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ABSTRACT

Gent, D. H., Schwartz, H. F., Ishimaru, C. A., Louws, F. J., Cramer, R. A,
and Lawrence, C. B. 2004. Polyphasic characterization of Xanthomonas
strains from onion. Phytopathology 94:184-195.

Xanthomonas leaf blight has become an increasingly important disease
of onion, but the diversity among Xanthomonas strains isolated from onion
is unknown, as is their relationship to other species and pathovars of
Xanthomonas. Forty-nine Xanthomonas strains isolated from onion over
27 years from 10 diverse geographic regions were characterized by
pathogenicity to onion and dry bean, fatty acid profiles, substrate
utilization patterns (Biolog), bactericide resistance, repetitive sequence-
based polymerase chain reaction fingerprinting, rDNA internally tran-
scribed spacer (ITS) region, and hrp b6 gene sequencing. Multiplication
of onion Xanthomonas strain R-O177 was not different from X. axono-
podis pv. phaseoli in dry bean, but typical common bacterial blight
disease symptoms were absent in dry bean. Populations from each geo-
graphical region were uniformly sensitive to 100 pg of CuSO,, 100 pg of
ZnSO,, and 100 pg of streptomycin sulfate per ml. Biolog substrate

utilization and fatty acid profiles revealed close phenoltypic relatedness
between onion strains of Xanthomonas and X. axonopodis pv. dieffen-
bachiae (57% of strains) and X. arboricola pv. poinsettiicola (37% of
strains), respectively. A logistic regression model based on fatty acid
composition and substrate utilization classified 69% of strains into their
geographical region of origin. Sequencing of a portion of the hrp B6 gene
from 24 strains and ITS region from 25 strains revealed greater than 97%
sequence similarity among strains. DNA fingerprinting revealed five
genotype groups within onion strains of Xanthomonas and a high degree
of genetic diversity among geographical regions of origin. Based on
pathogenicity to onion, carbon substrate utilization, fatty acid profiles,
rDNA genetic diversity, and genomic fingerprints, we conclude that the
strains examined in this study are pathovar X. axonopodis pv. allii. Impli-
cations of genetic and phenotypic diversity within X. axonopodis pv. allii
are discussed in relation to an integrated pest management program.

Additional keywords: Allium cepa, Allium fistulosum, Capsicum annuum,
Phaseolus vulgaris.

A leaf blight of onion caused by Xanthomonas (Pammel)
Dowson strains has appeared as a major disease of onion since it
was first described in Hawaii in 1978 (2). Disease symptoms are
varied and include leaves with lenticular water-soaked lesions that
elongate into chlorotic streaks, necrosis, tip dieback, and stunting
of plants, which reduces bulb size. A bulb rot has never been
reported and apparently does not occur, but yield losses of 19 to
100% have been reported (26,29,37).

Since its original description by Alvarez et al. (2), the disease
has been reported in Texas (14), Colorado (36), California (26),
Barbados (29), South Africa (38), Reunion Island, France (34),
and Georgia (35). Unreported epidemics of the disease have also
been observed in Venezuela and Brazil (R. Gitaitis, personal com-
munication). A similar disease caused by strains classified as X.
striaformans was reported on onion in southern Colorado in 1953
(40), but differed in 8 of 18 physiological characteristics from the
Xanthomonas sp. described by Alvarez et al. (2). A bacterial
blight of Welsh onion (Allium fistulosum L.) classified as X. cam-
pestris pv. allii has also been described in Japan (16), but its rela-
tionship to other strains causing disease on A. cepa L. is
unknown.

The host range of Xanthomonas isolated from onion remains
uncertain. Strains from Barbados are reportedly pathogenic to
leguminous hosts such as snap bean (Phaseolus vulgaris L.), lima
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bean (Phaseolus lunatus L.), soybean (Glycine max (L.) Merr.),
winged bean (Psophocarpus tetragonolobus (L.) DC.), moth bean
(Vigna aconitifolia (Jacq.) Marechal), and field pea (Pisum
sativum L.) (27), as well as other Allium spp. including leek (A.
ampeloprasum var. porrum L.), chives (A. schoenoprasum L.),
garlic (A. sativum L.), and shallot (A. cepa var. aggregatum) (8).
Strains from Hawaii, however, induced a hypersensitive response
in snap bean (2). X. campestris pv. allii is nonpathogenic to chive
and Chinese chive (A. tuberosum Rottler) (16).

The diversity among strains of Xanthomonas strains causing
disease on onion is unknown, as is their relationship to other
species and pathovars of Xanthomonas. Therefore, this study was
initiated to characterize a broad collection of onion Xanthomonas
strains from multiple geographic locations over many years by a
polyphasic approach. A preliminary report of this work has been
presented (12).

MATERIALS AND METHODS

Bacterial strains, culture, and DNA isolation. Forty-nine
strains of Xanthomonas originally isolated from A. cepa or A.
fistulosum were obtained from California, Texas, Colorado,
Georgia, Hawaii, Brazil, Venezuela, Barbados, South Africa, and
Japan, including the type strain of X. campestris pv. allii (MAFF
311173) (Table 1). Spontaneous rifampicin and streptomycin
mutants of onion Xanthomonas strain O177 (ATCC 508) and X.
axonopodis pv. phaseoli strain B458, respectively, were generated
as described previously (44) and are referred to as R-O177 and
AS-B458, respectively. All antibiotics were purchased from
Sigma Chemical (St. Louis). Strain B458 was isolated from dry



TABLE 1. Xanthomonas and Stenotrophomonas strains used in this study

o . Origin

ther strain

Strain designations Host Location Year Source? ITS® RFLP®  hrp B6®
A94-1b Allium cepa Hawaii 1977 A. Alvarez

Al18-2a Allium cepa Hawaii 1977 A. Alvarez
A206-2a Allium cepa Hawaii 1977 A. Alvarez +
A206-2b Allium cepa Hawaii 1977 A. Alvarez + +
A206-5 Allium cepa Hawaii 1977 A. Alvarez

A225-2 Allium cepa Hawaii 1977 A. Alvarez

A227-2 Allium cepa Hawaii 1977 A. Alvarez
A229-1 Allium cepa Hawaii 1977 A. Alvarez + + +
A255-4 Allium cepa Hawaii 1977 A. Alvarez

A256-3 Allium cepa Hawaii 1977 A. Alvarez

A274-3 Allium cepa Hawaii 1977 A. Alvarez
A274-Ta Allium cepa Hawaii 1977 A. Alvarez +
A551-3 Allium cepa Hawaii 1980 A. Alvarez

