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Abstract In this study, the glucose 6-phosphate dehydro-
genase gene (X002314) was inactivated in order to modu-
late the intracellular glucose 6-phosphate, and its effects on
xanthan production in a wild-type strain of Xanthomonas
oryzae were evaluated. The intracellular glucose 6-phos-
phate was increased from 17.6 to 99.4 umol g~! (dry cell
weight) in the gene-disrupted mutant strain. The concomi-
tant increase in the glucose 6-phosphate was accompanied
by an increase in xanthan production of up to 2.23 g 17!
(culture medium). However, in defined medium supple-
mented with 0.4% glucose, the growth rate of the mutant
strain was reduced to 52.9% of the wild-type level. Subse-
quently, when a family B ATP-dependent phosphofructoki-
nase from Escherichia coli was overexpressed in the
mutant strain, the growth rate was increased to 142.9%,
whereas the yields of xanthan per mole of glucose remained
approximately the same.
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Introduction

Xanthomonas oryzae has been found to generate xanthan
[6], which is an exopolysaccharide (EPS) used as a viscosi-
fying, stabilizing, emulsifying, or gelling agent in various
commercial and industrial applications [15]. Xanthan can
be synthesized in the cell from sugar nucleotide precursors,
and xanthan biosynthesis involves the assembly of a penta-
saccharide repeating unit attached to an inner-membrane
polyprenol phosphate carrier via the sequential transfer of
monosaccharides from sugar nucleotides by glycosyltrans-
ferases, followed by the polymerization of the pentasaccha-
ride repeating units and export [5].

Although xanthan biosynthesis may involve a complex
network of reactions containing many possible bottlenecks,
relatively little is currently known about xanthan biosynthe-
sis in X. oryzae. Assuming that glucose 6-phosphate exists
at the branch point of different pathways for glucose metab-
olism, the intracellular availability of this sugar phosphate
might constitute a potential bottleneck in the process of
xanthan production. However, the maximal EPS production
is not limited by increasing the pool of glucose 6-phosphate
in Lactococcus lactis [1].

It was demonstrated previously that a number of Xantho-
monas species lack the phosphofructokinase (PFK) activity
required for functional glycolysis, and exhibit an insuffi-
cient capacity of the pentose phosphate pathway for
glucose catabolism [9, 17]. The results of our previous
study demonstrated that the intracellular availability of
glucose 6-phosphate can be increased by inactivating the
phosphogluconate dehydratase gene (edd) involved in the
Entner-Doudoroff pathway of the central carbon catabolism,
and can be a rate-limiting factor in xanthan production in
X. oryzae [7]. This finding indicated that the blockage of
the central carbon catabolism may induce flux rerouting

@ Springer



650

J Ind Microbiol Biotechnol (2012) 39:649-654

and trigger a compensatory mechanism toward reactions
supporting xanthan production, from which a new model of
xanthan production may be developed. However, it remains
unclear as to whether another mechanism responsible for
regulating the level of glucose 6-phosphate to allow the
shift between different carbon metabolisms exists; it is also
still unknown whether the increased expression of the gly-
colytic phosphofructokinase gene (pfkA) can alter the flux
toward xanthan biosynthesis in X. oryzae. In this study, we
further evaluated the function of the central carbon catabo-
lism via the inactivation of the glucose 6-phosphate dehy-
drogenase gene of the pentose phosphate pathway and the
expression of the pfkA gene of the glycolytic pathway in
xanthan biosynthesis in X. oryzae.

Materials and methods
Strains, plasmids, and growth conditions

The wild-type X. oryzae strain utilized in this study was
X. oryzae  KACC 10859. The wild-type and mutant
X. oryzae cells were grown in XOL medium as described
previously [16]. Growth was monitored via optical density
measurements at 600 nm (ODgy,).

The bacterial strains and plasmids constructed for this
study and the oligonucleotide sequences utilized herein are
provided in Table 1. Site-specific gene disruption was car-
ried out using the nonreplicable integration vector,
pK18mobsacB, which permits the marker-free disruption of
the target gene [12]. In order to construct the gene-dis-
rupted mutant strain, the pK18mobsacB integration vector
harboring the internally deleted XO0O2314 open reading
frame (ORF) was constructed (Table 1). This recombinant
plasmid was subsequently introduced into the wild-type
X. oryzae strain via electroporation, and the gene-disrupted
mutant strain was created via the method described previ-
ously by Yoon and Cho [16]. In order to construct strains
overexpressing the Escherichia coli pfkA gene, the pKEB27
shuttle vector [10] harboring the E. coli pfkA coding region
fused with a X. oryzae pfk promoter and terminator regions
was also constructed (Table 1). The nucleotide sequences
of the X. oryzae XO002314 ORF and the pfk gene have been
deposited in the GenBank database under the accession
number AE013598. The GenBank accession number of the
E. coli DNA sequence, pfkA, reported in this work is
AP009048.

