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Xanthomonas campestris pv. citrumelo strain 3048 is the causal agent of citrus bacterial leaf spot disease and
has a wide host range that includes rutaceous and leguminous plants. A spontaneous prototrophic mutant of
strain 3048 (strain M28) that had lost virulence on citrus but retained virulence on bean plants was recovered.
Growth studies in planta showed that M28 cells died rapidly in citrus leaves but grew normally in bean leaves.
In addition to the loss of citrus-specific virulence, M28 displayed the following mutant phenotypes in culture:
decreased growth rate, reduction of the amount of exopolysaccharide (to ca. 25% of the amount in 3048), loss
of capsules, and significant alterations of the two 3048 lipopolysaccharide (LPS) bands visualized by silver stain
on polyacrylamide gels, consistent with a defect(s) in LPS assembly. A 38-kb DNA fragment from a 3048 total
DNA library that complemented the mutant phenotypes of M28 was identified. The 38-kb fragment did not
hybridize to two similarly sized fragments carrying different hrp (hypersensitive response and pathogenicity)
genes cloned from 3048. Subcloning, DNA sequence analyses, and gene disruption experiments were used to
identify a single gene, opsX (for outer-membrane polysaccharide), responsible for the mutant phenotypes of
M28. At least one other gene downstream from opsX also affected the same phenotypes and may be part of a
gene cluster. We report here the DNA sequence and transcriptional start site of opsX. A search of protein
sequence data bases with the predicted 31.3-kDa OpsX sequence found strong similarity to Lsi-1 of Neisseria
gonorrhoeae and RfaQ of Escherichia coli (both are involved in LPS core assembly). The host-specific virulence
function of opsX appears to involve biosynthesis of the extracellular polysaccharide and a complete LPS. Both

may be needed in normal amounts for protection from citrus, but not bean, defense compounds.

Bacterial cell-surface molecules compose the glycocalyx
(8) and play critical roles in the survival of free-living and
parasitic prokaryotes. In gram-negative bacteria, the outer-
most molecules include extracellular polysaccharide (EPS),
which is secreted to form an outer layer in the form of
capsules or loose slime, and lipopolysaccharide (LPS), a
component of the outer membrane. The ability of bacteria to
colonize a specific niche may depend upon the EPS layer,
which serves a variety of roles, including protecting patho-
gens from desiccation, toxic metals, and host defense re-
sponses (6, 7, 31, 42). The outer membrane LPS acts as a
permeability barrier to various toxic molecules such as
hydrophobic antibiotics, detergents, and hydrophobic dyes
(39, 42, 45). Since they have many charged substituents, the
polysaccharides of the LPS are believed to be involved in the
barrier function, including protecting both animal and plant
pathogens from toxic hydrophobic host molecules (42, 43,
45).

With some plant-associated microbes, cell surface mole-
cules have been shown to be crucial for determining the
success or failure of parasitism (6, 24, 43). For example,
numerous studies have revealed that EPS production is
necessary for Rhizobium spp. to nodulate alfalfa, peas,
clovers, and Leuceana spp., although EPS production is not
essential for bean and soybean nodulation (14, 43). It has
been suggested that the EPS may play a role in the ability of
Xanthomonas spp. to infect plants (58), but many groups
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have induced mutations affecting its EPS (2, 6, 26, 28, 33, 38,
60, 65) and no definitive role of its EPS or cell surface
molecules in virulence has been determined (2, 9, 17, 29, 36,
44, 48, 59, 61). Defects in the LPS of Rhizobium, Erwinia,
and Pseudomonas species can lead to partial or complete
loss of virulence (30, 43, 51). Although mutations affecting
the LPS of X. campestris have been reported (65), to our
knowledge mutations affecting both the Xanthomonas LPS
and virulence have not been reported.

Members of the genus Xanthomonas are all plant associ-
ated, and strains exhibit a high degree of host specificity. A
variety of different virulence factors and genes have been
described (9, 66). Both host range and disease severity of
Xanthomonas strains can be determined by host-specific
virulence genes (21, 64), but no functions for these genes
have been reported. Xanthomonas campestris pv. citrumelo
strain 3048 is closely related to xanthomonads that cause leaf
spot diseases of leguminous plants, such as X. campestris
pv. alfalfae, but strain 3048 has a wide host range which also
includes citrus (19, 20, 22). On citrus, strains of X. campes-
tris pv. citrumelo are opportunistic and capable of causing
limited pandemics on juvenile citrus in nurseries (22). This
study was initiated in an attempt to identify, isolate, and
characterize the gene(s) in 3048 that allows a legume-asso-
ciated xanthomonad to achieve a host range on citrus. We
report here the isolation, characterization, and DNA se-
quence of one such gene, opsX (for outer membrane poly-
saccharide), which is required for the virulence of 3048 on
citrus but not on bean plants. We further report (i) that opsX
pleiotropically alters the LPS and affects the production of
capsular slime and the EPS, (ii) that opsX is not an hrp
(hypersensitive response and pathogenicity) gene, (iii) that
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opsX does not affect the export of plant maceration en-
zymes, and (iv) that the translated DNA sequence of opsX
revealed significant homology to genes involved in
LPS biosynthesis.

