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ABSTRACT 
Xanthomonas campestris pathovar campestris (Xcc) is the causal agent of black rot disease of cruciferous plants. A cell-cell signaling 
system encoded by genes within the rpf cluster is required for the full virulence of this plant pathogen. This system has been implicated in 
regulation of production of extracellular enzymes, cyclic glucan and the exopolysaccharide xanthan and in the regulation of biofilm 
formation in Xcc. Cell-cell communication is mediated by the diffusible signal factor (DSF), an unsaturated fatty acid whose synthesis 
requires RpfF and RpfB. Here we review current progress on our understanding of DSF signal transduction and of the roles of xanthan, 
cyclic glucan and biofilm development in the interaction of Xcc with plants. Recent observations have shown that the perception of the 
DSF signal requires the sensor kinase RpfC and is linked to the degradation of the intracellular second messenger cyclic di-GMP by the 
HD-GYP domain regulator RpfG. The mechanisms by which cyclic di-GMP exerts its regulatory influence on xanthan, cyclic glucan and 
biofilm formation remain obscure however. It is now established that DSF signaling has to be finely balanced for the formation of 
structured biofilms in static cultures in minimal medium and for virulence to plants. New roles for xanthan and cyclic glucan in disease 
through suppression of plant immune responses have been uncovered. Xanthan induces susceptibility to Xcc in Nicotiana benthamiana 
and Arabidopsis thaliana by suppressing callose deposition. Unlike xanthan, which acts only locally, the effects of cyclic glucan on plant 
defense suppression and callose deposition occur in a systemic fashion. These advances contribute to the increased understanding of the 
molecular basis of bacterial disease, which is a major aim in the post-genomic era in plant-bacterial interactions. 
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INTRODUCTION 
 
Xanthomonas campestris pv. campestris (Xcc) is the causal 

agent of black rot, an economically important disease which 
affects cruciferous crops worldwide (Onsando 1992). As 
with many phytopathogenic bacteria, Xcc produces a range 
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of factors that contribute to the ability of the bacterium to 
parasitise the host (Daniels et al. 1994). Among these are 
extracellular enzymes capable of degrading plant cell wall 
polymers and other plant components and extracellular poly-
saccharide (EPS). The EPS produced by Xcc is called xan-
than, and is a polymer composed of repeating pentasac-
charide units with the structure mannose-1,4-�-glucuronic 
acid-1,2-�-mannose-1,3-�-cellobiose (Jansson et al. 1975). 
Xcc also produces a neutral cyclic glucan containing 16 glu-
cose residues. Cyclic glucan can be found both in a peri-
plasmic location within bacterial cells (Talaga et al. 1996) 
and in culture supernatant (Amemura and Cabrera-Crespo 
1986; York 1995). 

In Xcc the production of extracellular enzymes, cyclic 
glucan and xanthan are subject to co-ordinate positive regu-
lation by a cluster of genes, the rpf cluster (for regulation of 
pathogenicity factors) (Tang et al. 1991). Mutations in rpf 
genes lead to reduced virulence in host plants. Several of 
the rpf genes encode components of a cell-cell communica-
tion system mediated via a small diffusible molecule, which 
has been called DSF (for diffusible signal factor) (Barber et 
al. 1997; Slater et al. 2000). DSF has been characterised as 
the unsaturated fatty acid cis-11-methyl-dodecenoic acid 
(Wang et al. 2004). In addition to control of synthesis of 
extracellular enzymes, cyclic glucan and xanthan (Vojnov 
et al. 2001b), DSF signaling controls biofilm dispersal in 
rich medium (Dow et al. 2003). 

Recent work has shed more light on both the mecha-
nisms of DSF signal transduction and the role of DSF-con-
trolled processes in promoting bacterial disease. Here we 
review these findings, specifically addressing the role of 
cyclic di-GMP as a second messenger in DSF signaling, the 
action of xanthan and extracellular cyclic glucan in suppres-
sion of plant defense responses, and the fine balance of DSF 
synthesis that is required for biofilm formation in minimal 
medium and for optimal virulence to plants. In this way we 
hope to highlight the newly discovered strategies that Xcc 
uses to cause disease in the host plant. 
 
 
 

CELL-CELL SIGNALING IN XANTHOMONAS 
 
The rpf gene cluster and cell-cell signaling in 
Xanthomonas 
 
As introduced above, the synthesis of several virulence 
factors involved in Xcc pathogenicity is controlled by the 
products of the rpf genes (Tang et al. 1991). This cluster 
comprises nine genes, rpf A to I and is located within a 21.9 
kb region of the Xcc chromosome. The left part of this re-
gion contains six contiguous rpf genes with the gene order 
rpf ABFCHG. Mutations in any of these genes lead to co-
ordinate down regulation of the synthesis of all the extra-
cellular enzymes, cyclic glucan and EPS (Barber et al. 
1997; Vojnov et al. 2001). The rpfBFGHC genes encode 
components of the DSF cell-cell signaling system. RpfF and 
RpfB direct the production of the DSF signal molecule 
(Barber et al. 1997), which has been characterized as the 
unsaturated fatty acid cis-11-methyl-dodecenoic acid (Fig. 
1A) (Wang et al. 2004). The synthesis of DSF is completely 
dependent on RpfF, which has a certain amino acid se-
quence similarity to enoyl-CoA hydratases, but is only par-
tially dependent on RpfB, which is a long chain fatty acyl 
CoA ligase. The rpfB and rpfF genes are co-transcribed 
from a promoter upstream of rpfB, although rpfF also has 
its own promoter (Slater et al. 2000). The rpfF mutants can 
be phenotypically corrected for the production of extracel-
lular enzymes, cyclic glucan and EPS by the exogenous 
addition of DSF or by growth on plates in proximity to a 
wild type strain (Barber et al. 1997; Vojnov et al. 2001b). 

Perception of the DSF signal requires the two-compo-
nent system comprising RpfC and RpfG, which are encoded 
within the rpfGHC operon, which is contiguous with rpfF 
but convergently transcribed (Slater et al. 2000). RpfC is a 
complex sensor kinase with a predicted membrane-associ-
ated sensory input domain as well as histidine kinase, 
CheY-like receiver (REC) and C-terminal histidine phos-
photransfer (HPt) domains. RpfG is a novel regulator with a 
CheY-like receiver (REC) domain and an HD-GYP domain. 
Although the amino acid sequence of RpfH resembles that 
of the sensory input domain of RpfC, no role for RpfH in 
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Fig. 1 (A) Structure of DSF. (B) Struc-
ture of cyclic di-GMP. (B) Model for 
regulation of virulence factor production 
by rpf/DSF system. The synthesis of the 
DSF signal requires RpfF and is partially 
dependent on RpfB. DSF perception and 
signal transduction involves the complex 
sensor RpfC and HD-GYP domain regu-
lator RpfG, which is a cyclic di-GMP 
phosphodiesterase. By analogy with a 
number of related sensor proteins, signal 
transduction may involve autophosphory-
lation of RpfC in response to ligand 
(DSF) binding, followed by phosphorelay 
and phosphotransfer to the cognate regu-
lator, in this case RpfG (indicated by 
arrows). Phosphorylation of RpfG leads to 
its activation as a cyclic di-GMP phospho-
diesterase, an activity associated with the 
HD-GYP domain. The consequent altera-
tions in the level of cyclic di-GMP affect 
the synthesis of virulence factors such as 
extracellular enzymes, biofilm dispersal 
and motility by as yet unknown mecha-
nisms. RpfC may recognise additional 
environmental cues. KEY to domains: 
Boxes: putative transmembrane helices; 
REC: CheY-like two-component receiver 
domain; HPt: histidine phosphotransfer; 
HisK: histidine kinase. 
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DSF signaling or regulation of extracellular enzyme or xan-
than synthesis is yet apparent and rpfH mutants retain full 
virulence (Slater et al. 2000; Dow et al. 2003). In addition 
to positive regulation of virulence factor synthesis, RpfC 
acts to negatively regulate DSF synthesis, a function that 
does not involve RpfG (Slater et al. 2000). 