Enzyme assay
Xanthomonas oryzae cells were grown in XOL medium,

harvested via centrifugation during the exponential phase,
and washed in 100 mM Tris/HCI buffer (pH 7.5). The cells
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were disrupted with glass beads, and the resulting homoge-
nate was centrifuged to obtain the crude cell-free extract.
All of these treatments were conducted at 4°C. All enzyme
assays were carried out at 25°C under the previously deter-
mined optimum conditions. The control contained the reac-
tion buffers, cofactors, and the substrates, but lacked the
crude cell-free extracts.

Phosphofructokinase was assayed in accordance with the
methods described by Storey [13] in a reaction coupled
with pyruvate kinase and lactate dehydrogenase, and mea-
sured as the change in absorbance at 340 nm due to NADH
oxidation. Glucose dehydrogenase (GDH) and glucose
6-phosphate dehydrogenase (G6PDH) activity in the crude
cell-free extracts were measured via spectrophotometric
determination of NADPH formation at 340 nm as previ-
ously described [4, 14]. Gluconate kinase (GntK) activity in
the crude cell-free extracts was measured via a coupled
enzymatic assay of 6-phosphogluconate dehydrogenase
(6PGD) as previously described [4]. One unit of enzyme
activity was defined as the amount of enzyme required to
produce 1 pmol of product per minute at 25°C.

Estimation of intracellular glucose 6-phosphate
concentration

The method employed for the extraction of intracellular
glucose 6-phosphate was based on the procedure of rapid
inactivation of metabolism described previously by Lebloas
et al. [8]. Five-milliliter culture samples were taken, frozen
immediately in liquid nitrogen, and stored at —80°C. A
known amount of cells was added to 2 ml of perchloric acid
(25%). After three freeze—thaw cycles, the cells were
removed via centrifugation. Subsequently, the extract was
incubated for 8 min at 50°C prior to neutralization to pH
7-8 by 15 M KOH, and then immediately utilized in a cou-
pled G6PDH assay to determine the intracellular glucose
6-phosphate concentrations after centrifugation. The absorp-
tion of NADPH was measured at 340 nm, and the increases
in absorbance observed for the sample and for the standard
were employed to calculate the concentrations of the
metabolite. The dry cell weight was estimated on the basis
of the correlation; 1 ODg,, = 0.3 g (dry cell weight) 17

RT-PCR analysis

For RT-PCR experiments, total RNA was extracted from
X. oryzae KACC 10859 late-exponentially grown in XOL
medium via the hot phenol method, and the extracted RNA
was treated with DNase I. The DNase I-treated RNA sam-
ples were purified with an RNeasy® column (Qiagen). Puri-
fied DNase I-treated RNA samples were subsequently
incubated for 30 min with RT primer and 200 units of
reverse transcriptase at 42°C. Reverse-transcribed RNA



J Ind Microbiol Biotechnol (2012) 39:649-654

651

Table 1 Bacterial strains, plasmids, and primers used in this study

Strain, plasmid,
or primer

Description or sequence (5'-3")*

Source, reference, or targetb

X. oryzae strains

KACC 10859 Wild-type
SJ3001 KACC 10859, XO02314A
Plasmids

pK18mobsacB Mobilizable vector, oriT sacB Km®

pKEB27 E. coli-X. oryzae shuttle vector, Km®

pSJ2004 pK18mobsacB derivative with 2,557-bp Xbal fragment of
X002314 containing internal in-frame deletion of HindIIl
fragment generated by PCR with primer pairs 2314F1-2314R1
and 2314F2-2314R2 from X. oryzae KACC 10859 genomic DNA

pSJ2202 pKEB27 derivative with 963-bp Ndel-HindIlI fragment of
the E. coli pfkA gene encompassed by 955-bp blunt-endedXbal-Ndel
fragment upstream of the X. oryzae pfkA coding sequence and 923-bp
HindIlI blunt-ended BamHI fragment downstream of
the X. oryzae pfk coding sequence

