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Three pairs of oligonucleotide primers specific for different regions of the hrp gene (hypersensitive reaction
and pathogenicity) cluster ofXanthomonas campestris pv. vesicatoria were designed and tested for amplification
of DNA isolated from a large number of different bacteria. DNA sequences related to the hrp genes were
successfully amplified from X.fragariae and from 28 pathovars ofX. campestris. No DNA amplification occurred
with genomic DNA from phytopathogenic strains ofX. campestris pv. secalis, X. campestris pv. translucens, and
X. albilineans or from nonpathogenic opportunistic xanthomonads and phytopathogenic strains of the genera
Acidovorax, Agrobacterium, Clavibacter, Erwinia, Pseudomonas, and Xylella. The DNA from those bacteria also
failed to hybridize to hip-specific fragments in Southern blot analysis. DNA fragments amplified with a
particular primer pair were of identical size from each of the different phytopathogenic xanthomonads.
However, restriction analysis of these fragments by using frequently cutting endonucleases revealed variation
in the pattern for these hip-related fragments amplified from the differentXanthomonas strains. The restriction
patterns generated for the different fragments allowed distinction of the strains representing a pathovar or
species of phytopathogenic xanthomonads. We believe that DNA amplification with hrp-specific oligonucleotide
primers is a highly sensitive and specific method that can be applied for detection and identification of
phytopathogenic xanthomonads.

The genus Xanthomonas Dowson 1939 contains gram-neg-
ative, usually yellow-pigmented bacteria that occur worldwide
and cause plant diseases. Over 124 monocotyledonous and 268
dicotyledonous plant species are hosts of Xanthomonas strains
(37). Among the Xanthomonas species, X campestris com-
prises at least 125 different pathovars that are distinguished by
the diseases they cause (13). The genus Xanthomonas also
includes strains which may be associated with plant material
but are not pathogenic to the plants from which they were
isolated (3, 22, 38, 40). These opportunistic bacteria can be
identified as xanthomonads by the presence of xanthomona-
dins and by unique fatty acid profiles. Although the identifica-
tion of bacteria as members of the genus Xanthomonas
presents no great problem, subgeneric identification of xantho-
monads is still difficult.

Traditional methods for the detection and identification of
phytopathogenic xanthomonads rely on isolating the organism
of interest in pure culture and performing predetermined
biochemical, serological, and pathological tests (46, 48). Some-
times, nonselective or selective enrichments are required to
increase the sensitivity of the isolation, which may be compli-
cated by the presence of fast-growing contaminating bacteria
associated with plant tissue (46). More recently, methods
based on metabolic and protein profiling (14, 57-59) and on
fatty acid analysis (14, 61) have been used for identification,
but isolation and purification of the bacterial strain are still
required. Polyclonal or monoclonal antisera produced against
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strains of X. campestris have been used for detection and
identification, but they have provided variable results. Poly-
clonal antisera may cross-react with other bacteria and may be
unable to differentiate specific strains or pathovars of X.
campestris (2). Several monoclonal antisera were produced
which reacted specifically with all strains of some pathovars of
X campestris that infect relatively few genera of hosts (1, 7).
However, for certain X. campestris pathovars, mainly those that
infect several host genera, no pathovar-specific monoclonal
antisera that react with all strains of the respective pathovar
have been found (1, 30).

Nucleic acid-based techniques have also been applied to the
detection and identification of phytopathogenic bacteria (8, 41,
49, 51), including some members of the xanthomonads (20, 21,
25, 26, 32, 33). The techniques developed for detection and
identification of xanthomonads were based on random probes
(33) or on plasmid DNA fragments specific for a few pathovars
ofX campestris (21, 25, 26, 32) or even for a group of strains
(20). Highly conserved regions in the bacterial genome of
phytopathogenic bacteria could be more useful for the selec-
tion of specific DNA probes for detection and identification of
a larger number ofXanthomonas strains, pathovars, or species.
The hrp gene clusters that determine hypersensitivity and

pathogenicity may be appropriate for selection of probes for
detection and identification of phytopathogenic bacteria. The
hrp gene cluster is required by bacterial plant pathogens to
produce symptoms on susceptible hosts and a hypersensitive
reaction on resistant hosts or on nonhosts (60) and has been
found in several phytopathogenic bacteria, such as Erwinia
amylovora (6), Pseudomonas solanacearum (12), P. syringae pv.
phaseolicola (39), and X. campestris pv. vesicatoria (11). Fur-
thermore, hrp functions seem to be highly conserved among a
number of phytopathogenic bacteria (10, 18, 23, 29). The hrp
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genes of phytopathogenic bacteria are also very similar at the
protein level to genes that are involved in the secretion of
pathogenicity factors by bacterial pathogens of mammals (18,
23). By contrast, nonpathogenic bacteria are unable to produce
symptoms on susceptible hosts and hypersensitive reaction on
nonhosts, and apparently they do not possess DNA sequences
similar to hrp genes (39, 53). Physically and functionally similar
hrp sequences occur among several pathovars of X campestris
but not in opportunistic xanthomonads (11, 53).
The objective of this study was to examine sequences of the

hrp genes of X. campestris pv. vesicatoria for their use in
detection and identification of phytopathogenic xanthomonads.
Oligonucleotide primers specific for hrp genes were tested for
their suitability for identification of these xanthomonads by
PCR. Further, the reliability of identification of the xan-
thomonads to subgeneric classification was assessed by restric-
tion analysis of amplified DNA fragments. A preliminary report
of this work has been presented elsewhere (36).

