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ABSTRACT

Xu, G.-W., and Gonzalez, C. F. 1991, Plasmid, genomic, and bacteriocin diversity in U.S. strains of Xanthomonas campestris pv. oryzae. Phytopathology

81:628-631.

Twenty-six strains of Xanthomonas campestris pv. oryzae isolated
during a recent outbreak of bacterial leaf blight of rice in the United
States were analyzed for their plasmid, genome, and bacteriocin diversity.
Twenty of the strains harbored indigenous plasmid(s) and could be divided
into three distinct groups. Restriction fragment length polymorphism

(RFLP) analyses of genomic DNA revealed hybridization profiles that
separated the strains into four groups. Four bacteriocin groups were
identified among the strains tested. Five subgroups were identified based
on plasmid content, RFLP analyses, and bacteriocin typing.

Xanthomonas campestris pv. oryzae, the causal agent of
bacterial leaf blight on rice, has been recognized in Asia for many
years (26). However, the presence of X. ¢. oryzae in the United
States was confirmed only recently (18). A comparison of U.S.
and Asian strains of X. ¢. oryzae by analysis of cellular fatty
acids, restriction fragment length polymorphisms (RFLP), and
reactions to monoclonal antibodies revealed some similarities
among strains of distinct geographic origin (18). However, the
U.S. strains were less aggressive than the Philippine strains.
Although the U.S. strains reacted with two X. ¢. oryzae-specific
monoclonal antibodies (Xco-1 and Xco-2), they could be
differentiated from the Asian strains by their reaction with
monoclonal antibody Xco-5 (1,18). Analysis of EcoRI-fragment
patterns of genomic DNA and reaction to specific monoclonals
allowed for the identification of two distinct groups among the
strains (18).

In this study we show the diversity of indigenous plasmid(s),
genomic DNA, and bacteriocin production, and sensitivity among
strains of X. ¢. oryzae. RFLP analysis with DNA probe pJEL101
(21), a probe for repetitive sequences, was used to detect and
assess relationships among strains. Such analyses have been used
to assess phylogenetic relationships (biosystemic studies) of other
plant pathogens (9,12,14,17).

MATERIALS AND METHODS

Bacterial strains and culture conditions. Twenty-six strains of
X. ¢. oryzae, three from Louisiana (provided by C. Rush,
Louisiana State University, Baton Rouge) and 23 from Texas
(34), were used in this study. Strain designation was based on
the origin of the sample. Strains isolated from samples obtained
in Wharton, Bazoria, Jackson, Colorado, and LaVaca counties
in Texas were designated with the prefix X1-, X4-, X7-, X11-,
and X13-, respectively. Strains obtained from Louisiana were
designated with the prefix X8-. Cultures of X. c. oryzae were
maintained routinely on nutrient broth-yeast extract agar (32)
at 28 C and preserved at —20 C in NBY broth containing 10%
glycerol (15). Escherichia coli strain HB101 containing plasmid
pJELI101 (21) was grown at 37 C on Luria-Bertani agar or in
Luria-Bertani broth containing ampicillin (40 pg/ml) (22). The
E. coli strain was preserved in glycerol-salts solution at —20 C
(22).

Plasmid isolations and analysis. Indigenous plasmid DNA was
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isolated by a modification of the method of Birnboim and Doly
(2). To isolate plasmid DNA on a small scale, bacterial cells were
grown in NBY broth (5-10 ml) with constant agitation (250 rpm)
for 18 h at 28 C, and then harvested by centrifugation for 10
min at 11,700 g. Each culture pellet was resuspended in 1 ml
of potassium phosphate buffer (0.0125 M, pH 7.0), transferred
to a microcentrifuge tube, centrifuged for 5 min, and resuspended
in 0.2 ml of cell lyses buffer (2). The suspension was mixed gently
and incubated on ice for 10 min. The plasmid DNA was separated
from chromosomal DNA and cell wall debris by adjusting the
solution from alkaline (pH at 12.0-12.5) to a neutral condition
(pH 7) by adding sodium acetate to a final concentration of 1
M followed by centrifugation as described (2). Plasmid DNA
was purified by removal of protein with phenol/chloroform (1:1
by volume) and then with chloroform. Plasmid DNA was
precipitated with isopropanol, resuspended in Tris-EDTA buffer
(10 mM Tris-HCI, 1| mM EDTA, pH 8.0), and digested to
completion with EcoRI (Promega, Madison, WI) according to
the manufacturer’s instructions. The DNA fragments were
separated by electrophoresis (24 h, 40 V) in 0.7% agarose gel
containing Tris-borate buffer (22).

