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Abstract Although reactive oxygen species (ROS) are
inevitable by-products of many redox reactions in eukaryotic
cells, they play a crucial role as signaling molecules in many
cellular processes for development and defense response to
abiotic stresses. The biphasic ROS production which was
peaked twice in a first transient phase and a second massive
phase was occurred after treatment of abiotic stress such as
oxidative stress, high salinity. This biphasic generation of
ROS was followed by the biphasic production of stress
hormone, ethylene. The mechanism of interactions between
ROS and ethylene biosynthesis is studied in tobacco
(Nicotiana tabaccum L.) plants under the abiotic stresses.
The stress-induced ethylene production was significantly
inhibited in RbohD-AS and RbohF-AS, in which antisense
expression of NADPH oxidase genes was performed. The
accumulation of ROS, which was determined by DAB and
DCFH-DA staining, was significantly decreased after abiotic
stresses in transgenic plants. The suppression of signaling
with ethylene and ROS induced more tolerance in response
to abiotic stress. The transgenic plants were more tolerant in
MS medium supplemented with salinity stress in contrast
with wild-type. Stress-induced cell damage determined by
DNA fragmentation was decreased at phase II in those
transgenic plants. Therefore, the first burst of ROS is more
responsible for making a role as a signaling molecule during
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stress-induced response. These results suggested that ethylene
and ROS act in a positive feedback cycle that results in
mutual enhancement of ethylene and ROS production during
stress-induced cell death.
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FAZA A3t E 22 (Boyer 1982; Thomashow 2001;
Bohnert et al. 1995) AE#H Ao t3f] A& SH4A WH
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W dA Ao w7 B akato) Aol AA Frtste] A&
Aol &2l shAl 2H-g-5k7] wimell Ao A A=
o] o] WojX= 5 A&l 5 YA Hrh (Inzé and
Montague 1995). &4 Ab4+* (Reactive oxygen species, ROS)
2 superoxide radical (0,-), hydroxyl radical (OH:), 12| 1L
hydrogen peroxide (H,0,) S22 A=A U oA 1}o] AYAE
S AR JolA] AlEE TheA S $elSha DNA 4
e s B ohjeh o2 AZTA AR sl &
EYA2E do7|H (Fridovich 1986; Bartosz 1997; Foyer
and Noctor 2000), 7L 5 H,0,&= ¥ SEQAE FEA
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J A 2F 3} o] & A A=
A28 ALo| o] A3l #3<l redox homeostasisS 32| 3}

7] &J5}o] 243t antioxidant system©] ©]5-0] Xt} (Rennenber
and Polle 1994). 1322 HAFA Q] Arel o A AIAAT
2 superoxide dismutase (SOD), peroxidase, catalases (CAT)
Eo) mazol Wit 1 oo A T2 AE 7]l A
A8t HlmaA ] W] o autH o2 A AEA
9k (Noctor and Foyer 1998), AEFH A7} A &HF 0 F F0f
AA =W et sl 2Hg A A 7F 3R o] Al EAF2
22 48 AN A5E A4 He Aolth (hitan
et al. 1997). H0,& X &3t SAAA TS hypersensitive
cell death & H|ES o2 /7Y AT AERYS
Lotal, ethylene 5o #AE= A5 A9 S &
Al 71t} (Overmyer et al. 2000; Rao et al. 2000). o] A
3 AEF Ao thgt HE-S-of A] ethylene AJE AME
e ol Yorlt AE AgHA] Fad
shel BAAAT %4 fES B g
A TF (Overmyer et al. 2000).

E5h ethylene® 714 Fejo] A% sEEORA
of 4%, A3t T wal, £abe] ol g, 7| 3
A9 Uk (FUG) 5 ke Al 3ol ol
Qlt} (Woodson et al. 1992). AFAIES HE %
cihylene > AT 5 AT, BE T AAFE o) e

TF0 7 FA =T} (Abeles et al. 1992). L2} ethylene A3
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1984; Theolosis 1992) Wl 73} chokst u| A EetA
AEF A0 A signaling response 2 A % 3}t} (Chung et al.
2008; Diaz et al. 2002). Ethylene A3 ¢H4-& Z 4|3} 1L ethylene
pathway 2] A4S A3t AL A& wg wpAap A
By whgo FHRA 0O Fesietm oed gt
(Achard et al. 2006; Cao et al. 2006; Zhijin Zhang et al. 2009).
dejng AEH A g4 Aol 7H53HE = ROSO|
ORt A2 9] AFstA &4ks F5tr] el e 2 o
2 A< HHZE AE A oA ROSE AAY

