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Xanthomonas citri subsp. citri is the causal agent of citrus canker, which has a significant impact on citrus
production. In this study, we characterized the galU gene of X. citri subsp. citri. Two galU mutants (F6 and D12)
were identified in an X. citri subsp. citri EZ-Tn5 <R6Kvyori/KAN-2> Tnp transposon library. Rescue cloning,
sequence analysis, and Southern blot analysis indicated that both of these mutants had a single copy of the
EZ-Tn5 transposon inserted in galU in the chromosome. Further study showed that galU was required for
biosynthesis of extracellular polysaccharides (EPS; xanthan gum) and capsular polysaccharide (CPS) and
biofilm formation. Mutation of galU resulted in a loss of pathogenicity for grapefruit. The loss of pathogenicity
of a galU mutant resulted from its inability to grow in planta rather than from the effect on virulence genes.
Quantitative reverse transcription-PCR assays indicated that mutation of galU did not impair the expression
of key virulence genes, such as pthA of X. citri subsp. citri. Although D12 had a growth rate similar to that of
the wild-type strain in nutrient broth, no D12 population became established in the intercellular spaces of
citrus leaves. Coinoculation of a galU mutant with the wild-type strain did not promote growth of the galU
mutant in planta. Defects in EPS and CPS production, pathogenicity, and growth ir planta of the galU mutant
were complemented to the wild-type level using plasmid pCGU2.1 containing an intact galU gene. These data
indicate that the galU gene contributes to X. citri subsp. citri growth in intercellular spaces and is involved in

EPS and CPS synthesis and biofilm formation.

Citrus canker is a serious disease of most commercial citrus
cultivars in subtropical citrus-producing areas of the world (12,
18). Citrus-producing areas without citrus canker consider the
disease a quarantine pest due to the potential threat to citrus
production. Thus, citrus canker has a significant impact on
national and international citrus markets and trade (18). Citrus
canker is a disease that is characterized by formation of ne-
crotic raised lesions on leaves, stems, and fruits. On severely
affected trees, citrus canker causes defoliation, twig dieback,
general tree decline, blemished fruit, and premature fruit drop
(19). Citrus canker is caused by the bacterial pathogen Xan-
thomonas citri subsp. citri (synonyms, Xanthomonas citri, Xan-
thomonas campestris pv. citri, and Xanthomonas axonopodis pv.
citri) strain A (10, 44, 48). This bacterium is dispersed via
windblown rain and enters the plant directly through stomata
or through wounds, and then it grows in the intercellular
spaces of the spongy mesophyll (18). The intercellular spaces
are nutrient poor (1) and contain toxic substances (either pre-
formed or induced) as part of the host defense response (35,
45). Bacteria have evolved complicated mechanisms to over-
come the plant defense and acquire nutrients to colonize sus-
ceptible hosts.

Genome sequencing of X. citri subsp. citri has greatly in-
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creased our understanding of the interaction between citrus
and X. citri subsp. citri. X. citri subsp. citri contains 4,313 genes,
including 2,710 genes with assigned functions, 1,603 genes
without known functions, and 54 RNA genes (13). About 6%
of the X. citri subsp. citri genes are involved in pathogenicity,
virulence, and adaptation. The major genes involved in patho-
genicity and virulence are genes encoding secretion systems,
including type III secretion system genes, effector genes, genes
encoding cell wall-degrading enzymes, toxins, bacterial ad-
hesins, and surface structural elements, and rpf (regulation of
pathogenicity factors) genes, which are related to cell-cell sig-
naling (13). Even though the genome of X. citri subsp. citri has
been sequenced and 62.83% of the predicted open reading
frames have been assigned functions, functional studies are
necessary to experimentally characterize the genes related to
X. citri subsp. citri pathogenesis and host adaptation. Transpo-
son mutagenesis has been widely used for this purpose (23, 41).

GalU is a UTP-glucose-1-phosphate uridylyltransferase
(synonym, UDP-glucose pyrophosphorylase), and it catalyzes
the formation of UDP-glucose from glucose 1-phosphate and
UTP. UDP-glucose is involved in synthesis of glucosylated
surface structures as a substrate for glucosyltransferase, and it
is a glycosyl donor in the enzymatic biosynthesis of carbohy-
drates (9, 46). Mutations in the gal/U gene have led to reduced
virulence of a number of bacterial pathogens, including Esch-
erichia coli (21, 28), Klebsiella pneumoniae (7), Shigella flexneri
(43), Actinobacillus pleuropneumoniae (38), Vibrio cholerae
(34), Pseudomonas aeruginosa (37), and Mesophilic aeromonas
(49). The reduced virulence of ga/U mutants has been associ-
ated mainly with changes in lipopolysaccharides (LPS), capsu-
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TABLE 1. Bacterial strains and plasmids used in this study
Strain or plasmid Relevant characteristics Source or
reference
E. coli strains
Machl T1R F~ $80lacZAM15 AlacX74 hsdR(ry~ my ") ArecA1398 endAl tonA Invitrogen
TransforMax EC100D pir* F~ mcrA A(mrr-hsdRMS-mcrBC) $80dlacZAM15 AlacX74 recAl endAl araD139 Epicentre
A(ara-leu)7697 galU galK N~ rpsL nupG pir"(DHFR)
HB101 F~ supE44 hsdS20(rg~ my~) recA13 ara-14 proA2 lacY1 galK2 rpsL20 xyl-5 mtl-1 leuB6 thi 4
X. citri subsp. citri strains
306 Rif", causes citrus canker on citrus 40
D12 galU::Tn5 derivative of strain 306, Rif" Kn" This study
Fo6 galU::Tn5 derivative of strain 306, Rif" Kn" This study
CD D12 containing pCGU2.1, Kn" Cm" Gm" This study
CF F6 containing pCGU2.1, Kn" Cm" Gm" This study
Plasmids
pCR2.1 PUC ori f1 ori lacZa™* Kn" Ap” Invitrogen
pRK2013 ColE1 Kn" Tra™, conjugation helper plasmid 14
pUFRO053 IncW Mob ™ mob(P) lacZa* Par™ Cm" Kn', shuttle vector 15
pCGU1.1 galU gene from X. citri subsp. citri 306 cloned in pCR2.1 This study
pCGU2.1 galU gene on BamHI fragment from pCGUI1.1 cloned in pUFR053 This study

