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The Pto kinase conferring resistance to tomato
bacterial speck disease interacts with proteins that
bind a cis-element of pathogenesis-related genes
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In tomato, the Pto kinase confers resistance to bacterial
speck disease by recognizing the expression of a corres-
ponding avirulence gene, avrPto in the pathogen
Pseudomonas syringagv. tomata Using the yeast two-
hybrid system, we have identified three genesPti4,
Pti5 and Pti6, that encode proteins that physically
interact with the Pto kinase. Pti4/5/6 each encode a
protein with characteristics that are typical of tran-
scription factors and are similar to the tobacco ethy-
lene-responsive element-binding proteins (EREBPS).
Using a gel mobility-shift assay, we demonstrate that,
similarly to EREBPs, Pti4/5/6 specifically recognize
and bind to a DNA sequence that is present in the
promoter region of a large number of genes encoding
‘pathogenesis-related’ (PR) proteins. Expression of
several PR genes and a tobacc&EREBP gene is
specifically enhanced uponPto—avrPtorecognition in
tobacco. These observations establish a direct connec-
tion between a disease resistance gene and the specific
activation of plant defense genes.

Keywords disease resistance/pathogenesis-related
protein/protein—protein interactions/tomato/transcription
factor

Introduction

nine classes of PR gene mRNAs is associated with the
onset of systemic acquired resistance (SAR), a general
resistance response induced by necrotizing pathogens
(Ward et al, 1991). Overexpression of a bean chitinase
in tobacco increased resistance to the soil-borne pathogen
Rhizoctonia solan{Broglie et al,, 1991), and overexpres-
sion of tobacco PR-1 in tobacco enhanced tolerance
to Peronospora tabacinaand Phytophthora parasitica
(Alexanderet al, 1993). Similarly, overexpression of a
tobacco basic PR-5 in potato delayed the disease symptom
produced byPhytophthora infestanglLiu et al., 1994).
These results have spurred extensive investigations into
the biological function of defense genes and the mechan-
isms by which they are activated.

Much effort has been focused on the characterization
of cis-acting elements involved in elicitor- and pathogen-
induced defense gene expression (behg Choudhary
et al, 1990; parsleyAL, Loiset al,, 1989; tobacc®R-13
Ohshimeet al,, 1990; van de Rhee and Bol, 1993; tobacco
PR-2 Henniget al, 1993; and\icotiana plumbaginifolia
ginl, Alonsoet al, 1995). Using these DNA elements as
probes, a few putative transcription factors involved in
defense responses have been identified. For example,
KAP-1 and KAP-2 bind to the H box of the bean chalcone
synthase genehs15(Yu et al, 1993), parsley BPF1 binds
to box P of thePAL gene (da Costa e Silvat al, 1993),
parsley andArabidopsishomeodomain proteins bind to
the parsleypr2 gene promoter (Korfhaget al, 1994),
and a tobacco 40 kDa DNA-binding protein is thought to
be involved in salicylic acid-regulated PR gene expression
(Goldsbrougkhet al, 1993).

Many defense-related genes are induced in both compat-
ible (susceptible) and incompatible (resistant) plant—patho-
gen interactions. However, the expression of many defense
genes is more rapid and pronounced in a resistant plant

It has long been recognized that transcriptional activation challenged with an avirulent pathogen. In particular,
of a battery of plant defense-related genes is associatedncompatible interactions involving a plant resistang (

with pathogen invasion (reviewed by Lanel al, 1989;

gene and a corresponding pathogen avirulea®ge gene

Bowles, 1990; Dixon and Lamb, 1990). Well documented (Flor, 1971) lead to accelerated plant defense gene expres-
defense genes include those encoding pathogenesis-relategion. For example, inoculation cArabidopsiscarrying
proteins (PRs) (reviewed by Linthorst, 1991; Cutt and RPS2with an avirulentPseudomonastrain containing

Klessig, 1992), hydroxyproline-rich glycoproteins, and

avrRpt2 rapidly inducedPAL mRNA accumulation to a

enzymes for phytoalexin biosynthesis such as phenyl- high.er level compared with inoculation Wit.h a §train
alanine ammonia lyase (PAL) and chalcone synthase lacking theavr gene (Donget al, 1991). Early induction

(Showalteret al., 1985; Bellet al, 1986). Although the

of ELI3 (elicitor-activated gene) irabidopsisdepends

role of these proteins in plant disease resistance has yespecifically on the expression of tHRPM1 and avrB
to be established, their enzymatic functions indicate that genes in the plant and pathogen, respectively (Kiedrowski
they are well suited for defense against pathogens. Foret al, 1992). Similarly,AIG1 and AlIG2 (avrRpt2induced

example, two classes of PR protein$;1,3-glucanase

gene) mRNAs are induced iArabidopsiscarrying the

and chitinase, are lytic enzymes capable of degrading RPSZesistance gene 6 h after infection wikkeudomonas

polysaccharides found in the cell wall of many fungi and
have antifungal activities when assayi&dvitro (Mauch
et al, 1988; Sela-Buurlaget al,, 1993; Melcherst al,
1994; Nidermaret al, 1995). Coordinated expression of
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syringae pv. maculicola containing the corresponding

avirulence geneavrRpt2but are not induced until 12 h

when eitherRPS2 or avrRpt2 is absent (Reuber and
Ausubel, 1996). In addition, injection of an intercellular
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fluid containing the Avr9 and Avr2 peptides into tomato Bait Prey
plants harboringZf-9 or Cf-2 or of purified Avr9 peptide z F P
into Cf-9 plants induced the expression of twi1,3- Pti4 Pti5 Pti6

glucanase genes, but not in the plants lacking théke
genes (Ashfieleet al, 1994; Wubberet al,, 1996).

Many clonedR genes encode proteins that are likely to
be involved either in the recognition of signals determined
by avr genes or in the early steps of signal transduction pto
(Martin et al,, 1995). However, a direct link between any v
R gene and defense gene activation has yet to be estabBicoid
lished. The identificz;tior) of signaling components Ieading Fia. 1. Interaction of Pto with Ptia EGva lis containin
to defense gene actvation aflégene-avr gene recogni- &% METEI9n o Pl with PUle, BG4S yeastcols conaining
tion would be an important advance. Towards this goal, Bicoid (in pEG202) were grown on galactose UHis™ Trp~ X-Gal
severalArabidopsismutants have been identified that are medium. The plates were incubated at 30°C for 3 days and
either deficient in PR gene expression upon pathogen photographed. Four independent, representative colonies are shown for

Pto

i each bait—prey combination. All bait proteins were expressed equally
attack (1pr1,_ Caoet al, 1994;nim1, Delaneyet ‘.""-' 1999), in yeast as determined by Western blots (Y.-T.Loh and G.B.Martin,
or constitutively express PR genep(l, Bowling et al, unpublished results).

