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The MarR family of transcriptional regulators of bacteria are involved in the regulation of many cellular
processes, including pathogenesis. In this work, we have demonstrated genetically that hpaR (hpa, hrp asso-
ciated), which encodes a putative MarR family regulator, is involved in the hypersensitive response (HR),
pathogenicity, and extracellular protease production of the phytopathogenic bacterium Xanthomonas campestris
pathovar campestris. A mutation in ipaR resulted in complete loss of virulence in the host plant cabbage, a
delayed and weakened HR in the nonhost plant pepper ECW-10R, and an increase in extracellular protease
production. Detection of the B-glucuronidase activity of a plasmid-driven hpaR promoter-gusA reporter re-
vealed that the expression of hpaR is positively controlled by HrpG and HrpX and is suppressed in rich medium
while being strongly induced in minimal and /rp-inducing media and inside the host. These findings indicate
that hpaR belongs to the hrpG and hrpX regulon and that HrpX regulates the extracellular protease production

via hpaR in X. campestris pv. campestris.

The MarR (multiple antibiotic resistance regulator) protein,
which was originally characterized as the repressor of the mul-
tiple antibiotic resistance operon marRAB in Escherichia coli, is
a prototypical member of the MarR family of transcriptional
regulators that are widely found in bacteria and archaea (2, 13,
47). The MarR members regulate a variety of biological func-
tions, including resistance to multiple antibiotics and other
toxic chemicals such as organic solvents, household disinfec-
tants, and oxidative stress agents (1, 2). They also regulate
adaptation to different environments and the expression of
virulence factors of both plant and animal pathogens (20, 63).

To date, six MarR members have been demonstrated to play
an important role in microbial pathogenesis. They are AphA in
Vibrio cholerae (28), Hor in Erwinia carotovora (56), MgrA in
Staphylococcus aureus (24), PecS in Erwinia chrysanthemi (42),
RovVA in Yersinia enterocolitica and Yersinia pseudotuberculosis
(34, 41), and SlyA in Salmonella enterica serovar Typhimurium
as well as Salmonella enterica (14, 31, 37). It has been demon-
strated that the role of these MarR members in pathogenesis
is to control the expression of virulence-related genes or viru-
lence-associated traits, and their regulatory targets vary in dif-
ferent pathogens (10, 24, 28, 32, 34, 41, 42, 43). Although
certain regulatory targets of all these MarR members have
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been identified, the regulation of the expression of these marR
genes has been studied only in Yersinia and Salmonella. In Y.
pseudotuberculosis, the expression of rovA requires its own
product, RovA, and environmental signals such as temperature
and pH are also involved in the regulation of rovA expression
(19, 34). In S. enterica serovar Typhimurium, the expression of
slyA is also regulated by its own product, SIyA (48), and is
induced during the stationary phase as well as during the in-
fection of macrophages (10). The sfy4 expression of S. enterica
is positively regulated by the two-component regulatory system
PhoP/PhoQ (37).

Xanthomonas campestris pathovar campestris is the causal
agent of cruciferous plant black rot disease (22) and has been
used as a model bacterium to study microbe-plant interactions
for over two decades. Recently, the entire genomes of X.
campestris pv. campestris strains ATCC 33913 and 8004 have
been sequenced (17, 40). It has been reported that a transpo-
son insertion mutant of strain 8004, A240D02, in which a
transposon is inserted into the open reading frame (ORF)
XC_2827, encoding a putative MarR family transcriptional
regulator, loses the ability to induce disease on the host plant
cabbage (Brassaca oleracae) (40). In this paper, we present
genetic evidence to demonstrate that XC_2827 is essential for
the pathogenicity on the host plant cabbage and is required for
the hypersensitive response (HR) on the nonhost plant pepper
ECW-10R. XC_2827 is under the positive control of the two
key hrp gene regulators HrpG and HrpX, and therefore we
have designated XC_2827 hpaR (for hrp [hypersensitive re-
sponse and pathogenicity]-associated regulator). These results
also demonstrate that 4paR has a negative effect on the extra-
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TABLE 1. Bacterial strains and plasmids used in this work

J. BACTERIOL.

Strain or plasmid

Relevant characteristics®

Reference or source

E. coli IM109

X. campestris pv. campestris strains
8004

recAl endAl gyrA96 thi supE44 relA1 A(lac-proAB)/F' [traD36 lacl® lacZ AM15]

Wild type; Rif"

