
Ralstonia solanacearum, one
of the world’s most impor-
tant phytopathogenic bac-

teria, causes lethal wilting diseases
of .200 plant species1. Its agro-
nomically important hosts include
peanut, potato, tomato, tobacco
and banana. Although most trou-
blesome in the tropics and sub-
tropics, R. solanacearum continues
to be a threat in cooler climates,

especially on potato. A part-time
soil inhabitant, R. solanacearum
enters plant roots via wounds or

where secondary roots emerge,
colonizes the root cortex, invades
xylem vessels and rapidly spreads
throughout the vascular system.
Efficient systemic colonization 
requires production of a high mol-
ecular mass extracellular polysac-
charide (EPS) and multiple extra-
cellular proteins (EXPs)2. Some
EXPs, like the enzymes that attack
plant cell walls, transit the main

trachomatis using a reverse transcriptase
PCR-based method. Antimicrob. Agents
Chemother. 43, 2311–2313

2 Asanuma, K. et al. (1983) A study
concerning the distribution of OTC and
CTC in lung and blood of pigs. J. Anim.
Drugs 6, 1–6

3 Blais, J. and Chamberland, S. (1994)
Intracellular accumulation of tilmicosin
in primary swine alveolar macrophages.
Proc. Int. Pig Vet. Soc. 13, 331

4 Smith, C.R. (1988) The spiramycin
paradox. J. Antimicrob. Chemother. 22
(Suppl. B) 141–144

5 Labro, M.T. (1996) Intracellular
bioactivity of macrolides. Clin.
Microbiol. Infect. 1, S24–S30

6 Tulkens, P.M. (1991) Intracellular
distribution and activity of antibiotics.
Eur. J. Clin. Microbiol. Infect. Dis. 10,
100–106

7 Rakita, R.M. et al. (1994) Intracellular
activity of erythromycin against bacterial
enteric pathogens. Antimicrob. Agents
Chemother. 38, 1915–1921

8 McOrist, S. et al. (1995) Antimicrobial
susceptibility of ileal symbiont
intracellularis isolated from pigs with
proliferative enteropathy. J. Clin.
Microbiol. 33, 1314–1317

9 Kuo, C.C. et al. (1977) Antimicrobial
activity of several antibiotics and a
sulfonamide against Chlamydia
trachomatis organisms in cell culture.
Antimicrob. Agents Chemother. 12,
80–83

10 Raoult, D. et al. (1986) In vitro
susceptibility of Rickettsia conorii to
ciprofloxacin as determined by
suppressing lethality in chicken embryos

and by plaque assay. Antimicrob. Agents
Chemother. 29, 424–425

11 Wyrick, P.B. et al. (1999) Persistent
chlamydial envelope antigens in
antibiotic-exposed infected cells trigger
neutrophil chemotaxis. J. Infect. Dis.
179, 954–966

12 Kutlin, A. et al. (1999) In vitro activities
of azithromycin and ofloxacin against
Chlamydia pneumoniae in a continuous-
infection model. Antimicrob. Agents
Chemother. 43, 2268–2272

13 Raoult, D. (1989) Antibiotic susceptibility
of rickettsia and treatment of rickettsioses.
Eur. J. Epidemiol. 5, 432–435

14 Ridgway, G.L. (1997) Treatment of
chlamydial genital infection. 
J. Antimicrob. Chemother. 40, 311–314

15 Murray, P.R. (1999) Manual for Clinical
Microbiology (7th edn), ASM Press

16 Jones, R.B. et al. (1990) Partial
characterization of Chlamydia
trachomatis isolates resistant to multiple
antibiotics. J. Infect. Dis. 162,
1309–1315

17 Ignatovich, V.F. et al. (1990) Properties
in culture and persistence in cotton rats
of the Rickettsia prowazekii vaccine
strain E and its mutants. Acta Virol. 34,
171–177

18 Fishbein, D.B. et al. (1984) Surveillance
of Rocky Mountain spotted fever in the
United States, 1981–1983. J. Infect. Dis.
150, 609–611

19 Yeaman, M.R. and Baca, O.G. (1991)
Mechanisms that may account for
differential antibiotic susceptibilities
among Coxiella burnetii isolates.
Antimicrob. Agents Chemother. 35,
948–954

20 Charpentier, E. and Courvalin, P. (1999)
Antibiotic resistance in Listeria spp.
Antimicrob. Agents Chemother. 43,
2103–2108

