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SUMMARY

 

Cyclic di-GMP [(bis-(3

 

′

 

–5

 

′

 

)-cyclic di-guanosine monophosphate)]
is an almost ubiquitous second messenger in bacteria that is
implicated in the regulation of a range of functions that include
developmental transitions, aggregative behaviour, adhesion,
biofilm formation and virulence. Comparatively little is known
about the mechanism(s) by which cyclic di-GMP exerts these
various regulatory effects. PilZ has been identified as a cyclic di-GMP
binding protein domain; proteins with this domain are involved
in regulation of specific cellular processes, including the virulence
of animal pathogens. Here we have examined the role of PilZ
domain proteins in virulence and the regulation of virulence
factor synthesis in 

 

Xanthomonas campestris

 

 pv. 

 

campestris

 

 (

 

Xcc

 

),
the causal agent of black rot of crucifers. The 

 

Xcc 

 

genome encodes
four proteins (XC0965, XC2249, XC2317 and XC3221) that have
a PilZ domain. Mutation of 

 

XC0965

 

, 

 

XC2249

 

 and 

 

XC3221 

 

led to
a significant reduction of virulence in Chinese radish. Mutation of

 

XC2249

 

 and

 

 XC3221 

 

led to a reduction in motility whereas
mutation of 

 

XC2249 

 

and

 

 XC0965 

 

affected extracellular enzyme
production. All mutant strains were unaffected in biofilm for-
mation 

 

in vitro

 

. The reduction of virulence following mutation of

 

XC3221

 

 could not be wholly attributed to an effect on motility as
mutation of 

 

pilA

 

, which abolishes motility, has a lesser effect on

 

virulence.

The production of virulence determinants by pathogenic bacteria
is strictly regulated and probably occurs as an adaptation to
particular environmental changes. There is a great deal of interest
in the signals that activate virulence gene expression and in the
processes of signal perception and signal transduction. Cyclic di-
GMP [bis-(3

 

′

 

–5

 

′

 

)-cyclic di-guanosine monophosphate] is a novel
second messenger in bacteria that was first described as an
allosteric activator of cellulose synthase in 

 

Gluconacetobacter
xylinus

 

 (Ross 

 

et al.

 

, 1987). It is now established that this
nucleotide regulates a range of functions in diverse bacteria,
including the virulence of bacterial pathogens of animals and
plants (for recent reviews see Jenal and Malone, 2006; Römling

 

et al.

 

, 2005; Römling and Amikam, 2006; Ryan 

 

et al.

 

, 2006b).
Cellular levels of cyclic di-GMP are controlled through synthesis,
catalysed by the GGDEF protein domain, and degradation by EAL
or HD-GYP domains (Christen 

 

et al.

 

, 2005; Paul 

 

et al.

 

, 2004; Ryan

 

et al.

 

, 2006a; Ryjenkov 

 

et al.

 

, 2005; Schmidt 

 

et al.

 

, 2005; Tamayo

 

et al.

 

, 2005). Proteins with GGDEF, EAL and HD-GYP domains are
involved in the regulation of bacterial properties that include devel-
opmental transitions, aggregative behaviour, adhesion and biofilm
formation in addition to synthesis of virulence factors and virulence.

Comparatively little is known regarding the mechanisms by
which cyclic di-GMP exerts its diverse actions within the bacterial
cell. Bioinformatics studies carried out by Amikam and Galperin
(2006) identified the PilZ domain, named after the PilZ protein
from 

 

Pseudomonas aeruginosa

 

, as a candidate player in cyclic di-
GMP signalling mechanisms. PilZ domain proteins from a number
of bacteria have been shown to bind cyclic di-GMP and in some
cases have been implicated in the regulation of specific cellular
processes such as motility, polysaccharide synthesis, biofilm for-
mation and virulence of animal pathogens (Benach 

 

et al.

 

, 2007;
Christen 

 

et al.

 

, 2007; Merighi 

 

et al.

 

, 2007; Pratt 

 

et al.

