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The ability of Ralstonia solanacearum to cause disease on plants depends on its type III secretion system
(TTSS) encoded by hrp genes. The expression of hrp genes and known TTSS substrates is coordinately
regulated by HrpB, a member of the AraC family of transcriptional regulators. Two HrpB-regulated promoters
(hrpY and popABC) were characterized by deletion analysis, and the HrpB-dependent activation of these
promoters was found to be conferred by a 25-nucleotide DNA element, the hrp,; box (TTCGn16TTCG), which
is present in other hrp promoters. The hrp,; box element is an imperfect plant inducible promoter box, an
element which was originally found in krp promoters of Xanthomonas campestris (S. Fenselau and U. Bonas,
Mol. Plant-Microbe Interact. 8:845-854, 1995) but which was not characterized at the molecular level. Site-
directed mutagenesis showed that the hrp;; box is essential for irpY promoter activation in vivo. Functional
analysis of the hrp;; box element identified critical parameters that are required for HrpB-dependent activity.
Further mapping analyses of several other hrpB-dependent promoters also indicated that the position of the
hrp,; box is conserved, at —70 to —47 bp from the transcriptional start. As a first step toward identifying novel
TTSS effectors, we used the hrp;; box consensus sequence to search for potential HrpB-regulated promoters in
the complete genome sequence of R. solanacearum strain GMI1000. Among the 114 genes identified, a subset
of promoters was found to have a structural relationship with hrp promoters, thus providing a pool of

candidate genes encoding TTSS effectors.

Type III secretion systems (TTSSs) are used by numerous
gram-negative pathogenic bacteria to deliver virulence (effec-
tor) proteins directly into the cytoplasm of host cells (24). In
bacterial plant pathogens belonging to the genera Erwinia,
Pseudomonas, Ralstonia, and Xanthomonas, TTSSs (also re-
ferred to as Hrp systems) are encoded by Arc and hrp genes (2,
24). The effector molecules delivered into plant cells through
this pathway are believed to act collectively as the primary
determinants of pathogenicity and host range and to promote
disease by interfering with host cellular signaling pathways (8,
42).

The expression of hrc, hrp, and most type III effector genes
is environmentally regulated. These genes are expressed at a
low level during growth in complete media, and their expres-
sion is induced in plant tissues or in various synthetic minimal
media which are thought to mimic conditions found in planta.
Despite common regulation patterns, two main groups can be
distinguished among plant pathogenic bacteria on the basis of
the regulatory components controlling the expression of Armp
genes. In fact, this dichotomy illustrates the existence of two
lineages of hrp clusters in terms of overall similarity: Erwinia
sp., Pantoea stewartii, and Pseudomonas syringae form group I,
while Xanthomonas sp. and Ralstonia solanacearum constitute
group II (2, 20). In group I organisms, several genes are re-
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quired for the activation of the hrc, hrp, and TTSS effector
genes (see reference 30 and references therein), with the final
component of the regulatory cascade being HrpL, a member of
the ECF family of alternative sigma factors (48, 49). For bac-
teria from group II, genetic analyses have shown that transcrip-
tional activation of the TTSS machinery in R. solanacearum
relies on an unrelated and complex signaling cascade (see
reference 39 for a review), with the final component being an
AraC family regulator named HrpB for this bacterium (18)
and HrpX for Xanthomonas sp. (47).

R. solanacearum, the causal agent of bacterial wilt, has an
extensive host range, including over 450 plant species in trop-
ical and warm temperate zones worldwide (36). In this bacte-
rium, ArpB encodes one of the key regulatory genes controlling
pathogenicity functions (18, 39) (Fig. 1). In response to envi-
ronmental cues (minimal medium or bacterium-plant cell con-
tact), the expression of 4rpB is activated (1), and HrpB in turn
induces the expression of at least five operons, including the
TTSS genes and some of the Hrp-dependent substrates (3, 18).
To date, little is known at the molecular level about the inter-
actions that lead from environmental signals to the activation
of the genes encoding the TTSS and its secreted substrates. In
Xanthomonas campestris, a conserved DNA motif, the so-
called plant inducible promoter (PIP) box (14), has been iden-
tified in several Arp promoters and proposed to be important
for HrpX-dependent regulation, but no functional character-
ization of this element has been reported. In fact, the role of
the PIP box as a control element remains speculative since
some HrpX-regulated promoters do not contain PIP boxes (8).

The examination of known hrpB-regulated promoter se-
quences in R. solanacearum revealed the presence of several
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FIG. 1. General organization of the R. solanacearum hrp gene cluster according to Van Gijsegem et al. (45). Thick arrows symbolize individual
genes. Single letters refer to Arp genes, while gray arrows and black outlined letters represent src genes. The arrow filled with a grid represents
a regulatory gene. Numbers above thin arrows indicate transcriptional units. Flags indicate the presence of a Xanthomonas PIP box-like motif in

the respective promoter.