MATERUILS AND METHODS

Bacterial strains, plasmids, and culture conditions. The
bacterial strains and plasmids used in this study and their
sources are listed in Tables 1 and 2, respectively. The identity
of bacterial strains used here was confirmed by fatty acid
analysis (28). All strains of Acidovorax avenae, Agrobacterium
tumefaciens, Erwinia spp., Clavibacter michiganense, Pseudo-
monas spp., X. campestris, and X maltophilia were grown on
nutrient agar (Becton Dickinson, Cockeysville, Md.). Nutrient
broth cultures were grown for 24 h on a rotary shaker (150
rpm) at 28°C. Strains of X albilineans and X. fragariae were
cultivated on Wilbrink's medium (31). Strains of Xylella fastid-
iosa were grown on PW medium (15). Strains of Escherichia
coli were cultivated on Luria-Bertani medium at 37°C (42). All
strains were stored in sterile tap water at room temperature or
in 30% glycerol at - 70°C, or both. Antibiotics were used to
maintain selection for resistance markers at the following final
concentrations: ampicillin, 100 ,ug/ml; tetracycline, 10 ,ug/ml;
rifampin, 100 ,ig/ml; and spectinomycin, 50 ,ug/ml.

Plant material and plant inoculations. All plants were
maintained in a growth chamber at 28 to 30°C during inocu-
lation and incubation. The pepper cultivar Early Calwonder
(ECW) and the isogenic lines ECW-1OR, ECW-20R, and
ECW-30R have been described elsewhere (44). These lines
provided a susceptible reaction or a hypersensitive reaction,
depending on the strain used.

Fully expanded leaves of plants were inoculated with bacte-
rial suspensions by infiltrating the bacteria into the intercellu-
lar spaces by using a 1-ml plastic syringe with a 27-gauge
needle. The concentration of the inoculum was approximately
5 x 108 CFU/ml in sterile tap water, as determined by
measuring the optical density in a Spectronic 20 spectropho-
tometer (Bausch and Lomb, Inc., Rochester, N.Y.). Plant
reactions were scored over a period of several days.
DNA manipulations. Total genomic DNA was isolated by

phenol extraction and ethanol precipitation essentially as
described by Ausubel et al. (4). Plasmid miniprep, preparation
of competent cells, ligation, and transformation of E. coli cells
were performed by standard procedures (4, 47). For comple-
mentation analysis, the helper plasmid pRK2013 was used in
triparental mating to mobilize pLAFR3 clones from E. coli
into Xanthomonas cells (16, 19).

Hybridization analysis. Total genomic DNA and amplified
DNA fragments were electrophoresed in 0.7% agarose by
standard procedures (47). The DNA was then denatured in 0.4
N NaOH-0.6 M NaCl for 30 min, neutralized in 0.5 M

Tris - Cl-1.5 M NaCl (pH 7.5) for 30 min, and transferred by
the procedure of Southern (52) to a nylon membrane
(Schleicher & Schuell, Keene, N.H.). Southern hybridization
and detection of the hybridized DNA were carried out by using
the Genius Nonradioactive DNA Labeling and Detection kit
(Boehringer Mannheim, Indianapolis, Ind.) as specified by the
manufacturer. Clones containing the desired insert of the hrp
gene cluster of X. campestris pv. vesicatoria, or in vitro
amplified hrp fragments used as probes, were labeled by
random-primer (17) incorporation of digoxigenin-labeled
dUTP. Before use, the probes were denatured by boiling for 10
min followed by chilling in an ice-ethanol slurry. Hybridization
was carried out at 68°C with 0.5 x SSC (1x SSC is 0.15 M
NaCl plus 0.015 M sodium citrate)-0.1% (wt/vol) sodium
dodecyl sulfate (SDS). The membranes were prewashed twice
at room temperature for 5 min each in 1 x SSC-0.1% (wt/vol)
SDS. Two final washes were completed at 65°C for 15 min each
in 0.5 x SSC-0.1% (wt/vol) SDS.
DNA amplification. Three sets of oligonucleotide primers

were selected from the nucleotide sequence of the hrp region
of X. campestris pv. vesicatoria (10). Primers RST2 (5'AGGCC
CTGGAAGGTGCCCTGGA3') and RST3 (5'ATCGCACTG
CGTACCGCGCGCGA3') delineated an 840-bp fragment,
RST9 (5'GGCACTATGCAATGACTG3') and RST10 (5'A
ATACGCTGGAACTGCTG3') delineated a 355-bp frag-
ment, and RST21 (5'GCACGCTCCAGATCAGCATCG
AGG3') and RST22 (5'GGCATCTGCATGCGTGCTCTCC
GAY) delineated a 1,075-bp fragment. The primers map to the
complementation groups hrpB, hrpC, and hrpD of X. campes-
tris pv. vesicatoria (Fig. 1). Furthermore, the sequences of the
oligonucleotide primers RST3 and RST9 originate from
hrpB6, a gene for a putative ATPase that seems to be highly
conserved among different bacteria at the protein sequence
level (18). Oligonucleotide primers were synthesized with a
model 394 DNA Synthesizer (Applied Biosystems, Foster City,
Calif.) by the DNA Synthesis Laboratory, University of Flor-
ida, Gainesville.
DNA was amplified in a total volume of 50 ,ul. The reaction

