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ABSTRACT

Liang, L. Z., and Jones, A. L. 1995, Organization of the hrp gene cluster
and nucleotide sequence of the hrpL gene from Pseudomonas syringae
pv. morsprunorum. Phytopathology 85:118-123.

Pseudomonas syringae pv. morsprunorum PM7 is pathogenic to cherry
and induces the hypersensitive response (HR) in tobacco. Six of 1,300
Tn5 mutants from strain PM7 neither elicit the HR in tobacco nor produce
necrotic lesions in cherry plantlets. Plasmid pPM419, isolated from a
genomic DNA library of wild-type strain PM7, restored the ability to
cause a HR in five of the mutants. Restriction enzyme analysis of pPM419
revealed a 37-kilobase (kb) insert of genomic DNA from P. s.
morsprunorum PM7. Tn3-spice mutagenesis of pPM419 and a second
plasmid clone, pPM41, followed by marker exchange into the genome

of P. 5. morsprunorum PM7, indicated a 22-kb DNA fragment from
P. 5. morsprunorum PMT7 has genes for elicitation of necrotic lesions
in cherry plantlets and HR in tobacco. Complementation studies revealed
that the Arp region of P. s. morsprunorum PMT7 is organized into eight
putative transcriptional units. Units IT, VI, and VII exhibit DNA homology
with the hrpl, hrpH, and hrpZ genes, respectively, of P. s. syringae 61.
The nucleotide sequence of ArpL, the first transcriptional unit in the
hrp cluster of P. s. morsprunorum PM7, encodes a polypeptide of 185
amino acids that exhibits 929 identity and 96% similarity with HrpL
of P. s. syringae 61. Two transcriptional start sites, P1 and P2, located
63 and 25 bp upstream of the hrpL start codon, were identified by primer
extension analysis. The —12 and —24 regions of the putative P2 promoter
resemble a o™ consensus sequence.

Pseudomonas syringae pv. morsprunorum (Wormald) Young
et al is a pathogen of cherry and, like other pathovars of P.
syringae, induces the hypersensitive response (HR) in tobacco
(18). Genes controlling pathogenicity and elicitation of the HR
are called hrp genes (21). Very little is known about the hrp
cluster in P. 5. morsprunorum, but some of the basic genetics
of HR and pathogenicity have been determined for other gram-
negative plant-pathogenic bacteria including Erwinia amylovora
(30), Pseudomonas solanacearum (3), pathovars of P. syringae
(11,13,21), and Xanthomonas campestris (2). hrpZ encodes for
the protein harpin,, which functions as an elicitor of HR (8),
hrpl a family of proteins represented by Yersinia pestes LerD
(12), hrpH a family of proteins represented by Y. enterocolitica
YscC (10), and hArpL regulatory proteins in P. s. tomato (14,25),
P. s. glycinea (13), and P. s. phaseolicola (4,23). Recently, Xiao
et al (34) reported that the HrpL protein of P. s. syringae 61
exhibits 25% identity with AlgU, a putative alternate sigma factor
of P. aeruginosa. Our study provides evidence for similarities
between transcriptional units in the Arp cluster of P. s. mors-
prunorum and the hrpl, hrpH, hrpL, and hrpZ genes of P. s.
syringae. In addition, we provide evidence for two transcriptional
initiation sites for the ArpL gene in P. s. morsprunorum.

MATERIALS AND METHODS

Bacterial strains, plasmids, and cultural conditions. Bacterial
strains and plasmids are described in Table 1. Strains of E. coli
were grown at 37 C in Luria-Bertani broth (LB) (22) and strains
of P. s. morsprunorum were grown at 25 C in King’s medium
B (KB) (15) containing the appropriate antibiotics at the following
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concentrations (ug/ml): ampicillin (100); chloramphenicol (20);
kanamyein (20); nalidixic acid (15); rifampicin (100); spectino-
mycin (100); and tetracycline (20).

DNA manipulations. Plasmid DNA was extracted by alkaline
lysis followed by cesium chloride gradient centrifugation (22).
Genomic DNA was prepared by the method of Wilson (33).
Restriction enzymes, T4 DNA ligase, and a random primed DNA
labeling kit (Boehringer Mannheim Biochemicals, Indianapolis,
IN) were used as specified by the manufacturer. Southern and
colony hybridizations were performed on GeneScreen Plus
membranes as recommended by the manufacturer (New England
Nuclear, Boston, MA).

