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Xanthomonas oryzae pv. oryzicola (Xoc) causes bacterial leaf streak (BLS) in rice, a

serious bacterial disease of rice in Asia and parts of Africa. The virulence mechanisms

of Xoc are not entirely clear and control measures for BLS are poorly developed. The

solo LuxR proteins are widespread and shown to be involved in virulence in some plant

associated bacteria (PAB). Here, we have cloned and characterized a PAB LuxR solo

from Xoc, named as XocR. Mutation of xocR almost completely impaired the virulence

ability of Xoc on host rice, but did not alter the ability to trigger HR (hypersensitive

response, a programmed cell death) on non-host (plant) tobacco, suggesting the diversity

of function of xocR in host and non-host plants. We also provide evidence to show that

xocR is involved in the regulation of growth-independent cell motility in response to a

yet-to-be-identified rice signal, as mutation of xocR impaired cell swimming motility of

wild-type Rs105 in the presence but not absence of rice macerate. We further found

that xocR regulated the transcription of two characterized virulence-associated genes

(recN and trpE) in the presence of rice macerate. The promoter regions of recN and trpE

possessed a potential binding motif (an imperfect pip box-like element) of XocR, raising

the possibility that XocR might directly bind the promoter regions of these two genes

to regulate their transcriptional activity. Our studies add a new member of PAB LuxR

solos and also provide new insights into the role of PAB LuxR solo in the virulence of

Xanthomonas species.
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Introduction

Quorum sensing (QS) is a cell-density dependent cell-cell communication system that relies on
small chemical signal molecules to control bacterial behavior and coordinate gene expression in
a cell-density dependent manner (Fuqua et al., 1994). The QS-controlled bacterial behaviors are
diverse, including biofilm formation, cell motility, antibiotic production, light production and
sporulation (Nealson et al., 1970; Danhorn and Fuqua, 2007; Goo et al., 2010; Qian et al., 2014).
In Gram-negative bacteria, the N-acyl homoserine lactones (AHLs) are a major class of signal
molecules. This signal is composed of a homoserine lactone ring carrying C4-C18 acyl chains and
is thought to function as intraspecies communication (Fuqua et al., 2001; Fuqua and Greenberg,
2002; Ng and Bassler, 2009).
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A typical AHL QS system is composed of homologs of the
LuxI and LuxR proteins that were first identified in Vibrio fis-
cheri (Nealson et al., 1970; Fuqua and Winans, 1996). LuxI
homologsare AHL synthases and direct the synthesis of autoin-
ducer molecules. A LuxR-family protein that is part of a QS
system has a N-terminal AHL-binding and a C-terminal DNA-
binding domains. These LuxR-family proteins can bind AHLs,
and consequently, the stable LuxR-AHL complex binds at specific
gene regulatory sequences called as lux box to activate or repress
the transcription of target genes (Fuqua et al., 2001). Notably,
these two proteins are in most cases genetically adjacent to each
other in a canonical AHL QS system.

Additional LuxR-family proteins similar to QS LuxR
homologs are being identified by analysis of sequenced bacterial
genomes and many of these are without a cognate LuxI protein.
These LuxR proteins lacking a genetically linked LuxI have
been termed LuxR orphans or solos (Fuqua, 2006; Patankar and
Gonzalez, 2009; Subramoni and Venturi, 2009; Gonzalez et al.,
2013). Studies so far show that some LuxR solos respond to
endogenous AHLs (e.g., QscR from Pseudomonas aeruginosa) or
to exogenous AHLs produced by neighboring bacteria, such as
the SdiA from Salmonella enterica and E. coli to regulate target
genes (Ahmer, 2004; Fuqua, 2006).

Recently, a sub-group of LuxR solos has been identified to be
very common in several plant-associated bacteria (PAB); these
PAB LuxR solos do not bind AHLs, but respond to yet uniden-
tified plant signal(s)/compound(s) (Ferluga et al., 2007; Chatna-
parat et al., 2012). PAB LuxR solos differ in the conservation of
one or two of the six invariant amino acids in the AHL-binding
domain that have been reported to be important for signal/ligand
binding (Gonzalez and Venturi, 2013). Examples of this sub-
family are required for full virulence in several phytopathogenic
bacteria and include XccR of Xanthomonas campestris (Zhang
et al., 2007); OryR of X. oryzae (Ferluga et al., 2007); XagR of X.
axonopodis (Chatnaparat et al., 2012) and PsaR2 of P. syringae pv.
actinidiae (Patel et al., 2014).

Bacterial leaf streak (BLS) caused by X. oryzae pv. oryzicola
(Xoc) is an important disease of rice in Asia and parts of Africa
(Nino-Liu et al., 2006). Xoc is a Gram-negative bacterium which
produces a characteristic yellow pigment. This pathogen pene-
trates the rice leaf mainly through stomata, multiplies in the sub-
stomatal cavity, and colonizes the parenchyma apoplast causing
interveinal lesions (Wang et al., 2007). Xoc can also gain access
through wounds, but does not invade the xylem because it is
restricted by themesophyll tissue apoplast (Nino-Liu et al., 2006).
We identified a PAB LuxR solo homolog in the genome of Xoc
strain BLS256 and designated it as XocR. In the present study,
the role of xocR in virulence as well as cell motility is presented
and discussed.

Materials and Methods

Bacterial Strains, Culture Media, and Growth
Conditions
The bacterial strains and plasmids used in this study are listed
in Table S1. Xoc strains were grown at 28◦C in nutrient broth

(NB)medium (beef extract, 3 g/l; yeast extract, 1 g/l; polypeptone,
5 g/l; sucrose, 10 g/l) or on nutrient agar (NA). Medium contain-
ing macerated rice material was prepared as described previously
(Gonzalez et al., 2013). Escherichia coli strains were cultivated at
37◦C in Luria-Bertani (LB) medium or on LB agar plates. When
required, antibiotics were added to the medium at the follow-
ing final concentrations: 50µg/mL kanamycin (Km) for E. coli
and Xoc, 10µg/mL gentamicin (Gm) for E. coli and Xoc, and
100µg/mL rifampicin (Rif) for Xoc.