Plasmid pJEL101, a pUCI1S8 clone containing a 2.4-kb fragment
of repetitive DNA from a Philippine isolate of X. ¢. oryzae (21),
was isolated by the method of Birnboim and Doly (2) and purified
by ultracentrifugation in an ethidium bromide-cesium chloride
gradient. ;

Genomic DNA isolation, digestion, and blot hybridization.
Total cellular DNA of the bacterium was isolated and purified
by a modification (5) of the method of Currier and Nester (11).
Total genomic DNA of strains R33 (India) and R48 (Japan) was
provided by J. E. Leach (Kansas State University, Manhattan).
Genomic DNA of X. ¢. oryzae was digested completely with
EcoRlI, and the DNA fragments separated by gel electrophoresis.
DNA fragments were transferred from agarose gels to GeneScreen
Plus (New England Nuclear, Boston, MA) membrane by the
alkaline transfer method (19). Purified plasmid pJEL10l was
labeled with [**P]JdATP by nick translation (22). The specific
activity of labeled pJEL101 was approximately 5 X 10° cpm/
ug. DNA-DNA hybridization was performed as described by the
manufacturer of GeneScreen Plus membrane. After hybridization,
the membranes were washed at 65 C with constant agitation in
a buffer composed of 0.1X SSC (1X SSC is 150 mM NaCl, 15
mM sodium citrate) (150 mM NaCl, 15 mM sodium citrate) and
0.1% sodium dodecyl sulfate. The washing buffer was changed
at 30-min intervals over a period of 2 h. Membranes were exposed
to Kodak X-Omat AR film at —80 C in cassettes with intensifying
screens.



Production of bacteriocin. Strains of X. c. oryzae were assayed
for production of and sensitivity to bacteriocins. All 26 strains
were tested as described previously (15). Strains used as indicators
included: X1-5, X1-8, X7-2D, and X37-2 (15).

RESULTS

Plasmid isolation and analysis. The DNA fragments of plasmids
associated with three groups of X. ¢. oryzae after digestion to
completion with restriction enzyme EcoRI are shown in Figure
1. Plasmid DNA was isolated from 20 of the 26 strains. With
the exception of three strains, each contained one plasmid. The
strains were divided into three groups based on the mass of resident
indigenous plasmid(s) (Table 1). Group P-I, represented by strain
X1-5, consisted of 14 isolates that each contained a single plasmid
of 31.7 kb and yielded two EcoRI fragments (14.0 and 17.7 kb,
respectively). Group P-II, represented by strain X1-8, contained
three isolates that harbored a 24.4-kb plasmid. EcoRI digestion
of this plasmid yielded fragments of 5.7 and 18.7 kb. Group P-
IIT (three strains from Louisiana), represented by strain X8-3,
harbored two plasmids: a 16.4-kb (6.2- and 10.2-kb EcoRI frag-
ments) and a 15.5-kb plasmid (3.7- and 11.8-kb EcoRI fragments).

Genomic diversity among the U.S. strains. The RFLP analysis
of 26 strains of X. ¢. oryzae with probe pJELI101 distinguished
four unique hybridization groups (Fig. 2). Four of the hybridizing
fragments (1.5, 4.1, 7.8, and 16.9 kb) were common to all four
groups (Table 2). In groups H-I and H-II, hybridization showed
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Fig. 1. Agarose gel electrophoresis of EcoRI-digested plasmid DNA from
each plasmid group of Xanthomonas campestris pv. oryzae. Lane A,
I-kb DNA ladder; lane B, group P-III (strain X8-3 from Louisiana);
lane C, group P-I (strain XI-5 from Texas); lane D, group P-II (strain
X1-8 from Texas). Molecular size standards ranging from 4.1 to 12.2
kb are shown to left.