1994). Cloning of these genes and elucidation of the
biochemical functions of these gene products will greatly

advance our knowledge of plant defense. isolated 149 clones encoding putative Pti proteins (Zhou
In tomato, resistance of plants carrying tR& locus et al, 1995). These cDNA clones belonged to 10 distinct
to Pseudomonas syringaav. tomato strains expressing classes, as indicated by cross-hybridization experiments.
the avirulence genavrPto (Ronaldet al, 1992; Martin, The cDNA clonesPti4, Pti5 and Pti6 represent three of
1995) is a model system to study signal transduction the 10 distinct classes, and were characterized further.
pathways mediated by a specifiR gene. This system Independent clones varying in length that represent
constitutes the only example of aR gene-mediated identical genes have been identified for each cDNA during
resistance pathway in which genes for multiple com- the two-hybrid screening (12 fdeti4, nine for Pti5 and
ponents have been cloned (Maréinal,, 1993; Zhouwet al,, one forPti6). Figure 1 shows the specific interaction of
1995; Salmeromt al, 1996). Currently, three components Pti4, Pti5 and Pti6 with Pto in yeast. Yeast strains carrying
are known to be involved in the signaling pathway the Pto bait and a prey of Pti4, Pti5 or Pti6 grew in the
mediated byPto: the serine/threonine protein kinase Pto, absence of leucine, indicative of th&U2 reporter gene
a second serine/threonine kinase Ptil and the leucine-rich activation (data not shown). When grown on X-Gal plates,
repeat type protein Prf. Th@to gene was discovered these yeast cells were blue as a result ofl#t& reporter
originally in Lycopersicon pimpinellifoliuga wild tomato gene activation. As determined by the intensity of blue
species, and isolated by map-based cloning (Mattial., color, the strength of interaction of Pto with these three
1993). Mutagenesis of a bacterial speck-resistant tomato preys is in the ordeP®4i6Pti5. In contrast, control
line revealed a second gerferf (Salmeronet al, 1994), yeast strains expressing the arbitrary bait Bicoid and any
that is required for bothPto-mediated resistance and one of the three preys did not activateEti2 or the
fenthion sensitivity, a related phenotype mediated by the lacZ reporter genes. Previously, we have cloned the
Fen gene (Martinet al, 1994). Recently, we and others recesgite@allele from a tomato cultivar that is suscept-
have demonstrated that the AvrPto protein, presumably ible to P.s.tomatocarrying avrPto (Jia et al,, 1997). The
delivered into the plant cell by a type Il secretion system amino acid sequence of pto is 87% identical to Pto.

of the bacterium, functions directly inside the plant cell However, the pto bait did not interact with Pti4, Pti5 or
(Scofieldet al, 1996; Tanget al, 1996). The AvrPto and Pti6 in yeast as shown by the lackaoZ activation

Pto proteins physically interact and this recognition event (Figure 1). The slight blue color of colonies expressing
initiates the disease resistance response (Scadiehl, pto and Pti6 developed only after prolonged incubation
1996; Tanget al, 1996). Using the yeast two-hybrid and probably does not represent significant physical inter-
system with Pto as a bait, we had previously identified action of these proteins. In addition, other kinases such
another protein kinase Ptil that appears to act downstreamas Ptil and Fen as baits did not interact with Pti4/5/6 (data

of Pto and is involved in the hypersensitive response (HR; not shown). These results indicate that the interactions of
Zhouet al, 1995). Here we report the characterization of these Pti proteins with Pto were highly specific.

three additional Pto-interacting proteins, Pti4, Pti5 and

Pti6, hereafter referred to as Pti4/5/6, that belong to a Pti4/5/6 are members of a multigene family

large family of plant transcription factors. These proteins The longesPti4/5/6 cDNAs isolated from the two-hybrid

bind to acis-element that is widely conserved among PR screen were 1.0, 0.8 and 0.8 kb, respectively. Each of
genes and are implicated in the regulation of these genesthese cDNAs was probed onto genomic blots containing
during incompatible plant—pathogen interactions. DNA from tomato cultivar Rio Grande-PtoR (Figure 2A).

Numerous fragments were detected by b@tid and Pti5
cDNA probes, while 2-3 fragments were detected by
the Pti6 cDNA probe. The distinct restriction fragments
Interaction of Pto with Pti4/5/6 detected by these probes indicated that the sequences of
Using the yeast two-hybrid system with Pto as a bait, we Pti4/5/6 are not identical. However, a cross-hybridization
previously had screened a tomato cDNA library and experiment indicated weak homology among the three

Results
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1 AaaarTccere

(I TCAAAGCGAAATGGATCAACAGTTACCACCGACGAACTTCCCK TTTCC
MDOQLPPRTNFPUVDEFEP
GGTGTATCGCCGGAATTCAAGCTTCAGTCGTCTAATTCCCIGTTT! 'ACCACTA:

AATACCTCATARPTCAC CT

GTCGACGATTCCGA

VYRRNSST FSRILIZPCLTE K u DL P LKV DD E

AGATATGGTAATTTACGGTCTATTARAAGACGCTCTAAGOGTCGL CCGLOGaC GGAGCC

DM 1Y G L L XKDAL G w P EN-F T A E K E P
GTCGCCTGAATTTTCACCTTCTCCGE CCACGGCAGCTCC TGARACACCS

: F & P S PAGTTAATPA A E TP KRR H

CGTCCGTGA TTT ACGGAGCTAGGGT c

YRGVRQRPWGKFAAFIRDIAKNGARV!ALGViT

GTACGAAACAGCTGAAGAAGCTGCAATTGCTTATGATARAGCTC AA CATTTGAATTTCCCGCACCG

Y E T AEEAATAYDEXAALYRMRGSKAHLNTEEPHR

CGGAACCGTTCGAGTT GGTCGAGCCATCCAAGGACCGGCAAGCTCGTCGGGAAACGGTTCCAT
IGLNEPhPrLLRRKoRAAQcPAssssNesM
CCGTTC GATGGACARATO GTEIC ANTTGAACAATT
KRRRKAVDK(_DGEMI\SRSSVMQVGCQIEQL
GACAGGTGTCCATCAACTATTGGTCATTTAARAGCC TTCT TAC TTCCARATTTATTGTAAAT
TGV HOLLVI®*
ACGTAATA( STTGAATTCC ATT
TTC) TTAATTTAC CTTTATTCATTTTTT:
AAR

