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Alternate Sigma Factor Directs Expression of Pathogenicity
and Host Range Determinants in Pseudomonas syringae
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A conserved sequence motif associated with transcription of avr genes was identified in the promoter regions
of six Pseudomonas syringae pv. syringae Pss61 hrp operons. A 34-bp fragment carrying this motif was cloned
from the HrpZ promoter region and was shown to confer HrpL-dependent promoter activity. Expression of
pathogenicity and host range determinants in P. syringae strains is thus directed by the apparent alternate

sigma factor HrpL.

Hypersensitive response and pathogenicity (hrp) genes con-
trol the ability of Pseudomonas syringae and many other plant
pathogenic bacteria to elicit a hypersensitive response associ-
ated with resistance in nonhost plants and pathogenesis in
susceptible host plants (11, 24). In P. syringae pv. syringae Pss61,
the Arp genes are clustered in a 25-kb region of the genome (8,
9) and are organized into eight transcriptional units (11, 15, 25)
(Fig. 1). One of the transcriptional units, hrpZ, encodes
harpinp,, a protein that appears to be directly responsible for
the Hrp* phenotype in plants (5). The deduced products of
three transcriptional units (hrpJ, hrpU, and hrpH) appear to
function in the secretion of harpingg (7, 10, 15). The functions
of hrmA and hrpK have not been established yet (6, 25).

The expression of most Arp genes is repressed in rich media
and is affected by the carbon and nitrogen source, pH, osmotic
conditions, and postulated plant factors (2, 18, 19, 26). A
three-component regulatory cascade, consisting of HrpR and
HrpS (unusual members of the NtrC family of transcriptional
regulators) and HrpL (a putative alternate sigma factor), has
been shown to mediate the environmental regulation of Arp
genes in P. syringae pv. syringae Pss61 (6, 25). HrpR and HrpS
positively regulate hrpL expression, and HrpL, which has
properties of an alternate o factor, activates the expression of
hrpJ, hrpZ, and hrmA and, likely, hrpK, hrpU, and hrpH as well
(25). Expression of ArpL alone was sufficient to induce transcrip-
tion of hrpJ, hrpZ, and hrmA (25). This regulatory system
functioned in both Pss61 and in Escherichia coli MC4100 (6, 25).

These observations prompted a search for a conserved
promoter element(s) that is recognized by HrpL. A consensus
harp box sequence, GN(A/C)(C/A)TG(A/C)AANCNNN(G/
A), had been proposed to function in hrp regulation (2).
However, a survey of the Pss61 Arp cluster found only two
matching sequences within the 25,892-bp Arp region, and these
motifs are located within the coding regions of two well-
defined genes: hrpJ2 (previously designated hrpl) and hrpZ2
(previously designated ArpZ) (5, 10). A partially homologous
harp box had been reported upstream of ArpH2 (previously
designated hrpH) (7), but subclones of this region failed to
show promoter activity (10a).

Recently, a conserved sequence motif was identified in the
upstream regions of 10 avr genes whose positions relative to
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transcriptional initiation suggested that this motif could func-
tion as a promoter (13, 20, 21). A homolog to the avr conserved
sequence motif was identified in the promoter-active regions of
hrmA, hrpJ, hrpZ and in the deduced promoter regions of ArpK,
hrpU, and hrpH (Fig. 1). Subsequent analysis similar to that of
Xiao et al. (25) showed that the regions carrying the deduced
hrpK and hrpU promoters exhibit HrpL-dependent promoter
activity in E. coli MC4100 (15, 19a).

The hrpZ promoter had been cloned previously as an 868-bp
BgllI-HindIII fragment in pRG970 (23) to create a transcrip-
tional fusion with lacZ (25). To determine whether the hrp
conserved sequence is a necessary element of the ArpZ pro-
moter, a 780-bp BspHI-HindIII fragment derived from the
hrpZ promoter-active region but lacking the hrp conserved
sequence motif was cloned into pRG970 to create pYXPZ2R.
The promoter activity of the resulting construct in Pss61 was
tested as described elsewhere (25). The resulting construct
exhibited no significant promoter activity, irrespective of the
medium (Fig. 2). In contrast, the 92-bp Bg/II-BspHI fragment
containing the hrp conserved sequence motif cloned in a
similar manner into pRG970 (pYXPZ3R) retained 46% of the
original activity under these conditions.

