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Enhanced tolerance through increasing polyamine contents in transgenic
tobacco plants with antisense expression of ACC oxidase gene
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Abstract Antisense construct of cDNA for senescence-
related ACC oxidase (CAO) cDNA isolated from carnation
flowers were introduced into tobacco by Agrobacterium-
mediated transformation. The decreasing expression of
NtACO and the reduction of ethylene production were
observed in these transgenic lines. In contrast, the SAMDC
transcripts and spermidine content were increased. The
findings that higher content of spermidine in the ethylene
suppressed transgenic plants compared with wild-type should
be directly resulted in the enhancement of SAMDC activity
followed by the increased accumulation of SAMDC tran-
script. To investigate the pathogenic response in these trans-
genic plants, wild-type and transgenic plants were inoculated
with Phytophthora parasitica pv. nicotianae. Transgenic
plants suppressing ethylene production showed the increased
resistance against fungal pathogen, comparing with wild-type
plant. PR-protein genes expression in C40-A4S-2 and CAO-
AS-4 were also higher at the normal growth condition and
pathogenic response than in wild-type plants. The results of
higher spermidine content and SAMDC activity in transgenic
plants, CAO-AS-2 and CAO-AS-4, support the possibility
that an increase in spermidine content might induce the
higher transcripts of PR-protein genes. This results agreed
with the phenomena that spermidine promoted the expression
of PRIa and a SAMDC inhibitor, MGBG, decreased the
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expression of PR/a in leaf discs. These results suggest that
the resistance against fungal pathogen in transgenic tobacco
impaired in ethylene production might be caused by increasing
in polyamine, especially spermidine, biosynthesis.
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e 7IA FHY HE TEZOEA A4S WS
vkl A o) A4, ah 2o =3}, FAFo Wol, &
2], 7] #o] FEAQl ¥ & okt A A 2o o
S}l @Itk (Chen et al. 2005). ILSAIE9] BE 222 o
gl AT ¢ AT, BE L AT e B2
FEoE FAHM e, ofgdl AL AEY T
I 23 dAA] ofe] @l 9 theket &4 2.l &)
Z 71t} (Bleecker 2000). £X}9] wof, A1 E9] =3} 17
A (L) As 5 AEY A Bk ofyel AlEol
FAE A BYAY] 345 UokE o, 29ar Ak
o] BZ, 7t oA &= o
]:/E] H

2 EEe 2EgA S 2Ro|gka 3t (Chung et al. 2008).
ofeldll AygAle] ML EZ-E S-adenosylmethionine (SAM)
T} 1-aminocyclopropane-1-carboxylic acid (ACC)7} Q+=td,