PIP box-related motifs at highly variable distances from the
translation start codon (up to 330 bp upstream in the case of
the popABC operon) (14). Therefore, the aim of this work was
to identify the cis-regulatory sequences conferring HrpB-de-
pendent activation and to characterize these elements in order
to define a valid consensus for R. solanacearum. We thus con-
centrated our study on two promoters of known hrpB-regu-
lated genes, namely ArpY, encoding the major constituent of
the Hrp pilus (46), an essential component of the TTSS appa-
ratus required for the translocation of effectors into plant cells,
and the popABC operon, which encodes three TTSS substrates
(3,21). Our final goal was to perform a bioinformatic screen by
using the consensus motif of the putative HrpB operator se-
quence and the recently completed genome sequence of R.
solanacearum strain GMI1000 (37) as a first step for identifying
the repertoire of HrpB-dependent pathogenicity effectors in
this bacterium.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth media. The bacterial strains and
plasmids used for this study are described in Table 1. Escherichia coli cells were
grown in Luria-Bertani medium (38) at 37°C. R. solanacearum was grown in
complete medium B or minimal medium supplemented with 20 mM glutamate
(7). Antibiotics were used at the following concentrations: tetracycline, 10 mg/
liter; ampicillin, 50 mg/liter; streptomycin, 50 mg/liter; gentamicin, 6 mg/liter.
Cocultivation of the bacteria with plant cells was done according to the proce-
dure of Marenda et al. (28).

DNA manipulations. Standard recombinant DNA techniques were performed
as described previously (38). Restriction enzymes, DNA ligase, the Klenow
fragment, and other DNA enzymes were used according to the manufacturer’s
recommendations. PCR amplifications were done in 50-pl volumes with the
Expand Long Template PCR system (Roche Molecular Systems), using genomic
DNA of R. solanacearum strain GMI1000, unless otherwise stated. Sequences of
oligonucleotide primers are available upon request.

Construction of reporter plasmids. (i) popABCp reporter constructs. The
PpopABC promoter region (915 bp) corresponding to positions —643 to +272
(relative to the transcription start point) was PCR amplified with primers
DPOP1 and DPOPRev and cloned into the pGEM-T vector (Promega). This
upstream region was subsequently cloned as a HindIII-Xbal fragment into a
pBluescript IT SK(—)-based vector containing the lacZ coding sequence from the
Tn5-B20 transposon (40) as an Xbal-Xhol fragment, thus generating a
PpopABCp::lacZ transcriptional fusion in the resulting plasmid, pCZ227. For the
creation of progressive 5’ deletions of the popABC promoter, an exonuclease
III-based Erase-a-Base kit (Promega) was used on pCZ227 digested with Sphl
and Sall according to the manufacturer’s instructions. After sequencing, HindIII-
Kpnl fragments encompassing deleted promoter sequences fused to lacZ from

pCZ227 and three selected derivatives of this plasmid were cloned into pLAFR6
to give pCZ209, pCZ368, pCZ353, and pCZ369. Plasmid pCZ388 corresponds to
a control gene vector that was created by cloning lacZ alone in pLAFR6. For the
construction of a popABC promoter fragment that started at the first nucleotide
of the hrpy; box, pSC151 was obtained by the same procedure as that used for
pCZ209, except that the upstream primer was DPOP2.

(ii) hrpYp reporter constructs. Plasmid pSC131 was created by cloning the lacZ
reporter cassette from pCZ205 (27) as a HindIII-Kpnl fragment in a
pPROBE-GT backbone (31). 5" deletions of the irpY promoter were constructed
by using PCR to amplify fragments with a shared 3" end and different lengths of
5" promoter sequence. Forward PCR primers DY1, DY3, DY5, and DYS8 asso-
ciated with DYRev as the reverse primer amplified 4rpYp fragments with 5" ends
corresponding, respectively, to positions —121, —70, —44, and +4 relative to the
transcription start point of 4rpY (as described below) and with identical 3’ ends
corresponding to the second nucleotide of the initiation codon (+122 relative to
the transcription start), followed immediately by a BamHI site.

PCR fragments were first cloned into the pGEM-T plasmid, and their se-
quences were verified. Inserts were subcloned into the polylinker of pSC131,
giving rise to pSC146, pSC152, pSC157, and pSC156, in which the first codon of
hrpY was fused with the lacZ open reading frame.

(iii) hrpYp site-directed mutagenesis. Point mutations in the —121 to +122
fragment of the ArpY promoter were generated by a recombinant PCR approach
(23) using mutagenic primers. In the first round of PCR, pSC146 served as the
DNA template. Vector-specific primer pPROBE-F with DY16 (wild-type se-
quence) or DY14 (mutated sequence) amplified the upstream promoter region.
Similarly, LacZ-R with DY13 or DY15 amplified the downstream promoter
region. Partially overlapping upstream and downstream promoter regions were
mixed in a second PCR that used LacZ-R and pPROBE-F to amplify recombi-
nant full-length —121 to +122 fragments of the ArpY promoter with the desired
mutations. Engineered DNA fragments were gel purified, digested with HindIII
and BamHI, and cloned into pSC131 to generate pSC143, pSC144, and pSC145
(see Tables 1 and 2 for details on individual plasmids).

With pSC152 as a template, mutated —70 to +122 fragments of the hrpY
promoter were PCR amplified with a forward mutagenic primer and the LacZ-R
reverse primer to hybridize between 60 and 80 bp downstream of the lacZ start
codon. Derivatives of pSC152, namely pCZ475, pCZ472, pCZ473, pCZATS,
pCZ474, pCZ444, pCZ460, pCZ445S, pCZ446, pCZ476, and pCZ494, were ob-
tained by cloning of these PCR fragments after they were digested by PstI and
BamHI into pSC131 (see Tables 1 and 3 for details on individual plasmids). Each
promoter had its insert sequenced on both strands to ensure the proper nucle-
otide sequence.

