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Relationship of Fitness and Substance of Porphyrin
Biosynthesis Pathway in Resistant Transgenic Rice
to Protoporphyrinogen Oxidase (Protox) Inhibitor

Young Beom Yun', Oh-Do Kwon’, Kyoungwhan Back®
Do Jin Lee', Ha-ll Jung5 and Yong In Kuk'*

ABSTRACT The objectives of this study were to investigate fitness difference in growth and rice
yield in herbicide-transgenic rice overexpressing Myxococcus xanthus and Arabidopsis thaliana
protoporphyrinogen oxidase (Protox) genes and non-transgenic rice. We also aimed to determine
whether these fitness differences are related to ALA synthesizing capacity, accumulation of
terapyrroles, reactive oxygen species, lipid peroxidation, and antioxidative enzymes at different
growth stages of rice. Plant height of the transgenic rice overexpressing M. xanthus (MX) and A.
thaliana (AP37) Protox genes at 43, 50, and 65 days after transplanting (DAT) was significantly
lower than that of WT. Number of tiller of PX as well as MX and AP37 at 50 and 65 DAT was
significantly lower than that of WT. At harvest time, culm length and yield of MX, PX and AP37
and rice straw weight of MX and AP37 were significantly low compared with WT. The reduction
of yield in MX, PX, and AP37 was caused by spikelets per panicle and 1000 grain weight, ripened

grain, spikelets per panicle, 1000 grain weight, and ripened grain, respectively. On the other hand,
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the reduction of yield in MX, PX, and AP37 was also observed in another yearly variation

experiment. The reduction of rice growth in MX, PX, and AP37 was observed in seedling stage

as well as growth duration in field. There were no differences in tetrapyrrole intermediate Proto IX,

Mg-Proto IX and Mg-Proto IX monomethyl ester, reactive oxygen species (H>O, and O,"), MDA,

antioxidative enzymes (SOD, CAT, POX, APX, and GR) and chlorophyll between transgenic lines

and wild type, indicating that accumulated tetrapyrrole intermediate and other parameters were not

related to growth reduction in transgenic rice. However, ALA synthesizing capacity in MX, PX, and

AP37 at one day after exposure to light and 52 DAT was significantly lower than that of WT.

Further study is required to elucidate the mechanisms underlying the growth and yield difference

between transgenic and WT lines.

Key words: itness; porhyrin biosynthesis; protox inhibitor; transgenic rice.

M o

Porphyrin AJ3H4 Z=Ze] #ddt B aa
protoporphyrinogen oxidase(Protox)”7} 2H-8-%¢1 A
%A= diphenyl etherd| & H] &3 971 AlEel 27%F

O{N

=

o] A zA|7}F Ath(Duke & 1991). Protox A&l #| %
Ae Az 7} Yo Held Zo] u] - Folr] 3}
ool a7k 43 A2 SES FRA S 3

A ol AzAl] Anes WS Bel s, 9
T, =3 5O ARt AbgE Ik o A&
Fae] Aeo] Aol 4F Y51 AzBHoE
AH&-317] el = o HTH(Scalla$} Matringe 1994). ©] &
AzA e Ay o] A E s 2s7] st A
A WA FAAE e =Yste] AlxA A4 2
55 st ok & 29l Bacillus subtilis(Ha
2003; Lee & 2000), Arabidopsis thaliana(Ha
2004), Homo sapiens(Lee 5 2004) 2 Myxococcus
xanthus(Jung 5 2004) Protox +HAME Wl =3}k
o] Protox A3l A|ZAlo] A& FAALS w7} g
H At} ©|% M. xanthus(Jung 5 2010) Protox 7
22 Aok FAA7 A W= FeA et oY
Al = Eo] A= oxyfluorfen¥} oxadiazon ] ] <]
T =2 AYAHS HAY ©UE B subilis, A
thaliana 3 H. sapiens Protox It} ¥d A%

El

[

BN

oft ol

W& M. xanthus Protox F+AAE It} ddAI7] &
A2 o] B8] R A HArhHa = 2003;

5 2004; Jung 5 2004; Lee & 2004). ©]& 3t
Xﬂ 5&*3 ZFo] & Protox AR 257, AXTW 444 £
2912 B A Algol met 79E e AeRE B

