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Mechanism of Growth Inhibition in Herbicide-Resistant
Transgenic Rice Overexpressing Protoporphyrinogen
Oxidase (Protox) Gene

Yong In Kuk'*, Ji San Shin', Young Beom Yun' and Oh-Do Kwon’

ABSTRACT We investigated the levels of resistance and accumulation of terapyrroles, reactive
oxygen species, lipid peroxidation, and antioxidative enzymes for reasons of growth reduction in
herbicide-transgenic rice overexpressing Myxococcus xanthus, Arabidopsis thaliana, and human
protoporphyrinogen oxidase (Protox) genes. The transgenic rice overexpressing M. xanthus (MX,
MX1, PX), A. thaliana (AP31, AP36, AP37), and human (H45, H48, H49) Protox genes showed
43~65, 41~72 and 17~70-fold more resistance to oxyfluorfen, respectively, than the wild type.
Among transgenic rice lines overexpressing Protox genes, several lines showed normal growth
compared with the wild type, but several lines showed in reduction of plant height and shoot fresh
weight under different light conditions. However, reduction of plant height of AP37 was much
higher than other lines for the experimental period. On the other hand, the reduction of plant height
and shoot fresh weight in the transgenic rice was higher in high light condition than in low light
condition. Enhanced levels of Proto IX were observed in transgenic lines AP31, AP37, and H48
at 7 days after seeding (DAS) and transgenic lines PX, AP37, and H48 at 14 DAS relative to wild
type. There were no differences in Mg-Proto IX of transgenic lines except for H41 and H48 and
Mg-Proto IX monomethyl ester of transgenic lines except for MX, MXI1, and PX. Although
accumulation of tetrapyrrole intermediates was observed in transgenic lines, their tetrapyrrole

accumulation levels were not enough to inhibit growth of transgenic rice. There were no differences
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in reactive oxygen species, MDA, ALA synthesizing capacity, and chlorophyll between transgenic

lines and wild type indicating that accumulated tetrapyrrole intermediate were apparently not high

enough to inhibit growth of transgenic rice. Therefore, the growth reduction in certain transgenic

lines may not be caused by a single factor such as Proto IX, but by interaction of many other factors.

Key words: fitness; porhyrin biosynthesis; protox inhibitor; transgenic rice.
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AIA 39 5%

9] Protox S Aapy HAAE ¥ o AA
(100mg) < 4mm 7|2 TH=0] 40mM levulinic acid
£ 3-8t 20mM phosphate buffer(pH 6.9) 5ml7}
o]0 Petri dishol AL A44et F 25T A%

Fo| 6417t 33 A4 (200umol m™ s PPF)°l| 4] ujj ¢k
stttk o|E Al wjekgt 2 EAE 20mM phosphate
buffer(pH 6.9) Imld] ¥o] vHa8t1, 10,0008 &
TR 1027 dildel stk dAlEE § 48 A
o 0.5ml°] ethyl acetoacetateS 0.1ml £°] 95T <]
water bathol| A 1057t vkttt wjeks AL 108
7 dLoA A8l = Ehrlichs Al Ok(Lermontovaﬂ-
Grimm 2000)< 0.6ml Fo] witet 3 $3F=A S

o]-g-ato] 553nmelA FHEE é@d%ﬂ\ﬂr. ALA %
FE ET ALA Fxof ol dojzl A3l o

o>“ il m\

Porphyrin 573 53]

Protox 1A Aghy FAAEH & A9 (100mg)
< ULZ}/\]-HLOH ST 2ml«] methanol : acetone : 0.1
N NaOH(Q : 10 : 1, v/v) F&&9 0.2 npfjg v,
4TC9 2= W 10,000g9] =& 1087 A4l &
sto] A NS FHstr YL E FH(0.2um pore size)
278 F ARS] A7 70T WE e
391t} Porphyrin NovaPak Cj;s column(4-iim
particle size, 4.6 x 250 mm, Waters, Milford, MA,
USA)S AH&-3F HPLCE ¥41819ith. HPLCE 3%
#A%&7|Z methanolZ} 0.IM ammonium phosphate
(pH 5.8)2] ©]%AH(1ml min. )& ©]-&3to] Proto IX
= 7] 9 3% 3732 247 4007+ 630nmel| A 1]
3 Mg-Proto IX¢} Mg-ProtoMe IX+= 415} 595nm

AN SstAth ol BEHES ETEZ Y Hwst

o] % &3}l th(Lermontova$t Grimm 2000).