 

, 2007;
Ramelot 

 

et al.

 

, 2007; Ryjenkov 

 

et al.

 

, 2006). It is unlikely that PilZ
domain proteins mediate all of the cellular effects of cyclic di-
GMP however; PelD of 

 

Pseudomonas aeruginosa

 

 is a cyclic di-GMP
receptor that mediates regulation of polysaccharide (PEL) biosyn-
thesis but lacks a recognizable PilZ domain (Lee 

 

et al.,

 

 2007).
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The aim of the present study was to expand our understanding
of cyclic di-GMP signalling in plant pathogenesis by addressing
the role of PilZ domain proteins in 

 

Xanthomonas campestris

 

 pv.

 

campestris

 

 (

 

Xcc

 

), the causal agent of black rot in crucifers. We
have previously examined the contribution of all proteins with
GGDEF, EAL or HD-GYP domains to virulence and virulence factor
production in 

 

Xcc

 

 (Ryan 

 

et al.

 

, 2007). Genes with significant roles
in virulence to plants include those encoding proteins whose
probable function is in cyclic di-GMP synthesis as well as others,
including the HD-GYP domain regulator RpfG, implicated in cyclic
di-GMP degradation. Mutation of 

 

rpfG

 

 in 

 

Xcc 

 

has pleiotropic
effects, leading to significant reduction in the synthesis of the
extracellular cell-wall-degrading enzymes protease and endoglu-
canase, reduction in motility and enhanced biofilm formation in
rich medium (Dow 

 

et al.

 

, 2003; Ryan 

 

et al.

 

, 2007; Slater 

 

et al.

 

,
2000). Other GGDEF-EAL domain proteins influence motility but
have no effect on virulence factor synthesis (Ryan 

 

et al.

 

, 2007).
Here we examine the role of the different PilZ domain proteins of

 

Xcc 

 

in controlling these various phenotypes.
The 

 

Xcc

 

 genome encodes four proteins with a PilZ domain
(Amikam and Galperin, 2006); XC0965, XC2249 and XC3221
comprise ‘stand-alone’ domains whereas XC2317 has an

additional N-terminal YcgR domain. These proteins show no
significant amino acid sequence similarity with each other on
pairwise searches using BLASTP. Nevertheless, in all cases
proteins with related amino acid sequence are found in other
bacteria, although for XC2249 these homologues only occur in the
proteomes of other xanthomonads (data not shown). Searches
against a protein fold library using the FUGUE algorithm (Shi

 

et al.

 

, 2001) showed predicted structural homology of all 

 

Xcc

 

proteins with the PilZ domain proteins VCA0042 from 

 

Vibrio
cholerae

 

 (PDB 1yln) and PP4397 from 

 

Pseudomonas putida

 

 (PDB
2gjg) at above the 99% confidence level.

The functions of XC0965, XC2249, XC2317 and XC3221 were
examined using mutant strains in which the genes were disrupted
using either Tn

 

5gusA 

 

(

 

XC2249

 

, 

 

XC3221

 

), or pK18

 

mobsac

 

 carrying
an internal fragment of the gene amplified by PCR (

 

XC0965

 

,

 

XC2317

 

) (Table 1). 

 

XC2317 

 

and 

 

XC2449

 

 are predicted to be in
single transcriptional units whereas 

 

XC0965

 

 and 

 

XC3221

 

 are the
most downstream genes in the predicted 

 

XC0960–XC0965

 

 and

 

XC3224–XC3221

 

 operons (Qian 

 

et al.

 

, 2005). This indicates that
mutation of the genes under investigation is unlikely to have
polar effects. For complementation studies, genes were amplified
using the PCR primers given in Table 1 (which also have sites for

Table 1 Strains, plasmids and primers used in this study.

