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Xanthomonas oryzae pv. oryzae causes bacterial leaf blight, a serious disease of rice. Spontaneous mutants
which are deficient for virulence and extracellular polysaccharide (Eps) production accumulate in large
numbers in stationary-phase cultures of this bacterium, a phenomenon which we have called stationary-phase
variation. A clone (pSD1) carrying the Eps biosynthetic gene (gum) cluster of X. oryzae pv. oryzae restored Eps
production and virulence to several spv (for stationary-phase variation) mutants. Data from localized recom-
bination analysis, Southern hybridization, PCR amplification, and sequence analysis showed that the muta-
tions are due to insertion of either one of two novel endogenous insertion sequence (IS) elements, namely,
ISXo1 and ISXo2, into gumM, the last gene of the gum gene cluster. The results of Southern analysis indicate
the presence of multiple copies of both IS elements in the genome of X. oryzae pv. oryzae. These results dem-
onstrate the role of IS elements in stationary-phase variation in X. oryzae pv. oryzae.

In their natural environment, bacteria often encounter nu-
tritionally limited conditions which resemble the stationary-
phase conditions of laboratory cultures. Gram-positive bacte-
ria respond to the adverse conditions by forming resistant
spores. Gram-negative bacteria exhibit reduced growth, and
several genes that confer resistance to stress during starvation
are transcriptionally induced in the stationary phase. Much of
the transcriptional regulation in the stationary phase is medi-
ated by rpoS, a gene that encodes the stationary-phase sigma
factor (sS) of RNA polymerase (14, 21). Several Escherichia
coli mutants that have a competitive advantage in stationary-
phase cultures have been shown to carry mutations in the rpoS
gene (38).

Spontaneous and reversible phenotypic variations mediated
by various DNA rearrangements, such as insertions, DNA du-
plications, inversions, deletions, and frameshift mutations, are
strategies adopted by bacteria to cope with adverse environ-
mental conditions (7). A few examples are intragenic duplica-
tions in a regulatory gene in the mushroom pathogen Pseudo-
monas tolaasii (11), large chromosomal duplications that
promote growth during carbon starvation in Salmonella en-
terica serovar Typhimurium (34), insertions in Shigella flexneri
(24), frameshift mutations in Bordetella pertussis (35), and
flagellar-phase variation mediated by DNA inversion in sero-
var Typhimurium (39). In the well-studied plant-pathogenic
bacterium Ralstonia solanacearum, phenotypic changes were
shown to be due to either mutations in the phcA regulatory
gene (2), overproduction of a negative regulatory element (16),
or excision of an episome from the bacterial chromosome (26).

Xanthomonas oryzae pv. oryzae causes bacterial leaf blight,
a serious disease of rice. Like other xanthomonads, this bac-
terium produces copious amounts of an extracellular poly-
saccharide (Eps). The Eps produced by a related bacterium,
Xanthomonas campestris pv. campestris, is the industrially
important xanthan gum, which is comprised of a repeating
pentamer unit made up of two subunits of glucose, two of
mannose, and one of glucuronic acid, along with certain mod-

ifications like acetylation (4). A cluster of X. campestris pv.
campestris genes (gumA through gumM) spanning 16 kb has
been shown to encode enzymes involved in Eps biosynthesis (3,
17). A cosmid clone carrying the X. oryzae pv. oryzae homo-
logue of the X. campestris pv. campestris gum cluster was iso-
lated using transposon tagging methods (5).

The spontaneous loss of virulence associated with reduced
levels of Eps production has been reported for long-term stabs
and aging liquid cultures of X. oryzae pv. oryzae (9, 30). These
mutants were shown to accumulate in large numbers in sta-
tionary-phase cultures but not in exponentially growing cul-
tures (29). There was at least a 5,000-fold increase in the
frequency of the mutants 10 days after day 1 in the stationary
phase, with a large number of the cells comprised of these
mutants. This phenomenon was referred to as stationary-phase
variation. Independently isolated spv (for stationary-phase
variation) mutants were reported to show phenotypic variation
in the degree of loss of virulence, stability of the mutant phe-
notype, ability to outcompete the wild-type strain in stationary-
phase cocultures, and sensitivity to hydrogen peroxide (29).

We are interested in determining the nature of mutations in
the various spv strains and to understand why the mutants
accumulate in stationary-phase cultures of X. oryzae pv. oryzae.
In this study, we report that in some of the spv strains, the
mutant phenotype is due to insertion of either one of two novel
endogenous insertion sequence (IS) elements into the gum
cluster of X. oryzae pv. oryzae.

