GOVP1200510032

R B
-
f
ki
o

Rhizobacterial| S5 &Aoo oSt
Al 4y 7| =

Establishment of a plant disease control method
using systemic resistance induced by rhizobacteria
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Rhizobacteria®l 5 A3l o3 454 WA 7€ &

I galige =8 o 524

A8 o AqAstE Pseudomonastt Serratiads 59 B 7HA A&
ZA Mt (rhizobacteria) 83 o] &39 A& & WAlss A7 &ws 1
Hlo} o2 7}A] rhizobacteria?t AEFE S Jba Y 2 E%E A T34
A #2059t (Kloepper et al. 1980; Kloepper et al. 1992, van Loon et al
1998; Wei et al. 1996). o2l A B8 2A A4 EL = B FHAA A2
A g 150l EA8A ¢ Yo AAFE= W FAaAA AALE HA
AW AFAS 53 FHol Ut (Glick and Bashan 1997, O'Sullivan
and O'Gara 1991). AF7A A€ wle] 93w ol&] g rhizobacteria®l &
of o&f, ZEdA wAste FFold, Ay, velgad By o} 3
2 AZFo) 93 "Iz £Y ¢ AU (Rmamootty et al. 2000; van Loon et
al. 1998; Wei et al. 1996). Rhizobacteria®l] 28] F+Z3 & ¥ A8/ broad
spectrum® 7FA 12 9lojA] k7R rhizobacterium® A EA A Fol o FTH
o] WY 2% dyuie AES HIsE A4 debAeid. 1 giEA
ol d2 EdA EZE rhizobacteria®] 34l Pseudomonas fluorescens
89B-278 Qo] Exo] AstR S uf Qold wAs: gAY, AT FHFY
¥, CMV ulejgiayg @yt ofyel 3% s waje] EHAAoIdoes 2t
2lth (Rmamootty et al. 2000; van Loon et al. 1998; Wei et al. 1996).

a2y}, o218 rhizobacteriadl o8l fFEHE B AIA 7174
A8 AFE olF v F & A Ao|th Rhizobacteria® 21d ZAdTAAE 4
B Azl ligninstE a2 EvtEdAME Fusarium wiltd doyv #HYd
o] st FHe AE Mxuol FA9AHY (Hammerschmidit and Kur
1982; Ryu et al. 2000; Zodr and Anderson 1992). 18y d¥tygo=z o &
rhizobacteria®l F&Eo| sl oleid EAEY FHAo] dojupx] o}
pathogenesis-related proteins©]t} phenolic compoundse]®} 9] vt 2}3HE o]
rhizobacteriad] €% F= AgAd TAF Y& Aolgte AFrE AujA o]



o} (Hoffland et al. 1995, Pieterse et al. 1996; van Loon et al. 1998).
Rhizobacteria®ll 93] fFE=t ¥ AL WA d& FEHE Adgy
© 29 PR 49 s Udo] fHA 1 SAE HIse 548 713 ¥
d A AEA(ghG)AM T wild-typedt & +£F9 AFAHLE F=dteE A
om Hol WHeldd o3 fFEEHe 8 AIAdHAE GE H2E T ¥ MY
Aol fxg Aoz FAHHI 9o} (Pieterse et al. 1996; van Loon et al
1998) ot &g 24 7V|Foly ARE EE oW FAAEC] fRFHEX
g3 A7 A5 Ao}

W AL FE35E rhizobacteria®] AAAIFA ] Fmalel g
ATE FE EQ¥olFY MEd 93 FaFA=d AF7A rhizobacteria
7V 7HAL e W AR FEAAEL Aol A4tslE lipopolysaccharide
(LPS), exopolysaccharide(EPS), siderophore, salicylic acid (SA)5 o2 ¢#H
o (de Weger et al. 1987; Neilands et al. 1986; Park et al. 2000; Rmamootty
et al. 2000; van Loon et al. 1998). 12{1} o} & 7}x] olof] #Ag A4+ ZHE
Az old W AFY AAJNAE] oH g 71Fo] s ¥ AIAHE F
E3teAd #e FAFHS Aol £8E Aol Y:, oE FAAE F=
date Alexa gl 44 neld B AFE rhizobacteria®l & A
FAdol AHE FHAES A5 4 HA0 S8 Hx ARl

n AL AEgRy HAFHEE B AE5-uAE FEARLAA ofF
83 factor®, rhizobacteria® AAZ EFo|A Abgdliz 39S o
A7t H5 FH F9 svbolrd (Glick and Bashan 1997). Rhizobacteria® X
ol AFE3t 259 TEHE ZUMATI7] s JERE JHd #dd A
Tub ol BAE AT & FAzY wd 2 5AE wIE d7h "4
3 gestth AF7A AFRE vho] 9| dwrE o= 10° colony forming
unit/g of root = ©]4+2el rhizobacteriaz} #eld] EAI S W A& ¥ A
FAdol FREL 2 o5l A¢E AT FEHA ol W AN E F
%3} rhizobacteria®] HEAF FEo] ofF F ¥ QcF9 vz #F
239 (Liu et al. 1995; Rmamootty et al. 2000; van Loon et al. 1998).

2 drdAe HEd ¥ AFHE Fxste #F< Pseudomonas
chloraphis 06759 Q.08 ol &3ty mAEd 2B 067 F 8 f =
A4l A3A (induced systemic resistance)ell #3 O6F H¥ HAIAH #=
AAE 935 olE A3} global regulator® ZolA tAE Fo HA
4 fE AR 23 71e wilazk s B3 06T g8 FEEHE

%

e

e

Lolel ¥ A FEo #HEF {FHAESEL subtractive hybrizationdl 2] 3j
Y39, o9 oy $AE oy #HAdwe HIFoW ¥ A FrEF
S AHEste #93gt =3 ols 067 F Sl ¥ AYA Fxd AHE &



et 065l o8 fEHE ¥ Ay #d {FARES Hvidl gAA#
gt W AEAAY 55 AAT oA rhizobacteriadl o3 FEHE W A
g4 L AT ol &3 ¥ AYA FF EASEH A5AIH
3ostdnh R 06 #F7H A% Reol A Fag 299 Aoz 4
Ztele Qo) E] Rulde] A& WHIL, ol ¥y Eu| Aol & ool A
71 BEol R BME Ea Qo] B AR Bad 4AxE A

ANE v o B P, chiororaphis O605E AAFst=d Frlat 3

oq X% AFA4E FYsdn ¥ WA E2EE #@Rlgsen, avlE
rhizobacteria®] A3 2 A&s& & 3 11{2}"8‘ *?rli %7‘3‘337‘}9] |
£ AN BRE AR oS AFE

Astazt &

=

AT UE R EHA

P. chlororaphis 0672 ¥ AP F= A F3A 2 2o #
HE AzAd QA w9, 06 #Fo] 98 FEHE 019 ¥ AYE F=
FAxe] 2 HAAG o ¥ AYH Fx AA, 2o Fa Euge
24 BAa By Rujd oo #HHEE {3y B, 06T F ] AARE
53 24 A% a9 Z4A%S A7 B A AR dE F WHE 29
W ogH g

Tn5E o]-&3ted ¥ Agdde FEskA R3t= P chlororaphi 06 &
Aol 5 Mudn z+ EAMolFE9 Tnd flanking sequence® &3t
o, olEE AAA 37kA aFe: PRl sHEIHAUT. A WA IgeEe
GacS (global sensor kinase), Lon (Lon protease), ~12]3L PPX (exopoly—
phosphatase) FAAE F2 AFdA oz HFHAE x4ddEs global
regulator2 ZHgste fAAEC] BEHAY F WA 2Foss o8 7HA
transporter (ABC-type transporters, leucine transporter)$} secretion
(translocase and HylD secretion protein) ## fAztEo] Bz, 344
DFeRE FE VIE gAY #¥E FA4A (fumarate hydratase and AIR
synthase)£o] FH Yk a2y WEA = 22L& T¥ste v+ F34
B2 Adute] HA gel 06 #5929 ¥ A F= A & A AL oF



Y}, ol <zt %046} Ao FAHAG. 2YE FAAES o2 06
#Eel W AP FE A AT F29 AR olF™ Aoy,

=

2. P, chlororaphis 063 9| phenazine M&N QXX 224l U J|s A

O63to] A2HstE phenazine A3A 4242 F2Ysigx
©]8-3}o] phenazineo] AEH diAd] HH"ow FHol FArt
RO, phenazine2 Mo FE7F QA o]ito] HE
< FAsdd. E£I phenazine AFTA %787*9? 2¥ L homoserine
lactoneS AFFEE phzl FHAA] 23
HE B8 Phzl &% o5«
olmlte 06w ¥ AFH H=
lactone]] ¢J#fjA =€ Aoz FHHr}

S
LI

3. P. chlororaphis 062] LHHM Q=0 2U0IA GacsSel H&tn}t 060 2 S
El= AMBMESHEH A,

067 9] sensor kinase¢! GacS7F ¥ R34 &% "o BHAF
ool FEHY SE9d o3 7‘433 B A FEd gEAde

= Ag

W AR E fFEsted GacSyt 4HolA v, SEHA faldE GaeS o9
o ThE 2z A AA & 2HPS wHE w1 069 g FEHE 4
9 ¥ HAAAE ethylene #& Az AL A7 2854 FLde oz
=

4, P, chiororaphis 06 gacS FTIXt9) stationary—phase sigma factor®l RpoS
ZE7|1H H Il

_L

062 EE §83% #FEE (phenazined BIEE 23 giANE, B

AEE F% 525) 34 0672 L7t ¥4A ool HE late log phaseld
stationary-phaseol C&EEATH T3 06FF W AFAH R BFFH
GacSPQ WYX stationary-phaseo] Al 7} =9kl Stationary-phased] Al § %
T TAAEL 2 RNA polymerased] sigma factord] RpoSol] <& =4
HAI GacS7F RpoSE xdste W A l}’“ = 88 2dste 7ol
BREAT Gacs Eo:;u@o;.ro;}x«] rpoS FrAaAbe] Wdo] 743 oxidative
stressoll gk Wdo] @AF ZAadF o, RpoS Ed¥olFE ¥ A4 &
T F¥o] wild-type® UTxGWI W&ol rpoS HAAIF GacSell os) =HH

1..:



A 06T T2 ¥ AP Fx vHIHE #Hol UL HF

5. 060 MEX gH =38 XTst= global regulator2A 2] GacSet Lon
protease?| g

P. chiororaphis O6@ T4 late log phase®} stationary phasecl] %
A= sensor kinase?! GacS®} Lon protease’} 06 TF7F AU Y o
83 é?;z:(phenazme Ag}r] W A $8)e A= F oz2Eads 9
71 S8 A7te] EdWolRE 2AE 9t GacS$®t Lon protease’t W& €=

R AEW AR = o] AAHD, o7l 23 Wil AEES A

&2 %38l GacSet Lon protease’} 7‘13“04 FE 583 o]AhAl AHE 9

ks 248 = global regulatord & ¥rglch,

6. 20| ¥2| BHjH x4 Y M2 2ol 0|0 AHE O6FF FTA Ba
o629 e Az F

8% JURe= 3}%’5‘}"’“ P By F
grdogAE FRYE frlabe] 2 108 o4 HA vebwth £3 Qo]
e o] ojiel A EAWMFEL RYdte AT A, mce
(mycobacterial cell entry) #2129} aminoimidazole ribonucleotide synthase
(AIR synthae)7} Q.¢] ¥ Ryl oj&d) HAHFE F3siv) webA 064
F7F L0 B AAE fAdMre F714HE F )8 5 Yojot IH, £
purine g4 g Fo] % T3 AE 27AYL ) :

off

"J

&

3 2¥Hol fTEI, B A gIdME 2del Tad: H7
transporter2A o2} 7hA] §714be] Faol #eo] UL, DetA EdWolF
= F7IEE Bhder dAE ASIA Xtk DotA EddelFe
phenazine A4 w83 28 WHAF A4 $HL wild-typed} #o)7} glgie
o8 A 5 THo] wild-typedl HlF Hastdch ol#d AitEe 0]
By Byl F frlake] O6FF ¥ AYA Fx A H . 744 ﬁ,g‘g A
FE FI Y3, 06FF F714 o]& THo F4 ¥ Lde TaTd 29
HE& AASEE AT



8. 20l0iM O6HEZF Qs Rx LiEE RIUAL 22d ¥ EIEY

Pseudomonas chlororaphis 06 %9 % 93] f=
o] #HAESL dnA s9th. Subtractive hybridizationoll <3 O6#& A
B9 W dETRG HEA 2F $ddE 28 FARES FrYENe
o] 9] WAUAEL ulW ¥A8¢lth Northern hybridizationd] 23§ B
3, 067 S AF g ZurETES Ad A2 AME 061& AshA
T HLFHE AP Fol uld] o)E FAAE] of 1240 A 24417 A
d w24 22 2385 94 (priming £9)S B4t @9, AR
T 288 (DNASS 7]% S #W defense signal transductiond] ¥dE 7
2 %#4E+ protein kinase, leucine rich repeat protein kinase,
hypersensitive-induced reaction protein, signal recognition particle receptor,
receptor-like kinase XaZl‘bindjng protein 52 E¥$ YT cellular
functiong Zte FHAAES 48 ¢ AU

9. 0623 U 20| R W HEN SE LAY U8 Y T B

O6TFA ¥ AFA 1%
lactones @A phzl F3AS} ethylene® # ?5"%% w3 sle= ACC
deaminse - AAE-8 wule] F2 Aol £ subtractive hybridization

of ol Mwrg o] FAA poolol A OswFol o9& 7 wWEx FstA T

Zurgo] olFo AW CsGolS2 HAAE gule] FAMRS A W AYAEE A
aEE FHol QeS FAEHT. CsGolS?2 FAAE FH AT g FF
i dsl ¥ A FE ¥l FAHALY, PhelE FAAST el
e FEdd g ¥ AFAH 5 o] Belx Fdrh 06Tl o5 wh
23 #sA gdol $EE CsGolS2 FAAE & FEd ¥ AYY #EE
A3 F83 AER o848 7teHE U

oiﬁ

10. P. chlororaphis 06332 MM 2 Z3
e

06759 713 o8 ol ¥ AYY F= s T2Y 89
O,

o] ke fr)ake]l Hrutd wiX oA P. chlororaphis<

e ARRoes AAdssdn. AFstd 2R-7t=E AA wrtelM HF 29
S AAste] B A, a5 Had, “’*iq oA &stel @7, o], T
RASYPES] AE2W 4 FHrt Holge Festgon ¢or ALHHoR
2o FE3 Yo R 48P AYY 2 aﬂﬂ*zﬂi»ﬂ MedE AEE Ble]
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Summary

I. Title

Establishment of a plant disease control method using systemic resistance

induced by rhizobacteria

II. Importance and objectives of the research

Biological control of plant pathogens by microbes has several
bases. The production of antimicrobial compounds that deter growth of the
pathogen is one of the mechanisms. Phenazines produced by several
plant-associated pseudomonads, Pseudomonas chlororaphis 30-84 (Pierson
et al, 1998), P. fluorescens 2-79 (Thomashow and Weller, 1988), and P.
chlororaphis P2E and O6 (Kropp et al, 1996; Radke et al, 1994), inhibit the
growth of fungi, including plant pathogens. Field studies indicate that the
phenazines are produced when the bacteria colonize plant roots and that
they are important in biological control (Thomas, 1998; Thomashow et al,
1990). A second method of control of pathogens is by the induction of
plant defenses. Differential expression of defense genes is controlled
through two pathways, the salicylic acid (SA) or the jasmonic acid
(JA)/ ethylene pathway (Delaney et al, 1994; Heil and Bostock, 2002).
Enhanced expression from the promoter of the PR-1 gene, associated with
the SA pathway, is observed in plants with root colonization by bacilli and
pseudomonads (Park and Kloepper, 2000; Zdor and Anderson, 1992). In
contrast, the induced systemic resistance (ISR) caused by colonization by a
P. fluorescens isolate is SA-independent but requires the JA/ethylene
pathway (Pieterse et al, 1998}].

A large number of rhizobacteria are present on the surface of plant
root where nutrients are provided by plant exudates. Increased plant
productivity often results from the suppression of plant pathogens through
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induction of systemic disease resistance by root colonization with certain
strains of non-pathogenic rhizobacteria. The rhizobacteria-mediated induced
systemic resistance (ISR} is demonstrated against fungi, bacteria, and
viruses in various plant species in which the rhizobacteria and the
challenging pathogen are spatially separated (van Loon et al, 1998).
Rhizobacterial strains differ in their ability to cause ISR in different plant
species (van Loon et al, 1998). The ISR may be involve signaling
pathways in which jasmonic acid and ethylene play key roles (Pieterse et
al., 1998), or may be associated with the salicylic acid-dependent pathway,
being related with enhanced expression of PR-1a gene (Park and Kloepper,
2000). Rhizobacterial strains may cause resistance to abiotic stresses in
plants. In Arabidopsis thaliana, root colonization by Paenibacillus polymyxa
induced resistance to drought and challenge by Erwinia carotovora
(Timmusk and Wagner, 1999). Transcripts of a gene responding to
desiccation stress, ERDI5, accumulate in these plants (Timmusk and
Wagner, 1999).

Colonization of tobacco roots by P. chlororaphis O6 caused induced
systemic resistance effective against to two foliar bacterial pathogens, the
wild  fire pathogen, Pseudomonas syringae pv. tabacci and Erwinic
cartotovora subsp. carotovora, a soft rot (Spencer et al, 2003). Expression
of defense-related genes such as PRI-g, HMGR and LOX was induced in
leaves of plants by root colonization of 06 without pathogen infection
{Spencer et al.,, 2003).

The rhizobacteria-mediated induced systemic resistance possess a
great potential to development of new means of controlling of plant disease
or commercialization. However, microbial determinants of rhizobacteria
involving induced systemic resistance and plant ISR genes induced by
rhizobacteria are largely unidentified. In this work, we used P. chlororaphis
06 and cucumber as model rhizobacterium and model plant. We have three
main approaches to development ISR to use control plant disease. 1) We
isolated the gene encoding microbial determinants or regulatory proteins for
ISR activity of P. chlororaphis using Tn5 mutagenesis. Expression of the
isolated genes were analyzed by RT-PCR and the functions of the genes
related ISR activity or biological activity were determined by analysis of
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the knock out mutant. 2) We isolated cucumber genes related ISR, which
induced by colonization of P. chlororaphis OB, by subtractive hybridization.
The ISR-related cucumber genes were over—expressed in tobacco to
investigate the role of the isolated genes in induced disease resistance. The
microbial determinant genes related ISR were also over-expressed to see
induction of disease resistance in tobacco. 3) We analyzed composition of
cucumber root exudates and isolated the O6 mutants that are deficient
utilization of cucumber root exudates as nutrients. These results were used
to formulate P. chlororaphis 06 to use a biopesticide (Ofam-guard TM)
and the commercial product of the 06 was tested its disease control

efficacy against various plant diseases in various crop plants.

IIl. Research content and scope

RESULTS AND DISCUSSION

1, Biological and induced systemic resistance activity of Pseudomonas
chloraphis 06

Pseudomonas chlororaphis 06 was capable to induce systemic
resistance against Cucumber mosaic virus, tobacco soft rot and wild fire
disease in tobacco, and against target leaf spot disease in cucumber. O6
strain also produced several secondary metabolites including phenazines

involved in inhibition of phytopathogenic fungal growth.

2. lIsolation of P chlororaphis 06 mutants lacking induced systemic
resistance,

To investigate the genes involved in induced systemic resistance of
P. chlororaphis 06, Tn5 mutants lacked ISR activity were isolated and Tnb
flanking sequences of the mutants were analyzed. The global regulators,
including a sensor kinase GacS, Lon protease, and exopolyphosphatase were

mutated in ISR-deficient mutants. Several secretory genes, including HylD
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secretion protein and translocase SecB, were also mutated in ISR-deficient
mutants. The genes involved in metabolism, such as fumarate hydratase
and AIR synthase, were isolated during analysis of ISR-deficient mutants.
These results indicated that microbial determinats involving in induced
systemic resistance of P. chlororaphis 06 may be very complicated,
regulated by GacS and Lon protease, and may be involved more than one
compounds.

3. Role of phenazine in Pseudomonas chiororaphis 08 on biocontrol and
induced systemic resistance activity,

The genes encoding phenazine biosynthetic genes of P. chlororaphis
06 were cloned and mutated to exploit the role of phenzine in biocontrol
and ISR activity. The phenazine operon consisted of phzABCDEF G genes
and a phzl/phzR two component system which showed high homology
luxI/luxR family of quorum sensing regulators. Expression of phzl and
phzA was observed only in late-log phase and stationary phase. Expression
of phzl and phzA in the gacS mutant were reduced through out growth
phases compared to the wild-type. The phzl and phzA mutant were found
to be deficient in the production of phenazines. Induced systemic resistance
activity of phzl mutant was decreased compared to that of wild-type.
These results indicated that phzI gene of P. chlororaphis O6 is responsible
for the production of a HSL required for phenazine antibiotic production
and may be involved in induced systemic resistance.

4, Induced defence in tobacco by Pseudomonas chiororaphis 06 involves
at least the ethylene pathway

The antifungal phenazines produced by certain root colonizing
pseudomonads are credited with contributing to the biocontrol activity of
these isolates. However, the phenazine producer Pseudomonas chlororaphis
06 also induces systemic resistance in tobacco. Protection against two
foliar bacterial pathogens, the wild fire pathogen, Pseudomonas syringae
pv. tabaci, and Erwinia carotovora subsp. carotovora that causes a soft rot,
was observed. A mutation in the bacterial global regulator gacS gene
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eliminated certain secondary traits, including phenazine production, but did
not prevent induction of resistance in tobacco to P. syringae pv. tabaci.
However, induction of resistance to E. carotovora subsp. carotovora was
impaired in plants colonized by the GacS mutant compared to the level of
protection in plants colonized by wild-type P. chlororaphis O6. Colonization
by both the wild-type and the GacS mutant caused increased accumulation
for transcripts of plant defense genes regulated by ethylene. Tobacco
transformed with a mutant etr! gene to reduce ethylene sensitivity did not
display induced resistance to E. carotovora when colonized by P.
chlororaphis 06. We conclude that inducers other than phenazines appear to

initiate the pathways for systemic resistance induced by P. chlororaphis O6.

5. The global regulator GacS of a biocontrol bacterium Pseudomonas
chlororaphis 06 regulates transcription from the rpoS gene encoding a
stationary—phase sigma factor and affects survival in oxidative stress

The global regulator, GacS (global activator for antibiotics and
cyanide sensor kinase), of the rthizosphere bacterium Pseudomonas
chlororaphis O6 was required for increased resistance to hydrogen peroxide
as cultures mature. Specific bands of peroxidase and catalase activity were
absent in the stationary-phase cells of the 06 gacS mutant, whereas a
manganese superoxide dismutase (MnSOD) isozyme was expressed earlier
and to a greater extent than in the wild-type. In the wild-type cell,
transcript accumulation of rpoS was higher in late logarithmic (log)-phase
cells than cells from mid log-phase or stationary-phase. Transcript
abundance from rpoS was reduced in the gacS mutant throughout the
growth phase compared to the wild-type expression. The sequence of a
small RNA, rsmZ, found downstream of rpoS in other pseudomonads was
lacking in O6. This RNA is implicated in the control of genes activated by
the GacS system. Thus, the mechanism by which GacS mediates the

activation of genes under its control requires further investigation in O6.
6. The global regulator GacS of Pseudomonas chlororaphis 06, positively

regulated phenazine production, negatively regulated IAA biosynthetic
gene,
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A root-associating bacterium, Pseudomonas chlororaphis 06,
sensor kinase (GacS) senses a still-unknown signal and activates, via a
phosphorelay mechanism, the GacA transcription regulator, which in turn
triggers the expression of target genes. The GacS deficient 06 did not
produce the phenzaine, protease, and homoserin lactone. The ability to
inhibit fungal pathogens of O6 was abolished in GacS mutant. However, in
the GacS mutant, production of siderophore was much more than that of
wild-type. To investigate the GacS-mediated signal transduction pathway
involved in production of phenazine, we cloned the phz operon. Transcripts
from phzl encoding acylhomoserine lactone (AHL) synthase, and phz
structural genes in the wild- type were analyzed by RT-PCR. The phzl/A
transcribed levels of wild-type in mid and late log-phase cells were much
the same, but the phzI/A in stationary-phase were increased about five
and three times respectively. Many plant-associated bacteria synthesize the
phytohormones, such as auxins. Production of the auxin indole acetic acid
(IAA) not synthesize in the wilde-type, while the GacS mutant increased
the level of IAA in tryptophan-supplemented medium. However, sensor
kinase gacS gene in Pc O6 is not essential for plant root colonization.
These results indicate that the GacS global regulatory system positively
controls phenazine production at multiple levels, but on the other hand it
negatively regulates IAA biosynthetic gene.

7. Lon protease gene of Pseudomonas chlororaphis 06 involved in pro—
duction of secondary metabolites and regulated IAA biosynthetic gene,

The flanking sequence of the N7 mutant showed high homology
with lon, which encodes an ATP-dependent protease found in diverse
organisms, including bacteria, plants, and, animals. The deduced amino acid
sequences of the Tnb-flanking region are 90% identical to the
ATP-dependent protease of P. aeruginosa PAOL. To investigate the role of
Lon protease on biological properties of 06, we isolated Lon mutants by
marker exchange mutagenesis. The Lon mutants did not produce
phenazines, protease, and siderophore. They lost their ability to inhibit the
fungal pathogens and did not produce homoserin lacton (HSL) which is

known as a signal molecule for induction of secondary metabolites.
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Production of the auxin indole acetic acid (IAA) not synthesize in the
wild-type, while the Lon mutant increased the level of IAA in
tryptophan-supplemented medium. Our results showed that Lon protease of
P. chlororaphis O6 may be one of the global regulators in production of

secondary metabolites and homoserin-lactone as well as indole acetic acid.

8. Isolation of Pseudomonas chiororaphis 06 mutants altered in growth on
cucumber root exudates

Root colonization can be crucial for the action of microbial
inoculants used as biocontrol agents. Root exudates are major carbon and
energy source for colonizing microorganism for expression of biological
activity. We determined the sugar and organic acids compositions of
cucumber root exudates and isolated TnS mutants altered in growth on the
cucumber root exudates. The major organic acids were fumaric acid, malic
acid, benzoic acid and succinic acid, and glucose and fructose were major
monosaccharides in cucumber root exudates. The total amount of organic
acids was ten times higher than that of sugars. To determine the genes
involved in utilization of cucumber root exudates, we selected three Tn5
mutants showing altered growth on cucumber exudates. The growth of one
mutant, H10 was faster, but one mutants, D1 was slower than growth of
wild type. However, C2 mutant did not grow on cucumber root exudates,
The Tnb flanking sequence analysis showed that a AIR synthase gene in
C2 mutant and a gene containing a mce (mycobacterial cell entry) domain
in Dl mutant were mutated. Our works will open opportunities for
identification of bacterial traits that are involved in utilization of root

exudates and that may be important in expression of biocontrol activity.

9. Transcriptional reguiation and mutational analysis of a dct4 gene
encoding an organic acid transporter protein from Pseudomonas
chiororaphis 06

A dctA gene encoding a protein with identity to a C4-dicarboxylic
acid/H+ symporter was cloned from a beneficial root colonizer, P.

chlororaphis 06. Expression of the dctA gene was induced in minimal
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medium by several organic acids and was repressed by glucose. Highest
expression was observed in early-logarithmic (log) cells grown on
fumarate, acetate, or succinate with decline as cells approached late-log
growth phase. The dctA transcript accumulated weakly when cells were
grown on malate but strong expression was observed with benzoate.
Expression of the dctA transcript was repressed in early-log cells upon

addition of glucoseto fumarate, but was detected as the cell culture aged.

10. Mutational analysis of dctd gene of Pseudomonas chlororaphis 08,

To investigate the role of dctA gene in biocontrol activity and
induced systemic resistance of P. chlororaphis 06, a dctA-deficient mutant,
constructed by marker exchange mutagenesis, did not grow on minimal
medium containing succinate, benzoate, acetate or fumarate, and growth on
malate was delayed. The dctA mutant and wild-type grew equally on
citrate, glucose, fructose, sucrose or inositol. We conclude that the
transporter protein encoded by dctA is essential for utilization of certain
organic acids and its expression is controlled by the availability of sugars.
The colonization ability of dctA mutant on cucumber roots was decreased
compared to wild-type and ISR activity of dctA mutant against target leaf
spot disease greatly decreased, but production of phenazine and inhibition of
phytopathogenic fungi were same level as wild-type. These results
indicated utilization of organic acid and dctA gene in P. chlororaphis O6 is
an important factor on root colonization and expression of induced systemic
resistance, but not in expression of secondary metabolites involved in

biocontrol activity.

11. Gene expression analysis in cucumber leaves primed by root coloni—
zation with Pseudomonas chlororaphis 06 upon challenge—inocuiation
with Corynespora cassiicola,

Root colonization of Pseudomonas chiororaphis 06, a nonpathogenic
rhizobacterium, induced systemic resistance in cucumber plants against

target leaf spot caused by Corynespora cassiicolu. A cDNA library was
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constructed using mRNA extracted from cucumber leaves 12 h after
inoculation with C cassiicola, using plants colonized by O6. To identify the
genes involved in the O6-mediated induced systemic resistance (ISR), we
employed a subtractive hybridization method using mRNA extracted from
pathogen-challenged cucumber leaves of plants lacking colonization.
Differential screening of the cDNA library led to the isolation of six
distinct genes encoding a GTP-binding protein, a 60S ribosomal protein, a
hypersensitive-induced reaction protein, an ubiquitin extension protein, a
pyridine nucleotide-disulfide oxidoreductase and a signal recognition particle
receptor. Expression of these genes was not induced by O6-colonization
alone. Rather transcript accumulation of these genes increased significantly
faster and stronger in the O6-colonized than in non-colonized plants after
challenge infection. Therefore, O6-mediated ISR may be associated with an
enhanced capacity for the rapid and effective activation of cellular defense

responses after challenge inoculation.

12. Characterization and construction of transgenic tobacco plants over—

expressed CsGolS that is induced by P. chlororaphis 086,

A CsGolS cucumber gene is induced faster and stronger in the
O6-colonized than in non-colonized cucumber. To further investigate role of
the CsGolS in disease resistance, the expression of CsGolS was examined
after treatment of a bacterial pathogen or chemicals that are involved in
disease resistance in plants. The CsGolS transcript were greatly induced
upon treatment on pathogen treatment and chemical treatments. This result
implicates that CsGolS could be a excellent candidate gene for enhancement
or induce disease resistance. Therefore, the CsGolS was over-expressed in
tobacco, and the transgenic lines of the CsGolS were enhanced disease
resistance against soft-rot disease. These results indicate that the cu-
cumber genes induced by P. chlororaphis O6 could be very useful resource

to develope new disease resistance approach in plant.

13. Construction of trangenic tobacco plants over—expressed microbial

genes of P. chloraphis 06,

- 19 -



Homoserine lactone regulate diverse biological functions including
the induction of virulence gene of plant pathogenic bacteria. It is possible
that plant bacterial disease could be control by manipulating expression of
homoserine lactone or degrading homoserine lactone. P. chlororaphis 06
produces ACC deaminase that is hydrolyzed ACC, a precursor of plant
hormone ethylene. A phzl, encoding HSL synthase involved in regulating of
phz genes, and a acd, encoding ACC deaminase involved in hydrolysis of
ACC, were transformed into tobacco to investigate the role of these genes
in induction of disease resistance by microbial genes. We are currently
under investigation of disease resistance of transgenic tobacco plants with

E. carotovora subsp. carotovora

14. Formulation of P chlororaphis 06 and field test against various plant
diseases,

Based on composition of cucumber root exudates and mutant
analysis, we were added key nutrients to help root colonization on plant
roots and named Ofam~guardTM. This formulated product showed great
disease control activity against various plant diseases and showed primed
effect on various crop. The efficacy of this product will be extended in
varous plant species and plant disease, and will be enhanced by

modification with mixture of other beneficial microbes or chemicals.
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7 owel Ruode oo ojgaiyl ool A1

it

dWols Hw

Transposon mutagenesis®] 2]3] g EAWOIFEY 20 EnE
2 Buldel YR oJE4EE AT BH S "@FHF ELISA plated]
200 o ¥3 3 F 7o BEdWolF 9l wild typed positive control® A&
8ko] shaking incubatorold HjFslHA Fo AL HEE AL HE
F AER g9 A% HFEE ELISA reader® o}g3td 595nmel Al
optical densityE &Aoo =N Z1zte] EdwolFe HSATE 233519t
EQWIFEE ASATY g FEEA Hed Aso] wEAE A, AKo
=oAlE A, AKo] <dHE A 55, £ g2 SAMoFINR ’Ll@ o] &
2o wel AKo] W R 5% o8 7A %‘{"i HolFEE FE4T &
o] ¥a EHlE ZAo| we} rhizobacteria®] e F o] o =
A% g3 o2 A rhizobacteria® A A TA] AL LT o =
a3zt stk YWtA o2 PseudomonasEE 9 AFEL §7) ]
9 (preferable carbon source) & A&3lm Aol iR AEHY AFEL
Fe F BAYoR AfdE Aowm duA vk aHA AA EAelA
rhizobacteria® A& A #7148 &4 H¥X o 24 rhizobacteria®] A #
o 5%& & & I Aoz Azdng. £33 2 A7 A gsd ojd =
o HUldES AEA ¥ PL P AE ] AP E FE3E FHAAe
4H g ST (unpublished data).

g &3 A st

o HNE AFREL 2B Myld AA3t=4d rhizobacteriadl Al ol
W EdEo] ddYoz Hest, rhizobacteria’t A8 AL Zxsta ¥

AZAE Frdted od d¥LE] 27HEA 58 #HAY. o2l AR
7122 A 06 FFE 209 o HEL o ol EAEL Fo] 59
T2 rhizobacteria® AE A& & FAAZ B olyd 4E¥3E
o HHG FHAL F YL Aol 03545} Age v sl 3xd =l <]
T e TE HETY 9By ol E¢ A5 uE Hed ¥uE nF
&tod ol & ofokiel #FIE P ﬂuorescens 7‘&’4 T8 ¥ ARAH FE Y
o oug &7t AeAE Fstn FFHOZE olE EAT AR B 4
ol ols] A D rhizobacteria®l AEsHE A E3lg Tl
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2 A¥doA #r35 9l rhizobacteria®l Pseudomonas chloro-
raphis O68 FA w52 AME39 Y. P. chlororaphis 06T %+ &9 A%
g ®wt olueg} phenazine, HCN, protease$ ¢l & 2% Aaksts
Ao RA B AP FdFQ A8 7] AT ARZ o]
Atk 06 ¥ Z King's medium B (KB) LA u| =] o] 3 Edte] 28T oA
5 o}, wik 3 e dix] A28 v O67FS FHojRel 002 M
phosphate buffer (pH 7. O)Oﬂ g3 g, 9 2% methylcellulose
5x10° ~ 1x10" colony forming unit
FooA 2 ARAHAT HEd AE
gFste dFd F 2 M9 Aol HAHAS
A& 20ml A FHFHY EYe] #

of Qutd FA4E dodle iy d
C

N
2
N

47
£

A 3
(Cory- nespora cassiicola)& Ar&38t4th cassiicolaE Czapek solution
agar (CSA; Difco) HlAlo] HE3te] 28 T o AealA 2 FF wiSsd
At 7EEALE HE FEHE 2o AAR F FM AWz A
Aok Adxd" MAE 2000 ux B o] UEHE 28 T F27]4 o
FU Wty 22 PHstAnh FHW EAE FFFol 5x10" spores/ml
o FERE AT Q0] o EF HFFAh
B A #2AA AIABER Arabidopsis thaliana®™ AHE&313 54, A
thaliana®) ¥E& doZ £ Qe FFold Botrytzs cinearia 4709 28 T ¢
Z&71W PDAR A A Al widstdn, BAER A4S HAlAE ¢S
1/2 PDAM Aol &2 & TAZE 2838 WjAE Qg W Frbel] vhpdedA
PR FobFlAth Av A YAl A spore S &I ¥ o2 PDBY &
3] Arabidopsis 4o 3-5u4A drop 39T HE B EE 2~4x10" spores/md
o2 BRI HF F 7-10¢ Fol Huks 2%6}93@.

H1

3. 2.0l & cDNA library A%

FHATE 3 201FAd OsEH AL FHHSI FHFs AT
(26°C, 30000 Lux, 12 hr photo-period, RH 50-60%)ci 4 ASAZ AF £
dFdoel A Ago] HAMHUE W RS EG 06 #FEHA(10
cfu/ml& 20md¥ #F3he] 22 HETIHTH 4 - 5E7I7A A" Qo] Y

10};_‘

fey]
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10° spores/mé =9 Qo] Zutwly TGRS AEH AAd BE HEt
o 28 C9 dew chamber(RH100%)ol A 12A17F &< A3t A=l & =
Al 9L 3439 liquid nitrogeng o4&, v R Phenol/SDS/LICI
method®] 93 total RNAE FZ3 4t avtiitoe] & HEHAASA L AF
o WHALEE JF 59 F, A o FAE W2 2AEAY. QIAGEN
o] Oligotex mRNA batch protocol®] F3te] total RNARHE I £k
mRNAE F%34 1, Stratagene®] cDNA synthesis Kit (#200400)& A}-&3}
o] cDNAE 439tk Messenger RNA 5u¢8 cDNAZE AfAZ F,
Sepharose CL-2B gel filtration medium< ¥& drip columng ©]-83t9 size
fractionation 3Fgth. 2 400 bp ©l4e] cDNAE-S Uni-ZAP XR vectorel
ligation3} 3l Gigapack I Gold Kit® packaging3t® c¢DNA library® ZA| s}
ATt

7. Subtractive hybridization

Clontech®] PCR-select cDNA Subtraction Kit®E ©]&3s z+zt
Tester mRNA (06¥8 & HE¢ ¥ oj#dwryy HF)% Driver mRNA (06
e HF8A & Qo] AT HF) 2ug¥ o] 4&etE cDNAE 3
Atk o] cDNAES 7z} Rsal o2 4318l A s Zhzhe) digestol
adapter1 s} adapter?RS X 8lo, Testere] A-$- 732l Driver DNA (forward
subtraction)®t 4|, Driverd 4% 29 Tester DNA (reverse subtraction)
o} A 27} first 2 second hybridization® T2 A 06¢ <3 st
2 HEA fFE55E cDNAS Bz YzFda #2233 cDNAES 7
Z} enrichAlZHth o] 824 34 92 forward-subtracted experimental cDNA<}
unsubtracted tester control, reverse-subtracted experimental cDNA % PCR
control subtracted cDNAE-8 PCR primer 1& o439 &893 1 vy
nested PCR primer 13 2R& o] &3le] SHZAIHoZA oA ZAg 20]
cDNA library2 screening & % %1+ probe DNAES 4%Urh

4, Differential screening
Differential screening& PCR-Select Differential Screening KitE ©]

£8ta) #8319 t). subtractive hybridizationo] 28] <& 067 & 733t
T wEA 455 cDNAZE B8 ¢cDNA probes}t Btdl2 diEzFolA % ¥
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5+ cDNAZF B2 control cDNA probeE ZHzh 2 A8 1, 150 mm NYZ
agaroll 20°] o cDNA libraryE platingste] €& duplicated nylon membrane
£ differential screeningdt%

. Northern blot analysis

I

067 e HETH 2o A7 067 HFHA e Lo Yol 72
cassiicola (challenger)& 228531, 0, 12, 24, 36, 48, 72A 7] Ad &
K total RNAZ F&3to 12% formaldehyde/ agarose gelo] 7]
??lf Uh? nylon membrane®| blotting3tAth, 4 |-A A2 specific expression
patternes BV 938 3'untranslated regionl A primer® A 2dte PCRE Z

Z 3 g P2Z labeling® probeE o] &3ttt

o‘ﬂ e, O

o]
q5

#1. Real time RT-PCR

P58 FAAEe fxed ARE dHoRm ARV HEY
Reverse transcription polymerase chain reaction(RT-PCR)2 &3ttt 06
E HEF 209 A 068 HIFsA @2 2ol9 AN C assiicola
(challenger)& A& ste] Azt @2 $%3 total RNAES QuantiTect
SYBR Green reverse transcription PCR kit(cat. no.204243;Qiagen)o} H7}
Rotor-Gene 2000 Real-Time Cycler machine(Corbett Research, Australia)&
o] &8t =AUt Z+ HAHAFQ specificdt primerE A Zste HF EBFol
25ul7F X2 kit9] enzymed & 412 ¥, initial denaturation®#A -2 94 Tl
A 2%, denaturation® -2 94 Toll Al 30%, annealing@A 2 55 CollA 30%,
extention} A& 72 ColA 45%4% 45cycled 3Pt AFse A8
primere e 2t

B-actin gene forward, 5'-GGCCGTTCTGTCCCTCTAC-3';
reverse, 5'-CAGCTCCGATGGTGATGAC-3',
peroxidase gene forward, 5'-CTGACATTCTACTAGCCCTTGGTTCT-3";
reverse, 5'-TCTGCGTTTGGATTATTGTTTAGG-3,
PRI-1a gene  forward, 5'-GGCAGCCCAGACTTCTCAGC-3';
reverse, b'~-GCATCTCACTTTGGCACATCCTA-3,
PALI gene forward, 5'-ATAACGGTTTGCCTTCTAATCTT-3
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reverse, 5'~-CATCCTGGTTGTGTTGCTCA-3"),
CsGolS2 gene  forward, 5'-CAGCAAACCAGACCCAATTT-3";
reverse, 5'~TCCACTTGGCATTTCAAACA).

