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The specific recognition of elicitors produced by plant
pathogenic bacteria carrying avirulence (avr) genes is pos-
tulated to initiate cellular defense responses in plants ex-
pressing corresponding resistance genes. The biochemical
functions of most avr genes, however, are not known. A
heterologous system was developed to phenotypically ex-
press Pseudomonas syringae avr genes in Escherichia coli
cells that required the P syringae hrp cluster. E. coli
MC4100 transformants carrying the plasmid-borne P. sy-
ringae pv. syringae Pss61 hrp cluster and P. syringae pv.
glycinea avrB expressed from a triple lacUVS promoter
gained the ability to elicit the hypersensitive response in
soybean cultivars expressing Rpgl and in an Arabidopsis
thaliana accession expressing RPMI. Inactivation of en-
ergy transducing or outer membrane components of the
hrp-encoded secretion system blocked phenotypic expres-
sion of avrB in E. coli, but deletions abolishing harping,
production had little effect on the production of the AvrB
phenotype by the E. coli transformants. Phenotypic ex-
pression of avrA, avrPto, avrRpm1, avrRpt2, and avrPph3
in E. coli was also shown to require the hArp cluster. The
results indicate that generation of the Avr phenotype in P
syringae strains is specifically dependent on the secretion
activities of the Arp cluster.

Plants, like most multicellular eukaryotic organisms, have
inducible defense mechanisms to actively impede coloniza-
tion of tissue by bacteria and other pathogens (Staskawicz et
al. 1995). These cellular defense mechanisms include en-
hanced production of active oxygen species, release of hydro-
lytic enzymes, phytoalexins, cell wall modifications, and lo-
calized loss of cellular integrity (Keen 1992). The molecular
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events leading to the initiation of these defense mechanisms
are not fully understood but appear to result from a specific
recognition event between a resistant plant and the pathogen.
Genetic analyses of pathogen variants, called races, with sus-
ceptible and resistant cultivars of host plant species have led
to formulation of the gene-for-gene hypothesis to explain some
host-pathogen recognition events (Flor 1971; Keen 1990). This
hypothesis proposes that certain pathogens carry dominant
“avirulence” (avr) genes conditioning the initiation of necrotic
plant defense responses, called the hypersensitive response
(HR), in cultivars or ecotypes of plant species expressing a
corresponding dominant resistance (R) gene. avr genes have
been identified in strains of plant pathogenic bacteria, fungi,
viruses, and nematodes (Dangl 1994; Staskawicz et al. 1995).
More recently, R genes corresponding to specific avr genes
have been cloned from several plant species (Bent et al. 1994;
Ellis et al. 1995; Grant et al. 1995; Jones et al. 1994; Martin
et al. 1994; Mindrinos et al. 1994; Whitham et al. 1994).
While the genetic components functioning during gene-for-
gene interactions of pathogens with resistant hosts have been
characterized, the mechanism by which the gene products in-
teract during incompatible interactions to initiate the cellular
defense responses associated with disease resistance has not
been elucidated. Most models propose that plant R genes
specify a surveillance system that recognizes a pathogen-
produced elicitor, presumably an Avr gene product or its by-
product, to initiate a defense response (receptor-ligand model)
(Gabriel and Rolfe 1990; Keen 1990). The deduced R-gene
products characterized thus far have motifs suggestive of a
function as receptors or components of a signal transduction
pathway (Staskawicz et al. 1995). R-gene specific elicitors
predicted by the receptor-ligand model have been identified
for a few avr genes (avr4 and avr9 from Cladosporium ful-
vum (Joosten et al. 1994; Van der Ackerveken et al. 1992),
TMYV coat protein (Culver and Dawson 1991), and Pseudo-
monas syringae avrD (Keen et al. 1990; Midlands et al.
1993), but similar activities have not been detected from
pathogens carrying most other avr genes. Of particular inter-
est are bacteria carrying avr genes. At least 30 avr genes have
now been cloned and characterized from several P syringae
and Xanthomonas campestris strains (see Dangl 1994) but,



with the exception of avrD, their mechanism of action re-
mains unknown. The deduced gene products of most avr
genes lack features indicative of secretion or motifs sugges-
tive of their biochemical activity. When bacterial avr genes
other than avrD are expressed in Escherichia coli strains, the
cell lysates lack elicitor activity.