CTATGGTT TCCTCS “CTCTT & \CTCAC] ATTATATG!
MV PTPOSDLEPLNEND Q E M LY E
TAATCC TTATTTACCCC ccmdmmﬂlxc'xccmsmm"mmww ‘GICCATTACA
AN A L NI1PYLPOQRNQLLPERDN LRPLQ
GIGCATAGGCAAG T TTCGCGAT GTGCGAG
CIGKKYRK\IRRRPW(K‘[AAFTRDQARHGAR
AGTATGGCTAGGTACGTTCGAAACTGCTGAAGAAGCTGCGTTAGCTTATGATAGAGCGGCTTTT: ummmm,mc—cwmoccp\cmc"‘
v WLGTFETAEEAAMLAYDRAAMFRMERGA
TAATTTTCCATCTX < TGTTTCAGTAGACARATTAAGTTTGIC C
NFPSEIVNAS\/9VD<L5LCSNS‘1TTNNN';D
TTC T SGAACTAATGATGTATTTGAATCAAGATGT AC TTGGCAC
S SLNEVESGTNDUEESERC
TCTAAG G ANTAA TG TG T GACACG TAGAARR AT TTCTAT AT TAAGAN TCAACTGAACTAT ATTAAANTT] rcsmmmmmm
TATGTGCTTGCCTCTTCTCTTATTTTCCTTATG CGACGCACGCTAT:
CCTTCTATTTTC!

AGTTCT

CTACTTCCCGCCARRAACAAC CICPTTT
T TG CACTCATCAA TG TTTC AN TCAT TG ATCACTCCARCTT TP ICCACACTTAAAAACT ATARTATTCGT
CACTATTCACTCACTTCAACCAGTTCTTGATIGTTTTAGTACTCCTTTTTGAGCTT TTTTTTTTGTGCICTT
ATCTTTTAAATCGAACTGTAACTTTAAGTTTTTCGT! SACGG! ACTCAAC]
S VPVIKTFTOQHTIUVT
C TATACTTACAGATGCCGATG
0 R VRIILTD D
CTACAGATTCTTCCGATGATGAR GGCCGGAATACTCT! 3AGGCACGTGACGGAGATCAAC u}\'mcufmmnuwu
:ns§up:.un'vnavxnnvrszLMPs B
CGITCGTC mcaccc'mcc
R QR P WG

TTTGGCTTTATACCTCTAATT TTCTAAT

CGATC \CGAAGATCGGTGTCTCCGGATTCTGACGTCACTCGTCGGAAARAG G
IGDRKRRSVS“DS'}/’“RRKKT‘RGV

GTCGTTGGGCTGCAGAGATTCGGGACCCGACCCE TTAT SCTGTCGTTT
RWAAFIRDDTIGKRVWLGTYDTPLEI\AVVVY

ACGATAAAGCTGCAGTTAAGCTCARAGGTCCTGACGCCGTTACCARTTTTCCGGTATCAACAACGGCK GGT

TTACGG
D KA AV KDL KGPDAVTNFPVST®TAEYTVTVTE
ACCGARACCGAGTCTGTTGCC TAAAA CAATGATT
T_E T E SV D G G D K EN D A L P T s \1_1., € DNDEF

TTGCGCCGTTTGACAATCTAGGGTTCTGOGAAGT TTGGTTTCGAC TTTT TTTGCTATGA
A_P F DNLGTFCE D l\ F G E DYV D L FRLEPEDTF M_T

CTACGGC GC TTGACGATTTTGCC AGCT “GAGGGGCTATTTCGICC
E XK Y Y GDETF EFEDFDDF L E R_*

ATTTTTGC T TTTTT \GTCTCTATTCAT

ACGAAGAC G TGA

TTTA

(TAAAGTCARAATTCTAT

Fig. 2. Pti4/5/6 belong to a large gene familA) DNA gel blot
analysis of tomato genomic DNA. Genomic DNA |g/lane) from

Rio Grande-PtoR plants was digested with the indicated restriction

enzymes, and the DNA blot was hybridized to ##4/5/6 cDNA

probes. B) Nucleotide and deduced amino acid sequences of Pti4/5/6.
Superscript letters denote thé énds of cDNA clones recovered from

the two-hybrid library screening. Amino acids with a single underline
are acidic regions, whereas those with a double underline represent the
conserved central basic region. Putative nuclear localization sequences
are shown in bold. Nucleotide sequence data have been deposited in
DDBJ/EMBL/GenBank (Pti4, accession No. U89255; Pti5, U89256;

Pti6, U89257).

Pto kinase interacts with DNA-binding proteins

classes of cDNAs (data not shown). Subsequent DNA
sequence analysis confirmed this homology among Pti4/
5/6 proteins (see below). ThuBti4/5/6 appear to be
members of a large gene family.

We sequenced the inserts Bti4/5/6 and found that
each contained a single open reading frame that was fused
in-frame to the activation domain of the prey plasmid
(Figure 2B). To isolate full-length cDNA clones, we
screened another tomato cDNA library with tR&4/5/6
cDNA probes. This screen resulted in the isolation of
longer cDNA clones forPti6 but not for Pti4 and Pti5.

The longestPti6 cDNA clone is 1.4 kb and corresponds
to the transcript size detected by a Northern blot, indicating
that this Pti6 clone is probably full-length (data not
shown). The originaPti4 and Pti5 clones are also likely

to be full-length as they both contain a putative start
codon at their 5ends (see below).

The putative proteins encoded BYi4/5/6 contain 234,
161 and 248 amino acid residues, respectively (Figure
2B). The Pti6 protein expressed from the original prey
plasmid lacked the first 48 amino acid residues, indicating
that these residues are not essential for interaction with
Pto. Several features that are typical of transcription
factors are present in the Pti4/5/6 proteins. Most strikingly,
a central domain of 58 amino acids rich in basic residues
is shared by all three proteins (62—-81% identical), and
is reminiscent of the DNA-binding domain of many
transcription factors (Latchman, 1995). Pti4 and Pti6
contain short clusters of basic residues similar to known
nuclear localization sequences (NLS; reviewed by
Dingwall and Laskey, 1991). In addition, Pti4 and Pti5
each contain an acidic region N-terminal to the central
region, and Pti6 contains acidic regions both N- and
C-terminal to the central domain. Many transcription
factors, such as the yeast GAL4 protein, the mammalian
glucocorticoid receptor and the maize Viviporous-1 pro-
tein, contain acidic regions that function in transcriptional
activation (McCartyet al,, 1991; Latchman, 1995). When
Pti5 and Pti6 were expressed independently as baits in
the yeast strain EGY48, they showed strong autoactivation
of the reporter genes in the absence of any prey (data not
shown). This suggests that at least Pti5 and Pti6 contain
functional transactivation domains.

