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hrp genes, basic pathogenicity genes of the pepper and tomato pathogen Xanthomonas campestris pv. ve-
sicatoria, are regulated dependent on environmental conditions. We isolated the hrpXv gene, which was found
to be outside the large hrp cluster comprising the six loci hrpA to hrpF. The predicted HrpXv protein is 476
amino acids long and has a molecular mass of 52.5 kDa. HrpX is highly conserved among xanthomonads and
is a member of the AraC family of regulatory proteins. An hrpXv insertion mutant has a typical hrp phenotype
and no longer allows induction of the five hrp loci hrpB to hrpF in the new hrp induction medium XVM2,
indicating that HrpXv is the positive regulator of these loci. An hrpXv mutant could be partially complemented
by the related hrpB gene of Burkholderia solanacearum, the protein product of which shows 40 and 58% amino
acid identity and similarity, respectively, to HrpXv. The hrpXv gene itself has a low basal level of expression that
is enhanced in XVM2. Expression of hrpXv as well as that of the hrpA locus is independent of the hrpXv gene.
The transcription start site of hrpXv was mapped. Comparison between the hrpXv promoter and the corre-
sponding region of the hrpXc gene from X. campestris pv. campestris revealed sequence conservation up to
position 284. A putative helix-turn-helix motif in the C-terminal region of HrpXv and its possible interaction
with a conserved hrp promoter element, the plant-inducible promoter box, are discussed.

The species Xanthomonas campestris has been described as
being exclusively plant pathogenic and shows a high degree of
host specificity. This finding has led to division of this species
into many pathovars, according to the host ranges of strains. X.
campestris pv. vesicatoria is the causal agent of bacterial spot
disease of pepper and tomato plants and has served as a model
system with which to study the molecular basis of pathogenesis.
In a compatible interaction, the bacteria multiply in the inter-
cellular spaces of the plant tissue, while in resistant plants,
bacterial growth is inhibited and often accompanied by the
hypersensitive reaction (HR), a rapid cell death (necrosis) at
the site of infection (10, 11). The 23-kb chromosomal hrp
(hypersensitive reaction and pathogenicity) gene cluster (6, 38)
is indispensable for pathogenesis in susceptible host plants and
for the elicitation of the HR in resistant host and nonhost
plants (8). The cluster contains six hrp loci, hrpA to hrpF, which
have been sequenced (7, 21, 22, 54). Transposon mutagenesis
with Tn3-gus that carries a promoterless b-glucuronidase
(GUS) gene allowed expression studies of five out of six hrp
loci (45). hrpA, hrpB, hrpC, hrpD, and hrpF are suppressed
during growth in complex medium and are induced in planta
and in TCM (tomato conditioned medium) (45). The hrp in-
duction medium TCM, the quality of which varied, has recently
been replaced by the synthetic medium XVM2, which has been
shown to induce the hrpA locus (54). hrpE expression has not
been studied yet because of lack of Tn3-gus insertions with the
gusA gene in the direction of hrpE transcription.
An additional hrp locus, hrpX, has been identified in the

cabbage pathogen X. campestris pv. campestris (32) (hrpXc)
and in the rice pathogen X. oryzae pv. oryzae (31) (hrpXo). It
was stated in a recent publication (40) that the corrected se-

quences of the predicted HrpX proteins have significant se-
quence similarity with the hrp regulatory protein HrpB of
Burkholderia solanacearum (formerly Pseudomonas solanacea-
rum) (27), but a regulatory function of HrpX has not been
demonstrated.
In this study, we report on the isolation and sequence anal-

ysis of the hrpX gene of X. campestris pv. vesicatoria (hrpXv)
and demonstrate that hrpXv is essential for the transcriptional
activation of the hrp gene cluster. The transcription start site of
hrpXv was mapped, and the in vitro medium XVM2 was shown
to induce expression of all seven hrp loci.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and
plasmids used are described in Table 1. Plasmids were introduced into Esche-
richia coli by electroporation and into Xanthomonas strains by conjugation using
pRK2013 as the helper plasmid in triparental matings (18, 24). E. coli cells were
cultivated at 378C in Luria-Bertani medium, and Xanthomonas strains were
grown at 288C in NYG (16) or XVM2 (54). Antibiotics were added to the media
in the following final concentrations: ampicillin, 100 mg/ml; cycloheximide, 50
mg/ml; kanamycin, 25 mg/ml; rifampin, 100 mg/ml; spectinomycin, 100 mg/ml; and
tetracycline, 10 mg/ml.
Plant material and plant inoculations. Inoculations of tomato Moneymaker