% ol SRRl GASHAISH TEd Mg SushAL
ROSE A7 Hejshid] Tost Baol P48 B2
o1 ol /1AL B ROSY §oUT 7159 HFol

ALEA staA, E4e ol Bdas 23
(Jin-Song Zhang et al. 2007). o] &3t S E3}o] A|E
U 527} Aloju ROSE AT ERAZE 28510 Al
o, A=A/ LEH 2of gt Wojrhg
] H o

9 programmed cell death (PCD) 5 o & 7}x
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71t} (Luis AJ et al. 2009). E3F A Eoj 4 ROSE 7] 2
o, W, SAAT 2L ol X Wl gloiA
ZQ3}t} (Desikan et al. 2005). ©] 23t T}A o A ethylene
o] ROSE Al4sto] Holuhe & GEal ABHLEA
017} of U™ ©hA] o] A oA S EE AEFH A ethylene
o] A&E9 35 doA AEs FA Wee dddTt
of sl obAl = WEeHA AEo] =EHA Eokith
ROS+= A&EA| 3o 4] integral membrane protein¢] NADPH
oxidase @] 2Fg-of 93] YA = (M1k10s P et al. 2009), &
=0 A= ROS Aol Hofsh= 551221 RhohDS} RbohF
of §HA Wwao] oAH FHAT ABA (RbohD-AS,
RbohF-AS)% o §5ke] AEe| A Agh4o] Pstel 175}
Atk AEAT S A A AR AEYA 5
WEE AU AR WA Y R ool ROSTF &
A 5|1l 0] % ethylene T4 A Al NACS49] S-AA 2
of oJs ACC7} A&7 A /d = o] ethyleneo] 1A]7ko] Z|tf
2 AYAELE 27] 9SS 3holatginh (Wi ST et al. 2010).
ojuf AH/AJE ethyleneo] 2J3 thA] ROS7} 3A17F A o
e 1 Adp 7)o A oheke ethyleneo] A/ = 3
L—E—" o]ﬂ] AH/HQ ethyleneQJ Ol:oﬂ ]:qq‘—jl— /Uf’o] ;ﬂ'&]—k].g_
Ut AY &2 7 He Aoz Helrh 2 A4
+ ROS Ao Bt 2 ARl RbohDL} RbohF 2}
A2} urg o] AR RhohD-AS, RhohF-AS A AT A%
Aol DGR} ALY AEH A 5S HPL
A4 54, ethylene o] W2 AFS 2kt
E3F 7)1 9] o}k A E ethylene?] 21120 W2 A E
AFES 3] RhohD-4S, RhohF-AS 3 A A3 A2 o] A 9]
cell death AL &stF ot
b 24 BN 1Y FEHOR g
T 7FA] &4 9] ethylene} ROS 34 <0 ROS7} ethylene
] upstreamo]] EA T Aolet= Holl 2HEF W0l 4%
synergisme 40 A A4S =5t ROS AP/ ol o]
= FA Rl RbohD®} RbohFQ] -7} Whd o] A=
RbohD-AS, RbohF-AS B ZAAZ} AEA oA AEH A A3}
Hofl Bstel ATshnA sk

