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The Pseudomonas syringae hrp and hrmA genes controlling pathogenicity and elicitation of the hypersensitive
response and the avr genes controlling host range have been shown previously to be regulated by carbon,
nitrogen, pH, osmolarity, and hypothetical plant factors. In P. syringae pv. syringae Pss6l, inactivation of hrp
complementation groups II and XIII reduced expression of a plasmid-borne hrmA'-lacZ fusion. The hrp regions
II and XIII were cloned on separate plasmids and shown to enhance the activity of the hrmA promoter in
Escherichia coli MC4100 transformants at least 100-fold. The nucleotide sequence of region XIII revealed two
open reading frames (hrpR and hrpS) whose deduced products share homology with P. syringae pv. phaseolicola
NPS3121 HrpS and are both related to the NtrC family of two-component signal transduction systems. HrpR
and HrpS differ from most members of the protein family by lacking an amino-terminal domain which
modulates the regulatory activity. A single open reading frame, hrpL, whose product shares homology with
AlgU, a putative alternate sigma factor of P. aeruginosa, as well as with the related alternate sigma factors was
identified. within region II. Key domains are partially conserved. Inactivation of hrpS in Pss6l repressed
expression of a plasmid-borne hrpL'-lacZ fusion carried by pYXPLlR, and transformation of
MC4100(pYXPL1R) with a plasmid carrying hrpRS increased hrpL promoter activity at least 200-fold. Neither
hrpS nor hrpR, when cloned on separate plasmids, activated the hrpL promoter activity individually. The
expression of hrpL when directed by a lac promoter was sufficient to express a set of plasmid-borne hrmA'-,
hrpJ'-, and hrpZ'-lacZ fusions independently of other hrp genes. The results indicate that hrpRS and hrpL are

part of a regulatory cascade in which HrpR and HrpS activate expression of hrpL and HrpL, a putative sigma
factor, induces expression of HrpL-responsive genes.

Pseudomonas syringae strains are opportunistic pathogens of
a wide variety of plant species. Individual strains usually cause
disease in a limited subset of plant species, and strains sharing
common host ranges are given pathovar designations (13, 47).
During pathogenesis, the bacteria invade the tissue through
natural openings, such as stomata or wounds, and colonize the
surfaces of cells internal to the susceptible plant tissue (28).
The inability of a strain to colonize tissue of other plants
(non-host plant species or resistant varieties of susceptible
plant species) is attributed, in part, to localized defense
responses induced in nearby plant cells which limit further
colonization of the tissue (35). Plant cells appear to respond to
a plant response elicitor released by a plant pathogenic bacte-
rium to initiate a defense response which is typically manifest
as the hypersensitive response (HR), a rapid localized tissue
necrosis (21, 35, 37).
A 25-kb hrp gene cluster has been shown to control the

pathogenicity of P. syringae strains in susceptible plant hosts
and the initiation of the HR in non-host or resistant plant
tissue (30, 41, 60). An apparently complete hrp cluster, isolated
from P. syringae pv. syringae strain Pss6l, enables Escherichia
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coli transformants to elicit the HR in plant tissue (25, 26, 29,
30). The genetic dissection of this cluster has identified at least
16 hrp genes and the hrmA gene, which are organized into
eight apparent transcriptional units (23, 25, 30, 39, 61). One of
the hrp genes, hrpZ, produces a glycine-rich plant response

elicitor, harpinpss, which has been proposed to be responsible
for the Hrp+ phenotype (21). The remaining genes of the
cluster appear to form an autonomous system for the Sec-
independent secretion of harpinpss similar to that used by
several enteric bacteria pathogenic to humans and other
mammals to secrete virulence proteins (24, 27, 30, 39). A
similar system has been identified in Xanthomonas campestris
(15) and Pseudomonas solanacearum (18).

Expression of hrp genes has been shown to be environmen-
tally regulated in P. syringae strains in response to carbon and
nitrogen sources, pH, and osmotic conditions (40, 50, 51, 61).
At least one hrp gene product, HrpS, shares partial homology
with the response regulator (effector) component of two-
component signal transduction systems (9, 19, 48, 57). Genetic
analyses have suggested that a second hrp gene, designated
hrpL, may also have regulatory activity (14, 23, 31, 50). Both
hrpS and hrpL behave as positive-acting regulatory determi-
nants (19, 23, 32, 50). The nutritional regulation of several hrp
and avr (negative host range determinants [35]) genes in P.
syringae appears to be mediated by the hrpS!hrpL system (14,
23, 31, 32, 51). The properties of hrpL and its interaction with
hrpS have not been elucidated.

In P. syringae pv. syringae Pss6l, the expression of most hrp
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genes and the hrmA gene is repressed in media containing
broad-spectrum amino acid sources or high osmotic conditions
and is also subject to a form of catabolite repression in which
fructose is inductive and glucose is repressive (23, 61). Heu and
Hutcheson (23) reported that activation of a hrmA'-lacZ
fusion, carried by the plasmid pSGAMS1, in E. coli MC4100
was dependent in trans upon pHIR11, a cosmid clone carrying
the Pss61 hrp/hrmA gene cluster. Insertional inactivation of hrp
complementation group II or XIII in pHIR1 1 reduced the
expression of the hrmA'-lacZ fusion in MC4100 to the basal
levels observed in the absence of the hrp cluster. The other
insertions screened had little effect on hrmA expression. The
complementation groups originally defined by Huang et al.
(25) by TnphoA mutagenesis appear to represent translational
units (23, 24, 27, 39, 61). The regulatory activity of hrp genes
can thus be investigated through loss-of-function experiments
in P. syringae mutants and gain-of-function experiments in E.
coli transformants. Here we demonstrate that complementa-
tion groups II (hrpL) and XIII (hrpRS) of the Pss61 hrp cluster
produce positive-acting transcriptional factors which function
independently of other hrp genes and report their nucleotide
sequences, characterization of the gene products, homology of
HrpL with an alternate sigma factor, and elucidation of a
HrpR-, HrpS-, and HrpL-dependent regulatory cascade.
(A preliminary report of this work has been presented

previously [60a].)

MATERIALS AND METHODS

Bacterial strains and plasmids. Bacteria were routinely
grown in KB medium (36). Prior to the assay of reporter gene
activity, bacteria were harvested, washed twice in M63 minimal
salts medium (55) containing 0.2% mannitol (M63M medium),
and cultured in M63M medium for 6 h. Strains and plasmids
are described in Table 1. Media were supplemented with
antibiotics as needed at the following concentrations (in mi-
crograms per milliliter): nalidixic acid, 50; tetracycline, 100 (in
KB medium) or 20 (in M63M medium); kanamycin, 50;
ampicillin, 100; and spectinomycin, 20.

General DNA manipulations. Plasmid DNA was isolated
and manipulated by using standard techniques (53). Restric-
tion enzymes and related reagents were purchased from Be-
thesda Research Laboratories (Gaithersburg, Md.) and used
as described in the manufacturer's instructions. Restriction
fragments were purified after agarose gel electrophoresis by
using Geneclean (Bio 101, Vista, Calif.). Electroporation-
mediated transformation of E. coli strains was performed as
described by Li et al. (38). Triparental matings into P. syringae
strains were performed as described by Huang et al. (25).

Nucleotide sequence analysis. The 2.3-kb EcoRI fragment
carrying complementation group II was cloned into pBlue-
scriptIl SK+ (Stratagene, La Jolla, Calif.), and nested deletion
derivatives were created by using exonuclease III after KpnI
and XhoI digestion of the isolated plasmid (Stratagene). For
complementation group XIII, the inclusive 3-kb BamHI-
Hindlll fragment as well as a set of PstI, SstI, and EcoRV
fragments internal to the BamHI-HindIII fragment were also
cloned into pBluescriptll SK+. For both regions, the con-
structed plasmids were transformed into E. coli DH5o, and
plasmids from randomly selected colonies were isolated by
using acid-phenol (59a) or a commercial plasmid isolation kit
(QIAGEN, Chatsworth, Calif.). The nucleotide sequence was
obtained by using Sequenase 2.0 (United States Biochemical
Corp., Cleveland, Ohio), double-stranded templates, and, in
most cases, vector primer sites. Gaps apparent in the sequence
of either strand after compilation of the data were filled by

using synthetic oligonucleotide primers. Compressions were
resolved by using dITP in the reaction mixtures. Sequence data
were analyzed by using the algorithms of the University of
Wisconsin Genetics Computer Group package 7.2 (10).
T7 RNA polymerase-directed gene expression. The 1-kb

SspI-HincII fragment carrying the hrpL open reading frame
(ORF) was ligated into XbaI- and SmaI-digested pVEX11.
The resulting plasmid was transformed into E. coli
BL21(DE3). Protein analysis was performed as described by
Huang et al. (27).
PCR amplification of the hrpL-hrpJ intergenic region. Syn-

thetic oligonucleotide primers that incorporated a 25-nucle-
otide sequence derived from the Pss61 hrpL sequence modi-
fied to include a BamHI restriction site (5'-CCGGATCC
GTCAATTGACGAATACC) or an equivalent sequence from
the hrpJ sequence engineered to contain a SmaI site (5'-
GACC_QC2G.iCGACGAT1TTTCATAG) were designed. To
clone the opposite orientation, primers were designed by using
the hrpL sequence to generate a SmaI site (5'-CAACC
CGGGTCAATTGACGAATAC) or by using the hrpJ se-
quence modified to create a BamHI site (5'-GAGGATCC
GACGATlTTCATAG). PCR was performed by using
pHIR11 as the template and Taq polymerase as recommended
by the manufacturer (Perkin-Elmer, Norwalk, Conn.). Tem-
plates were melted at 94°C and annealed at 50°C, and the PCR
was run at 72°C for 2 min each. After 30 cycles, the fragments
were digested with BamHI and SmaI, gel purified, and ligated
into BamHI- and SmaI-cleaved pRG970 to create pYXPLlR
(hrpL'-lacZ hrpJ'-gusA) and pYXPJlR (hrpJ'-lacZ hrpL'-
gusA). The nucleotide sequence of the cloned fragment was
checked to confirm the validity of the amplification procedure.