Some evidence suggests that in P. syringae strains the gene
products of avr genes may interact with those of hrp genes.
The hrp genes control the ability of P. syringae strains to
elicit defense reactions during incompatible interactions with
nonhost plant species and contribute to pathogenicity during
compatible interactions with susceptible plant species
(Anderson and Mills 1985; Lindgren et al. 1986; Willis et al.
1991; Bonas 1994). Most of the hrp genes appear to encode
components of a type III protein secretion system similar to
that used by some E. coli, Salmonella, Shigella, and Yersinia
strains to secrete virulence factors (Huang et al. 1995; Sal-
mond 1994; VanGijsegem et al. 1994). At least one proteina-
ceous plant response elicitor, harping,, is produced by the
Pss61 hrp gene cluster (He et al. 1993). Several P. syringae
pv. glycinea race 0 mutants carrying hrp::Tn5 mutations no
longer elicited the HR in those soybean cultivars carrying the
Rpgl resistance gene (Huynh et al. 1989), suggesting that
these hArp mutants had lost the AviB phenotype. The loss of
phenotype was due in part to the regulation of avrB by the
hrp regulatory system (Huynh et al. 1989; Innes et al. 1993,
Salmeron and Staskawicz 1993; Shen and Keen 1993). Later
studies showed this regulatory system involves HrpL, an al-
ternative sigma factor controlling expression of the entire hrp

Table 1. Bacterial strains and plasmids used in this study®

regulon (Hutcheson et al. 1996; Xiao et al. 1994; Xiao and
Hutcheson 1994).

These observations suggest that the hrp genes might be re-
quired for phenotypic expression of avr genes. To test this
hypothesis, a heterologous system employing E. coli trans-
formants was used to determine the genetic components nec-
essary for phenotypic expression of several bacterial avr
genes. Because E. coli is not a plant pathogen, it has been
useful for the reconstruction of functional genetic systems
important for virulence and regulation in plants (He et al.
1993; Heu and Hutcheson 1993; Huang et al. 1988; Lidell
and Hutcheson 1994; Xiao et al. 1994; Xiao and Hutcheson
1994). Here we report phenotypic expression of six diverse P.
syringae avr genes in E. coli transformants carrying the P.
syringae hrp cluster and demonstrate that this activity re-
quires the secretion activities of the P. syringae hrp cluster
but not harpin production. A preliminary report of this work
has been presented (Hutcheson et al. 1996).

RESULTS

Phenotypic expression of avrB in E. coli.

To examine the relationship between the hrp genes and avr
genes, a set of plasmid-borne constructs expressing the P. sy-
ringae hrp genes [(pHIR11-2096)(pYXL2B); Table 1] or the
avrB gene (pAVRB-600) were transformed singly or in com-
bination into E. coli MC4100. The plasmid pYXL2B carries a
constitutively expressed hrpL gene and was included in these
strains to enhance expression of the P. syringae hrp genes in

Strain or plasmid Relevant characteristics

Source

Escherichia coli

Casadaban 1976

MC4100 F* araD139 A(argF-lacZYA)U169
rpsL150 relAl fib-5301 ptsF25 deoCl
Pseudomonas syringae
pv. syringae
Pss61 Nx*
pv. glycinea
Race 4 Rif
pDSK600 Sp', incQ
pDSK603 Sp’, incQ
PAVRB-600 1.3-kb Xbal/Kpnl fragment isolated from pAVRB-1 and ligated into pDSK600
pAVRA-600 3-kb Sall fragment carrying avrA ligated as a Kpnl/Sacl fragment from a
pBluescript intermediate into pDSK600
PAVRPTO-600 0.8-kb HindIIl/Sacl fragment carrying avrPto cloned into pDSK600
pAVRRPT2-600 1.3-kb HindIII fragment carrying avrRpt2 ligated into pDSK600
pAVRRPM6-603 2-kb EcoRI/HindIII fragment carrying avrRpm6 isolated from K4812.3 cloned into
pDSK603
pAVRPPH3-600 2-kb Pvull fragment derived from a 3.4-kb BamHI fragment carrying avrPph3
cloned into the Smal site of pDSK600
pYXL2B Ap', colE1, 1-kb Sspl-Hincll fragment carrying hrpL cloned into pBluescriptll SK*
pHIR11 Tc', incP1, Pss61 hrp/hrmA gene cluster cloned into pLAFR3

pHIR11-2082

Tc' Kn', pHIR11 derivative carrying a hrpJ4::TnphoA insertion, secretion™

pHIR11-2084 Tec" Kn', pHIR11 derivative carrying a ArpH2::TnphoA insertion, secretion™
pHIR11-2092 Tc" Kn', pHIR11 derivative carrying a hrpZ3::TnphoA insertion, Harpin™
pHIR11-2093 Tc" Kn', pHIR11 derivative carrying a hrpZ2::TnphoA insertion

pHIR11-2096 Te" Kn', pHIR11::TnphoA derivative carrying a wild-type hrp/hrmA cluster
pHIR11-7000 pHIR11 derivative carrying a HindIII to Xbal substitution causing a hrpZ2::12bp

pHIR11-7024
pHIR11-7025

mutation
pHIR11-7000 derivative carrying a 0.8-kb AhrpZ2 mutation
pHIR11-7000 derivative carrying a 0.85-kb AhrpZ2 mutation

