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Xylan Utilization Regulon in Xanthomonas citri pv. citri Strain 306:
Gene Expression and Utilization of Oligoxylosides
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Xanthomonas citri pv. citri strain 306 (Xcc306), a causative agent of citrus canker, produces endoxylanases that catalyze the de-
polymerization of cell wall-associated xylans. In the sequenced genomes of all plant-pathogenic xanthomonads, genes encoding
xylanolytic enzymes are clustered in three adjacent operons. In Xcc306, these consecutive operons contain genes encoding the
glycoside hydrolase family 10 (GH10) endoxylanases Xyn10A and Xyn10C, the agu67 gene, encoding a GH67 a-glucuronidase
(Agu67), the xyn43E gene, encoding a putative GH43 a-L-arabinofuranosidase, and the xyn43F gene, encoding a putative [3-xylo-
sidase. Recombinant Xyn10A and Xyn10C convert polymeric 4-O-methylglucuronoxylan (MeGX,,) to oligoxylosides methylg-
lucuronoxylotriose (MeGX;), xylotriose (X;), and xylobiose (X,). Xcc306 completely utilizes MeGX,, predigested with Xyn10A or
Xyn10C but shows little utilization of MeGX,,. Xcc306 with a deletion in the gene encoding a-glucuronidase (Xcc306 Aagu67)
will not utilize MeGX; for growth, demonstrating the role of Agu67 in the complete utilization of GH10-digested MeGX,,. Prefer-
ential growth on oligoxylosides compared to growth on polymeric MeGX,, indicates that GH10 xylanases, either secreted by
Xcc306 in planta or produced by the plant host, generate oligoxylosides that are processed by Xyn10 xylanases and Agu67 resid-
ing in the periplasm. Coordinate induction by oligoxylosides of xyn10, agu67, cirA, the tonB receptor, and other genes within
these three operons indicates that they constitute a regulon that is responsive to the oligoxylosides generated by the action of
Xcc306 GH10 xylanases on MeGX,,. The combined expression of genes in this regulon may allow scavenging of oligoxylosides
derived from cell wall deconstruction, thereby contributing to the tissue colonization and/or survival of Xcc306 and, ultimately,

to plant disease.

Xylanolytic bacteria have been well studied with respect
to the enzymes that catalyze the depolymerization of
methylglucuronoxylans (MeGX,,) and methylglucuronoarabi-
noxylans (MeGAX,,), the predominant polysaccharides compris-
ing hemicellulose in dicots and monocots, respectively (1, 2). As
components of plant cell walls, these polysaccharides serve func-
tions important to plant growth. Characterization of the genes
and their encoded enzymes that contribute to both the depoly-
merization of MeGX,, and MeGAX,, and the utilization of the
products of depolymerization have led to definitions of systems
that function for both the extracellular depolymerization and the
assimilation of oligosaccharides, followed by the intracellular pro-
cessing of these oligosaccharides. Systems involving the depoly-
merization of xylans with a secreted glycoside hydrolase family 10
(GH10) endoxylanase, transporters for assimilation of oligoxylo-
sides, and intracellular glycohydrolases, including a GH67 a-gluc-
uronidase, are notably efficient in the utilization of MeGX,, and
MeGAX,, (3-6).

All plant-pathogenic Xanthomonas spp. for which genome se-
quence data are available contain genes orthologous to those com-
prising xylan utilization gene clusters encoding GH10 endoxyla-
nases and a single gene encoding a GH67 a-glucuronidase (7).
The arrangement and content of genes within these operons dif-
ferentiate these species into three groups. Members of the first
group include Xanthomonas citri pv. citri strain 306 (Xcc306),
Xanthomonas campestris pv. vesicatoria, and Xanthomonas per-
forans, in which all three endoxylanase genes (xynl0A, xynl0B,
and xyn10C) are present, along with genes further downstream of
this operon encoding an additional 10 proteins. Members of the
second group include X. campestris pv. campestris, Xanthomonas
vesicatoria, and Xanthomonas gardneri, in which two of the three
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endoxylanase genes are present (xynl0A and xynl0C) and in
which the downstream genes encoding additional proteins are
absent. A third group includes Xanthomonas oryzae pv. oryzae, in
which a different set of two endoxylanase genes are present
(xynl0A and xyn10B) and in which the beta-galactosidase and
gluconolactonase genes flanking xyn10C in other groups are in-
complete. However, the genetic organization of the a-glucuroni-
dase operon is conserved across these species, and of all other
phytopathogenic bacteria for which genome sequences are avail-
able, only these species have the combination of GH10 xylanases
and GH67 a-glucuronidases. The genomic organization of the
xylan utilization cluster for Xcc306 is shown in Fig. 1.