MATERIALS AND METHODS

Bacterial strains, plasmids, media, culture conditions, and
tests. Escherichia coli and X. campestris strains, mutants,
and plasmids with their relevant characteristics are listed in
Table 1. Cultures of E. coli were grown at 37°C in Luria
broth (LB) and on LB-agar plates and were maintained and
stored according to standard protocols (50). For E. coli, LB
medium was supplemented with the following antibiotics as
required at the concentrations indicated: ampicillin (sodium
salt), 100 pg/ml; chloramphenicol, 50 pg/ml; gentamicin
sulfate, 3 pg/ml; kanamycin sulfate, 50 pg/ml; naladixic acid
(sodium salt), 100 pg/ml; rifampin, 50 pg/ml; and spectino-
mycin dihydrochloride, 50 pg/ml. Except for LPS extrac-
tion, cultures of X. campestris were grown at 30°C in
tryptone-yeast extract-MOPS (morpholinepropanesulfonic
acid) medium (TYM) (19) and on TYM LB-agar plates. X.
campestris cultures were maintained at room temperature
(ca. 22°C) for up to 2 weeks on lima bean agar (Difco
Laboratories, Detroit, Mich.) (pH adjusted to 7.4). For
long-term storage, turbid TYM broth cultures were supple-
mented with glycerol to 15% (vol/vol) and frozen at —80°C.
For X. campestris, TYM medium was supplemented with
following antibiotics as required at the concentrations indi-
cated: chloramphenicol, 35 pg/ml; gentamicin, 3 pg/ml;
kanamycin, 35 pg/ml; rifampin, 50 pg/ml; and spectinomy-
cin, 35 pg/ml. Mutants were screened for auxotropy by
plating on MOPS minimal medium (MM) (20) solidified with
1.5% (wt/vol) Noble agar (Difco). Bacteriological tests for
amylase, protease, and lipase were done as described previ-
ously (20). Capsules were examined by using India ink (16),
after growth in TYM. Carbohydrate utilization tests were
performed by using GN Microplates (Biolog, Inc., Hayward,
Calif.).

The quantity of EPS in culture supernatants was deter-
mined spectrophotometrically by the phenol-sulfuric acid
method with glucose as the standard (25). For these assays,
cells were grown in TYM broth supplemented with 5%
glucose and were then removed by centrifugation. The EPS
was precipitated from the supernatant by the addition of 3
volumes of 95% ethyl alcohol, pelleted, washed with 70%
ethyl alcohol, dried, and resuspended in sterile distilled
H,0. The amount of EPS was normalized to the amount of
cell protein present. Cell protein was determined by the
Folin reaction with bovine serum albumin as the standard
(25). All buffers and other reagents were prepared with
double-distilled water (distilled in glass).

LPS extraction, gel electrophoresis, and staining. X.
campestris cells were grown overnight at 30°C in peptone-
yeast extract-glycerol-MOPS (PYGM) medium (12). Ap-
proximately 2 X 10° CFU was harvested at the mid- to
late-log phase of growth, pelleted, washed twice with 0.7%
aqueous NaCl, and washed once with 5 mM MgCl,~10 mM
2-mercaptoethanol-10 mM Tris-HCl (pH 7.5). Each pellet
was resuspended, and cells lysed in 50 pl of 10 mM Tris-HCl
(pH 7.5)-1 mM EDTA-0.5% sodium dodecyl sulfate (SDS).
DNase I (180 Kunitz units) and RNase A (5 Kunitz units)
were added, and the suspension was incubated at 25°C for 6
h. Proteinase K (200 pg) was added, and the incubation was
continued at 25°C for 16 h. Cell debris was pelleted at 13,000
X g for 15 min, and 50 pl of supernatant was mixed with an
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equal volume of sodium deoxycholate sample buffer (0.5%
sodium deoxycholate, 20% glycerol, 350 mM Tris-HCI [pH
6.8]) (34) and heated to 100°C for 5 min prior to loading.
Separation by polyacrylamide gel electrophoresis was done
exactly as described previously (34), except that the upper
buffer for preelectrophoresis was 125 mM Tris-HCI (pH 6.8)
and the gels were 15% acrylamide and 0.75 mm thick. The
gels were prestained in Alcian Blue (49) and then silver
stained (27) exactly as described previously.

Recombinant DNA methods, transposon Tn5 transfer, and
plasmid constructions. Plasmid DNA was extracted from E.
coli and X. campestris by the SDS-alkaline lysis procedure
(50). Isolation of X. campestris chromosomal DNA, restric-
tion digestions, gel electrophoresis, random priming, and
DNA hybridization were done as previously described (35,
57). Restriction fragment length polymorphism analyses
were done exactly as described previously (19). All enzymes
were used according to standard methods (50) or the manu-
facturers’ protocols. Southern blot and colony hybridiza-
tions, performed at 68°C, were followed by washing at high
stringency (68°C, 0.1x SSC [1x SSC is 0.15 M NaCl plus
0.015 M sodium citrate]-0.5% SDS) (50).

Transposon Tn5 was introduced into strain 3048Sp by
overlaying 107 to 10® 3048Sp cells spotted onto tryptone-
yeast extract (TY) plates with 10° to 107 E. coli SM10/
pSUP1011 (54) cells and incubating the mixture overnight at
28°C as described previously (64). The 3048Sp cells were
obtained from late-log-phase liquid cultures that were
washed with sterile tap water, and the SM10/pSUP1011 cells
were obtained from late-log-phase liquid cultures that were
grown without antibiotics. Kanamycin-resistant excon-
jugants were selected on TYM plates supplemented with
spectinomycin and kanamycin. Purified exconjugants were
stored frozen in 15% glycerol at —80°C.

A library of 3048 size-fractionated genomic DNA was
constructed according to standard protocols (50) in the
wide-host-range cosmid shuttle vector pUFR043 (11) and
transduced into E. coli HB101, selecting for kanamycin and
gentamicin resistance. The DNA library appeared to carry
randomly cloned DNA inserts, with a mean size of 35 kb.
Wide-host-range shuttle vector pUFR047 (57) was used for
subcloning in E. coli and activity localization assays in X.
campestris. E. coli vectors pUFR004 (12) and pUFR012
(11a) were used as integrative plasmids in X. campestris.
DNA fragments cloned in E. coli by using pUFR004,
pUFRO012, pUFR043, and pUFR047 were transferred by
conjugation to X. campestris strains by using pRK2013 or
PRK2073, as described previously (56). To construct marker
exchange plasmid pMK74.2, the internal 1.4-kb Ps¢I frag-
ment of pMK29.28 was deleted by partial digestion with PstI
and replaced with the 1.3-kb Km" cassette cloned from
pUCH4K as a Pstl fragment, forming pMKS54.4. This deleted
most of opsX plus an additional 700 bp downstream from
opsX. The resulting 4.3-kb Sall fragment from pMKS54.4
(containing the Km" cartridge) was inserted into the Sall site
of pUFR004, forming pMK74.2.