General experimental methods. Tn5 mutants of P. 5. mors-
prunorum PM7 were generated by using pSUP1011 (27). Satura-
tion mutagenesis with Tn3-spice and ice nucleation tests were
conducted according to Lindgren et al (20). Genomic libraries
were constructed by ligating Sau3A partially digested DNA into
BamHI-digested cosmid vector pLAFR3 (29). The ligation mix-
ture was packaged in vitro with the Packagene lamda DNA pack-
aging system (Promega, Madison, WI). Marker exchange muta-
genesis was conducted according to the method of Lindgren et
al (21). The genetic organization of the Arp region was determined
by complementation analysis of plasmid-borne Tn3-spice inser-
tions and chromosomal Tn3-spice insertions. Transposon Tn3-
spice-induced nonpathogenic P. 5. morsprunorum PM7 mutants
were conjugated with different E. coli strains harboring
pPM419::Tn3-spice or pPM41::Tn3-spice in which the transposon
insertions were in a region flanking the site of insertion in the
recipient. The transconjugants were tested on tobacco for HR
production. Complementation analysis was confirmed by further
complementing each transcriptional unit from both directions and
with subclones in some cases. For each transcriptional unit the
direction of transcription was based on at least two independent
Tn3-spice insertions. Double-stranded templates were sequenced
using a Model 373A sequencer (Applied Biosystems Inc., Foster




City, CA). Deletion derivatives of the 1.6-kb BamHI-Sacl frag-
ment from transcriptional unit I were generated with the Erase-
a-Base system (Promega). The nucleotide sequence of ArpL has
been deposited in GenBank under accession number L36536. To
identify the ArpL gene product, plasmids pT516 and pT616 were
constructed by cloning the 1.6-kb BamHI-Sacl fragment into pT7-
5 and pT7-6 in opposite orientations relative to the T7 promoter.
Expression of pT516 and pT616 in E. coli K38(pGP1-2) was per-
formed as described by Tambor (31). The HR was tested in tobacco
(17) and pathogenicity was tested on cherry plantlets (19).

TABLE I. Bacterial strains and plasmids

Primer extension and S1 analysis. To isolate RNA from P. s.
morsprunorum cells, strain PM7 was grown overnight in M9
medium supplemented with 10 mM glutamate at 22 C. Total
RNA was isolated using the method of Gilman (6). Five inde-
pendent RNA extractions were surveyed in the experiments. For
primer extension, a *’P-end-labeled 24-mer oligonucleotide (5'-
TGATCAGCCGTCAGTTGACGGATA-3), complementary to
the coding strand starting 63 bases downstream from the ArpL
translational start site (Fig. 1), was prepared using T4 poly-
nucleotide kinase (Promega) (16). S analysis was conducted with

Strain or plasmid Relevant characteristics® Reference
Strains of Pseudomonas syringae pv. morsprunorum
PM7 From sour cherry in Michigan, spontaneous Rif’ This study
PM7.1 to PM7.6 PM7::TnS Path™® HR™ Km' Rif’ This study
PMM72, 205, 297, 291, 317, 47, 681, and 273 Tn3-spice fusion in Arp groups I to VIII, respectively, of PM7 This study
Strains of Escherichia coli
HBI101 F~ recA Sm' 22
SMI10 C 600 thi thr leu recA, ,Muc" chromosomally integrated 27
RP4-2-Tc::Mu contains pSUP1011
C2110 Nal" poldA~ 28
K38 HfrC (A) 24
Plasmids
pSUPI011 Cm" Km' 12.1 kb 27
Tn3-spice Sp’ inaZ* pMBS8 replicon 20
pRK2013 Km' Tra* ColEl replicon 5
pLAFR3 IncP T¢ cos™ rix* 29
pPM419 27-kb fragment of PM7 containing hrp cluster in pLAFR3 This study
pPM41 30-kb fragment of PM7 with hrp cluster except group VII This study
in pLAFR3
pPMI 2.2-kb BamH1 fragment with hrpL from pPM419 in pLAFR3 This study
pT7-5 Derivative of pT7-1, T7 ¢10 in opposite orientation as bla; Ap’ 31
pT7-6 Same as pT7-5 except containing an opposite cloning cassette 31
pT516 1.6-kb BamHI-Sacl fragment from pPM1 subcloned in This study
pT7-5; T7 and hrpL promoters in same orientation
pTol6 1.6-kb BamHI-Sacl fragment from pPMI1 subcloned in This study
pT7-6; T7 and hrpL promoters in opposite orientation
pGPI-2 Ale875 T7 RNA polymerase; Km' 32
pCPP2151 Containing hrpH of P. s. syringae 61 10
pKS5 Containing hrpl of P. s. syringae 61 Gift from H.-C. Huang
pSYHI10 Containing hrpZ of P. 5. syringae 61 8