Strain/plasmid Genotype/Phenotype Reference

X. campestris pv. campestris 8004 Wild-type RifR Qian et al. (2005)
�rpfG rpfG deletion mutant of 8004, RifR Slater et al. (2000)
�hrpG hrpG deletion mutant of 8004, RifR; KmR Xu et al. (2008)
�hrpX hrpX deletion mutant of 8004, RifR; KmR Xu et al. (2008)
pilA XC3823::Tn5gusA5; RifR; TcR Ryan et al. (2007)
XC2317 pK18mobkan, XC2317; RifR; KmR This study
XC2249 XC2249::Tn5gusA5; RifR; TcR This study
XC3221 XC3221::Tn5gusA5; RifR; TcR This study
XC0965 pK18mobkan, XC0965; RifR; KmR This study
XC0965 (pXC0965) Complemented mutant ClR; RifR; KmR This study
XC2317 (pXC2317) Complemented mutant ClR; RifR; KmR This study
XC2249 (pXC2249) Complemented mutant ClR; RifR; KmR This study
XC3221 (pXC3221) Complemented mutant ClR; RifR; KmR This study
Primers sets used in construction of clones for complementation (5′′′′–3′′′′)
Target gene Forward Reverse
XC0965 GGATCC ATGATCCAGGACACCCGCC AAGGCTGAGCATCTGGTCTAG
XC2249 GGATCCGTGCAGCGCATGGACGCCAA AAGGCTTTCAGCGCTGGCGACGGGCG
XC2317 GGATCCGTGCTTGTGCCCATGTCCGAA AAGGCTTCAGAACACGCCGCTCTT
XC3221 GGATCCATGAGTGCAATGAATGCACG AAGCTTTTACATCGTGTGGGTCGGCTTG
RT-PCR primer sets (5′′′′–3′′′′)
Target gene Forward Reverse
XC0965 CTGTATCAGCTGCGGTTCG AGATGCTCTTCCGCAATCC
XC2249 CCAAACTCGACCTCATCCTG ACAATTCAGGAAGCCAGTCC
XC2317 CATCGAACAGGCCAAGTACC GAATCGGTGATGGGTGTTTC
XC3221 GCGATGAGGTGTTTCTGCTT GCCAGCAGTGTTTCGATCTT
16S rDNA GTCAGGAGTCGGTGCTCAGT CCTTCCAGATCGACCCAGTA

Key: Cl, chloramphenicol; Rif, rifampicin; Km, kanamycin; Tc: tetracycline.
Restriction enzyme sites for BamHI or HindIII within the primer sequences are underlined.
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BamHI and HindIII) and cloned into the TOPO TA vector (Invitrogen).
After verification by sequencing, inserts were excised with BamHI
and HindIII and were ligated into pBBR1MCS (Kovach et al.,
1995) cut with the same enzymes to create pXC0965, pXC2249,
pXC2317 and pXC3221. This orientation allowed expression of
the inserted gene in these constructs to be driven by the vector
(lac) promoter. Constructs were introduced into Xcc strains by
triparental mating.

The virulence of each mutant was tested by measurement of
the lesion length after bacteria were introduced into the vascular
system of Chinese radish by leaf clipping as previously described
(Dow et al., 2003; Ryan et al., 2007). Each strain was tested on
60 leaves (20 leaves for each strain with three independent
replicates). Although mutation of XC2317 had no effect, strains
with mutations in XC0965, XC2249 and XC3221 had significantly
reduced virulence compared with the wild-type (Fig. 1A,B). Intro-
duction of the cloned genes into the respective mutants restored
virulence to wild-type levels (Fig. 1).

These studies were extended to examine the influence of
mutation on specific factors associated with Xcc virulence including
extracellular enzyme production, motility and biofilm formation.
Levels of β-1,4-endoglucanase from culture supernatants were
estimated by radial diffusion assays using carboxymethylcellulose
as substrate. For these experiments bacteria were grown to an
OD at 600 nm of 2.0 in NYGB medium. Relative protease production
was measured by growth of colonies on NYG agar plates supple-
mented with skimmed milk (Ryan et al., 2007; Slater et al., 2000).