. Abiotic stress 3 g

CsGolS2 479 drought, cold, dark®} Z-2 abiotic stress o oist
DEHFSE dolry] g8 37E HFE 457 208 7. tEEA: v
d #FEY ES F UR7e @Y 5L A& BEE FA €FeEA A
R a, ALzAL e 8 T incubatore] 3 AZF Fo WA FozA
A (Q2TE YA LM & Agstas) stden, & =232 45
250 2H7 Al incubator¢tel 3 AlZF B¢k Agste FHEA GHAR
& Zds+

W, CsGolS2 fx A<l Ha) dAH3%

Subtractive hybridizationo] &3] 5 CsGolS2 FAXRE Evid]
AAgst7] 9189 pBII21 binary vector (¥ 21A)E X" AT
Full-length CsGolS2 3 AE pBI121 #WEo Adstrl A3t synthetic
nucleotide® A #3ted WE] Zn] multiple cloning sited] Sall, Kpnl, BamHI
enzyme siteE M Eo] F&3t 3 o] E pBlI2l-122 Y sr (29 2.1B).
CsGolS2 +RAE cloningdtz] $18 pBI121-1 W+ Xbal¥} Kpnl enzymel.
2 digestiondtd GUSE A A|¢ g CsGolS29] Xbal# Kpnl site€ 247 3
7}k start codon® stop codong WE HAAIZ F(2¥W 21C) E coli
cell{DH5a)°]l transformation 3t} cloning o %& #1383 Agrobacterium
LBA4404 w41 32 A% 34l

G FAAFE Yste] MSulA o] wild type?l Xanthi®] F4& T
ahirete] BE3E F 4-8F7F Yol 59 AR A wWizkAl J18ith Binary ¥H
7F Eoj7} 9= Agrobacterium LBA4404E FE A8 % A wldstd OD
#He 06-082 w3 MS wiAle)l HEedu. "WdE petri dishol Agro-
bacteriume il clean bencholA AGd 272 A& 29 & ol 5-10
B wrxslgch. 999 3MM paperdll Agrobacteriumol] 3L Euf d& 2
HAEn E718 2@ Fo, MSol NAASH BAPo] drtd #ixlg Agstoq ¢
delel 25C incubatore]l 2¥%F FUTh oJE Fo @l & shooting
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induction WA &7 callus® shoot7t W& wizbA] wj sl
Al sttt Callusol A 217 shoot7h Yo A whx]of
sl 71 v, shoot@Z FE3Iod &gt root induction ¥jA E
induction®] &1 ol& Wiy HE KA HoFx, B
% AHE RS FRA00s A |J diE o

~u—~1~_y
oo

al '
ol
X

x2
i

,,,i,’,,/ %5k w‘
A Pt lsphl sacl
Hmdllll sphi pstl [B-arnH‘
Xbal smat
2 W ,,,,, it .. B
B pdu doni
. |
Hmdlgispmpst ?amH!
Xba smatl

RB
< [ pdu dpn

Hinagls hl;])stl - Hi s:”lﬂé | Lacl
P m smal Kpnl BamH!|

a9 2.1. g4 #2438 93 binary vector construction

Lo

M. CsGolS2 #AA] B FIAS

Qoo BEl® CsGolSZ2 #3Ag Bgll site’t 9% forward
primer®} BstEllsite?} 9+ reverse primerE ©] 834 PCRAAMES dx o]
E 9% 24(Bgll, BstEN)EZ Adste] 11kbe CsGolS2E &R &t
olgt ol FHlE (CsGolS2 FHA wHIy FAdd FTAHAERZ AAE
pCAMBIA1201E& ligationdtd pCAMBIA1201:CsGolS2 cassetteE A Z3sF¢ o

AW (Oryza sativa)® callus?} Agrobacterium= o] &3 v P A3k
of ol =T WA $F T g AHI AXK FEER Fostd FIE
AR o3, 70 % &-& 10mLel oF 30& &< EW AT F 37 FHFE
Z ol & g oF 508 F<t 10mLel 2% NaOCiel 50%7r A A A A
Stk o)F WFE FHS 0mLE o 3-49 wEsiH AU o 4
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£ 2/4-dichlorophenoxyacetic acid (2,4-D)7} 2mg/L ¥ AF 2 F5 vjA,
2N6 basal (2N6 basal-N6 salts and vitamin, 5mg/L Fe:EDTA, 300mg/L
casein enzymatic hydrolysate, 500mg/L proline, 500mg/L glutamin, 30g/L
sucrose, 2mg/L 2,4-D, 4g/L phytagel, pH5.8)o 2 A4rate] & AFefol A wj %
stk M F 3-4F7F AU™ B A9 wintozRE AR FEHSIA
I oA wiNto 2 RE §X F
A3, Eo] 1-2mm ¢! T2 ELY
A A A W FAA 3-49 F¢ o .

pCAMBIAI201E 7MA 32 Q& A tumerfaciens 1LBA4404 T8 bHpu
/mL kanamycine ¥ 20pg/mL hygromycin ©} 32 YEP vz A & F %
<t Wi Fsted F=ZF OD600AM 208 =] #x2 FHlstfth EF7F FulH
W 3000rpme 2 10% Bt YAEYSe HAE pelletd acetosyringone©]
398 5mlel AA-AS (AA macroelement, N6 micro element & vitamin,
omg/l. Fe2EDTA, 1Img/L. 2,4-D, 20g/L sucrose, pH5.8 and containing 100u
M acetosyringone) iAol H vk WA E petri-dishol Agrobacteriumo] %
g A9 AA-AS WA E FHlgte] AR2E E3 9 0E% TR AR
o FEuige] Euyd Ha®E oA YR &AM E71E AAS F 1mLY
AA-ASHIAIZ E3pAIZl dEE oHA7E 2= 2N6-AS(2N6-basal
(except sucrose) with 10g/L glucose and add acetosyringone (100uM) after
autoclaving, 4g/L phytagel, pH5.2) ¥jx|2 F& I AF2E &4 & &
g o] 2879 incubatortioll Al 2-3U 3t w433 ch.

2-34 7t Fxu%e AFH AR~ FAH Agrobacteriume] It}
A A= AL AAS7] A& 30mLe] cefotaxime water (250mg/L)7F B4 9
v A EYgaad AF2E SAA 3-438) A BE FHA AF2~ HHS
AAFA, o] AF2E Hid AHA HE &4 2715 AAsGT JdiA
2l 2N6~-CH (2N6-basal medium with 40mg/L hygromycin and 250mg/L
cefotaxime, 4g/L phytagel, pH 520 A2 &7A SFefol v FstAt 2 +
o 23] % A2 2N6-CHWIAZ &7|HA Aol FHo] Hed AF~
E Agdstod AE3 wA A MS-BN (MS salts & vitamins, 2g/L casmino
acid, 20g/L sorbitol, 30g/L sucrose, 2mg/I. BAP, Img/L NAA, 40mg/L
hygromycine, 250mg/L cefotaxime, 4g/L phytagel, pH5.8) WA Z &7 A&
3 AFHTh F 250 @ A A M2 AT wMF F oF P o] AYH
547 AHM 2ol vhE B3t Yol M/hH L Fele wAgo] B
ol 1 A wFE wollo] MS-RT (MS salts & vitamins, 2g/L casmino

ag
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acid, 20g/L. sorbitol, 30g/L sucrose, 4g/L phytagel, pH5.8)Ml X\ & &7 ¥ &
FEARAG F 1Fde] Ay By7t g4 FEHWE 4 AAE QA8 A

E9 vermiculiteE 1112 £33 EQS e YT EY o2l 1Y AR &
A7 B Ao o) Alstgd
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A1d F9 #dH 7je9 s

# A rhizobacteriad] 98] FEHE AEH I T 71Fe B
T FAHOZE Al olxul olE FFE MAYHor ol gdlix I
AEE Bol Yotz AFIHE A7 7 . ol #F

IHES 3 /e 38 o &3t: PR
] F2 o853 i, chitosan®F S
T 3 Folt}, ol rhizobacteria®l ¥ A A F= T

W AdAE F= Ay ol E rhizobacteriao] 2)F F: &
golth, mEiA] B d7e d¥E AEF o] f sheAdl
59 AL dyEd gy g
22 By M2Ade Pseudomonas\t Serratiads 52 2 A AE
<A A (rhizobacteria)5-& o] 83t &S WAste A7t Zds] 21
o] oj2] kA rhizobacteria’t AEEE O] 71 Ui 1 EFE AA FA
A &= At (Kloepper et al. 1980; Kloepper et al. 1992; van Loon et al.
1998; Wei et al. 1996). oleist A E2 A A EL T2 B FdA A4
AT 5ol EASHA & Aol FAs = He #AaAA AAALE AN
A W AL E FEsE T8ol Ark (Glick and Bashan 1997, O'Sullivan
and O'Gara 1991). Aa7kA 75 uho] ol3bH o]# ¢t rhizobacteria® HE
of o3, FENA BT FFold, Ad, vlolya ®y ohjy ZF
2 HEol o gz £d ¢ UJTH (Rmamootty et al. 2000; van Loon et
al, 1998; Wei et al. 1995). Rhizobacteria®] 2] #E@ e ¥ A T4 broad
spectrumS 7FA 3L 9lojA] ¥7}A rhizobacterium® A E A Aol A FFH
o] o 3 Ry AES BIisE A7 dukHolt o ES
9l o2 EgdA Ealg rhizobacteria®l 3l Pseudomonas fluorescens
89B-278 L20o] Ao AHsF e o Lol FAEE S, ATA FFH
W, CMV #tol# 24 9t oftel 33 v SAo] EHHolcke Hiavt
21tk (Rmamootty et al. 2000; van Loon et al. 1998; Wei et al. 1996). A&7}
Aol A5 BAEE 98] BW rhizobacteriad] 23 FEFHE ¥ XA
ols] BAY e Arabidopsis, 7%, o], F, B, ErfEREY ofyg}
Al A& ¥, &5 sugarcane A EOlA o8] Zhx WA o3 HH
7F £9om TEoju MEo 9% dx Fasd

o213t rhizobacteria®l & FXHE W AIJA 714 #F A
T ol ulF ¢ M Ao|v}. Rhizobacteria® M3 FdFoAdE AEY A
¥l lignindtH U1 EvtENME Fusarium witE 427 #4570l H<

fl

£y
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st H9o AE AEye] FANHAY (Hammerschmidit and Kur 1982; Ryu
et al. 2000; Zodr and Anderson 1992). 1e8lu} 4wtz o2 v} rhizobacteria
o HFol ofelid oleid BAEY FAel dojubA @b pathogenesis-
related proteins®] Y phenolic compounds©] 9]¢} t& 3}% &0} rhizobacteria©l
o3 § 5 Ao BHEF O 9L Aolgt= Ad s x Aotk (Hoffland et
al. 1995; Pieterse et al. 1996; van Loon et al. 1998). Rhizobacteria®l 2|3}

EHe ¥ AEde yddo 98 frede AdAMTGE €8 PR @A s
o] FREX 3 SAS E3stE £45 717 ¥4 A A EH (ahG)
N E wild-type?t #L o AFAHS S5at= Ao Hol WAFI
g8 fFrEe ¥ Addde g8 422 5 ¥ Aol fEE Ao
FAEI QoY (Pieterse et al. 1996; van Loon et al. 1998) o}z A &3l =
E71&olvd BEE BEE od FAAE fEHEA g dFE AR
AA o]t

W &84S F %8l rhizobacteria®l AAA LA Fradd diE

AT F2 EAdWo)FY e o8 #3=ed A F7HA rhizobacteria
= A FEJAAEL Aol AAFstE lipopolysaccharide

(LPS), exopolysaccharide(EPS), siderophore, salicylic acid (SA)F o2 <& A
% (de Weger et al. 1987; Neilands et al. 1986; Park et al. 2000; Rmamootty
et al. 2000; van Loon et al. 1998). o] Bacillus?’l A4HsE  volatile
compound$! butanediole] &2 AAS £33 ¥ AIAE FEdes 5H
S 7H RIAES L FAHE =& 2EHA oY (Ryu et al, 2003, 2004), o}

N
N
N
N
X
ki
bacd
g
ok

74 olo) BF ATE ZuBAZ o8 3§ AYY AAAAS] oW 7
$ sgol g @ ARHE FEaAd B FAAA Adol 497
A0) G, ol FAAE FrYSE AREA R Ao GHA 2

A= rhizobacteria®l % A Ao AHD FAAES AE 9 wAlq
S8 Ax9 Nxot

n A& HEFY HAeH B - QB AT FHEoa ol
83 factorZ, rhizobacteria® A A2 FAGNM ALLsnA QS o
A7 He A F9 svbeld (Glick and Bashan 1997). RhizobacteriaZ ¥
G AFREGL 259 FHE FUMA7] YEiA A B Fad #dg d
T oo #HEE AT F8& FHA #d 4 A4S wIE A7 24
3 HRastg, AF7A A7 blo] osH Uukzow 105 colony forming
unit/g of root % ©]/9] rhizobacteriaZt ol FA&UE W AE ¥ A
Fgol FEHI 1 olEel B9 AFA) FEHXA ‘\%0} ¥ AYAS #
L 3}= rhizobacteria®l A EAF FHo] o} F FoF 2AF9 Fuz
€39+ (Liu et al. 1995; Rmamootty et al. 2000; van Loon et al. 1998).

N oo r
s

it
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Rhizobacteria®] 2 &¥8 A3 #dH AFE F2Z BAW)FE o) &
sto] £RHARET, AFAA W H2Re AHe) BdE FANELE A

e 54 BHE FAR (motility, flagella, pili), lipopolysaccharide &
4 FAA, F714E o] 43 A (malate dehydrase), o}F] =AFS o] &3}
= AR Tl RuHUY w3 H o A8 B HFH olF F o o
S = 2HRFAAYD colRSHAA site-specific recombinaseZl 98] R
A HAAR o] FAAE G F7F9 1YAF 7o A AE WY ZF

$89& S7HAZ A Ut (Bloemberg et al. 2000; Dekkers et al. 1998;
Dekkers et al. 2000).

g AEFY FFol g o MASE FEuAAE wgst
3 AAEY AEE supportstE FHeo] o2 AE Fd w#} rhizobacteria
o fAA HHE Pt AEH HAFY P fluorescens® it EAQA
pyoluteorin A& FA AT HE A2 Fo| wa byt Bull et
al, 1991; Gamliel and Katan 1992). ©|9} #Z2 Z3=z & o t& 4 &5 Fo
U FF wet By BB Aol @ 54 vAE %L support
tal 1 Aol meEl §& FAAe Wdo] @A Roew FAHAL AE
A7F Bujste dFEe] AU O JIFEES HAEAE Maito] o=
Wl digt A5 vud gHold Ao wEE =5 osd AEAR
A2 AT P. putidas A EAGNA ¥ EE prolined o) €3 {3t 7]
ol AEA FRd o}F FoF AL & Roz FAHHJY (Vilchez et al.
2000). =g AEZA FAFA P fluorescenst oAt A FHAE B
mtER Y HFAQ F2e Y 8 fFAAGn RuE AT} (Simons et
al. 1997). Zg)i AE¥y FHAE AF wHd HAE9E ASde
fluorescent Pseudomonas% &9 AFo] Ave AFRT wadsE A+2
I Buxo 9t} (Bloemberg et al. 2000). &y} i17])% rhizobacteria®)
e AR 53 Wy Eujde] olfd A AFE AFE Agolm o
B o] EA3}= B2 Fd rhizobacteriaf)
Bdon} AE AFd "4 A YR 7Y To AT dAFE o E
rhizobacteriag& A A X go] A Eset=d P53 A Hopddx Ay
g ZHEolth wekA B A7 o) o] g EAEc] HEAW o]ES AA
rhizobacteria® H&3stvd T8 HRE ATY Aoz FHHAG

¢

ok
2
oot
oX
o
ol
-0,
by
1o
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A 2Ad S0 B9 Je #Asg
1. Rhizobacteria®l] 9l&t fF ARG A3 T A7 E3

WM X Burkeholderia cepaciaZ% ¥ %3t exopolysaccharide
78 AL 59 A8 44 =38 derteminantgt s & JEH
AE WHeEs A7y g uaigoe]l HTo Rustdvt (Park et al
2000a). =% o] A9 rhizobacteria’} 2l & Aol PR protein@ peroxidase®]
g4 /A ¥ AREE $28 Rolgts 23U (Park et al
2000b).

2. go o] A

FATE A TAAM AR

B 3 o) A 5HoE s
ZHTHE Aol E BT ahus FALE HEA PATol 4T st
Aok SHEE Ane BANN 7 2SS AN 2aw 4B wA
Tol A3 ozt gide Aotk B A7 Foby wad A4 29
4 9l& rhizobacteria® 56 44412 Buste] ol A Lo

)

%‘

o

1 4% Q"?"»ﬂ rhizobacteriaZ AF AL S o EAHL FH3x
T dHol 2do] wadA v dE sk AAd @4

8} rhizobacteria®= 5-& e

e A o’f"é 422} rhizobacteria®] 98] % HHHE AE $AXES
Ao =YUsted 8 Mg FAAE 2o HEo ol¢" F g 7
FAHHE o] SE4ALS FIFHoE B AAA FA 2 wule
53 UE olojd Aottt ®3 rhizobacteriad] 23] FEHE AR ¥ A
4 B8 AR F29YEH AZA ] fEHE 7Fo] wEAA FHed

2

lo
. oo
L oo
?L
o
H'

A= AF7A AAH ez d7d 97 7] Wi dEHew Fa
w7t & B ol AR E MG AStd olF Fad JRE A
& el ¥ B A7 47 HEdEdA ARE Ee A 39
2d o g, gA 28 a4 §4 of’—’}za‘?l IRoly A7 e o
Aol obd A2 otojgoelyt g WAHAA Uit J9E 5+ de
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A1 A EYMATF Pseudomonas chlororaphis Q69
AE HYT JA 58 2 AEY ANAYY 559
1. A

d §493 . 9
2 522G QUstd 4B 452 AN AF gUwe 4%e o
AsHe BT FAS YAshe] 42 nadd

£ o A
9.oolelst AEA WA T #Ed 7)e YR e A, MAA
B, AAF=AEA (induced systemic resistance), i Al &9 Aatol
X3€vh. Pseudomonas AE3Z  WA|TFL  phenazines, pyrrolitrin,
24~diacetylphloroglucinol (DAPG) % pyoluteorin 5 ¢ 37#22-& AArsc)
a8y A2 i tAb AEE = cyclic lipopeptides, viscosinamide$t
tensin’= BERH A AHFY FHx H4EAHS o843 Z2YI EAMF
ZAE o] & AT YExse] THE €2 A FAAEY v)go] @
A3l e, Streptomyces$t Bacillus FE°] AMsls FFEde] AT &
AAEE dHA o

o2l WA Pseudomonas %9 @ MitEo] FFo], A, vl
H2E T oy AE HAFOBRNY HEo] RIE S YUEE A =

h=3
AL H=Ede TEE Adel LAHAL. #% HAAFAH  (induced

o

LU

il

2
systemic resistance)< A F 5 A T4 (systemic acquired resistance)ol 23|
ZHHE AT 2 A3 A9 2dd 98 H =53, ISR pathways 22
Aol A& Hddol HFHAS W FEHH, o]F ISRS FE3te Y&
FATES] FFHFE I ZolAx ok ISRY #HA Ay AAAAE
siderophore, lipopolysaccharide®] O-antigen, salicylic acid E°] #aHe] 9
o A Eh

dA, B HiME d7ddA BEE Pseudomonas chlororaphis 06

H

U o

T AW WA TEe U] g6 vl w5 JEHdE 4%
AAEE oA AR S AastE Ag BASFYL, 20)9 FHuE o] &3}
AANISAZY F= 58 ISR de ASS FAs%h



2. 48 R Y

7b EAEF

pic)

ufj

B HYNA AHES 2 FFe 5L Table Lo 784t EE
FE 30 CAA LB ## (Bacto-trypton 10g, Bacto-yest extract 5g, NaCl
10g, distilled water 1L, pH 7.5)¢] wi%A#H 1, BE WA+ Pseudomonas
TFEE Zad wet King' s medium B(Protease peptone No.3 20g, Agar
15g, KoHPOs 15g, MgSO4 - THxO 15g, Glycerol 10md, distilled water 11, pH
7202 25C) WiAE ARR3IGE A HA A wiA o] Hrbste FAEAL
Tetracycline(12.5xg/m8), Ampicillin(50ug/mt), Kanamycin(100ug/md)& A-&3+%3
t} (Sambrook and Russell, 2001). £ Ado} 283 EE 755 80T B
Wt ARgE AT

Table 1.Characteristics of the bacterial strains and plasmids used in this

work.
Strains or Plasmids Relevant characteristics® Source or
reference
P. chlororaphis 06 Wild-type, Phz’, Pro’, HCN', Sider’, St This study
P. fluorescens
2-79 Biocontrol bacterium, Phz', HCN', Rif"  Weller(1983)
Pf-5 Biocontrol bacterium, HCN, Howell(1979)
P. aureofaciens 30-84 Biocontrol bacterium, Phz’, HCN’ PiersonTi(1992)
Chromobacter violacearum
Cvo2s Mini-Tn5 mutant, HSL"” Km" McClean(1997)
Fusarium oxysporum Plant fungal pathogen

®Abbreviations: Phz, phenazine; Pro, protease; HCN, hydrogen cyanide;
Sider, siderophore; HSL, homoserin lacton; Km', kanamycin resistance; Rif,
rifampicin resistance; St', streptomycin resistance
U, Fxte] #3993 encapsulation® enumeration)

AEA WA e} phytotoxicity Al8-g &7 Yol Bl FAH(Hordeun
vulgare L)E ARE3FATH 7 A8 A oF 100719 A4d 2 FAE Ads
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o] 5% (v/v)9] sodium hypochlorite (NaOCDeA 5% %o EHATFS Hg
Fol] g AA Fo] A Hid EFFAE FES TFAA SRS A
ARtk Ei¥E 15m conical plastic tube(Sewon Plastic Labware, Korea)©l
M o2UNT TS S A AFES AT & @A 1%(w/v) methyl
cellulose(Sigma Chemicals, USA)E Zxto] dteFotE n&A17]7] sfir] ¢
Atk Ax2TFZ BFA] 1%(w/v) methyl celluloses} 374 BHdE 2552
WA o] FAEE F2olA 308 AT F AFH petri dishol] FAES
Fi AZAA

A nAE AT FE FHL 107 242 A9e F 279 15
mé conical plastic tubesA 10mée] Ba ¥ FHTE dgsdd. 28931 A
o] tubeZ vortex® F o7 L2 FHste] LB A o] 100 w¥ e
o Ad2olA 48412 Wi Fd & GAE9 £5 AU

ol
0|

-r
!

oh E7 W}

B ¥ Whatman # 9 #A7F & HTHE petri dishol 10 m¢e] B3

TE YA 293 7 strainES 10 cfw/mt® A3 By 2x9 28 A

2Ag (dz7) 28 FxE o lom BA O platedd] vk 183m Yol

T 26 T F271eA 34 AT F T do} Ay dzte nlusty
=3

2},

ol

sto] ARy 1 A

37 A

e

Strain 06l 93] Fusarium oxysporum®] 4% A= PD agar ]|
NA A3 H T Wild type 06+ 30ug/mle] streptomycined #7}ate] PD
agaroll A WS, FFo] F oxysporume Potato Dextrose Agar (Po-
tatoes, infusion from, 200g, Bacto Dextrose, 20g, Bacto Agar, 15g, distilled
water 1L)ol| HE3te] oA 39 st PDACA A Fiole]
AHE B2 petri plate F4ol thAl HESES 3Y Fof W2 LB agarol A wl
gt 7} strainES 108 Gt Aeola 79 wjeka ot

ol 0659 AEA Ao B F494 P4

0679 oz} 7k BEH LA #d€ /&332 44 4% e ¥
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13t71 9138 hydrogen cyanide, protease, homoserine lactone, siderophore A
88 AANITY. FA FFEL 1647 B2 30T LB x| o A wfdt & 2zt

strains & 4.4g/L9 glycine2 A7} King' s Bulx|ldl HZ3sgth. Cyan-
tesmo HCN indicator paper (Gallard-Schlesinger Industries, USA)E petri
dish®] 57 <Fo] B9l PlateE parafilm (American National Can™,
USA)e g2 &g 3t 30TolA 48A17F FoF wjaslgith. o] AdelA
positive control2+ HCNE& AAlsls Aoz ad2ld P aureofaciens strain
30-84%} negative control2% P. fluorescens strain 2-79% AM&84th. HCN
o] AArEZA ¢rowW indicator paper® A Wy} glow TBPMoT WML
AL 2 straino] HCNE A4dittes 2e AA s

Protease A4t 2 ¥ 2 Yest Extract-Skim Milk ¥§A [Skim milk
(Difco) 10g, Yeast extract lg, agar 15g, distilled water 1L]e| LB 1} =] o] A
overnight B ¥&t 7+ strainES HEIF F 30 ColA 4847+ w%§ F strain
THY halo® ##EF

Homoserine lactone® ZHAWHL 7 strain®  test straingl
Chromobacter violacearum CV026 (McClean et al,, 1997)¢] Ed® o4& 1B
broth, 30 TolAl 16A13F vl ¥t 2 straing LB agar platedll streaking &
F 3 $ell A & IO F test strain® streakingdte] 30 TolA 244 7F
B3 Fof test strain®] A W32 HSL MRS #@sgr).

Siderophore A34F2 Chrome Azurol S plateE AF83te] E23st4oh
o] CAS #X+& 30 me Eol 10mM HCI# 35 mge Chrome Azurol S
(Sigma Chemical, USA)E ¢ o | mM FeCls 62 m-& FojM =9t}
(Schwyn and Neilands, 1987). ©] CAS ®{#|o] Z} straing 5 ¥ HEI =
30 CTollA] 4871z vl & haloZ =A st}

v 06 59 ISR # % 58 #A

06 59 HAFEATAH F% 58 AAL 20]9 GujE o] &3t
FE)TAE F2F A9 0% ethanold o] &3
b o did FEd 3Fsant 359
b 71§, LB WA o) A 48A13 wj
of BHS4E ODeonm=04% Z74 3}
A o AAAZAC. 10° spores/mle] &

o] ZW 2l Corynespora cassiicola CM2000-1 (Kwon, 2002)2 %3]

to
(o]
5 2
i
o
i)J_‘_:'
2
M
_i
rot
—{oll
jum—y
_{
me
tlo
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30 T2 dew chamberoll A 12A17F5¢F A g3 3Y Fof Qo HAete= HHlks

=

& ZAsI Y. 2¥ Corynespora cassiicolas Czapek solution agar (CSA;
Difco)& AR&3te 28 TAA 25 B¢ widd & 7ISHAE 328 %8
A Bid Roz AAL T AxAAG 1 F FFTol 2AEE F27)
(25 Oliel] 647 MES & A FAEAE AdTE 35t AL
o}

@8 Xanthi %) £22 70% ethanol® 2% 13, 1% sodium
hypochloriteo] 3087+ B7k4 ®9 2gdtn, dadF5= o8 ¥ M3t 10
ml 1/2 MS medium®l ©% microtiter plates (Becton Dickinson Labware,
Franklin Lakes, NJ, USA)ol zFatdnt. T2 14X & =103 25 - 28
Tel AAFA BEAZAT 93E 5 2 £ Fo King’'s medium BollA 364]
AL 06 #FE ARERS F4T g FFEFE % 1x10° cfu/ml
ol HA Mg ¥ WAL & B P 10 wH HFTsuoh 067 A
Z 5 1FY Fo LB AN 28 TAA 3647 wigs A8 FEHTY
Erwinia carotovora subsp. carotovora SCC1#5FE Hidd < 1x10° cfu/ml
o] A dested zh gl Ao 5w HEHL 2 Foll AES FFE A
FFE #Es 06T 3 AEY AT F= THE FA}AH

Ab 06T % AR EATE 9 CMVel HE ISR &9

@l (Nicotiana tabacumcv. Xanthi-nc)ell O675& 719 & 79
o BNz TFFEE e T 15 ZTo o A WA (total leaf
surfaces), =719 27 (stem diameter), 28] I shoot fresh weightE 73}
o gu) AS =271 g¥4E SAHsGTY B A7 AHEE 9w F$3AE Dr
John Ryals, (Novartis, Research Triangle Park, NC, USA)oll A4 B Fito}
Agsgek. o2 My FE o EXETE g2 (control), 1 mM salicylic
acid (Sigma, St Louis, USA), =¥ 1 mM l-aminocyclopropane-1-carboxylic
acid (ACC) (Sigma, St Louis, USA)E # w4l #a st vlusteioh

gholZ o) oig O67F 9 AEH AYY = T HAS 99
CMV subgroup I strain Fny& £ o] AMEEA I, vpo]e] 29 HEoL
gl o] HE-E& Dr. Mwrphy el We] £3to] A&3AT. CMV HEFE2 &
vl Kentucky 14 AHA ZddE d& 1g& 10 ml®) 50 mM potassium
phosphate buffer containing 10 mM sodium sulfite (pH 7.0)ell visfsle] 4]
st BE Sl & Azl tE 20709 gelel EEFoE CMVE AEsa
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ony Ze HAYTFE 23 urEEh zF Duje] AL 374 o= CMVE B
A 27] Aol carborundumE 7HA Azagrh ¥ B AdxE 0o 7

Foll 93 CMV HE F 143 289 Fo] =A3 9}t : 0= no symptoms,
2=mild mosaic symptoms on leaves, 4= severe mosaic symptoms on leaves,
6= mosaic and deformation of leaves, 8=severe mosaic and severe
deformation of leaves, and 10= severe mosaic and deformation with stunted
growth. §Fd %Yol CMV HAAFLS enzyme linked immunosorbent assay
(ELISA)°l o8 HAs %k 2t A8ds CMV 2% $ 1497 289 3o #
FTotAl 22 U 3 NEL JozBE MZT LS #H3+9 50 mM carbonate
buffer, pH 9.6, at a ratio of 1:25 (w/v)Z w48ttt ELISA 3L duk3
o2 F A o) o3 A& Ad AE2H e HHF + 3 standard
deviations ot FZE9] F£X7F (406nm)7t =& o MV7P S AER
AFeA . 24 ELISA teste= AAlY CMVeY ¢8d ¥52 ¥% I48 1
H A&t

3. 29 ¢ nF
7}. P. chlororaphis Q6752 o}z A} A2 A =8

Pseudomonas chlororaphis strain O6% Fusarium oxysporum< X3t
g dF FFold i Z¥}HAS HPom, phenazine, hydrogen cyanide
(HCN)$} proteasest 2 FFolo] AKS JAste ol Al AEL A
&tk P. chlororaphis strain 067} 44tslE= Phenazine®| £HE dolx 7|
A3 TLCol o3& #els) ¥ Az 067 FE phenazine-1-carboxylic acid
(PCA), 2-hydroxy-phenazine-1-carboxylic acid (20HPCA)$} 2-hydroxy-
phenazine (20HPhz)S A413F99t} (data not shown). A &7kx HIig vl
_0,]—5].@ Phenazine xg/ﬂ nEE \:ﬂjz} e ,%;q._q ulo}% gixq]fﬂ-]:}‘:_ y__]_7].
AoAM O6trel Bl 2 W Fx dololA $HE A B Ax 06¢FE
B)e] ol A FHE BYo} 2019 e gE FAo ol oA v H
< gldoh (data not shown). Re Zxtd HE2E ¥ v== 10° cfu/seed°]°i
o ©E phenazine BA TFQ 30-848 Fxlo)] A gld Ex wolgo T
A TEHGE Fabdolgo] A 2gtm oF HF 18% wolse UrEH:’iU}
(Fig. . & AF dHx79 BRYHFTA Hol&L 8% i io] wolr}
Rew, E colis A3 Fa Lol& L 8%E HAT. 26%9 18%= E4
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drob-g-o] ¥otwl phenazine A4 #5¢ 069 30-84TFw Kl o} A &
#g Yer vt (Fig. 1)

Positive control P. aureofaciensZ Cyantesmo HCN indicator paper
2 XNgstg e Wt vt E 067 FE HCNS AA3+Y indicator paperd
AL23tS w g Moz Wl o), Negative control P. fluorescens
strain 2-7991 A indicator paper® Al&3-& o HCNES A4FstA] R&lr] @&
of MZE WA &gt (Table 1).

120 r

100

80 |

60 -

40 +

Germination(%

20

CON 06 30-84 E. coli
Strain

Fig. 1. Germination rate of barley seeds treated with P. chlororaphis strain
06, N7 mutant and Org mutant.

0679 A% Hd F%ol 4% A AL AAIN Hs FFol
Fusarium oxysporum¥ thx] wjeks Az 06dF+ 2~56cm A= TAF A&
& dAstg ey, E coli ETE FA BFE dASA XA (Table D.
06T F 9] protease MAFLS Skim milk #WiA oA @& 27, 8~10cm9 halo
E Yehlold (Table 1). 28 S479 o8 A5 ALAAA #odde= A5
242 ¢#7 homoserine lactone A4 H4% & #ANs}H B A 06dFE
test strain Chromobacter violacearum CV0269] A o] purple® W3l HSLE
Aatete Aoz FAHJG, Test straingl Chromobacter violacearum
CV026& HSLE AAsE #4AXKRE Eddo] A7l Aoz R HSLE
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Swd T purple pigmentE AT O6FFrst E Fol #AAdE=
siderophore A2t §F 2 CASH|A|o| A ols] B Ay 067FE ¢k 4-5 cm
9] halog AJ4ste] siderophoreE A AFslHth.

2 ATl AMEE P chlororaphis 06752 A &YW 34
HS ZASH] 93] WA Qo] (WA EF)E o]l F
P

rfr ki

ﬂ o
ky

¥o, o
fo o

=

;}E

W 5t (Corynespora cassiicola)?)] a3} # #3A
Atk BS AYT dzTE 773 £ 217 gy HAEg By
DA HFT AEA A Qo] Zuky Hyg L 19, 2
o 06 #Fo o o] kel i AEY AN Y G Ao
(Fig. 2). 06Tt ofsf ZAvry 248w 7243 Zo) ofe 06
T Qoo HAlE Zuby o] Wl T gz v dA3]
& 8% opvel Wy A4 EE ZAA Y (data not shown).
HHiE o] &g A&
carotovora SCClol w3k 3
chemical inducergtsl <2 B
Ui @ &2 B A2 (90-166, 89B61) K.t F
= s8ol Holdg A3 AT (Fig. 3).

i

33
_9]:

1

el
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=
BN

e
T
T
2
gl H
_ﬁ_,
>
okt
2
ot
o ox

0637t A& &3] Had Aol o WAL vpojelx
Hol= W A@dol FEHE A& Lotry] 93 CMVE HZEstY F=dal
AP sEe Yol A, GX3dAE CMVeE ¥ 2AEe] O67FE A
g ogulol A dzrEg Hou feoidel sddeu, Bul Samsunel A 9

% 59 chemical inducer®l BTHS 7Z& AHEo %%
e AT (Fig. 4. Wb 06 o5 93t vpo]# 2

F5o whet Apol7b ARl wpolz| A We giEsiME W
159, ole1sk d3= ELISA 23 CMV nle]#] A
b A3toll ofsix e #lE it (Table 2).
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Table 1. Phenotypes of P. chlororaphis 06 related to biocontrol

phenotype

Strains  Phenazine HCN  Protease Siderophore HS Fusarium

(mm) {mm) (mm) (mm) oxXysporum

06 + + 8~10 4~5 + +

Total leslon nnmerés eaf

Fig. 2. Protection from a foliar target leaf spot disease caused by C
cassicola in cucumber leaves of plants with roots colonized by P
chlororaphis 06. Plants with ISR were raised from seeds coated with O6
cells [O6(+)] suspended in 0.0.2M phosphate buffer (pH 7.0) and an equal
volume of 2 % methylcellulose. Control seeds were coated with the same
suspension without O6 cells [O6(-)]. After sowing, 20 ml of the O6 cells in
King's B medium [06(+)] or same volume of cultural medium [06(-)] were
applied once around the seedling, per pot. Disease severity was estimated 4
to 6 days after challenge inoculation by counting the total lesion number
produced on the fully expanded 2" leaf. The data are mean numbers *
standard deviation [77.3 + 21.7 for O6 (-) and 193 #* 124 for 06 (+)]
analyzed from four different experiments, each consisting of 10 plants.
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Na. of symptomatic leaf
¥
——
EEE

26 06 JM22 GRC1 RMP1 90-166 89B61 BTH CK

Bacterial treatments

Fig. 3. Induced resistance against Erwina carotovora SCC1 by rhizobacteria
in the tobacco. The values are means of 8 replications. One plant is for
one replaication. Pathogen was challenged at 7 post-inoculation of rhizo-
bacteria with dropping of bacterial suspension into 4 weeks old tobacco
plants. Rhizobacteria treated with soil-drenching at 10° cfu/ml of

suspension. * significantly different from non treated control to Fisher's
LSD test at P=0.05
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N R \[E
U § || § = | [ |

Variety of tobacco

Fig. 4. Effect of rhizobacteria on induced systemic resistance against Cu-
cumber mosaic virus in two tobacco varieties (Samsun and GX1) two
weeks after CMV inoculation.

Table 2. Induced systemic resistance against Cucumber mosaic virus by
Pseudomonas chlororaphis O6 in tobacco plants.

Treatment ELISA value (405 nm)
Samsun GX1
06 0.29b 0.32b
ImM BTH 0.11a 0.11a
Control 0.50¢c 047c
Mock ‘ 0.10a 0.11a

8 replications per treatment. Different letters indicate significant differences
between treatments according to LSD at P = 0.05.
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A 2 Tnd EdWolo 93 P. chlororaphis

O
9] Induced Systemic Resistance (ISR) % 3 Ar4

sqdolF A 9 54 B
1.4 A

A 1 A Asto) 23t Pseudomonas chiororaphis O6% A& #H¢
ool AL AAstE e A ojFriA ABE A T FE
3 AEH e FEAANAFA (Induced Systemic resistance, ISR} §3+
st B MA et A F7tR1 e Ao sy ISRS FEEE EUA4
9] lipopolysaccharide, siderophore, phloroglucinol, salicylic acid, @1

butanediol@ #2 E@Eo] A& ¥ AIAHSE FEdE Bdolga ¢
A ok ey o] ISR EdWol A5 S o] &3 o)F
SR ¥ AFRH FEd #FHS dvz IHA

chlororaphis 06177} AU e A5 AFA Fxo #HEg FAAES
Awretr] f18] B "M E transposon$d Fgo
BAE EQHoIFES Asln 7zt EdWolFE¢ Tnb flanking sequence®
Ao o3 ISR F= T #AHE FAAES Adsn 24 EdWolFEY

2 AdA A8 7 FF9 5AL Table Lo 71&3dth ZE
E. coliv= 37 T4 LB ®lx] (Bacto-trypton 10g, Bacto-yest extract 5g,
NaCl 10g, distilled water 1L, pH 7.5)°] #jFA# 1L, *§% FATE P
chiororaphis 069 Tn5 mutant® 30 T4 LBHiA & A&3stga, S84 o
2} King' s medium B (Protease peptone No.3 20g, Agar 15g, KoHPO4 1.5g,
MgSO4 - TH2O 15g, Glycerol 10 m, distilled water 1L, pH 72 = 02 25 T)
A& ARt AT A oA wixe) HrteteE FAWE AL Tetracycline
(125 pg/me), Ampicillin(50 pg/me), Kanamycin(100 pg/m)& AH&3FAH
(Sambrook and Russell, 2001). ¥ 23] AE3 RE FF+= -80 Co B3
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are] ARg-3H

Table 1. Characteristics of the bacterial strains and plasmids used in this
work.

Strains or Plasmids Relevant characteristics® Source or reference

P. chlororaphis

056 Wild-type, ISR, St This study
Tn5 mutants GacS:Tnd, ISR, Km', St This study
E. coli
LE392 Host strain Promega Corp.
DH50 Host strain Sambrook(2001)
Plasmids
pRK2073 Helper plasmid, Mob’, Tc', Sp° Leong(1982)
pRL1063a Tnb:luxAB, transposon, Km' Wolk{1991)
various constructs Various sizes of EcoRI This work

fragment containing partial
genomic frament and Tn5:luxAB
fragment

"Abbreviations: ISR, Induced systemic resistance; Km', kanamycin
resistance; Am’, ampicillin resistance; Sp', spectinomycin resistance; Mob',
mobilizing plasmid; St', streptomycin resistance

v Tnd Ed ol

Tn5E 7}A31 & plasmid pRL1063ast wild-type P. chlororaphis
0692} conjugationell 28] Tn5 A< EAWFE M8+l Conjugation
o] W2 donor straingl E. coli pRL1063a% helper plasmid pRK 2073-& 37
Tl M, recipient strain®! P. chiororaphis 06% LB brothol HZE3skx, 28 C
oM 16A17 Wi & thg dARES T 1me 10 mM MgSO.2 #Ee &
E. coli$t helper plasmidE 10 : 1 8|8 & E3 T 30 »¥ LB agar plated]
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HEZ & 37 C°ﬂ A 1A A= e gsbg vl Mating plateoll recipient cell&
30 w0 spot T 20 wb HET F 28 C‘ﬂ]}ﬂ 24X 7F vheFEb Tk wlAl B
oﬁ Q& cell® 1 m LB brothe® #=elg 107, 107 107 107, 107282 84

% 01 mé¥ kanamycin (100 pg/ml)o] ¥ LB agar plated] =2 &t
28 C, 48A17F wiokdte] transconjugant® A1l ggcoh

o Tn5 EA¥e)F ISR f % 59 A3

N

2 rlo

Z} P. chlororaphis 06T TnoEWWolF9 ISRFE 53 &
A 14-de] My @ uhge v)&dt sFE AEEE gl (Xanthi ¥5)8 X%
Aidste] 10 ml 1/2 MS mediumo] 27! microtiter plates (Becton Dickinson
Labware, Franklin Lakes, NJ, USA)d #&3gich o1& & 235 %o King's
medium B agar platedll A 36417t A5 A7 06 59 2t Tnd EAWOlFTE
S G#FE o 1x10° cfw/mle] A derete] 7+ 75 3 3709 Hel B
10 mA FEFHA TF BF 159 Fo LB ¥R A 28 TollA 3643 vl

et AE LE8¥MFe Erwinia carotovora subsp. carotovora SCCITFE H

3

4ol o 1x10° cfw/mlel HA #ested 2t g Aol 5 A FEFsta 29
Fol Age] BF F4 A¥E BFS SR F= vHel gaEAYG 349
EARFEL Aety

2}, Southern blot analysis

ISR % S3o] 44dd" Z EdWo|FEY] Tns-IuxAB A 4%
E Fostr] 93 Southern hybridizationd 2 A& A}k Total genomic
DNA3= hexadecyltrimethyl-ammonium bromide(CTAB) Wl o& ¥ 3t
2tk (Ausubel et al, 1989). Zt #5 2 LB Brothol A %3k $ 5000rpmel A
58 EoF YAt AAH AT AEE 33 F 20%(v/v) glycerol® AR
o}, A48 Ay HAEE 95w TE (10 mM Tris, 1 mM EDTA, pH 80)
buffer® @E3SI 05 nf 10% SDSZE 383t 50 uf proteinase K (20 mg
/2 Gl AES AAsAY. Exopolysaccharide #& Z2ZE& AAs 1
DNAE AA &7 93te] 1.8 m¢ 5M NaCli}t 15 m¢ CTAB/NaCl solutiong #
7vste} E£838 1 F 22 chloroform/isoamylalcohol (24:1)& #H7bshed 2083
5000 rpmelA AEFAE . aga UA AEFHo2FE DNAE
isopropanols H7Feod A AT 5L, 70% ethanol® M3 AZF3e TE buffer
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off %o AE3SI

Southern hybridizations 871 934 kanamycing 7MAx Q=
pRL648N A 0.9Kb Xbal-BamH 1 fragment®] Tn5Z #2359 probez A}l&
Strh. Tn5 probe¥ nonradioactive digoxigenin system (Boehringer
Mannheime, USA)E& ©]§3}9] random priming labelling3t%ith. CTABS
HOE Tnd mutantZHH total DNAS B sle] oj2] A aaz oA &
@3t 0.7% agarose gel’dollAl #A719%E stk A719%5 S Sambrooke] #
H200Dd Fate) Adsit. DNAE A7) % & positively charged nylon
membrane (Boehringer Mannheime, USA)S. 2 alkaline blottings] 3 &4
o A E AAS7] 938 membrane 20xSSC (3 M NaCl, 0.3 M sodium
citrate, pH7.0)91A 2xSSC2 3 4ste AxRAZ.  ©] membraned
prehybridiztion buffer [50 mf 50%(v/v) formamide, 25 mé 5xSSC, 1mf
0.1%(w/v) N-lauroylsarcosine, 200 g 0.2%(w/v) SDS, 5g 5%(w/v) blocking
reagent (Boehringer Mannheime, #1096176)]1¢1 4] 2A17F 55 ColA g+ A1 A}
°] membrane Tn5 probe’} Z ¥ hybridization buffer$t &7 overnight
A7 ©] membraneg &)X 5 ml 2xSSCe 0.1%(w/v) SDSE 77z} 29
A AR ol RE bl 158 65 CollA 50 md 0.1xSSC9 0.1%(w/v) SDSZ
At Membraneg anti-digoxigenin-alkaline phosphatase conjugate® ] €
g F, chemiluminescent W& Al&3}o] detectiond % th. Chemiluminescent
Wel 2%t immunological detection® membrane® Lumi-phos 530
(Boehringer Mannheime, USA)ol Z 4l ¥ acetate film A}olellA] 30% 37 C
o ¥gAIZl F 2ol X-Ray film (Boehringer Mannheime, USA)d] »2
MA. ©] film& developerol A 4% F¢F 9H¢-A171 F 302 E<F stop bathol
¥ES A 713 fixerd] 2%, running top watero] A 108 wH&AA #AS AT

vl Z} ISR EAolF 59 Tn5-flanking region F24

¥ dATA  transposon®.Z AR pRLI063a¥  transposontlioll
luxABE reporter§ A2 7P 93 E3 replicong 8 n ¢lof
transposong A22 ¢ A FALE AW T ligationS 3 plasmidE A
WA A BA7E sbestch weld ZE ISR Sd® o3 9] genomic DNAS
7ol wel] o3 Mwg S 7ZF genomic DNAE transposong X ER] &
< EcoRIZ °l&3tq Aesta, 4v]e] Wl 98 pRL1063a®] kanamycin
7 A}2] fragmentE probe® southern hybridizationS $a3tgth 2z =9
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°]5 9] genomomic DNA FolA probe$t hybridization®¥ =719 FEcoRl
fragment® agarose gelolA 2, AAste} DNA ligase® o] &8t self-
ligationdted z} EQWHolFE 9] genomic DNAE E coli DH5ad] 3238}
vk Z EAWolF e Tnb flanking fragment$t TnS-Lux fragment® Xyl
clone¥$ kanamycin®] A7}¥ LB agar s oA Awrstsdnh

Z EdWolFq M E28HE cloneE2 plasmid® AAES 7 clone®
o] Tnd flanking §71 AES Austn 729 ddTh #FEA 9
#8to} Perkin ElmerAte] 4§ 7] Md #47] (ABI PRISM 372 ®48
vk 971 A8 B4 Ald] olu] &R transposon pRL1063a2] IS elementol
A primerg ZA S dr] A BAo] AMsgith 7 EQWolF oA o
Zl AV EES NCBI (National Center for Biotechnology Infomation,
http'//www.nchinlmnih.gov)?] GeneBank database®t BLAST network
service® F3A B89 3, ExPASy-translate tool (httpi/kr.expasy.org/
tools/dnahtmD ol A o}t ME2 WE $ amino acid sequence?) ¥4
< blast searchd] 28} v},

3.9 92 23
7}, P. chlororaphis 062] ISR # 5 ¥8o] AA5 Edwold A

06FFe ISR #= %o HEdE FARESE Hedr) ¢
transposon?! pRL1063a& o] &3t EHolF libraryE =A% ¥, Z}
HolFES ujel FEHFE o839 bicassayE AASGT (Fig. 1). %
20,0007Y o449l EAWolFE screeningdte] HF 32719 ISR EQWHFES
Adstet (Fig, 2).