A554-3 Allium cepa Hawaii 1980 A. Alvarez

A579-7 Allium cepa Hawaii 1980 A. Alvarez

A1889 Allium cepa Hawaii 1987 A. Alvarez

A1890 Allium cepa Hawaii 1987 A. Alvarez
JV 594 CFBP 6362 Allium cepa Brazil 1987 O. Pruvost + +
JV 595 CFBP 6363 Allium cepa Brazil 1987 O. Pruvost + +
ATCC 504 0130 Allium cepa Colorado 1996 H. Schwartz + +
ATCC 505 0153 Allium cepa Colorado 1996 H. Schwartz +
ATCC 506 0154 Allium cepa Colorado 1996 H. Schwartz + + +
ATCC 507 0155 Allium cepa Colorado 1996 H. Schwartz + +
ATCC 508 0177 Allium cepa Colorado 1998 H. Schwartz + +
B458 Phaseolus vulgaris Colorado 2000 H. Schwartz + + +
F2:22 Allium cepa Barbados 1996 L. O’Garro + +
JX 721 CFBP 6387 Allium cepa Venezuela 1997 O. Pruvost +
IX 727 CFBP 6388 Allium cepa Venezuela 2001 O. Pruvost + +
TX-1a Allium cepa Texas 1998 T. Isakeit

TX-2b Allium cepa Texas 1998 T. Isakeit + +

TX-2¢ Allium cepa Texas 1998 T. Isakeit
TX-3 Allium cepa Texas 1998 T. Isakeit + +
TX-10 Allium cepa Texas 1998 T. Isakeit + +
MAFF 311173 Allium fistulosum Japan 1998 MAFF + +
MAFF 311174 Allium fistulosum Japan 1998 MAFF + +
MAFF 311175 Allium fistulosum Japan 1998 MAFF +
MAFF 311176 Allium fistulosum Japan 1998 MAFF e +
MAFF 311177 Allium fistulosum Japan 1998 MAFF +

MAFF 311178 Allium fistulosum Japan 1998 MAFF +

MAFF 311179 Allium fistulosum Japan 1998 MAFF
ATCC BAA 575 BD 142 Allium cepa South Africa 1999 ARC-PPRI + +
ATCC BAA 576 BD 143 Allium cepa South Africa 1999 ARC-PPRI + +
ATCC BAA 577 BD 211 Allium cepa South Africa 1999 ARC-PPRI

Xcu 200-2 Allium cepa Georgia 2000 R. Gitaitis
Xcu 01-1 Allium cepa Georgia 2001 R. Gitaitis + +
Xcu 01-2 Allium cepa Georgia 2001 R. Gitaitis + +
Calandri-1 Allium cepa California 2002 R. Gilbertson +

Calandri-3 Allium cepa California 2002 R. Gilbertson

Calon-1 Allium cepa California 2002 R. Gilbertson + +
Calon-5 Allium cepa California 2002 R. Gilbertson + +
ATCC 10547 Dacus carota USA ATCC

ATCC 11633 Capsicum annuum USA ATCC

ATCC 11672 Xanthium strumarium India 1950 ATCC

ATCC 11765 Medicago sativa India ATCC

ATCC 13461 Holcus sp. Texas 1978 ATCC

ATCC 13637 Homo sapiens 1960 ATCC

ATCC 19047 Piper betle India 1964 ATCC

ATCC 19312 Axonopu scoparius Columbia ATCC

ATCC 19313 Corylus maxima Oregon ATCC

ATCC 29088 Lolium multiflorium Switzerland 1975 ATCC

ATCC 29091 Dactylis glomerata Switzerland 1975 ATCC

ATCC 33913 Brassica oleracea UK ATCC

ATCC 35937 Lycopersicon lycopersicum New Zealand ATCC

ATCC 49079 Raphunus sativus USA ATCC

ATCC 49083 Juglans regia New Zealand ATCC

ATCC 49119 Phaseolus vulgaris USA 1989 ATCC

ATCC 49120 Citrus sp. Florida 1989 ATCC

2 Source: H. Schwartz, Department of Bioagricultural Sciences and Pest Management, Colorado State University, Fort Collins; R. Gilbertson, Department of
Plant Pathology, University of California, Davis; T. Isakeit, Department of Plant Pathology and Microbiology, Texas A&M University, College Station;
MAFF = Ministry of Agriculture, Forestry, and Fisheries of Japan, Okinawa; ATCC = American Type Culture Collection, Manassas, VA; L. O’Garro,
Department of Biology, University of the West Indies, Bridgetown, Barbados; A. Alvarez, Department of Plant Pathology, University of Hawaii, Honolulu; R.
Gitaitis, Department of Plant Pathology, University of Georgia, Tifton; ARC-PPRI = Agricultural Research Council-Plant Protection Research Institute, Pretoria,

South Africa; O. Pruvost, Centre de Coopération Internationale en Recherche Agronomique pour le Dévelopement, Reunion Island, France.

b Internal transcribed spacer (ITS); restriction fragment length polymorphism (RFLP). + Indicates strain was used for this analysis; ... Indicates strain was not
used for this analysis.
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bean pinto cv. Bill Z in southwestern Colorado. Strain R-O177
and AS-B458 are resistant to greater than 200 pg of rifampicin or
streptomycin per ml, respectively, but selection routinely was per-
formed on nutrient agar amended with 50 pg of the appropriate
antibiotic per ml. Other strains were routinely cultured on nutrient
agar or broth lacking antibiotic during incubation at 26°C, and
bacterial strains were preserved in 15% nutrient glycerol broth at
—80°C for long-term storage.

Strains were cultured in 1.5 ml of nutrient broth for 24 h for
DNA isolation procedures. The culture was adjusted to an optical
density of 0.1 at 600 nm in sterile 0.02 M potassium phosphate
buffer (PB), pH 7.2, and DNA was isolated with the CTAB
(hexadecyltrimethylammonium bromide) method (4). DNA was
stored in Tris-EDTA (TE) buffer (10 mM Tris and 1 mM EDTA,
pH 8.0) at —20°C.