160“ PAAS H Fol|A] IF= A ZA
3 ﬂ%‘é% HolwA HAAQl 53 phenotype
rim 2000), ¥FHo| 45
THAIRE A el d7gol
F7F L, o 94
73 FR7] W HE At 2A A
FA @dol FE7INA A&H | et TR
27} o719 th(Kuk 5 2010; Jung 5 2008b). ©]
e LN SHEEE oplde 1 FAA
712kl ek A= A& ol
wE B Ao EHE A thaliana 2 M.
xanthus Protox 722} Iohabd A 24 Ay g4
A%k W o] A5Asf e} o] &2 Q) FiFart Bl A

27198 F9RER oW A&F7)0 FEuE

do of o &
U T )
s
9
ol
N
=
tote
S
s
rr

o =L
;
=
i
O
0.
4
L o

nrl

A& Golr i, ofge] 11 UQle] tetrapyrrole FHE
A 2R3 YA A2 BEF, S A A A Ak
B3¢ 9 FuskEs 5 Holg Bdo] YEAB
ZAskEdl gl



136 & 5 : Protox AdiA AgHg FAA

HE Y

SN

B A9 A. thaliana(Ha 5 2003) 2 M. xanthus
(Jung 5 2004) Protox A} Fohrd A ZA] A3
A A s 9 H]?‘ﬂzlxqimq(ix])g: A48+t
A. thaliana Protox Az} Zohdd g2 A3 T4
At 141 5(AP37)3} M. xanthus Protox +A A7} 2}
thd PAAI TN 1AEMX) T A A
A AR e M. xanthus AR Fok @
FAAG ¥ TaAd 1A 5PX)= A&kt

r°1'

9] Protox AalAl A& FAAg
AP373 v YA A FAB(WT) TAE 255t
AES T SRAAA 3% § 259 HE o|Yste] o
g 43,50, 65% 24 #4519 7]

FETA 8a(C)Ar, 93k, 5585

o
A 2430l o5 FAATM e

o

SEea, Forie FELE

65/80%4 A7 xR A

: 74]55~ EER
90 lsled 1% 21, 30, 43, 5299 23, 4

SAMEO| tetrapyrrole SUHEE =5
Protox 37t @478 ] TAE AF 4
3 T FEg SRR 3F F Foltte Hit
30/25C, AHEE 65/80%2] Aol oz
A7 E T =9 Aol 3200umol m” s’ PPF)
0,1,3,5 1147 1144 ¥ M ol et
0|9 & 5294 porphyrin A& AR #HAY

(@)

-

o b

b

>
w

=
R

ALA 5‘1-/z77 -':-E':I

Protox A} A o} njdddshy o A
el tigk ALA 34532 Ehrlichs A 9F3 o] &3
Lermontova®} Grimm (2000)2] Wl ojaf 435
Aom ALA & E7 ALA =0 98 dojd
A8 o3 Atatd 15} AR g S
Kuk 5(2010)¢] "o %5—6}01 A8t T
Porphyrin S7HEE #4]

Protox A2} FAdgh o} n|gadxds] ¢ A

AO.1g)s TAAE LQ—E
acetone : 0.IN NaOH (9 : 10 : 1, v/v) FE&J°

= kg v, 4T 2 W 10,000g2] £=2

sol 441 < Astn HAE 2e)
(0.2um pore size)= A2 T ALg317] A7MA] 75T
o] Weael| E#sHth Porphyrin FIHEAQI
protoporphyrin IX(Proto IX), Mg-protoporphyrin IX

2ml® methanol :

1077 YA &

(Mg-Proto X))} Mg-protoporphyrin IX monomethyl
ester(Mg-Proto Me IX)= Lermontova®} Grimm
(2000)2] o ofal TA AT 718 FA AR &

e Kuk $010)2) B8] Eto] 2431

*ﬁ%*lﬂtﬂ FAz g o} v Ao A
AE 0,5 Wang® Luo(1990)2] o] £35}o]
hydroxylamine 2‘3}g =2 =43 th H0, T3
& Jana®} Choudhuri(1981)2] ¥ ol F3fo] £43}
AL, 718 FAA Q1 A2 Kuk 5(2010)¢]
el Fote] AAIBAT

d

A E e} ]2 o 3}5L2FS

2t A7 A gk ok v A gk o) 214
I}4+312H2-2 thiobarbituric acid(TBA)H & o] &
3lo] malondialdehyde(MDA) A -5 =7 5t
AFal A th(Buege<t Aust 1978).