Bacterial transformation. pLAFR6- and pSC131-based plasmid constructs
were introduced into R. solanacearum strains by electroporation (2.5 kV, 200 €,
25 wF, 0.2-cm cuvette gap).

B-Galactosidase assays. B-Galactosidase assays were performed in R. so-
lanacearum cultures grown under activating (minimal medium supplemented
with 20 mM glutamate) or nonactivating (complete medium) conditions as de-
scribed previously (3).

Extraction of total RNA from R. solanacearum. The total RNA was extracted
from R. solanacearum strain GMI1000 grown in complete medium or minimal
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TABLE 1. Bacterial strains and plasmids used for this study

. . s a Source or
Strain or plasmid Relevant genotype or characteristics reference
Strains

E. coli

DH5a F~ recA lacZAM15 BRL
R. solanacearum

GMI1000 Wild-type strain 7

GMI1525 hrpB::() mutant 18

Plasmids

pGEM-T Cloning vector, Amp" Promega
pBluescript II SK(—) Cloning vector, Amp" Stratagene
pLAFR6 pLAFR1 with #p terminators, Tc* 25
pCZ227 popABCp::lacZ fusion, —643 to +272 PCR fragment cloned on a pUC19 backbone, Amp" This work
pSC131 Promoterless lacZ reporter gene vector, pVSlori, Gen" This work
pCZ388 Promoterless lacZ reporter gene cloned in pLAFR6 This work
pCZ209 PpopABCp::lacZ fusion, —643 to +272 PCR fragment, cloned in pLAFR6 This work
pCZ368 popABCp::lacZ fusion, —215 to + 272 Exolll fragment, cloned in pLAFR6 This work
pSC151 popABCp::lacZ fusion, —70 to +272 PCR fragment, cloned in pLAFR6 This work
pCZ353 popABCp::lacZ fusion, —57 to +272 Exolll fragment, cloned in pLAFR6 This work
pCZ369 PpopABCp::lacZ fusion, +154 to +272 Exolll fragment, cloned in pLAFR6 This work
pSC146 hrpYp::lacZ fusion, —121 to +122 PCR fragment cloned in pSC131 This work
pSC152 hipYp::lacZ fusion, —70 to +122 PCR fragment cloned in pSC131 This work
pSC157 hipYp::lacZ fusion, —44 to +122 PCR fragment cloned in pSC131 This work
pSC156 hipYp::lacZ fusion, +4 to +122 PCR fragment cloned in pSC131 This work
pSC143 Mutated hrpYp::lacZ fusion, —121 to +122 PCR fragment cloned in pSC131 This work
pSC144 Mutated hrpYp::lacZ fusion, —121 to +122 PCR fragment cloned in pSC131 This work
pSC145 Mutated hrpYp::lacZ fusion, —121 to +122 PCR fragment cloned in pSC131 This work
pCZ475 Mutated hrpYp::lacZ fusion, —70 to +122 PCR fragment cloned in pSC131 This work
pCZ472 Mutated hrpYp::lacZ fusion, —70 to +122 PCR fragment cloned in pSC131 This work
pCZ473 Mutated hrpYp::lacZ fusion, —70 to +122 PCR fragment cloned in pSC131 This work
pCZ478 Mutated hrpYp::lacZ fusion, —70 to +122 PCR fragment cloned in pSC131 This work
pCZ474 Mutated hrpYp::lacZ fusion, —70 to +122 PCR fragment cloned in pSC131 This work
pCZ444 Mutated hrpYp::lacZ fusion, —70 to +122 PCR fragment cloned in pSC131 This work
pCZ460 Mutated hrpYp::lacZ fusion, —70 to +122 PCR fragment cloned in pSC131 This work
pCZ445 Mutated hrpYp::lacZ fusion, —70 to +122 PCR fragment cloned in pSC131 This work
pCZ446 Mutated hrpYp::lacZ fusion, —70 to +122 PCR fragment cloned in pSC131 This work
pCZ476 Mutated hrpYp::lacZ fusion, —70 to +122 PCR fragment cloned in pSC131 This work
pCZ494 Mutated hrpYp::lacZ fusion, —70 to +122 PCR fragment cloned in pSC131 This work

“ Numbering is relative to the transcription start point of the corresponding gene. Amp', ampicillin resistance; Gen", gentamicin resistance; Tc", tetracycline
resistance.

medium or cocultured with an Arabidopsis thaliana Col-0 cell suspension. Bac-
terial pellets from 20 ml of culture at an optical density at 600 nm of 0.6 were
homogenized in 1 ml of the commercial buffer Extract All (Eurobio Laborato-
ries) and were treated as recommended by the manufacturer. Five microliters of
DNAse I from Boehringer Mannheim and 12 pl of buffer provided with the
enzyme were added to the total RNA, which was resuspended in 100 wl of water.
After 30 min of incubation at 28°C, an extra 2 pl of enzyme was added and the
reaction proceeded for 30 min. After phenol-chloroform purification and ethanol
precipitation, the RNA pellet was resuspended in 100 wul of distilled water.

