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We previously identified a locus that regulates production

of polygalacturonase (PG), an extracellular plant cell wall—
degrading enzyme important in bacterial wilt of plants
caused by Ralstonia (Pseudomonas) solanacearum. The
DNA sequence of this locus, callegehSR, was determined
and two consecutive open reading frames (ORFs) of 1,905
and 1,680 bp were identified. The amino acid sequences
predicted to be encoded by these ORFs are similar to those
of regulators of pilin synthesis inPseudomonas aeruginosa
and Myxococcus xanthus and to a regulator of flagellin
synthesis and adhesion ifP. aeruginosa, as well as to other
two-component regulators of the NtrB/C subfamily.pehSR
mutants produced negligible levels ofendo-PG activity,
while exo-PG activity was reduced by 50%. Northern
(RNA) blot analysis showed that PehSR regulatemdo-PG
expression at the transcriptional level.pehSR mutants
grew normally in culture and in planta but were dramati-
cally reduced in virulence; this loss of virulence was sub-
stantially greater than that observed forendo-PG struc-
tural gene mutants, suggesting thatpehSR regulates
additional factors important in virulence. Although pehSR
mutants were essentially nonmotile, like the wild-type
strain, multiple copies of pehSR conferred motility on the
bacterium. Reporter gene studies indicated thafpehSR
expression increased when bacteria grew in plant tissue,
and that the pehSR locus was itself negatively regulated by
the global virulence gene regulator PhcA.

Ralstonia (Pseudomonas) solanacearum is a widespread
phytopathogenic bacterium responsible for a letha wilting
disease of over 200 plant species, including such economi-
cally important crops as potato, tobacco, pepper, banana, and
peanut (Buddenhagan and Kelman 1964; Hayward 1991). R.
solanacearum enters host plants through the roots, either at
wounds or sites of secondary root emergence. Bacteria aggre-
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gate on the plant surface at root junctions and then penetrate
the cortex, living and multiplying in the interstitial spaces.
Eventually the pathogen invades host plant xylem cells and
spreads throughout the vascular system, causing severe wilt-
ing that ultimately leads to plant death. Xylem tissue from
diseased plants is macerated and contains copious amounts of
extracellular polysaccharides (EPS); these changes are thought
to be largely responsible for bacterial wilt symptoms (Husain
and Kelman 1958; Vasse et a. 1995).

The physiological basis of the disease is multifactorial.
Biochemical and genetic studies indicate that, in addition to
EPS, the secreted plant cell wall-degrading enzymes polyga-
lacturonase (PG) and endoglucanase (Egl) are necessary for
full virulence (Allen et al. 1991; Cook and Sequeira 1991;
Denny et al. 1990; Roberts et al. 1988). Regulation of these
products is complex (Schell 1996) and while none is essential
for pathogenicity, each contributes measurably to the expres-
sion of wild-type virulence. Extracellular proteins of unknown
function, as well as plant hormones, may also play a role in
disease but have been less intensively studied (Bonn et al.
1975; Denny et al. 1996; Phelps and Sequeira 1968).

K60, a race 1, biovar 1 strain Bf solanacearum, produces
three PGs: aendo-PG (PehA) and twaxo-PGs (PehB and
C). The equivalents of PehA and PehB have also been found
in another race 1 strain, AW1, and named PglA and PgIB, re-
spectively. Theendo-PG structural genes have been cloned
and mutated (Allen et al. 1991; Huang and Schell 1990). PehA
and PglA mutants were substantially reduced in virulence
when stem inoculated into eggplants and tomatoes, respec-
tively; this loss of virulence was even more pronounced when
the pehA mutant was root inoculated. In stem and root inocu-
lation experimentexo-PG PehB mutants were significantly
less virulent than wild type, but not as strongly attenuated as
the PehA mutant (Huang and Allen,press).

Total PG activity is low whelR. solanacearum is grown in
rich medium, but increases fourfold when bacteria grow in
minimal medium and 100-fold when bacteria grow in tobacco
leaves, suggesting that PG production is repressed by a com-
ponent of the rich medium and also induced by a factor pres-
ent in the plant (Allen et al. 1991). The precise role of PGs in
virulence is not clear, but it is plausible that these enzymes
play a part in several stages of the infection process, including
invasion, spread, and nutrition of the bacterium.

Production of EPS, Egl, and the PGs is regulated in re-



sponse to bacterial population density via a quorum-sensing
mechanism. This regulation is mediated by an endogenous
elicitor, 3-hydroxypamitic acid methylester (3-OH-PAME),
that accumulates intercellularly and reaches induction levels at
a cell density of about 10" CFU/ml in culture (Clough et al.
1997a). 3-OH-PAME regulates virulence genes via PhcA, a
LysR-type global regulator that directly or indirectly controls
many virulence genes, including a number of other regulators.
PhcA positively controls EPS and Egl expression, but nega-
tively regulates PG production and motility (Brumbley et al.
1993; Huang et a. 1995; Schell et a. 1994). In contrast to the
wild-type strains, which are only transiently motile at low
population density, phcA mutants retain motility at high
population densities (Clough et al. 1997b). Not surprisingly,
phcA mutants are avirulent.

While screening for transposon insertion mutations in PG
genes, we isolated a group of mutants that had a 50% reduc-
tion in exo-PG activity and produced only trace endo-PG ac-
tivity. We named the locus interrupted by these insertions
pehR, suspecting it to have a role in the regulation of PGs
(Allen et a. 1991). We report here further characterization of
pehR with transposon mutagenesis, DNA sequence analysis,
and in planta virulence assays. We found that this locus en-
codes an apparent two-component regulator of the NtrB/C
family; henceforth we will refer to it as pehSR. pehSR mutants
are reduced in virulence on eggplant to a greater extent than
either pehA or pehB mutants or a pehA/B double mutant, al-
though their ability to grow in planta is not compromised. We
present evidence that pehSR positively regulates pehA and
pehB expression, athough differently, and that pehSR posi-
tively regulates motility. We also have evidence that pehSR is
itself negatively regulated by phcA.

RESULTS

Twenty-one chromosomal pehSR::Tn3-gusreporter gene
mutants wer e obtained.

Out of 206 transposon insertions in the pehSR locus, 21
were chosen for further study (Fig. 1). These insertion con-
structs were recombined into the wild-type chromosome to
create pehSR::Tn3-gus chromosomal mutants; gene replace-
ment was confirmed by Southern blot (data not shown). Inter-
estingly, no transposon insertions were found in the orienta-
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Fig. 1. Physical map of the pehSR locus showing Tn5 (triangles) and
Tn3::gus (flags) insertions that were recombined into the chromosome
to generate mutant strains. Names of the corresponding mutant strains
are given beneath each insertion site.

tion opposite to that of pehSR transcription. We can offer no
explanation for this observation.

pehSR mutants grow normally in culture and in planta.

The growth curves of pehSR mutants in CPG, defined me-
dium, and tobacco leaves were not significantly different from
those of wild-type strain K60 (data not shown). On CPG
plates these mutants had a norma mucoid colony morphology
and were indistinguishable from wild type.

Virulence of pehSR mutantsis severely attenuated
on eggplant.

Eggplants inoculated with pehSR mutant strain K71 exhib-
ited later disease onset and reduced wilt symptom severity,
compared with plants inoculated with either wild-type strain
K60 or the pehA endo-PG mutant, K60-06 (Fig. 2). Some
plants with limited wilting outgrew the disease and some
never developed symptoms. However, al plants inoculated
with the wild-type strain rapidly wilted and died. Similar re-
sults were obtained with other pehSR mutant strains (data not
shown). Differences among the three strains were analyzed by
analysis of variance at days 7 and 12 after inoculation. The
virulence levels were significantly different at P = 0.001.