Baker et al. 1987
Keen and Buzzell 1991

Murillo et al. 1994

Murillo et al. 1994

Tamaki et al. 1988; this work
Staskawicz et al. 1984; this work

Ronald et al. 1992; this work
Innes et al. 1993; This work
Debener et al. 1991; This work

Jenner et al. 1991; This work

Xiao et al. 1994

Huang et al. 1988

Huang et al. 1991;

Lidell and Hutcheson 1994

He et al. 1993; Huang et al. 1991
He et al. 1993; Huang et al. 1991
Huang et al. 1991

Huang et al, 1991

This work

This work
This work

® Ap, ampicillin; Kn, kanamycin; Rif, rifampicin; Tc, tetracycline; Sp, spectinomycin, Nx, nalidixic acid.
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Fig. 1, Plant responses to Escherichia coli MC4100 transformants carrying the Pseudomonas syringae Pss61 hrp/hrmA gene cluster and the P. syringae
pv. glycinea avrB gene. Cells from overnight cultures of the indicated bacteria grown in KB medium were harvested, resuspended in M63 fructose min-
imal salts medium, and cultured for an additional 6 h. Cells were harvested, resuspended in H;0 and the bacterial concentration was adjusted to 1 x 10°
cells/ml. The bacteria were immediately inoculated into primary leaves of 10-day-old soybean plants or fully expanded leaves of approximately 4-week-
old. Arabidopsis thaliana plants. Responses were photographed after 24 h. These experiments were repeated at least 10 times with similar results. A rep-
resentative infiltration site is shown for each interaction. A, Soybean cv. merit inoculated with MC4100 (pHIR11-2096)(pYXL2B). B, Soybean cv. Merit
inoculated with MC4100 (pHIR11-2096)(pY XL2B)(pAVRB-600). C, Soybean cv. Acme inoculated with MC4100 (pHIR11-2096) (pYXL2B) (pAVRB-
600). D,. A. thaliana accession Col-0 inoculated with MC4100 (pHIR11-2096)(pYXL2B); E, A. thaliana accession Col-0 inoculated with MC4100
(pHIR11-2096)(pYXL2B)(pAVRB-600). F, A. thaliana mutant Col-O(rps3-1) inoculated with MC4100 (pHIR 11-2096)(pY XL2B)(pAVRB-600).

E. coli (Xiao et al. 1994). The soybean cultivars tested were
found to be insensitive to E. coli MC4100 transformants car-
rying pHIR11-2096 and pYXL2B or pAVRB-600 alone. A
null response was detected when an inoculum of 10° cells/ml
was infiltrated, irrespective of the soybean cultivar inoculated
(Fig. 1A). In contrast, MC4100 transformants carrying both
the Pss61 Arp cluster and the plasmid-borne avrB gene were
capable of eliciting the HR (Fig. 1B), but only in those soy-
bean cultivars carrying Rpgl, the resistance gene that medi-
ates soybean responses to P. syringae strains carrying avrB
(Merit, Harosoy, Norchief; Table 2). When inoculated into
leaves of soybean cultivars which lack Rpgl (Acme, Flam-
beau, and Centennial), a null response similar to that pro-
duced by MC4100 (pHIR11-2096)(pYXL2B) was observed
(Fig. 1C). To confirm the specificity of these plant responses
to E. coli cells carrying the hrp genes and avrB, 11 additional
soybean cultivars (Dunfield, Hawkeye, Jogun, Clark, Black-
hawk, PI54610, Mukden, Norin, S100, OX615, and Vance)
whose responses to P. syringae strains had not been published
were screened in a blind experiment for their response to the
E. coli transformants. Only those soybean cultivars that re-
acted hypersensitively to MC4100 carrying the hrp cluster
and avrB (Hawkeye, Blackhawk, Mukden, and S100) devel-
oped a typical HR when inoculated with P. syringae pv. gly-
cinea race 4 (pAVRB-600).
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P. syringae pv. maculicola and P syringae pv. tomato
DC3000 transformants carrying a plasmid-borne avrB gene
also induce the HR in accessions of A. thaliana carrying
RPM1, a R-gene mediating recognition of P. syringae strains
carrying either avrRpm1 or avrB (Grant et al. 1995). A. thali-
ana accession Col-0 and a rpml! mutant (Col-0 (rps3-1))(a
gift of R. Innes) as well as five accessions of A. thaliana
lacking the RPM1 gene (Aa-O, Mt-0, Fe-1, Nd-0, and Bs-1; a
gift from J. Dangl) were screened for their ability to respond
to E. coli MC4100 carrying the hrp genes and avrB. The HR
was observed when MC4100 (pHIR11-2096) (pYXL2B)
(PAVRB-600) was inoculated into Col-0 (Fig. 1E). As in soy-
bean, E. coli strains lacking either the plasmid-borne avrB
gene or the Pss61 hrp cluster produced a null response (e.g.,
Fig. 1D). Neither the Col-0 (rps3-1) mutant (Fig. 1F) nor ac-
cessions lacking the RPM1 gene (data not shown) responded
hypersensitively to any of the MC4100 transformants.