Primer extension analysis. Oligonucleotide hrpY + 1 (400 ng) was 5’ end
labeled with 5 U of T4 polynucleotide kinase (Invitrogen) and 555 X 10'° Bq of
[y-*PJATP. An equivalent of 5 X 10° cpm of MicroSpin (Sephadex G50)-
purified oligonucleotide was hybridized to 10 pg of total RNA in 5 ul of a
solution containing 50 mM Tris-HCI (pH 8.2), 10 mM dithiothreitol (DTT), and
60 mM NacCl by heating at 90°C for 1 min on a thermoblock and then cooling on
the bench. When the temperature reached 40°C, 1 ul of MgCl, (36 mM) was
added to the mix. For reverse transcription (RT) reactions, 2.5 pl of hybrid
solution was extended for 30 min at 45°C with 200 U of SuperScript II (Invitro-

TABLE 2. Mutational analysis of the Arp; box direct repeats of hrpYp*®

B-Galactosidase activity

Plasmid hrpy; box and flanking region sequence” (Miller units [SD])” In;i;(i:(t)llion
Wild type hipB

pSC146 TTCGTACGCTTGCACAAGGITTCGG 740 (31) 43 (4) 17.2

pSC143 AG ... 100 (24) 59 (4) 1.7

pSC144 AG .. 81 (15) 46 (6) 1.8

pSC145 AG ....... ... AG. .. 55(9) 56 (12) 1.0

“ Replacement of the thymine doublets with AG in either one or both hrpy; box repeats of hrpYp was introduced into pSC146-based lacZ reporter plasmids, and the
plasmids were assayed for B-galactosidase activity in a wild-type or ArpB mutant strain of R. solanacearum after overnight culturing in inducing minimal medium.

> Nucleotides in bold indicate conserved residues of hrpy; box tandem repeats. Dots indicate conserved residues at the given positions in pSC146-derived plasmids.

¢ B-Galactosidase activities assayed in the wild-type strain (GMI1000) and a ArpB mutant (GMI1525) are means of at least three experiments.

@ Ratio of activity in the wild-type strain to activity in the /7pB mutant strain.
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TABLE 3. Mutational analysis of the 4rpYp hrpy; box flanking regions®

B-Galactosidase

activity Induction

Location of mutation(s) Plasmid hrpy; box and flanking region sequence” (Miller units [SD])" ratio?
Wild type hrpB
5 10 15 20 25 30
P e =y - S S

Flanking sequences pSC152 TTCGTACGCT TGCACAAGGT TTCGGEECAGCCG 728 (49) 18 (1) 40.4
pCZATS Ao 155 (5) 20 (1) 7.8

pCZ472 A 91 (8) 18 (2) 5.1

pCZ473 ... A 372 (16) 21 (4) 17.7

pCZ478 .. G..... .. ... 583 (42) 32 (10) 18.2

pCz474 ... ... CT.GIGC. .CC............... 371 (25) 17 (1) 21.8

Repeat spacing pCZ444 TTCGTA- - CTTGCACAAGGT TTCGGGEECAGCCG 15(2) 16 (1) 0.9
pCZ460 TTCGTAC- CTTGCACAAGGT TTCGGEGEECAGCCG 54 (8) 19 (5) 2.8

pCZ445 TTCGTACGGCTTGCACAAGGT TTCGGEGCAGCGG 141 (17) 18 (1) 7.8

pCZ446 TTCGTACGCCGCTTGCACAAGGT TTCGGEEECAGCEG 19 (3) 20 (2) 1.0

Distance between hrpy; and —10 boxes pCZ476 ~ TTCGTACGCTTGCACAAGGT TTCGGATATGGCAGCGG 21 (2) 19 (3) 1.1
pCZ494 TTCGTACGCTTGCACAAGGTTTCEEEG - - CCG 28 (3) 18 (3) 1.6

“ Derivatives of the pSC152 reporter plasmid with mutations in DNA regions downstream of the /rpy; box repeats of minimal 7pYp were obtained by PCR and tested

for transcriptional activity in R. solanacearum.

® Nucleotides in bold indicate conserved residues of hrpy; box tandem repeats. Dots symbolize the conserved residues in the pSC152-derived plasmids. Dashes indicate
that the corresponding nucleotide in the wild-type sequence has been deleted from the synthetic promoter construct. Underlined nucleotides have been added in the

regions flanking /rp;; box repeats.

¢ B-Galactosidase activities assayed for the wild-type strain (GMI1000) and a hrpB mutant (GMI1525) are the means of at least three experiments.

@ Ratio of activity in the wild-type strain to activity in the /7pB mutant strain.

gen), 1 pl of deoxynucleoside triphosphates (25 mM), 0.5 wl DTT (100 mM), and
1 pl of the buffer provided with the enzyme. Extension products were analyzed
in a 6% polyacrylamide sequencing gel together with dideoxy chain termination
reactions made with a T7 sequencing kit (USB Corp.), oligonucleotide primer
hrpY + 1, and a preparation of plasmid DNA template pGMI1989 (45).

5'-RACE. To determine the 5’ ends of mRNA transcripts, we also performed
rapid amplification of cDNA 5’ ends-PCR (5'-RACE-PCR) with a modified
protocol from Tillett et al. (43). Briefly, RT reactions were performed in 50-pl
volumes containing a 0.2 mM concentration of each deoxynucleoside triphos-
phate, 10 mM DTT, 126 pmol of random hexamer primers (except for popABC,
for which 20 pmol of the gene-specific oligonucleotide pop + 1 was used), and
2 pg of total RNA from R. solanacearum GMI1000 grown in minimal medium.
Initial experiments with ArpY and hrp transcription unit 2 used a thermally cycled
RT procedure (43) in which 200 U of SuperScript II (Invitrogen) was added to
the reaction after stepwise annealing of the primers, followed by incubation at
42°C for 30 min and five cycles at 50°C for 1 min, 53°C for 1 min, and 56°C for
1 min. More stringent temperature parameters (50°C for 30 min and five cycles
at 53°C for 1 min, 56°C for 1 min, and 59°C for 1 min) and the addition of 300
U of reverse transcriptase were used in the case of popABC and hrp transcription
unit 3. All experiments included an RT negative control in which no enzyme was
added to the reaction mix to ensure that RACE-PCR products were indeed
derived from mRNA.