PehSR regulates endo- and exo-PGs differently.
Concentrated culture supernatants from wild-type strain
K60 reduced the viscosity of a polygalacturonate substrate
solution (a measure of endo-PG activity) by 50% after 50 min
whereas a comparable supernatant from a pehSR mutant re-
duced viscosity by 2.5 to 5% in the same time period (Table
1). These endo-PG activity levels were in the range of those
observed for the pehA endo-PG structural gene mutant K60-06
(2%), implying that pehA was expressed at negligible levelsin
a pehSR mutant background. In contrast, exo-PG activity in
pehSR mutants was 50% of that observed in wild-type strain
K60. Data obtained from isoelectric focusing gels and from a
reporter gene construct in the pehB exo-PG structural gene

Disease Index
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Fig. 2. Disease progress curves of 21-day-old eggplants in soil inocu-

lated with 5 x 1P CFU of various bacterial strains per g of soil. Inocu-

lant strains were K60 (wild type; squares), K60-06 (Pela#cles), and
K71 (PehR™; triangles). Plants were rated daily on a O to 4 disease index
scale; points shown are the means of 48 plants in three replicates.
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indicate that this loss of activity was associated with a 50%
reduction in both PehB and PehC activity (data not shown),
suggesting that expression of the two exo-PG structural genes
was similar in a pehSR mutant background.

PehSR regulates pehA at the transcriptional level.

PehA is an abundantly expressed protein in strain K60 and
Northern (RNA) blots reveal a single intense band when
probed with a pehA probe. However, no pehA transcript was
detected in Northern blots of pehSR mutant K71 (Fig. 3). This
result is consistent with the absence of endo-PG activity in
pehSR mutants and suggests that the pehSR locus is necessary
for transcription of the pehA endo-PG structural gene.

Multiple copies of pehSR confer matility.

When the nonmotile, wild-type strain K60 was transformed
with pKH19, a low-copy-number plasmid carrying pehSR, it
became motile, as observed qualitatively in a stab assay. The
motility conferred by multiple copies of pehSR was similar to
that observed in K60-phcA or in KS5, a spontaneous, nonmu-
coid, avirulent mutant of K60. Neither K60 nor pehR mutants
K7, K35, and K71 were motile under these conditions. Inter-
estingly, the phcA//pehR double mutant strain P71 was not
motile, either (Table 1). Thus, a mutation in pehR eliminates
the phcA motile phenotype, suggesting that phcA affects mo-
tility via pehSR.

pehSR is negatively regulated by PhcA.

The pehSR:Tn3-gus insertion constructs used to make
strains K71, K7, and K35 (Fig. 1) were individualy ex-
changed into the K60-phcA chromosome to create three sepa-
rate pehSR//phcA double mutant strains, P71, P7, and P35.
pehSR expression was measured as -glucuronidase activity,
and did not vary with the insertion mutant used. 3-glucuroni-
dase activity in the pehSR strains was on average 2.2 nmol
methyl umbelliferone per min per CFU, but this rose to 27
nmol/min, a 12-fold increase, in the pehSR/phcA double mu-
tant strains. Since the absence of PhcA resulted in a signifi-
cant increase in expression from the pehSR promoter, we con-
cluded that PhcA directly or indirectly represses expression of
pehSR during growth in defined medium.

PehSR expression is not auto regulated.

Severa regulatory loci in plant-associated bacteria can di-
rectly or indirectly regulate their own transcription (Schlaman
et a. 1992; Winans 1992). To determine if pehSR is auto

Table 1. Motility and endo-polygalacturonase (PG) activity of various
strains

Strain Genotype Motility® endo-PGP
K60 Wild-type race 1, biovar 1 - 100%
KS5 Spontaneously avirulent mutant + 165%
K71 pehR::Tn3gus - 5%
K60/pKH19 Two to five copiepehSR in trans + 97%
K60-phcA phcA::Q + 180%
K71-phcA pehR::Tn3gus, phcA::Q - 5%

aDetermined by motility tube stab assays. Cultures were stabbed into
CPG medium (Hendrick and Sequeira 1984) containing 0.3% agar andFig. 3. Northern (RNA) blot showing total bacterial RNA from strain

rated after 24 h at 28°C.

regulated, three different pehSR::Tn3-gus chromosoma mu-
tants (K7, K35, and K71) were transformed with either plas-
mid pKH19, which contains an intact pehSR locus, or the
vector pLAFR3 aone. If pehSR were auto regulated, the pres-
ence of 3 to 5 plasmid-borne copies of pehSR would be ex-
pected to alter expression of the pehSR:: Tn3-gus fusion. How-
ever, B-glucuronidase activity was the same whether strains
were transformed with a wild-type pehSR locus or with the
vector alone, so we concluded that this locus does not regulate
its own expression, at least in defined medium.

Expression of PehSR increased when bacteria grew
in minimal medium or plant tissues.

pehSR::Tn3-gus strain K71 growing in rich culture medium
produced low levels of B-glucuronidase. However, pehSR ex-
pression increased fivefold when K71 grew in defined me-
dium, and 10-fold when K71 was infiltrated into tobacco
leaves (Fig. 4). Thisis the same trend previously observed for
PG activity, which increased 10-fold when bacteria grew in

K60 (wild type; lane 1), K71 (PehRlane 2), and K60-06 (PehA~; lane

b Measured as loss of viscosity of a 1% sodium polypectate solution at3) probed with a 32P-labeled, 2.4-kb Clal-EcoRl DNA fragment con-

28°C and given as percent wild-type activity.
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defined medium instead of rich medium, rising to 100-fold
greater in bacteria growing in tobacco (Allen et al. 1991).

Sequence analysis suggests PehSR
is a two-component regulator.

The nucleotide sequence of more than 4 kb of the pehSR lo-
cus was determined and has been deposited in GenBank, ac-
cession number AF001171 (Fig. 5). This included amost 500
bp 5 of the EcoRl site of pKH19, since it was anticipated that
this region contained control elements. The sequence con-
tained two consecutive open reading frames (ORFs) with a
high GC codon bias typical of R. solanacearum (C. Allen, un-
published data). These ORFs were separated from each other
by 26 bp, and therefore were in different reading frames. The
two putative genes were predicted to encode proteins of 635
and 560 amino acid residues with molecular masses of about
70 and 60 kDa, respectively. The GCG package FastA pro-
gram reveded that the pehSR locus has similarity to many
genes of two-component regulators belonging to the NtrB/C
family (reviewed in Stock et a. 1995 and Stock et a. 1989).
This family includes genes involved in diverse metabolic
pathways, including nitrogen assimilation, catabolism, and
production of pilin and flagellin. These regulators all require
the aternative sigma factor RpoN to activate transcription.
RpoN itself cannot initiate transcription without the binding of
an additional transcription factor (Kustu et al. 1989). It is not
clear why regulators of such diverse function are so similar at
the nucleotide level, but it may simply indicate a common
evolutionary origin.

PehSR most closely resembled two versions of PilSR,
which regulates pilin production in the opportunistic human
pathogen Pseudomonas aeruginosa and in Myxococcus xan-
thus (Boyd and Lory 1996; Hobbs et a. 1993; Wu and Kaiser
1995) and a regulator of flagellin synthesis, fleSR, from P.
aeruginosa (Ritchings et a. 1995) (Table 2). On the strength
of these relationships these ORFs were presumed to encode a
two-component regulator and were named pehS and pehR,
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Fig. 4. B-glucuronidase activity per cell produced by pehR::Tn3-gus
fusion strain K71 at different times after inoculation of bacteria into
various media. CPG = rich medium; MM = Boucher's minimal medium
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Values are means of three experiments; standard error is represented b

the error bars.

respectively. The predicted PehSR amino acid seguences
contain al the conserved regions common to two-component
regulators (Figs. 6 and 7). These include conserved C-terminal
regions in the PehS sensor, including the presumably phos-
phorylated histidine residue followed about 100 amino acids
downstream (128 in PehS) by an asparagine residue. These
two invariant residues reside in regions designated | and II,
respectively (Fig. 6; Parkinson and Kofoid 1992). Region Il1
consists of two groups of conserved residues, the first of
which is not well conserved in PehS. Some sensors have a
hydrophobic N-terminal region that probably allows them to
be anchored in the cytoplasmic membrane; this region is pres-
ent in PehS (Fig. 6). DNA similarity between pehS and pilS
extends back to the proposed tranglation start site of pehS an
ATG at position 496. Although the potentiadl ORF for pehS
extends some distance upstream of this, the position 496 start
site seemed most probable because it was preceded by a run of
codons rarely used by R. solanacearum. In addition there is
also a possible Shine-Dalgarno ribosome-binding sequence 6
bp upstream (Fig. 5). Furthermore, complementation studies
indicated that the 4.5-kb EcoRI fragment that begins just up-
stream of this proposed start was sufficient to restore normal
endo-PG expression to a pehS mutant. There are several pos-
sible 054 binding sites upstream from the ATG, though with-
out knowing the transcriptional start site we cannot suggest
which one, if any, isfunctional.