lar polysaccharides (CPS), or exopolysaccharides (EPS). GalU
has also been reported to be involved in adhesion of E. coli
(17). However, the role of the galU gene in the virulence of X.
citri subsp. citri and other plant-pathogenic bacteria has not
been studied. In this study, we characterized the galU gene of
X. citri subsp. citri. This was part of our effort to characterize
critical genes involved in the virulence of X. citri subsp. citri. To
our knowledge, it is the first report of an analysis of galU for
plant-pathogenic bacteria.

MATERIALS AND METHODS

Bacterial strains and growth media. All of the strains used in this study are
listed in Table 1. X. citri subsp. citri wild-type strain 306 (rifamycin resistant) (40)
and mutant strains were grown in nutrient broth (NB), on nutrient agar (NA), or
in NYG medium (11) at 28°C. E. coli strains were grown in Luria-Bertani (LB)
medium at 37°C. Antibiotics were used at the following concentrations: rifamycin
(Rif), 50 wg/ml; kanamycin (Kn), 50 pg/ml; ampicillin (Ap), 50 pg/ml; gentami-
cin (Gm), 5 pg/ml; and chloramphenicol (Cm), 35 wg/ml.

Construction of X. citri subsp. citri mutant library. An EZ-Tn5 <R6Kvyori/
KAN-2> Tnp Transposome kit (Epicentre, Madison, WI) was used to make the
X. citri subsp. citri mutant library by following the manufacturer’s instructions.
The cells recovered were diluted 500- to 1,000-fold, spread on NA plates con-
taining Rif and Kn, and incubated at 28°C for 2 to 3 days. Mutants were kept at
—80°C in 20% glycerol until they were used. The mutant library was screened by
performing pathogenicity assays (see below) with a susceptible host, cultivar
Duncan grapefruit (Citrus paradisi Macf. cv. Duncan). Mutants that caused no
symptoms or reduced symptoms were selected for further study.

Rescue cloning of two nonmucoid mutants. Two nonmucoid mutants, D12 and
F6 (Table 1), were chosen from the mutant library for further analysis based on
their nonpathogenic phenotypes in pathogenicity assays. To identify the insertion
site in mutants D12 and F6, the rescue cloning method was used by following the
manufacturer’s instructions (Epicentre, Madison, WI). Briefly, genomic DNA (1
pg) of the D12 and F6 transformants were digested overnight with BamHI and
Sphl, end repaired (made blunt ended) using T4 DNA polymerase (New En-
gland Biolabs, Ipswich, MA), and 5’ phosphorylated so that they self-ligate. The
digested DNA was purified using the Wizard SV gel and PCR clean-up system
(Promega, Madison, WI) and allowed to self-ligate in the presence of T4 DNA
ligase in a 10-wl mixture for 4 h at 16°C. The ligation mixture was electroporated
into electrocompetent E. coli TransforMax EC100D pir* (Epicentre, Madison,
WI). Cells were immediately transferred to a 17- by 100-mm round-bottom
polypropylene tube which contained 1 ml SOC (super optimal broth with catab-
olite repression) (20), and the preparation was gently mixed by pipetting. The
cells were incubated for 1 h at 37°C with gentle shaking and then plated on LB
agar containing Kn. A plasmid was isolated from Kn-resistant colonies, purified,

and sequenced with primers ROKAN-2 RP-1 and KAN-2 FP-1 (Table 2). Se-
quencing was performed at the Interdisciplinary Center for Biotechnology Re-
search sequencing facility at the University of Florida. Since the genome se-
quence of X. citri subsp. citri strain 306 has been published (13), transposon
insertion sites in the F6 and D12 transformants were identified by aligning the
corresponding X. citri subsp. citri 306 and mutated loci.

Nucleic acid isolation and PCR. Genomic DNA was extracted using a Wizard
genomic DNA purification kit (Promega, Madison, WI) by using the protocol for
isolating genomic DNA from bacteria. After DNA precipitation, the pellet was
dried in a Vacufuge (Eppendorf, Westbury, NY) for 5 min and dissolved in the
DNA rehydration solution supplied with the kit. Bacterial plasmid DNA was
isolated using the Wizard miniprep DNA purification system (Promega, Madi-
son, WI). The concentration and purity of DNA were determined using an
Agilent 8453 UV-visible spectrophotometer (Agilent Technologies, Santa
Clara, CA).

All conventional PCRs were performed with a Bio-Rad DNAEngine Peltier
thermal cycler (Bio-Rad, Hercules, CA). Amplification of the DNA was per-
formed using 50-pl (total volume) mixtures with 7ag DNA polymerase (Pro-
mega, Madison, WI). The PCR conditions were 95°C for 5 min, followed by 40
cycles of 30 s of denaturation at 95°C, 30 s of annealing at 52°C, and 1 to 3 min
of extension (depending on the length of the amplicons) at 72°C.