Marker disruption and exchange mutagenesis. Marker dis-
ruption plasmid pPRO01 carried a 348-bp Sphl fragment,
internal to opsX, cloned in pUFR012. Marker disruption of
opsX was achieved by conjugation and selection of stable
transconjugants in 3048Sp on TYM containing kanamycin.
Integration was confirmed by Southern blots of total DNA
extracted from stable transconjugants, cut with Bg/II and
Sall (separate digests), and probed with pMK41.1. Marker
exchange mutagenesis of 3048Rf was performed in two
steps. After introducing plasmids pMK28.4 or pMK74.2
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TABLE 1. List of strains and plasmids

Strain or plasmid Relevant characteristics f:f‘;i; g:
Strains
E. coli
DHS5a 80dlacZAM15 A(lacZYA-argF)U169 deoR recAl endAl hsdR17 (ry~ mg*) supE441~  GIBCO-BRL
thi-1 gyrA96 reld1
HB101 supE44 hsdS20 (rg~ m'g~) recA13 ara-14 proA2 lacY1 galK2 rpsL20 xyl-5 mtl-1 50
ED8767 supE44 supF58 hsdS3 (15~ m'g™) recA56 galK2 galT22 metBl1 41
SM10 C600 recA hsdR thi-1 thr-1 leuB6 [chr::RP4-2-Tc::Mu] 54
PCT800 ED8767 [chr::Tn5 (Nm")] 61
C600-387 supE44 hsdR thi-1 thr-1 leuB6 lacY1 tonA21 hfl4150 [chr::Tn5-gusA (Nm" Tc")] 56
C2110 polA Nal 55
IM109 recAl supE44 endAl hsdR17 gyrA96 relA1l thi A(lac-proAB) F'(traD36 proAB* lacl? 67
lacZAM15)
X camgestﬁs pV. citrumelo
3048 Holopathotype strain (ATCC 49120); causes leaf spot on citrus and bean 20
3048Sp Spc” derivative of 3048™; otherwise, wild type 56
3048Rf Rif* derivative of 3048"; otherwise, wild type This study
ME23 Rif" relative of 3048"; Arp::TnS5 G. Minsavage
MET70 Rif* relative of 3048; hrp::Tn5 G. Minsavage
M28 opsX derivative of 3048Sp [chr::Tn5 (Nm")] This study
M28Rf Rif" derivative of M28 This study
MX3028 Km" AopsXY derivative of 3048Rf This study
X. campestris pv. Wild-type strain; causes cotton blight 12
malvacearum NSp2
X. campestris pv. vesicatoria
- Wild-type strain; causes bacterial spot on tomato and pepper 40
M103 Hrp~; chemically-induced mutant derivative of 88-5 4
Plasmids
pRK2013 ColE1 Km' Tra* (conjugation helper plasmid) 15
pRK2073 npt::Tn7, Km® Sp* derivative of pRK2013 37
pSUP1011 pACYC184::Tn5 ColE1 Cm" Nm" Mob™* (suicide plasmid) 54
pUC4K ColE1 Km* 62
pUC18 ColE1 Ap' lacZa* 67
pUC118 ColE1 Ap* lacZa* 63
pUC119 ColE1l Ap* lacZa* 63
pUFR004 ColE1 Cm" Mob™ (integrative vector) 12
pUFR012 ColE1 Cm" Nm* Mob™* (integrative vector) 11a
pUFR042 IncW Nm® Gm* Mob* lacZa* 10
pUFR043 IncW Nm" Gm* Mob™ lacZa* cos 11
pUFR047 IncW Ap* Gm* Mob* lacZa* 57
pUFT-1 30-kb DNA fragment carrying repetitive DNA useful for X. campestris taxonomy and 19
strain identification
pXV9 hrp cluster from X. campestris pv. vesicatoria 75-3 cloned in pLAFR3 4
pUFM2110 hrp gene(s) from X. campestris pv. citrumelo 3048 cloned in pUFR043 This study
pUFM3016 hrp gene(s) from X. campestris pv. citrumelo 3048 cloned in pUFR043 This study
pMK28 20-kb EcoRI M28::Tn5 Km" junction fragment cloned in pUC18 This study
pMK28.4 EcoRlI reclone of pMK28 in pUFR004 This study
pUFM1140 opsXY on 38-kb fragment from X. campestris pv. citrumelo 3048 cloned in pUFR043 This study
pMK29.26 opsXY on 10-kb Sall subclone of pMK11.40 in pUFR047 This study
pPMK29.28 opsXY on 4.4-kb Sall subclone of pMK29.26 in pUFR047 This study
pMK33.9 opsX on 3.8-kb SstI subclone of pMK29.26 in pUFR047 This study
pPMK40.1 1.9-kb Sall-EcoRI fragment from pMK29.28 in pUFR047 This study
pMK41.1 opsX on 2.3-kb Sall-SstI fragment from pMK29.28 in pUFR047 This study
pMK42.1 1-kb Sall-PstI from pMK41.1 in pUFR047 This study
pPMK44.1 0.7-kb PstI-EcoRI fragment from pMK41.1 in pUFR047 This study
PMK45.1 1.2-kb PstI-Sstl fragment from pMK41.1 in pUFR047 This study
PMKA47.6 opsX on 2.3-kb Sst1 fragment from pMK41.1, recloned in pUFR042 in reverse orientation  This study
pMK54.4 PMK?29.28 AopsXY (1.4-kb Pst] fragment replaced by 1.3-kb Km" fragment from pUC4K) This study
pMKG60.1 2.3-kb SstlI fragment from pMK47.6 in pUC119 This study
pPMKG60.2 As pMKG60.1, reverse orientation This study
pMK60.11 PMKG60.1, 600-bp EcoRI-Sstl fragment deleted This study
pPMKG60.14 pMKG60.2, 1.5-kb EcoRI-SstI fragment deleted This study
pMK62.1 2.3-kb SszI fragment from pMK47.6 in pUC118 This study
pMKG62.2 As pMKG62.1, reverse orientation This study
pMKe62.51 PMKG62.2, with 1.3-kb PszI fragment deleted This study
PMKG62.52 PMKG62.1, with 900-bp PstI fragment deleted This study
pMK74.2 4.3-kb Sall fragment (Km") from pMK54.4 recloned in pUFR004 for marker exchange This study
pPR0O01 348-bp Sphl fragment of pMK41.1, recloned in pUFRO012 for marker interruption This study
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from E. coli DH5a into 3048Rf by conjugation, exconjugants
were obtained by selecting for kanamycin resistance, indi-
cating integration via a single recombination event. These
were subcultured en masse twice on TYM agar plates with
kanamycin, and then individual colonies were screened for
sensitivity to chloramphenicol. Total DNA from colonies
which were Km® Cm® were examined by Southern hybrid-
izations for verification of marker exchange (two homolo-
gous recombination events). For verification of marker ex-
change by using pMK28.4, the DNA was cut with EcoRI and
probed with pMK28. For verification of marker exchange by
using pMK74.2, the DNA was cut in separate digests with
EcoRIl, Sall, and HindIIl and separately probed with
pMK41.1 and pUC4K.