Pathogenicity and host range. All strains were tested for
pathogenicity on A. cepa (cv. Blanco Duro) in growth chamber
assays. Pathogenicity on A. fistulosum (cv. White Welsh) was con-
firmed with representative strains from nine geographical regions,
including O177, Calon-1, TX-3, ATCC BAA 576, Xcu 01-1,
MAFF 311173, A229-1, JV 594, and JX 727. Colonies of the
strain to be tested were inoculated into 3 ml of nutrient broth in
15-ml culture tubes and were incubated at 26°C with vigorous
shaking (250 oscillations per min) for 24 h. The cultures were ad-
justed to approximately 107 CFU/ml in sterile PB before spraying
(Crown SpraTool, Aerovoe Industries, Inc., Gardnerville, NV) the
foliage of 6- to 8-week-old plants to runoff with the bacterial
suspension. Control plants were inoculated with sterile PB. The
plants were placed in a growth chamber and incubated for 7 days
with a 28°C/24°C day/night temperature regime, light intensity of
350 uMs™'m2, 100% relative humidity, and daily misting with tap
water to runoff. At least four plants were inoculated with each
strain. Plants were observed daily for symptom development, and
the pathogen was isolated from characteristic lesions by grinding
leaf sections in 1 ml of PB with a sterile mortar and pestle and
streaking loopfuls of the homogenate onto nutrient agar. The
pathogen was confirmed as Xanthomonas by carbon and nitrogen
substrate utilization patterns on Biolog GN Microplates (Biolog,
Inc., Hayward, CA) as described previously (43).

Pathogenicity on dry bean (cv. Sacramento Light Red Kidney)
was also evaluated by the spray inoculation method described for
onion, except plants were kept in the growth chamber for 14 days.
All plants were 4 to 5 weeks old when inoculated.

Multiplication of the rifampicin resistant onion strain R-O177
and streptomycin resistant bean strain AS-B458 in inoculated dry
bean, pepper (Capsicum annuum L., cv. Sweet California Won-
der), and onion were quantified as described previously (27).
Briefly, a single colony of each pathogen was picked from a 72-h
nutrient agar plate and grown overnight in nutrient broth (26°C
and 250 oscillations per min) to the mid-logarithmic phase. The
culture was adjusted to approximately 103 CFU/ml spectrophoto-
metrically (Agp = 0.12) with sterile PB, diluted to 10* CFU/ml in
sterile PB, and pressure infiltrated into the youngest, fully ex-
panded bean and pepper leaflets of 4- to 5-week-old plants with a
sterile 1-ml syringe. Trace levels of nutrient broth (1 pul or less per
10 ml of sterile PB) from the cultivation media were also intro-
duced into the plant during inoculation but were assumed not to
contribute to bacterial replication in planta. Five 20-mm?’ leaf
disks were immediately removed (each from a different leaflet)
with an ethanol-sterilized cork borer and surface-disinfested in
95% ethanol followed by several rinses in sterile PB before grind-
ing individually in 100 pl of PB with a sterile mortar and pestle.
The homogenate was serially diluted in sterile PB, and 100-ul
droplets were plated in duplicate onto nutrient agar with the ap-
propriate selection antibiotic. Plants serving as controls were in-
filtrated with sterile PB, and the homogenate was plated onto
nutrient agar. Leaf disks were removed daily for 7 days to gener-
ate population growth curves.
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Populations in onion were determined as described by O’Garro
and Paulraj (27). Briefly, the youngest, fully extended leaves of
8-week-old onion plants (cv. Blanco Duro) were pinpricked seven
times at 1-cm intervals with a 22-gauge needle bearing strain R-
0177 or AS-B458 removed from 72-h-old nutrient agar culture
plates. Each pinpricked leaf area was inoculated with a bacterial
matrix approximately equal in size to the needle tip. Leaf sections
(5 by 1 cm in length), each having an inoculated area, were re-
moved every 2 days, surface-disinfested in 95% ethanol, rinsed in
sterile PB, and ground aseptically in 1 ml of sterile PB with a
mortar and pestle. Recoveries were done up to 14 days after inoc-
ulation to generate population growth curves. The homogenate
was serially diluted and plated onto nutrient agar amended with
50 pg of the appropriate selection antibiotic per ml. Colonies
were enumerated after 72 h of incubation at 26°C, and character-
istic colonies were confirmed as strain R-O177 or AS-B458 by
genomic fingerprinting with BOX primers as described previ-
ously (20). Pathogenicity of recovered onion Xanthomonas strain
R-0177 and X. axonopodis pv. phaseoli strain AS-B458 on onion
cv. Blanco Duro and dry bean cv. Sacramento Light Red Kidney,
respectively, was conducted as described previously.

Copper, zinc, and streptomycin resistance screening. The
minimum inhibitory concentrations (MIC) of CuSO,, ZnSO,, and
streptomycin sulfate were determined using a modification of the
broth microdilution test guidelines from the National Committee
for Clinical Laboratory Standards (25). Serial dilutions (1:2) of
each bactericide were made in nutrient broth in round-bottom 96-
well plates to a final volume of 100 ul per well. Each well was
inoculated with 5 pl of a 10’ CFU/ml suspension of Xanthomonas
sp. from a 3-ml nutrient broth overnight culture. The MIC was
considered the lowest concentration of each bactericide that
completely inhibited visual growth after 24 h. Xanthomonads are
generally considered resistant to copper, zinc, or streptomycin if
they are able to grow on artificial media amended with 100 to
200 pg of a given bactericide per ml (6,7,17,24,39). In this study,
strains were considered resistant to CuSQO,4, ZnSO,, or strepto-
mycin sulfate if the MIC was greater than 100 ug/ml. X. axono-
podis pv. vesicatoria strains 81-23 and E3 (provided by J. Jones,
University of Florida) were included as copper and streptomycin
resistant positive controls, respectively.

Substrate utilization and fatty acid methyl ester profiles.
Substrate utilization and fatty acid methyl ester profiles were
generated for all 49 onion Xanthomonas strains presented in
Table 1 by Microbe Inotech Laboratories, Inc. (St. Louis) by stan-
dard procedures (42,43). Cultures were streaked onto trypticase
soy broth agar at 26°C for 24 h before inoculating onto Biolog
GN microplates according to Biolog protocols for gram-negative
aerobic bacteria. The resulting metabolic fingerprints were read
by an automated plate reader and compared with version 4.1 of
the Biolog database. Fatty acid compositions were determined by
gas chromatographic analysis by standard methods and compared
with the Microbial Identification Aerobe (version 4.1) and Clini-
cal Aerobe (version 4.0) databases (MIDI, Newark, DE).