Southern blot analysis. For Southern blot hybridization, genomic DNA sam-
ples were purified (after isolation using a Wizard genomic DNA purification kit)
using phenol-chloroform-isoamyl alcohol (25:24:1, vol/vol/vol) and chloroform-
isoamyl alcohol (24:1, vol/vol) and a standard molecular biology protocol (42).
The DNA was precipitated, washed with 70% (vol/vol) ethanol, and resuspended
in RNase- and DNase-free water. Genomic DNA (3 g per sample) was digested
with BglII, subjected to electrophoresis on a 0.9% agarose gel, and transferred to

TABLE 2. Primers used in this study
Sequence (5" — 3')*

AGACAGTGCCGAAAGAAATGCTGC
AACAGCGATCAGGCAACAATCAGC
CGAGGCCGCGATTAAATTCCAACA

AGGCAGTTCCATAGGATGGCAAGA

Primer

KAN-2 FP-1.. ACCTACAACAAAGCTCTCATCAACC

R6KAN-2 RP-1.........cc.c..... CTACCCTGTGGAACACCTACATCT

CGU-F...ovviiiiciine AATGATGGATCCCTGCCAAAGCCT
TGACGC

CGU-R ..o AACAGAGGATCCAACATCACCACG
CCCAAC

“ Underlined nucleotides are not exact matches and were introduced to add a
BamHI restriction enzyme site.
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a positively charged nylon membrane (Roche, Indianapolis, IN) using standard
procedures (42). Probe generation, hybridization, and detection of chemilumi-
nescence were performed using a digoxigenin (DIG)-High Prime II DNA label-
ing and detection starter kit as recommended by the manufacturer (Roche,
Indianapolis, IN).

Complementation of the galU mutants. The entire gal/U gene with 624 bp of
upstream sequence and 388 bp of downstream sequence was amplified from
genomic DNA of X. citri subsp. citri wild-type strain 306 by a PCR performed
with primers CGU-F and CGU-R, which contained a BamHI restriction site
(Table 2). The resulting 1.9-kb fragment was ligated to PCR 2.1-TOPO using the
manufacturer’s protocol (Invitrogen, Carlsbad, CA), resulting in pCGUI.1. A
BamHI fragment containing the gal/U gene was isolated from pCGUI1.1 and
cloned into similarly digested pUFRO053 that was treated with calf intestinal
alkaline phosphatase (New England Biolabs, Ipswich, MA) (15), resulting in
pCGU2.1 (Table 1). Plasmid pCGU2.1 was transferred into ga/U mutants D12
and F6 (galU::Tn5) by triparental mating with an E. coli helper strain containing
pRK2013 (47). Transconjugants were selected on NA with Rif and Gm. The
presence of pCGU2.1 was verified using PCR. Complementation assays were
conducted to examine EPS and CPS production, the mucoid phenotype on NA
medium, pathogenicity, and growth of the ga/U mutants in planta using plasmid
pCGU2.1 containing an intact galU gene. Empty vector pUFR053 without the
galU gene was used as a control.

Quantitative determination of EPS production. To measure the quantity of
EPS in culture supernatants, bacterial cells were grown in NB supplemented with
2% p-glucose at 28°C for 24 h with shaking at 200 rpm. Then 10-ml portions of
the cultures were removed, and the cells were removed by centrifugation
(5,000 X g for 20 min). Three volumes of 99% ethyl alcohol was added to the
supernatants. The precipitated EPS was pelleted by centrifugation, dried, and
weighed (51). Three independent replicates were used for each strain. The test
was performed three times independently; only the results of one test are shown
below.

Capsule assays. Bacteria were grown at 28°C on NA with appropriate antibi-
otics. Samples were prepared by mixing and spreading a loop of bacteria with 1
drop of distilled water on a precleaned slide and air dried. Each sample was
stained with 1% crystal violet and washed with 20% copper sulfate supplied with
a capsule-staining kit (Eng Scientific Inc., Clifton, NJ) by following the manu-
facturer’s instructions. The samples were photographed using a light microscope
(Leica DMLB2; Leica Microsystems Wetzlar GmbH, Germany) with an oil
immersion lens at a magnification of X1,000.

LPS assays. Bacteria were grown overnight at 28°C in NB, M9 glucose me-
dium (8), or XVM2 medium (52). Ten-milliliter cultures were harvested at the
exponential phase of growth and pelleted. LPS was isolated and treated with
proteinase K (33), and then it was separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE). Briefly, LPS samples were mixed
with an equal volume of Laemmli sample buffer (pH 6.8) containing 62.5 mM
Tris-HCI (pH 6.8), 2% SDS, 25% glycerol, and 0.01% bromophenol blue. The
mixtures were boiled for 5 min, and 20-pl samples were loaded on precast Ready
Gel Tris-HCl polyacrylamide gels (86 mm by 68 mm by 1.0 mm) containing 4 and
15% acrylamide in the stacking and separating gels, respectively (Bio-Rad Lab-
oratories, Inc., Hercules, CA). Electrophoresis was performed at 12 mA for the
stacking gels and at 25 mA for the separating gels until the bromophenol blue
was 1 cm above the bottom of the gel. Immediately after electrophoresis each gel
was stained using a silver stain kit (Bio-Rad Laboratories, Inc., Hercules, CA).

