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Transgenic Plants with Enhanced Tolerance to Environmental Stress
by Metabolic Engineering of Antioxidative Mechanism in Chloroplasts
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ABSTRACT Injury caused by reactive oxygen species (ROS), known as oxidative stress, is one of the major
damaging factors in plants exposed to environmental stress. Chloroplasts are specially sensitive to damage by
ROS because electrons that escape from the photosynthetic electron transfer system are able to react with
relatively high concentration of O; in chloroplasts. To cope with oxidative stress, plants have evolved an efficient
ROS-scavenging enzymes such as superoxide dismutase (SOD) and ascorbate peroxidase (APX), and low
molecular weight antioxidants including ascorbate, glutathione and phenolic compounds. To maintain the
productivity of plants under the stress condition, it is possible to fortify the antioxidative mechanisms in the
chloroplasts by manipulating the antioxidation genes. A powerful gene expression system with an appropriate
promoter is key requisite for excellent stress-tolerant plants. We developed a strong oxidative stress-inducible
peroxidase (SWPAZ) promoter from cultured cells of sweetpotato (jpomoea batatas) as an industrial platform
technology to develop transgenic plants with enhanced tolerance to environmental stress. Recently, in order to
develop transgenic sweetpotato (cv. Yulmi) and potato (Solanum tuberosum L. cv. Atlantic and Superior) plants
with enhanced tolerance to multiple stress, the genes of both CuZnSOD and APX were expressed in chloroplasts
under the control of an SWPA2 promoter (referred to SSA plants). As expected, SSA sweetpotato and potato
plants showed enhanced tolerance to methyl viologen-mediated oxidative stress. In addition, SSA plants showed
enhanced tolerance to multiple stresses such as temperature stress, drought and sulphur dioxide. Our results
strongly suggested that the rational manipulation of antioxidative mechanism in chloroplasts will be applicable
to the development of all plant species with enhanced tolerance to multiple environmental stresses to contribute
in solving the global food and environmental problems in the 21st century.
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BES ATEII} skl wE Aeh Mg 9 F4
oy (fuel energy)o] Av]Ehe H)ok le og Z7tslm )
AAET o) F 53] 1950} o F HHeluAe F5
3t A& %7}% 7% olakaela Ero }b],_/:_ o 3
A1, o] R o] AFts} B AP A LA S A
Aglo] 1 Qi) (Figure 1). o]&] sk x4k 2
T AFAEE 27 9 F Hol2ka UNEP 5-&
(Al &8t vk (UNEP 2002).
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Figure 1. Dramatic increase of carbon dioxide at the atmos-
phere and global warming by the excess use of fossil fuel
energy from the Industrial Revolution.
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Figure 2. Plant antioxidative mechanism in response to various
environmental stresses including biotic and abiotic stresses.
Excess oxidative stress by high level of reactive oxygen species
(ROS) produced in the cells under various stress conditions
leads to disease, aging and cell death. Plants have evolved the
well-equipped antioxdative mechanisms to cope with oxidative
stress with high levels of antioxidant enzymes such as su-
peroxide dismutase (SOD) and peroxidase (POD), and low
molecular weight antioxidants such as ascorbate and tocopherol.



AZERLE WS o 9% sxdse] O 43Kz
s3] Fske] B H g el e AT AT Bo} o)
2 AE vl B2 T2 3iheE4 (antioxidant) g 1

TER st l2o] wE A1 9lv} (Alsher and Hess
1993).

21 Eo] A= 2 aksHE 2 2+ superoxide dismu-
tase (SOD, EC 1.15.1.1), peroxidase (POD, EC 1.11.1.7),
catalase (CAT, EC 1.11.1.6), glutathione reductase (GR,
EC 1.6.4.2), glutathione S-transferase (GST, EC 2.5.1.18)
59 A} gik3}a A(antioxidant enzyme)Bowler et al.
1994)¢} ascorbate (ascorbic acid, AsA, vitamin C), gluta-
thione, a-tocopherol, PB-carotene 59 &2 3lY#E 7=
A2 3tslE4 (low molecular weight antioxidant)©]
ik (McCord and Fridovich 1969; Alscher and Hess
1993; Smirnoff and Pallanca 1996).