hrp B6 gene amplification and sequencing. A portion of the
highly conserved putative ATPase gene hrp B6 was amplified
from extracted genomic DNA with oligonucleotide primers RST2
(5'-AGGCCCTGGAAGGTGCCCTGGA-3') and RST3 (5'-ATC-
GCACTGCGTACCGCGCGCGA-3"), which direct the amplifica-
tion of an approximately 840-bp fragment (11,18). DNA was
extracted from 24 strains (Table 1) as described previously; one to
five representative strains from each geographic location were
selected for the experiment. A polymerase chain reaction (PCR)
product for this gene is expected from most phytopathogenic xan-
thomonads, but is not expected from nonpathogenic xanthomo-
nads that lack the hrp gene cluster. DNA was amplified in reac-
tion mixtures containing 12.5 pl of PCR Master Mix (Promega,
Madison, WI), 1 uM each primer, 100 ng of CTAB extracted
DNA, and PCR-grade water to a total volume of 25 pl. PCR



amplification cycle conditions were as described by Leite et al.
(18). Amplified DNAs were separated by electrophoresis in 1.0%
agarose (Bio-Rad Laboratories, Hercules, CA) gels in Tris-acetate
buffer (40 mM Tris-acetate and 1 mM EDTA, pH 8.2). Ethidium
bromide (0.5 pg/ml) was added to each gel, and the DNA frag-
ments were visualized over a UV transilluminator (Fotodyne,
Hartland, WI). The approximate 840-bp amplicon was gel puri-
fied (Qiagen MinElute Gel Extraction Kit, Qiagen, Inc., Valencia,
CA) and sequenced (Davis Sequencing, Davis, CA). Sequence,
alignment, calculation of similarity values, and cluster analysis
were performed with MegAlign software (DNASTAR, Inc.,
Madison, WI). The National Center for Biotechnology Informa-
tion GenBank nonredundant database was searched for sequence
similarity using the BLASTn algorithm (1).

16S and intergenic spacer region restriction fragment
length polymorphism and sequencing. PCR experiments were
performed as described previously (22) to amplify the entire 16S
and 16S-23S rDNA internally transcribed spacer (ITS) region or
only the 16S-23S rDNA ITS region using universal primer pairs
27F (5'-AGAGTTTGATCCTGGCTCAG-3')/FGPS-132 (5'-CC-
GGGTTTCCCCATTCGG-3") or Gl (5-GAAGTCGTAACAA-
GG-3)/L1 (5'-CAAGGCATCCACCGT-3'), respectively. Oligo-
nucleotide primers were synthesized by Integrated DNA Tech-
nologies (Coralville, IA). One to five representative strains from
each geographic location were used in each experiment. A 10-ul
aliquot of the resulting DNA fragment from the 16S and ITS
region amplified by primers 27F and FGPS-132 was restricted
with EcoRI or Haelll as recommended by the manufacturer (Pro-
mega) and separated by electrophoresis in 1.0% agarose (Bio-Rad
Laboratories) gels, visualized, and photographed as described
previously. The ITS amplicon was gel purified (Qiagen) and se-
quenced (Davis Sequencing). Sequence alignment, calculation of
similarity values, and cluster analysis were performed with Meg-
Align software. The National Center for Biotechnology Informa-
tion GenBank nonredundant database was searched for sequence
similarity using the BLASTn algorithm (1).

Repetitive sequence based-PCR genomic fingerprinting.
Genomic fingerprints were determined for each strain as de-
scribed by Louws et al. (19-21) using primers corresponding to
prokaryotic enterobacterial repetitive intergenic consensus (ERIC)
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sequences, repetitive extragenic palindromic (REP) sequences,
and the BOXA subunit of the BOX element. Stenotropho-
monas maltophilia was included as a positive control. Addi-
tionally, 45 other strains of phytopathogenic xanthomonads
representative of the DNA:DNA homology groups described by
Vauterin et al. (41) were included to determine the relationship of
onion strains of Xanthomonas to other species and pathovars of
Xanthomonas. Seventeen of these strains are included in this
report (Table 1).

Images were imported into GelCompar software (version 4.1,
Applied Maths, Kortrijk, Belgium) and linearly combined, and
similarity was calculated using Pearson’s correlation coefficient
applied to the entire densitometric curves of the gel tracks as
described previously (31). Gels were standardized with a 1-kb
DNA molecular weight ladder (Invitrogen Corp., Carlsbad, CA).
Cluster analysis was performed by the unweighted pair group
method with arithmetic averages clustering. All PCR reactions
were repeated at least twice.

Statistical analysis. Analysis of in planta population growth
was conducted with SAS version 8.0 (PROC MIXED, SAS
Institute, Cary, NC) to generate means and standard errors of log-
transformed data. Factor analysis was conducted on merged Bio-
log and fatty acid profile data sets to generate 10 unique and
uncorrelated factors (SAS PROC FACTOR) with orthogonal vari-
max rotation. These factors were subsequently used in logistic
regression (PROC LOGISTIC) with stepwise selection to predict
the region of origin of each strain. Cluster and principal com-
ponent analysis of fatty acid composition content and substrate
utilization profiles were conducted with MINITAB 13 (Minitab,
Inc., State College, PA) using the unweighted pair group method
with arithmetic averages clustering. The percent color change in
each Biolog GN2 MicroPlate well, compared with the water
control, was used in cluster and principal component analysis.
Percent compositions of each fatty acid were used in the analysis
of fatty acid profiles.

RESULTS

Pathogenicity and host range. All onion strains of Xantho-
monas used in this study were pathogenic on onion except strains

10

Log10 CFU Xanthomonas per leaf
disk or section
(o]

1 2 3 4
Days after inoculation

— - — Bean Xap AS-B458

—&—Bean X R-0177

—+8B—Pepper X R-0177

—— Onion X R-0177

Fig. 1. Population dynamics of onion Xanthomonas strain R-O177 and X. axonopodis pv. phaseoli strain AS-B458 in dry bean, onion, and pepper. Populations of
Xanthomonas strain R-O177 in onion leaf sections were enumerated every 2 days for 14 days, but are scaled to 7 days for comparison. AS-B458 populations
decreased to less than 103 CFU per leaf disk or section 7 days after inoculation in pepper and onion, respectively (data not shown). Data are means of five
replications repeated twice (n = 10) % standard error of the mean. X = Xanthomonas; Xap = Xanthomonas axonopodis pv. phaseoli.