*Ap, Cm', Km', Rif", Sm’, Sp’, T¢', resistant to ampicillin, chloramphenicol, kanamycin, rifampicin, streptomycin, spectinomycin, and tetracycline,

respectively.
"No pathogenicity on cherry plantlets.
“No hypersensitive response in tobacco.
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Fig. 1. Nucleotide sequence of first transcriptional unit (hrpL) in hrp gene cluster of Pseudomonas syringae pv. morsprunorum PM7. Deduced
amino acid sequence is shown in one-letter code under first nucleotide of each codon. Transcriptional start sites, designated Pl and P2, are underlined.
Putative promoter —12 and —24 regions of P2, and potential ribosome binding sequence (rbs), are underlined. An 8-bp repeated sequence in the
—35 region of P1 is indicated with a line of asterisks. The highly conserved putative promoter sequence of ArpL in P. s. pv. morsprunorum PM7
and P. 5. pv. syringae 61 is indicated using dots, Amino acids that form a potential helix-turn-helix motif are double-underlined.
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the same primer and RNA as used for primer extension analysis (7).

RESULTS

Isolation of TnS5-induced HR™ mutants and clones comple-
menting hrp- mutants. After Tn5 mutagenesis of P. s. mors-
prunorum PM7, 6 out of 1,300 (ca. 0.5%) transconjugants did
not elicit the HR in tobacco leaves. One HR™ mutant (PM7.5)
elicited necrosis in 13 of 16 cherry plantlets and five HR™ mutants
(PM7.1, PM7.2, PM7.3, PM7.4, PM7.6) did not elicit necrosis
in any of the cherry plantlets. Five mutants (PM7.1, PM7.2,
PM7.4, PM7.5, PM7.6) were prototrophic and one (PM7.3) was
auxotrophic. Southern analysis of genomic DNA indicated that
each mutant contained a single TnS insertion. Twenty cosmid
clones that hybridized to TnS-flanking DNA in mutant PM7.4
were mated with each of the six PM7 hrp~ mutants. Cosmids
pPM45 and pPM420 restored the HR in mutants PM7.1, PM7.2,
and PM7.4; cosmid pPM41 restored the HR in PM7.2 and PM7.4;
and cosmid pPM419 restored the HR in all mutants except PM7.3.

Restriction map and organization of the Arp cluster. Cosmid
clones pPM419 and pPM41 were selected for restriction mapping
and saturation mutagenesis based upon their ability to comple-
ment Arp~ mutants. Both clones were mutagenized with the

reporter transposon Tn3-spice, and 230 insertions were generated.
Marker exchange of these insersions into the genome of P. s.
morsprunorum PM7, indicated that a 22-kb region was involved
in elicitation of necrotic lesions in cherry plantlets and the hyper-
sensitive response in tobacco (Fig. 2). Restriction enzyme analysis
of the insert DNA revealed that pPM419 contained a 27-kb.insert
of genomic DNA from P. 5. morsprunorum, including the entire
22-kb region of the hArp cluster. A minimum of eight putative
transcriptional units were defined within this gene cluster based
on the position of plasmid-borne Tn3-spice insertions within the
gene cluster and the subclones that restored wild-type phenotype.
The TnJ insertion sites were mapped within the defined Arp cluster
of mutants PM7.1, PM7.2, and PM7.4 (Fig. 2), and a different
region of the chromosome of mutant PM7.3 (data not shown).
The Tn5 insertion sites for mutants PM7.5 and PM7.6 were not
determined.