RNAs were removed by RNase H digestion at 37°C for 30 min. cDNAs were
purified through MicroSpin S-400 HR (Amersham Pharmacia) columns. Liga-
tion of the anchor oligonucleotide DT88 (43) was done overnight at 18°C with 10
wl of cDNA sample and 3 U of T4 RNA ligase (Promega).

Ligation-anchored PCRs were performed with 10 pl of DNA template ligation
products, using anchor-specific oligonucleotide DT89 (10 pmol) (43) and gene-
specific primer hrpY + 1, pop + 1c, U2-R1, or U3-R1 (10 pmol), corresponding
to hrpY, popABC, hrp unit 2, and hrp unit 3, respectively. For the latter tran-
scriptional unit, a second heminested PCR using primer pair DT89 and U3-R2
and 5 pl of a 500-fold dilution of the first PCR was required to obtain a specific
amplification product. Thermal cycler program parameters were as follows: a
94°C initial denaturation for 2 min before the addition of Tag DNA polymerase;
15 cycles at 94°C for 10 s, 70°C — 1°C/cycle for 30 s, and 68°C for 30 s; 25 cycles
at 94°C for 10 s, 55°C for 30 s, and 68°C for 30 s; and a final extension at 68°C
for 7 min. PCR amplification products were separated in a 2.5% agarose gel. The
DNA bands that were absent from negative control reactions were gel purified
and cloned into the pGEM-T vector. Transcription starts were derived from
insert sequences of at least seven independent clones that were randomly se-
lected after plating of E. coli DH5a cells transformed with ligation products.

Computer analysis. An inventory of the Arpy; box motif (TTCGN,,TTCG) in
the genome sequence of R. solanacearum strain GMI1000 was performed with
PatScan software (http://www-unix.mcs.anl.gov/compbio/PatScan/HTML/patscan
.html). DNA sequence manipulation, alignment, editing, and formatting for
publication were done with Bioedit software (http://www.mbio.ncsu.edu/BioEdit
/bioedit.html).

RESULTS

5" deletions of the popABC and hrpY promoters identify
regions essential for HrpB-dependent activation. For identifi-
cation of the cis-acting regions responsible for the regulation of
the transcription of hrpB-regulated genes, the promoter re-
gions of the popABC operon (popABCp) and the hrpY gene
(hrpYp) were cloned upstream of a promoterless lacZ gene in
a reporter plasmid. The B-galactosidase activity was assayed
for each construct in the wild-type strain GMI1000 or in the
hrpB mutant strain GMI1525 after growth in complete medium
(noninductive) or minimal medium (inductive) (Fig. 2). We
first checked that the reporter plasmids pCZ209 and pSC146,
which contain popABCp (915 bp) and hrpYp (241 bp), respec-
tively, were both activated in minimal medium in a strictly
hrpB-dependent manner. The promoter sequence in pSC146
corresponds to the DNA fragment that was used for trans-
complementation experiments with the ArpY mutant strain
(45). 5’ nested deletions of popABCp were generated by exo-
nuclease III digestion of pCZ209 DNA, except for one con-
struct (pSC151) carrying a promoter fragment starting at po-
sition —70, which was synthesized by PCR. 5’ deletions of
hrpYp were also generated by PCR amplification.

The identification of deletions that abolished lacZ expres-
sion revealed that the element conferring HrpB-dependent
activation encompasses a 13-bp fragment in popABCp and a
26-bp region in ArpYp (Fig. 2). A DNA sequence comparison
of these two regions led to the identification of a conserved
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FIG. 2. Transcriptional activities of the popABC (A) and hrpY (B) promoters and deletion fragments. 5’ nested deletions of popABCp and hrpYp
were cloned into a promoter-probe plasmid, and their abilities to promote transcription of the lacZ reporter gene were monitored by (-galacto-
sidase assays. For each deletion, the coordinate of its 5" end relative to the transcription start point of the relevant gene and the corresponding
reporter plasmid name are shown to the left. Light gray bars delineate promoter regions, black bars indicate 4rp;; box locations, and dark gray bars
represent lacZ reporter sequences. B-Galactosidase activity values for each construct in R. solanacearum wild-type strain GMI1000 and a hrpB
mutant (GMI1525) after overnight growth in minimal or complete medium are shown to the right and are the means of at least three independent

experiments, with error bars representing standard deviations.

motif consisting of two perfect four-nucleotide direct repeats
(TTCGnl16TTCG), which in fact corresponds to an imperfect
PIP box motif (TTCGCn15TTCGC) as originally described for
Xanthomonas (14). In popABCp, the loss of HrpB-dependent
activity was associated with the pCZ353 construct starting at
the ninth nucleotide after the first TTCG repeats (Fig. 2A).
The deletion of this 26-bp motif from the pSC157 construct
clearly abolished the HrpB-dependent activity of ArpYp ob-
served in pSC146 (Fig. 2B). This demonstrated that this 26-
nucleotide element, henceforth referred to as a Arp;; box (for
reasons detailed below), is required for HrpB-activated tran-
scription.