Response regulators typically contain three highly con-
served regions, which probably have important functions. An
N-terminal region of about 100 residues contains two con-
served aspartate residues (located at positions 15 and 59 in
PehR) and a conserved lysine (position 139). A central domain
that interacts with 54 RNA polymerase in NtrC homologs is
also well conserved in PehR. Two possible ATP-binding sites
areindicated in Figure 7; these occur within the domain that is
thought to interact with 54 when hydrolysis of ATP is re-
quired to produce an open complex. The third region is a pos-
sible DNA-binding domain in the form of a helix-turn-helix
motif in the C-termina region (Fig. 7). Although reporter
gene insertions in pehR such as K71 are well expressed, there
is no obvious ribosome-binding site upstream of the proposed
pehR start site.

DISCUSSION

The previously described pehR locus was found to encode
an apparent two-component regulator, named PehSR, that
controlled expression of endo-PG in R. solanacearum at the
transcriptional level and also affected expression of exo-PG
and motility in an undetermined manner. In addition, pehSR
mutants were dramatically less virulent than the wild-type
strain. Control of pehSR expression is multifaceted; we found
that it was down-regulated by global regulator PhcA and fac-
tor(s) present in rich medium, but induced when the bacterium
was associated with plant tissue.

The pehSR locus was shown to positively regulate both
endo- and exo-PG production in R. solanacearum, though not
to the same extent. In the absence of pehSR, endo-PG produc-
tion was negligible (around 5%), whereas exo-PG activity was
reduced to 50% of wild type. This result suggests that either
9)(0—PG is expressed at a high constitutive level or that other
regulatory elements also affect exo-PG gene expression.
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1 CTATGTCGCAGCGTTCGTGCTGGAAGTCATTTGCATCGCGTATAGCGCGCCCGCCCGCGETTTGTCCTTCGCTTCTCCAC
81 CATGGCCCEGTCCCGTCCTGCTGATCCTGCTGCTGCTTGCCGGCCTCGTGGTGGCTCAGCCGCCAAGGCCTGCGCAATGCGC
161 GGCCGACGCCGTCGGCACCCGCCGCCCGCCAGCGCGATCAGGAGGCACCTGGCACGGCGCAGCCGATCGAGCAATGCGCC
241 GTCTGCGGCGTGCATGCGCCGCGCACCGGCTTAGTCGCCCTGTCTGGCGGGCGCTATTGCTGCGCCGAACACGCCGACCA
321 GGCCGGGCGGGGGCEGCGCATGATGCGCGACGCATCCGGCTCGGCACAGTCCAAGGCCGGCGGTAGCGACGCTGCCGEGCE
401 CCCGGTCGACCGGCATGCGCTTGTGETCGCGCCTGAATGAATGCCTGGCGCCCGETGCGCTCGGTGTGGCTGGAGCCGGA
EcoRI
481 TCCGCCGGAATTCCAATGCGCCTGCTGCGCTACTTCGCCTTCAGCCGGGCGGCEGGTEGCGCTGEGTGCTGCTGCTGTTCATC
M R L L R Y F A F S R A A VvV A L VL L L F I
562 TCGATCCCGCGCGAGCATGCGACCGACTTGCCGGCGTCCGTCGGCGACGCCATGCTCAGCCTGACGCTGCCGTACTTGGCG
s I P R E EATDULPA SV G D AMIL S L TUL P Y L A
643 CTCGCGCTGCTGATCCTGGCGGCGGCAGGCTGETGGCGCGCECETTTCCAGTTCCGGETGCGGCTGGACGTGCTGCTGGAC
L, A L L I L A A A GWWURAWRUPFQVPF RV RL DV L L D
724 CTGCTCTTCCTGGGGCTGGCCTATACGACGCTGTCGCGCCTGTCGGCCAGCGTGGCGATGGTEGTTCCTGATGCCGGTGCTG
L L F L ¢ L A Y T™O1TL 8 R L S A s V A MYV F L M P V L
805 GCGCGCCGGTGCGCTGACCAGCCTGCTGTTCGCGCTGTTCACGGCGGCGETGEGCGTCGATGETGGTGCTGGCCGAGCCCTTC
A A G A L TS L L F AL FTAAUVYV A S MV V L A E P F
886 CTGCGCATGCTGGGCGACGGCACGATCGACTCGGGGCTGGCCTCCGCCGGGCTGTATGGCTTGGTCTACATGATGGCCGCG
L R ML 6 D 66T I DS GGL A S A G L Y G L V Y MMAA
967 CTGATGATGTACGGCCTGTCGCACCGGCAGGTGGCGCAGGAGCGCCTGACGCTGGCCCGCGAGCGCGAACTGCGCCTGCAG
L M M Y 6 L S ER Q V. A Q E R L TL A R EURETULRUL Q
1048 CAGCTGGTGAACCGGCTGATGGTCTACGACATGCAGGACGGCGTGATGCTGCTGCGCGCCGACGGCCGCETGETGGCCGCC
Q L V N R L M V Y DM QD GGV ML V RADGR V V A A
1129 AATCCCGCCGCGGCGATGCTGCTGGGCGTGCCGCAGAATGCATTCGTCGGCAGCGGCTCCGTGCTGTTCGACCTGAAGGGG
N P A A A ML L ¢V P Q NAPF YV GG S G S VL F DL K G
1210 ATTCCTCACCTGCATCCGCTGCTGGAAACGTTGCGCCAATGGCTGCGCCGCCAGAGCCGGCATCCGGGCAGCGGCACCGAC
I P H L H P L L ETUL R Q W L R R Q S R H P G S G T D
1291 GCGGGCGATGACGATGCCACGCGECATCCTCGACCTGCAGCCGATCGCCCCGGGCGGTCETGCCGCECTGCGTGCCCGCCTG
A ¢6 DD D AT R IUL DUILQU®PIAUPGGIRAATLURAIR RL
1372 CGCTTGCGCTTCATCCTGCCGAGCCTGGCAAACCTGCGCACGGTCTATCTGGACAGCCTGGTCGGCGCGATCGGCCTGGGL
R L R F I L P $ L ANLIRT YV Y L D S L V 6 A I 6 L @G
1453 CTGCCGGGCGAGGCCGETGGGCGAGCCBECCGCGETCCGCGCGGCCCCGCGACCGAGACCGTCGCGCAAGGCTGGTCCGCCGAT
L P ¢ E A V G E P P R P RGP A TIETV A Q G W S A D
1534 GACGAGGTCTTTCTGCGCCACGAGCTGCACGATACCGTGCTGGTGCACGTGGAGAGCTGGGAGCGCGTGACCGAGCAGGLET
D E V F L R HE L ED TV L V HYV E S WEUZ RV T E Q A
1615 CAGCAGGAAAAGCTGGCCTCGATGGGGCGCCTGETGCECGAGCGTGGCGCACCAGATCCGCAATCCGCTCGCGGCCATCAGC
Q Q E K L. A S M ¢ RL vV A sS V A H QI RNUPUL A ATI s
1696 CAGGCGGCCGAACTGCTGGACGACCCGGGCGAGGGCGGCGAGCCACTGCGCCCCGAGGGCCGCGGCETGGAGACGCGCCTG
Q A A E L L DDUPGEGGEUPULURU®PEUGIRG GV E TR RUL
1777 CTGCGCATCATCCGCGACAACGTGCGCCGCCTCGACCAGGTGGTCGCCGACGTGCTGATGCTEGTCGLCGCCEBCCECGCGGT
L R I I R DNV RRUL D Q V V A DYV L ML 8 R R P R @G
1858 GAGCGCGTGCGGGTGCAGCTCGCGCAGGTGCTGCCCGAGGTGETGCAGCGCTGGCGTEGCCGAGGCGCTGCGCCGCGCGGGT
E R V R V Q L. A Q VL P E V V E RWURAEA AULUZRURAOG
1939 GAGGCGACCGAGATCCACGCCGATCTGGTGCGCGTGGCCGTCCGACCTGCCGGGGCCGETGCTGTTCGATCCGGCCCATCTG
E A T E I H A DL V RV AV DL PG P V L F D P A H L
2020 CAGCAGGTGGCCGGTAACCTGCTCGACAACGCGCTGCGCTATTGCCGCCGTGTGCCGGGCTCGATCCTGCTGGCAGCCTAT
Q Q VvV A 6 N L L DN AL R Y CURUZ RV P G 5 I L L A A Y
2101 CCGCTGGATGATACCCATGCCGAACTGGTGATCTGGAACGACGGCCCCGAGGTTTCCGCCGAGCAGCAGCGCAGCCTGTTC
P L D D T H A EL V I WNDGU?PEV S A E Q Q R S L F
2182 GAGCCGTTCTTCACCAACGACGCGCAGGGCACGGGGCTCGGCCTCTACATEGGCGCGCGAGTTGTGCGCTGCCAACGACGCG
E P F F T N D A Q G T 6 L 6L Y M A REULTGCA AU AND A
2263 CAGATCCGCTACGGCGACATCGCGCTCGAATCCTTGCTCGATCGCACCGGAGCGTTGACCATGCTGGCGCGCGAGGCCCTG
Q I R Y 6 D I A L E S L L DRTITGAILTMMV Y AIRE A L
2344 CCGCGCCGCGCCTTCETCATCACCCTGATGTTCGACCAACCCGCTGTGCCGGCGGAATGATCCGCCAGCCGTTTTTCCAGT
P R R A F VI TL MUV FD Q P A V P A E *
2425 CGCCCATGTCCAAAGCCGCCATCGTTCGCGAACCCATTCTCGTCGTCGATGACGAGGCCGACCTGCGCGAGCTGCTGGAGA
M 8 K A A I V R E P I L V. VD D EADIULU REILULEI