MATERIALS AND METHODS

Bacterial strains, media, and antibiotics. The bacterial strains and plasmids
used in this study are listed in Table 1. The wild-type strain of X. oryzae pv. oryzae
(BXO1) was obtained from the Directorate of Rice Research, Hyderabad, India,
and the spontaneous rifampin-resistant strain BXO112 was derived from it in our
laboratory. Several independent Eps- and virulence-deficient mutants (spv mu-
tants) were isolated from stationary-phase cultures of the BXO112 strain (29).
The Rifr marker was useful for counterselection of E. coli donors in conjugal
matings. All strains of X. oryzae pv. oryzae were grown at 28°C for 48 h in
peptone-sucrose (PS) medium or PS agar (PSA) when maintained on plates (36).
E. coli strains were grown in Luria broth medium at 37°C (23). The antibiotics
kanamycin and rifampin were added wherever required (50 mg/ml).

Estimation of Eps. Eps was isolated from colonies grown on PSA for 8 to 10
days at 28°C by precipitation with acetone, as described by Hancock and Poxton
(12). It was quantitated by colorimetric estimation of pentoses and hexoses (6)
using D-glucose as the standard; the amount of Eps was calculated in milligrams
per 1010 cells of X. oryzae pv. oryzae.
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Virulence assays. Cultures of X. oryzae pv. oryzae that were grown to satura-
tion, pelleted, and resuspended in sterile water to about 109 cells/ml were used
as the inoculum. Forty-day-old greenhouse-grown plants of the susceptible rice
cultivar Taichung Native-1 (TN-1) were inoculated by the leaf clip method of
inoculation (18). Symptoms were measured as lesion lengths at regular intervals.

Conjugation and complementation of spv mutants. The cosmid clones con-
taining the gum genes of X. oryzae pv. oryzae were transferred from E. coli to
BXO112 using biparental mating procedures (5, 15). Cultures of BXO112 were
concentrated to 1012 cells/ml, and 200 ml was spotted onto Hybond N1 mem-
branes placed on nutrient agar plates and then mixed with 10 ml of the donor
E. coli strain, S17-1 (109 cells/ml), carrying either pSD1 or pSD2. The plates were
incubated for 48 h at 28°C before the cells were washed into sterile distilled water
and plated on selection medium containing PSA with rifampin and kanamycin.

Isolation of genomic DNA and Southern blot analysis. Genomic DNA was
isolated according to the protocol of Leach et al. (20). Restriction digestions
were done using enzymes obtained from New England Biolabs (Beverly, Mass.),
as per the manufacturer’s instructions. The digested DNA was separated on
agarose gels, denatured, neutralized, and vacuum transferred to a Hybond N1

membrane as described by Sambrook et al. (32). Probes were labeled with
[a-32P]dATP using a random prime labeling kit (BRIT, Mumbai, India). Prehy-
bridization, hybridization, and autoradiography were performed as described by
Yashitola et al. (37).

PCR assays. Six forward (F1 to F6) and six reverse (R1 to R6) primers with
sequences specific to gum genes were used in various combinations to PCR
amplify regions from genomic DNA of the wild-type and spv strains of X. oryzae
pv. oryzae. The sequences of the primers can be obtained from us on request.
Genomic DNA (100 ng) was used as the template in 25-ml reaction volumes
containing 13 PCR buffer (10 mM Tris-HCl [pH 8.3], 50 mM KCl, 1.5 mM
MgCl2, and 0.01% gelatin) from Perkin-Elmer (Foster City, Calif.); dATP,
dGTP, dTTP, and dCTP (all 0.2 mM; Pharmacia Biotech, Uppsala, Sweden); 10
pmol of each primer; and 2 U of Taq polymerase. PCRs were carried out in a
PTC-200 Peltier thermal cycler (MJ Research Inc., Watertown, Mass.), with
denaturation at 94°C for 5 min, followed by 30 cycles of 94°C for 30 s, 55°C for
1 min, and 72°C for 5 min, and a final extension at 72°C for 5 min. PCR-amplified
products were analyzed in 0.7% agarose gels stained with ethidium bromide (10
mg/ml) and visualized under UV.