Role of the hrp-encoded secretion system.

Since transcription of avrB in the construct used in these
experiments was directed by vector lacUV5 promoters and
expression of the hrp operons was enhanced by the presence
of the plasmid-borne hrpL gene, it is likely that the hrp-
dependent expression of the Avr phenotype is due to either:
(i) the secretion activity of the hrp cluster; or (ii) the secreted



Table 2. Responses of soybean leaves to Escherichia coli MC4100 transformants carrying Pseudomonas syringae hrp and avrB genes

Transformant Reaction observed in soybean cultivar®

carrying®: Acme Merit Harosoy Norchief Flambeau Centennial
pHIR11-2096, pYXL2B Null Null Null Null Null Null
PAVRB-600 Null Null Null Null Null Null
pHIR11-2096, pYXL2B, pAVRB-600 Null HR HR HR Null Null

3 E. coli MC4100 transformants carrying the indicated plasmids were inoculated into the primary leaves of 10-day-old soybean plants at a concentration
of 1 x 10° cells/ml as described in Figure 1. Leaves were scored for responses after 24 h.

b Resistance phenotypes of the soybean cultivars are: Acme (rpgl); Merit (Rpgl); Harosoy (Rpgl); Norchief (Rpgl); Flambeau (rpgl); Centennial
(rpgl); HR, necrotic reaction typical of the hypersensitive response observed after 24 h.; Null, no reaction observed up to 48 h after inoculation.

harpin product produced by the hrpZ operon. To test the role
of the secretion activity of the Arp cluster in the production of
the avrB phenotype, experiments were conducted using
pHIR11 derivatives carrying hrpJ4::TnphoA (pHIR11-2082)
or hrpH2::TnphoA (pHIR11-2084) mutations (Huang et al.
1991). The hrpJ4 gene product has been deduced to be an
ATPase associated with the inner membrane and is a neces-
sary component of the hrp-encoded secretion system (Lidell
and Hutcheson 1994). The hrpH2 gene product is an outer
membrane protein that is also essential for the hrp-encoded
secretion system (He et al. 1993; Huang et al. 1992). These
mutations were previously shown to produce secretion minus
(Hsc") phenotype in MC4100 transformants (He et al. 1993;
Huang, He et al. 1992; Lidell and Hutcheson 1994). Pheno-
typic expression of avrB was lost in any of the MC4100
(PAVRB-600)(pYXL2B) transformants carrying the Hsc™
pHIR11::TnphoA derivatives (Table 3).

Requirement for harpin in the phenotypic expression
of avrB in E. coli.

Assessment of the role of harpin in production of the AviB
phenotype is complicated by the genetic organization of the
hrp cluster. Harpinp, is the gene product of the second gene
of the hrpZ operon (Huang et al. 1995; Xiao and Hutcheson
1994). At least four genes transcribed after hrpZ2 encoded
gene products which appear to be part of the hrp-encoded
protein secretion system (Huang et al. 1995; Preston et al.
1995). In addition, deletion derivatives of ArpZ2 retaining
either the N or C halves of the gene product still exhibit HR-
eliciting activity when inoculated into tobacco (Alfano et al.
1995), thereby limiting the type of mutations that can be used
in these experiments. Initial experiments employed constructs
carrying TnphoA mutations that had been originally mapped
to the complementation group encoding for harping
(pHIR11-2092; -2093; Fig. 2) (Huang et al. 1991) and had
been reported to suppress harpin production (He et al. 1993).
MC4100 transformants carrying either pHIR11::TnphoA de-
rivative and avrB failed to elicit the HR in A. thaliana Col-0
or soybean cv. Merit (data not shown), suggesting that harpin
may be necessary for generation of the AviB phenotype.
These mutations, however, could have a polar effect on
downstream genes encoding apparent components of the hrp-
encoded secretion system (Huang et al. 1995; Preston et al.
1995).