Mutational analysis reveals the importance of hrp, box
direct repeats for krpY promoter function. For an investigation

of the potential role of the Arp;; box in the regulation of rpYp,
mutations leading to the replacement of each TT repeat with
an AG doublet were generated. The B-galactosidase activities
expressed by recombinant plasmids (pSC143, pSC144, and
pSC145) were compared to that for plasmid pSC146, which
carries a similar promoter fragment with an intact Arpy; box
(Table 2). These assays indicated that each conserved TT re-
peat of the hrp;; box is essential for the activation of ArpYp
since each TT—AG substitution totally abolished the B-galac-
tosidase activity of the reporter fusion. These mutations pre-
vented the ability of rpYp to respond to HrpB.

In order to more accurately define the important positions in
the Arpy; box motif, we generated site-directed mutations that
affected the nucleotides in the vicinity of the conserved TTCG
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repeats (T-to-A change at position 5, T-to-G change at posi-
tion 20, and G-to-A change at position 25). In addition, we
created two other constructs to evaluate the importance of
nucleotide positions within the 16-bp spacer region in between
the TTCG repeats: one carried a single C-to-A substitution at
position 15 and the second had eight internal nucleotides
changed (positions 8, 9, 11, 12, 13, 14, 17, and 18). The activ-
ities of the hrpYp-lacZ constructs with the various mutated
hrpy boxes described above are shown in Table 3. A single
substitution in pCZ472 (T to A, at position 5) or pCZ475 (G to
A, at position 25) affected the hrpB-dependent regulation of
hrpYp but did not abolish its potential to activate transcription
since an induction ratio of five- to eightfold was still observed.
In contrast, constructs pCZ473, pCZ474, and pCZ478 did not
reach the level of activity of the wild-type promoter but re-
tained the ability to confer hrpB dependency (induction ratio
ranging from 18- to 22-fold). We concluded, therefore, that the
16-nucleotide spacer region does not contain crucial residues
mediating HrpB activation, except maybe positions 5 and 25
immediately downstream of each conserved TTCG repeat.

Spacing of TTCG direct repeats is critical for hrpY promoter
function. We then addressed the question of whether the 16-bp
spacing between the TTCG repeats was an important param-
eter for the HrpB-dependent activation of hrpYp. For this
purpose, derivatives of pSC152 carrying 14 (deletion of posi-
tions 7 and 8)-, 15 (deletion of position 8)-, 17-, and 18-bp
spacer regions were tested (Table 3).

The B-galactosidase activities monitored in these constructs
clearly showed that alterations of the 16-bp spacing dramati-
cally influenced the ability of ~rpYp to respond to HrpB (Table
3). HrpB-dependent activation was lost in constructs harboring
a hrpy box with 14-, 15-, or 18-bp spacing. However, the 17-
bp-spacing construct (pCZ445) retained a residual activation
potential (induction ratio of eightfold), although it was signif-
icantly decreased compared to that with wild-type 16-bp spac-
ing.

Four HrpB-regulated promoters have related structures.
For determination of the transcription start point of ArpYp,
RNA was prepared from the wild-type strain grown under
inductive (minimal medium, cocultivation with plant cell sus-
pension) or noninductive (complete medium) conditions and
was used for primer extension analysis. We used a primer
complementary to the region flanking the ArpY translation start
site for an RT reaction. Two primer extension products of
equal intensities and differing by 37 nucleotides in length were
detected when cells were grown under inductive conditions,
but no product was found under repressive conditions (Fig.
3A). The shorter cDNA may have originated from an mRNA
transcribed from a second promoter. However, in the absence
of an obvious sigma factor binding element within this region,
we hypothesized that this cDNA came from the premature
termination of RT due to the presence of some secondary
structure in the RNA transcript 5'-untranslated region or from
RT of a irpY mRNA major degradation product. We therefore
believe that the longer product most likely represents the le-
gitimate transcription start site.

5'-RACE allowed the transcription initiation site for most
HrpB-regulated operons, namely hrpY, popABC, and hrp tran-
scription units 2 and 3, to be mapped (Fig. 3B). Regarding the
5" end of the hrpY mRNA, this technique gave results identical
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to those obtained by primer extension analysis: the nested PCR
resulted in two bands and the subsequent cloning and sequenc-
ing of these fragments revealed the same transcription start
sites as those found above. The popABC mRNA was found to
have a long 5'-untranslated region (272 bp), while for hArp
transcription units 2 and 3, this region spans 63 and 55 bp,
respectively. The alignment shown in Fig. 3B shows that for all
mapped promoters, the distance between the transcription
start and the Arp,; box is well conserved, with a spacing of 47 =
1 bp. A second region of homology was also apparent which
resembled the —10 binding element of the RNA polymerase
o’% factor. These observations support the view that HrpB-
regulated promoters share a common architecture. Remark-
ably, no —35 consensus motif could be predicted from the
sequence alignment.