The remaining rpf genes (rpfA, rpfD, rpfE and rpfI) 
have no apparent involvement in the DSF-dependent pro-
duction of Xcc virulent factors and have minor regulatory 
roles (Barber et al. 1997; Wilson et al. 1998; Dow et al. 
2000). The function of some of these Rpf proteins has been 
described or can be predicted from their amino acid se-
quence. Accordingly, RpfA is an aconitase that may play a 
role in iron homeostasis (Wilson et al. 1998), and RpfD has 
a LytTR DNA-binding domain (IPR007492) (Nikolskaya 
and Galperin 2002), suggesting a role in transcriptional acti-
vation. RpfE and RpfI are conserved hypothetical proteins 
(Dow et al. 2000). 
 
Dual signaling functions of RpfC involve either 
phosphorelay or receiver domain-protein 
interactions 
 
As outlined above, RpfC acts to positively regulate viru-
lence factor synthesis in response to DSF but to negatively 
regulate the synthesis of DSF itself. Recent work has shown 
that these dual signaling functions are achieved by different 
mechanism (He et al. 2006a, 2006b). Work on sensor kina-
ses with related domain structure (such as BvgS of Borde-
tella spp. and and ArcB of Escherichia coli) has implicated 
autophosphorylation as a consequence of signal perception 
followed by phosphorelay via REC and HPt domains to the 
cognate regulator as the mechanism of signal transduction. 
By analogy it was proposed that RpfC worked in the same 
fashion (Slater et al. 2000; He et al. 2006a, 2006b). Muta-
tional analysis of the three conserved amino acid residues of 
RpfC implicated in phosphorelay (H198 in the histidine 
kinase domain, D512 in the REC domain and H657 in the 
HPt domain) showed that they are essential for activation of 
the production of extracellular enzymes and xanthan, but 
not for repression of DSF biosynthesis. Domain deletion 
analyses revealed that the REC domain of RpfC alone was 
sufficient to repress DSF overproduction in an rpfC mutant. 
This may involve a physical interaction between the REC 
domain and RpfF, the enzyme involved in DSF biosynthesis, 
as suggested by co-immunoprecipitation and far western 
blot analyses. 

These data support a model in which RpfC modulates 
the different functions of virulence factor synthesis and 
DSF synthesis by utilization of a conserved phosphorelay 
system (Fig. 1C) and a novel domain-specific protein-pro-
tein interaction mechanism, respectively. In this model se-
questration of RpfF by RpfC renders it inactive in DSF syn-
thesis. Structural changes in RpfC, perhaps as a result of 
DSF binding and auto-phosphorylation, allow release of 
RpfF, which is then active in DSF synthesis. In this view, 
perception of DSF would be auto-inductive on its synthesis, 
but this would not involve changes in expression of the rpfF 
gene. This is consonant with the finding that transcript 
levels of rpfF are only modestly elevated over wild type in 
an rpfC mutant, whereas DSF levels are considerably higher 
(Slater et al. 2000). Although the model is consistent with 
the available data, it cannot be excluded that DSF synthesis 
is additionally regulated at other levels, perhaps by the sup-
ply of the substrates for RpfB/RpfF or post-transcriptional 
control of the expression of RpfF and RpfB proteins. 
 
DSF signal transduction and cyclic di-GMP 
degradation 
 
As outlined above, perception of the DSF signal is thought 
to activate the autophosphorylation of RpfC and result in 
phosphorelay and phosphotransfer to the REC domain of 
the RpfG regulatory protein. RpfG is an unusual two-com-
ponent regulator in that it has an HD-GYP domain attached 

to the REC domain, rather than a DNA binding domain as 
seen in the majority of such regulators (Slater et al. 2000). 
The HD-GYP domain is a subset of the HD superfamily of 
metal dependent phosphohydrolases (Galperin et al. 1999, 
2001). Bioinformatic studies have suggested a role for the 
HD-GYP domain in the degradation of the bacterial second 
messenger cyclic di-GMP (Galperin et al. 1999, 2001). 
Recent experimental studies have shown that the HD-GYP 
domain is indeed a novel cyclic di-GMP phosphodiesterase 
(Ryan et al. 2006a), thus implicating cyclic di-GMP in DSF 
signal transduction. 

Cyclic di-GMP (bis-(3-5)-cyclic di-guanosine mono-
phosphate) is an almost ubiquitous second messenger in 
bacteria that was first described as an allosteric activator of 
cellulose synthase (Ross et al. 1990), but it is now known to 
regulate a range of functions, including biofilm formation, 
motility, developmental transitions, virulence factor synthe-
sis and the virulence of human and animal pathogens 
(D’Argenio and Miller 2004; Jenal 2004; Paul et al. 2004; 
Romling and Amikam 2006). The structure of cyclic di-
GMP is shown in Fig. 1B. Two protein domains, GGDEF 
(IPR000160) and EAL (IPR001633), are implicated in the 
synthesis and degradation respectively of cyclic di-GMP 
(Scarpari et al. 2003; Paul et al. 2004; Christen et al. 2005; 
Ryjenkov et al. 2005). Synthesis of cyclic di-GMP by the 
GGDEF domain occurs from GTP, whereas EAL domains 
are phosphodiesterases that convert cyclic di-GMP into the 
linear nucleotide pGpG. GGDEF and EAL domains are 
widely distributed in bacteria including plant pathogens. 
The majority of proteins containing these domains have 
additional signaling domains, suggesting that their activities 
are responsive to different environmental cues (Galperin et 
al. 2001; Romling et al. 2005; Romling and Amikam 2006). 
In general high cellular levels of cyclic di-GMP promote 
biofilm formation and sessile growth, whereas low levels 
promote virulence factor synthesis and motility (Galperin et 
al. 2001; Romling et al. 2005; Romling and Amikam 2006). 

Indirect evidence for the role of RpfG in cyclic di-GMP 
turnover has come from experiments where GGDEF and 
EAL domain proteins have been ectopically expressed in 
Xcc wild type and rpfG mutant. Expression of genes enco-
ding EAL domain proteins in the Xcc rpfG mutant restores 
extracellular enzymes. In contrast expression of genes enco-
ding a GGDEF domain protein in wild type X. campestris 
gives a phenocopy of the rpfG mutant (Ryan et al. 2006). 
These indirect observations are consistent with a role for the 
HD-GYP domain in cyclic di-GMP hydrolysis. This conclu-
sion was supported by biochemical studies that demonstrate 
that the isolated domain can hydrolyse cyclic di-GMP to 
GMP via the linear intermediate pGpG (Ryan et al. 2006). 
Mutation of the HD residues comprising the presumed cata-
lytic diad of the HD-GYP domain abolishes both the regu-
latory activity and enzymatic activity against cyclic di-GMP. 
Further support for a role of cyclic di-GMP in DSF signal 
transduction has come from experiments in which the RpfC/ 
RpfG two-component system has been re-constructed in 
Pseudomonas aeruginosa and shown to confer responsive-
ness to exogenously added DSF as seen through effects on 
swarming motility (Ryan et al. 2006a). It has been proposed 
that phosphorylation of RpfG leads to its activation in cyc-
lic di-GMP hydrolysis (Fouhy et al. 2006; Fig. 1C) al-
though this has not been directly demonstrated. 

The link of DSF signal perception to cyclic di-GMP 
degradation raises the related issues of whether other cyclic 
di-GMP signaling systems in Xcc regulate the same func-
tions as RpfG and how such a system with many potential 
players is functionally organized. A comprehensive muta-
tional analysis of the role of all 37 proteins with HD-GYP, 
GGDEF and EAL domain proteins in regulation of extracel-
lular enzyme synthesis and motility in Xcc has been re-
cently reported (Ryan et al. 2007). A number of proteins in 
addition to RpfG act to regulate extracellular enzyme syn-
thesis, although different proteins have significant roles 
under different growth conditions. RpfG is the only protein 
to have an influence under all growth conditions tested and 
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loss of RpfG has the biggest effect on extracellular enzyme 
synthesis. These findings are consistent with the concept of 
a signaling network that includes the RpfC/RpfG system 
and that responds to and integrates information from a num-
ber of cues including the DSF cell-cell signal. Conversely 
other signaling elements in Xcc regulate motility but have 
no effect on extracellular enzyme production. This is con-
sistent with the concept of localised action of certain ele-
ments in cyclic di-GMP signaling. 
 