mixture contained 5 R1 of 10 x buffer (500 mM KCl, 100 mM
Tris - Cl [pH 9.0 at 25°C], 1% Triton X-100), 1.5 mM MgCl2,
200 ,uM each deoxynucleoside triphosphate (Boehringer
Mannheim), 25 pmol of each primer, and 1.25 U of Taq
polymerase (Promega, Madison, Wis.). The amount of tem-
plate DNA added was 100 ng of purified total bacterial DNA
or 25 ng of a plasmid preparation, unless otherwise stated. The
reaction mixture was covered with 50 RI of light mineral oil. A
total of 30 amplification cycles were performed in an auto-
mated thermocycler (PT-100-60; MJ Research, Watertown,
Mass.). Each cycle consisted of 30 s of denaturation at 95°C, 30
s of annealing at 62°C, and 45 s of extension at 72°C for primers
RST2 and RST3; 30 s at 95°C, 30 s at 52°C, and 45 s at 72°C for
primers RST9 and RST10; and 30 s at 95°C, 40 s at 61°C, and
45 s at 72°C for primers RST21 and RST22. The last extension
step was extended to 5 min. Amplified DNAs were detected by
electrophoresis in 0.9% agarose gels in TAE buffer (40 mM
Tris acetate, 1 mM EDTA [pH 8.2]) at 5 V/cm of gel (47). The
gel was stained with 0.5 pug of ethidium bromide per ml and
then photographed over a UV transilluminator (Fotodyne Inc.,
New Berlin, Wis.) with type 55 Polaroid film (Polaroid, Cam-
bridge, Mass.).

Restriction endonuclease analysis. The DNA fragments
amplified from different bacterial strains were restricted with
the frequently cutting endonucleases CfoI, HaeIII, Sau3AI, or
TaqI under conditions specified by the manufacturer (Pro-
mega). The restricted fragments were separated by electro-
phoresis in 4% agarose gels (3% NuSieve, 1% SeaKem GTG
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TABLE 1. Bacterial strains used in this study

Strain Relevant characteristics referenceo

X campestris
pv. alfalfae KS
pv. armoraciae 63-27
pv. begoniae XCB9
pv. bilvae XCB
pv. campestris 33913
pv. carotae 13
pv. citri 9771
pv. citrumelo Fl
pv. dieffenbachiae 729
pv. fici X151
pv. gardneri XG1I1
pv. glycines 87-2
pv. holcicola G-23
pv. incanae 9561-1
pv. maculifoliigardeniae X22j
pv. malvacearum RIATC
pv. manihotis Xml25D
pv. papavericola XP5
pv. pelargonii XCP58
pv. phaseoli 85-6
pv. phaseoli "fuscans" XP163A
pv. physalidicola XP172
pv. poinsettiicola 071-424
pv. pruni
X1219L
FLAI

pv. raphani 69-2
pv. secalis XC129C
pv. taraxaci XT11A
pv. translucens 80-1
pv. vesicatoria

75-3
85-10
XV56
85-10::hrpA22
85-10::hrpC44
85-10::hrpE75
85-10::hrpB85
85-10::hrpD137
85-10::hrpF318

pv. vignicola 81-30
pv. vitians XVIT
X198
XCF
T-55
INA

X. albilineans 91-065
X fragariae X1297
X maltophilia
Acidovorax avenae

subsp. avenae UK142-A
subsp. citrulli UK20

Agrobacterium tumefaciens LBA1050
Clavibacter michiganense subsp. michiganense 69-1
Erwinia carotovora subsp. carotovora

K-SR-347
B-SR38

Erwinia herbicola NF-33
Erwinia stewartii SW2
Pseudomonas solanacearum K60
Pseudomonas syringae

pv. syringae INB
pv. tomato 987

Xylella fastidiosa 89-1
Escherichia coli

DH5oL
HB101

Group A
Group A
Group B
hrpA Tn3-gus insertion mutant of strain 85-10
hrpC Tn3-gus insertion mutant of strain 85-10
hrpE Tn3-gus insertion mutant of strain 85-10
hrpB Tn3-gus insertion mutant of strain 85-10
hrpD Tn3-gus insertion mutant of strain 85-10
hrpF Tn3-gus insertion mutant of strain 85-10

Isolated from Strelitzia reginae
Isolated from Feronia sp.
Opportunistic
Opportunistic

F- recA 80dlacZM15
F- recA

" AK, A. Kelman, University of Wisconsin, Madison; ARC, A. R. Chase, University of Florida, Apopka; ATCC, American Type Culture Collection, Rockville, Md.; BJS,
B. J. Staskawicz, University of California, Berkeley; BRL, Bethesda Research Laboratories, Gaithersburg, Md.; DCH, D. C. Hildebrand, University of California, Berkeley;
DLC, D. L. Coplin, Ohio State University, Columbus; DLH, D. L. Hopkins, University of Florida, Leesburg; DLS, D. L. Stuteville, Kansas State University, Manhattan;
DPI, Department of Plant Industry, Gainesville, Fla.; ELC, E. L. Civerolo, U.S. Department of Agriculture, Beltsville, Md.; JAB, J. A. Bartz, University of Florida,
Gainesville; JBJ, J. B. Jones, University of Florida, Bradenton; JCC, J. C. Comstock, U.S. Department of Agriculture, Canal Point, Fla.; JEH, J. E. Hunter, Cornell
University, Geneva, N.Y.; JEL, J. E. Leach, Kansas State University, Manhattan; RES, R. E. Stall, University of Florida, Gainesville.
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DLS
JEH
JBJ
ELC
ATCC
RES
DPI
DPI
RES
ARC
DCH
RES
JEL
RES
DPI
RES
RES
DCH
JBJ
RES
DCH
DCH
RES

ARC
RES
RES
RES
DCH
RES

RES
RES
RES
11
11
11
11
11
11
RES
RES
ARC
ELC
RES
RES
JCC
ARC
RES

JBJ
JBJ
BJS
RES

JAB
JAB
RES
DLC
AK

RES
RES
DLH

BRL
BRL
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TABLE 2. Plasmids used in this study