Functionality of the hrpYp hrp,; box depends on its position
relative to the —10 element. To test whether the position of the
hrpy, box in the hrpYp promoter (—47 bp) is important for gene
expression, we generated two constructions in which the posi-
tion of the hrp;; box relative to the +1 transcription start point
was modified. pCZ476, a derivative of pSC152, carries a 4-bp
insertion just downstream of the Arp;; box (thus positioned at
—51 bp), and pCZ494 carries a 3-bp deletion leading to the
positioning of the Arp;; box at —44 bp from the transcription
start site. As shown in Table 3, such alterations of the position
of the hrpy box in hrpYp dramatically reduced the HrpB-
dependent activation of the promoter. The hrpYp hrp,; box
activating element must thus be exactly positioned relative to
the transcription initiation site and hence to the presumed core
promoter regions.

Computer-assisted identification of putative HrpB-regu-
lated genes in the R. solanacearum genome sequence. R. so-
lanacearum depends on the Hrp TTSS for the successful inva-
sion of its hosts. Effector proteins translocated into host plant
cells through this system may act collectively to promote dis-
ease or may be required for specific host infections. HrpB is
known to control several Hrp secretion system substrates at the
transcriptional level (3, 21). In order to enlarge our knowledge
of hrpB regulon members and thus to enrich the candidate
effector repertoire for this bacterium (37), we used the hrpy;
box motif to perform a systematic search for this element in the
genome sequence of R. solanacearum strain GMI1000. We
selected the hits matching the Arp,; box consensus sequence
which were located in a region extending from 50 to 450 bp
upstream of the start codon of each predicted coding sequence.
In addition to the five known HrpB-dependent Arp or popABC
promoters, the search produced a total of 95 hits. Hits were
more frequent on the megaplasmid (2.1 Mb; 57 hits) than on
the chromosome (3.7 Mb; 39 hits). These 95 transcriptional
units were estimated to comprise 114 genes (the complete list
is given in Table S1 in the supplemental material). Four genes
corresponded to apparently nonfunctional pseudogenes, as
they included coding sequence frameshifts or transposase in-
sertions; interestingly, one of them was predicted to encode a
member of the AvrRxv/YopJ family of TTSS effectors (42; M.
Lavie, B. Sennes, P. Prior, and C. Boucher, submitted for
publication).

An analysis of the homologies displayed by the 110 genes
(excluding pseudogenes) which were found to be driven by the
putative promoter regions containing a hrp;; box indicated that
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FIG. 3. Mapping of the transcription start sites of the hrpY, popABC, and hrp transcription unit 2 and 3 promoters. (A) Primer extension
products of the ArpY promoter. The sequence indicated is the antisense (bottom) strand. Asterisks indicate the transcription start sites of the two
extension products. RT was done with RNA from the wild-type strain grown in minimal medium (lane 1), in the presence of Arabidopsis plant cells
(lane 2), or in complete medium (lane 3). An ethidium bromide-stained denaturing agarose gel loaded with the samples of the total RNA extracts
used for RT is inserted below the appropriate gel tracks. (B) Sequence alignment of the hrpY, popABC, and hrp transcription unit 2 and 3
promoters. The last adenine in each sequence (underlined) is the transcription start as determined by 5'-RACE-PCR (for ArpY, the transcription
start corresponds to the longest primer extension product) and was used as the origin for numbering of the sequence ruler. Numbers to the right
of sequences represent distances from the initiation codons. The gray shaded box shows the position of the —10 hexamer. Open boxes indicate the

conserved direct repeats of the Arpy; box.

19 are most likely to be involved in pathogenicity-related func-
tions. They code for proteins homologous to several type III-
associated proteins that were already described for other bac-
terial pathogens, such as the avr- and hop-encoded proteins of
P. syringae (11). Two genes encoding homologs of HrpF, a
probable type III translocon protein from X. campestris pv.
vesicatoria (9, 10), also contain a hrpy; box in their upstream
DNA regions. Interestingly, 14 gene products encoding R. so-

lanacearum candidate type III effectors, identified previously
on the basis of the presence of domains which could be pre-
dictive of eukaryotic functions (37), were also identified in our
in silico screen. For example, five genes encoding predicted
leucine-rich repeat domains, protein-protein interaction do-
mains commonly found in various pathogenicity determinants
in the prokaryotic kingdom (4, 21, 41), contained a Arp;; box in
their promoter.
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FIG. 4. Alignment of upstream regions of several irpB-regulated candidate genes. Nucleotides that are highlighted at a given position in the

alignment are conserved in at least 50% of the sequences.

DISCUSSION

We have provided experimental evidence that the 25-bp
bipartite nucleotide element TTCGnl6TTCG, which corre-
sponds to an imperfect PIP box originally described for a
Xanthomonas sp. (14), is required for the hArpB-dependent ac-
tivation of both hrpY and popABC promoters. This nucleotide
element was named the /rp,; box (for Arp box in group II Arp
clusters, i.e., R. solanacearum and Xanthomonas sp.), referring
to the term “Arp box” which is used for the consensus motif
found in group I Arp promoters controlled by the alternative
sigma factor HrpL (15, 49). The Arpy; box is found in all of the
other HrpB-dependent promoters known so far. Sequence
alignments of these HrpB-regulated promoters clearly illus-
trated the strict conservation of the direct TTCG repeats,
which suggests that these four nucleotide repeats are crucial
for functioning. The functional analysis of the hrpYp hrp;; box
confirmed this hypothesis: substitutions of the conserved TT
nucleotides abolished ArpYp activation, while other substitu-
tions of nonconserved nucleotides only had a minor effect on
the promoter activity. Mutations at the first nucleotide 3’ of
either of the two hrp;; box repeats, however, measurably al-
tered the promoter responsiveness. These residues correspond
to the last conserved cytosine of the PIP box repeats of X.
campestris, which suggests that although there is little conser-
vation in R. solanacearum, this position is likely to play a
modulating role either on DNA topology or on the transcrip-

tion activator affinity for its target sequence, thereby altering
hrpB-dependent transcriptional stimulation.