Sequence analysis and homology search. The PCR-amplified products were
purified from agarose gels using the QIAEX kit (Qiagen Inc., Chatsworth, Calif.)
according to the supplier’s instructions. The purified DNA samples were se-
quenced using the same set of primers as were used for their amplification. The
4.5-kb BamHI DNA fragment cloned into pBluescript (pRR7) was sequenced
using vector-specific primers. The internal sequences of the IS elements and the
pRR7 clone were obtained by primer walking. Sequencing reactions, polyacryl-
amide gel electrophoresis, and sequence output processing were performed on
an automated sequencing unit (ABI Prism 377; Perkin-Elmer) according to the

manufacturer’s instructions. Computer-based sequence homology searches were
performed using the BLAST algorithm (1), available on the World Wide Web.

Isolation of spv mutants. A culture of BXO112 was grown by inoculating a
single colony in 20 ml of PS medium for 48 h at 28°C. The culture was then
placed on top of the laboratory bench, and bacterial cells were plated at appro-
priate dilutions at various time intervals to yield single colonies on PSA plates.
The mutants were scored visually for altered colony morphology (i.e., Eps defi-
ciency).

Nucleotide sequence accession numbers. The nucleotide sequences of the
gumI and gumJ genes and the gumK, gumL, and gumM genes have been depos-
ited in GenBank under accession no. AF231923 and AF231924, respectively. The
nucleotide sequences of ISXo1 and ISXo2 have been deposited under accession
no. AF225214 and AF225215, respectively.

RESULTS
The phenotype of several spv strains is due to mutations in

the gum locus. In a previous study, inactivation of gum genes by
transposon insertion was shown to affect Eps production and
virulence in X. oryzae pv. oryzae (5) and the transposon tag was
used to isolate cosmid clones carrying the X. oryzae pv. oryzae
homologue of the X. campestris pv. campestris gum cluster.
One clone, pSD1, carried a 36-kb insert containing six EcoRI
fragments of 1.2, 5.2, 5.5, 6.5, 7.8, and 10 kb, whereas a second
clone, pSD2, had three fragments of 1.2, 5.2, and 7.8 kb. Only
the pSD1 clone complemented the Eps and virulence defi-
ciency of a gumGXo::Tn5 mutant. To determine whether the
functional gum gene cluster could restore a similar phenotype
to the spv mutants, these two clones were transferred in bipa-
rental matings to nine independently isolated spv mutants. The
Eps-deficient phenotype of four spv mutants (BXO119, -121,
-123, and -125) was complemented by pSD1 as determined by
the appearance of mucoid colonies and quantification of Eps.
The wild-type strain produced ;110 mg of glucose/1010 cells,
whereas the mutants produced only ;10 mg for the same
number of cells. The pSD1 clone restored wild-type levels of
Eps production to these four spv mutants. The mucoid pheno-
type depended on the continued presence of the plasmid, since
the exconjugants grown in the absence of the drug marker, viz.,

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s) Reference or source

X. oryzae pv. oryzae
BXO1 Natural isolate (Chinsuria, West Bengal, India) Lab collection
BXO112 rif-1; Rifr derived from BXO1 29
BXO113 spv-2 rif-1 29
BXO114 spv-3 rif-1 29
BXO115 spv-4 rif-1 29
BXO117 spv-5 rif-1 29
BXO119 spv-6 rif-1 29
BXO121 spv-7 rif-1 29
BXO123 spv-8 rif-1 29
BXO125 spv-9 rif-1 29
BXO127 spv-10 rif-1 29
BXO148 rif-1; Eps1 Vir1 recombinant of BXO125 This study
BXO149 rif-1; Eps1 Vir1 recombinant of BXO125 This study
BXO150 rif-1; Eps1 Vir1 recombinant of BXO125 This study
BXO151 BXO125/pSD2 This study
BXO152 BXO125/pSD1 This study

E. coli
DH5a F9 end A1 hsdR17 (rK

2 mK
1) supE44 thi-1 recA1 gyrA relA1 f80dlacZ DM15 D(lacZYA-argF)U169 Lab collection

S17-1 RP4-2-TC::Mu-Km::Tn7 pro hsdR recA 33

Plasmids
pSD1 pUFR034 1 36 kb of BXO1 DNA containing the gum gene cluster 5
pSD2 pUFR034 1 14.2 kb of BXO1 DNA containing part of the gum gene cluster 5
pRR7 pBKS 1 the 4.5-kb BamHI fragment from pSD2 This study
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kanamycin, showed Eps2 phenotypes and kanamycin sensitiv-
ity due to the loss of the transforming plasmid. Introduction of
the pSD2 clone did not restore Eps production to the four
mutants, as judged by colony morphology and further con-
firmed by quantification of Eps production for two of the
strains (data not shown). Neither pSD1 nor pSD2 restored Eps
production to the remaining five spv mutants (BXO113, -114,
-115, -117, and -127), as judged by colony morphology.