Mutation of XC2317 led to a small but reproducible reduction in
protease production, although mutation of XC0965, XC2249 or
XC3221 had no apparent effect (Fig. 2B). Mutation of XC0965
and XC2317 led to a reduction in endoglucanase levels, although
mutation of XC2249 or XC3221 had no effect (Fig. 2C). These
effects of XC0965 and XC2317 mutation on extracellular enzyme
production were much less pronounced, however, than those
seen after mutation of rpfG (Fig. 2C; Slater et al., 2000). Introduction
of the cloned XC0965 or XC2317 genes into the respective mutant
restored production of extracellular enzymes to wild-type levels
(Fig. 2C), whereas introduction of these constructs into the
wild-type had no effect (data not shown). Motility of different
strains was assessed on 0.6% Eiken agar plates as described by
Ryan et al. (2007). Mutation of XC2249 and XC3221 but not
XC0965 and XC2317 negatively affected motility (Fig. 3).
Introduction of the cloned XC2249 or XC3221 gene into the respective
mutant restored the wild-type phenotype (Fig. 3). However, introduc-
tion of the cloned XC2249 gene into the XC3221 mutant or the
cloned XC3221 gene into the XC2249 mutant had no effect.
Taken together these findings suggest that different PilZ domain
proteins have independent action in the regulation of motility.

Wild-type Xcc 8004 does not form biofilms in liquid L medium
although the rpfG mutant does (Dow et al., 2003). Ectopic expression
in wild-type Xcc of wspR19, which encodes a GGDEF domain
protein from Pseudomonas fluorescens (Aldridge et al., 2003),
gives a phenocopy of the rpfG mutant with increased cellular
levels of cyclic di-GMP, increased biofilm formation and aggregation

Fig. 1 The effects of mutation of genes encoding 
the PilZ domain proteins XC0965, XC2249, 
XC2317 and XC3221 on the virulence of Xcc to 
Chinese radish. The virulence of each mutant was 
tested by measurement of the lesion length after 
bacteria were introduced into the vascular system 
of Chinese radish by leaf clipping. Values given are 
the means and SD of 60 measurements. Also 
shown are the effects of mutation of rpfG, which 
encodes an HD-GYP domain regulatory protein 
and pilA encoding the major pilin. (A) 
Representative virulence assays for (from left to 
right) Xcc wild-type strain 8004, negative control 
(H2O), XC3221::Tn5gusA5 mutant, pilA mutant 
(XC3823::Tn5gusA5) and rpfG deletion mutant. 
(B) Mutation of XC3221, XC2249 and XC0965 
gave a significant reduction in virulence in 
repeated tests, although mutation of XC2317 had 
no effect. Introduction of the cloned genes 
restores virulence of these mutants to wild-type 
levels, but had no influence on the XC2317 
mutant, which retained wild-type virulence.
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in liquid culture, decreased motility and decreased production of
extracellular enzymes (Ryan et al., 2006a; and data not shown).
To examine any potential role of PilZ domain proteins in biofilm
formation, wspR19 cloned in pVSP61 (Table 1) was introduced
into the wild-type and panel of mutants. Expression of wspR19
promoted biofilm formation equally in the wild-type and all the
mutant strains (data not shown). As expected, expression of
wspR19 reduced endoglucanase levels and motility in wild-type Xcc.
Similar effects on endoglucanase production were seen in all of
the mutant backgrounds, and all strains carrying wspR19 showed
no motility. These findings suggest that none of the PilZ domain
proteins individually has a significant role in the repression of extra-
cellular enzyme production and motility by elevated cellular
levels of cyclic di-GMP.