Mz A 9

i)
o

NE 9 s
B oALo| A= Tl (Nicotiana tabacum L. cv Wisconsin 38)
AEZAE AHESHe] ROSA /Ao rolste friztke] wd
ol oA AE=AE AM=st7] Y5t RbohD, RbohF=
antisense WeFO 2 EQ5to] A 23 FHAZ SH ¥
NEHZ LA (Fig 1), 828 RbokD, RbohFo)
atisense HAAT AEBAEE S FolH WAL
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Hind Il Xhol level & #&3H & 20 mM H,0,8} 200 mM NaClo] o]
Cocodnoreaion | o asozoey  Duffrel 90 2412 5k el T washingsho] 23
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Hind IIl EcoR|
[ Goding region ] oMY B YL 4B L A
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Coding region > DAB & Oﬂ 5~8AIZF FoF Tt A E 25 Coﬂ 1 %] 5}
wheo Vo siek DABe] @415l 9 X2 oferE (6] 108 5
Fig. 1 Di f the 35S::RbohD anti d 35S::RbohF T &2 % cooling A ofEEel Seldle BHE
ig. iagram of the ::RbohD antisense an ::Rbo 2ol & A EFAIE o] =zl - 2
antisense chimeric genes. RbohD cDNA and RbohF ¢cDNA were = ?ﬂ | 2ot gaE 9 24 HA e
separately inserted into each the HindIll, Xhol or EcoRI sites of @5ttt
pGA748 in the reverse direction. The constructs were confirmed
by sequence analysis and used for the Agrobacterium tumefaciens- Ethvl =5
mediated transformation with tobacco leaf. 35S, CaMV 35S; LB, ylene =<
left border; NPT II, neomycin phosphotransferase II; NOS-P, nopalin
synthase gene promoteir; NOS-T, 3 terminator .region of t_he nopalin obAE Al B9} FA A Thull A ER 9] o AL 43}
synthase gene; RB, right border; T7, transcript 7 terminator. sto] AEFA (20 mM H0,9F 200 mM NaC)E ] 2] 3t
5 6 ml g7l gol F717F A A LEste] 1A1ZE
H A o] ELS AHF A5
}\o 00] 7]—101' "Tx‘"% E}?J.EE _] O]'q E]— 0:]?"’] ]_ethylene_ :IEX]E} 1 ml_g_ 2/\]'7]E ‘9_7] LH 7]Z‘“
A2 A5t B 100 umol m” 5™+ 3002 4 16 ;_ o e
A7F BRAT §A7F A A0 W, 2545C 0.2 AA 5 o] £ A F 34t Gas chromatographyS ©]-83}9] ethylene
e P Fe Yson, AR YFYT 8719 Rug of
OUZ‘HH /\]oﬂ/q XHHH ]_ojl:]_ TO A E'Xﬂoﬂlx‘] 04_9_,“}_ o= =70 IA—"1» 06 o (9] TH=
s B 85to] ethylene A FE ATt
2 9 T2 2 L2 T3 £Ab= At 253 3 kanamycin

(100 ug/ml)©] 7&-47}301 L= 0.5xMS agar B ] of] 2]/5}o]
25CE {A &= growth chamberof A 3 ~ 432 ZoF 7].&
T Foll S71AY kel A AR AHESH T

ROS &% &4

obE AEAY 924G $3ete] AEHA (20 mM
H0,9} 200 mM NaCh)E A 2] jt & 7} A[7kof] B3] 44|
HAaE ol gsto] A wpgt F 10 mM Tris (hydroxy-
Imethyl)aminomethane (Tris) buffer (pH 7 )% A 7Vste] Y

Al B ] (2,000 xg, Smin, 4C) 3t ASHE &7 & =
Z5 24 ml3 24 ul 0.1 mM 2’7 -dlchlorodlhydroﬂuorescem
diacetate (H,DCFDA) (SigmaChemicals,StLouis,Mo,USA)S &
7}ale] 2 Ao & A Lo A dark AE]E 10E7F incubation
519101 SpectrofluorophotometerES ©]-8-3}¢7 excitation 485
nm/emission 525nm IO A &3-S =A% T ZHZ)F sample
o] protein & HFst 22| sample®] g A4St

tol

al

H.0,9| =5

obiE A B BARE AEA 9 o] AU YA
20 mM Phosphate buffero]] ¢+ 3+ A]F Tt} 20 mM Phosphate
buffer 100 mlo] 100 mM 2] DCFH-DA(2',7'-dichlorofluorescin
diacetate) @] stock-2 +=H|3}o] final %= 10 yMZ Z 7}3F
T 92 248 2 Yol 1087 44 s19on), A
%4 DCFH-DA7Z} H7bE| 2] ob2 AIASH bufferE ©]-&
5}o] 7| 2L5} A washingS 3531tk HA confocal 2 basal

NaCl M2| = HiXofM WT2t HETS 4

Ini>N3
I_E

=H|2| Lo} H|ul

200 mM NaClo] *&] % 0.5xMS agar mediumof| &} oFA1 &
AEA et FAAT AEAE FAlOl A4ste] 25TE §
A &] = growth chambero] A 20 o dro} & t]x] €7}
w2tz 2G5k 2H root growths 743Ut
Genomic DNA =2| ¥ DNA fragmentation =4S St
cell death 20l