Z} ISR FHo] AdE E2dUo|TERRY total genomic DNAE B
2]3}3l transposond AEA F& AEEA FcoRILE AT 3, self~
ligationsto djate] HA AEsAT. B dFd AEE  transposond
transposable element Wl replicon®& 7} oiA] EQWolF2] genomic
DNAE A 522 Hed 3 self ligationdtq-g< wW WAdmulda B4
T th ol2fd WP R ISRFE FdHol 44E 327 BFY Ed¥oFE
9] transposon®l HUE F1¢ 06%AAE cloningdti o BAY sub-
cloning& 53 2 Edlo]FE L] Tnd flanking ¢ & sequencingstgth. o]
g FAge & oz 069 ISR E9¥oF F9 gl N7& o2 B9

El
|

mi‘ﬁ._;_;
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transposon®] E°] UE restriction map¥ sequencing Z#FHE UEIATH
(Fig. 4)

06 control

, . L .
06 ISR(-) mutant 06 ISR(-) mutant

Fig. 1. Isolation of Tnb mutants lacking induced systemic resistance ability
of P. chloraphis O6. ISR activity of P. chiororaphis 06 was measured
against a soft rot pathogenic bacterium, Erwinic carotovora SCCl in
microtiter system. Suspension of E. carctovora was inoculated on leaves of
four week old tobacco plants which previously inoculated with bacterial

strains and water as a control
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...m.ﬁaﬁ PosBasp ‘ON

¥ 17 2 2 26 I8

1

Bacterial strains

Fig. 2. Resistance induced in tobacco plants grown in MS medium treated

at the root level with cells of P. chlororaphis O6 and Tnb-derived mutants.

Suspension of E. carotovora was inoculated on leaves of four week old

tobacco plants which previously inoculated with bacterial strains and water

as a control. Protection is expressed as a number of leaves showed soft rot

symptoms. Data are means of two experiments each with 10 inoculated

plants.
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| [ |
m— Lux Nm Bm Sm }

Lon protease

Fig. 3. Restriction map of plasmid pLON of 35Kb Xba-EcoR1 fragment
containing the Tn5-flanking sequence from pN7. Restriction enzymes; E,
EcoRIl, X, Xbal ; B, BamHI; P, Pstl; S, Sall; Nm, neomycin; Bm, bleo-

mycin, Sm, streptomycin.

ISR &8o] J4H" EdWe]: N79 Tnb flanking sequence® #4
8 B A, N7 EdWolFdAM Tns:e 98 bacteria®l ATP-dependent
protease FEHE HQ FAA e APHel &S ¢ & AUt (Fig. 4). &
AWolF N7¢ Tn5 flanking sequence™ P. aeruginosa strain PA01¢]
ATP-dependent protease®] 778 amino acid ¥ C-terminal® 429 amino acid
KB 630 amino acid®t A} ©.™, 197 amino acid % 178 amino acid?}
TYe 0% =2 FEAL Bt w3 o & Gram negative bacteriag
Thermotoga maritima®] ATP-dependent protease LA9} 198 amino acid &
75 amino acid’} Y3t 37%, Vibrio cholerae 36%, Escherichia coli®
Lon protease (lon)%+¢] &4 <& 200 amino acid % 60 amino acid?} Y3t
o 30%9 FEAHE 2H) (Fig. 5).

dutal o 2 ATP-dependent protease (Lon protease)® ¥ 8313

O
=

5

S @iz %Zq W2 8} 7] Haﬂ’ﬁ T otuite] Aol&E RolstA )
71 f8iA, AAY B8 Az BHed dwde B v, R 49
2l ﬂlroqﬁli’ﬂ EE WY q”“’“«] FHE FIE AT AEgd aaA
ol A2"d s 2AHT Yk o)A HAF Z2AY mo] dojy
T 99 o= iz olth Lon proteased] o8 B HolxAls g
AEL strain 06& EFAAM EZE AEHNA FARAEY 2FL zdse
71Hez Fo¥ J¥L T zloz AAHN AY. dF Eo AFdA

5t s =

proteolysist regulatory transcription factore] el Fo3 e )
heat shock ®F§, stationary-phase$t SOS stress %€, capsular polysac-
charide B%4& ZH3t3, phage A2 lysis-lysogeny decisiond ZF4ddc}
(Gottesman, 1996). =3 o] v FH < awd S Eastsd Bojstsd o
23 ROZE A N protein, SulA A X £E regulator, capsule %49
positive regulator?l ResA%S ¢l AUt} (Gottesman, 1996).
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V¥ transposon &89
ttgcaggatcoggaottccaggaaatgttccgcgtgctggtggacttcgacgaagacato
LQDPDFQEMFRVLVYDFDETD.I
ccgatggtggacgaaagectcgaacagt tcgeccagetgetgaaaactcgeacct cegaa
PMVDESLEQFAQLLIKTRTSTE
gaaggcatggegecgetgaccgeggacgeggtggeacgectggegacetatagegeeegg
EGMAPLTADAYVARLATYSAHR
ctggcggaacaccaggggeget tgtecggegegtat tggegatctgt tccagetggtcage
LAEHQGRLSARI GDLTFOQLVS
gaggcggact tcatcegtcacctggect cggacgagatgaccgatgecgggeatatcgaa
EADF I RHLASDEMTDAGHII E
€gggcgctcaaagecaaggecacccgtacegggegggtcteggegeggat tetegacgac
RALKAKATRTGRVY SARTILDD
atgctggeggggatcattctgat cgacaccgatggegeggecgtgggcaagtgcaacgge
MLAGI I LI DTDGAAVGKT CNDG®G
ctgacggtgcetggaagtgggegactcggect ttggtat tecggegeggat ttecgecacg
LTVLEVGDSAFGI!IPARI SAT
gtgtatocggggggoagcggtatcgtcgacatcgagcgcgaggtcaatctoggcoagccg
VY PGGSG!I VDI EREVNLGAQEFP
attcactccaagggegtgatgattctcaccggetacctgggeageegt tacgegeag
' HS KGVMILTGYLGSRYARQ

Fig. 4. Nucleotide and deduced amino acid sequence of the Tnb-flanking
region of ISR mutant N7 of P. chlororaphis O6.
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P. chioro. N7 2 QDPDFQEMFRVLVDFDED | PMVDESLEQFAQGLLKTRTSEEGMAPLTADAVARLATYSARL 61

P. aeru. 1434 LGED. ... SGA............ 492(90%)
7. maritima  423. .. .RKL..IKAE..WE. RNELNVQKYVSF ISSVCR.KNLPHFDRG. .K.VIW. AM.N 481(37%)
V. cholerae 433 ..E.S.L...TA..ADEM.RDAD.ELHY RFISSIVHDAN.LHCORK. |. . I1EH.S.T 491(36%)
£ coli L1 H QAIYSE.EDTLGI ... .VT.WCRWVTFTARHNHLPAPG. . .WPL. [REA..Y 81 (30%)
P. chioro. N7 82 AEHQGRLSAR|GDLFQLVSEADF { RHLASDEMTDAGH ERALKAKATRTGRVSARILODM 121

P. aeru, 493 Q. .NEVIQL.......... Q.o 552

7. maritima 482 .GNSTK...VF..|VN.IV SGELAR.EGS.V.TSD.VLK.YQ.MEN.RNLLEEK-Y E. 540

V. cholerae 492 TGD.TK..LHSAHIAN.LR.SNYVAKQ.NANLIRG!.V.E. RNQEL.VN.LQQSMMETF 551

E. coli 82 TGE.ET.PLSPQW!LRACK. —~~VAS.COGDTFSGEQLNLM. QQREW.E.FLAE .MQ.EI 138

P. chioro. N7 122 LAG!ILIDTDGAAVGKCNGL TVLEVGDSAFGIPARISATYYPGGSG VD IEREVNLGOP 181

P. aeru. 553 ..., A VoVooo. S 612

7. maritima 541 [|KTFLM.EVT.SK..QY. ., ... DL..HS, VWKLT.K..LLRP.V., Q. . AD.SCK. 601

V. cholerae 552 VN.TT..Q.E.V.1.QV.A.S..ATS.H...M.N..T. TSY.EGE.!1....N.D..GS. 611

E. coli 138 .QEQ...E.E.ERI.QI.A.S.1.FPGR...E.S.. .CV.HI DGEFT...  .KAE..GN. 200

P. chioro. N7 182 HSKGVMILTGYLGSRYAQ 199

P. aeru. B13 (... 830

T. maritima 602 ...A.L..EF....... 819

V. cholerae 812 ........ SA..S.VFGR 629

E. coli 201 LA, .M. MQAF M. 214

Fig. 5. Deduced amino acid sequence alignment of the Tnb-flanking
sequence of P, chlororaphis N7 with amino acid sequences of Lon protease
gene (Jon) from other microorganisms.
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Table 1. Homologous genes of the Tn5 flanking sequences of P. chloro-
raphis O6 ISR-deficient mutants

Homologous gene (NCBI)

ISR mutant -
Function (gene) E-value
A4 Unknown function of P. fluorescence le-63
A6 Unknown protein PA0690 of P. ageruginosa 9e-80
D6 Unknown
F3 Unknown
H10,C12,B12,C7, Fumarate hydratase class 1 (ttdA) le~-14
D3,D9,H3 ABC-type branched-chain amino acid transport 5e-69
B8,D2 ABC-type cobalt transport system le-139
C10,D11,E11,H7 Leucine transport protein le—43
E2F1 Phosphatidylglycerophosphatase A (pgpA) le-28
H4,C9,C11,A7  Methyl-accepting chemotaxis transducer (cheY) 9e-32
G12 HlyD family secretion protein (hlyD) 6e-53
A5 Preprotein translocase subunit (secB) 3e-68
A7 Vibrio RTX biofilm 9e-29
B4 AIR synthase (purN) 3e-92
121 exopolyphosphatase (ppx) Te-17
L12 global antibiotics and cyanide regulator (gacS) 0
N7 ATP-depetent Lon protease {lon) e-121
g2 A 31709 ISR EdWolFEe Tnb flanking sequenced
D% BAste B A} P, chlororaphis 06759 ISRE # %o #dE &4
AES AA 3709 categoryZ FEE = U} (Table 1). AlddA o2 3
(o]

Ae FHIr dHA gacS, ppx, LZIL lon FHAYL Z2  global
regulatorg°] E3EH AT GacS FHAAE A EWAATE Pseudomonas
syringae pv. syringae B728a%] #94 Ax AEA HATF P fluorescens
54 FFFAHLE AY 23 HARAFEQ] Phloroglucinol?] AMAEE XA
global regulator® <& A Ath GacS @W A2 A Eoto] AXsFHEA opF &
HA YA &€& environmental stimulusel & A7FAAEE (autopho-
sphorylation) ¥+ sensor kinase©|t}l. &4 3% GacS sensor kinaseZFEH ¢
2k719) Aole] 28] response regulatordl GacAZ} &437 Hrl &4z
GacA7l AZH T og §8¢ §Ae ¢hsstsls Y downstream 37

Eo] gA43tdtt. GacS/GacA two component global regulatory system-2 Al
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X FE &Y A3 AY B2 acyl-homoserine lactones ZH3tE -
o]7]%= 3}iL (Pierson, et al. 1998) acyl homoserine lactone™ intermediate
signal 28 2A &g &iu oA PAAEE] Gac systemo] &3] ZAFT
o 4EA Utk (O'Sullivan and O'Gara, 1992, Sarniguet et al, 1995 and
Haas and Keel, 2003).

Lon protease (lon)& MtolA ATP-9<3% proteases? 4714 57
(Clp family [CIpAP and ClpXP], HsIVU, 283 FtsH)E9] stz Aoy
EENAE RIH proteaseo] T} (Gottesman et al. 1992). Lon proteases ©]
g o3 xAEHE FUAY LIS 2HIE F2% 24 dwibe] ¢
€ ZEdY. dE Eo], capsular polysaccharide® %A 3E ResAE Lon
protease’t #& T2 Z A polysaccharide?] AAH2 A3t} (Torres-Cabassa
et al. 1987). Al A Lon proteaset heat shock¥ & A E# 2 Ao &
2 FA4 & AN HFEHo] stress proteasedtE LEA Q)
rimoto et al. 1994). E. coli M & 715S FAsAY d438 A%
H ol oz Ry, stressol o3 S48 dwlzgs 7]
(Laskowska et al. 1996)& 7FA1 1 low FHITA HAAAE FaHo Arhe
B

Polyphosphatet= Al ZW9lA phosphate?] A3 efoln o4z
ATP substitutesZA &3}, AL ol RNA & JAlste 2Ed 24
PRl H£3 Aeid stationary phased)A] ZAFLS st} Exopoly-
phosphatase (ppx)$} exopolyphophate kinase (ppk) FA A ArEo o3 Al
oA 9] polyphosphate?] %o] ZHHAW. E colild ppxdAAE over-
expression?] #-& W& polyphosphate?] %42 A9 #AAHA && FFoz 7
AR, ks io e AFAHL 2A #2389 Polyphosphate® 7)
o}, UV radiation, oxidative stress, 18] I osmotic stress& Wepg o Ao
2o 5070 o]y FHAE AT =Y B9 RNA polymerase?]
sigma factor?l E. coli®] RpoSe] @A #Aodivia gald o

2R 259 ISR E4WolFE 7124 metabolismeol #HE # A
ZHg o] knock outFolA A EHW AFAHS FEIE TP AUHUL o
group® E#¥HE HFAHAAEZE fumate hydratase, ABC-type branched

amino acid transport, ABC-type cobalt transport system, leucine transport

)

protein, phosphatidylglycerolphosphate A, methyl-accepting chemotaxis
transducer, RTX biofilm, AIR synthase 53 %°] amino acid transporto] ¥
HE FHAY, flagellad] £%4d B39 chemotaxis transducer®t A wh
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(biofilm) 8] Aol #&HE FAAY purined Ao #HE AIR synthase
ol EQRolZE frlslo] 06w F <] ISR Fdo] Aadde. o aFe 54
HolF 52 ofutx By Ha FHol FAFHAYY 06759 ISR ##H=
microbial determinants®] Ao Hod JUdFE Y F4u o
2hil Agzto] "k ol @ e S gxEr] fd AN ISR EQWHO|FES
Qo] B BuldeMel 4 AR =4ste B A, giREe] ISR B9
o]F & Qo] ¥y FEuldolde AE AL wild-typeg] 06FF 9 g3 &
2ol g Holxl ¢tert Leucine transport FAX7F knock-out® C10,
ABC-type amino acid transport A]2=®°] knock out® Ed¥olFel D259
Me Alde Fx7F 24 &ob ol 20] Eulold Af AL FhFH
ISR s8o] Add Aoz FAHE e E2, A6, Cll EddolF9] Q0]
o BulddAe] ASAHATE wild typed] AHH T FolE HolA Futh
(Fig. 8). w&}A thi-E9 ISR-deficient E@WHo|FEL Q0] ¥z Rn)do]
AEQMe Zolg HolA Pol olvfin Qo] YolA #e HF FH ol
ISR #%=° ##E 7|5l 449 Aagdn Bdo] B0 oeis Z2AE %
& KW, P. chlororaphis 0612 ISR % 58 olF Bxd MG
Aot thFe FHAEe] Tojdte BHAHE Aoz FAHY, o= & 7X
microbial determinantell &sjA o]F Az HAXZ & F A oY
microbial determinant’} #€3ted ISR % Fdo] HIAHE AR FHH
ﬂr ket ISR EdRio]FFoA o EQWMO]FE microbial determinant
2 A8¥ ¢ 9+ structural FHA7F knock outd EGWOFIE A A
E7l @ Folrt,
UE ISR % 59 44 EdWo]FE9 phenotypesS wild typed}
Hlast7] 98 wild-type O67FF7F Aaksirtan ezl ol 7hA o)z A}

e AL R F& AT (Table 2). 98] ISR AR FAA <]z}
A AAEolu HSL# 28 AdzdgEde] Aol 448 TEFE S HFo
06759 ISR fr= THL ofd ¢ & B33 AzdSAA A o
zAHE Ao AlgHy, B AdA Bgd oy sbA [SRYE EdWo

TES S92 e ¥ AR = A4S #Heln o AL 71F £ s

)
e AAE Wele b 2% A2 AH8E F dg 3ok
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CFU/ml

ISR deficient mutants

Fig. 8 Growth of P. chlororaphis O6 and ISR-deficient mutants in
cucumber root exudates. After the bacteria were grown for 48 h in
cucumber root exudates, bacterial cell numbers were determined by plating
serial dilutions on LB agar plates. The means of three independent

experiments were presented, the vertical bars represent the standard errors.

Table 2. Phenotypic analysis of ISR-deficient mutants of P. chlororaphis
08

Phenotypes of O6 derivates

siderophore  protease HSL IAA Biofilm HCN

06 10mm 1Z2mm + - + +
B4(purN) - 12mm + + + +
AT(biofilm) 8mm 1Imm + - - +
H10(¢tdA) 16mm 12mm + - + +
A5(secB) 8mm 12mm + - + +
AT7(cheY) 8mm 12mm + - + +
C10(um) 8mm - - + + -
C2 (pro) 8mm - - - + -
E2(pgpA) 8mm 10mm + ~ + +
G12(hlyD) 8mm 1Imm + - - +
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A 3 A  Pseudomonas chlororaphis O63 2] phenazine

WY FAAe] F2d @ Badve] B4

1.4

28 A Pseudomonas chlororaphis O67 57} phenazine2 A4 3}
A EH AT F0)Q Fusarium oxysporiumel A58 A3y oz 71x HEH
Aol gisiAa ¥ A §% 58 (Induced systemic resistance)o] A&E
Ut BEE HATES ol#d T EHES Y4ste AEH S
Aete &7 AE B ohyel Y% phloroglucinolel Y siderophorest 7
FEEREL AR AEY AP Fx FE Hdoste Eolwtn €9 A

At} (Lugtenberg et al, 1991; Dunne et al, 1996; Keel and Defago, 1997;
O’Sullivan and O'Gara, 1992; Thomashow and Weller, 1995), and induced
systemic resistance (ISR) in the host plant (van Peer et al. 1991; Leeman
et al. 1995a; Pieterse et al. 1996). °|¢} ©Eo UK ISR = #F9Y
lipopolysaccharide™= ISRE § %%+ microbial determinant® #&3tieE =
X o

£ Ao s 06#37 s AEWe B%old 4% oAste
phenazines] B#4 FAAE Fzysn FAAY VY IS reverse

(o]
transcriptase polymerase chain reactions %3 2382 A FAAe =4
7127 phenazine?] ISR F+=u A E5H AN FFole] A4S oAl #HA3e
A& 93]7] 93 phenazine A{A FHAE H
o]-§3}4 knock outAl#H 1 71 & Wile A

=

B2

marker exchange E49

1 & HA o},
2. As 2 9y
7}. Bacterial strains® 4§ =,

B Ao ALEH #F9 plasmidEe SAXH XEHEELS Table 19
Z1estdd. AT strains®S Luria-Bertani (LB) (Sambrook et al., 1989)
Y King’ medium B (KB) (King et al, 1954) ¢ brotht} agar x|} A A&

AlZ o Broth 4 28 CeolA 200 rpmez A& wigstddrt. 45+ 15%
glycerol (v/v)o]l A7t€ KB broth’ElE broth -80 C deep freezerol|l Al B &
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T

stHA QA wgEte AMEEtATh wlx o HrbE A A 9
2ot . ampicillin (50 pg/ml), tetracycline (20 ug/ml), kanamycin (50

v
pg/ml),
12} 3 streptomycin (50 gg/ml).

Table 1. Characteristics of the bacterial strains and plasmids used in this

work.
Strains or Plasmids Relevant characteristics® %gflgrce%gg
P. chlororaphis O6 Wild-type, Phz', Pro’, HCN", Sider’,Sm’, Am' This study
phzl mutant Phz-, phzl:Km, Sm’, Am’, Km" This study
phzA mutant Phz-, phzA:Km, Sm’, Am", Km" This study
Chromobacte
violacearum Mini-Tn5 mutant, HSL" Km' McClean
CV026
Erwinia carotovora . Rantakari
SCCl a bacterial soft rot pathogen et al
Fusarium oxysporum  Plant fungal pathogen J. R. Jarvis
E.coli DH5a Host strain BRL Inc.
pRK2073 helper plasmid, Mob", Tra", Sp D. R .
Helinski
pUC19 cloning vector, Am' BRL Inc.
pGEM7Zf cloning vector, Am' Promega
pCPP54 marker-exchange eviction plasmid, D. Bauer
sacB-sacR, Tc"
pRL648 pRL vector containing 1-kb Km' cassette C. P. Wolk
pOphzl a cosmid clone containing whole phz cluster This study
pOEEphz pUC19 with 4.3 kb EcoRl This study
phzl, phzR and phzA fragment
pOSXphzA pUC19 with 5.7 kb Xma 1+Sal 1 This study
phzl phzR and phzABC fragment
pOHKphzA pUC19 with 45 kb Hindlll+Kpn 1 This study
phzl phzR and phzABC fragment
BamHI restriction enzyme site contaning
in phzA gene
#Abbreviations Phz, phenazine; Pro, protease; HCN, hydrogen cyanide;

Sider, siderophore; Sm', streptomycin resistance; Am’, ampicillin resistance;
Km®, kanamycin resistance; Sp’, spectinomycin resistance; Tc', tetracycline

resistance; Mob', mobilizing plasmid; sacB-sacR, levan sucrose synthase
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\. P. chlororaphis 062} phz operon 224

olul P. chlorororaphis PCL1391°14 phz operongl structural# 2}
Eol F249H X P. chlororaphis 069 phz8AAZ F2Yst7] 98
partial phzI9 phzAf7A 298 ZZ37] 913 PCLI391Y sequence® 7)
Z=% primerg< AZSATE (phzl-Forward: 5'-GYT TTC GGC AYG AAC
ART TC-3', phzlI -Reverse: 5'-CCC AGK CGT TCG TAS TKG AC-3,
phzAB-Forward: 5'-CAT GAA CSY STT YSA RCA AYT-3,
phzAB-Reverse: 5'-CGA CCC AGA DRT GRT TVG GRT C-3'). &A%
primerg < ©|&3t9 P. chlororaphis 069 genomic DNAE template® PCR
€ T3t 384 bp phzl®t 395 bpol phzAB PCR product® 9& &
sequencing @t partial PCR product?} phzI®} phzA$t F34 @HY S el
g ¥, cosmid vector] pCPP46E o} g3te oln] %A A P. chlororaphis O6
] genomic library (Spenscer et al. 2003)2 screening 3} d) probe® o] &
sEth. 2 HelM ALY phzlst phzAB probe$}t hybridize® 3+ 7))
cosmid clone (pOphzI-1)& A@a8tl3, subcloningdts phz operong]
sequenced EAFATH FUIANGE B AGustne] 727 FE LA

Tt
t}. DNA =37,

A Q) DNA 222 Ausubel 5 (1989)7 Sambrook 5 (1989)
of e it ST AFELY modifyingE A AFE YL Az
Abe] ARl Fate] AA ST Agarose gelol A9 DNA fragments
Zymoclean gel DNA recovery kit (Zymo Research Inc., Orange, CA)S o] &
ste] B FASA. Southern & colony hybridizatione non-radicactive
Genius system (Roche Biochem. Inc. Indianapolis, IN)& A}-83t] A A8l
ot & genomicolY} plasmid DNA ¥, 2 DNA sequence analysis 5<&
B APdAN dxdE 7] =8 Fso] AT (Kim et al, 1999).
Nucleotide 9} deduced amino acid sequences™ University of Wisconsin
Genetic  Computer Group (GCG) packages®t NCBI Blast program
(http://www.ncbinlmnih.gov) 283 Expasy (http://www.expaxy.hcuge.ch/)
T WUE ol &3 BA U P chlororaphis 068} TFE vl A2 2R E 9
phzI®t  phz® 29} phylogenetic relationship® CLUSTAL-W program,
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WORKBENCH (http://www.ch.embnetorg)g ©]€3te] 3833t Deduced
phzI®} phzA sequences? alignment® BCM Search Launcher® Multiple
Sequence Alignments& ©o]&38te] S50t (httpy//www.searchlauncher.
bem.tme.edu/).

2}, Real time reverse transcription polymerase chain reaction (RT-PCR)®l
o\ % phzI®h phzA A7 4d BA

k3t 2h )X BEAZ P. chlororaphis 06 strain® 9] total RNA
¥ Trizol™ (GIBCO BRL, Rockville, MD, USA)& o]&3ted At A A&
el ols Esldrt. ¥ total RNAE ©]€3 RT-PCRS QuantiTect
SYBR Green reverse transcription-PCR kit (Quiagen Cat. No. 204243)& ©]
3] $835¢c. RT-PCRE #3837 s 2189 phzl primerZ4,
forward (5'-CAC ACT GAG CGA AAT GGA (C-3'), reverse (5'-CCA
TTC ACA AAC TGC CTG-3)& AM838A3L, phzA primer2X & forward
(5'-CCT AGC GGC TTT AAT GAT C-3) ¢} reverse (5'-GCC ATC CTG
AGT GAA CAG-3"E ZA3te] #t&do #Hrbet9oh Internal standard®
A8 165 rRNA F3129 primer24 forward (5'-TGG CTC AGA ACG
AAC CCT GGC GGC-3)9 reverse (5'-CCC ACT GCC TCC CGT AAG
GA-3)Z AL&38tdth 25 i ¥H88& 50 ColAl 30 BEd wAste FAA
A1) % PCRE #8383 th. Rotor-Gene 2000 Real Time Cycler machine
olg3te Lo Z2ag o]&ste PCRE Stk 35 cycles
denaturation 94 Tol Al 15&, annealing 55 T4 30%, and extension 72 C
oA 28%Eo AAZrt. Corbett Research Inc., Australiaols W&
softwareZ ©]43l9 PCR A4&& B4sted AM&stdoh

o

v}, Acyl homoserine lactone (AHL) % % autoinducer bioassay

Wild-type, phzl mutant, 222 3 phzl complemented mutant®& 50 ml
LB broth ®lAdl A stationary-phase7b* &A% 3 AHLsE F&3%T.
AFE 15000 x gold 208 ¢ dAEESG AAR oS, #F FFe
cell-free W% 5 Ao F 29 ethyl acetateE #H7Fste] 2389 ). Organic
fractions& H.o}A] fume hoodell Al AZAI7I3L ethyl acetated] H AFE3IA
o},
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AHLs® =AE& gorrry] Y& TLC (Cl8-reverse phase
thin~layer chromatography) £-& Shaw &2 W3 (1997 23} F3A3s3
o, B E ethyl acetated) =oldle® AHLES Cl18 reversed-phase silica
plates (Aldric Inc. Milwaukee, USA)l 41 methanol/water (60:40, v/v)& &
2 BYAzl & AME TLC platesdll 24A13F 719 Chromobacterium
violaceum CV026 (McClean et al. 1997)& 0.7% LB agar’} S A g4sie =
3Rt =2® TLC platesg 28 ColA overnight HiY&H =AY
backgroundo] purple spots®. 2 Rolx AL AHLE A5G}

v}, P, chlororaphis OF T3¢ phzI®} phzA mutants &4,

Phzl B HolFE =A8t7] 98 phzl open reading frame (ORF)2
unique Mfel sites] kanamycin A A H8AE 7F8 1 kb EcoRI fragment
¢l plasmid pRL6A48 (Elhai and Wolk, 1983)2 8- Eosle 43t marker
exchange EWOlE &t AME3I9th PhzA &R olFE phzA FHAH9]
OFR&9 BamHl sited] kanamycin A3dA |FAHAAE Ad 1 kb BamHI
fragment2 plasmid pRLA48ZH-¥] E#3ld phzA ORFAl A Y8+ marker
exchange E@WolE A E=d AM&stg . Kanamycin marker 8 A&
ORFol Ar1ste] EddolAZ phzl®t phzA HAAE P chlororaphis 06
chromosomal phzI9t phzASAdAs FAFoEN EA¥HlE H{7steEd
exchange vector pCPP54 (Tc")& o]-&3to] 4838 r}. Putative mutantsE &
kanamycin A 843 5% sucrose® 7t wjR ol A tetracyclined] #HFAd< &
ZUE E9WolF2 215359 genomic DNAE putative mutantEZ € &
g} 8to] dig-labeled phzI®t phzAE probe® southern hybridizationo] ¢ %t &

A5l HFHoE FAWIFES AAseh

A B &

)

Al A3+ (Induced systemic resistance) bioassay

) (cv. Xanthi) FAE 3% (w/v) sodium hypochlorite2 EW 4
#atn A2 g8 H Aol thd 3% sucrose’t H7HE 05% (w/v) MS
agar 1 mlE 12-well microtiter plate (SPL. Korea)?] & hole®) Zz} &%
g, 24 & ME T holed] A& g AN ARG HAFLL LB
broth ¥Wixs] A OD600nm7} 2.00) HA A&AZ b LS B2
Mol dAF¥ 50 mM potassium phosphate buffer (pH 7.5 & OD600nm7}

_88_



027} H=% M 355d KA e Fejd =Ad A &
(1 X 10° cfu/ml) 10 g W& FF3A AFS AL 157U Fo, &
&

Q]

1=

R
2

=3

2 M”"?J Erwinia carotovora subsp. carrotovora SCCI #Ed& 9o
Aok HYTE HAFT 1-29F 9 T2 F4L UEW 4& A

x=E As
3 eaeE 2,

=

ofr
-

4t o
s

ki

> m - <
i i e e 5.7 i
Hind i1 Kpni

Fig. 1. Restriction maps and locations of individual genes in regions of the
P. chiororaphis O6 genome containing the phzI, phzR and phz operon
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3.27%4 9 23
7}. P. chlororaphis Q675 2| phz operon 224 % $Az £A.

P. chlororaphis O6 &5 9] phenazine A4 FHAE F2stod 74
3 ¥ Z7, phenazine® 87019 structural genes(phzA-phzH)o] #ojsld
phenazineo] A HH, olelg FA HFAAES] TS 224 o2 F
A= phzI$ phzR°] phenazine B34 72 F A2 upstreamd] & §ho]
wH A (Fig. D

P. chiororaphis 069 phzl XA+ ORF7F 591 bpEA, 196 71¢
deduced amino acid® FAHS YU, subunity BAZFE oF 22 kDa, pl=
6.63°1A T} (Fig. 2B). phzR $AAE ORE7F 726 bpEA], 240708 deduced
amino acid sequence® TAH o] U, subunity AL 271 kDaclA L
pl 660°1vt (Fig. 2B). phzA HAAE 492 bp ORF, 164709 deduced
amino acid, subunit®] ¥x}zFe] 187 kD, ¥lil pl 665 oYtk (Fig. 2D).
phzB w32 492 bp ORF, 163 deduced amino acid sequence, subunit®] #
A#e 189 kD 283 pl 652 o)At} (Fig. 2D).

F7IME BN A3 phel FAAE pheR FAAERE 31 bp
downstream®} terminator @7]A o] 989t (Fig. 2A). phzl start codon
o] upstream ¥4 ZA3} E coli 0’° promoter® FAFEH putative RNA
polymerase sigma factor binding site’} €489 (Fig. 2B). ®7/1H o=,
promoter ¥ THE H 9ol Jux box consensus sequence 207F Zo 1774
7} 48t 20 bp palindromic sequence’t £A8tR T (Fugua et al. 1994).
phzl 77379 operator ¥-9°ll [ux box-like element’} EATTHE AL phal
A zke] ¥Eo] N-acyl-HSL responsive transcriptional activatord] 8] =
dddes RS 9ot (Gray et al 1994). Phzl deduced amino acid
sequences Vibrio fischeri ATCC 77449 Luxl @M A3 49% AEA L 1}
W3l (Devine et al, 1988) & Luxl family$: AEAH L el Phzl &
WA P chlororaphis 06914 acyl homoserine lactone (AHL) signal
molecule s T=EH #qde= AE FAHE

P. chlororaphis, P. aurecfaciens$t P. fluorescens® phzA-38=}F
9] promoter H9o] 8 7§¢] conserved 18 bp palindromic sequenceZ} & 7]
d ¥4 23 AHAT (Fig. 3). ol Hlxd Fr]Mdo] 478 F9 phal &
Z2ke] promoterl A% HAFJL (Fig. 3). AF7AALY V. fischerilA el 4
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To] olstd & sl 20 bp palindromic sequence® LuxR &4 ©¥#3d
1

Ca

binding sitez #F{ ¥z & dvh WA P. chlororaphis 0694 27

HAFet palindromic sequence® PhzR %4 ¢#d 9] binding site® 283}
™, phzR°| phzI®] promotersl A#ste] phalfAAE #HAA AHLS &
A% £ PhzR-AHLS ZE A7} phzlst pheAs-RAxte] B8 & FEAHLR
18} phz operon°] A4 3HE A2z ALRHETE (Thomas et al, 2001).

A.
For
43860 EcoRi
EcoRl pr oneron P
1 [ il L1 i
| | 11 |
2184bp 591bp 726bp 239bp

B.

gagtgtaaacgacggocagigattcttectgcotggaggacgeocgaaggtccegeticgaaa
tacgcctogaccagttgotogcgattaccoogetggatgocaagegeagettoggecgea
tcgtecetggccegggcecaacactigole-m—mmro—-m e o s s e S S s e
———————————— {nif operon 1835bp)———=---—--——remommmoo—— e
gcattctotgcgactgoctgggecagactattgecttcaatgococgacggetggatcaatg
cccotgtegecgocgetogottcgacaaagecccoaacgaatggettgacctcgactoca
Phz box = -

ccgaagg¢ecctaccagatettgcags cctgtgecaagtecte actgoa

f—8—5-

ctccatcoc {EEEHREE

cccagocaatgoacatggaagagcacacactgagcgaaatggac
PRrz/{ W H W E E H T L S E M D
gatgagctgaasactcatgotoggeogotttecggeacgaacaattegtegagaaactegga
0D E L K L M L 66 R F R H E @ F VvV E K L G
tggcggetgccagcccatccgagecaggeaggttgtgaatgggatcaatacgacaccgaa
¥ R L P A H P S ¢ A G C E W D Q@ Y D T E
cacgccogctacctcotggegttcaatgcagaccgogocategttggotgcgaccggety
H A B Y L L A F N A D B A I VvV 6 C a B L
attcccaccacgectccccaacctgettgaaggogtgticagecatgectigegecgguocy
| P T T L P N L L E G VvV F 8 H A C A G A
Mfel
cegoccaageatccagecatotgggaaatgactegettcaccacctigegaaccggaatig
P P K H P A Y} W% £ ¥ T R F T T G E P L
gcgatgcogttgttcotggagaagoctcaagacggecgecetiggogggegecagaggecate
A MW P L F W R S L K T A A L A & A & A I
gtcgggatcgtcaacagcaccatggagegotattacaaaatcaacggegtccactacgaa

v 6 Y vV N § T M E R Y Y K i NG VO H Y E
cggctgggoccggtcacggtgcaccagaatgagaaaatcoctogecatcaaactotegges
RL 66 P V T VvV H @ N & K I LA P K L8 A

caccgocgagroaccaccgeagcgoeggtogeaccgtoagecttcatgtocggoacattattyg
H R E H H R 8§ A V A P S A F M s G T L L
asagagacagettgatacaggeccagtegtcct
E T A -
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ttttgaatgccocctcagatatagecok

- | Y

gcatcgcgactgecgtaagacactgecctgecacgcggttactggecgecgattttgeogetggat
M A V A Y S V A Q@ V R N S A ¢ | K R Q |

gttgcggtgatggtaattcacggtatcggtgcacacccccatgatcacgeccgatttcotce
N R H H Y N V T D T C V G M | Vv G | £ E

cgaggtcttgccgteggecgteccagecgcageacatcacattccectcccactgaactccac
s 7T K 6 0O A T W R L V D ¢C E R G S F E V

gcccgtattgaagacacgcacgtcgoctctccagectcggaaattttotcgtgggecgogge

G T N F ¥V R V D S E L € 8 | K & H A A A
ggcaaaggctictggtcaccggcttcaaggeottcaaattcctigaaggotgatggggttatt
AAF A R T V P K L A E F E Q0 L s | PN N

cttgecgegccaggettaacaccccgacecteccctgggcgttgaacgagggttgtgecag
K R A L S8 L V 6 V R G Q A N F S P Q0 A L
gocgtggcataaatgtgaatecttiggecttcagaccacaggtccgegecatecccocggaacaa
G H ¢ L H & D K A E S W L D A C G R F L
ctcattgctccatagaatgggggccgacgagactttgetgtgettcaccgtgggategat
E N S W L | P A S S V K S H K Vv T P D |
caccgcgtagttagccgectgatatcgetgecacccagtcctecggggtaattgecgtacat
v A Y N A A Q& Y R Q@ V W D E P Y N G Y M
ataagtcctgggccgcatgaacggggtcacgetgcacatgccgtaggcaaaaaaatcaaa
Y T R P R M F P T V S C M G Y A F F D F
ccgtagttcocgegcaaggecctcaacgcgacagecegtaaactcctgeatatccatggttog
R L E R L A R L A V A T F E Q@ M O M T R
cgcaaagatactataaaagtacgcatcccatcccaactgctgecctaattccattttgagcea
A F | S Y F Y A D W G L Q@ Q G L E M PhzR
ccactaaagttgaaacaggccgtagactagaccaacctgaatctctgtcaacaagcaaaa
tcacatcgtcatagaaggotttgcgectagcactagattcattigtgocctaatccaaccaac

C.

Sall

{ Np aperon
[

l
Hind i $X-2(2.3kb) Bami! SX-1(1.2kb)
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D.

tacttagaaoattgcatcccggcgatgttagtaa!ccattaccacctttcagccgacgaa
tgaacctgcctct!caoaataatgcaacagttcattcggtgggctgcagccaaccogttc
Phz box . -
atacoctaatcactacaagatctactagttcoacccocaagaaacgcaggtgtataaaca
acacccgctcageaccgecacgeaggaacatagttaaacactgtaaatattcacccacgt
caattaactaaatatttactttcaacattatcacccccaactaaggaggatgetgeccaty
PhzA M
cotgotteogotticecntageggettiaatgatoatottgaactticgccagaaadatoge
P A S L 8§ P S5 G F N 0 H L E L B Q@ K H R
gccaccgtcgaacagtacatgcgcactaacggcaaagatcgcctgcgccggcatgaacta
AT Vv E Q@ Y M R T N 6 K D B L B”R B H E L
ttoactcaggatggcagtggoggttcctggaacaccgaaacoggtaaacccctcgtgttc
F-T @ O G S G G S W N T E T & K P L VvV F
cagggccacgogaagectggecgeccteggegecatyggttggagaagtgetttecagactgg
¢ 6 H A K L A A L G A ¥ L E K C F P D W
caatggcacaacgtocgggotgtttgaaaccgataaccccaaccacttotgggtogagage
G % H N V R V F E T D0 N P N H F ® V £ 8
gacggtogcggeaagactctggticocoggttatoccgaaggttattgegaaaaccattacg
66 R G K T L V P G Y P E G .Y C E N H Y
atcrattctitcgaactggatgacggcaagatcacgcagagecgtgaaticatgaaccce
1 H 8 F E L D D § K | T &8 8§ R E F M W P
ttcgaacaacttcgcgccttgggtatccccgttcoaagaatcaagcgtgaagg{atcccc
FE @ L 8’ A © @ | P ¥ P R t K R E &6 P
geotrataagecccoocttaattcatiggagattgagcatgeotaacagtgoaacgcaacaa
A S - Fheg WP N S A T @ Q
ctaaocgctaacgacaccactgaacttcgccgcaaaaaccgcgccaoggtcgagcaatat
L T A N 0 T T E L R R K N R & T VvV E @ Y
atgcggaccaaaggccaggaccgcctgcgocgccatgaactatttaccgaagatggtaca
M R T K 6 & 0 R L R R H E L F T £ 9 &6 71
ggcggcttatggaccaccgaoaccggcgogccgattgtaatcagtggcaaagccaagttg
6 6 L w T T D T & A P | v | S 6 K A K L
gccgaacatgetgttitggtcactcaagtgettceccggactgggaatggtacaacgtcaaa
ALE H A V W S L K ¢ F P D W E W Y N V K
gtatttgaaaccgatgaccctaaccatatoctigggticgagtigegatggocgeggocaagate
v F E T 0 B P N H i W Vv E ¢ 9 6 R & K i
ctotttococggotatccggaaggotattacgagaaccactticotgcactocticgagoety
L F P 6@ Y P E & Y Y E N H F L H $ F E L
gaagacggcaaagtaaaacgcaatcgecgaattcatgaacgtetttcagcaactgegegec
E D G K V K R N R E F M N V F o 0 L R A
ctgggtattccagtaccgcaaatcaaacgegaaggeaticcaacttaatccctogtgaga
L @G H P Vv P 0 i K R £ ¢ i PT -

gtgatcgcatcatggaagacttactgaaacgggttttaagttgtgaagegttccagocagect
PhzC M E D L L K R V¥ L S ¢ E A F Q@ Q@ P
caatggagcgagceccectcacaatigecacgacgeogeaggoctacctecagggacagegeetca
¢ W s E P S @ L H D A @ A Y L R D S$ A S
ttgatacgagtggaagpacatocigpgaagacatectiggtoctygcgcgocacgotiggotogt

L t R v E D I L E D i L v L R A T. L A R
gtagcggccggocgaagecgatggtecateccagtecggtgactgegecgaggacatggatgaa
vV A A G E A MV | Q 8§ 6 D ¢ A E D M D E
agcactococgaccatgtggcccgcaaagecgeggtoctgoacatoctggecggtacgttoe
S T P D H V¥V A R K & A YV L D ! L A &6 T F
cggotyggtgacccagoaaccgutgogtacgogigggsoscggatigocgggoagtiigocaag
R L v T @ @ P VvV VvV R V¥ & R { A G @ F A K
ccgegeoctccaacaacaacgaacgcatcggogatgtogaattgecggtgtateogeggegac
P R S N N N E. 'R 1 G 0OV E L P VvV ¥ R G 0D

atggtcaacggcogopgaggccgtectgcggtoatcgocageacgatgegoaacgeotggtt
¥ Vv % 6 B E A Y C & H B & H D A & B L V¥
cgaggctatagegecgcacgggacatcatgeaacacctgggetggaaagogteggtaages
G Y 8§ A A R D t M @ H L G W K A 8§ A S
Gaggaacaactcageggttcaccggcctggaccagccacgaaatgotggtactcgactac
@ € @ L & G 8§ P A W T S H E M L V L D Y
gaactgccacaaotgcgccaggacgaacaggggccgggiatttctcggttcgacccactg
E L P G L B & D E g & P g i S R F 0o P L
geogtogatoggcgagoegtacecgteagttiaacgggegotcacygigacgotygetocagega
A b R R A Y P 8§ ¥ N G R & 8 0 A A @& R
agtgctcaatcccggtggogtgcaaggttggncccggacatcacccnggaccagttgttg
8§ A Q0 S B W R A AR L X P D ! T X D Q0 L t
agentgtgtgaannceotgga
S X ¢ E X L

-~ 93 -



E.