GHI10 endoxylanases of phytopathogenic species of Xanthomo-
nas have been implicated in cell wall deconstruction of plant hosts
and may contribute to plant disease (8, 9). The GH10/GH67 sys-
tem has been genetically defined in X. campestris pv. campestris
and shown to allow the depolymerization and efficient utilization
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Transcriptional directions of three adjacent operons

FIG 1 Cassette of operons with xylan deconstruction genes in Xcc306. The arrows identify sequences that are transcribed from a promoter to generate a

polycistronic message.

of oligosaccharides (8). The present study is concerned with the
role of endoxylanases and related enzymes collectively involved in
xylan utilization for the growth of Xcc306 and their potential con-
tribution to pathogenicity. Xcc306 shows a preferred utilization of
the products of MeGX,, depolymerization rather than of poly-
meric MeGX,, and the coinduction of expression of genes encod-
ing xylanases and neighboring genes by the products that support
the growth of Xcc306. With the predominant localization of the
xylanase activity in the periplasm, the extracellular processing of
xylan appears to be a limiting step for the growth of Xcc306.

MATERIALS AND METHODS

Growth studies of Xcc306. Growth studies of X. citri pv. citri strain 306
(Xcc306) were performed by inoculating equal cell numbers grown in
nutrient broth to exponential phase into the different media as specified
below. The cultures were incubated at 28°C with shaking at 200 rpm. Cell
growth over time was monitored by measuring optical density at 600 nm
(ODgq), and aliquots of culture were removed when necessary for further
analyses. From studies on the interaction of X. campestris pv. vesicatoria
with its host tomato plant, two similar apoplast-mimicking media, XVM1
and XVM2 (10), which variably induce hrp gene expression, were consti-
tuted. XVM2, is a modified recipe of the XVM2 minimal medium and
does not contain the carbohydrate carbon sources sucrose and fructose
[20 mM NaCl, 10 mM (NH,),SO,, 1 mM CaCl,, 0.01 mM FeSO,, 5 mM
MgSO,, 0.16 mM KH,PO,, 0.32 mM K,HPO,, 0.03% Casamino Acids,
pH 6.7]. Thin-layer chromatography (TLC) to detect substrate processing
was performed as previously described (3).

Bacterial strains. Cultures of Xcc306, also known as Xanthomonas
axonopodis pv. citri strain 306, were routinely maintained on nutrient
broth agar plates as previously described (11). Construction of Xcc306
Aagu67 by mutagenesis was performed by double displacement of a
portion of the agu67 gene (XAC4227) as previously described (12). A
2,469-bp PCR product encompassing the agu67 gene, obtained by using
primers 4227F (5'-CTCTTCAAATGCGTGCAAAAGCTGC) and 4227R
(5"-GTCCTGAAAAATGGGATGCAGTAGC), was cloned into the vector
pGEM-T Easy. The internal BamHI fragment of 1,092 bases in the agu67
coding sequence, which includes the bases encoding the catalytic residues
D395 and E423, was deleted from the cloned gene. The partially deleted
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agu67 gene was then cloned into the suicide vector pOK1 and was trans-
formed into Xcc306 to eventually obtain the mutant strain Xcc306 Aagu67.
DNA sequencing of an amplicon generated by PCR confirmed the partial
deletion of the agu67 gene.

Enzyme assays. Xylanase activities with MeGX,, as the substrate were
determined with the Nelson reducing sugar assay to measure glycosidic
bond cleavage (13). Time course assays (30 min) were performed to iden-
tify velocities representing initial velocities that could be used for estima-
tion of kinetic parameters. The relationship between enzyme concentra-
tion and activity was determined to quantify a condition for the
estimation of maximum velocity and k.. Xylanase was also assayed by the
conversion of the fluorogenic substrate 6,8-difluoro-4-methylumbel-
liferyl B-p-xylobioside (DIFMUX,) to 6,8-difluoro-4-methylumbellifer-
one (DIFMU) (14, 15) using an EnzChek Ultra xylanase assay kit (catalog
no. E33650; Molecular Probes, Life Technologies, Grand Island, NY). One
hundred-microliter reaction mixtures containing 50 pg/ml substrate and
various amounts of test cell fractions in 50 mM sodium acetate, pH 6.0,
were performed in 96-well plates. Reaction mixtures were incubated at
room temperature for up to 2 h, and readings were taken at an excitation
of 360 nm and an emission of 460 nm with a fluorescence plate reader
(Synergy HT reader; Bio-Tek, Winooski, VT).

Alkaline phosphatase assays, performed according to the protocol of
Bessey et al. (16), were carried out in 96-well plates with a final reaction
volume of 250 pl. Ten microliters of Xcc306 cell fractions, obtained from
exponential culture assayed for xylanase as described below, were added
to 190 p.l of substrate buffer containing 10 mM p-nitrophenylphosphate,
2.5 mM glycine, 0.05 mM MgCl,, 10 mM KH,PO,-K,HPO,, adjusted to
pH 10.5 with 1 N NaOH. Reaction mixtures were incubated for 30 min at
37°C and terminated by adding 50 pl of 0.085 N NaOH, and the amount
of p-nitrophenol released was measured at 405 nm. Standard curves of
p-nitrophenol (1 to 10 nmol) in substrate buffer were constructed to
quantify p-nitrophenol release from the enzyme reactions. Specific activ-
ity was expressed as nmol p-nitrophenol released per min per OD, of
culture.