To clarify the role of harpiny, in the phenotypic expression
of avrB, AhrpZ2 mutations were constructed directly in
pHIR11. A short oligonucleotide was used to convert the
HindII site of pHIR11 that is internal to ArpZ2 into a unique
Xbal site. The resulting pHIR11 derivative (pHIR11-7000)

Table 3. Role of the hrp-encoded secretion system in the phenotypic
expression of avrB in MC4100 transformants

Reaction of inoculated plant host*

pHIR11 hrp Muta- Col-0
derivative®  tion®  Tobacco Merit Acme Col-0 (rps3-1)
2096 Wild type HR HR Null HR Null
2082 hrpl4 Null Null  Null  Null Null
2084 hrpH2 Null Null  Null  Null Null

2 E. coli MC4100 transformants carrying pAVRB-600, pYXL2B and the
indicated pHIR11 derivative

® Mutations were characterized previously (He et al. 1993; Huang et al.
1991; Lidell and Hutcheson 1994). The genetic nomenclature of Xiao
and Hutcheson (1994) was used.

¢ Conditions were as described in Figure 1. Acme and Merit are soybean
cultivars. Col-0 and Col-0 (rps3-1) are accessions of A. thaliana. Nico-
tiana tobacum L. (tobacco) var. Samsun was inoculated as described in
Huang et al. 1988.

carried a 12-bp insertion which did not affect the Harpin phe-
notype. MC4100 (pYXL2B)(pHIR11-7000) retained the
ability to elicit an HR in tobacco. Similarly, MC4100
(pYXL2B) (pHIR11-7000)(pAVRB-600) was able to elicit
the HR in A. thaliana Col-0 but not in Col-O(rps3-1) (Fig. 2).
Deletions were generated by Bal31 digestion of Xbal-
digested pHIR11-7000 and characterized by PCR and se-
quence analysis. MC4100 (pYXL2B)(pAVRB-600) tran-
formed with pHIR11-7000 derivatives carrying nearly com-
plete hrpZ2 deletions (pHIR11-7024 or pHIR11-7025) re-
tained the ability to elicit the HR when inoculated into N.
tabacum, A. thaliana Col-0, or soybean cv. Merit leaves (Fig.
2). Similar to the observations reported above, the transfor-
mants failed to elicit a response in the A. thaliana Col-0
(rps3-1) mutant or soybean cv. Acme and transformants carry-
ing either of the mutant Arp clusters alone did not elicit a re-
sponse in A. thaliana or soybean leaves (data not shown), in-
dicating that the observed response is due to expression of
avrB. Surprisingly, MC4100 (pYXL2B) transformants carry-
ing either pHIR11-7024 or pHIR11-7025 retained the ability
to elicit the HR in tobacco. Sequence analysis showed that the
deletion constructed in pHIR11-7024 begins at +40 bp rela-
tive to the translational start codon, whereas the deletion
characterized in pHIR11-7025 abolished the translational start
for hrpZ2. Because two 8-bp Xbal linkers were incorporated
into the pHIR11-7024 during construction, this deletion re-
sults in a frameshift that likely abolishes translation of the
native C-terminus of harpinp,. No in-frame translational ini-
tiation sites were apparent in retained portions of hrpZ2 in
either mutant. Transformants carrying either pHIR11 deriva-
tive are therefore unlikely to produce a harpinpg-derived
elicitor. The ability to detect a response in the absence of
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harping, production indicates that harpin is not an obligate
component needed for phenotypic expression of avrB or
elicitation of the HR in tobacco.

Hrp-dependent expression of other avr genes in E. coli.
Since R-gene dependent responses to E. coli strains carry-
ing the Pss61 hrp cluster and avrB were detected in soybean
and A. thaliana, we tested whether other P. syringae avr
genes exhibit a similar dependence on the hrp cluster. Ac-
cordingly, avrA isolated from P. syringae pv. glycinea race 6,
avrPto and avrRpt2 isolated from P. syringae pv. tomato,
avrRpml isolated from P. syringae pv. maculicola, and
avrPph3 isolated from P. syringae pv. phaseolicola were
screened for activity in MC4100 (pHIR11-2096)(pYXL2B).
Phenotypic expression of these avr genes was detected in E.
coli transformants carrying the Pss61 hrp cluster. Soybean
cultivars that reacted hypersensitively to P. syringae pv. gly-
cinea race 4 transformants carrying these avr genes also ex-

hibited the HR when inoculated with E. coli transformants
carrying the same avr gene in addition to the hrp gene cluster
(Table 4). As reported previously (Keen et al. 1990; Midlands
et al. 1993), phenotypic expression of avrD in E. coli was not
dependent on the Arp cluster since a similar HR was elicited
by E. coli transformants carrying only avrD (data not shown).