PCL13SL
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06

NRRL
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PCL13SL
30-84
06
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PAOL

BCL13SL
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NRRL
PACL

PCL13YL

F.

06
30-84
PCL1391
NRRL
PAQL

06
30-84
PCL1391
NRRL
PAOL

06
30-84
PCL1391
NRRL
PAO1

MHMEEKTLNG!SDELKLMLGR?RHEQFVEKLGWRL?AHPSQPGCEWDQYDTEHARYLLAF

121 LEMLLRYHPEWLQGVPLSMAV

MPASLSPSGFNDHLELROKNRATVEQYMRTNGKDRLRRHELPTQUGSGGSWNTETGIAPLY
MPASLSPSCFNDHLELRQXNRATVEQYMRTNGKDRLRRHELFTQDGSGOSWNTETGIEPLY
PASLSPS.PND&LELRQK&R&TVEQYMRTNG?DRLRRHELFTQDGSGGSWNTETGEPLV

e

FKGHERLAALG mﬂgcFPDW_QWHNVRVFETDNMHPW
FHGHEE LR W LEECF PDW-WHNVR%FET*'M‘PNHK’WVEDC’RGR AL quYP%GYLBNH

121
121 2
121 ‘fIHSFELDDux(ITQNREWNPF”‘QLRALQIpv
bW THSFELDIGRITONREFMNPPEQLRALGIPY
121 M N

2IKREGIPAS
1 IEEINRE PMNETBIALRA LG IRV P I X REG I DI
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Fig. 2. Map of P. chlororaphis O6 phzl and phzA (A) Restriction enzyme
of genomic DNA from P. chlororaphis O6 in plasmid pOEEphzl containing
the phzl and phzR gene. Arrows indicate the open reading frame and
orientation of the gene. Relevant restriction sites are indicated. (B)
Nucleotide and deduced amino acid sequence of P. chlororaphis 06 phzl
and phzR genes. A putative 0’° promoter sequence and ribosomal binding
site are indicated by dark boxes. The most probable start codon for phzl is
boxed. A palindrome matching the Jux box consensus sequence is indicated
by the large box.

(C) Restriction enzyme of genomic DNA from P. chlororaphis O6 in
plasmid pOSXphzA containing the phzA gene. Arrows indicate the open
reading frame and orientation of the gene. Relevant restriction site are
indicated.

(D) Nucleotide and deduced amino acid sequence of P. chlororaphis 06
phzA and PhzB gene.

(E) Alignment of deduced phzl sequences with those from various
Pseudomonas bacteria. Deduced phzI amino acid sequences had 93%
identity with P. aureofaciens 30-84, 91% identity with P. chlororaphis
PCL1391, and 8% identity with P. fluorescens NRRL B-1513 and 41%
identity with P. geruginosa PAOl were retrieved from GenBank and used
in alignment with the amino acid sequences from P. chlororaphis O6 using
ClustalW multi alignment tool.

(F) Alignment of deduced phzA sequences with those from various
Pseudomonas bacteria. Deduced phzA amino acid sequences had 96%
identity with P. aureofaciens 30-84, 95% identity with P. chlororaphis
PCL1391, and 89% identity with P. fluorescens NRRL B-1513 and 69%
identity with P.aeruginosa PAO1 were retrieved from GenBank and used in
alignment with the amino acid sequences from F. chlororaphis 06 using
ClustalW multi alignment tool.
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Lo 08
p.chl 1391
D. aur

. fu

p.chi 1391

D. aur

p.chl OB

p. fu

V. fis. luxbox :
p. aer. Lasbox s smmnan

CACTACAAGATCTGS
G TIIG N Re G TA CEXe

Fig. 3. Homology of gene products regulating phenazine—1-carboxamide
(PCN) production in P. chlororaphis O6. Identification of palindromic
sequences in the phzl and phzA promoter regions of P. chiororaphis 08, P.
chiororaphis 30-84, and P. fluorescens 2-79. The seduences and relative
positions of the phz boxes and the ATG start codons of phzl and phzA

are indicated.
Y. P. chiororaphis O6%F GacS EdAWolFol Ao phzl9 phzA Ed ¥4 .

g HoA dojR Asbe) ojstd P. chlororaphis 06 5 ¢ gacS
mutant phenazinesE A3 AEHA R34, ofwtE phz operon gacS
regulatorel o[ =d"E Aoz FAHUTL olgt tEY wild-typedl A=
phenazine® FZ A o] stationary phased] EoiZ wf Agito] ZFrieict w
kA phzl9t phzAF AR dd FALS wild-type9t gacS EQWolF A&
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Fig. 4. Differential expression of each gene in wild-type and gacS derivates
of P. chlororaphis 06 at different growth stages as detected by reverse
transcription-polymerase chain reaction (RT-PCR) ‘analysis. Bacterial cells
were grown in KB broth aerobically at 28 C with shaking at 200 rpm. At
defined growth stages, total RNAs were isolated and used as templates for
real time PCR analysis. RT-PCR was performed with specific primer sets
for the phzI, phzA or 16S rRNA genes. RT-PCR reactions were stopped at
end of 15th cycle and PCR products were loaded on 15% agarose gel.
Complete RT-PCR profiles were used to measure relative expression of
each gene transcript in wild-type and gacS derivate. Relative expression of
each transcript for each sample was measured in comparison with each
transcript in mid-logarithmic phase of gacS mutant as 100%. Data shown
are for one of three studies that gave similar results
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Fig. 5. Cl8-reverse phase thin-layer chromatography analysis of AHL
produced -by Pc 06 visualized with the Chromobacterium violaceum CV026
reporter assay. Lane 1~3 ! AHL production by Pc  Q6, Lane 4~6 :
AHL production by phzl mutant, Lane 7~9 : AHL production by phzl
complemented mutant.
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Fig. 6. Induction of disease resistance of P. chlororaphis O6 and phzl
mutant against bacterial soft-rot disease. The number represent means of
66 replication per treatment. The one plant is one replication. Erwinia
carotovora strain SCC1 were inoculated on 5~6 leaves of two week old
tobacco seedling grown in 12 microtiter plates containing 0.5% MS(3 g
sucrose per L). Means significantly different compared to control at
LSD(P=0.05) and DMRK. In a column, means followed by a common letter
are not significantly different at the 5% level by DMRT. Suspension of E.
carotobora SCCI (10® colony/ml) was treated on tobacco  that plants
pre-inoculated P. chlororaphis O6 wild-type and phzi mutant and phzl
complemented mutant. After 3 days post-inoculation of the pathogen,
numbers and diseases ratio/plant were measured.
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Al 4 A Induced defence in tobacco by Pseudomonas
chlororaphis strain O6 involves at least the ethylene

pathway

1. Introduction

Biological control of plant pathogens by microbes has several
bases. The production of antimicrobial compounds that deter growth of the
pathogen is one of the mechanisms. Phenazines produced by several
plant-associated pseudomonads, Pseudomonas chlororaphis, formerly
aureofaciens, 30-84 (Pierson et al, 1998), P. fluorescens 2-79 (Thomashow
and Weller, 1988), and P. chiororaphis P2E and 06 (Kropp et al, 1996;
Radke et al, 1994), inhibit the growth of fungi, including plant pathogens.
Field studies indicate that the phenazines are produced when the bacteria
colonize plant roots and that they are important in biological control
(Thomas, 1998; Thomashow et al, 1990). A second method of control of
pathogens is by the induction of plant defenses. Differential expression of
defense genes is controlled through two pathways, the salicylic acid (SA)
or the jasmonic acid (JA)/ethylene pathway (Delaney et al, 1994; Heil and
Bostock, 2002). Enhanced expression from the promoter of the PR-1 gene,
associated with the SA pathway, is observed in plants with root
colonization by bacilli and pseudomonads (Park and Kloepper, 2000, Zdor
and Anderson, 1992). In contrast, the induced systemic resistance (ISR)
caused by colonization by a P. fluorescens isolate is SA-independent but
requires the JA/ethylene pathway (Pieterse et al, 1998)].

We are interested in the interactions between plant roots and the
pseudomonad isolate, P. chlororaphis O6. The P. chlororaphis O6 bacterium
appears to be similar to P. chlororaphis 30-84 in producing the same
phenazines with their characteristic orange pigmentation. The P.
chlororaphis 06 strain was identified from its fatty acid composition
conducted by MIDI Inc., Newark, DE. Because phenazines are redox active,
it seemed possible that their production might stimulate resistance in plant

tissues (Vera-Estrella et al, 1994). Indeed while we were conducting the
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studies reported in this paper, Audenaert et al. published that phenazine-1-
carboxylate and a siderophore, pyochelin, produced by Pseudomonas
aeruginosa TNSK2 both contributed to the ability of this isolate to induce
systemic resistance in tomato.

The studies in this paper compare the response of tobacco to the
wild—type P. chiororaphis O6 strain and a GacS mutant, a mutant lacking
production of phenazines but still secreting siderophore. Previous studies
with P. chiororaphis 30-84 showed that the GacA-GacS two-component
sensor—kinase system is a key regulator of such traits as the production of
phenazines, extracellular protease and hydrogen cyanide (Chancey et al,
1999; Heeb et al, 2001; Pierson et al, 1998). GacA/GacS systems also
regulate the production of antifungal compounds and/or virulence factors in
other plant-associated pseudomonads (Corbell and Loper, 1995; Hrabak and
Willis, 1992). We examined systemic induction of defense in plants with
roots colonized by P. chlororaphis 06 or its GacS mutant by determining
whether the symptoms of disease caused by two leaf pathogens,
Pseudomonas syringae and Erwinia carotovora, were altered. To probe
which pathways of induced resistance were activated, we used transformed
tobacco altered in ethylene perception or in the accumulation of SA to
determine whether resistance induction by P. chiororaphis 06 or the GacS
mutant was modified. Also, we assayed the transcript levels of defense
genes that were typical of the JA/ethylene or the SA pathways of induced
resistance. We find resistance induced by P. chlororaphis 06 was not
correlated with phenazine formation but was dependent upon GacS when

tobacco was challenged with E. carotovora.
2. Materialsandmethods
2.1. Bacterial growth medium
The P. chlororaphis Q6 strain was stored in 20% glycerol (v/v) at
28 T. Wild-type P. chiororaphis O6 and its derivatives were grown with

the following media: potato dextrose (PD, Difco, Detroit, MI, USA), King's
medium B (KB) (Difco, Detroit, MI, USA) or minimal medium with glucose
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as the carbon source (Kim et al, 1997). Agar was used in these plates at
2% (w/v) and kanamcyin (Km) was added at 20 mg ml' when the GacS
mutant was grown and Km plus tetracycline (Tc) at 20 mg ml' for
growth of the complemented mutants. Broth cultures were shaken at 100
rpm at 28 T.

2.2. Construction of a GacS mutant of P. chlororaphis O6

Wild-type P. chlororaphis O6 was subjected to Tn-5 mutagenesis
using a Tn-Lux cassette constructed by Wolk et al. and kanamycin-
resistant isolates were selected that no longer produced the characteristic
orange color of the P. chlororaphis O6-phenazines when grown on KB plus
kanamycin. Restoration of phenazine formation was achieved by transfer to
one of the transposon mutants of plasmid, pOKB6.3, a broad host range
plasmid pCPP46 (TcR) containing a 6.3 kb BamHI-Kpnl fragment from
wild-type P. chlororaphis O6 bearing the gacS gene. GacS mutants were
constructed in P. chlororaphis O6 by replacement of its wild-type gene
with a disrupted gacS gene, using a method previously described (Miller et
al, 1997). Briefly, the gacS gene from P. chlororaphis O6 was disrupted by
insertion of a 900 bp kanamycin resistance gene, digested with EcoRI from
pRL648 (Elhai and Wolk, 1988) into the unique EcoRI site of the gacS
ORF between predicted amino acids (aa) 287 and 288 The mutated gene
was inserted into the plasmid eviction vector pCPP54 (Miller et al, 1997)
and was transferred to P. chlororaphis 06 by triparental mating.
Marker-exchange mutants were isolated on selective medium and mutation
of the gacS gene was verified by Southern hybridization using pOKB6.3 as
the probe labelled with digoxigenin following manufacture’s instructions
(Roche, Indianapolis, IN, USA). Complementation of the mutants was
achieved using plasmid pOKB6.3.

2.3. Characterization of the GacS mutant cells

Isolation and detection of extracellular protease activity involved

measurement of the zone of clearing around colonies plated onto medium
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containing 2% skim milk and agar after 3 days of incubation at 28 TC
(Chancey, 1999). Siderophore production was determined on chromazol-S-
plates by measuring the size of the decolorized halo around the inoculation
site after 3 days of incubation at 28 C (Schwyn and Neilands, 1987).
Inhibition of the growth of Rhizoctonia solani, isolate REl, a pathogen of
sugar beet (Lovic et al, 1993), a carrot pathogen, Sclerotium rolfsii and the
cause of crown rot of wheat Fusarium culmorum (Kropp et al, 1996) was
determined by streaking the bacterial isolate on potato dextrose agar plates,
4 ¢cm away from a 1 cm cube plug of agar excised from the growing edge
of a culture of the fungus. No bacteria were inoculated in the controls. The
growth of the fungus was measured after three days of incubation at 28
.

2.4. Induction of plant disease resistance by 06 and GacS mutant: whole

plant studies

Transgenic NahG tobacco and its parental line cv. Xanthi-nc were
provided by Dr John Ryals, Novartis, Research Triangle Park, NC, USA.
Wild-type plants GTX3 were obtained from Dr L-H Zhang, Institute of
Molecular Agrobiology, The National University of Singapore, Singapore.
Tetrl® and its parental line cv. Samsun-NN were obtained from Dr. Huub
JM Linthorst, Leiden University, Leiden, Netherlands. Tobacco seeds were
surface-disinfested by soaking in 70% ethanol for one to 2 min followed by
soaking in 1% sodium hypochlorite for 30 min. Seeds were rinsed in sterile
distilled water three times. The sterilized tobacco seeds were placed on MS
agar (GIBCO-BRL, Rockville, MD, USA); with the addition of agar 0.8%,
and in some studies sucrose to 1.5%), in microtiter plates (Becton
Dickinson Labware, Franklin Lakes, NJ, USA). Seeds were germinated in
growth chambers with a 14 h light period at 25-28 T and were transferred
under sterile conditions to sterilized microtiter plates. Two weeks after
transplanting, suspensions containing 1057 colony forming units (cfu) of P.
chlororaphis O6 or the GacS mutant were pipetted into the agar to contact
the roots. These bacterial cells had been grown for 14 h to
stationary-phase in KB medium, pelleted by centrifugation at 10,000g, and
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washed once with sterile water. Other treatments were! water as a control,
1 mM salicylic acid (Sigma, St Louis, USA), or 1 mM 1-aminocyclopropane
-1-carboxylic acid (ACC) (Sigma, St Louis, USA). Also, as a control for
systemic stimulation of the SA pathway of defense, the seedlings were
spraved with a mixture of 1 mM SA. The seedlings were grown for an
additional 7-10 days when leaf tissue for Northern analysis was harvested
and immediately frozen in liquid nitrogen. Other leaves were ground in
sterile water and plated onto KB and KB-Km plates to check for the
presence of P. chlororaphis 06 and the GacS mutant, respectively.
Colonization of the roots by P. chlororaphis O6 and the GacS mutant was
assessed by transfer of the seedling roots onto KB medium for F.
chiororaphis 06 growth and KB-Km plates for the growth of the GacS
mutant.

To examine for the stimulation of plant defense gene expression,
leaves were ground into a powder in liquid nitrogen and stored at -70 T.
The powdered leal material was extracted for RNA using Tri reagent
according to the manufacturer’s protocol (MRC, Cincinnati, OH, USA).
Northern analysis was performed to determine the abundance of transcripts
from plant defense genes by following standard methods (Yang et al, 2002).
Total RNA (10xg lane™) was separated on 1.5% formaldehyde agarose gels
and transferred to positively-charged nylon membranes. Membranes were
hybridized at 65 C overnight with digoxigenin labelled RNA probes (Roche,
Indianapolis, IN, USA). After high stringent washing at 65 T, immu-
nological detection of bound probes was performed according to the
standard protocol for CDP-Star (Roche, Indianapolis, IN, USA). The genes
examined for induction were: PR-1a, encoding a pathogenesis related
protein la, PR-1g, encoding a pathogenesis related protein 1g, LOX,
encoding lipoxygenase, and HMGR, encoding 3-hydroxy-3-methylghutaryl-
CoA reductase (Yang et al, 2001, 2002). PR-1a is associated with the SA
pathway of defense, whereas PR-1g, LOX and HMGR are linked with the
ethylene and/or jasmonate signaling (Choi et al, 1994, Eyal et al, 1992
Heitz et al, 1997).

To determine whether plants were protected against disease, plants
were challenged with a pathogen 1 week after the wild-type or GacS
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bacterial inoculation or after chemical treatments. The seedlings were
challenged with E. carotovora subsp. carotovora strain SCCl or P.
syringae pv. tabaci, applied as 20 m] droplets of suspensions (10%° cfu
ml") to the leaves. Disease was assessed after 24 h for E. carotovora and
7 days for P. syringae pv. tabaci. The 0-10 disease scales were established
with the following guides: for P. syringae pv. tabaci: 0, no symptoms; 2,
mild yellowing on inoculated leaf; 5, extensive yellowing and brown
necrotic lesions; 6-9, intensification of leaf necrosis; 10, whole plant release;
for E. carotovora: 0, no symptoms; 2, mild yellowing on inoculated leaf; 5,
partial softening collapse of leaf at the inoculated site; 6-9, intensification
of leaf soft rot; 10, leaves rotted and whole plant collapse. These scales
were established using inoculum with increasing cfu m .

In studies of disease protection in more mature plants, the
sterile-grown seedlings were transferred to commercial potting mix (Garden
Grow Co., Independence, OR, USA). Three weeks after transfer, plants
were inoculated by drenching the potting mix till run off with a suspension
(10" cfu ml™) of P. chlororaphis 06 or GacS mutant cells. After 7 days
plants were challenged by infiltration of segments of the leaves with
suspensions at 1x10° and 1x10" cfu ml’\. Plants were grown for further 4-8
days in a growth chamber to allow symptoms to develop. Colonization of
the roots by P. chilororaphis O6 or by the GacS mutant was checked by
transfer of about 3 cm lengths of the intact root, including the root tip, to
KB or KB-Km medium. Growth of colonies was assessed visually after 4
days of incubation at 28 . Colonization of the leaves was examined by
grinding 1 cm discs of leaf tissue in sterile water and plating onto KB or
KB-rif (25 mg ml™") medium.

2.5. Suspension-cultured cell studies

N. tabacum L. cv. Xanthi tobacco suspension cells were cultured in
the dark at 25 C in MS medium supplemented with 1 mg 1
a-naphthaleneacetic acid, 0.1 mg 1' benzyladenine and 3% (w/v) sucrose.
Cells were subcultured weekly and used 4 days after subculture. The plant
cell suspensions were inoculated with 107 cfu 50 ml™" of P. chlororaphis 06
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or GacS mutant cells that had been grown to stationary-phase in KB,
pelleted by centrifugation and washed once with water prior to
resuspension in water and immediate use. Controls were treated with equal
volumes of sterile water. At the time prior to inoculation, and after 24 h,
plant cells were harvested, RNA extracted and Northern analysis performed

as described for the leaf tissues.

3. Results

3.1. Cloning of the gacS gene

Plasmid pOKB6.3, containing a 6.3 kb BamHI-Kpnl fragment from
P. chiororaphis 06, restored the ability of an uncharacterized Tn5 mutant
of P. chlororaphis O6 to produce phenazines. This fragment contained the
gacS gene from P. chlororaphis O6 which had a predicted 2754 bp open
reading frame (GenBank accession number AF192795) encoding a peptide of
918 amino acids with molecular mass 101 kDa and pl 5.3. The deduced
amino acid sequence of the P. chlororaphis 06 gacS gene had high identity
with other GacS kinases from P. chlororaphis 30— 84 (97%), P. fluorescens
(91%), P. tolassi (87%), and P. syringae pv syringae (78%). The predicted
GacS protein from P. chlororaphis O6 had all the conserved domains found
in other sensor kinases, as discussed by Heeb and Haas. Two
transmembrane domains existed in the N terminal region and a conserved
histidine residue, corresponding to the H-box, was located at amino acid
294. Two linker domains, proposed to be involved in the process of kinase
activation were present. The conserved aspartate-aspartate (DD), the
aspartate (D), and the lysine (K) residues of characteristics of receiver
domains were found in the C terminal regions of the deduced GacS amino

acid sequence.

3.2. Characterization of GacS mutants of P. chlororaphis 06

Four GacS mutants of P. chliororaphis 06, M1-M4, were derived

by insertion of a kanamycin-resistance gene at the EcoRI site within the
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gacS gene of wild-type P. chlororaphis O6. Although the wild-type when
grown on KB medium produced three phenazines, which migrated on thin
layer chromatography plates with the same Rf values as those in extracts
from P. chlororaphis 30-84, no phenazines were detected from the GacS
mutants (Table 1). The GacS mutants lacked production of extracellular
protease (Table 1), They overproduced siderophore (Table 1). Each GacS
mutant lacked the ability to inhibit growth of the pathogenic fungi,
Rhizoctonia solani, Sclerotium rolfsii and Fusarium culmorum that was
observed with the wild-type strain (data not shown). All of these
properties were restored in a stable manner to at least wild-type level by
complementation with the wild-type P. chiororaphis O6 gene from plasmid
pOBK®63 (Table 1). Further studies were conducted with mutant M1 and its
complemented strain CI.

Table 1. Phenotypes of wild-type, GacS and complemented GacS mutants
of O6

Strains ? Production of secondary Production of
metabolites siderophore (mm)°
Phenazines® Protease(mm)°
06 + -8 4.-5
Mi-M4 - 0 7-8
C1-C4 + 7-8 5-6

? Each study was repeated at least three times with the wild-type P.
chlororaphis 06, the GacS mutants, M1-M4, and the complemented GacS
mutants, C1-C4 strains.

b Siderophore was assessed on chromazol-S plates by measuring the size
of the decolorized halo in mm around the inoculation site affer 3 days of
incubation at 28 .

© The three phenazines were detected by TLC analysis and by
spectrophotometric analysis for peak absorbance wavelength.

¢ Protease activity was detected on skim milk agar plates and denoted as

the zones of clearing in millimeters.
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3.3. Colonization of tobacco roots and induction of defense mechanisms

P. chiororaphis 06 aggressively colonized rtoots of tobacco
seedlings under sterile and non-sterile conditions in potting mixes
containing a mixture of other bacteria (detected at 2.3-7.1x10° cfu g'1
matrix) and fungi, including a parasitic Trichoderma species. Characteristic
orange colonies of P. chlororaphis O6 were detected growing from the
roots when these were placed onto KB medium. Fluorescent
kanamycin-resistant colonies of the GacS mutant were recovered from the
plants inoculated with the GacS mutant. In other studies, where cell counts
were made by dilution plating, GacS cells were recovered at the same level
as the wild-type cells (data not shown). Microbial growth from roots
grown in non-sterile soils is shown in Fig. 1. The figure shows orange
coloration typical of P. chlororaphis O6 when rhizosphere soil and roots
from P. chiororaphis O6-inoculated plants are plated onto KB-rif medium.
Roots from plants not inoculated with P. chlororaphis 06 do not show this
coloration and fungi grew profusely, as shown in Fig. 1. Roots from
tobacco grown under sterile and non-sterile conditions 1 or 2 weeks after
inoculation with GacS always produced colonies that were fluorescent and
rifampin- and kanamycin-resistant when cultured on KB plates (data not
shown). Rifampin and kanamcycin-resistant fluorescent colonies were not

observed from the control roots not inoculated with GacS.
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Fig. 1. Aggressive colonization of plant roots in a non-sterile soil by P.
chlororaphis 06. Tobacco seedlings grown from seed with or without P.
chlororaphis 06 inoculum for 4 weeks under sterile conditions were
transplanted into non-sterile potting soil. After 1 week, roots and adhering
soil were transferred to KB medium plates that were incubated at 27 C
for 4 days. Orange-pigmented colonies characteristic of P. chlororaphis O6
are present on the soil plate and are associated with the root of the P.
chlororaphis O6-inoculated plant. Other bacteria and fungi are present in
the soil and are associated with the roots of the control plates. Fungi are
not visible from the roots of the P. chlororaphis O6-colonized root,
indicating control of fungal growth. This finding was observed in five
different studies.
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34. 06 and the gacS mutant induce accumulation of defense gene tran-
scripts

Hybridization of RNA extracts from leaves of plants with roots
colonized by P. chlororaphis 06, showed increased accumulation of
transcripts hybridizing to probes for the tobacco defense genes PR-1g,
HMGR and LOX (Fig. 2A). No transcript accumulation was observed with
the PR-1a probe, although hybridization was observed in extracts from
plants sprayed with salicylic acid (Fig. 2(A)). Also, no increase in GUS
activity was observed after P. chlororaphis O6 colonization of seedlings of
tobacco engineered to express GUS from a PR-la promoter fusion {(data
not shown). To verify that the changes in RNA levels were a result of the
inoculation of the plants with P. chlororaphis 06 and not due to a
contaminating organism, we examined the response in tobacco suspension
cells. Exposure of suspension-cultured tobacco cells to P. chlororaphis O6
induced increased transcript accumulation of PR-1g and HMGR, but neither
LOX nor PR~-1a {(Fig. 2(B)). Root colonization by cells of the GacS mutant
likewise caused increased accumulation of the same defense gene
transcripts as the wild~type in seedlings. Exposure of the
suspension-cultured tobacco cells to cells of the GacS mutant resuited in
an increase of transcripts from the PR-1g and HMGR genes (Fig. 2A and
2B).
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Fig. 2. P. chiororaphis 06 and GacS induced accumulation of defense gene
transcripts. (A) Seedlings were grown on sterile medium and were
harvested at 5 weeks, 1 week after inoculation with P. chlororaphis O6 or
GacS cells or treatment with water as non-inoculated controls. Other plants
were treated for 24 h with 1 mM salicylic acid to induce PR-1la expression.
(B) Suspension cultured cells, 3 days after transfer into new medium, were
inoculated with P. chlororaphis O6 or GacS cells. Other suspensions were
treated with water as a control. Plant cells were harvested after 24 h. RNA
was prepared from leaf and suspension cells and probed for transcript
accumulation for specific genes as described in Materials and Methods..

Data shown are representative of three separate studies.

3.5. Induction of systemic resistance by O6 and the gacS mutant

Symptom development in seedling tobacco grown in otherwise
sterile conditions confirmed that P. chlororaphis 06 provided protection
against pathogen challenge. The results of challenges of wild-type and
transgenic tobacco seedlings with two pathogens, the soft rot pathogen E.
carotovora subsp. carotovora and the wild-fire pathogen P. syringae pv.
tabaci are shown in Table 2. P. chlororaphis O6 colonization resulted in

protection of the plant to both pathogens in two wild-type tobacco
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cultivars, Xanthi—nc, and Samsun-NN. However, the responses to Erwinia
and the pseudomonad differed for plants colonized by GacS. In the
wild-type plants, the GacS mutant protected at the same level as the
wild-type against the wild fire pathogen but the GacS mutant was
ineffective against the soft rot pathogen.

Table 2. Protection by P. chlororaphis 06, GacS and the complemented
GacS mutant against disease in tobacco caused by two leaf pathogens

Disease index: tobacco cultivar

Xanthi-nc Samsun-NN

Wild-type NahG-10 Wild-type Tetrl8
(A) Pathogens: Erwinia carotovora subsp. carotovora
control 8,00 8.67 8.11 850
06 4.50% 4.33* 4,33 7.29
GacS 8.00 5.83# 6.89 8.00
ComplGacS 417+ 367* 4.44% 8.00
ACC ND ND 5,50 8.83
SA 5.50% 8.50 ND ND
LSDO0.05 1.16 227 1.85 1.32
(B) Pathogen: Pseudmonas syringae pv. tabaci
Control 8.50 783 767 7.17
06 2.17x 2.00% 3,67+ 1.33=
GacS 2.00% 4.01* 3.68x 2.68+
ComplGacS 2.83% 4,88+ 3.00% 1.50=
ACC ND ND 4.00% 8.83
SA 2,33« 6.50 ND ND
LSD0.05 2.02 1.84 1.46 154

Data are based on inoculations of four leaves of 12 3-week-old seedlings
grown in microtiter plates containing sucrose-amended MS medium. Plants
were treated with P, chlororaphis 06 and its mutants or with the
chemicals SA and ACC 2 weeks after planting. Disease index is based on
a scale of 1-10. Asterisk means significantly different from control at LSD
(P=0.05).
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To initiate understanding of the pathways involved in resistance,
we examined the responses in plants treated with SA or ACC and in
transformed plants deficient in SA mediated resistance, because of the
presence of a Nah(G gene, and in an ethylene-insensitive line (Table 2).
The results suggested to us the involvement of several factors in the
induced protection. Applications to wild-type Xanthi of SA and of ACC to
Samsun-NN increased resistance to both pathogens. Loss of the
SA-pathway in the NahG-tobacco eliminated the protection against both
pathogens when SA was applied. However, in the NahG plants colonized
by P. chlororaphis 06, the GacS mutant or the complemented mutant
protection was evident against P. syringae. With challenge by FE.
carotovora, some protection was observed in the NahG-plants colonized by
the wild-type P. chlororaphis 06, the complemented mutant and also the
GacS mutant. Loss of the ethylene pathway in the transformed tobacco
eliminated induced resistance to the soft rot pathogen by ACC treatments
and in the plants colonized by P. chlororaphis 06, GacS and the
complemented GacS mutant. However, the ethylene-insensitive transformed
tobacco was still protected against P. syringae challenge when the roots
were colonized by wild-type, GacS mutant and complemented strains.

Disease symptoms in potting soil-grown mature plants challenged
with the wild-fire pathogen P. syringae pv. tabaci were reduced in severity
by P. chlororaphis O6-root colonization. There was strong consistent
protection against P. syringae when inoculated at 10° cfu ml*t {Fig. 3).
There was no protection at the higher inoculum level of 10" cfu ml'
Rifampicin-resistant, fluorescent cells of the pathogen P. svringae, but not
the orange—colored cells characteristic of P. chlororaphis 06, were
recovered from ground extracts of the leaf tissues. No fluorescent bacterial
cells were recovered from non-challenged leaves. With plants colonized by
GacS, protection against P. syringae was variable! protection, as determined
by reduction in the leaf symptoms, equivalent to that generated by
colonization with the wild-type P. chiororaphis O6 was observed in two
out of five studies. An example of the lesser level of protection in
(GGacS-colonized plants observed in the other studies is provided in Fig. 3.
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Fig. 3. Reduced symptom formation in mature tobacco leaves 4 days after
inoculation with Pseudomonas syringae pv. tabaci. Seedlings were grown
under sterile conditions for 4 weeks prior to transplant into non-sterile
potting soil. Inoculum of P. chlororaphis O6 or GacS cells was applied at 7
weeks by drenching the soil. At 8 weeks, leaves were challenged with
Pseudomonas syringae pv. tabaci infiltrated at doses of 10° or 107 cfu ml™’
as indicated. Symptoms were recorded at 4 days after pathogen challenge.
The data are from one of five studies where the results of P. chlororaphis
O6-colonization were consistent. In three out of the five studies, GacS
mutant colonization caused no protection. The leaf shown is representative
of one of the two studies where symptoms were reduced in (GacS
mutant-colonized plants. In the other three studies the extent of the
symptoms was the same as in control plants not  colonized by P.
chlororaphis 08.
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4. Discussion

The GacS protein of the two-component GacA-GacS sensor
system regulated the production of phenazines, protease and siderophore by
P. chlororaphis 06, showing similarity to P. chlororaphis 30-84. Like P.
chlororaphis 30-84 (Chancey et al, 2002), the gacS lesion did not prevent
root colonization by the bacterium under sterile and the non-sterile
laboratory greenhouse conditions that we used. The P. chlororaphis O6
wild-type isolate was very aggressive in its colonization being readily
culturable from roots even although the potting soil had high counts for
other culturable organisms. This aggressive colonization of P. chlororaphis
06 under non-sterile conditions with an array of other soil organisms was
observed also for bean and wheat (data not shown).

The P. chiororaphis 06 wild-type isolate stimulated systemic
resistance in tobacco. Resistance to two types of leaf pathogens, a soft rot
pathogen and one that caused necrosis through the production of toxins,
was observed in seedlings grown under sterile conditions. Protection
against the wild fire pathogen was demonstrated also in more mature
plants transferred to grow in non-sterile potting soil.

Exposure of suspension—cultured tobacco cells and the seedlings to
P. chlororaphis 06 and the GacS mutant stimulated accumulation of
transcripts of plant defense genes under ethylene and JA regulation, PR-1g
(Eyal et al, 1992), and HMGR (Choi, et al, 1994). Although transcripts from
LOX (Heitz et al, 1997) increased in the seedlings, this response was not
observed in the suspension cells, perhaps because of the lack of
developmental factors required for expression of this gene. These findings
suggested that P. chlororaphis O6 activated at least the ethylene pathway
of plant defense. Unlike P. putida (Zdor and Anderson, 1992) and the
fluorescent pseudomonads tested by Park and Kloepper (2000), there was
no stimulation of PR-la expression indicative of the SA pathway. The
protective response induced by P. chlororaphis O6 was similar to the effect
of P. fluorescens WCS417r on Arabidopsis (Pieterse et al, 1998), where the
ethylene-pathway of defense was activated. However, our findings de-

monstrate the complexity of the induced resistance response.
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Treatment of wild-type tobacco with SA and ACC showed that
both chemicals invoked resistance to both pathogens. In contrast, studies in
Arabidopsis, suggest resistance to soft rot Erwinia pathogen involves the
ethylene/JA pathway (Norman-Setterblad, et al, 2000) and resistance to P.
syringae, the SA-dependent pathway (Delaney et al, 1994). Our findings
with the ethylene-insensitive tobacco line substantiate the involvement of
an ethylene-based pathway in P. chlororaphis O6-induced resistance for E.
carotovora. Also, the lack of SA accumulation in NahG-transformed
tobacco did not affect the efficacy of resistance initiated by P. chlororaphis
O6-colonization towards the soft rot pathogen. Our findings support the
concept that resistance against P. svringae in tobacco involves different
pathways than resistance against E. carotovora (Fig. 4). Resistance was
not affected by ethylene-insensitivity in the Tetrl8 transformed lines.
However, the role of an SA-pathway in induced resistance to P. syringae
is questioned because (1) we failed to observe transcript accumulations for
PR-la and (2) resistance in the plants colonized by P. chlororaphis 06
mutant and wild-type strains was still apparent in the NahG-transformed
plants. The nature of this induced resistance is unknown at present.
However, our findings reiterate that different plants may utilize different
pathways for defense against a pathogen. Previous studies have observed
that resistance of tobacco and bean to the necrotrophic fungus Botrytis
cinerea required the SA pathway whereas for Arabidopsis, the JA/ethylene
pathway was more important (De Meyer and Hofte, 1997, Murphy et al,
2000; Thomm et al, 1999).

Other findings that that we cannot explain are (1) why the GacS
mutant afforded protection against the wild-fire pathogen but not against
the soft rot pathogen in tobacco grown under sterile conditions (Fig. 4) and
(2) why colonization by the GacS mutant conferred greater protection
against the soft rot pathogen in the SA-deficient NahG transformants than
the wild-type line. We speculate that P. chlororaphis 06 wild-type induced
different responses effective against Erwinia than those induced by the
GacS mutant. Could the overproduction of siderophore by the GacS strain
be involved? Another distinguishing feature of the strains is that on KB
medium, the wild-type strain grew as tight colonies wheteas the mutant
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formed spreading colonies (data not shown), suggesting that cell surface
features vary between mutant and wild-type. The nature of the inducing
features from P. chlororaphis 06/GacS cells is unknown. Our original
hypothesis that the phenazines from P. chlororaphis 06 were inducers of
plant defense was not supported because GacS as well as P. chiororaphis
06 stimulated accumulation of PR-1g and HMGR transcripts under
otherwise sterile conditions and we have never observed phenazine
production with the GacS mutant. Thus, our findings differ from the report
of Audenaurt et al. implicating phenazine and siderophore as factors that
stimulate ISR with a P. aeruginosa isolate. However, whether the mutant
and wild-type strains differ in other factors that are effectors for plant
defense stimulation, flagellins (Gomez~Gomez, 2001) and lipolysaccharide
(Leeman et al, 1995, Van Peer, and Schippers, 1992), has not been studied.

Induced systemic rosdstanse
to Brwwinia carotovorg

imymdw/ by
pathwayy ‘5\

P, ehlororaphie O GoacS mutant
wild-type of P. chlororaphis O8

{Ethylene- nnd BA. indepondent
pihwsye)

Induced systemic resistance
1o Payringoe pv. tabaci

Fig. 4. Summary scheme for defense pathways against two pathogenic
bacteria initiated in tobacco by root colonization by the wild-type P.
chlororaphis 06 and its GacS mutant.
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Protection against P. syringae in mature plants colonized by the
GacS mutant was more variable than that observed with colonization by
the wild-type. We speculate that other rhizosphere organisms could be
causing this variability. For instance, we observed amongst the competing
rhizosphere bacteria Bacillus isolates that degraded the acyl homoserine
lactones produced by the P. chlororaphis 06 strains {data not shown). If
traits that are involved in initiation of resistance are regulated through the
acyl homoserine lactone system (Chancey et al, 1999}, then, because the
GacS strain makes acyl homoserine lactones in less quantity than the wild
type (data not shown), the GacS mutant cell-interaction with the plant
might be more sensitive to the affects of the Bacillus species.

In conclusion, we report that root colonization by P. chlororaphis
06 stimulated ISR to two leaf pathogens, although by apparently different
pathways. An ethylene signaling pathwayv was needed for protection against
the soft rot pathogen whereas ethylene- and SA-independent pathways, of
as vet uncharacterized nature, was involved for the induced resistance to
the wild fire pathogen. The global regulator protein kinase, GacS, in F.
chlororaphis 06, was required for protection against the soft rot pathogen
but not for induction of resistance to the wild-fire pathogen.
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A 5 & The global regulator GacS of a biocontrol
bacterium Pseudomonas chlororaphis 06 regulates
transcription from the rpoS gene encoding a stationary-
phase sigma factor and affects survival in oxidative

stress

1. Introduction

Certain rhizobacteria stimulate plant growth, produce secondary
metabolites antagonistic against soil-borne pathogens, and induce plant
disease resistance. Pseudomonas chlororaphis 06 (Pc 06) produces
phenazines and hydrogen cyanide that antagonize the growth of fungal
pathogens (Radtke et al., 1994; Spencer et al., 2003). Colonization of roots
by Pc O6 also induces systemic resistance against bacterial leaf pathogens
(Spencer et al., 2003). Qur studies are directed towards understanding the
mechanisms by which the traits involved in the biocontrol potential of Pc
06 are regulated.

In other biocontrol pseudomonads, the two-component GacS/GacA
regulatory system controls the expression of secondary components
involved in limiting pathogen performance (Heeb and Haas, 2001). GacS is
a membrane associated sensor kinase that becomes autophosphorylated
through an as-yet unknown environmental stimulus. GacA is activated, by
transfer of a phosphate residue from the GacS sensor kinase, to trigger the
expression of downstream genes encoding beneficial traits, Enzymes and
secondary metabolites controlled by the Gac system that have roles in
biocontrol include phenazines, 2,4-diacylphloroglucinol, pyrrolnitrin, cyanide,
exoprotease, and chitinase (O'Sullivan and O’Gara, 1992; Sarniguet et al.
1995; Haas and Keel, 2003). The gacS mutants of Pc 06 are deficient in
phenazine, protease, and HCN production (Spencer et al.,, 2003).

Maximum production of such biocontrol-active factors occurs when
cells are in transition from exponential-phase to stationary-phase
(Sarniguet et al, 1995; Blumer et al, 1999; Whistler et al, 1998). A distinct
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sigma factor, RpoS, is required for transcription of many genes in
stationaryphase. RpoS controls the production of stationary-phase catalases
in Escherichia coli (Ec) (Loewen et al, 1998) and Pseudomonas putida
(Pp) (Miller et al., 2001). The RpoS mutant of Pp expressed the manganese
superoxide dismutase (MnSOD) isozyme earlier in stationary-phase than
the wild~type strain, suggesting that the cells of the RpoS mutant were
under oxidative stress (Miller et al, 2001). An RpoS mutant of the
biccontrol bacterium P. fluorescens Pf-5 displays reduced survival under
oxidative stress and altered expression of secondary metabolites (Whistler
et al., 1998). Western analysis and assessment of promoter activity using a
promoter fusion construct showed reduced expression from rpoS in gacd
and gacS mutants, and sensitivity to hydrogen peroxide was increased
(Whistler et al, 1998). Likewise, Schmidt-Eisenlohr et al. (2003) showed
that RpoS declined with culture age in a gacS mutant of Pc F113, whereas
there was a strong increase in the wild-type strain. Similarly, in Ec,
mutations in the bacA-uvrY two-component system lead to increased
sensitivity to hydrogen peroxide stress, correlated with reduced expression
of catalase (Mukhopadhyay et al, 2000; Pernestig et al, 2001). The
BacA-UvrY system is analogous to GacS/GacA in pseudomonads.

In this study, we examined whether the gacS mutant of Pc 06
also had altered production of enzymes with protective activity against
oxidative stress, and whether transcript abundance of rpoS was affected. In
the course of these studies, we cloned and sequenced the rpoS gene and
its adjacent genes in Pc O6. We found that, unlike other pseudomonads, a
sequence corresponding to rsmZ, encoding a regulatory RNA involved in
the control of expression of GacS/A-responsive genes, was absent
downstream of rpoS in Pc O6.

2. Material and Methods

2.1. Bacterial strains, media, and culture conditions

P. chlororaphis O6 was classified by fatty acid analysis and 16S
TRNA sequence analysis. The gacS mutant and complemented strain were
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generated from P. chlororaphis O6 wild type, as described (Spencer et al,
2003). To generate the mutant, the wild-type gacS gene was replaced with
gacS bearing a kanamycin resistance gene insert {(Miller et al. 1997). The
mutation was complemented in trans with plasmid pOKB6.3 bearing the
intact wild-type gene and a tetracycline resistance gene. Strains were
grown on Luria-Bertani (LB) (Sambrock et al, 1989) or King’'s medium B
(KB) broth or agar media at 28 C. Broth cultures were shaken at 200 rpm
at 28 C. For long-term maintenance, strains were preserved in KB broth
containing 15% glycerol (vol/vol) at 70 C. The cultures were initiated at
an OD600nm = 0.05. Media were amended with appropriate antibiotics,
kanamycin (25 gg/ml), streptomycin (50 pg/ml), or tetracycline (50 pg/mi).

2.2. HO2 treatments

Cells grown for 24-36 h to late stationary—phase in KB broth were
centrifuged, suspended in fresh medium, and adjusted to OD600nm = 0.1.
Cultures were diluted 1:100 in sterile flasks containing fresh medium and
incubated with shaking at 200 rpm at 28 T. At defined growth phases,
aliquots of cultures were transferred into sterile flask medium, treated with
9 or 45 mM H:O:, and incubated at 28 T with shaking at 200 rpm at 28
T. At defined times, the suspensions were diluted serially and plated onto
LB agar plates containing appropriate antibiotics. Colonies were counted
after 2 days of incubation at 28 T.

2.3. Cloning of rpoS gene encoding a stationary sigma factor

General DNA manipulations were followed according to Ausubel et
al. (1989) and Sambrook et al. (1989). Modifying and restriction enzymes
were used as described by the manufacturers. DNA fragments from
agarose gels were isolated and purified using a Zymoclean gel DNA
recovery kit (Zymo Research, Orange, CA). Southemm or colony
hybridization was performed using the nonradioactive Genius system (Roche
Biochemicals, Indianapolis, IN).