Primers

2314F1 gctctagaGCATCCAGATTGGACAGC (Xbal)

2314R1 cccaagcttATCGCCAGATAGCTCACG (HindlIII)

2314F2 cccaagcttGGTCAAGGTACTGCGTGC (HindllI)

2314R2 gctctagaCGGTGGATGTTGACCAGG (Xbal)

XPFKF1 gctctagadCGCTAGTCGCAGTATCCC (Xbal)

XPFKR1 ggaattccatatgGGGACGGGCTCCTCA (Ndel)

EPFKF1 getctagacatatgATTAAGAAAATCGGTGTG (Ndel)

EPFKR1 cccaagcttAATACAGTTTTTTCGCGCA (HindlII)

XPFKF2 cccaAGcTtCCCCAGTGCGGGC (HindIIl)

XPFKR2 cgggatccTGTCGGGTAGCTCACTCC (BamHI)

RT primer GTTCTGGATGCCTTCGCT

PFKF GATCAAGGTACTGGCTGC

PFKR CCGACTTTGTCCACTACC

This study
This study

[12]
[10]
This study

This study

X002314 (2448841-2448858)
X002314 (2450082-2450099)
X002314 (2450535-2450552)
X002314 (2451815-2451832)
X. oryzae pfkA (996609-996626)
X. oryzae pfkA (995672-995689)
E. coli pfkA (3529109-3529129)
E. coli pfkA (3528167-3528187)
X. oryzae pfkA (994398-994415)
X. oryzae pfkA (993493-993510)
X. oryzae pfkA (994928-994945)
X. oryzae pfkA (995556-995573)
X. oryzae pfkA (994965-994982)

# Underlined sequences indicate restriction sites for restriction enzymes as shown in parentheses. Upper case letters refer to the sequences of

bacterial genes

® Numerical positions on the bacterial genomes are shown in parentheses

samples were then added to the primer pairs PFKF-PFKR
(Table 1), and PCR mix. PCR was routinely conducted
under the following reaction conditions: 40 cycles at 95°C
for 30 s, 56°C for 30 s, and 72°C for 30 s. The PCR prod-
ucts were subsequently analyzed via electrophoresis on 2%
agarose gel.

Determination of xanthan

The wild-type and mutant X. oryzae strains were inoculated
in XOL medium, and subsequently incubated for 48 h in a
rotary shaker at 200 rpm at 28°C. The amount of xanthan in
the supernatant was determined upon entry of the cells into
the stationary phase of growth via the colorimetric method
for the estimation of pentoses and hexoses [2], and then cal-
culated with a standard curve constructed using a known
amount of xanthan.

Results and discussion

Construction of strain with altered carbon catabolism
activity

We have observed previously that the wild-type X. oryzae
strain growing in XOL medium containing glucose as a car-
bon source did not exhibit PFK activity [7], as has been
described for other Xanthomonas species [9]. This indicates
that the Embden—Meyerhof—Parnas pathway of glycolysis
is not functional for glucose catabolism, and G6PDH is the
principal route of glucose catabolism in X. oryzae. There-
fore, we further attempted to determine whether it is possi-
ble to influence the availability of glucose 6-phosphate to
increase xanthan production by modulating G6PDH activ-
ity via the inactivation of the G6PDH gene (XO02314 or
XO000467) in the wild-type X. oryzae strain, because we
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Table 2 Specific activities of enzymes in the crude cell-free extracts from the wild-type and mutant strains

X. oryzae strain (plasmid) Genotype Specific activity (U mg of protein™')?

G6PDH GDH GntK PFK
KACC 10859 Wild-type 34.7 0.42 ND ND
KACC 10859 (pSJ2202) Wild-type - 1.24 0.38 2.15
SJ3001 X002314A 0.69 1.44 0.39 ND
SJ3001 (pSJ2202) X002314A - 0.79 0.14 2.65

ND not detected

# The values are averages based on the results obtained with at least three independent experiments and the standard deviations were consistently

<10%

have previously demonstrated that the intracellular avail-
ability of glucose 6-phosphate is a rate-limiting factor in
xanthan production in X. oryzae [7]. The XO02314 gene-
disrupted mutant evidenced almost no residual G6PDH
activity (1.99%) (Table 2), whereas the XO00467 gene-
disrupted mutant evidenced almost identical residual
G6PDH activity (89.2%) relative to the wild-type strain
(data not shown).