21 Drancoult, M. and Raoult, D. (1999)
Characterization of mutations in the
rpoB gene in naturally rifampin-resistant
Rickettsia species. Antimicrob. Agents
Chemother. 43, 2400–2403

22 Ormsbee, R.A. et al. (1955) The
comparative effectiveness of aureomycin,
tetramycin, chloramphenicol,
erythromycin and thiomycetin in
suppressing experimental rickettsial
infections in chick embryos. J. Infect.
Dis. 96, 162–167

23 Barker, L.F. (1968) Determination of
antibiotic susceptibility of Rickettsiae
and Chlamydiae in BS-C-1 cell cultures.
Antimicrob. Agents Chemother. 425–428

24 Spicer, A.J. et al. (1981) Effectiveness of
several antibiotics in suppressing chick
embryo lethality during experimental
infections by Coxiella burnetii, Rickettsia
typhi and R. rickettsii. In Rickettsiae and
Rickettsial Diseases (Burgdorfer, W. and
Anacker R.L., eds), pp. 375–383,
Academic Press 

25 Drancoult, M. and Raoult, D. (1989) In
vitro susceptibilities of Rickettsia rickettsii
and Rickettsia conorii to roxithromycin
and pristinamycin. Antimicrob. Agents
Chemother. 33, 2146–2148

26 Welsh, L.E. et al. (1992) In vitro
evaluation of the activities of
azithromycin, erythromycin, and
tetracycline against Chlamydia
trachomatis and Chlamydia pneumoniae.
Antimicrob. Agents Chemother. 36,
291–294

C O M M E N T

TRENDS IN MICROBIOLOGY 486 VOL. 8  NO. 11  NOVEMBER 2000

0966-842X/00/$ - see front matter © 2000 Elsevier Science Ltd. All rights reserved.    PII: S0966-842X(00)01860-6

Ralstonia solanacearum – a plant
pathogen in touch with its host

Timothy P. Denny

T.P. Denny is in the Dept of Plant
Pathology, University of Georgia, 
Plant Sciences Building, Athens, 

GA 30602-7274, USA.
tel: 11 706 542 1282, 
fax: 11 706 542 1262, 

e-mail: tdenny@arches.uga.edu



terminal branch of the general 
secretory pathway (type II secre-
tion)3,4 and enhance the rate and
severity of wilting. Other EXPs,
which have more subtle (and so-
far enigmatic) roles in causing dis-
ease and eliciting defense responses,
are delivered to host cells via a type
III secretion system (secreton)5–7.
Wilting is a result of vascular dys-
function caused by high bacterial
cell densities [.1010 colony form-
ing units (CFU) per gram fresh
weight] and the large amount of
EPS these bacteria produce.

Over the past 50 years, extensive
fundamental and applied research
has established R. solanacearum
as a model system for studying
bacterial pathogenesis of plants2.
In addition, R. solanacearum will
be one of the first plant pathogens
to have its genome completely se-
quenced. Extending the cutting-
edge research on R. solanacearum,
Aldon et al.8 recently provided the
first example of host-cell-contact-
mediated type III secretion by a
plant pathogen.

Ins and outs of type III secretion
Numerous phylogenetically diverse
bacteria secrete proteins essential
for virulence in their animal or
plant hosts via conserved type 
III secretons encoded by large 
gene clusters within pathogenicity 
islands4,7,9. Type III systems typi-
cally contain 11 conserved pro-
teins, some of which assemble into
a macromolecular organelle (a
needle-like complex and/or pilus)
that spans the inner and outer bac-
terial membranes and through
which proteins can move. Secreted
effector proteins, which are often
unique, are released in the vicinity
of target cells or are injected into
the host cell plasma membrane or
cytosol, and alter host responses in
ways that promote pathogen sur-
vival, multiplication and coloni-
zation. Plant pathogens secrete
two types of effectors: harpins and
avirulence proteins7. The condi-
tions that promote production and
secretion of harpins into culture
media are known, but the desti-
nation of harpins in planta and
their role(s) in virulence are uncer-
tain. Strong circumstantial evidence
indicates that avirulence proteins

are injected into the cytosol of tar-
get cells, where they can trigger a
defense response or, in some cases,
promote disease. However, little is
known about how avirulence pro-
teins function in planta, as most do
not resemble any protein with a
known activity and the quantities
injected into the plant cell cytosol
are undetectable.

