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Abstract Klebsiella species are the most extensively stud-
ied among a number of 2,3-butanediol (2,3-BDO)-produc-
ing microorganisms. The ability to metabolize a wide
variety of substrates together with the ease of cultivation
made this microorganisms particularly promising for the
application in industrial-scale production of 2,3-BDO.
However, the pathogenic characteristics of encapsulated
Klebsiella species are considered to be an obstacle hindering
their industrial applications. Here, we removed the virulence
factors from three 2,3-BDO-producing strains, Klebsiella
pneumoniae KCTC 2242, Klebsiella oxytoca KCTC1686,
and K. oxytoca ATCC 43863 through site-specific recombi-
nation technique. We generated deletion mutation in wabG
gene encoding glucosyltransferase which plays a key role in
the synthesis of outer core lipopolysaccharides (LPS) by
attaching the first outer core residue D-GalAp to the O-3
position of the L,D-Heppll residue. The morphologies and
adhesion properties against epithelial cells were investigated,
and the results indicated that the wabG mutant strains were
devoid of the outer core LPS and lost the ability to retain
capsular structure. The time profile of growth and 2,3-BDO
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production from K. pneumoniae KCTC 2242 and K. pneumo-
niae KCTC 2242 AwabG were analyzed in batch culture with
initial glucose concentration of 70 g/l. The growth was not
affected by disrupting wabG gene, but the production of 2,3-
BDO decreased from 31.27 to 22.44 g/l in mutant compared
with that of parental strain. However, the productions of
acetoin and lactate from wabG mutant strain were negligible,
whereas that from parental strain reached to ~5 g/l.

Keywords Klebsiella pneumoniae - Klebsiella oxytoca -
2,3-Butanediol - Virulence - wabG - Lipopolysaccharides -
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Introduction

Increasing energy costs and environmental concerns have
stimulated the development of possible alternative renewable
material sources for fuel and chemical production. (Steen et al.
2010; Ji et al. 2011). Microbial production of 2,3-butanediol
(2,3-BDO) is one example of producing useful chemical using
biological process from renewable resources. It provides en-
vironmentally attractive ways to produce the compound,
which is traditionally derived from petroleum sources. 2,3-
BDO can be converted to a number of useful derivatives in
chemical industry, including butadiene (synthetic rubber),
methyl ethyl ketone (industrial solvent), and tetramethyl com-
pound (a possible gasoline blending agent) (Winfield 1945;
Stinson 1979; Emerson et al. 1982). In addition, 2,3-BDO has
potential applications in the manufacture of printing inks,
moistening and softening agents, plasticizer, cosmetics, foods,
and pharmaceuticals (Garg and Jain 1995; Ji et al. 2011).
Microbial 2,3-BDO production has recently attracted a great
deal of attention worldwide as a renewable biomass is a
promising route for the development of low carbon economy
and sustainable future.
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Among a number of microorganisms that produce 2,3-
BDO, Klebsiella, Enterobacter, Bacillus, Pseudomonas, and
Serratia have been considered as industrially important
genera that produce significant amount (Long and Patrick
1963; Ji et al. 2011). Especially, Klebsiella pneumoniae and
Klebsiella oxytoca have been unbeatable in the efficient pro-
duction of 2,3-BDO. Klebsiella species are able to metabolize
a wide variety of sugars and grows quickly in simple medium
(Anderson and Wood 1962). However, the pathogenic char-
acteristics of encapsulated Klebsiella species are considered to
be an obstacle hindering the industrial applications of this
microorganism in the production of 2,3-BDO.

Klebsiella is well known as a cause of community-
acquired bacterial pneumonia (Carpenter 1990; Podschun
and Ullmann 1998) and accounts for 6 to 17 % of all nosoco-
mial urinary tract infection. A group of patients with neuro-
phatic bladders or diabetes mellitus in particular have high risk
upon Klebsiella infection (Lye et al. 1992; Bennette et al.
1995). A number of bacterial factors that contribute to the
pathogenesis of the bacteria have been identified. A capsule
that forms thick bundles of fibrillous structures covering the
bacterial surface in massive layers is essential to the virulence
of Klebsiella. 1t protects the bacteria from phagocytosis by
polymorphonuclear granulocytes and bactericidal serum fac-
tors (Podschun and Ullmann 1998). As an outer component of
the bacterial surface, lipopolysaccharide (LPS) is another
important pathogenic determinant in K. pneumoniae-caused
pneumonia and bacteremia (Hsieh et al. 2012). LPS comprises
three parts, lipid A, core oligosaccharide (OS), and
O-antigenic polysaccharide (O-PS). The O-antigen is the out-
ermost component of LPS and consists of a polymer of
oligosaccharide repeating units. O-antigen is responsible for
the resistance of the bacteria to complement-mediated killing
(Alberti et al. 1996). The outer core LPS of K. pneumoniae is
also involved in the attachment of capsules to the surface
(Izquierdo et al. 2003). Izquierdo et al. (2003) demonstrated
that the mutation in genes involved in LPS synthesis con-
verted pathogenic K. pneumoniae into an avirulent one when
tested in various animal models.

In an effort to remove the virulence factors from 2,3-
BDO-producing Klebsiella species, we constructed outer
core LPS-truncated mutant strains from K. pneumoniae
KCTC 2242, K. oxytoca KCTC1686 (ATCC8724) and K.
oxytoca ATCC 43863 which have been reported to produce
2,3-BDO from various substrates (Jansen et al. 1983; Cho et
al. 2012). Using homologous recombination technique, we
generated deletion mutation in wabG gene encoding gluco-
syltransferase in Klebsiella species, which is involved in the
attachment of «-L-glycero-D-manno-heptopyranose II (L,D-
Heppll) to the O-3 position of an «-D-galactopyranosyluronic
acid (x-D-GalAp). In this study, we examined the changes in
cellular morphology and interaction characteristics with hu-
man epithelial cells in core LPS-truncated mutant strains in
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comparison to those of their parental strains. The time profiles
of fermentation are also examined to determine 2,3-BDO
productivity in core LPS-truncated Klebsiella species.