SAMZ o &gl 3] A dA &2 & 4= 9l+= ACC synthase
(ACS)o] Jalf ACCE H3t=]r] = ¥ T2l ACC oxidase
(ACO)el ofsff 2T oz ofdillo] HHt oddl &
A3 9] rate-limiting step> ACSo] 2] SAM©o] ACC= A%k
B 9AZE F85tH ACO9 HAE AEo] A3t &4
A sEd2 gl gt 08 GAR 48315 49
L= wWo] Bm 3 QIth (Tassoni et al. 2006).
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SAM=2 ACS©]l ofsto] ofd#lle] F1tAlks
HARE FAl] Eeobdl = am
AFotes ddS stn= gyt Eejopvle FYHhEo]
FUSHAITE e A] Ahgo] A2 Atk AA AEA W
o A SAMO] 2-8-2- ulj-9- thefake] Ay SAME| gHF
A2 SA7Z} obY A9k, SAMo|2h= 59 AAA =R
Zejorl o R o] M A=} oEde A e AR
AR WA Q= Ao R oJAZTE (Wi and Park 2002).
Eolobule BAgol wd A& ot ol Loz
diamine?] putrescine, triamineQ] spermidine, tetraamine$l
spermine 0.2 A E, S& 0|BE 5 2E AEQ AxZ Y
oA EAst= Ed=A SAHAZE EIsHA dojrfal
A S=7F WE A7l A =7 w2y =
S7F A A AT Ao R SojE0] E1
ol i} 7+ HLEZ 0l SAMO 2 HE A EHE oE
dol Al W gho] FA4sHA F7tshA Heh (Kaur-
Sawhney et al. 2003). o|2st A= EutE FGuf wdof
A% el 2hae] Ao et o2 wao] 2
7Volal Z2]oful sheF2 7} A SF9I T} (Tassoni et al. 2006).
E-3], spermidine} spermine T4 2] =8 G421 SAM decar-
boxylase (SAMDC)&= Al Z Y| ©hald o4 1 9Fo] FZ
;H o j:]o]uj D}HHX\Q \j}71—7]7} /\h:]-ol o Jqo]];]._ EE]—
2hA] SAMDC+= o8] A A3l Aol 27428l A=
of oJsA wHsHA 2H= Ejolnl HH/Y rate-
limiting step©. & &2 A Qlt} (Hu et al. 2005). 4] & ol A
SAMDC 9| 24 A ol whet Wskal 7hap 27 9
Zof, FAIZY v A, 29 Wd Al Eejornl o
= 2485t 1Y SolA F8% 9T 3t (Kim et al.
2004). Chick-pea F2}o]] SAMDC &4 9] oA A| 2l
glyoxal-bis guanylhydrazone (MGBG)L} cyclohexylamine2 A
25} ACS2F ACO &0l F7tste] ofddll HAgo] &
A3 #7718kt Bl (Gallardo et al. 1995)7F 3%l =1|
oA F =HY Aol AE AATA Aee B
oot G v kA Eo| ACSE] A& Q1 aminooxyacetic
acid (AOA)E A st ACCe} o ddlo] Aol Fadt
WA E3] spermidine©] Y wFo] 2A F715H3ITh (Pandey
et al. 2000). 3t 7}d|o) A (Dianthus caryophyllus L. cs.
White sim)of| 4] E2]3F SAMDC -§-4x}¢1 CSDC92] promoter
o]+ salicylic acid, auxin, Ay &2 12|11 H|WEZ] AET
20f Hh3-8h= elements (TGACG)®} o Eilo] whg-3h=
element (ATTTCAAA) 5 t}FSt potential motif 0] Z 35
o] SI3IT (Kim et al. 2004). o] 2|3t At o F T &2
obgle] g Apolol AtE £ABAT &S A Zoh
Fejobulo] )¢ ahesh 7)%50] A7E Avuy A2
Qe Arrate] grae] £oirtrt Eelobul & Ao 9
=4, RNase, 12| 1l protease &Ad o] A& o] 37} #]
A E) 1t} (Tassoni et al. 2006). E3F =] o}7]-2 v Y ESH

9] ACCE A3}t
ino propyl groupe-
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3 Za)opql §el o] Hj ﬁ7}o}oﬂ _}%@E} (Bouchereau et
al. 1999). 181
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[e]

ol S7HINE i PABEL $AAES €
S (Wi et al. 2006), A ESHE AEF A

02 28l = e stel Eelob ggo)
<

g

=

juisc)

Sk (Walters 2000). w}ebA] 2 ¢15o] A2 of el 4
A9 ACO FHAE antisense WEFO 2 E¢3}10] o
o] Aol Ashd FAAE Gulf A E ol&sto] AE
YA AFAS 2AFIGOH o] A oA dojubs 2&
\ztomA Eelobul AgaTel AAUAS B

O

R
NZHE W ASHA Hel 27

2l (Nicotiana tabacum L. cv Wisconsin 38) 2 &9} 7}
ylo] A Zof A E2]% A4CO cDNA (CA0)7} antisense &k
o7 wE FAAI AEAH (CA0-4S-2, CAO-AS-3,
CAO-AS-4)5 AFARE A&t FAATS 7t
Al g WA EQl pBII21o| BamHIZ: HindllIE A 23}
Adkala, 1 x| o) 1.25 kbpe] ACO ¢cDNA (pSRI20, GenBank
Accession No. M62380)S Al slo] A %3 DNAS A &5}
ATt (Wi and Park 2002). Antisense CAO -FHA= 358
promoter®] A[Hjsto] e Hwf, A marker +AAE =
kanamycin #| &4 &A=} (NPT IHE x3sta ot A&
A= 332100 £ 10umol m”s™, 164 7F 2 AT} A 7F =
7,03 2wl 25+ 1C 2 45 wopAlo) A et
t}. T2 £X}+= 70% ethanolof] A 5E7F %X]f,{} 3 5% sodium
hypochlorideof] 5 &-¢F A 2] 5t o nf, B 42 5~63] A
A5t ok At ¥l £2}= kanamycin (100 ug/mL)o] H7}=
1/2 MS ¥ ] (Murashige and Skoog 1962)0]] I}&3}of 25+
1C 2] growth chamberof| 4] 2 ~ 35 Z9o} 7]& & Eofo| &
A Ag o] AF&3gth H0;, A 2= 20 mM 2] H,0,7F
3+ 20 mM 2] H' 2-[N-morpholino]-ethanesulfonic acid (MES)
buffer (pH 6.1)of] o AHOo 2 A2 stH HEZ AEH
2 Aol kol A 457t ARt ’%‘% e tﬁ"
Aol AL, 45 FoF wi R o 3
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o W& o] &5k al 2] H total RNAE= Northern blot — tf AEHAS A stAY AgstA] @2 22 oA o
-k 7F 59t dansylation A|7] & benzene &=