Biofilm assays. Biofilm formation in borosilicate glass tubes was quantified as
described previously (36). Bacteria were grown in NB with shaking to the mid-
exponential growth phase and then diluted 1:10 in fresh NB containing appro-
priate antibiotics. One milliliter of a diluted bacterial suspension was placed in
each borosilicate glass tube (Fisher Scientific, Pittsburgh, PA) and incubated
without shaking for 48 h at 28°C. The culture medium was poured out, and
attached bacterial cells were gently washed three times with distilled water,
incubated at 60°C for 20 min, and then stained with 1.5 ml 0.1% crystal violet for
45 min. The unbound crystal violet was poured out, and the wells were washed
with water. The crystal violet-stained cells were solubilized in 1.5 ml of ethanol-
acetone (80:20, vol/vol). Biofilm formation was quantified by measuring the
absorbance at 590 nm using an Agilent 8453 UV-visible spectrophotometer. Ten
replicates were used for quantitative measurement.

Pathogenicity assays on plants. Pathogenicity assays were conducted in a
quarantine greenhouse facility at the Citrus Research and Education Center,
Lake Alfred, FL. Assays were performed using fully expanded, immature leaves
of cv. Duncan grapefruit. The X. citri subsp. citri wild-type and mutant strains
used in this assay were grown with shaking at 28°C overnight in NB and were
suspended in sterile tap water, and the concentration was adjusted to 108 CFU/
ml. For the pathogenicity assays, bacterial suspensions containing both 10% and

APPL. ENVIRON. MICROBIOL.

10° CFU/ml were injection infiltrated into leaves with a needleless syringe (40,
50). The test was repeated three times, and similar results were obtained in all
tests. Disease symptoms were photographed 5, 10, and 12 days postinoculation
(DPI).

Bacterial growth assays in planta. For assays of bacterial growth in the inter-
cellular spaces of citrus leaves, the concentration of the starting inoculum used
was 10° CFU/ml, and whole leaves were inoculated by infiltration of the abaxial
leaf surface using a needleless syringe as described above. For coinoculation,
wild-type strain 306 and the D12 mutant were mixed together (1:1) before
inoculation. Briefly, bacterial cell counts were determined for four biological
replicates at each sampling time point (0, 1, 2, 3, 4, 6, 8, or 10 DPI). Leaf disks
from inoculated leaves were excised with a cork borer (leaf area, 1 cm?) and then
ground in 1 ml sterile tap water. The samples were serially diluted and plated on
NA plates with appropriate antibiotics. The colonies were counted 48 h after
plating. The in planta growth assays were repeated three times independently
with four replicates each time, but the results of only one experiment are de-
scribed here.

RNA extraction and quantitative reverse transcription-PCR (QRT-PCR).
Bacteria were grown in XVM2 medium at 28°C with shaking at 200 rpm, and
1-ml samples of X. citri subsp. citri wild-type strain and D12 mutant cultures were
collected at 13 h after inoculation. RNA was stabilized immediately by mixing it
with 2 volumes of RNAprotect bacterial reagent (Qiagen, Valencia, CA) and was
incubated at room temperature for 5 min. Bacterial cells were centrifuged at
5,000 X g for 10 min, and the cell pellets were stored at —80°C prior to RNA
extraction.

Cell pellets were treated with lysozyme, and RNA extraction was performed
using an RNeasy minikit (Qiagen, Valencia, CA). Contaminated genomic DNA
was removed from RNA by treatment with a TURBO DNA-free kit (Ambion,
Austin, TX). The concentration of RNA was determined with a NanoDrop
ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE) and
adjusted to 50 ng/pl for QRT-PCR.

Fifteen target genes were chosen for an expression study with 16S rRNA as the
endogenous control, and the primers shown in Table 3 were designed using se-
quences of the X. citri subsp. citri genome and DNASTAR software (DNASTAR,
Inc., Madison, WI). A one-step QRT-PCR was performed with a 7500 Fast real-time
PCR system (Applied Biosystems, Inc., Foster City, CA) using a QuantiTect SYBR
green RT-PCR kit (Qiagen, Valencia, CA). The total volume of the one-step QRT-
PCR mixture was 25 pl, and this mixture contained 2X QuantiTect SYBR green
RT-PCR master mixture (12.5 pl), 10 pM gene-specific primers (1.25 pl), Quanti-
Tect RT mixture (0.5 pl), and 50 ng of RNA template (1 wl). The reaction mixture
was incubated at 50°C for 30 min and at 95°C for 15 min and then was subjected to
40 cycles of 94°C for 15 s, 53°C for 30 s, and 72°C for 30 s. A melting curve analysis
was performed to verify the specificity and identity of the QRT-PCR products. Three
biological replicates were used for each strain. QRT-PCR was repeated once with
another three independent biological replicates. A total of six independent biological
replicates were used for each strain.

The amount of fluorescence was plotted as a function of the PCR cycle using
the 7500 Fast system SDS software, and the threshold cycle (C7) values for each
gene were determined. The AC; values for each target gene were calculated by
subtracting the Cy values for 16S rRNA (the endogenous control) from the C;-
values for the target gene. The AC; values for each gene for the D12 and
wild-type strains were subjected to a simple ¢ test (SAS), and the AAC - values for
target genes for D12 were obtained using the wild-type as a calibrator as de-
scribed previously (53). The relative expression levels of target genes in XVM2
medium were obtained by using the 27**“'method, which calculated the fold
change of the transcript levels of the target genes in D12 relative to the wild-type
level.

RESULTS

Generation of galU mutants of X. citri subsp. citri. Two
nonmucoid X. citri subsp. citri mutants, F6 and D12, were
selected from the X. citri subsp. citri EZ-TnS5 library. Compared
to wild-type strain 306 colonies, colonies of F6 and D12 on NA
plates were smaller and less viscous. However, the growth rates
of the mutants in NB broth were indistinguishable from that of
the wild-type strain (data not shown).