DISCUSSION

The biochemical mechanism by which the phenotype of P
syringae avr genes is produced has been a long-standing
question. The results presented here demonstrate that the ac-
tivities encoded by the P. syringae hrp gene cluster are re-
quired for the generation of several P. syringae Avr pheno-
types. Most avr genes have been phenotypically silent when
expressed in E. coli strains. By using a plasmid-borne con-
struct to express a P. syringae hrp/hrmA gene cluster in E.
coli together with an avr gene, phenotypic expression of the

wowonNn
NooN
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Tobacco  AvrB Phenotype
Derivative Deletion Position HR Soybean Arabidopsis
pHIR11-7000 (+12 bp) | + + +
pHIR11-7024 807 bp " + + +
pHIR11-7025 878 bp ' + + +

Fig. 2. Location and phenotype of hrpZ2 deletions. Open reading frames identified within the hrpZ operon (Huang et al. 1995) are shown as boxes and
labeled using the nomenclature of Xiao and Hutcheson (1994). Approximate position of TnphoA insertions 2092 and 2093 as determined by PCR-based
mapping are indicated. The horizontal arrowheads labeled with letters indicate the approximate location of sequences used to construct the PCR primers
used in the characterization of deletion derivatives. The bent arrow indicates the position of the hrpZ promoter. The HindIll site internal to hrpZ2 was
converted to the shown Xbal site as described in Materials and Methods. Deletions were created by Bal31 digestion of the Xbal-digested plasmid. Dele-
tions were estimated by PCR employing paired primers a/d, a/c, and b/d and confirmed by sequence analysis. Deletions are shown positioned relative to
the Xbal site. The 7024 deletion extended to +40 bp relative to the initiation codon of hrpZ2 and continued to position -176 relative to the stop codon.
The 7025 deletion begins in the intergenic region between hrpZ1 and hrpZ2 at position -29 relative to the translational start codon of hrpZ2 and termi-
nates at position -184 relative to the stop codon. No subsequent in-frame translational initiation sites are apparent in the retained portions of the gene.
The indicated pHIR11 derivative was transformed into MC4100 (pYXL2B)(pAVRB-600) and transformants screened in tobacco, A. thaliana (Col-0 and
Col-0(rps3-1)) and soybean (cvs. Merit and Acme) for the ability to elicit the HR. Plant responses were determined as described in Figure 1. The AvrB
phenotype was scored as “+” if the HR was observed in soybean cv. Merit and A. thaliana Col-0 but not in soybean cv. Acme and A. thaliana Col-
O(rps3-1). The responses detected in A. thaliana Col-0 leaves to either of the deletion mutants were slower to develop than that induced by transformants
carrying the wild-type hrp cluster and only 50% of the infiltrated tissue responded. No differences in responses relative to the wild-type cluster were
noted in soybean leaves. E. coli transformants carrying pHIR11-7024 or pHIR11-7025 exhibited a HR* phenotype in tobacco irrespective of whether
pAVRB-600 was present in the strain.

Table 4. Response of soybean cultivars to Escherichia coli MC4100 carrying the Pseudomonas syringae hrp cluster and avr genes

Reaction observed in soybean cultivar®

Cloned avr gene® Acme Merit Harosoy Norchief Flambeau Centennial
avrA HR (I) HR (I) HR (I) Null (C) Null (C) HR ()
avrRpml HR (I) Null (C) Null (C) HR (D) HR (1) HR (I)
avrPto Null¢ (C) Null® (C) Null® (C) Null (C) HR (I) HR (I)
avrRpt2 Null (C) Null (C) HR (I) Null (C) HR (I) HR (1)
avrPph3 Null (C) HR () Null (C) HR (I) HR (D) HR (I)

* E. coli MC4100 (pHIR11-2096)(pYXL2B) transformants carrying the indicated avr gene. The avr genes were cloned into pDSK600 except avrRpm1
which was cloned into pDSK603.

® Plants were inoculated as in Figure 1. Plant reactions were scored as described in Table 1; responses in parentheses indicate the responses elicited by P,
syringae pv. glycinea race 4 (PsgR4) transformants carrying the indicated avr gene; (C), compatible interaction resulting in disease symptoms; (I), In-
compatible interaction causing a hypersensitive response (HR).

¢ Variable response of an intermediate nature.
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avr gene could now be detected. For the 17 soybean cultivars
screened, only cultivars carrying the Rpgl allele responded
hypersensitively to MC4100 with the P. syringae hrp cluster
and avrB. Similarly, the reactivity of A. thaliana to MC4100
transformants carrying avrB and the hrp cluster was linked to
RPM1. The specificity of these plant responses to E. coli
transformants is thus consistent with the phenotypic expres-
sion of avrB in this heterologous system. For the other avr
genes tested, the responses of the soybean cultivars screened
to P. syringae pv. glycinea race 4 and the E. coli transfor-
mants were identical, suggesting that the E. coli system was
also expressing the phenotype of these avr genes with fidelity.
The hrp-dependent expression of P. syringae avr genes in E.
coli thus provides a powerful new system for studying gene-
for-gene recognition events in plants. These results, coupled
with those of Huynh et al. (1989), demonstrate that the phe-
notypic expression of several P. syringae avr genes is directly
dependent on the hArp cluster.

