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rpfC is one of a cluster of genes which coordinately regu-
late the synthesis of extracellular enzymes and exopolysac-
charide and pathogenicity in Xanthomonas campestris pv.
campestris, the black rot pathogen of brassicas. An rpfC
homolog which could functionally complement an rpfC
mutant of X. campestris pv. campestris was identified in
Xanthomonas oryzae pv. oryzae and the gene was charac-
terized. Mutation of this gene in X. oryzae pv. oryzae had
no effect on extracellular enzymes, but exopolysaccharide
synthesis and virulence to rice were substantially reduced.

Additional keywords: bacterial blight of rice, two-component
regulation.

Xanthomonas oryzae pv. oryzae causes bacterial blight of
rice, one of the most destructive diseases in rice, particularly
in Asia (Mew et al. 1993). Although several genes involved in
the interaction of X. oryzae pv. oryzae and its host plant have
been identified (Kelemu and Leach 1990; Hopkins et al. 1992;
Kamdar et al. 1993), the molecular mechanisms underlying
pathogenesis are poorly understood. In our previous studies on
Xanthomonas campestris pv. campestris, the black rot patho-
gen of cruciferous plants, we have described a nonpathogenic
mutant strain 8237 which is deficient in the synthesis of extra-
cellular enzymes which include protease (PRT), polygalac-
turonate lyase (PGL), endoglucanase (EGL), and amylase
(AML), and extracellular polysaccharide (EPS). This mutant
could be complemented in trans by a recombinant plasmid
(p1J3020) isolated from a X. campestris pv. campestris
genomic library, which concomitantly restores both the syn-
thesis of the enzymes and EPS and the virulence (Daniels et
al. 1984). It was subsequently found that pIJ3020 carries a
cluster of positive global regulatory genes spanning 23 kb
designated rpfA-H; mutation in any of these genes results in
significant reduction of both the synthesis of enzymes and
EPS and virulence (Tang et al. 1991; Dow and Daniels 1994).
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One of these genes (rpfC) encodes a fused two-component
sensor-regulator (Tang et al. 1991) of the ITRO class
(Parkinson and Kofoid 1992). DNA sequences cross-
hybridizing to the insert DNA of pIJ3020 have been found in

Southern hybridizations of genomic DNA of a number of

pathovars of Xanthomonas campestris and X. oryzae pv.
oryzae (Sawczyc et al. 1989; Todd et al. 1990). Although re-
combinant plasmids containing these homologous DNA frag-
ments were able to restore pathogenicity and protease produc-
tion to the mutant 8237 (Sawczyc et al. 1989; Todd et al.
1990), the function of the homologous DNA in the parent or-
ganism was not investigated. In this paper we address this
question for X. oryzae pv. oryzae. We describe the cloning and
characterization of the rpfC homolog from X. oryzae pv.
oryzae and show that it is involved in EPS production and
virulence to rice.

Southern hybridizations of genomic DNA from 10 different
Chinese X. oryzae pv. oryzae strains digested with EcoRI us-
ing the X. campestris pv. campestris insert DNA of pIJ3020 as
a probe revealed that each contained cross-hybridizing DNA.
The patterns of hybridizing bands were similar to each other
and to those found in the Philippine X. oryzae pv. oryzae
strains by Todd et al. (1990). To clone the homologous se-
quences a genomic library of the X. oryzae pv. oryzae wild-
type strain T3000 was constructed in pLAFR1 as described
by Daniels et al. (1984) and 2,000 individual Escherichia
coli library colonies were screened by colony hybridization
with pIJ3020 insert DNA as a probe. One colony showed
strong hybridization with the probe and the recombinant
plasmid designated pGXN3000 was isolated from the colony,
digested with EcoRI (to release whole insert DNA from the
vector) and analyzed further by Southern blotting with
pIJ3020 insert DNA as a probe. All the insert fragments hy-
bridized with the probe and the pattern was the same as that
obtained in hybridizations with the total genomic DNA (data
not shown). A restriction map of pGXN3000 is shown in
Figure 1.