Protein secretion can be con-
trolled either by regulating their
movement through a type III secre-
ton or by modulating transcription
of genes encoding proteins des-
tined to be secreted. The expres-
sion of genes in type III systems is
often regulated by one or more 
environmental parameters, such as
temperature, divalent cations (es-
pecially calcium), pH, oxygen ten-
sion and nutrient availability4,6,7.
Changes in these parameters are
thought to signal to the bacterium
that it has moved from a niche 
outside a host to an inside niche.
However, some animal pathogens
also appear to have sensing sys-
tems that respond to contact with
host cells4,10, which presumably
helps to ensure that effector pro-
teins reach their intended destina-
tions. Several reports11,12 have
shown that when R. solanacearum
is added to a suspension of 
cultured plant cells it responds by
increasing expression of hrpB,
which encodes an AraC-type 
transcriptional regulator. HrpB, 
in turn, enhances production of 
additional Hrp proteins, among
which are the HrpY pilin sub-
unit13, other proteins comprising
the type III secreton, and at least
one harpin and two other secreted 
proteins14. Furthermore, sensing
of plant cells requires the outer 
membrane sensor PrhA and its
downstream signal transduction
cascade11,12. These observations
suggest that R. solanacearum might
specifically respond to contact with
plant cells.

Contact-mediated expression in
R. solanacearum
To visualize gene expression in
single cells of R. solanacearum,
Aldon et al.8 engineered a low-
copy-number plasmid to produce
green fluorescent protein (GFP)
from transcriptional fusions of gfp

to either hrpB or hrpY promoters,
and placed these constructs into
wild-type and mutant backgrounds.
Many color micrographs show
that, for the most part, hrpB–gfp
and hrpY–gfp are highly expressed
only when R. solanacearum cells
are in close proximity to Arabi-
dopsis, tobacco, tomato or Medi-
cago truncatula cells. Induction
must occur rapidly, because fluor-
escence began to increase after 90
minutes of co-cultivation, during
which time the bacteria must ad-
here, sense the cell, transduce the
signal and synthesize functional
GFP. These results are comparable
with those of Pettersson et al.10,
who used a Yersinia strain with the
yopE promoter fused to a bio-
luminescent reporter cassette to
conclude that expression of this 
effector gene is activated by con-
tact with cultured HeLa cells.
R. solanacearum factors that are
essential for adherence to plant
cells have not been identified, be-
cause neither PrhA nor the HrpY
pilus13 is required for this initial,
and presumably crucial, step.

Unlike animal cells, plant cells
have a thick, semi-rigid wall sur-
rounding them that must be the
initial point of bacterial contact.
Therefore, Aldon et al.8 logically
tested isolated plant cell walls for
signal activity and found that hrpB
gene expression was also enhanced
by contact with wall fragments, 
although at a slightly slower rate
than by intact cells. Because the
cell wall fragments were treated to
remove lipids and proteins, these
results suggest that the signal
might be a pre-formed part of the
cell wall polysaccharide matrix.
Although the cell wall signal mol-
ecule is clearly not host specific,
the authors reported only testing
four dicot plants and no monocots
(and especially no grasses). This
could be significant, because the
primary cell walls of grasses are
substantially different from those
of all other flowering plants15. Un-
fortunately, the complexity and
heterogeneity of plant cell wall
polysaccharides will make charac-
terization of potential signaling
molecules challenging.

The nature and the extent of the
contact between R. solanacearum
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and plant cells needed for the in-
duction of hrpB was not well de-
fined, because in some micro-
graphs masses of bacteria that
were up to 20 mm away from plant
cell walls were brightly fluor-
escent. It is unclear whether all
these cases were the result of 
bacteria being dislodged from the
plant cell surface, as the authors
suggest. In addition, their evidence
that the plant signal is non-dif-
fusible was not convincing, as in
this and previous papers, this re-
search group reported only using
medium conditioned by prior
growth of plant cells and not
medium conditioned by co-culti-
vation of plant cell and bacteria.
Only the latter type of conditioned
medium restored attachment of
some Agrobacterium tumefaciens
mutants to plant cells16. It is also
significant that oligosaccharides
released from fungal and plant cell
walls can act as potent signal mol-
ecules17. Therefore, it seems poss-
ible that induction of hrpB could
result from a diffusible signal re-
leased from plant cell walls by poly-
galacturonases or endoglucanases
secreted by the pathogen.