In some cases genes encoding cyclic di-GMP signalling systems
with a role in disease may only be expressed within the eukaryotic
host (Osorio et al., 2005). We have previously shown that HrpG,
the master regulator of the hrp regulon (for hypersensitive response
and pathogenicity), significantly influences expression of pdeA,
encoding a GGDEF-EAL domain protein that contributes to Xcc
virulence. The hrpG gene is expressed in minimal media, shows
increased expression in the plant environment but is repressed in
rich media (Wengelnik et al., 1996, 1999). HrpG also affects the
expression of hrpX, which encodes an AraC-type transcriptional
activator that regulates expression of a subset of genes within
the hrp operon. Comparison was made of the expression levels
of XC0965, XC2249, XC2317 and XC3221 in wild-type, hrpG and
hrpX deletion mutants (Xu et al., 2008) grown in MME minimal

Fig. 2 Mutation of genes encoding PilZ domain 
proteins has effects on motility and the synthesis of 
extracellular enzyme virulence factors by Xcc. (A) 
XC0965 and XC2317 mutants have lower levels of 
extracellular endoglucanase than wild-type; the 
complemented strains XC0965/pXC0965 and 
XC2317/pXC2317 have wild-type levels. The 
effects of mutation of XC0965 and XC2317 are 
much less than those seen after mutation of rpfG 
(which is XC2335), whereas mutation of pilA 
(which is XC3823) has no effect on endoglucanase 
activity. (B) Mutation of XC2317 led to a small 
reduction in protease production whereas 
mutation of XC0965, XC2249 and XC3221 had 
no apparent effect. (C) Mutation of XC2249 and 
XC3221 influence motility on 0.5% Eiken 
agar-NYG plates. These effects are reversed by 
complementation with the cloned XC2249 
and XC3221 genes respectively.
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medium using RT-PCR. Primers for RT-PCR are given in Table 1
and procedures and medium composition are given in Ryan et al.
(2007). The findings indicated that both HrpG and HrpX significantly
influenced expression of XC0965 and XC2317 (Fig. 3). This raises
the possibility that expression of these particular genes may be
elevated in the plant environment.

Mutation of XC3221, XC2249 and XC0965 affects the virulence of
Xcc, suggesting that there is no redundancy of action between
these ‘stand-alone’ PilZ domain proteins, which also do not show
any significant amino acid sequence homology (see above). As
mutation of XC2249 had a substantial effect on motility, we
examined the relationship between motility and virulence in
Xcc. The form of motility observed on Eiken agar plates is pilus-
dependent and is abolished by mutation of pilA (Ryan et al.,
2007). Furthermore, wild-type Xcc 8004 does not show swimming
motility, which is flagellum-dependent, when assessed in 0.1%
(w/v) agar. Mutation of pilA led to a reduction in virulence similar
to that seen after mutation of XC2249 (Fig. 1A,B). This indicates
the possibility that the effects of mutation of XC2249 on virulence
could be due to an effect on motility. In contrast, mutation of
XC3221, which has only a small effect on motility in vitro, has a
larger effect on virulence than mutation of pilA (Fig. 1B). This
suggests that XC3221 influences further virulence functions
that remain obscure. Mutation of XC0965 and XC2317 did not
affect motility but each had a modest effect on production of
extracellular enzymes in vitro. It is plausible that this effect may
be more pronounced in planta, as both of these genes are
under the regulation of HrpG and HrpX (Fig. 3). However,
despite this co-regulation and apparent similarities in the
phenotypes of the mutants, only mutation of XC0965 had an
effect on virulence.

Although a number of reports have described the role of PilZ
domain proteins in regulation of factors associated with bacterial

virulence, only in a few cases has the role of these proteins been
directly examined in virulence models. Pratt and colleagues have
shown that a subset of PilZ domain proteins has been shown to
contribute to colonization of infant mouse small intestine by
Vibrio cholerae (Pratt et al., 2007). Of particular relevance to the
present work, Wang et al. (2007) identified through a transposon
mutant screen that the homologue of XC3221 in the rice pathogen
Xanthomonas oryzae pv. oryzicola contributes to virulence. Our
findings thus contribute to a growing body of work that establishes
a role in virulence for cyclic di-GMP signal transduction via PilZ
domain proteins. The mechanisms by which these various PilZ
domain proteins exert their action, however, remains largely
unknown and this topic, together with other aspects of cyclic
di-GMP signal transduction, are likely to be the focus of a
considerable future research effort.
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