pGXN3000 was transferred by conjugation into X. cam-
pestris pv. campestris strains 8237 and 8473, an rpfC mu-
tant with the chromosomal copy of the gene inactivated by
Tn5 insertion (Tang et al. 1991). The transconjugant strains



8237/pGXN3000 and 8473/pGXN3000 were tested for patho-
genicity and production of the enzymes and EPS. The results
showed that pGXN3000 could complement both mutants for
pathogenicity and production of extracellular enzymes and
EPS suggesting that it carries a functional rpfC homolog. The
precise location of this homolog within the insert DNA of
pGXN3000 was established by Southern hybridization with a
3-kb BamHI fragment from pIJ3020 which carries the rpfC
gene (Tang-et al. 1991). pGXN3000 DNA was digested with
EcoRI or BamHI and the DNA fragments were separated by
agarose gel electrophoresis. On Southern analysis with the 3-
kb X. campestris pv. campestris rpfC probe, one BamHI frag-
ment (3 kb) and three EcoRI fragments (1.8, 1.3, 1.3 kb) were
seen to hybridize. This located the rpfC homolog to the mid-
dle of the pGXN3000 insert DNA (Fig. 1). The 3-kb BamHI
fragment was deleted from pGXN3000 by partial digestion
with BamHI and religation of the fragments bigger than 27 kb.
This deletion derivative plasmid could no longer complement
8473 for pathogenicity, production of the enzymes, and pro-
duction of EPS.

The nucleotide sequence of the 3-kb BamHI fragment com-
prises 3,018 base pairs. Analysis of this sequence with the
FRAME program (Bibb et al. 1984) revealed a similar open
reading frame (ORF) to the X. campestris pv. campestris rpfC
ORF (Tang et al. 1991), extending from an ATG start codon
at position 189 to a TAG stop codon at position 2219. Po-
tential —10 and -35 consensus promoter sequences and a ri-
bosome binding site upstream of the ATG start codon were
similar to those of the rpfC gene from X. campestris pv.
campestris. The nucleotide sequences of the two ORFs
showed 83.3% identity. The predicted protein in X. oryzae
pv. oryzae has 676 amino acids, one less than RpfC of X.
campestris pv. campestris, and the amino acid sequences of the
two proteins show 85.2% identity and 91.7% similarity. The
greatest variation between the sequences appears mainly in
two domains; from amino acids 365 to 388 and from amino
acids 526 to 546. As expected, RpfC from X. oryzae pv.
oryzae shows extensive homology to conserved domains of
both sensor and regulator proteins of two-component regula-
tory systems (reviewed by Parkinson and Kofoid 1992) where
the N-terminal region of the protein is related to the sensors
and is separated by a linker segment from a region related to
the regulators (data not shown).

As a first step to creating an rpfC mutant of X. oryzae pv.
oryzae, pGXN3000 was mutagenized with the transposon Tn5
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Fig. 1. Physical map of pGXN3000 showing restriction sites for BamHI
(B), EcoRI (R), and HindIII (H) and sites of Tn5 insertions. Open trian-
gles represent Tn5 insertions that abolish the ability of pGXN3000 to
complement the rpfC mutant of Xanthomonas campestris pv. campestris
for pathogenicity and production of extracellular enzymes and EPS,
closed triangles represent insertions with no effect on complemetation.
The position and direction of the rpfC open reading frame (ORF) is also
shown.

by the method described by Turner et al. (1985). Five TnS in-
sertions located in different positions within the 3-kb BamHI
fragment were obtained (insertions 1,22,39,47 and 57 in Fig.
1). The plasmids were transferred individually by mating into
the X. campestris pv. campestris rpfC mutant 8473 with ap-
propriate antibiotic selection. When the transconjugants were
tested for pathogenicity on turnip leaves and for production of
extracellular enzymes and EPS, all of them had reduced
pathogenicity and produced similar levels of enzymes (AML,
EGL, PGL, and PRT) and EPS to 8473. As controls, two other
plasmids with Tn5 insertions located outside the 3-kb BamHI
fragment (insertions 34 and 19 in Fig. 1) were also transferred
into 8473. These plasmids were still able to restore patho-
genicity and production of the enzymes and EPS to the X.
campestris pv. campestris mutant.