A clone, pPOEKRpoS-4.3, containing the rpoS gene of Pc O6 was
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subcloned from cosmid clone pORpoS-1 selected from a cosmid library of
partially digested BamHIl genomic fragments from Pc 06. Clones were
selected because of hybridization to a digoxigenin-labeled 3.0-kb rpoS
probe from Pp (Miller et al, 2001). A 3.0-kb DNA subclone was purified
using the Zymoclean gel DNA kit and dig-labeled following the instructions
of manufacturers. Sequences were obtained using an ABI1301 DNA
sequencer with Dye terminator cycle sequencing ready reaction kit (Applied
Biosystems, Foster City, CA). Nucleotide and deduced amino acid (aa)
sequences were analyzed using the web Dbased tools at NCBI
(http://www.ncbi.nlm.nih.gov) and at Expasy (http://expaxy.hcuge.ch/). The
DNA and deduced amino acid sequence of genes adjacent to rpoS gene
were aligned with previously published information from other
Pseudomonas species using the BLAST program and data obtained from
TIGR. Sequences were deposited as GenBank Accession no. AY336077.

2.4. Transcriptional analysis of the rpoS gene by reverse transcription
polymerase chain reaction (RT-PCR)

Expression from the rpoS gene was determined by RT-PCR
analyses of total RNA isolated from cells of Pc O6 strains. Total RNA
was isolated by the Trizol™ method following the manufacturer’s
instruction (Gibco BRL, Rockville, MD). Isolated total RNA (200 ng) was
added into QuantiTect SYBR Green reverse transcription PCR kit {(cat. no.
204243; Qiagen). Specific primers, based on the sequence for the O6-rpoS
gene, were: forward (5 ~GAA GTG CCG GAG TTT GAC AT-3') and
reverse (5" ~GCA CGA ACT GAA GGT ACA GC-37). Specific primers
for the 16S rRNA gene of Pc 06, forward (5° -TGG CTC AGA ACG
AAC GCT GGC GGC-37) and reverse (5° -CCC ACT GCC TCC CGT
AAG GAG T-3 '), were used for an internal standard. The 25-uf mixtures
were incubated at 50 C for 30 min for reverse transcription, followed by
PCR for 30 cycles with denaturation at 94 C for 15 s, annealing at 55 C
for 30 s, and extension at 72 T for 30 s. A Rotor-Gene 2000 Real-Time
Cycler machine (Corbett Research, Australia) was used. Controls consisted
of omission of one of the primers and analysis of the RNA without reverse
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transcription. Data were analyzed using the software provided by the

manufacturer. The results provided are typical of three independent studies.

25. Assay of peroxidase, catalase, and SOD isozyme production in Pc 06

strains

At defined times during culture, cells were harvested by cen-—
trifugation at 10,000g for 10 min, suspended in 50 mM potassium phosphate
buffer (pH 7.8), and sonicated twice for 10 s with ice water cooling.
Sonicates were centrifuged at 13,000g for 30 min and the protein contents
of the supernatants were determined using the BCA protein assay kit
(Pierce, Rockford, IL). Bands with peroxidase, catalase, and SOD activities
were determined by staining after protein separation by nondenaturing
electrophoresis (Katsuwon and Anderson, 1990; MacAdam et al, 1992).
Catalase specific activities were measured spectrophotometrically at 240 nm,
specifically to monitor the catabolism of hydrogen peroxide, as described
(Katsuwon and Anderson, 1990).

3. Results and Discussion

3.1. HxO2 sensitivity

The gacS mutation in Pc O6 had little affect on culturability when
mid log-phase cells grown in shake culture were exposed to 9 mM HyO..
Both the wild type and gacS mutant showed a temporary two fold
decrease in culturability after 30 min of exposure (Fig. 1A). The mid
log-phase complemented mutant cells were slightly more sensitive to the
9-mM treatment (Fig. 1A). This problem of increased sensitivity to
oxidative stress in the complemented mutant is correlated with a decrease
in transcript accumulation from rpoS at this growth phase, as discussed
later in the paper. Culturability of the late log— and stationary-phase cells
of each strain by 9 mM H202 was affected less than the mid log-phase
cells (Fig. 1B and C). Treatment with a higher dose of H20s, 45 mM
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Fig. 1. Effects of H202 on the culturability of mid log-(A), late log-(B),
and stationary-phase cells (C) of Pc O6 strains. Mid-log-(OD600nm= 0.8),
late-log-(OD600nm= 1.8), and stationary-phase cultures (OD600nm>2.4) of
wild-type, gacS mutant or complemented strains, grown in KB broth, were
treated with 9 or 45 mM H:0; and cultures were shaken at 200 rpm at 28
T. At defined times after H:0: exposure, serial dilutions were performed
and serial dilutions plated to determine culturablility. The data shown are
the means from three separated studies and the standard errors, which
often are within the symbols. Symbols: circle, wild-type; triangle, gacS
mutant; rectangle, complemented gacS mutant; open symbol, 9 mM H:O¢
treatment; filled symbol, 45 mM H:0> treatment.
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caused complete loss of culturability of all strains when tested in mid
log-phase (Fig. 1A-C). However, the wild-type and complemented mutant
became more tolerant of the exposure to 45 mM HoO: as they progressed
into stationary-phase (Fig. 1B and C). This growth-phase adaptation to the
45 mM dose was not observed with the gacS mutant, which lost all
culturability even when stationary-phase cells were tested (Fig. 1C).

3.2. Effect of a mutation in gacS on peroxidase, catalase, and SOD iso-
Zymes

We explored whether there was a change in the level of catalase
activity due to the gacS mutation that could explain the reduced tolerance
of the gacS mutant cells to high levels of Ho0s, Assessment of catalase
activity, through monitoring of H02, breakdown, found that catalase
specific activities were lower in the gacS mutant than in extracts of the
wild-type or the complemented mutant. Compared with the wild-type
extracts, the activities for the extracts from the gacS mutant were 35%
that of wild-type for mid log-phase cells, 15% for the late log-phase cells,
and 30% for stationary-phase cells (Table 1). This reduction in catalase
correlated with the increased sensitivity of the mutant to HOs,.

To further explore the basis for impaired tolerance to oxidative
stress in mature cultures of the gacS mutant, we examined the mobility of
proteins with catalase activity. Additionally, we studied whether the
patterns for activity of peroxidase and SOD, other enzymes that have the
potential to alleviate oxidative stress, were altered in the gacS mutant. Of
the four bands with catalase activity, one, termed band C, was produced
equally throughout growth by the wild-type, the gacS mutant, and the
gacS-complemented strains (Fig. 2). Three bands, termed A, B, and D,
were produced later in growth phase. Staining for peroxidase showed that
the catalase-active bands A, C, and D, from cell extracts of the wild-type
and complemented mutant, also had peroxidase activity (Fig. 2), suggesting
that these were bifunctional enzymes. Band B from the wild-type and
complemented mutant extracts only had catalase activity (Fig. 2).
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Table 1. Effect of mutation in gacS on specific activities for catalase in P.
chlororaphis 06

Catalase specific activity (U/mg protein)
P. chlororaphis from cells harvested in
Q06 strains
Mid-log phase Late-log phase | Stationary phase
Wild-type 48.7 (18.0) 59.5 (16.7) 108.7 (13.9)
GacS- 31.8(6.2) 51.7 (9.2) 76.5 (11.0)
GacS-com 41.6 (12.1) 66.0 (12.2) 94.7 (8.0)

Cells of wild-type Pc 06, the gacS mutant {GacS-) and the complemented
mutant (GacS-com) were grown on KB to, mid log-phase (OD600nm=0.8),
late log-phase (ODB00nm=1.8), and stationary-phase (OD600nm=2.4).
Extracts were prepared and catalase specific activities, based on fotal
protein in the cell extracts, were determined as described in Materials and
methods. The values given are mean of three different extract preparations
(standard error).
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Fig. 2. Effect of the gacS mutation on catalase, peroxidase and SOD
activities of Pc O6. Non-denaturing polyacrylamide gel electrophoresis was
performed on extracts (10ug protein) from wild-type, gacS mutant, and
complemented gacS mutant of Pc 06 using cells harvested during
mid-log-(OD600nm= 0.7), late-log-(OD600nm= 1.8), and stationary-phase
(OD600nm= 2.4) and grown in KB at 28 C. Gels were stained for catalase,
peroxidase and SODactivities after non-denaturing electrophoresis as
described in Materials and methods.
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The bifunctional catalase/peroxidase bands A and D and the
slower-moving catalase band B were absent in the gacS mutant (Fig. 2).
The lack of these activities in the gacS mutant as cultures age may
contribute to the poor resistance of this strain to 45 mM hydrogen peroxide
(Fig. 1.

A H>Os—sensitive iron superoxide dismutase (FeSOD) isozyme was
produced constitutively by each strain (Fig. 2). However, an isozyme
unaffected by Hz02, MnSOD, was produced earlier in late log-phase cells
and, to a greater extent, in the early stationary-phase cells of the gacS
mutant than wild-type or complemented mutant (Fig. 2). Isozyme identity
was confirmed by cloning from Pc 086: sodA, encoding MnSOD; and sodB,
encoding FeSOD, and observing isozyme expression in an Ec sodAsodB-
deficient host (data not shown).

3.3. Gene arrangement of rpoS region

The alternate sigma factor RpoS controls the expression of genes,
including specific catalase and SOD isozymes in other pseudomonads as
cell populations mature (Suh et al, 1999; Miller et al, 2001). To initiate Pc
06 studies of RpoS regulated gene expression, we sequenced the insert
from the plasmid pOEKRpoS-2 containing Pc O6 rpoS. The gene order,
nipD, encoding a structural gene for a lipoprotein upstream of rpoS; fdxA,
encoding ferredoxin; and mutS, encoding a mismatch protein downstream of
rpoS (Fig. 3), agrees with the gene sequence in other pseudomonads and
certain enteric bacteria. However, a sequence encoding a small RNA, rsmZ,
was not apparent between rpoS and fdxA. Examination of this 129-bp
region in Pc 06 for RNA secondary structure failed to show the complex
multiple stem loop structures correlated with repeats of AGGA identified as
an rsmZ gene in P. aeruginosa PAOl, P. putida Corvallis (Miller et al.,
2001) and KT2440, and P. fluorescens CHAO (Heeb and Haas, 2001). This
finding is interesting because the RNA encoded by rsm. is proposed to
play a crucial role in depressing the expression of GacA controlled genes
(Heeb et al, 2002). Thus, the small RNA is assumed to be an essential
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part of the regulation of the genes controlled by the Gac system.
Variability in sequence connected with altered pathogenicity is reported for
gene insertion in the rpoS-mutS region for enterobacteria (Herbelin et al.,
2000; Martinez-Garcia et al., 2003). Whether Pc 06 is unique in the
pseudomonads for a lack of an rsmZ-like gene at this location awaits
additional study. Also, we are determining whether the genes accounting
for the catalase and peroxidase-active A, B, and D bands and MnSOD are
part of the RpoS-controlled regulon in Pc O6.

i 1 kb 1

— nipD rpoS HM mutS<‘

Fig. 3. Gene arrangement of the genomic lesion of Pc O6 containing rpoS

region. Solid lines represent non-coding sequences and arrows indicate

orientations of genes.

3.4. Effect of gacS on expression of the rpoS gene

Transcript accumulation from rpoS increased relative to rRNA in
the wild-type Pc 06 cells as cultures matured from late log-phase to
stationary-phase (Fig. 4A). This direct RT-PCR approach at examining the
abundance of transcript supported the finding in P. fluorescens Pf-5 where
an rpoS promoter fusion was used (Whistler et al., 1998). No PCR products
were obtained when primer 1 for rpoS was omitted or the RT step was
not performed. In Pc 06, the abundance of rpoS transcript in late

log-phase cells was about four times higher than that of mid log-phase
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(Fig. 4B) and decreased slightly in stationary-phase. In the complemented
mutant, rpoS transcripts also accumulated, but levels were lower in the
mid log-phase and stationary-phase cells compared with the wild-type
pattern (Fig. 4A). We speculate that the amount of GacS protein generated
by the expression from the plasmid-borne gene in the complemented
mutant may differ from that of the wild-type.

In turn, this difference seems to affect the expression of genes
that are regulated by GacA activation, such as rpoS. The presence of rpoS
transcripts in the gacS mutant was reduced by about fourfold in mid
log-phase cells, threefold in late log—phase cells, and sixfold in stationary
phase cells compared to those of wild-type (Fig. 4A and B). The
observation that rpoS transcripts were still present in the gacS mutant
indicates the presence of GacS independent regulation. Possibilities include
the signaling molecule ppGpp (Gentry et al, 1993) and the starvation
metabolite, polyphosphate (Shiba et al, 1997), if Pc 06 resembles the
findings in Ec. Control through the GacS/ GacA-regulated HSL-dependent
mechanism also is suggested (Haas and Keel, 2003; Huisman and Kolter,
1994). We have demonstrated that the rate of HSL production in the gacS
mutant of Pc O6 is reduced compared with the wild-type (data not
shown).
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Fig. 4 A mutation in gacS affects transcript accumulation of rpoS in Pc
06. Bacterial cells were grown in KB broth at 28 T with shaking at 200
pm. At defined growth stages (M, mid-log-phase cells, L, late-log-phase
cells, S, stationary-phase cells), total RNA was isolated and used as
templates for RT-PCR analysis as described in Materials and methods.
RT-PCR reactions were stopped at the end of the 15th cycle and PCR
products were loaded on 15% agarose gel (A). The intensity of the PCR
products wasused to measure relative rpoS transcript accumulation in cells
of the wild-type, the gacS mutant and the complemented strains (B).
Levels of rpoS transcript for all samples were compared with the level, set
at 100%, for the rpoS transcript from mid-log-phase cells of the gacS
mutant. Data shown are for one of three studies that gave similar results.
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In summary, GacS, which functions in the two-component
GacA-GacS sensor system of Pc 06, regulated the transcript level of rpoS
encoding the stationary-phase sigma factor throughout growth phase.
Whether this regulation is directly affecting transcription or increasing
transcript stability is unknown at present. Our findings agree with the
observations of reduced RpoS levels, assessed by antibody and promoter
activity studies, in other pseudomonads lacking the Gac system (Whistler
et al, 1998, Schmidt-Eisenlohr et al, 2003), suggesting that post-
translational control may not be so important. We correlated the reduced
rpoS transcript levels in the gacS mutant to the failure of mutant cells to
increase tolerance to H:Oz as cell cultures aged, and to the absence of
specific stationary-phase catalase and peroxidases. In contrast, another gene
involved in protection against oxidative stress and encoding MnSOD was
increased in the expression in the gacS mutant. These findings suggest
that Gac regulation of rpoS transcript levels is important in the wild-type
cell in controlling responses to oxidative stress, especially in cells that are
in starvation. However, perhaps surprisingly, Gac mutants are competitive
in the rhizosphere, where they can arise spontaneously {(Chancey et al.,
2002,  Schmidt-Eisenlohr et al, 2003; Spencer et al, 2003).
Schmidt-Eisenlohr et al (2003) suggest that the reduced RpoS levels in a
gacS mutant permit cells to initiate growth from a starved state faster,
permitting more rapid colonization than the wild-type. Thus, the interaction
between the Gac and RpoS regulons may have survival value for the
plant-associated pseudomonads.
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719) AZE LBY AZMA SN AKAZ|AN F FGAE FHatod 10¥4
Bl skl AwWaeta9dolAd 2 #AxAZl ¥ gold stainingdte] Scanning
Electron Microscope - (JSM5410SV, Tokyo, Japan)olA #2&ch Wild-
typed} GacSEH WMol FEA o AEF2EQl Indole-acetic acid®d A& &
Ast7] 948 A TFL tryptophane]l 78 nutrient broth s[4l ﬂf’\?i‘l
¥, 10,000rpmel A 1587 |4 EEste] AdE AAGdGAHE Aed 2 ml,
100 ul phosphoric acid, 2213 4ml reagent (2 m¢ 0.5M FeCls9t 100 mé<
35% HCIOpNE Egrate] AbRdlx 258 wlds £, 530 nmolAl spec-

trophotometer& ol &8 FFLE = 3’3}) E‘r
IAASF F 542 248 938 HPLCS o3l 7ol A
stationary-phase7t#] A§A171 #F9| % S 5 N HCIE ol§3te pH7F

254 3.00] A wE tb& F T ethyl acetateE o] &3t FF3Ih #7]
£l F& 97 9% Iml 25% methanol®t 1% acetic acid (pH45) =
¢l ¥ HPLCE HA8kgtl. Nudeosil 120-5 C18 reverse column (5m,
250X4mm) (Richard Sceientific, Novato, CA, USA)& %3 600E model
HPLC (Waters—Millipore, Milford, MA, USA)oll A 73% solvent A (1% acetic
acid)®} 28% solventB (100% methanol)-& mobile phaseZ A A3t Flow
ratex 0.8ml ml-1-& AFEE I, rejection volumne 30 Lo]it} Tryptophan
(Trp} IAA, indole %A model 490E UV monitor (Waters-Millipore)<

£3}e] 280nm wavelengtholl Al 243} ¢1 31, retention timed} co-migration
(Standard)i B A=

2}, Wild-type™ GacSEdwole] By iz 5

P. chlororaphis 069} GacSE Q¥ 0|59} complemented &AW 0|59
Qo By FF FHE 2AE7] A8 I E magenta boxell P. chlororaphis
069 GacS mutant® 797 BTdE FHE YHAZ 20l drenchingd ¥,
04, 59, 10¢, 159, 283 259 F ol colony forming unit/g of root® A
st

F539] E% drenching® P. chiororaphis 06% GacS EG W F
LB agar plates] wikstel #& wWiFolz 345t 0.02M potassium
phosphate(pH7.0)7F 500¢ ©7! micro tubed] Bol& F voltexdld g HE
ZA 3t OD#S 012 259 7 potd 5 méA drenchingdh$ith.
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Wy REvle dusid "Wisd dEste, 107 107 107, 107 10°22 §
A3le] H33e A7 FJlE LB agar plated] 100 w® =33l 28 Tl

A 16A12F Hl¥E & FAHE colony & FAMSITH
wt. RT-PCR analysis$t 718} §8A =3

B AdA AFEEE southern hybridization, DNA  manipulations,
total RNAEZ W, reverse-transcription polymerase chain reaction
(RT-PCR)5 9] ¥ ES A 389 A5 2 4yd 7led 4 &8t A

A3,
3. 4% 9 &
7}. P. chlororaphis 069 gacS % =xte] && &4

A 3E, 438, g3 58 ZAxtol o3H P. chlororaphis 069
sensor kinase¢l GacS¥ F & stationary-phasedl A FEHE FAAEES
{rpoS 1€]iL phz operon) %43} global regulator® 2H&8t= A Zrh w
B4 gacS FAATE ol AK Al A FHel FEHE A detrR7] 93
g8 BE7AAM 06dFE AFAZ F, total RNAE st AHA71E
gacS FAAe 2d FAg FIAAG (Fig. 1. 06872 GacSHAAE
late-log$} stationary phased]A = @8 AHAZr JE &%4o™, mid-log
phasedl A& ¢F7r& @At (Fig. 1). o}# g A= olvl% GacSH AR
o} 7tA] YR A & R AT ¥EEsle] Mo AKo] Hoo =EF
ol ZAsE GacSol o8 ZHHAE FARY HAE BEIFAIIE key
global regulatorg] €& FAAFE Zpolty. GacSEAWolFAA  phziok
phzA9l $AA7L 06FF 7} stationary phasedolE FEHA ¥ A& phal
9} phzA7} HAA7E 7] A E GacSel 437 Adider 48%
& el ZFolth (A 34 Fig. 4).
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i r——— GacS

Fig. 1. Expression of gacS in P. chlororaphis 06 as detected by
reverse-transcription polymerase chain reaction (RT-PCR) analysis with .
P. chlororaphis 06 cells were grown to early-log phase (OD600nm=0.1);
mid-log (ODB00nm=0.7), or stationary-phase (OD600nm>1.5) on LB and
total RNAs were isolated and used as templeate for RT-PCR. The gacS
gene specific primers (F; 5'-GCA AAC CCA ACT TCT GCA AC-3', R;
5-GTC CTG CTG TTC CAG GGA CT-3) were used for detection of

gacS gene in reaction mixture. PCR products from the gacS gene is
shown.

. GacSEGWold o3& IAARA 8 =7}

i

P. chiororphis 06+ @l A&S s ¥ Jdd. =
A wild type® gacS EdWolFolA AEEZEQ Indole-acetic acid (IAA)
£ AAse AE =A39Y} (Table 1. Fig. 2). Wild type® complemented
GacS EAQHo]Fo M= tryptophane H7F o Bof #AQle]l o}F basal level
o] TAAS AAstE W GacSEAWO|FE tryptophane] H7be wix]e] A
SANAE W 2 - 3UARE T ZE ZANAM Bk ¢ 108MAE e
IAAS] Aol F7lgo]l #FHUY 28V GacSEHWOlFE tryptophan
o] H7IHA & nutrient brothd] H718tRAL W ol d IAARNFY ZF
e 828 5 ok wEA ol AAE T BW GacSt UEA %
U AEF LA #AAE o|AAMIES A oisiME positive regulator
2 Z83y, IAAY A A& negative regulator4 FE3tE A £
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Fig. 2. Chemical assay of IAA production by P. chlororaphis O6 wild type,
GacS mutant, and complemented GacS mutant. Each strain was grew on
nutrient broth with or without tryptophan for defined times. Culture
supernatant of each strain was mixed with the reagent for detection of
IAA, and read absorbance at 530nm.

Table 1. Effect of mutation of GacS gene on production of IAA in P.
chlororaphis 06

Strains IAA production (18/mé/ODgy unit)®
Mid-log Late-log Stationary

06 1.8+0.55 2.7+0.85 3.7+0.81
GacS 2.0£0.47 2.8+0.53 2.9+0.65
Com 2.0+£0.75 2.5+0.88 47+1.03
O6-trp 3.1+£0.90 43+1.72 5.4+1.81
GacS-trp 3.6+1.70 18.8+2.94 29.6£9.12
Com-trp 2.4+0.75 4.9£2.28 6.1+2.29

# Each strain grew on nutrient broth with or without tryptophan, and IAA
extracted the method described in Materials and Methods section. The

amounts of the extracted IAA were determined using HPLC.
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ot GacSEQEelol o8 AdAze] e g

P. chlororaphis 06 strain®-S M9 minimal #j=j ¢} LBuj=loA A5

& A71HA late-log phase A|# o] #Z7|¢ HolE& SEME £38 A3 & 4

I gacS EQWOlY wild typed] AAdE £ ZolE Holx ¥Roy, gacS

mutantol] A wild-typeR tF 2~58] Hx o7} HojHr} (Table 2). o1& 3 &

ol ¢} Aol ofutk gacS Eﬁtﬂolwrﬂ "g*}“ﬂ‘: IAAS] &od] 9% 7hed

S dotry] 943} tryptophan®] E#4] F5o F#Ele]l Aojrt dojAvh. wt
]

A E@e] GacSel od HAEE IAA?} A AL ZHolg AAFAI= H
de T vlAA Rata, o9 vEo], EdWo|FAA AAdE JAAR U

Ao AE WA 9% gl o
A 06TF oz AUH, Fuy £
£3E A 2, ol5d o8 FARE &
ok & AL Aot

e 29 g E¢d 2 GacS &3
B8 At global regulator® 2
3

ARES HohhE AT FoB 9

Table 2. Diameter and length of P. chlororaphis 06 wild-type and GacS

derivates®

T medium wild-type  GacS Com 06-trp GacS-trp

Length(ym) LB 1.26£0.06 5584027 1.33£066 1.12£0.03 6.45+0.16
M9 0.77+0.03 1.95%0.12 0.73+0.04 0.75+0.02 1.95£0.09
Diameter{um) LB 0.59+0.02 058+0.03 0.59+0.03 058+0.03 0.56+0.02
M9 0.47£0.02 0.47£0.02 048£0.02 047002 0.47+0.02

* Diameter and length of each strain was measured under SEM observation.
At least 100 single cells for each bacterial strain was used to measure

diameter and length of a bacterial cell.
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o Gacs EQWelFel WA = 587 P} 47 5

P. chlororaphis 06 % o& A%
g3 PEAdS FEse FE8AS AYn Yo A 2"
o] GacSHAA WA & T FAd BT E4&
Zo] Ay fAolY webA marker exchange E@Wo] W
A3 P. chiororaphis O6TF 9] gacSEAWMo|Fo] oz AEHY
] FE B #Ho] A Fotry] 95 o2 kA bioassayd
43l 2AFELY T (Table 3, Fig. 3). ®3F GacS E R o5 A IAA4 *«E
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2718 Reg A7AHe #FE AF T AA VAL A HERARH
THE AT (Table 4).

P. chlororaphis 06 wild type TF¥ SulolA FE¥HHES E
carotovora®t Cucumber mosaic virus®l 213 virus®¥eol dAAE H= A
AYAL FE3E g9 5898 X1 YA (Table 3, Fig. 3). o] w3}
GacS EQWolFE wild typedl ) A3 FE&¥W3 CMVel st ¥ AE
A 4% o] Aastd negative control® ¥ WA FI vl FTE o
AT, s o]# gacS EdHole] ¥ AYH FE THS A
native gacS F3HA] 98 complementationo] 23] wild type
AaA S5 FdHo| FEEHYTH (Fig. 3, Table 3). ¢33 AHAE gacS F3
A7} P. chlororaphis O61A ¥ A4 %E 58 & YehE microbial
determinant®] w&olY ML xHIE F 2EAYES ¢ ’“]

oo 2 P, chlororaphis 06 TF9] gacS A7 ¥ A
Fated of® 71ad] osid BstE AT dE A7t o]
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Table 3. Effect of mutation of the gacS gene of P. chiororaphis 06 on
induced systemic resistanc against Erwinia carotovora subsp. carotovora in

tobacco®
Treatement Induced resistance by rhizobacteria b
Disease index (DI) No. of symptomatic leaf (NS)

89B61 5.89% 3.00%
90-166 2.67% 1.00%

06 4,33% 1.67*
O6-gacS 6.89 3.00=
Comp-gacS 4.44% 1.89%
DHb5a 6.87 3.56
ImM SA 5.22% 3.00x
Control 8.11 4.22
LSDyos 1.84 1.10

The number represent means of 6 replications per treatment. The one plant
is one replication.

* Erwinia carotovora subsp. carotovora strain SCCl were inoculated on
four leaves of two week old tobacco seedling grown in 24 microtiter plates
containing 0.5% MS (1.5g sucrose per L).

® DI=disease index (0-10), NS=No. of symptomatic leaf (0-10).

* Means significantly different compared to control at LSD (P=0.05)
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Fig. 3. Effect of mutation of the gacS gene of P. chlororaphis 06 on
induced systemic resistance against Cucumber mosaic virus in tobacco two
weeks after inoculation. Different lefters indicate significant differences
between treatments according to LSD at P = 0.05.

Table 4. Effect of mutation of the gacS gene of P. chlororaphis 06 on

plant growth promotion of tobacco three weeks after CMV inocuiation.

Treatment Total leaf surface area (cm?)
06 71.82b

gacS : 94.09¢
Compl-gacS 70.52b

1mM BTH 28.31a
Control 73.54b
Mock 63.36b
LSDO0.05 17.32

7th and Sth leaves from top per plant were measured. 16 replications per
treatment. Different letters indicate significant differences between treat-
ments according to LSD at P=0.05.



4719) Aol s P. chlororaphis 067+ GacS &1 ol 59|
A HEATIEEQ indole-acetic acid®] XA o] 7=t WaEkA GacS
WolFrh AAEE JAAC o8 2B 4ol 39 Her AR
& HFsn AT £ w8 £3sHY (Table 4). 424 A4
E F9o] Hold BTHE Hd FoME & Ao A3 gad ut
, BTH¢} vl%8 ¥ A3y 5 288& vJebd P chlororaphis 06 A 2T
A& controlel Hls} A&e zo]E Mo Fx| 2tk (Table 4). o9 W3
P. chiororahis 06 gacS EdWolF = wild typeolYt controld] #l&] A&
ARE HA%E 8ol 20 e’ AR F7HHO] FAYR AE A 27 YL
ol FAch (Tab]e 4). ol g GacSEARIFAMN HE AF F o
GacS QT AEE 1AAY 93 AAA Fo A7 dog APy
ojof & ot}

A 34, 44, 543 Aviel Aol ostd GacS EQWIFE P
chlororaphis 06 &7} AU e o8 FE&ddo] AAHAG 1 FoA
WAd F% 8ol AR olf F9 st P. chlororaphis GacS 84
Fo HE g FF el Hadte UM fE FES FLARL M5
Ak olH & Ftsd& AAE) A8 P chlororaphis 06, GacS Ed W)
complemented GacS EdWolF9 Q0] By AF AL nwus) B A,
non-competitive conditiond] = GacS Edmo]Z=e] 9 o] Baoael A
T80l wild typed}t A Ho]7} Qe ROE Hol GacS BQWo|FNA
WHEAd Fx 8o AHE AL GacS EdWolFe By HAH o] #a
M 7E ohyel GacS FrAA] 2dHE WA F= 583 € microbial
determinant”} A A @eobA vebd Al A 2 (Fig. 4).
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Fig. 4. Comparison of root colonization rate of WT and mutant on
cucumber under non-competition condition. Suspension of WT or GacS
mutant inoculated by drenching on 7-days old cucumber grown in sterilized
condition. WT and GacS mutant recovered from roots at defined times and
cfu/g of root was measured by plating of serial dilutions on LB plates. No
significant difference between colonization of the root surface by the WT
and GacS mutant.
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wEtr] B Hel M P chlororaphis 06752 lon protease® 9.3}
3t e full length FAAE F24Ysta o FHAY 28 F4E S
A7z ZAbst Y. 3 Lon protease?t P. chloroaphis 069 o1& #£3
¢ xE3e 2AARA J1%g dolry] A% lon HHAE  marker
exchange EQWolo] 93] knock out EQHFE M@l o5 TEY
& ZABFE T

2. A ¢ 9y
7h FATEE L owiek

B AFANA ALE ZF FF9 5L Table 1o “Igsdct. BE
E. coli¥> 37 CToA LB ujxo] wiIA#H, BE LAF P. chlororaphis 06
o} EQWO|FES 30 TolA LBHWIXE Argstdx, "o uwe King's
medium B®jA & A&3tdch Ad BAA wiAe Hrtste FAEHS
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Table 1. Characteristics of the bacterial strains and plasmids used in this
work.

Strains or Plasmids Relevant characteristics® Source or reference

P. chiororaphis

06 Wild-type, Phz’, Pro’, HCN', Sider’, St’ This study
N7 06:Tn5 Phz’ Km', St This study
Lon:km lon::Km, Phz , Pro, HCN', Sider’, Km', St° This study
Com-lon Complemented lon:’km mutant This study
Chromobacter violacearum
CV026 Mini-Tn5 mutant, HSL"” Km" McClean(1997)
Fusarium oxysporum Plant fungal pathogen
E. coli
LE392 Host strain Promega Corp.
DHb5a Host strain Sambrook(2001)
Plasmids
pRK2073 Helper plasmid, Mob’, T¢", Sp Leong(1982)
pRL1063a Tn5::luxAB, transposon, Km' Wolk(1991)
pRL648 pRL vector containing 0,9kb Km' cassette Wolk(1991)
pLAFR3 IncP, cos', rix’, Tc Staskawicz{1987)
pUC19 ColE1 replicon, Am" Sambrook(2001)
pLON1 a cosmid clone containing the full length of This study

lon gene sequence of P. chlororaphis O6

pLON 35-kb Xbal-EcoR1 fragment containing This study
the Tnb5-flanking sequence from pN7B
cloned into pUC19

*Abbreviations: Phz, phenazine; Pro, protease; HCN, hydrogen cyanide;
Sider, siderophore; HSL, homoserin lacton; Km', kanamycin resistance; Am',
ampicillin resistance; Sp’, spectinomycin resistance; Mob’, mobilizing

plasmid; Rif', rifampin resistance; St', streptomycin resistance
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L} P. chlororaphis 06759 lon 32 2y 9 EdWolF =4

A 28oA £8E Lon proteaset A A7 knockout® EdHolF N7
9] Tn5 flanking sequenceZ probex 3t oln] A 3-oA ZAE P
chlororaphis 062} genomic libraryE screening3l™ probe$}t hybridize= & ¥
7H2l cosmid cloneS A1¥rdta} subcloningdt g™, Z+ cloneE 2] sequencing
e dddigta 72t dd T4 FFEh 93 Perkin ElmerAte]
ZHE @71 A8 £471(ABI PRISM 312 47 A4¥E 4% 39t 24 4971
£2 NCBI (National Center for Biotechnology Infomation,®] GeneBank
database®t BLAST network service® F3|A £243}%3, ExPASy-translate
tool (http://kr.expasy.org/ tools/dnahtmDolA olvit AMIZ HY F
amino acid sequence®] 4F4S blast searchell 2f# H w3t}

HellA E23 %8 Lon proteasefrA2te] 7158 dotrv] $13] kana-
mycindFA4d FHAE selection marker® 314 marker exchange muta-

X
=

genesisE 53] Lon protease A AE knock outA] Zth. Lon protease #73Ak
9 open reading frame® 206 WA amino acid®] Nrul sited] Smalo 2 A
3 kanamycin (0.9kb) F+AAZ blunt ligation® 2 A YA AA Lon proteaseE
knock out A1%Z1 ¥ marker exchange vector?l pCPP54 vectord]l &7 %,
wild typeoll triparental matingol ¢l8] HolAlzl £ 5% sucrose$t kanamycin
o] H7td WX A EQHo)FE AEslo] southern hybridizationd] <8
FTA 22 Lon protease’l Z4d EJWo|FE AWt

th. P. chiororaphis 06 wild type®} lon EQq¥elFe 2 vl

A 6 Aol 7j&s Wy & P. chlororaphis 0675 7F AYa
e 98 FE€32 HEAG, A, vrolsEa, FFoldd dig A, olxd
Al AHE )T GacS EdRolFo A FAHAY Wt A7 oY FA (A
79 27], 1AA B4 FFHEL A 629 & Wy o8 wild typed
Lon Ed¥olFo XY S nlmalrl.

a7

2}. RT-PCR analysis® 718} 312 2%

B FHolA AM£HE southern hybridization, DNA manipulations,
total RNAE®] W9, reverse-transcription polymerase chain reaction
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(RT-PCR)9 WREL A 33 Az 2 4yd 71 U 549 4
A&

3. 3% ¢ 51d
7}. P. chlororaphis 062} Lon protease®] A ¥4 2 drg oAk

P. chlororaphis 062 lon protease (Jon) %322l open reading
frame 2,436 bpol™ 812709 deduced amino acid sequence® T4 & o]
subunit®] ¥AH%Fe] 88960 kDaol%1i, theretical plE 483011tk (Fig. 1).
Lon protease® deduced amino acid AEE& EAsG 2 ZAx Agd
ATP-dependent protease (Lon protease)®t &L AEAL BHAY. 53 P
chlororaphis 062] Lon protease FAAE P. putida KT24409] ATP-
dependent protease®} 94%, P. aeruginosa PAO1IStE 91 %9 & ATAS
BHvl, ®=3 & Gram negative bacteriagl Thermotoga maritima®)
ATP-dependent protease LA o} 87% 18l3l Escherichia coli® Lon
protease(lon)¢te] &4 & 84%°] 454 S BHAY (data not shown).

B ddA E2YT lon FHAY HEILE GotrY] Hsl RA
ol AK7IA 06FFE AKAZ T, total RNAE F2ste A{A71E
lon F+3ze] Bd FAe AR (Fig. 2). P. chlororaphis O6¥ 9]
GacSHARY  phzl, phzA®l HAXR wdE FEH vRsA late-log®
stationary phaseolA . w&d Hxr7} 7% =9kom mid-log phasedl A& &
d A=V ¥k (Fig. 1. oielgt AF+e obvlx lon FAA gacSHH A<
Zol oAy FHAY LAE Z2AHEY targetFHAY AXAE A=
key regulator2 #8838t A g
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Gene organization of the ATP dependent protease region of the P. chlororaphis 06

XnC B E Xn

hypothetical protein TnSluxAB hypothetical protein

Xn, Xmnt;C,Clal;B, BamH ! ; E, EcoR |
Lon protease; p/Mw: 4.88 / 88960.91

tggagat taagecgggagtagegtat t tggecaggegtgeateget tt tcagcacggecagg
E1T KPGVAYLARRBASLTFSTAR
conserved hypothetical protein

gtgttggtgtgeacatcttecgeggtcacgtegget ttgetgaagateigetggaagtae
VLIVCTSSAVTSALLEKTICWIKTC
tcgtgagtgacggcggegaagtgegegeggt et tcgggagegacgeccaggaccacgycy
SWVTAAKCARSSGATPRTTA
taggtagtcagegettegect teacctttggecatgtet teggagagetegt tecatoatyg

ccattcatggeaaaccaggatttgecgecgtaagtcagegeactgt tggtegageagecg
ttggtaccggaagtcataccgaaagtegegt taccggaggtgecat tggtagt ggaggec
aggaagtgageeggagtgecgegetgtect tegaacageaggt tgceccacccacaatce
ggaccgectggeget tgggccattgeat tgatggaaacageggtgaagagagtacegaga
agaatccgtttcatagecatttgttctetttgtgtgecaaaccaatggacaagggt totgae
ccatgtcggcgecagtoggecggt tat tagt ccagecgegeaget tggagt ttaggeaga
ttccaagagttcogtgtttittigeatgacattect tgaaatagacggtttttatgetgt
ccgegtggegectgggatetgtecgeget ttegetgectegegect tgecagecgetgta
cceggegecagaatgecccatctgeccegectgatgtaaggaageccgatgectgatect
M P DP

ATP dependent protease

gttgetgecaget tgegtetagegecegaagegetgaccegteegt tttocgetgaacag
VAASLRLAPEALTR ARPTFSAEHAQ
ttcagettctegaccaccaatgat ttggagecct ttecgegotatget tggecaggaacgt
FSFSTTNDLEPFRGVYVLGQEHR
gcgotegaagect tgcagt teggtgtggecatgecacgecceggt tacaacgtctttgte
AVEALQFGVAMPRPGYNVTF FV
atgggcgageecggeactggtegettetett tegtcaaacgetacctgaaggetgaggge
M GEPGTGRFSFVEKRYTULZEKAESG
aaacgcctgcagaccccegtecgactgggtetacgtcaacaat t tcgatgagecgegegag
KRLQTPSDWVYVNNFUDETPRE
ccgegegegetggagetgect tegggggecgegaoggacgt tecatcagtgacatcaacgge
PRALELPSGAAGAFIT SD I NG
ctypatcgacaacctgetggegacetttceggeggtct tegagcatcectectatcaacag
LT DNLLATFPAVYFEHPSYOQAQ
aagaaaagcgecatcgaccgegegt tcaaccagegt tacgacecgtgecctegatgtgate
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K KSALILDRAFNQRYDRALDUV I
gagcgectggegetggagaaggacgtcgegetgtaccgegacageageaatat tgect tc
ERLALEKDVYALYRDSSNTILIATF
acccctatgetegacggeaaggege tggacgaggeagagt tegegeaactgeccgaggec
TPMLDGKALUDEAEFAQLPEA
gatcgegagegt t teccacgaggacat t tecgecctggaggagegect caacgaagaacty
DREBFHEDI SALEERLNETEH/L
gcgagectgecgeagtggaagegegagt cgageaaccagetgegtcacctcaacgaagaa
AAS L PQWEKRESSNGOGLRBHLNEE
accatcaccctggecttgeagecat tgetggegecgetgt ccgagaagtacgeggaaaat
TITTLALGPLLAPLSEZKYA AEN
geeggegtgtgtggetacctgeaagecatgeaggtgtacctgetcaagaccgtggicgag
AGV CGY LOQAMOGVYLLIKTVVE
caactggtggacgacagcaagaccgacgecgtgacccgcaagctgctagaagaacagtat
QL VDDSKTDAVARIKTLLETEA® QY
gatcogagectgatggtcggecat ccggecagt ggeggegegecgatagtgt tegagecy
GPSLVVGEGHPASGGAPVVFETFP
cacccgacctacgacaacctgt ttggecgeatcgaatacageaccgaccagggegegetc
HPTYDNLFGRIEYSTDGGGAL
tacaccact taccggceagetgegt ccgggtgecctgeatcogggecaacggeggt ttectyg
Y TTYRGQLRPGALHRANGTG GTFIL
attctcgaageegagaaaatgetcagegaaccet ttgtetgggatgeccteaagegggce
P U EAEKMLSEPFVY WDALI KR RA
ctgcaatcgegeaagetgaagatggaatcgecgetgggegaactggggegectggecace
LQSRKLEKMESPLGELGRLAT
gltgaccctgaccecgeaacacatccegetgeaggticaagategtgatcateggtgetege
VTLTPG@HI PLA@VKVYVV I I GARB

BagH |
cagctgtactacacgetgeaggacctggateoggact tccaggaaatgt teogegtacty
QLYY TLQDODLDPDFQEMTFRBRUYVL
gtggact tcgacgaagacatcecgatggtggacgaaagectcgaacagt tegeecagety
VDODFDEDI PMVDESLERGQGFARQL
ctgaaaactcgeacctccgaagaaggeat ggegecgetgacegeggacgeggtggeacge
LKTRTSEEGMAPLTADAVAR
ctggegacctatagegeccggetggeggaacaccaggageget tgtcggegegtat tgge
LATY SARLAEHQGRLSARIG
gatctgttccagetggtcagegaggeggact teatcogtcacctggectcggacgagatg
DLFQULVSEADFILRHLASDEHWM
accgatgeegggeatatcgaacgggeget caaagecaaggescaccegt accgggcgoatc
TDAGHI ERALKAKATRTGRYV
tcggegeggat tetegacgacatgetggeggggateat tetgategacaccgatggegcy
SARI LDDMLAGI I LI DTODGA
geegtgggeaagtgcaacggectgacggtgetggaagtgggegacicggect ttggtatt
AV GKCNGLTVLEVYVGDSATFAG G
ccggegeggat tteegecacggtgtat cegggoggcageggtatcgtegacatcgagege
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PARI SATVYPGGSGI! VDI ER
gaggtcaatcteggecagecgat tcactccaagggegtgatgat tectcaccggetaccty
EVNLGQPI HSKGVYVMI!I LTGYL

Ecdi |
ggcagecgt tacgegeaggaat teccectggegatctcggegageategecctggageaa
GSRYAQEFPLALISAS ! ALERQ
tcctacggttatgtegatggtgacagtacgtcgetgggegaggegtgeacgetgatoteg
SYGYVDGDSASLGEACTL I S
gcettgtcgaaaacceegetcaageaatgttttgecattaccgggtcgatcaaccagttc
AL SKTPLKAQCFAILI TGS 1 NAQF
ggcgaagtgeaggeggt tggeggggtcaacgagaagategaagget tetteegeetetge
GEVQAVGGVNETKTIGIEGFTFRLTEC
gaagcgeggggectgacgggegageagggegegatcat tectcacgecaatgtegecace
EARGLT GEGGAI! | PHANVAT
ctgatgctcgacgagaaggtactggeageggtcegegocgggaaat tccacgtgtatgee
LMLDEKVLAAVRAGKT FHVYA
gtgegecaggetgacgaggecctgagectgetggt cggegageccgegggcgagecggat
VRQADEALSLLY GEZPAGETPD
geggatggecagt teecggaaggeagigtcaacgegegogtggtggagegtctgegagtt
ADGQFPEGSVNARVYVERTLARY
atcgeggaaatgatcagegaggacgatct caaggaageggaaaaagagcaggeacaagaa
I AEM I SEDDLIEKTEAEIKTEUQARQ QE
gcattggcgcaaaccaagecggeatgagetatgecgeggegaggacicggect tegtege
ALAQTIKTPA-
ggcgecggiccgetggegtcaattttetecgaatagaccat teggegectgt tcageeggt
caacttigctictecagtcttitcttectat tetcagggeaggagaacgacagtegteact
ggatcgaaacagtcttcacatgagggetgaataccggatctaccgagggtegecgecatyg
M

conserved hypothetical protein

tcgegeaacctetgect taccegecagtgtot tggectggtcaccegtategagtgeagt
SRNLCLTRQCLGLVTR R} ETCS
atccgeccgetggegggagat aacggaatgtggaccctactgt tegeggecggaatggec
' R P L AGDNGMWTLLFAAGMA
ggtgaacaacct teggecatcaaggeccagggacct t tetgeggtcccagegtggecgaa
GEQPSAI KAQGPFCGPSVAE
tccatecttgat teccatecgtcgaaagectgaccacccacggetatgaagtggecgacgat
S1TLDS I VESLTTHGYEVADDTD
ccgcagatctggtgectgeacct tocaggegeaactacggeagatcaatggegaacgetge
P Q@I WCLHLQAQLAQI NGERSTEC
cgccattgacgegatecteectttaatecetacegetgagtoctacteggeggatggtgga
R H

Fig. 1. Restrion enzyme map of pLon contining full length of lon protease

(A) and nucleotide and deduced amino acid sequence of lon gene.
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S

Fig. 2. Expression of lon in P. chlororaphis 06 as detected by
reverse—transcription polymerase chain reaction (RT-PCR) analysis. P.
chlororaphis Q6 cells were grown to early-log phase (OD600nm=0.1);
mid-log (OD600nm=0.7), or stationary-phase (OD600nm>15) on LB and
total RNAs were isolated and used as templeate for RT-PCR. The lon
gene specific primers (F; 5'-CCG GAC TTC CAG GAA ATG T-3',, R;
5-GAG GTG CGA GTT TTC AGC AG-3) were used for detection of lon

gene in reaction mixture. PCR products from the lon gene is shown.