Pti4/5/6 bind the PR box that is conserved among
many pathogenesis-related genes

Using the BLAST program, we searched the DDBJ/
EMBL/GenBank database (version 86.0) for proteins with
similarity to Pti4/5/6. All protein sequences retrieved from
the database shared significant homology with the basic,
central domain of Pti4/5/6. These proteins include, in the
order of similarity to Pti4/5/6, the tobacco ethylene-
responsive element-binding proteins (EREBPs; Ohme-
Takagi and Shinshi, 1995), and tiAeabidopsisproteins
TINY (Wilson et al, 1996), AP2 (Jofukuet al., 1994)

and ANT (Elliott et al,, 1996; Klucheret al, 1996). A
number of expressed sequence tag (EST) sequences of
unknown function from bothArabidopsisand rice also
contain this central domain. EREBPs contain a single
central domain that has been demonstrated recently to
bind acis-acting element conferring the ethylene respons-
iveness of thep-1,3-glucanase gengIn2 in tobacco
(Ohme-Takagi and Shinshi, 1995). This ethylene-
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Fig. 3. Similarity of Pti4/5/6 to EREBP/AP2 transcription factoré\)(Alignment of Pti4/5/6 amino acid sequence with EREBPs from tobacco. The

Pretty Box program (GCG package, version 7.0) was used to create the best alignment. Amino acids identical in at least four of the sequences are
shaded in black and conservative substitutions are shaded in B)ayhylogenetic tree of transcription factors in the EREBP/AP2 family. The

putative DNA-binding region was used to create the best alignment with the Pileup program (GCG package, version 7.0), and the phylogram was
created using the Neighbor-Joining method of the Growtree program (GCG package, version 7.0). The length of branches indicates the relative
evolutionary distances. Sequences used in this analysis include the single DNA-binding region of Pti4/5/6, four tobacco EREBPs (Ohme-Takagi and
Shinshi, 1995), twdArabidopsisEST clones (accession Nos R87001 and H37693), two rice EST clones (accession Nos D39914 and D47296), the
two DNA-binding regions inArabidopsisproteins AP2 (Jofukeet al, 1994) and ANT (Elliottet al,, 1996; Klucheret al,, 1996), the maize protein

Zmmhcfl (accesssion No. Z47554) and the second DNA-binding region of a rice EST clone (truncated at its first DNA-binding domain, accession
No. D15799).

responsive element contains the core sequence GCCGCC. EREBP-1 and EREBP-2 are highly similar (71-78%
Since this sequence has been found in the promoters ofidentity) to each other throughout their entire open reading
many PR genes (see below), we refer to it as the PR box. frames. The N-terminus of Pti5 also shares significant
TINY is an Arabidopsisgene encoding a protein with a homology with Pti4, EREBP-1 and EREBP-2, and the
single central domain and is involved in determining plant entire Pti5 protein is 43-48% identical to these three
height, hypocotyl elongation and fertility (Wilsoet al., proteins. In contrast, Pti6, EREBP-3 and EREBP-4 are
1996). AP2 and ANT are involved in flower development, more distantly related, and their sequences outside the

and both contain two central domains that are also believedDNA-binding domain share little homology with any
to bind DNA (Jofukuet al, 1994; Elliott et al,, 1996; known proteins.

Klucher et al,, 1996). To explore further the relationships of the proteins
Figure 3A shows an alignment of the amino acid containing the EREBP DNA-binding domain, evolutionary

sequences of Pti4/5/6 and the EREBPs. The homology distances among these sequences were calculated and

among these sequences resides primarily in the DNA- a phylogenetic tree was constructed (Figure 3B). The

binding domain (at least 67% identical). However, Pti4, sequences clearly divided into two major groups, with
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GST{usion: Pti5 Pti6  Ptil EreBP2 None Bait Prey: EREBP-2
won: $8 88 88 88 88
- Pto .
b pto CXXIEXYXY

Bicoid [(ALAN XEL_
Free probe - “ w Fig. 5. Interaction of EREBP-2 with Pto. EGY48 yeast cells

containing the EREBP-2 prey and a bait of either Pto, pto or Bicoid

Fig. 4. Pti5 and Pti6 bind the PR box. Fifty ng of purified GST fusion ~ (in PEG202) were grown on galaoctose UHtis™ Trp~ X-Gal medium.
proteins were mixed with the wild-type PR box probe (GCC) or the The plates were incubated at 30°C for 3 days and photographed. Eight

mutated PR box probe (mGCC), and the gel mobility-shift assay was independent, representative colonies are shown for each bait—prey
performed as described in Materials and methods. combination.

one consisting of proteins with a single DNA-binding Together these observations imply that @-mediated

domain, and the other of proteins with two DNA-binding signaling pathway is conserved in both tomato and tobacco
domains. Pti4/5/6, EREBPs and several other EST and that the tomato Pto protein is compatible with other
sequences belong to the first group, whereas the proteins signaling components from tobacco. We thus predicted

involved in flower development are in the second group. that at least some of the tobacco EREBPs would interact
Thus, Pti4/5/6 are most closely related to EREBPs and with the tomato Pto protein.
are more distantly related to floral development regulators  The high degree of homology shared between EREBP-2
such as AP2 and ANT. and Pti4 suggests that EREBP-2 is a functional homolog