EA Q] Fatal g 42 SODE AHAE AHjss E A
B30 EARY VaPA2RE @ 7o) A7 Belsol
A 7]%= superoxide anion radical & #| A A) 7)== 282 3=
FA (207 +2H — H0; + 02)34] A oA ROS
o &l Yx}A oz o] =L Hodsl= 223 344
&7 Aol SOD= el e F49 FFHel u
CuZnSOD, MnSOD, FeSOD<2] 3&0] 9l o, CuZnSOD
= AEAT FEA 9, MnSODE WEZE o} &x15}
 FeSOD+ ¢ A& S Ao B g3 o} (Bo-
wler et al. 1994). SOD& =3PA] &aHEe] A 8 ol
o FEFHgo| glol FrlElz BAY 5 AT HA4D
W ABAZA AEEE e AH0 08 Gl
(Bannister et al. 1987; Oyanagui 1989; Filipe et al. 1997;
Lee et al. 2003). o]yt = SOD+= 2E#HAUWA 243
A7) sdte] &85 It (Kwon et al. 2002).

EAQ AEA}F dkslEAol ascorbate (AsA)E U_Oﬂ
A Fag 2+E A A4S Ad vitamin CEA 28
TEe Huol & ok uliEe] AEA o= AsAT)
53] GEA LFE (10-50 mM)E EAEHL ek A&
oA AsA¢] 05‘1% ROS° AATHE ArstEAd o
2} a-tocopherol®] -] F#], delzmol=uato)i zea-
xanthine A4 5 E]—O 3 AEEe ey He oF,
UVE BA2Ed 20 2448 e o713 (dra-
bidopsis thaliana)7}t GHtalEo| Hls] AsA TheFo] &3]
@ WHolFo® B Ho], AsA7} SHAEH 20 93
HoretA A EE ROSE AMASE A AR ZA 5
27d0] BRI AsAe] AP Al 3 A} &
uha] o] Foiz) 31 JtHConklin et al. 1996, 1997; Wheeler
et al. 1998). AsA9] A 2 AHA S ExSFZHH o
2 2A3HE 22U A8 B ol AsA 1LE-S 7]
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(metabolic engineering) %17 sto] FAHAEHAE
B3 4 Qi A S48 o] 28591 915 (Perl
et al. 1993; McKersie et al. 1993, 1996; Van Camp et al.
1994; Allen 1995; Yun et al. 2000; Kwon et al. 2001;

Wang et al. 2005).
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229 ) FE G5AE vRS ZF AE 273
2 dgyo] gitk. @EA (chloroplast)s= Ef o2&
gato] oligla s mAske] Q1zke] AEo] QT A,
& 8 ol ZhE o ET AHAAE e A
ol A 71 ol Aol Z&A Q1§79 dladolch. A
g 2] (photosynthetic
electron transport system)7} &3)|3}7] wj&ol] ¢jEAE7
2% vl 5 el ROSE A 7HE 418 Foloh,
%ixﬂ‘q /\]-§]_/\Egﬂ/\l:. /\lﬂv/] AIA /\go]] =y oJ ]
Aol AEfA B B opul A gtz & Gk I
ek
GEAE AstrEaE F8eY] 9 sy 7ot
2 s o] glrk £3] ascorbate (AsA)E 1% 5= (10 - 50
mM)Z FEA A" EAlst, Th2 A AA 27
L FeSODE A%k} (Crowell and Amasino 1991; Bo-
wler et al. 1994). =23 ¢] AsA= ROSE A 487
U AsA peroxidase (APX)9] 7] & = Alg5 o} &85t Ak
4aE AAHEY o83k gtk Figure 32 HE79)
FAFe7] 92 water-water cycle2 UERA A o]t} (Asada
1999). Mehler %¥H-&- (Mehler 1951)¢l 23 338}814] 1 (pho-
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Figure 3. The antioxidative mechanism in chloroplasts (Asada
1999). The detail explanation are described in the text.