Fig. 5. Nucleotide sequence of the pehSR locus with trandation of putative open reading frames. Possible ribosome binding site is underlined.

Figure 5 continued on following page.
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Figure 5 continued from previous page.
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TCTCCCTGCGGCGCATGGGGCACCGACCTGETACTGGCCCCTGGCCTGGGCGAGGCGCGCGAGGCGCTGGCGCGGCAACGET

S L R R M ¢ H D V V L. A A G L G E A REAULAUR QIR F
TTGCGCTGGTGCTGACCGACATGCGCTTGGGCCGATGGCCTGGGCATCGATCTGGTGCGCCAGCTTTCGGCCACCGCCGACT
DL VR QUL S A T A D R
GCACGCCGGTGGCCGTCATCACCGCCTACGGCAGCGCCGAGAACGCGGTGGAGGCEGCTCAAGGCGGGGGCGTTCGACTATA
T A Y 6 s A E N A YV E AL K A G A F D VY I
TTGCCAAGCCGCTGTCGCTCGATCAGTTGCGCAGCCTGGTGCTCAACGCECTGGGTCGCCAGCAGCGCGATCCCGATCCCG
s L. pQ L R §$ L VL N AL G R Q Q R D P D P G
GCAGCGCTGATCTCGCCGAGCGCACCAATGCGCTGTTGCCCGGCCATTCCGCCGCCATGCAGGAGGTGCGCCGCTCGCTGC

S A DL A ERTWNWA AILULUPGH S A A M Q E V RR S L L
TGCGGCTGGCGCGCAGCATGGCCCCGGTCECTGATCAGCGGCGAGTCGGEGCAGCGGCAAGGAGCGTGCGGCGCGCGCCATCC
G S 6 K E R A AR A I H
ATGCGCTGTCGGCACGCTCGCCGCGGCCGTTCGTGGCGGTCAACTGCGGCGCGATTCCCGAGAACCTGATGGAAGCCGAGT
P R P F V AV N CG A I P EDNU LM MEATEF
TCTTCGGCTATGTGAAAGGCGCCTTCACCGGCGCCGACAGCGACCGCCAGGGTTTCTTCCAGGCAGCCCATGGCGGCACGT
S DR Q G F F Q A A HG G T L
TCATGCTCGACGAGGTGGCCGACCTGCCGCTGACCATGCAGGTCAAGCTGCTGCGCCGGCTGCAGGACGGCCGCGTGCGCA

M L. D E V A DL P L T MOGQ@V KL LURIRIULO QDG R V R K
AGATCGGCGAGAGCCGCGAAGACCCGGTCGACGTGCGCGTGGTGTGCGCGACGCACCAGAATCTTGCGCGCCTGGTTGCCG

I G E S R EDUP VDV R YV V CA THOQNIULA ATRIULUVYV A A
CCGGACGTTTCCGCGAAGACCTCTTTTACCGGCTGAACGTGCTGGAGCTGCGCATGCCGACGCTGCGCGAGCGTGCCGAGG
R L N vV L EL R M P T UL R EUR A E D
ATGTGCCGGTCCTGGCEGGGCCTGCTGCTGGAGCAACTGGCCACGCEGTTACGGCCGATCCGCCGCCGAAGCGGCTCACGCGLCC

vV P VL A ¢ VL L E Q L A TR Y G D P R P KURUL TR Q
AGGCGCTGCAGCAGTTGTGCGCCTATCCGTTCCCCGGCAACGTGCGCGACGTGGACAACCTGCTGGAGCGTGCCTACGCCT

A L Q Q L ¢ A Y P F P G NV RD VYV DNUILULEUZRAYATF
TCGCCGAGGGCGAGTCGATCGACGTGGACCACCTCGGCGCECTGEGCTTCAGACATCGAGCGCTCGCCGCTGTTCCACCGAG
D VvV D HL G AL G S DI EUR S P L F HR A
CGCGCGAGGCGCACGCCGGCCATCCGEGTACATCCGGCGCACCTCCCGCCGGTGCCGGCGCCEEGGCCATCCGGCCCATCCGG

R E A EHE A G H P V H P A EL P P V P A P G HUP A HP G
GGCATTCCGGCCATGTCGCGCATCCGCTCGGCGTGCCGCAGCCGGTGGECGEGETGGCCCGATGCCGCCGCCTACATTCCCG

H S 6 K VvV A H P L G YV P Q PV G G W P D A A A Y I P V
TGCCCGGCCCGATGGGCCTGGTGCCGCATCCCGCCGCCGTGCCGTTCGAGCCCGCGCCGGCCGCCGAACCGGCCGCETCGT

P G P M GL VP HUPAAVYV P F EPAUPA AU AEPAA S P
CCATGCCCGCCGTGTCCTTGCCGGTGGACCTGCCGGCCTACCTCGAATCGGTGGAGCGCAGCGTGATCCTGGCCGCACTGG
L A AL A
CGCAGACCGGCTTCAATCGCGACGGCGGCCGCCAAGCTGCTCGGCCTGAGCTTCCGGCAGTTGCGTTACCGGATGCAGCAGC

Q T G F N R T A AAI KULTULGUL S F R QL R Y RMOQQUL

4045 TGGACATCCGCGATCCGCGCGATATTGACGCCGCGGCGGGCAACGGCGGGETGGGCGATGCCTGAGGCGGCCGGGCCGETE
D I R D P R DI DA AAGNGG YV G D A * ‘

Clal

4126 CGCGTTGGCGCGGACGGCTGGGTGGAGGGGCTGCACCTCCATCCTTCGCCCAATATCGAT

The role of matility in bacterial wilt virulence is not known.
Most cells of R. solanacearum are not motile at cell densities
up to 10° CFU/ml, and 30 to 50% of cells are motile at 107 to
108 CFU/ml. As the population grows past this point, motility
levels ordinarily decrease; fewer than 5% of wild-type cells
are motile at 10° CFU/ml. In contrast, about 60% of phcA
global regulatory mutant cells are still motile at 10° CFU/ml
(Clough et a. 1997b). The stab motility assays used in this
work reveal motility at high population densities, when the
PhcA-mediated, quorum-sensing system has normally reduced
frequency of motility. We found that although pehSR mutants
are qualitatively nonmotile, like the wild-type strain, multiple
copies of the pehSR locus conferred motility. Thus, multiple
copies of pehSR mimicked the effect of a phcA mutation on
motility. Furthermore, a pehSR/phcA double mutant strain was
not motile. This suggested that pehSR is downstream from
phcA in the regulatory cascade but upstream from motility and
PG production.