A3} RT-PCR EA 0o A3} T} Pathogenesis-related
(PR) protein F-AA-59] W& EA4-2 ) 9] PR1a (GenBank
Accession No. X06361), PR4b (GenBank Accession No. X60282),
OLP (GenBank Accession No. X95308), SAR8.2 (GenBank
Accession No. M97361)0] 11 ACO F-A#}9] dte HAL o
v 2] ACO (GenBank Accession No. AB012857)0| ] Zz+z}9]
cDNA Q] AHL pg labellings}o] probe 2 ARE-35}Ath RT-
PCR-2 total RNAQ] 1 ugS reverse transcriptase (High Fidelity
RNA PCR Kit, Takara Bio Inc.)& A}F&3}9] first strand cDNA
£ T F o] (DNAS FF 22 5lof PCRE 3513
o} olu) Abat §Hze] So| Mol primer2 Al oy actin
(Tactin)& 5'-ATTGTCCTGGATTCTGGTGATGGTGTT-3"x+
5"-AGCCAAAATAGAACCTCCAATCCAAAC-3'0] 12 o
SAMDC (TSAMDC):= 5'-GATTCTTATGTCCTCTCCGAGTCG-
3’3} 5-AGCATAGCTAAAGCCATCTTCCGG-3'o]t}. PCR HF
£ 94 Cof A 5E7F pre-denaturation A]Z1 3, 94°Cof A
3027} denaturation, 60C o] A 30% 7} annealing, 72C o] 4]
157} extension T2 20 cycles2 315321 1% (w/v) agarose
gel AollA SHH WEE Felskh

In vivo ACC oxidase 2 2 OfRall MMzt

Al
04

ACC oxidase A& =A3}17] 98] | mM ACC &N of
A FAAS AeA9 o A4 52 o4 2He 20
mL g7]o] goj atof 1A17F 5ot gl S st
itk 7 1 ml & FAIE ol g5t F)AE Het
o] gas chromatography (Hewlett Packard 5890 Series II, Flame
Tonization Detector, Alumina Column 250°C, USA)E &4 3}
glon] 27 o AFL} §7]9 Hal2 o] ate] oL
ARG AT oL g bR R gl

S 1=
ofo oft
[\ )

SAMDC &4 &M =X

SAMDC f4 4o Wi 9 Park (2002)¢] WS 7|22
ato] AHS 3kt 0.2 g0 %28 SAMDC extraction
buffer [25 mM Tris-Cl(pH 7.6), | mM EDTA, 15 mM [3-mer-
captoethanol| & $&3lo] AL AAANS g4Y0 7 AL
ahaich 7] A2 4.7 kBq S-adenosyl-L-carboxyl-[ *C]-methionine
(2.14 TBq mol"l)% A71ske] WHE-A1 % 0. liquid scintillation
counter (Hewlett Packard, USA)E o|&35}¢] WAlSS &4
3tglth SAMDC &4 49 @9l 1 nmole 'CO, h'&
1 unit2 3}Th

v
(Y

5}o] thin layer chromatographyof| 4] £ 2]
3t 3 spectrofluorophotometer (RF-1501; Shimadzu, Japan,
excitation 350 nm, emission 495 nm)& o|g&3s}o] FF &

=745tsc

I
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(NtACO) &3 W3S &2135}7] 915}9] Northern blot £4