a total of 10 EcoRI fragments, ranging from 1.5 to 16.9 kb, that
hybridized to the probe. Of these, only two hybridizing fragments
(3.8 kb in group H-I and 2.6 kb in group H-II) were unique
to their respective group (Table 2). Eleven EcoRI DNA fragments
from groups H-III and H-IV hybridized to pJELI01. Ten of the,
hybridizing fragments were in common, with only the 1.7- and
10.5-kb fragments unique to groups H-III and H-IV, respectively
(Table 2).

TABLE |. Plasmid, hybridization, and bacteriocin groups of U.S. strains
of Xanthomonas campestris pv. oryzae

Plasmid Hybridization Bacteriocin

Strain group group group
X1-,5,7 P-1 H-II1 B-1
X7-, 2D, 3E, 5A; P-1 H-1V B-1
X11-, 1A, IB, 2D,

4D, 5A, 5B;

X13-, 2E, 3A, 5C
XlI-, 6,8, 10 P-11 H-11 B-111
X8-, 1A, 3,4 P-111 H-1 B-1V
X4-, 1B, IC, 2C, ND* H-1 B-111

3D, 4D, 8C

*No plasmid detected by method used in this study.
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Fig. 2. Southern blot hybridization of representative U.S. and Asian strains
of Xanthomonas campestris pv. oryzae. Lane A strain X1-5 (group H-
IIT); lane B, strain X1-8 (group H-II); lane C, strain X8-3 (group H-
1); lane D, strain X7-2D (group H-IV); lane E, strain R33 (India); lane
F, strain R48 (Japan); and lane G, probe pJEL101, DNA fragment size
standards are shown to left.
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Bacteriocins. Each strain tested could be placed into one of
four groups based on bacteriocin production and sensitivity
patterns. Strains in bacteriocin group B-I showed activity against
strains X1-8 and X37-2, whereas strains in group B-II showed
activity against strains X1-8 and X7-2D. Group B-I contained
14 strains that produced bacteriocin and is typified by strain
X1-5 (Table 1). Zones of bacterial growth inhibition were visible
after 24-48 h. The zones were clear and measured 2-3 mm from
the edge of the bacterial colony to the edge of the indicator growth.
Group B-1I contained one strain (X37-2), which is also in plasmid
group P-1. No detectable production of bacteriocin was observed
by group B-III strains; however, group B-III strains (nine strains)
were indicators for the group B-1 and B-II bacteriocin producers
(Table 1). Group B-1V consisted of three strains from Louisiana
that did not produce a detectable bacteriocin with the indicators
used and were insensitive to the bacteriocins produced by any
of the strains tested.

DISCUSSION

Characterization of indigenous plasmids, RFLP analysis of
genomic DNA, and bacteriocin typing of U.S. strains of X. c.
oryzae indicated that diversity does exist among the strains. The
strains were placed into groups based on the mass of indigenous
plasmid(s), RFLPs observed in the genomes, and bacteriocin
production and sensitivity patterns.

Twenty of the 26 U.S. strains tested harbored one or more
indigenous plasmid(s). Although the presence of plasmid DNA
has been reported in Asian strains of X. ¢. oryzae (6,21,27), this
is the first report of indigenous plasmid(s) in U.S. strains of
X. ¢. oryzae. Indigenous plasmids have been observed in all genera
of plant pathogenic bacteria (7,10), and the phenotypic function
of the plasmids has been well established in Agrobacterium
tumefaciens (31), A. rhizogenes (24), Pseudomonas savastanoi
(8,25), P. syringae (28), and X. ¢. vesicatoria (3,29,30). However,
the role of most plasmids in phytopathogenic bacteria is still
unknown. Plasmid-encoded bacteriocin production was evaluated
in the U.S. strains of X. ¢. oryzae by the elimination of the resident
plasmids, Plasmid-cured strains produced the same bacteriocins
identified in the parent strains, suggesting that the structural
gene(s) for bacteriocin production are chromosomal (G.-W. Xu
and C. F. Gonzalez, unpublished). The correlation between the
presence of plasmid(s) and the variability of pathogenicity, or
race specificity, and ecological fitness remain to be determined.