Al
a

U Lon E9®olgo 249

A

d

i

Al 1 Aol A M} #ol P chlororaphist AEF WATdOZA
o2 7HA fF&3 AL G mEA ol FE884 ¥l Lon
protease’t #A3E= A Lo} B7] 948 Lon protease’} knock outd =

o]F& XA wild typeT gacS EQWMolF9e EIAHES vwe A} Lon
protease= AWl FE gacS EAM)F9 Zo] P. chlororaphis 069 &3
2, phenazine, HCN, proteases < A4FstA £33, F. oxysporiumol| g+
AA THE FAFATH ol HES gacSEQAW|FAAN HHIA FUyd
Al 2EdY 32 homoserine lactone™ A& AAHetz &t s
T GacS &AW olF 9} Lon proteaseE AWM o] 9] x}old & GacSE A M5
A siderophore®] AAde] F713t €A, Lon proteaseE G WO FA M=
siderophore’} A=A @&sgkch.  ol#}d Lon proteased TRL P
chlororaphis 069 native lon 3 Ao 213 wild type level2 complement®
ATt (Table 1).
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Table 2. Phenotypes of wild-type and lon derivates of P. chlororaphis O6.

phenotype
Strains . .
Phenazine HCN  Protease Siderophore HSL Fusarium
(mm) (mm) {mm) (mm) OXYSpOTUm
06 + + 8~10 4~5 + +
Lon M - - 0 - - -
(Ion:’km)
ComLon - + 8~10 4-5 + +

+ ! produced or inhibited, - . did not produce or did not inhibit

Al 6dAA gacSEAWolF = AEF 2 7ol Indole-acetic acid (IAA)

Aol F7iE et wWEtA Lon protease?] EQAWOlFE gacS EAWOIFY
o] JAAS Aol F/EE AE zAEIEY. Wild type?t complemented
lon EQ¥olFdE tryptophang F7} o Fo @Aglel o}F basal level®
IAAS A3t 9l Lon proteaseE A H o]+ tryptophane] H7hg v
of ASAZS 1 2 - 3dARY 8 ZE =AM Bog & 100H = 7t
& 1AAS Aol Frkge] #BEFAY. 28 Lon proteaseE AWl F &
tryptophane] #7}5 X €82 nutrient brothd] FH718IH & 9= o]k IAAXN
A Tt #FE $ JA o) A3 HPLCS TLCE o] &3 A
ANE TIFd Ad74E AJd (Fig. 3, Table 3). wWetA] oj2jd ARE FF3)
B Lon protease® GacSet #o] AEF wal T3 U¥A fFx 9
8% P. chlororaphis® ©]atiARE Sl AAFH WHA fX  microbial
determinant®] Aol olAE positive regulator® 2HE3slu, IAAS] A A4
negative regulator2+] &3 A 2o P. chlororaphis 069 o# #&
FAE X GacS9 Lon proteased] Ao Fgolu} ozl o miriH=
SAGHAAE W3lE AFE0] o]FojAok F Aot}

> oft ir
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1.8

1.6 | --- 06 -o-Lon —-com ‘
306-T -O-Lon-T ~*com-T

530nm

0 I )}
mid late stat

Growth phase

Fig. 3. Chemical assay of IAA production by P. chlororaphis O6 wild type,
Lon mutant (Lon), and complemented Lon mutant (com). Each strain was
grew on nutrient broth with or without tryptophan for defined times.
Culture supernatant of each strain was mixed with the reagent for

detection of IAA, and read absorbance at 530nm.
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hdole-acetic acid
o &0
i
025 “ %o:s
gy g |
3
3
s L
os
o]}
62
ce 3 af
g3
g5 3rof g
;/ g Alog
*» «
Lon !
fc,z
;.
£
8 1oL ot
i 3,8 |
VA LR
P Py

Salkow

1AAId (R=0.69) .
IAN (R,=b.65)

1AA (R %0.6)

2 (R=0.56)

1AM (R=0.35) —b

ILA (R=0.29) —»
Trp (R=0.19) '

06 Loﬁ IAA '06Lon
T T

Fig. 4. Detection of IAA production using HPLC and TLC assay by P.
chlororaphis 06 wild type, Lon mutant (Lon), and complemented Lon
mutant (com). Each strain was grew on nutrient broth with or without
tryptophan for defined times. The amounts of IAA were determined by
HPLC and TLC analysis of the purified IAA derivates was performed fo

visualize of IAA production.
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Table 3. Effect of mutation of Lon protease gene on production of IAA in
P. chlororaphis 06

Strains IAA production (ug/mé/ODeoo unit)®
Mid-log Late-log Stationary

06 252081 32+102 47107
Lon 4,7+1.59 6.6+2.06 10.8+4.40
Com 2.8+1.08 3.821.05 50x1.26
O6-trp 3.3£1.05 5.3+2.68 7.8+2.37
Lon-trp 6.9+2.63 42.9+2.06 81.4+4.60
Com-trp 35£1.20 58+2.87 8.5+2.69

a Each strain grew on nutrient broth with or without tryptophan, and IAA
extracted the method described in Materials and Methods section. The

amounts of the extracted IAA were determined using HPLC.

A 629 A3 SEME 53 A AVE F43% & ZH gacS €
Aol wild typed] AAdE & Kol Holx] ¥Uort gacS mutantol A
wild-type®.th 2~58 A% Zol7}t Zojxt) wetA Lon protease® AW o] F
A Z gacSEAWIF o]l AT morphology’t R RO Z FAH
2o 71YE o]l &ty SEMAA Ao z=VE FA3AY. Lon protease &
AWolE gacS EAWolF9} o] wild typed] Zeolut}t oF 2 - ouf A= 4
o}ZA T} (Fig. 5, Table 4). ol&l3 Zojel AAo] olutx gacS EQW|F7H
AL JAAS] & Fo] o3 FtEAe YolH 7] $Jdl tryptophan®] EA|
2o Auglol Aot Aotk wabd EQAWo] GacS$ Lon protease &
HolFd o] AAHE IAAZ AFAE Holg AT Hile I9FS
2 23, o9k TlEo, BEAWelFAA AAE [IAAR Q& AME A

A7E £33 B GacS Lon protease
2 Add, dg3 £d43g AstE global regulator

3 REA
2 aAgste R 2, o8 o 24HE FEAES Zohie AR do

@ Jo

]
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Table 4. Diamenter and length of P. chlororaphis O6 wild-type and Lon

protease derivates.”

FE medium  wild-type Lon Com O6-trp  Lon-tip

Length(im) LB 1.26£0.06 816+0.11 1.33x0.66 1.12+0.03 8.14+0.13
M9 0.77£0.03 231:0.10 0.73#0.04 0.75+0.02 2.22+0.10

Diameter(ym) LB 0.59+0.02 059+0.02 0.59+0.03 0.58+0.03 0.570.02
M9 0.47+0.02 0.4820.02 0.48z0.02 0472002 0482002 .

* Diameter and length of each strain was measured under SEM observation.
At least 100 single cells for each bacterial strain was used to measure

diameter and length of a bacterial cell.

% }% s

06 06-Trp

15kY ®S,006 Sem B@BGGS 17

Lon Lon-Trp

LSk MS, aao S QQaB04 18k WS,

Fig. 5. Effect of mutation of [on protease gene of P. chlororaphis O6 on

morphology of bacterial cell.
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AE7kA Lon protease Ed®olFo WA F= w8
carotovora subsp. carotovoraE ©]-43F bioassayol oA T ZAMEAE=H,
gacS EQWo|F} o] FEWo Ui WHA FE ol

2 gacS EQWo|F M9 o] CMVY Q0]

o)Zs} zo] wjel A4E A5

Ag7A1e A3 ARE F8s] B P chlororaphis 062 gacS<

lon protease f+AA= 06TF WellA opA7tA] dHxA FL ¥ AR F
T 53L& YENNE microbial determinantd] #dolut MAE A= F £
A2 QlS gasir} o9k vl Eo] lon protease?t gacS FAAE EAMOIE A
O
&

HAoz 2ldl IAAS #o] up regulation® o] o] IAA ATA FAA ths)
= positive regulator24 Z83 Ao F2 FAHAC FATNAE o' 7] F o)
U 25 AGAAE 53 Lon proteases} gacS FAx7F ol 28 2HsE
Ao gt F2E Adolt}, Ho]% Lon protease®t gacSel 98] wiAEE &
AAELE Aleteo] late log-phased] E=€3E o FE=XHI, cell dependent
signal molecule?] homoserine lactone®] o}rt% #H & Aoz FHH T}
o 2 P. chiororaphis 06 7+ ¢ gacS$ lon proteasef+ A7 W A &4 %E
8-S It AW 71Fe] oA #Aste AT dg AT o) F
Aok & o AR

B A7 Axg 23 RBY P chlororaphis 06914 34E4
phenazined] A3} of 2] 23 AE A 9] A2 Lon protease(ATP-dependent
serine protease)o] 3 FAATIL AlEEE & A F A ZFof o <y
A2 ke signald sensor kinase?! GacS (global antibiotics and cyanide)<}
85 3}Al Pt 212 phosphorylate® GacA”} transcriptional regulator@l
luxR3} sensor luxIE& E43A71 971 A4E & HSLe] ©h& HSL A
A& 84271 A Hr} oju] LuxR-HSL complex:= thA] phenazine 59 o
] 2 ALE AT stress® #HEF proteinE S FHIE FAAELY IFE
ZAEA . F gacS-gacA7t 4 AA Q) regulatore] i down-streamol] ¢ 2]
7}A] HSLE A /‘é gt LuxR-LuxI®} dEAol e FHAEC] GacS-GacAd
os xddd. g GacS—GacAﬂ LuxR-LuxI& #4sAA o714 A4
H HSL2 ZI7] b2 {FAAES £4d34 "o old Lon proteases two
component system! GacS-GacAdl 9|3 LuxR-LuxIE ZAsAZ o
transcriptional activator® #-£-& 3tttz AZEtr o] N7 mutantol A 9]
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lone] Aol glol phenazine®l Aol 7] wWEo] o UAFAA
activator2 228748 FAH QU Lon protease® M 2¢ ZAFANY BEA
FRAAE Fed ofF T8 A8 © Aoz Az

Phenazine A4tel #HE® = el global regulatorg] ATP-
dependent protease (Lon protease): F @ 8}# &L w¥izle] 248 ¥xls}
7] A, B O‘rml‘”\}v% Aol &g Fol3tA s HAsA, ohﬂb} 2E A
ZoA FHT Utk EdE AddgAed gygozs BE A dwFe] £
g B 99 {%5}% Sl Faf Alzded oA 2HH Q) o)A
< WHgFe] ZaAA do] dojur wuld EidE tizFolth Lon
protease] &l3] FfE A ZHGWALE L strain 068 T4 BE A
AN FAAES] LFL 2Hee Vg 8 482 T Ao A
ZtEo] Zth, & B AFoA] proteolysisy regulatory transcription factor
o s} Fad 9L Jrh. = heat shock ¥HE, stationary-phase$t SOS
stress ¥H§, capsular polysaccharide AEAAE FHE3F3, phage AY
lysis-lysogeny decision® Z=43THGottesman, 1996). E3F o] w1 AAMA
ol A g Beisted Bosted olglst Ao Z= AN protein, SulA AlE B
¥ regulator, capsule ¥4 2] positive regulator?] ResA% o] 2 tHGottesman,
1996).
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Pseudomonas chlororaphis 062 HA A S FE2T Bk olg
phenazine, HCN, proteases 9 2x hAIEAS AAsE A =5
ol E AEH WATE HA EHANA AHgstnA e o, 7HF BAA
= A Y vt vAEe HERY HFste ot AR AT
249 848 dehdr] 93 vAEel ARy AT A9 AE g
THlHE F a3 carbon} energy source®A o] &FTh,

AE B MAsE Pseudomonastt Serratia 52 B 7FA A&
A Al (rhizobacteria) E& o] g4 AEWE WA= I3 &w3 25
o] oj2] 7}A] rhizobacteria’t FEF&H 7t YR 2 EEE AA EANA
FAH AT (Kloepper et al. 1980; Kloepper et al. 1992; Van Loon et al.
1998; Wei et al. 1996). oj&fst A& &HA xﬂﬁ“& TR B FdA A4
SEAIRY 5ol EAER @ oo wAstE W ZaztA 7R LE AANF
%l ¥ A &4 (Induced systemic resistance) & ?rE’B‘PE sHo] dHGlick and
Bashan 1997; O'Sullivan and O'Gara 1991). 1214} o} % rhizobacteria® %
Aol ol &ste AL ol MA = ZudAelt 1 FEAYU olFE otk of
F2 wgo] §UE rhizobacteriad ®jste] FEIAHHFE 05L& FE 9
280 AFAE 5 gl 4 Aol )

v AEe] ANERY A3 $ELE g2 HE-VAE F5LH o}F

% 8.9 factorZ, rhizobacteriaZ 2 A TFAAN AH&3ta &GS o 71F FA
7b ®He # F9 shYolt(Glick and Bashan 1997). Rhizobacteria® 39
AREEL 2EY $EHE F7HAAY A AgRe] gFd gEd dFd
olof #HE AT F& FHAY T L EHS Wl ATt A4 2
g8 NFAX 478 dhe] osd dvtEo® 10° colony forming unit/g
of root % ©]49 rhizobacteria’} #lo] EASHAE w HE ¥ AFPAo
FEEIL 2 oldl Afole Aol FEHA Fol ¥ AIFHE A=
rhizobacteria®] A EAHZ Fdo] olf 293 g¢ 9 vz Agsgdd
(Liu et al. 1995; Rmamooty et al. 2000; Van Loon et al. 1998). t}& A&
ojuf FFl uwhel Haele] MAstE FER A wEEn mAYEe A&S

et

F

o oy
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supportsl= FEol 2w AE Zd wel rhizobacteria®] §HALe] W
gepdvh AEH WAl#d P fluorescens®] i E Q) pyoluteorin A
A TE= Fol Bet 28 A HBull et al. 1991; Gamhel and
Katan 1992). ©]¢} & A2 ¥ o & 4E Folu FFd wg g B
izl 2ol et 54 vAEe ASLS supportdt 1 Ao wal §8&
T EEHol @kl Aow FRHAG AZAS Bt YR 249
L e A= Y HEAE A2ito] olgst: Wy did A wug A
ojth. ol BHE =®e ostd AEAEW HMAF P putida= AEA
oA FHl g prolines FrAAte] v)Eol AEH A ofF F8a
& 9% ¥ ez FAHU(Vilchez et al. 2000). EF FEF
P. fluorescensT o}n|xit YA FRAEe) EupERE FF AU
A g Ay RZuFqoHSimons et all997). Y
rhizobacteria®] A& A2 E3 By Hujdol o|fd BHY ATE
Aol o]E Byl REuldo] &A= EAF) rhizobacteria®] 2 E
25A] YEEE AYste 5ol B8 JdFE ©]E rhizobacteria® A A
el n A&sske ] Tokolth mapA B AL T
ol Auixle] A e FEQ HE R Fuldg B o5
4& vlwsta, 7% AEHR AT P chlororaphis O6E transposon
mutagenesisoﬂ o8 AdE EdWolFEE Qo] RyRudAgrY MEHE
& ZFAbES 3 ﬂ*ﬁr‘tﬂ@i o] gol ojite] A7l EdWolTe HdugozH ¥
ol o] &o] #HH FAAE B4y ] AA A

ox. Ml

O
2,
0?0
Of

{f‘

o
=
ol r?si Hood 2L

TR A gl

PR 2 % off o o

2. 48 2 2y

19

7b BAITE 9 wg By

B Aol AR 55 EAL Table 1. o 71&84c. =28
E. colix 37 Tl A Luria-Bertani (LB) ¥]#] [Bacto-trypton 10g, Bacto-yest
extract 5g, NaCl 10g, Distilled water(L)] o ¥l ANZH 3z, AEH TAT P
chlororaphis 069} Tn5 mutant: 30 Cold LBEAIE ALgsiqdct FAEA
< Streptomycin (50 pg/ml), Ampicillin (50 gg/mf), Kanamycin (100 pg/ml)-&
ARBEH Ty (Sambrook and Russell, 2001). B 23] A}43 RE FFELS
25% glycerololl A -80 Tl B#BeHA ALg3t4 )
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Table 1. Bacterial strains and plasmids used in this study.

Strains or plasmids Relevant characteristics source or reference

Pseudomonas chiororaphis

06 Wild-type, Str, Amr, ISR+, Phz+ Kang(2001)
Hio 06:Tnb, Str, Amr, Kmr,

fast growing mutant in cucumber roots exudates This work
D1 06::Tnb, Str, Amr, Kmr,

slow growing mutant in cucumber roots exudates This work
C2 06:Tnd, Str, Amr, Kmr,

not growing mutant in cucumber roots exudates This work

Escherichia coli

DH5¢  Host strain BRL
Plasmids
pNH10  Kmr, plasmid containg flanking sequence of H10 This work
pND1 Kmr, plasmid containg flanking sequence of D1 This work
pEC2 Kmr, plasmid containg flanking sequence of C2 This work
pRK2013 Helper plasmid, Km+ Kim(2001)
pRL1063a Tn5:luxAB, transposon, Km' Wolk{1991)

Amp: ampicilin, Sm: streptomycin, Km! kanamycin

G, ZB9 ®a) Bulo 2y 24}

FAZEQ Q0] WA EFS 2% sodium hypochloritedh A 108 &<
& A 50rpmo. 2 shaking3h¥ A X¥ AT A7 d A= Edl
2084 3xt8 9 sodium hypochlorite® Aeile] ZAZAIZ & TKS29 H
nFElolEE 73082 A& "Wid AEAA 657 ¢ 25 T, 90% RH, 12 hr
light/ 18 hr dark growth chamberolAl ASAIZH G AT Qo] AEAY B
BEGS dAgdste 24082 dFE FHFN 2A17HES shakingd F HFEE
centrifugesto} A7} &% Hg &9 =
st HEAL F 52 Az d vl s Abgstarh

QololA F&3 Fr1bE &8I 9)8  Shimazu
SPD~10A UV-Vis detector 210nmol Al Shlmazu LC-10AD pump$ colomn
RS pak KC-81l(shoden Inc.)& %% Shimazu HPLCE 333t 39

P

4S5

ol 0.2 um vaccum filter® ol &

kﬁﬁ‘m
T

off
©

=
=3
A

i°~r~i

He
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& 25uiyg 508 3] sle] &l 20 wE HPLCE FHAIAT. HPLC 232
A& WA mobile phase®Z 0.1% HiPO/H0E Alg3godw, 258 26 T,
flow rate™ 0.5 ml/min, pressure® 16 MPa %7 slolx ZAgAh 484
F 714k standard f714k9] retention time® wlwatel BAHHNAILL, {71 F
%2 chromatogram®] peak area® standard$} Wladlel o kg AAES
‘4 ol zA$ chemical method$! ANTHRONE ASSAY WH & ©] &3t

Q0] BaREuled 200 wo enthanol (80%)& 800 uf HoAA # HoE: F 7

m¢ 2] anthron solution (¥4 214mio] HoSOs 78miE HolAl ice batholl A
A% & anthron® 2g Wol Ao Pol A4 BiHE WoA 108 F
ot bhoiling & 3% iceolAd 418 sample® spectrophotometer® ©]-& 34
absorbance 625nmolA &R st gt standard= glucose$} fructose® H o #&
S Hyog A%t 1 TS ALEA

i

oh ol®el B PO o) gy olge] A7 EAMF U

2% Qol¥y EuldE 96 wells ELISA plated] 200 w EF3t
Z A7l 2389 A AMdEl transposon pRL1063aE  olg3sbed zxAdE P
chlororaphis 06 Tn5 mutant® 22} FZFsta] gy (28 C, 150rpm)4ll
A 16A17F vhekst k. ELISA ReaderZ o] 83t 550nmoll Al optical density
(OD)E =43t wild-type?l P. chlororaphis 060 #}3} AJ&o) wap=] 7y
A e 5 PR de JFPoR ojfdtEd ool A EHHIFE
sk si,

2. P. chlororaphis 063+ ]2y o) EAR|FES AF5E v
1), Bl gyl o re] A3

P. chlororaphis 063 AW o}l mutantE-& 0¥l Fuldg o
Fgoz do] wdstel colony forming unit(CFU)/m-& FARste] #a) 24
Ao Aol AAEES wwstPrr CFUE 437 g 2o e Euds
HiFE test tubed] 10m¥ Wi 24X7HE<H LBAA k¥ P. chlororaphis
069 mutant5< 2+7y Y4 Bysted dHF4E 39 washing®d F &
OD=600nm 0.1°¢) H =& Mo 10 A FHIT3Ar Z,jz . 0A17E 6AITE,
1247}, 24413, 36A12F 23 48413 kAo 107, 10°% 107 104 10°22
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siaste] e FAAZE F7FE LB agar plateo] 100 p¥ =238 28 C
AN 16AIZF wiFe ¥ HAEE colony 8 2AFSH T

2). Nutrient-rich LB brothel] 412 A&

LB broth 5mldll P. chiororaphis 069 A=l mutantE& 42
24X 7 widd &, ODge 012 84dtd LB broth 100 méol 10 wd HE st
ek W) (28 C, 200rpm)ol Al i FStE A 0A1ZE, 6A1ZF, 12413F, 244
7k, 36A17F Al 48X17F Feo] wjgR-S 1 mi® HSA optical densityE
Absorbance 600nmellA =4 841t}

3). HawjAl g A e A%

P. chlororaphis 069} A@rE ol mutantES th%e carbon source
o] ojgod o] i xAlEy] H8l, F7IMCEE 02% malic acid, fumaric
acid, succinic acid, benzoic acid 183l citrate, B2+ glucoseE zZ}zhe]
carbon source® H78ted 15%9] agarg #-#3 M9 minimal plateo] & Z 3}
o 28 CollA 24A7F v & RS Ao

ok WA

ot

4 fEsY 24

C2 mutant®] ¥ A F= T ARE 2] 93 20 AEA
growth chamberol A 25 ¥<F 91 F P. chlororaphis 062} C2 mutant
Z}z} OD600=0.4% FA3tcd 30ml8 2ol AZAd EFI F 1594 ¢
AA AT 106 spores/mle] Qo] AWk FQ  Corynespora cassiicola
CM2000-1 (Kwon, 2002)2 %3] 30 T2 dew chamberolA 12A17H5<t
At 39 Fol Yol WA= WEkE xaAlsioh, @wkd Corynespora
cassiicola® Czapek solution agar(CSA; Difco)E AM&3led 28 CoA 2F F
P ulge ¥, 7FHAIE T8 £EE0A W Bos AT F AF4
Atk 2 F YFTo] ZAHE &7 (25 T el 697 middt F ¥
FRAEAE GFFE 58t Abgstgoh

M

ox M

i)
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vh 20] e 3

£L

Y

P. chiororaphis 068} C2 mutant®] 2°] g A& BHE e
#A8 9¥ magenta boxel P. chlororaphis 069} C2 mutant® 10°cfu/seed
2 A4 3EsiY 0, 59 283 10 Fo colony forming unit/g of rootE
ZAbSA T

FA 3782 P. chlororaphis 069} C2 mutantE LB agar plated] =i %
ste] @& Wgol® 343le] 0.02M potassium phosphate(pH7.0)7F 50040 B
71 micro tubed} BolF ¥ voltexsty AL ZA S OD#E 012 HF
At of7lell 2% sodium hypochlorite® T H Aod 2xE w1 oA 2%
methyl cellulose 500 u& o] & 4o] £ F petri disholl o} dx2A2 &
Ab-&st et

CFUE &A3t7] 98 04, 5¢ g3 10d 7HA o2 By FELS
dastd digd @Este, 1084 FAste Ags FAA7 F7hd LB
agar plated] 100 p# =@3bo] 28 Tl 16A17F wls & FA == colony
+g FAbsksd o

Ak DNA Z£3t#} southern analysis

DNA #7149 %, plasmid #d, AgExdEd, FJAE, cloning®
subcloning®] 23 WYL Ausubel (1991)3 Sambrook% (2001)2] w3
Foko] AA s

TnS luxABS] A #4918 712 Eddol #38 FA37] fistdq 2
g FHld o]go FHEE EQWMIFEY Southern ¥£4& dAch MutantE
9] genomic DNA¥ hexadecyltrimethyl-ammonium bromide(CTAB) 4 ol
o8} #2349t} (Ausubel et al, 1989). EQWo|FEE LB Brotholl A w4t
¥ 5000rpmolA 58 ¢ fAEYste FHE A7 AxE Fdsd F
20%(v/v) glycerol® A At AAE AF AXLE 95 mf TE(I0 mM Tris, 1
mM EDTA, pH 80) buffer® g8 05 m¢ 10% SDSE E& st} 50 wf
proteinase K (20 mg/mi) 2 @A S-S A& 4t} Exopolysaccharide 22 &
25¢ AASI DNAE AAE7 ¢ 18 m 5M NaCi®#d 15 ml
CTAB/NaCl solutiong #7Fste] &3t %9 chloroform/isoamylalchol
(24:1)& A7bste] 2083 5000pmel A FEAE et 2dn A A
FH o2 HE] DNAE isopropanold #H7bstel HMA713L, 70% ethanol® A
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3 A28 TE bufferd] 5o ASsH4th

Southern hybridization 7] $13}4 kanamycing 7FAz Y&
pRL648A A 09kb Xba I -BamH I fragment®] kanamycin 32 (Wolk,
1991)E probe® A}23}99th  Tn5 mutant®] genomic DNAE EcoR1 % Sal
[ o8 Hdsa 0.7% agarose geldolx A719% sttt Genomic DNAE
£ positively charged nylon membrane (Roche, USA)2 2 alkaline blotting©l
28] &7 ¥ membraned 20xSSC (3 M NaCl, 0.3 M sodium citrate, pH
700904 2xSSCE  washing3t9th. ©] membranes prehybridiztion buffer
[60%(v/v) formamide, 5xSSC® 0.1%(w/v) N-lauroylsarcosine, 0.2%(w/v)
SDS, 5%(w/v) blocking reagent®t ®lFEte 241ZF F<eF 55 TelA
prehybridiztionA] Zth. ©] membraned dig-labeled® probe7t X3 H
hybridization bufferst 7 &% A9 WEAZh ©] membraned 4204
50 meo] washing buffer (2xSSC$ 0.1%(w/v) SDS)E Ztzt 294 ATt o]
AL A 158 65 ToAA 50 mée] washing solution (0.1xSSCeF 0.1%(w/v)
SDSYE AArt.  Membranes  anti-digoxigenin-alkaline  phosphatase
conjugate® A ¥ &, chemiluminescent WH-S AL8&3to] detectionst At
Chemiluminescent 3¢ 28 immunological detection ¥ membrane$
Lumi-phos 530(Roche, USA)o| 22 % acetate film Alolell A 303 37 Col
Al B2 A7l & A2 A X-Ray film (Roche, USA) =& AA. o] filmE
developerdl A 4% E<F ¥H-&Al1Zl £ 30% F9 stop batho] ¥SAF1 AL fixer
o] 2%, running top waterolA 108 w+-3A1A At}

o}, BglRuld o]4 EdMolFel Tn5-flanking region cloning % sequen-

cing
1). Cloning

Transposon pRL1063aE luxABS} origin® tansposable element<toll
AR 3 ol Tns7F AFY® mutant 4% Al luminosecense F7g¢l ]3|
Tn52 4loalig g 4 gz EAWol59 Tndb-flanking sequences
transpond A2 A FE AFELE o] &HA HTEF T self ligationdtd E.
coli?l transformationd}e] Kanamycin (50 pg/mbol 78 wiA oA mutant
E Awrste 3% 4 At} (Fig.2). Transposon©] A4¥ P. chlororaphis
069 genomic DNAE CTAB/NaCle] ¥Ho2 FEIsgt. #2¥ DNAE
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transposons HW3tA] 42 enzyme?! Nsil, Clal, Dral, EcoR1 22 7}
zZb AMeste] 37 CTollA 12A17F 7%‘3_’0]'93\‘:} Hda® DNAT ligation Kkit
(Takara Inc)& ©]€3}le] self ligationdt: DH5al transformationA] Z t.
Kanamycin (50 pg/mé)e] H7lE LB v oA A& E clone?] Alkaline W o
o]} (Ausubel et al,1991) plasmidE %89 Nsil, Clal, Dral, EcoR 1
o] ATEAZ M3 I agarose geld] A7GES AR sizeE FAEY

o,

2). Sequencing

P Eud ol&d #IEE KHAE ¥y Y&l P. chlororaphis
062 Tnb flanking sequence?] E71XLL EAUch 2 cloneE 9
sequencing < HAYdsn 71x2HAY AFE FFE 2o 225l Perkin
ElmerAtel A5 d714 4 #47]1(ABI PRISM 377)2 @714 49& 2439
A71ME AL transposond] UE primer(oMP458 : 5'-TAC TAG ATT
CAA TGA G-3', oMP459 @ 5'-AGG AGG TCA CAT GGA ATA TCA
GAT-3)& At d7IHES 489, 7+ 97152 NCBI(Nation
Center for Biotechnology Information, http://www.ncbi.nlm.nih.gov)®] Blast
Searchg ©]&3le B39 1, ExPasy(http:/kr.expasy.org/tools/dna.html)el
A oopmt MER Wy & ofmibe] A4F A4S blast searcholl }sf Bl awst
Rt
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<pRL1 ob3a> Primer Ompis8 Primer Omp459

Xbai Xpal Sall Nsil

Xoat

Nsil Xbal
nh

Fig. 1. Strategy of cloning and sequencing of Tn5 flanking sequence
from P. chlororaphis O6 mutant.

Qo] Wyl A F28 Qo] By Rulde T {710 HEE =
AvEl B AT 7148 QR L HPLCE &3ty £4% 23, fumaric acid
(0.01 mg/m¢), malic acid (0.6 mg/mé), benzoic acid (9.939 mg/m), oxalic acid
(0.194 mg/ml)S} acetic acid (1.45 mg/me)7} A48+ 3L, glucose (0.179 mg/me) <}
fructose (0.02 mg/m)7t F83 F HEeE ZAFYeH, HA v&AM
712re] Bt ol xR 108 ol FEE FAEA
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Table 2. Composition of cucumber root exudates

Organic acid mg/mé Sugar mg/mé.
Benzoic acid 9.939 Glucose 0.179
Acetic acid 1.45 Fructose 0.02
Oxalic acid 0.194
Malic acid 0.6
Fumaric acid 0.01
Total 12.19 0.199

e Rulag ol gaed ol ¥l 42 EANFEY 54
1. $o Bololg JFACE ol §she] ool 47 HelWolF A

P. chlororaphis 06 T3¢ 1000789 Tn5 mutant oA 7 F4
HE o] &3 ool A 379 Bl E AWttt ELISA Reader
& o] &3ty 550mmol A OD#E Aol Wild-typeS! P. chlororaphis 06
(OD550nm=0.165)¢} w3} P, chlororaphis 06 H10& OD550nmel A 0.321
of gtow Hyg Hujds gUgdon =2 ODIS B ow, P chlororaphis
06 D13+ C2v 44 0.092, 0.0819 &g eI} (data not shown).

2 AolA 7+ EdulolTEY BEAHE wHsAYh. P. chlororaphis
06t A¥d Tnd mutantE9] #8] Eujdojre] A& HEE vlus] & 2
T HI0 mutant® wild type® AR AR &S wolw ¥HE (C2¥ wild-type
o B3] Qo] He RH|AdA 9 AKo] WA AT DI =27 A&
(6h) wild typed ¥t ot 12A12E5€] wild typeell ®is] ¢ L=7}
ZAa3 T (Fig. 2)
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1 E+08 QTB}
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> 1 .E+07
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S
£ 1 E+06
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1 .E+05 : : : )
Oh 6h  12h 24h  36h  48h

hour

Fig. 2. Growth of P. chlororaphis O6 and Tn5 mutants in cucumber root
exudates. 06 and Tnb mutants were grown in LB until OD600nm=0.4. The
cultures were harvested by centrifugation, resuspended in cucumber root
exudates and adjusted to OD600nm=0.4. The bacteria were inoculated at a
1 @ 100 dilution in fresh cucumber root exudates and incubated with
shaking at 200 rpm at 28 C. At defined times, growth of bacteria was
determined by plating serial dilutions of root exudates on LB agar plates

containing appropriate antibiotics.

2). Nutrient rich®} #Auj R o4l mutante] A%

P, chlororaphis 069} Tn5 mutant®9 nutrient rich mediumg! LB

brothdl| A} B&L vlws] B A wild typed AEE EFHo|FEAMNE F
A3 A8 AolE Rolx erstrh ey FHa wiX iAo FKEHEE Aol
b Ak £ eo] By RuHldoA FEHAH fUldH & VRE s

oo
t}kdt carbon source® minimal ¥lxlo] FH7bste] ZhZhe] o] §EE uwlws
2 AW wild typed HI0T DIS& XE &@449E o&stsi o), C2 mutant®
B2 A8 HIFE HAu A oA AKE A I
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1E+04 ¢

1E+403

1E+02

Klett uni

1E+01 |

1 E+OO 1, L - L L 3 4
Ch 3h gh Sh 12h 24h 36h 72h

hour

Fig. 3. Growth of P. chiororaphis 06 and TnS mutants in LB broth
medium. 06 and Tn5 mutants were grown in LB until OD600nm=0.4. The
bacteria were inoculated at a 1 : 100 dilution in LB broth medium and
incubated with shaking at 200 rpm at 28 C. At detail times, optical density
of each culture was measured using spectrophotometer at 600nm.

- 172 -



Table 3. Growth of P. chliororaphis 06 and TnS mutants on minimal agar

plates containing various carbon sources

. Fumaric | Malic Benzoic |
P. chlororaphis 06 . ) Glucose . Citrate | Glucose
acid acid acid
wlid-type + + + + + +
H10 + + + + + +
D1 + + + + + +
C2 - - - - - -
+ 1 Growth at wild type level, - : no growth

t}, Edo]59] TnbS-flanking region #49
1). P. chlororaphis 06 H109] |4714<4 &4

Mutant H10¢} Tn5-flanking sequenceZ® ®Ad] ¥ A3 Tnoe A
A} "FgFo] thE $F7)¢] putative open reading frame (ORF)€| promoter 9
o FAARCeH, /Mol ORFE fumarate hydratase (fumCI)®t homology 7}
Eow, & 709 ORFi DUF1 #Axe Aol 2 FAAAT
(Fig. 4). FumC+ #i% %A A fumarate’t malate® st A #A 3
£ fumarate hydratase F#dAoltd. DUF12 two component system
regulatory® 9% domain ¢ 3dtyoltt. Two component signal
transduction system< sensor histidine kinase$} response regulator® X &%
t}. o]#H 3 two component systeme ATdolA o# JHA FAHAE Z2FHsE
global regulatorZ @#A Ut Caulobacter cresentus® A DUF1&
swarmer-to-stalked-cell& Z4d3}+ protein®® B3 H A 2M(Gregory and
Hecht. 1995), Acetobacter xylinumol A extracellular cellulose®] BFFE& =
it Aoz 4 Urh(Tal, et al. 1998).
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ctttaaagagtttoctaccctacaggecact tgccact ttagtggtatcgocaaaaaata
actatcccatttttgtccccgeccggegecatccogeecegggecgegectacegteatg
cctggeggeatecccggetggegtgteecegggeatgegact ttggt t tgactgeoggege
W (TRANSPOSON &gl 229)
gtgtgcctggeccegaggegeggtatactgecgegect tt tagegtcgegecagtgt gt
¢cggegtgect tgaaaggtgt ttgcaaccgaccgatgcacecaagetgcaageacct tat
S.B FumC
taaatgttccegtettttagaggagegegactcatgacegtgatcaagcaagacgaccty
MFPSFRGARLMTVY I KQDDL
attcagagegttgecgacgecctgeaat tecatttectactaccaccoegtggatttcate
Q@ SVADALQF I SYYHPVDEF |
caggegatgeacgaagectacctgegegaagaatcgecageggeccgtgact ceatggeg
Q@ AMHEAYLREESPAARTDSMA
cagatcctgatcaactcgegeatgtgtgecaccggecaccgeccgatctgecaggacace
@l LI NSRMCATGHRPI CQODT
gotatcgtcaccgtat tegtacgegtgggeatggacgtgegetgggacggcgegaceatg
G I VTVFVRVYGMDVRWDGATHM
agectggacgacatgatcaacgaaggegtgegtegeget tacaacctgocggaaaacgtc
SLDDMI NEGVYVYRRAYNLPENYV
ctgegggectcgatect tgeegacceggeggacget cgt aaaaacaccaaggacaacace
LRAS T LADPAGARIKNTEKIDNT
cengggggtattiencttattent tegt tececcgggaacacennggaaat tggent tggeg
X6 Gt XL I XS FPGTIXXKLXLA
gccaanggengtggettecagaacaaat tegaanatgggentget taacceget tgactt
AX G X GF QNKTFEIXSG GIXA

Fig. 4A. Nucleotide and deduced amino acid sequence of fumarate

hydratase (fumCl) homology region in P. chlororaphis 06 H10
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acctttcaaggcacgecggacacactggegegacgetaaaaaggegeggeagtatacege
v (TRANSPOSON &t 229)
gcctcggggecaggeacacgegecggeagt caaaccaaagtcgeatgeccgggacacgee
agccggggatgecgecaggeatgacggtaggegeggeccggagegagat ggegeegaacy
gogacaaaaatgggatagttatttittggegacaccactaaagtggcaagtggectgtag
buf1l
ggtaggaaactct ttaaageccectttegeatggtgagtcaacgat tgacccataacget
MV SQQRLTHNA
atccagagtcttttactcaageget tegt totigeggegagtacctatggactagegtta
QS LLLKRFVLAAGTYGLAL
ctgctgetetggetogegattttcageggt tactat tecggegeegetgegt teggegety
LLLWLAILFSGYY SAPLRSAL
atcgataccggectogtggtgctgagecaggeggtactgctctggetygt tegtgtocggg
I DT GLVYVVLSQAVYVLLWLFVYSEG
cgcaacctgeget t tecgegacececgagectgaccganatcagatectectggeatceggety
RNLRFRDPSLTX I RSSWHRL
caaacctgnatgcttggeccacctcnataccgegegeggnacctttectggtgttetatt
Q TXMLGPPXYRARIXLOSWCS I
cnctgaccttgt tngtcenggetggteent ttt tnengenengggect ttttggegaog
X

Fig. 4B. Nucleotide and deduced amino acid sequence of Dufl homology
region in P. chiororaphis 06 H10
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H10 1 MFPSFRGARLMTVIKQODL [QSVADALQF [ SYYHPVOF | QAMHEAYLREESPAARDSMAG. 60

O 8 ¥ A 53(88%)
2 R 43(86%)
P. aer. 1 . O 43(86%)
H10 61 ILINSRMCATGHRPICQDTGVTVFVRVGMDVRWDGATMSLDDM | NEGVRRAYNLPENVL. 120
P.flu. 54 ...... N 113
P.syr. A G 103
P. aer. A Vo 103
H10 121 RASTLADPAGARKNTKDNTXGG I XL | XSFPGTXXKLXLAAXGXGFQNKFEXGXAPALRSX 180
P.flu. 14 PAV HY-S1V. .NTVEVDV. .K.G.SE. .SKMAMLNPSD.| 172
P.syr. 104 . PAV.HY-SIV. .NTVEVOV. .K.G.SE. . SKMAMLNPSD. | 162
P.aer. 104 ................... PAV _HY-SIV. .DKVEVDV. .K.G.SE. .SKMAMLNPSD .| 162
H10 181 TGXKPFDHWPXVG—-CPPALFX1G 202

P.flu. 173 VOWV-LKTV.TM.AGW. . .GMLG.. 197
P.syr. 163 VOWV-LKTV.TM.AGW. . .GMLG.. 186
P. aer. 163 VOWV-LKTV.TM.AGW. .. GMLG.. 186

Fig, 5. Comparison of deduced amino acid sequence of the P. chlororaphis
06 HI10 of Tnb flanking sequence with amino acid sequences fumarate
hydratase from other bacterium.
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2). DI mutant®] Tn5 - flanking sequence ¥4

Tn5¥ D1 mutantl 4l Tn5% putative open reading framed] 4=
Rtk Tns57F A9 ® ORF¥ Mycobacterium tuberculosis mammalian cell
entry operon (mce) domain®#2 ¥ 4%4E YElHol MCE domaind
TnS57F A EY J&e &Qetdvt. 87% %2 Pseudomonas fluorescensk Ak
dol =4 (Fig. 6, 7). Mce +3dAE M. tuberculosis mammalian cell
entry operons (mcel, mce2, mce3 and mced) 25 o]|Fo|x ¢gom 1
functiono] dsiA FEFsA LHA vl 1oy, colonizationd] o] &hw
mammalian cello) X Hdd Eojrta BFE&7] 98 F23 proteine 2 #
fevhal 23 539 Cole and Barrell, 1998). @&t A P. chlororaphis 069
mce fFAA7E Qo] ¥ Eu|d o] g3 oluix AE A FHIYE HostE
Ae2 MEHW, M. tuberculosisel 1 71%°] B3AA L mee FrHAY
NNed Woledi: Fo% Ass € Ao Algdr

gngcgcaaacatacgegt ttectggaacgecageggeatcageatcgacgecaacctgice
X RKHTRFWNASGI S| DANLS
ggtgtgaaagtacgtagegaatcectggecageatcgtegecggeggtategect teget
GVKVRSESLASI|I VAGGI AFA
accccagagaatcgecgagacageccgecgaccgaccegagectgeegt tecgtctetac
TPENPRBABDSPPTDPSLPFRLY
gaagact tcgacgeggegeaggegggcatcegggtcaaggt caagetgagtgact tegaa
EDFDODAAQAGIRVEKVYVKLSDTFE
gggetccaggeaggecgeacgecagtcatgtacaaggggatccaggtcggtaacctgaag
GLQAGRTPVMYKGI! Q@QVGNLEK
gcoctcaaggtegaceecgatcett teccagtgegacggeggagetgaccctggacceat tg
ALKVDPDLSSATAELTLDFPL
gccgaggat tacctggtgeaaggeacccagt tetgggtggtcaagecttegatttecetg
AEDYLVQGTAQFWVYKPSIT SL
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goggotatcaccggectggaagect tggtgaagggcaactacategeggtgegecceggt
AGI TGLEALVKGNY ! AVARPSG
gacaagggcggegeccegeaacgegaat tcgaggegeggeccaaggegeegecge tggac
D KGGAPQRETFEARPIKAPPLTD
ctgegeteccctggectgeacctgatgetgt t tactgaaaaccteggt togetggagata
LRSPGLHLVYLFTENLGSLEVY
V(transposon &)
ggcageccgat tetgtacaageaggtcaaggteggeteggtgcagagetaccaatteteg
GSPILYKQVKVGSVAQGSYQQFS
cggacccgcaageagt tggtgatceggegtgeacatcgagaaggaatacgaagggetogtg
RTRKAQLV I GVHIEKEYET®GLYVY
aacggt tegacgeget tetggaacgecageggegtcacet tgaccggtggectgacegge
NGSTRFWNASGVYTLTGGTLTSG
ggcatccaggicaagagegagtcgetgeaaagectgatggecggcggtategeot tegac
G 1 @ VKSESLQSLMAGGI!I AFD
acgccggaaccceaatgtgecgctgaaaaagegtateecgegt t tecgectgtatgecgac
TPEPNVPLKKARIPRFABARLYAD
aaggagcaggcgacgceagaaaggeacgetgatcageatcaaggtcegatcgegecgatgge
KEQATQKGTL I S I KVDRADSG
ctgegttegggeacgectatecget tcaagggectggatgicgocaaggtcgaaagegtt
LRARSGTPIRFKGLDVGKVESYV
gacctgageggcgacctgeagtcggtgctgetcaaggeccggatcaccgaagtgecggag
b LSGDODLAE@SYLLKARTITEVEPE
cgtatcocgegoot togeagecagt tetgggtogtcaagecggaget tgggt tgatcaag
R1T ARVGSQFWVYVKPELGL!I K
accggeaacctggaaaccetggtgaccgggeagt acatcgaagtgcagecggeggegaag
TGNLETLVIGQY I EVAQPAAK
aa

Fig. 6. Nucleotide and deduced amino acid sequence of the Tn5 flanking
region in P. chlororaphis 06 D1
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P.flu.
A.vin.