N

Protox F&AtY IO KMetd FEME Ol M
gsty Hig
Byt 2y

a ﬁoi;ebﬂ HoA A4E 0, = Wang® Luo

—
—
O
\O
=]

~

0&‘5

é
l"lN

3tod hydroxylamine A =2 =

gstith. H0, & 2 FAxe o 49
(200mg)= HAAPEel] €11 3ml2] 50mM phosphate

buffer(pH 6.8)] vk ThS, 41T 2] %014 6,000g
o $=2 2583 AR e St daed ¥

3R do]l 0.1% titanium chloride$} 20% H,S0,2]
_9.0]] ImlS ¥ ,1/\_4'_(‘71_ z q_}\] 40Cg o ]}\1
6,000g9] HER 1583 A4 ¥ gk Wgol
o] Folzl AR AL BFAEAE o] &3] 410nm?]
o
=]

- [ele] =
el A FFEE =33t ttJana®t Choudhuri
1981).

AE o} 2] YA lspARE
A A 7}4b3} 288 thiobarbituric acid(TBA)WE <
43}9] malondialdehyde(MDA) A %S =73}
ZAFsIATE 2 A5 719 FAHSE o] A
T & MDA A2 ST w7iA] 70T o
o] Bsiivh WaEadA AW 42 wApAL
3 20% TCA®| 0.5% TBA7} &8j50] =
5ml ¥o] w3t thg, 20,000g2] X2 15
Agate] NS HstAtt o] A A
|4 257 #< th ice bathel] o] 1
Al 20,000g2] X2 1587 9AlEes
ol S BBBAZ o] &3] 532nmol
Aat3 600nmo xS FHE oz
T 156mM'em'9] molar
extinction coefficientE ©]-&3td At&E3sIAct A=
H gd s 98 MDA 25 Fat] AAS G
2 $Hkete] & MDA &2 A6 th(Buege st
Aust 1978).

1

2 £ O}ﬂ
01'_|,

H\IJI oo (T of m\ru 49, o,
(LN
i tlo

—
O
2

00C

b N o

>,

oz SL

ki
i
JIN' _1

N

©:

(]
g 1@ ™~
il

T > 8
o,

o

¥ O:—' [‘10 —'101'
P

<

T o

>

Owh
o

FE5L o7 S

% A¥(100mg) & AF st Al Hel| 4
sulfoxide(DMSO)E &0l 2 &l 48417 E<t A
el JE25 53 ve TEREAE 6459
663nmeolX FFEE ST F v A o) 4=
A S AL tHiscox 2} Israelstam, 1979).

% 1l dimethyl

Chlorophyll(mg/L) = (20.2 x Agss + 8.02 X Agg3) X

dilution factor.



S Protox AL FehEd A Al of g v AsAs 712

126 =
Protox REAMY njCHes SHEAMEE Q| sl
A sal-g

A% vl v PAAs ¥ AE 47 05g 7
oto] AR ALE o] 8o rlfgh ths 2mM EDTA,
1% PVP-40 2 ImM PMSF7} 7}g 100mM
potassium phosphate buffer(pH 7.5) 3mlZ 2 3}
stod 15,000g% 207 GAEE S the A NS &
el s BA4o] A18813Ith Ascorbate peroxidase
(APX) 7% 919] 3= buffere] 10mM ascorbateS 3
718} 1L, superoxide dismutase(SOD) &4 a4
948 PD-10 columne] &ZA1Z] F AME-31ITE SOD
o] /42 0.1mM EDTA, 0.015mM ferricytochrome C,
0.05mM xanthine©] #7}8 50mM Na,CO3;/NaHCO;
buffer(pH 10.2)E AL&-3l9ith SOD &4 550nm
oA 189 0025 AL TF=rt =7HE U=
= %3&:1} oko] xanthine oxidase®} ZF A WS o]
& 282 24E S35 HSpychalladh
Desborough 1990). SOD &/d¢] 9] = cytochrorne
Col g9lo] 50% AelE e vl Bed £aL9 F&
71Eo 2 dto] AT Catalase(CAT) A&
Mishra %5(1993)2] W] 2l&) =3t x, WHe-
< 50mM potassium phosphate buffer(pH 7.0
11mM H,0,% &9t CAT 242 84 FE95
Wil 240nmel] 1837 = WgE S
Peroxidase(POX) 8412 §4 F598 Y1 470nm9|
Al guaiacol HAFO 2 A3 THEgley & 1983).
APX9] A& ascorbated] 2} HEE 290nmol| A ]
EHE AR =439 1 (Chen?t Asada 1989),
APX9] W2 0.5mM ascorbate$} 0.2mM H,0,
7} 718 100mM potassium phosphate buffer(pH