Vol. 94, No. 2, 2004 187



A1889, A1890, and TX-2b. Strain TX-2b was identified as X.
campestris pv. carotae by repetitive sequence-based (rep)-PCR,
Biolog, and ITS sequence and produced typical bacterial leaf
blight symptoms on carrot (Daucus carota L.). Characteristic
lenticular-shaped, water-soaked lesions also developed on A.
fistulosum within 7 days following inoculation with representative
strains from nine geographical regions. Disease symptoms were
not observed with any onion strain of Xanthomonas on dry bean

cv. Sacramento Light Red Kidney, but typical common bacterial
blight symptoms were observed on dry bean 5 days after inocu-
lating with X. axonopodis pv. phaseoli strain AS-B458.
Populations of onion Xanthomonas strain R-O177 increased in
planta in dry bean and onion, but not in pepper (Fig. 1). Popu-
lations of X. axonopodis pv. phaseoli strain AS-B458 and onion
Xanthomonas strain R-O177 increased in dry bean to greater than
10% and 107 CFU per 20-mm? leaf disk, respectively, 7 days after

Euclidean Distance

0.0 11.0

22.0 33.|0

0153

0130

0154

0155
Calon-5
Calandri-3
A274-7a

Xcu 01-1

Xcu 01-2
MAFF 311179
Calon-1
TX-1a

TX-3

TX-2¢

TX-10
A206-2b
A206-5 .
Xcu 200-2
Calandri-1
MAFF 311178
A206-2a
MAFF 311175
MAFF 311176
ATCC BAA 577
A229-1
A579-7

ATCC BAA 575
A256-3
A554-3

JV 595

TX-2b

A551-3

MAFF 311173
MAFF 311174
MAFF 311177
F2:22

JX 727

JX 721
A274-3
A1889

A94-1b
A255-4
A1890

o177
A118-2a

A227-2

ATCC BAA 576
JV 594

l_

A225-2

Fig. 2. Relationships among 49 onion Xanthomonas strains isolated from various geographical regions based on Biolog GN Microplate (Biolog, Inc., Hayward,
CA) substrate utilization patterns. The type strain of X. campestris pv. allii MAFF 311173 is noted in bold.
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inoculation. Strain R-O177 increased to greater than 10® CFU per
1-cm leaf section in onion during the study time course. Popu-
lations of X. axonopodis pv. phaseoli decreased to less than
10° CFU per sample area in onion and pepper 7 days after inocu-
lation (data not shown).

Copper, zinc, and streptomycin resistance screening. Resis-
tance to copper, zinc, or streptomycin was not observed among
onion strains of Xanthomonas; all were inhibited by 100 ug/ml or
less of copper sulfate, zinc sulfate, or streptomycin. All strains
were highly sensitive to streptomycin and were inhibited by
1.6 pg/ml or less.

Substrate utilization and fatty acid methyl ester profiles. A
diversity of substrate utilization and fatty acid methyl ester pro-
files was observed in onion strains of Xanthomonas. Mean Biolog
and fatty acid profile similarity indices of the 49 onion Xan-
thomonas strains tested were 0.62 and 0.78, respectively, with the
X. axonopodis profile. Corresponding distance coefficients for
Biolog and fatty acid profiles were 4.428 and 2.581, respectively,
compared with the X. axonopodis profile. The closest pathovar
matches within the Biolog database were X. axonopodis pv. dief-
fenbachiae (57%), X. axonopodis pv. begonia (16%), X. axono-
podis pv. phaseoli (4%), and X. axonopodis pv. malvacearum
(4%). Nearly 12% of the strains did not have a closest match and
were simply identified as X. axonopodis. The MIDI Aerobe and
Clinical Aerobe fatty acid databases indicated that onion strains
of Xanthomonas were most closely related to X. arboricola pv.
poinsettiicola (37%), X. axonopodis pv. dieffenbachiae (18%),
and X. axonopodis pv. citrumelo (16%).

Biolog substrate utilization profiles revealed diversity in carbon
and nitrogen utilization patterns by onion strains of Xantho-
monas, but this diversity was not fully explained by geographic
origin (Fig. 2). Euclidean distances among strains were less than
13 with the exception of strains JV 594 (Brazil), ATCC BAA 576
(South Africa), and A225-2 (Hawaii). Principal component analy-
sis did not reveal distinct clustering of strains (data not shown).

Onion strains of Xanthomonas contained high proportions of
15:0 ISO (26.91%) and 15:0 ISO 20H/16:1w7c (18.87%) fatty
acids. The 10:0, 10:0 20H, 11:0 30H, 12:0, 13:0 ISO, 13:0 20H,
17:1 wbc, 17:1 10methyl, and 17:0 ISO 30H fatty acids com-
prised less than 1.22% of the total fatty acid profile or were
absent in all strains. Table 2 presents fatty acid composition
profiles for five representative strains that characterize the diver-
sity of fatty acid profiles in the 49 onion strains of Xanthomonas

included in this study. Cluster analysis of fatty acid profiles
revealed phenotypic diversity in onion strains of Xanthomonas
that was partially explained by geographic origin (Fig. 3).
Euclidean distances among strains were generally less than 5,
except for six strains from Hawaii and strains O177, TX-2b, Xcu
01-1, and F2:22, suggesting little diversity in fatty acid compo-
sition. Strains from California formed a distinct group that also
included Georgia strain Xcu 200-2. Japanese strains formed two
distinct but highly related subgroups (Euclidean distance less than
4), but other strains were not grouped solely by geographic ori-
gin. Strains A1889 and A1890, which were not pathogenic to
onion, had a nearly identical fatty acid profile but were dissimilar
from all other evaluated strains. Additionally, principal compo-
nent analysis did not reveal distinct clustering of strains (data not
shown). Several fatty acids were only occasionally recovered
from strains or were present at low levels and may have obscured
the variability among geographical regions, reducing the power of
principal component analysis to separate strains by geography.
Fatty acid methyl ester profiles alone were not useful for deter-
mining geographic origin of all strains.

Factor analysis of combined Biolog substrate utilization and
fatty acid profile data and subsequent logistic regression yielded a
model with two factors (Factors 1 and 9) that correctly placed
69.3% of strains into their geographical region; 23.5% were
misclassified and 7.2% were tied. The likelihood equations for
each equation were computed as Z = [, + 0.782(Factor 1) +
0.865(Factor 2), where B, is the cumulative logit intercept for
each region given in Table 3. The probability of group member-
ship of a strain in a region (Z;) is described by p(R)) = €Z/(1 + &%),
where e is the natural logarithm. The probability of group
membership in Venezuela is given by p(Rvenezueta) = 1 — P(Rrexas)-

hrp B6 gene amplification and sequencing. A single DNA
fragment was amplified with all onion Xanthomonas strains
examined in this study. Sequence similarity of 97 to 98% was
observed with onion Xanthomonas strains compared with the par-
tial hrp gene sequence of X. axonopodis pv. vesicatoria (Acces-
sion No. U33548), which was previously deposited in GenBank
(10). Cluster analysis revealed five distinct groups that generally
grouped by geographical region of origin (data not shown).
Strains from Texas, South Africa, and Colorado did not group
solely by geographical region of origin.