D1

P.flu.
A.vin.

D1

P.flu.
A.vin.

D1

P.flu.
A.vin.

D1

P.fliu.
A.vin.

D1

P.flu.
A.vin.

D1

P.flu.
A.vin.

1 RKHTRFWNASGI S 1DANLSGVKVRSESLAS | VAGG | AFATPENRRDSPPTOPSLPFRLYE 60
21 Koo 272(87%)
215 ...l TV..GG. ..FHT. ..o Koo R...... D 274(69%)

61 DFDAAQAGIRVKVKLSDFEGLQAGRTPVMYKG | QVGNLKALKVDPDLSSAAELTLDPLAE 120
273 ..... A Lo 332
275N T KMLE. L Voo [..T.QIE.G..RM......... 334

121 DYLVQGTQFWVVKPS|SLAG I TGLEALVKGNY | AVRPGDKGGAPQREFEARPKAPPLDLR 180
333 ..... T 392
335 ..F..EAD......... GV............. GM...E..ASVR.S.V..S....M.. 3%

181 SPGLHLVLFTENLGSLEVGSP {LYKQVKVGSVQSYQFSRTRKQLV I GVHIEKEYEGLVNG 240

241 STREWNASXXXXXXXXXXX | QVKSESLQSLMAGG | AFOTPEPNVPLK-KRIPRFRLYADK 300
453 ... ... V.GVILTGGLTGG. ........ Tooooin E..QAKA. .Q-........ F.SH 512
455 ... .. —-GVTLSGGLSG.E.......T.L......E. .D.EASANTR....YA.H..R 514

301 EQATQKGTL-1SIKVDRADGLRSGTP | RFKGLDVGKVESVDLSGOLQSVLLKARITEVPER 360
S13 DE.N. . AV-VT. ... L. Vool lo.... T..... PToooe. K 572
515 .T.L.A.LE-LQ.R..SG.. .KA..... Yoo GE..D....... R....QAA.. 574

361 1ARVGSQFWVVKPELGL IKTGNLET 385
573 .o S.... 597
575 (... .. R..... MR.A..D. 599

Fig. 7. Comparison of deduced amino acid sequence of the P. chlororaphis

06 D1 Tn5 flanking sequence with amino acid sequences of mce from

other bacteria.
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3). C2 mutant®] Tn5 flanking sequence &4

C2 mutant®] flanking sequence:™ purine AFAA FHAs+= AIR
synthaseg ¢35 UA+v purM3} %L homologyE R YAt Sequencing 2
3} full length open reading frameg 7FAlz ¢11o™ 352702 amino acid&
TEE FAAR pl 4999 °F 37kna subunitez FAH AT (Fig. 8
and 9). AGGA #X2% binding site® 7}A 31 YU Tnb7t AYd REL
17497 amino acidol A AHo]l purMo]l BdAHE Aoz A a"Eul. AR
synthaset purine AFAHNAM F23% producty! Formyl glycinamidine
ribonucleotideo| /1 5-Aminoimidazole ribonucleotide® XAt FHod=
frd Aot} AIR synthaser AIRSS} AIRSCY $7}A] subunito 2 o] o)A
N o™, N-terminal ¥ ¥+ ATP-binding site’} 31.0.¥, C-terminal domain
sulphate binding site7} &A%t} tt2 ORFo] downstreamZ 2 purMo
EA 3}, Patial deduced amino aadO] 71+ 3dFA % AIR synthaseS 433
il = purN FAA% AEA) ¥ ORF7L &4sts AL FAsgoh
P. chlororaphis 069 = purM i} purNol 31t operonlZ EA)EE Ro=Z
Azt ¥1E C3 mutantl A purMo] Tn57F AL = QA8 transposon]
polar effectol]l 28] purN FAAYLHE o]Fojx]x] = Ao F Z=AHL}

rlo

% /ﬁ/////// 7 it ////////
. /  ALRSC

ctcaagcttgataaaatcgegegect tcgcagaccggcaacageegggggt cgetgaaat
gattgcgtggeat tgecgecgegactgt ttcaatggect cectggact cggtegataccee
cctgaatccccectaaaggectggatcatgagecaageaaccctcecctgagetacaaagac

purf  R.B M SKAQPSL SYKTD
gccggtgtagacatcgacgecggtgaageat tggtcgaacgeatcaagagegt cgecaag
AGV DI DAGEALVERIZKSVAEK
cgecactgegegeccggaagtcatgggeggectgggegat t teggegecctctgegaaatce
RTARPEVMGGLGGTFGALTE CE I
ccggecggctacaageagecggtactggtctceggeacecgacggegtgggeaccaagety
PAGYKQQPVLVYVSGTDGVYGTHKIL
cgcctggeactgaacctgaacaageatgacageatcggecaggacetggtegecatgtge
RLALNLNKHDSI GQDLVAWMEC
gtcaacgacctggtggtctgeggtgccgagecgetgt tet tectegactactacgecace
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VNDLVVCGAEPLFFLDYYAT
ggcaaactgaacgtcgacgtegecgecacegtggt taccggeateggtgscggetgegaa
GKLNVDVAATVVITGI GAGTE CE
ctggetggetgetecctggt tggecgatgaaaccgetgaaatgecaggeatgtacgaagge
L AGCSLVYVGGETAEMPGMYTES®G G
gaagactacgacctggecgget tetgegtcggcgtggtggaaaaagecgaaatcategac
EDYDLAGFCV GV VEKAETI 1D

v (Transposon inserted site)
ggctccaaggt tgecaccggegacgecctgetggecctgecgtct teeggteegeactee
G SKVATGDODALLALPSSGPHS
aacggctactcgetgatecgecaagatcatcgaagtctceggegecgacatcgaaaccgtce
NGY SLIRKI'I T EVSGADIETYV
cagctcgacggcaagecgt tgaccgaactgetgatggecccgaccegeatctacgtcaag
Q LDGKPLTELLMAPTR RI YVK
ccactgetcaagctgatcaaggacactggegeggtcaaagecatggeccacatcactgge
PLLKLI'I!KDTGAVYKAMAHI TAG
ggeggectgetggacaacatcccacgegt tctgecaaaaggegeccaggecgtggtcegac
GGLLDNIPRVYLPKGAQAVVD
gtggccagetggeagegtccggeggtat tcgactggetgecaagagaagggeaatgtcgaa
V ASWQRPAV FDWLQEZKTGNVE
gaacacgaaatgcaccgegtgctgaactgegacgtgggcatggtgatctgegtggetcag
EHEMHRYLNCGVY GMV I CVARQ
gagcacgt tgaaagegecctgaacgtcctgegegaagecggegaacagect tgggteatt
EHVESALNVYLREAGEQ QPWVI
ggtcagatcgetagegecgecgaaggegetgeccaggt cgagetgaaaaacctcaaggea
G Q! ASAAEGAAQVELIKNTLTKA

purN
cattgatgcaagagecgatgecagecacctgtgatgtagtggtgetgttgtceggtaceg
H - r.b. MPATCDVVYVY LLSGT

gcagcaact tgcaggecctgatcgacagtacccggeccgacgacageccggt
G SNLQAL I DSTHR®PDODSEPEP

Fig. 8. Nucleotide and deduced amino acid sequence of the P. chlororaphis
06 C2 Tnb flanking sequence
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G2 purM 1 MSKQPSLSYKDAGVD |DAGEALVER | KSVAKRTARPEVMGGLGGFGALGE [PAGYKQPVL 60

PoEIUOTeSCENS 1 . 60(97%)
Posyringae 1 L Ko 60(94%)
P.aeruginosa 3 ... Gt 61(87%)
C2 purl 81 VYSGTDGVGTKLRLALNLNKHOS | GADLVAMCVNDLVVCGAEPLFFLDYYATGKLNVOVAA 120
PoRluOrescens B1 ... .. 120
P.syringae 61 L S T.. 120
Poaerugingsa B2 .. ... 121

C2 purM 121 TVVTGIGAGCELAGCSLVGGETAEMPGMYEGEDYDLAGFCVGVVEKAE | | DGSKVATGDA 180
PUOresCans 121 L. 180
P.syringae L1 T ¥ AN A... 180
Poaeruginosa 122 ... .. . R.QA... 181

C2 purM 181 LLALPSSGPHSNGYSL IRK | |EVSGADIETVQLDGKPLTELLMAPTR YVKPLLKL IKDT 240
Pofluorescens 181 1 . . . i 240
P.syr ingae Bl AL NE E. 240
P.aeruginosa 182 1.......... ... .. .. ... ..., AQ........ AD. ... Q...Q. 241

G2 purM 241 GAVKAMAH1 TGGGLLDN | PRVLPKGAQAVVDVASWARPAVFDWLQEKGNVEEHEMHRVLN 300
P.fluorescens 241 ... . . ... ... . . .. . ... N 0.T....... 300
P.syringae 241 Qoo QQ..AN....... 300
P.aeruginosa 242 ....... ... ... .. ON....1..... N Q...0.T....... 301

C2 purM 301 CGVGMVICVAQEHVESALNVLREAGEQPWY | GQ | ASAAEGAAQVELKNLKAH 352
P.fluorescens 301 ............... V... T..0 .o A 352

P.syringae 301 ............... ALK D 352

P. aeruginosa 302 ........... SDAK..E...A......Q..R.ETCGAD.ER.V.N.. .N. 353

Fig. 9. Comparison of deduced amino acid sequence of the P. chlororaphis
06 C2 Tnb flanking sequence with amino acid sequences of purM encoding
from other bacteria.
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2}, C2 mutant®] 2.0] Zw¥t¥o] )3k induced systemic resistance’s &

Wild-typel P. chlororaphis 069} purine A &Ale] AE C2& 2
o] Hegld HEIY F, 2o ZWEE {9 Corynespora cassiicola
CM2000-1& HFstd ¥ AFY F= AP #Ha HIEE HAA3Ah
Wild-typeQl P. chlororaphis 06 AE4 WAFdo2ZA HAYY FH& 7t

A3 9l Corynespora cassiicola CM2000-1& HZ3 F Zud dHu$4g
ZAE S ), Wkl A A S A g o, P chlororaphis 06 C2¥ ¥ A
B4 Fx sgol AAEe HAF TS AT controlF H|EA WukEst
Bol gAY (Fig. 10).

©

o

2

S 3 06

o

£ control

g c2

z

treatment

Fig. 10. Induced systemic resistance ability of P. chlororaphis O6 and C2
mutant. Cucumber plant with completely developed third leaves were
spray-inoculated with conidial suspension(10° spores/m!) of Corynespora
cassiicola CM2000-1 and incubated in a mist chamber at 30 C. Symptoms

on inoculated leaves were observed 3 days after incubation.
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vk, P. chlororaphis O6 mutant C29] A ZMa Az =&

P. chiororaphis 069 C2EHWo|FE 20| FA}o seed coatingsdts
colony forming unit/g of root& ZAIS AFY 7] BE F&E: 4x10°
CFU/seede.2 Fd3A o, 59 Foll P. chlororaphis 06% 6x10° CFU/g
of root2 2 ZF7+atH o, P. chiororaphis 06 C2% 5x10° CFU/g of rooto.2
Z71d HEF FH ¥E §lo] colonizationo] HA &tk 109 T P
chlororaphis 06% 3.4x10° CFU/g of root2. 2, C2 Ed®olFE 2x10° CFU/g
of rooto] At oleld A2 Kol P. chlororaphis 06 purine AFA 53 o)
g BAA ARsted B4 fAAYL € 5 YT, By AF 5y

of HE Ay FFHA 2AAL B3k}

1.E+08 3
—— (06
—&— C2
°
°
2 1.E+06
)
[
@)
1.E+04 '
0 5 10 15
day

Fig. 11. Colonization ability of P. chlororaphis 06 and C2 mutant on
cucumber root. P. chlororaphis O6 and C2 were grown in LB until
OD600nm=0.4. The bacteria were inoculated at a cucumber plant and
incubated at 28 C. At defined times, growth of bacteria was determined by
plating serial dilutions of sterilized water on LB agar plates containing
appropriate antibiotics,
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2

AEHE A AMAse AE82d AT (Rhizobacteria)g o] €3t AE
e WAEte AEA wald #3 Q37 @A ol R gtk 2y
%+ 31715 rhizobacteria® H A ZFojr ALRstT A 3

B T st MRS AE B A4%E T

il

o] rhizobacteria7} FEo] EAsAE | AEH Aol #EHT 1 olst
A ASAE Aol FEHA ol B AFAHLS HE3E rhizobacterial
HEAQFTH o}F T 89 F9o ol aAA AE e P 3
¥ A7 rhizobacteria® HA EFNA Algstm 25 FES Z7b A
= L I - B S R

e
of
fo
o

H

Lo} HeAe o E rhokd {1k Fo] EulgEnh Ruldo
A F71%kel B Tl HlE 108 oldom EAFTEL FASYTE F B B
gl MAate wAEEo] F23 carbon source® f

benzoic acid, oxalic acid$} acetic acid$} 22 #7144t F2 o] g3le Aow
AzZtE ol d¥tH o 2 PseudomonasEE S ATEL &

Yo AgatH A giREe] ey AFEL TE F Bdrgdoz Alg
st Aoz delAd Yo A A TAA rhizobacteria® A& A S-
7138 A AT o 2N rhizobacteriad] AEF] S F F IS Ao
2 Az

ol
S YUY E g9 AFE Hy EudL olgslEd o]l A7 Mol B
HolF & Adstgn}. ol&9 Ao W} rhizobacteria®] ¥a] A &of ofw st
FEgFE T AL B3 02 A rhizobacteria® AA] EAd ALE o Fo3s

g
ARE ATE F & Aol
EQ4Wo] F9 3 P chlororaphis 06 H10& g 2uldg o
¥Ho2 39 wild type strain 06 2ot © #a4 (3= AS FFeYo
P. chlororaphis 06 H102 fmcl$ DUF1E& Z4E3E promoter ¥} Tnb7}t
AU H A}t Fumarate hydratase® #1@ 34 o)A fumarate?t malate® 7 8=
= #Ad #Fojdttl, DUFIL two componant system regulatory protein®
sensor histidin kinase®} response regulator® Y33t} DUF19) 93] =45
oA 3= negative regulatory protein®] o]to] A gl BulAe v wiy o
|3t Hog AztsEod .
P. chlororaphis 06 D12 #z] BEujo g oJtgoz o] gjA A
78t mutanto] ). strain D1 mycobacterial cell entry(mce) § 32} HEo
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Tn57F A4 = ATt Mce¥ colonizationd] #ejatm, AX Stol A MES7] ¢
& F83 proteino 2 AE3dh o] mee AR BE A 715 gEA
A FRAT, HE B Endr PFo) @A E Aow By P Buld
S YL olgdted FAst: FHAA4Y Aow Agdr

P. chlororaphis 06 C2%¥ purM 3= F-Eo Tn57F 4dse] ¥
FHldE Ay o] &3tx ZE3Uth. PuwME purine A4 FAH A formyl
glycinamidine ribonucleotide Al 5-aminoimidazole ribonucleotide® 48}
b #odste Aol (Fig. 1) P. chlororaphis 06 C2¥ purM #3A7}+
&l el W purineo]l ¥ HA Eshed Bl BEuldo)M zEpx] £&t
T AoE A5 dY 99 22 d3E Hol purined rhizobacteria’t ## &
WA S JSFYPeR o] 833 colonizationd] FHoJstE FLe AEo|zn A
Hojz

TnS 49 HHE F2Ystn By Eod ol 8o #dH HAUAAE
29ty Z+7e] FAx dHES EdWolF o triparental matingo] 2]3)
HolAA 28 FAAY Tns Ed¥FEY &438 ¥ Evd ojf 79
< complementation® =] #¢ldlE AHL - ol A olth, 3+ northern
hybridizationol] &3 ¢1& fHdAe] ddxd JFE AT Aol

Ao ddBAELS AE9 B A
dE0) YUY Z HQASY, rhizobacteria’l &2 A HHs ¥ A
e frEsted od dYdEe] 8a7HEX & W Aolth o#He A
FHE 7% 2 A rhizobacteria® 20]9 ¥zlo] HFd o o] EIAEL
Zo] FYT o B rhizobacteria®l A& HF F#H3 Z Rk ol

YAE WAL FINL F AL Aol

i)
!
ok
2,

>
4

do
oo
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A 9 A Transcriptional regulation and mutational
analysis of a dctA gene encoding an organic acid

transporter protein from Pseudomonas chlororaphis
06

1. Introduction

Biocontrol conferred by root-associated microbes is attractive as an
alternative and supplemental approach to plant disease control. Certain
root-colonizing pseudomonads display biocontrol potential through a
diversity of mechanisms (O'Sullivan and O'Gara 1992; Whipps, 2001). The
aggressive root colonizer Pseudomonas chlororaphis (Pc) 06 produces
phenazines with antifungal activity (Tucker et al, 1995) and stimulates
plant defense gene expression (Spencer et al, 2003). Although colonization
of roots by this bacterium is vital for successful biocontrol, little is known
about the preferences in PcO6 for nutrients during root colonization
(Lugtenberg and Dekkers, 1999). Root exudates contain a complex of
sugars, dicarboxylic acids and other compounds (Lugtenberg et al, 2001;
Philips and Streit, 1995).

During analysis of the genes adjacent to the gacS gene, encoding
a global regulator (Spencer et al. ,2003), in an 1lkb BamHl-fragment from
P06, we detected a sequence with homology to C4-dicarboxylate
transporter genes from other microbes. In the nitrogen—fixing root colonist,
Rhizobium legumiiosarum (Giblin et al, 1995 Yurgel et al, 2000), three
genes encode a complex conditioning a C4-dicarboxylate transport (Dct)
system. An H+/dicarboxvlate symporter protein is encoded by dctd,
whereas dctB and dctD genes encode a two-component sensor-kinase and
a response-regulator that regulate transcription of dctA in the presence of
dicarboxylates. Mutations in any of these three dct genes eliminate
transport and growth on C4-dicarboxylates. Thus, the dcfA mutants of
Rhizobium do not grow on malate, fumarate, and succinate as sole carbon
source although growth is normal on sugars (Giblin et al, 1995 Yurgel et
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al,, 2000). The transport of these C4-carboxylic acids is essential for the
process of nitrogen fixation because this property is lost in the dctA
mutants.

In this work, we describe the cloning of the gene from PcO6 with
homology to the dctA genes in Rhizobium and other pseudomonads. We
investigated how transcript accumulation of the dctA gene in PcO6 was
regulated by organic acids and glucose, in the presence and absence of
C4-dicarboxylic acids. To examine the influence of this transporter on
growth we generated a mutation in dctA in PcO6 to study the utilization
of different carbon sources.

2. MaterialsandMethods.
2.1. Bacterial strains and growth conditions.

The PcO6 strain, isolated from the roots of wheat grown in Logan
Utah (Tucker et al, 1995), was stored in 15% glycerol at -80 C. King's
medium B (King et al, 1954) or M9 minimal medium (Sambrook et al.,
1989)with designated carbon sources (0.2% glucose, fructose, sucrose,
inositol, citrate, succinate, malate, fumarate, benzoic acid, and acetate) was
used for growth on medium solidified with agar or in liquid medium, with
shaking at 100 rpm at 26 T. Media were amended with the appropriate
antibiotics: ampicillin (50 gg/ml), tetracycline (20 gg/ml) or kanamycin (50
pg/ml).

2.2. Cloning of the dcfA gene.

The dctA gene of PcO6 was located adjacent to the gacS gene
{GenBank accession number gacS, AF192795) on an 11kb BamHI-cosmid
clone, pL2IR (Fig. 1). A 45kb Xbal/BamHI fragment from pL21R was
ligated into pUCI9 to vield pL21D. Clone pL21D and its subclones were
used to determine the sequence of the dctA gene. The GenBank accession
number for the nucleotide and deduced amino acid sequences of the detA
gene of PcO6 is AY210439.

- 188 ~



2.3. DNA manipulation.

DNA manipulations for cloning and subcloning were carried out as
described in Sambrook et al. (1989) and Ausubel et al. (1989). Other gene
manipulations including isolation of genomic and plasmid DNA, sequencing
and DNA sequence analysis were done as described previcusly (Kim et al,
1999). Nucleotide (nt) and deduced amino acid (aa) sequences were
analyzed using the University of Wisconsin Genetic Computer Group (GCG)
packages and NCBI Blast program. Hydrophobicity and transmembrane
domains of deduced aa sequences were analyzed by the Soshi program
(http://sosui.proteome.bio.tuat.ac.jp). The promoter sequence of dctA was
analyzed by using the web-based Promscan software designed for detection
of bacterial sigma factor-54 binding sites (www.promscan.uklinux.net). The

phylogenetic relationship between dctA genes from different microbes was
determined using a 1,300 bp sequence and the CLUSTAL-W program of
WORKBENCH. For Southern analysis, total genomic DNA from PcO6 and
dctA mutants was digested with BamHI, and the fragments were separated
by electrophoresis, before transfer to a positively charged nylon membrane.
The membrane was probed with a 1.8kb Kpnl/BamHI fragment from
pL21D, containing the dctA open reading frame {ORF), labeled by using a
random DNA dig-labeling kit (Roche Molecular Biochemicals, Mannheim,
Germany).

24. Effect of growth phase and carbon source on expression of the dctd
gene.,

PcO6 cells were cultured in minimal medium containing 0.2%
glucose and/or 0.2% various organic acids. Cells were harvested at
0OD600nm=0.1 for early-log phase cells, at 0.7 for mid-log phase cells and
at 15 for late-log phase cells. Total RNA, isolated from these cells
according to Ausubel et al. (1989), was separated on 2% formaldehyde
agarose gels, and blotted onto positively—charged nylon membranes (Kim et
al,, 1999). Northern and Southern hybridizations were performed using the
user's guide of the nonradioactive Genius system (Roche Molecular
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Biochemicals, Mannheim, Germany). Chemiluminescent immunodetection was
performed at room temperature using Kodak X-ray film.

RT-PCR analysis of total RNA isolated from PcO6 cells was
performed to confirm expression of the dctA gene. Total RNA was isolated
using the Trizol™ method following the user’s manual (GIBCO BRL,
Rockville, MD, USA). RT-PCR was performed using the QuantiTect SYBR
Green reverse transcription-PCR kit (Quiagen Cat. No. 204243). Two
specific primers for the dctA gene, forward (5'-TTC TGT ACC GTC GTC
AGT GG-3') and reverse (5'-CAT CCA GGG TGG ACA CAT C-3') were
added to the reaction mixture. Specific primers for the 16S rRNA gene,
forward (5'-TGG CTC AGA ACG AAC CCT GGC GGC-3') and reverse
(6'-CCC ACT GCC TCC CGT AAG GA-3') were used for an internal
standard. A 2540 mixture was incubated at 50 C for 30 min for reverse
transcription, followed by RT-PCR. A Rotor-Gene 2000 Real Time Cycler
machine was used for 35 cycles with denaturation at 94 C for 15 seconds,
annealing at 55 C for 30 seconds, and extension at 72 C for 30 seconds.
Software generated by Corbett Research Inc., Australia, was used in the
analysis of the PCR products.

25. Generation of the dctA mutant.

The dctA gene in plasmid pL21D was disrupted by the insertion of
a 09 kb Kpnl fragment containing a kanamycin resistance gene from the
plasmid pRL648 (Elhai and Wolk, 1988) into the unique Kpnl site within
the dctA ORF. The chromosomal dctA gene in PcO6 was exchanged for
the disrupted version as previously described (Miller et al, 1997) using the
exchange vector pCPP54 (Tc®). Three putative mutants were selected based
on their resistance to kanamycin and sensitivity to tetracycline, on plate
medium containing 5% sucrose. Southern analysis, using DNA extracted by
the standard cetyltrimethylammonium bromide method (Ausubel et al, 1989)
and the dig-labeled dctA gene as a probe, was used to confirm disruption
of the dctA gene.
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2.6. Growth studies on the dctA mutant and wild—-type.

Growth of the dctA mutant was compared with that of the
wild-type in M9 minimal medium containing 0.2% sugar or organic acid as
sole carbon source. Growth was determined in liquid culture by assessment
of optical density at 600nm or by counting colony forming units/ml on
King's medium B agar plates.

3.Results.
3.1. The dctA gene of PcO6.

A dctA-like gene was observed in the PcO6 genomic fragment
pL21D (Fig. 1) separated from gacS by a predicted ORF encoding an
unknown function, orfX. A 1kb sequence adjacent to the dctA-like
sequence (Fig. 1) had an incomplete predicted ORF but because the partial
sequence had 6070% identity with putative dctB-like genes encoding
transcriptional regulators in Pseudomonas fluorescens PfO-1 and P.
aeruginosa PAO]1 we designate this sequence as dctB (Fig. 1).

The dctA-like gene had a predicted 1,332 bp ORF, with a deduced
aa sequence of 444 residues, corresponding to a subunit molecular weight
of about 47 kD and pl 8.2. The nucleotide sequence of the dctA gene from
PcO6 was similar to other dctA genes in other plant associated
Gram-negative bacteria and E. coli (Fig. 2). At the amino acid level the
deduced DtcA protein had 90% identity with P. syringaepv. tomato DC3000
and pv. syringae B728a, 88% identity with P. fluorescens PfO-1 and 86%
identity with P. putida KT2440 compared with lesser 60% identity for
DctA from Agrobacterium tumefaciens. The deduced amino acid sequences
for the PcO6 DctA had at the N terminus, between aa 35 and 54, a 100%
match, and at the C ferminus, between 291 to 318, a 28/29 match with
DctA proteins characterized as functional H+/Cs-dicarboxylate symporters
(Janausch et al., 2002).
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Fig. 1. Restriction enzyme maps of genomic DNA from PcO6 in plasmids
pL21R and pL21D containing the dctA gene. Arrows indicate the ORFs and
the orientation of the genes. A partial sequence for a dctB-like gene is
detected adjacent to dctA. Relevant restriction sites and fragment sizes are
indicated: B, BamHl; K, Kpnl; E, EcoRI; and X, Xbal.
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Fseudomonas fluorescens

Pseudomonas chiororaphis 06
Paeudomonas putida KT2400
Pseudomonas aeruginosa
Escherichio ool

Pseudomonas putida

Pseudomonas syringae
Xanthomonas axonopodis

- Xanthomonos campestris

R. leguminosorum

Rhizobiurm meliloll

Agrobacterium tumetfaotiens

Fig. Z. Phylogenetic relationship between the dctA genes. Nt sequences
were used in construction of the phylogenetic tree using the
CLUSTRAL-W program based on the dctA genes from the completed
genomes available from TIGR for P. putida KT2400, P. fluorescens 89 and
P. syringae pv. tomato DC3000; and from GenBank for A. tumefaciens
AER009259, E. coli K12 NC_000813, P. aeruginosa AEQ04545, P. putida
AF079997, R. leguminosarum Z11529, R. meliloti J03683, X. axonopodis
NC_003919 and X. campestrispv. campestris NC_003902.

The deduced aa sequence had ten putative transmembrane
domains. The sequence (TGGCACGGGCTTTGCG) located between nt 82
and 98 bp upstream of the predicted start codon of dctA was identical with
the accepted sigma-54 binding site, TGGCACGmnnTTGCw (Barrios et al,
1999). There was no sequence in the dctd gene promoter resembling a
binding site for the cyclic AMP receptor protein (CRP) (Davies et al., 1999;
Busby and Ebright, 1997). There was a potential rho-independent
terminator located 14 bp downstream of the stop codon, consisting of a
palindromic stem-loop structure (AG= -15.6 kcal/mole) followed immediately
by six T's in the sense strand.
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3.2. Expression and transcriptional regulation of the PcO6 dctA gene on

different carbon sources and at various growth phases.

Expression of dctA was dependent upon carbon source and growth
phase (Fig. 3A, 3B, 3C). A transcript of about 1,500 nucleotides was
detected by Northern analysis from early log-phase cells grown in
succinate-minimal medium (Fig. 3A). Expression was not detected in mid
log~ or late log-phase cells (Fig. 3A). With glucose as the sole carbon
source there was only weak (Fig. 3A) to no transcript accumulation (Fig.
4) in the early log-phase cells (Fig. 3A). Addition of glucose to succinate
(Fig. 3B) greatly decreased transcript accumulation from detA in the early
log-phase cells. The transcript level was lower in the early log-phase cells
when malate was used as the carbon source in comparison with expression
in cells grown on benzoate (Fig. 3C), fumarate (Fig. 3C), acetate (data not
shown) or succinate (Fig. 3B).

The regulation of transcript accumulation by growth phase and
carbon source was confirmed using RT-PCR (Fig. 4). The sizes of the
PCR products were 179 bp for the dctA transcript and about 300 bp for
the 16S rRNA product. The dctdA transcript was more abundant from
early-log phase PcO6 cells (OD=0.1) grown on succinate and fumarate than
on malate (Fig. 4A). When fumarate was used as a carbon source (Fig.
4B), more dctA product was produced with RNA from early log-phase cells
than cells harvested at later growth stages. Low levels of dctA product
were generated with extracts from cells grown on glucose (Fig. 4A, B, C).
Addition of glucose to fumarate (Fig. 4C) reduced the level of detA
PCR-product from early log-phase cells compared with growth on fumarate
alone, but levels were restored in the mid (OD600nm=0.7) and stationary
phase (OD600nm=1.5) cells.
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Fig. 3. Regulation of transcript accumulation for dctA in PcO6 cells.
Transcript accumulation for detA in PcO6 was determined by Northern
analysis of cell extracts prepared at early (OD600nm=0.1), late log-phase
(OD600nm=1.0) and stationary-phase (OD600nm=15). Transcript accu-
mulation of TRNA was determined to control for equal loading of the lanes.
Cells were grown in M9 medium containing: A, 0.2% glucose or succinate;
B, 0.2 % glucose, malate, succinate, or 0.29% glucose plus 0.29 succinate;

C, 0.2% benzoate, fumarate or malate.
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Fig. 4. Expression of dctA and rRNA genes in

PcO6 as detected by
RT-PCR analysis. PcO6 cells

were grown to early-log phase
(OD600nm=0.1); mid-log (OD600nm=0.7), or stationary—-phase {OD600nm>1.5)

on M9 medium containing: A, 0.2% glucose, succinate, fumarate or malate;
B,0.2% glucose or fumarate; C, 0.2 % glucose, fumarate or 0.2% glucose

plus 0.2% fumarate. PCR products from the dctA and rRNA genes are
shown.
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3.3 Growth of the dctA mutant compared with the wild-type.

Construction of mutants, M1, M2 and M3, with insertions in the
detA gene of PcO6 was confirmed by hybridization of a dctA probe to
chromosomal BamHI fragments that were larger in size from the mutants
than from the wild-type (data not shown). Both the dctA mutant M1 and
wild-type 06 strains grew equally well in liquid M9 medium containing
glucose, fructose, sucrose or inositol as well as citrate. Growth rates and
final cell densities were equivalent (data not shown). However, the dctA
mutant did not grow on acetate, succinate, benzoic acid, or fumarate, each
of which supported growth of the wild-type. On malate, growth of the
detA mutant was delaved in comparison with the wild-type although the
subsequent rates of growth were comparable. When cells were grown on
malate, transferred to glucose and inoculated back into malate the delay in
growth was still observed for the dctA mutant (data not shown).

4. Discussion.

We deduce that the dctA gene from the root-colonizing pseu-
domonad PcO6 encoded an H+/C4-carboxylic acid symporter essential for
aerobic growth on certain organic acids. The sequences for the PcO6 gene
at the N terminus, between aa 35 and 54, had a 100% match, and at the C
terminus, between 291 to 318, a 2829 match with DctA proteins
characterized as functional H+/C4-dicarboxylate symporters, rather than the
Na+ symporter class (Janausch et al, 2002). Homologues with near 90%
identity to the PcO6 dctA gene were detected in the genomes of other
pseudomonads, P. fluorescens PfO-1, P. aeruginosa PAOl and the plant
pathogenic isolates, P. syringae pv. tomato DC3000 and pv. syringae B728a.
Phylogentically the DctA class of dicarboxylate transporters forms a
discrete group removed from the other classes of dicarboxylic acid carriers
involved in anaerobic transport in E. coli. Our prediction of ten
transmembrane spanning regions for the DctA protein is consistent with
the DctA proteins having a range between ten and twelve putative
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transmembrane helices, whereas the anaerobically-functioning class has
twelve transmembrane spanning domains (Janausch et al, 2002). However,
the location of the dcftA gene near to the gacS gene of PcO6 is different
from the locations of dctA genes from P. aeruginosa PAQl, P putida
KT2440 and P. syringae pv. tomato DC3000 based on searches in the
TIGR data base, suggesting that chromosomal location is not conserved.

A putative histidine kinase with limited similarity to gacS was
present, according to data in the TIGR data base, near the assigned dctA
gene of Sinorhizobium meliloti 1021. The finding of a sequence upstream
of dctA in PcO6 (Fig. 1) resembling the dctB-like genes for putative
sensor kinases in P, fluorescens PfO-1 and P. aeruginosa PAQO1 suggests
the potential for a sensor kinase-regulator pair as described for Rhizobium
(Gilbin et al, 1995). Like the dctA gene from Sinorhizobium, the promoter
of the PcO6 dctA gene had a sigma factor-54-consensus sequence. At
present the precise role of this alternative sigma factor is unclear in
pseudomonads, although curiously they are suggested to be important in
exponential-phase silencing of gene expression (Jurado et al 2003), a
finding that does not agree with our observations of maximum transcript
accumulation in early growth phase cultures of PcO6 from dctA.

We demonstrated that the presence of glicose repressed dctA
expression when succinate or fumarate was used as the dicarboxylic acids.
This situation resembles the finding of catabolite repression in E. coli
(Davis et al, 1999). However, we could not find any consensus for a
cAMP-CRP binding site in the promoter sequence of the PcO6 dctA gene,
although this is the reported mode of regulation for E. coli (Davies et al,
1997; Janausch et al., 2002).

The dctA gene of PcO6 was essential for utilization of the
monocarboxylic acids, acetic and benzoic acids, and the C4-dicarboxylic
acids, succinic and fumaric acids. The requirement by PcO6 for dctA in
the utilization of specific acids differs from that of E  coli and
Sinorhizobium meliloti. Kay and Kornberg (1974) suggested there was a
separate system for succinate uptake in E. coli because its dctA mutant
was only delayed on succinate although there was no growth on fumarate
and malate. In S. meliloti, expression of the dctA gene was essential for
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symbiotic nitrogen fixation and transport of succinate, malate, and fumarate
(Yurgel et al. 2000).

The organic acids utilized by PcO6 in a dctA-dependent manner
could be present in the rhizosphere either from root exudates or from the
metabolism of other soil microbes. For instance, succinic and lactic acids
are produced by the root-colonizing isolate, P. putida RSA9 (Yoshikawa
and Hirai, 1993). Citrate, malate and succinate are the major dicarboxylic
acids in tomato root exudates (Lugtenberg et al, 2001) and the PcO6 dctA
mutant was competent to grow on two of these components. Eventual
growth of the dctA mutant on malate at wild-type rate suggested an
alternative, possibly inducible mechanism, for malate transport in PcO6.
Normal growth of the dctA mutant on citrate also indicated that PcO6 uses
another transporter system for this tricarboxylic acid. Other types of
transporters for dicarboxylic acids are documented in bacteria and their
differential control from the dctA H+or Na+ symporter-class offers
flexibility under different environmental stresses (Janausch et al, 2002).

Our finding that benzoate utilization by PcO6 requires the dctAd
gene is novel. Studies with Acinetobacter sp. and Azoarus evansii show
benzoate is transported by an ATP-dependent transport system, or a
combination of outer membrane porin and inner membrane permease,
respectively (Clark et al., 2002; Gescher et al., 2002). Benzoic acid is used
in plants as a precursor for the salicylic acid that has a signaling function
in the initiation of plant defenses (Leon et al, 1995). We have found that
benzoic acid is a major component in the root exudate of cucumber grown
under sterile conditions (unpublished data).

In addition to the presence of organic acids in root exudates, our
analysis of bean root surface components revealed the presence of several
simple sugars: glucose, inositol, xylose and fructose (Kim et al, 2000). As
anticipated, the dctA mutation did not alter growth on carbon sources
entering the cell by different transport systems. The use by PcO6 of
inositol as a sole carbon source agreed with its catabolism by other
root-and rhizosphere—colonizing pseudomonads, Rhizobium and Bacillus
species (Yoshida et al., 1997, Lugtenberg et al, 1999; Fry et al, 2001). Our
findings that glucose only limited dctA expression in early cultures with
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glucose plus fumarate as a mixed carbon source, would be consistent with
preferential use of glucose over the fumarate. These observations suggest
that the expression of dctA in cells of PcO6 at the root surface may be
transitory rather than constitutive. To understand the relative importance of
each of these different types of carbon sources in root colonization by
Pc0O6, we are conducting further studies with the dctA mutants to probe
whether competency of PcO6 in the rhizosphere is impaired.
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Fig. 1. Determination of the dctA transcriptional start site by reverse
transcriptase-mediated primer extension. RNA was isolated from 06 grown
aerobically in M9 minimal medium contained fumarate as sole carbon
source. Lane P indicates the primer extension production with the primer
for dctA. The sequencing ladder (lanes A, C, G, and T) was generated by
using primer for dctA and plasmid that contained full dctA sequence
including upstream as template. The corresponding nuclectide sequence, its
complement, and the transcriptional start site (indicated by an arrow) are

shown.
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G6GACAAGGECGGATATCC6CCAAATTGTAGGACGAGGGCCG6ATGATGGGC66AAATCCGC

CACTTCGTGTG666CEAG6AGCGC6AAGGECEAGAGCAAACCCTGATETCCAAAGGCCTT

6-54 binding site
CAGGTTTTTTG66CAAGCTLELALGHELTTTEL AT AGCGAGCE AGGAGAAGGGAGCAGC

+1
GAAAGGTETTCCCCGCAGTCTACACAACAAATCCCTTCAGTGCAAGAGGSTTCGCACTTT
-35 -10
derA
- R.B —
AGGCGTCETETGCATCGATG6ATCGTETGCAACGETGCTCTTG AGGAACTTTECAATGAC
M

Fig. 2. Nucleotide sequence of the dctA promoter region. The experi-
mentally determined +1 site is labeled, as are the deduced -35 and -10
sites. Residues matching the corresponding consensus sequence for the
sigma factor-54 binding site, -35, -10, +1, and Shine-Dalgarno (R.B) sites
are indicated. The positions of the predicted start codon of dctA is
indicated.
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Fig. 2. Induction of dctA system by nitrogen limitation. Transcription of
dctA was examined hy reverse-transcription polymerase chain reaction
(RT-PCR) with total RNA from O6 cells grown on different concentrations

of glucose-ammonia.
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Table 2. Effect of the det4 mutation on growth of P. chiororaphis 06 on

different carbon sources

Strains Carbon sources

Glucose = Fumarate Malate Succinate
Wild-type ++ ++ +4 +4
dctA mutant ++ - + -
Com-dctA ++ ++ ++ ++

* Growth of the O6 strains under aerobic conditions in M9 minimal salts
medium containing 04% glucose or 0.4% various organic acids as sole
carbon source was determined by measuring optical density of cell culture
at 600 nm during cultivation. ++; growth rate at wild-type, +; growth rate

delayed, —; no growth.
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Fig. 3. Colonization of P. chlororaphis O6 dctA mutant on cucumber roots
inoculated under non-competitive conditions. At defined times, cell numbers
were determined by plating serial dilutions of root washes on LB agar
plates containing appropriate antibiotics. The means of three separate

experiments are represented, and the standard deviations are represented by

the vertical bars.
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Fig. 4. Induced resistance against a foliar target leaf spot disease caused
by C. cassicola in cucumber leaves of plants with roots colonized by P.
chlororaphis 06 wild-type and dctA mutant. Plants with ISR were raised
from seeds coated with O6 wild-type and dctA mutant cells suspended in
002 M phosphate buffer (pH 7.0) and an equal volume of 2%
methylcellulose. Control seeds were coated with the same suspension
without O6 cells (control). After sowing, 20 ml of the O6 wild-type (0O6)
and dctA mutant (Mutant) cells in King’s B medium or same volume of
cultural medium (Control) were applied once around the seedling, per pot.
Disease severity was estimated 4 to 6 days after challenge inoculation by
counting the total lesion number produced on the fully expanded 2" Jeaf.
The data are mean numbers * standard deviation analyzed from four

different experiments, each consisting of 10 plants.
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A 11 A Gene expression analysis in cucumber
leaves primed by root colonization with Pseudomonas
chlororaphis O6 upon challenge-inoculation with cory-

nespora cassiicola

1. Introduction

A large number of rhizobacteria are present on the surface of plant
root where nutrients are provided by plant exudates. Increased plant
productivity often results from the suppression of plant pathogens through
induction of systemic disease resistance by root colonization with certain
strains of non-pathogenic rhizobacteria. The rhizobacteria-mediated induced
systemic resistance (ISR) is demonstrated against fungi, bacteria, and
viruses in various plant species in which the rhizobacteria and the
challenging pathogen are spatially separated (van Loon et al, 1998).
Rhizobacterial strains differ in their ability to cause ISR in different plant
species (van Loon et al, 1998). The ISR may be involve signaling
pathways in which jasmonic acid and ethylene play kevy roles (Pieterse et
al, 1998), or may be associated with the salicylic acid-dependent pathway,
being related with enhanced expression of PR-la gene (Park and Kloepper,
2000). Rhizobacterial strains may cause resistance to abiotic stresses in
plants. In Arabidopsis thaliana, oot colonization by Paenibacillus polymyxa
induced resistance to drought and challenge by Erwinia carotovora
(Timmusk and Wagner, 1999). Transcripts of a gene responding to de-
siccation stress, ERDI15, accumulate in these plants (Timmusk and Wagner,
1999).

P. chlororaphis 06 was isolated from the roots of field-grown
wheat just prior to harvest (Radtke et al, 1994). Colonization of tobacco
roots by O6 caused ISR effective against to two foliar bacterial pathogens,
the wild fire pathogen, Pseudomonas syringae pv. tabacci and Erwinic
cartotovora subsp. carotovora, a soft rot (Spencer et al, 2003). Expression
of defense-related genes such as PRI-g, HMGR and LOX was induced in
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leaves of plants by root colonization of O6 without pathogen infection
(Spencer et al, 2003). In this work, we investigated whether O6 induced
ISR in cucumber against foliar target leaf spot disease caused by C
cassiicola. In addition, we isolated cucumber genes related ISR, which
induced by colonization of P. chlororaphis O6, by subtractive hybridization.