Both the regulatory components and the secretion activities
associated with the Pss61 hrp/hrmA gene cluster were found
to be required for phenotypic expression of P. syringae avr
genes in E. coli. It was previously established that several avr
genes are regulated by the HrpL-linked regulatory system and
all P. syringae avr genes characterized to date carry a HrpL-
dependent promoter consensus sequence (Innes et al. 1993;
Salmeron and Staskawicz 1993; Shen and Keen 1993; Xiao
and Hutcheson 1994). Inactivation of genes encoding energy-
transducing (hrpJ4) or outer membrane components (hrpH2)
of the hrp-encoded protein secretion system abolished pheno-
typic expression of avrB in the E. coli expression system. The
deduced gene products of these genes are conserved in each
of the Type III secretion systems characterized thus far from
pathogenic bacteria and are thought to be essential compo-
nents of the type III secretion apparatus (Huang et al. 1995;
Huang et al. 1993; Lidell and Hutcheson 1994; VanGijsegem
et al. 1995). These mutations had previously been shown to
abolish hrp-dependent secretion of HR-eliciting factors active
in tobacco (He et al. 1993; Lidell and Hutcheson 1994).
Therefore the hrp-encoded secretion apparatus must play an
essential role in production of the AvrB phenotype.

Involvement of the hrp-encoded protein secretion system in
production of the avr phenotype in P. syringae strains argues
that at least one secreted protein is necessary to generate the
Avr-linked elicitor activity. P. syringae strains do not typically
invade plant cells during early phases of pathogenesis, and
thus an extracellular signal must be involved in the recogni-
tion process. In addition, many of the resistance gene prod-
ucts characterized thus far from plant species lack obvious
features indicative of secretion, suggesting they may be cy-
toplasmic proteins (Dangl 1995). Therefore, either the plant
cells have a mechanism for uptake of an elicitor from the
medium or the pathogen physically introduces the elicitor
into the plant cell. Type III protein secretion systems have
been found in a number of enteric bacteria pathogenic to
mammals (see Hutcheson et al. 1996; VanGijsegem et al.
1994; VanGijsegem et al. 1995) and have been associated
with production of filamentous structures or the apparent di-
rect injection of secreted proteins into mammalian cells
(Parsot et al. 1995; Rosqvist et al. 1994). Pathogenesis by
these mammalian pathogens requires contact between the
bacterium and the affected host cell (Cornelis 1994; Finlay

1994; Jarvis et al. 1995; Parsot 1994). Contact between bac-
teria and plant cells is also thought to be a key step in the ini-
tiation of the HR during incompatible interactions of P. syrin-
gae strains with resistant hosts (Klement 1977). Since ex-
tracts of bacteria expressing various avr genes lack elicitor
activity when infiltrated into tissue (see Dangl 1994; M C.
Lidell and S. W. Hutcheson, unpublished results), it may be
that the hrp-encoded secretion system functions to directly
introduce the avr-encoded elicitor into the plant cell. It re-
mains to be determined, however, whether the hrp-encoded
secretion system functions in a manner analogous to that of
mammalian pathogens. Attempts to detect secretion of an avr
gene product have been unsuccessful thus far (Brown et al.
1993; Dangl 1994).

Although harpinpgg had previously been reported to func-
tion as an elicitor of the HR in tobacco (He et al. 1993), the
deletion analyses indicate that harpin production is not re-
quired for generation of the avrB phenotype or for the initia-
tion of the HR in tobacco. These deletions were constructed
in a manner to minimize the possibility of second-site muta-
tions that might occur during alternative mutagenesis strate-
gies, such as marker exchange. Transformants expressing
avrB and mutant hArp clusters in which the hrpZ2 gene had
been specifically deleted elicited a clearly detectable HR in
tobacco, A. thaliana Col-0, or soybean cv. Merit tissue. It
may be that other HR elicitors active in tobacco are encoded
by the Pss61 hrp/hrmA gene cluster as suggested by Alfano et
al. (1995). The ability to generate the avrB phenotype in the
absence of the hArpZ2 gene product indicates that either the
AvrB gene product itself or in combination with another se-
creted Hrp gene product elicits the plant response. Since the
HR elicited by transformants carrying the AhrpZ2 derivatives
in A. thaliana Col-0 was more limited in area and slower to
develop than that elicited by transformants carrying the wild-
type hrp cluster, it may be that harpin has an accessory role in
the production of the Avr phenotype of the transformant.