Generation of the xocR Deletion Mutant in X.
Oryzae Pv. Oryzicola
Deletion mutants were generated as described previously (Qian
et al., 2013b). The Xoc wild-type Rs105 was used as the parental
strain to generate the in-frame deletion mutant via allelic homol-
ogous recombination. In-frame deletion of xocR was performed
as described previously (Figure S1A). Briefly, two xocR flank-
ing regions were generated by polymerase chain reaction (PCR)
using the primer pairs xocR-1F/xocR-1R and xocR-2F/xocR-2R
(Table S2). The xocR-1 fragment (digested with BamHI and
HindIII) and the xocR-2 fragment (digested with HindIII and
XbaI) were ligated into BamHI/XbaI-digested pK18mobsacB
(Schafer et al., 1994). This construct, designated pK18-xocR,
was transformed into the wild-type Rs105 by electroporation.
Transconjugants were selected on NA plates without sucrose
but with Rif (100µg/mL) and Km (50µg/mL). Positive colonies
were plated on NA plates containing 10% (w/v) sucrose and Rif
(100µg/mL) to select for resolution of the construct by a second
cross-over event. The resulting mutant, containing the xocR in-
frame deletion, was confirmed by PCR (Figure S1B). One of the
confirmed mutants, named as 1xocR, was selected for further
study.

Complementation of the xocR Mutant
The generation of complemented strains was performed as
described previously (Qian et al., 2013a). Briefly, a 1664-bp DNA
fragment containing xocR and its predicted promoter region
was amplified from wild-type Rs105 with xocRH-F/xocRH-R
primers (Table S2). The PCR fragment was digested with the
BamHI/XbaI enzyme and cloned into BamHI/XbaI-digested
pBBR-MCS5 (Kovach et al., 1995) resulting in the complemented
construct (pBBR-XocR). This construct was transformed into
1xocR competent cells by electroporation. Finally, one posi-
tive complemented strain named 1xocR(xocR) was selected on
NA plates with Rif and Gm, and verified by PCR method. This
final complemented strain, named as 1xocR (xocR) was used for
further study.

Pathogenicity Testing and Determination of
Bacterial Load in planta
The pathogenicity testing and determination of bacterial load
assays were performed as described previously (Guo et al.,
2012; Qian et al., 2013b). Briefly, Xoc strains were incubated
in NB broth with appropriate antibiotics at 28◦C until the
growth reached to exponential phase (OD600 = 0.5). Then,
cells were pelleted by centrifugation at 3099 × g and sus-
pended in an equal volume of sterilized ddH2O. The final
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cell suspension was inoculated into the leaves of 2-week-old
rice plants (Shanyou-63, susceptible to BLS) using needless
syringe. Water-soaking symptoms were measured 7 days after
inoculation. Twenty-five leaves were inoculated for each Xoc
strain in each treatment. The same experiment was performed
three times.

Growth of each Xoc strain in rice leaf tissue was detected by
homogenizing five inoculated leaves in 9-mL sterile water. The
leaves were cut in 6-mm sections around the inoculation spots on
days 0, 7 after inoculation (Lee et al., 2008). Diluted homogenates
were plated on NA plates supplemented with Rif (for the wild
type and mutant). The number of bacterial colonies on these
plates was counted after 2 days of incubation at 28◦C (Feng
et al., 2009). Each diluted homogenate was plated on three plates,
respectively. Three replicates for each treatment were used, and
the experiment was performed three times.

Hypersensitive Response (HR) Assay
The hypersensitive response assay was performed as described
previously (Zou et al., 2006; Qian et al., 2013b). Xoc strains were
incubated in NB broth with appropriate antibiotics at 28◦C until
exponential phase (OD600 = 0.5). Cells were pelleted by cen-
trifugation at 3099 × g and suspended in different volume of
sterilized ddH2O resulting at three different concentrations of cell
suspension (OD600 = 0.2, 0.4, and 0.8). These three cell suspen-
sions were used for HR tests. Briefly, Xoc strains were infiltrated
into the leaves of greenhouse-grown tobacco (Nicotiana tabacum
L. cv. Samsun), and the results were observed after 48 hours
of infiltration. Four leaves were inoculated for each Xoc strain
in each treatment. The same experiment was performed three
times.

Determination of Bacterial Growth Ability in vitro
Bacterial growth was monitored as described previously (Qian
et al., 2013b). To investigate bacterial growth in vitro, we tested
the growth rate of 1xocR in nutrient-rich broth (NB) and NB
with rice macerate medium. In brief, Xoc strains were pre-
incubated in NB broth at 28◦C with shaking at 200 rpm, until
the growth was reached to OD600 of 1.0. Cells were pelleted by
centrifugation at 3099 × g and suspended in an equal volume

of sterilized water. Then, 1mL of cell suspension was inoculated
into 100mL of two testing media. All inoculation broths were
grown at 28◦C with shaking at 200 rpm and the OD600value was
determined every 4 h until bacterial growth reached to the sta-
tionary stage. The experiments were performed three times, and
each involves three replicates.

Determination of Cell Motility, EPS Production,
Protease Activity, and Biofilm Formation between
Wild-type Strain and the xocR Mutant in the
Absence or Presence of Rice Macerate
Swimming motility assay was performed as described previ-
ously (Gonzalez et al., 2013). In brief, Xoc strains were grown in
nutrient-rich broth (NB) broth at 28◦C with shaking at 200 rpm,
until the value of OD600 reached 1.0, and then 3µl of each strain
was inoculated onto the surface of the motility plates, including
NA containing 0.3% soft agar with and without of rice macerate.

Cell motility was examined at 72 h after incubation at 28◦C. Five
independent motility assays were performed for each strain.