The DSF ‘regulon’ and signal transduction beyond 
RpfG 
 
The full extent of the DSF ‘regulon’ has been examined by 
transcriptome profiling (He et al. 2006b). It is evident that 
DSF signaling regulates a number of functions in addition 
to extracellular enzymes and extracellular polysaccharide 
with a potential contribution to bacterial virulence; these in-
clude resistance to oxidative and other stresses, iron assimi-
lation and motility (He et al. 2006b). Several recent studies 
have addressed the molecular details of the DSF signal 
transduction beyond RpfG, which are not well understood. 
The mechanism(s) by which cyclic di-GMP exerts its regu-
latory influences in Xcc is unknown. Work in other bacteria 
has implicated PilZ, a cyclic di-GMP binding domain, as an 
adaptor in the regulatory action of cyclic di-GMP (Amikam 
and Galperin 2006; Ryjenkov et al. 2006). There are four 
PilZ domain-containing proteins in Xcc, whose regulatory 
roles have yet to be examined. The HD-GYP domain of 
RpfG from the related pathogen X. axonopodis pv. citri has 
been shown by yeast two-hybrid analysis to interact with a 
subset of GGDEF domain proteins (Andrade et al. 2006). 
Although this may suggest an action of RpfG in modulating 
the activity of specific cyclic di-GMP generating systems, 
the biological relevance of such interactions remains to be 
investigated. 

The DSF/rpf system has also been shown to activate 
transcription of the gene encoding the cyclic-AMP receptor-
like protein Clp (He et al. 2007). In Xcc, Clp regulates 
many functions including the expression of genes for extra-
cellular enzymes and EPS synthesis, and those for the regu-
lators Zur and FhrR. In turn Zur regulates genes for func-
tions such as iron uptake, the TCA cycle, multidrug resis-
tance and detoxification, whereas FhrR regulates expression 
of genes for flagellar synthesis and type III secretion (He et 
al. 2007). The available evidence indicates that not all of 
the regulatory effects of RpfG are exerted through the ac-
tion of Clp. For example Clp is not apparently involved in 
regulation of biofilm dynamics in Xcc (He et al. 2007). 
 
ROLE OF XANTHAN IN THE XANTHOMONAS-
PLANT INTERACTIONS 
 
Xanthan as a virulence factor 
 
The synthesis of xanthan is certainly required for Xcc pa-
thogenicity. Mutation of genes involved in the synthesis of 
xanthan reduces bacterial survival within Brassica campes-
tris leaves. When inoculated into the mesophyllic tissue, 
populations of such mutants are two to three orders of mag-
nitude lower in comparison with those of the wild type 
(Newman et al. 1994). In the field, bacteria normally enter 
intact leaves through the hydathodes at the leaf margins and 
then multiply and spread within xylem vessels. Vein black-
ening, the first visible symptom (and which gives the dis-
ease its name), and disorganization of the vascular tissues 
soon follows the obstruction of vessels. The synthesis of 
xanthan is required not only for the early stages of hyda-
thode colonisation (Hugouvieux et al. 1998), but is also 
thought to contribute to the xylem obstruction (Leigh and 
Coplin 1992). The role and function of bacterial EPS has 
been, and still is, a matter of some discussion. Xanthan may 
contribute to resistance to desiccation and the action of re-
active oxygen compounds produced by challenged plants 
Xanthan is also known to contribute to biofilm formation by 

Xcc (Dow et al. 2003) and this is discussed in the context of 
new findings on biofilm formation in a later part of the re-
view on biofilms. In the following sections we briefly des-
cribe the structure of xanthan and its synthesis before going 
on to discuss the relatively recent discovery of its role in 
suppression of plant defenses. 
 
Chemical structure of xanthan and synthesis 
 
The chemical structure of xanthan consists of a ‘cellulose’ 
backbone of �-1,4 linked glucose residues with a side chain 
comprising the trisaccharide mannose-�-1,4-glucuronic 
acid-�-1,2-mannose-�-1,3 attached to every other glucose. 
Xanthan is also substituted with pyruvate and acetate moie-
ties. A complete structure is represented in Fig. 2A. The 
synthesis of xanthan involves the assembly of the pentasac-
charide repeating unit while linked to a polyprenol through 
a diphosphate bridge. Subsequently, the repeating unit is 
polymerized and the polymer secreted outside the cell body 
(Ielpi et al. 1993). The genes that encode for the enzymes 
involved in the transfer of the sugars and of the non-glyco-
sidic substituents are located in a cluster which comprises 
12 predicted open-reading frames, gumB–gumM (Thorne et 
al. 1987; Katzen et al. 1996, 1998; Vojnov et al. 2002). 
Transcriptional analysis has shown that the gum genes are 
mainly expressed as an operon from a promoter upstream of 
the first gene, gumB (Katzen et al. 1996) (Fig. 2B). 
 
Xanthan production in planta and its regulation 
 
To investigate the timing of xanthan production within 
plants, a reporter construct was created by fusion of the re-
gion of the gum gene cluster that is immediately upstream 
of gumB gene with the coding sequence for �-glucuronidase 
of Escherichia coli (gus A). The expression of the gumgusA 
reporter was maximal during stationary phase of growth, of 
bacteria grown in liquid cultures and when bacterial popu-
lations had reached maximal levels in plant mesophyll 
tissue (Vojnov et al. 2001). The level of expression of 
gumgusA in planta was reduced in an rpfF mutant com-
pared to the wild type, as is also seen in liquid cultures. This 
suggests a positive regulation of xanthan synthesis by rpfF 
(and hence by DSF signaling) occurs within the plant host 
(Vojnov et al. 2001). 

A similar pattern of expression was also observed for 
the eps operon of Ralstonia solanacearum (formerly known 
as Pseudomonas solanacearum and Burkholderia solanace-
arum) which directs the biosynthesis of EPS I, the complex 
exopolysaccharide of this tomato pathogen (Kang et al. 
1999). The eps operon is only activated at later stages of 
infection. The results strongly suggest that both Xcc and R. 
solanacearum produce large amount of EPS only at later 
phases of disease. 

There are several possible reasons why bacteria would 
not wish to produce large amounts of EPS during early pha-
ses of pathogenesis. A limited EPS production may allow 
adherence of bacterial colonies to plant cell surfaces promo-
ting the establishment of biofilms or microcolonies, and 
may allow the proper functioning of type III secretion sys-
tems encoded by the hrp gene clusters (for hypersensitive 
resistance and pathogenicity), which are critical for the es-
tablishment infection. Copious production of EPS early in 
pathogenesis might interfere with these processes. Con-
versely high production of EPS at later stages of disease in 
tissues undergoing necrosis might protect the bacteria 
against various stresses, such as desiccation and damage by 
reactive oxygen species liberated by as a part of the plant 
defense response. 
 
Xanthan as suppressor of plant defense 
 
Recent studies have examined the importance of xanthan 
production and xanthan structure for Xcc virulence in Nico-
tiana benthamiana and Arabidopsis thaliana. The behave-
our of the wild type strain was compared with that of and 
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two mutants carrying Tn5 transposon insertions in different 
genes responsible for the xanthan synthesis (Fig. 2B). One 
of these mutants, with an insertion immediately upstream of 
the gumB gene, is unable of produce xanthan (Vojnov et al. 
1998). The other mutant carries an insertion in gumK gene 
that encodes the glucuronosyl transferase enzyme (Fig. 2B). 
This mutant is unable to transfer glucuronic acid residues to 

the lipid-linked repeating unit, producing truncated side 
chains (Fig. 2A, dotted line). Nevertheless, the trisaccharide 
repeating unit is polymerized into a high molecular-weight 
polysaccharide, with a substituted cellulose-like structure, 
that is released into the growth medium (Vojnov et al. 2002). 