Nucleotide sequence and transcriptional start site analysis of
the opsX region. Subclones for sequencing both DNA strands
were obtained by directionally cloning defined restriction
fragments from pMK47.6 into pUC118 and pUCI119 and
transforming E. coli JM109 with the resulting plasmids.
Single-stranded DNA templates were prepared with helper
phage VCSM13 (Stratagene, La Jolla, Calif.) by using the
single-stranded rescue technique of Vieira and Messing (63).
Single-stranded templates were sequenced by the dideoxy
chain termination technique and the Sequenase (version 2.0)
DNA sequencing kit (U.S. Biochemical, Cleveland, Ohio)
with 3°S-dATP. Sequencing reactions utilized the —40 uni-
versal primer supplied with the kit and the following oligo-
nucleotide primers (synthesized by the Interdisciplinary
Center for Biotechnology Research DNA synthesis core,
University of Florida, Gainesville): DG1 (5'-GCGGCGATT
GAT-3’), DG2 (5'-CAGGTCCTTGGA-3'), DG3 (5'-AGGGT
GTCCTTG-3'), DG4 (5'-TTGCCGAGCCGC-3'), and DG9 (5'-
AAGGCATCGAAGCGGCCC-3'). Assembly, editing, and
analyses of the completed sequence were performed by
using the Sequence Analysis Software Package of the Uni-
versity of Wisconsin, Genetics Computer Group (version
7.0), Madison, Wis. (13). Computation was performed at the
Interdisciplinary Center for Biotechnology Research Biolog-
ical Computing Facility, University of Florida, Gainesville.
The Swiss-Prot (23.0; August 1992), PIR (34.0 [complete], 30
September 1992), and CDS translation from GenBank (re-
lease 73.1, 1 October 1992) data bases were searched by
using the predicted amino acid sequence of opsX and the
BLAST program (1), run at the National Center for Biotech-
nology Information network service in Bethesda, Md.

The starting sites for transcription of opsX were deter-
mined by primer extension with total RNA from 10-ml
cultures of 3048 and M28 grown to late-log phase in TYM.
Cells were harvested by centrifugation and washed twice
with 10 ml of 0.7% NaCl in water. Total RNA was then
extracted as described by Gilman (23). Primer extension was
done as described by Kingston (32), except that Moloney
murine leukemia virus reverse transcriptase (Life Technol-
ogies, Inc., Bethesda, Md.) and **S-a-dATP were used. A
single-stranded preparation of pMK60.1 DNA was used as
the DNA template for sequencing and comparison of the size
of the extension product to the DNA sequence run on the
same gel. Primer DG9 was used for both primer extension
and sequencing.

Plant assays. All Citrus paradisi cv. Duncan (grapefruit),
Phaseolus vulgaris cv. California Light Red (kidney bean),
Gossypium hirsutum L. cv. Acala 44 (cotton), and Capsicum
annuum cv. Early Cal Wonder (pepper) plants were grown
and maintained in greenhouses. The nonhost hypersensitive
response was assayed in cotton leaves. For assays of mac-
roscopic symptoms, plants were inoculated by pressure
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infiltration of the abaxial leaf surface with the blunt end of a
tuberculin syringe as described previously (20, 57). Washed
cell suspensions were standardized in sterile tap water to 10°
CFU/ml for these inoculations. No antibiotics were used in
the plant assays; the shuttle vectors used replicate stably in
many Xanthomonas strains without selection (12). Plant
reactions were assayed visually 1 to 5 days postinoculation,
depending on the plant-microbe interaction (10). All plant
inoculation tests of macroscopic symptoms were repeated at
least three times. Growth in planta assays were performed as
previously described (20, 56, 57); the titer of starting inocula
was adjusted to 10° CFU/ml. The resulting titer in leaves at
the time of inoculation was approximately 10> CFU/cm? of
bean or citrus leaf tissue. The standard error of the mean of
three replicate samples was calculated and plotted; each
experiment was repeated at least twice.

Nucleotide sequence accession number. The nucleotide
sequence of the opsX gene has been submitted to GenBank
and assigned accession number 1.21026.