Plasmid Relevant characteristics Source or
reference

pLAFR3 Tetr, rlx+, RK2 replicon 54
pBluescript II Amp', Bluescript Stratagene
KS +/-

pRK2013 Km', TraRK2+, Mob', ColEl 19
replicon

pXV9 pLAFR3 clone from X. campestris 11
pv. vesicatoria 75-3 containing
hrp genes

pXV840 pBluescript II KS +/- clone This study
containing 271-bp Sau3AI hrp
fragment amplified from X
campestris pv. vesicatoria 75-3

pXV1075 pBluescript II KS +/- clone This study
containing 335-bp Sau3AI hrp
fragment amplified from X
campestris pv. vesicatoria 75-3

pXV5.1 pLAFR3 clone containing 5.1-kb This study
EcoRI fragment from pXV9

pXV5.5 pLAFR3 clone containing 5.5-kb This study
EcoRI fragment from pXV9

pXV56/3-48 pLARF3 clone from X campestris This study
pv. vesicatoria XV56 containing
hrp genes

pXCP58/2 pLARF3 clone from X campestris This study
pv. pelargonii XCP58
containing hrp genes

[FMC BioProducts, Rockland, Maine]) in TAE buffer at 8
V/cm. Phage A PstI-restricted DNA fragments were used as
molecular standards. The gel was stained with 0.5 ,ug of
ethidium bromide per ml for 40 min and then destained in 1
mM MgSO4 for 1 h and photographed over a UV transillumi-
nator with type 55 Polaroid film.

RESULTS

Specificity of the oligonucleotide primers to the hrp gene
cluster. Three pairs of oligonucleotide primers were tested for
amplification of fragments from genomic DNA ofX. campestris
pv. vesicatoria 75-3 and from plasmids that contain cloned
parts of the hrp region from strain 75-3. Plasmid pXV9 harbors
a fragment of approximately 27 kb of strain 75-3 containing
almost the entire hrp region (11). Plasmid pXV5.5 harbors a
5.5-kb EcoRI fragment containing part of the hrp complemen-
tation groups hrpA and hrpB (Fig. 1). The 5.1-kb EcoRI insert

1564-
9'47-
564-

FIG. 2. Amplification of fragments of the hrp gene cluster from X.
campestris pv. vesicatoria 75-3. The following DNAs were used: 75-3
(lanes 1, 5, and 9), plasmid pXV9 (lanes 2, 6, and 10), plasmid pXV5.5
(lanes 3, 7, and 11), and plasmid pXV5.1 (lanes 4, 8, and 12). Lanes: M,
phage X restricted with EcoRI and HindIII; 1 to 4, amplification with
primers RST9 and RST10; 5 to 8, amplification with primers RST2 and
RST3; 9 to 12, amplification with primers RST21 and RST22. Molec-
ular sizes are given in base pairs.

of plasmid pXV5.1 maps to the complementation groups hrpC
and hrpD (Fig. 1). We amplified fragments of the expected 355,
840, and 1,075 bp in length from total genomic DNA of strain
75-3 by using primers RST9 and RST10, RST2 and RST3, and
RST21 and RST22, respectively (Fig. 2). The 355- and 840-bp
fragments were also amplified from plasmids pXV9 and
pXV5.5 (Fig. 2), whereas the 1,075-bp fragment was amplified
from plasmids pXV9 and pXV5.1 (Fig. 2), thus confirming the
sizes and locations of fragments predicted by the DNA se-
quence analysis (10). The 355- and 840-bp sequences corre-
spond to genes in the hrpB operon, whereas the 1,075-bp
fragment occurs in the hrpC-hrpD region (Fig. 1). Except for
hrpB6, which encodes a putative ATPase (18), the functions of
these genes are unknown. The hrpDl gene is highly similar to
a sequence of pathogenicity genes in X. campestris pv. glycines
(10, 29).
The identity of the amplified fragments was further con-

firmed by restriction enzyme analysis. The 355-, 840-, and
1,075-bp fragments amplified both from total DNA of strain
75-3 and from DNA of pXV9, pXV5.1, and pXV5.5 were
digested with CfoI, HaeIII, Sau3AI, and TaqI. The banding
patterns were identical for each of the three sets of fragments
amplified from strain 75-3 and plasmids containing cloned
parts of the hrp region (Fig. 3) and matched the restriction
map generated from the DNA sequence of the hrp gene cluster
of strain 75-3 (10).

Similarity of the hrp fragments amplified from X. campestris
pv. vesicatoria to DNA of other bacteria. Total genomic DNA
of strains of different pathovars of X. campestris and of

A 4.5kb

B hp Loci A

5.5kb I I 5.1 kb I
B C D E

C

ORFs B7 B6

primers RST RST RST
9 10 3

RST
2

\~~~~~-

RST RST

21 22

FIG. 1. Structural organization of the hrp region in X campestris pv. vesicatoria. (A) EcoRI fragments of the hrp region. (B) Position and
orientation of the hrp loci, designated hrpA to hrpF (11, 50). (C) Position and orientation of the open reading frames (ORFs). The sizes of the

loci are based on a combination of genetic and sequence analysis from which possible open reading frames are predicted (10). Only the open
reading frames relevant for this study, hrpB5 to hrpB8, hrpC3, and hrpD, are shown here. For each RST oligonucleotide primer used for DNA
amplification, its position in the DNA sequence is indicated by an asterisk (*).