BN



31(2)%. 2011 137

BERES

JEL §F Y
Z A7 A o HPAASH ]
A (100mg)= AFHste] A|@ o] Y3 dimethyl
sulfoxide(DMSO)E &vll & dlo] 48417+ B3k 44

ofo] A AALE o] &ste] mhfgt F 2mM EDTA,
1% PVP-40 % ImM PMSF7} #7Fg 100mM
potassium phosphate buffer (pH 7.5) 3ml= 2 3}
&to] 15,000g2 2087 AR g A9
st s B AMESSTHKuk 5 2010).
Superoxide dismutase(SOD) 242 550nmo| A 1+
70025 JEE FREF S7HE F URS FET
%] xanthine oxidase$} & AN Yo F3F= 7t
2g2 84S %59 tH(Spychalla®} Desborough
1990). Catalase(CAT) 42 Mishra 5(1993)2] 1t
Hol old] =43} 1, Peroxidase(POX) 42 &
A2 FEYS Y 470 nmol A guaiacol TAFOZ

=75l th(Egley & 1983). Ascorbate peroxidase
(APX)9] A& ascorbate] 4Fa} H=E 290nmel
Aol FAE AR 24319 1(Chenst Asada 1989),
Gluthathione reductase(GR)2] 42 Rao(1996)<]

-

AP RS %XJOM Hjz] 3ukEo R SgloH, F
Fo2F AH(P=0.05) A8k 2
g fEg zLo S THSAS 2000).

SRFBe HETHBO| YSSY

M. xanthusqMMX, PX) 2 A. thaliana(AP37) Protox
Frptd AR E MFRASH W Wa)
Protox A3 A9 oxyfluorfenol] £ A3AS HHA
h(Kuk 5 2010; JungZ Kuk & 2007; Jung
2008a) o5 FAAAH S} AL FAE

ZAst A ghFste] SHI & ZH o of
EAFE AV EHE 1). MXSF AP379)
19 F 43, 50, 65% ¢l H] G A g0 H]3)
2 Zgton) pxe} v gAdMg
Q1 Aol 7} gl ELTFE oY F 43¢0 PX

AP379l| 4 W @A guiel] Hlg] A3
H P A g o} fro] 2l zbo] & ¢l
& F 5023 65Ul ELFE MXER ofy g} PX,
AP379 4 B G A ghniol vlg| frojx oz At

B e
o i
o offt ofn

Eoﬁoﬁir

2 rlo _E
[0 o

12
O

:@ o 4o o

Table 1. Comparison of plant height and number of tiller in wild type and transgenic rice plants under field conditions

in 2009.
Plant height (cm) No. of tiller
Line"
43 DAT? 50 DAT 65 DAT 43 DAT 50 DAT 65 DAT
WT 49.9%Y 71.5° 75.9° 13.7° 14.0° 14.6°
MX 44.1™ 64.0° 67.7° 10.9" 11.2° 11.7°
PX 474 69.4° 73.1° 9.5 11.1° 11.5°
AP37 41.5° 57.7° 63.8" 8.3" 9.9 10.4°

PWT, wild type; MX, M. xanthus Protox transgenic line; PX, M. xanthus Protox transgenic line with marker free; AP37,

A. thaliana Protox transgenic line.
“DAT, days after transplanting.

?Means within columns followed by the same letter were not significantly different at P=0.05.
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Table 2. Comparison of yield component in wild type and transgenic rice plants under field conditions in 2009.