EPS production of the bacterium was measured as described
previously with some modifications (Tang et al., 1991). Briefly,
Xoc strains were pre-incubated in NB broth at 28◦C with shak-
ing at 200 rpm, until the value of OD600 to be 1.0. Cells were
pelleted by centrifugation at 3099 × g and suspended in an
equal volume of sterilized ddH2O. Then, 0.5mL of cell suspen-
sion was inoculated into 50mL of NB or NB with rice macerate.
These cultures were grown at 28◦C with shaking at 200 rpm for
5 days. EPS was precipitated from the culture supernatant with
two volumes of ethanol and dried to a constant weight at 80◦C.
The difference between the two weights was used to estimate
the production of EPS per milliliter of culture. Each experiment
was performed three times, and each treatment involved three
replicates.

To measure extracellular protease activity, Xoc strains were
incubated in NB medium at 28◦C with shaking at 200 rpm, until
the OD600 to be 1.0. Then, 3µL of bacterial culture was spot-
ted on NA plates or NA with rice macerate. Both media con-
tained 1% (m/v) skim milk powder. After 48 h of incubation at
28◦C, protease activity was assessed according to the hydrolytic
zones around the bacterial colonies (Ryan et al., 2006). Each treat-
ment involves three replications, and the same experiment was
performed three times.

To test biofilm formation on abiotic surfaces, Xoc strains were
pre-incubated in NB broth at 28◦Cwith shaking at 200 rpm, until
the value of OD600 to be 1.0. Cells were pelleted by centrifuga-
tion at 3099 × g and suspended in an equal volume of sterilized
ddH2O. Then, 30µL of cell suspension was inoculated into 3mL
of NB or NB with rice macerate. These cultures were incubated
at 28◦C without shaking for 5 days. After gentle removing the
suspension, two volume of 10% crystal violet solution was added
and treated for 1 h, then the glass tubes were gently washed three
times with sterile ddH2O and air dried for 1 h; then, 3mL of
40% methanol and 10% glacial acetic acid was added to glass
tubes to dissolve the crystal violet stain (Koczan et al., 2009).
The dissolved crystal violet was quantified through spectropho-
tometry at an absorbance of 575 nm by using a Safire microplate
reader (Tecan, Research Triangle Park, NC). Each experiment
included three replicates and experiments were repeated three
times.

Real-Time PCR
The assays of RNA extraction, cDNA synthesis and real-time PCR
were performed as described previously (Chatnaparat et al., 2012;
Qian et al., 2013b). Quantitative real-time reverse transcription
PCR (qRT-PCR) was carried out using a SYBR Premix EX Tag™
II kit (TaKaRa Bio, Shiga, Japan) in an ABI PRISM 7500 Real-
Time PCR System (FApplied Biosystems, Foster City, CA, USA).
As the endogenous control, 16S rRNA was used. The primer
sequences were listed in Table S3. RNA was extracted from Xoc
wild-type strain Rs105 and 1xocR by using the RNAiso Plus
Reagent (TaKaRa Bio) following the manufacturer’s instructions.
To remove genomic DNA, the eluted RNA samples were treated
with RNase inhibitors and DNaseI (TaKaRa Bio). RNA integrity
was confirmed by electrophoresis on 1.2% agarose gels. Then,
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2µg of each RNA sample was used to synthesize cDNA with a
cDNA Synthesis kit (TaKaRa). The same experiment was per-
formed three times. The transcriptional levels of XOC_1737 and
XOC_4211 in the wild-type Rs105 and the xocR-deletion mutant
were also assessed and compared.

Results and Discussion

XocR of Xoc Belongs to a Sub-Family of PAB
LuxR Solos
To examine whether the genome of Xoc has potential LuxR
solos, OryR which is a PAB LuxR solo from Xanthomonas oryzae
pv. oryzae (Xoo; which is a very closely species to Xoc), was
selected as a subject to perform a BlastP search in the genome of
Xoc strain BLS256 (Accession number: NC_017267). This led to
the identification of a corresponding ortholog, termed as XocR
(XOC_1422), which shared 97% similarity/identity with OryR
in sequence at amino-acid level. To determine whether XocR
is a member of the PAB LuxR solos, the sequence features of
XocR and its genomic organization in Xoc were further ana-
lyzed. XocR possessed a typical AHL-binding domain at the N
terminus and a DNA-binding HTH domain at the C terminus
(Figure 1). Furthermore, Xoc genome did not have a cognate
luxI and hence XocR is a LuxR solo in Xoc. Importantly, as
like other PAB LuxR solos, XocR had an imperfect AHL-binding
domain with substitutions two of the highly conserved amino
acids in the AHL binding domain (Covaceuszach et al., 2013;
Gonzalez and Venturi, 2013). More specifically, W57 and Y61,
the amino acid with the number in respect to TraR, a canonical
QS LuxR protein in Agrobacterium tumefaciens (Covaceuszach
et al., 2013; Gonzalez and Venturi, 2013), were substituted by
methionine (M) and tryptophan (W), respectively (Figure 1A).
Collectively, these results indicated that XocR belongs to the
sub-family of PAB LuxR solos, which binds and responds to the
yet-to-be-identified plant-derived compound(s). Further analy-
sis was carried out to identify additional four genes that were
genetically adjacent to xocR in the genome of Xoc strain BLS256.
Specifically, XOC_1420 and XOC_1421, which encodes a hypo-
thetical protein and an amino acid transporter, respectively, were
located closely in the upstream of xocR (Figure 1B). This organi-
zation is similar to gene arrangement in Xoo (Figure 1B). How-
ever, we also found a difference in the nucleotide sequence of
two genes located downstream of xocR compared to those of
Xoo. The observed difference between Xoo and Xoc was the
presence of a gene (XOC_1424) encoding a hypothetical pro-
tein located closely to the pip gene in Xoc, which was absent
in Xoo. In Xoo on the other hand at the similar position, a
locus (XOO1270) encoding a protein that putatively functions as
an amino acid transporter was located adjacent to the pip gene
(Figure 1B). Our results suggest that XocR is a member of a sub-
family of PAB LuxR solos. Notably, although Xoo and Xoc are
two pathovars of X. oryzae, XocR of Xoc also exhibited distinc-
tive features in sequence (e.g., sequence organization) with that
of well-characterized OryR from Xoo. These findings prompted
us to test the potential role of xocR in the virulence of Xoc as well
as other important pathogenesis related traits (see below).