Determination of xylanase activities in cell fractions. Twenty-five-
milliliter samples of Xcc306 cultures at late log phase were harvested.
Cultures were subjected to centrifugation at 13,000 X g for 10 min at 4°C.
The supernatant (culture medium), to which was added 100 pl proteinase
inhibitor (Halt protease inhibitor; Thermo Scientific, Rockford, IL), was
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TABLE 1 Primers used in this study

Xylan Utilization Regulon in Xanthomonas citri

Gene locus Gene name Protein name (function) Primer name (nucleotide sequence)
XAC0004 grB GyrB (DNA gyrase subunit B) F1472 (ACGAGTACAACCCGGACAAG)
R1585 (GCATCTGCCGGTAGAAGAAG)
XAC3649 atpD ATP-D (ATP synthase, beta subunit) F464 (CCGTCAACATGATGGAACTG)
R600 (CTTGTCCAGGACGTTGGAGT)
XAC4225 xylA XylA (xylose isomerase) F367 (TACGAGAGCAACCTCAAGCA)
R490 (TCGAGGCACCATTCATGTAG)
XAC4226 salR SalR (sal operon transcriptional repressor) F546 (AGCCAAAGAGATCACCGAACQC)
R730 (GGCCGGATTTGTAGGTGTAA)
XAC4227 agu67 Agu67 (a-glucuronidase GH67) F444 (CAGCGATATCGGGGTGTTAT)
R600 (ATAGCCACGTTCCACCAGAC)
XAC4230 xyn43E Xyn43E (arabinofuranosidase GH43) F1050 (ACAGCCGATTCCTTACATCG)
R1154 (GTGTGATCGAAATCGTCGTG)
XAC4237 tetR TetR (transcriptional regulator) F89 (CGACCGAGACCTACGAACAT)
R244 (CGGACAACAGCGCATATTTA)
XAC4249 xynl0C Xyn10C (endoxylanase GH10) F328 (ACACCGGAGTGGTTCTTCAC)
R494 (GAACGGTAACTGCCGTCTTC)
XAC4252 xynlOB Xyn10B (endoxylanase GH10) F40 (GAAACTCCGTTATCCGCTCA)
R158 (CTTGCCGTGGGCTGTAGG)
XAC4254 xynl0A Xynl0A (endoxylanase GH10) F134 (TTGCGCAGTACTGGAACAAG)
R284 (ACCATGACATGCATCTGGAA)
XAC4255 exuT ExuT (exuronate transporter) F794 (CCGCAGAACTGGCGTATATC)
R946 (GCAGCCAGAACAGGAAGAACQC)
XAC4256 cirA TBDR (tonB-dependent receptor) F122 (ACCGACGTAGCATCCAGTTC)
R222 (ATTCATGTCCGGAAACTTGC)
XAC4258 xyn43F Xyn43F (B-xylosidase GH43) F803 (CCTACGGCCCGTTTACCTAT)

R921 (GAGCACGCTGTCGTGATAGA)

concentrated to 2 ml or less by filtration through regenerated cellulose
membranes with a 3-kDa cutoff (Amicon Ultra filters; Millipore, Billerica,
MA). The cell pellets were washed twice with 10 ml 50 mM sodium ace-
tate, pH 6.5, and resuspended in 2 ml of the acetate buffer. The resus-
pended cells were disrupted by two passages through a French pressure
cell at 16,000 Ib/in®. Cell membranes were pelleted at 13,000 X g for 40
min at 4°C, and supernatants, designated cell fractions, were tested for
xylanase activity.

Determination of xylanase activities in subcellular fractions. Five-
milliliter cultures of Xcc306 were grown to late log phase in XVM2,_, with
additional carbohydrates as specified in the figure legends. Cell fraction-
ation was performed according to the method of Hu et al. (17). Cultures
were subjected to centrifugation at 5,000 X g for 10 min and cells har-
vested. The supernatants were collected as the extracellular fractions. The
cell pellets were rinsed with 10 mM MgCl, and resuspended in 30 mM
Tris-HCI, pH 8.0, 1.0 mM EDTA, 20% (vol/vol) sucrose, 200 pg/ml
lysozyme and incubated for 2 h on ice to lyse the outer membrane.
These cell mixtures were subjected to centrifugation at 21,000 X g for
10 min to obtain the periplasmic fractions in the supernatants and the
spheroplasts in the pellets. The pellets were resuspended in 0.25 ml 10
mM Tris-HCI, pH 8.0, passed 50 times through a syringe fitted to a
23-gauge needle, and centrifuged at 21,000 X g for 15 min, and the
supernatants were collected as the cytoplasmic fractions. All fractions
were passed through a 10-kDa cutoff filter (Micron Ultracel YM-10;
Millipore) to remove residual cell debris. Fractions were concentrated
to equal volumes for xylanase assays.

