4.8 30.0+4.1
Diuron 35 525425 57.5+4.8 82.546.0 90.0+4.1
52 92.5+2.5 91.3+1.3 100£0.0 1000.0
0.95 15.0+2.0 15.0+2.9 8.8+3.1 10.0+2.0
1.9 23.8+3.1 20.0+3.5 213+13 213425
Fluridone 38 40.0+2.0 47.5+48 38.8+2.5 48.8+38
7.6 613455 663124 65.0+2.9 65.0+2.0
152 70.010.0 72.5+3.2 763+1.3 80.0+4.6
185 22012 23.0+12 500132 540+2.4
Glvohosat 370 29.0+1.0 30.0%0.0 60.0%0.0 63.0+2.0
yphosate 740 35.0+3.9 32.0+1.2 67.0£1.2 72.0-£2.0
1,480 370425 42.0+37 85.014.2 86.0+2.4
3.8 413+13 38.8+2.4 40.02.0 43.8+38
Oxviluor 7.7 750+3.5 70.0%2.0 57.5+3.2 55.0+2.0
xytuorten 13.4 88.8+2.4 87.5+ 1.4 80.0+0.0 83.8+2.4
26.8 88.843.1 86.313.8 90.0+0.0 90.0+0.0
31 25.0+3.2 9.0+42
Paraquat 61 64.01t2.4 29.0+29
122 94.0+2.4 94.0+2.4 ND ND

Data (Injury %) represent mean=SE of 4 or 5 replicates.
DAT, day after treatment; ND, not determined.

Fof| s}z A singlet oxygeno] WAHT} (Boger and
Wakabayashi 1997). A g]A] vi-¢ w2 £7 2 it
3} (membrane peroxidation)7} Yoju} Qo] EAEHA ¢
% Ak Oxyfluorfens 28] A5l 4 %= WTe} CAZE
of S £E T A2gAY HEQ Zojz BEEA
2k9kt) (Table 1, Figure 1). Glyphosates= B3k oln| w4t
AJ&A 344 9] S-enolpyruvylshikimate-3- phosphate (EPSP)
synthase E A 8l|3= 31g-E0lt} (Ream et al. 1988). o]+
QEAl A AT B2r) Mol Mok 2EDzske B
Ho] & Zog AZIEy] wliZe] FAXIHRE QUFE ¥
zfol @& Alojth o gt Hiel o] glyphosate *|&| &
Ak WTS CATlel 5448 &% B A28 H=9
zpoli= AT A] 9ok} (Table 1, Figure 1). o]4te] A2
Ho} SOD/APX7} Tl 8 A5, PS 1 o4 wAlg=
AStAEd 2o s vt 2 285 st CA 2E9] ¥
2bsl wrg-o PQo| Eo]Aojgit). Thomas 5 (1998)%
FeSOD7} Z@¥ Alopxrteglol= PQo ]3] fd 4
prEH 20 disiMes DEshA whE-g JERpR R
norflurazondl] 9J3) S 5% ~E# 2o daixE E2514
ok &% -

el HelE paraquat A=/l Cist HE

3t of SlojAl ETAE Aol
o] 9lt} (Donahue et al. 1997). HE
A&l wet 2w ofd
I e 2HAAE oFF Ao
A 9It} (Asada et al. 1977). webA] PQH o] o)+
22 BRI A gAY Ao AsgdAel uet
EA HEUEAE AR 1ottt AR e BA) 6~7
7] AEE AL Age A, 2AF Ao Y25 6
HA el o (AzA A2 3 H2RE 34w o)
oA PQell tigk Adxtol7l 46.2% %A A3 ow Wt
oot HEhE 3ol ATt (Figure 2). FAlA 2] B4 9
71 Aes 7L Age AP E 22 AnE 4
o} (vlelEt A)A] A, o) CAXEolA] o #3} LAY
FH kst S a3 YeEuARE kAR e TA] A%
o] k] dofit= oA FHE =S WL HEE S B
o]t} (Alscher et al. 1997).
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Figure 2. Differential responses to paraquat at different posi-
tioned leaves of SOD/APX-overexpressed (CA) and wild type
(WT) tobacco. Injury % was determined at 5 day after herbi-
cide treatment.
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SAFO|7F ARA R 74, 319 AR A Nz’qﬂg

(Table 1)%} v]wste] & o, Wdzto|7} F7hA] &=

oAt

-

;‘; googte/ R A R ¢ T < N T = 22

Paraquat®} ascorbic acid

HEA Wol|A] 2AAg hydrogen peroxide= APXol} 23]
2 H o] ¥hgol= FPAZA] ascorbate7} AF-§-=|

Do wsE SAH

(i)

8 o) MK SOl thE BAE B

100
80 | OwT
B CA
2 60 ¢
>
3
£ 40 ¢
20 f
|
0 PE— | 1 1 I
Diu 35 uM Diu 52 uM PQ 30 uM

Figure 3. Herbicidal responses to paraquat of SOD/APX-
overexpressed (CA) and wild type (WT) tobacco in the growth
chamber (continuous temp. at 28°C, 70 umol m?* s’ 14 h
photoperiod). Injury % was determined at 5 day after herbicide
treatment.