The Xcc gumB mutant was not pathogenic in either A. 
thaliana or N. benthamiana and did not incite disease symp-
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gumD
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gumG gumH
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Fig. 2 (A) Xanthan structure. Two repeating units are represented to show the different substitutions in the external mannoses. Glc = glucose; GlcA = glu-
curonic acid; Man = mannose; O-Acet = Acetyl group O linked; Pyr = ketalpyruvate. (B) gum gene function: gumB = polymerization and export; gumC = 
polymerization and export; gumD =tranferase I = Glc 1-P transferase; gumM = tranferase II = Glctransferase; gumH = tranferase III = Man 1 transferase; 
gumK = tranferase IV = GlcA transferase; gumI = tranferase V = Man 2 transferase; gumF = Acetyl transferase; gumG = Acetyl transferase II; gumL = 
Ketal pyruvate transferase. 
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Wild�type Fig. 3 Xanthan is essential for 
pathogenicity and suppresses 
callose deposition. (A) Infec-
tion of N. benthamiana with Xcc
strains. Symptoms in N. bentha-
miana leaves after inoculation 
with either wild type Xcc strain, 
Xcc ndvB mutant and gumK 
mutant. (B) Callose deposition 
in N. benthamiana leaves is 
associated with resistance and is 
suppressed by the Xcc exopoly-
saccharide xanthan. N. bentha-
miana leaves were pretreated 
with water, xanthan, or trun-
cated xanthan and inoculated 
with strains of Xcc. The leaves 
were then stained for callose 
deposits 24 h post inoculation 
(white dots) and observed by 
light (left, light sections) and 
fluorescence microscopy (right, 
dark sections). a: wild type, b: 
gumB, c: gumB + polytrisaccha-
ride, d: gumB + xanthan, e: 
water, f: gumK, g: gumK + 
polytrisaccharide, h: gumK + 
xanthan. 
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toms as seen with the wild type strain (Fig. 3A). These stu-
dies confirmed previous findings (Newman et al. 1994) that 
showed an essential function of xanthan in the pathogenic 
interaction of Xcc with plants. The relevance of the struc-
ture and composition of the polysaccharide was also studied 
by use of the gumK mutant, which produces a truncated 
xanthan polymer. The gumK mutant showed reduced viru-
lence when inoculated into leaves of A. thaliana and an ab-
sence of symptoms when inoculated into N. benthamiana 
(Yun et al. 2006) (Fig. 3A). The reduced capacity in the 
production of symptoms of gumK mutant gave the first indi-
cation of the importance of the structure and composition of 
the EPS in Xcc infectivity. 

Examination of the plant response to Xcc wild type and 
gum mutants has given an insight into a potential role for 
xanthan in defense suppression during disease. Inoculation 
of plants with gumB or gumK mutants leads to an enhanced 
deposition in the plant cell wall of callose, a beta (1,3) 
glucan with 1,6 modifications that is associated with in-
creased resistance of plants against some pathogens (Stone 
BA 1992; Hamiduzzaman et al. 2005). This effect is not 
seen with the wild type. Pre-treatment of plants with xan-
than from the wild type, but not the polytrisaccharide pro-
duced by gumK mutant, is able to suppress this callose de-
position (Yun et al. 2006) (Fig. 3B). These results show a 
role of xanthan as suppressor of the plant defense and fur-
ther suggest that the presence of the negatively charged glu-
curonosyl and ketal-pyruvate residues in the xanthan might 
be essential for this biological function during bacterial-
plant interaction. It has been previously shown that local in-
crease in Ca2+ ions can directly activate the callose synthase 
enzyme and initiate callose formation (Kohle et al. 1985). 
One mechanism by which xanthan could act to suppress cell 
wall-based plant defense would therefore be binding of 
extracellular calcium ions, with consequent interference of 
signal transduction linked to callose synthetase activation. 
This ability to bind Ca2+ will depend on its negative charge, 
which is conferred by the presence of glucuronosyl residues 
and through ketal-pyruvate substitution. The loss of nega-
tive charge in the EPS from the gumK mutant hence renders 
it inactive in suppression (Yun et al. 2006). 
 
ROLE OF �-(1,2) CYCLIC GLUCAN IN 
XANTHOMONAS-PLANT INTERACTIONS 
 
The DSF signaling system regulates the level and cellular 
distribution of cyclic glucan in Xcc by mechanisms that 
remain obscure. Studies of rpfF and rpfC mutants show that 
compared to the wild type they have lower levels of cell-
associated glucan and produce only trace levels in the cul-
ture supernatants (Vojnov et al. 2001). In addition to rpf 
regulation, the levels of cyclic glucan in Xcc are subject to 
osmotic control (Vojnov et al. 2001), as has been found for 
periplasmic glucans in a wide range of bacteria. 
 
Osmoregulated periplasmic glucan families 
 
Four families of osmoregulated periplasmic glucan have 
been recognised based on the structural features of the poly-
glucose backbone. The family I glucans, which are found in 
Escherichia coli, and the plant pathogens Erwinia chrysan-
themi and Pseudomonas syringae, are highly branched 
structures consisting of a backbone of �-1,2-linked glycosyl 
residues to which the branches are attached by �-1,6-linka-
ges. The plant pathogenic Agrobacterium spp. and symbio-
tic Rhizobium and Sinorhizobium spp. synthesise family II 
glucans which have cyclic �-1,2-linked glucose backbones 
of heterogeneous size. The family III glucans such as those 
found in Bradyrhizobium japonicum, are also cyclic, but 
differ from those of family II by having �-1,6- and �-1,3 
links instead of �-1,2 and by a strict control of ring size. 
The glucan produced by Xcc falls into family IV, a group 
that also includes the cyclic glucan of Ralstonia solanacea-
rum, another important plant pathogen (Breedveld and Mil-
ler 1994; Bohin 2000). They all have one �-1,6 linkage with 

the rest with �-1,2 (Bohin 2000). 
The three distinct sets of genes that direct the synthesis 

of glucans of the families I, II and III have been defined res-
pectively as the mdo family, the ndv family and a third fa-
mily with one representative found in Bradyrhizobium japo-
nicum. In Escherichia coli, two genes forming the mdoGH 
operon are required for glucan synthesis; closely related 
genes (including hrpM), are found in Pseudomonas syrin-
gae. In Sinorhizobium meliloti, two linked genes (ndvA and 
ndvB) are required for cyclic glucan synthesis. Closely rela-
ted genes to ndvA and/or ndvB are found in Agrobacterium 
tumefaciens (chvA and chvB), Sinorhizobium fredii (ndvB) 
and Brucella abortus (cgs) (Bohin 2000). 
 
Glucan participation in bacterial-host interactions 
 
Evidence from mutational analysis of those genes involved 
in the synthesis of glucans suggests a role for this com-
pounds in the interaction of phytopathogenic and symbiotic 
bacteria with plants as well as bacterial pathogens with 
animal hosts (Geremia et al. 1987; Arellano-Reynoso et al. 
2005; Rigano et al. 2007). In many cases structural genes 
for glucan synthase were isolated through screens for bacte-
rial mutants with attenuated virulence or loss of pathogeni-
city, before the precise role of the genes in glucan synthesis 
was established. Accordingly chv mutants of Agrobacterium 
tumefaciens and hrpM mutants of Pseudomonas syringae 
do not produce symptoms of disease in normally suscepti-
ble plants (Douglas et al. 1985; Loubens et al. 1993). Simi-
larly, ndvB mutants of Sinorhizobium meliloti form defec-
tive nodules on alfalfa (Geremia et al. 1987). 

Mutants in glucan synthase genes were first character-
ised in several model organisms (E. coli, P. syringae, A. 
tumefaciens, S. meliloti). The loss of cyclic glucan synthesis 
in Sinorhizobium meliloti through mutation of ndvB gives 
rise to a pleiotropic phenotype where nodulation and moti-
lity are both compromised (Geremia et al. 1987). Closely 
related genes from other bacteria producing the same family 
of periplasmic glucan as S. meliloti (family II) are able to 
complement these defects in the ndvB mutant of S. meliloti. 
Interestingly, genes from Bradyrhizobium japonicum, which 
produces a family III periplasmic glucan, are also able to 
complement (Bohin 2000). 
 