and the near-isogenic pepper lines ECW and ECW-10R were performed as
described previously (8). Bacterial strains were tested for their phenotypes by
inoculation of a suspension of 5 3 108 bacteria per ml in 1 mM MgCl2 into the
intercellular space of the plant leaf, and symptom development was scored over
a period of 5 days. To analyze bacterial growth in planta, suspensions of 105

bacteria per ml in 1 mM MgCl2 were inoculated into leaves of the susceptible
pepper cultivar ECW. Leaf discs were cut out at different time points after
inoculation and macerated in 1 mM MgCl2, and dilutions were plated on selec-
tive media.
Construction of insertion mutants. To increase the density of transposon

insertions in the right part of the hrp cluster, pXV4, a cosmid from the genomic
library of X. campestris pv. vesicatoria 75-3 (39) containing the region from hrpC2
to downstream of hrpF, was mutagenized with Tn3-gus. Thirty-two insertion
derivatives were introduced into the genome of strain 85-10 by marker exchange
as described previously (8). For mutagenesis of the hrpXv gene, the 7-kb internal
BamHI fragment of pBX1 was subcloned into pUC118, resulting in pUX4. The
omega cassette (42), conferring resistance to spectinomycin and streptomycin,
was inserted into the unique EcoRV site of pUX4, and the insert of this plasmid,
pUXO4, was cloned into pLAFR6, giving pSXO4. pSXO4 was conjugated into X.
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campestris pv. vesicatoria 85E and 75-3 to generate the mutants 85EX and 75X,
respectively, by marker exchange. Correct genomic insertion of Tn3-gus and the
omega cassette was verified by Southern blot analysis.
Sequence analysis. T3 and T7 primers and custom primers were used with the

T7 DNA polymerase sequencing kit (Pharmacia, Uppsala, Sweden) to sequence
a single strand of the hrpXv gene of X. campestris pv. vesicatoria 85E present in
pBX1. Any ambiguities were clarified by sequencing the opposite strand. Both
DNA strands of the region upstream of the BamHI site were sequenced. To
sequence the promoter region of the hrpX gene of X. campestris pv. campestris
the 500-bp BamHI fragment from pHK1a was cloned into pBluescript-KS II and
partially sequenced by using the T3 and T7 primers.
Sequences were analyzed with the University of Wisconsin GCG 8.0 package

(17). Sequence alignments were done with the BESTFIT and GAP programs,
and their significance was determined by comparing them against 10 randomized
sequences. Database searches were done by using TBLAST (3).
Primer extension analysis. Bacteria were grown for 16 h in NYG or XVM2 or

recovered from susceptible pepper plants (ECW) 3 days after whole-plant infil-
tration (8). Bacterial RNA was extracted as described previously (2). Fifteen
micrograms of RNA and 32P-labeled oligonucleotide 137 (59 TTCTGCGTAT
GACAACGCAGAGATCGCTGC 39) were annealed at 658C for 90 min (5), and
the extension reaction was performed in the presence of actinomycin D with 200
U of MMLV-Superscript II reverse transcriptase (Gibco-BRL) for 1 h at 428C
(5). Extension products were analyzed on 6% denaturating polyacrylamide gels.
Determination of GUS activities. GUS activities were measured after growth

of Xanthomonas strains in NYG or XVM2 for 14 to 16 h or in susceptible pepper
plants for 3 days as described previously (45) except that bacterial numbers in
liquid cultures were determined by measuring the optical density at 600 nm.
Nucleotide sequence accession number. The 1,806-bp sequence of hrpXv

shown in Fig. 2 can be retrieved from GenBank (accession number U45888).