Yield component

Line" Culm length Dr}f weight Panicles Spikelets  Ripened grain ,IOOO, Yield
of rice straw . grain weight
(cm) per plant per panicle (%) (kg/10a)
(@ (&

WT 101.8*? 42.9° 13.3° 141.7° 93.0° 26.1° 697.1°

MX 87.2° 25.5° 12.1° 119.6° 87.4™ 24.6" 535.8"
PX 94.3° 41.5° 12.3° 1343 78.8° 26.5° 584.8°

AP37 80.3¢ 24.8" 2.7 91.9° 84.5™ 24.7° 544.0

1)WT, wild type; MX, M. xanthus Protox transgenic line; PX, M. xanthus Protox transgenic line with marker free; AP37,

A. thaliana Protox transgenic line.

*Means within columns followed by the same letter were not significantly different at P=0.05.
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Table 3. Comparison of plant height in wild type and transgenic rice plants under growth chamber and field conditions

in 2010.
Plant height (cm)
Line”
0ODAE? 1DAE 3 DAE S5 DAE 11 DAE 21 DAT 30 DAT 43 DAT 52 DAT

WT 3.1% 4.8 9.7° 11.9° 24.7° 38.2% 44.3" 68.2° 80.8"
MX 3.4° 5.2° 9.3" 10.0™ 22.8 35.8° 43.6" 68.1° 77.6"
PX 3.2° 44° 8.9° 10.6™ 22.0° 38.9° 45.4° 70.7* 78.0°
AP37 2.8° 3.3 5.1° 8.9° 16.1° 33.1° 40.2° 56.4° 68.1°

YWT, wild type; MX, M. xanthus Protox transgenic line; PX, M. xanthus Protox transgenic line with marker free; AP37,

A. thaliana Protox transgenic line.

*DAE, days after exposure in light (200 pmol m” s™) under growth chamber; DAT, days after transplanting.

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



EBHERSE 31(2)%8. 20119 139

Table 4. Comparison of shoot fresh weight and number of tiller in wild type and transgenic rice plants under growth
chamber and field conditions in 2010.

5 Shoot fresh wt. (g/plant) No. of tiller
Line
0DAE? 1DAE 3 DAE 5 DAE 11 DAE 52 DAT 21 DAT 30 DAT 43 DAT
WT 0.018Y  0.022° 0.039" 0.062* 0.155" 74.7° 5.0° 8.2° 12.4°
MX 0.015° 0.025° 0.034* 0.051° 0.134° 72.4° 43" 9.3 12.9°
PX 0.016" 0.022° 0.038" 0.065" 0.159" 74.4° 45" 8.6" 12.0°
AP37 0018 0.016 0.022° 0.047° 0.110° 42.2° 3.4° 6.4° 9.9

1)WT, wild type; MX, M. xanthus Protox transgenic line; PX, M. xanthus Protox transgenic line with marker free; AP37,
A. thaliana Protox transgenic line.

“DAE, days after exposure in light (200 pumol m” s") under growth chamber; DAT, days after transplanting.
Means within columns followed by the same letter were not significantly different at P=0.05.
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Table 5. Comparison of yield component in wild type and transgenic rice plants under and field conditions in 2010.

Yield component

Line" Culm lenght Dr}f weight Panicles Spikelets  Ripened grain .1000. Yield
of rice straw . grain wight
(cm) per plant per panicle (%) (kg/10a)
(® e
WT 109.5* 106.8" 12.6° 126.1° 82.6" 28.14° 580.8"
MX 993" 64.5° 12.6° 110.8° 82.9° 26.93° 451.9™
PX 108.5 83.9 12.0° 104.9° 73.1° 28.47° 455.8°
AP37 93.8° 54.5° 12.8° 92.4° 71.2° 24.70° 357.3°

YWT, wild type; MX, M. xanthus Protox transgenic line; PX, M. xanthus Protox transgenic line with marker free; AP37,
A. thaliana transgenic line.

*Means within columns followed by the same letter were not significantly different at P=0.05.
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Table 6. Camparative analysis of tetrapyroles in leaves of M. xanthus and A. thaliana Protox transgenic lines.

) Proto IX (ug%)

Mg-Proto IX (ug%)

Line

1 DAE? 3 DAE 5 DAE 52 DAT 1 DAE 3 DAE 5 DAE 52 DAT
WT 48.09™ 52.97° 54.83" 167.81° 2.05° 2.10° 0.044° 0.036"
MX 76.12° 37.07° 41.30° 159.91° 2.15° 1.60° 0.040° 0.069°
PX 72.96° 23.57° 35.49° 205.47" 1.34° 1.47° 0.050° 0.058°
AP37 54.41° 22.94° 26.50° 250.56" 1.92° 1.21° 0.141° 0.063

PWT, wild type; MX, M. xanthus Protox transgenic line; PX, M. xanthus Protox transgenic line with marker free; AP37,

A. thaliana Protox transgenic line.

“DAE, days after exposure in light (200umol m” s7) under growth chamber; DAT, days after transplanting.