o] BAE 1, o]Ao] Eelzol= 1t (thylakoid membrane)
of &A3}= CuZnSOD9| 95 H,0,2 w24 W) A
d€ H0, getio| = 2ol A3 o] gl APX (tAPX)
o olaf AAH, depgol= Hojl A F2l% SAR#} H0,
= £E 2} (stroma)ol| A A AE Tl (Nakano and Asada 1981
Smirnoff and Pallanca 1996; Orvar and Ellis 1997). H0;
AAGA A 2E 2ol = APX (sAPX)dl] ojal) A H
monodehydroascorbate radical-2 ferredoxin (Fd) & ~E
2njol|l gl= monodehydroascorbate reductase (MDHAR)
of 9J&] AsAR 2] 3 ). Dehydroascorbate (DHA)
= AEAQ FolA pHell E<H43ste GSHE #Ahgo 4|
2 0] &35l DHA redutase (DHAR)©) 2)3] AsAE 9%
o} (Deutsch and Santhosh-Kumar 1996). SOD, APX, AsA,
MDHAR 3! DHARZ H|3334 22 lellA = EA)3te]
ZA)o1Ash o] ROSE AASkE e s Aoz o
&4 9t} (Allen et al. 1997). wh}A
2 dilEEdew s A

o
AT |
FeMTI=H e Fa9 Zlez 71

AA7A datsta s s =Y AEA7F 1990 52 )
wxlo] si2}3F (paraquat, methyl viologen, MV) 5 Abs}~
EYAE $23e A ~EY 2 Od Aol B Y
O}, oA AEAQ] AEA el o224 ¥}
9lth MVE ROSE AJAlsle] AEAE 1AM 7)|= v Ag
A A ZA (non-selective herbicide)2 A& Q)= %
¢l ROS A4 EZHEZ ot} (Babbs et al. 1989). Table 1
& qustEs FAAE B g2 AS A EA) e AT

= o

9] 4k3l7]F (Figure 3)0ll4] & 4= 91 50] CuZnSOD 2}

APXE FEA O FAd Hddshe dEe P ey~
A2 e BEs=Y ulR s Aog AztEct A

ElS CuZnSODS} APXE ZAJo] &0 £9

3 A

al. 2003b).

gk 3 olAo|A He 3t dehydroascorbate reductase
(DHARYZ 954lo] E98 R85 Bild24E MY,
HakElA, AL, NaCl 5 o8] AE# 20 i3k WAe
e = 218 gelatsdth (Kwon et al. 2001, 2003). 1]
DHAR #2HE £98 Bul48A1E 44430 Hlsie)
DHAR @4do] oF 144 =qtom AsA9] ghafo] oF 1.5u)
Z7Fet%ith DHAR 2 E2E 2718 AsA 83 Z7)2 <l
Slof xEvlsol ok vde] 37h8 205 sAjHIch DHAR
= AxpZoI A 2 glutathione (GSH)E o] &3] Ahel3 as-
corbate (DHA)E 43¢l 43 ascorbate (ascorbic
acid, AsA)2 WA= giho|th

A JEA] Pl TE 2dEr) A aa&Hl
AEAE NE3hr] sl A= SWPA2 promoter (Kim et al.
2003a)9} Z-2 2EfX F54 promoter-g AF23}I SOD,
APX, DHAR 5 &4l83 4 fFAAE Bgog =9
Zarzt dgol AAEHSUT ATF-HoAA = T F=A)
CuZnSOD, APXS} DHARE EAlol] spikal sl CADRH]
A=AE WL A, CANEA R AlgtaEd 2ol 7
3 Aol gle-S Folatslrt (Lee et al. 2004).