Assays of ,-galactosidase activity. Cells from overnight
cultures in KB medium were harvested, washed twice in M63M
medium, and resuspended in M63 medium to an optical
density at 600 nm of 0.2. After 6 h of induction, ,3-galactosidase
activity was determined as described by Miller (44) but modi-
fied to reduce the reaction volume to 1 ml. Neither MC4100
nor Pss6l exhibited detectable ,B-galactosidase activity unless
transformed with the indicated plasmids. Data are presented
as the means of at least three replicates derived from separate
cultures.

Nucleotide sequence accession numbers. The nucleotide
sequences of hrpL, hrpR, hrpS and hrpK have been deposited
in GenBank under accession numbers U03854, U03853,
U03852, and U03855, respectively.

RESULTS

Demonstration that complementation groups II and XIII
carry positive-acting regulatory factors. To determine whether
P. syringae pv. syringae Pss6l hrp complementation groups II
and XIII (sensu [25]) are sufficient to form an independent
regulatory system in E. coli MC4100, complementation group
II was subcloned as a 2.3-kb EcoRI fragment into either
pDSK519 or pLAFR3 to create pSGLlD and pSGL1L, respec-
tively, and complementation group XIII was cloned as a 5.4-kb
EcoRI-BamHI fragment into pDSK519 (to create pSGRS3D)
or as a 3.0-kb HindIII-BamHI fragment into pLAFR3 (to
create pSGRS1L; Fig. 1). Each fragment, when cloned into
pLAFR3, complemented a representative Pss6l chromosomal
mutation in the corresponding complementation group to
produce a HR+ phenotype. The resultant plasmids were
transformed into MC4100(pSGAMS1) singly or in combina-
tion. MC4100 was used in these experiments because it is a
AargF-lac mutant (5) and was shown previously to be a good
host for expression of the Pss6l hrp genes (23, 38). When the
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TABLE 1. Strains and plasmids

Source orBacterium or plasmid Genotype reference'

Escherichia coli
MC4100
BL21(DE3)

DH5a

F' araD139 A(argF-lacZYA)U169 rpsL150 reL41 flb-5301 ptsF25 deoCi
B strain; F- ompT rB- mB- hsdS gal (XDE3 cIts857 int-i Sam7 nin-5 lacUV5-
T7 gene 1)

endAl1 hsdRJ7 (rK mK) supE44 thi-1 recAl gyrA96 reL41 A(argF-lacZYA)U169
,80dlacZDMJ5

5
58

BRL

Pseudomonas syringae pv. syringae
Pss6l
Pss6l-2074
Pss6l-2089
Pss6l-2094
Pss6l-2095
Pss6l-5134

Plasmids
pLAFR3
pHIRll

pHIR11-2074
pHIR11-2089
pHIR11-2094
pHIR11-2095
pHIR11-2096
pHIR11-5134
pHIR12
pBluescriptll SK+
pVEX11
pMLB1034
pRG970
pDSK519
pSPORT 1
pSGLlD
pSGLlL
pSGRS3D
pSGRSlL
pYXRSlD
pJSSlL
pJSSlD
pSGRlB
pYXL2B

pYXL2SP

pSGAMS1

pYXPLlR

pYXPZlR

pXYPJlR

pSGR7

Nxr HR+
Pss6l hrpL::TnphoA mutant
Pss6l hrpH::TnphoA mutant
Pss6l hrpS::TnphoA mutant
Pss6l hrpR::TnphoA mutant
Pss6l hrpL::TnS-gusA4 mutant

IncP-1; Tcr lacZ'
31-kb P. syringae pv. syringae Pss6l fragment containing the hrp/hrmA cluster

cloned into pLAFR3
pHIRil derivative carrying hrpL::TnphoA insertion
pHIRil derivative carrying hrpH::TnphoA mutation
pHIRli derivative carrying hrpS::TnphoA mutation
pHIRli derivative carrying hrpR::TnphoA mutation
pHIRll::TnphoA derivative; Hrp+ HrmA+
pHIRIl derivative carrying hrpL::Tn5-gusAl mutation
P. syringae pv. syringae hrp I to XIII cloned into pLAFR3
ColEl, Apr mcs-lacZ
pET3a derivative; PT7-mcs, bla
pBR322 derivative carrying promoterless lacZ
IncP; Spr promoterless lacZ and gusA in opposite orientation
IncQ; Knr lacZ'
ColEl; Apr lacI lacZ'OP
2.3-kb EcoRI fragment carrying hrpL ligated into pDSK519
2.3-kb EcoRI fragment carrying hrpL ligated into pLAFR3
5.4-kb EcoRI-BamHI fragment carrying hrpRS ligated into pDSK519
3.0-kb BamHI-HindIII fragment carrying hrpRS ligated into pLAFR3
2.2 kb BamHI-BglII fragment carrying hrpRS ligated into pDSK519
1.1-kb BglII-BfaI fragment carrying hrpS ligated into pLAFR3
1.1-kb BamHI-BfaI fragment carrying hrpS ligated into pDSK519
1.67-kb BamHI-EcoRV fragment carrying hrpR ligated into pBluescriptlI SK+
1-kb SspI-HincII fragment carrying the hrpL ORF downstream of the lac
promoter of pBluescriptll SK+

1-kb SspI-HincII fragment carrying the hrpL ORF downstream of the lac
promoter of pSPORT 1

0.8-kb BamHI-HincII fragment cloned into pMLB1034 to create a hrmA'-lacZ
translational fusion

0.3-kb PCR amplification product of the hrpL-hrpJ intergenic region cloned as a
BamHI-SmaI fragment into pRG970 to create a transcriptional fusion between
the hrpL promoter and lacZ

0.84-kb BglII-HindIII fragment ligated into pRG970 to create a transcriptional
fusion between the hrpZ promoter and lacZ

0.3-kb PCR amplification product of the hrpJ-hrpL intergenic region cloned as a
BamHI-SmaI fragment into pRG970 to create a transcriptional fusion between
the hrpJ promoter and lacZ

0.8-kb BamHI-HincII fragment cloned into pRG970 to create hrmA'-lacZ
transcriptional fusion

a BRL, Bethesda Research Laboratories.

MC4100(pSGAMS1) transformants were screened for n-ga-
lactosidase activity after induction in a minimal salts medium
for 6 h (23, 61), only transformants carrying both complemen-
tation groups II and XIII, irrespective of the host vector,
exhibited expression of the hrmnA'-lacZ construct (Table 2).
Apparent expression from the hrmA'-lacZ fusion increased at
least 200-fold in transformants carrying one each of the hrp

complementation group II- and hrp complementation group
XIII-bearing plasmids.

Nucleotide sequence and properties of the complementation
group XIII gene products. To further characterize the comple-
mentation group XIII gene(s) responsible for the regulatory
activity, the nucleotide sequence for the 3.03-kb BamHI-
Hindlll fragment was obtained. The BamHI-HindIII fragment

4
25
25
25
25
61

56
26

25
25
25
25
25
61
26
Stratagene
23
55
59
34
BRL
This report
This report
This report
This report
This report
This report
This report
This report
This report

This report

23

This report

This report

This report

23
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FIG. 1. Restriction map, organization, and subclones of the P. syringae pv. syringae Pss6l hrp/hrmA gene cluster. (A) Translational organization
of the cluster deduced from the nucleotide sequence (23, 24, 27, 39) and complementation analyses (25, 61). Boxes indicate ORFs. The 2.3-kb
EcoRI fragment carrying complementation group II and the 3.03-kb BamHI-HindIII fragment containing complementation group XIII are
expanded. The translational orientation of the ORFs is indicated by the unfilled arrows. Abbreviations: Ba, BamHI; El, EcoRI; Bg, BglII; H,
HindlIl; Hc, HincII; S, SspI; Bf, BfaI; EV, EcoRV. (B) Subclones of hrpL and hrpRS. Bars indicate the region cloned. Filled arrows indicate the
orientation of the lac promoter of the vector. Open arrows indicate the lacZ coding sequence.

contained two complete ORFs whose orientation was in agree-
ment with the deduced direction of transcription for comple-
mentation group XIII (Fig. 2) (61). A potential u70 promoter
(20) is located 103 nucleotides upstream of the translational
initiation codon of the first ORF. No consensus pseudomonad-
type U54 promoter sequences (9) are apparent. The hrpZ ORF
is located 471 nucleotides downstream of the ORF2 termina-

TABLE 2. Effect of hrp complementation groups II and XIII on
hrmA promoter activity in E. coli MC4100(pSGAMS1)

Plasmida Regionb Promoter

None 12 ± 6
pLAFR3 Vector 12 ± 8
pDSK519 Vector 20 ± 5
pLAFR3; pDSK519 17 ± 4
pHIR12 hrp I-XIII 2,210 ± 230
pSGLlD hrp II 9 ± 7
pSGLlL hrp II 10 ± 5
pSGRS3D hrp XII-XIII 8 ± 7
pSGRSlL hrp XIII 8 ± 5
pSGLlD; hrp II; hrp XIII 3,281 + 425
pSGRSIL

pSGLlL; hrp II; hrp XII-XIII 2,778 + 253
pSGRS3D
a E. coli MC4100(pSGAMS1) transformant carrying the indicated plasmid(s).
b Complementation groups carried by the plasmids as defined by Huang et al.