xocR is Required for Xoc Virulence in Host Rice,
but Is Not Necessary for Trigging HR in Non-Host
(Plant) Tobacco
In order to gain insight into the role of xocR in Xoc virulence,
we generated the xocR in-frame deletion mutant as well as the
corresponding complemented strain (Figure S1). Pathogenicity
tests showed that mutation of xocR almost completely impaired
in virulence, whereas the complemented strain regained viru-
lence to wild-type levels (Figures 2A,B). This finding suggested
that xocR was required for Xoc virulence on host rice. We were
then interested to determine whether xocR was also required for
triggering the HR (a programmed cell death) in non-host (plant)
tobacco. For this purpose, three different cell concentrations of
wild-type Rs105 and the xocR mutant were infiltrated into the
leaves of tobacco. We determined that mutation of xocR did not
alter the ability to trigger HR in tobacco under all testing condi-
tions and behaved as the wild-type (Figure S2). This point indi-
cated that xocR was not involved in trigging HR in non-host
(plant) tobacco. Our results also provide a clue to reveal the diver-
sity of function of xocR in host and non-host plants. The PAB
LuxR solos have been shown to mediate virulence in diverse phy-
topathogenic bacteria by binding yet-to-be-identified plant sig-
nal/compound; these are XccR of X. campestris binding a signal
present in cabbage (Zhang et al., 2007), OryR ofX. oryzae binding
a signal compound present in rice (Ferluga and Venturi, 2009)
and XagR ofX. axonopodis binding a signal molecules in soybean,
rice and cabbage but not in tobacco (Chatnaparat et al., 2012).
These previous observations raised the possibility that binding
a signal/compound in rice leaves, but not in tobacco by XocR
probably contributed to probable roles of XocR in host rice and
non-host tobacco.

Mutation of xocR does not Affect the Growth
Ability in planta and in vitro
The finding of virulence deficiency of the xocRmutant prompted
us to examine whether this trait is associated with the in planta
growth capacity of the mutant. To test this, we recovered the bac-
terial cells from the infected rice leaves after inoculation of 7 days.
As shown in Figure S3, a mutation in xocR did not alter the bacte-
rial cell populations when compared to the ones of the wild-type
strain Rs105 in planta, as the bacterial numbers recovered from
infected rice leaves between wild type and the xocR mutant were
similar under our testing conditions. To further study growth
ability, the in vitro growth profiles in different media of wild-type
Rs105 and the xocRmutant were determined. As shown in Figure
S4, it was clearly observed that the xocRmutant always displayed
wild-type growth ability either in nutrient-rich medium or NB
with rice macerate medium. Collectively, these results indicate
that the virulence deficiency of the xocRmutant on host rice was
probably not due to the in planta growth impairment. However,
our result is not consistent with the finding on the role of PsaR2
in plant colonization, which is another PAB LuxR solos from
P. syringae pv. actinidiae, a pathogen of kiwifruit (Patel et al.,
2014). In this bacterium, mutation of psaR2 impaired the ability
of in planta colonization and virulence. These findings therefore
suggest that PAB LuxR solos may play different roles in plant
colonization in different phytopathogens.
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FIGURE 1 | Sequence characterization of XocR in Xanthomonas

oryzae pv. oryzicola. (A) Alignment analysis of LuxR-type transcriptional

regulators. Exception to XocR and ExpR, other solo LuxRs used in this figure

are described previously (Gonzalez and Venturi, 2013), and they are: OryR,

Xanthomonas oryzae pv. oryzae KACC10331; XccR, X. campestris pv.

campestris 8004; YP_242384.1, X. gardneri ATCC 19865; ZP_06703918.1,

X. fuscans subsp. aurantifolii ICPB 11122; ZP_08179515.1, X. vesicatoria

ATCC 35937; NP_643297.1 X. axonopodis pv. citri 306; QS LuxR: ExpR of

Pectobacterium carotovorum subsp. carotovorum; TraR of Agrobacterium

tumefaciens; LuxR of Vibrio fischeri. The nine highly conserved amino acids

are highlighted in black and their positions with respect to TraR are indicated

above. (B) Comparison of xocR and oryR organization in the genome of X.

oryzae pv. oryzicola BLS256 and X. oryzae pv. oryzae KACC10331,

respectively. xocR and oryR were both highlighted in white.

XocR is Involved in the Regulation of Cell
Swimming Motility in the Presence of Rice Signal
The finding that virulence deficiency of the xocR mutant was
not associated with its growth impairment in planta, suggested
that XocR may utilize a novel mechanism(s) to regulate viru-
lence in Xoc. This prompted us to examine whether any of the
four well-studied virulence-associated traits, including cell motil-
ity, EPS production, biofilm formation and extracellular pro-
tease activity were impaired in the xocR mutant, resulting in

virulence deficiency. We therefore determined the ability of the
xocRmutant in regulating these phenotypes. As shown in Figure
S5, we did not find any visible difference in the tested phenotypes
between wild-type Rs105 and the xocR mutant in the absence
of rice macerate. As reported previously, the regulation of the
PAB LuxR solos with regard to phenotypes occurs to the greatest
extent in response to the presence of plant signal(s) (Chatna-
parat et al., 2012; Gonzalez et al., 2013). To test this possibil-
ity, we re-examined these four tested virulence-associated traits
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FIGURE 2 | Mutation of xocR impaired the virulence of

Xanthomonas oryzae pv. oryzicola. (A) Representative result of

water-soaking lesion lengths on the rice seedling leaves (cv.

