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The hrp gene cluster of strains of Xanthomonas campestris that cause diseases of citrus was examined by
Southern hybridization of genomic DNA and by restriction endonuclease analysis of enzymatically amplified
DNA fragments of the hrp gene cluster. The hrp genes were present in all strains of the pathovars of X.
campestris tested in this study, including strains of the three aggressiveness groups of the citrus bacterial spot
pathogen, X. campestris pv. citrumelo. X. campestris pv. citri strains in groups A, B, and C, which cause citrus
canker A, B, and C, respectively, each produced characteristic restriction banding patterns of amplified hrp
fragments. The restriction banding patterns of all strains within each group were identical. In contrast,
restriction fragment length polymorphism was evident among strains of the moderately and weakly aggressive
groups of X. campestris pv. citrumelo. X. campestris pv. citrumelo strains in the highly aggressive group had a
homogeneous restriction banding pattern. The characteristic banding patterns obtained for each bacterial
group indicate that X. campestris strains causing disease in citrus can be reliably differentiated and identified
by restriction analysis of amplified DNA fragments of the hrp gene cluster. In addition, the phylogenetic
analysis based on the restriction banding patterns of amplified fragments suggests a polyphyletic relationship
of the hrp genes among the strains of X. campestris that cause disease in citrus.

Citrus canker, caused by strains of Xanthomonas campestris
pv. citri group A, represents an important problem for produc-
tion of citrus worldwide (7). This disease is characterized by
raised lesions on leaves, stems, and fruits. Strains of X
campestris pv. citri group A have a relatively wide host range
and cause symptoms of various degrees in all commercial citrus
varieties (34). In severe cases, abscission of fruits and leaves
may result (7, 34). Other xanthomonads that cause similar
symptoms on citrus are strains ofX campestris pv. citri groups
B and C. They are of less importance than strains of X
campestris pv. citri group A and have comparatively limited
host ranges. Citrus bacterial spot is another bacterial disease of
citrus caused by a xanthomonad, and symptoms are similar to
citrus canker with a few important differences (31). The
pathogen, referred to as X. campestris pv. citrumelo (15),
causes flat, water-soaked lesions in young leaves. Strains ofX
campestris pv. citrumelo cause symptoms primarily on trifoliate
orange (Poncirus trifoliata) and its hybrids, such as Swingle
citrumelo (Citrus paradisi x P. trifoliata) (17).

Although X campestris pv. citri and X campestris pv. cit-
rumelo cause similar diseases of citrus, there is evidence for
differences between these pathovars. In addition to the patho-
genicity differences listed above, X campestris pv. citrumelo
strains appear to be quite heterogeneous both genetically (8, 9)
and in aggressiveness (18) compared with X campestris pv.
citri. This has resulted in questions about the relationship of
the bacterial spot pathogen to other pathovars ofX. campestris.
Several xanthomonads isolated from ornamental plants cause
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lesions similar to bacterial spot when artificially inoculated
onto young citrus plants (19, 20); they are also genetically
similar to some strains of X. campestris pv. citrumelo (9, 20). It
was suggested that strains ofX campestris pv. citrumelo may
represent other pathovars of X. campestris incidentally isolated
from citrus (20) or strains of a xanthomonad that has a wide
host range (14); alternatively it was suggested that the most
weakly aggressive strains may be "opportunistic" strains which
cause symptoms only when associated with injury (8).
These alternatives have not been resolved by studies of the

genetics (9, 14, 15, 20-22, 35) or pathogenicity (18, 20) of these
strains. The genetics of pathogenicity, however, might favor
one of the above hypotheses. An excellent candidate for
examination is the hypersensitivity reaction and pathogenicity
(hrp) gene cluster responsible for pathogenicity reaction on
susceptible hosts and a hypersensitive reaction in nonhosts
(36). The hrp gene cluster has been discovered and character-
ized in several bacterial phytopathogens, such as Pseudomonas
syringae pv. phaseolicola (26), P. solanacearum (5), Erwinia
amylovora (2), and X campestris pv. vesicatoria (4). The hrp
gene cluster of X. campestris pv. vesicatoria consists of at least
25 kb of genomic DNA, and polymorphism of restriction
fragments of a homologous DNA sequence occurs among
pathovars of X campestris (4). Opportunistic xanthomonads,
which produce limited symptoms in susceptible hosts and no
hypersensitive reaction in nonhosts, do not possess DNA
similar to an hrp gene cluster (33).
The genomic similarity of strains of X. campestris pv. cit-

rumelo has been investigated (9, 14, 15, 20-22, 35), but
examination of the similarity between hrp clusters of these
strains adds information on the comparative genetics of patho-
genicity. Similar hrp gene clusters among strains with relatively
divergent genetic backgrounds might indicate a similar origin
of pathogenicity, and dissimilar hrp gene clusters would sup-
port the hypothesis that many strains of X. campestris involved
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TABLE 1. List ofX campestris pathovars used in this study

Pathovar Disease Strain Source Origin Yeariof Source'designation Orgnisolation

Alfalfae 82-1 Florida 1982 RES
Bilvae XCB X32 ELC
Citrumelo CBSb Fl 084-3048 Florida 1984 DPI