8.0 kb 2.7kb I

F
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FIG. 3. TaqI restriction endonuclease analysis of fragments of the
hrp gene cluster amplified from total genomic DNA from X. campestris
pv. vesicatoria 75-3 and from plasmids containing the hrp region.
Lanes: M, phage X restricted with PstI; 1 to 3, the 355-bp fragments
from X campestris pv. vesicatoria 75-3 and plasmids pXV9 and
pXV5.5, respectively; 4 to 6, the 840-bp fragments from X campestris
pv. vesicatoria 75-3 and plasmids pXV9 and pXV5.5, respectively; 7 to
9, the 1,075-bp fragments from X campestris pv. vesicatoria 75-3 and
plasmids pXV9 and pXV5.1, respectively. Molecular sizes are given in
base pairs.

7.4-
5.5-

Xanthomonas spp. was digested with EcoRI, separated in
agarose gels, blotted, and probed with each of the three
fragments amplified from DNA ofX campestris pv. vesicatoria
75-3. The hybridization signals in the genomic DNA of strain
75-3 corresponded to the predicted 7.4-kb BamHI and 5.5-kb
EcoRI fragments (355- and 840-bp probes) and to the 6.0-kb
BamHI and 5.1-kb EcoRI fragments (1,075-bp probe) (Fig. 4).
Homology to these three hrp fragments of strain 75-3 was
detected in strains of X. fragariae and of 28 different pathovars
of X. campestris (Fig. 4; Table 3). However, polymorphisms
were observed in the DNA from these different pathovars (Fig.
4). Total genomic DNA of X. albilineans, X campestris pv.
secalis, and X. campestris pv. translucens, which are pathogens
of monocotyledonous plants, as well as DNA of nonphyto-
pathogenic X maltophilia and the opportunistic strains of X
campestris T-55 and INA, did not hybridize to any of the three
hrp fragments amplified fromX campestris pv. vesicatoria 75-3
(Fig. 4; Table 3).
DNA from strains of the phytopathogens of the genera

Acidovorax, Agrobacterium, Clavibacter, Erwinia, Pseudomo-
nas, and Xylella failed to hybridize to the three hrp fragments
(Table 3). Further, total genomic DNA of Erwinia herbicola, a
bacterium commonly associated with plant tissue, also did not
hybridize to any of the hrp fragments amplified from X
campestris pv. vesicatoria 75-3 under the conditions used
(Table 3).

Amplification of the hrp fragments from other X. campestris
pathovars and related Xanthomonas spp. Primer pairs RST2
and RST3 and RST21 and RST22 were used to amplify DNA
sequences from strains representing 28 different pathovars of
X campestris, as well as from X. fragariae. In all cases with both
sets of primers, fragments of identical sizes were amplified
from different pathovars of X campestris and related Xan-
thomonas spp. (Fig. 5; Table 3). However, amplification with
primers RST2 and RST3 usually gave a low yield of DNA for
strains ofX campestris pv. carotae, X. campestris pv. gardneri,
X campestris pv. papavericola, X campestris pv. pelargonii, and
X campestris pv. taraxaci (Fig. 5; Table 3). Although DNA
isolated from X campestris pv. holcicola hybridized to the
840-bp hrp fragment from X. campestris pv. vesicatoria 75-3
(Fig. 4), primers RST2 and RST3 did not amplify the DNA
fragment from this pathovar (Table 3). No amplification

6.0 -

5.1 -

FIG. 4. Hybridization of the hrp fragments amplified from X
campestris pv. vesicatoria 75-3 to total genomic DNA of strains of X.
campestris. Approximately 3 pg of EcoRI-digested DNA was loaded
per lane. The blots were probed with the labeled 355-bp (A), 840-bp
(B), and 1,075-bp (C) fragments amplified from X campestris pv.
vesicatoria 75-3. Lanes: 1, X campestris pv. vesicatoria 75-3, BamHI
digested; 2, X campestris pv. vesicatoria 75-3; 3, X. campestris pv.
vesicatoria XV56; 4, X campestris pv. alfalfae KS; 5, X campestris pv.
begoniae XCB9; 6,X campestris pv. campestris 33913; 7,X campestris
pv. glycines 87-2; 8, X campestris pv. holcicola G-23; 9, X campestris
pv. malvacearum RIATC; 10, X campestris pv. phaseoli 85-6; 11, X
campestris pv. pruni FLA1; 12,X campestris pv. secalis XC129C; 13,X
campestris pv. translucens 80-1. Molecular sizes are given in kilobase
pairs.

occurred with purified total genomic DNA from a number of
bacteria, including phytopathogenic strains of the xan-
thomonads X. albilineans, X. campestris pv. secalis, and X
campestris pv. translucens and of the genera Acidovorax,
Agrobacterium, Clavibacter, Erwinia, Pseudomonas, and Xylella,
the nonphytopathogens Erwinia herbicola and X. maltophilia,
and the opportunistic strains of X. campestris T-55 and INA,
when either RST2 plus RST3 or RST21 plus RST22 was used
(Table 3). The failure to amplify the DNA fragments from all
these bacterial strains was expected because of the lack of
hybridization to the three hrp fragments fromX campestris pv.
vesicatoria 75-3 (Table 3).
DNA fragments delineated by the primers RST9 and RST1O

were consistently amplified only from strains of X. campestris
pv. fici, X. campestris pv. physalidicola, X campestris pv.
vesicatoria, andX campestris X198 (Fig. 5; Table 3). However,
some pathovars of X. campestris, including pathovars alfalfae,
citrumelo, maculifoliigardinae, and manihotis, as well as strain
XCF, sometimes produced low yields in the amplification of
the 355-bp fragment (Fig. 5; Table 3).
The identity of these hrp-related fragments amplified from

different strains of phytopathogenic Xanthomonas spp. was
further confirmed by Southern hybridization analysis. Internal
portions of the 840- and 1,075-bp DNA fragments, as well as
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TABLE 3. Hybridization of the hrp fragments amplified from X
campestris pv. vesicatoria 75-3 to total genomic DNA and

amplification of hrp-related fragments from different bacterial strains

Southern DNA
hybridization of amplification"