In the absence of globa virulence gene regulator PhcA,

pehSR expression increases 12-fold, suggesting that pehSR
itself is normally negatively controlled by PhcA. Release of
this repression probably explains the over-expression of endo-
PG and the acquisition of motility observed in phcA mutants,
since the latter (but no other effects of a phcA mutation) can
be duplicated with multiple copies of the pehSR locus. These
results support a model in which PehSR positively regulates
motility, production of PehA, and to some degree PehB and C
at low population densities. As bacterial populations increase
to 107 CFU/ml, PhcA reduces pehSR expression, which in turn
results in reduced PG expression and motility.

Plant virulence assays demonstrated that pehSR is required
for wild-type bacteria wilt virulence. However, since this lo-
cus is negatively regulated by PhcA at high bacteria popula-
tion density, the role of pehSR and the genes it positively
regulates may be limited to the early stages of infection when
bacterial population densities are low. Strange as it may seem
for the bacterium to restrict maximal expression of PGs to the
early stages of infection, it is not difficult to imagine arole for
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them there, perhaps in the production of elicitor fragments
from plant cell walls, or facilitating the initial entry of bacteria
into plant tissue. Production of endo- and exo-PG is required
for wild-type virulence, suggesting that these pehSR-regulated
genes play an important role at some point in disease devel-
opment. The bacterium produced 50% of wild-type exo-PG
activity in the absence of pehSR, which may be sufficient to
release sugars for nutritive or signaling purposes. Further, we
cannot ignore the possibility that the exo-PGs are also multi-

ply regulated and may be induced or repressed independently
of PehSR during disease. Obvious roles for these degradative
enzymes in virulence would be in penetration, cell wall mac-
eration, and release of sugar monomers as an energy source to
the rapidly multiplying bacteria.

It therefore seems counter-intuitive for the bacterium to
down-regulate these genes just as disease is getting underway.
However, this anomaly may reflect the complexity with which
pathogenicity factors are regulated in R. solanacearum. PehA

expression is now known to be affected by cell density (via
PhcA), PehSR, an unidentified plant signal(s), and at least one
other regulatory pathway (VsrB/C) (Huang et al. 1993; Schell
1996). Further, regulatory studies to date have been conducted
in culture and the in planta picture may well be much more

Table 2. Proteins resembling PehS and PehR from Ralstonia solana-
cearum

Similar- Identity

. . o .

Protein (S'ource) Function — Ity Ge) (%) complex. We do not know how pehSR is regulated over the

PenS P"feﬁiﬁgg;mas Resg;lr'ﬁgg“” 56 32 course of infection. The in planta expression study reported

PiISS (Myxococcus Regulates pilin 8 8 hqe found h|_ gh levels of pehSR expression at 48 h postinocu-

xanthus) synthesis lation but this was not representative of natural infection as

FleS (P. aeruginosa)  Regulates flagel- 53 31 we artificially infused areas of tobacco leaf with concentrated

, _ lin, adhesion bacteria and then assayed for reporter gene expression over

PehR PR (P. aeruginosa) Reg”ﬁgg‘“” & 5% time. We therefore cannot draw strict parallels between gene

PiIR (M. xanthus) jol ates pilin 63 a3 expron in bacteria gndgr these conditions and during nor-
synthesis mal invasion and colonization.

FleR (P. aeruginosa)  Regulatesflagel- 59 40 Two ORFs with typical R. solanacearum codon usage bias

lin, adhesion were identified and named pehS and pehR on the basis of their

1 A ’ 50 B c 100

Pehs .......... . ..MRLLRYF AFSRAAVALV LLLFISTPRE HATDLPASVGDAMLSLTLPY LALALLILAA AGWWRARFQF .RVRLDVLLD LLFLGLAYTT
PapilS VRAERLRLSE EQGQRILRLY HLYRLTIGLV LVLLISSELE ...DQVLKLVHPELFHVGSW CYLVFNILVA LFLPPSRQLL .PIFILALTD VLMLCGLFYA
Mxapils ..... VRPSE RGAFRSRLVW LVLFRTVAAS LSLVITLARL LLHPSQELNHADTLSLAVII IAYVSTVVVG LRLRKGQGGL GDAWVQVVGD VVIATGLVYL
P
consensus —-—--sommse eeee Rommmm mmmme Y e B Lo mmmem e I--~ —===m—=—= L —-—————- D -
101 150 E 200

PehS LSRLSASVAM VFLMPVLAAG ALTSLLFALF TAAVASMV.. . .VLAEPFLRMLGDG..TID SGLASAGLYG LVYMMAAIMM YGLSHRQVAQERLTLARERE
PapilS GGGVPSGIGS LLVVAVAIAN ILLRGRIGLV IAAAASLG.. ..LLYLTFFLSLSSP..DAT NHYVQAGGLG TLCFAAALVI QALVRRQEQTETLAEERAET
MxapilS SGGSDSPLTF LYSLAVIGAS VVLDRRGALW AAAASALCFG ALVMGSQLLDGASGGLMPPT RVLFVLGSNS LALGLIAVLS GYLSRQLSATGGALSAREAD

FleS ... oo, MO PALNAFPEQP ADTAEATSRA GLEQAFALFNOMSSQLS... ...... ESYS LLEERVTELK G....QLALVSAQRMEELAE
consensus —--—--—==-= —=—=-=V--A- --[———--1,- -AAA--L--- --- L-——-— LS-—-——mmm e G-~~- L-—~~-- A-L- ~~L-==--mm——m——— R--E
201 F 250 300

PehS LRLQQLVNRL MVYDMQDGVM LVRADGRVVA ANPAAAMLL. .GVPQNAFVGSGSVLFDLKG IPHLHPLLET LROWLRRQSR HPGSGTDAGDDDATRILDLQ
PapilS VANLEELNAL ILQRMRTGIL VVDSRQAILL ANQAALGLLR QDDVQGASLGRHSPM..... ...... LMHC MKQWRLNPSL RPPT............ LKVV
MxapilS LQRLGRLQQQ ILSSMPSGLA TCDAQRRVTY VNPAGCGILQ VDPTQVAGV........... . .EVEALLPG V..SVLAP.R SPRSELVVGKGAKRRILGLS
FleS KERLANRLQS LLDLLPGGVI VIDAHGVVRE ANPAALGLL. ...... GEP........... . .LVGMLWRE VIARCFAP.R EDDGHEISLRDGRR..LSIA
Consensus ---L------ -L--M--GV- -VDA---V-- ANPAA-GLL- ----Q-A----—---—---= ~———=—= LL-- ---W-L-P-R -P--—-------————~ L---
301 350 400
PehS PIAPGGRAAL RARLRLRFIL PSLANLRTVY LDSLVGAIGL GLPGEAVGEPPRPRGPATET VAQGWSADDE VFLRHELHDT VLVHVESWER V....TEQAQ
PAPilS  PDGPTVOPSFE . it ottt teee et e e e e e e e e e et e e e e ISLNREDDQH VLIFLEDISQ I....AQQAQ
MXAP11S VTPLEGEPG. & tttiin it ttttietiee eaet s ereeiananeneseeensoe soeeonnnee taenneenas A LLMVFQDLTQ LRRMEDDLKR
FleS TRSOLNGEPG. .ttt tietiaetens aetmeaoans oimeeaeetaseaaeanaas smmeannne saeannnnn Q LIL.LNDLTD TRRLQEQLAR
Consensus —---- G-P-~ mr o e e s m e — e - L--L-D--- -=-=--—-- -
401 450 500