RESULTS

Multiple mutant phenotypes of M28. Kanamycin-resistant
exconjugants of X. campestris pv. citrumelo strain 3048Sp
were recovered at frequencies between 10~7 and 10~8 per
recipient after conjugation with E. coli SM10/pSUP1011
(Tn5). Southern blot analyses of total DNA from these
exconjugants demonstrated random insertion of Tn5 in the
3048Sp genome (data not shown). In the process of screening
these 3048Sp::Tn)5 strains for defects in virulence, one of the
Tn5 marked strains, M28, was observed to be fully virulent
on bean leaves but had lost all virulence on citrus leaves
(Fig. 1). By contrast, the parental strain 3048Sp was fully
virulent on both bean and citrus and elicited typical water-
soaked responses on both hosts (compare results in Fig. 1
and 2). Even high-level inoculations of M28 (=10° CFU
ml~?) cells elicited no symptoms on citrus (data not shown);
by contrast, inoculations with 3048, 3048Sp, or 3048Rf at 10°
CFU ml~! led to confluent water soaking within 3 to 5 days
(depending on leaf condition), followed by necrosis in the
inoculation zone. Growth studies in planta showed that M28
died rapidly when inoculated into grapefruit leaves and were
undetectable by 7 days postinoculation, while growth in
bean leaves was only slightly affected relative to that of the
wild type (Fig. 2).

In addition to the loss of virulence on citrus, M28 exhib-
ited mutant phenotypes in culture. The colonies of 3048,
3048Sp, 3048Rf, and M28 growing on TYM plates were
similar in morphology (convex, uniform, round, and entire),
but the colonies of M28 were smaller. In addition, the gums
of 3048, 3048Sp, and 3048Rf were viscous and sticky when
touched with a bacteriological loop, while the gum of mutant
M28 was relatively mucoid (much less viscous; watery). M28
displayed an increase in lipolytic activity and grew more
slowly in complex media (Table 2). Exopolysaccharide anal-
ysis of 3048Sp and M28 culture supernatants demonstrated
that M28 produced levels that were ca. one-fourth of wild-
type levels (Table 2). Microscopic examination of TYM
broth-grown cells stained by India ink showed that the wild
type possessed capsules which were missing in the mutant.
Mutant M28 was prototrophic; no differences were observed
between wild-type 3048Sp and M28 in the ability to grow on
MM plates, to utilize carbohydrates (Biolog plates), to
hydrolyze starch, casein, or gelatin, to tolerate NaCl (up to
3%), or to survive in sterile tap or double-distilled water.
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FIG. 1. Host responses of citrus (left) and bean (right) inoculated with wild-type X. campestris pv. citrumelo 3048Sp (a), Hrp~ mutant
ME?23 (b), ME23/pUFM3016 (c), M28 (opsX) (d), or M28/pUFM1140 (e).

Complementation of M28 phenotypes. The mutant pheno-
types of M28 were initially assumed to be due to the Tn5
insertion, but clones recovered from the 3048 DNA library
by hybridization with probe pMK28 (which contained Tn5
and flanking DNA from M28) did not restore M28 to viru-
lence on citrus. Furthermore, marker exchange of wild-type
3048Rf with pMK28.4 yielded exoconjugants that were in-
distinguishable from the wild type in culture media or in
pathogenicity tests; marker exchange was verified by DNA
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hybridizations (data not shown). These results indicated that
the phenotypes displayed by M28 on culture media and
citrus were unrelated to the Tn5 insertion. Therefore, indi-
vidual clones from a 3048 DNA library were screened in M28
for the ability to complement either the mucoid gum or
virulence phenotypes. Both the gum and virulence pheno-
types were restored by cosmid clone pUFM1140. This clone
did not hybridize to pMK28. M28 was verified to be derived
from 3048 by restriction fragment length polymorphism
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FIG. 2. Growth of X. campestris pv. citrumelo 3048Sp and derivatives in bean and citrus leaves. O, 3048Sp (wild type); O, M28 (opsX);
V, X. campestris pv. malvacearum NSp2 (negative control); A, MX3028 (AopsXY); B, M28/pMK41.1; A, MX3028/pMK29.28.
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TABLE 2. Phenotypes of wild-type, spontaneous mutant, marker exchange mutant, and transconjugants in plants and culture

Strain Virulence on®: Capsuies Exopolysaccharide? Doubling time* Lipase?
Citrus Bean (ng/ug of protein) (min) 2 days 7 days
3048 ++ ++ + 1.8 84 - +
M28 - + - 0.5 120 + ++
M28/pMK29.28 ++ ++ + ND* ND - +
M28/pMK41.1 ++ ++ + 23 120 - +
MX3028 - + - 0.6 115 + ++
MX3028/pMK29.28 ++ ++ + 22 ND - +
MX3028/pMK41.1 - + - 0.5 ND + ++

¢ Virulence based on symptoms: ++, wild-type symptom expression; +, reduced symptom expression; —, null, little, or no symptoms.

® In TYM broth.
¢ Determined by counting CFUs on TYM plates.

4 Detection of lipase: —, no detectable reaction; +, precipitate detectable; ++, strong precipitate reaction around colonies.

€ ND, not determined.

analyses using probe pUFT1 and was indistinguishable from
3048.

Gene localization and DNA sequence analysis. The gene
responsible for the observed phenotypes was localized on
pUFM1140 by subcloning to a 2.3-kb Sall-Ss¢I DNA frag-
ment cloned in pMK41.1 (Fig. 3). Plasmid pMK41.1 fully
restored capsules, EPS, and virulence on citrus to M28 (refer
Table 2 and Fig. 2). Deletions of either the Sall-Pst1 frag-
ment (pMK45.1) or the EcoRI-Sszl fragment (pMK40.1)
resulted in clones unable to complement M28 for any mutant
phenotype. We consistently observed complementation for
the gum phenotype in vitro (detectable on plates) to correlate
with restoration of pathogenicity in planta. No subclone
separated the two phenotypes. There were no differences
detected between pMK41.1 (reverse orientation relative to
the vector lacZ promoter) and pMK47.6 (forward orienta-
tion) in their ability to complement M28 (gum and virulence
on citrus), indicating that the complementing gene was
transcribed from its own promoter.

The DNA sequence of a 1,975-bp fragment of pMK41.1
was determined from an internal Pyull site to the SstI site
and is presented in Fig. 4. Although several open reading
frames (ORFs) were evident, computer-assisted analysis of
codon preference and third position GC bias (13) indicated
that an ORF from positions 703 to 1545 had a high probabil-
ity of encoding a protein translation product. The ORF was
preceded by consensus sequences for a putative ribosomal
binding site at positions 693 to 696 and putative —10 and —35
regions as indicated. Primer extension (data not shown) of
total RNA extracted from both 3048 and M28 cells showed
transcription beginning at positions 646 and 650, confirming
the —10 and —35 promoter regions.