Genes encoding the glucan synthase in 
Xanthomonas 
 
Xcc produces a neutral cyclic �-1,2-glucan with 16 glucose 
residues with 15 �-1,2-linked glycosyl residues and one �-
1,6-linked residue (Amemura and Cabrera-Crespo 1986; 
York 1995; Talaga et al. 1996) (Fig. 4A). 

According to their homology with identified sequences 
in other bacteria, there are three candidate genes for glucan 
synthase in Xcc: (1) hrpM with homology to mdoA of E. 
coli, Erwinia and Pseudomonas, (2) a gene highly similar to 
the ndvB (nodulation development) and chvB (chromosomal 
virulance) genes of Rhizobium and Agrobacterium respec-
tively, and (3) XC_4168, which has homology to the 3’ end 
of the ndvB gene (da Silva et al. 2002). As is found in Rho-
dobacter sphaeroides, inactivation of the Xcc gene related 
to ndvB, has no consequence in cyclic glucan synthesis in 
Xcc (Cogez et al. 2002). In contrast, the disruption of 
XC_4168 compromises the production of the extracellular 
cyclic �-(1,2)-glucan in Xcc (Rigano et al. 2007), thus iden-
tifying it as the synthase responsible for cyclic glucan syn-
thesis in Xcc. The construction of a defined mutant with a 
disruption of this gene permitted the assessment of the role 
of cyclic glucan in the interaction of Xcc with plants 
(Rigano et al. 2007). The function of the candidate genes 
homologous to ndvB and hrpM in Xcc remains unclear. 
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Glucan as suppressor of plant defense during 
Xanthomonas infection 
 
The effects of inactivation of the Xcc XC_4168 ndvB gene 
on disease development were evaluated in the model plants 
N. benthamiana and A. thaliana (Rigano et al. 2007). The 
behaviour of the Xcc ndvB mutant in planta was compared 
to that of the wild type by analyzing the production of 
symptoms and bacterial growth kinetics after bacterial infil-
tration. In addition, the defense-related responses of the 
synthesis of callose and the induction of the gene encoding 
the defense-related protein PR1 were monitored (Rigano et 
al. 2007). 

The ndvB mutant shows an absence of disease symp-
toms after leaf inoculation (Fig. 4B, left upper picture), 
which is associated with attenuated growth and lower final 
population size compared to the wild type (Fig. 4B, left 
lower picture). In addition, clear differences are observed 
between wild type and ndvB mutant in terms of callose 
deposition and the accumulation of transcripts for PR-1. 
After wild type Xcc inoculation, PR-1 transcripts are barely 
detectable at 12 h and reach a maximum accumulation at 24 
h. In contrast, in response to the ndvB strain, accumulation 
of PR-1 transcripts reach high levels at 12 h, and this state 
is maintained until 24h after inoculation. Leaves challenged 
with the Xcc ndvB mutant strain show considerably en-
hanced callose deposition compared to leaves inoculated 
with the wild type strain. Taken together, the lower bacterial 
numbers attained, the more rapid induction of PR-1 and 
alteration in the plant cell wall suggest that the host is ex-
hibiting a resistance response to the ndvB strain. This sug-
gests that Xcc cyclic �-(1,2)-glucan may have a role in indu-
cing host susceptibility through suppression of plant de-
fense. These conclusions are supported by experiments 

which show that pre-treatment of leaves with cyclic (1,2) 
glucan suppresses PR1 induction and callose deposition by 
the ndvB mutant and restores virulence (Rigano et al. 2007). 
In correlation with PR1 and callose synthesis suppressions, 
pre-treatment with glucan complemented the ndvB mutant 
symptoms and increased the Xcc wild type aggressiveness 
(Fig. 4B, right upper and right lower pictures, respectively). 
 
The translocation of cyclic glucan in plants and 
the induction of systemic susceptibility to Xcc 
 
To further understand the role of glucan in the suppression 
of defense responses, N. benthamiana leaves were pre-in-
filtrated with purified glucan followed by bacterial inocula-
tion of the pre-treated (local) or non-pre-treated (distal) 
leaves with Xcc wild type and the ndvB mutant strain. Eva-
luation of disease symptoms, bacterial growth, callose de-
position and PR1 expression indicated cyclic glucan acted 
to suppress plant defenses not only locally but in a systemic 
fashion (Rigano et al. 2007). These latter findings rise the 
immediate question of what signal is translocated through 
the plant to induce disease susceptibility in the distal leaves? 
One possibility is that glucan interaction with the plant cell 
triggers production of a second molecular signal for syste-
mic susceptibility that is translocated. Another possibility is 
that the glucan itself is the translocated signal. This issue 
was partially resolved by the demonstration that enzymatic-
ally-synthesized 14C-glucan could be translocated in an in-
tact form from inoculated leaves to those that were not in-
oculated. Although the ability of the cyclic glucan to exert a 
systemic effect on disease suppression is correlated with the 
systemic movement of the molecule, currently it is not pos-
sible to formally exclude the involvement of a second trans-
located signal. Some bacterial toxins have been shown to be 
able to spread in plant in the absence of the producing pa-
thogens (Mitchell and Bieleski 1977). Furthermore, corona-
tine, a toxin produced by Pseudomonas syringae, also indu-
ces systemic susceptibility in plants (Cui et al. 2005). It is 
still unknown however if systemic effects induced by coro-
natine require translocation of the molecule itself or occur 
via local activation of the jasmonic acid pathway. 
 
BIOFILM FORMATION AND VIRULENCE IN 
XANTHOMONAS 
 
DSF-mediated signaling is required for the 
dispersal/formation of biofilm in Xcc 
 
Biofilms have been defined as matrix-enclosed bacterial 
populations that are adherent to each other and/or to surfa-
ces or interfaces. As with animal and human pathogens, the 
ability of bacterial plant pathogens to form and detach from 
biofilms may be considerable implications for the comple-
tion of the disease cycle. The DSF cell-cell signaling sys-
tem is known to regulate the dispersal of biofilms formed 
by Xcc in shaken rich nutrient medium. Under these growth 
conditions, rpfG, rpfC and rpfF mutants form matrix-
enclosed aggregates whereas the wild-type strain does not 
(Dow et al. 2003). The formation of these aggregates re-
quires xanthan (Dow et al. 2003). Addition of exogenous 
DSF to culture medium causes aggregate dispersal in rpfF 
but not in other rpf mutants. These experiments in rich nut-
rient medium suggest an effect of DSF on biofilm dispersal 
but with no influence on biofilm formation (Dow et al. 
2003). 

The effects of DSF on Xcc biofilm formation appear to 
depend greatly on the growth conditions. Recent work has 
reported an examination of Xcc growing in static minimal 
medium cultures in chambered covered slides (Russo et al. 
2006), using CLSM imaging of bacteria expressing fluores-
cent proteins. Under these conditions, the wild type forms a 
structured biofilm, although rpfF (DSF non-producer) and 
rpfC (DSF over-producer) strains do not (Torres et al. 2007). 
In the formation of a typical Xcc biofilm, the bacteria con-
tacted the glass surface via the lateral cell surface and they 

ndvB

Wild��type

water glucan

A

B

Fig. 4 Cyclic glucan structure and importance in X. campestris-N. ben-
thamiana interaction. (A) Cyclic �-1,2-glucan of X. campestris con-
taining 16 glucose residues with 15 �-1,2-linked glycosyl residues and one 
�-1,6-linked residue. B. Xcc cyclic glucan suppresses disease resistance in 
N. benthamiana. Leaves of 4-week-old plants were preinfiltrated with glu-
can or water and after 24 h a 107 cfu/mL suspension of either Xcc wild-
type strain 8004 or ndvB mutant strain were inoculated. 
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predominantly attached to each other through lateral inter-
actions forming compact three-dimensional aggregates 
structure (Fig. 5A, 5B). The formation of these structures 
requires xanthan and does not occur in a gumB mutant 
(Torres et al. 2007). 
 