RESULTS

Isolation of the hrpXv gene. Sequences homologous to the
hrpX gene of X. campestris pv. campestris are present in several

Xanthomonas species (31). To find out whether X. campestris
pv. vesicatoria 75-3 and 85-10 contain a homolog, the 700-bp
internal PstI fragment of the hrpXc gene (33) present in plas-
mid pHK1a was used as a probe in Southern hybridizations
under stringent conditions. A single 9.4-kb EcoRI fragment
was identified in both strains 75-3 and 85-10 (data not shown).
With the same probe, we isolated two cosmid clones (pXV30
and pXV751) from a genomic cosmid library of strain 75-3
(39). pXV30 and pXV751 contain about the same 24-kb insert,
but in opposite orientation. The hrpXv gene is located at the
extremity of the insert of pXV751 on a 2.5-kb EcoRI-HindIII
(vector site) fragment that was subcloned in pBluescript-KS II
(pBX10) and partially sequenced. Comparison of the obtained
sequence with the published sequences of hrpXo (31) and hrpXc
(40) indicated that the hrpXv gene was only partially present in
the cosmid clones. We therefore cloned the genomic 9.4-kb
EcoRI fragment described above from X. campestris pv. vesi-
catoria 85E in pBluescript-KS to generate pBX1 (Fig. 1). Re-
striction analysis revealed that the hrpXv region is located
outside the large X. campestris pv. vesicatoria hrp cluster, in-
cluding 20 kb of flanking regions.
Sequence analysis of hrpXv. The hrpXv gene in plasmid

pBX1 was sequenced (Fig. 2). The ATG at position 240, which
is preceded by a putative ribosome binding site, is most likely
used as a translation start codon (see below), although the first
ATG of the open reading frame is located 306 bp further
upstream. A TAA stop codon is at position 1670, predicting a
hydrophilic protein of 476 amino acids with a molecular mass

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Relevant characteristics Reference or source

X. campestris pv. vesicatoria
85-10 Pepper race 2; wild type; Rifr 9
85E gumG::Tn3-gus insertion mutant of 85-10; hrp1 EPS2 Rifr Kmr 54
75-3 Tomato pathogen; wild type; Rifr 39
85-10::hrpA14,
85-10::hrpB35,
85-10::hrpC17,
85-10::hrpD54,
85-10::hrpF312

Tn3-gus insertion mutants of 85-10; hrp Rifr Kmr 45

85-10::hrpE525 Tn3-gus insertion mutant of 85-10; hrpE Rifr Kmr This study
X. campestris pv. campestris
2D520 Wild type; Rifr 46
JS111 Tn4431 mutant of 2D520; hrpXc Rifr Tcr 46

E. coli DH5a F2 recA f80dlacZ DM15 Bethesda Research Laboratories,
Gaithersburg, Md.

Plasmids
pLAFR3 RK2 replicon Mob1 Tra2; Tcr; contains plac 48
pLAFR6 pLAFR3 derivative; multiple cloning site flanked by

transcriptional terminators; Tcr
9

pBluescript-KS/SK II Phagemid, pUC derivative; Apr Stratagene, La Jolla, Calif.
pUC118 ColE1 replicon; Apr 51
pUFR043 Mob1 Tra2; contains plac; Gmr Nmr D. Gabriel
pL6GUSB Promoterless gusA gene in pLAFR6; Tcr 36
pXV74 pLAFR3 clone from X. campestris pv. vesicatoria 75-3 genomic

library, containing hrpA to hrpF
54

pXV4 pLAFR3 clone from X. campestris pv. vesicatoria 75-3 genomic
library, containing hrpC2 to hrpF

This study

pXV9::A14, pXV9::B35
pXV9::C17, pXV9::D54

hrp-Tn3-gus insertion derivatives of pXV9 45

pXV4::E525 hrpE-Tn3-gus insertion derivative of pXV4 This study
pXV2::F312 hrpF-Tn3-gus insertion derivative of pXV2 45
pHK1a 4.4-kb EcoRI-BglI fragment of X. campestris pv. campestris in

pTZ19R; contains hrpXc; Apr
C. I. Kado

pAM5 2-kb NsiI-PstI fragment containing hrpB of B. solanacearum in
pLAFR3 under control of plac; Tcr