(25).
CAs indicated by expression of a hrmA'-lacZ fusion carried by pSGAMS1.

Data are presented as P-galactosidase activity in Miller units after induction for
6 h. The activities detected in parallel experiments in which the vector
pMLB1034 was substituted for pSGAMS1 were lower than 10 Miller units.

tion codon (21). ORF1 was subcloned as a 1.67-kb BamHI-
EcoRV fragment into pSF6 or pBluescriptll SK+ to construct
pSGRlW or pSGR1B, respectively (Fig. 1). ORF2 was sub-
cloned as a 1.09-kb BfaI-BglII fragment into pLAFR3 and
pDSK519 to create pJSSlL and pJSS1D, respectively (Fig. 1).
Homology of complementation group XIII products with

response regulators of two-component signal transduction
systems. The deduced product of the initial ORF (314 amino
acids [aa]; Mr, 34,800) was found to share homology with the
response regulator (effector-receiver) (48) component of two-
component signal transduction systems but was distinct from
the previously characterized HrpS (Fig. 3) (19). Only 72%
similarity and 57% identity were detected with the P. syringae
pv. phaseolicola NPS3121 HrpS (see below). Homologies with
the central domain of the effector-receiver component neces-
sary for transcriptional activation and the helix-turn-helix
(HTH) motif which functions in DNA binding are apparent
(45, 48, 57). The strongest homology was observed within the
central domain, and all three domains of the U54 interaction
motif typical of this protein family (1) are retained. This locus,
henceforth designated hrpR, appears to be a homolog of the P.
syringae pv. phaseolicola NPS3121 hrpR locus identified by the
genetic analysis of Rahme et al. (50), but its sequence has not
yet been reported. Hybridization analysis had predicted that P.
syringae pv. syringae Pss6l complementation group XIII car-
ries hrpR (23).
The product of the second ORF (302 aa; Mr, 33,309)

exhibited 88% identity with the P. syringae pv. phaseolicola
NPS3121 HrpS described previously (19). Production of the
NPS3121 HrpS has been verified by in vitro translation (19).
Most of the substitutions were conservative (Fig. 3). As
originally reported for the NPS3121 HrpS, the Pss6l HrpS
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BamHI
1 GGATCCCCAGCAGCTGTGGGGCCTGCGGCGATGCTTGGCCAGCGTAAGTCTATGATAATT

61 TTGGAATAAGTATATATTAATAAGGTCATGTAAAAGCGCGTTCGCTATACCGAGTGAATC

121 TTAAGGTGCTGGCGCTACTTGATAGTGATTCTCGAGTTTGTGAAATTTTTTACCATCGTT

1201 CTGAATCGCCGCTGCGCTCGCGCAACGCCGATGCCATTQQAQTCATGAAATGAATCTCGA
HrpS M N L D -

1261 TGATGAGTTTGACGATGACCTGGATGCGGAGCGCGTACCCAATCTGGGGATCGTTGCCGA
D E F D D D L D A E R V P N L G I V A E -

1321 AAGTATTTCGCAGCTCGGCATCGATGTCTTGCTGTCGGGCGAAACCGGCACCGGTAAAGA
181 GGGGAACTAAATTACTATAGGTGTGCCTTGTAAGACGTGGTATTAATATTCCGCCTTCCT S I S Q L G I D V L L S G E T G T G K D -

241 CCCGCTATQGAQGTGATCGATGAGCACAGACATTGATAACGACGTTCGAACGCGTTGGAA 1381 CACCACTGCCCGGCGCATTCACAACATGTCCGGGCGCCAGGGGCGCTTCGTACCGATGAA
NrpR M S T D I D N D V R T R W N - T T A R R I H N M S G R Q G R F V P M N -

301 CGTAACTGCATTATCGGCTGGTCATCAAATTGCAATGCACAGTGCGCTACTGGATATGGA
V T A L S A G H Q I A M H S A L L D M D -

361 CTTGCTTCTTTGCGGGGAAACCGGCACCGGCAAAGACACCCTGGCCAGCCGGATTCACGA
L L L C G E T G T G K D T L A S R I H E-

421 GCTGTCGAGCAGGACAGGGCCCTTTGTCGGCATGAACTGTGCGGCCATCCCCGAGTCGTT
L S S R T G P F V G M N C A A I P E S L -

481 GGCAGAGAGTCAGCTATTCGGCGTGGTCAATGGTGCGTTCACCGGCGTGTGCCGCGCTCG
A E S Q L F G V V N G A F T G V C R A R -

541 CGAGGGCTACATCGAACCGTCCAACGGCGGCACCCTCTATCTGGACGAAATCGACACGAT
E G Y I E P S N G G T L Y L D E I D TM -

601 GCCGTTGAGCCTTCAGGCCAAGCTCCTGCGCGTGCTGGAAAGCAGGGGGGTCGAGCGGCT
P L S L Q A K L L R V L E S R G V E R L -

1441 CTGCGCGGCCATTCCGGAATCCCTCGCCGAGAGCGAGCTGTTCGGGGTGGTGAGTGGAGC
C A A I P E S L A E S E L F G V V S GA -

1501 CTACACCGGCGCGGACCGTTCTCGAATGGGCTACATCGAAGCGGCGCAGGGTGGAACCTT
Y T G A D R S R M G Y I E A A Q G G T L -

1561 GTATCTGGATGAGATCGATAGCATGCCGCTCGCCCTCCAGGCCAAGCTGCTGAGGGTGCT
Y L D E I D S M P L A L Q A K L L R V L -

EcoRV

1621 TGAAACCCGAGCACTGGAGCGTCTGGGCTCGACCTCCACGATCCACCTGGATATCTGTGT
E T R A L E R L G S T S T I H L D I CV -

1681 GATTGCGTCGGCTCAGGCCTCTCTGGACGATGCCGTCGAAGAGGGGAAGTTTCGGCGCGA
I A S A Q A S L D D A V E E G K F R RD -

1741 CCTGTACTTTCGCCTGAACGTGCTGACCCTCAAACTGCCGCCGCTGCGCGATCAGCCCGA
L Y F R L N V L T L K L P P L R D Q P E -

661 GGGCTCGACCGACTTCATACCCCTGGATCTGCAAGTGATCGCCTCGGCCAGCGCCCCGCT 1801 GCGTATCCTGCCGTTGTTTACTCGGTTTGTGGCGGCGTCGGCCAAAGAACTGAACGTCGC
G S T D F I P L D L Q V I A S A S A P L - R I L P L F T R F V A A S A K E L N V A -

GGATGAACTGGTGGAACAAGGACTTTTTCGTCGTGACCTGTTTTTCAGGCTCAATGTGCT
D E L V E Q G L F R R D L F F R L N V L -

1861 GATTCCCGATGTATGCCCGTTGCTGCAGCAGGTACTGACGGGGCATCGCTGGCCCGGCAA
I P D V C P L L Q Q V L T G H R W P G N -

781 GACACTGCAGTTGCCAGCCTTGCGCAAGCGTCGCGAGCAGATTTTGCCATTGTTCGACCA 1921 TATCCGCGAGCTCAAGGCCGCTGCAAAGCGTCATGTGTTGGGCTTCCCCTTGCTGGGGGC
T L Q L P A L R K R R E Q I L P L F D Q - I R E L K A A A K R H V L G F P L L G A -

841 GTTCACCCAGGACATCGCCGCAGAGTGTGGCCGCTCCGCTCCAACGCTCGACAATGGGCG 1981 TGACTCGCAGACCGAAGAGCACATGGCGTGCGGGCTCAAGTTCCAATTGCGGGCGATCGA
F T Q D I A A E C G R S A P T L D N G R - D S Q T E E H M A C G L K F Q L R A I E -

901 TGTACAGATCCTGTTGAGTCATGACTGGCCCGGCAACGTGCGCGAACTGAAGTCCGCTGC 2041 AAAGGCCTTGATTCAGCAAGCGCTCAAGCGCCACCGCAATTGCATCGACGCGGCCAGCCT
V Q I L L S H D W P G N V R E L K S A A - K A L I Q Q A L K R H R N C I D A A S L -