Pathogenicity tests on rice cultivar TN-1 revealed that the
spv mutants which were restored for mucoidy by complemen-
tation with pSD1 also regained virulence, though the lesion
lengths were not as extensive as those caused by the wild-type
strain (Fig. 1). Although only the data for BXO125 are pre-
sented, similar results were obtained with BXO119, -121, and
-123. While the lesions caused by the wild-type strain covered
the entire length of the leaf (;30 cm) within 20 days of inoc-
ulation and the mutant strain was restricted to 4 cm, the ex-
conjugants showed lesion lengths of ;15 cm (about 40 to 50%
of that caused by the wild type), possibly due to the progressive
loss of recombinant pSD1. Introduction of the pSD2 clone did
not restore virulence to these spv mutants (data not shown).
The virulence-deficient phenotype of the remaining five spv
mutants (BXO113, -114, -115, -117, and -127) was not comple-
mented by either the pSD1 or pSD2 clone (data not shown).

However, it was observed that approximately 3 out of every
10 leaves inoculated with transconjugants of BXO119, -121,
-123, and -125 carrying pSD2 showed extended lesions. Bacte-
ria isolated from these leaves were mucoid and kanamycin
sensitive and appeared to be recombinants that had regained
wild-type characteristics. In an attempt to isolate the putative
recombinants from laboratory cultures, the exconjugants were
also dilution plated in the laboratory on PSA. Mucoid rever-
tants were obtained at a frequency of 1 in 1,000 for spv mutants
BXO119 and -125 carrying pSD2 as the noncomplementing
clone. These mucoid colonies were patched simultaneously on
plates containing PSA and PSA with kanamycin. The majority
of the colonies were found to be kanamycin sensitive, indicat-
ing the loss of the transforming plasmid. No such revertants
were obtained when the spv strains alone or containing only
the vector were used to inoculate rice plants (none in 30 inoc-
ulated leaves) or plated on PSA (none out of ;10,000 colo-

nies), indicating a reversion frequency of less than 1 in 104.
These observations indicate that the wild-type revertants were
obtained by homologous recombination of DNA between the
plasmid and the bacterial chromosome, accompanied by the
subsequent loss of plasmid in the kanamycin-sensitive colonies.
Pathogenicity tests revealed that virulence was restored to
these recombinants, as the lesion lengths on rice cultivar TN-1
were comparable to those caused by the wild-type strain (rep-
resented by BXO150 in Fig. 1). The complementation and
localized recombination data suggest that mutations in the gum
locus are the cause of the mutant phenotype in four out of nine
spv strains.

RFLP indicates a DNA rearrangement at the gum locus. In
order to determine the nature of mutations in the gum region
of the spv strains which are complemented by the pSD1 clone,
the total genomic DNA from the wild-type and mutant strains
was each digested with EcoRI and analyzed by Southern hy-
bridization with pSD2 (Fig. 2A) and pSD1 (Fig. 2B) clones.
The results revealed the presence of a restriction fragment
length polymorphism (RFLP) in the four spv strains (BXO119,
-121, -123, and -125) in comparison to the wild-type strain. The
spv strains were characterized by a 9-kb EcoRI fragment in-
stead of the 7.8-kb band observed in the wild-type strain, while
the other bands hybridizing to the two clones were unaltered in
all the strains (representative data for BXO125 are shown in
Fig. 2). Southern analysis of three independently isolated re-
combinants from each of the exconjugants between BXO123/
pSD2 and BXO125/pSD2 showed that the altered 9-kb frag-
ment characteristic of the mutant strains was restored to the
original 7.8-kb fragment in all the recombinant strains that
were examined (data not shown). The data therefore indicate
that a DNA rearrangement of the gum cluster occurred in
several spv mutants of X. oryzae pv. oryzae. This DNA rear-

FIG. 1. Virulence of X. oryzae pv. oryzae strains on rice. Inoculations were
performed on 40 one-day-old plants of rice cultivar TN-1 as described in Mate-
rials and Methods. The data are the averages of measurements from 10 leaves
that had been inoculated with particular strains: BXO1 (wild type), BXO125 (spv
mutant), BXO152 (BXO125/pSD1), and BXO150 (an Eps1 Vir1 recombinant
obtained in a BXO125/pSD2 background). Error bars indicate standard devia-
tions. Similar results were obtained in independent experiments.