F6 84-3401 Florida 1984 DPI
F54 X85-5436-1 Florida 1985 DPI
F59 X85-6572R1-1 Florida 1985 DPI
F86 X85-8600-1 Florida 1985 DPI
F94 X85-6774-3 Florida 1985 DPI
F100 X85-12689 Florida 1985 DPI
F228 X84-169 Florida 1984 DPI
F254 X87-4665-1 Florida 1987 DPI
F274 X87-5789 Florida 1987 DPI
F306 X87-6314 Florida 1987 DPI
F311 X87-6345 Florida 1987 DPI
F348 X87-7222-1 Florida 1987 DPI
F361 X88-3851-3 Florida 1988 DPI
F378 X88-534 Florida 1988 DPI
3166 84-3166 Florida 1984 DPI

Citri Canker A 3213 86-3213 Florida 1986 DWG
3340 86-3340 Florida 1986 DPI
9760-2 86-9760-2 Florida 1986 DPI
9771 86-9771 Florida 1986 DPI
Ti Florida RES
115-A Florida ELC

Canker B B64 XC64 Argentina 1979 ELC
B69 XC69 Argentina 1979 ELC
B80 XC80 Uruguay 1983 ELC
B84 XC84 Uruguay 1983 ELC
B93 XC93 Argentina ELC
B94 XC94 Argentina ELC
B148 XC148 Argentina 1988 ELC

Canker C 70C XC70 Brazil ELC
338 XC338 Brazil 1981 ELC
339 XC339 Brazil 1981 ELC
340 XC340 Brazil 1982 ELC
341 XC341 Brazil 1982 ELC
342 XC342 Brazil ELC

Fici X151 ARC
Maculifoliigardeniae X22j DPI
Vesicatoria 75-3 RES
Undetermined X198 ARC
Undetermined XCF X33 ELC

a ARC, A. R. Chase, University of Florida, Apopka; DPI, Department of Plant Industry, Gainesville, Fla.; DWG, D. W. Gabriel, University of Florida, Gainesville;
ELC, E. L. Civerolo, U.S. Department of Agriculture, Beltsville, Md.; RES, R. E. Stall, University of Florida, Gainesville.

b CBS, citrus bacterial spot.

in the citrus bacterial spot disease are diverse. We investigated
the presence of the hrp gene cluster in strains of X campestris
pv. citri and X campestris pv. citrumelo by Southern hybrid-
ization of genomic DNA probed with an hrp gene cluster from
X. campestris pv. vesicatoria (33). The similarity of this region
was further investigated by amplifying and restricting two
DNA fragments of the hrp complementation groups B and
C/D (4, 25), which are highly conserved among several patho-
vars ofX campestris (3, 25).

MATERIALS AND METHODS

Culture conditions. The strains of X. campestris used in this
study and their sources are listed in Table 1. All strains had
previously been identified as members ofX campestris by fatty
acid analysis (23). Citrus bacterial spot strains were rated for
pathogenicity by Graham and Gottwald (18) and by Graham et
al. (20). All strains were streaked onto nutrient agar (Becton
Dickinson, Cockeysville, Md.), and single colonies were se-

lected. Nutrient broth cultures were grown for 24 h on a
rotatory shaker (150 rpm) at 28°C. Strains ofX campestris pv.
citri group B were grown on a sucrose-based medium (6).
Strains were stored on lima bean agar (Difco, Detroit, Mich.)
for short-term storage and in sterile tap water at room
temperature for long-term storage.
DNA isolation. The procedure described by Ausubel et al.

(1), with minor modifications, was used to extract total
genomic DNA. Briefly, bacterial cells were pelleted by centrif-
ugation in an Eppendorf microcentrifuge (Brinkmann Instru-
ments Inc., Westbury, N.Y.) for 2 min at 16,000 x g. The pellet
was washed in 1 ml of distilled water, pelleted again, and
resuspended in 567 ,ul of TE buffer (10 mM Tris Cl [pH 8.0],
1 mM EDTA [pH 8.0]). Proteinase K (Boehringer Mannheim,
Indianapolis, Ind.) and sodium dodecyl sulfate (SDS) (Sigma,
St. Louis, Mo.) were added to final concentrations of 100
,ug/ml and 0.5%, respectively. After incubation for 1 h at 37°C,
sodium chloride and hexadecyltrimethylammonium bromide
(Sigma) were added to each preparation to final concentra-
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tions of 0.7 M and 1%, respectively. The preparations were
incubated for 10 min at 65°C. DNA was extracted with
chloroform-isoamyl alcohol (24:1). The samples were hand
shaken continuously and gently for 10 min and centrifuged for
5 min at 16,000 x g. DNA was extracted again by adding
phenol-chloroform-isoamyl alcohol (25:24:1) and centrifuging
as described above. The DNA was precipitated by adding 0.6
volume of isopropanol and incubating for 30 min at -20°C.
The samples were centrifuged for 20 min at 16,000 x g. The
DNA pellet obtained was washed with 1 ml of 70% ethanol and
centrifuged again. The DNA was dried under vacuum for 20
min, and then the pellet was redissolved in 100 ,ul of TE buffer
and stored at 4°C.