Shanyou63, 2-week old) by infiltration with wild-type Rs105 and the

xocR mutant. (B) Calculated data of water-soaking lesion lengths on

the leaves of rice seedling leaves. Rs105, wild-type strain; 1xocR, the

xocR deletion mutant; 1xocR (xocR), the complemented strain of the

xocR deletion mutant. Three replicates were used for each treatment,

and the experiment was performed three times. Vertical bars represent

standard errors. Different letters above data bars indicate a significant

difference between the wild-type strain and tested mutants (P < 0.05;

t-test).

between wild-type Rs105 and the xocR mutant in the presence
of rice macerate. Using this procedure, we observed that xocR
was involved in the regulation of cell motility and there was
no difference in the other three phenotypes (EPS production,
biofilm formation and extracellualr protease) (Figure S6). As
shown in Figure 3, we observed that a mutation in xocR signif-
icantly reduced the cell swimming motility of wild-type strain in
rich medium supplemented with rice macerate, whereas the cell
swimming motility of the xocR complemented strain was found
to be partially restored to the wild-type level under the same test-
ing conditions (Figure 3). Furthermore, we also determined that
the xocRmutant displayed wild-type growth level in this medium
(Figure S4B), suggesting the regulation of xocR in cell swimming
motility in the presence of ricemacerate was not due to any differ-
ence in the growth of Xoc derivatives. As cell swimming motility
can be associated with bacterial growth and EPS production in
diverse bacteria (Ali et al., 2000), we tested these phenotypes and
determined that the regulation by xocR of cell swimming motility
was not linked to these two phenotypes in Xoc since a mutation
of xocR did not impair these two traits both in the presence or
absence of rice signal(s). Similarly to what occurs in Xoc, cell
swimming motility is also regulated by OryR in Xoo (Gonzalez
et al., 2013).

In Xoo, OryR was found to positively control the tran-
scriptional expression of a number of movement-related genes,
including 30 flagella genes in response to rice macerate (Gonzalez
et al., 2013). Further studies showed that OryR directly regulated
most probably via a pip box-like sequence of the promoter region

of flhF, the flagella-regulator-encoding gene (Gonzalez et al.,
2013). A BlastP search in Xoc demonstrated a similar organi-
zation of these flagellar genes in Xoc (Table S5). This finding
raised the possibility that XocR might use pathway/mechanism
similar to OryR to modulate cell motility in Xoc. It must be
noted that Xoo is a vascular pathogen unlike Xoc, raising the
question whether OryR and XocR respond to the same rice sig-
nal/compound(s). Identification of the rice signal(s) that interacts
with OryR or XocR will give more insight into this point. Never-
theless, our results suggest that response to host signal is impor-
tant for XocR to regulate cell motility, which seems to facilitate
the infection of Xoc on host rice.

XocR Controls the Transcription of Two Known
Virulence-Associated Genes in the Presence of
Rice Signal
In addition to cell motility, we were interested to examine
whether XocR regulates other regulatory mechanism(s) to medi-
ate virulence. As described above, XocR most likely binds
to a DNA sequence called pip-box present in the promoter
region of target genes to regulate their transcription. In view
of this, an analysis of the promoter sequences of 29 reported
virulence-associated genes of Xoc was made (Table S4); this led
to the discovery of two candidate genes that might be reg-
ulated by XocR at transcriptional level, since their promoter
regions possessed a potential binding motif (an imperfect
pip box element) (Figure 4A). They are XOC_1737, encoding
a DNA repair protein (RecN) and XOC_4211, encoding an
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FIGURE 3 | Mutation of xocR impaired cell swimming motility of

Xanthomonas oryzae pv. oryzicola in the presence of rice

macerate. (A) Representative result of motility haloes of wild-type

Rs105 and the xocR deletion mutant; (B) Calculated data of diameters

of the swimming haloes on the plate of NA with rice macerate by

tested Xoc strains. Rs105, wild-type strain of X. oryzae pv. oryzicola;

1xocR, xocR-deletion mutant of X. oryzae pv. oryzicola; 1xocR (xocR),

the complemented strain of the xocR deletion mutant. Three replicates

were used for each treatment, and the experiment was performed

three times. Vertical bars represent standard errors. Different letters

above data bars indicate a significant difference between the wild-type

strain and tested mutants (P < 0.05; t-test).

FIGURE 4 | The contribution of rice macerate to the regulation of

xocR on the transcription of two known virulence-associated

genesn Xanthomonas oryzae pv. oryzicola. (A) Sequence alignment

of the characterized Xoo pip box and the promoter regions of two

characterized virulence-associated genes (XOC_4211 and XOC_1737) in

Xoc. (B,C) Determination of the transcriptional level of XOC_1737 and

XOC_4211 between wild-type Rs105 and the xocR deletion mutant

(1xocR), respectively in the absence or presence of rice macerate.

XOC_1737 encodes a DNA repair protein (RecN) and XOC_4211

encodes an anthranilate synthase component I (TrpE). Three replicates

were used for each treatment, and the experiment was performed three

times. Vertical bars represent standard errors. The data was analyzed

by One-Way ANOVA. Tukey HSD post-hoc comparisons were reported,

where **P < 0.001, *P < 0.005.

anthranilate synthase component I (TrpE). To address whether
the transcription of these two genes was controlled by xocR, we
used qRT-PCR to determine their transcriptional levels in wild-
type Rs105 and the xocR mutant. As shown in Figures 4B,C,
compared to control medium (NB), addition of rice macer-
ate significantly induced the transcriptional expression of recN
(∼1.7-fold) and trpE (∼3.0-fold) in the wild-type background.
However, the induced transcriptional effect of recN and trpE by
rice macerate was reduced to ∼1.4 and ∼1.8-fold in the xocR
mutant, respectively, compared to the control medium. Mean-
while, the transcription of recN or trpE in the wild-type strain
and the xocR mutant was similar in the absence of rice macer-
ate, whereas in the presence of rice macerate, mission of xocR

significantly alter the expression pattern of both genes. In details,
the expression level of recN and trpE was reduced to (∼1.5-fold)
and (∼2.0-fold), respectively, compared to the wild-type strain in
the presence of rice macerate. Although the complemented strain
was able to restore the deficiency of the xocRmutant in cell motil-
ity (Figure 3), suggesting the construction of complemented
strain is corrected. However, we always found the transcriptional
level of both tested genes (recN and trpE) was highly similar with
their cases in the xocR mutant under all testing conditions (data
not shown). It is possible that the transcriptional level of both
genes in the pBBR1-MCS5 vector was relatively high compared
to their native levels in the genome, further suggesting the tran-
scriptional regulation of xocR on both genes was probably precise