obiE Ao BAAT ol A BA G o 22 43t
gto] AE# A (20 mM Hy0,9} 200 mM NaCl)E A 23}
ethylene 7] peakof Al Q) 2&& WA HALE o] §5}o]
o} )3 % DNA 3228 [0.1 M Tris-HCI (pH 8.0), 1.4 M
NaCl, 20 mM EDTA, 2% CTAB, 0.2% [3-mercaptoethanol] &
w350l 65Cof 1057 9rx|atadet. 4°C, 12,000 pmo]
A 15E &9 AdEeste] 42 s o] chloroformS
Htelo BRI HhEE QAR A A5G o
38]-0% ethanol precipitationS 4>3§5} %t} A7 1A o A
S DNA pellet-2 50 ul TE beffero] o3 1 ul RNase (10
mg/ml)g A71sko] 3048 J A20| 4 ¥H-g-Al A RNAE A
Astcth 22AH o2 AL genomic DNA% ek B A5}
%t} Genomic DNAS AT EA3 = ug% .6% agarose
gelofl SAIZF 5Qt A7) G5 (45V/gel em) Tk 5 EtBr HAY
2 35}o] UVAFo| 4 DNA fragmentation®] H3}5 &1}t
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whebA] 2Eg A dkg-of 4 ROS AY7d ] biphasicql /&
golstgom o] #gk & H ol ROS peak7} AE | A signal
2 ALY AJA &2 49| peakit AEFH X signal 2 2}
B3t Qe AdA o et 71 A7t 2 & Aew
At

ROS ‘40| AAx|=l FEE2t ASH0|M HIEZSE AEL
2 Xe|off Chet ethylene 44 =H0l

2EH A A2 A YA = ROSE Elet F ROS A4
9 210l RhohDS} RbohF 3-A A} vra o] & A|E RbhohD-AS,
RbohF-4S FASE Az oA B/dita Aol 42 &
Q1S 7+7} A9 (RbohD-AS #10, RbohF-AS #8) 8}lt}. ©]
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Fig. 2 ROS production in leaves of wild type plant after treatment
with HO, 20 mM (A) and NaCl 200 mM (B) stresses
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23t & AJ7bo]| w2 ethylene QA =Fe =438t (Fig. 3).
A

AA o2 HS w RbohD-AS, RbohF-AS BAAZ} A

= 3 A=A o Bl MuFA O 2 ethylene 9]
ol A S = e o= RbohD-ASS} RbohF-AS A&
Ao A 2E 2o o3 B/ &= ROSE| A /do] oA &
Pow 1 AaE AEH A gl ethylene A0 T A
2 Ao R HojHrl EEl biphasic ROS A AEFH A
Ae T 3087} 3A7ko| YEFGA T ethylene] biphasic
peak= AE A A2 & 1AI7H 3047 H A& o]
23ith w2t A ethylene o] AJ A2 ROS A4 2] downstream
of YIRS U= A2 AR TS o] Aol H
M ROS AAJo] o ethylene AJAJo] Holg oz My
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Fig. 3 Ethylene production in wild type and transgenic (RbohD-AS,
RbohF-AS) tobacco plants leaves after treatment with oxidative
stress for indicated time. At time 0, leaf discs were treated with
20 mM H,0,. Expression is reported as means + SDs
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(A)

Control

Control H,0, Nacl

Fig. 4 Accumulation of intracellular ROS after treatment with
H>O, and NaCl in whole plants of wild-type and transgenic
(RbohD-AS, RbohF-AS) tobacco plants determined using confocal
images from leaf discs, which were obtained after incubation with
2', 7'-dichlorofluorescin-diacetate (DCFH-DA) for 10 min. Plants
were pretreated for 0.5 h with MES buffer containing 20 mM H,O,
and 200 mM NaCl
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o] @A 5HA AAF= Felstl=l (Fig. 4) ©]= ROS
o5l RbohDS} RbohFo) GAX 7} o] 5 &4
EAol BHHoR AAHULE s
15 FAA AEA A 2EH 2 &gt
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g Ao o SEE= ROS Ao o514 2835}
A dokE A Felsk
£, ROS A4 ol AJo] Bolale §7%
A=l RbohD-AS, RbohF-AS HRA A3 A&
B wlapol A AT T Abehy
it AEYAE 3027 A2 st H0,9 =
Qe Bakol RS (Fig 5). 1 A% OF* 3 4%
Aol Hls FAAS AEA 2+ ROS F4 o] dA5H
‘1111151 o, AsHy AEF Ao it A aurt ofAY
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2 AR EHoh ESF AEF A 93t ROS A Ao RbohD
2} RbohF7} ot Q7] W&o o]5 S-AA HFHo]
A EH PG A=A o4 ROS A/ o] AASHA o
08 ekl ol U ABAA den
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Fg. 5 Accumulation of intracellular H,O, in response to abiotic
stresses in whole plants of wild-type and transgenic (RbohD-AS
and RbohF-AS) plants, determined using 3,3-diaminobenzidine
(DAB) staining for 8 h. Four-week-old whole plants were treated
with MES buffer containing 20 mM H,O, and 200 mM NaCl for
30 min

(A)