Strain fragment: of fragment:
355 840 1,075 355 840 1,075
bp bp bp bp bp bp

X campestris
pv. alfalfae KS
pv. armoraciae 63-27
pv. bilvae XCB
pv. begoniae XCB9
pv. campestris 33913
pv. carotae 13
pv. citri 9771
pv. citrumelo Fl
pv. dieffenbachiae 729
pv. fici X151
pv. gardneri XGIO1
pv. glycines 87-2
pv. holcicola G-23
pv. incanae 9561-1
pv. maculifoliigardeniae X22j
pv. malvacearum RIATC
pv. manihotis Xml25D
pv. papavericola XP5
pv. phaseoli 85-6
pv. phaseoli "fuscans" XP163A
pv. physalidicola XP172
pv. pelargonii XCP58
pv. poinsetiicola 071-424
pv. pruni X1219L
pv. raphani 69-2
pv. secalis XCI29C
pv. taraxaci XTIA
pv. translucens 80-1
pv. vesicatoria

75-3
XV56

pv. vignicola 81-30
pv. vitians XVIT
X198
XCF
T-55
INA

X. albilineans 91-065
X. fragariae X1297
X maltophilia
Acidovorax avenae

subsp. avenae UK142-A
subsp. citrulli UK20

Agrobacterium tumefaciens LBA 1050
Clavibacter michiganense subsp.

michiganense 69-1
Erwinia carotovora subsp. carotovora

K-SR-347
B-SR-38

Erwinia herbicola NF-33
Erwinia stewartii SW2
Pseudomonas solanacearum K60
Pseudomonas syringae

pv. syringae INB
pv. tomato 987

Xylella fastidiosa 89-1
' +, positive reaction; -, negative reactior

+ + + (+) +
+ + + - +
+ + + - +
+ + + - +
+ + + - +

+ + + - (+)
+ + + - +

+ + + (+) +
+ + + - +
+ + + + +
+ + + - (+)
+ + + - +
+ + + _-
+ + + - +

+ + + (+) +
+ + + - +

+ + + (+) +
+ + + - (+)
+ + + - +
+ + + - +
+ + + + +
+ + + - (+)
+ + + - +

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

1 584-i

947-f
564-

1584

947-f
564-fl

1 584-
9 4 7-
564-

+r +r +r _
r
+ + FIG. 5. Amplification of the 355-bp (A), 840-bp (B), and 1,075-bp

(C) fragments of the hrp gene cluster from strains of Xanthomonas
+ + + _ (+) + campestris. Lanes: M, phage X restricted with EcoRI and HindII; 1, X.

campestris pv. vesicatoria 75-3; 2, X. campestris pv. bilvae XCB; 3, X.
campestris pv. carotae 13; 4, X. campestris pv. citri 9771; 5,X campestris

+ + + + + + pv. citrumelo Fl; 6, X. campestris pv. dieffenbachiae 729; 7, X
+ + _ + + campestris pv. fici X151; 8, X campestris pv. gardneri XG1OI; 9, X

+ + + - + + campestris pv. maculifoliigardeniae X22j; 10, X. campestris pv. mani-
+ + + + + hotis Xm125D; 11, X. campestris pv. pelargonii XCP58; 12, X. campes-
+ + + + + + tris pv. phaseoli "fuscans" XP163A; 13, X. campestris pv. poinsettiicola
+ + + (+) + + 071-424; 14, X. campestris pv. taraxaci XT1lA; 15, X campestris pv.

vignicola 81-30; 16, X. campestris pv. vitians XVIT; 17,X campestris pv.
physalidicola XP172. Molecular sizes are given in base pairs.

+ + + - + +

the entire 355-bp fragment amplified from X. campestris pv.
vesicatoria 75-3, were used as probes. The internal probe for
the 840-bp fragment consisted of a 271-bp insert of plasmid
pXV840, and the internal probe for the 1,075-bp fragment
consisted of a 335-bp insert of plasmid pXV1075. The inserts
were obtained from fragments amplified from DNA of X.
campestris pv. vesicatoria 75-3 by cloning Sau3AI digests into
the BamHI site of the vector pBluescript II KS +/- (Strat-
agene, La Jolla, Calif.). In all cases, the DNA fragments
amplified from different Xanthomonas strains with each set of
primers hybridized with the respective probe (data not shown).

Restriction endonuclease analysis of amplified hrp-related
DNA fragments. To address the question of degree of se-
quence conservation among different strains, we examined the
840- and 1,075-bp hrp fragments amplified from strains of
different pathovars of X. campestris, as well as from X fra-

n;(+),weak signal. gariae, by restriction endonuclease analysis with the endo-
nucleases CfoI, HaeIII, Sau3AI, and TaqI. Restriction frag-
ment length polymorphisms were apparent for both fragments.
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80 5-I.