=E

Table 1. Transgenic rice used in this study.
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Protox A Zopbdd AlZl Al 24 A3 F4
A% v digk EA4 54 3 A7) Fel et
747yl A+t o] Bagul 9lrk 18y o] 4
gk = Al EW EA4 914 2 Protox A F/7F
T2 9HE 1), Protox AR R A 24 A3
T2 Hlag vk fit)h webA Protox fFAAPER 3}
thid et e v APPEEE dotir] 9
ol5 FAE 397174 A&t Protox Al A
Q1 oxyfluorfens A2 3FATHEE 2). Isool
o= FAAFH ] A F2L Bl

15 21
ot A3} gAYA| marker’} 9= M. xanthus Protox

Prot tivit Level of
Protox gene Cellular location Targeted site rotox ac.1V1ay e.ve © Reference
(T/W ratios”) resistance
A. thaliana Soluble protein Chloroplast 3-4 fold Low Ha et. al. 2004
H. sapiens Membrane protein Mitochondria 6-9 fold Low Lee et. al. 2004
M. xanthus Membrane protein Chloroplast and mitochondria 7-8 fold High  Jung et. al. 2004

°T, trangenic line; W, wild type.
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Table 2. Whole-plant bioassays of M. xanthus, Arabidopsis, and human Protox transgenic lines to oxyfluorfen.

Line® Regression equation” R? Iso (UM)°  Line/WT ratio®
WT y -0.0001x> + 0.1493x + 43.24 0.79 46.7 1.0
TC y -0.00009x> + 0.128x + 56.398 0.70 48.3 1.0
MX y -0.000002x> + 0.0271x + 4.1096 0.78 1983.8 42.5
PX y 0.0000001x*> + 0.0187x - 7.6864 0.97 3035.6 65.0
AP31 y -0.000001x> + 0.0267x - 1.6801 0.99 1952.5 41.8
AP36 y = 0.000003x> + 0.0059x - 0.8415 0.99 3249.2 69.6
AP37 y = 0.000002x> + 0.0098x - 4.6041 0.99 3321.0 71.7
H45 y = -0.00004x> + 0.1158x - 16.616 0.86 791.9 17.0
H48 y = 0.00008x> - 0.0483x + 4.8331 0.99 1111.6 23.8
H49 y = 0.000003x> + 0.0074x - 1.7836 0.98 3249.2 69.6

*WT, wild type; TC, transgenic control; MX, M. xanthus Protox transgenic lines; PX, M. xanthus Protox transgenic
lines with marker free; AP31-37, Arabidopsis Protox transgenic lines; H41-49, human Protox transgenic lines.

bReglression equation generated using the herbicide concentration in uM.

“Iso values were the herbicide concentrations that reduced shoot fresh weight by 50%.

Line/WT ratios were calculated relative to the Iso values of the wild-type transgenic rice plants.

AAMX)S A marker’} §IE M. xanthus
Protox -F3AHPX) Zoh Tdg FAAg v= v
Az gk ol vl3l] oxyfluorfendl] 43~658] #3Hd S
Y31, A. thaliana Protox 732 Fopdrd A
S (AP31, AP36, AP37)= 41~728) 18]3 Izt
Protox Az Zjopdd &2 3H(H45, H4S,
H49)= 17~708] AdE B ol 2= &
W Protox AP Frpdd P48 ES whole
plant 2F4 A2 e A5
ol2]gk ato]= Protox At Fell o3 2fo|Hrh
& o)5 fade AN Yoz Azu.
&t A. thaliana Protox -S4 32 Ak

Ao A= N3L, H. sapiens Protox 4
S = mEZ=gotd A a2y
xanthus Protox A2+ Zo} & et FAAg ¥
AEA ¢ [ EZE ol A EAH| 7] W&
THE 1). Protoxe Al XU FEA9 nEZ=
A 87] wjiol o424 o] il A &=2| Protox A 3f

of
G AzA AP ARG S Tty AAsiA
i

rr

o,

[e]
-

+ Protox wﬂx}% =4 E_Z:] 3= Aol npzrgslc}

CHE ZXHSIHAM Protox FXAME XM&tM SHEXEt
82| A= 3! Biomass Xi0|
Protox Trﬂ AP A Z2A 12‘@}* JdAAgdn ] F