The sites of transposon insertion in the F6 and D12 mutants
were determined by rescue cloning. Sequencing results indi-
cated that EZ-Tn5 was inserted between nucleotides 235 and
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TABLE 3. Genes and corresponding primers used for QRT-PCR analysis

Product Primer”
Gene
Function* Component or protein Direction® Sequence (5’ — 3')
16S rRNA Ribosome component F CGCTTTCGTGCCTCAGTGTCAGTGTTGG
R GGCGTAAAGCGTGCGTAGGTGGTGGTT
hipG TTSS TTSS regulator F GCCTTTCAATTCGCACGAGTTACACG
R CACACGCCGGGGCTGGAAAAGA
hrpX TTSS TTSS regulator F AGCGATCTCTGCGTTGTCCTAC
R ATACGCATCTTCGGCCTCTTCCTGA
hrcV TTSS TTSS component F GCGTTTGCGGCGTGCTTCATCT
R CAATCTGGTGGTAGGCCTGGTCGTTTTCTT
pthA TTSS TTSS effector F TGGCGTCGGCAAACAGTGGTC
R TGCTCCGGGGTCAGGTTCAGG
avrBs2 TTSS Avirulence protein F CGCGCCAATCACGACAAGGACTACTAC
R CGGGCCAGCGTGCGGTTTTC
avrXacE] TTSS Avirulence protein F TCGCGCTGGGCCGGAACATACC
R GCGTCCGCGGCGATAACTCTTG
XAC0028 CWDE Cellulase F CGCTCCACGCTGCTTTTCAT
R ATTCGGCACCGGACAGATTG
XAC0160 CWDE Xylanase F CATGGCCTGGCGGTCCTTGTGCT
R GCGCGATCCGGCTGGCTTGTTC
XAC0165 CWDE Xylosidase F AGGGCGGGGCGTTGCTGTTCTAC
R TCTTGCCGTCGGGACTGCTGTGA
peh-1 CWDE Endopolygalacturonase F AGTGGCAACGCGTTTCTGACC
R CGCCTGCGTTGTTGCCCTTGAC
celD CWDE Glucan 1,4-beta-glucosidase F GATTTCGGCCGAGCGTCTGGA
R GGATGCCGGCCTGGTTCTTCA
pglA CWDE Polygalacturonase F CAGCGCCGACGTCACCTTGTA
R GTAGCCGGGACGCGAATAGACC
pelB CWDE Pectate lyase 11 F GAACTTCGGCGTGCGTGTGGTG
R GTGAGCGAGGCGAAGATGGTGTTGTGGTC
gumB EPS synthesis Polysaccharide exporter F CTGACCGAAATCGAGAAGGGCACCAATC
R GCGCCACACCATCACAAGAGGAGTCAGTTC
kpsF CPS synthesis Arabinose 5-phosphate F GCTTCACCGCCGACGACTTC
isomerase
R CGCTTGCGGCTCATTTCCATC

“TTSS, type III secretion system; CWDE, cell wall-degrading enzyme; EPS, extracellular polysaccharides; CPS, capsular polysaccharide.

> The primers were derived from the sequences of corresponding genes.
¢F, forward; R, reverse.

236 in D12 and between nucleotides 665 to 666 in F6 down-
stream of the translation start site (Fig. 1A). Insertion of EZ-
Tn5 into the galU gene was confirmed by PCR analysis. PCR
with gene-specific primers ga/U-F1 and galU-R1 targeted am-
plification of the interior region of galU (Table 2). This re-
sulted in a 0.84-kb amplicon when X. citri subsp. citri 306
genomic DNA was the template but in approximately 2.8-kb
amplicons when F6 and D12 were the templates due to inser-
tion of the 1.938-kb EZ-Tn5 transposon (Fig. 1B). In addition,
the F6 and D12 transformants were confirmed to have a single
copy of EZ-TnS5 using Southern blot analysis (Fig. 1C). South-
ern blot analysis showed that a DIG-labeled 675-bp Kan2
DNA fragment hybridized to a 7.3-kb band of D12 and to a
2.8-kb band of F6. The difference in the sizes of the D12 and
F6 bands that hybridized resulted from differences in the lo-
cations of the transposon insertion sites and their relative dis-
tances from the restriction site of Bglll, which was used for
digestion of the genomic DNA, in the galU gene. For D12,
EZ-Tn5 (1.938 kb) was inserted into a 5.535-kb BgllI fragment
containing the 5’ end of the galU gene. For F6, EZ-Tn5 (1.938
kb) was inserted into a 0.9-kb BglII fragment containing the 3’
end of the galU gene. Consequently, a 7.3-kb band and a 2.8-kb
band were hybridized for D12 and F6, respectively. This con-
firmed that a single copy of EZ-Tn5 was inserted into the

genomes of F6 and D12 (Fig. 1C). No hybridization to the
genomic DNA of X. citri subsp. citri wild-type strain 306 was
observed when the Kan2 probe was used.