961 CAAcgCGATTTGTCCTCGGATTGCCGTTGCTGGGCGCCGAGCGGTCGAAGCGCGTGACCC
N A I C P R I A V A G R R A V E A R D P -

1021 GGTAACAGGACTGCGCATGCAGATGCGCGTCATCGAGAAAATGCTCATCCAGGATGCCTT
V T G L R M Q M R V I E K M L I Q D A L -

BfaI

2101 GGAGCTCGATATTCCACGTCGTACGCTCTACCGTCGCATCAAGGAATTGAGCATCTGATT
E L D I P R R T L Y R R I K E L S I *

BglII
2161 TTTTGCAGAAGATCT

1081 GAAGCGGCATCGCCACAATTTCGACGCTGTGCTAGAGGAACTCGAACTGCCCCGGCGGAC
K R H R H N F D A V L E E L E L P R R T -

1141 CCTCTACCACCGCATGAAAGAGCTGGGGGTTGCTTCGCATATCGACCTIGGCAGCCGAGTC
L Y H R M K E L G V A S H I D L A A E S

FIG. 2. Nucleotide sequence and deduced gene products of hrpRS. The nucleotide sequence for the BamHI to BglII sites is shown. The
sequencing strategy is described in the text. Deduced translation products are shown by using single-letter amino acid residue codes. Potential
ribosome binding sites are underlined. A potential r70 promoter (20) is overlined.

shares strong homology with the central domain of the receiv-
er-effector component of two-component signal transduction
systems (Fig. 3). The "54 interaction motif is conserved. An
HTH motif (residues 276 to 299) is present. Like HrpR, there
is no apparent amino-terminal modulation domain. When the
HTH motifs of the two deduced P. syringae HrpS products are

compared, the only difference is a conservative methionine
substitution for isoleucine at position 288. By using alignment
predicted by the procedure of Dodd and Egan (11), this
residue is likely to be part of the turn within this motif. The
Pss6l HrpS HTH motif exhibits only 55% identity with the
HrpR equivalent. Most of the differences are located in the
first deduced helix. Conservative substitutions are present in
the second deduced helix. Overall, the Pss6l HrpS shared 71%
similarity and 57% identity with the Pss6l HrpR.

Nucleotide sequence of complementation group II and iden-
tification of the hrpL ORF. The nucleotide sequence of the
2.3-kb EcoRI fragment revealed an ORF (ORF1) encoding
184 aa positioned as indicated by previously mapped comple-
mentation group II TnphoA and TnS-gusAl insertions but
located on the strand opposite that predicted by Xiao et al.
(61) (Fig. 4). The location of the complementation group

II::TnS-gusAlinsertion 5134 (61) was confirmed by sequence

analysis employing a TnS-gusAl-specific primer. The basis of

the low-level expression detected from this fusion has not been
established. Since ORF1 is the only complete ORF within the
fragment and coincides with the mapped mutations, it was

designated hrpL. The predicted gene product of hrpL is 21.2
kDa with a pl of 6.87. A potential a54 promoter exhibiting high
homology to the consensus CY54 promoter for Pseudomonas
aeruginosa (9) is located 33 bp upstream of the hrpL transla-
tional start codon. Fourteen of the 17 conserved nucleotides
are present. Seventy-three base pairs downstream of hrpL is
another ORF, designated hrpK, which continues in frame into
the contiguous BamHI-EcoRI fragment carrying hrmA. The
TnS-gusAl mutation 5165 (61) maps to this locus. This de-
duced ORF is preceded by a potential ribosome binding site.
No transcriptional termination signals are apparent in this
region, but other genetic evidence suggests that this locus is
part of a separate transcriptional unit (60b).
No fortuitous restriction sites that were suitable for subclon-

ing the hrpL-hrpJ intergenic region for analysis of the hrpL
promoter were identified. To confirm the transcriptional ori-
entation of hrpL, the 336-bp fragment extending from 78
nucleotides internal to hrpL ORF to 16 nucleotides internal to
hrpJ ORF (Fig. 1) was amplified from pHIR1 1 by PCR
employing synthetic oligonucleotide primers and cloned into
pRG970 to create a hrpL'-lacZ fusion (designated pYXPL1R).
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Pss HrpR
Pss HrpS
Psp HrpS
Rhl DctD
Rhm NtrC
Esc TyrR

Pss HrpR
Pss HrpS
Psp HrpS
Rhl DctD
Rhm NtrC
Esc TyrR

Pss HrpR
Pss HrpS
Psp HrpS
Rhl DctD
Rhm NtrC
Esc TyrR

Pss HrpR
Pas HrpS
Psp HrpS
Rhl DctD
Rhm NtrC
Esc TyrR

Pss HrpR
Pss HrpS
Psp HrpS
Rhl DctD
Rhm NtrC
Eac TyrR

Pss HrpR
Pss HrpS
Psp HrpS
Rhl DctD
Rhm NtrC
Esc TyrR

Pss HrpR
Pss HrpS
Psp HrpS
Rhl DctD
Rhm NtrC
Esc TyrR

MRLEVFCEDR

.......... .......... .......... 0
.......... ..........0
.......... ..........0
.......... ..........0

0
L GL TR EL L DL L VL RG ID L RG I EI DP IG R IY 40

.......... .......... .......... .......... 0
........

NMD-LPMAPL AKEL T AiT F 29
. .GTIL V ALVAAI L K AE EnY 28LNFAELE FES FSSLM- R A TV PWMPSL 80

S_YDG HKA
DE IT S N A T
A L L E L P

.PFT LQGM
L.R.LKRIRKA

RNHT AQLIN

ALADL P-DPA
LWRW GDG
EPVLSVDMKS

0...... .0
. .. .. .. . .. .. .. .. . . . .
GPiIR E I DL Q 66
DLV V DeN FD .. 65
K A PASC QLF QK DRL 120

DVI I%T GHGEIPRHVQ _QD PI
RPL AQNTFMT-IK K yL
GF LREW UPQSHNE HV VHNGQNLH E

T - --------*9...... F 11...... F 11
AAADRV QSVR SEKR VLENLR A 143
P DVDT E I GI IG . UAUEPR .PS DES 137
ITVY QDEN DQHVLTGAVV RST I_GR N A 200

RTRWNR TALGH_Q MHSL _L 45
D*AR N L ... _

43DE R NL_ ... 43
P L I G MNQ L RN L RVT 179PLVGRS. A REIYR A _ 173SAFSEVAVS RMRHVVE SAPL 240

L VONT 8~4

.82-IG _

219
EL RA Y EI B R 213YLPFTAC A P V H 278
_ | :~~~~~

PasaH.pR c A p 124Pss HrpS D_ nS 122Psp HrpS
z s _ - _

122
Rhl DctD QEA 259

Rhm NtrC Q T R _ Q_ _ 253
Esc TyrR PUG- N_ 313

Pss HrpR _§G _ P _E Q _SA P LL 164
Psa Raps 162
Pap HrpS sA 162
Ph DctD PIE p 299
Rhm NtrC QGE R ATD_RTSL 293
Esc TyrR FDGT-R EN HU C AA-KNVNLKL N 353

Pss HrpR R _P D Q T D A 204
Pss HrpSRT_ R A 202
Psp HrpS R _ , R A N 202
Rhl DctD 3 ._ ES H E3R 339
Rhm NtrC U_YHP R ER _Q H* * 332
Esc TyrR E Y C TEL _ R EDEQE393

Pss HrpR S DNGR _LS HD 230
Psa HrpS CAOL T.C.L. ... . . . . . . . 228
Psp HrpS A S C L- L .... ... . . . . . . . 228
Rhl DctD RD P S D RR A ..... ... . . . . . . . 365
Rhm NtrC ED R DEA L AK P 3HLV RHLTALYPQD 372
Esc TyrR *P REKAEDE PT_T R A lA I Y 425

Pss HrpR s NAICP RI_A R_ 249

Pas HrpS ............ D S Q 247

Psp HrpS..K. F D 247

Rhl DctD V Z G A 384
Rhm NtrC VITREIIENE LRSEIPDSPI EIRRS IS QAVUENE 412

Esc TyrR ALTQL DGYELRPPD- LLD YA 450

Pas HrpR EA RDP V 281
Pss HrpS T HCE 279

Psp HrpS C.KiAHL 279
Rhl DctD .. . .EPEPP A R GDD 416
Rh. NtrC RQYFASFGDA LPPSGLYDRV EAB AT TATGNQ 452
Eac TyrR A TGSR_9_TSRYyPPST 483

Psa HrpR E A S H I D AE S314
P.s HrpS S ,. 302
Pap HrpS 302
Rhl DctD RR T RGGYSS RR .448
Rhm NtrC I RHAD L_L N IR- V RS_ .482
Usc TyrR RKLAKR_VS T AI Y K1NEE .513

FIG. 3. Similarities between HrpR, HrpS, and receiver-effector
components of two-component signal transduction systems. Sequence
alignments were aligned by using the algorithm PILEUP (10). Resi-
dues found in a majority of the sequences shown are highlighted in
black. Conservative substitutions are indicated by the shaded boxes.
The signature motifs for interaction with cr0 (1) are overlined and
labeled A, B, and C. The region exhibiting homology to an HTH by the
criteria of Dodd and Egan (11) are indicated by the dashed line.
Abbreviations: Pss, P. syringae pv. syringae Pss6l; Psp, P. syringae pv.
phaseolicola NPS3121, Rhl, Rhizobium leguminosarum; Rhm, Rhizo-
bium meliloti; Esc, E. coli.