= FYBGATE CA0-AS-30) M= op G H ek NedCO HE

oFo] thA Z7}81% QU CA0-4S-29F CAO-AS-4o)| A= &
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Fig. 1 Endogenous NtACO transcripts (A), ACO activity (B),
and ethylene production (C) in wild-type and transgenic tobacco
plants. (A) The transcripts were detected by Northern blot
hybridization with probe of tobacco cDNA (NtACO). Each lane
was loaded with 20 ug of total RNA. Ethidium bromide staining
tested equal loading. WT, wild type; 2, CAO-AS-2; 3, CAO-AS-3,;
4, CAO-AS-4
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A
= %‘ok% T3t C40-48- 2L °l: A AEA E oF
45%, CAO-AS-4= 9F 36% 74481 0 CA0-45-3& F&
ZAH] &S YErth (Fig. 1B). £3], antisense CA0 &2
ek AEA FollA CA0-AS-4= olFdl YA Fo] ofAY
ol vlsl °F 46%7} 4= et (Fig. 1C). o]2|gt A&
£33 antisense CA07} ACO &4 AL THAAA ofEd
WA FLE FE o5 F44
A2 A S ol g3tol o

oz O

rﬁ

Z2(ofolt o Mol FY W

Z ot A G4 SAMDC2] mRNA levelo| oA &
A ER W CA0-4S-29F CAO-AS-40) A =7 wral =gl o
= SAMDC as A E3E ofAE A EA7F 0.15 nmol
mg' b old] W) Zz 2.4u) 23 27} F7bekgnt
(Fig. 2A). Antisense ACO 372} = S 2 NiACO transcript
ol AA7F ol A] ekt CA0-45-39| A= SAMDC
a4 FAL 168 A Z7}8FH AT CA0-4S5-22}F CAO-
AS-49| X = SAMDCE] & ofo] 28 o AA F718H3
th (Fig. 2B). whebA] SAMOf|A] o gl o g Hehs = 74
ol Aol wel SAMofA Eejotvlor HeE = ¢

TSAMDC | M Myl .0 M@

Tactin

rRNA
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Fig. 2 Expression of endogenous SAMDC gene (A), its activity
(B), and free polyamine contents (C) in the leaves of T2
transgenic progeny and wild-type plants. The 10th leaves of
each plant were harvested and analyzed. WT, wild type; 2,
CAO-A4S-2; 3, CAO-AS-3; 4, CAO-AS-4

1

A A o] Z718le] SAMo|| t3 o g At Eajobyl At
A Aol HE A BATE 2Aste AeR oA

E3 Zalolyl TS A3 AT C40 HHAA F

AR A EA Fof A ~OI spermidine $H=F2] 79 oA}
& 21247} 11.9 nmol g' FW 21d] H]3)] C40-45-22} CAO-
AS-4o| A= ZhzF 228 18]al 2182 2715 AL CA0-AS-3
oAk 1.68] F7F5F3Att. Putrescine T2 ofA Y A&
Ao B)El| CA0-AS-22F CAO-AS-49| H= 9F 23 ~27% A&
SFAARE, CA0-48-3& FAFSHA] LSt o]= C40-4S-2
2} CAO-AS-49) A putrescine © 2 F-E| spermidine2 2] %}t
o] 7= A &= putrescine®] FHFo] oF7t ZF
2399 Ao AR, 18y spermidined] FEFo)
S7FeE Zlof vl8f spermine oFFE oFAYH A=A FE
gk A=A Atolofl A & WSk fdT (Fig. 2C). C40-4S-2
2} CA0-4S-40) A spermidine 3+5F F 718}t NrACO Hd U
ol Y HaTt AR AFBA A= Aem
e on, o3t AutE Fof oEdY A IA
7} Zg] oyl A3 pathway 2] WSS - X=5}19] spermidine
o e F7HI7I= AL® HojAn, o= F59
A& SAMo| gt A4 wAZE AT R o
A At} (Pandey et al. 2000). T3t o] Qo= o&d AYgt
A A7} Belobl Aol AR zaAstn oY
Aol AHH o Bejobul AT Bojss Hael B
Aolu 24 IHE oA 54 WA 4 ol

SETSMSA M Lope AE A0 2fF PRTa L STt

ogee e 4EAgEaRAe] FAOY AE WY
ol grofstal Q1S #Nk oyt et A4 T &
S 4 whgol 4 ojihs BAL weel s pojsta gtk
(O'Donnell et al. 2001). £3], hypersensitive response (HR)2]
54 F stube A T80 Sl A AlESY Al AL
™