Three Sphl sites were found internal to the ORF as
indicated in Fig. 4; these were used to construct marker
interruption plasmid pPR001. This plasmid was introduced
into 3048Sp by conjugation, and all resulting colonies on
selective media containing appropriate antibiotics appeared
to exhibit the reduced gum phenotype characteristic of M28.
Six exconjugants were randomly selected for further testing.
Integration of pPR001 was confirmed by Southern hybrid-
izations (data not shown). All six mutants retained virulence
on bean but had lost virulence on citrus. Plasmid pMTK41.1
fully restored the gum phenotype and virulence on citrus;
there was no evidence of a second functional gene on
pMTK41.1.

The deduced peptide product of the ORF indicated in Fig.
4 consists of 280 amino acids with a calculated molecular
mass of 31.3 kDa and an estimated isoelectric point of 10.74.

A search of genetic data bases with the deduced amino acid
sequence, via the National Center for Biotechnology Infor-
mation BLAST network server (1), revealed potentially
significant homology to two genes (Fig. 5). The predicted
peptide sequence of Isi-1 of N. gonorrhoeae (47) was 27%
identical and 50% similar to the predicted peptide sequence
of opsX, compared over their entire lengths. The DNA
coding sequences were 41% identical. The predicted peptide
sequence of rfaQ of E. coli (45, 46) was 26% identical and
52% similar to the predicted peptide sequence of opsX,
compared over their entire lengths. The DNA coding se-
quences were 42% identical. The average similarity ob-
served among all three peptide sequences as aligned in Fig.
5 was 54%. No significant homology was found with gene
products from any plant-associated microbes.

M28 is not an hrp mutant. Mutant M28 had lost virulence
on citrus, but not bean, and retained ability to elicit a
hypersensitive response on cotton line Acala 44 (data not
shown). By comparison, X. campestris pv. citrumelo Hrp~
mutants (4) ME23 and ME70 were not host specific but were
defective in virulence on both bean and citrus (compare
results in Fig. 1) and did not elicit a hypersensitive response
on cotton. Mutants ME23 and ME70 were examined by
restriction fragment length polymorphism analyses using
probe pUFT1 and were indistinguishable from 3048 (blot not
shown). Cosmid clones from the X. campestris pv. citrumelo
3048 DNA library carrying a potentially homologous hrp
gene cluster were identified by colony hybridization with the
hrp cluster from X. campestris pv. vesicatoria on pXV?9 (4)
as a probe. Cosmid clones pUFM2110 and pUFM3016 were
identified in activity assays to differentially complement
MEZ23 and ME70 to full virulence on both bean and citrus
(Table 3). Although both pUFM2110 and pUFM3016 were
able to complement M103 of X. campestris pv. vesicatoria,
only pUFM2110 restored ME23 to virulence and only
pUFM3016 restored ME70 to virulence (Fig. 1 and Table 3),
indicating that these two cosmids carried overlapping but not
identical regions of an X. campestris pv. citrumelo Arp gene
cluster. Neither pUFM2110 nor pUFM3016 restored host-
specific virulence or any other observed mutant phenotype
to M28, and pUFM1140 did not restore the Hrp* phenotype
to M103, ME23, or ME70 (Table 3). Cosmid pUFM1140 did
not hybridize to strain 3048 insert fragments cloned in either
pUFM2110 or pUFM3016.

A Xanthomonas ops gene cluster. In order to determine
whether opsX was in a gene cluster involved in polysaccha-
ride production and/or host-specific virulence, a marker-
exchanged mutant of 3048Rf was constructed by the intro-
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FIG. 3. Restriction map and activity assays of pUFM1140 and subclones in M28. Restoration of virulence on citrus always correlated with
restored gum phenotypes. The precise location of opsX and the approximate location of opsY are indicated. Also shown is marker exchange
plasmid pMK74.2; the hashed bar indicates the internal 1.4-kb Ps¢I fragment of pMK29.28, which was deleted and replaced with the 1.3-kb
Km" cartridge from pUC4K. S, Sall; E, EcoRlI; Ss, Sstl; Pv, Pvull; P, Pstl.

duction of plasmid pMK?74.2. This plasmid carried the
regions of DNA flanking opsX, but most of opsX (down-
stream from the Pstl site) plus an additional 700 bp down-
stream region were deleted and replaced by a Km" cartridge
(Fig. 3). Verification of marker exchange of the region in one
of the resulting mutants, MX3028, was confirmed by South-
ern blot hybridizations of 3048, M28, and MX3028 DNA
(data not shown). MX3028 behaved similarly to M28 in
pathogenicity tests (Table 2 and Fig. 2). Furthermore,
MX3028/pMK41.1 (opsX*) behaved similarly to M28;
pMK41.1 was not observed to complement any mutant
phenotype of MX3028. A longer strain 3048 DNA fragment
was required for complementation; pMK29.28 fully comple-
mented all mutant phenotypes of MX3028 tested (Table 2).
At least one additional gene, downstream of opsX, present
on pMK29.28, and designated opsY, was also required for
virulence on citrus and normal gum production.

opsX pleiotropically affects LPS. Because of the apparent
homology of the deduced gene product OpsX with LPS-
related gene products from other pathogenic microorgan-
isms, we examined the LPS of 3048, M28, MX3028, and
complementing clones. In these comparisons, the wild-type
3048 and both mutants complemented with pMK29.28
(opsXY) exhibited two very distinct LPS bands (labeled I
and II; Fig. 6). Spontaneous mutant M28 (opsX) lost most of
LPS I, and the single LPS band of M28 exhibited greater
mobility than LPS II (Fig. 6B). Marker exchange mutant
MX3028 (AopsXY) lost all evidence of LPS I (Fig. 6E), even

when overloaded (Fig. 6G). Like M28, MX3028 also had a
single LPS band with greater mobility than LPS II. Plasmid
pMK41.1 (opsX) in M28 restored LPS I but did not fully
restore LPS II. Strain M28/pMK41.1 exhibited a second
band with intermediate mobility between that of LPS II and
the single LPS band of M28 or MX3028.