DSF synthesis has to be fine-tuned for biofilm 
formation and virulence 
 
Evidences for a fine-tune regulation of DSF necessary for 
biofilm development and virulence has come from experi-
ments using mixed cultures of Xcc strains (Torres et al. 
2007). The xanthan-deficient gumB mutant and the rpfF 
mutant are unable to produce a structured biofilm in single 
culture in static minimal medium, however in mixed cul-
tures of the two strains a structured biofilm develops. The 
interpretation is that extracellular complementation has oc-
curred, in which DSF produced by the gumB mutant res-
tores xanthan production by the rpfF mutant to allow a 
structured biofilm to develop (Fig. 5C). Structured biofilms 
formed in this way comprise a mixture of the two bacteria 
as demonstrated by the use of a GFP-labelled rpfF mutant 
and an EYFP-labelled gumB mutant (Fig. 5C). This indi-
cates that the extracellular complementation is reciprocal, 
as xanthan produced by the rpfF mutant is allowing the in-
corporation of the gumB mutant into the structured biofilm. 
In contrast to these findings, substitution of the gumB mu-
tant with the DSF overproducing rpfC mutant under the 
same conditions did not allow development of a structured 
biofilm. These observations suggest complementation is 
possible only when an appropriate concentration of DSF 
was present; it is not the case that any level beyond a parti-
cular threshold will suffice. 

The biological implication of altering DSF levels on the 
interaction between Xcc and plants have also been evalu-
ated by co-inoculations of N. benthamiana with mixed cul-
tures of different mutants. Almost no symptoms are ob-
served in N. benthamiana when the rpf mutants or gumB 
strain are inoculated singly, demonstrating the importance 
of the xanthan and other virulence factors regulated by rpf/ 
DSF system in Xcc infection (Fig. 5E, 5F). However leaves 
of N. benthamiana co-inoculated with gumB and rpfF 
strains show similar disease symptoms to those produced by 
the wild type strain of Xcc. In contrast, co-inoculation of 
rpfC (DSF overproducer) and rpfF (DSF non-producer) 
strains did not allow disease symptoms to occur (Torres et 
al. 2007). Taken together these recent findings suggest that 
DSF signaling is finely balanced during both biofilm for-
mation and virulence. 
 

CONCLUDING REMARKS 
 
It is clear that the synthesis of virulence factors by patho-
genic bacteria is tightly regulated, can occur as a response 
to different environmental cues, and may alter during dis-
ease progression. The factors we have discussed here are re-
gulated by cell-cell signaling through DSF, a molecule 
whose levels in the immediate bacterial environment will be 
responsive to a number of factors including the number of 
bacteria producing the signal and the volume in which they 
may be confined. DSF signaling may be particularly im-
portant for example for bacteria confined within the xylem 
elements, where they may be at a relatively high cell den-
sity but perhaps less so for bacteria on leaf surfaces. The 
DSF system does not appear to have any significant regula-
tory overlap with the hrp (for hypersensitive reaction and 
pathogenesis) regulon. It may be that the two systems ope-
rate sequentially during disease, with hrp genes important 
for establishment of an infection and DSF-regulated factors 
for the progression of the disease. DSF-regulated factors 
may also have roles in other phases of the Xcc disease cycle, 
such as bacterial survival in soil on dead plant parts and epi-
phytic growth. 

The appreciation that DSF signal transduction is linked 
to alteration in the levels of the second messenger cyclic di-
GMP is important since it opens the possibility that synthe-
sis of virulence factors may be under the influence of regu-
latory networks of cyclic di-GMP signaling systems which 
respond to a range of environmental cues. By extension, 
this could suggest that DSF signaling may be relatively un-
important under certain environmental conditions. Other 
unrelated regulatory systems also impinge on the synthesis 
of virulence factors such as xanthan, which is costly in 
terms of metabolic energy. 

Many questions arise from the results of the recent 
investigations that we review here. Although sequestration 
of Ca2+ is a plausible mechanism for the suppression of 
plant defenses by xanthan, does cyclic glucan act in the 
same way? Is their any interplay between cyclic glucan and 
type III secreted effectors, some of which also act to sup-
press basal resistance responses? Is there a plant receptor 
for cyclic glucan? An understanding of the action of cyclic 
glucan in plants may suggest new strategies for plant pro-
tection. Furthermore, the demonstration that DSF synthesis 
is tuned for optimal virulence and biofilm formation in 
minimal medium suggests that such a fine balance might 
therefore be readily disrupted. This may have substantial 
consequences for development of measures for the control 
of diseases caused by Xcc and perhaps other Xanthomonas 
spp. 

A B C

D E F

Fig. 5 Biofilm formation and virulence in 
Xanthomonas. (A and B) Biofilms formed after 
4 days by wild type-gfp strain of Xcc in minimal 
medium culture. (C) images acquired from 
mixed cultures of rpfF and gumB carrying the 
GFP-expressing plasmid and the EYFP-expres-
sing plasmid, respectively. (D-F) Symptom pro-
duction in Nicotiana benthamiana by Xcc strains 
wild type (D), rpfF (E) and rpfC (F). 

 
 

124



Recent progress in Xanthomonas campestris pathogenicity. Vojnov et al. 

 

ACKNOWLEDGEMENTS 
 
Adrian Vojnov is supported by the Agencia de Promoción Cientí-
ficas y tecnológica (PICT-02 No. 08-10740; PAV2003-137) and is 
Career Investigators of the Concejo Nacional de Investigaciones 
Científicas y técnicas (CONICET). Kamal Bouarab is supported 
by the Conseil de Recherche en Science Naturelles et Génie du 
Canada (CRSNG), the Fondation Canadienne pour l’Innovation 
(FCI) and the Université de Sherbrooke and J.M. Dow is sup-
ported by a Principal Investigator Award from the Science Foun-
dation of Ireland. 
 
REFERENCES 
 
Amemura A, Cabrera-Crespo J (1986) Extracellular oligosaccharides and 

low-Mr polysaccharides containing (1–2)-beta-D-glucosidic linkages from 
strains of Xanthomonas, Escherichia coli and Klebsiella pneumoniae. Jour-
nal of General Microbiology 132, 2443-2452 

Amikam D, Galperin MY (2006) PilZ domain is part of the bacterial c-di-
GMP binding protein. Bioinformatics 22, 3-6 

Andrade MO, Alegria MC, Guzzo CR, Docena C, Rosa MC, Ramos CH, 
Farah CS (2006) The HD-GYP domain of RpfG mediates a direct linkage 
between the Rpf quorum-sensing pathway and a subset of diguanylate cyc-
lase proteins in the phytopathogen Xanthomonas axonopodis pv. citri. Mole-
cular Microbiology 62, 537-551 

Arellano-Reynoso B, Lapaque N, Salcedo S, Briones G, Ciocchini AE, 
Ugalde R, Moreno E, Moriyon I, Gorvel JP (2005) Cyclic beta-1,2-glucan 
is a Brucella virulence factor required for intracellular survival. Nature Im-
munology 6, 618-625 

Barber CE, Tang JL, Feng JX, Pan MQ, Wilson TJ, Slater H, Dow JM, 
Williams P, Daniels MJ (1997) A novel regulatory system required for pa-
thogenicity of Xanthomonas campestris is mediated by a small diffusible sig-
nal molecule. Molecular Microbiology 24, 555-566 

Bohin JP (2000) Osmoregulated periplasmic glucans in Proteobacteria. FEMS 
Microbiology Letters 186, 11-19 

Breedveld MW, Miller KJ (1994) Cyclic beta-glucans of members of the 
family Rhizobiaceae.  Microbiological Reviews 58, 145-161 

Cogez V, Gak E, Puskas A, Kaplan S, Bohin JP (2002) The opgGIH and 
opgC genes of Rhodobacter sphaeroides form an operon that controls back-
bone synthesis and succinylation of osmoregulated periplasmic glucans. Eu-
ropean Journal of Biochemistry 269, 2473-2484 