o] WEA N3PE= Ao m o] BpHolA ik
(reactive oxygen species, ROS)2] A4 o] 4=HtEIt}. Hydrogen
peroxide (H,0,)E H|Z3}9] superoxide, hydroxyl radicals %
9] ROSE AEH A0 T3t H]—o—]lﬂ]—o of TEAHoZ A8
S paeA ABA AF WS SEsh=d Bash
NE o Wuh opjel ROSS] B4 ALY AFEL 2o
= B2 2% Z&3tc) (Moeder et al. 2002). £3] Hj$-
20 o] H,0, (150 ~ 1000 mM)o] oJajA = o= 5 glct
Summermatter et al. 1995)= X 17} Qlch uhatbA WAL
A9 IR W] Yol 489 4Adel f
g oA SE o] F7te= PRI §-7H7M2] Wkt
APeHA AE AT FolRl AEA A oBA ol
A& A 2ARSEATE AbeHA] AE# A= 20 mM H0,
£ A&t frEokla of Y |l AEAY o AH
oNA = AtSHA AEE A7F A 2|H o] % 30EFE o]

ofr
FI

l
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Fig. 3 Effect of H O, on PRla expression in wild-type and
transgenic tobaccos (CAO-AS-4) leaves. Total RNA was extracted
at the times indicated from leaf discs treated with 20 mM H,O,
for 0.5, 1, 2, and 6 h, and subjected to Northern blot analysis
with the tobacco PRIa probe. Ethidium bromide staining was
included to verify equal RNA loading

S7het7] AlZFsto] 1AIZke] 2t o) rd & e AT
SFH CA0-45-49] & AHof 20 mM H,0,E A2 st 43

30858 PRIa®) Wdo] HYA = FE=H A7t o]
A= A FASAATE 64| 7Fo] A o=
THA] =& k9 transcript7} - E %9t} (Fig. 3). 3
R Y AlEA Kt C40-4S-491 A PRIa®] W& o] A 2|5}
= A7 WU ) =4 Z715FSE) PR (pathogenesis-related)
SO fHA = TMVO A= SS o spermineo] 2]
o 2 wdo] FAeth: BIsk i ACE Mo}
(Yamakawa et al. 1998), CA0-AS-40]| A Zgjo}ql E3] sper-
midine @] eFo] 2uj] o]AF Z7}et o B R PRIqS] GA A} vt
dol A F74et Ao = AR 53] PRIa F44H9
o] Aot AE A AP & 3021 647k AA
= A FtEE FE UEle A2 Alek 2Ed
2 A2 ¥ biphasic P4 etk 729 929 o
T Aotz AX|stAth (Wi et al. 2010).

webq QuE o Eejofule o) ofol Lol L2 ROS
of o3t MlZ&4E AAIste] =3 & A At
7120 TR IE B 1 (Lee and Park 1991) C40-45-40]
A AlZ W Eejobrlo] F71ste, ofddllo] JA|EHo R
W ArSEE AE Aof tiel PRIcO] FAAHS] WE o] F
7ht Ao ' oA

o

SETE A=A Bl SE0 o My X PR T
e

2 & S0t

Felobyle] g F71oh o gal Aol &
phthora parasitica var. nicotianae)®] o gt Zﬂ AT o]
A% QeAE Fobmid Y AU

TAAA o R A=A eke Aol & A

of EHA 3AR N o] Pt
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-
OLP -
SAR8.2 |iulh W -
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rRNA P P ,"‘
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Fig. 4 Phenotype and expression PR protein genes in wild-type
and antisense transgenic plants with C40 cDNA. (A) Phenotype
after inoculation pathogen, (B) Northern blots for PR-4b, OLP,
and SARS.2 mRNA levels in CA0-4S-2, -3, -4, (C) Determination
of PRIa mRNA levels during fungal growth in wild-type plant
and CAO-A4S-4. At 3 and 14 days after inoculation, plants were
examined for disease symptoms. Disease responses to the virulent
fungal pathogen, Phytophthora parasitica var. nicotianae. WT,
wild type; 2, CAO-AS-2; 3, CAO-AS-3; 4, CAO-AS-4
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7Vskdet (Fig. 4B). 183 gl g8t gol 93 f=
B PRIa®] W2 CAO-AS-4914 4E $ 5UYFH F7}
317] ARste] 8T B O 222 Lot opy



J Plant Biotechnol (2011) 38:54-61

59

o ARANAL 4 5 8do] 4E ool PRIaS] mRNA
7 pEEgly T wdge YAATABA 3 @
A3 skt (Fig 4C).
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% 4 qlgich Tl Be R ool eial
7kst ROSE| A4 o] FepstAl S7kste] 235]2 Al
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