16S and ITS region restriction fragment length polymor-
phism and sequencing. All onion strains of Xanthomonas

TABLE 2. Cellular fatty acid composition of five representative onion strains of Xanthomonas sp. from different geographical regions and belonging to five
repetitive sequence based-polymerase chain reaction (rep-PCR) genotype groups

% Fatty acid composition
12:0ISO  12:0 14:0

rep-PCR 11:0 10:0 11:0ISO 11:0 13:0 13:0ISO  13:0 15:1 15:0 15:0

Strain® genotype 10:0 iso  30H 30H 30H ISO 30H 30H ISO 14:0 30H 20H ISOF ISO ANTEISO
TX-10 1 1.02 357 032 1.68 326 035 1.88  3.39 26.63 6.82
0177 2 092 3.68 038 1.50 227 ... 180 250 29.37 7.48
Calon-5 3 079 3.63 033 1.66 0.16 0.31 0.21 271 032 157 3.6l 028 020 2822 8.61
MAFF 311173 4 078 4.13 034 1.80 291 034 142 396 0.29 29.10 8.16
IV 594 5 122 407 0.31 1.46 0.27 250 071 1.66 243 25.43 11.57
% Fatty acid composition
rep-PCR 151 16:0 16:1 ISO 17:0 17:0 17:1 18:1 18:1 17:0ISO  Sum

Strain genotype  ®6C 15:0 ISO ®9% 16:0 17:1 ®9c ISO ANTEISO ®8c ®9c w7c 30H F3*  Unknown
TX-10 1 152 186 216 7.19 4.86 8.36 0.52 .02 077 091 20.34 1.60
0177 2 1.74 156 176  6.99 4.94 8.02 0.51 096  0.69 19.98 2.96
Calon-5 3 149 193 202 691 4.81 8.24 0.64 094 0.66  0.66 030  17.56 1.22
MAFF 311173 4 0.28 1.33 2,04 155 6.17 5.28 8.07 0.62 095 055 059 18.18 1.17
IV 594 5 0.47 1.66 3.69 190 547 4.54 6.06 0.69 1.09  0.65 0.67 18.97 2.50

2 Fatty acid composition data for 5 of the 49 onion Xanthomonas strains analyzed that represent the diversity of fatty acid profiles observed among strains
pathogenic to onion.

b Sum F3 = summed feature 3 representing 16:1w7c and 15 ISO 20H fatty acids. Fatty acids 10:0 20H, 12:0, 17:1 w6c, and 17:1 10methyl were occasionally
detected in some strains but comprised less than 1% of the total fatty acid profile. The representative strains presented lacked these four fatty acids and are not
shown.

Vol. 94, No. 2, 2004 189



analyzed contained a single 16S-23S ITS region. Sequencing of
the PCR amplified ITS region yielded an approximately 600-bp
amplicon with greater than 99% sequence similarity to the ITS
region of X. axonopodis pv. citrumelo strain F1 (Accession No.
AF442741), which was previously deposited in GenBank (9). All
strains differed from X. axonopodis pv. citrumelo strain F1 by
5 bp or less except for strains A299-1 (9 bp) and TX-2b (18 bp).
The ITS sequence of strain TX-2b was 100% similar to Accession
No. AF279428 from X. campestris pv. carotae (5). Onion strains
of Xanthomonas also appear to contain the transfer RNA (tRNA)
genes tRNAA® and (RNA',

Variability within the ITS region was limited among onion
strains of Xanthomonas. Greater than 98% sequence similarity
was observed among strains evaluated, but strains from Japan,
California, Brazil, Venezuela, Texas, Hawaii, and South Africa
generally grouped by geographical region of origin in cluster
analysis (data not shown). Strains from Colorado and Georgia did
not group by region.

No polymorphisms were detected among onion strains of Xan-
thomonas evaluated when the entire 16S + ITS region was ampli-
fied and subsequently restricted with EcoRI or Haelll. However,
X. axonopodis pv. phaseoli strain B458 did exhibit a polymorphic
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Fig. 3. Relationships among 49 onion Xanthomonas strains isolated from various geographical regions based on fatty acid composition. The type strain of X.

campestris pv. alliit MAFF 311173 is noted in bold.
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band, approximately 150 bp, compared with onion strains of Xan-
thomonas when restricted with Haelll (data not shown), sug-
gesting onion strains of Xanthomonas are genetically distinct
from X. axonopodis pv. phaseoli.

rep-PCR genomic fingerprinting. Complex DNA fingerprints
were generated from genomic DNA extracted from 49 onion
Xanthomonas strains, 45 other Xanthomonas species and patho-
vars, and the Stenotrophomonas maltophilia positive control (Fig.
4). Amplified DNA fragments ranged in size from approximately
200 bp to greater than 4 kb and revealed a high degree of genetic
diversity among onion strains of Xanthomonas. DNA fingerprint
similarity among onion Xanthomonas strains ranged from greater
than 98% to less than 50%. Onion Xanthomonas strains formed
five distinct genotypes that were largely but not entirely explained
by geographical origin. The majority of strains (30%) belonged to
genotype 2, which all originated from Hawaii except for Colorado
strain O177. Genotype 4 strains comprised 25% of the strains
analyzed and represented strains originating from California,
Georgia, Colorado, and Venezuela. Seven strains originally iso-
lated from A. fistulosum in Japan, including the type strain of X.
campestris pv. allii, comprised genotype 4. Thirteen percent of
the strains comprised the heterogeneous genotype 5 and included
strains from Brazil, South Africa, Barbados, and Texas strain TX-
2c. Genotype 1 comprised three strains (6%) from Texas. TX-2b
had a nearly identical DNA fingerprint as the X. campestris pv.
carotae type strain, and produced typical bacterial leaf blight
symptoms on carrot, but was not pathogenic to onion. Strains
A1890, A1889, and A91-1a did not cluster with the five other
onion Xanthomonas genotypes.

Eight rep-PCR DNA fragments were common to the five geno-
type groups of onion Xanthomonas strains (Fig. 5) and appear to
be signature bands of these strains. Strains pathogenic on onion
share these DNA fragments, including X. campestris pv. allii
strains, independent of geographical region of origin. All eight of
these bands are present in the X. axonopodis pv. citrumelo type
strain, but seven bands are also present in X. axonopodis pv.
alfalfae and X. axonopodis pv. betlicola. The DNA fingerprint of
X. axonopodis pv. citrumelo was nearly identical to Colorado
strain O177 and grouped within genotype 2 (Figs. 4 and 6). The
X. axonopodis pv. betlicola type strain DNA fingerprint was also
highly similar to genotype 2 strains. X. axonopodis pv. alfalfae
grouped with genotype 4 strains from Japan, and X. axonopodis
pv. vesicatoria grouped with the heterogeneous genotype 5 strains.
The other pathovars of Xanthomonas that grouped with onion
Xanthomonas strains all belong to DNA homology group 9-2
(41), providing strong evidence that onion Xanthomonas strains
also belong within DNA homology group 9-2.