?Means within columns followed by the same letter were not significantly different at P=0.05.
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Table 7. Camparative analysis of tetrapyroles in leaves of
M. xanthus and A. thaliana Protox transgenic

lines.
Mg-Proto IX ME (ug%)

Line”
1 DAE? 3 DAE 5 DAE 52 DAT
WT 1098  14.61° 1.533" 0.138"
MX 10.15° 9.68" 1.960°  0.222°
PX 9.75° 11.67° 1.734* 0253
AP37 10.53° 8.67° 2.083"  0.148°

YWT, wild type; MX, M. xanthus Protox transgenic line;
PX, M. xanthus Protox transgenic line with marker free;
AP37, A. thaliana Protox transgenic line.

“DAE, days after exposure in light (200pmol m?’ s
under growth chamber; DAT, days after transplanting.

?Means within columns followed by the same letter were
not significantly different at P=0.05.
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Table 8. Camparative analysis of H,O, and O,  in leaves of M. xanthus and A. thaliana protox transgenic lines.

H,0, (mmol/g FW)

0O," (umol/min/g FW)

Line"
1 DAE? 3 DAE 5 DAE 52 DAT 1 DAE 3 DAE 5 DAE 52 DAT
WT 2.08" 4.82° 5.01" 11.91° 36.23" 31.72° 25.95° 43.22°
MX 1.87° 4.81° 5.58" 12.72° 37.71° 28.08" 32.52° 41.69°
PX 2.12° 4.98° 6.21° 10.18™ 30.16° 32.49" 30.90° 38.05°
AP37 1.39° 437" 4.16° 7.71° 30.99% 35.07° 31.76° 39.51°

"WT, wild type; MX, M. xanthus Protox transgenic line; PX, M. xanthus Protox transgenic line with marker free; AP37,

A. thaliana Protox transgenic line.

“DAE, days after exposure in light (200umol m” s™) under growth chamber; DAT, days after transplanting.

Means within columns followed by the same letter were not significantly different at P=0.05.
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Table 9. Camparative analysis of MDA production in
leaves of M. xanthus and A. thaliana protox
transgenic lines.

MDA (mmol/g FW)

Line"

1 DAE? 3 DAE 5 DAE 52 DAT
WT 2775 20.19°  26.65°  90.80°
MX 27.05 18.83"  24.15° 70.63"
PX 20.10° 16.88"°  23.95° 59.51°
AP37 16.94° 16.01° 19.98°  63.04"

YWT, wild type; MX, M. xanthus Protox transgenic line;
PX, M. xanthus Protox transgenic line with marker free;
AP37, A. thaliana Protox transgenic line.

’DAE, days after exposure in light (200mol m~ s™)
under growth chamber; DAT, days after transplanting.

PMeans within columns followed by the same letter were
not significantly different at P=0.05.
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Table 10. Camparative analysis of ALA synthesizing activities and Chlorophyll in leaves of M. xanthus and A. thaliana

protox transgenic lines.

ALA (nmol/h/g FW)

Chlorophyll (mg/g FW)

.1

Hine 1 DAE? 3 DAE 5 DAE 52 DAT 1 DAE 3 DAE 5 DAE 52 DAT
WT 1.25° 2.12° 3.13" 1.93° 3.29° 3.02° 3.33" 13.68"
MX 0.83° 1.99° 272" 1.65° 2.92° 2.78" 2.88" 14.84
PX 0.81° 3.21° 4.05" 1.50° 2.87° 2.72° 3.26° 11.23"
AP37 0.77° 2.90% 4.08" 1.53° 2.86" 2.58" 3.07° 13.82°

1)WT, wild type; MX, M. xanthus Protox transgenic line; PX, M. xanthus Protox transgenic line with marker free; AP37,

A. thaliana Protox transgenic line.

2)DAE, days after exposure in light (200pmol m” s'l) under growth chamber; DAT, days after transplanting.
y p g g y P g

*Means within columns followed by the same letter were not significantly different at P=0.05.
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Fig. 1. 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 and A. thaliana Protox
transgenic lines.
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