We hypothesize that the tandem direct repeats of the Arpy;
box comprise a HrpB binding site. This hypothesis is supported
by the fact that several AraC family regulators are known to
activate transcription by binding to target sequences featuring
direct repeats and located adjacent to or overlapping the —35
regions of regulated class I promoters (16), such as MixE and
HilD, which are AraC-like TTSS substrate-related regulators
in Shigella flexneri (29) and Salmonella enterica serovar Typhi-
murium (6), respectively. However, since we have not yet been
able to demonstrate the direct binding of HrpB to the hrpY
promoter sequence (S. Cunnac, unpublished data), we cannot
exclude a more complex mechanism in which another partner
participates to produce an active binding complex. A similar
observation was made for the orthologous Xanthomonas reg-
ulator HrpX, for which no binding to PIP box-containing pro-
moters could be detected (8). Both HrpB and HrpX are AraC
family regulators (13, 44), and the defining characteristic of
this family of proteins is a C-terminal amino acid region of
homology comprising the DNA binding domain which exhibits
two helix-turn-helix (HTH) motifs (16). In the case of AraC
and XylS, the two best characterized regulators of the family,
it has been shown that each HTH motif binds to specific sub-
motifs which are separated by 6 or 7 bp in the target sequence
(19, 32). On the basis of these results, although the spacing
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between the two direct TTCG repeats is more important, it is
tempting to speculate that each HTH motif in HrpB (located
at positions 390 to 413 and 443 to 467) recognizes one-half of
the motif of the Arpy; box.

We investigated the Arp;; box function by using site-directed
mutagenesis in order to establish a robust consensus and by
using this nucleotide motif to search for candidate HrpB-reg-
ulated genes in the GMI1000 genome. The strictly conserved
nature of the Arp;; box consensus in R. solanacearum hrp and
pop promoters enabled us to scan the complete genome of
strain GMI1000 for candidate HrpB-regulated genes by using
this sequence. Remarkably, 14 of 20 candidate type III-depen-
dent effectors originally identified on the basis of protein se-
quence homology (37) harbor a canonical Arp;; box in their
promoter regions. This observation is in agreement with our
results showing that the 16-bp spacing of the TTCG repeats is
important for the full activation of ArpYp. In contrast, in Xan-
thomonas sp., more variable spacing between the PIP box di-
rect repeats can be observed for some HrpX-dependent pro-
moters (26, 33). However, we showed that a 17-bp spacing
strongly reduces but does not abolish srpYp expression, and it
is therefore possible that we overlooked other potential HrpB-
regulated genes. Such variations in the structure of the hrpy,
box may conceivably represent a way of modulating the expres-
sion of certain type III effector genes.

The 95 candidate HrpB-regulated promoters identified in
this study were aligned by using the Arp;; motif as an anchor.
Seventy-three sequences contained the last conserved thymine
of the —10 box at a distance of 37 = 1 nucleotides from the
fourth residue of the Arp;; box. For this subset of promoters,
68% had a pyrimidine nucleotide at the first position of the
—10 box hexamer and 71% had an adenine at the second
position. Figure 4 shows the sequence alignment of two known
hrp promoters (with popABCp and hrp transcription unit 4
anchoring the alignment) with 25 candidate HrpB-regulated
promoters identified in this study, a pool composed of 7 genes
encoding products homologous to known type III effectors and
18 genes encoding conserved hypothetical or unknown pro-
teins. In addition to the Arp; box, this alignment highlights
another conserved region, namely an appropriately positioned
putative —10 region (as determined for promoters for which
the transcription start point was available). This conserved
region is homologous to the —10 sequence found for the R.
solanacearum AW1 epsA promoter (TACACT), in which both
conserved thymine residues are essential for its function (17).
This finding is in agreement with the results from our ArpYp
analysis showing that the position of the hrp;; box relative to
the —10 element is a critical parameter for promoter activa-
tion. The alignment in Fig. 4 also supports the observation that
there is no clear nucleotide preference in positions outside of
the conserved TTCG repeats, except maybe for position 5
(never adenine) and position 25 (never adenine and mainly
cytosine).

The global search for regulatory targets thus appears to be
an interesting tool for the identification of novel virulence-
related genes. The functional analysis of most of these novel
candidate genes has been undertaken and we now have exper-
imental evidence that several of them indeed belong to the
HrpB regulon (11a). This and other genome-based studies (5,
15, 22, 34, 35, 50) mark the beginning of the next step in
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research, which is aimed at making a complete inventory of
pathogenicity factors in bacterial plant pathogens. Because
various virulence functions are known to be subjected to com-
plex regulatory cascades in R. solanacearum (12, 39), similar
genome-wide searches for regulatory gene targets will certainly
allow our understanding of this network to be developed. Al-
together, this information will contribute to the identification
of novel pathogenicity factors and will permit a far more de-
veloped global picture of the multiple determinants contribut-
ing to bacterial wilt disease.
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