C. Boucher

pRK2013 ColE1 replicon TraRK1 Mob1; Kmr 24
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of 52.5 kDa and an isoelectric point of 8.35. A similar-size
protein has been expressed from the homologous hrpXo gene
in E. coli (31), indicating that the predicted size is correct.
HrpXv is a member of the AraC-type family of regulatory

proteins. Comparison of the HrpXv amino acid sequence with
sequences in the databases revealed the following similarities.
HrpXv is 97 and 91% identical to HrpXo and HrpXc (40),
respectively. HrpXv and HrpXc are identical in size, while
HrpXo is one amino acid shorter. The sequence identities of
the coding regions of hrpXv to hrpXo and hrpXc on the DNA
level are 91 and 85%, respectively. HrpXv is 40% identical and
58% similar to the predicted hrp regulatory protein HrpB of B.
solanacearum (27), which is one amino acid longer than HrpXv
(Fig. 3). The amino acid identity is much higher (62%) if only
the C-terminal 115 amino acids of the two proteins are com-
pared, while alignment of the N-terminal 360 amino acids
(32% identity) requires introduction of several gaps. HrpXv is
a member of the AraC- and XylS-type family of regulatory
proteins and contains a C-terminal sequence motif (amino
acids 443 to 470) that characterizes this protein family (26).
XylS is the activator protein of the meta operon of the TOL
plasmid in Pseudomonas putida (30), and AraC is the regula-
tory protein of the arabinose operon in E. coli (19). Two other
members of this protein family are involved in pathogenicity of
mammalian pathogenic bacteria: the VirF protein of Yersinia
enterocolitica acts on the yop and vir operons (15), and the
Shigella Flexneri VirF protein (44) regulates the virB gene (1).
All four proteins are significantly shorter than HrpXv. Amino
acid similarity of HrpXv to these and other members of this
family is weak but significant (about 45% similarity and 20 to
25% identity) in the C-terminal region of 110 to 130 amino
acids, while the N-terminal regions are not conserved (data not
shown).
Genetic analysis of the hrpXv locus. A defined hrpXv mutant

was constructed by inserting the omega cassette (42) into the
unique EcoRV site of the gene (position 1335 in Fig. 2). This
cassette carries the gene conferring resistance to spectinomy-
cin and streptomycin, as well as translational stop codons in all
three reading frames at both ends. The insertion is predicted to
interrupt translation of hrpXv after amino acid 344 and was
introduced into X. campestris pv. vesicatoria 85E and 75-3 by
marker exchange mutagenesis. The resulting mutants, 85EX
and 75X, showed a clear hrp phenotype, i.e., no watersoaking
symptoms on susceptible pepper and tomato plants and no
elicitation of the HR in a resistant plant. To determine the
minimal size of the hrpXv locus, subfragments of pBX1 (Fig.
1B) in pLAFR6 were tested for complementation of mutant
strains 85EX and 75X. Both mutants were complemented by

plasmids pSX2 and pSX3, indicating that no sequences down-
stream of the NheI site are necessary for hrpXv function. The
7.0-kb BamHI fragment in pSX4 did not complement the mu-
tants.
For strain 85EX, growth in planta was scored and was shown

to be identical to that of a typical hrp mutant, i.e., a 105-fold-
lower bacterial titer compared with the wild-type strain 85E 7
days after inoculation (data not shown). It has previously been
reported that the hrpXc mutant could be complemented for
growth in planta by coinoculation with the wild-type strain
(32). This effect was not observed in X. campestris pv. vesica-
toria when strains 85E and 85EX were coinoculated at a 1:1
ratio into leaves of the susceptible pepper cultivar ECW. Each
strain behaved as when it was inoculated alone, indicating that
the wild-type strain does not support growth of the hrpXv
mutant (data not shown).
XVM2 induces expression of all hrp loci. Recently, the syn-