It has been shown previously that the central, basic of Pti4. We therefore tested the ability of EREBP-2 to
domain of the EREBPs binds the wild-type PR box of interact with Pto. Expression of EREBP-2 as a prey in
gIn2 but not a mutated PR box harboring two-G yeast strain EGY48 carrying the tomato Pto bait strongly
substitutions in the GCCGCC core sequence (Ohme- activated botla¢deand the LEU2 reporter genes,
Takagi and Shinshi, 1995). The similarity of the Pti4/5/6 indicating interaction of Pto with EREBP-2 (Figure 5;
proteins and the EREBPs led us to hypothesize that Pti4/ J.Zhou and G.B.Martin, unpublished results). This inter-
5/6 also bind to the PR box. To test this possibility, we action is highly specific, as the pto bait and the Bicoid
expressed the full-length Pti6 and the C-terminal 141 bait failed to interact with EREBP-2. This experiment
amino acids of Pti5 as GST fusion proteins. For a positive thus supports our hypothesis that the tobacco EREBP-2
control, we expressed the tobacco EREBP-2 protein as a protein is a functional homolog of Pti4/5/6.
GST fusion. The ability of GST-Pti5 and GST-Pti6 to
bind the wild-type or the mutatedin2 PR boxes was  Activation of PR gene expression upon Pto-avrPto
tested using a mobility-shift gel assay. As shown in Figure recognition
4, both GST-Pti5 and GST—-Pti6 bound the wild-type PR Our results suggest that Pti4/5/6 and EREBPs are transcrip-
box similarly to GST-EREBP-2. No binding was detected tion factors involved in the regulation of gene expression
when the mutated PR box was used in the assay, indicating by binding to the PR box. A search for plant promoter
that binding of GST-Pti5 and GST-Pti6 to the PR box sequences containing the PR box core sequence
was highly specific. In contrast to GST-Pti5 and GST- (GCCGCC) uncovered a number of predominantly basic
Pti6, neither GST—Pti1 nor GST itself bound to the PR PR genes from bean, tobacco, potafgabidopsisand
box. These results further confirmed the specificity of tomato (Table 1). It is thus plausible that Pto regulates PR
binding of Pti5 and Pti6 to thgln2 PR box. Thus the  gene expression in tomato via interaction with PR box-
DNA-binding domain of both Pti5 and Pti6 is functionally binding proteins such as Pti4/5/6 and EREBPs.
homologous to that of EREBPs. We have been unable to Next we examined whether there was a correlation
express Pti4 ifcscherichia coliand were therefore unable betweenrPto—Pto recognition and induction of PR
to test its activity in this assay. However, given the high genes containing the PR box. We chose tobacco to
degree of homology between Pti4 and EREBP-2, Pti4 is address this question because PR gene expression is easily
also likely to bind to the PR box. monitored in this species, and a number of PR gene

promoters have been analyzed in detail in tobacco. In

Interaction of Pto with tobacco EREBP-2 addition, the Pto-mediated signal transduction pathway is
The sequence similarity and PR box-binding properties of conserved between tomato and tobacco (Reiraimens
Pti/4/5/6 and the tobacco EREBPs strongly suggest that1995; Thilmonyet al,, 1995).
these proteins are functionally homologous. Introduction Tobacco leaves (W-38) either with or without the tomato
of the tomatoPto gene into tobacco is known to enhance Pto transgene were injected witR.s.tabacistrains with
defense responses specifically upon inoculation with or witherRto(at a level of 16 ¢.f.u./ml). We examined
P.s.tabaciexpressingavrPto (Thilmony et al, 1995). In the mRNA levels of three PR genes that contain PR boxes
addition, tobacco cultivar W-38 contains a functional, in their promoterPR@®1gene encoding a basic PR-1
endogenou®to gene that also specifically recognizes the protein (Payneet al, 1989), the basic chitinase gene
expression ofvrPtoin P.s.tabaciThilmony et al., 1995). CHNS50 (Fukuda et al, 1991) and theOsmotin gene
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Table I. Occurrence of PR-box in plant defense genes

Plant Gene name Protein encoded Reference
N.plumbaginifolia gnl B-1, 3-glucanase Castresaeral. (1990)
N.plumbaginifolia gn2 basic-1,3-glucanase Gheyseat al. (1990)
N.tabacum CHN50 basic chitinase Fukudet al. (1991)
N.tabacum CHN17 basic chitinase Shinslet al. (1990)
N.tabacum CHN14 basic chitinase van Buurest al. (1992)
N.tabacum GLA (gIn2) basic-1,3-glucanase Sperisen al. (1991) and Ohme-Takagi and Shinshi (1990)
N.tabacum GLB basic-1,3-glucanase Sperisen al. (1991)
N.tabacum PRP1 basic PR-1 Paynet al. (1989)
N.tabacum prb-1b basic PR-1 Melleet al. (1993)
N.tabacum Osmotin basic PR-5 Liuet al. (1995)
N.tabacum OPL neutral PR-5 Satet al. (1996)
N.tabacum chi-v class V chitinase Melcherst al. (1994)
S.tuberosum WIN2 wound inducible (PR-4-like) Stanforekt al. (1988)
S.tuberosum STPRINPSG protease inhibitor Y.Choét al. (DDBJ/EMBL/GenBank 212824)
S.commersonii pOSML13 basic PR-5 Zhiet al. (1995)
S.commersonii pOSML81 basic PR-5 Zhet al. (1995)
L.esculentum CHN basic chitinase cited by Haet al. (1993)
P.vulgaris CH5B basic chitinase Brogliet al. (1989)
A.thaliana CHA2 basic chitinase Samaat al. (1990)
A.thaliana PAL3 phenylalanine ammonia-lyase Wanregral. (1995)
B.napus Bp10 ascorbate oxidase Albagt al. (1992)

encoding a basic PR-5 protein (Lat al,, 1995). Figure 6

after inoculation withPseudomonabacteria. In the non-
transgenic plants, inoculation dP.s.tabaci containing

Tobaceao: W-38
shows that transcripts of the three genes accumulated pgeugomanas:

W-38 (355::Pto)

+ avrPto - avrPto
0 % 18 3 9 18 36

+avrPto - avrPlo
hbs 0O 9 18 36 9 18 36

avrPto induced the three transcripts at 18 h. In contrast, - o=

injection of P.s.tabacwithout theavrPtogene in the same PRFY ' . -~ *
plants delayed transcript accumulation. The early induction

of PR genes by avirulent bacteria in the non-transgenic CHNSO @ @ 08 oo
plants is likely to be a result of the recognition afrPto

by the endogenouBto homolog in this particular tobacco  psmatin - - - -w &
cultivar (Thilmony et al, 1995). In thePto transgenic

plants, this early induction bf.s.tabacicarrying avrPto rDNA " = ‘ ‘ e eow : : et : =

was accelerated further, with the earliest expression
observed at 9 h after inoculation. Surprisingly, the induc-
ti_on of the PR- genes in _thé’to transgenic plants by recognition. Tobacco leaves, either non-transgenic (W-38) or with the
virulent bacteria R.s.tabaci without avrPto). was. also Pto t?ansgene::’(SS::Ptc), weré injected with.s.?abacirElt 16 2:.f.u./m|.
accelerated and occurred at 18 h after infection. One | eaf tissue was harvested at the indicated times post-inoculation, and
possible explanation for this induction is that an unknown RNA was extracted. Duplicates of RNA gel blots were hybridized to
avrgene is present in tHes.tabacitrain and is recognized tobaccoPRP1 CHN5Q Osmotinor to rDNA probes. The experiment
by the tomatoPto gene. Alternatively, overexpression of Was repeated three times with the same resuits.
the tomatoPto gene in tobacco may potentiate PR gene
induction byPseudomonaacteria. Together, these results further, we inoculated”tbdransgenic tobacco leaves
support a role forPto in rapid expression of PR genes with high inocula (18 c.f.u./ml) of P.s.tabaciwith or
containing the PR box. withowtvrPto and examined the expression GHN5Q