The resulting construct was promoter active in Pss6l transfor-
mants (see below). Production of the predicted hrpL gene
product was verified by cloning hrpL as a 1-kb SspI-HincII
fragment into pVEX11, and its expression was driven by T7
RNA polymerase in BL21(DE3) transformants. A 21-kDa

protein was detected after sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (data not shown). No products were
detected when the fragment was cloned in the opposite
direction or in uninduced cells.
Homology of HrpL with group III alternate sigma factors. A

survey of the data bases by using the BLAST algorithm (2, 17)
revealed homology of HrpL with AlgU, a putative alternate
sigma factor of P. aeruginosa controlling the expression of algD
(Fig. 5) (43). AlgU is most closely related to Bacillus subtilis
SpoOH (ur30) (12). HrpL and AlgU were of similar size and
exhibited 48% similarity and 25% identity. Low homologies
between sigma factors are typical (22, 42). HrpL retained many
of the features of group III sigma factors (42). Regions
corresponding to sigma factor domains 2 and 4 (22) exhibited
the highest homology. Subdomain 2.2 has been proposed to
interact with the core RNA polymerase and exhibits the
highest conservation. Subdomain 4.2 has been postulated to
recognize the -35 analog of promoter sequences (22), and a
potential HTH motif was detected. The amino acid sequence
within the second deduced a-helix of the HrpL HTH is nearly
identical to that of AlgU. Little homology was detected in
region 2.4, which is thought to interact with the -10 region of
promoters.

Regulation of the hrpJ and hrpZ promoters by hrpL and
hrpRS. The hrpZ locus has recently been shown to produce a
plant response elicitor which may control the pathogenicity
and host range of P. syringae strains (21). The hrpJ operon has
been proposed to produce an inner membrane complex for
protein translocation (27, 39). To determine whether the hrpZ
promoter controlling the hrpZ operon is regulated by the
hrpLRS system, the 0.8-kb BglII-HindIII fragment beginning
10 nucleotides downstream of hrpS ORF and extending to the
HindIII site internal to hrpZ was cloned into pRG970 to create
a hrpZ'-lacZ transcriptional fusion (pXYPZlR). A 0.3-kb
PCR fragment containing the hrpL-hrpJ intergenic region
amplified as described above was ligated into pRG970 to
construct a hrpJ'-lacZ (pXYPJlR) fusion. Both constructs
were expressed in Pss6l transconjugants carrying the wild-type
hrp cluster and in Pss6l-2089 containing the hrpH::TnphoA
insertion (Table 3), indicating that they are promoter active.
The hrpH mutations were used as a control in these experi-
ments because HrpH is thought to be an outer membrane
protein lacking regulatory activity (24). Like that observed
previously with the hrmA '-lacZ fusion (23), expression from
both fusions is reduced more than 90% in the Pss6l-2074
(hrpL::TnphoA) and Pss6l-2094 (hrpS::TnphoA) mutants. Sim-
ilar results were obtained when MC4100(pYXPJlR) and
MC4100(pYXPZlR) were transformed with the pHIR11::
TnphoA derivatives (Table 4). The plasmid pRG970 has been
reported to stably coexist with pRK290 family plasmids (e.g.,
pLAFR3) in the presence of antibiotic selection (59). MC4100
transformants carrying pHIR11-2096 exhibited a 30-fold in-
crease in the apparent activity of the hrpJ and hrpZ promoters
which was not observed when pHIR11-2074 and pHIR11-2094
derivatives were substituted. Only basal expression of the hrpJ
and hrpZ promoters was detected in the hrpS::TnphoA and
hrpL::TnphoA mutants. These observations indicate that HrpL
and HrpRS control the expression of these promoters in
addition to that of hrmA.

Expression of hrpL is dependent upon hrpRS. Expression of
the hrpL'-1acZ fusion carried by pYXPLlR was also screened
in the Pss6l::TnphoA mutants for dependence upon other hrp
genes. The hrpL'-lacZ fusion was expressed in wild-type Pss6l
and in the hrpH mutant Pss61-2089 (Table 3). Much lower
expression was detected in the hrpS mutant Pss6l-2094. The
3-galactosidase levels were 6% of that detected in Pss6l.

J. BACTERIOL.



hrp REGULATORY CASCADE 1031

EcoRI
1 GAATTCCAGAACCTGTTCCAGATCGGCGTCGTTGTCCTGCAGCAGTTTTTTGCGCAGCAA

61 TCTGGCGGCGTTATCCAGCCCGGTGTCGCTGGTGCTCATCAGCAACTGATAAAGCTCGCC

121 CAGTTTGACGGCCCGCGACTGCAGCGCGTTCCTGCTCGCGATCAGCTCTCGCTCACGCAG

181 TATCCGGCTGTGCTGCACCAGCGCTGCGGCGAAGCGCGAGACCTGCAGTGACGAGGTGCC

241 TTTTTCATCAGGCAACCCGCTGCCGGGAATCGCTCGCGCAGCCGGTGTGATGGCGCGGAT

301 TGGCGCTACCGGACGAATGGGTAATGTAGGCGGGGCGACGATTTTCATAGGACGATTCTG

361 GGCCTGGTCATGACCGCTGAGTGGGTCATTGACGCGGTTCGGTTCCCTGGTGCCGAAGGC

421 TTATGCGTTTGTGCCAAAAGCTGCAGAGCCAAAAACCGTGTTGCGCAAAAAAATGTATTT
EspI

481 CAAAGAATTTCAAATTTTAAAATAGTCTTATAAAACAAATGCTTATAAATATTTTTTGGC

541 TGGCATGGTTATCGCTATAGGGCTTGCACTCCATCAAATGAQQCAAGCCCATGCTCCCGA
HrpL M L P N

601 ATCTTGTGATCCTTGATGTAACCGAACCACGCAAACCATCCTCGTCCGCTGGTATTCGTC
L VI L D V T E P R K P S SS A G I R Q

661 AATTGACGGCCGATCAGATCCAGATGCTCAGGGCGTTCATTCAGAAGCGGGTAAAGAACG
L T AD Q I QM LERA F I QEKR V K NA -

721 CCGATGAT( 3 GGATGACATCCTGCAGTGTGTGTTTCTCGAAGCGTTACGCAATGAGCACA
D D 'r D D I L Q C V F L E A L R N E N K -

781 AGTTTCALCA;CGCCAGCAAACCGCAAACCTGGTTGTGTGGCATTGCACTGAATCTGATCC
F Q H A S K P Q T M L C G I A L N L I R -

1321 ACGCAGAGCGGCGCAGGTGGTGGTCAGGCTTTTGTACAGTTCGGCCAGGCCAACGACAGC
T Q S G AG G G Q A F V Q F G Q A N D S-

1381 CCATCGTCCTTTTCGGGAACCGAGCAAAGCGGCTCATCGCTGATGAGTCTGCTGACTCGC
P S S F S G TE Q S G S S L M S L L T R-

1441 AGCAGCAGTAGCGAAAGTACCTCAAGCGTCGATCAGGACAGTGATCAGGTGTCCCCGATG
S S SS E S T S S V D G D S D G V 5 P M

HincII
1501 ACGTCGGTCTCGTCAACCGCGAGCGCGTCACCCACGGCGGCCTCCAACCCGGCGAATGCA

T S V S S T A S A S P TA A SMN PA AN-

1561 CCGAGCGCGACCGATGCAGCGTTTCTCGATAACTCCGAATACTCTTCGCCCGAGGCGCTC
P S A T D A A F L D NS E Y S S P E A L

1621 AAGCGCTGGGAACCGATGGTTGCCAACCTGCCGCCCGAAGAGCGCGAGCAGGCCGCCAAA
K R M E P M V A NML P P R E R E G A ARK

1681 GAACTCAACCGGCCCATCGCCGCAGCCTGGATGGCCAGAGAGAATGGCCCCAACGCCGAA
E L N R P1I A A A M M A R ENDG P N A E-

HincII
1741 AAGGCGATGGCGTTCATCAATGCCAATCCTGCGTTGAAGACGGCGGTCGACGTCGGCAAG

1801

1861

1921

R AM A F IN A N P A LEKT A V D V G K -

GACGGCGGTAATGCAGATGGCAAAATCACCAACAAAGACCTCAAGGCGTTCGCCAAAAAC
D GDG N A DDE I T N K D L K A F A K N-

.ATGGAGAAGGCGGCCGACAATGCCGACAAAGACGTGGCCAAGTACATGGAAGACAACCCC
MRE K A A D NA D K D V A K Y M ED N P-

.GGCGCCGATCCTCAATCCCTTGAAATGGTGCGCAGCGCAGCGGTGATGCGCGCCAATATG
D AD PGQ5 L E M V E S A A V MERA N M-

841 GCAACC4CrTICCGCAAAATGTATCGCCAGCCTTATCAGGAAAGCTGGGAAGACGACGTCC 1981 CCGTTGGCCACGGCTGCCGACCCTCATCATGCAGTCGGGGCGGCGGACAAGACCGATGTC
N F. F R K M Y R Q P Y Q E S N E D D V N - P L A T A A D P N N A V G A A D K T D V -