thetic medium XVM2 was developed and shown to induce
expression of the hrpA locus to levels comparable to those
observed after growth in the plant (54). Here, induction of
expression of the other hrp loci in XVM2 was tested. One
Tn3-gus insertion in each hrp locus previously shown to be
under control of the corresponding hrp promoter was chosen
for this experiment. Transconjugants of wild-type strain 85-10
carrying the plasmid-borne Tn3-gus insertions B35, C17, D54,
and F312 (45) were analyzed for their GUS activities after
growth in complex medium NYG and in XVM2. XVM2 in-
duced these hrp loci (Table 2) to activities comparable to those
obtained after incubation in TCM (45).
Expression of the hrpE locus has not been studied because of

the lack of suitable insertions. Recently, a Tn3-gus insertion
derivative of pXV4, E525, carrying the gusA gene downstream
of the hrpE promoter, was isolated and included in these stud-
ies. In contrast to the other hrp loci, the hrpE locus was ex-
pressed at a basal level in NYG. Nevertheless, expression was
increased by a factor of about 20 after growth in the plant (data
not shown). The same level of induction was observed in
XVM2. In conclusion, these results prove that induction of hrp
gene expression in X. campestris pv. vesicatoria does not de-
pend on plant-derived molecules.
hrpXv controls expression of other hrp loci. To analyze the

predicted function of hrpXv in hrp gene regulation, the same
plasmids as described above carrying Tn3-gus fusions to the
promoters of the loci hrpB to hrpF were introduced into the
hrpXv mutant 85EX. GUS activities were determined after
growth in NYG and XVM2 under the same conditions as for
the wild type. In mutant 85EX, the loci hrpB, hrpC, hrpD, and
hrpF were not expressed in XVM2, indicating that the hrpXv
gene is necessary for their induction in XVM2 (Table 2). Basal
expression of the hrpE locus in NYG was not altered; however,
induction in XVM2 was abolished in the hrpXv mutant. Ex-
pression of hrpA, which is located at the left border of the hrp
cluster, has previously been shown to be independent of the
hrpXv gene (54).
We tested whether additional copies of hrpXv would lead to

elevated levels of hrp induction or even to expression in com-
plex medium. The hrpXv gene on pSX2 was therefore intro-
duced into X. campestris pv. vesicatoria marker exchange mu-
tants carrying one of the transposon insertions described
above. pSX2 contains the hrpXv gene under control of its own
promoter in the low-copy-number plasmid pLAFR6. We found
that none of the hrp loci was expressed in NYG in the presence
of pSX2. Levels of induction in XVM2 were similar with and
without additional copies of hrpXv, but the activities for hrpA
and hrpC seemed to be slightly increased. Surprisingly, expres-
sion of hrpF was 10-fold decreased in the presence of pSX2.

FIG. 1. The hrpXv region and subcloned fragments used in this study. (A)
Restriction map of the genomic 9.4-kb EcoRI fragment in plasmid pBX1. Lo-
cation and orientation of the hrpXv gene are indicated by the arrow. B, BamHI;
E, EcoRI; K, KpnI; N, NheI; P, PstI; S, SacI; V, EcoRV. For SacI and PstI, only
relevant restriction sites are shown. (B) Plasmids used for complementation
studies. Inserts in pLAFR6 are indicated as bars. (C) hrpXv promoter-gusA
fusion in plasmid pPX2.
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hrpXv promoter activity and mapping of the transcription
start site. To analyze regulation of expression of the hrpXv
gene itself, the 2.8-kb EcoRI-PstI fragment from pBX1 con-
taining 1.6 kb upstream of the predicted hrpXv translation start
was fused to the gusA gene of the promoter probe plasmid
pL6GUSB, resulting in plasmid pPX2 (Fig. 1C). pPX2 was
introduced into wild-type strain 85E and the hrpXv mutant