A2 9+E 2 2 3(50pumol m” s PPF) 1132000
mol m” s PPF) 12|31 93} zAstoA 7, 9, 11,
13 2 159 ASAI F v 2342 AT 3)
A3 27131 A marker’} $15 M. xanthus Protox
(PX), A. thaliana Protox(AP37) 2 Q17 Protox(H41)

7} st} 9| PAAS vo] 24 3E T 7UH)
o v]g 2 A 3k o H]oﬂ At PXe AL #E

9, 11, 13 % 15¢¢l= Aol7} glol e, H41
I F 9d7 13¢el= H]ﬁﬂz A B vlg) 2%
o] Atk 1e AP37E F F A ZAP|ZEA
B A A vla] 2ATA 3 Jo] s 13
A% ABzd vla 9% vel 274 )
2

&’ii, 53] ﬁ}%— $ 7‘% o+ MX, MX1, PX,
i=l



128 = %t Protox A} Hrhdd

A zA ot vl BEAe 71

Table 3. Comparative analysis of plant height among M. xanthus, Arabidopsis, and human Protox transgenic lines under

various light conditions.

Plant height (cm)

Light" Line®
7 DAS® 9 DAS 11 DAS 13 DAS 15 DAS
WT 16.0° 19.0° 19.5° 21.7° 21.8"
TC 15.8" 18.4" 19.6" 21.8° 22 4°
MX 14.8" 16.9" 17.2*® 17.3% 17.6™
LL MX1 14.3" 16.9" 17.2® 19.4™ 19.8"
PX 13.4° 16.9™ 17.3" 19.6™ 212"
AP37 10.3¢ 14.7° 15.4° 15.9° 16.4°
H41 10.9° 16.1° 17.2® 17.8™ 18.3"
WT 16.9° 19.0° 23.5° 273" 34.9°
TC 16.4™ 18.3° 214" 26.2° 33.8"
MX 15.2° 17.6" 18.2° 222" 28.3"
HL MX1 14.6° 17.2° 18.3° 21.8" 29.6™
PX 15.0° 17.7° 20.7"° 24.8" 27.3™
AP37 10.8¢ 14.7° 17.5° 20.3° 26.0°
H41 12.6° 14.4° 20.3% 24.0% 28.3%°
WT 19.3" 23.7° 24.6" 24.6" 24.7°
TC 18.9° 23.2° 20.7° 22.9% 23.6%
MX 14.6° 17.8™ 18.5™ 18.2¢¢ 18.4%¢
Dark MX1 15.5° 20.1° 20.9° 20.7™ 20.4%
PX 16.1° 20.8% 20.6™ 21.5" 21.3%
AP37 11.6° 15.6° 17.1° 16.9¢ 17.4¢
H41 15.3° 20.0™ 21.0° 21.3" 213"

“LL, low light (50 pmol m” s™); HL, high light (200 pmol m™

s’l).

"WT, wild type; TC, transgenic control; MX-MX1, M. xanthus Protox transgenic lines; PX, M. xanthus Protox transgenic

lines with marker free; AP37, Arabidopsis Protox transgenic line; H41, human Protox transgenic line.

‘DAS, days after seeding.

*Means within columns followed by the same letter were not significantly different at P=0.05.
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Table 4. Comparative analysis of shoot fresh weight among A AT X 59 2t} =, 9 T 744 Proto
M. xant.hus., Arabldopsm,- and .human I.’ljotox X %42 AP31, AP37 2 H48l|A] 13 A4 gH o

transgenic lines under various light conditions. ~
v folHow wBoka, 3F T 14d4dE PX,

b
Line* Shoot fresh wt. (mefplant AP37 % Hagel A el oz it 3% F 795
HL® LL Dark Mg-Proto IX-& H413} H480]4 H] &2 A g ol 1)
WT 225.7° 101.4™ 45.1° 3 SA o] e ¥ I3F F 1A 4TS
ab a a = - Y =]
O S Mo F 3790 M8l A PelelN 2 o aasin
' ' ’ PFAAS 2RIt = Aol7} $AATE Mg-
MX1 188.8° 96.0™ 35.1% e a]ﬂ o= Ael7h G, Mg-Proto KX
PX 207.9" 86,3 32.5% ME= 3% F 7449 MX, MX1, PXA] 3
AP37 194.8% 84.2¢ 36.8" $ 1494 o= TCS H414] fFe]d oz 54 7ol
H41 174.0° 77.7° 43.8°

*WT, wild type; TC, transgenic control; MX-MX1, M
xanthus Protox transgenic lines; PX, M xanthus Protox
transgenic lines with marker free; AP37, Arabidopsis
Protox transgenic line; H41, human Protox transgenic
line.