Hybridization analysis. Total genomic DNA was restricted
with BamHI (Boehringer Mannheim) for 2 h at 37°C. Samples
were then treated with RNase A (type II-A; Sigma) for 30 min
and electrophoresed in a 0.7% agarose gel by standard proce-
dures (29). The gel was then denatured in 0.4 N NaOH-0.6 M
NaCl for 30 min and neutralized in 0.5 M Tris - Cl-1.5 M NaCl
for 30 min. The denatured DNA was transferred by the
procedure of Southern (32) to a nylon membrane (Gene
Screen Plus; Du Pont, Boston, Mass.). Hybridization was
carried out at 68°C with 0.5 x SSC (1 x SSC is 0.15 M NaCl
plus 0.015 M sodium citrate)-0.1% (wt/vol) SDS. Probes were
labeled by the random-primed (10) incorporation of digoxige-
nin-labeled dUTP and detected by the use of the Genius
Nonradioactive DNA Labeling and Detection kit (Boehringer
Mannheim) as specified by the manufacturer. Plasmid pXV9
containing almost the entire hrp gene cluster ofX campestris
pv. vesicatoria inserted into cosmid pLAFR3 (4, 33) was used
as a probe.
DNA amplification. The two sets of oligonucleotide primers

used in this study were designed on the basis of nucleotide
sequences of the hrp gene cluster of X. campestris pv. vesica-
toria (3, 25). The two primers RST2 and RST3 delineate an
840-bp region and primers RST21 and RST22 delineate a
1,075-bp region of the hrp complementation groups B and C/D
of X campestris pv. vesicatoria, respectively (25). Oligonucle-
otide primers were synthesized with a model 394 DNA Syn-
thesizer (Applied Biosystems, Foster City, Calif.) by the DNA
Synthesis Laboratory, University of Florida, Gainesville.
DNA was amplified in a total volume of 50 ,ul. The reaction

mixture contained S plI of 10 x buffer (500 mM KCI, 100 mM
Tris * Cl [pH 9.0 at 25°C], 1% Triton X-100), 1.5 mM MgCl2,
200 puM each deoxynucleoside triphosphate (Boehringer
Mannheim), 25 pmol of each primer, and 2.5 U of Taq
polymerase (Promega, Madison, Wis.). The amount of tem-
plate DNA added was 100 ng of purified total bacterial DNA.
The reaction mixture was covered with 50 plI of light mineral
oil. A total of 30 amplification cycles were performed in an
automated thermocycler (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 and 30 s at 95°C, 45 s at 61°C, and 1.5 min at
72°C, respectively, 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 (28). After being stained with 0.5 pug
of ethidium bromide per ml, the gel was photographed over a
UV transilluminator (Fotodyne Inc., New Berlin, Wis.) with
type 55 Polaroid film (Polaroid, Cambridge, Mass.). The
identity of the amplified DNA fragments was further con-
firmed by hybridization analysis with an internal DNA probe
for each fragment. The internal probes consisted of a 271-bp
insert of plasmid pXV840 for the 840-bp fragment and a

335-bp insert of plasmid pXV1075 for the 1,075-bp fragment
(25). The hybridization analysis was carried out as described
above.

Restriction endonuclease analysis of amplified DNA. Am-
plified DNAs were restricted with either CfoI, HaeIII, Sau3AI,
or TaqI under conditions specified by the manufacturer (Pro-
mega). The restriction fragments were separated by electro-
phoresis in 4% agarose gels (3% NuSieve GTG, 1% SeaKem
GTG [FMC BioProducts, Rockland, Maine]) in TAE buffer at
8 V/cm. Phage X PstI-restricted DNA fragments were used as
molecular weight standards. After being stained with 0.5 p.g of
ethidium bromide per ml for 40 min, the gels were destained in
1 mM MgSO4 for 1 h and then photographed over a UV
transilluminator with type 55 Polaroid film.
Data analysis. DNA restriction fragment patterns were

determined by direct comparison of the electrophoretic pat-
terns of the DNA restricted with each of the four endonucle-
ases. The codes 1 and 0 were assigned according to the
presence or absence of each fragment, respectively. The result-
ing matrix was used to estimate the genetic relationships
between strains based on the proportion of shared DNA
fragments. The expected proportion of shared fragments (F)
was calculated by the equation proposed by Nei and Li (28), F
= 2n_Yl(n. + ny), where nxy is the number of fragments shared
between two strains and nx and ny are the total number of
fragments for each strain. The genetic divergence between
strains was calculated as the estimate of the number of
nucleotide substitutions per site (s), based on the proportion
of shared DNA fragments (28). The iterative method proposed
by Nei (27) was used to estimate the number of nucleotide
substitutions per site by using a program written for the SAS
system (30).

Relationships among strains were studied by phylogenetic
analysis with the BOOT and KITSCH programs from the
PHYLIP computer package (12). For the BOOT program, the
restriction fragment data encoded 0 or 1 were used as input for
reconstruction of an unrooted phylogenetic tree by using the
Wagner parsimony criterion. No assumptions were made re-
garding the ancestral character state, and the pathovar X
campestris pv. maculifoliigardeniae X22j was taken as the
outgroup to infer the topology of the phylogenetic tree. A total
of 100 bootstrap samples were analyzed to determine the
confidence intervals of the estimates of the inferred phyloge-
netic tree (11, 12). The KITSCH program was used to infer a
rooted phylogenetic tree by the Fitch-Margoliash method (12,
13). The input data consisted of a distance matrix of pairwise
estimates of the number of nucleotide substitutions per site (8)
between strains, and negative branch was not allowed.