Cui J, Bahrami AK, Pringle EG, Hernandez-Guzman G, Bender CL, Pierce 
NE, Ausubel FM (2005) Pseudomonas syringae manipulates systemic plant 
defenses against pathogens and herbivores. Proceedings of the National Aca-
demy of Sciences USA 102, 1791-1796 

Christen M, Christen B, Folcher M, Schauerte A, Jenal U (2005) Identifi-
cation and characterization of a cyclic di-GMP-specific phosphodiesterase 
and its allosteric control by GTP. The Journal of Biological Chemistry 280, 
30829-30837 

D'Argenio DA, Miller SI (2004) Cyclic di-GMP as a bacterial second messen-
ger. Microbiology 150, 2497-2502 

da Silva AC, Ferro JA, Reinach FC, Farah CS, Furlan LR, Quaggio RB, 
Monteiro-Vitorello CB, Van Sluys MA, Almeida NF, Alves LM, do Ama-
ral AM, Bertolini MC, Camargo LE, Camarotte G, Cannavan F, Car-
dozo J, Chambergo F, Ciapina LP, Cicarelli RM, Coutinho LL, Cursino-
Santos JR, El-Dorry H, Faria JB, Ferreira AJ, Ferreira RC, Ferro MI, 
Formighieri EF, Franco MC, Greggio CC, Gruber A, Katsuyama AM, 
Kishi LT, Leite RP, Lemos EG, Lemos MV, Locali EC, Machado MA, 
Madeira AM, Martinez-Rossi NM, Martins EC, Meidanis J, Menck CF, 
Miyaki CY, Moon DH, Moreira LM, Novo MT, Okura VK, Oliveira MC, 
Oliveira VR, Pereira HA, Rossi A, Sena JA, Silva C, de Souza RF, Spi-
nola LA, Takita MA, Tamura RE, Teixeira EC, Tezza RI, Trindade dos 
Santos M, Truffi D, Tsai SM, White FF, Setubal JC, Kitajima JP (2002) 
Comparison of the genomes of two Xanthomonas pathogens with differing 
host specificities. Nature 417, 459-463 

Daniels MJ, Dow JM, Wilson TJ, Soby SD, Tang JL, Han B, Liddle SA 
(1994) Regulation of gene expression in bacterial pathogens. Biochemical 
Society Symposia 60, 231-240 

Douglas CJ, Staneloni RJ, Rubin RA, Nester EW (1985) Identification and 
genetic analysis of an Agrobacterium tumefaciens chromosomal virulence re-
gion. Journal of Bacteriology 161, 850-860 

Dow JM, Crossman L, Findlay K, He Y-Q, Feng J-X, Tang J-L (2003) Bio-
film dispersal in Xanthomonas campestris is controlled by cell-cell signaling 
and is required for full virulence to plants. Proceedings of the National Aca-
demy of Sciences USA 100, 10995-11000 

Dow JM, Feng J-X, Barber CE, Tang J-L, Daniels MJ (2000) Novel genes 
involved in the regulation of pathogenicity factor production within the rpf 
gene cluster of Xanthomonas campestris. Microbiology 146 (Pt 4), 885-891 

Fouhy Y, Lucey JF, Ryan RP, Dow JM (2006) Cell-cell signaling, cyclic di-
GMP turnover and regulation of virulence in Xanthomonas campestris. Re-
search in Microbiology 157, 899-904 

Galperin MY, Nikolskaya AN, Koonin EV (2001) Novel domains of the pro-
karyotic two-component signal transduction systems. FEMS Microbiology 
Letters 203, 11-21 

Geremia RA, Cavaignac S, Zorreguieta A, Toro N, Olivares J, Ugalde RA 
(1987) A Rhizobium meliloti mutant that forms ineffective pseudonodules in 
alfalfa produces exopolysaccharide but fails to form �-(1,2) glucan. Journal 
of Bacteriology 169, 880-884 

Hamiduzzaman MM, Jakab G, Barnavon L, Neuhaus JM, Mauch-Mani B 
(2005) beta-Aminobutyric acid-induced resistance against downy mildew in 
grapevine acts through the potentiation of callose formation and jasmonic 
acid signaling. Molecular Plant-Microbe Interactions 18, 819-829 

He Y-W, Ng A-Y, Xu M, Lin K, Wang L-H, Dong Y-H, Zhang L-H (2007) 
Xanthomonas campestris cell-cell communication involves a putative nucleo-
tide receptor protein Clp and a hierarchical signalling network. Molecular 
Microbiology 64, 281-292 

He Y-W, Wang C, Zhou L, Song H, Dow J-M, Zhang L-H (2006a) Dual sig-
naling functions of the hybrid sensor kinase RpfC of Xanthomonas campes-
tris involve either phosphorelay or receiver domain-protein interaction. The 
Journal of Biological Chemistry 281, 33414-33421 

He Y-W, Xu M, Lin K, Ng Y-J, Wen C-M, Wang L-H, Liu Z-D, Zhang H-B, 
Dong Y-H, Dow J-M, Zhang L-H (2006b) Genome scale analysis of diffusi-
ble signal factor regulon in Xanthomonas campestris pv. campestris: identi-
fication of novel cell-cell communication-dependent genes and functions. 
Molecular Microbiology 59, 610-622 

Hugouvieux V, Barber CE, Daniels MJ (1998) Entry of Xanthomonas cam-
pestris pv. campestris into hydathodes of Arabidopsis thaliana leaves: a sys-
tem for studying early infection events in bacterial pathogenesis. Molecular 
Plant-Microbe Interactions 11, 537-543 

Ielpi L, Couso RO, Dankert MA (1993) Sequential assembly and polymeriza-
tion of the polyprenol-linked pentasaccharide repeating unit of the xanthan 
polysaccharide in Xanthomonas campestris. Journal of Bacteriology 175, 
2490-2500 

Jansson PE, Kenne L, Lindberg B (1975) Structure of extracellular polysac-
charide from Xanthomonas campestris. Carbohydrate Research 45, 275-282 

Jenal U (2004) Cyclic di-guanosine-monophosphate comes of age: A novel sec-
ondary messenger involved in modulating cell surface structures in bacteria? 
Current Opinion in Microbiology 7, 185-191 

Kang Y, Saile E, Schell MA, Denny TP (1999) Quantitative immunofluores-
cence of regulated eps gene expression in single cells of Ralstonia solanace-
arum. Applied and Environmental Microbiology 65, 2356-2362 

Katzen F, Becker A, Zorreguieta A, Puhler A, Ielpi L (1996) Promoter ana-
lysis of the Xanthomonas campestris pv. campestris gum operon directing 
biosynthesis of the xanthan polysaccharide. Journal of Bacteriology 178, 
4313-4318 

Katzen F, Ferreiro DU, Oddo CG, Ielmini MV, Becker A, Puhler A, Ielpi L 
(1998) Xanthomonas campestris pv. campestris gum mutants: Effects on xan-
than biosynthesis and plant virulence. Journal of Bacteriology 180, 1607-
1617 

Kohle H, Jeblick W, Poten F, Blaschek W, Kauss H (1985) Chitosan-elicited 
callose synthesis in soybean cells as a Ca-dependent process. Plant Physio-
logy 77, 544-551 

Leigh JA, Coplin DL (1992) Exopolysaccharides in plant-bacterial interactions. 
Annual Review of Microbiology 46, 307-346 

Loubens I, Debarbieux L, Bohin A, Lacroix JM, Bohin JP (1993) Homology 
between a genetic locus (mdoA) involved in the osmoregulated biosynthesis 
of periplasmic glucans in Escherichia coli and a genetic locus (hrpM) con-
trolling pathogenicity of Pseudomonas syringae. Molecular Microbiology 10, 
329-340 

Mitchell RE, Bieleski RL (1977) Involvement of phaseolotoxin in halo blight 
of beans: Transport and conversion to functional toxin. Plant Physiology 60, 
723-729 