FIG. 2. DNA rearrangement at the gum locus in several spv strains. Southern
analyses of EcoRI-digested genomic DNA were performed using a-32P-labeled
probes as described in Materials and Methods. pSD2 (A) and pSD1 (B) were
used as probes. Lanes: M, ladder marker DNA from Stratagene; 1, BXO1 (wild
type); 2, BXO125 (spv mutant); 3 and 4, BXO113 and BXO114 (both are spv
mutants which cannot be complemented by pSD1). The 7.8-kb fragment is
present as a 9-kb fragment in BXO125.
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rangement was not observed in two spv strains (BXO113 and
-114) that were not complemented by pSD1 (Fig. 2).

PCR amplification of mutant alleles from spv strains. South-
ern analysis of BamHI-digested genomic DNA from the wild
type and the four spv strains (BXO119, -121, -123, and -125)
probed with pSD2 revealed a 4.5-kb fragment in the wild-type
strain which was altered by 1.2 kb to yield a 5.7-kb fragment in
the four mutants (data not shown). The 4.5-kb BamHI frag-
ment was subcloned from pSD2 into pBluescript (pRR7), and
sequence analysis using vector-specific primers indicated ho-
mology to the gumI gene of X. campestris pv. campestris at one
end and to the gumM gene at the other end (Fig. 3A). The
sequence of most of the pRR7 clone was then obtained by
primer walking. A sequence of 1,637 bp from the gumI end
showed homology to the gumI and gumJ genes of X. campestris
pv. campestris (85 and 82% identity to gumI and gumJ, respec-
tively). A 2,181-bp sequence from the gumM end showed ho-
mology to the gumK, gumL, and gumM genes from X. campes-
tris pv. campestris (;83% identity at the nucleotide level). A
contiguous stretch of sequence spanning an ;700-bp interval
between the 39 end of gumJ and the start of the gumK gene of
X. oryzae pv. oryzae remains to be sequenced. The gene order
in the gum locus is gumA through gumM in X. campestris pv.
campestris (3) and appears to be so also in X. oryzae pv. oryzae
(at least from gumG through gumM based on earlier [5] and
our present work).

For use in PCRs, six pairs of forward as well as reverse
primers were then designed, the locations of which are shown
in Fig. 3A. PCRs were then performed to identify the region
which shows polymorphism in the spv strains. One set of prim-
ers (F6 and R6) amplified a 300-bp fragment in BXO112, -121,
and -125 and a 1.5-kb fragment in two of the spv strains,
BXO119 and -123 (Fig. 4, lanes 1 through 5). Another set of

primers (F5 and R5) amplified a 500-bp fragment in BXO112,
-119, and -123 compared to a 1.7-kb fragment in the other two
spv strains, BXO121 and -125 (Fig. 4, lanes 6 through 10). In
both cases the altered fragment showed an increase of ;1.2 kb
over the normal allele, suggesting a DNA rearrangement in
that region.

The DNA rearrangement is due to IS element insertion into
the gumM gene of X. oryzae pv. oryzae. The 300-bp fragment
amplified in the wild-type strain (BXO112) by the F6-R6
primer combination showed homology to the gumM gene,
whereas the 500-bp fragment amplified by the F5 and R5
primers showed homology to the gumL and gumM genes of X.
campestris pv. campestris. The fragments amplified from the
spv strains were sequenced with the aid of the primers used for
PCR as well as with internal primers. Two distinct and novel IS
elements, designated ISXo1 and ISXo2, were found to be in-
serted in different regions of the gumM gene (Fig. 3B) in the
four spv strains. ISXo1 was inserted at an identical site in
gumM in the independently isolated mutants BXO121 and
BXO125. The BXO123 strain had an ISXo1 insertion at an-
other location in the gumM gene. The BXO119 strain had an
insertion of ISXo2 at a third site within the gumM gene. The
ISXo1 sequence was 1,156 bp long, with a 16-bp inverted re-
peat (Fig. 3C), and caused a 4-bp target site duplication. There
was one open reading frame (ORF) with the potential to en-
code a 322-amino-acid-long polypeptide, which showed over
88% identity with the gene for the putative transposase of
IS1646, an IS element from X. campestris pv. vesicatoria (19).
The ;150-bp flanking region on either side of the ORF, how-
ever, did not show homology to any known sequence and was
unique to ISXo1. The ISXo2 element was 1,070 bp long, with a
24-bp terminal inverted repeat (Fig. 3C), and caused an 8-bp
target site duplication. The element has the potential to en-
code a polypeptide of 320 amino acids which exhibits ;46%
similarity with the putative transposase of IH4, an IS element
from Halobacterium halobium (28). The termination codon of
the ISXo2 ORF extended into the right inverted terminal re-
peat. The putative transposase genes of ISXo1 and ISXo2 in-
sertions in gumM were of a transcriptional orientation opposite
to that of the gumM gene (Fig. 3B).