The hrp conserved sequence motif alone was shown to be
sufficient to generate the observed promoter activity by sub-
cloning from the hrpZ promoter a 34-bp BglII-Bfal fragment
containing the complete motif. The promoter activity for the
34-bp fragment in Pss61 is equivalent to that observed for the
868-bp hrpZ promoter-active fragment (Fig. 2). Since pYXP
ZAR carries a transcriptional fusion between the 34-bp frag-
ment and a promoterless lacZ construct, the only explanation
for the observed B-galactosidase activity is that the hrp con-
served sequence motif forms all or part of the hrpZ promoter.

Further analysis with E. coli MC4100 showed that the pro-
moter activity of the Arp promoter motif is Arp dependent. None
of the constructs exhibited significant promoter activity in the
absence of the Pss61 hrp/hrmA cluster (Table 1). When pHIR11-
2096, which carries the entire Pss61 Arp/hrmA gene cluster, was
introduced into the MC4100 derivatives, an approximately 50-
fold increase in promoter activity from all three clones contain-
ing the Arp promoter motif was observed (Table 1).

To determine whether the promoter activity of the hrp
promoter motif is dependent on HrpL (c"), the promoter
constructs were transformed into MC4100(pYXL2SP) which
carries an inducible hrpL construct (25). In the absence of
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Promoter Sequence Position
hrmaA CATGGAACCTTATCGGGAAAATTTGCCACCCACCC -523
hrpK TCTGGAACCAACTCGCACGCA-AAACCACACAGTT -32
hrpJ CAGGGAACCGAACCGCGTCAATGACCCACTCAGCG -30
hrpUu GTTGGAACTGAAAT-CGATCCTCGACCACTTAGCA -296
hrpH AATGGAACCGCTCCACCTGTTTGCTCCACTCAAGG -33
hrpz TCTGGAACCGATTCGCGGACACATGCCACCTAGCT -47
Consensus
hrp tGGAACCNNNNcNCNNNNNNNNNCCACNNA
avr NGGAACcNaNNNNNNNNNNNNNNcCACNNA
hrp/avr tGGAACcNaNNNNNNNNNNNNNNcCACNNA

FIG. 1. (a) Transcriptional organization of Pss61 Arp gene cluster.
Shaded arrows indicate apparent transcriptional units and their orien-
tations, which were deduced from sequence and complementation
analyses (5, 6, 8, 10, 15, 26). Numbers indicate deduced translational
units of polycistronic transcriptional units. Bent arrows show the
locations and orientations of the hrp conserved sequence motif. B,
BamHI; E, EcoRI; Bg, Bglll; H, HindIIl. (b) Conserved sequence
motifs upstream of Pss61 Arp transcriptional units. Conserved nucle-
otides are shown in boldface type. In the consensus sequences,
nucleotides denoted by uppercase letters exhibit 100% conservation,
whereas nucleotides denoted by lowercase letters retain at least 75%
conservation among the surveyed hArp and avr promoters. The avr
conserved sequence motif was derived from the promoter regions of 10
avr genes (13). The position of the conserved sequence motif relative
to that of the initial codon of the first apparent open reading frame of
the transcriptional unit is indicated.

isopropyl-B-p-thiogalactopyranoside (IPTG), little promoter
activity was observed from any of the five constructs that were
tested (Table 2). Induction of ArpL expression by the addition
of 1 mM IPTG resulted in at least a 25-fold increase in the
promoter activity detected in the strains carrying the hrp
promoter motif.

These results demonstrate that the 30-bp Arp conserved
sequence motif functions as an HrpL-dependent promoter. The
bipartite motif is highly conserved among the 16 Arp and avr
promoters that were characterized. Nine positions are perfectly
conserved, and greater than 75% conservation is observed at
four other positions. An apparent HrpL-dependent promoter
consensus sequence is shown in Fig. 1. Although transcription
initiation was not investigated in this study, equivalent analyses
performed on selected P. syringae avr genes predict that tran-
scription begins 6 to 8 bp downstream of the HrpL-dependent
promoter consensus sequence (13, 20). Shen and King (21)
demonstrated that substitution for either region of the pro-
moter consensus sequence suppressed the activity of the avrD
promoter; however, their studies failed to identify the nature of
this cis-acting element. Partial deletion of the upstream region
of the HrpL-dependent promoter consensus sequence has been
reported to reduce the activity of the avrPto promoter (20). The
HrpL-dependent promoter consensus sequence, therefore, is
found in all HrpL-dependent promoters that have character-
ized thus far, functions as a cis-acting element for promoter
activity, is associated with transcription initiation, and is re-
quired for HrpL-dependent promoter activity.
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FIG. 2. Role of the conserved sequence motif in ArpZ promoter
activity. The hrpZ promoter region and cloned restriction fragments
are indicated on the left. The arrows indicate transcriptional orienta-
tions of the ArpRS and hrpZ transcriptional units. Ss, SstI; Bg, Bg/ll; Bf,
Bfal; Bs, BspHI; H, HindIIl. The numbers indicate positions relative to
the BglII site. The sequence of the 34-bp fragment is given at the
bottom left, and the conserved promoter motif is indicated by the
boldface letters. The promoter activities of the cloned fragments in the
indicated medium are listed on the right in Miller’s units of B-galac-
tosidase activity. KB, King’s medium B (14), a rich medium containing
proteose peptone; M63M, M63 minimal salts medium (22) with 0.2%
mannitol as the carbon source.