RFLP analysis provides a sensitive means for the detection
of genomic differences within or among species of plant pathogenic
bacteria. The X. campestris is comprised of 125 pathovars based
on pathogenicity to particular host (4). Lazo et al. (20) reported
that pathovars of X. campestris can be distinguished by RFLP
analysis. When cloned DNA fragments from X. c. citri were used

TABLE 2. DNA-DNA hybridization profiles of the U.S. strains of
Xanthomonas campesiris pv. oryzae

Group

H-1 H-I1 H-I11 H-IV
Representative strain X8-3 XI1-8 XI1-5 X7-2D
No. strains in group 9 3 2 12

EcoRI-fragments

homologous to pJELI101" 1.5" 1.5 1.5 1.5
3.8 2.6 1.7 2.3
4.1 4.1 23 3.8

6.2 6.2 3.8 4.1
7.1 7.1 4.1 4.5

7.8 7.8 4.5 5.1

10.5 10.5 5.1 7.
13.4 13.4 7.8 10.5
16.9 16.9 11.6 11.6
16.9 16.9

“Plasmid pJELIOI is a pUCIS8 clone containing a 2.4-kb fragment from
a Philippine isolate of X. ¢. pv. oryzae.
"Molecular sizes expressed as kb.
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as probes, hybridization to genomic DNA revealed profiles that
appeared to be highly conserved and unique for each of the
pathovars tested. RFLP analyses also have been used to distin-
guish pathovars of P. syringae (12), and strains of X. c¢. citri
(17). In this study, RFLP analysis was used to compare the U.S.
strains of X. ¢. oryzae. Four groups were identified. The
hybridization profiles obtained appear to be due to the presence
of sequences in the genomic DNA, because pJELI0I does not
hybridize with plasmid DNA from groups P-1, II, or IIL. The
patterns obtained for the U.S. strains of X. ¢. oryzae are clearly
different from those observed for the strains of Asiatic origin.
In a more extensive comparison of genomic DNA of strains of
X. c. oryzae from diverse geographic origins (Philippines, Japan,
Thailand, India, Burma, Colombia, Australia, Bangladesh, Sri
Lanka, and the United States), it was found that all strains with
the exception of the U.S. strains contained the repetitive cloned
sequence in pJELIOI in high copy number (21). These results
indicate that the pathovar evolved as a distinct clonal population.
Also, it provides additional evidence that the strains of X. c.
oryzae now identified in the United States are genetically unique
and were not introduced.

Production and sensitivity to bacteriocins have been used to
type various phytopathogenic bacteria (13,16,33). We have found
that the U.S. strains of X. ¢. oryzae could be categorized into
bacteriocin producer, indicator, and nonproducer groups that are
either bacteriocin sensitive or insensitive. Mew et al. (23) reported
that 22 Asiatic strains produced bacteriocinlike compounds that
were heat stable and sensitive to trypsin and protease and were
not inducible by UV and mitomycin C treatment. The bacteriocins
produced by the U.S. strains are produced in broth culture and
appear to be low molecular weight proteins (C. F. Gonzalez,
unpublished).

In a previous study, we determined that strains of X. ¢. oryzae
obtained from rice plants and Leersia hexandra, an alternative
host for X. ¢. oryzae, growing in the adjacent canal at one location,
belonged to bacteriocin group B-1, whereas strains obtained from
a different location belonged to group B-III (15). In this study,
four of the groups comprised unique populations based on plasmid
content, and bacteriocin typing (Table 1). All strains of plasmid
group P-1 were in bacteriocin group B-I and were either in
hybridization groups H-III or H-IV, whereas strains in P-II were
in groups B-111 and H-II. The three strains from Louisiana belong
to groups P-I11, B-1V, and H-I, whereas strains with no detectable
plasmid were in groups B-III and H-I. This indicates that distinct
subgroups exist among the U.S. strains of X. ¢. oryzae and that
plasmid, genomic, and bacteriocin diversity exist among the U.S.
strains. Further studies will establish if isolates obtained in sub-
sequent cropping years resemble those obtained in this study or
if the population will be more diverse. Although no direct correla-
tions presently exist between the more complex RFLP patterns
observed in the Asian strains and the less complex pattern
observed in the less aggressive U.S. strains, the hybridization
groups established in this study will useful in following the genetic
evolution of U.S. strains.