Although production of EPS was also clearly restored
when M28 or MX3028 was complemented with pUFM1140
or subclones pMK29.26 or pMK29.28 (Table 2), none of
these clones complemented any one of a collection of 90
non- or low-mucoid mutants of X. campestris NRRL B-1459
(ATCC 13951) (47a).

DISCUSSION

X. campestris pv. citrumelo was first isolated in 1984 as
the causal agent of a new form of citrus canker disease (52).
Despite an intense eradication effort and the destruction of
over 23 million citrus trees (52), every year since 1984 there
have been new outbreaks of the disease. Of particular
interest is the fact that citrus does not appear to be the
source of the repeated pandemics. Since all X. campestris
strains are plant associated, we hypothesized that some
strains of a population found on another host carried a
variant gene(s) which allowed virulence on citrus and selec-
tive amplification of strains carrying the gene(s), resulting in
citrus-specific clonal groups (19). In extensive surveys of
citrus plants, pathovar citrumelo was found to be comprosed
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FIG. 4. DNA sequence of a 2,075-bp fragment (PvuII-SstI) containing the opsX region and the deduced opsX peptide sequence (GenBank
accession no. 121026). The oligonucleotide primers used for DNA sequencing are indicated; DG9 was also used to determine the
transcriptional start site. The two experimentally determined transcription start sites are indicated by the arrows above and the underline
below the appropriate base. The putative ribosomal binding site (RBS) and —10 and —35 promoter regions are indicated. Some restriction sites
are indicated in bold type. The SphlI sites flanking the fragment used to create marker interruption plasmid pPR001 are marked Sphl*. The
Pstl site used to create marker exchange plasmid pMK74.2 is also marked by an asterisk.
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FIG. 5. Alignment of the predicted amino acid sequences of
opsX, rfaQ, and Isi-1. The consensus sequence shown was based on
matching amino acids occurring at a given position in any two of the
three aligned peptide sequences. Similarity values were 52% for
opsX and rfaQ, 50% for opsX and Isi-1, and 43% for rfaQ and Isi-1.

of clonal groups (19, 22). A clonal population structure is
typical of several bacterial species and is thought to be due
to (i) low rates of recombination and (ii) selective amplifica-
tion of strains with specific virulence factors (53).

X. campestris pv. citrumelo mutant M28 was of interest
because it had lost virulence on citrus specifically. Even
inoculations of M28 at concentrations of =108 CFU ml™!
elicited no response in citrus, and cells died rapidly in citrus
after inoculation (Fig. 2). Growth of M28 in bean tissue was
only slightly affected relative to that of the wild type (Fig. 2),
and inoculations of M28 on nonhosts resulted in a typical
hypersensitive response (Table 3). Therefore, the muta-
tion(s) affecting virulence in M28 was unlike hrp gene
mutations, which abolish the nonhost hypersensitive re-
sponse and virulence on all hosts (66). In addition, the
mutation(s) affecting host range in M28 was unlike avr gene
mutations, which can increase the host range of affected
strains (18). The rapid death in citrus of M28 cells indicated
either an unusually inhospitable host response to M28 or an
unusual sensitivity of M28 to its host.

Mutant M28 was also affected in its growth rate, colony
morphology, capsular slime, EPS production level, and
LPS. Most mutant phenotypes of M28 were fully restored to
those of the wild-type 3048 when pMK41.1 was introduced
into M28. A single uninterrupted 842-bp ORF that had a high
probability of encoding a translation product along its entire
length was identified on pMK41.1. Putative promoter con-
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TABLE 3. X. campestris pv. citrumelo hrp (for hypersensitive
response on nonhosts and pathogenicity on hosts) genes,
clones, and mutational phenotypes

X. campestris response on®:

Strain
Citrus Bean Pepper Cotton
X. campestris pv. vesicatoria
88.5 (wild type) NT NT + HR
M103 (hrp) NT NT - -
M103/pUFM2110 NT NT + HR
M103/pUFM3016 NT NT + HR
X. campestris pv. citrumelo
3048 (wild type) NT HR
ME23 (hrp) - - NT -
ME23/pUFM2110 - - NT -
ME23/pUFM3016 + + NT HR
MET70 (hrp) - - NT -
ME70/pUFM2110 + + NT HR
ME70/pUFM3016 - - NT -
M28 (opsX) - + NT HR
M28/pUFM2110 - + NT HR
M28/pUFM3016 - + NT HR

@ Citrus and bean plants are hosts for X. campestris pv. citrumelo. Pepper
is a host plant for X. campestris pv. vesicatoria. Cotton plants were used as
a common nonhost plant to assay the nonhost hypersensitive response. +,
pathogenic symptoms (water soaking); HR, plant hypersensitive response
(rapid cellular collapse followed by necrosis); —, no pathogenic symptoms:
NT, not tested.

sensus sequences were identified, and their positions were
confirmed by primer extension analysis of total RNA ex-
tracted from strain 3048 cells grown in minimal and complex
media. Marker interruption experiments confirmed that
physical interruption of the 842-bp region in 3048 resulted in
mutants with pleiotropic phenotypes indistinguishable from
those of M28. The 842-bp ORF, designated opsX, appeared
responsible for all pleiotropic mutant phenotypes observed
in M28. On the basis of complementation assays using the
marker exchange mutant MX3028, from which opsX and an
adjacent region have been deleted, at least one gene adjacent
to opsX is also required for the same phenotypes. Even
though MX3028 was not complemented by pMK41.1 (opsX),
it was complemented by pMK29.28, which carries opsX and
at least one other gene, designated opsY. MX3028/pMK41.1
(opsX* opsY) was nearly identical in phenotype to M28
(opsX opsY*) (Table 2); therefore, opsX and opsY are
clustered and appear to be involved in the same biochemical
pathway.