HrpL is most closely related to AlgU, a putative alternate
sigma factor controlling extracellular polysaccharide biosynthe-
sis in P. aeruginosa (25). The near identity between the deduced
DNA binding motifs (16) in the two proteins had predicted that
these proteins recognize similar promoter motifs. Interestingly,
there are two motifs in the AlgU-dependent algD promoter
(17) that are similar to the hrp/avr promoter consensus se-
quence. One, cGGAACttccctcgcagagaaaaCatCctA, is located
at the —6 position relative to the transcription initiation site,
and the other, cGGAACtgcatcacattttttcaCgCccAgcCCACagA,
is located at the —337 position, a region also essential for algD
promoter activity (17). In light of the similarities among several
P. syringae hrp products and key pathogenicity factors of
mammalian pathogens, such as Yersinia spp., Shigella spp., and
Salmonella species (3, 4, 7, 10), alternate sigma factors may be
a common mechanism to control the production and deploy-
ment of pathogenicity factors.

The expression of avr and hrp genes in P. syringae strains has
been shown previously to be affected by similar environmental
conditions (6, 12, 19, 26) and to be controlled by a single

TABLE 1. Activity of ArpZ promoter constructs in E. coli MC4100

Promoter activity”

Plasmid
—hrp +hrp
pRG970 09 + 0.1 1.0 £ 0.1
pYXPZIR 22 +03 1022 = 1.5
pYXPZ2R 33 +£0.1 30+03
pYXPZ3R 1.6 = 0.1 74.6 £ 4.2
pYXPZ4R 46 0.2 217.0 £ 2.6

< Promoter activities are given in Miller’s units of B-galactosidase activity. The
indicated plasmids, which are diagrammed in Fig. 2, were transformed into E.
coli MC4100 (AargF-lacZYA [1]) (—hrp) or MC4100(pHIR11-2096) (+hrp) by
electroporation. The plasmid pHIR11-2096 carries the entire Pss61 hrp gene
cluster (8). The bacteria were cultured in M63M medium, and B-galactosidase
activities were measured as described in the legend to Fig. 2. The data presented
are the means of three replicates + the standard errors. This experiment was
repeated twice, with similar results.
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TABLE 2. Effect of hrpL expression on the activity of the hrpZ
promoter constructs in E. coli MC4100(pYXL2SP)

Promoter activity”

Plasmid
Uninduced Induced®
pRG970 0.1 £0.1 0.1 £0.1
pYXPZ1R 1.7 £ 0.1 455 = 09
pYXPZ2R 03 = 0.1 04 = 0.1
pYXPZ3R 12+ 0.1 30.4 £ 0.6
pYXPZ4R 28 + 0.1 728 + 2.0

“ Promoter activities are given in Miller’s units of B-galactosidase activity. The
hrpZ promoter constructs were electroporated into MC4100(pYXL2SP) (25).
pYXL2SP is a pSPORT 1 (lacI*; GIBCO BRL-Life Technologies, Inc., Gaith-
ersburg, Md.) derivative carrying ArpL cloned downstream of the vector’s lac
promoter as a 1-kb SspI-Hincll fragment (25). The bacteria were cultured and
the promoter activities were measured as described in footnote a Table 1.

b Expression of ArpL was induced by the addition of 1 mM IPTG.

regulatory system, apparently consisting of HrpL and HrpR-S
(6, 12, 13, 20, 21, 25). The results presented here clarify the
mechanism for this linkage by demonstrating that a single
conserved HrpL-dependent promoter controls the expression
of both hrp and avr genes. HrpL thus controls the production
of (i) harping, (25), (ii) the AvrD-linked low-molecular-weight
plant response elicitor (13, 20, 21), (iii) a secretion system for
harpins (15, 25), and (iv) the avr products that affect host range
(13, 20, 21). The coregulation of Arp genes and avr genes at the
same level of the regulatory hierarchy strongly implies that the
final effectors of Arp genes and avr genes may act together,
either directly or indirectly, to determine the outcome of the
plant-bacterium interaction.
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