PehS QEKLASMGRL VASVAHQIRN PL.AAISQAA ELLDDPGEGG EPLRPEGRGVETRLLRIIRD NVRRLDQVVA DVLMLSRRPR GERVRVQLAQ VLPEVVERWR
Papils OQMKLAGLGRL TAGIAHEIRN PL.GAISHAA QLLQESEELD APDR........ RLTQIIQD QSKRMNLVIE NVLQLSRRRQ AEPQQLDLKE WLQRFVDEYP
MxapilS ADRLASLGAL SAQLAHELRN PL.ASMRGSA QLLAQDARDD VAQ......... KLTNILMR ESDRLARLVE EFLRFARPPV PSLRRVPLAS LVTETMDMLR
FleS HERLSALGRM VASLAHQIRT PLSAALLYAG HLSEQALPTD QQQ.. .RFAGRLKE RLHELEHQVR DMLVFARGEL PLTDRVAPKA LFDSLRAAAE
Consensus-E-LA-LGRL -A--AH-IRN PL-AA--~-AA -LL------ D ---RL--I--D ---RL---V- D-L---R---~ ----RV-L-- -L----D---

Region I

501 550 . 600

PehS AEALRRAGEA TEIHADLVRV AVDLPGPVLF DPAHLQQVAG NLLDNALRYCRRVPGSILLA AYPLDDTHAE LVIW...NDG PEVSAEQQRS LFEPFFTNDA

PapilsS G....RLRND SQLHLQLGAG DIQTR....M DPHQLNQVLS NLVQNGLRYSAQAHGRGQVW LSLARDPESD LPVLEVIDDG PGVPADKLNN LFEPFFTTES
MxapilS VDPL..... A RDVRVEVTAP E...PLPVSV DPDQLRQVLI NLVRNGF..... LAAGPRGE VKVALTRSEN EARIRIWDSG GSITEEMMGH LFEPFFTTRD
FleS VHVQ.. .G LOQVRWQCEAR G...GELLC. NRDTLVGTVL NLVENAT..... QACGPELR LKVHLYARAD SLRLSVSDNG PGMDPATLAR LGEPFFTTKT
Consensusg ~-------- -- V----- A- ——-m-mm - DP--L-QV-- NLV-N-Li----—--=-=-==-== ————————— D -----V-D-G P-V--E-L-- LFEPFFTT-
Region IT Region III
601 650 671
PehS OQGTGLGLYMA RELCAANDAQ IRY..... GD IALESLLDRT GALTMVAREALPRRAFVITL MFDQPAVPAE *

PapilS KGTGLGLYLS RELCESNQAR IDYRNREEGG GCFRITFAHP RKLS*.........vevier cvnnnaonnn

MxapilS GGTGLGLSTA HSITIRAHGGS IRVRSNRDEG TEFVVGLPL® .. .......c.couuiuiniiin cuvunnnnnn

FleS TGTGLGLAVV KAVARAHQGQ LQLRSRPGRG TCATLILPLI PAAPLSAIQE*......... ..........
Consensus-@TGLGL--- ----- A---- I--R----- G --F---L---

Fig. 6. Pileup of amino acid sequences showing strong similarity to Ralstonia solanacearum PehS. Potential membrane-spanning domains in PehS are
underlined and marked with letters A to F. Highly conserved amino acids are in bold. PapilS, Pseudomonas aeruginosa PilS; MxapilS, Myxococcus
xanthus PilS; FleS, P. aeruginosa FleS.
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similarity to bacterial two-component regulators of the NtrB/C
family, which consists of a histidine protein kinase sensor and
a response regulator. The close proximity of these ORFs (26
bp) and the absence of any obvious promoter elements up-
stream of the second one suggests that the two genes are co-
transcribed. However, thisinference istenuous at present.

The C terminus of PehS closely resembles histidine kinases
of the NtrB family, but there is similarity along its entire cod-
ing sequence to PilS pilin regulators from P. aeruginosa and
M. xanthus, and also to FleS, a regulator of flagellin synthesis
and adhesion in P. aeruginosa (Boyd and Lory 1996; Hobbs et
al. 1993; Ritchings et a. 1995; Wu and Kaiser 1995) (Fig. 6).
Similarly, the N terminus of PehR resembles those of the en-
tire NtrC family of response regulators, but there is significant
similarity and identity to the two PilRs and FleR aong the full
sequence length (Fig. 7). This relationship does not necessar-
ily indicate that PehSR is also a regulator of pilin production
or flagellin synthesis or adhesion, athough the involvement of
PehSR in motility and its possible role in the early stages of
plant colonization is suggestive. Nevertheless, it is entirely
consistent with the idea that PehSR also regulates other viru-
lence factors(s) besides the PGs.

Six regions in the N terminus of PehS were identified as
possible membrane-spanning segments on the basis of charge,
polarity, and hydrophobicity of the amino acid residues. These
segments correspond closely to the sequence positions of the
six putative membrane-spanning segments of the two PilS
proteins. We suspect that PehS is toxic to Escherichia coli
cells when present on a high-copy-number plasmid since
throughout the cloning of pehSR we have never retrieved

clones in which pehSR was under the control of a strong
plasmid promoter. Although the P. aeruginosa PilS was suc-
cessfully overexpressed in E. coli, it was as a truncated ver-
sion of the protein lacking the hydrophobic, putative mem-
brane-spanning segment. This was apparently because E. coli
did not recognize the TTG start site (Boyd and Lory 1996).
The putative PehS start site is an ATG, which presumably
poses no problem to E. coli RNA polymerase. Therefore, we
speculate that the intact PehS protein may integrate into the E.
coli cytoplasmic membrane and disrupt normal cell signaling
or other essential functions.

PFili have been shown to play an important role in the initial
stages of infection in P. aeruginosa by mediating adhesion to
human epithelial cells (Farinha et a. 1994; Irvin et a. 1989).
Evidence is also accumulating that the pili of other Type IV
fimbriae producers specificaly recognize and bind the cells of
their respective hosts (Rudel et a. 1995). Fimbriae of R. sola-
nacearum bind plant cell wall fragments as well as the fim-
briae of fellow bacteria, leading to agglutination (Stemmer
and Sequeira 1987). Interestingly, flagella of P. aeruginosa are
also associated with adhesion, but to host mucins, not cells.
This mucin adhesion is thought to be instrumental in host
colonization but it is not a property of the flagellum itself.
Mutations in the flagellar structural gene that result in the ab-
sence of flagella do not affect adhesion. However, a mutation
in fleSR affects both adhesion and motility (Ritchings et a.
1995). If pehSR should be involved in the positive regulation
of pilin and/or flagellin, it may be significant that its repres-
sion coincides with the induction of EPS, which is thought to
prevent bacterial cell agglutination and plant cell wall attach-

1 50 100

PehR MSKAAIVREP ILVVDDEADL RELLEISLRR MGHDVVLAAG LGEAREALARQRFALVLTDM RLGDGLGIDL VRQLSATADR TPVAVITAYG SAENAVEALK
PapilR  ..... MSRQK ALIVDDEPDI RELLEITLGR MKLDTRSARN VKEARELLAREPFDLCLTDM RLPDGSGLDL VQYIQQRHPQ TPVAMITAYG SLDTAIQALK
MxapilR ....LGSRGH ILVVDDELSM REYLELLLQOR EGYSVTSVAS VKAACDVLALDGVDLVISDL KLGTGSGLDV LRAARARSAS PEVVLITAYG TPAAAVEAMR
FleR  ..... MAAKV LLVEDDRA.L REALSDTLLL GGHEFVAVDS AEAALPVLAREAFSLVISDV NMPGMDGHQL LGLIRTRYPH LPVLLMTAYG AVDRAVEAMR
Consensus  ------- R-- ILVVDDE--L RE-LE--L-R -G~D~-==-=- ---A~E-LARE-F-LV~~DM -L--G-G-DL ------ R--- -PV-LITAYG --D-AVEA--
101 200

PehR AGAFDYIAKP LSLDQLRSLV LNALGRQQRD PDPGSADLAE RTNALL. ..PGHSAAMQEVR RSLLRLARSM APVVISGESG SGKERAARAI HALSARSPRP

PapilR

AGAFDFLTKP VDLGRLRELV ATAL..RLRN PEAEEAPVDN R....L...LGESPPMRALR NQIGKLARSQ APVYISGESG SGKELVARLI HEQGPRIERP

MxapilR EGAYDYICKP FDNEELRLLV QKALEK..RT LRQENSGLRA RLFPGLDGAVGQSERMQAVW ALVEKVASGR STVLVTGESG TGKELVARAI HMRGTRAARP

FleR QGAADYLVKP FEARALLDLV ARHALGQLPA CEEDGP.... .........