8004* 8004 derivative containing an E45K conversion in HrpG; Rif"
8004* AhripX As 8004* but hrpX deleted; Rif" Kan®
NK2827 As 8004 but hpaR::pK18mob; Rif" Kan"
NK2827* As 8004* but hpaR::pK18mob; Rif" Kan®
CNK2827 NK2827 harboring pXC2827; Rif" Kan" Tc"
8004G 8004 AhrpG; Rif" Kan®
8004X 8004 AhrpX; Rif" Kan"
8004pG28 8004 harboring pGUS2827; Rif" Kan® Tc"
8004GpG28 8004G harboring pGUS2827; Rif" Kan" Tc"
8004XpG28 8004X harboring pGUS2827; Rif* Kan® Tc*
8004RpG28 NK2827 harboring pGUS2827; Rif" Kan" Tc"
161E12 As 8004 but XC_2826::Tn5gusA5; Rif* Kan" Spc’ Gm*
NK2828 As 8004 but XC_2828::pK18mob; Rif" Kan"

Plasmids
pLAFR6 Broad-host-range cloning vector; Tc*
pRK2073 Helper plasmid; Tra® Mob™ ColE1 Spc*
pK18mob Suicide plasmid in X. campestris pv. campestris; Kan®
pT18mob Tetracycline-resistant derivative of pK18mob; Tc"
pK2827 pK18mob containing a 267-bp internal fragment of the hpaR gene; Kan'
pT2827 pT18mob containing a 267-bp internal fragment of the 4paR gene; Kan®
pXC2827 pLAFR6 containing a 758-bp fragment including the /ipaR gene; Tc"
pGUS2827 pLAFRG6 containing a ApaR promoter-gusA fusion fragment; Tc'
pGUShipA pLAFR6 containing a hrpA operon promoter-gusA fusion fragment; Tc"
pGUShpB pLAFRG6 containing a hrpB operon promoter-gusA fusion fragment; Tc"
pGUShipC pLAFRG6 containing a hrpC operon promoter-gusA fusion fragment; Tc"
pGUShmpD pLAFRG6 containing a ArpD operon promoter-gusA fusion fragment; Tc'
pGUShipE pLAFR6 containing a hrpE operon promoter-gusA fusion fragment; Tc"
pGUShmpF pLAFRG6 containing a ArpF operon promoter-gusA fusion fragment; Tc"
pGUShipG pLAFR6 containing a hrpG promoter-gusA fusion fragment; Tc"
pGUShmpX pLAFRG6 containing a ArpX promoter-gusA fusion fragment; Tc*

67

This work
This work
This work
Laboratory collection
Laboratory collection
This work
This work
This work
This work
Laboratory collection

Laboratory collection
This work
This work
This work
This work
This work
Laboratory collection
Laboratory collection
Laboratory collection
Laboratory collection
Laboratory collection
Laboratory collection
Laboratory collection

4 Riff, Kan', Spc’, Gm’", and Tc', rifampin, kanamycin, spectinomycin, gentamicin, and tetracycline resistant, respectively.

cellular protease production by X. campestris pv. campestris
and that HrpX represses extracellular protease production
through activating the expression of ApaR.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacteria and plasmids
used in this work are listed in Table 1. Escherichia coli strains were grown in LB
medium (33) at 37°C. X. campestris pv. campestris strains were grown in NYG
medium (15), MMX medium (16), or XVM2 medium (60) at 28°C. Antibiotics
were used at the following final concentrations as required: rifampin, 50 pg/ml;
kanamycin, 25 wg/ml; ampicillin, 100 pg/ml; chloramphenicol, 100 pg/ml; and
tetracycline, 15 wg/ml for E. coli and 5 wg/ml for X. campestris pv. campestris.

DNA manipulation. DNA manipulation was performed following the proce-
dures described by Sambrook et al. (44). Conjugation between the X. campestris
pv. campestris and E. coli strains was performed as described by Turner et al.
(59). Restriction enzymes and DNA ligase were used in accordance with the
manufacturer’s instructions (Promega, Shanghai).

Construction of a nonpolar mutant of ipaR in the X. campestris pv. campestris
strains 8004 and 8004*. The nonpolar mutant of 4paR in the X. campestris pv.
campestris strains 8004 (15) and 8004* (27) was constructed by using homolo-
gous suicide plasmid integration as described by Windgassen et al. (65), using
pK18mob as the vector (45). A 267-bp internal fragment of ipaR was amplified
using the total DNA of strain 8004 as the template and the primer pair 2827MF/
22827MR (Table 2), which was designed according to the XC_2827 (hpaR)
sequence (40). After confirmation by sequencing, the amplified DNA fragment
was cloned into the suicide plasmid pK18mob to create the recombinant plasmid
pK2827 (Table 1). To ensure the creation of a nonpolar mutant, the 267-bp
fragment was inserted such that the transcription orientation of the fragment was
the same as that of the lac promoter in the vector. The plasmid pK2827 was

transformed into E. coli strain JM109 (67) and then introduced into strains 8004
and 8004* by triparental conjugation using pRK2073 (30) as the helper plasmid.
Transconjugants were screened on NYG agar plates supplemented with rifampin
and kanamycin, and the obtained transconjugants with a mutation in the ApaR
gene were confirmed by PCR. Confirmation PCR was performed using the total
DNA of the transconjugants as the template and the primer pair P18conF/
2827conR (Table 2) (P18conF is located in pK18mob, and 2827conR is located
downstream of the 267-bp internal fragment of ZipaR). The expected PCR prod-
ucts were further confirmed by sequencing. One of the confirmed mutants for
each parent strain, NK2827 (from 8004) or NK2827* (from 8004*) (Table 1), was
used for further study.