galU gene involvement in polysaccharide biosynthesis. In
order to study the role of the gal/U gene in polysaccharide
biosynthesis, the major polysaccharides of X. citri subsp. citri,
EPS, CPS, and LPS, were investigated. The results for only one
galU mutant, D12, are described here since there were no
differences between the results for ga/U mutants D12 and F6.
There was a significant difference in EPS production between
the X. citri subsp. citri wild-type strain (1.325 mg/ml) and D12
(0.012 mg/ml). Complementation with plasmid pCGU2.1 con-
taining the entire galU gene restored EPS production in D12 to
the wild-type level (1.725 mg/ml). The empty vector pUFR053
did not affect EPS production (0.0175 mg/ml). The D12 and
wild-type strains were stained using a capsule-staining kit and
observed with a microscope. The X. citri subsp. citri wild-type
strain was covered with capsule, while there appeared to be no
capsule in the ga/U mutant (Fig. 2A). Complementation with
plasmid pCGU2.1 restored CPS production in D12 to the
wild-type level. The empty vector pUFR053 did not comple-
ment CPS production in D12 (Fig. 2A). After proteinase K
treatment, the LPS pattern of the galU mutant strain was
indistinguishable from that of the wild-type strain when these
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FIG. 1. Sequence analysis of EZ-Tn5 insertion in the ga/U mutants. (A) Genomic location of gal/U on the X. citri subsp. citri chromosome and
transposon insertion sites in the galU mutants. kefB encodes a transport protein, galU encodes a UTP-glucose-1-phosphate uridylyltransferase, and
XCC2293 encodes a dehydratase protein. Bg, BglII restriction site. (B) PCR analysis confirming insertion of EZ-Tn5 into the galU gene: agarose
gel electrophoresis of DNA amplified using primers ga/U-F1 and galU-R1 targeting the interior region of the ga/U gene from the X. citri subsp. citri
wild-type 306, D12, and F6 strains. Lane 1, Invitrogen 1 Kb Plus DNA size marker; lane 2, D12, lane 3, F6, lane 4, X. citri subsp. citri 306.
(C) Southern blot of DNA of X. citri subsp. citri wild-type strain 306 and ga/U mutants F6 and D12 digested with BglII. The membrane was probed
with a 675-bp kan-2 gene fragment that was amplified using PCR with primers Kan-F1 and Kan-R1. Wt, wild type.

strains were grown in NB, M9 glucose medium, or XVM2
medium (data not shown). The mucoid phenotype of strain
D12 colonies was restored to that of the wild-type colonies on
NA by complementation with plasmid pCGU2.1 but not by
complementation with the empty vector pUFR053 (data not
shown).

galU gene involvement in biofilm formation. Because of the
significant effect of the ga/U gene on polysaccharide produc-
tion, the galU gene was hypothesized to be involved in biofilm
formation. As shown in Fig. 2B, less biofilm was observed for
the galU mutant than for the wild-type strain. Ten replicates
were used for quantitative measurement of biofilm. The ab-
sorbance of the crystal violet in the biofilm-staining assay for
the wild-type strain (optical density at 590 nm [ODs,], 0.811 +

0.083) was 12.5 times greater than that for ga/U mutant strain
D12 (ODsq, 0.065 = 0.011). Biofilm formation by the D12
mutant strain was restored by complementation with plasmid
pCGU2.1 containing the intact galU gene (ODsq,, 1.753 =
0.063) but not by complementation with the empty vector
pUFRO053 lacking the galU gene (ODsq, 0.040 = 0.013).
Pathogenicity assays. Pathogenicity assays indicated that
neither F6 nor D12 elicited a reaction on grapefruit, while
the wild-type strain caused necrotic raised lesions typical of
citrus canker on leaves when an inoculum containing a high
concentration of bacteria (10®> CFU/ml) was used (Fig. 3A).
Similar results were obtained for an inoculum containing a
lower concentration of bacteria (10° CFU/ml) (data not
shown). Complementation with plasmid pCGU2.1 contain-
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FIG. 2. Effects of galU on the capsular polysaccharide and biofilm
formation. (A) Capsule-stained X. citri subsp. citri strains observed
with a light microscope (magnification, X1,000). (B) Biofilm formation
by X. citri subsp. citri strains as determined using crystal violet staining.
Wt, X. citri subsp. citri wild-type strain 306; D12, ga/U mutant; CD,
strain D12 complemented with pCGU2.1; D12/pUFRO053, D12 com-
plemented with empty vector pUFRO053 without the galU gene.

ing the entire gal/U gene restored the pathogenicity of the
D12 and F6 mutants to the wild-type level and resulted in
symptoms similar to those caused by the wild type on grape-
fruit (Fig. 3A). The empty vector pUFR053 without the galU
gene did not complement the pathogenicity of either F6 and

AIIlI
a b C d

B

Log CFU/cm?

Days post inoculation

10

MUTATION OF galU GENE OF X. CITRI SUBSP. CITRI 2239

D12, and no symptoms were observed with the two mutants
on grapefruit leaves (Fig. 3A).

Effects of mutation of the galU gene on expression of key
virulence genes. Loss of pathogenicity could result from down-
regulation of key virulence genes. In order to test whether
mutation of the galU gene affected the expression of key viru-
lence genes, QRT-PCR assays were conducted. XVM2 me-
dium has been reported to mimic the environment of plant
intercellular spaces, and most virulence factors of Xanthomo-
nas spp. can be induced in this medium (2, 52). Therefore, we
grew D12 and the wild-type strain in XVM2 medium, removed
samples at the exponential phase, and compared the levels of
transcription of 15 genes using QRT-PCR. The 15 target genes
included genes encoding enzymes involved in EPS and CPS
biosynthesis and virulence factors, such as the type III secre-
tion system (TTSS), effector proteins, and cell wall-degrading
enzymes (CWDEs).