RNA isolation. Bacteria grown in nutrient broth (NB) to an OD, of
0.3 with shaking at 200 rpm were inoculated into different mediaata 1:15
ratio to a starting ODy,, of 0.02. The bacterial cultures were incubated
with shaking at 200 rpm to exponential phase, and 10 ml of each culture
was collected. The bacterial samples were treated with RNAprotect re-
agent (Qiagen, Germantown, MD) prior to RNA extraction. Cultures
were subjected to centrifugation, and cell pellets were treated with ly-
sozyme (200 wl, 15 mg/ml) and proteinase K (10 p.l, 20 mg/ml) for 10 min.
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RNA extractions were performed using the RNeasy minikit (Qiagen).
Genomic DNA was removed from RNA samples by treatment with a
Turbo DNA-free kit (Ambion, Life Technologies).

qRT-PCR. Genes from the xylan utilization cassette were chosen for
expression studies with the gyrB and atpD genes, which were also tested to
serve as control genes for expression outside the cassette. The primers
detailed in Table 1 were designed using Primer3 software (18) and the
nucleotide sequence of the Xcc306 genome. A one-step quantitative re-
verse transcription-PCR (qRT-PCR) was performed with a Bio-Rad
CFX96 system (Bio-Rad, Hercules, CA) using an iScript one-step RT-PCR
kit with SYBR green (Bio-Rad). The total volume of the one-step qRT-
PCR mixture was 20 pl and contained 2X SYBR green RT-PCR mix (10
wl), 10 uM gene-specific primers (0.6 pl), iScript reverse transcriptase
(0.4 wl), and 200 ng of the RNA template. The reaction mixtures were
incubated at 50°C for 10 min and at 95°C for 5 min and then subjected to
40 cycles of 95°C for 10 s and 60°C for 30 s. Melting curve analyses were
performed to verify the specificity and identities of the PCR products.
Duplicate reactions were performed in each study.

Real-time quantitative-PCR data were analyzed by using the absolute
quantification method as described in the real-time PCR application
guide of Bio-Rad Laboratories, Inc. (19). Briefly, a known amount of
Xce306 genomic DNA was amplified by PCR using primers designed to
amplify a segment of 200 to 250 bp of the genes of interest. Tenfold dilu-
tions ranging from 10* to 107 genomic molecules were added as the tem-
plate to the reaction mixtures, and the threshold cycle (C;) values of the
detection of products were plotted against the logarithmic values of
the initial number of copies of template added. Amplification efficiency
(E) was calculated from the slope of the curve using the formulae E =
107 11°Pe and % E = (E—1) X 100%. Several sets of primer pairs for each
gene under study were designed and evaluated until 90 to 105% efficiency
was achieved. A standard curve of 90 to 100% efficiency was thus gener-
ated for each optimal primer pair for each gene. The equation of linear
regression, y = mx + b, where y is the Cvalue, m is the slope of the graph,
x is the logarithmic value of the number of molecules of RNA, and b is the
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FIG 2 Growth of Xcc306 in sweetgum xylan with and without sucrose-fructose (S/F). Equal aliquots of an Xcc306 culture were inoculated into 6 culture tubes,
(each) containing 4 ml of medium. All 6 cultures contained XVM2,, with or without carbohydrates. [J, 2.5 mM (each) sucrose and fructose; W, 2.5 mM (each)

sucrose and fructose and 0.25% sweetgum MeGX,, (XN); A, 0.5 mM (each) sucrose and fructose and 0.25% sweetgum MeGX,

<&, 0.5 mM (each) sucrose and

n

fructose; *, 0.25% sweetgum MeGX,,. Cultures were incubated at 28°C with shaking at 200 rpm.

yintercept, was used to calculate the number of molecules of RNA present
in the sample.