o]

=2 ot

AsAER| A REA DF0F SWPA2 promoter
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Table 1. Expression of antioxidant genes in transgenic plant
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Gene construct Host plant Reported phenotype Reference
SOD
Chloroplastic Tobacco No protection from MV or ozone Tepperman and Dunsmuir (1990)
CuZnSOD Tobacco Reduced MV damage and photoinhibition Sen Gupta et al. (1993a, 1993b)
Potato Reduced MV damage Perl et al. (1993)
MnSOD Tobacco Reduced MV damage and no protection from photoinhibition Slooten et al. (1995)
Alfalfa Reduced acifluorfen, freezing, and water-deficit damage McKersie et al. (1996. 1997)
FeSOD Alfalfa Modified regulation of photosynthesis at low CO, McKersie et al. (2000)
Maize Enhanced tolerance to MV Van Breusegem et al. (1999)
Mitochondrial Tobacco Reduced MV damage in the dark Bowler et al. (1991)
MnSOD Alfalfa Reduced freezing and water-deficit damage McKersie et al. (1996)
Cytosolic
CuZnSOD Potato Reduced MV damage Perl et al. (1993)
APX
Cytosolic Tobacco Reduced MV damage and photoinhibition Allen (1997)
Chloroplastic Tobacco Reduced MV damage and photoinhibition Allen (1997)
SOD and APX Tobacco Reduced MV damage Kwon et al. (2002)
DHAR Tobacco Reduced MV damage and NaCl damage Kwon et al. (2003)
POD Tobacco Reduced MV damage Yun et al. (2000)
GR
E. coli Tobacco Reduced MV and SO, damage but not O; Aono et al. (1993)
Chloroplsatic Poplar Reduced photoinhibition Foyer et al. (1995)
Pea GR Tobacco Reduced O; damage, variable results with MV Broadbent et al. (1995)
GST/GPX Tobacco No tolerance to MV, tolerant to salt and chlling Roax et al. (1997. 2000)
Ferritin Tobacco Tolrant to MV and pathogens Deak et al. (1999)

Aok, 71815 2 9] Atk Goll AFEEHE Addem &
23 Fa0t} (Krell 1991). AEA A POD= dutzlo
2 upely s, W AE, FFole] el o3 MEsE ~E
A2 (biotic stress)?} LFE A, A3 Fo vAESA A
Eg 2~ (abiotic stress)oll ¥h-alx 1 Aol Zrldch
(Van Huystee 1987).

Axe] A7 POD 2484t amp v FA ol A 107]
2] POD c¢DNA (XH9] swpal-swpab, G7]°32] swpbl-
swpb3¢t T30 swpnl)E Eelste] HAEALS AR 2
s, el A Al Aa) BB AD, 4
AR el A SR A ALY WEEA] ergton, A
A, A, 2F § YHF2EHRE ke v A =
At} (Huh et al. 1997; Kim et al. 1999; Park et al. 2003).
53] 9tub v A zo A 7HE Bel AbEE A2 BHE
28 IEIE swpa2 RS A EA 2 oM e

A ggkar 2Ed 2z o b AetA KU
(Kim et al. 1999, 2004). sfAl Lo ZsiAl HHsi, A

AR AEAdE BFEA] BARE A AEd 20 A A
EA WA 3 FEHE swpa2 cDNAZ probeZ A}-8-3}
o] genomic clone (SWPA2)Z £3}4, promotere] EA1-L
AEX B 3 (bioinformatics) 0.2 Z2AFSE A3, SWPA2 pro-
moter o= FEA TN AgaEY 20} BAY 52
o cis-element7} EAgto] gtel 9} (Kim et al. 2003a).
SWPA2 promoterZ 5712] AxiwlolA| (deletion mutant)S
A Ztste] B-glucuronidase (GUS)Hi=of HIAso] whul
BY-2 M¥& o] &3t UA[Z ZA] (transient assay)S A}
gl CaMV 35S promotere] Z 3} B3 g A, 1314 bp
deletion promoter= CaMV 35S promoteref w]sf <F 300
T 84S e