"Shoot fresh weight was measured at 15 days after seeding.
‘LL, low light (50 pmol m> s; HL, high light (200 pmol
m> s,

*Means within columns followed by the same letter were
not significantly different at P=0.05.

A AZ] tetrapyrrole THEA S S T
T T 7497 1494 FAASH 9 tetrapyrrole &1t

Bore % 7 ve] 2882 29l Dol Aolv) 8l
Aot A xAE A elstA| A M A. thaliana,
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FAAGH AN Proto X B[P 3|
2~3u] =& Ao B ¥ Hl JtHHa % 2003; Jung
% 2004, 2008; Lee 5 2004). T3 9
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o Wa) 14-248 ¥ ol ZHEkn H4ckung
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Table 5. Comparative analysis of tetrapyrroles in leaves of M. xanthus, Arabidopsis, and human Protox transgenic lines.

Proto IX Mg-Proto IX Mg-Proto X ME
Line® (nmol/g FW) (nmol/g FW) (nmol/g FW)
7 DAS® 14 DAS 7 DAS 14 DAS 7 DAS 14 DAS

WT 1.08° 2.12¢ 0.43" 0.05" 2.23% 0.78°
TC 2.19® 2.90™¢ 0.39° 0.07* 1.87° 2.79°
MX 1.92% 2.32% 0.37° 0.02" 4.03" 0.99°
MX1 2.64™ 2.62%¢ 0.45" 0.01° 3.93% 1.14%
PX 2.88% 3.19™ 0.36° 0.03" 438" 1.88™
AP31 3.31° 2.64>4 0.36° 0.01° 2.28% 225"
AP37 3.72° 3.30° 0.70® 0.09" 2.88"¢ 1.40™
H41 2.62% 2.55% 0.76° 0.08" 3.03%¢ 4.64°
H48 3.62° 4.32° 0.84 0.04" 3.56™ 2.22%

*WT, wild type; TC, transgenic control; MX-MX1, M. xanthus Protox transgenic lines; PX, M. xanthus Protox transgenic
lines with marker free; AP31-37, Arabidopsis Protox transgenic lines; H41-48, human Protox transgenic lines.

"DAS, days after seeding.

‘Means within columns followed by the same letter were not significantly different at P=0.05.
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Table 6. Comparative analysis of H,O,, O,", MDA production in leaves of M. xanthus, Arabidopsis, and human Protox

transgenic lines.

H,0, (mmol/g FW)

0" (umol/g FW/min)

MDA (mmol/gFW)

Line"

7 DAS" 14 DAS 7 DAS 14 DAS 7 DAS 14 DAS
WT 3.41° 2.93% 8.23" 437" 20.77" 26.13"
TC 3.61° 3.96" 7.40™ 5.37°¢ 20.58" 25.32
MX 3.48° 251° 10.88" 6.60"¢ 17.16° 22.81°
MX1 3.46"° 2.65° 8.03" 8.16° 20.42" 29.37™
PX 3.33™ 3.27% 741" 6.89°¢ 20.55™ 26.39™
AP31 3.15™ 2.57° 7.94" 526 18.55% 24.06™
AP37 2.82° 261° 5.02° 7.16™ 18.94% 26.00™
H41 3.68" 451° 6.94" 8.00™ 24.55" 33.10°
H48 4.88° 3.63™ 5.78" 6.70"¢ 22.68" 31.84™

"WT, wild type; TC, transgenic control; MX-MX1, M. xanthus Protox transgenic lines; PX, M. xanthus Protox transgenic
lines with marker free; AP31-37, Arabidopsis Protox transgenic lines; H41-48, human Protox transgenic lines.

"DAS, days after seeding.

‘Means within columns followed by the same letter were not significantly different at P=0.05.
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Table 7. Comparative analysis of superoxide dismutase (SOD), catalase (CAT), peroxidase (POX), ascorbate peroxidase
(APX), and glutathione reductase (GR) activities, expressed on a mg protein basis in leaves of M. xanthus,
Arabidopsis, and human Protox transgenic lines. Plants were harvested at the indicated days and assayed for
enzyme activity. Enzyme activities are expressed as units mg’1 protein h™.