85EX. GUS activity of 85E(pPX2) and 85EX(pPX2) was low
(0.1 U/1010 CFU) in NYG and was induced about 20-fold in
XVM2 (2.0 U/1010 CFU). Thus, hrpXv expression is inducible
in XVM2, and the HrpXv protein is not needed for its own
expression.
Primer extension analysis (Fig. 4) using oligonucleotide 137

and RNA preparations of strain 85E(pXV74) grown in NYG

FIG. 2. Nucleotide sequence of the hrpXv gene. The deduced amino acid sequence of HrpXv is given in the one-letter code below and is numbered on the right.
Relevant restriction sites shown in Fig. 1 are indicated. Sequences resembling the210 box and a ribosome binding site (S/D) are marked with a bar above the sequence.
The transcription start site (11) is indicated by an arrow. Nucleotides that are identical in the region upstream of the translation start of the hrpXc gene are underlined.
The insertion site of the omega cassette used to construct the hrpXvmutant is indicated. The predicted helix-turn-helix motif (see Fig. 5) is shaded, and highly conserved
amino acids in the C-terminal region that characterize HrpXv as a member of the AraC family of regulatory proteins (26) are underlined.
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or XVM2 showed a strong signal with RNA of XVM2-induced
cells and a much weaker signal with RNA of bacteria grown in
NYG that was only visible after longer exposure of the X-ray
film. The same, strong signal was obtained with RNA prepared
from bacteria grown in susceptible pepper plants (data not
shown). The transcription start site is located 59 bp upstream
of the predicted ATG start codon (G at position 181 in Fig. 2).
We wanted to compare the promoter regions of hrpX genes
from different X. campestris pathovars to identify conserved
sequences. Since the published sequences for hrpXc and hrpXo
start only at the conserved BamHI site located 23 bp upstream
of the transcription start site of hrpXv, we sequenced the region
upstream of the BamHI site from the X. campestris pv. campes-
tris gene (data not shown). The alignment with the hrpXv
sequence revealed a high degree of sequence conservation up
to position 284, while sequences further upstream were not
conserved (Fig. 2). A sequence resembling the 210 box for
s70-dependent transcription in E. coli (43) is present in the
promoter region, but a corresponding 235 box is missing. No
PIP (plant-inducible promoter) box (22) or other similarities
with hrp promoters of X. campestris pv. vesicatoria (7, 22, 54)
were identified.
Heterologous complementation of hrpX mutants. For anal-

ysis of functionality of the hrpXv gene in a different pathovar of
X. campestris, the 9.4-kb EcoRI fragment of pBX1 was cloned
in plasmid pUFR043 (pFXI1) with the direction of hrpXv tran-
scription in opposite orientation with respect to the lacZ pro-

moter. pFXI1 was introduced into X. campestris pv. campestris
2D520 (wild type) and JS111 (hrpXc) by conjugation, and the
transconjugants were tested on tomato. Wild-type strain
2D520 elicits an HR when inoculated into leaves of the non-
host plant tomato, while the hrpXc mutant JS111 does not
(data not shown). pFXI1 restored the ability of JS111 to elicit
the HR on tomato and did not alter the reactions elicited by
the parental strain 2D520, indicating that hrpXv can function-
ally complement an hrpXc mutant and does not interfere with
the wild-type hrpXc gene. Similar results have been obtained
previously for the hrpX genes of X. campestris pv. campestris
and X. oryzae pv. oryzae (31). We also analyzed whether the
hrpXv mutant could be complemented by the related hrp reg-
ulatory gene hrpB of B. solanacearum (Fig. 3). Plasmid pAM5,
in which hrpB is under control of the lacZ promoter, was
introduced into X. campestris pv. vesicatoria 85EX. Strain
85EX(pAM5) elicited an HR on resistant pepper line ECW-
10R and caused watersoaking on the susceptible line ECW
(data not shown). However, HR development was only partial

FIG. 4. Mapping of the transcription start site of hrpXv by primer extension
analysis. RNAs were extracted from strain 85E(pXV74) grown for 16 h in NYG
(lane 1) and XVM2 (lane 2), annealed with oligonucleotide 137, and used as
templates for reverse transcription. The nucleotide sequence is the reverse com-
plement of the coding strand and was obtained with plasmid pBX1 as a template
and oligonucleotide 137. The boxed nucleotide refers to the transcription start
site that is indicated by an arrow.