901 ATArC(C,ATCTGGAATGGCACGGCGATATTACTCATCAGGTAGACGGGCACCGGCAGTTGG 2041 GATGGCAATGTCAGCGCCGAGGGTCTGAAAGCGCTGATTAAAAGTAACCCCGGGTTGTCA
r' D L EM N G D I T N Q V D GM ERQ L A- D G N V S A EDG LEKA L IEKS N P D L S -

CACGGTCTAGAGCCTCGTTGCTGCDACAACADCAAAGTCCTGAATTT 2101 GGTACGCTCAAACAGTCGTCCAACATGTGGTCGCAGGCGGgCTTCCTCAGCCAGGTGGAT.1.CAGTTCTAAGCCTCGTTCTGCGAGACAGCAAAGTCTGAGTTD T L K Q S S N N N S G A G F L S Q V D -
R V IE A ID C L P T M M Q K V L E V S-

1021CGCGGAATGACGCAATATAGGAACCCCACACCTGGTGCCCATCGCA
2161 GAAGCCGGTCTGACCGGGCGCAAGAAGGCTGCGCATAGTCCCGACCAGGTGTTCGATGCG

102ECGTGG DATGACGCAATATAQ AAACDCAAA CGCTLGGGTGCCCATCGCT_ E A G L T G R K K A A N S P D Q V F D A -

CCGTCCGCTCACGGTTGTCCCGGGCACGGGTGCAGCTCAAGCAACAGATAGACCCGTTTG
V R S R L S R A R V Q L KGQG I D P F A -

2221 TCCAATATGAGCGAGTGGATCAGAAAGAGCGCTCCCAAAAATGGTGGCCAGTTCGCCAGC
S N M S ENW I R KS A P K N GDG Q F A S-

ECORI
2281 ATGCTCAGCGACGCCGCGACGTTGAATTC

M L S D A A I L N

1201 ACCACTTQGATGGCAACCATGCGTATATCCAGTTCTCCCAGTCCTGCCCTCGGCAGCATC

ORF2 M R IS S SP S PA L G S I

1201 GTGAATCAACCCACCTCTGGCGAACTGGCTGCTGAGACGCCATTGGCCAAAGCCTCGCTC
V MG0 PITS G EL A A RITP LA K A S L

FIG. 4. Nucleotide sequence and deduced gene product of hrpL. The nucleotide sequence for the EcoRI fragment is shown. The sequencing

strategy is described in the text. Deduced translation products are shown by 4sing single-letter amino acid residue codes. Potential ribosome

binding sites are underlined. A potential U54 promoter (9) is overlined. Tn5-gusAl1 insertion 5134 was mapped to nucleotide 737. The hrpJl ORF

(not shown) is located on the reverse strand (27) and begins at nucleotide 348.

Unlike the hrpJ and hrpZ promoters, however, an intermediate

level of expression was detected in the hrpL mutant Pss6l-

2074. Expression levels were consistently at least threefold

higher than that detected in Pss6l-2094. The higher expression
detected in the hrpL mutant suggested that transcription of

hrpL may not be directly dependent upon itself but could be

affected indirectly by other factors.

The effect of pHIRil derivatives on hrpL promoter activity
in MC4100 supported this deduction. Transformation of

MC4100(pYXPLlR) with pHIR11-2096 carrying the wild-type

hrp cluster caused at least a 15-fold enhancement in the activity
of the hrpL'-lacZ fusion (Table 4). In contrast to the other hrp
and hrmA promoters screened, however, a pHIRi 1 derivative

carrying a hrpL::TnphoA insertion (pHIR11-2074) was as

effective as the wild-type hrp cluster in stimulating expression
of the hrpL'-lacZ fusion in MC4100. Inactivation of hrpS

(pHIR1 1-2094), as described before, reduced expression of the

fusion to undetectable levels. This observation suggests that

HrpR and HrpS control the activity of the hrpL promoter

independently of HrpL.
Activation of the hrpL promoter by HrpR and HrpS was

demonstrated by transforming MC4100(pYXPLlR) with

pYXRSlD carrying hrpRS cloned as a 2.2-kb BamHI-Bglll

fragment into pDSK519 so that expression of hrpRS is directed

by the lacZ promoter of the vector. In MC4100, the lac

promoter is constitutively expressed because of the lacI dele-

tion. Expression of the plasmid-borne hrpL'-lacZ fusion in-

creased at least 300-fold in the presence of pYXRSlD (Table

5). Neither pSGRlB carrying hrpR nor pJSSlD containing

hrpS alone could substitute for pYXRS1D. Transformation of

MC4100(pYXPLlR) with both pSGRlB and pJSSlL activated

expression of the hrpL'-lacZ fusion at least 100-fold.

HrpL functions independently of HrpR and HrpS to direct

expression of hrp-responsive genes. Since hrpL expression is

dependent upon HrpR and HrpS, it is a possibility that HrpL,
as a putative alternate sigma factor, could control the expres-

sion of hrp-responsive genes independently of HrpR and HrpS.
In the previous experiments, the plasmids carrying hrpL

(pSGL1D and pSGL1L) had the locus cloned in the orienta-

tion opposite that of the lac promoter of the vector. To drive

the expression of hrpL independently of hrpRS, the 1-kb

Sspl-HincII fragment beginning 60 bp upstream of the hrpL
ORF and extending 372 bp downstream of the hrpL ORF was

cloned into pBluescriptll SK' such that expression could

be driven by the lac promoter of the vector. The resulting

plasmid, pYXL2B, or the pBluescript vector was transformed
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A
1 MLPNLVILDVTEPRKPSSSAGIRQLTADQIQMLRAFIQKRVKNADDVDDI 50
1.11 . . . :1

1 MLTQEQDQQLVERVQRGDKRAFDLLVLKYQHKILGLIVRFVHDAQEAQDV 50

51 LQCVFLEALRNEHKFQHASKPQTWLCGIALNLIRNHFRKMYRQPYQESWE 100
I1.1:1. 1I 11 1:1 11 :1 1 .1.1:.. .

51 AQEAFIKAYRALGNFRGDSAFYTWLYRIAINTAKNHLVARGRRPPDSDVT 100

101 DDVHTDLEWHGDITHQVDGHRQL ...... ARVIEAIDCLPTNMQKVLEVS 144

101 AEDAEFFEGDHALKDIESPERAMLRDEIEATVHQTIQQLPEDLRTALTLR 150

145 LEMDGNYQETANTLGVPIGTVRSRLSRARVQLKQQIDPF 183

151 EFEGLSYEDIATVMQCPVGTVRSRIFRAREAIDKALQPL 189

B 1 [1.2 50
B ~~~~~~~~~~+++ +

PssHrpL .......... .......... ..........

PsaAlgU .......................................

BsuSigH .......... ..MNLQNNQG KFSKEQFSKE RF
MxzCarQ .......... .......... .......... .......... ............................. .....

BsuSigF .................... ........MD VEVKKNGKNA
BthSig28 ....... .. LSLFAAIG YMVREVFVFV SYVKNNAFPQ
StyFliA ....

BsuSig35 MSKLKFYLVY LWYKVLLKLG IKTDEIYYIG G ... SEALPP P3rKE3

51
] 2.1 ] [ 2.2 100

PssHrpL PRKP SA R ...

PsaAlgU DVQRR D QH L
BsuSigH D DY YFLI
MxzCarQ F QD E ...

BsuSigF QSQN
BthSig2 8 Q E...

BsuSig35 INKLPKQA PSL I F E... NI

101 ] [ 2.3 ] [ 2.4 1 150

PssHrpL E H H.. CE fH YQEI
PsaAlgU G iG. . FY AA GW PDSDVz
BsuSigH Y E... KAF.. I TRQIITAIKT ATRQKH I
MxzCarQ G sP ... .........| |FI]pbRHQRH VDAYAS4FT
BsuSigF LTYD S AV DGTVK VSR5LKUGN
BthSig28 S AG AARCi KDV3LJEPIG
StyFliA AL F AVQRIR .. W VP
BsuSig35 PEKK ASRCI S

151 200

PssHrpL TDLHGD H.......................................
PsaAlgU EFFUIDH D.......................................
BsuSigH SYVSLDK DEESDR TLLDVISG.
MxzCarQ .... PASA A................... .......... ..........

BsuSigF KI DE3S KTLGRVPTVQ EIADHLEI.. .EAEDVVLAQ EAVRAPSSIH
BthSig28 QD IS........... LIDILKS.. ESEDVIDMI QLS.
StyFliA EV GQEE QELGRNATET EVAERLGIPV AEYRQMLLDT NNSQLFSYDE
BsuSig35 IDW L . ........... LSDVLGT. DDDIITKDL EAT.

201

PssHrpL ..........

PsaAlgU ..........

BsuSigH ..........

MxzCarQ ..........

BsuSigF ETVYENDGDP
BthSig28 ..........
StyFliA WREEHGDSIE
BsuSig35 ..........

t 4.1 250
..QVD G H ..... . S R_

.........IES P WDI2 S

....AKVMP EELI EF DDIE G

........PDDSDPS L D .