For QRT-PCR, the AC, and AAC; values are appropriate
subjects for statistical analysis (53). A ¢ test was performed for
the AC values of the D12 and wild-type strains, and the AAC,.
values of target genes for D12 were obtained using the wild
type as a calibrator. Table 4 shows that five genes, including
three CWDE genes (X4C0160, celD, and pglA), a CPS biosyn-
thesis gene (kpsF), and a TTSS effector gene (pthA), were not
expressed differently in the D12 and wild-type strains when
they were grown in XVM2 medium. However, the expression
of seven genes was significantly upregulated in D12 compared
to the wild-type strain; these genes were two avirulence genes

log CFU/cm?
[} - N W ok N O @

4 6 10

Days postinoculation

FIG. 3. Pathogenicity assays and growth of X. citri subsp. citri strains in planta. All strains were infiltrated into leaves with needleless syringes.
(A) Host responses of cv. Duncan grapefruit inoculated with X. citri subsp. citri wild-type strain 306 (a), galU mutant D12 (b), CD (complemented
mutant D12) (c), galU mutant F6 (d), CF (complemented mutant F6) (e), D12 with empty vector pUFR053 without the galU gene (f), F6 with
pUFRO053 without the galU gene (g), and water control (h). (B) Growth of X. citri subsp. citri wild-type strain 306, ga/U mutant D12, CD
(complemented mutant D12), and D12 with empty vector pUFR053 in grapefruit leaves. (C) Growth of coinoculated X. citri subsp. citri wild-type
strain 306 and ga/U mutant D12 in grapefruit leaves. [], wild-type strain 306; W, D12; O, CD (complemented mutant D12); @, D12 with pUFR053.
The in planta growth assays were repeated three times independently with four replicates each time, but the results of only one experiment are

shown. The error bars indicate the standard errors of the means.



2240 GUO ET AL.

APPL. ENVIRON. MICROBIOL.

TABLE 4. Comparison of expression of key virulence genes in the wild type and the ga/U mutant grown in XVM2 medium using QRT-PCR

Gene Mean AAC;* SD 95% Confidence interval P Change (fold)”
hipG —1.6804 0.5275 —2.3590, —1.0018 0.0003¢ 3.2052
hipX —2.1666 0.5206 —2.8363, —1.4968 <0.0001¢ 4.4896
hrcV —2.0417 0.4961 —2.6799, —1.4035 <0.0001¢ 4.1173
pthA —0.2077 0.3894 —0.7086, 0.2933 0.3774 1.1548
avrBs2 —2.1722 0.6046 —2.9499, —1.3944 <0.0001¢ 4.5071
avrXacEl —2.4682 1.0118 —3.7699, —1.1665 0.0018¢ 5.5335
XAC0028 2.2138 0.7257 1.2802, 3.1474 0.0004¢ 0.2156
XACO0160 0.5413 1.3596 —1.2078, 1.2903 0.5062 0.6872
XAC0165 1.2379 0.3362 0.8054, 1.6705 <0.0001¢ 0.4240
peh-1 —2.8464 0.9095 —4.0164, —1.6764 0.0003¢ 7.1920
celD 0.4748 1.0723 —0.9047, 1.8542 0.4609 0.7196
pelA —0.5460 0.8444 —1.6322, 0.5402 0.2889 1.4600
pelB 1.2397 0.2500 0.9182, 1.5613 <0.0001¢ 0.4235
gumB —0.9043 0.5975 —1.6730, —0.1356 0.0255¢ 1.8716
kpsF —0.3704 0.9612 —1.6069, 0.8661 0.5196 1.2927

“The mean AAC; was determined using six biological replicates.
® The change in expression in D12 was calculated using 27447,
¢ Values are significantly different when P is <0.05.

(avrXacEland avrBs2), one TTSS component gene (hrcV), two
TTSS regulator genes (hrpG and hrpX), one CWDE gene (peh-
1), and one EPS synthesis gene (gumB). Three genes encoding
CWDEs (XAC0028, pelB, and XAC0165) were significantly
downregulated at the transcription level in D12 compared to
the wild-type strain.

In planta growth of the galU mutant. Since mutation of the
galU gene did not impair most key virulence genes of X. citri
subsp. citri, the loss of pathogenicity of the galU mutant was
hypothesized to be due to the lack of growth in planta. To test
this hypothesis, the wild-type and D12 mutant strains were
tested to determine their growth in grapefruit leaves. Although
there were no differences between the wild type and the galU
mutants in the ability to grow in NB (data not shown), the
growth of galU mutant D12 was significantly reduced in planta
compared to the growth of the wild-type strain. The concen-
tration of the wild-type strain in planta was 4 X 10® CFU/cm?
at 10 DPI, compared to 6 X 10> CFU/cm? for galU mutant D12
(Fig. 3B). Strain D12 with complementation plasmid pCGU2.1
containing the entire galU gene grew to the same concentration
as the wild type in planta (Fig. 3B). Addition of he empty
vector pUFRO053 without the gal/U gene did not restore the
growth of D12 in planta.

To determine whether the X. citri subsp. citri wild-type strain
affected the growth of the ga/U mutant in planta, the wild-type
and D12 strains were coinoculated into grapefruit leaves as
described above. Coinoculation of the wild-type strain and the
D12 strain did not affect the growth of D12 in planta compared
to the growth of D12 alone (Fig. 3C).