Complementation of NK2827. For complementation of the ApaR mutant
NK2827, a 758-bp DNA fragment containing the entire ipaR gene (from 150 bp
upstream of the start codon to 100 bp downstream of the stop codon) was
amplified by PCR using the total DNA of the wild-type strain 8004 as the
template and the primer pair 2827CF/2827CR (Table 2). After being confirmed
by sequencing, the amplified DNA fragment was cloned into pLAFRG6 (Table 1)
to generate the recombinant plasmid pXC2827. The plasmid pXC2827 was
transferred into the mutant NK2827 by triparental conjugation. The transconju-
gants carrying pXC2827 were screened on NYG agar plates containing rifampin,
kanamycin, and tetracycline. A confirmed representative transconjugant was
named CNK2827 (Table 1) and chosen for further study.

Test of extracellular enzyme activity and extracellular polysaccharide (EPS)
production. A radial diffusion assay (52) was used to test the activity of the
extracellular enzymes protease, endoglucanase, and amylase. Two microliters of
overnight culture (optical density at 600 nm [ODy] =~ 1.0) of each X. campestris
pv. campestris strain was spotted onto NYG agar plates containing 0.5% (wt/vol)
skim milk (for protease) (Sangon, Shangshai, China), 0.25% (wt/vol) carboxy-
methylcellulose (for endoglucanase) (Sangon, Shangshai, China), or 0.1% (wt/
vol) starch (for amylase) (Sangon, Shangshai, China) and incubated at 28°C for
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TABLE 2. Primer pairs used in this work

Purpose Primer pair Sequence (5’ to 3')* leigt)l?lzgp)

Mutagenesis 2827MF/2827TMR CCCGGATCCGATCCAACCGCTAAACGCGTCG/CCCAAGCTTTCGT 267
CCGGGCTGCTGGCGCGCGC

Mutant confirmation P18conF/2827conR GCCGATTCATTAATGCAGCTGGCAC/CACCTGACGGCTGCTCGC 752
TACG

Complementation 2827CF/2827CR CCCGAATTCGGACGGCACGCAAACGGCCGAG/CCCAAGCTTCAC 758
CTGACGGCTGCTCGCTACG

Reporter construction 2827PF/2827PR CCCGAATTCCCGGCCGGCTGGGAGCAGATCGGG/TACTTGTGTAT 420
AAGAGTCAGGGCACCGTTGATTACATTACTGAATGG

GusAF/GusAR CTGACTCTTATACACAAGTAGCG/CCCGGATCCGGCTTTCCCCCC 1,800

CCCcCcC

“ Added restriction sites are underlined, and the 20 nucleotides that complemented the first 20 nucleotides of the gusA fragment are in boldface.

24 h (endoglucanase and amylase) or 48 h (protease). Plates were stained where
necessary as described by Tang et al. (53). Zones of clearance around the spot
due to the degradation of the substrate were photographed. Three plates were
inoculated in each experiment, and each experiment was repeated three times.
The relative activity of the enzyme was indicated by the diameter of the clear
zone. To quantitatively estimate the extracellular protease activity, the method
described by Swift et al. (50) was used.

To estimate EPS production, strains were cultured in 100 ml NYG liquid
medium containing 2% (wt/vol) glucose at 28°C with shaking at 200 rpm for 3
days. EPS was precipitated from the culture supernatant with ethanol, dried, and
weighed as described by Tang et al. (53).

Virulence assay and determination of bacterial load in planta. Virulence was
tested on potted cabbage Jingfeng no. 1 (Brassaca oleracae cultivar Jingfeng no.
1) grown in a greenhouse with 12-h day-night cycle illuminations with a fluores-
cent lamp at temperatures of 25 to 28°C. Seedlings with four fully expanded
leaves were used for inoculation. Bacterial cells were grown in NYG liquid
medium at 28°C with shaking at 200 rpm for 15 h (at the exponential phase of
growth). The concentrations of bacterial inocula were adjusted to an optical
density of 600 nm of 0.1. Two leaves per plant were inoculated by the leaf-
clipping method (18). Sixty leaves were inoculated for each independent exper-
iment. Each treatment was repeated three times. After maintenance in 100%
humidity for 24 h, the inoculated plants were maintained in the growth condi-
tions described above. Lesion length was measured at 10 days postinoculation.

The growth of bacteria in cabbage leaf tissue was measured by homogenizing
a group of leaves (five leaves for each sampling) in 9 ml sterile water. Diluted
homogenates were plated on NYG agar plates supplemented with rifampin (for
the wild type) or rifampin plus kanamycin (for mutants). Bacterial CFU were
counted after incubation at 28°C for 3 days.