Hybridization of pPM419 to hrp genes from P. s. syringae
61 and expression of P. s. morsprunorum hrp::Tn3-spice insertions
in vitro. When restriction digests of pPM419 were probed with
32p_labeled sequences from hrpl, hrpH, and hrpZ of P. s. syringae
61, strong hybridization was observed between DNA from
transcriptional unit IT and Arpl, unit VI and ArpH, and unit VII
and hrpZ (Fig. 2). Assay of ice nucleation activity of eight
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Fig 2. Genetic and physical map of Arp gene cluster of Pseudomonas syringae pv. morsprunorum PM7. A, Chromosomal DNA of P. s. morsprunorum
PM7 ligated into plasmid pLAFR3. Open triangles indicate sites of Tn$ insertions. B, Restriction sites and Tn3-spice insertion sites are indicated.
Open circles indicate that Tn3-spice insertions had no effect on hypersensitive response (HR) elicited by P. s. morsprunorum PM7. Solid circles
indicate that Tn3-spice insertions resulted in a loss of HR activity in P. 5. morsprunorum PM7. C, Proposed transcriptional organization of the
hrp gene cluster. Flags indicate direction of transcription for inaZ gene of Tn3-spice. Filled flags indicate detectable ice nucleation activity of corresponding
strain, open flags indicate no detectable ice nucleation activity. D, Restriction fragments of pPM419 that hybridized with hrpl, hrpH, and hrpZ
of P.s. syringae 61. E, Enlarged BamHI-Sacl 1.6-kb fragment containing hrpL.
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hrp::Tn3-spice insertions (PMM72, PMM205, PMM297,
PMM291, PMM317, PMM47, PMM68, and PMM273), one
mutant per each transcriptional unit, indicated that the hrp genes
were not expressed well in rich medium (KB). High levels of
expression were observed in minimum medium (M9 supplemented
with glutamate) (data not shown). We did not detect ice nucleation
activity in strains HB101 and JM109 of E. coli containing plasmid
pPM419::Tn3-spice, whereas activity was detected when
pPM419::Tn3-spice was present in wild-type or Arp mutants of
P. s. morsprunorum PM7.

Nucleotide sequence of hrpL. The 1.6-kb BamHI-Sacl fragment
contained a single open reading frame (ORF) with an ATG initia-
tion codon and a TGA stop codon (Figs. | and 2). No functional
ORFs were identified on the opposite strand. A typical ribosome
binding site (TAAGG) was located 7 bp upstream from the initia-
tion codon. The deduced protein product contains 185 amino
acid residues with a predicted molecular weight of 20 kDa. A
putative helix-turn-helix domain was found within the C-terminal
end of the predicted amino acid sequence. HrpL of P. 5. mors-
prunorum and of P. s. syringae (34) contained 185 and 184 amino
acids, respectively (Fig. 3), and shared 96% similarity and 92%
identity. A single amino acid deletion occured at position 139
in P. 5. syringae 61.

T7 RNA polymerase expression of ArpL. A **S-labeled 26-kDa
protein band was detected from E. coli K38(pGP1-2) cells con-
taining pT516, but not from cells containing plasmids pT616 or
pT7-5 (Fig. 4). The predicted transcriptional direction of hrpL
was the same as that of the T7 promoter in pT516 (Fig. 2). As
predicted from the nucleotide sequence, ArpL only encoded a
single protein. However, the polypeptide detected by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis was slightly
larger than the predicted gene product of HrpL of 20 kDa.

PsmHrpL MFPNLVILDVTQPRQDSSSAGIHQLTHDQIQHLRAPIQKHVMNPDDV 47

PssHrpL MLPNLVILDVTEPRKPSSSAGIRQLTADQIQMLRAFIQKRVKNHDDV 47

PsmHrpL DDILQCVFLEALRNEHKFQHASKPQTWLCGIALNLIRNHFREMYRQP 94

PssHrpL DDILQCVFLEALRNEHKFQHASKPOTWLCGIALNLIRNHFREMYRQP 94

PsmHrpL YQESWEDDVHSELEWNGDITHQVDGHRQLRRVIAAIDCLPSNHQKRV 141

PssHrpL YQESWEDDVHTDLEWHGDITHQVDGHRQLARVIEAIDCLPTNHQK- 140

PsmHrpL LEVSLEMDGNYQDTANTLGVPIGTVRSRLSRARVQLKQQIDPFA 185

PssHrpL LEVSLEMDGNYQETANTLGVPIGTVRSRLSRARVQLKQQIDPFA 184

Fig. 3. Amino acid sequence alignment of predicted protein products
of Pseudomonas syringae pv. morsprunorum PMT7 hrpL (PsmHrpL) and
P. 5. pv. syringae 61 hrpL (PssHrpL). Double dots indicate identity; a
single dot indicates similarity. There is 92% identity and 96% similarity
between the gene products.

kDa

26-5

Fig 4. Autoradiograph of protein products of ArpL from P. 5. mors-

prunorum following T7 RNA polymerase-dependent expression in E. coli

K38(pGP1-2). Lanes I-3, proteins from cells containing pT7-5, pT516,
and pT616, respectively. Transcriptional direction of T7 promoter in
pT516 is same as predicted direction for ArpL. Transcriptional direction
in pT616 is opposite predicted direction for ArpL.