DISCUSSION

Multiple genes, including galETKM, galU, and galR, are in-
volved in formation of the sugar nucleotide precursors UDP-
galactose and UDP-glucose for polysaccharide synthesis. The
galETKM genes normally form an operon, while the galU and
galR genes are not clustered in the genome (17). Knockout of
these genes affects the outer membrane properties of bacteria
and the virulence of Azospirullum brasilense (25), Klebsiella
pneumoniae (7), Streptococcus pneumoniae (32), and E. coli

O157:H7 (21) in hosts. In this study, a galU mutant of X. citri
subsp. citri was characterized to determine the effects of a
mutation on the synthesis of major polysaccharides, pathoge-
nicity, and growth in intercellular spaces. Apparently, the galU
gene in X. citri subsp. citri is involved in EPS and CPS produc-
tion. This is consistent with the critical role of the UTP-glu-
cose-1-phosphate uridylyltransferase, which is responsible for
synthesis of UDP-glucose from glucose 1-phosphate and UTP
and for galactose and glucose interconversion through the Leloir
pathway and plays a pivotal role in carbohydrate metabolism in
different organisms (16). The phenotype of the mutant apparently
resulted from mutation of the galU gene rather than from
malfunction of downstream genes. The galU gene is the last
gene of the operon containing X4AC2295 encoding one hypo-
thetical protein, X4C2294 encoding a lipopolysaccharide core
biosynthesis protein, X4C2293 encoding a dehydratase, and
galU (13). The intergenic distance between the galU gene and
the downstream gene kefB is 174 bp. The galU gene and the
downstream kefB gene were predicted to belong to different
operons based on operon prediction using SOFTBERRY
(Softberry, Inc.). Thus, transposon mutation of the galU gene
should not affect the function of the kefB gene (13). In addi-
tion, defects of the galU mutant in EPS production, the mucoid
phenotype, pathogenicity, and growth in planta were comple-
mented so that the levels were the same as the wild-type levels
when plasmid pCGU2.1 containing an intact galU gene was
used but not when the pUFRO053 vector without the gal/U gene
was used.

Mutation of the galU gene blocks EPS and CPS biosynthesis
in X. citri subsp. citri. Both EPS and CPS are important com-
ponents of the bacterial outer surface. Capsular polysaccha-
rides are linked to the cell surface, while EPS molecules appear
to be released onto the cell surface with no visible means of
attachment and form an amorphous layer on the outer surface
(39). The EPS produced by xanthomonads, xanthan, consists of
repeating pentasaccharide units with the structure mannose-
(B1,4)-glucuronic acid-(B-1,2)-mannose-(c-1,3)-cellobiose (24).
Three sugar nucleotides, UDP-glucose, UDP-glucuronic acid,
and GDP-mannose, are required precursors for EPS synthesis.
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UDP-glucose is the substrate for UDP-glucuronic acid synthe-
sis and also affects the intercellular concentration of UDP-
galactose (3). Mutation of the ga/U gene eliminated synthesis
of one of the major precursors, UDP-glucose, and may also
affect UDP-glucuronic acid for EPS synthesis in X. citri subsp.
citri. Therefore, EPS production is deficient in the ga/U mutant
of X. citri subsp. citri. Likewise, a deficiency of the major sugar
nucleotide precursor, UDP-glucose, and possibly UDP-galac-
tose and UDP-glucuronic acid in the galU mutant also ac-
counts for the defect in CPS synthesis in the galU mutant.
Previous studies also indicated that GalU is involved in EPS
and CPS synthesis (3, 29, 31, 32).

The lack of pathogenicity of the galU mutant results from its
inability to grow in planta rather than from an effect on the
virulence genes. In order to determine why the galU mutant
was not pathogenic, we first investigated the effect of the galU
gene on the expression of genes encoding EPS and CPS bio-
synthesis proteins and key virulence factors, such as the type
III secretion system (TTSS), effector proteins, and cell wall-
degrading enzymes (CWDE:s). The TTSS effector PthA is the
pathogenicity determinant of X. citri subsp. citri that is required
to cause canker symptoms on hosts (5). The level of expression
of the pthA gene was the same in the ga/U mutant as it was in
the wild-type strain. Overall, none of the virulence genes tested
in this study showed reduced expression in the gal/U mutant,
except for three CWDE genes whose involvement in X. citri
subsp. citri virulence is still not known. Growth assays indicated
that the ga/U mutant grew poorly in the intercellular environ-
ment (Fig. 3). This was probably due to a defect in synthesis of
EPS and CPS, which have been shown to act as a barrier under
stress conditions (39). Capsular polysaccharides have been re-
ported to be essential for growth of Erwinia amylovora in planta
(6). Capsule-like structures around X. citri subsp. citri were
observed in infected Mexican lime and Yuzu leaves by trans-
mission electron microscopy (30). Interestingly, coinoculation
of the wild-type strain and the D12 strain did not rescue the
growth of D12 in planta. E. amylovora exopolysaccharide amy-
lovoran mutants can be rescued by wild-type strains, which
presumably envelope the mutants in a biofilm (26, 27). Appar-
ently, the mechanism by which the growth of the ga/U mutant
was impaired in planta was different from the mechanism by
which the growth of the amylovoran mutants of E. amylovora
was impaired and remains to be explored.

Interestingly, GalU represents a potential target for screen-
ing antimicrobial compounds for control of citrus canker dis-
ease. Since GalU is required for X. citri subsp. citri growth in
planta, antimicrobial compounds that inhibit GalU activity
could potentially render X. citri subsp. citri virtually avirulent.
In addition, prokaryotic UTP-glucose-1-phosphate uridylyl-
transferases appear to be completely unrelated to their eukary-
otic counterparts and have totally different structures even
though they have almost identical catalytic properties (22).
This interesting finding suggests that putative antimicrobial
inhibitors of GalU might not be harmful for humans and the
citrus hosts.

In summary, our data provide insights into the roles of the
galU gene in EPS and CPS production, as well as biofilm
formation, in X. citri subsp. citri. Our results also suggest that
the galU gene plays a pivotal role in X. citri subsp. citri growth
in the intercellular spaces of citrus leaves.
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