HR test. The HR was tested on the pepper plant ECW-10R (Capsicum an-
nuum cv. ECW-10R), which is one of the nonhosts commonly used to test the
HR of X. campestris pv. campestris (11, 35). The pepper leaves were inoculated
by infiltrating an approximately 5-ul bacterial suspension (1 X 107 CFU/ml or
1 X 10° CFU/ml) in 10 mM sodium phosphate buffer (5.8 mM Na,HPO, and 4.2
mM NaH,PO,, pH 7.0) into the abaxial leaf surface by using a blunt-end plastic
syringe. The inoculated plants were maintained in a greenhouse with 12-h day-
night cycle illuminations with a fluorescent lamp and a constant temperature of
28°C, and the HR symptoms were observed and photographed at 8, 16, and 24 h
after inoculation. At least three plants were inoculated in each experiment, and
each experiment was repeated at least two times.

Construction of pGUS2827. The ApaR reporter plasmid pGUS2827 was con-
structed by fusing the promoter region of the ApaR gene to the promoterless
B-glucuronidase (gusA) gene with its ribosome binding site. The 0.42-kb region
upstream of the ipaR ATG (excluding ATG) start codon was amplified by PCR
using the total DNA of the wild-type strain 8004 as the template and the primer
pair 2827PF/2827PR (Table 2). 2827PR differs from the ZipaR sequence by the
addition of a 20-nucleotide tag, which is complementary to the first 20 nucleotide
of the promoterless gus4 fragment, to its 5’ end (Table 2). The 1.8-kb DNA
fragment containing the promoterless gusA4 gene with its ribosome binding site
was amplified by PCR using pLAFR1::Tn5gusAS5 as the template and the primer
pair GusAF/GusAR (Table 2). The 0.42-kb promoter fragment and the 1.8-kb
gusA fragment were ligated by fusion PCR (29) to generate the ApaR promoter

and promoterless gusA reporter construct. This reporter construct was cloned
into the vector pLAFRG6 to create the reporter plasmid pGUS2827 (Table 1).

GUS activity assay. X. campestris pv. campestris strains were cultured in NYG,
MMX, and XVM2 for 24 and 48 h. B-Glucuronidase (GUS) activities were
determined by measurement of the OD,;, using p-nitrophenyl 3-p-glucuronide
as the substrate, as described by Jefferson et al. (25). Histochemical GUS staining
was performed using 5-bromo-4-chloro-3-indolylglucuronide (X-Gluc) (Pro-
mega, Madison, WI) as a substrate, essentially as described by Jefferson et al.
(26).

RESULTS

hpaR is required for the hypersensitive response and patho-
genicity of X. campestris pv. campestris. The transposon
EZ: TN(KAN-2) Tnp insertion mutant A240D02 has a single
transposon inserted in the ORF XC 2827 (named ApaR [see
the introduction) (GenBank accession number YP_243896)
(40). The OREF is annotated as a “marR family transcriptional
regulator” in the genome of X. campestris pv. campestris strain
8004, and the mutant is unable to cause disease on host plant
cabbage (40). The genomic data for strain 8004 reveals that the
nearest ORF upstream of ApaR is XC_2828, which is anno-
tated as a “Xanthomonas conserved hypothetical protein” (40).
The reverse transcription-PCR result revealed that ipaR and
XC_2828 are separately transcribed (data not shown), al-
though they are in the same transcription direction and sepa-
rated by only 65 bp. The nearest ORF downstream of ApaR is
XC_2826, which is annotated as a “peptidyl-dipeptidase.” The
transcription direction of XC_2826 is opposite that of ApaR.
The result of plant tests by the leaf-clipping method (18)
showed that the XC_2826 mutant 161E12 and the XC_2828
mutant NK2828 (Table 1) displayed a wild-type virulence phe-
notype on the cabbage Jingfeng no. 1 (data not shown), indi-
cating that XC_2826 and XC_2828 might not be involved in
the virulence of the pathogen. There is a 228-bp spacer be-
tween hpaR and XC_2826 (40). ORF prediction (using Vector
NTT software [Invitrogen]) revealed that a small ORF encod-
ing a putative protein of 32 amino acid residues sharing 45%
identity and 65% similarity to a region of a hypothetical pro-
tein (NCBI accession number XP_758456) in Ustilago maydis
exists in the spacer region in the same direction as ApaR. The
expression and the biological function of this newly found ORF
are not clear.
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It has been demonstrated that insertion of the transposon
EZ::TN(KAN-2) Tnp can cause a polar effect on the resulting
mutant (57). To exclude the possibility that the phenotypes of
the EZ::TN(KAN-2) Tnp insertion mutant A240D02 resulted
from such a polar effect, we constructed the nonpolar mutant
NK2827 and the complemented strain CNK2827 by homolo-
gous suicide plasmid integration and introduction of the re-
combinant plasmid pXC2827, which contains an entire wild-
type hpaR gene, into the mutant NK2827 (Table 1) (see
Materials and Methods for details). The pathogenicities of the
hpaR nonpolar mutant NK2827 and the complemented strain
CNK2827 were determined on the host plant cabbage cultivar
Jingfeng no. 1 by the leaf-clipping method (18). At 10 days
postinoculation, no black-rot disease symptoms were observed
on the cabbage leaves inoculated with the mutant strain
NK2827, while a typical V-shaped black-rot symptom was ob-
served on the leaves inoculated with the wild-type strain 8004
and the complemented strain CNK2827 (Fig. 1A). The mean
lesion lengths caused by the complemented strain CNK2827
and the wild-type strain 8004 were not significantly different
(P = 0.01 by ¢ test) (Fig. 1B). To investigate the role of hpaR
in the growth of X. campestris pv. campestris in the host, the
populations of the spaR mutant NK2827, the complemented
strain CNK2827, and the wild-type strain 8004 in cabbage
leaves were determined. The bacterial number of the ApaR
mutant recovered from the infected leaves was approximately
10-fold lower than that of the wild-type strain at 1 day post-
inoculation and thereafter (Fig. 1C), although the ApaR mu-
tant NK2827 and the wild-type strain 8004 grew identically in
rich and minimal media (data not shown). The bacterial number
of the mutant recovered from the infected leaves was significantly
lower than that of the wild type at each of the test points (P = 0.01
by ¢ test). The growth capacity of the mutant strain in planta could
be completely restored by ApaR in trans (Fig. 1C). These results
demonstrate that spaR is required for the virulence and in planta
growth of X. campestris pv. campestris.