2. MaterialsandMethods
2.1. Bioassay of induced systemic resistance

For seed coating, P. chlororaphis 08, grown on King’s medium B
agar, were suspended in 0.02 M phosphate buffer (pH 7.0), and an equal
volume of 2% methylcellulose was then added. The bacterial suspension
was mixed with surface-sterilized cucumber (Cucumis sativus L., variety
Baekseong) seeds, resulting in 5x10° to 1x10" CFU per seed. Seeds were
air-dried overnight in a laminar flow hood (Raupach and Kloepper, 1998)
and planted to an approximately l-cm depth in a 10 cm® polyvinyl pot
containing 500 em® of sterilized soilless growing medium (peat moss 7:
vermiculite 3). Seedlings were raised in a growth chamber with a 10 h day
(25 )14 h night (20 C) cycle at 70% relative humidity with daily
watering. One week after sowing, when cotyledons were developed, 20 ml
of 06 cells in culture medium (1x10° cfu/ml) were applied to each seedling
root.

Four-week~old plants with roots colonized by O6 strain were
challenge-inoculated with C. cassicola, a target leaf spot pathogen of
cucumber, by spraying a conidial suspension (5x10* spores/m¢ of sterile
water) and maintaining a 100% relative humidity for 12 h. Four to six days
after challenge inoculation, disease severity was assessed by determining

the number of target leaf spots per on the fully expanded second lear.
2.2. Differential subtractive hybridization.

Total RNA was isolated from cucumber leaves by the Phenol/
SDS/LiCl method (Zhu et al., 1998[18]). A ¢DNA library was constructed
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using ¢cDNA Synthesis Kit/ZAP-cDNA Synthesis Kit/ZAP-cDNA Gigapack
II Gold Cloning Kit (Stratagene) using the poly (A)+ RNA extracted from
the O6-colonized cucumber leaves 12 h after inoculation with C. cassicola.
Subtractive hybridization was performed as described in CLONETECH
PCR-Select’™ cDNA Subtraction Kit User Manual (CLONTECH). For
subtraction, double-stranded cDNAs were synthesized separately from 2ug
of poly (A)+ RNAs extracted from cucumber leaves 12 h after C. cassiicola

infection from plants with and without root colonization of O6.
3. ResultsandDiscussions

Analysis of the data from four experiments indicated that root
colonization by O6 significantly decreased the number and size of target
leaf spots compared to controls, where the plants were not colonized by 06
(Fig. 1). Initial onset of disease was delayed, and final incidence was
reduced. The average reduction in total lesion number per leaf was 75% in
plants colonized by O6. Therefore, colonization of 06 on the cucumber roots
induced systemic resistance against target leaf spot, a foliar disease caused
by C «aassiicola. Since P. chlororaphis O6 colonization on tobacco roots
also protects against bacterial pathogens, such as P. syringaepv. tabaci and
E. carotovora subsp. carotovora (Spencer et al., 2003), O6 root colonization
induces nonspecific systemic resistance on plants with a broad-spectrum
activity of protection.

To obtain an insight into the nature of the O6-mediated ISR, we
employed a subtractive hybridization method. We identified genes with
increased expression in the protected plants by screening from differentially
accumulated mRNAs. In differential screening of approximately 50,000
recombinant clones of the ¢cDNA library, about 100 clones showed stronger
hybridization signals with the ISR-enriched ¢DNA probe than with the
control probe without O6 treatment. Examination of the expression kinetics
of 20 selected clones revealed that six genes were induced more rapidly by
challenge inoculation with the causal fungus in the O6-colonized than
non-colonized plants (Fig. 2 and Table 1) Previously, Benhamou et al,
(1996) reported that the cell walls of ISR-expressing bean plants were
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more rapidly strengthened at sites of attempted fungal penetration to limit
fungal ingress. We proposed that a similar phenomenon of accelerated gene
expression in plants colonized by O6 may account for the ISR
demonstrated in cucumber against C. cassiicola.

One of the more rapidly expressed genes, clone CsISR04 (Fig. 1),
encoded a hypersensitive-induced response protein, documented to be
invalved in a defence reaction. Plants frequently respond to pathogen attack
with the "hypersensitive response” (HR), a rapid localized necrosis at the
site of infection that cordons off the pathogen and limit its spread (Dangl
et al., 1996). The HR-activated protein family is conserved in monocot and
dicot plants, and appears to play a role in induced plant cell death
(Nadimpalli et al., 2000).

The ISR-differentially expressed clone CsISR0Z, shared high
sequence similarity with 60S ribosomal protein, 1.5 (RPL5), that binds to 5S
ribosomal RNS in plants (Mathieu et al., 2003) (Fig. 1). RLP5 homologues
are involved in cellular processes in other cells under stress. In human
senescent fibroblasts, RLP5 interacts with the C-terminal region of PDCD4,
the product of another gene involved in programmed cell death (Kang et
al., 2002). An RPL5 gene was up-regulated in a slow growing astrocytoma
tumor that may become anaplastic and, eventually, progress to a
glioblastoma (Huang et al, 2000). Therefore, O6 colonization may induce
systemic resistance by conferring HR response in cucumber leaves against

the fungal pathogen.
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Fig. 1. Protection from a foliar target leaf spot disease caused by C
cassicola in cucumber leaves of plants with roots colonized by P.
chlororaphis O6. Plants with ISR were raised from seeds coated with O6
cells (O6[+]) suspended in 0.0.2M phsophate buffer (pH 7.0) and an equal
volume of 2 % methylcellulose. Control seeds were coated with the same
suspension without O6 cells (O6[-]). After sowing, 20 ml of the O6 cells in
King’s B medium (O6[+]) or same volume of cultural medium (O6[-]) were
applied once around the seedling, per pot. Disease severity was estimated 4
to 6 dayvs after challenge inoculation by counting the total lesion number
produced on the fully expanded 2 nd leaf. The data are mean numbers =
standard deviation (77.3 + 21.7 for 06 [-] and 193 + 124 for 06 [+])

analyzed from four different experiments, each consisting of 10 plants.
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Fig. 2. Northern blot analysis of total RNA extracted from the cucumber
leaves 0, 12, 24, and 36 h after challenge inoculation of C. cassicola with
(06 [+]) and without (06 [-]) O6 treatment. A 20 ug aliquot of total RNA
was loaded per lane. The RNA blot was probed with P*-labelled ¢cDNAs
and washed at high stringency. RNA equal loading was. checked by
hybridization of the blot with a probe corresponding to the cucumber B
-actin gene transcript. RT-PCR for the transcript ws performed using
primers (Forward, 5 -GGC CGT TCT GTC CCT CTA C-3'; reverse,
5-CAG CTC CGA TGG TGA TGA C-3') and a sensitive
fluorescence-based RT-PCR system (QuantiTech SYBR Green RT-PCR Kit
[Quiagen]).
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A third differentially expressed gene was CsISR0O1, with high
hormology to the GTP binding protein, Rab7 gene (Fig. 1). In plant cells, a
superfamily of small GTP-binding proteins, including Ras, Rho, Rab, Art,
and Ran, regulated diverse cellular responses (Yang, 2002). Morphological
and biochemical studies indicate that different members of the Rab
homologs have a distinct subcellular distribution, and each member is
associated with a particular intracellular compartment along the exocytic
and endocytic pathways (Rutherford and Moore, 2002).

A fourth clone, CsISR05, encoded a ubiqutin/ribosomal protein,
S27a.  Ubiquitin  proteins are involved in various fundamental cellular
processes. Expression of the tomato homologue for the CsISRO5 was
reduced in heat-shocked plants and plants kept in the dark(Hoffman et al,
1991). Messenger RNA level of the human homologue of CsSISRE05 was
higher in tumor tissue than in adjacent normal mucosa taken from colon
cancer patients (Wong et al, 1993). The clones, CsISR06 and CsISK07,
encode proteins with high homology to the Arabidopsis pyridine
nuclectide~disulphide oxidoreductase and signal recognition particle receptor,
respectively. However, functions of those genes in plant disease resistance
or ISR are currently unknown.,

We conclude that root colonization in cucumber by O6 causes ISR
against the fungal target spot pathogen, which is accompanied by more
rapid expression of certain genes, such as those listed in Fig. 1. As
suggested by Conrath et al. (2002), therefore, one of the mechanisms for
ISR may be explained with priming phenomenon induced by rhizobacteria,
an enhanced capacity to mobilize challenge infection-induced cellular
defence responses.
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Table 1. Inferred properties of proteins encoded by genes increased in

expression after pathogen challenge of cucumber plants with roots colonized

by 06" These genes showed increased rates of transcription in comparison

with plants without O6 root colonization.

Clone Accession Putative identfication® Source of compatison ey
(3SR 01 AY365248 (1P binding protein Rab7 Nicotiors tobacum {0362} 112
Gk 02 AY365248 605 eibosomal protein 15 Poum sathvum (BAB33422) e-118
IR0 AdB5247 hypersensitive-induced reaction proteln Hordeum vidgore (RAN17462) 136
k05 AGISY ubiguitin extension protein Lycopersicon esculenturn (UQTOTA} 1e69
(IR0 AT pytidine nucleotide-disulfide oddoreductase  Archidupsis thafiena {NP_190005) 118
IR AY312539 signal recognition particle receptor Archidupsis thaliana (NP_194789) e-15%

# Sequence comparions were performed with the BLAST search from the
National Center for Biotechnology Information (NCBI, USA)

b Sequence homology according to the NCBI BLAST search results.

¢ GenBank/EMBL/SwissProt accession number for known sequences with
the closest match according to the NCBI BLAST search.

d

significant.
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phosphate buffer (pH 7.0)0l FAEd ot&, %9 2% methylcellulose
(Sigma)?t & HAFAet 4 7 5><108 ~ 1x10" colony forming unit
(cfwd ¥& ] ¢ YT T 324 A AxAATY BEE FE
of & TYI 20 FAE FFed YdFY F 2 A9 A FHHAE

2
o, 1 x 10° =2 =4% 06

& AedS 20 ml A BT Ed
#FH Fo gdFonE gold #Me Advkd FAS Ao AWHEA
(Corynespora cassiicola)S AH&38t9th C  cassiicolag  Czapek solution
agar (CSA; Difco) ﬂHXM! HEste] 28 T ¢ AElolA 2 57 sjdssd
At 71ETAE dTd RFDEe Bog AAZS § FRoA AdAx f‘}
Ak Ax¥ HHXV”‘ 200 lux Axe Wo] YHE 28 T F&7ldA 4

X
FAzk WFste] TAE Pt Y ETAE Gl 5x10° spores/ml
o] FEE ZATA 20| e EF HFAU

WA AA AIANEZ Arabidopsis thaliana® A&3t3ed, A
thaliang®l BS Uo7 4 g FBolQl Botrytis cinearia 47098 28 T
G271 PDAu|A oA A i, FAEA ¥48 M IFE
1/2 PDAIRI ] &3 & FAPF 283 oiAE 298 9 Frtel whidelA
FBEAHE FolTgrh HulBAANA spore BHE #elgk § ol PDBY 8%
5+ Arabidopsis 2 3-5u4 drop 3 QUTh BE FEE 2~4x10° spores/ml
o® gy HE F 7-10¢ Fo ¥ukrg FAsAh
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t}. Northern analysis

067 BEF Q0 43} 067 HESA & 2o U FH C
cassiicola (challenger)& A28+, 0, 12, 24, 36, 48, 72417ko] At Q0] ¢
2 BZRE total RNAE &3} 1.2% formaldehyde/ agarose geldl 79 %
3 ™2 nylon membraneo] blotting3tith. 7 43¢ specific expression
patterng 27| 93] 3'untranslated region) A primerg A #3td PCRE F
=3 e PPZ labelingdt probed ol-&3t3th.

2t. RT-PCR analysis
FES $AAEY Sy AZE ok o 2% AW E v R I e

Reverse transcription polymerase chain reaction(RT-PCR)& 3 aatt. 06
E HE3 2ol9 U4 068 HIFA && 209 oA C aassiicola
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(challenger)& HElsle] Alztt] HE %%3 total RNAES QuantiTect
SYBR Green reverse transcription PCR kit(cat. no.204243;Qiagen)ol| %7},
Rotor-Gene 2000 Real-Time Cycler machine (Corbett Research, Australia) &
o] g3ty FAsAT. 7 FAXY specificd primers A &sle] HEF BFo
25ul7t HEH kit®] enzymed & 4L ) initial denaturation®g-2 94 Tol
Al 2%, denaturation®} 32 94 Tell A 30%, annealing@ A< 55 TolA 30%,
extention}4& 72 ColA 45548 45cycles Fastdct A& sto] A3
primert Y3 Zoh
B-actin gene  forward, 5'~-GGCCGTTCTGTCCCTCTAC-3';

reverse, b'-CAGCTCCGATGGTGATGAC-3,
peroxidase gene forward, 5'-CTGACATTCTACTAGCCCTTGGTTCT-3';

reverse, 5’ -TCTGCGTTTGGATTATTGTTTAGG-3,
PRI-I1a gene  forward, 5 -GGCAGCCCAGACTTCTCAGC-3';

reverse, 5’ -GCATCTCACTTTGGCACATCCTA-3,
PALI gene forward, 5’ -ATAACGGTTTGCCTTCTAATCTT-3;

reverse, 5’ ~-CATCCTGGTTGTGTTGCTCA-3'),
CsGolS2 gene  forward, 5'-CAGCAAACCAGACCCAATTT-3";

reverse, 5’ -TCCACTTGGCATTTCAAACA).

v}, abiotic stress # €

CsGolS2 w3 A+9] drought, cold, dark®} #2 abiotic stress o st
SHYANS Dol Y BT E AEY 457 20]F A4 HEXAL 1
S T UxTe 28 dFAdL AE EE FA ¥522A4 A

2 dAElY 8T 9l incubatord] 3 Al Tt WA FOEA
FYA F2dAM dAF ) oy, gz A
el 9] incubator¢tel] 3 AlZF FF A Ete KA G

O6FFE AHEg 20l 067 S H3Ix] Z& 20jd TS
HZEF F total RNAE ®BH3le CsGolS2 A=} probeE ©]-&3t9 northern
hybridizationg A% A3} O6FFE AHEsix g3 g gs HJS$
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AN 24x A ol CsGolS2 transcript7F ©& = 7] Al&gr Wt 0605 A€
sta 2wyvtS HIFR FoAAE 12A0ARE CsGolS2 mRNAZE 55 3
o (Fig. 1). ZHWrE#S HE3 ool A9 real time PCR Z3 northern
hybridization®] Z#9} FA3LA 06T FE AT FoA HLAdT S HE +
12717 qtell ok 68 A9 CsGolS2 transcript’t F71H8He Ho FUa, 22
A% CsGolS2 transcript7l BT wg HE9 ?Oﬂﬂb 24X A el F 7+
S B 2o dH Z719 CsGolS2 transcripts BHET HE T 364177
A g2 FFE ARG AFAA A AAF SR galactinol synthase %
A7 AT HE 98 frdEvE 23t e CsGolS27y At

5
of Zdoll 98] wlmA wE Az 24A12F v fEHI, 06T FE FETT
TAA I o] 1243 Ax wHdve e die T8 gHE s
gk BhwH HAEAY duAgoM HE AFgold W AZA #
e FAAEY 2l A oF 242 5 vk wEkd & A9 Al 9
a3t o6 ol o3 AT Adel e AHES BH Aol FrHE AL
obut CsGolS29t 2L fFraAEe] dde] waAdA AEo] ¥t HY

|

of W f&FdoEA YEhE AHY 7Hs8E A4 &
ATA AEHUYEFS JFF 2ol ME CsGolS2 A A7 063t

o Wz A F¥% HHHEX AgFRE FRlsY) <
Y wg g Lojd A4 9_°] AT AF 8T Pseudomonas
syringae pv. lachymansS HE3 & 12A7 4802 total RNAE F#3lo
northern hybridization® real time PCROl & &l CsGolS2 &4 Ake] ©d 4

& Folsldth HFA FLYET xmoﬂ A3 CsGolS2 F7AAke]

T oAur el e 9 CsGolS2 wAAe] 2y °U‘hlr AR R TE 06T
FE JEFS 2oldlM AT X“?—J‘ﬁ%" AES F 12 AHA 6 B - 8
i F=e CsGolS2 Hh,sjo] 17}0} , 24777 A wE RS AL
g 5]-“ FolAnt. 2EY CsGolS2 7¢ 2
%Ri FrEe Afe g9 AT dFEasd
9 7‘133011/‘1“ BT JF F 12407 36A T S FEHE FF HE

71 Bad 989 Arabidopsis GolS F+AAE AEo] 7HE 59

S o fFEHE AR dHEA gk & AT FAE

olyA gk 06+ "Zr 7} Q0|9 Arabidopsiss S ©l &% A A Eo| 7HEo
g HAds fEste 58S B U (data not shown). WPE‘rH A
Ay Aoz CsGolS2 w+AAL 7HE 59 abiotic stressell 3 = EJ—E
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northern hybridizationll &8} CsGolSZ2 3 =el L& F4E glsy &
%, BE 2EdxdE WedA &3 sHEo dsM T specificdtAl FEH
298 & AU (Fig. 3). WA 063 o3 Sole] gurwo] i A
4 HE 58 HE WA fE SHe 067 T o8] 20l9 CsGolS?
el wdo) watAA Yeid 23 sbsye st o

g dotr7] Yo Lol 7HE, cold shock, dark 52 stress®& A& ¥

oo mlo My o
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Fig. 1. Northern (A) and real time PCR (B) analyses of the (CsGolSZ gene
transcription upon infection by Corynespora cassicola in cucumber leaves
that were pre-treated with{+) or without(~) P. chiroraphis O6.
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Fig. 2. Northern (A) and real time PCR (B) analyses of the CsGolS2 gene
transcription upon infection by Pseudomonas syringae pv. lachymans in

cucumber leaves that were pre-treated with(+) or without(-) P. chiroraphis
Oe6.
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CsGolS2

rRNA

Fig. 3. Induced transcription of the
CsGolS2 gene in cucumber leaves upon
various biotic stresses such as drought,
cold and dark.

_ g HET F AAEE total RNAE
w2ste gty = HAFAS5HEA  (systemic
acquired resistance, SAR) #™HE HAXE, F  peroxidase (POX),
phenylalanine ammonia lyase (PAL), Z1¥1 3 pathogenesis-related protein la
(PR-1a)9] & HIEZE real time PCRY &} &<ttt PAL transcript®
A& Xé%“?} T 12410 oF 408) ool O6T T Aol A#ele]l F7t
3 F F48) #Ae9R, POX transcripty HYT HE T 12, 24 A7

ZetA Ldd ¥ 7&"“5} ou O6FFE HET AT ot L@ Fo)
otk 18y PR-la transcript®] A $-= HAFo] 48 ¥ 12 AZHdRH
065 A ol 1 ¢y ol %3 HSlar 36AI Y 7HA] A& o2 FHA
g $Edge £ ¢ 71 dth (Fig. 4). ol& 067l 23t A& ¥ A3
Wy o] PAL OM POX #dztel]l #redd wolbgats Fasts PR-1lafF A2
of LA dHA dHHA AeS A oy AS 5 mMe
salicylic acid ¢} jasmonic ac1d 2 BABAYl A E &% @aEE Alzdgst

G271 AR CsGolS2 faztel wde] ZstA fr=dvte A (Fig. 5)
Fe & dAHL Yk
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Hours after challenge inoculation
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0 6240 con38h

B-actin

Fig. 4. Real time PCR analysis of transcription of the systemic acquired
resistance related genes upon Corynespora cassicola infected cucumber
plants that were pre-treated with (+) or without (-) P.chlroraphis O6.

Hours after 5mM treatment Hours after 5mM treatment Hours after 20mM treatment

c 2 4 8 12 24 C 2 4 ] 12 24 c 2 4 6 12 24

I )

Fig. b. Induction of the CsGolSZ gene transcript upon treatments of plant
defense activated chemical inducers in cucumber.
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A 13 @  Pseudomonas chloraphis 06 w3 98 &
SHE ¥ AIHRFE FA4Z CsGolS2e) 32 AF 2
S

W ARy FE 59
1. A<

Al 11487 12 doM P chlororaphis 0672 Ao o8 tzTR
o2 2E ddsE B AAES F2Ystgen oEo HHIAS
vl BAMEtget ol @ fAA: poolel A O6F Tl od) b waEs e
FEAYo] olFAHY (CsGolS2 FAA o7 wAFPA #EE SA,
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BABAG 9| A#dM = FEHI, 20 ¥ oyt g4 ARy T
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ks 7hedol ReE AASEAT. WA B "ol CsGolS2E Hujol ¥
AHgste] B AYYE Anshe V%] duA d3E Fedsd.

2. 48 2 Iy
7h CsGolS2 #7a=kel =] a3

Subtractive hybridizationol] &3] & 53 CsGolS2 FHAAE Hujd &
A gs7] 948t pBII21 binary vector (Fig. 1A)E& A #3593 th. Full-length
CsGolS2 +73#% pBII21 HE o] A<ty 98t synthetic nucleotideE |
zZhstod W] %Fwn] multiple cloning siteo] Sall, Kpnl, BamHI enzyme site&
Mol A& o F pBlU21-122 #Hwedtt (Fig. 1B). CsGolS2 §a A
£ cloning3l”] #13] pBIlI21-1 WE+= Xbal?} Kpnl enzymel & digestiondt
of GUSE 2tA8 o8 CsGolS29l Xbal# Kpnl site® ZtZ H7bsh start
codonst stop codong WEl] HAANZ F (Fig. 1C) E coli DH5aol
transformation 3¢} cloning®#& #&<¢18ta Agrobacterium LBA44049) thA]
g2 43 sqich

gef EHFE Hste] MSulR)e] wild typeQ! Xanthi®l FAE ¥4
daste] BES F 4-857 dol 59 AE X w74A 719} Binary #E
7} E7F A Agrobacterium LBA4404y 3 A A3 &% Hol) wjekste] OD
#& 06-08=2 = MS Hixe) d=elAtt. B¥Y  petri  dishol
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Agrobacterium& 3L clean benchol X A3 A2 A8 gul & o
5-1023 B3tk B#E 3MM paperdl Agrobacteriumol 2L 9 9<&
ZHFL E7]E U Fo, MSel NAAS BAPo] #HA7td wixz x4sd
Hdee] 256 T incubatorol 2%zt ¥tk o]E Fof Fuf 2L shooting
induction ¥iA]o] &7 callus®t shoot7} Y& wW7bx] wWigsld i 25 tA0 2
Al sttt Callusol Al 2229 shoot7d U Q@ A wixlo] Adisle 28
& 7]% &, shoot@2 FE3 #E root induction WA= 2t Root
induction®] A o]E PP AEL &A AoFy BLEAZ 100%
¢ AHE FAst FFNFos FHHE @ FH S IAh
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Fig. 1. Binary vector construction for transformation of CsGolS2 gene to
tobacco

. CsGolS2 #37ke] ¥ A%

20l R¥YH CsGolS2 #FHAE Bglll site’t ¥ forward
primer$t BstEllsite?} 9+ reverse primerE ©]-€3le] PCRAAES 93
o] TYUT HA(Bglll, BstEME R @8t 1.1kbe CsGolS2E F4|st g
ok ool Zo] FEnlE CsGolS2 #AA gdHy BYY srEz die

- 227 -



pCAMBIA1201 & ligation 39 pCAMBIA1201:CsGolS2 cassette® A 231
o}

F38(Oryza sativa)®l callus7} Agrobacterium< o143 8 A A
o o] &=t WA -7 Fa WS MW ARR E== -4’3}04 F9E
RWAR o, 70% ole-& 10mLol o 30% Tt B9 A F 33 FHSR
Z o] £ thg o 508 F< 10mLe 2% NaOClo} 5087 AXAA &
At olF Wi E FHF 0mLE oF 3-48 HEEA AFEA. o 4
£ 24-dichlorophenoxyacetic acid (24-D)7} 2 mg/L. ¥ AF 2 F= x|,
2N6 basal (2N6 basal-N6 salts and vitamin, 5 mg/L FesEDTA, 300 mg/L
casein enzymatic hydrolysate, 500 mg/L proline, 500 mg/L glutamin, 30g/L
sucrose, 2 mg/L. 24-D, 4g/L phytagel, pH 58)o X43te] & AdejolA wiek
s Wi F 3*4-’?*7} AUE ¥ Fxie sue2 R E AR 27 FEHIY
I olgA wjite 2 RE frd AFAE A #FY T2 R°$”\] 717]
A, Ao 1-2mm FF EUY £ = ‘?ﬂ‘ﬂ v
A A FeHaA 3-4Y B oF FHoA ARF2E B l?&‘?

pCAMBIA1201E 7R3 QlE A. tumerfaciens LBA4404 75 Hug/
m¢ kanamycine®} 20 pg/mé hygromycin o] 3&F YEP #ixlo} A 3% &<
WloFste FE7F OD600NA 20459 gxE= Fulsgdch. oF7F F6H4
3000rpme.2 108 Bt AP ste A A H pelletd acetosyringoneo] ¥
H 5 mte] AA-AS (AA macroelement, N6 micro element & vitamin, 5 mg/L
FesEDTA, 1 mg/L 24-D, 20g/L sucrose, pH 5.8 and containing 100 uM
acetosyringone) WAl o = th Wi ® petri-disholl Agrobacterium©] E"?‘:}E’
#19] AA-AS WA E FHlsly AF 25 @a oF 308 FRuY AFH ¥
Zujgo] EUd dFE AHAA JE FAA E718 AAT F 1o AA-AS
22 E3A17 deEd oFxrt Z2aYdE 2N6-AS (2N6-basal (except
sucrose) with 10g/1. glucose and add acetosyringone (100 uM) after
autoclaving, 4g/L phytagel, pH5.2) WA 2 FF w4¥dd AF2E 4 ¢ &
elo] 28 T 9 incubatorol A 2-343F wjFat it

2-3U7t FRWMYS NFAH BFA BAY Agrobacteriumo] st
A Aete AE AAS7] 8 30mLe cefotaxime water (250 mg/L)7F A
Ue AEataad AF2E $AA 3-43) A4 EEo FHA AFA EW
S AFUT o] ARF2AE FEE 93X Y2 &4 EVE AAsG2 4L
i x]¢] 2N6-CH (2N6-basal medium with 40 mg/L. hygromycin 250 mg/L
cefotaxime, 4g/L phytagel, pH 5202 &7 < e s3It 2 F

)

oo

= o
AF TS 4

933 2
_\2‘..‘

- 228 -



o 23] A% AEF 2N6-CHHMAZ K7)HA dolde FHo] Add AFA
£ st AE3 wAQ) MS-BN (MS salts & vitamins, 2g/L. casmino
acid, 20g/L. sorbitol, 30g/L sucrose, 2 mg/L BAP, 1 mg/L NAA, 40 mg/L
hygromycine, 250 mg/L cefotaxime, 4g/L. phytagel, pH 58) WX &2 &7 A
AT oF 256 H A A w2 FAF wiY & o 3 do] Xy
HEL7F A=A 290 tdF R ol AEL Haje Ao X
ol 1 AATE "ol MS-RT (MS salts & vitamins, 2 g/L casmino
acid, 20 g/I. sorbitol, 30 g/L sucrose, 4 g/L phytagel, pH 588X & &7 I
gE FEAHT o 1FYe] Y Byt gASA F2HY 7 AAE 44
& HES vermiculite® 1'12 EFF EY S H LEJ o3y 15U A
T A F LA o] Askaith

o wAARA W AP AR
A 1280 71 Wy

oa

2

| oja) BaAe A5 3§ A9y 34

jed

o

A)
=

[0

X ZF7x1e] AxE 2 B galactinol synthetase (CsGolS2)
o

FAAY WwHol B AP FAISHAE FFolH A AT e HES A
F4 #dE JheAdol w7 Wi Hd o] FAA A8 H AT
Ao BHEHEAE Fd3] dotrax HF SALKAIA AR F<]

Arabidopsis mutant lineg E&utol AX Arabidopsis (Col-0)8} ©1&
mutant lineE 2] FFo] HAT Botrytis cinearia 47099 tha A3 L <
4 A= & vlwste] Bt Fig. 201 UERY v} Zo] galactinol synthetase
(AtGolS2) FraAe] 3 7kx HE gd& H9o Z7} T-DNAZF HY4Eo2A
I FAARY 7)ol AAEYS Ao® oARE mutant line SALK121059,
SALKI128044 92 SALKO04601E EFwol 1 FAE 1W Adstd MS/Kmw|
A A selectionB A S o8] W A ¥ homoline2 2 #R1E Arabidopsis ¥
A5 Z+zb amplifyste] AFRSEATH Zbz ohE Ao A& T-DNAZE 4HY
B 37 line® Arabidopsis mutantE 7FA R GolSe 7Eo] AAHUAE o
Col-09t wlaisted We] gt 7H4de] YepbeA] dolH gttt o7]A A%
WATE Arabidopsis ¥ AA AFAA Wol ol&=Hil i FFo] HAF
Botrytis cinearia 47090] Q2™ 2~4x10" spores/ml FE2 7+ Qo HE5 49
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5| @3} 37} line % SALKI210599} SALK128044, 2789 linee] Col-0%} ¥l
39S d A o e & AR (Fig. 3). & GolS Fd#9] &goe] A&
9 *"m'OT ol digk Aol L8] AAH USE I AAtse 2
ojt}. g SALKO04601 line®) 72-¢ tiz79 Ao Ao|7} %1931*"3] ol& 1¥
109} ‘ebd vke} o] T-DNAV} stop codon® 7}7b9]A] o] f-Aake] o
A FgstA £ AR AlRHTH

SALK. 128044

SALK_121059 ALK_04BGI8

Fig. 2. T-DNA/Tn insertion site of AtGolS2 located in chromosome 2.

SALK_121059  SALK_128044

Fig. 3. Disease severity of Arabidopsis SALK lines against Botrytis
cinerea. Col-0: wild-type; SALK_046018, ' SALK-121059, SALK_128044:
AtGolS2-deficient lines.
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Arabidopsis SALK mutant line& ©]€3t4 GolS ## o] 7% o]
FEHY HEo] FFo] BT W3 FFHor APYH=Z o] FAAY}
WAGAT A #dse] doE A g9k Wi CsGolS? FH A
o 4% worol multiple cloning site® %28 primerE designdte] PCRE
W CsGolS2 HAAE 2FF F pBI2I-1  vectord) cloningdled
Agrobacterium tumefaciens LBA4404%) d3 AZstt. o] & leaf disk 2
particle gun o2 gulep Ho] Z7t FHAAE F9n 2 kanamycind
hygromycin®] X wjxo) A selectiond £33l &2 A% ww) 2 ¥ T1
linegE& 53Tt o]E TI lineE2 genomic DNAE & Fo] PCR ¥4
o2 FAAE o3& AR, Real Time PCRE o] &3t FaAgH
CsGolS2 A7 dulef Al 2 Ldo] Ha =g #astdrt (Fig. 4). &
A Fd A% G F HolA de FXE A MS/km #Ad FHEdo
selectiondt Fo @ulel A= Erwinia carotovora®, ¥We] A9+ S99
vt B HUnEET 58 HESY wid type AEH HEIG S
o Aol WA He Anrt dIANE A Uk CsGolS? HA
A gele] A gl FE) dis] ¥ Aol FEES AU (Fig.
5) mEA CsGolSe MEE 249 ¥ AFA F5 FARZAY 7Hside A

Alska Qe

Wild GC-1 0-2 0-3 0-4

CsGolS

Expression level of CsGolS

CsGolS 04}
CsGolS 0-3
CsGols 0-2
CsGols 0-1 [

0 200 400 600 800

Fig. 4. Expression of CsGolS2 in tobacco. Transgenic tobacco lines
expressed (5GolSZ were constructed and 4 putative transgenic lines were
selected, and determined expression of CsGolS2 by RT-PCR analysis,
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Fig. 5. Induced resistance of CsGolS2 over expressed lines (GolSO1 - 4)
against Erwinia carotovora subsp. carotovora SCC1. Same growth period of
tobacco plants were inoculated with E. carotovora, and measured

symptomic leaves showed soft rot on inoculated leves.
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A 14 2 Pseudomonas chlororaphis 062 A& A
A fxo BHE microbial determinant 2 A& 2

dule] P4 4B 2 8 A FE 5

1. ~d

2
ot

P. chlororaphis O6& H| %3 o8 BEY U]"g%%% 259
FEY 5 dE MAE FHAAE AX5 Uk ?

2 ACC deaminaseZ AJAHstt}. ACC deaminase™ ’-\1’%—4 Fag Al
3t}¢l ethylenee] ATFEZAA ACCE 7F-R315+Y ethylene A4
E A28 ¢d5gsta Yt ol#lg ACC deaminaseE HArshe 715
21 2o A ethylened ¥EE 7HAAIZ 224 ethyleneol root elongation©]
AHEe as AAGorA A8 AFL FAde dle] vk £ A&
ANA Tk ACCE deamine3r S ZM ethylened FEE ZAAAA &9

£
.l?.i ul
ro,
2
i
e

ok

r:u o

X

l-o[r

D2}
o

a0
rJ 12 ro 12 Mg -z

LA
oft
RS

ox
flo P

=
quorum sensing®l@tE ol  A™o] siEslit. olyd AEEAH

=
homoserine lactoneS o] Boddtis A Utk 288 AZAFHo|HA W
A7 ol#l g FEHTE Axe ESEA (pectinase, polygalaturonase)E S
AArak=1dl homoserine lactoned] lsiA &Ae] Aol ZAHATH e 4
EYAATY 557 94 X oAU dvt A& #We dod & . w
2 B Ao M= P chlororaphis 06752 homoserine lactone® =+ &
25 4388 phzl FAAE Gl YA WSS homoserine lactones A

A glE zAS 4 BEZ FEHUEE AF A 3 Aol Ae A Fe
FAAE A 5ol tal 2Asg B 24 0
fo fAdE gl FF Asstel HEAsL 3
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2. As 9y
7}, Acc deaminase®} phzI+AAbel  wu] €A AF

P. chlororaphis 069} Acc deaminase® AArshs C1036T 5o A Acc
deaminase®} phzl FHAE o] FAAE] st pBII21L binary
vector (Fig. D& 934t Full-length § 3254 pBlI21 #WEd 4t s}
71 $13t9} synthetic nucleotide® A} 2tsbe] MEe] Zu] multiple cloning sitedl
Sall, Kpnl, BamHI enzyme site® M Zo] F&3 ¢ o2 pBlI2I-1082 9
Bt (A 13%). 2 F4AE start codon¥ stop codong 7FA full length
FARE Wele] HAANZD F, E coli cell(DH5a)9)  transformationsdto]
cloning 4 %& #3}3 Agrobacterium LBA4404°] A & AR a5

gl FAHEE st MSHIX A wild type? Xanthi?l FAE EW
didte] REF T 4-857 do] 59 AE AF w7hx 714} Binary ¥H
7t Eol7t ¥ Agrobacterium LBA4404% A A3 1% Aol wj%ste] OD
e 06-08% wH MS WX degedoh. 9" petri  dishol
AgrobacteriumS 53 clean benchell4] #3238 =72 42 o] 98 o
5-10%-3F WA sttt E® 3MM paperdl Agrobacterium®] 3L 2] Q&
¥ EVE ZY Fo, MSel NAASH BAPo] FH7ld wiAlZ x4alo
A 25T incubatorel 297 Tk ol Fo} w@u] YL shooting
induction ¥jR|o & A callus$} shoot7} V& w7 wjdetgdn 25 3H o2
Al E ) Callusoll A 2219 shoot7t Wt @ A ujA)o) Adfsle) 87
3] 71& g, shootEBE FEE B& root induction ¥IX2 &7 Root
inductione] A=W o] WFH AEJ &4 AHoFi udEANZ 100%
F8 AHE §13td AP ozAN SR A B Gl Ak
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| 1020bn

[

L}

NOS

~ter

e | sall sacl
Xba I smal Kenl  BamHi
pBl 121~-1 + ACC deaminase gene
. Xbar ! Kpnl
;or primer : got clo goageaalg coc Reov primer : ggg gta cct gtafcaage gt

e T ey L]

Ifgrs phzl synthesis 1?85‘

Kpnl

Fig. 1. Binary vector construction for transformation of phzl and acc

deamianse gene to tobacco

o BEAEA ] g 2 AR A" 9

Phzl9} Acc deaminase’t ZAAEE 249 A A {FFE 9
871 Y&l TogH el o ZHE genomic DNA% total RNAES ®dle z
=

A 2k2] specific primer® ZAES PCRY 93] A&7 AUHJEAE
a4, 32 A8 28 4% 5 RT-PCRE o439 fAAY @33 A
E AT oA st HF Oid A Sl ¥ AT K

BE A 28 7 WHoz g FEE AYH ARE AT

o i
3. 4% ¢4 13

7¥. PhzI$} Acc deminase 3 37¢] 2324

Acc deminase® HHAE F2J3r] A8 olnl dHA Acc de-
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minase 229 specific primer& ZAste] PCR¥Hol <8 partial Acc
deminase FAAEZ X I t}S genomic libraryE screenindted full length
FHAE Frdtd Zz9Ysgrt. Acc deaminase FAAE 1,074bpd
nucleotide® TA o] 358719 deduced amino acid® TFAHA UUIL,
subunit®] 2A L 39.766 kDaol % 2.1 theoretical pI¥ 10.26°19lth (Fig. 2).
*3 deduced amino acid sequence® ©°l¥] R IE  Pseudomonas®
Enterobacter?] Acc deminase$} 85 %°l4te] E& HFA S UetlUT (data

not shown).

attacacatcgagccctaccttcaatgeccggatcaacttatcaacggagaccecgatatg
M P G 8 T ¥ ¢ R R P D M
aacctgagcaagttcaagegctacceteotgacetteggeccctegeccattaccccacta
N L 8§ K F K R Y P L. T ¥F G P 8 P I T P L
aaacgcctgagtgagcacctgggeggeaaggtegagttgtatgecaagegegaggattge
XK R L §$ EH L G ¢& K v EL Y A K R E D C
aacagcggtctggectteggeggogacaagaccogecaaactggaatacctggtgecggaa
N $S G L A F ¢ GD K TRI KDL E Y L V P E
gcecatcgacggeggctacgacacgetggtatcgatcggtggeatccagtecaaccagacce
A I D G G ¥ D T L V S I 6 6 I © s N QT
cgtcaggtggcagcecegtggeggegeatectgggecatgaagtgegtgetggttecaggagaat
R Q v.A A V A A H L GM K CV L V Q E N
tgggtcaactattecgacgegttgtacgaccgggtcggcaatatcgagatgtegegeatce
W V N Y 8 D AL Y DRV G NI E M S R I
atgggcgccgatgtgegectggatteggecaggettegatateggcattegeccgagetgg
M G A D V R L DS A G F D I G I R P S W
gaaaaggccatggccgacgtcgaggaaageggeggcaageegtteecgattectgegygge
E K A M A DV E E S G G K P F P I P A G
tgcteggaacacccttatggeggectggggttegtgegttttgecgatgaagtgecgocag
¢ 8 E H P Y 666G L G F VR F A D E V R Q
caggaagaagagctgggettcaaattegactacattgtggtetgetecggtgaceggeage
Q E E E L 6 F K F D Y I V vV ¢ s VvV T G 8
actcacgcaggcatgetggtgggettegetgeegatggecgggecacaacgtgtgateggt
T H A G M L V G F A A DGR A QR V I G

atcgacgcgtoggcgaaaccggaaaagaccogegegeaggtectgegeategetecagaac
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I Db A S A K P E XK TR OAQ UV L R I A Q N
actgcaaaaactggtgaagctgggccgegaaataacegecgaagacgtggtgetegacac
T A K T G E A G P R N N R URURURG AR H
ccgetacgectacceeggaatacggectgecgaacgatggecaccetegaagecateoecgeoct
P L R L P G I R P A E R WH PR S H P P
ctgegecegeoctggaaggegtgetgaccgaceecggtetacgaaggcaaatecatgecacygyg
L R P P G R RADIZRUPGULIRIROQTI H AR
catgatcgacatggtgegecaatggcgaatteccecgaaggetecgaaagtgetetacgecca
H D R H G A Q W IR I PR RL E S A L R P
cctgggecggegtgecggegetgaatgectacagetttetgtteaaggacggttgageega
P 6 R RAGAUEOCIL Q L 8 V QQ G R L 8 R
aagcgttcectgecagtegataacacactteggetgecagtgtteceggetaaaccegaaaat

K R s ¢ 8 R ~

acttaatcactagt

Fig. 2. Nucleotide and deduced amin acid sequence of ACC deaminase gene
of Pseudomonas sp.

T AE e phal FHA9 ACC deaminase - HA7F 2 &4 WA
FHE FEE A2E FAHY 4 fHAAe 4F Zde] multiple cloning
siteg FF3 primerE designdld PCRE %8 Z #3AE FEF F
pBI121-1 vectorel cloningdtel Agrobacterium tumefaciens LBA44040] &=
A& AT o8 leaf disk WHoz dule] Ztz AR sgn 47
kanamycin®] X348 wjx|o] A selectiond E3+9] FFH A Ful lineg S §
534tk ©]E TI lineE 9| genomic DNAE €& % PCR Wyoz 34
# ARE #2et%] 3, Real Time PCRE o] 43l EHASE CsGolS2 #+4
A7F gujel A Z wrdo] i glexE FAEAT (Fig. 3 and Fig. 4). @4
Fd A& Fujed 2& FAE A MS/km Al #FF 3] selectiond
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358 F + phzl R primer

phzi primer

Con prrt Ptz privsprva s CON prrrd prrTa Pt pTA pOTS

Xbal Kpnit
I phzi 1 nos
| = PBiI121
800bp 591bp

. 358 promoter

Fig. 3. Transformation of phzl gene in tobacco. Transgenic tobacco lines
transformed phzl were constructed and 5 putative transgenic lines were

selected, and determined insertion of phzl by PCR analysis with the phzl
specific primer.

Con PITT-4 PITT-2

rRNA

Fig. 4. Expression of phzI gene in tobacco. Transgenic tobacco lines
expressed phz{ were constructed and 2 putative transgenic lines were

selected, and determined expression of phzl by RT-PCR analysis with phzl
specific primer.
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A 15 A P. chlororaphis 067 %] AA3 2 A3 2

F A4

LA

2 AdA @8R wbel olstW, P chlororaphis 06
phenzaine, HCN, protease, siderophores 3 #Z& o8] 71X AE3H A7 A
SHA #FAE EAS AT By ol AER stod ¥ AT =
HAF %]'}‘335]'}‘]7]3: = R I R %‘%91 AEoA ey AR HEHo] H
oAt mAEAAZA Y TheAe] ¥
WAAZA o8 7/ #88 d§23& Y 9}7‘3 chlororaphzs 06 ﬁ—r*
HAEAANRZ A Agsstr] sl fFrE FogaYdom 3§
formulationdte] o8 742 3 HAF AFE 3 9AE TR A4S
HEN Buzt st

rr

2. A8 29y

7}. P. chlororaphis O6%] A} #) 3}

P. chlororaphis 06752 2835 98 WA 10 L fermentere] 1/2
LB brothell 02% §7]4to] H7tg #jxL AL T 06FFE HE3to] 484
o AFA F, 2 AF Add AMgetdd 28 A5 24de AdA
Aol A& A2l 06TS 1% SEIA Aol Hrtd B FHANA ES
Tl Ab&sk T

Mool

&
ok
29
i
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e
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3.4% ¢ 2%

7} AEAREAN AR O A% ¥ AR 459 MR WA FE

¥ AFoA EHE P, chlororaphis 0673+ AA3sd of-7t=
™ g AR FAA HERIVE e @S AAste 20029 H
AA AgduAz Agda gt (Fig. 1. 2372 AEAA2A &
AAE e MBS YAE st g AToz EF A% Wdre 34
< A @ B Afste mAZAAlY AN K= A o A
no| ool AFHE AAstE: o] Hojurh T AdsFiaE
Eo 48 AAstd AE AxE FanE FEE AL g 22 3
A g 3YL 8 59 gdY #52 v

L

o
~o
>
=2
2
M
ol
i
oy
J {
r2
o
32
£ ox

2F7H A o# 7t=g 38 o4 59 EE
109 tF oz AYsE S o, ojn] A o|yF Fu Pue] dog AHY
He 40l dEFdck 2y A g xR @& FEL Fude] ALoer ¢

2 AAUA AEAM HUH(ZY 1.

29 1. P. chlororaphis 06759 A A (oF-71=)
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