When glucose was employed as the carbon source, the
X002314 gene-disrupted mutant strain proved capable of
growth in the XOL medium at a remarkably lower growth
rate than the wild-type strain (Fig. 1a). However, the yields
of biomass per mole of glucose were approximately identi-
cal (112.0 vs. 123.3 g (dry wt)/mol glucose for the wild-
type and mutant strain, respectively). The fact that the
growth rate of the XO02314 gene-disrupted mutant strain
was reduced while the biomass yield on glucose remained
unchanged indicated that X. oryzae may exploit two active
routes for glucose catabolism for the production of 6-phos-
phogluconate, an intermediate of the oxidative pentose
phosphate pathway, i.e., the G6PDH and GDH pathways.
In order to determine the route by which glucose is con-
verted to 6-phosphogluconate through the GDH pathway,
we measured the enzyme activities of the GDH pathway
enzymes, GDH and GntK, in the crude cell-free extracts
from both the wild-type and mutant strains. The results are
shown in Table 2. Interestingly, the activities of both GDH
and GntK were increased as a result of the X002314 ORF
gene disruption.

To assess the pattern of xanthan biosynthesis in the
X002314 gene-disrupted mutant strain, xanthan produc-
tion was determined in the mutant strain grown in the XOL
medium supplemented with 0.4% glucose (Table 3). The
X002314 gene-disrupted mutant strain produced signifi-
cantly larger amounts of xanthan than the wild-type strain
did. One explanation for the altered phenotype of the
X002314 gene-disrupted mutant strain could be that the
reduced GO6PDH activity resulted in an accumulation of
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Fig. 1 Growth of the X. oryzae wild-type and mutant strains in XOL
medium supplemented with 0.4% (w/v) glucose. a Filled square, wild-
type; filled circle, the X002314 gene-disrupted mutant. b Filled
square, wild-type harboring the plasmid pKEB27; open square, wild-
type harboring the plasmid pSJ2202; filled circle, the XO02314 gene-
disrupted mutant harboring the plasmid pKEB27; open circle, the
X002314 gene-disrupted mutant harboring the plasmid pSJ2202.
ODy, optical density at 600 nm. Three independent extractions were
conducted for each growth phase

glucose 6-phosphate, which has previously been shown to
be limited in xanthan production. Indeed, the concentra-
tions of glucose 6-phosphate were found to be increased to
99.4 pmol g~ (dry cell weight) in the XO02314 gene-dis-
rupted mutant strain, as compared to the 17.6 pmol g~! (dry
cell weight) measured in the wild-type strain.
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Fig. 2 RT-PCR analysis of the pfk gene transcript generated by the
wild-type (lanes 2—4) and XO02314 gene-disrupted mutant (lanes
5-7) strains. For the positive control, the presence of the expected
amplicon when genomic DNA was included in the control sample
demonstrated the reliability of the primer pair, PFKF-PFKR (lanes 2
and 5). For the negative control, no amplicon was detected when total
RNA that was treated with DNase I but was not reverse-transcribed and
served as the template, ensuring that residual genomic DNA had not
contaminated the total RNA preparation (lanes 3 and 6). The cDNA
fraction obtained with the RT primer was used for subsequent PCR
reactions with PFKF-PFKR primer pair (lanes 4 and 7). DNA size
markers in base pairs are indicated (lane I)

Complementing the reduced activity of carbon catabolism
of the mutant strain

Although no PFK activity was observed in the wild-type
and X0O02314 gene-disrupted mutant strain growing in the
XOL medium containing glucose as a carbon source
(Table 2), pfk-specific transcription was detected via
RT-PCR analysis (Fig. 2). This uncoupled relation between
gene transcript abundance and enzyme activity may be
attributable to the presence of allosteric inhibitors of ATP-
dependent PFKs [3]. We therefore attempted to restore the
PFK activity by complementation. The XO02314 gene-dis-
rupted mutant strain was transformed with pSJ2202, which
harbors the E. coli pfkA gene transcribed from the X. oryzae
pfk promoter. As shown in Table 2, successful expression
of the E.coli PFK in the mutant strain harboring the
pSJ2202 plasmid was indicated by measuring the PFK
activity in the crude cell-free extracts using a coupled