To determine whether ApaR is required for the HR of the
pathogen, the ApaR mutant NK2827 was inoculated on the
pepper cultivar ECW-10R, a nonhost plant typically used to
test the HR of X. campestris pv. campestris (11, 35). The result
shows that NK2827 elicited a delayed and weakened HR com-
pared to the wild type, and this reduced HR could be restored
to the wild-type level by ipaR in trans (Fig. 2). These findings
reveal that hpaR is required for X. campestris pv. campestris to
cause a full HR in the nonhost plant pepper ECW-10R.

The expression of hpaR is positively regulated by HrpG and
HrpX. In many gram-negative phytopathogenic bacteria, hrp
(hypersensitive response and pathogenicity) genes are re-
quired for pathogenicity on host plants and for the HR on
nonhost plants (3, 4, 5, 8, 64) and are repressed in nutrient-rich
media but induced in nutrient-deficient media and inside the
host (9, 46, 54, 58, 60, 66). In xanthomonads, Arp genes are
regulated by HrpG and HrpX (39, 54, 61, 62). To study the
regulatory relationship between ApaR and hrp as well as the
expression of 4paR under different growth conditions, a plas-
mid-driven ApaR promoter-gusA transcriptional fusion re-
porter, pGUS2827, was constructed and introduced into the
hrpX mutant 8004X, the irpG mutant 8004G, and the wild-type
strain 8004 to create the reporter strains 8004XpG28,
8004GpG28, and 8004pG28, respectively (Table 1) (see Mate-
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FIG. 1. hpaR is essential for the virulence and in planta growth of
X. campestris pv. campestris. (A) Black rot symptoms caused by X.
campestris pv. campestris strains on inoculated leaves of cabbage (Bras-
saca oleracae cultivar Jingfeng no. 1). Photographs were taken on day
10 postinoculation. (B) Average lesion lengths caused by the X.
campestris pv. campestris strains. Values are the means * standard
deviations from three repeats, each with 60 leaves. (C) In planta
growth of X. campestris pv. campestris. Bacteria were recovered from
the inoculated leaves every day for a period of 10 days postinoculation.
Data are the means *= standard deviations from three repeats. A,
wild-type (WT) strain 8004; m, ipaR mutant NK2827; <, comple-
mented strain CNK2827.

rials and Methods). The GUS activities of these strains were
measured in the rich medium NYG, the minimal medium
MMX, and the Arp-inducing medium XVM2. As shown in
Table 3, the GUS activity of the hpaR-gusA reporter
pGUS2827 in the ArpX or hrpG mutation background (strains
8004XpG28 and 8004GpG28) is significantly lower than that in
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10° cfu/ml, 8h 10° cfu/ml, 16h

107 cfu/ml, 8h

107 ¢cfu/ml, 16h

FIG. 2. Symptoms induced in pepper leaves (Capsicum annuum cv.
ECW-10R) by the X. campestris pv. campestris strains. Approximately
5 pl bacterial culture suspended in 10 mM sodium phosphate buffer
was infiltrated into the leaf mesophyll tissue with a blunt-end plastic
syringe. Pictures of the pepper leaf were taken at 8, 16, and 24 h after
infiltration. Three replications were done in each experiment, and each
experiment was repeated three times. The results presented are from
a representative experiment, and similar results were obtained in all
other independent experiments. The cell concentrations used for in-
oculation and the observation time (postinoculation) are indicated.
(A) hpaR mutant NK2827; (B) complemented strain CNK22827; (C),
wild-type strain 8004; (D) type III-deficient strain (frc)” mutant; neg-
ative control).