The various avr genes tested in this study exhibit little
similarity other than their common regulation by ArpL. This
suggests that several P. syringae avr genes, with the exception
of avrD, will require the secretion activities of the Arp cluster
for phenotypic expression. Preliminary results suggest that
phenotypic expression of P, syringae pv. glycinea avrC is also
dependent on the hrp cluster. An interesting question remains
as to whether the avr genes of Xanthomonas campestris
strains will also be dependent on the resident hrp cluster for
phenotype as originally suggested by Fenselau (1992). X.
campestris strains carry an analogous cluster to the P. syrin-
gae hrp genes which is also thought to form a protein secre-
tion system (Bonas 1994; Fenselau et al. 1992). The proteins
secreted by this putative secretion system have not been iden-
tified. It is clear that this system is essential for the patho-
genicity of X. campestris strains as in P. syringae strains, and
thus, is likely to function in an analogous manner. In contrast
to P. syringae avr genes, at least one family of X. campestris
avr genes, those related to avrBs3, are regulated independ-
ently of the resident hrp cluster (Knoop et al. 1991). Curi-
ously, some members of this protein family also carry eu-
karyotic nuclear localization signals (Yang and Gabriel 1995).
Further work will be necessary to establish the mechanism by
which hrp gene products generate the avr phenotype in these
bacteria.
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MATERIALS AND METHODS

Bacteria, plasmids, and culture conditions.

Bacteria and plasmids are described in Table 1. E. coli
MC4100 was routinely grown in LB medium at 28°C. Prior
to inoculation into plants, an overnight LB broth culture was
harvested, washed, and resuspended in M63 medium contain-
ing 0.2% fructose or mannitol and 50 ug of thiamine per ml.
After culture for an additional 6 h, cells were harvested and
resuspended in H,0 to the indicated concentration immedi-
ately prior to infiltration of plant tissue. Media were supple-
mented with antibiotics, when indicated, at the following
concentrations (pg/ml): kanamycin, 50; ampicillin, 100; tet-
racycline, 20; and spectinomycin, 100.

General DNA manipulations and analysis.

Plasmid DNA was isolated and manipulated by using stan-
dard techniques. Restriction enzymes and related reagents
were purchased from Gibco (Gaithersburg, MD) and were
used according to the manufacturer’s instructions. Transfor-
mations employed electroporation. PCR templates were re-
leased from picked colonies by heat lysis for 10 min at 95°C
and PCR performed using a “hot start” and Tag Polymerase.
After PCR, samples were fractionated by electrophoresis in
1% agarose gels. Sequence analysis of PCR-amplified tem-
plates utilized an Applied Biosystems automated nucleotide
sequencer.

Construction of hrpZ2 deletion mutants.

A short oligonucleotide consisting of the complementary
sequence to the HindIII overhang and the sequence for a Xbal
restriction site (AGCTCTCTAGAG) was used to modify
pHIR11 to carry a unique Xbal site internal to hrpZ2. The
oligonucleotide was ligated into pHIR11 that had been par-
tially digested with HindIIl, and the resulting plasmid was
transformed into E. coli DHSa. The region containing hrpZ2
from selected transformants was amplified by PCR as de-
scribed above and digested with Xbal to identify transfor-
mants carrying the intended modification. One plasmid
(pHIR11-7000) was chosen for further manipulation. The
plasmid was isolated, digested with Xbal, and then subjected
to digestion with Bal31 for 5, 10, 20, 30, and 40 min. The
Bal31 digests were pooled, extracted with phenol/chloroform,
and ethanol precipitated. The digested plasmid was ligated in
the presence of Xbal linkers and transformed into MC4100
(pYXL2B) and MC4100 (pYXL2B)(pAVRB-600). The trans-
formants were screened for deletions by using PCR. The PCR
(annealing T, 53 C; 26 cycles) employed an oligonucleotide
primer internal to hrpS (ACYGNCGYATCAAGGART) and a
second primer internal to hrpZ3 (TGAAACGAGCCCCTG-
TGG). Deletions were confirmed by sequence analysis.
Transformants carrying pHIR11 derivatives with deletions
(pHIR11-70XX) were then screened for the ability to elicit
the HR in tobacco, soybean, and A. thaliana.

Plant response assays.

Glycine max L. Merr. cultivars were grown from seed in
greenhouses in commercial potting soil and transferred to
growth chambers 24 to 48 h prior to inoculation. The bacte-
rial suspensions were infiltrated into the primary leaves of 10-
day-old plants through abaxial epidermal wounds by using
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disposable plastic syringes (Napoli and Staskawicz 1987). An
inoculum concentration of 10° cells per ml was used in most
experiments. Arabidopsis thaliana accessions were grown
from seed in growth chambers and leaves of mature nonflow-
ering plants syringe-inoculated as before. Tobacco inocula-
tions were performed as described previously (Lidell and
Hutcheson 1994).
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