RESULTS

Hybridization analysis. The hrp gene cluster ofX. campestris
pv. vesicatoria hybridized to genomic DNA of strains of all
tested pathovars of X. campestris. When genomic DNAs of the
strains of different pathovars of X. campestris were restricted
with EcoRI and probed with the hrp gene cluster, restriction
fragment length polymorphisms occurred (Fig. 1). The banding
patterns were very similar for strains of X campestris pv.
citrumelo of different aggressiveness groups, and the few
polymorphisms that were observed did not correspond to an
aggressiveness group. Moreover, the banding patterns of X
campestris pv. citrumelo Fl and F100 were very similar to X.
campestris pv. fici X151 (Fig. 1). Although restriction fragment
length polymorphism was not observed for strains within each
group of the citrus canker pathogen, the banding patterns for
the strains of different groups of X campestris pv. citri were
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22-

3.55__

FIG. 1. Hybridization of the hrp gene cluster ofX campestris pv.
vesicatoria to genomic DNA of strains ofX campestris causing disease
on citrus. Lane M contains phage A restricted with HindlIl and EcoRI.
Lanes 1 to 13 represent genomic DNA restricted with EcoRI. Lanes: 1
to 3, strains Fl, F6, and F100 ofX campestris pv. citrumelo, respec-
tively; 4, X campestris pv. maculifoliigardeniae X22j; 5, X campestris
X198 from S. reginae; 6,X campestris pv. fici X151; 7,X campestris pv.
alfalfae 82-1; 8, X campestris pv. bilvae XCB; 9, X campestris XCF
from a Feronia sp.; 10 to 12, strains 9771, B84, and 339 ofX campestris
pv. citri, respectively; 13, X campestris pv. vesicatoria 75-3. Molecular
sizes are given in kilobases.

diverse (Fig. 1). Furthermore, the banding patterns of genomic
DNA of strains ofX campestris pv. citrumelo and the strains of
the three groups of X campestris pv. citri were also different
when restricted with EcoRI and probed with the hrp gene
cluster (Fig. 1).
DNA amplification. The 840- and 1,075-bp fragments of the

hrp gene cluster in X campestris pv. vesicatoria were success-
fully amplified with primers RST2 and RST3 (Fig. 2) and

M 1 2 3 4 5 6 7 8 9 10 11 12 13

137-

831-_-
S644_

FIG. 2. Amplification of the 840-bp fragment of complementation
group B of the hrp gene cluster ofX campestris pv. vesicatoria from
strains ofX campestris. Lanes: M, phage A restricted with EcoRI and
HindIII; 1 to 3, strains Fl, F6, and F100 ofX campestris pv. citrumelo,
respectively; 4, X campestris pv. maculifoliigardeniae X22j; 5, X
campestris X198 from S. reginae; 6, X campestris pv. fici X151; 7, X
campestris pv. alfalfae 82-1; 8, X campestris pv. bilvae XCB; 9, X
campestris XCF from a Feronia sp.; 10 to 12, strains 9771, B84, and 339
ofX campestris pv. citri, respectively; 13,X campestris pv. vesicatoria
75-3. Molecular sizes are given in bases.

M 1 2 3 4 5 6 7 a 9 10 11 19 1

1375-

947-

564-

FIG. 3. Amplification of the 1,075-bp fragment of complementa-
tion groups C/D of the hrp gene cluster ofX campestris pv. vesicatoria
from strains ofX campestris. Lanes: M, phage A restricted with EcoRI
and HindIII; 1 to 3, strains Fl, F6, and F100 of X campestris pv.
citrumelo, respectively; 4,X campestris pv. maculifoliigardeniae X22j;
5,X campestris X198 from S. reginae; 6,X campestris pv. fici X151; 7,
X campestris pv. alfalfae 82-1; 8, X campestris pv. bilvae XCB; 9, X
campestris XCF from a Feronia sp.; 10 to 12, strains 9771, B84, and 339
ofX campestris pv. citri, respectively; 13,X campestris pv. vesicatoria
75-3. Molecular sizes are given in bases.

primers RST21 and RST22 (Fig. 3), respectively. The same size
fragments were also successfully amplified from DNA of all
strains of the other pathovars of X campestris (Fig. 2 and 3).
The DNA fragments were also amplified from 16 strains ofX
campestris pv. citrumelo representing the three aggressiveness
groups and from 19 strains ofX campestris pv. citri groups A,
B, and C without variation in size (data not shown). The
sequence similarity of the two DNA fragments amplified from
strains of different pathovars of X campestris to the hrp gene
cluster ofX campestris pv. vesicatoria was further confirmed by
Southern hybridization analysis. The amplified DNA frag-
ments of the different strains ofX campestris hybridized to the
respective internal probes specific for the 840- and 1,075-bp
hrp gene cluster fragments (data not shown).