RESULTS

Growth of Xcc306 in sweetgum xylan with and without sucrose-
fructose. Bioinformatic studies of the sequenced genome of
Xce306 identified the presence of xylan utilization genes in Xcc306
and led us to investigate the growth characteristics of Xcc306 in
sweetgum xylan. Purified methylglucuronoxylan (MeGX,,) from
sweetgum wood was selected as a source of xylan, as it has been
well defined in previous studies to be comprised almost exclu-
sively of B-1,4-linked xylose residues variably modified with 4-O-
methylglucuronate residues via a-1,2 linkages at a ratio of meth-
ylglucuronate to xylose of 1:6 to 1:7, with an estimated degree of
polymerization of approximately 250 (3, 20). Acetyl groups were
removed by KOH treatment during the preparation of MeGX,,.
XVM2 medium was chosen because it was previously constituted
for the investigation of hrp gene expression; however, in this
study, the sucrose and fructose contents were reduced from 10
mM to 2.5 mM and 0.5 mM to discern growth attributed to xylan
utilization. Figure 2 shows representative results from several ex-
periments. When xylan polymer, MeGX,, is the sole carbon
source, Xcc306 grows poorly, attaining an ODg, of 0.20 at 31 h
(Fig. 2). Several hours of lag time preceded exponential growth in
xylan compared with the time to exponential growth in media
which included sucrose and fructose. However, while the contri-
bution to growth of MeGX,, as the sole carbon source was not
discernible in media with 2.5 mM sucrose and 2.5 mM fructose
(Fig. 2, M and [ traces), an increase in growth of 0.1 ODy, unit
(Fig. 2, an ODgy, 0f 0.38 at 31 h [A] minus an ODg, of 0.28 at 27
h [A]) was obtained in media with 0.5 mM sucrose and fructose.

Intracellular localization of xylanase activity. To find the cel-
lular locations of these enzymes, cells were grown in media with
and without xylan and tested for xylanase activity in the media and
in crude cell fractions. The results are shown in Table 2. Media
were concentrated to equal the volume of resuspended cell frac-
tions, and these preparations were tested for xylanase activity in
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fluorescence-based assays monitored for 2 h. Xylanase activities
between 0.12 and 0.17 U/mg were found exclusively in the cell
fractions (Table 2) and not in any of the three concentrated cul-
ture media, in all of which the xylanase activities were less than
10~* U/mg. Specific activity (U/mg) is defined as the number of
micromoles of product per minute per milligram of protein for
cytoplasmic preparations or purified cloned enzyme. By the fluo-
rescent assay, cloned Xyn10A activity is 19.7 U/mg and Xyn10C
activity is 1.3 U/mg. The specific activities of the purified cloned
enzymes XynA2 from Paenibacillus sp. strain JDR2 and Xyn10A
and Xyn10C from Xcc306 are also included in Table 2 for compar-
ison.

To further investigate the subcellular localization of xylanase
activities, Xcc306 cells were fractionated into periplasmic and cy-
toplasmic fractions. The results, shown in Fig. 3, indicate that the
majority of activities are located in the periplasmic fractions. To
verify the cell fractionation procedure, activities of a periplasmic
enzyme, alkaline phosphatase (21), were also determined. At-
tempts to detect xylanase activities secreted by Xcc306 colonies
grown on agar plates with xylan were not successful. Plates con-
taining 0.5% oat spelt xylan in XVM2,, overlaid with 500 .l of 50

TABLE 2 Xylanase activities in cell fractions and recombinant
xylanases”

CF or rXyn Medium composition or rXyn source(s) Sp act?
CF1 2.5mM each Sand F 0.126
CF2 0.5 mM each S and F, 0.2% sweetgum xylan 0.174
CF3 0.2% sweetgum xylan 0.150
Xynl0A Xcc306 19.7
Xynl10C Xce306 1.3
XynA2 Paenibacillus sp. JDR2 21.6

@ Cell cytoplasmic fractions (CF) were prepared from cultures of Xcc306 grown on
XVM2,, containing the indicated carbohydrate source(s) (S, sucrose; F, fructose). Pure
recombinant xylanases (rXyn) were produced in Escherichia coli from the xynI0A and
xyn10C genes from Xcc306 or the xynA2 gene from Paenibacillus sp. JDR2.

¥ Specific activities are given as units (wmol product/min) per mg protein as
determined by formation of the fluorescent product DiFMU.
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FIG 3 Xylanase activities in subcellular fractions. Xylanase activities were
measured by the fluorescent assay using DiIFMUX, as the substrate (A), and
alkaline phosphatase activities were measured with p-nitrophenyl phosphate
(B) as described in Materials and Methods. The culture media were 0.2%
sweetgum xylan in XVM2_ (xn), 2.5 mM sucrose in XVM2,, (suc), 0.2%
sweetgum xylan and 2.5 mM sucrose in XVM2, | (xn+suc), and XVM2, . The
subculture fractions were the extracellular fraction (EF), periplasmic fraction
(PF), and cytoplasmic fraction (CF). Since lysozyme was added to prepare the
periplasmic fractions, enzymatic activity units are expressed as per ODg, of
cell cultures instead of per protein concentration. Error bars represent error
values from duplicate cultures.

mM each sucrose and fructose did not elicit, after 4 days, any halo
formation surrounding these colonies as a measure of xylan hy-
drolysis and xylanase activities, in contrast to the distinct and
plentiful halo formation by the control bacterium Paenibacillus
sp. JDR2 (data not shown).