ISXo1 and ISXo2 are present in multiple copies within the
genome of X. oryzae pv. oryzae. Genomic DNA from each of
the strains BXO112, -119, -121, -123, and -125 that had been
digested with BamHI was probed after Southern blotting, with
the PCR-amplified product containing either ISXo1 or ISXo2.
Sequence analysis had indicated that neither of these elements
is cleaved by BamHI. Southern analysis showed the presence of
multiple copies of each of the elements in the genome of X.
oryzae pv. oryzae (Fig. 5). The number of copies of ISXo1 was

FIG. 3. (A) The gumI-to-gumM region of the gum locus, included in the
pRR7 clone. The locations where PCR primers were designed are indicated. F1
to F6 are forward primers, whereas R1 to R6 are reverse primers. (B) The gumM
region of the gum locus. Sites of insertions of the IS elements are shown. ƒ, sites
of ISXo1 insertion in BXO121, -123, and -125. ISXo1 is inserted in the same site
in BXO121 and -125. �, site of ISXo2 insertion in BXO119. Note that the pu-
tative transposase genes of ISXo1 and ISXo2 insertions are of a transcriptional
orientation (4) opposite to that of the gumM gene (™™™3). (C) Schematic rep-
resentation of the organization of ISXo1 and ISXo2 elements. p, the ORF en-
coding putative transposase; u, transposon-specific flanking sequences; ■, termi-
nal inverted repeats. ATG is the start codon; TAA and TGA are the stop codons.

FIG. 4. PCR amplification of mutant alleles from spv strains. Agarose gel
electrophoresis of PCR products was performed by using the F6-R6 (lanes 1 to
5) and F5-R5 (lanes 6 to 10) sets of gum-specific primers with genomic DNA
from X. oryzae pv. oryzae strains. Lanes: 1 and 6, BXO112; 2 and 7, BXO119; 3
and 8, BXO123; 4 and 9, BXO121; 5 and 10, BXO125. The molecular size
marker (lane M) is a BstEII digest of lambda DNA.
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.20, whereas the number of copies of ISXo2 was 9 in BXO112.
As expected, an additional 5.7-kb fragment hybridized to
ISXo1 in BXO121, -123, and -125 (representative data shown
for BXO125 in Fig. 5A) and to ISXo2 in BXO119 (Fig. 5B).

spv mutants from a single stationary-phase culture of X. ory-
zae pv. oryzae are genetically heterogeneous. The data pre-
sented so far indicate that independently isolated spv mutants
are heterogeneous in nature. To determine whether spv mu-
tants from a single stationary-phase culture show similar vari-
ation, several mutants were isolated from a single colony of
BXO112 as described in Materials and Methods. As observed
earlier (29), the frequency of mutants in the culture increased
from undetectable levels (,1 in 105 cells) after 1 day to ;5 3
108 cells after 10 days in the stationary phase. The pSD1 clone
was transferred in biparental matings from E. coli strain S17-1
to 13 such spv mutants, and only 5 of them were complemented
by pSD1 for Eps production and virulence (data not shown).

This suggests that a single stationary-phase culture of X. oryzae
pv. oryzae can have genetically heterogeneous spv mutants.