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7 April 2015 | Volume 5 | Article 37

http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive


Xu et al. A LuxR solo in Xanthomonas oryzae pv. oryzicola

in Xoc. Nevertheless, our results collectively suggest that the rice
macerate may activate the positive regulation effect of xocR on
the transcription of two known virulence-associated genes inXoc.
It is currently not known whether XocR directly binds the pro-
moter region of recN or trpE to regulate their transcription in
the presence of rice macerate or whether this regulation is indi-
rect. RecN is a highly conserved, SMC (structural maintenance
of chromosomes)-like protein in bacteria (Zeigler, 2003). It plays
an important role in the repair of DNA double-strand breaks
and therefore acts as a critical factor in maintaining genome
integrity (Grove et al., 2009). Moreover, RecN also functions
as a key component of the SOS response in different bacterial
species, including Haemophilus inlfuenzae, Bacillus subtilis and
Pseudomonas fluorescens (Alonso et al., 1993; Sweetman et al.,
2005; Sanchez et al., 2006; Jin et al., 2007). However, the involve-
ment of recN in the virulence of plant pathogenic bacteria is
largely unknown. TrpE is one component of microbial anthrani-
late synthase (AS), which is a member of tryptophan biosynthetic
pathway. AS catalyzes the formation of anthranilate from choris-
mate and ammonia (or glutamine), which is the first committed
step branching from shikimate pathway toward the biosynthesis
of l-tryptophan (Morollo and Eck, 2001). TrpE is able to catalyze
the synthesis of anthranilate with ammonia as the source of nitro-
gen atom independently (Bauerle et al., 1987). The involvement
of trpE in the virulence of plant pathogenic bacteria is also poorly
understood.

Concluding Remarks

This study reports for the first time the presence of a PAB LuxR
solo designated as XocR in Xoc. XocR shares high sequence sim-
ilarity at amino-acid level with OryR from Xoo. XocR, responds
to rice-derived unidentified compound(s) and regulates virulence
on host rice and cell motility similar to OryR. We further pro-
vided evidence that XocR mediated Xoc virulence through the
control of the transcription of two known virulence-associated
genes (recN or trpE) in the presence of rice signal(s). Future
studies will focus on the identification of the rice signal(s) that
interacts with XocR, and the regulatory mechanisms of XocR on
cell motility as well as the transcription of recN or trpE in Xoc.

Acknowledgments

This work was supported by National Natural Science Foun-
dation of China (31171810; 31371906) and Special Fund for
Agro-scientific Research in the Public Interest (No. 201303015;
201003021).

Supplementary Material

The Supplementary Material for this article can be found
online at: http://www.frontiersin.org/journal/10.3389/fcimb.
2015.00037/abstract

References

Ahmer, B. M. (2004). Cell-to-cell signalling in Escherichia coli and Salmonella

enterica.Mol. Microbiol. 52, 933–945. doi: 10.1111/j.1365-2958.2004.04054.x

Ali, A., Johnson, J. A., Franco, A. A., Metzger, D. J., Connell, T. D., Morris, J. G.

Jr., et al. (2000). Mutations in the extracellular protein secretion pathway genes

(eps) interfere with rugose polysaccharide production in and motility of Vibrio

cholerae. Infect. Immun. 68, 1967–1974. doi: 10.1128/IAI.68.4.1967-1974.2000

Alonso, J. C., Stiege, A. C., and Luder, G. (1993). Genetic recombination in Bacillus

subtilis 168: effect of recN, recF, recH and addABmutations on DNA repair and

recombination.Mol. Gen. Genet. 239, 129–136.

Bauerle, R., Hess, J., and French, S. (1987). Anthranilate synthase-anthranilate

phosphoribosyltransferase complex and subunits of Salmonella typhimurium.

Meth. Enzymol. 142, 366–386. doi: 10.1016/S0076-6879(87)42049-1

Chatnaparat, T., Prathuangwong, S., Ionescu, M., and Lindow, S. E. (2012). XagR,

a LuxR homolog, contributes to the virulence of Xanthomonas axonopodis

pv. glycines to soybean. Mol. Plant Microbe. Interact. 25, 1104–1117. doi:

10.1094/MPMI-01-12-0008-R

Covaceuszach, S., Degrassi, G., Venturi, V., and Lamba, D. (2013). Structural

insights into a novel interkingdom signaling circuit by cartography of the

ligand-binding sites of the homologous quorum sensing LuxR-family. Int. J.

Mol. Sci. 14, 20578–20596. doi: 10.3390/ijms141020578

Danhorn, T., and Fuqua, C. (2007). Biofilm formation by plant-

associated bacteria. Annu. Rev. Microbiol. 61, 401–422. doi:

10.1146/annurev.micro.61.080706.093316

Feng, J. X., Song, Z. Z., Duan, C. J., Zhao, S., Wu, Y. Q., Wang, C., et al.

(2009). The xrvA gene of Xanthomonas oryzae pv. oryzae, encoding an H-

NS-like protein, regulates virulence in rice. Microbiology 155, 3033–3044. doi:

10.1099/mic.0.028910-0

Ferluga, S., Bigirimana, J., Hofte, M., and Venturi, V. (2007). A LuxR homologue

of Xanthomonas oryzae pv. oryzae is required for optimal rice virulence. Mol.

Plant Pathol. 8, 529–538. doi: 10.1111/j.1364-3703.2007.00415.x

Ferluga, S., and Venturi, V. (2009). OryR is a LuxR-family protein involved in

interkingdom signaling between pathogenic Xanthomonas oryzae pv. oryzae

and rice. J. Bacteriol. 191, 890–897. doi: 10.1128/JB.01507-08

Fuqua, C. (2006). The QscR quorum-sensing regulon of Pseudomonas aerug-

inosa: an orphan claims its identity. J. Bacteriol. 188, 3169–3171. doi:

10.1128/JB.188.9.3169-3171.2006

Fuqua, C., and Greenberg, E. P. (2002). Listening in on bacteria: acyl-homoserine

lactone signalling. Nat. Rev. Mol. Cell Biol. 3, 685–695. doi: 10.1038/nrm907

Fuqua, C., Parsek, M. R., and Greenberg, E. P. (2001). Regulation of gene expres-

sion by cell-to-cell communication: acyl-homoserine lactone quorum sensing.