There was no evidence that the opsXY region was imme-
diately adjacent to Arp genes found in X. campestris pv.
citrumelo. Two cosmid-sized clones with different Arp genes
(pUFM2110 and pUFM3016) were cloned from 3048, and
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FIG. 6. Silver-stained LPS gel showing complementation of
opsX and AopsXY. Lanes: A, LPS from wild-type 3048; B, M28
(opsX); C, M28/pMK41.1 (ost“' ); D, M28/pMK29.28 (ostY* »E
and G, MX3028 (AopsXY); F, MX3028/pMK29.28 (opsXY™). Lane
G was loaded with twice the LPS concentration as lane E.
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M28 was not complemented by either of them. Neither of
these cosmids cross-hybridized with pMK1140, which car-
ries opsX on a 38-kb DNA fragment from 3048. These results
indicated that opsXY is not part of the Arp cluster.

Mutants of X. campestris regulatory and export genes can
pleiotropically affect virulence, gum production, and NaCl
and chloramphenicol tolerance (9, 44, 59). Such regulatory
and export mutants exhibit reduced virulence and are often
deficient in various extracellular enzymes, such as protease
and pectinase, in addition to low exopolysaccharide produc-
tion. By contrast with such mutants, M28 and MX3028 were
similar to wild-type 3048 for a range of functions including
amylase and protease production, carbohydrate utilization,
and osmotic tolerance in high- and low-salt solutions. Both
M28 and MX3028 exhibited increased lipase activity in plate
assays; to our knowledge, increased lipase activity has not
been reported to negatively affect virulence. These results
indicate that opsXY is not directly involved in gene regula-
tion or export functions.

Xanthomonas genes involved in EPS biosynthesis have
not been reported to affect virulence. The opsXY locus
affected the EPS of 3048 but was not observed to comple-
ment any of the 90 non- or low-mucoid mutants of X.
campestris tested in the Kelco, Inc., collection. The muta-
tional lesions in these 90 mutants were mapped to eight
different regions of the chromosome and are involved in the
synthesis of the pentasaccharide (26), synthesis of the sugar
nucleotide precursors (38), or to unknown functions of xan-
than biosynthesis (25a). These results indicated that the
opsXY locus was not primarily involved in EPS biosynthesis.

Xanthomonas genes involved in LPS biosynthesis have
not been identified. Although confirmation by chemical
analysis is required, two LPS bands, designated LPS I and
LPS II, appear to be produced by wild-type X. campestris
pv. citrumelo 3048. These two highly reproducible bands
appeared upon silver staining of proteinase K-treated whole-
cell extracts of 3048; silver-stained LPS profiles of protein-
ase K-digested whole-cell extracts of other organisms are
similar to those of homologous purified LPS samples (27).
Purified LPS of X. campestris pv. begoniae also revealed
two major bands upon silver staining (3). M28 produced a
very slight level of LPS I, which was not evident in the
deletion mutant MX3028. Since transcription of opsX was
observed in both 3048 and M28, it seems likely that the
mutational lesion in M28 is in the coding region of opsX,
but transcriptional levels were not determined. Plasmid
pMKA41.1 appeared to fully restore LPS I in M28 but did not
fully restore LPS II in terms of mobility, while pMK29.28
fully restored both LPS I and LPS II in M28. There are
several possible explanations, including promoter interfer-
ence, since pMK41.1 carried opsX in reverse orientation
relative to the functional lacZ promoter of the vector
(pPMK29.28 carried opsXY downstream from the lacZ pro-
moter). Alternatively, a slightly polar mutation in opsX
could affect opsY as well. The loss of LPS I and the apparent
increase in mobility of LPS II affected by opsXY indicate
that these genes are directly involved in LPS biosynthesis.

The deduced opsX protein product is 52% similar to the
rfaQ (46) protein of E. coli and is 50% similar to the Isi-1 (47)
protein of N. gonorrhoeae. Both rfaQ and Isi-1 are involved
in LPS core biosynthesis (since repeating O antigen subunits
are absent in gonococcal LPS, it is often called lipo-oligo-
saccharide, or LOS). Gene rfaQ is the first of three overlap-
ping ORFs in an operon consisting at least of rfaQ, rfaP, and
rfaG (46). While the function of RfaQ is unknown (45), it
shares homology with RfaC and RfaF, which are involved in
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the synthesis of the heptose region of the LPS core (46). The
same region of homology is shared by OpsX (from positions
236 to 257 in Fig. 5). It is possible that the gene opsX is the
first gene in an operon consisting at least of opsXY. Since
the kanamycin cartridge in the marker exchange mutant
MX3028 does not create polar mutations, it is possible that
an ops operon extends beyond two genes. The homology of
OpsX with genes involved in the synthesis of the LPS core is
consistent with the hypothesis that LPS II of strain 3048
represents the LPS core oligosaccharide, while LPS I may
represent complete LPS containing O polysaccharide re-
peats.

The LPS of some pathogens is thought to function as an
essential permeability barrier against toxic host compounds
produced by both animals and plants (42, 43). On the basis of
homology with RfaQ and Lsi-1, the lack of capsules, the
defective LPS, and the rapid death of opsX or opsY cells in
citrus, it seems plausible that opsXY is involved in both LPS
core and EPS biosynthesis. Mutations that simultaneously
affect EPS, LPS, and virulence have been reported for both
R. leguminosarum (14) and P. solanacearum (30). The fact
that mutations in opsX caused the affected cells to die off
rapidly in citrus strongly indicates that the cells were being
killed by citrus (possibly defense) compounds which are not
found in bean tissue and which can penetrate the defective
LPS barrier. Complete LPS structures appear necessary for
R. leguminosarum infection of bean plants (5). With X.
campestris pv. citrumelo, either complete LPS structures or
normal amounts of EPS, or both, appear necessary for
infection of citrus. The fact that some LPS-specific antigens
of X. campestris are also pathovar specific (3) may indicate
that specific modifications of the LPS barrier may also be
needed for virulence on specific hosts.
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