Restriction analysis. The 840- and 1,075-bp hrp gene cluster
fragments amplified from strains of different pathovars of X
campestris were each restricted with either CfoI, HaeIII,
Sau3AI, or TaqI. The banding patterns for each set of frag-
ments from the pathovars of X campestris included in this
study were variable. The banding patterns of the 1,075-bp hrp
gene cluster fragment amplified from strains of different
pathovars ofX campestris restricted with CfoI and with HaeIII
are presented in Fig. 4. The banding patterns of the strains of
X campestris pv. citrumelo were very similar to the patterns
obtained forX campestris pv. vesicatoria 75-3 (Fig. 4). Also,X
campestris pv. alfalfae, X campestris pv. fici, and X campestris
X198 produced patterns similar to those of the strains of X,
campestris pv. citrumelo (Fig. 4).X campestris pv. bilvae andX
campestris pv. citri strains andX campestris XCF also made up
a group with a very similar banding pattern (Fig. 4). On the
other hand,X campestris pv. maculifoliigardeniae had a more
distinct restriction fragment profile (Fig. 4). Although variabil-
ity was also observed in the banding patterns obtained with the
endonucleases Sau3AI and TaqI, a characteristic pattern for
each group or pathovar of X. campestris was less evident for
these two endonucleases (data not shown). Similarly, restric-

M 1 2 3 4 5 6 7 8 9
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M 1 2 3 4 5 6 7 8 9 10 11 12 13

M 1 2 3 4 5 6 7 8 9 10 11 12 13

805 -
5 1 4 -
339
200_

FIG. 4. Restriction analysis of the 1,075-bp DNA fragment of
complementation groups C/D of the hrp gene cluster amplified from
strains of X campestris and restricted with CfoI (A) or HaeIII (B).
Lanes: M, phage X restricted with PstI; 1 to 3, strains Fl, F6, and FiO0
of X campestris pv. citrumelo, respectively; 4, X campestris pv.
maculifoliigardeniae X22j; 5, X campestris X198 from S. reginae; 6, X
campestris pv. fici X151; 7, X campestris pv. alfalfae 82-1; 8, X
campestris pv. bilvae XCB; 9,X campestris XCF from a Feronia sp.; 10
to 12, strains 9771, B84, and 339 ofX campestris pv. citri, respectively;
13, X campestris pv. vesicatoria 75-3. Molecular sizes are given in
bases.

tion analysis of the 840-bp hrp fragment also produced a
pattern of variation for the different strains of X campestris
(data not shown).

Sixteen strains of X campestris pv. citrumelo, representing
all three aggressiveness groups, were analyzed by restriction
analysis of the amplified hrp fragments. The banding patterns
of five strains of the highly aggressive group ofX campestris pv.
citrumelo were identical to each other when restricted with
either CfoI (Fig. 5A), HaeIII (Fig. 5B), Sau3AI, or TaqI (data
not 4iown). For certain combinations of fragment and endo-
nuclease, the restriction patterns of the highly aggressive
strains were similar to those of some strains of the moderately
or weakly aggressive groups; these include the 1,075-bp frag-
ment from the weakly aggressive strain F100 restricted with
CfoI (Fig. 5A) and the fragment from the moderately aggres-
sive strain F378 restricted with HaeIII (Fig. SB). However, the
overall banding patterns of the combinations of two fragments
and four endonucleases for the highly aggressive strains were
different from the patterns obtained for the strains of the
moderately and weakly aggressive groups of X. campestris pv.
cittimolo. In contrast to the highly aggressive group, restric-
tion fragment length polymorphism was evident for the strains
within the moderately and weakly aggressive groups of X
campestris pv. citrumelo (Fig. 5). The weakly aggressive strains
F94, F100, and F306 had banding patterns almost identical to
that of X. campestris pv. vesicatoria 75-3 (Fig. 5). Also, strains
of the highly aggressive group of X campestris pv. citrumelo

'IO-

339-]
200--

805-

:33
200-

FIG. 5. Restriction analysis of the 1,075-bp DNA fragment of
complementation groups C/D of the hrp gene cluster amplified from
strains ofX campestris pv. citrumelo and restricted with CfoI (A) or
HaeIII (B). Lanes: M, phage X restricted with PstI; 1 to 5, highly
aggressive strains Fl, F54, F274, F361, and 3166, respectively; 6 to 11,
moderately aggressive strains F6, F228, F311, F254, F348, and F378,
respectively; 12 to 16, weakly aggressive strains F59, F86, F100, F306,
and F94, respectively; 17, X campestris pv. vesicatoria 75-3. Molecular
sizes are given in bases.

had banding patterns similar to that of X campestris pv. fici
X151 (Fig. 4 and 5).

In contrast to the diversity of the moderately and weakly
aggressive strains of X. campestris pv. citrumelo, strains ofX
campestris pv. citri of groups A, B, and C each produced
characteristic restriction patterns (Fig. 6). The banding pat-
terns of all strains of group A were identical when restricted
with either HaeIII (Fig. 6), CfoI, Sau3AI, or TaqI (data not
shown). Similarly, strains of groups B and C were also homo-
geneous within each group (Fig. 6), as well as between the two
groups for the four endonucleases and the two hrp gene cluster
fragments.