DISCUSSION

In this paper, we describe the phenotypic and genetic diversity
among strains of Xanthomonas causing Xanthomonas leaf blight
of onion and the relationship of these strains to other described
Xanthomonas pathovars and species. Of particular importance is
the relationship of onion Xanthomonas strains to the described
pathovar X. campestris pv. allii. We conclude that the onion
Xanthomonas strains examined in this study are pathovar X.
campestris pv. allii based upon pathogenicity to onion, as well as
phenotypic (carbon substrate utilization, fatty acid profiles) and
genetic (hrp b6 gene sequence, 16S rDNA restriction fragment
length polymorphism [RFLP] profile, ITS sequence, and rep-
PCR-mediated DNA fingerprints) similarities. A pathovar is desig-
nated solely based on distinctive pathogenicity to one or more
plant hosts (10). The X. campestris pv. allii and onion Xan-
thomonas strains included in this study were indistinguishable
based on pathogenicity to A. cepa and A. fistulosum and,
therefore, satisfy the basic requirement for pathovar designation.
DNA fingerprinting by rep-PCR demonstrated that although con-

siderable genetic diversity is present within onion Xanthomonas
strains, the strains included in this study clearly group with and
belong to the described pathovar X. campestris pv. allii. No onion
strains of Xanthomonas, including the type strain of X. campestris
pv. allii, grouped with the X. campestris DNA homology group
15 strains. However, they all grouped within the X. axonopodis
DNA homology group 9-2, indicating the correct species epithet
should be X. axonopodis and not X. campestris. Therefore, we
propose onion strains of Xanthomonas be classified as X.
axonopodis pv. allii to correctly represent their genotypic and
phylogenetic relationship to other X. axonopodis species within
DNA homology group 9-2. Onion strains of Xanthomonas are
hereafter referred to as X. axonopodis pv. allii. The results of this
polyphasic characterization and transfer of X. campestris pv. allii
strains to X. axonopodis pv. allii are in agreement with similar
research independently conducted by Rougmanac et al. (33).
Additionally, the high ITS sequence similarity and 16S RFLP
profiles among strains suggest that a close phylogenetic relation-
ship exists within X. axonopodis pv. allii. The limited genetic
diversity within the 16S rDNA region is consistent with other
findings (13) and may limit utility of the ITS region for differen-
tiating X. axonopodis pv. allii from other xanthomonads. How-
ever, the rDNA spacer region is useful for identifying other
bacteria (15) and could provide presumptive identification of X.
axonopodis pv. allii. Describing this relationship among these
strains and between other Xanthomonas species and pathovars
should clarify the taxonomic position of X. axonopodis pv. allii,
and elucidation of this relationship should aid in identification
and future epidemiological studies of X. axonopodis pv. allii.
Pathogenicity on onion and multiplication in dry bean were
clearly demonstrated, but the absence of disease symptoms on dry
bean suggests that most X. axonopodis pv. allii strains may be
only weakly virulent on dry bean and perhaps other pulse crops.
Alternatively, dry bean may be a nonsymptomatic host of some X.
axonopodis pv. allii strains. Pathogenicity and/or virulence on
alternate hosts (i.e., pulse crops) appears to be highly variable
among populations of X. axonopodis pv. allii. In this study, bean
common bacterial blight disease symptoms were absent in all X.
axonopodis pv. allii strains evaluated, but the Barbados popula-
tion is reportedly highly virulent on dry bean and other pulse
crops (27). Although most X. axonopodis pv. allii strains appear
weakly virulent, dry beans may serve as a reservoir of X. axono-

TABLE 3. Maximum likelihood estimates of fatty acid methyl ester and
substrate utilization profile multiple logistic regression used to predict
geographic region of origin of onion strains of Xanthomonas

Maximum likelihood estimates

Standard
Parameter? df  Estimate® error Wald 32 P>y*
Intercept Barbados 1 —4.662 1.08 18.48 <0.0001
Intercept Brazil 1 -3.529 0.68 26.56  <0.0001
Intercept California 1 —2.495 0.49 26.44 <0.0001
Intercept Colorado 1 -1.670 0.39 18.56 <0.0001
Intercept Georgia 1 -1.260 0.35 12.68 0.0004
Intercept Hawaii 1 0.916 0.33 7.81 0.0052
Intercept Japan 1 1.704 0.38 19.71 <0.0001
Intercept South Africa 1 2.166 0.43 24.97 <0.0001
Intercept Texas 1 3.641 0.72 25.77 <0.0001
Factor 1 1 0.782 0.27 8.38 0.0038
Factor 9 1 0.865 0.27 9.91 0.0016

4 Each equation is given by Z = 3 + 0.782(Factor 1) + 0.865(Factor 2), where
Bo is the cumulative logit intercept for each region; where Intercept
Barbados = —4.662, Intercept Brazil (Barbados + Brazil) = -3.529, and
Intercept Texas = (Barbados + Brazil.... + Texas) = 3.641. The probability
of group membership of a strain in a region (Zi) is described by p(R;) =
e%/(1 + €%), where e is the natural logarithm and p(Ryepemeia) = 1 — P(Rexas)-

b Intercept estimate = f.

¢ Probability of obtaining a greater y? statistic than that observed if the null
hypothesis is true.
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podis pv. allii surviving as weak pathogens or epiphytically.
Greenhouse and field studies are in progress to quantitate the sur-
vival of X. axonopodis pv. allii between onion crops on dry bean
and other hosts.

Resistance to commonly applied bactericides did not appear
within the collection of strains included in this study. This is
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consistent with the findings of Paulraj and O’Garro (28) in
Barbados.