VALEPASRQLL ELAARVARSD STVLISGESG TGKEVLANYI HQQSPRAGKP
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201

ATP-Binding
300

PehR FVAVNCGAIP ENLMEAEFFG YVKGAFTGAD SDRQGFFQAA HGGTLMLDEVADLPLTMQOVK LLRRLQDGRV RKIGESREDP VDVRVVCATH QNLARLVAAG

PapilR

FVPVNCGAIP SELMESEFFG HKKGSFTGAI EDKQGLFQAA SGGTLFLDEVADLPMAMQVK LLRAIQEKAV RAVGGQQEVA VDVRILCATH KDLAAEVGAG

MxapilR FLPFNCAALN EGTLESELFG HVKGAFTGAT TDRSGLLVAA GDGTVMLDEVGEMPLATQVK LLRVLQERKV KPVGSAAEIP FQARVIAATN RRLEAEVKAG

FleR FIAINCAAIP DNMLEATLFG HEKGSFTGAI AAQPGKFELA DGGTILLDEISEMPLGLQAK LLRVLQEREV ERVGARKPIN LDIRVLATTN RDLAAEVAAG
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350 400

PehR RFREDLFYRL NVLELRMPTL RERAEDVPVL AGVLLEQLAT RYGDPRPKRLTRQALQQLCA YPFPGNVRDV DNLLERAYAF AEGESIDVDH LGALGSDIER

PapilR RFROQDLYYRL NVIELRVPPL RERREDIPLL AERILKRLAG DTGLP.AARLTGDAQEKLKN YRFPGNVREL ENMLERAYTL CEDDQIQ... ..........
MxapilR RFREDLFYRL NVITLELPPL RERSGDVSLL ANYFLSRLSE ELGRP.GLRFSPETLGLLER YPFPGNVRQL QNMVERAATL SDSDLLGPST L.........
FleR RFREDLYYRL SVFPLAWRPL RERPADILPL AERLLRKHSR KMNLG.AVALGPEAAQCLVR HAWPGNVREL DNAIQRALIL QQGGLIQPAD LCL.......
Consensus RFREDL-YRL NV--L~~PPL RER--D---L A--LL--L-- --G-P---RL--EA---L-- Y-FPGNVREL DNM-ERA--I, ~E-D~I---- L---------
401 450 500
PehR SPLFHRAREA HAGHPVHPAH LPPVPAPGHP AHPGHSGHVA HPLGVPQPVGGWPDAAAYIP VPGPMGLVPH PAAVPFEPAP AAEPAASPMP AVSLPVDLPA
PapilR  .......... HDLRLADAPGASQEGAA . . . ottt i iie i imiiieeae tmeanean SLSEIDNLED
MxapilR
FleR
Consensus

501

MxapilR

550 563
PehR YLESVERSVI LAALAQTGFN RTAAAKLLGL SFRQLRYRMQ QLDIRDPRDIDAAAGNGGVG DA*
PapilR  YLEDIERKLI MQALEETRWN RTAAAQRLGL TFRSMRYRLK KLGID*

HLDDSERRYL VAAMKQAGGV KTRAAELLGL SFRSFRYRLA KHGLTDDLEPGSASDA*. ..

FleR DLRRREFQVI IDTLRTERGR RKEAAERLGI SPRTLRYKLA OMR.DAGMDVEAYLYAI*..
Consensus -LE--ER--I --AL------ RT-AA--LGL SFR-LRYRL- -L-----~ D-~m—mm=

Helix-Turn-Helix

Fig. 7. Pileup of amino acid sequences showing strong similarity to Ralstonia solanacearum PehR. Highly conserved amino acids are in bold. PapilR,
Pseudomonas aeruginosa PilR; Mxapil R, Myxococcus xanthus PiIR; FleR, P. aeruginosa FleR.
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ment, in which case EPS may have arole in the mobilization
of bacteria throughout the plant.

Type IV pili of P. aeruginosa give the bacterium a twitching
motility that may be important in pathogenesis and allow the
bacterium to move across surfaces; similarly, pili in M. xan-
thus are associated with social gliding motility. We are not
aware that R. solanacearum has pilus-mediated motility, but
many bacteria, including P. aeruginosa and M. xanthus, sport
more than one type of moatility, facilitated by different sets of
genes and operating via different structures. Ongoing studies
of type IV pilus production and regulation have unearthed a
large number of genes essential for normal pilus production in
P. aeruginosa (Alm et a. 1996a, and references therein).
Some of these have significant structural and biochemica
homology to genes involved in the chemotactic behavior of
enterics (Darzins 1994). Some pilin genes are also related to
genes of the general protein secretion pathway (Alm et al.
1996b). It is not inconceivable that a similar array of genes
also exists in R. solanacearum and contributes to virulence.
We need to address the question of whether pehSR regulates
pilin production in R. solanacearum and, if so, the possibility
that it may have control over a complex set of behaviors that
could include a positive chemotactic response of R. solana-
cearum to plant root exudates, subsequent epithelial cell
binding, and bacterial aggregation at root junctions.

Equally important is the study of what role, if any, pehSR
plays in flagellamediated motility. Studies of matility in R. so-
lanacearum involving flagella found that motility varies with
cell density (Clough et a. 1997b; Kelman and Hruschka 1973),
and that flagella of nonmotile and motile bacteria had different
conformations (Kelman and Hruschka 1973). Pili were aso
noted on both nonmotile and moatile cells, and did not appear to
be visibly different (Stemmer and Sequeira 1987). The moatility
loss observed in pehSR mutants was most probably associated
with flagella. Interestingly, flagella are dso important in the
early stages of colonization by P. aeruginosa (Drake and Montie
1988) but later expression interferes with disease development.
There is insufficient evidence at present to speculate about the
role of pehSR in pilin or flagellin production. However, it is
tempting to note the parallel between the active repression of
pehSR during full disease and inhibition of flagellain P. aerugi-
nosa pathogenesis. In Salmonella typhimurium, genes important
for one stage of pathogenicity have been shown to be antagonis-
tic to virulence a other stages, and are therefore repressed at

those times (Miller and Mekalanos 1990). Placing pehSR under
the control of a congtitutive promoter would revea any signifi-
cant effect its continuous expression may have on virulence, and
if virulence should be attenuated in a pehSRC strain, then con-
stitutive expression of the individual genes that pehSR controls
may reveal which product, if any, interferes with disease.

The study of genes involved in the initial stages of patho-
genicity can be invauable in the development of effective
preventative control measures for any pathogenic organism.
However, it is of particular significance in R. solanacearum,
because recent widespread outbreaks of brown rot in potatoes
have been attributed to latent infection of contaminated seed.
Study of pehSR and the genes it regul ates may shed some light
on the factors that determine successful colonization of a plant
by R. solanacearum and perhaps open up new avenues for
disease control.

MATERIALS AND METHODS

Bacterial strainsand plasmids.
Strains and plasmids together with relevant characteristics
arelisted in Table 3.

Culture media and growth conditions.

R. solanacearum strains were cultured at 28°C in CPG broth
or on CPG plates containing 0.05% 2,3,5-triphenyltetrazolium
chloride (Hendrick and Sequeira 1984). Boucher’'s minimal me-
dium (BMM) supplemented with 0.1% citric acid and 0.1% ga-
lacturonic acid was used as a defined medium (Boucher et al.
1985). Cultures were grown in BMM for virulence assay in-
oculation, RNA purification for Northern blot analysis, and re-
porter gene expression studies, except those conducted in planta.
Escherichia coli strains were grown at 37°C in Luria-Bertani
medium (LB) (Ausubel et al. 1987). The following antibiotics
were used as required: ampicillin, 50 pg/ml; chloramphenicol,
25 pg/ml; kanamycin, 25 pg/ml; nalidixic acid, 75 pg/ml; strep-
tomycin, 50 pg/ml; and tetracycline, 25 pg/ml.

Chemicals.

Growth media components were purchased from Difco Labo-
ratories (Detroit, MI). Citrus pectin was from Fluka Laborato-
ries (Biochemika, Switzerland). Restriction and modification
enzymes were from Promega (Madison, WI). T1 RNAse was
from Boehringer Mannheim Biochemicals (Indianapolis, IN).