Transcriptional initiation site of orpL. Primer extension termi-
nated at A and C bases located 63 and 25 bp upstream from
the ATG start codon of ArpL. Apparent transcriptional start sites
for hrpL were designated as P1 and P2 (Figs. 1 and 5). The
intensity of the P1 band was greater than the intensity of the
P2 band (Fig. 5, lane 5), and the P2 band was sometimes below
the sensitivity of the assay. At the —35 region of promoter P1,
an 8-bp sequence repeat ATTACAAA was found. A 45 bp
sequence at the —35 region of promoter P1 was highly conserved
in both P. s. morsprunorum PM7 hrpL (Fig. 1) and P. s. syringae
61 hrpL genes (34). The promoter sequence did not exhibit
sequence homology with known sigma factors. A characteristic
o™ promoter with —12(GC) and —24(GG) regions was located
I1 bp upstream of the P2 initiation site. These results were
confirmed by running RNase protection assays (data not shown).

DISCUSSION

The protein expressed by the first transcriptional unit in the
P. s. morsprunorum PMT7 hrp cluster was nearly identical to the
HrpL protein reported for P. s. syringae 61 (34). Accordingly,
we adopt the designation HrpL for the predicted 20-kDa protein
and ArpL for this gene in P. s. morsprunorum PM7. This
nomenclature is consistent with our determination that portions
of transcriptional units 11, VI, and VII of P. 5. morsprunorum
PM?7 were homologous to sequences from hrpl, hrpH, and hrpZ,
respectively, of P. s. syringae 61.

Our primer extension studies support the prediction by Xiao
et al (34) that ArpL is driven by a sigma 54-like promoter (P2
promoter). In addition, we demonstrate that ArpL is driven by
a second promoter (P1 promoter). The Pl promoter of P. s.
morsprunorum PM7 showed no homology with known sigma
factors and appeared to be a stronger promoter than the P2
promoter in this experiment. The possible involvement of HrpL
as an alternate sigma factor was proposed by Xiao et al (34)
based on homology of HrpL with AlgU and group 11l alternate
sigma factors. A three component regulatory cascade, consisting
of HrpR, HrpS, and HrpL, was shown to mediate the environ-
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Fig. 5. Primer extension analysis using RNA from Pseudomonas syringae
pv. morsprunorum PM7 cells grown on M9 medium with 10 mM
glutamate. Lanes 1-4, ACGT DNA tracks produced by described primer.
Lane 5, primer extension products made by using a 24-mer primer
complementary to coding strand starting 63 bases downstream from hrp L
translational start site,
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mental regulation of Arp genes in P. s. syringae Pss61 (9,34).
HrpR and HrpS regulate ArpL expression positively, and HrpL
activates the expression of hrpJ, hrpZ, and hrmA and, likely,
hrpK, hrpU, and hrpH as well (34). Recently, a homolog to the
avr conserved sequence motif was identified in the promoter-
active regions of ArmA, hrpJ, and hrpZ and in the deduced
promoter regions of irp K, hrp U, and hrp H (35). A 34-bp fragment
carrying this motif from the hrpZ promoter region was shown
to confer HrpL-dependent promoter activity (35). This conserved
sequence motif was identified in the upstream regions of 10 avr
genes (14,25,26). These data suggest that the expression of patho-
genicity and host range determinants in P. syringae strains or
pathovars including P. s. morsprunorum is directed by the
alternate sigma factor HrpL.

The hrp gene clusters cloned from E. amylovora and P. s.
syringae were shown to confer on nonpathogenic bacteria the
ability to elicit HR after infiltration of bacterial suspensions into
the intercellular spaces of leaves of tobacco and other plants (1,11).
Unlike the Arp genes of P. s. syringae and E. amylovora, P. s.
morsprunorum hrp genes did not enable E. coli to elicit the HR
in tobacco. No ice nucleation activity was detected in E. coli
containing plasmid pPM419::Tn3-spice, while activity was
detected when pPM419::Tn3-spice was present in wild-type or
hrp mutants of P. s. morsprunorum PM7. Therefore, we cannot
eliminate the possibility that additional genes are necessary for
eliciting HR in nonhost plants. Mutant PM7.3 was the only
mutant we evaluated that was auxotrophic on M9 medium. The
TnS5 insertion site for mutant PM7.3 was mapped into a different
region of the chromosome, but it behaved like other mutants
in HR and pathogenicity tests. This suggests that strain PM7.3
carries a mutation in a gene involved with basic metabolism,
rather than a gene encoding a hrp product. No Tn3-spice insertions
that resulted in a Arp~ phenotype were detected between tran-
scriptional units I, I1I, IV, and V and between units VI, VII,
and VIII Because different plasmid-borne Tn3-spice mutants and
subclones complemented chromosomal Tn3-spice mutants for
each transcriptional unit, it suggests that transcriptional units
II, 111, 1V, and V, and units VI, VII, and VIII are separate
functional units.
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