TABLE 2. Expression of hrp-Tn3-gus fusions in X. campestris pv.
vesicatoria 85-10 and 85EX after growth in different media

Tn3-gus insertion
derivative hrp promoter

GUS activitya (U/1010 CFU)

85-10
(wild type)

85EX
(hrpXv)

NYG XVM2 NYG XVM2

pXV9::B35 hrpB 0.004 5.3 0.005 0.008
pXV9::C17 hrpC 0.004 2.1 0.005 0.01
pXV9::D54 hrpD 0.004 2.6 0.005 0.02
pXV4::E525 hrpE 0.7 16.5 0.6 1.9
pXV2::F312 hrpF 0.008 45.5 0.01 0.09

a Determined after growth for 14 to 16 h in NYG and XVM2. Values are
averages of two to three experiments.

FIG. 3. Amino acid sequence alignment of the HrpXv protein with the HrpB protein of B. solanacearum, using the BESTFIT program.
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(about 30% of the infiltrated area), and watersoaking was
delayed by 1 to 2 days. Plasmid pAM5 did not seem to interfere
with hrp function when introduced into hrp wild-type strain
85E; plant phenotypic responses were as with the wild type
(data not shown).

DISCUSSION

We isolated and characterized the hrpX gene of X. campes-
tris pv. vesicatoria. hrpX genes have previously been isolated
from X. campestris pv. campestris and X. oryzae pv. oryzae (31,
32). The three putative HrpX proteins show a high degree of
sequence conservation (more than 90%), with HrpXv and
HrpXo being most closely related. A previous study reported
that an hrpXc mutant could be complemented for in planta
growth by coinoculation with wild-type bacteria. hrpXc was
therefore suggested to encode an exocellular protein (32). This
effect was not observed in a similar experiment with the hrpXv
mutant, which is perhaps not surprising given the regulatory
function of hrpX. However, the difference in behavior could
be due to the fact that X. campestris pv. campestris causes
systemic infections, which is not the case for X. campestris
pv. vesicatoria.
Expression of hrpXv is low in NYG and induced in XVM2

but is not autoregulated. The region encompassing 580 bp
upstream of the putative translation start site is sufficient for
hrpXv function and thus contains the promoter. Sequence con-
servation up to position 284 between the hrpX genes of X.
campestris pv. vesicatoria and X. campestris pv. campestris sug-
gests that this region might be sufficient for promoter activity.
Interestingly, this sequence is unusually high in A and T resi-
dues (64%), while the overall AT content of the 25-kb X.
campestris pv. vesicatoria hrp region is only 37% (41% in the
promoter regions). Little work is published on Xanthomonas
promoters. No similarity between the hrpXv upstream region
and any hrp promoter in the large hrp cluster was observed.
The sequence downstream of the hrpXv stop codon does not

contain a rho-independent termination signal. Since the omega
insertion has a polar effect on transcription, successful comple-
mentation of 85EX and 75X with plasmid pSX3 indicates that

no other hrp gene is located downstream of hrpXv in the same
transcription unit. Several open reading frames exist in this
region but are not very likely to be expressed, as analyzed by
the computer program Codonpreference.
We could demonstrate in this report that the putative prod-

uct of the hrpXv gene is the transcriptional activator of the X.
campestris pv. vesicatoria hrp cluster. hrpXv is necessary for
activation of transcription of the five hrp loci hrpB to hrpF.
Interestingly, induction of hrpA, which is located at the left
border of the hrp cluster, is independent of hrpXv (54). Addi-
tional copies of the hrpXv gene that itself is expressed at a low
level in NYG in a chromosomal hrp1 background did not allow
hrp expression under noninducing conditions but, in contrast,
led to a reduction of hrpF expression in XVM2 by a factor of
10. This finding could indicate that a cofactor is needed for
activation of hrpF.
HrpXv, like HrpXc and HrpXo (40), is closely related to the