DISCUSSION

In prolonged stationary-phase cultures of X. oryzae pv. ory-
zae grown in the laboratory, spontaneous Eps- and virulence-
deficient mutants (referred to as spv strains) accumulated in
large numbers (29). This study shows that in several of these
spv strains, the mutant phenotype is due to transposition of
either one of two endogenous IS elements into gumM, the last
gene of the Eps biosynthetic gene cluster. Four different IS
elements (IS1112, IS1113, TNX6, and TNX7) have been pre-
viously reported for X. oryzae pv. oryzae (20, 27). All four el-
ements are present in multiple copies within the X. oryzae pv.
oryzae genome. However, when used as probes, they give DNA
fingerprinting patterns in the BXO1 strain (37; J. Yashitola
and R. V. Sonti, unpublished data) distinctly different from
those of either ISXo1 or ISXo2, indicating that the latter two
elements are different from the previously described IS ele-
ments. The sequences of IS1112 and IS1113 are also different
from those of ISXo1 and ISXo2 (M. Ryba-White and J. E.
Leach, unpublished results). TNX6 and TNX7 have not yet
been sequenced.

IS elements have been shown to be ubiquitously distributed
within bacterial genomes (22). The data presented in this pa-
per demonstrate that mutations with clearly defined pheno-
types caused by IS element transposition can accumulate in
large numbers in stationary-phase cultures. IS element trans-
position has been demonstrated within bacterial cells recov-
ered from stabs that have been stored for several decades (25).
These elements have also been shown to play a role in adaptive
mutation of the bgl operon of E. coli (10). These results suggest
that IS elements may play prominent roles in the adaptation of
X. oryzae pv. oryzae and possibly other bacteria to life in the
stationary phase.

The results of this study indicate that the spv mutants of
X. oryzae pv. oryzae are heterogeneous in nature, and even in
a single stationary-phase culture, at least two different classes
of spv mutants are found to coexist. Finkle and Kolter (8) have
also found different morphotypes coexisting in populations of
surviving cells in prolonged stationary-phase cultures of E. coli.
An intriguing feature in the case of X. oryzae pv. oryzae is that
the vast majority of spv mutants (including the four character-
ized in this study) do not appear to have a discernible growth
advantage in stationary-phase cocultures with the wild-type
strain (29). Yet in these same cocultures, new spv mutants that
are derived from the wild-type strain were found to accumulate
in large numbers. Further experimentation is required to de-
termine if the increase in frequency of the spv strains is due
either to a selection for preexisting mutants or to the genera-
tion of new mutants.

The spontaneous insertion of IS1-like elements into the virF
gene of an invasion plasmid in S. flexneri has been found to be
associated with the stability of the plasmid outside the host,
whereas its precise excision allowed the pathogen to revert to
the invasive form inside the host (24). Under natural condi-
tions, X. oryzae pv. oryzae has been reported to survive on
dried plant parts and seeds for extended periods of likely
starvation (31). Mutants that are similar to the spv strains
might accumulate under such conditions. This variability may
not be a dead end for the pathogen, if the IS elements can be
excised at reasonable frequencies and permit selection for the
virulent form under conditions favorable for disease develop-
ment.

In summary, this study shows that in four of the nine spv

FIG. 5. Distribution of ISXo1 and ISXo2 in the X. oryzae pv. oryzae genome.
Southern analyses of BamHI-digested genomic DNA were performed using
a-32P-labeled probes ISXo1 (A) and ISXo2 (B). Lanes: 1, HindIII-digested
lambda DNA marker; 2, BXO1; 3, BXO125; 4, BXO119. An additional 5.7-kb
band (indicated by arrows) was detected in BXO125 with the ISXo1 probe and
in BXO119 with the ISXo2 probe.

VOL. 182, 2000 INSERTIONS IN THE gum LOCUS OF X. ORYZAE pv. ORYZAE 4801



mutants tested, the spontaneous loss of virulence and Eps
production was due to transposition of one of the two endog-
enous IS elements, ISXo1 or ISXo2, in the gum locus. The
other spv mutants do not show any RFLP in the gum locus
containing the biosynthetic genes, nor are they complemented
by the pSD1 clone. It would be interesting to see if these strains
show an RFLP when probed with the IS elements. At least
three different non-gum loci have been shown to be involved in
the production of Eps precursor molecules (UDP-glucose,
UDP-mannose, UDP-glucosamine, and GDP-mannose) in
X. campestris pv. campestris (13). It is possible that either
the X. oryzae pv. oryzae homologues of these genes or putative
Eps regulatory loci are affected in some of the spv mutants.
The nature of the mutations in these mutants is being investi-
gated.
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