Resistance to copper, zinc, and streptomycin has been widely
reported in phytopathogenic bacteria (6,7,17,23,24,39), and in-
sensitivity is often conferred by resistance genes located on self-
transmissible plasmids (6,7,24,39). Xanthomonads are generally

Fig. 4. Similarity among repetitive sequence based-polymerase chain reaction DNA fingerprints of onion Xanthomonas strains from various geographical areas
and between other species and pathovars of Xanthomonas sp. DNA fingerprints were generated using primers corresponding to prokaryotic enterobacterial
repetitive intergenic consensus (ERIC) sequences, repetitive extragenic palindromic (REP) sequences, and the BOXA subunit of the BOX element (BOX) and
analyzed using the product-moment correlation coefficient (r). DNA homology groups correspond to those reported by Rademaker et al. (30). The type strain of
X. campestris pv. allii MAFF 311173 is noted in bold. Genotype groups 1 to 5 are noted with brackets. X = Xanthomonas, X ax = X. axonopodis, S maltophila =

Stenotrophomonas maltophilia, and — = not known.
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considered resistant to copper, zinc, or streptomycin if they are
able to grow on artificial media amended with 100 to 200 pg of
the bactericide per ml, but resistance to streptomycin concentra-
tions of 800 pg/ml or greater have been reported (24). Growers in
Colorado and other onion-producing regions rely heavily on
copper-based bactericides for disease suppression, and resistance
may emerge with continued use (37), underscoring the need for
an integrated pest management program to manage Xanthomonas
leaf blight. The MIC of zinc was equal to or less than copper for
all X. axonopodis pv. allii included in this study (data not shown),
and zinc may be an effective bactericide to manage X. axonopodis
pv. allii and delay copper resistance development. However, the
relationship between the MICs determined in this study and
sensitivity of bacterial cells under field conditions is unknown.
Petri dish assays of bacterial sensitivity to copper, zinc, and strep-
tomycin have been extensively used to detect bactericide resis-
tance (6,7,17,24,39), and in vitro sensitivity appears to be a suit-
able proxy for sensitivity under field conditions (22). The efficacy
of zinc sprays is currently under investigation in field trials.

Fatty acid and substrate utilization profiling revealed signifi-
cant intraspecific diversity. Cluster analysis revealed limited
grouping of strains by geographical region of origin based on
cellular fatty acid composition and, to a lesser extent, Biolog
Microplate substrate utilization. However, the fatty acid and sub-
strate utilization profiles were sufficiently variable among regions
to allow for factor analysis and subsequent multiple logistic re-
gression to generate a predictive model. The multiple logistic
regression model developed in this study could correctly classify
69% of the strains included in this analysis into their geographical
region of origin. Combining this model with rep-PCR-mediated
DNA fingerprinting would provide a powerful tool for investi-
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gating dissemination of X. axonopodis pv. allii by seed trans-
mission among onion production regions.

Identification of strains using the MIDI Aerobe database and
Biolog version 4.1 database inconsistently identified strains. Fatty
acid profiling identified the 49 strains of X. axonopodis pv. allii
used in this study as 11 different Xanthomonas pathovars. Biolog
identified the strains closest match as 10 different pathovars.
Users of these systems are encouraged to create a new profile for
X. axonopodis pv. allii if fatty acids or Biolog substrate utilization
are to be used for identification.

The conserved rep-PCR genomic fingerprints within geo-
graphic locations suggest that the population structure is largely
clonal within production areas. The tight phylogenetic cluster
formed within a given production region suggests X. axonopodis
pv. allii was introduced into these production regions in one or a
few events, perhaps on contaminated seed (3,34). The onion pro-
duction regions considered in this study are sufficiently isolated
that gene flow from other populations would be low and distinct
clonal populations may have formed following genetic drift and
selection of fit genotypes. The climates, cultivars, and production
practices within the different onion production regions considered
may have selected for fitness and adapted genotypes unique for
each region. However, the signature bands of X. axonopodis pv.
allii pathogenic on onion are conserved among strains, and the
recent evolution of X. axonopodis pv. allii was revealed by the
identical rDNA RFLP profiles and high sequence similarity of the
nonconserved ITS region.

The relationship between X. axonopodis pv. allii and X. axono-
podis pv. alfalfae, X. axonopodis pv. betlicola, X. axonopodis pv.
citrumelo, and X. axonopodis pv. vesicatoria and other DNA
homology 9-2 strains remains unclear. Our study included a small
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MAFF 311173
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Fig. 5. Diversity of repetitive sequence based-polymerase chain reaction DNA fingerprints among onion Xanthomonas strains isolated from various geographical
regions and representing different genotype groups. Arrows indicate DNA bands that are conserved across all strains pathogenic on onion. The scale indicates the
product-moment correlation coefficient (r). Strain MAFF 311173 is the type strain of X. campestris pv. allii. MAFF = Ministry of Agriculture, Forestry, and

Fisheries GeneBank accession.
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Fig. 6. Repetitive sequence based-polymerase chain reaction DNA fingerprint profile matches of onion Xanthomonas strains and other Xanthomonas pathovars

within DNA homology group 9-2. X ax = Xanthomonas axonopodis.
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subset of strains from each geographical region and few repre-
sentative strains from other Xanthomonas species and pathovars.
We are currently studying a larger collection of DNA homology
group 9-2 strains to more fully describe the genetic and patho-
genic relationships between these pathovars and X. axonopodis
pv. allii.

The high level of genetic diversity within X. axonopodis pv.
allii is in stark contrast to many other DNA fingerprinting studies
with Xanthomonas and other plant-pathogenic bacteria (5,21,32).
Louws et al. (20) found nearly identical rep-PCR DNA finger-
prints within the subspecies of Clavibacter michiganensis. Genetic
similarity within subspecies was greater than 80%, but less than
40% between subspecies. The level of diversity within X. axono-
podis pv. allii approaches that between Clavibacter subspecies.
However, signature rep-PCR bands conserved within X. axono-
podis pv. allii, identical rDNA RFLP profiles, and high ITS region
sequence similarity do not suggest a polyphyletic population
structure exists. Rademaker et al. (30) demonstrated that rep-PCR
fingerprinting explains 81% of the variability in DNA:DNA
homology and can be used to reflect true genotypic and phylo-
genetic relationships. X. axonopodis pv. allii rep-PCR fingerprints
among strains were at least 40% similar, corresponding approxi-
mately to at least 70% DNA:DNA homology (30). Therefore,
despite high levels of genetic diversity within the population, X.
axonopodis pv. allii appears to constitute a single species. Genetic
drift of geographically isolated populations could account for the
observed diversity among rep-PCR DNA fingerprints. Knowledge
of the population structure should aid in future epidemiological
and ecological studies of X. axonopodis pv. allii.

Genetic diversity within X. axonopodis pv. allii may have im-
portant implications for resistance gene deployment and breeding.
Host resistance to Xanthomonas leaf blight has only been re-
ported in short day onion cultivars (27) and resistance appears to
be associated with one or few genes. A race structure may exist
within X. axonopodis pv. allii that could account for the vari-
ability in pathogenicity and virulence on pulse crops and other
Allium. Studies are currently underway to further characterize
genes involved in X. axonopodis pv. allii pathogenicity on onion
and the existence of a population race structure.
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