Annu. Rev. Genet. 35, 439–468. doi: 10.1146/annurev.genet.35.102401.090913

Fuqua, C., and Winans, S. C. (1996). Conserved cis-acting promoter elements

are required for density-dependent transcription of Agrobacterium tumefaciens

conjugal transfer genes. J. Bacteriol. 178, 435–440.

Fuqua, W. C., Winans, S. C., and Greenberg, E. P. (1994). Quorum sensing in bac-

teria: the LuxR-LuxI family of cell density-responsive transcriptional regulators.

J. Bacteriol. 176, 269–275.

Gonzalez, J. F., Myers, M. P., and Venturi, V. (2013). The inter-kingdom solo OryR

regulator of Xanthomonas oryzae is important for motility. Mol. Plant Pathol.

14, 211–221. doi: 10.1111/j.1364-3703.2012.00843.x

Gonzalez, J. F., and Venturi, V. (2013). A novel widespread interkingdom signaling

circuit. Trends Plant Sci. 18, 167–174. doi: 10.1016/j.tplants.2012.09.007

Goo, E., Kang, Y., Kim, H., and Hwang, I. (2010). Proteomic analysis of quo-

rum sensing-dependent proteins in Burkholderia glumae. J. Proteome Res. 9,

3184–3199. doi: 10.1021/pr100045n

Grove, J. I., Wood, S. R., Briggs, G. S., Oldham, N. J., and Lloyd, R. G. (2009). A

soluble RecN homologue provides means for biochemical and genetic analysis

of DNA double-strand break repair in Escherichia coli. DNA Repair (Amst) 8,

1434–1443. doi: 10.1016/j.dnarep.2009.09.015

Guo, W., Cui, Y. P., Li, Y. R., Che, Y. Z., Yuan, L., Zou, L. F., et al. (2012). Identifi-

cation of seven Xanthomonas oryzae pv. oryzicola genes potentially involved in

pathogenesis in rice.Microbiology 158, 505–518. doi: 10.1099/mic.0.050419-0

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8 April 2015 | Volume 5 | Article 37

http://www.frontiersin.org/journal/10.3389/fcimb.2015.00037/abstract
http://www.frontiersin.org/journal/10.3389/fcimb.2015.00037/abstract
http://www.frontiersin.org/journal/10.3389/fcimb.2015.00037/abstract
http://www.frontiersin.org/journal/10.3389/fcimb.2015.00037/abstract
http://www.frontiersin.org/journal/10.3389/fcimb.2015.00037/abstract
http://www.frontiersin.org/journal/10.3389/fcimb.2015.00037/abstract
http://www.frontiersin.org/journal/10.3389/fcimb.2015.00037/abstract
http://www.frontiersin.org/journal/10.3389/fcimb.2015.00037/abstract
http://www.frontiersin.org/journal/10.3389/fcimb.2015.00037/abstract
http://www.frontiersin.org/journal/10.3389/fcimb.2015.00037/abstract
http://www.frontiersin.org/journal/10.3389/fcimb.2015.00037/abstract
http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive


Xu et al. A LuxR solo in Xanthomonas oryzae pv. oryzicola

Jin, H., Retallack, D. M., Stelman, S. J., Hershberger, C. D., and Ramseier, T. (2007).

Characterization of the SOS response of Pseudomonas fluorescens strain DC206

using whole-genome transcript analysis. FEMS Microbiol. Lett. 269, 256–264.

doi: 10.1111/j.1574-6968.2007.00630.x

Koczan, J. M., McGrath, M. J., Zhao, Y., and Sundin, G. W. (2009). Contribu-

tion of Erwinia amylovora exopolysaccharides amylovoran and levan to biofilm

formation: implications in pathogenicity. Phytopathology 99, 1237–1244. doi:

10.1094/PHYTO-99-11-1237

Kovach, M. E., Elzer, P. H., Hill, D. S., Robertson, G. T., Farris, M. A., Roop,

R. M. II., et al. (1995). Four new derivatives of the broad-host-range cloning

vector pBBR1MCS, carrying different antibiotic-resistance cassettes. Gene 166,

175–176. doi: 10.1016/0378-1119(95)00584-1

Lee, S. W., Jeong, K. S., Han, S. W., Lee, S. E., Phee, B. K., Hahn, T. R., et al.

(2008). The Xanthomonas oryzae pv. oryzae PhoPQ two-component system is

required for AvrXA21 activity, hrpG expression, and virulence. J. Bacteriol. 190,

2183–2197. doi: 10.1128/JB.01406-07

Morollo, A. A., and Eck, M. J. (2001). Structure of the cooperative allosteric

anthranilate synthase from Salmonella typhimurium. Nat. Struct. Biol. 8,

243–247. doi: 10.1038/84988

Nealson, K. H., Platt, T., and Hastings, J. W. (1970). Cellular control of the

synthesis and activity of the bacterial luminescent system. J. Bacteriol. 104,

313–322.

Ng, W. L., and Bassler, B. L. (2009). Bacterial quorum-sensing network archi-

tectures. Annu. Rev. Genet. 43, 197–222. doi: 10.1146/annurev-genet-102108-

134304

Nino-Liu, D. O., Ronald, P. C., and Bogdanove, A. J. (2006). Xanthomonas oryzae

pathovars: model pathogens of a model crop.Mol. Plant Pathol. 7, 303–324. doi:

10.1111/j.1364-3703.2006.00344.x

Patankar, A. V., and Gonzalez, J. E. (2009). Orphan LuxR regulators of

quorum sensing. FEMS Microbiol. Rev. 33, 739–756. doi: 10.1111/j.1574-

6976.2009.00163.x

Patel, H. K., Ferrante, P., Covaceuszach, S., Lamba, D., Scortichini, M., and Ven-

turi, V. (2014). The kiwifruit emerging pathogen Pseudomonas syringae pv.