To test further the functional relevance of EREBPs in Osmotinand theEREBP-ImMRNAs. Figure 7B shows that
resistance responses, we examined mRNA accumulation the preseaedPtd in P.s.tabaciand the use of high
of EREBP-landEREBP-2 which have the highest homo- inocula further accelerated the expression of these genes.
logy to Pti4 and Pti5. We were unable to detect reliably The avirulent bacteria (awttPto) induced the expression
the expression cEREBP-2mRNA. However, we found  of CHN50and the basi®R-5at 6 h post inoculation, and
that EREBP-1ImRNA was induced in théto transgenic that oEREBP-1within 3 h after inoculation. The virulent
tobacco plants at a high leiv® h after infection with bacteria (noavrPto) at high inoculum (18 c.f.u./ml) did
P.s.tabaciexpressingavrPto (at an inoculum level of 10 not induceEREBP-IMRNA accumulation within the 9 h
c.f.u./ml; Figure 7A). In contrastEREBP-1mRNA did time frame of the experiment. However, the virulent
not accumulate until 18 h after inoculation wigs.tabaci bacteria (18 c.f.u./ml) inducedCHN50 and Osmotinat
lacking avrPto. Similar results were observed with non- 9 h post-inoculation, indicating th&REBP-1expression
transgenic tobacco plants, suggesting that the endogenous is not required for the induction of these PR genes by
Pto homolog is sufficient for theEREBP-1activation. virulent bacteria. Thus, the early induction BREBP-1
These experiments indicated th&REBP-1 mRNA mMRNA correlates with the subsequent PR gene induction
accumulated earlier than that of the PR mRNAs during only in the incompatible interactions but not in the
incompatible interactions. To investigate this observation compatible interactions. It is conceivable that the avirulent

Fig. 6. Induction of tobacco PR gene expression updo—avrPto
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Pseudomonas: + avrPlo - avrPio + avrPlo - avrPto
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EREBP-1 b’j Py - .‘g
B 2
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EREBP-1
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Fig. 7. Induction of tobaccdEREBP-1expression upo®to—avrPto
recognition. Tobacco leaves, either non-transgenic (W-38) or with the
Pto transgene35S::Ptg, were injected withP.s.tabaciat 16 c.f.u./ml

(A) or at 16 c.f.u./ml B). Leaf tissue was harvested at the indicated
times post-inoculation, and RNA was extracted. Duplicates of RNA
gel blots were hybridized to the tobac€HN50Q Osmotinor EREBP-1
probes.

Pto kinase interacts with DNA-binding proteins

least some of the EREBPs are probable components
linking an R gene product (Pto) to the expression of
specific defense-related genes.

The significance of these findings are 2-fold. Transcrip-
tional regulation of defense genes is thought to be import-
ant for the establishment of plant disease resistance (Lamb
et al, 1989). Several plant transcription factors are thought
to play a role in defense gene regulation (da Costa e Silva
et al, 1993; Yuet al, 1993; Korfhageet al, 1994).
However, none of them have been shown to be associated
with an R gene-specified resistance pathway. The identi-
fication of Pti4/5/6 as putative transcription factors linking
PR gene expression to aR gene product therefore
promises new insight into how defense gene expression,
one of the best known defense responses, is activated
after R gene-avr gene recognition. Secondly, although
regulation of transcription factors by protein kinases is a
common mechanism in eukaryotes (Hunter and Karin,
1992), relatively little is known of this mechanism in
plants. Phosphorylation of th&rabidopsistranscription
factor GBF1 by casein kinase Il was shown to enhance
the binding of GBFL1 to the G bogis-element (Klimczak
et al, 1992, 1995), whereas dephosphorylation by a
phosphatase reduced the binding (Ham¢ral, 1994).
Likewise, phosphorylation of the potato transcription fac-

and virulent bacteria activate defense gene expressiontor PBF-1 is believed to play a role iAR-10aexpression

through different signal transduction pathways (Dong
et al, 1991).

Discussion

Interaction of the Pto kinase with transcription
factors

(Despted.,, 1995). However, specific protein kinases
that are involved in regulation of these transcription factors
have yet to be identified. Further investigation of the
interaction of the Pti4/5/6 with the Pto kinase should help
to elucidate the potential role of protein phosphorylation
in the transcriptional regulation of plant defense genes.

Using the yeast two-hybrid system, we identified three Regulation of PR gene expression in disease
distinct genes encoding putative transcription factors that resistance

interact specifically with the Pto kinase. We assessed the

significance of this finding first by testing the specificity
of the interactions. While Pto interacted with Pti4/5/6,

PR gene expression is known to be activated by a number
of biotic or abiotic stresses including infection by viral,
bacterial or fungal pathogens, treatment with plant hor-

interactions were not observed with any other tested bait mones and elicitors such as ethylene, salicylic acid (SA),

proteins. In particular, the lack of interaction of pto with
Pti4/5/6 is consistent with the fact that tomato plants
carrying pto are susceptible t®.s.tomato(avrPto). Pti4/
5/6 all contain a highly conserved DNA-binding domain,
and this domain is also involved in the interaction with
Pto (data not shown)Arabidopsistranscription factors
such as MADS proteins also require the DNA-binding
domain for certain protein—protein interactions (Mizukami

et al, 1996). Secondly, we demonstrated that Pti4/5/6 are

functionally similar to EREBPs in both structure and DNA-

jasmonic acigh4and UV light (reviewed by Boét al,,
1990; Linthorst, 1991), and necrotic lesions induced by
either mutations or ectopic expression of foreign genes
(Dietrich et al, 1994; Greenberget al, 1994; Mittler
et al, 1995; Herber®t al, 1996). Whereas expression of
PR genes is generally induced by pathogen infection, their
expression is not always enhandedydre-avr gene
recognition (Danhaskt al, 1993). Here we demonstrated
that expresskRRRf CHN5Q Osmotinand EREBP-1
in tobacco are enhanced specifically by the recognition of

binding properties, suggesting that Pti4/5/6 are involved in Pto—avrPtogenes. These findings are consistent with the
defense gene regulation. This possibility is strengthened proposed role of EREBPs in the Pto-mediated signaling

further by the strong interaction between EREBP-2 and

Pto. The relevance of a PR box-binding factoRgene-

determined defense responses is also supported by the

fact that EREBP-1is induced early uporPto—avrPto
recognition, and the induction &REBP-1precedes that
of basicPR-5andPRP1in the incompatible interactions
This is similar to the induction of the parsl€3AL gene
in response to an elicitor derived fromhytophthora
megasperma sp.glycinea(da Costa e Silvat al., 1993).
Accumulation of BPF-1 mRNA that encodes a putative
transcription factor precedePAL mRNA expression.

pathway.