107 cfu/ml, 24h

the wild-type background (strain 8004pG28) in both XVM?2
and MMX media, indicating that ArpG and hrpX are required
for the expression of paR in these conditions. To determine if
hrpG and hrpX are also required for the expression of ApaR
inside the host plant, the reporter strains were introduced into
the cabbage leaves by leaf clipping, and the GUS activities in
the infected tissues were detected at 2 days postinoculation. As
shown in Fig. 3, the infected tissue of the leaves inoculated
with 8004pG28 became dark blue, while no blue color was
observed in the leaves inoculated with 8004GpG28 or
8004XpG28, although the numbers of living cells of the three
strains inside the infected leaves were similar. The plasmid
stability test revealed the reporter plasmid pGUS2827 to be
stable inside the host whether in the wild-type, Ai7pG mutation,
or hrpX mutation background (data not shown). These results
demonstrate that the expression of zpaR also depends on hrpG
and hrpX when the pathogen is inside its host.

The GUS activities of strain 8004pG28 in the rich medium

TABLE 3. GUS activities of the spaR promoter-gusA reporter in
different genetic backgrounds under different growth conditions

GUS activity (U)* in:

Strain
NYG MMX XVM2
8004pG28 0.043 = 0.01a 2.74 = 0.445a 1.19 = 0.06a
8004XpG28 0.025 = 0.007a 0.25 = 0.041c 0.055 = 0.003b
8004GpG28 0.040 = 0.003a 0.44 = 0.106b 0.09 = 0.046b
8004R pG28 0.051 = 0.008a 2.53 £0.314a 1.23 = 0.12a

“ GUS activities were determined after growth of X. campestris pv. campestris
in NYG for 24 h and in MMX and XVM2 for 48 h. Data are the means *
standard deviations from triplicate measurements. Different letters indicate sig-
nificant differences (P = 0.05). The experiment was repeated twice, and similar
results were obtained.
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FIG. 3. hrpG and hrpX are essential for the expression of sipaR in
the infected tissue. 8004pG28, 8004GpG28, and 8004XpG28 were in-
oculated into the cabbage (Brassaca oleracae cultivar Jingfeng no. 1)
leaves by leaf clipping. Because the cells of the 4rpG and hrpX mutants
grow very poorly but the wild-type cells grow quite well inside the host
plant (61, 62), to ensure that the cell numbers of 8004pG28,
8004GpG28, and 8004XpG28 were similar inside the inoculated leaves
at the time of GUS staining, the cell concentrations of 8004pG28,
8004GpG28, and 8004XpG28 were adjusted to ODygs of 0.1, 1.3, and
1.3, respectively. At 2 days postinoculation, the infected leaves were
stained using an in situ GUS staining method to measure the B-glu-
curonidase activity, and the cell numbers inside the infected leaves
were measured in a parallel experiment. Twenty leaves were inocu-
lated (three leaves were chosen for GUS staining and five leaves for
measurement of the cell number) in each experiment, and each exper-
iment was repeated twice. The average bacterial numbers inside the
tested leaves are indicated.

NYG were 63-fold and 27-fold lower than those in the minimal
medium MMX and the Arp-inducing medium XVM?2, respec-
tively (Table 3), implying that the expression of /4paR is sup-
pressed in rich medium and strongly induced in minimal and
hrp-inducing media. The histochemical GUS staining result
reveals that ApaR is also strongly expressed inside the host
(Fig. 3). These results are consistent with the general conclu-
sion that the expression of Arp and hrp-associated genes is
highly regulated and generally suppressed in complex media
but is induced in planta and in certain nutrient-poor synthetic
media (9, 46, 54, 58, 60, 66).

To investigate whether hpaR regulates the expression of
hrp genes, promoter-gusA transcriptional fusion reporters of
the six Arp units (hrpA to hrpF) (8, 61, 62), as well as the
reporters of hrpG and hrpX genes of X. campestris pv.
campestris (Table 1), were introduced into the ApaR mutant
NK?2827 and the wild-type strain 8004. The GUS activities of
the resulting reporter strains were detected in the minimal
medium MMX. The results showed that there is no signifi-
cant difference among these strains (data not shown), sug-
gesting that none of these hrp genes is regulated by ApaR
under the tested conditions.