Newman MA, Conrads-Strauch J, Scofield G, Daniels MJ, Dow JM (1994) 
Defense-related gene induction in Brassica campestris in response to defined 
mutants of Xanthomonas campestris with altered pathogenicity. Molecular 
Plant-Microbe Interactions 7, 553-563 

Nikolskaya AN, Galperin MY (2002) A novel type of conserved DNA-binding 
domain in the transcriptional regulators of the AlgR/AgrA/LytR family. Nuc-
leic Acids Research 30, 2453-2459 

Onsando JM (1992) Black rot of crucifers. In: Chaube HS, Kumar J, Mukho-
padhyay AN, Singh US (Eds) Plant Diseases of International Importance 
(Vol II) Diseases of Vegetable and Oil Seed Crops, Prentice Hall/Englewood 
Cliffs, New Jersey, pp 243-252 

Paul R, Weiser S, Amiot NC, Chan C, Schirmer T, Giese B, Jenal U (2004) 
Cell cycle-dependent dynamic localization of a bacterial response regulator 
with a novel di-guanylate cyclase output domain. Genes and Development 18, 
715-727 

Rigano LA, Payette C, Brouillard G, Marano MR, Abramowicz L, Torres 
PS, Yun M, Castagnaro AP, Oirdi ME, Dufour V, Malamud F, Dow JM, 
Bouarab K, Vojnov AA (2007) Bacterial cyclic �-(1,2)-glucan acts in sys-
temic suppression of plant immune responses. The Plant Cell 19, 2077-2089 

Romling U, Amikam D (2006) Cyclic di-GMP as a second messenger. Current 
Opinion in Microbiology 9, 218-228 

Romling U, Gomelsky M, Galperin MY (2005) C-di-GMP: The dawning of a 

125



Pest Technology 1(2), 117-126 ©2007 Global Science Books 

 

novel bacterial signalling system. Molecular Microbiology 57, 629-639 
Ross P, Mayer R, Weinhouse H, Amikam D, Huggirat Y, Benziman M, de 

Vroom E, Fidder A, de Paus P, Sliedregt LA (1990) The cyclic diguanylic 
acid regulatory system of cellulose synthesis in Acetobacter xylinum. Che-
mical synthesis and biological activity of cyclic nucleotide dimer, trimer, and 
phosphothioate derivatives. The Journal of Biological Chemistry 265, 18933-
18943 

Russo DM, Williams A, Edwards A, Posadas DM, Finnie C, Dankert M, 
Downie JA, Zorreguieta A (2006) Proteins exported via the PrsD-PrsE type 
I secretion system and the acidic exopolysaccharide are involved in biofilm 
formation by Rhizobium leguminosarum. Journal of Bacteriology 188, 4474-
4486 

Ryan RP, Fouhy Y, Lucey JF, Crossman LC, Spiro S, He Y-W, Zhang L-H, 
Heeb S, Camara M, Williams P, Dow JM (2006) Cell-cell signaling in 
Xanthomonas campestris involves an HD-GYP domain protein that functions 
in cyclic di-GMP turnover. Proceedings of the National Academy of Sciences 
USA 103, 6712-6717 

Ryan RP, Fouhy Y, Lucey JF, Jiang B-L, He Y-Q, Feng J-X, Tang J-L, Dow 
JM (2007) Cyclic di-GMP signalling in the virulence and environmental 
adaptation of Xanthomonas campestris. Molecular Microbiology 63, 429-442 

Ryjenkov DA, Simm R, Romling U, Gomelsky M (2006) The PilZ domain is 
a receptor for the second messenger c-di-GMP: The PilZ domain protein 
YcgR controls motility in enterobacteria. The Journal of Biological Chemis-
try 281, 30310-30314 

Ryjenkov DA, Tarutina M, Moskvin OV, Gomelsky M (2005) Cyclic digua-
nylate is a ubiquitous signaling molecule in bacteria: insights into biochemis-
try of the GGDEF protein domain. Journal of Bacteriology 187, 1792-1798 

Scarpari LM, Lambais MR, Silva DS, Carraro DM, Carrer H (2003) Ex-
pression of putative pathogenicity-related genes in Xylella fastidiosa grown 
at low and high cell density conditions in vitro. FEMS Microbiology Letters 
222, 83-92 

Slater H, Alvarez-Morales A, Barber CE, Daniels MJ, Dow JM (2000) A 
two-component system involving an HD-GYP domain protein links cell-cell 
signalling to pathogenicity gene expression in Xanthomonas campestris. Mo-
lecular Microbiology 38, 986-1003 

Stone BA CA (1992) Chemistry and Biology of (1/3)-�-D-Glucans, La Trobe 
University Press, Victoria, Australia, total pp 

Talaga P, Stahl B, Wieruszeski JM, Hillenkamp F, Tsuyumu S, Lippens G, 
Bohin JP (1996) Cell-associated glucans of Burkholderia solanacearum and 
Xanthomonas campestris pv. citri: A new family of periplasmic glucans. 
Journal of Bacteriology 178, 2263-2271 

 
 

Tang J-L, Liu YN, Barber CE, Dow JM, Wootton JC, Daniels MJ (1991) 
Genetic and molecular analysis of a cluster of rpf genes involved in positive 
regulation of synthesis of extracellular enzymes and polysaccharide in Xan-
thomonas campestris pathovar campestris. Molecular and General Genetics 
226, 409-417 

Thorne L, Tansey L, Pollock TJ (1987) Clustering of mutations blocking syn-
thesis of xanthan gum by Xanthomonas campestris. Journal of Bacteriology 
169, 3593-3600 

Torres PS, Malamud F, Rigano LA, Russo DM, Marano MR, Castagnaro 
AP, Zorreguieta A, Bouarab K, Dow JM, Vojnov AA (2007) Controlled 
synthesis of the DSF cell-cell signal is required for biofilm formation and 
virulence in Xanthomonas campestris. Environmental Microbiology 9, 2101-
2109 

Vojnov AA, Bassi DE, Daniels MJ, Dankert MA (2002) Biosynthesis of a 
substituted cellulose from a mutant strain of Xanthomonas campestris. Car-
bohydrate Research 337, 315-326 

Vojnov AA, Slater H, Daniels MJ, Dow JM (2001) Expression of the gum 
operon directing xanthan biosynthesis in Xanthomonas campestris and its 
regulation in planta. Molecular Plant-Microbe Interactions 14, 768-774 

Vojnov AA, Slater H, Newman MA, Daniels MJ, Dow JM (2001) Regulation 
of the synthesis of cyclic glucan in Xanthomonas campestris by a diffusible 
signal molecule. Archives of Microbiology 176, 415-420 

Vojnov AA, Zorreguieta A, Dow JM, Daniels MJ, Dankert MA (1998) Evi-
dence for a role for the gumB and gumC gene products in the formation of 
xanthan from its pentasaccharide repeating unit by Xanthomonas campestris. 
Microbiology 144 (Pt 6), 1487-1493 

Wang L-H, He Y, Gao Y, Wu J-E, Dong Y-H, He C, Wang S-X, Weng L-X, 
Xu J-L, Tay L, Fang R-X, Zhang L-H (2004) A bacterial cell-cell com-
munication signal with cross-kingdom structural analogues. Molecular Micro-
biology 51, 903-912 

Wilson TJ, Bertrand N, Tang J-L, Feng J-X, Pan MQ, Barber CE, Dow JM, 
Daniels MJ (1998) The rpfA gene of Xanthomonas campestris pathovar cam-
pestris, which is involved in the regulation of pathogenicity factor production, 
encodes an aconitase. Molecular Microbiology 28, 961-970 

York WS (1995) A conformational model for cyclic beta-(1�2)-linked glucans 
based on NMR analysis of the �-glucans produced by Xanthomonas campes-
tris. Carbohydrate Research 278, 205-225 

Yun MH, Torres PS, El Oirdi M, Rigano LA, Gonzalez-Lamothe R, Mara-
no MR, Castagnaro AP, Dankert MA, Bouarab K, Vojnov AA (2006) 
Xanthan induces plant susceptibility by suppressing callose deposition. Plant 
Physiology 141, 178-187 

 
 

 
 

126