SWPA2 promoter= F2& A% a2l & d
(GUS)Y wtgo] pitshas, A, A4 Tl 93l Zst
A FEHol, 2E#HE WA A& g F88tA &84
T o) AAHAN oW, @A o|F o]&3ste] BFrEH~
off Zet JAAE 1}, vl 5 a g
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23] 9] gakslr) Tt (Figure 3)oll A & 4= gl5o] CuZn-
SODQ} APXE 240 BAo] Hadsh= hEe 2bst

AEYAS e FH2EYLZ R HEAE REE
=l o] 4A Aoz Aztdnh AAt9 oﬂ"—l“%]-% et E
g 20l A FEE = SWPA2 promoter 24 sl G5

A

Aol CuZnSODS+ APXE 55 WHER SSAHELE A2
st AAIH ez A8 7AZ wol Al e v
(Superior) F%3} 7438 AR wo] AwiEE A (At-
lantic)Z AHE-3lo] PAAG AE WLkt (Tang et
al. 2004a). A A3 7HA} (o] 3} SSAZEAD) = MVl o] 5]
Lo r= AslAEY A9 peseEf2d 743 WAlol ¢
20| golg 9t} (Figure 4) (Tang 2005). 53] HAbe 312

of 93 Ae)gaz URE L FATE Ao AR
Hl, SSAZARE 2°C Lol WAdo] Aol w94 28
deo] 7l

w3k ALst A~ E | A SWPA2 promoterZ o]-g35}o] ZHE &
0 M

i 150 pM

200 pM

250 uyM

NT

EV SSA plants

Figure 4. Enhanced tolerance of SSA transgenic potato (cv.
Atlantic) plants expressing both CuZnSOD and APX in chlo-
roplasts under the control of SWPA2 promoter to the oxidative
stress after spraying with 0, 150, 200 and 250 100 uM methyl
viologen (MV). Photograph are taken 5 days after MV treat-
ment. NT and EV indicate non-transgenic and CAMBIA vector-
transformed plants, respectively.

SEs SUAE ARANA Basds RS et
= nucleoside diphosphate kinase 2 (NDPK2)& A ¥4
A7 @A} Fol A AgteEde WS 7HA
= Ax 3ottt (Moon et al. 2003; Tang et al. 2004b;

Ak
H

2

Tang 2005). 7| SSAZEo] NDPK2 5& E9)3lE th5
FA42 EQshe BHsEds WY BHEE Le R

sle] AT7AH7E 7|,
Aoy BREE Dol

SSAHEE AHEate] SeluelA Bol AR Qi
&1 (Yulmi) & 4431 Zt} (o] 8} SSAILTT}).
SSATLTuHE MVel 93] fesE dstaEd st A
~Ed A 22 Ul ol AT [Lim et al
2004, 2005). 3] 170l i AEE Ao 744
& Yehl=d SSAILTuRE 1£ Ed el s e
Witk SsATTokE tEA 7)o ded ohgit
(SOl 7‘25_ L}w& LHER AT (Figure 5).
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Figure 5. Enhanced tolerance of SSA transgenic sweetpotato
(cv. Yulmi) plants expressing both CuZnSOD and APX in
chloroplasts under the control of SWPA2 promoter to 500 ppb
SO, treatment (8 hr per day) for 5 days. Photosynthetic effici-
ency of the 3rd leaf from the top was measured by chlorophyll
fluorescence as the F./Fn, ratio. NT indicates non-transgenic
plants. Data are means TSE of three replicates.
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