- NaCl + NacCl
WT
RbohD-AS
#10
RbohF-AS
#3
IBar:lcm
(B)
Root growth (cm)
Line No. -NaCl +NacCl
Wild-type 08 +£0.2 04 +0.2
RbohD-AS #10 12 +02 08 +0.2
RbohF-AS #8 09 +01 05+ 0.2
20days/old/plants

Fig. 6 Comparison of plant growth phenotype and root growth in
transgenic lines, compared to wild-type tobacco plants under NaCl
stress. After wild type and transgenic plants (RbohD-AS, RbohF-AS)
were incubated on MS agar medium containing 200 mM NaCl
during 20days, plants were photographed (A) and measured the
length of roots (B)
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Ao A LYREB= A&HH 2 FIHsHAL Sl FA 0]
T} (Scebba et al. 1999; Tejpal GILL et al. 2010). A]&of &
Ef &) oW ROSE Ao F7ISHA Hol A=
WA= Aot AEH A kg2 UERf 2 & ROS7E A]
ste FAMS AEAE F3 ROSeE AEF Lo Hjjt
Aol BAE obR A} ROS A/ oA of ojst
FAAE} W o] oA E RbohD-AS, RbohF-AS %A
A Z4 5 o] 8319 200 mM NaClo] X 3He MS agar
i 2ol A FAFo] o} gl A E o S EAFSETH
AR MS HjR[ oA dropel FAlE o] S dhol ®
047 ® fFA=0 £dY Wale} e
goto] ARSIl I ARt oY A=Al A
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Al A o] A l‘?ﬂ’%‘% Al ALE =9 NaClo] Z 2% 8]
o K opA o] wla 2u) e Aol BAE T (Fig
6B). Ol ASE Hol TR A 2ol oA A EE
ROSS) 4440] 318 EA| L= Aol &
FAE Aoz of AT} Ea o] TpY|Al ROSSHE] 4
Eﬂrﬁﬂi/ﬂ ROS A= 213t ethylene JAHF TAE A
Ef A AAE B fEdste Aoz o AZIT) RbohD-AS
o} RbohF-ASO| A T2 Ql AEY A A3/dS H|us}o]
B, RbohF-ASRE T} RbohD-ASO\ A ¥ Y53A =2 A~
Ef & ARde Ul Ao Hol fAE Ao
AEg 2of tigh W3- 1ol A RbohF - ARtz RbohD
o FAA H Fa3% AT ot Aom AAXIH o
A AEH A QRS 3o A ROS Al ol RbohFL} RbohD
% old AR ° F5A Z-Esk=Aod A=
oA gty o2 glov AEHAE W2 AR &
A2 I E Y 1= RbohF A7} RbohD -7 Kot &
oAl B Holth webA AEHA BRSO A
RbohF AR th= RbohD #7347} o 2514 2H-§
o Zow oA

HEXMst AZH| A9 Programmed cell death X[ 1A
AEF A HE2 o A drAIEH= ROSE} ethylene RA]S 2%
biphasic /S UERE A= MEzEAF0] 2EEE= &

7] peakol| A t}EFQ] ethylene©] /‘”ME]Oi 71 oFo] wha}t A
ol AgAS YetWAY =& 57 "ohal HaE ot
(Wi et al. 2010). &4 ROS XA A A}Q1 RbohDL} RbohF
o] AR o] AAE AEA A AEHXE H
o2t ethylene ¥/ o] 371] A O}HL e geld 4= 9l
Sk o)zl 9L A spe
3 AEY A AT & genomic DNA‘@‘ —EE] 5}o] DNA frag-

mentation2 ZAFSFE T 20 mM H,0, *] 2] 3 ethylene A3
Ao 247y 1A 7k} 30A] 7Hof| peakE R o] = biphasic %FAF

% qE}Lng\&q] o] /\]7]_4 o]:AHoﬂ /\l ﬂ_/] ol zx]g
harvests}o] genomic DNAE £33 & DNA fragmentation-&
13ttt (Fig. 7A). 1 H =& 213t AT} phase 1T A

701 304 ZHAl ol = oFAE Al o u]oH ol & At
Al EA| o] DNA fragmentation®] & I}7} Y53HA T4
L AL 3013} 2= 9]l E3|, RhohD-AS 3 A A3} A2
AollA 1 &7 o 22 AL & 5 UG E3F 200
mM NaClZ A 23t Z-9of thzFQ ethyleneo] QYA &=
/\] 7191 48A17F & ofAIE Al E-A]| o A DNAY] fragmentatlon
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Fig. 7 Ethylene production in wild type tobacco plants leaves after
treatment with stress for indicated time. At time 0, leaf discs were
treated with 20 mM H,O, or 200 mM NaCl and then analyzed
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