Genetic relationships of the hrp genes from different strains

FIG. 6. Restriction analysis of the 1,075-bp DNA fragment of
complementation groups C/D of the hrp gene cluster amplified from
strains ofX campestris pv. citri restricted with HaeIII. Lanes: M, phage
X restricted with PstI; I to 6, group A strains 9771, 3340, 9760-2, 3213,
Ti, and 115-A, respectively; 7 to 13, group B strains B64, B69, B80,
B84, B93, B94, and B148, respectively; 14 to 18, group C strains 338,
339, 340, 341, and 342, respectively; 19, X campestris pv. vesicatoria
75-3. Molecular sizes are given in bases.
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TABLE 2. Genetic divergence matrix for 19 strains ofX campestris based on the estimates of the number of nucleotide substitutions per site
in two fragments related to the hrp gene cluster

No. of nucleotide substitutions per site for:

X campestris pv. citrumeloa X. campestris pv. citrib Other strains
Strain

Moderate Weak A B C
High (Fl) 9771 B84 339 82-1 XCB XCF X22j X198 X151 75-3

F6 F311 F348 534 F86 F94 F100 F306 (9) (B) (3)

Fl 0.020 0.009 0.013 0.010 0.014 0.016 0.022 0.020 0.057 0.055 0.055 0.011 0.043 0.041 0.060 0.019 0.004 0.014
F6 0.009 0.015 0.019 0.012 0.012 0.018 0.010 0.057 0.063 0.063 0.007 0.056 0.057 0.052 0.015 0.018 0.018
F311 0.013 0.012 0.008 0.010 0.014 0.012 0.057 0.055 0.055 0.007 0.043 0.044 0.049 0.011 0.007 0.012
F348 0.010 0.010 0.014 0.016 0.016 0.056 0.061 0.061 0.011 0.045 0.046 0.058 0.017 0.009 0.018
534 0.011 0.017 0.017 0.015 0.051 0.050 0.050 0.014 0.036 0.037 0.046 0.018 0.010 0.015
F86 0.007 0.011 0.009 0.050 0.051 0.051 0.006 0.037 0.038 0.048 0.008 0.010 0.012
F94 0.005 0.002 0.057 0.055 0.055 0.012 0.046 0.044 0.052 0.012 0.014 0.005
F100 0.007 0.064 0.058 0.058 0.016 0.049 0.047 0.052 0.016 0.018 0.011
F306 0.057 0.055 0.055 0.014 0.046 0.044 0.052 0.014 0.016 0.023
9771 0.014 0.014 0.059 0.018 0.015 0.082 0.052 0.051 0.057
B84 0.000 0.061 0.012 0.011 0.080 0.051 0.049 0.055
339 0.061 0.012 0.011 0.080 0.051 0.049 0.055
82-1 0.048 0.049 0.065 0.011 0.011 0.018
XCB 0.002 0.074 0.039 0.038 0.046
XCF 0.075 0.040 0.038 0.044
X22j 0.051 0.060 0.055
X198 0.017 0.018
X151 0.012
75-3

a High, Moderate, and Weak denote aggressiveness groups.
b A, B, and C denote canker groups.

of X. campestris. Differences in the number of common restric-
tion fragmehts from the amplified DNA of the hrp gene cluster
indicated that there is variation in the relatedness of the hrp
genes of the different strains of X campestris. The genetic
divergence between strains was estimated from the data for
106 restriction fragments obtained with the combination of two
hrp gene cluster fragments and four endonucleases. A pairwise
matrix of the genetic distances, 8, was calculated for the 18
distinct banding patterns (Table 2). X. campestris pv. citri 339
was included in the genetic analysis as a representative of
group C, although the restriction banding patterns of the hrp
fragments were identical to those of the strains ofX campestris
pv. citri group B. The largest genetic divergence value was
0.082 nucleotide substitution per site between X. campestris pv.
maculifoliigardeniae X22j and X. campestris pv. citri 9771 of
group A (Table 2). However, most of the estimates of nucle-
otide substitutions per site are smaller than 0.05, which is
considered the upper limit to give accurate estimates of genetic
distance based on restriction fragment data (27).

Strains ofX campestris pv. citrumelo that represent all three
aggressiveness groups exhibited nine different restriction pat-
terns of the hrp fragments that were divergent from 0.002 to
0.022 nucleotide substitution per site (Table 2). Similarly,
strains ofX campestris pv. citri groups A, B, and C showed a
low genetic divergence for the hrp genes, ranging from 0.000 to
0.014 nucleotide substitution per site (Table 2). As mentioned
above, the banding patterns of the strains ofX campestris pv.
citri groups B and C were identical to each other for all
combinations of hrp gene cluster fragments and restriction
endonuclease digestions. On the other hand, the hrp genes of
strains of X. campestris pv. citrumelo were very poorly related
to the one of X campestris pv. citri, with divergence ranging
from 0.050 to 0.064 nucleotide substitution per site (Table 2).
The relatedness of the hrp genes of strains of the citrus

pathogens X. campestris pv. citrumelo and X campestris pv.
citri to the hrp gene cluster of some other pathovars of X.