enzyme assay. Although the specific activity of PFK in
the X002314 gene-disrupted mutant strain harboring the
pSJ2202 plasmid was found to be low compared with the
PFK activity measured in E. coli [11], the strain harboring
the pSJ2202 plasmid evidenced a significantly higher
growth rate on glucose relative to the control strain
(Table 3; Fig. 1b). Notably, the increased expression of the
PFK activity in the X0O02314 gene-disrupted mutant strain
did not affect the xanthan production level as compared
with the control strain (Table 3). In addition, the effects of
increased expression of the PFK activity on the enzyme
activities of GDH pathway enzymes and the glucose
6-phosphate levels were analyzed. The higher activity of PFK
in the XO02314 gene-disrupted mutant strain resulted in
the reduced levels of glucose 6-phosphate [99.4 versus
54.9 pmol g~! (dry cell weight) for the X002314 gene-dis-
rupted mutant strain and the mutant strain harboring
pSJ2202, respectively] and GDH pathway enzyme activi-
ties (Table 3). This is contrary to what was observed for the
wild-type strain. Higher activities of GDH pathway
enzymes were observed in the wild-type strain with the
higher activity of PFK (Table 3), while the levels of
glucose 6-phosphate remained relatively unchanged [17.6
versus 21.5 pmol g~ (dry cell weight) for the wild-type
strain and the wild-type strain harboring pSJ2202, respec-
tively].

The findings of this study indicated that different
GO6PDH activity levels affected the concentration of glucose
6-phosphate, and that an increased concentration of glucose
6-phosphate exerted a significant effect on xanthan produc-
tion when the cells were cultivated on glucose. The mutant
strain was still able to grow on glucose using the central
carbon metabolism, including the pentose phosphate path-
way and the Entner—Doudoroff pathway; this may be
because the availability of the GDH pathway induced more
activity in the mutant strain with regard to the formation of
6-phosphogluconate from glucose. An additional explana-
tion for the altered phenotype of the mutant strain might be
that the limited contribution of PFK to glucose catabolism
in aerobically cultivated cells resulted in increased channeling

Table 3 Effects of modulating GOPDH activity of the X. oryzae wild-type strain on growth and xanthan production

X. oryzae strain Plasmid Growth (h™)? Xanthan Xanthan
concentration (g 171) yield (g g7h)

KACC 10859 pKEB27 0.202 1.40 0.35

KACC 10859 pSJ2202 0.202 1.41 0.35

SJ3001 pKEB27 0.107 2.48 0.62

SJ3001 pSJ2202 0.153 2.39 0.59

ND not detected

The values are averages based on the results obtained with at least three independent experiments and the standard deviations were consistently

<10%

# The rates given are maximal specific growth rate observed during the exponential phase
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of carbon flow toward xanthan biosynthesis. As a conse-
quence, the carbon flux may be redistributed at the branch
point of glucose 6-phosphate toward xanthan biosynthesis
relative to the wild-type strain. Apparently, under condi-
tions in which the glycolytic flux is increased due to the
expression of E. coli PFK, the growth rate of the mutant
strain increases significantly. Another consequence of the
slightly elevated expression of E. coli PFK activity in the
mutant strain is a constant level of xanthan yield on glucose
(gram per gram) with the reduced levels of glucose 6-phos-
phate and GDH pathway enzyme activities, which suggests
a mechanism by which the cells can balance glucose catab-
olism for xanthan production. The fact that an elevated
expression of E. coli PFK activity in the wild-type strain
resulted in the constant level of glucose 6-phosphate with
no significant changes in growth and xanthan production,
whereas the GDH pathway enzyme activities were
increased, is likely to reflect the rigidity of the glucose
6-phosphate branch point. To clarify whether the glucose
6-phosphate branch point is indeed strongly rigid for glu-
cose catabolism, it would be necessary to compare the
expected consequences that perturbation strongly increases
PFK activity with the observed results.

The results presented in this work emphasize the impor-
tance of targeting the central carbon metabolism to enhance
xanthan biosynthesis, primarily by evaluating the role of
glucose 6-phosphate at the branching point between glu-
cose catabolism and anabolism in X. oryzae. However, fur-
ther investigation will be necessary to determine whether
glucose 6-phosphate is relevant to the control of glucose
catabolism and anabolism.
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