To determine whether the expression of hpaR is self-regu-
lated, the hpaR-gusA reporter plasmid pGUS2827 was intro-
duced into the hpaR mutant NK2827 to generate the strain
8004RpG28, and the GUS activities of the strain were mea-
sured in the rich medium NYG, the minimal medium MMX,
and the Arp-inducing medium XVM2. The results showed that
the GUS activities of 8004RpG28 and 8004pG28 are identical
in each of the media (Table 3), indicating that the X. campestris
pv. campestris ApaR is not self-regulated.

Inactivation of hpaR results in overproduction of extracel-
lular protease. To gain insights into the nature of the role of
hpaR in the virulence of X. campestris pv. campestris, the effect
of hpaR mutation on the known virulence-associated traits
were examined. It has been demonstrated that EPS is an im-
portant virulence factor and that extracellular enzymes, includ-
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TABLE 4. Extracellular protease activities of X. campestris pv.
campestris strains in rich medium and minimal medium

Extracellular protease activity (4s46)” in:
Strain

NYG MMX

8004 (wild type) 0.286 = 0.03% 0.144 = 0.029

NK2827 0.264 = 0.020a 0.253 = 0.010b
CNK2827 0.270 = 0.031a 0.165 = 0.011a
8004* 0.108 = 0.035b NT®
8004* AhrpX 0.276 = 0.010a NT
NK2827* 0.276 = 0.010a NT

“ Data are the means * standard deviations of triplicate measurements; dif-
ferent letters indicate significant differences (P = 0.05). The experiment was
repeated twice, and similar results were obtained.

> NT, not tested.

ing protease, endoglucanase, and amylase, collectively contrib-
ute to the virulence of X. campestris pv. campestris (12). To
determine whether a mutation in spaR has any effect on these
factors, the production of EPS and the three extracellular
enzymes of the ApaR mutant was measured (see details in
Materials and Methods). The results showed that the produc-
tion of EPS as well as extracellular endoglucanase and amylase
by the ApaR mutant was similar to that of the wild type in both
rich and minimal media (data not shown). However, the ApaR
mutant produced significantly higher extracellular protease ac-
tivity than the wild type in the minimal medium MMX (Table
4), although the two strains produced similar levels of extra-
cellular protease activity in the rich medium NYG (Table 4).
The increased protease activity of the ApaR mutant in MMX
could be lowered to the wild-type level by ApaR in trans (Table
4). These results suggest that in X. campestris pv. campestris,
HpaR negatively regulates, directly or indirectly, the produc-
tion of extracellular protease under hrp-inducing conditions.

During plant-pathogen interactions, Xanthomonas is ex-
posed to plant-generated H,O,, a growth inhibition and killing
factor for bacteria (49). It has been reported that the marR
family regulator sly4 of S. enterica serovar Typhimurium is
required for the resistance of the pathogen to oxidative stress
(14, 31). To investigate whether a mutation in ApaR of X.
campestris pv. campestris has any effects on H,O, sensitivity,
we determined the growth rate of the zpaR mutant in the rich
medium NYG and the minimal medium MMX supplemented
with different levels of H,O,. The results showed that the ~ipaR
mutant and the wild-type strain displayed similar H,O, sensi-
tivity levels (data not shown), indicating that spaR is not re-
quired for the resistance of X. campestris pv. campestris to
oxidative stress. Parallel experiments also revealed that the
mutation in ApaR did not affect the normal function of the
gluconeogenic pathway (data not shown), which has been dem-
onstrated to be required for the full virulence of X. campestris
pv. campestris (51).

HrpX represses extracellular protease production via hApaR.
It has been reported that 8004, a hrp gene constitutive ex-
pression mutant of X. campestris pv. campestris strain 8004,
displays reduced extracellular protease production in the NYG
medium and that the deletion of ArpX in the strain 8004*
restores the extracellular protease production (27). According
to this evidence and the observation that in the MMX medium
hpaR has a negative effect on extracellular protease production
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and the expression of sipaR is activated by HrpX (Tables 3 and
4), we hypothesized that HrpX might repress extracellular pro-
tease production via spaR. To test this hypothesis, we inacti-
vated hpaR of strain 8004* and examined the extracellular
protease activity of the resulting mutant (designated NK2827x)
(see Materials and Methods) in the Arp-repressing medium
NYG. As expected, in the NYG medium, the Arp constitutive
expression mutant 8004 exhibited a significant reduction in
extracellular protease activity compared to the wild-type strain
8004, and deletion of ArpX (8004+ AhrpX) or disruption of
hpaR (NK2827+) in 8004+ restored the extracellular protease
activity to the wild-type level (Table 4) (27). These results
indicate that X. campestris pv. campestris HrpX negatively reg-
ulates the extracellular protease production through control-
ling the expression of the MarR family transcriptional regula-
tor hpaR.