Growth promotion by oligoxylosides derived from xylan. To
determine the role of GH10 xylanases and GH67 a-glucuronidase
in Xcc306 growth, substrate utilization and growth characteristics
were determined for both wild-type Xcc306 and the mutant strain
of Xcc306 in which the a-glucuronidase gene is deleted (Fig. 4).
XynA2 is a GH10 -1,4 endoxylanase cloned from Paenibacillus
sp. JDR2 that has been well defined with respect to activity
and product formation (15). In media with xylan, both Xcc306 and
Xce306 Aagu67 showed moderate growth, to ODgos of 0.15 and
0.11, respectively, utilizing the small amount of the oligoxylosides
presumably generated by secreted xylanase (Fig. 4B and C). In
media containing XynA2-hydrolyzed sweetgum xylan, Xcc306
and Xcc306 Aagu67 grew well, reaching ODg s of 0.40 and 0.30,
respectively (Fig. 4B and C), with further growth probably limited
by the complete utilization of the oligoxylosides in the media.
MeGX,, (0.2%) supported exponential growth for 14 to 16 h, while
XynA2-hydrolyzed MeGX,, hydrolyzed by GH10 XynA2 sustained
growth to 23 to 29 h. Each of the three major sources of oligoxy-
losides produced by hydrolysis of xylan, methylglucuronoxylotri-
ose (MeGXs;), xylobiose (X,), and xylose (X ), was consumed over
the 46 h of growth (Fig. 4B and C), while the majority of the
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nonhydrolyzed polymeric MeGX,, initially present in the media
was not utilized.

In media containing MeGXs, Xcc306 consumed this tetrasac-
charide and grew well, but Xcc306 Aagu67 did not utilize MeGX,
for growth (Fig. 4A). When Xcc306 metabolized MeGXj, neither
xylotriose (X;) nor X, was detected in the media (Fig. 4B), indi-
cating that MeGX; was imported into the periplasm intact and
hydrolyzed there or intracellularly. During growth of both the
wild type and the Aagu67 mutant of Xcc306, free X, began to
appear at late log phase of growth and was very slowly although
completely consumed (Fig. 4B and C). Other experiments on the
growth of Xcc306 in X, alone also showed much slower substrate
consumption and cell growth than when it was grown in MeGX;
(data not shown). Xcc306 Aagu67 containing a plasmid with the
complete agu67 gene restored the growth pattern for Xcc306 (Fig.
4A; unpublished data).

To determine whether Xyn10A or Xynl10C-hydrolyzed xylan
would also support Xcc306 growth, sweetgum xylan was digested
by purified Xynl10A or Xynl0C and added to XVM2,. Either
Xcc306 or Xce306 Aagu67 was inoculated into these media. Both of
these strains grew well, with similar growth characteristics in
XynA2-hydrolyzed xylan, as shown in Fig. 4. All of the oligoxylo-
side products generated by either XynA2, Xynl0A, or Xynl0C
hydrolysis were consumed by Xcc306, indicating that the assimi-
lation and metabolism of the products of the xylanases were not
rate-limiting steps (results not shown).

Coinduction and expression of xylan utilization genes. Real-
time RT-PCR was performed to determine the influence on the
expression of genes in the cassette illustrated in Fig. 1 by growth in
MeGX,, and oligoxylosides isolated from hydrolyzed MeGX,,. As
shown in Fig. 5, expression of genes in the three opposing operons
was induced by growth in sweetgum MeGX,,, oligoxylosides from
Xyn10A-hydrolyzed MeGX,, or oligoxylosides from Xyn10C-hy-
drolyzed MeGX,, (Fig. 5A). Genes encoding glycoside hydrolase
enzymes located in the upstream operon, agu67 and xyn43E, and
those located in the downstream operon, xynl0A, xynl10B, and
xynl0C, were induced 1- to 4-fold when Xcc306 was grown in
MeGX,, and 24- to 366-fold when Xcc306 was grown in Xynl10A
hydrolysates or Xyn10C hydrolysates (Fig. 5B). Gene xyn43F, en-
coding a 3-xylosidase utilized in xylan depolymerization and po-
sitioned peripheral to these two operons, was induced 14- or 31-
fold by a Xyn10A- or Xyn10C-derived hydrolysate, respectively,
although there was a one-third reduction when the strain was
grown in MeGX,,. Gene cirA, which encodes the TonB-dependent
receptor, was induced 2-fold by MeGX,, and 64- to 73-fold by the
hydrolysates. Expression induction of the collection of genes
probed within each operon decreases in the direction of transcrip-
tion in the three operons that were analyzed, consistent with the
effect of polarity in the transcription process (Fig. 5B). The genes
gyrB and atpD, located outside the cassette and with functions
unrelated to xylan utilization, are not induced (results not shown)
by either xylan or its hydrolysates. The consensus of this and re-
peated experiments is that genes in this cassette are induced when
Xcc306 is grown in media supplemented with xylan or oligoxylo-
sides isolated from hydrolyzed xylan. The induction of expression
is many times greater by oligoxylosides derived from xylan than by
the xylan polymer; the extents of induction by oligoxylosides from
Xynl0A hydrolysis and by Xyn10C hydrolysis of MeGX,, are sim-
ilar, and these responses are synchronous among the genes of the
cassettes investigated.
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DISCUSSION