ITLLDQIADN SEEKWF ... KI A D

.......... ..... E
LVTEEHQQEN PLHQND Q Q S
.......... ..... .... VRHiIQE

251
- 4.23-----------300

PssHrpL ....LEMIjG.
PsaAlgU R .... EFEGLLREA.
BsuSigH YL.....DG NA L SL.
MxzCarQ S..KVEGFi^R* P ............. X HY E LEVA
BauSigF RY.....Y4V R E ...

BthSig28 KRFGLGLD P RI El K
StyFliA @YYQ... E NR QL HSKILK
BsuSig35 ERFGLAGGE KQ * RL EY EFNI ....

301

PssHrpL ...
PsaAlgU ...
BsuSigH ...
MxzCarQ R..
BsuSigF ...
BthSig28 AKE
StyFliA ...
BsuSig35 ...

FIG. 5. Similarity of HrpL to group III sigma factors. (A) Similarity
between HrpL and AlgU as determined by the BESTFIT algorithm
(10). Vertical lines indicate identity, two dots indicate a conservative
substitution, and one dot indicates a less-conservative substitution. (B)
Similarity to selected group III sigma factors. Sequences were aligned

TABLE 3. Effect of P. syringae pv. syringae Pss6l hrpL and hrpS
mutations on the activity of hrpJ, hrpZ, and hrpL promoters

Promoter activityc
Straina Mutationb

hrpJd hrpZ hrpL

Pss6l None (wild type) 19 ± 1 78 ± 5 116 ± 3
Pss6l-2074 hrpL 1 ± 1 2 ± 1 16 ± 1
Pss6l-2094 hrpS 2 ± 1 2 ± 1 5 ± 1
Pss6l-2089 hrpH 55 ± 9 125 ± 19 105 ± 25

a Transformant carrying plasmid-bome hrp-lacZ fusions.
b Chromosomal TnphoA mutation.
cAs indicated by expression of a lacZ fusion. Data are presented as l3-galac-

tosidase activity in Miller units after induction for 6 h.
d Plasmids employed: for hrpJ, pYXPJIR; for hrpZ, pYXPZlR; for hrpL,

pYXPLIR.

into MC4100(pYXPL1R), MC4100(pYXPJlR), MC4100
(pYXPZlR), and MC4100(pSGAMS1). Activity of the hrpJ,
hrpZ, and hrmA promoters increased 70- to 150-fold after
transformation (Table 6). Consistent with the previous obser-
vations, Pl,c-directed expression of hrpL did not affect the
activity of the hrpL promoter. In transformants carrying the
constitutively expressed hrpL construct, the presence of
pYXRSlD carrying hrpRS had little or no effect on the activity
of the hrpJ, hrpZ, and hrmA promoters. Expression of the
hrpL'-lacZ fusion was stimulated as before but the activity of
the other promoters was equivalent to that observed in the
absence of hrpRS.

It was not possible to regulate the activity of the lac
promoter in the previous experiments because of the argF-lac
deletion in MC4100 and the absence of lacI on the vectors
employed. To confirm that the observed increase in lacZ
activity observed in the MC4100(pYXL2B) transformants is
due to hrpL expression, the 1-kb SspI-HincII fragment carrying
hrpL was cloned into the pSPORT 1 plasmid which carries lacI
and an inducible lac promoter upstream of a multicloning site.
As described before, in the absence of hrpL expression, the
hrpJ, hrpZ, and hrmA promoters exhibited low basal expres-
sion. Upon isopropyl-13-D-thiogalactopyranoside (IPTG) in-
duction of hrpL expression, activity of the assayed promoters
increased at least sevenfold after 6 h of induction (Table 7).
Transformation with pYXRSlD had no effect on the basal
expression observed in the absence of IPTG induction (data
not shown).

DISCUSSION
Multiple components were shown to mediate the environ-

mental regulation of P. syringae pv. syringae Pss6l hrp and
hrmA genes. Similar to the results reported previously for
other P. syringae strains (14, 19, 31, 32, 52), inactivation of

by using the algorithm PILEUP (10). Brackets delimit sigma factor
domains 1, 2, 2.1, 2.2, 2.3, 2.4, 4.1, and 4.2 identified in the SigH
sequence. HrpL amino acid residues with identity with the ro70
consensus sequence (42) are indicated by a plus, and those that are
similar are marked with a boldface period. Similar or identical residues
in HrpL and AlgU or in a majority of the group III sigma factor
sequences shown are shaded. The similarity matrix of Lonetto et al.
(42) was employed here. A potential HTH identified by the procedures
of Dodd and Egan (11) is indicated by a dashed line. Accession
numbers for the sequences are listed in reference 42. Abbreviations:
Pss, P. syringae pv. syringae Pss6l; Psa, P. aeruginosa; Bsu, B. subtilis;
Mxc, Myxococcus xanthus; Bth, Bacillus thuringiensis; Sty, Salmonella
typhimurium.
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TABLE 4. Effect of hrpL and hrpS mutations carried by a plasmid-
borne P. syringae pv. syringae Pss6l hrplhrmA gene cluster on the

activity of hrpJ, hrpZ, and hrpL promoters in E. coli MC4100

Promoter activityc
Plasmida Mutationb

hrpJd hrpZ hrpL

None 1 ± 1 3 ± 1 5 ± 1
pHIR11-2096 None 34 ± 3 115 ± 3 84 ± 5
pHIR11-2074 hrpL 1 ± 1 2 ± 1 128 ± 9
pHIR11-2094 hrpS 2 ± 1 3 ± 1 4 ± 1

a E. coli MC4100 transformant carrying the indicated plasmid.
b hrp::TnphoA mutation.
c As indicated by expression of the indicated lacZ fusion. Data are presented

as P-galactosidase activity in Miller units after induction for 6 h.
d Plasmids employed: for hrpJ, pYXPJ1R; for hrpZ, pYXPZ1R; and for hrpL,

pYXPL1R.

complementation groups II and XIII (sensu [25]) reduced
expression of hrp-regulated promoters such as the hrpJ, hrpZ,
and hrmA promoters. A novel observation has been the ability
to reassemble the hrp regulatory system in E. coli MC4100. By
using subclones carrying each complementation group individ-
ually, hrp regions II and XIII were shown here to be sufficient
to activate expression of the assayed promoters in MC4100
independently of other hrp genes. The loss-of-function data
from the Pss6l hrp::TnphoA mutants together with the gain of
activity observed in MC4100 transformants carrying promoter-
lacZ fusions provides conclusive evidence that these regions
carry positive-acting transcriptional factors.
The nucleotide sequences of both regions revealed ORFs

whose deduced gene products have features of known tran-
scriptional factors. The deduced complementation group II
product, HrpL, appears to be an alternate sigma factor. A key
observation is the homology with P. aeruginosa AlgU. AlgU is
a putative alternate sigma factor controlling the expression of
the algD operon in P. aeruginosa (43), a bacterium closely
related to P. syringae (47). The algD operon encodes the
enzymes for extracellular polysaccharide biosynthesis (7, 43).
AlgU and HrpL are of similar size, and the homology extends
over the length of the deduced products. The homology with
AlgU enabled the alignment of HrpL with a subset of group III
sigma factors related to the B. subtilis SigH (uf30) (12, 42, 46).
Group III sigma factors are highly divergent from primary
sigma factors (42). The sequence alignments revealed that
regions 2 and 4 common to this family of sigma factors (22, 42)

TABLE 5. Effect of plasmids carrying hrpR and hrpS on the activity
of hrpL promoter activity in E. coli MC4100(pYXPLlR)

Plasmid' Geneb Promoter
activityc

None 5 4
pDSK519 Vector 19 ± 5
pBluescriptll SK+ Vector 7 ± 4
pDSK519; pBluescriptIl SK+ 13 ± 5
pYXRSlD hrpRS 1,620 + 650
pSGRlB hrpR 8 ± 7
pJSSlD hrpS 24 ± 8
pSGR1B; pJSSlD hrpR; hrpS 613 ± 248

a E. coli MC4100(pYXPL1R) transformant carrying the indicated plasmids.
b hrp gene(s) carried by the plasmid(s).
c As indicated by expression of the hrpL'-lacZ fusion. Data are presented as

,-galactosidase activity in Miller units after induction for 6 h. In parallel
experiments in which pRG970 was substituted for pYXPL1 R, activities detected
were lower than 10 Miller units.

are partially conserved within the HrpL sequence. The reten-
tion of these regions coupled with the demonstrated regulatory
activity provides a strong indication that HrpL could function
as an alternate sigma factor. If HrpL proves to be an alternate
sigma factor, it will be the smallest known member of the
protein family. HrpL is deduced to consist of 184 aa residues
with an Mr of 21,236. The next larger member of the family is
AlgU (193 aa; Mr, 22,194).