» SOD CAT POX APX GR
bne 7DAS® 14DAS 7DAS 14DAS 7DAS 14DAS 7DAS 14 DAS 7 DAS 14 DAS
WT 4721 57.58® 118.63  186.92°  139.06° 217.04°  5441° 92.81° 5.49° 597"
TC 53.75" 42.16° 16790  17129° 14346  205.85°  10095° = 12622  564° 6.43"
MX 44350 5066"  166.18"  18659° 14181  219.87°  86.02° 86.26" 6.26" 753"
MX1  40.24° 5339 164.83 16848  12229°  269.86°  67.16°  134.58" 566" 6.12™
PX 41.00° 4871 16457 17613 12521%  187.10°  122.06" 84.17° 5.54° 6.57"
AP3l  4729" 207" 14749 17496  170.05"  231.09®  74.14° 99.01° 6.71° 6.85"
AP37  48.11°  49.99® 169.10"  162.96™ 14837 21330®  86.49" 96.18" 630" 6.53"
H41  5037° 6139 15237 131.88°  159.74™  303.60°  118.19"°  190.68" 5.94% 4.8
H48  42.90° 5038 152.05°  118.06°  177.65" 26487  7322" 10478 6.15" 5.83"

*WT, wild type; TC, transgenic control; MX-MX1, M. xanthus Protox transgenic lines; PX, M. xanthus Protox transgenic
lines with marker free; AP31-37, Arabidopsis Protox transgenic lines; H41-48, human Protox transgenic lines.

"DAS, days after seeding.

‘Means within columns followed by the same letter were not significantly different at P=0.05.
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Table 8. Comparative analysis of protein in leaves of M.
xanthus, Arabidopsis, and human Protox transgenic

lines.
) Protein (ul/ng)
Line* "
7 DAS 14 DAS

WT 3.67° 3.06"
TC 3.24° 3.07°
MX 3.70™ 3.07°
MX1 3.85° 3.02°
PX 3.73" 297
AP31 3.60™ 3.14°
AP37 3.32° 3.12°
H41 3.45" 2.86"
H48 3.64™ 3.28"

"WT, wild type; TC, transgenic control, MX-MX1, M.
xanthus Protox transgenic lines; PX, M. xanthus Protox
transgenic lines with marker free; AP31-37, Arabidopsis
Protox transgenic lines; H41-48, human Protox transgenic
lines.

"DAS, days after seeding.

‘Means within columns followed by the same letter were
not significantly different at P=0.05.
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Table 9. Comparative analysis of ALA synthesizing activities and chlorophyll in leaves of M. xanthus, Arabidopsis,

and human Protox transgenic lines.

ALA (nmol/h/g FW)

Chlorophyll (mg/g FW)

Line®

7 DAS® 14 DAS 7 DAS 14 DAS
WT 147.06° 185.46° 3451 335.7™
TC 206.29" 159.31° 336.1™ 343.9®
MX 172.39"* 187.50° 348.1° 332.5°
MX1 152.78"™ 149.51° 341.7% 339.4°
PX 174.84™ 155.23" 338.9°" 340.5
AP31 212.42° 74.76° 345.4" 348.3°
AP37 222.22° 93.55>¢ 336.1™ 337.8"
H41 183.82" 82.11% 333.6° 346.8°
H48 211.60° 100.49*¢ 346.6™ 348.0°

*WT, wild type; TC, transgenic control; MX-MX1, M. xanthus Protox transgenic lines; PX, M. xanthus Protox transgenic
lines with marker free; AP31-37, Arabidopsis Protox transgenic lines; H41-48, human Protox transgenic lines.

"DAS, days after seeding.

‘Means within columns followed by the same letter were not significantly different at P=0.05.

o sgith AA, ol 2234
ALA §sEo] F7IsHAl = a,
heme &9 HAE ZYdria st
Aol Q7T olyE} A. thaliana
Protox Zrhdd FAHg
et S Holx| g}

ool ArtE T £ wf £ A
A Boprd JAAS v K 9 A
doz md & F de A

E
{
o

F

A Bowdos o

% M. xanthus

Mol e aldiE o

)

Eagnc

H A ]'rrE*‘ Protox -+

tetrapyrrole©| %2 %] 7] uj

% Ao g YzEn F HA o2 2 + 9l
AEe A7e] plasmid

© 89012 A=A A

DNA E4|
gE =

A
= o] AFelA FYHA]

ok AlA, GAA A w2
Z=H

il
_‘
¢

33 A load

w7 7o, %, PXE @
FAAE Holth. S of

of 223 Axet 2wl HuA

oIt} e} o] Fio] B <

T -

A A8 marker Sl

 2ely

N

Ho] MXolA AR Q] load7} PXED} Attn 94
& 2= x|t 23 ] A3 A7) W ojo &

A zA A& ek Al <

Fel el me 54 274 A3 3 o] Fa &
S 4o 7] wEed AR 7Eead 2
=, B, T8, G, CO; ol tigt wh-g Sl o
g 77 e = vt webA Protox AAME Alx
A A dAREH e YRZF Hae o ©d
g]lolel e foA A oy ajle] 4%