actinidiae does not produce AHLs but possesses three luxR solos. PLoS ONE

9:e87862. doi: 10.1371/journal.pone.0087862

Qian, G., Liu, C., Wu, G., Yin, F., Zhao, Y., Zhou, Y., et al. (2013a). AsnB, regu-

lated by diffusible signal factor and global regulator Clp, is involved in aspar-

tate metabolism, resistance to oxidative stress and virulence in Xanthomonas

oryzae pv. oryzicola. Mol. Plant Pathol. 14, 145–157. doi: 10.1111/j.1364-

3703.2012.00838.x

Qian, G., Xu, F., Venturi, V., Du, L., and Liu, F. (2014). Roles of a solo LuxR in the

biological control agent Lysobacter enzymogenes strain OH11. Phytopathology

104, 224–231. doi: 10.1094/PHYTO-07-13-0188-R

Qian, G., Zhou, Y., Zhao, Y., Song, Z., Wang, S., Fan, J., et al. (2013b). Pro-

teomic analysis reveals novel extracellular virulence-associated proteins and

functions regulated by the diffusible signal factor (DSF) in Xanthomonas oryzae

pv. oryzicola. J. Proteome Res. 12, 3327–3341. doi: 10.1021/pr4001543

Ryan, R. P., Fouhy, Y., Lucey, J. F., Crossman, L. C., Spiro, S., He, Y. W., et al.

(2006). Cell-cell signaling in Xanthomonas campestris involves an HD-GYP

domain protein that functions in cyclic di-GMP turnover. Proc. Natl. Acad. Sci.

U.S.A. 103, 6712–6717. doi: 10.1073/pnas.0600345103

Sanchez, H., Kidane, D., Castillo Cozar, M., Graumann, P. L., and Alonso,

J. C. (2006). Recruitment of Bacillus subtilis RecN to DNA double-strand

breaks in the absence of DNA end processing. J. Bacteriol. 188, 353–360. doi:

10.1128/JB.188.2.353-360.2006

Schafer, A., Tauch, A., Jager, W., Kalinowski, J., Thierbach, G., and Puhler,

A. (1994). Small mobilizable multi-purpose cloning vectors derived from

the Escherichia coli plasmids pK18 and pK19: selection of defined deletions

in the chromosome of Corynebacterium glutamicum. Gene 145, 69–73. doi:

10.1016/0378-1119(94)90324-7

Subramoni, S., and Venturi, V. (2009). LuxR-family ’solos’: bachelor sen-

sors/regulators of signalling molecules. Microbiology 155, 1377–1385. doi:

10.1099/mic.0.026849-0

Sweetman, W. A., Moxon, E. R., and Bayliss, C. D. (2005). Induction of the

SOS regulon of Haemophilus influenzae does not affect phase variation rates

at tetranucleotide or dinucleotide repeats. Microbiology 151, 2751–2763. doi:

10.1099/mic.0.27996-0

Tang, J. L., Liu, Y. N., Barber, C. E., Dow, J. M., Wootton, J. C., and Daniels, M.

J. (1991). Genetic and molecular analysis of a cluster of rpf genes involved in

positive regulation of synthesis of extracellular enzymes and polysaccharide in

Xanthomonas campestris pathovar campestris. Mol. Gen. Genet. 226, 409–417.

doi: 10.1007/BF00260653

Wang, L., Makino, S., Subedee, A., and Bogdanove, A. J. (2007). Novel candi-

date virulence factors in rice pathogen Xanthomonas oryzae pv. oryzicola as

revealed by mutational analysis. Appl. Environ. Microbiol. 73, 8023–8027. doi:

10.1128/AEM.01414-07

Zeigler, D. R. (2003). Gene sequences useful for predicting relatedness of

whole genomes in bacteria. Int. J. Syst. Evol. Microbiol. 53, 1893–1900. doi:

10.1099/ijs.0.02713-0

Zhang, L., Jia, Y., Wang, L., and Fang, R. (2007). A proline iminopeptidase gene

upregulated in planta by a LuxR homologue is essential for pathogenicity

of Xanthomonas campestris pv. campestris. Mol. Microbiol. 65, 121–136. doi:

10.1111/j.1365-2958.2007.05775.x

Zou, L. F., Wang, X. P., Xiang, Y., Zhang, B., Li, Y. R., Xiao, Y. L., et al. (2006). Elu-

cidation of the hrp clusters ofXanthomonas oryzae pv. oryzicola that control the

hypersensitive response in nonhost tobacco and pathogenicity in susceptible

host rice. Appl. Environ. Microbiol. 72, 6212–6224. doi: 10.1128/AEM.00511-06

Conflict of Interest Statement: The authors declare that the research was con-

ducted in the absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Copyright © 2015 Xu, Zhao, Qian and Liu. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) or licensor are credited and that the original publication in this jour-

nal is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9 April 2015 | Volume 5 | Article 37

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive

	XocR, a LuxR solo required for virulence in Xanthomonas oryzae pv. oryzicola
	Introduction
	Materials and Methods
	Bacterial Strains, Culture Media, and Growth Conditions
	Generation of the xocR Deletion Mutant in X. Oryzae Pv. Oryzicola
	Complementation of the xocR Mutant
	Pathogenicity Testing and Determination of Bacterial Load in planta
	Hypersensitive Response (HR) Assay
	Determination of Bacterial Growth Ability in vitro
	Determination of Cell Motility, EPS Production, Protease Activity, and Biofilm Formation between Wild-type Strain and the xocR Mutant in the Absence or Presence of Rice Macerate
	Real-Time PCR

	Results and Discussion
	XocR of Xoc Belongs to a Sub-Family of PAB LuxR Solos
	xocR is Required for Xoc Virulence in Host Rice, but Is Not Necessary for Trigging HR in Non-Host (Plant) Tobacco
	Mutation of xocR does not Affect the Growth Ability in planta and in vitro
	XocR is Involved in the Regulation of Cell Swimming Motility in the Presence of Rice Signal
	XocR Controls the Transcription of Two Known Virulence-Associated Genes in the Presence of Rice Signal

	Concluding Remarks
	Acknowledgments
	Supplementary Material
	References