LITERATURE CITED

l. Benedict, A. A., Alvarez, A. M., Berestecky, J. Imanaka, W.,
Mizumoto, C. Y., Pollard, L. W., Mew, T. W., and Gonzalez, C.
F. 1989. Pathovar-specific monoclonal antibodies for Xanthomonas
campestris pv. oryzae and for Xanthomonas campestris pv. oryzicola.
Phytopathology 79:322-328.

2. Birnboim, H. C., and Doly, J. 1979. A rapid alkaline extraction
procedure for screening recombinant plasmid DNA. Nucleic Acids
Res. 7:1513-1523.

3. Bonas, U., Stall, R. E., and Staskawicz, B. 1989. Genetic and structural
characterization of the avirulence gene avrBs3 from Xanthomonas
campestris pv. vesicatoria. Mol. Gen. Genet, 218:127-136.

4, Bradbury, J. F. 1986. Guide to Plant Pathogenic Bacteria. CAB Int.
Mycol. Inst., Kew, England. 332 pp.

5. Buchholz, W. G., and Thomashow, M. F. 1984. Host range encoded
by the Agrobacterium tumefaciens tumor-inducing plasmid pTiAg63
can be expanded by modification of its T-DNA oncogene complement.



20.

. Echandi, E.

J. Bacteriol. 160:327-332.

. Choi, S. H., Ardales, E. Y., Leung, H., and Lee, E. J. 1989. Charac-

terization of indigenous plasmid of Xanthomonas campestris pathovar
oryzae. Korean J, Plant Pathol. 5:223-229,

. Civerolo, E. L. 1985. Indigenous plasmids in Xanthomonas campestris

pv. citri. Phytopathology 75:524-528.

. Comai, L., Surico, G., and Kosuge, T. 1982. Relation of plasmid

DNA to indoleacetic acid production in different strains of Pseudo-
monas syringae pv. savastanoi. J. Gen. Microbiol. 128:2157-2163.

. Cook, D., Barlow E., and Sequeira, L. 1989. Genetic diversity of

Pseudomonas solanacearum: Detection of restriction fragment length
polymorphisms with DNA probes that specify virulence and the
hypersensitive response. Mol. Plant-Microbe Interact. 2:113-121.

. Coplin, D. L. 1982. Plasmids in plant pathogenic bacteria. Pages

255-280 in: Phytopathogenic Prokaryotes, Volume II. M. S, Mount
and G. H. Lacy, eds. Academic Press, New York.

. Currier, T. C., and Nester, E. W, 1976. Isolation of covalently closed

circular DNA of high molecular weight from bacteria. Anal. Biochem.
76:431-441.

. Denny, T. P., Gilmour, M. N., and Selander, R. K. 1988. Genetic

diversity and relationships of two pathovars of Pseudomonas syringae.
J. Gen. Microbiol. 134:1949-1960.

1976. Bacteriocin production by Corynebacterium
michiganese. Phytopathology 66:430-432.

. Gabriel, D. W., Hunter, J. E., Kingsley, M. T., Miller, J. W,, and

Lazo, G. R. 1988. Cloned population structure of Xanthomonas
campestris and genetic diversity among citrus canker strains. Mol.
Plant-Microbe Interact. 2:59-65.

. Gonzalez, C. F., Xu, G.-W, Li, H.-L., and Cosper, J. W. 1991. Leersia

hexandra, an alternative host for Xanthomonas campestris pv. oryzae
in Texas. Plant Dis. 75:159-162.

. Gross, D. C., and Vidaver, A. K. 1979. Bacteriocins of phytopatho-

genic Corynebacterium species. Can. J. Microbiol. 25:367-374,

. Hunter, J. S., and Civerolo, E. L. 1989. Restriction fragment length

polymorphisms distinguish Xanthomonas campestris strains isolated
from Florida citrus nurseries from X. ¢. citri. Phytopathology 79:793-
799.