Five rpfC mutants of X. oryzae pv. oryzae were constructed
by introducing the five different Tn5 insertions located within
the rpfC gene in pGXN3000 into the corresponding positions
of the wild-type strain 13751 genome by marker exchange.
This was done essentially as described by Turner et al. (1985),
except that the plasmid used to displace pGXN3000 (or
pGXN3000::Tn5) was pIJ3011 (Sawczyc et al. 1989). The
marker exchange was confirmed by Southern analysis of
EcoRI-digested genomic DNA of the mutants using
pGXN3000 as a probe (data not shown). The two other Tn5
insertions located outside the rpfC locus (34 and 19), which
could still complement the X. campestris pv. campestris rpfC
mutant, were also exchanged into the 13751 genome. The
wild type strain 13751, like the nine other Chinese X. ooryzae
pv. oryzae strains tested, produced large amounts of EPS and
EGL. The five rpfC::Tn5 mutants obtained from marker ex-
change had wild-type levels of EGL, but produced much less
EPS than the wild type strain 13751. The levels of EPS and
EGL produced by the other two marker exchange products
were very similar to the wild type levels.
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Fig. 2. A, Lesion development on rice cvs. Guanggui 110 (A) and
Shangyouguang 12 (B) at 14 and 16 days, respectively, after inoculation
with different strains of Xanthomonas oryzae pv. oryzae. The rpfC mu-
tant and Tn5 control were created by marker exchange of TnJ5 insertions
57 and 34 (see Fig.1) into the chromosome. Very slight symptoms are
seen with the medium alone. The mean and standard deviation of 10
replicate measurements of lesion length are given. B, Growth of X.
oryzae pv. oryzae strains in leaves of rice cv. Guanggui 110. The rpfC
mutant and Tn5 control strains were created by marker exchange of Tn5
insertions 57 and 34 (see Fig. 1) into the chromosome. Bacterial num-
bers are the averages of three replicate measurements which differed
from the average by less than 5%.
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To study the role of the rpfC gene in the pathogenesis of X.
oryzae pv. oryzae, the leaves of 3-week-old seedlings of the
rice cultivars Guanggui 110 and Shanyouguang 12 were in-
oculated as described by Kauffman et al. (1973) by clipping
their tips with scissors that had been dipped in bacterial sus-
pensions of 10° CFU/ml made in the culture medium of Yuan
(1990). The strains tested were the wild type 13751, and
marker exchange mutants resulting from exchange of trans-
poson insertions 57 (rpfC mutant) and 34 (Tn5 control). By
5 days after inoculation, no disease symptoms were seen on
either cultivar inoculated with the rpfC mutant, whereas the
wild-type strain 13751 and Tn5 control strain produced clear
symptoms. Although at later time points symptoms did ap-
pear on the leaves of both cultivars in response to the rpfC
mutant, the lesion length was much shorter than that caused
by 13751 (Fig. 2A). The Tn5 control strain showed very
similar behaviour to the wild type (Fig. 2A). The growth of
the different strains in the leaves of rice seedlings was deter-
mined by homogenizing pools of five inoculated leaves for
each strain at 2-day intervals after inoculation and plating
suitable dilutions of the homogenates on selection plates. The
results showed that the rpfC mutant and Tn5 control strain had
a similar growth rate and final population size to the wild type
strain (Fig. 2B).

Overall the results suggest that the rpfC gene is involved in
the pathogenesis of X. oryzae pv. oryzae to rice where it
contributes to symptom production rather than to growth or
survival of the bacteria. The effects of mutation of rpfC in
X. oryzae pv. oryzae are different in detail from those seen
in X. campestris pv. campestris since the production of ex-
tracellular enzymes is not affected in an rpfC mutant of X.
oryzae pv. oryzae. We cannot state that the reduced symp-
toms seen in rice in response to the rpfC mutant of X. oryzae
pv. oryzae are solely due to the reduction in EPS biosynthe-
sis, since we do not know how many genes other than those
involved in EPS biosynthesis are also positively regulated
by rpfC. This and other intriguing questions such as what
aspects of the bacterial environment or cellular state are
“sensed” by RpfC will be the subject of future study.
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