predicted HrpB protein of B. solanacearum, which is the acti-
vator of the B. solanacearum hrp cluster (27). The observed
heterologous complementation, albeit partial, of the X. cam-
pestris pv. vesicatoria hrpX mutation with the hrpB gene is the
first example for heterologous complementation of an X.
campestris pv. vesicatoria hrpmutant by its counterpart from B.
solanacearum. This result was somewhat surprising because
only the C-terminal 115 amino acids of the proteins HrpXv and
HrpB show a higher degree of sequence conservation (62%
identity), while the N-terminal regions are only 32% identical
(Fig. 3). Weak homology on the DNA level is probably the
reason for our unsuccessful attempts to isolate the hrpXv gene
with hrpB as a probe.
HrpXv belongs to the AraC-and XylS-type family of regu-

latory proteins, which show weak but significant amino acid
similarity in their C-terminal regions (26). For AraC, it has
been demonstrated that this region contains a DNA-binding
domain (13), and it has been suggested that amino acids 197 to
216 might be involved in DNA binding (12, 25). This sequence
shows homology to a domain in the lambda repressor protein
that is structured as an alpha-helix–turn–alpha-helix (41), in
which the second helix contacts the DNA and the first helix
stabilizes the complex. As shown in Fig. 5, hydrophobic amino

FIG. 5. Alignment of putative helix-turn-helix motifs of proteins of the AraC family with the corresponding region of the lambda repressor protein and the
helix-turn-helix consensus motif (12, 41). The numbers on the left refer to the position of the first given amino acid in the sequence of the respective protein. Pho
indicates hydrophobic amino acids. The arrows mark the positions in the DNA binding helix that most likely face the major groove of the DNA. Sequences were
obtained from the indicated references: lambda repressor (41), AraC (52), XylS (47), HrpB (27), and VirF (15).
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acids that are important for this supersecondary structure are
conserved in HrpXv and other members of this protein family,
suggesting that in HrpXv this domain might be involved in
DNA binding.
Inspection of the upstream sequences of hrpXv regulated

loci revealed a conserved sequence motif, designated the PIP
box (22), in close vicinity to the transcription start site of the
four loci hrpB, hrpC, hrpD, and hrpF (22, 23). The PIP box
consists of a direct repeat with the exact spacing of 15 nucle-
otides (TTCGC-N15-TTCGC). Interestingly, identical or highly
similar motifs are present (22) upstream of the hrpB-dependent
(27) hrp transcription units 2, 3, and 4 (50) and the popA gene (4)
of B. solanacearum. The PIP box was not found in the upstream
region of the hrpA1 and hrpXv genes of X. campestris pv. vesica-
toria, which are regulated independently of hrpXv. These obser-
vations suggest that the PIP box might be involved in HrpXv- and
HrpB-mediated hrp gene activation. Since the geometry of DNA
sequences recognized by regulatory proteins determines the num-
ber and orientation of the binding monomers (49) and members
of the AraC family bind or are suggested to bind repeated se-
quences as a dimer (13, 14, 34, 35, 37, 53), it is tempting to
speculate that HrpXv might bind the PIP box as a dimer. This
hypothesis has to be tested experimentally; so far, overexpression
of HrpXv has not been achieved.
In conclusion, hrp gene regulation in X. campestris pv. vesic-

atoria seems to be similar to that in B. solanacearum but differs
in two aspects. First, hrpB has been reported to be partly
autoregulated (27), which has not been observed for hrpXv,
and second, expression of the hrpA1 gene is independent of
hrpXv in X. campestris pv. vesicatoria, while its homolog, hrpA,
in B. solanacearum is cotranscribed with hrpB and therefore
dependent on hrpB (27). A different hrp-regulatory cascade is
involved in the well-studied Pseudomonas syringae pathovars.
At least three hrp genes, hrpL (55, 56), hrpR, and hrpS (28, 29),
and the rpoN gene (20), which encodes the transcription factor
s54, are needed for hrp and avr gene activation in P. syringae.
None of these genes shows sequence similarity to hrpXv.
The results described here mark the beginning of an insight

into the regulatory network needed for hrp gene function. Two
of the questions to be addressed are which gene is responsible
for activation of the hrpXv gene and whether the same or yet
another gene regulates expression of hrpA.
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