It is not clear whether Pti4/5/6 are functionally redund-
ant. The sequence divergence outside the DNA-binding

domains suggests a functional difference among Pti4/5/6.

One possibility is that Pti4/5/6 each has a preference for
a distinct PR gene promoter. For example, the context
surrounding the GCCGCC core sequence in various PR
genes may influence binding affinities of the Pti4/5/6
proteins. Indeed, we have observed that EREBP-2, Pti5
and Pti6 bind to the PR box @fin2 better than to that of

the baskRR-5gene (J.Zhou and G.B.Martin, unpublished

Taken together, these findings suggest that Pti4/5/6 and atresults). The possibility that different defense genes are
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regulated by these transcription factors is consistent with
the observation that a diverse array of defense genes are
activated in the resistance response. Further examination
of the role of each of these transcription factors in the Pto
signaling pathway will enable us to address this question.
Although PR gene expression is known to inhibit fungal
growth in plants, whether PR proteins have antibacterial
activity remains uncertain. However, existing evidence
indicates that PR proteins are also likely to be involved
in the bacterial disease resistance. For exampleéAtabi-
dopsismutantnprl is unable to express PR genes and
fails to restrict the growth of the bacterial pathogen
P.s.maculicola(Caoet al,, 1994). Conversely, thArabi-
dopsismutantcprl, that constitutively expresses PR genes,
shows heightened resistance not only to the fungal patho-Fig. 8. Proposed model for Pto-mediated signal transduction.
gen Peronospora parasiticabut also to the bacterial
pathogerP.s.maculicolgBowling et al, 1994). Thus, the
increased PR gene expression ugin—avrPtorecogni- 1993; Sess al,, 1995; Ohme-Takagi and Shinshi, 1995),
tion may contribute to the overall resistance to the the PR box may also be involved in the pathogen-activated
Pseudomonabacteria. transcription of PR genes (Alonsbal, 1995). It is a
One strategy to improve disease resistance in crop common observation that certain transcription factors serve
plants is by overexpressing antimicrobial proteins such as as targets for different signaling pathways. For instance,
PR proteins. However, manipulation of individual PR the extensively studied animal transcription factor CREB
genes has only led to a partial tolerance to several fungal (CAMP response element-binding protein) is phosphoryl-
pathogens (Broglieet al., 1991; Alexanderet al, 1993; ated and activated by protein kinases from a number
Liu et al, 1994). Recent studies by Ztat al. (1994) and of different signaling pathways (reviewed by Hill and
Jach et al. (1995) demonstrated that co-expression of Treisman, 1995). It will be interesting to determine whether

Pseudomonas I

AvrPto

Hypersensitive
Response

chitinase and glucanase genes in tobacco resulted in Pti4/5/6 and EREBPs are regulated both by protein kinases,
a synergistic enhancement of resistanceCercospora such as Pto, that function specifically in disease resistance
nicotianaeandRhizoctonia solanirespectively. Similarly, and by a MAP kinase that functions downstream of the

simultaneous overexpression of the class | chitinase andCTR kinase in the ethylene pathway (Kielsral,, 1993).
the class | glucanase genes in tomato synergistically
enhanced resistance against tResarium wilt disease A model for the Pto signaling pathway
(Jongedijket al, 1995). In systemic acquired resistance, Two of the major outcomes d® gene-mediated signaling
a large number of PR genes are coordinately expressed, pathways are the hypersensitive response (HR) and defense
and this type of resistance is known to be effective against gene expression. Several reports have suggested that the
a wide range of pathogens (Waed al., 1991). A more HR and defense gene expression result from distinct
effective approach to engineer crop plants with enhanced pathways. For exampl®seudomonasarboring mutations
protection against pathogens might be to coordinately hrmgenes (required for the hypersensitive response in
express a large combination of PR proteins in the plant. non-host and pathogenicity in host plants) fail to elicit an
However, transferring multiple genes into a plant is HR but still induce defense gene expression in bean
technically difficult. The discovery of Pti4/5/6 and (Jakobek and Lindgren, 1993). Thps2-201 mutant is
EREBPs as PR box-binding factors may provide a new unable to develop an HR in respg@sdetmataarrying
approach to improving crop plants with enhanced PR geneavrRpt2 but still develops systemic acquired resistance
expression and disease resistance. (Camettoral, 1994). Furthermore, thérabidopsis
mutantnprl, in which SA- and pathogen-induced PR gene
Cross-talk between the ethylene and disease induction are abolished, has an intact HR in response
resistance pathways to P.s.maculicola(avrRpt) (Cao et al, 1994). These
It has long been known that overlapping sets of genes areobservations are consistent with the notion that the signal
induced by both ethylene and pathogen infection (Boller perceived bR gene product is transduced via two
and Vogeli, 1984; Ecker and Davis, 1987; Mauch and separate pathways, namely an HR pathway and a defense
Staehelin, 1989). This has led to the hypothesis that gene activation pathway, although cross-talk may exist
ethylene may be a component in the signaling pathway between the two pathways.
of plant defense responses (Raz and Fluhr, 1992). However, Dricrgediated resistance responses, the pathways
genetic studies with ethylene-insensitive mutants clearly leading to HR and defense gene activation are likely to
indicate that ethylene action is not required for disease bifurcate after Pto. Figure 8 depicts our current model for
resistance responses Arabidopsis(Bent et al, 1992; the Pto signaling pathway. In this model, the AvrPto
Lawton et al,, 1994). Although ethylene is unlikely to be protein is secretedPsgudomonasglirectly into plant
a component in the signaling chain leading to disease cells and physically interacts with the cytoplasmic kinase
resistance, it is conceivable that the disease resistance Pto (Sebi|dL996; Tanget al,, 1996). The physical
pathways and the ethylene pathway converge at transcrip-interaction of Pto and AvrPto determines the specific
tion factors such as Pti4/5/6 and EREBPs. In addition to recognition between plants witlPtthegene and
serving as an ethylene-responsive element (léaral, Pseudomonasbacteria carryingavrPta This recognition
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event, which may also involve Prf, activates the Pto

kinase which in turn phosphorylates and activates diverse

downstream target proteins, each with a unique role in

Pto kinase interacts with DNA-binding proteins

product of EREBP-2cDNA was digested witlEcoR| and Xhd, and
ligated into the corresponding sites of pBluescript SK(-). The nucleotide
sequences oEREBP-1and EREBP-2cDNA clones were verified by
DNA sequencing analysis.