DISCUSSION

The MarR transcriptional regulators are members of a large
regulatory protein family that are widely distributed in bacteria
and involved in the regulation of varied cellular processes,
including the pathogenesis of both plant and human pathogens
(1, 2). In this work, we have genetically demonstrated that
hpaR, a gene which encodes a putative MarR family tran-
scriptional regulator, is required for the hypersensitive re-
sponse and pathogenicity of the plant pathogen X. campes-
tris pv. campestris. The data also reveal that the expression
of hpaR is under the positive control of the two key hrp
regulatory genes hrpG and hrpX and is involved in the neg-
ative regulation of the extracellular protease production by
X. campestris pv. campestris.

The hrp genes of phytopathogenic bacteria encode a type III
secretion system (TTSS) which is essential in inducing patho-
genicity in their host plants and in triggering a hypersensitive
response in resistant or nonhost plants (3, 5, 64). In xan-
thomonads, the hrp gene cluster comprises six operons (hrpA
to ArpF) and is under the positive control of HrpG and HrpX
(8, 61, 62). It has long been considered that HrpX is the
regulator of genes with a TTSS-associated function, such as
other hrp genes and the TTSS effector genes (6, 7, 39, 61).
However, in this study, we have demonstrated that X. campes-
tris pv. campestris ipaR, a gene which regulates the production
of extracellular protease secreted by the type II secretion sys-
tem, is also under the control of HrpG and HrpX. These
results led to the discovery of a novel regulatory cascade in
which HrpX positively regulates the expression of paR and
HpaR negatively controls the extracellular protease produc-
tion by X. campestris pv. campestris. The #paR mutant of X.
campestris pv. campestris produced a wild-type level of extra-
cellular endoglucanase and amylase activities, indicating that
hpaR is not involved in the type II secretion system. Determi-
nation of how HpaR regulates the extracellular protease pro-
duction shall require further study.

It has been reported that, based on a cDNA AFLP analysis,
HrpX of the Xanthomonas campestris pv. vesicatoria strain
85-10 positively regulates a gene encoding a MarR family tran-
scriptional regulator and negatively regulates a gene encoding
an extracellular protease (36). Recently, the whole genome of
Xanthomonas campestris pv. vesicatoria 85-10 has been se-
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quenced (55), and a genome BLAST search showed that the
gene corresponding to the gene encoding a MarR family regula-
tor is ORF XCV1512 (GenBank accession number CAJ23144).
Sequence comparison revealed that ipaR and XCV1512 share
84% identity at the amino acid level. Interestingly, like the situ-
ation in X. campestris pv. campestris, a hrp gene constitutive ex-
pression mutant (85+) of X. campestris pv. vesicatoria strain 85-10
also displays reduced extracellular protease production, and de-
letion of ArpX in 85% (85 AhrpX) restores the production of
extracellular protease to the wild-type level (36). These find-
ings suggest that an zpaR homologue and a similar regulatory
cascade, in which HrpX represses extracellular protease pro-
duction through activation of ApaR, might also exist in X.
campestris pv. vesicatoria.

This work suggests that HrpX of X. campestris may be a
global regulator that regulates not only the type III secretion
system but also extracellular protease production associated
with the type II secretion system. Recently, Furutani et al. (21)
demonstrated that HrpXo regulates the expression of cysP2,
which encodes a type II secretion protein in Xanthomonas
oryzae pv. oryzae, and they thus proposed that HrpXo may act
as a global regulator. Based on microarray results, Occhialini
et al. (38) found that the HrpB (the homologue of HrpX) of
Ralstonia solanacearum regulates genes governing chemotaxis,
biosynthesis, or catabolism of various low-molecular-weight
chemical compounds and siderophore production and uptake.
They concluded that HrpB is a master regulator and a regu-
latory switch controlling multiple virulence pathways (38).

Inactivation of ApaR resulted in a complete loss of the vir-
ulence of X. campestris pv. campestris in the host cabbage
Jingfeng no. 1, indicating that HpaR plays a very important
role in normal pathogenesis. However, besides the observed
overproduction of extracellular protease, a mutation in ApaR
did not affect the expression of any Arp genes at the transcrip-
tion level or known virulence-associated traits such as the pro-
duction of EPS and extracellular endoglucanase and amylase.
The mutation also did not affect sensitivity to H,O, or the
gluconeogenic pathway. Because extracellular protease has a
positive effect on the virulence of X. campestris pv. campestris
(12), it is unlikely that the overproduction of extracellular
protease would lead to a complete loss of pathogenic virulence,
although it is possible that extracellular protease overproduc-
tion may have harmful effects on the pathogen. Based on the
facts that ApaR is under the positive control of HrpX and
encodes a putative regulatory protein and that a mutation in
hpaR affects the HR and virulence of the pathogen, we suspect
that an important subset of TTSS effectors and/or genes in-
volved in an unknown process essential for the pathogenesis of
X. campestris pv. campestris is under the positive control of
hpaR. Studies to validate this hypothesis are under way in our
laboratory.
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