. Jones, R. K., Barnes, L. W., Gonzalez, C. F., Leach, J. E., Alvarez,

A. M., and Benedict, A. A. 1989. Identification of low virulence

strains of Xanthomonas campestris pv. oryzae from rice in the United
States. Phytopathology 79:984-990.

. Khandjian, E. W. 1987. Optimized hybridization of DNA blotted

and fixed to nitrocellulose and nylon membranes. Bio/ Technology
5:165-167.
Lazo, G. R., Roffey, R., and Gabriel, D. W. 1987, Pathovars of

21.

22,

23.

24.

25,
26.
27.

28.

29.

30.

31,

32,

33.

34,

Xanthomonas campestris are distinguishable by restriction fragment
length polymorphisms. Int. J. Syst. Bacteriol. 37:214-221.

Leach, L. E., White, F. F., Rhoads, M. L., and Leung, H. 1990.
A repetitive DNA sequence differentiates Xanthomonas campestris
pv. oryzae from other pathovars of X. campestris. Mol. Plant-Microbe
Interact. 3:238-246.

Maniatis, T., Fritsch, E. F., and Sambrook, J. 1982. Molecular
Cloning: A Laboratory Manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, NY.

Mew, T. W., Huang, J. S., and Echandi, E. 1982. Detection of
bacteriocin-like substances produced by Xanthomonas campestris pv.
oryzae. (Abstr.) Phytopathology 72:946.

Moore, L. W., Warren, G., and Strobel, G. 1979. Involvement of
a plasmid in the hairy root disease of plants caused by Agrobacterium
rhizogenes. Plasmid 2:617-626.

Nester, E. W., and Kosuge, T. 1981, Plasmids specifying plant
hyperplasia. Annu. Rev. Microbiol. 35:531-565.

Ou, S. H. 1985. Rice Diseases. CAB Int. Mycol. Inst., Kew, England.
380 pp.

Pal, V., Gardan, L., and Charles, M. 1988. Isolation of a plasmid
from strains of Xanthomonas campestris pv. oryzae that cause
bacterial blight (BB) in rice. Int, Rice Res, Newsl. 13:10.

Sato, M., Nishiyama, K., and Shirata, A. 1983. Involvement of
plasmid DNA in the productivity of coronatine by Pseudomonas
syringae pv. atropurpurea. Ann. Phytopathol. Soc. Jpn. 49:522-528.
Stall, R. E., Loschke, D. C., and Jones, J. B. 1986. Linkage of copper
resistance and avirulence loci on a self-transmissible plasmid in
Xanthomonas campestris pv. vesicatoria. Phytopathology 76:240-243.
Swanson, J., Kearney, B., Dahlbeck, D, and Staskawicz, B. 1988.
Cloned avirulence gene of Xanthomonas campestris pv. vesicatoria
complements spontaneous race-change mutants. Mol. Plant-Microbe
Interact, 1:5-9.

van Larebeke, N., Englers, G., Holsters, M., van den Elsacher, S.,
Zaenea, 1., Schilperoort, T., and Schell, J. 1974, Large plasmids in
Agrobacterium tumefaciens essential for crown gall-inducing ability.
Nature (London) 252:169-170.

Vidaver, A. K. 1967. Synthetic and complex media for the rapid
detection of fluorescence of phytopathogenic Pseudomonas: Effect
of the carbon source. Appl. Microbiol, 15:1523-1525.

Vidaver, A. K., Mathys, M. L, Thomas, M. E., and Schuster, M.
I. 1972. Bacteriocins of the phytopathogenic Pseudomonas syringae,
P. glycinea, and P. phaseolicola. Can. J. Microbiol, 18:705-713,

Xu, G.-W., and Gonzalez, C. F. 1988, Analysis of genomic DNA
from USA strains of Xanthomonas campestris pv. oryzae. (Abstr.)
Phytopathology 78:1587.

Vol. 81, No. 6, 1991 631