dehydroascobate "=+ monodehydroascobatet= 242 DHAR
= MDARO] 2]} ascorbate® A ZE T} (Alscher et al.
1997). Mano 5 (2001)] &3 PQol 28 =% pho-
tooxidative stress®] A1z} 212742 chloroplastic ascorbate
peroxidase®} 12 3t5ith. CA dHljdiA e APX7} I &
% 7] wFol ascorbate’} F7t= FHFHW Ak Tt
e Z7ld Aolgta 7}AEl PQ 899l ascorbic acid
2 z3sol Aelshed Hekth 1 Aa PQol of& kst
ascorbic acid AHzlol| ojs] #A3] A== Ao Ak
(Table 2). & WTd] 60 uM2] PQTHS = 2|5} 100% A}
i} 0.5, 5.0, 50 mM9] ascorbic acidE E3sld zhzt
90%, 80%, 26.3% = A=At CA 7 -$oA %= 60 uM
9] PQ ws A 95% <Fsl7t vEREA|RE 0.5, 5.0, 50
mM €] ascorbic acidg &%atH 72 78.8%, 71.3%,
8.8%% AUt o] ascorbateo] FFAFsL &=
zeaxanthin A& Z7}1 7] AL} (Leipner et al. 2000), PQ
Aol ofsf 4143 et APX 824388 AAlstAY
(Mano 2001) o}&] & AA] &2 7|8t x—}% (May 2000)

Fol A Zt}h AwE O Z ascorbic acide] 2|3 3& A
5 WTel v]giA] CAolA 2R 5718 Skt 94 Q)

Table 2. Effect of ascorbic acid on the herbicidal activity of CA and wild type tobacco plants treated with paraquat

Paraquat Ascorbic acid Injury % at 2 DAT

(M) (mM) Wild type CA

30 0 67.51+2.5 37.5+2.5
30 50 1.3£1.3 0.0£0.0
60 0 100+0.0 95.0£2.0
60 0.5 90.0£2.0 78.8+t4.3
60 5.0 80.0+0.0 713163
60 50 26.3=£3.3 8.81t2.4

Data (Injury %) represent mean=SE of 4 replicates.

DAT, day after treatment; CA, SOD/APX-overexpressed tobacco.
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Holx] &gt ol& % ‘ZZMWE st ~E
AzA Aol s FaatEast oz Hr=
-rr_._lﬂ7] &g 4 9} (Poyer 1994; Kurepa et al. 1997,
Kim et al. 2004).

ol4te] Aol 3t B uf, CuZnSOD/APX 2] Fofjursl
< PS 1 oA s e AgtAE R disjr e 8 7
&340, the elngol 284 E MR AzAS <)
T Ast 2Bzl diejds 47 98S 27 81K

23 Ao BRI, AssEd Ftel 2 0 S
I A A2t 7 2E o) = BEA A sl Al Aol )
o] |FEA] g2 AL e dojr) ksl o=
oFAl= G54 Yol hydrogen peroxide 558 Z7A2 A
°]7] WEolck. CA Fufoll A WAdo] BaE A ekgrel Qg
gt ‘ﬁ?lé 7] fEiME Bk Aug A A A &
A 21 A7 dad A ) Oxyfluorfeno] Al WT
o} CA{M] WS Zpol7t gid AL the3) o] Mg
+ 9% 2 2t} % PPO Aol 25 2714 protopor-
phyrinogen X% F=A 9o AExde EudEy 9382
2He) FAzHgel o] PPIXO2 Mgt vl (Retzlaff
and Boger 1996; Boger and Wakabayashi 1997). we}x]
YUk AZAAA Ol FHEAY ol ) By
T E SOD/APXE YZA Uloll EAsl7] wjito] Z4At
28 27T 7187} §lds Aol

olde] A= falEolA gL 2o ARE AT =
A AA, PS 118} PS 1 7ke] &4t} Al 2ele 7] %%

FEeh TEsHE A Rk 2 PS 119 Aol gl
giiol= dhof #9150 Y JtEEmo)E K= EFEE
o] @atst Zgol ZA s]ojsh= vk, PS 914 SOD/
APXS9} 22 gaAtgo] & A8S ax Zat) uels &
ABFUY 4B AL Aol o)F el LR 9l
< A Zrh 4, SOD/APX #f) 28 A|2eHTH= as-
corbic acid B4+ FUIA 71 FAke} gt oL 71w
A 2t o= APX 9 71E} &itst a4 &4 AA7F 84
Mol 3Aoz 2245 97 47] 6otk (Mano
2001). AlA, AbstA 2EHAE ) A2 S UE
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Superoxide dismutase®} ascorbate peroxidase’} FA]o]
oA Hl(CAE 7H 1 98 A xA S ek T4t
3t gh-8-& FAEIE 4% 2¥A, CA Bl PS

I AsfiAl= @12 paraquatx gl s o] A=Y
I I AEE 40% gt PS I AsA (bromoxynil,
diuron, bromacil), §=4 WA A 84| (oxyfluorfen), J}
ZEol= A3 A|A (fluridone)$} EPSP synthase =]
40l (glyphosate) 4 &]ofl A= CA%} wild typezte] HH-g-3}
|7} A& ¢Skth. Paraquate} diurong o] g3t oFg 2
19 Ao 24xA9 AdAR) FAR AT
paraquatz] 2fell chsiARE A4S et} 24z
o) B W) A, 6 -9 §7) A=A 9| paraquatS
AN S W, FAAY FA AR 3 - 4905 As)E
3L do] Aoz WA Awrt A Vel §t
H paraquat A Ao & FE9] ascorbic acidE &3t}
7%, CA9} wild type EFo|A] Hl%sl Jra paraquat &
& AN FTE ARZA 02, CuZnSOD/APX 9] Thujjursd
< photosystem I o A] TAE = AstAEd 2o tisjr g
TE 2L, e AxA S & LAE= tEE o
Edf s fairs 24 580) 23 Aoz wuE ).
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