As expected from previous co-
cultivation experiments11,12, R. sol-
anacearum requires the PrhA 
signal cascade to exhibit contact-
mediated hrp gene expression. 
Significantly, it does not require a
functional type III secreton to 
respond to the plant cell signal, so
in R. solanacearum type III secre-
tion is separated from one of the
regulatory systems controlling it.
This pattern of regulation is differ-
ent from that found in Yersinia
species, which coordinately con-
trol both protein secretion and 
expression of effector genes using
proteins that transit its type III 
secreton4.

An additional virulence
regulatory network
Although the Hrp type III secre-
tion system of R. solanacearum
contributes greatly to pathogen-
esis, hrp mutants retain the ability
to invade tomato roots and sys-
temically colonize the vascular 
system, albeit in greatly reduced
numbers18,19. Equally important
for disease is the Phc confinement-

sensing system that controls motil-
ity and the production of EPS 
and multiple cell-wall-degrading
EXPs that exit via type II secre-
tion2. At the core of this complex
regulatory network is PhcA, a
LysR-type transcriptional regula-
tor whose activity is modulated by
the amount of a unique auto-
inducer, 3-hydroxy palmitic acid
methyl ester, which accumulates 
in and around cells growing in 
a confined space. Interestingly,
R. solanacearum also has a typical
quorum-sensing system that re-
sponds to acyl homoserine lactone
autoinducers (and is itself regu-
lated by the Phc confinement-
sensing system), but it is not re-
quired for virulence. The nature
and significance of possible inter-
actions between the Prh/Hrp and
Phc regulatory systems remain 
uncertain.

Unanswered questions
Research on R. solanacearum
should continue to be at the fore-
front of efforts to understand the
mechanisms by which plant patho-
genic bacteria interact with their
hosts. In particular, what we learn
about type III secretion systems in
this and other plant pathogens can
contribute substantially to our
overall knowledge of bacterial
pathogenesis. Some of the out-
standing unanswered questions 
include: do other plant pathogenic
bacteria regulate gene expression
by contact with plant cell walls and,
if so, do they use a system similar
to the PrhA signal transduction
pathway? What is the mechanism
by which R. solanacearum adheres
to plant cells and how important 
is this to subsequent signal recog-
nition by PrhA? What is the 
chemical identity of the plant 
cell wall signal recognized by
R. solanacearum PrhA, and might
this compound be released from
plant cell walls by bacterial activ-
ity? And last, but not least, how 
do the regulatory responses ob-
served in culture (with or without
cultured plant cells) compare 
with those occurring in planta and 
exactly how do they contribute 
to the ability of R. solanacearum
to be such an accomplished 
pathogen?
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Dr Denny gives an excellent
short overview of the 
current ideas on how 

Ralstonia solanacearum interacts
with its host. However, he sug-
gests that a diffusible molecule
could be responsible for the strong
induction of the hrpB regulatory
gene, in contrast to our proposi-
tion that the inducer is associated
with the plant cell wall. Denny
points out that a few clumps of the
fluorescent bacteria are also found
unattached to plant cells, an obser-
vation that might arise if hrpB
were induced by a diffusible signal
released from plant cell walls by
degradative enzymes secreted by
the pathogen. Two arguments,
however, led us to reject this hy-
pothesis: first, the use of a medium
conditioned by co-cultivation of

plant cells and bacteria does not
increase the level of hrpB gene
transcription compared with a
medium conditioned only by plant
cells (D. Aldon, unpublished). Sec-
ond, in the model proposed by
Denny, after a long period of co-
cultivation the action of pathogen-
secreted polygalacturonases or 
endoglucanases should make this
plant signal freely diffusible,
thereby leading to the induction of
hrpB in the majority of bacteria in
the medium. However, even after
16 h of co-cultivation, we still ob-
serve two distinct bacterial popu-
lations: one attached to plant cell
surfaces and displaying strong
hrpB gene expression, and the
other non-attached and remaining
mostly uninduced1. For these 
reasons, we favor the view that the

action of bacterial degradative en-
zymes on plant cell walls could
contribute to make this non-dif-
fusible signal more accessible to
attached bacteria rather than mak-
ing it diffusible. In addition, the
loosening of the plant cell wall
structure might also facilitate the
progression of the Hrp-dependent
pilus, which is required for the se-
cretion (and probably the injection
into plant cells) of the type-III-
dependent effectors2.
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