Table 3. Bacterial strains (Ralstonia solanacearum) and plasmids used in this study

Bacterial strainsor plasmids Relevant characteristics? Reference
Strains
K60 Wild-type race 1, biovar 1, isolated from tomato Kelman 1954
K60-06 pehA::Q Sm’ Allenetd. 1991

K12, K29, K30, K35, K63, K92, K116,  pehS::Tn3-gus Km'
K176, K182, K183

This study; see Figure 2 for insertion locations

K7, K13, K17, K21, K42, K45, K47, pehR::Tn3-gus Km' This study; see Figure 2 for insertion locations
K51, K53, K71, K75, K81
K60-phcA phcA:Q Sm' This study
P7 phcA::Q, pehR::Tn3-gus 7 Km" Sm’ This study
P35 phcA::Q, pehS::Tn3-gus 35 Km" Sm' This study
P71 phcA::Q, pehR::Tn3-gus 71 Km" Sm’ This study
KS5 Spontaneously avirulent mutant This study
Plasmids
pLAFR3 Inc P RK2-derived cosmid vector; Tc' Staskawicz et al. 1986
pKH19 4.5-kb EcoRI fragment containing pehSRin pLAFR3; Tc" Allenetal. 1991

aNal, naidixic acid; Ap, ampicillin; Tc, tetracycline; Km, kanamycin; Sm, streptomycin.
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Random primer labeling kits were purchased from Bethesda wilting and rated on a 0 to 4 disease index scale in which 0 =
Research Laboratories (Gaithersburg, MD) and used according no wilting, 1 =1 to 25%, 2 = 26 to 50%, and 3 = 51 to 75% of
to the supplier’s directions. Electrophoresis chemicals and nylon leaves wilted, and 4 = 76 to 100% wilted or dead. Each treat-
transfer membranes were from Bio-Rad Laboratories (Rich- ment contained 16 plants and each assay was performed in
mond, CA). Radio nucleotides were from DuPont-NEN triplicate. Results were analyzed with analysis of variance and
(Boston), and custom-made primers were from the University of Tukey’s honestly significant differences test.

Wisconsin Biotechnology Center. Sequenase DNA sequencing

kits were from USB (Cleveland, OH). Other chemicals were |n plantagrowth.

from Sigma Chemical (St. Louis, MO). In planta growth oR. solanacearum mutants was measured
by infiltrating tobacco leaves with bacterial suspensions as
General proceduresfor DNA manipulation. previously described (Sequeira and Hill 1974).

Plasmid DNA isolation, agarose gel electrophoresis, trans- )
formation of E. coli strains, and Southern and Northern blot DNA sequencing.
hybridization were performed as previously described Sequencing of both strands was performed by the dideoxy-
(Ausubel et al. 1987). Chromosomal DNA was isolated from chain termination method. Deaza-GTP was used to resolve
R. solanacearum as previously described (Cook et al. 1989). compressions. Computer analyses were carried out with the
R. solanacearum strains were transformed by electroporation Genetics Computer Group (GCG) software package (Dev-
as previously described (Allen et al. 1991). Transposon €reux etal. 1984).
mutagenesis of the 4.5-kBcoRI fragment harboring the
pehSR locus was performed with the J4gus transposon
(Bonas et al. 1989) according to the procedure of Stachel : ‘ ;
(Stachel et al. 1985). This construct contains a promotdiess (Ures were inoculated by stabbing a needle 4 cm into a tube
glucuronidase gene and encodes kanamycin resistance. NortfEont@ining 10 ml of CPG medium plus 0.3% wt/vol agar.

ern blots were probed with @P-labeled, 2.4-kiEcoRI-Clal Presence or absence of motility was rated at 48 h. Strain
fragment ofpehA (Allen et al. 1991). ’ names were encoded so that the person rating motility was

unaware of the treatment identity.

Strain motility.
Motility was measured qualitatively by a stab assay; cul-

Complementation analysis.

Mutant strains were transformed with cosmid pKH19, car-
rying the wild-typepehSR locus, or with selected Brgus de-
rivatives. Complementation was defined as the restoration o
the wild-type level obndo- andexo-PG activity.

Construction of a K60 phcA mutant.
A clonedphcA structural gene interrupted by énfragment
fcontaining a streptomycin resistance gene (a gift from Mark
Schell, University of Georgia) was electroporated into wild-
type strain K60 andpehR::Tn3-gus mutant strain K71.
Enzyme assays. Genomic DNA from strep-resistant transformants with non-
B-glucuronidase activity was measured fluorimetrically by a mucoid colony morphology was analyzed by Southern blot to
modification of Jefferson’s procedure (Cook and Sequeira confirm allelic replacement of the wild-typpicA locus.
1991; Jefferson 1987). For in vitro expression studie§: Tn
gus mutant strains were grown in BMM for 3 days. In planta ACKNOWLEDGMENTS
B-glucuronidase activity assays were conducted vyith filtered We gratefully acknowledge Brian Aizenstein, Elizabeth Hinkens, and
homogenates of tobacco leaves (cv. Bottom Special) that hadyjie TansKersten for able technica assistance, and Mark Schell
been syringe-infiltrated 18 h previously with a 5 x210 (University of Georgia) for generously sharing phcA mutant constructs
CFU/ml suspension of washed bacteria grown in BMM. Sam- and for useful discussions. This research was supported by USDA NRI-
ples were sonicated and assayedffgiucuronidase activity. =~ CGRP Grant 94-37303-0950, NSF Grant MCB 9318072, and Depart-
Culture and homogenized leaf samples were also dilution ment of Energy Biosciences Grant FG02-92ER20063.
plated to determing8-glucuronidase activity per CFU, ex-
pressed as nmoles of 4-methyl umbelliferone produced per"'TERATlJRE CITED
minute per CFU. Polygalacturonase activity was measured byAllen, C., Huang, Y., and Sequeira, L. 1991. Cloning of genes affecting
concentrating cleared supernatants from cultures grown 4 days gioly?i\lﬂactuglnf\ssf g&oeilﬂgnléz Pseudomonas  solanacearum. Mol.
H 1 H H 5 H ant-Microoe Interact. 4. - 3
in deflne_d medium 50-fold in Centr|cop-_30 microconcentra- Alm, R. A.. Bodero, A, J. Free, P D., and Mattick, J. S. 1996a Identifica
tors (Amicon, LOCATION).endo-PG activity was measured "oy of 2 novel gene, pilZ, essential for type 4 fimbrial biogenes's in
as loss of viscosity of a polygalacturonate substrate solution  pssudomonas aeruginosa. J. Bacteriol. 178:46-53.
(Keen et al. 1984kx0-PG activity was measured as reducing Alm, R. A,, Halinan, J. P, Watson, A. A., and Mattick, J. S. 1996b. Fim-

sugar ends generated (Nelson 1944). bria biogenesis genes of Pseudomonas aeruginosa: pilW and pilX in-
crease the similarity of type 4 fimbriae to the GSP protein-secretion sys-

; tems and pil Y1 encodes a gonococca PilC homologue. Mol. Microbiol.
Virulence assays. 22161173,

These were performed by root _moculatlng 3-W_eek-old €99~ Ausube, F, Brent, R., Kingston, R., Moore, D., Seidman, J, Smith, J., and
p|.ant3 (cv. Black Beauty) grown in 80 9 dry weight of Jiffy  syuhl, K. 1987. Current Protocols in Molecular Biology. John Wiley
Mix. Roots were severed by cutting vertically down across the  and Sons, New York.
pot, 1 cm away from the stem. Then, 50 ml of a water suspen-Bonas, U., Stall, R., and Staskawicz, B. 1989. Genetic and structural char-

; ; ; ; . acterization of the avirulence gene awrBs3 from Xanthomonas campes-
sion of washed bacteria was poured over the soil to give a fi tris pv. vesicatoria. Mol. Gen. Genet, 205:270-275,

nal bacterial concentration of 5 x°10FU per g of soil. Pot gy W G, Sequeira, L., and Upper, C. D. 1975. Technique for deter-
labels were coded so that the person scoring was unaware of mining the rate of ethylene production by Pseudomonas solanacearum.
the treatment identity. Plants were inspected daily for signs of Plant Physiol. 56:688-691.
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