campestris was also investigated. The hrp gene clusters of
strains of X. campestris pv. alfalfae, X. campestris pv. fici, X
campestris pv. vesicatoria, and X campestris from Strelitza
reginae were closely related to the hrp cluster of X. campestris
pv. citrumelo, and the genetic divergence ranged from 0.004 to
0.023 nucleotide substitution per site (Table 2). However,
strains ofX campestris pv. citri had hrp genes much less related
to those of strains of X campestris, with genetic divergence
ranging from 0.049 to 0.061 nucleotide substitution per site
(Table 2). The hrp genes of strains of X campestris pv. citri
were highly related to the hrp genes ofX campestris pv. bilvae
and X. campestris XCF from Feronia sp. The genetic diver-
gence of the hrp genes ofX campestris pv. citri from the genes
of these strains of X campestris ranged from 0.011 to 0.018
nucleotide substitution per site (Table 2). Moreover, X.
campestris pv. maculifoliigardeniae X22j has hrp genes not
highly related to any of the xanthomonads from citrus, with a
genetic divergence ranging from 0.046 from X campestris pv.
citrumelo 534 to as high as 0.082 from X. campestris pv. citri
group A (Table 2).
The restriction fragment data of the hrp genes, coded 0 or 1,

and the distance matrix (Table 2) were used to construct
phylogenetic trees based on a parsimony criterion by using the
BOOT program and a distance method by using the KITSCH
program of the PHYLIP computer package (12), respectively.
Although the general topology is slightly different, the phylo-
genetic trees inferred by using two different approaches of tree
reconstruction showed very similar branching patterns for the
major clades (Fig. 7 and 8). The branching pattern obtained
with the BOOT program is unrooted, although X. campestris
pv. maculifoliigardeniae X22j was taken as the outgroup to
infer the topology of the tree (Fig. 7). The strains of X.
campestris can be divided into three major clades based on the
hrp genes, with X. campestris pv. maculifoliigardeniae as the
sole member of one clade (Fig. 7). The second clade is the
largest one and comprises all strains of X. campestris pv.
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FIG. 7. Unrooted tree for 19 strains ofX campestris inferred from
restriction analysis data for hrp gene cluster fragments from two
complementation groups, B and C/D, generated by the BOOT proce-
dure from the PHYLIP computer package by using the Wagner
parsimony criterion. Numbers at each node indicate the bootstrap
percentages from 100 samples. Bootstrap values less than 50 indicate
that the assemblage is not well supported by the data.

citrumelo, X campestris pv. alfalfae, X campestris pv. fici, X
campestris pv. vesicatoria, and X. campestris from S. reginae
(Fig. 7). The third clade is formed by all the strains of X.
campestris pv. citri, X campestris pv. bilvae, and a strain ofX
campestris from Feronia sp. (Fig. 7). The assemblage of these
phylogenetic clades is highly supported by the bootstrap values
(Fig. 7). Further, X campestris pv. maculifoliigardeniae X22j
was indeed chosen as an appropriate outgroup to evaluate the
relationships among X campestris strains causing disease on

citrus on the basis of the hrp genes. The rooted tree obtained
by the KITSCH program, selected among 1,908 trees exam-

ined, also indicates thatX campestris pv. maculifoliigardeniae
is basal to the remainder of the X campestris strains included
in this study (Fig. 8).
The inferred phylogenetic trees seem to support the hypoth-

esis that the hrp gene cluster of X campestris pv. citrumelo
strains from the three aggressiveness groups are monophyletic
and closely related to other pathovars of X. campestris, includ-
ing X campestris pv. alfalfae, X. campestris pv. fici, and X.
campestris pv. vesicatoria. Similarly, the monophyly of the hrp
genes of X. campestris pv. citri, X campestris pv. bilvae, and a

strain ofX campestris from Feronia sp. is also supported (Fig.
7 and 8).

DISCUSSION
Strains of all pathovars ofX campestris included in this study

have an hrp gene cluster on the basis of hybridization of
genomic DNA with the hrp gene cluster from X. campestris pv.
vesicatoria and on the basis of amplification of hrp fragments
with oligonucleotide primers specific for the complementation
groups B and C/D of the hrp genes. This is particularly
significant in regard to the strains associated with citrus
bacterial spot disease. Despite differences in the pathogenic
characteristics of those strains (18, 20), the presence of an hrp
gene cluster supports the pathogenic nature of those bacterial

F94
F306
F100

75-3
534
F348

X151
Fl
F86
82-1
F311

F6
X198
XCF

XCB
339
B84
9771
X22j

.030 .025 .020 .015 .010 .005 0

Genetic distance

FIG. 8. Rooted tree for 19 strains of X campestris inferred from
restriction analysis data for two fragments of complementation groups
B and C/D of the hrp gene cluster, generated by the KITSCH
procedure from the PHYLIP computer package by using the Fitch-
Margoliash method.