514 -,

M 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

85 -

4

200-

FIG. 6. Restriction analysis of the 1,075-bp DNA fragment of the
hrp gene cluster amplified from strains ofX campestris and restricted
with the endonucleases HaeIII (A) and Sau3AI (B). Lanes: M, phage
X restricted with PstI; 1, X. campestris pv. vesicatoria 75-3; 2, X
campestris pv. bilvae XCB; 3, X campestris pv. carotae 13; 4, X
campestris pv. citri 9771; 5, X campestris pv. citrumelo Fl; 6, X
campestris pv. dieffenbachiae 729; 7, X campestris from Strelitzia
reginae X198; 8, X campestris pv. fici X151; 9, X campestris pv.
maculifoliigardeniae X22j; 10, X campestris pv. manihotis Xm125D;
11, X campestris pv. pelargonii XCP58; 12, X campestris pv. phaseoli
"fuscans" XP163A; 13, X campestris pv. poinsettiicola 071-424; 14, X
campestris pv. taraxaci XTllA; 15, X campestris pv. vignicola 81-30;
16, X campestris pv. vitians XVIT; 17, X campestris pv. papavericola
XP5; 18,X campestris pv. holcicola G-23. Molecular sizes are given in
base pairs.

For example, the 1,075-bp fragment, amplified from strains of
different pathovars of X. campestris by using primers RST21
and RST22 and then restricted with HaeIII and Sau3AI,
yielded different restriction patterns (Fig. 6). Although restric-
tion fragment length polymorphisms were observed with all
four endonucleases for both the 840- and 1,075-bp fragments,
restriction analysis with CfoI and HaeIII produced more
distinct patterns for differentiation of the groups or pathovars
ofX campestris.

Pathogenicity function of the DNA sequence ofX. campestris
pathovars from which hip-related fragments were amplified.
To determine whether the DNA sequences from which hrp-
related fragments were amplified have common functions in
different strains ofX. campestris, we investigated the functional
homology of these fragments in X. campestris pv. vesicatoria
group B and X campestris pv. pelargonii. The cosmid clones
pXV56/3-48, of a pLAFR3 library of strain XV56 of X.
campestris pv. vesicatoria group B (5), and pXCP58/2, of a
pLAFR3 library of X campestris pv. pelargonii XCP58 (43),
were identified by amplification of the 1,075-bp hrp fragment
with primers RST21 and RST22. Plasmid pXV56/3-48 was
transferred into the X campestris pv. vesicatoria mutants
85-1O::hrpA22, 85-10::hrpB85, 85-10::hrpC44, 85-10::hrpD137,
85-10::hrpE75, and 85-10::hrpF318, which carry Tn3-gus inser-

1584-
9474
5 6 4-

M 1 2 3 45 6 7

1 584-
947--_
564-

FIG. 7. Amplification of the 355-bp (A) and 840-bp (B) fragments
of complementation group B of the hrp gene cluster from samples with
different amounts of DNA template of Xanthomonas campestris pv.
vesicatoria 75-3. Lanes: M, phage X restricted with EcoRI and HindIIl;
1, 25 ng of template; 2, 2.5 ng; 3, 0.25 ng; 4, 25 pg; 5, 2.5 pg; 6, 0.25 pg;
7, 0.025 pg. Molecular sizes are given in base pairs.

tions in the different hrp complementation groups (11). Plas-
mid pXV56/3-48 fully restored the pathogenicity of mutants
with mutations in hrpB, hrpD, and hrpE and restored the
hypersensitive reaction-inducing ability but not pathogenicity
to the hrpC mutant. However, this plasmid failed to comple-
ment the hrpA and hrpF mutants. Similarly, plasmid pXCP58/2
from X. campestris pv. pelargonii was also transferred into the
six nonpathogenic Tn3-gus mutants of X. campestris pv. vesi-
catoria 85-10. This plasmid fully restored the wild-type pheno-
type to mutants with mutations in hrpC, hrpD, and hrpE but
failed to complement hrpA, hrpB, and hrpF Tn3-gus mutants.

Sensitivity of amplification of the hrp fragment for detection
of X. campestris pv. vesicatoria. The sensitivity of the amplifi-
cation of specific DNA fragments in detection of X. campestris
was determined by using 10-fold dilutions of purified total
bacterial DNA of X campestris pv. vesicatoria 75-3. The
oligonucleotide primer pairs RST9 plus RST1O and RST2 plus
RST3 were used for amplification of the 355- and 840-bp hrp,
respectively, from samples containing as little as 0.25 pg of
total bacterial DNA after 30 cycles of DNA amplification (Fig.
7). The sensitivity of the DNA amplification of fragments for
the detection ofX campestris was also tested for plant samples
to which known numbers of bacterial cells were added. The
presence of X campestris pv. vesicatoria was detected, after
DNA extraction and concentration, by DNA amplification with
primers RST9 and RST10 in plant samples containing approx-
imately 10 CFU/ml (34).

DISCUSSION

Sequence homology to small hrp fragments amplified from
X campestris pv. vesicatoria 75-3 was found among phyto-
pathogenic strains of several pathovars of X. campestris and
related Xanthomonas spp. by Southern hybridization analysis.
DNA probes representing regions of the hrpB, hrpC, and hrpD
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loci hybridized strongly to total DNA from strains of 28
different pathovars of X. campestris. These results confirm and
extend previous information (11, 53) on the conservation of
the hrp region among the phytopathogenic xanthomonads. In
contrast, the DNA of X. campestris pv. secalis and X. campestris
pv. translucens did not hybridize to the hrp fragments. X.
campestris pv. secalis is genetically only weakly related to a few
pathovars of X. campestris as shown by DNA-DNA hybridiza-
tion experiments (27). Previously, X. campestris pv. translucens
has shown only weak hybridization to DNA probes represent-
ing the entire hrp gene cluster region of X. campestris pv.
vesicatoria (11, 53). Although hybridization was not observed
to DNA of all strains ofX campestris included in this study, the
hrp region seems useful for detection and identification of a
large number of phytopathogenic xanthomonads. A major
advantage in using the hrp sequence is the lack of homology to
DNA from nonphytopathogenic xanthomonads, as observed
for X. maltophilia and X. campestris T-55 and INA, as well as
from phytopathogens of the genera Acidovorax, Agrobacteriulm,
Clavibacter, Erwinia, Pseudomonas, and Xylella.
The three pairs of oligonucleotide primers described in this