AgolA of)d Row Ay,

2 o

Ao 522 gefet AEF Protox AL 2}
5 PAAS vl A £33} A
2l 719 tetrapyrrole $7HEA %4
I i AR 54, gk A XA gke) 28 gl



HHEEEE 30(2)85. 2010 133

Gkt g4 eI AdAo] eAE Ak 9
=4 Myxococcus xanthusqMMX, MX1, PX), Arabidopsis
thaliana(AP31, AP36, AP37) 2 <QI7HH45, H48,
H49) Protox Zthdd A3 &= Hd A g o
H| 3} oxyfluorfenoﬂ 247t 43~65, 41~72 2 17~70M]
A& BTk theFat AEF] Protox 44k ot
I A FRA% 1 F) Ly ehele o)
N A A4S uel wle] A% 2
WAF 227} oplge aeht 2

B2
o
>+ﬂ 3 i

B
g o

e 39 o ro it pE
o i (L oyo o gy

A o T 793 1490l 29| 74T} opy] E

PAAS 2ol AP37¥olIt) B3 o] 5 A

H 2Rl5S A3 3 g un} gzt A

9 Az A7 FEleith o F 794
x

Proto X 742 AP31, AP37 % H48¢4 H|E A d%‘r
Hol| Haf frojd o Uk, 95 $ 14LA = P
AP37 9 H489A] frefA o= usith 3% F 79 H
Mg-Proto IX-& 44 2}RI(H417} H48)< Al|€jstal 1
2]3 Mg-Proto IX monomethyl ester= MX, MXI,
PXE Al Az 2l 7hol] bl 7} Gl Bl =
terapyrrole TZ_}%Z‘O] 4 Hddg® olE FAF
< Protox Hobd FAASH O] K2 Ag) sh=t
FuotA %k Zioi AztEt) mgh dALaT
(H,0,9} 0,7 ), MDA, ALA 34 2 g24
T PAAS gRIZ] fFo A Aol 7}
tetrapyrrole 4] o] Jdxg vl A
SlA] Flaa 1T USlT) webA 4 P
Ho| A 27] &A= oW v
BT} E9RAQ] 99l ofsf 71<]

7I'A|. I

o] A7E AFAT A7 Ao o) F3F A
T%(2009-0071409).

re
0f0
O
ro

Bradford, M. M. 1976. A rapid and sensitive method

for the quantification of microgram quantities
of protein-dye binding. Anal. Biochem. 72:248-
254.

Buege, J. A., and S. D. Aust. 1978. Microsomal lipid
peroxidation. Methods Enzymol. 52:302-310.

Chen, G. X., and K. Asada. 1989. Ascorbate peroxidase
in tea leaves : occurrence of two isozymes and
the differences in their enzymatic and molecular
properties. Plant Cell Physiol. 30:987-998.

Duke, S. O., and C. A. Rebeiz. 1994. Porphyrin
biosynthesis as a tool in pest management : an
overview, in Porphyric pesticides : Chemistry,
toxicology, and pharmaceutical applications, ed
by Duke SO and Rebeiz CA, American Chem-
ical Society, Washington, DC, USA, pp. 1-17.

Duke, S. O., J. Lydon, J. M. Becerril, T. D.
Sherman, L. P. Lehnen and H. Matsumoto.
1991. Protoporphyrinogen oxidase-inhibiting
herbicides. Weed Sci. 39:465-473.

Egley, G. H, R. N., Paul Jr, K. C. Vaughn and S.
O. Duke. 1983. Role of peroxidase in the
development of water-impermeable seed coats
in Sida spinosa L. Plants. 157:224-232.

Ha, S. B., S. B. Lee, D. E. Lee, J. O. Guh and K.
Back. 2003. Transgenic rice plants expressing
Bacillus subtilis protoporphyrinogen oxidase
gene show low herbicide oxyfluorfen resistance.
Biologia Plantarum. 47:277-280.

Ha, S. B, S. B. Lee, Y. Lee, K. Yang, N. Lee, S.
M. Jang, J. S. Chung, S. Jung, Y. S. King, S.
G. Wi and K. Back. 2004. The plastidic
Arabidopsis protoporphyrinogen IX oxidase
gene, with or without the transit sequence,
confers resistance to the diphenyl ether herbicide
in rice. Plant Cell Environ. 27:79-88.