strains. If they were opportunistic xanthomonads (16), they
would lack an hrp region (4, 33).
The EcoRI digests of the genomic DNA that were probed

with the hrp gene cluster from X campestris pv. vesicatoria
revealed polymorphisms within the hrp DNA of the strains that
caused necrosis on citrus leaves. However, very little polymor-
phism was observed among the strains of X campestris pv.
citrumelo that represented the three aggressiveness groups.
Egel (8) also found very little polymorphism of the hrp region
of the strains of each of the three aggressiveness groups. Also,
very little polymorphism occurred among the strains of X
campestris pv. citri group A or among strains ofX campestris
pv. citri groups B and C. Even though other strains of X
campestris caused lesions in citrus leaves, onlyX campestris pv.
fici had a very similar banding pattern of the hrp region to the
pattern for the strains of the highly aggressive group of X
campestris pv. citrumelo. This supports the conclusion that the
strains obtained from plants with bacterial spot may belong to
pathovars from hosts other than citrus. Also, the two xan-
thomonads isolated from citrus (X. campestris pv. bilvae and a
strain of X campestris from Feronia sp.) that cause lesions
similar to bacterial spot seem to have an hrp gene cluster
different from that in the strains ofX campestris pv. citrumelo.
Thus, the bacterial spot pathogen appears to be genetically
different from the previously described strains ofX campestris
causing disease in citrus.

Further information about the similarity of the hrp genes of
the bacteria causing diseases of citrus was obtained from
restriction enzyme patterns of amplified fragments of the hrp
gene cluster. Although the DNA fragments amplified with the
two sets of primers were the same size for all the strains ofX
campestris, characteristic restriction banding patterns for each
bacterial group occurred with the 840- and 1,075-bp fragments.
Complementation groups B and C/D of the hrp gene cluster,
from which the fragments were amplified, are considered to be
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highly conserved among phytopathogenic xanthomonads (3,
25). Therefore, the homology of the restriction enzyme frag-
ments from amplified hrp genes should furnish valid relation-
ships among these pathogens. These relationships were deter-
mined by a phylogenetic analysis.
The phylogenetic analysis based on the hrp gene cluster

showed polyphyletic relationships of the strains of X. campes-
tris causing disease in citrus. This suggests that the hrp gene
cluster may have evolved independently in these strains ofX
campestris. This evolution could be convergent or parallel. The
analysis is based on the assumption that the differences in
restriction sites in the hrp gene cluster region were due to
nucleotide substitutions and not to insertion or deletion of
DNA sequences. In fact, this assumption is supported by the
fact that no apparent length variation was observed in the two
DNA fragments amplified from all strains of X. campestris. In
support of the phylogenetic analysis presented here is the
monophyletic nature of the hrp gene cluster to bacterial
pathogens with different genetic backgrounds causing disease
in different hosts. The phylogenetic grouping presented here
also correlates with genetic analyses based on DNA-DNA
hybridization, fingerprinting, and conventional restriction frag-
ment length polymorphism (9, 14, 15, 20-22, 24). The data
presented support the concept of a group of causal microor-
ganisms of citrus bacterial spot disease which are closely
related yet represent a variety of different genotypes.
Two different groups of X campestris pv. citri were distin-

guished by restriction enzyme analysis of the amplified frag-
ments of the hrp gene cluster. All fragment-endonuclease
combinations for the strains of group A were uniform. Simi-
larly, the restriction banding patterns for strains of groups B
and C were also identical. The banding patterns for each group
were different, however. This substantiates other reports of the
relative genetic uniformity of the strains of X. campestris pv.
citri groups A, B, and C based on restriction analysis of the
entire genome by using genomic fingerprinting, pulsed-field
electrophoresis, or restriction fragment length polymorphisms
with random DNA probes (9, 14, 15, 20, 21). The two groups
of X. campestris pv. citri have about 60% DNA homology (9).
The major difference from previous work is that in our studies,
specific homologous regions of the bacterial genome, the hrp
gene cluster, were compared. Nevertheless, the results of the
genetic analysis of the hrp related regions are consistent with
those obtained when the entire genome was randomly exam-
ined. From this and the previously cited research, the two
groups of strains within X campestris pv. citri should probably
be differentiated at some taxonomic level.
Two groups of X campestris pv. citrumelo were also distin-

guished after restriction enzyme digestion of the amplified
hrp fragments. Strains of the highly aggressive group were
very uniform for all fragment-endonuclease combinations
and had a characteristic restriction banding pattern. On the
other hand, the moderately and weakly aggressive groups
of the bacterium had diverse restriction banding patterns for
both amplified hrp fragments. This concurs with previous
studies of the moderately and weakly aggressive groups ofX
campestris pv. citrumelo (9, 14, 15, 21, 22, 24). Even with
genetic diversity among the moderately and weakly aggressive
strains, all strains included under X campestris pv. citrumelo
are 80% similar by DNA-DNA hybridization (9). As with
strains of X. campestris pv. citri, the two groups of strains ofX
campestris pv. citrumelo should also be distinguished at the
taxonomic level.
The results presented in this work demonstrate that strains

of X. campestris causing disease in citrus can be reliably
differentiated and identified by restriction analysis of amplified

fragments related to the hrp gene cluster. The number of
strains examined was small, but the genetic diversity within
different pathovars of X campestris could be assessed. The
reliable identification of the citrus pathogen by DNA amplifi-
cation will greatly facilitate disease diagnosis, as well as
ecological and epidemiological studies. Further, the use of
oligonucleotide primers for the hrp gene cluster region pro-
vides certainty for identification of strains of X. campestris that
may not be possible with other methods.
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