study are specific for the hrpB, hrpC, and hrpD regions of X
campestris pv. vesicatoria 75-3 and were used to amplify DNA
fragments from X. fragariae and from 31 of 33 phytopathogenic
taxa of X campestris tested, which comprise at least 28
different pathovars of this species. In all cases, each set of
primers amplified DNA fragments identical in size, suggesting
a high degree of structural conservation between operons, as
seen with primers RST21 and RST22. Cloned regions of DNA
of X campestris pv. vesicatoria group B and X campestris pv.
pelargonii, from which the hrp-related fragments were also
amplified, fully restored pathogenicity to several nonpatho-
genic Tn3-gus mutants of X. campestris pv. vesicatoria 85-10.
This supports the contention that these fragments were ampli-
fied from DNA sequences which also control the pathogenicity
in other xanthomonads.

In contrast to the narrow spectrum of oligonucleotide prim-
ers previously used for detection and identification of only
certain strains of X. campestris (26), the hrp-specific primer
pairs RST2 plus RST3 and RST21 plus RST22 seem very
useful for the identification of a large range of phytopatho-
genic xanthomonads. This is perhaps not surprising, because
the hrp region seems very conserved among different phyto-
pathogenic xanthomonads as determined by Southern hybrid-
ization experiments in the present and previous studies (11,
53). Further, the nucleotide sequences of primers RST21 and
RST22 are identical to corresponding sequences of pathoge-
nicity genes ofX campestris pv. glycines (29). In addition, the
cloned fragment from X. campestris pv. glycines complements
hrpD mutants of X campestris pv. vesicatoria (10), suggesting
functional homology between these regions from both patho-
vars.

Primers RST9 and RST10, which delineate a fragment of
355 bp, allowed DNA amplification only from a limited
number of pathovars of X. campestris, despite hybridization of
the fragment to the majority of the strains of this species. It
should be noted that the sequence of RST9 originates from
hrpB6, a gene for a putative ATPase that seems to be highly
conserved among different bacteria at the protein sequence
level (18). These results indicate differences in the DNA
sequences of Xanthomonas spp. corresponding to one or both
primers used. However, this set of primers seems useful for
specific detection of strains of X. campestris pv. vesicatoria
group A, X. campestris pv. fici, X campestris pv. physalidicola,
and X. campestris X198.
The identification of strains ofX campestris at the pathovar

level is difficult even by using different techniques, such as fatty
acid analysis (14, 24), serology (1), metabolic profile (14, 57),
and SDS-polyacrylamide gel electrophoresis of proteins (58);
thus, the restriction analysis of amplified hrp-related fragments
may be a valuable tool for identification of subgroups of
phytopathogenic strains and pathovars of X campestris. For
example, restriction analysis with frequently cutting endo-
nucleases produced a characteristic restriction pattern for the
840- or 1,075-bp DNA fragments amplified from the Xan-
thomonas spp. included in this work, which seem to be highly
conserved within each group of phytopathogenic xan-
thomonads (data not shown). In this way, restriction fragment
length polymorphism profiles of a particular hrp region could
be established for each phytopathogenic group of xan-
thomonads, thus facilitating the identification and classifica-
tion of these bacterial strains. In fact, this has already been
demonstrated for strains of X. canmpestris causing diseases of
citrus (35).
The use of oligonucleotide primers provides a sensitive and

specific tool for detection of DNA by amplification. Theoret-
ically, the limit of detection of an amplifiable DNA sequence is
estimated to be as low as one single target cell in the reaction
mixture (56). In our studies, we were able to find a detectable
signal for as little as 0.25 pg of total bacterial DNA. This level
of sensitivity is comparable to those obtained by others without
the use of any technique to enhance the signal (45, 55).
Furthermore, X. campestris pv. vesicatoria could be detected in
plant samples containing as little as 10 CFU/ml, without prior
enrichment or cultivation of the organism. In addition to the
sensitivity of the technique, the specificity of the oligonucleo-
tide primers to phytopathogenic xanthomonads certainly en-
sures selectivity against background nontarget microorgan-
isms, which are always present in the samples.

In conclusion, the results presented here indicate that
phytopathogenic strains of X canlpestris and related xan-
thomonad species can be detected and may be identified by
analysis of DNA fragments amplified with hrp gene-specific
primers. The conservation of the hrp DNA sequence among a
large number of pathovars of X. campestris, as well as in related
Xanthomnonas spp., but lack of the hrp DNA sequence among
nonphytopathogenic bacteria, makes this method a useful tool
for detection and identification of many plant pathogens.
Consequently, hrp oligonucleotide primers may be also useful
to determine the pathogenic nature of unknown xan-
thomonads. This is particularly significant for assessing the
complex population of phytopathogenic and nonpathogenic
xanthomonads associated with plants and plant parts. The
presence of phytopathogenic strains in such samples may be
determined by amplification of the hrp fragments without the
need for the troublesome methods of isolation of the organism
and inoculation into potential host plants. Moreover, restric-
tion fragment length polymorphisms detected in the genomes
of different strains seem valuable for the study of the related-
ness of phytopathogenic xanthomonads, particularly among
Xanthomonas spp. and pathovars of X. campestris. Of course,
this has to be extended by testing larger numbers of strains for
each species, subspecies, or pathovar. The genetic methods of
analyzing populations of bacteria will provide valuable addi-
tional information for taxonomic, ecological, and epidemiolog-
ical studies of phytopathogenic xanthomonads.
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