Consistent with the interpretation that HrpL may function
as an alternate sigma factor is the observation that HrpL, once
it is expressed, can stimulate expression of several hrp or hrmA
genes independently of other hrp genes. Although factors
conserved among diverse bacteria cannot be fully excluded,
expression of hrmA, hrpJ, and hrpZ operons appears to be
solely dependent upon HrpL. The hrpH and hrpK genes as well
as complementation groups VIII and IX are also likely to be
regulated by HrpL. These genes are coregulated with hrmA,
hrpJ, and hrpZ (14, 23, 50, 61). The avr genes also appear to be
regulated by HrpL (31, 32, 52). The promoter regions of most
P. syringae hrp, hrmA, and avr genes lack strong homology to
known promoter sequences (19, 23, 24, 27, 32). For the P.
syringae avr genes, a conserved sequence motif has been
identified 6 to 8 bp upstream of the transcription initiation site
(32). The proximity of this motif to the known transcriptional
initiation sites for avr genes is suggestive that this motif
functions as a promoter. A similar motif is located upstream of
several hrp genes within promoter-active fragments (39, 60b)
as well as upstream of hrmA (23). It is interesting that the
second deduced helices of the HTH motifs of HrpL and AlgU
are nearly identical, suggesting that these putative sigma
factors may recognize similar promoter sequences (16, 22, 42,
54). The deduced algD promoter sequence (8) shares 66%
identity with conserved residues of the avr motif. We are
presently investigating whether the avr-derived motif forms the
HrpL-responsive promoter sequence.
HrpR and HrpS identified in complementation group XIII

are members of a large family of regulatory proteins associated
with signal transduction. Both deduced gene products share
homology with the NtrC family of regulatory proteins, and the
central and C-terminal domains are conserved. The C-terminal
domain is thought to function in DNA binding (45), and a
potential HTH motif (11) is present in both deduced gene
products. HrpR and HrpS were shown to specifically activate
the hrpL promoter. Inactivation of hrpS in Pss6l suppressed
the expression of a plasmid-borne hrpL'-lacZ fusion, and a
clone carrying hrpRS activated the hrpL promoter in MC4100.
Both hrpR and hrpS are required for this activity. It therefore
appears likely that these proteins interact with unique regula-
tory sequences upstream of hrpL, but regulatory factors
broadly conserved among bacterial species could also mediate
in this process. The regulatory sequences recognized by HrpR
and HrpS appear to be located in the 242-bp hrpL-hrpJ
intergenic region. Since transformation of hrpRS into strains
carrying the hrpL ORF cloned downstream of the lac promoter
had little effect on the expression of hrpL-responsive promot-
ers irrespective of the activity of the lac promoter (with or
without IPTG), it appears likely that the HrpR- and HrpS-
linked regulatory region is at least 60 bp upstream of the hrpL
initiation codon.
The proteins most similar to HrpR and HrpS are members

of two-component signal transduction systems involving a
transmitter-sensor with protein kinase activity and a receiver-
effector which is activated by phosphorylation. As noted before
(19, 45) for HrpS and as reported here for HrpR, these
proteins differ from other members of the family by the
apparent absence of an amino-terminal domain that modulates
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TABLE 6. Effect of hrpRS and hrpL on the activity of hrmA, hrpJ, and hrpZ promoters in E. coli MC4100

Promoter activity"Plasmida Cloned gene(s)
hrmAc hrpJ hrpZ hrpL

pBluescriptII SK+ Vector 6 ± 3 1 ± 1 2 ± 1 5 ± 1
pYXL2B hrpL 785 ± 23 101 ± 8 304 ± 33 4 ± 1
pDSK519 Vector 7 ± 1 1 ± 1 2 ± 1 4 ± 1
pYXRSlD hrpRS 4± 1 1 1 2± 1 694± 15
pYXL2B; pYXRSID hrpL; hrpRS 594 ± 30 101 ± 4 312 ± 6 700 ± 4
'E. coli MC4100 transformant carrying the indicated plasmids.
b As indicated by expression of a lacZ fusion. Data are presented as ,-galactosidase activity in Miller units after induction for 6 h.
cPlasmids employed: for hrmA, pSGR7; for hrpJ, pYXPJlR; for hrpZ, pYXPZIR; and for hrpL, pYXPLIR.

the regulatory activity. Most members of the family carry an
approximately 130-aa domain containing a highly conserved
Asp residue which is phosphorylated by the transmitter/ kinase
component (45, 48, 57). TyrR, NifA, and XylR also lack this
domain but contain a different N-terminal domain necessary
for the regulatory activity (3, 6, 9, 33, 49, 62). No such domain
is apparent in the deduced gene product of either HrpR or
HrpS. The apparent absence in HrpR and HrpS of an amino-
terminal domain that modulates the regulatory activity argues
that it is unlikely that these proteins are activated by phospho-
rylation. This may explain the activity observed in E. coli
MC4100, but the involvement of additional conserved compo-
nents cannot be excluded. One indication that additional
components may function in the regulation of the hrpL pro-
moter is the reduced expression of the plasmid-borne hrpL
promoter in a Pss6l hrpL::TnphoA mutant. Since the hrpL
promoter does not appear to be directly regulated by itself,
another locus in Pss6l, whose activity or expression is depen-
dent in part upon HrpL, affects the activity of the hrpL
promoter. The absence of a similar effect in MC4100 transfor-
mants carrying pHIR11 argues that the postulated regulatory
determinant lies outside of the hrp cluster.

Felley et al. (14) reported that expression of several hrp
genes in P. syringae pv. phaseolicola NPS3121 is reduced in
rpoN mutants. The deduced promoter regions for several hrp
genes, however, exhibit weak (minimal GG n1o GC match;
common in GC-rich DNA) or no similarity to the consensus
a54 promoter sequence (9). In contrast, the hrpL promoter
region exhibits strong homology to the P. aeruginosa consensus
a 4 promoter sequence. Fourteen of the 17 bases are con-
served. With the exception of TyrR, all members of the family
of regulatory proteins homologous to HrpR or HrpS interact
with cr54 RNA polymerase holoenzyme (for examples, see
references 45, 48, and 57). The deduced HrpR and HrpS carry

TABLE 7. Effect of induced expression of hrpL on the hrmA, hrpJ,
and hrpZ promoter activity in E. coli MC4100

Promoter activityb
Promoter constructa

-IPTG +IPTG

hrpL 5 1 5 ± 1
hrpJ 1 1 15 ± 1
hrpZ 5±1 53±4
hrmA 8±1 58±1

aPromoter-active fragment cloned into pRG970 to create a lacZ fusion.
Plasmids employed: for hrpL, pYXPLlR; for hrpJ, pYXPJ1R; for hrpZ,
pYXPZlR; and for hrmA, pSGR7.
bAs indicated by expression of the indicated fusion in E. coli

MC4100(pYXL2SP) transformants. Data are presented as 3-galactosidase activ-
ity in Miller units after growth in M63M medium for 6 h. IPTG (1 mM) was
added as indicated to the M63M medium.

signature features indicative of a potential interaction with u54.
The central domain common to the protein family which
functions in the activation of the cr54-RNA polymerase holoen-
zyme (45) as well as the 54 interaction motifs (1) are retained
in both HrpR and HrpS. It therefore appears likely that
transcription of hrpL is initiated by U54.
The mechanism by which HrpRS and HrpL perceive and

transduce nutritional signals to alter expression of hrp, hrmA,
and avr genes remains an interesting question. A possible
model to explain the regulatory activity is presented in Fig. 6.
There are three levels at which an environmental signal could
affect expression of hrp-regulated genes: (i) regulation of
hrpRS expression; (ii) modification of hrpL expression via
HrpR or HrpS or indirect factors; and (iii) activity of the
HrpL-responsive promoters. Xiao et al. (61) reported that,
unlike the other hrp fusions screened, expression of a comple-
mentation group XIII::TnS-gusA1 (hrpS) insertion was unaf-
fected by nutritional conditions. Expression ofhrpRS therefore
may be constitutive under these conditions. In other two-
component signal transduction systems, the expression of the
regulator-effector component is influenced by environmental
stimuli through an autoregulatory circuit (1). Further analysis
of level 1, 2, and 3 activity is needed to elucidate the mecha-
nism by which environmental signals affect hip, hrmA, and avr
gene expression.

In conclusion, the environmental regulation of hrp-respon-

+ +

hrp(K,J,U,H,Z)
hrmA
avr(A,B,C,D,Pto,

Pph3,Ppi2,Rpml)
FIG. 6. Regulation cascade controlling hrp, hrmA, and avr expres-

sion. Postulated regulatory components functioning in the regulation
of hrpRS, hrpL, and other hrp, hrmA, and avr genes.
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sive genes is mediated by a multicomponent regulatory cascade
involving HrpR, HrpS, and HrpL. The complexity of the
adaptive process in P. syringae strains may reflect the need to
coordinate multiple functions associated with the pathogenic-
ity. The hrp cluster is organized as at least eight transcriptional
units (61) and encodes inner and outer membrane components
associated with protein secretion and a secreted plant response

elicitor (21, 24, 27, 39). The production of these components
appears to be genetically segregated as a regulon from other
housekeeping activities in P. syringae strains. It remains to be
determined whether other factors associated with the patho-
genicity or virulence of P. syringae are regulated by HrpL or

HrpR and HrpS. Since secretion of proteineous virulence
factors in Shigella, Yersinia, and Salmonella spp. involve com-

ponents similar to those identified in the hrp cluster (24, 27, 39)
which are organized as multiple transcriptional units, a similar
regulatory system may control the expression of these systems.
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