A model for the depolymerization and uptake of xylan is pre-
sented (Fig. 6). When Xcc306 grows in the presence of xylan, it
depolymerizes small amounts of xylan polymer to produce oligo-
saccharides for limited growth. Supplementing the amounts of
oligoxylosides in the medium by supplying breakdown products
of xylan by GH10 endoxylanases allows robust growth of Xcc306.
MeGX;, a breakdown product, is transported, possibly via the
TonB-dependent receptor, to the periplasm, where the 4-O-meth-
ylglucuronyl group is released from the nonreducing terminal xy-
lose by a membrane-bound GH67 a-glucuronidase enzyme lo-
cated in the periplasm. Previous studies of Cellvibrio japonicus
(Pseudomonas cellulosa) identified this enzyme to be associated
with cellular membranes (22), and bacterial GH67 a-glucuroni-
dases are commonly found as membrane-associated enzymes. In
the periplasm, the released xylotriose products are processed by
the endoxylanases Xyn10 to xylobiose. Conversion of xylotriose
may also occur via the removal of the xylose residue from the
nonreducing end by GH43 3-xylosidases, such as the protein
product of the gene at locus XAC4183, as annotated by Integrated
Microbial Genomes (IMG). Xylobiose and possibly xylotriose
may be imported into the cytoplasm for further processing and
metabolism. The transporter molecules involved in this traffick-
ing have not been identified, and their hypothetical specificities
and locations are included in the model.

We note that both xylanases Xyn10A and Xyn10C have a signal
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peptide which would translocate them to the periplasm during
synthesis. However, we do not rule out the possibility that these
enzymes are secreted to the extracellular space when Xcc306 grows
on citrus tissues, perhaps in response to a plant signal (23). Two
sources of the oligoxylosides for Xcc306 growth can be considered:
one is xylan depolymerization by secreted Xcc306 xylanases, and
the other is depolymerization by the host plant’s xylanases.

In the first instance, we observe from our experimental results
that Xcc306 xylanases are not found in significant levels in the
medium (Fig. 3) and are therefore unavailable to depolymerize
extracellular xylan. However, growth of Xcc306 in planta may pro-
vide secretion signals for these xylanases. This study shows induc-
tion of expression of genes encoding glycoside hydrolases, the
transporter, and TonB-dependent receptor proteins by xylan and
xylan hydrolysates. Dejean et al. (8) reported similar expression
induction by xylo-oligosaccharide substrates in their investigation
of the homologous genes in X. campestris pv. campestris. In the
present study, when Xcc306 was grown in oligosaccharides de-
rived from Xyn10A hydrolysate of xylan, increases in the expres-
sion of the xyn10A, xyn10B, xyn10C, and agu67 genes relative to
their expression in XVM2, media were 175-, 101-, 42-, and 242-
fold, respectively, and the increase in the expression of the cirA
gene was 73-fold (Fig. 5). When X. campestris pv. campestris was
grown in xylotriose, the genes xynl0A, xyn10C, and agu67 were
induced 5-, 15-, and 25-fold, respectively, relative to their expres-
sion when the organism was grown in minimal media, while the
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TonB-dependent receptor-encoding gene xytB was induced 152-
fold (8). However, the results of Dejean et al. (8) indicated an
extracellular localization of endoxylanases, while the results of this
study indicate their periplasmic localization in Xcc306.

The differing conclusions of xylanase localization may be par-
tially due to the different culture conditions, the enzyme assays
used to detect activity, the variable specific activities, and the rep-
ertoire of xylanase-encoding genes of the Xanthomonas species
under study. Sun et al. (9) and Szczesny et al. (24) investigated the
secretion of endoxylanases by the T2SS system and the role of
endoxylanases in virulence in Xanthomonas oryzae pv. oryzae
PX099 and Xanthomonas campestris pv. vesicatoria 85-10, respec-
tively. Sun et al. (9) described xylanase activity in both the extra-
cellular and periplasmic spaces of Xanthomonas oryzae pv. oryzae.
Szczesny et al. (24) found the X. campestris pv. vesicatoria AxynC
mutant to induce less virulence in susceptible pepper plants.
However, XynC (locus tag XCV0965) is an endoxylanase in the
GH30 family and not in the GH10 family (XCV4355, XCV4358,
and XCV4360) in X. campestris pv. vesicatoria. It should be noted
that GH30 xylanases generate oligosaccharides that are not assim-
ilated and metabolized without the assistance of another xylanase
(1,25, 26). Xcc306 differs from X. campestris pv. campestris, Xan-
thomonas oryzae pv. oryzae, and X. campestris pv. vesicatoria in
that the corresponding gene in the Xcc306 genome that encodes
the endoxylanase GH30 (previously designated GH5) is truncated
(7) and therefore inactive. Since the xyn10B gene in Xcc306 does
not encode a functional enzyme, xylanase activities expressed by
Xcc306 are then solely due to the GH10 enzymes encoded by the
genes xynl0A and xynl0C in the above-described cassette. The
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xynB gene may not encode a functional enzyme, as the NCBI-
denoted translation start site results in a protein product without
a secretion peptide and thus the xylanase synthesized would be an
intracellular protein unable to act on xylan outside the cell or
oligoxylosides located in the periplasmic space of the cell (unpub-
lished). The recombinant forms of the Xyn10A and Xyn10C from
Xcc306 have been shown to generate MeGX;, X5, and X, from
MeGX,, from citrus leaves and sweetgum wood (unpublished) and
have recently been structurally defined (27). The coordinate ex-
pression of xyn10 genes with the agu67 gene ensures the assimila-
tion of the maximal amount of oligoxylosides for complete me-
tabolism of xylose derived from plant cell walls.