the resistance responses. We have shown previously that

Ptil is involved in the HR mediated byto—avrPto
recognition. The Pti4/5/6 proteins described here may

Expression of GST fusion proteins in E.coli
The Ptil cDNA was removed from the GST—Ptil fusion plasmid (Zhou

represent components involved in a separate pathwayet al, 1995) withEcoRl and Xhd and replaced with cDNA inserts of

ti4/5/6 or EREBP-2 to create GST-Pti4/5/6 or GST-EREBP-2 fusion

governing defense gene expression. The occurrence 0constructsPti4cDNAs(nucleotides 13-993) afdi5 cDNA (nucleotides

transcription factors directly downstream of tRegene

product Pto was unexpected; however, it is not unpreceden-

ted. A similar situation occurs in the JAKs/STATs pathway

governing mammalian cytokine-activated gene expression

(reviewed by lhle, 1996). JAKs are cytokine receptor-

82-782) were excised from pJG4-5 wHedR| andXhd before ligation
into the pGEX vector. The full-lengti®ti6 insert was PCR amplified
using the full-length Pti6 cDNA clone in pBluescript SK (-) (Stratagene)
as a template and the upstream priméfGAGAATTCATGACGG-
AAAATTCAG-3’ and the T7 primer 5SAATACGACTCACTATAG-3'.
The PCR product was first partially digested wiitaRl and then

associated tyrosine kinases that phosphorylate STAT digested completely witiXhd before being inserted into the GST

transcription factors upon cytokine activation. The phos-

phorylated STATs are then translocated into the nucleus
where they activate interferon-responsive genes. Interest-

ingly, in common with the two separate pathways that
occur downstream of Pto, JAKs are also responsible for
the activation of the distinct ERK/MAPK pathway by
cytokines (reviewed by Briscoet al, 1996; Winston and
Hunter, 1996).

Transcription factors are often regulated by phosphoryl-
ation. For example, activation of the mammalian transcrip-
tion factor c-Jun by UV light and several other stress
conditions requires the phosphorylation of two serine
residues in the c-Jun transactivation domain by the JNK
protein kinase (Hibet al, 1993). This phosphorylation is
mediated by the direct interaction of c-Jun and JNK.
Binding of Pti4/5/6 to the PR box does not appear to
require phosphorylation, as shown by the DNA-binding
activity of the E.coliexpressed proteins. However,
phosphorylation of specific residues may affect nuclear
localization, transcriptional activation or the interaction of
Pti4/5/6 with other proteins (Hill and Treisman, 1995).
The interaction of the Pto kinase with Pti4/5/6 and
EREBP-2 suggests that phosphorylation of Pti4/5/6 and
EREBPs may be required for thdim vivo activity. It is

expression vector. The PCR-amplified EREBP-2 cDNA (see above) was
digested withEcoRl and Xhd and inserted into the same sites of the
GST expression vector. The resulting constructs were introduced into
E.coli strain PR745l6n~ New England Biolabs, Beverly, MA), and GST
fusion proteins were expressed and purified as described (Guan and
Dixon, 1991).

Gel mobility-shift assay

The wild-type gin2 PR box 2<(CATAAGAGCCGCCACTAAAAT-
AAGACCGATCAAATAAGAGCC GCCAT) and mutated PR box
2X (CATAAGATCCTCCACTAAAATAAGACCGATCAAATAAGATC-
CTCCAT) (Ohme-Takagi and Shinshi, 1995) were end labeled?By
as described (Ausubelt al, 1994). Four fmol of probe were mixed
with each of the purified GST fusion proteins in a buffer containing
2 pg of poly(dA-dT)-(dA—dT), 25 mM HEPES (pH7.5), 40 mM KCl,
0.1 mM EDTA, 10% glycerol and 1 mM dithiothreitol, incubated at room
temperature for 15 min, and electrophoresed on a 4% polyacrylamide gel
in 0.25x TBE buffer (Ohme-Takagi and Shinshi, 1995). The gel
subsequently was dried and exposed to X-ray film.

Interaction of Pto with EREBP-2

EREBP-2cDNA was digested wittEcaRl and Xhd and inserted into

the same sites on the prey vector pJG4-5. The resulting construct was
introduced into EGY48 cells containing the various baits to test the
activation of thelacZ and LEU2 genes (Golemigt al, 1994).

Plant inoculation and RNA blot analysis
Leaves of 7-week-old tobacco plants were injected Withtabacistrain
11528R race 0 or the same strain carrying pPTE6 (Roegkd., 1992)

noteworthy that a serine residue conserved in the putativeat 16 or 10® c.fu./ml, harvested at various time points following

activation domain and two threonine residues in the DNA-
binding domain are conserved among Pti4/5/6 and the

inoculation, and total RNA was extracted. Trg of RNA per sample
were separated on 1% formaldehyde agarose gel, and duplicate RNA
blots were hybridized to the following probes as described (Ztoai.,

EREBPs. Whether these residues are phosphorylated byiggs): pRP1 (Payneet al, 1989), CHN50 (Fukudaet al, 1991) and

Pto and contribute to the activity of these transcription
factors remains to be determined.

Materials and methods

Yeast two-hybrid interaction, cDNA library screening, DNA

blot analysis, sequencing analysis

These experiments were performed as described previously (Zhou
et al, 1995).

Isolation of EREBP-1 and EREBP-2 from tobacco

The EREBP-landEREBP-2cDNAs were amplified from tobacco W-38
using RT-PCR. An upstream primet-BACCCGGGCAAAATGAAT-
CAACCA-3' and a downstream primef-ACTCTCGAGCTCAAGAG-
TACCACA-3' were used to ampliffEREBP-1 The upstream primer's
CTGAATTCATGTATCAACCAATTTCGACC-3 and the downstream
primer 3-ACTCTCGAGCAAAGTGGAGTAGTT-3 were used to amp-

lify EREBP-2 Total RNA was isolated from leaves that had been
injected with 18 c.f.u./ml of P.s.tabaci(avrPto) 6 h post-inoculation.
Five ug of total RNA were first transcribed vitro using the downstream
primers, and the cDNA was amplified subsequently by a standard PCR
using both upstream and downstream primers. The PCR product of
EREBP-1cDNA was digested wittsma and Xhd, and ligated into the

Osmotin(Singhet al, 1989).
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