Hiscox, J. D., and G. F. Israelstam. 1979. A method
for the extraction of chlorophyll from leaf tissues
without maceration. Can. J. Bot. 57:1332-1334.

Jacobs, J. M., N. J. Jacobs, T. D. Sherman and S.



134 = % Protox A2 Ak A xAl] o B A&A ) 7%

O. Duke. 1991. Effect of diphenyl ether herb-
icides on oxidation of protoporphyrinogen to
protoporphyrin in organella and plasma mem-
brane inriched fractions of barley. Plant Physiol.
97:197-203.

Jana, S., and M. A. Choudhuri. 1981. Glycolate
metabolism of three submerged aquatic angios-
perms during aging. Aquat. Bit. 12:345-354.

Jung, H. I, and Y. I. Kuk. 2007. Resistance mech-
anisms in protoporphyrinogen oxidase (PROTOX)
inhibitor-resistant transgenicrice. J. Plant Biol.
50(5):586-594.

Jung, H. L., Y. L. Kuk, K. Back and N. R. Burgos.
2008.
enzyme profiles of protoporphyrinogen oxidase
(PROTOX) inhibitor-resistant transgenic rice.
Pestic. Biochem. Physiol. 91:53-65.

Jung, S., Y. Lee, K. Yang, S. B. Lee, S. M. Jang,
S. B. Ha and K. Back. 2004. Dual targeting of

Myxococcus xanthus protoporphyrinogen oxidase

Resistance pattern and antioxidant

into chloroplasts and mitochondria and high
level oxyfluorfen resistance. Plant Cell Environ.
27:1436-1446.

Jung, S., H. J. Lee, Y. Lee, K. Kang, Y. S. Kim,
B. Grimm and K. Back. 2008. Toxic tetrapyrrole
accumulation in protoporphyrinogen IX oxidase-
overexpressing transgenic rice plants. Plant Mol.
Biol. 67:535-546.

Lee, H. J., S. B. Lee, J. S. Chung, S. U. Han, J.
O. Guh, J. S. Jeon, G. An and K. Back. 2000.
Transgenic rice plants expressing a Bacillus
subtilis protoporphyrinogen oxidase gene are
resistant to diphenyl ether herbicide oxyfluorfen.
Plant Cell Physiol. 41:743-749.

Lee, Y., S. Jung and K. Back. 2004. Expression of
human protoporphyrinogen oxidase in transgenic
rice induces both a photodynamic response and
oxyfluorfen resistance. Pestic. Biochem. Physiol.
80:65-74.

Lee. H. J.,, M. V. Duke and S. O. Duke. 1993.
Cellular localization of protoporphyrinogen-
oxidizing activities of etiolated barley (Hordeum
vulgare L.) leaves. Plant Physiol. 102:881-889.

Lermontova, I., and B. Grimm. 2000. Overexpression
of plastidic protoporphyrinogen IX oxidase
leads to resistance to the diphenyl-ether herbicide
acifluorfen. Plant Physiol. 122:75-83.

Matringe, M., J. M. Camadro, P. Labbe and R.
Scalla. 1989. Protoporphyrinogen oxidase the
target for diphenyl ether herbicides. Biochem.
J. 260:231-235.

Mishra, N. P., R. K. Mishra and G. S. Singhal.
1993. Changes in the activities of antioxidant
enzymes during exposure of intact wheat leaves
of strong visible light at different temperature
in the presence of protein synthesis inhibitors.
Plant Physiol. 102:903-910.

Rao, M. V., G. Paliyath and D. P. Ormrod. 1996.
Ultraviolet B- and ozone-induced biochemical
changes in antioxidant enzymes of Arabidopsis
thaliana. Plant Physiol. 110:125-136.

[SAS] Statistical Analysis System. 2000. SAS/
STAT Users Guide, Version 7. Cary, NC :
Statistical Analysis Systems Institute, Electronic
Version.

Scalla, R., and M. Matringe. 1994. Inhibitors of
protoporphyrinogen oxidase as herbicides :
diphenyl ethers and related photobleaching
molecules. Rev. Weed Sci. 6:103-132.

Spychalla, J. P., and S. L. Desborough. 1990.
Superoxide dismutase, catalase, and tocopherol
content of stored potato tubers. Plant Physiol.
94:1214-1218.

Wang, A. G., and Luo, G. H. Quantitative relation
between the reaction of hydroxylamine and
superoxide anion radicals in plants. Plant Physiol.
Commun. 6:55-57.