In considering the possible role of plant-derived endoxylanases
in the depolymerization process, genes encoding GH10 endoxyla-
nases are present in the Citrus sinensis genome (28; http://citrus
.hzau.edu.cn/orange/index.php). A search for endoxylanase-en-
coding genes in C. sinensis yielded 5 such loci: Cs8g04100.1,
Cs8g04110.1, Cs8g02850.1, Cs8g02860.1, and Cs3g16470.1. These
putative endoxylanases belong to the GH10 family, and all
contain the two requisite glutamate catalytic residues situated
107 to 109 amino acid residues apart (1). Transcriptome se-
quencing (RNA-seq) analysis (http://citrus.hzau.edu.cn/cgi
-bin/orange/gene/Cs8g04110.1) showed that genes encoding
four of these five endoxylanases (Cs8g02860.1 being the excep-
tion) are expressed abundantly in the leaves and fruit. Inspec-
tion of another recently sequenced Xanthomonas host, Solanum
Iycopersicum (http://mips.helmholtz-muenchen.de/plant/tomato
/searchjsp/index.jsp), also uncovered two genes that encode en-
doxylanases, also of the GH10 family. It had been noted that
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young citrus trees are more susceptible to Xcc306 infection (29—
31). It is possible that growth of young leaves involves the remod-
eling of xylan’s structure (32) by the expression of the host plant’s
endoxylanases and that this results in a pool of oligoxylosides for
uptake and growth of Xcc306.

Genes potentially encoding GH10 xylanases have been found
in all of the sequenced genomes of plants, although there are no
reports on the properties of plant GH10 xylanases. For GH10 en-
doxylanases from bacterial and fungal sources, the MeGX; gener-
ated from MeGX,, and MeGAX,, by a GH10 endoxylanase contains
a methylglucuronate that is a-1,2 linked to the nonreducing ter-
minal xylose, a requirement for processing by a GH67 a-gluc-
uronidase to release xylotriose. The combination of the GH10
endoxylanases and the GH67 a-glucuronidases is necessary for
the efficient depolymerization and catabolism of MeGX,, and
MeGAX,, (1, 4, 15, 33). The presence of xyn10 and agu67 genes in
Xcc306 and all other phytopathogenic xanthomonads supports a
role for complete processing and metabolism of MeGX,,, includ-
ing MeGXj, as well as X5 and X,,. There may be conditions under
which photosynthates are limiting and an efficient xylan utiliza-
tion system provides a survival advantage. It is noteworthy that
this system is not common to other phytopathogenic bacteria. The
absence of orthologs of agu67 genes in any of the plant genomes
supports a connection between cell wall reconstruction by plant
GH10 enzymes and the availability of a preferred substrate for the
proliferation of phytopathogenic xanthomonads.

A question arises when the robust growth of Xcc306 on oli-
goxylosides of depolymerized xylan is contrasted to Xcc306’s min-
imal growth on xylan polymer. What might be the host plant’s
stimuli that initiate Xcc306 endoxylanase secretion or the patho-
genic bacterial signals that promote plant endoxylanase produc-
tion? Either of these events would result in the accumulation of
oligoxyloside nutrients for Xcc306 and allow growth and coloni-
zation of the plant by the bacterial pathogen. Perhaps favorable
conditions gained cumulatively in the microenvironment of the
infected site may help Xcc306 establish an opportunistic and per-
sistent infection in the citrus host. There is a noted absence in the
sequenced genomes of any other phytopathogenic bacteria of
genes encoding either a GH10 endoxylanase or a GH67 a-gluc-
uronidase. The combination of these enzymes and the coregula-
tion of their synthesis in all phytopathogenic xanthomonads sug-
gest a unique role that contributes to their potential to cause plant
disease.
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