Materials and methods
Bacterial strains and plasmids

K. pneumoniae KCTC 2242 and K. oxytoca KCTC1686
were obtained from the Korean Collection for Type
Cultures (Daejeon, Korea). K. oxytoca ATCC 43863 was
obtained from the American Type Culture Collection
(Manassas, VA, USA). Bacteria were grown routinely at
37 °C in Luria-Bertani (LB) broth or on LB agar plates
containing the appropriate antibiotics at the following con-
centration: chloramphenicol 20 pg/ml and tetracycline
3 pg/ml. The pRedET (Gene Bridge, Germany) and
707-FLPe (Gene Bridge, Germany) plasmids were used
for homologous recombination.

Cell lines and culture conditions

The human ileocecal epithelial cell line HCT-8 and the
bladder epithelial cell line T-24 were purchased from
Korean cell line bank (Seoul, Korea). The cells (1x10*
cells/well) were grown with RPMI 1640 medium
(Welgene, Korea) supplemented with 10 % heat-
inactivated fetal bovine serum, penicillin (100 U/ml), and
streptomycin (100 mg/ml). For cell adhesion assay, HCT-
8 or T-24 cells were seeded at ~10* cells/well in a 96-well
tissue culture plate and grown at 37 °C, 5 % CO, for 24 h.

PCR synthesis of a chloramphenicol cassette with flaking
homologous region of the Klebsiella wabG

The wabG gene of K. pneumoniae KCTC 2242, K. oxytoca
KCTC1686, and K. oxytoca ATCC 43863 were sequenced
to design precise primer sets for homologous recombination.
In this study, we employed chloramphenicol-resistant gene
as a selection marker to screen wabG mutant. In order to
obtain a PCR fragment formed of a chloramphenicol-
resistant cassette flanked by 34-bp of flippase recognition
site (FRT, 5'-GAA GTT CCT ATT CTC TAG AAA GTA
TAG GAA CTT C-3') and 50-bp of region complementary
to the target sequence, two-step PCR procedure was used. In
the first step, an 891-bp PCR fragment containing chloram-
phenicol cassette flanked by 34-bp of flippase recognition
site was generated using pKOV (Link et al. 1997) as a
template with primer pair FRT-CMP/Forward (5'-GAA
GTT CCT ATT CTC TAG AAA GTA TAG GAA CTT
CTG AGA CGT TGA TCG GCA CGT-3") and FRT-CMP/
Reverse (5'-GAA GTT CCT ATA CTT TCT AGA GAA



Appl Microbiol Biotechnol (2013) 97:1997-2007

1999

TAG GAA CTT CAT TCA GGC GTA GCA CCA GGC-3").
The 20 nucleotides homologous to the extremities of the
chloramphenicol gene are indicated in italic. The PCR reac-
tion was carried out with 95 °C for 5 min followed by
25 cycles at 95 °C for 30 s, 66 °C for 55 s, and 72 °C for
60 s. In this study, FRT was introduced to the cassette to
remove the chloramphenicol selection marker from the chro-
mosome after disrupting the target gene wabG by transform-
ing the cells with FLP expression plasmid. The PCR products
(FRT-flanked chloramphenicol-resistant gene, FCF) were li-
gated into T-vector (Enzynomics, Korea). In the second step,
the FCF was used as a template for PCR reaction with the
primer pair containing 50-bp homology arms at their 5" ex-
tremity corresponding to the both ends of target gene wabG.
The sequences of primer pairs are as follows: wabG/foward
(5'-ATG AGT AAA TTC AGG CTG GCT CTG GTG CGG
CAG AAG TAC CGC CCG GAC GGA ATT AAC CCT CAC
TAA AGG G-3") and wabG/reverse (5'-TTA ATT CAC CAG
ATC CTG ATA AAG AGA AAG CAG CTG GGT TGA GAG
TCG CTT AAT ACG ACT CAC TAT AGG G-3') for K.
pneumoniae 2242, and wabG-2/foward (5'-ATG AGT AAA
TTC AGG CTG GCT CTG GTA CGC CAG AAG TAT CGC
CCG GAC GGA ATT ACC CTC ACT AAG GG -3') and
wabG-2/reverse (5'-TTA TTT CAC CAA ATC CTG ATA GAG
GGA GAG CAG TGC GCC GAG AGA CGT TTA ATA CGA
CTC ACT ATA GGG-3') for K. oxytoca 1686 and K. oxytoca
43863. The homology arms were indicated in italic. The final
PCR product contains chloramphenicol-resistant cassette
flanked by FRT and 50-bp arms homologous to both ends of
wabG gene (WFCFW). The PCR reaction was carried out
with 95 °C for 5 min followed by 25 cycles at 95 °C for 30 s,
65 °C for 60 s, and 72 °C for 60 s. Purifications of plasmid
DNA and PCR products were performed with the Qiagen
Plasmid Kit (Qiagen) and PCR purification Kit (Qiagen). All
the PCR reactions were carried out with 0.6 U of Taq poly-
merase (Takara, Japan).

Site-specific recombination and removal
of chloramphenicol selection marker from Klebsiella

At the first step, Klebsiella were transformed with pRedET
expressing gam, exo, and bet genes. The Klebsiella were
cultured in fresh LB medium supplemented with 0.7 mM of
EDTA. EDTA was added to the culture to increase the
electroporation efficiency (Fournet-Fayard et al. 1995).
The cells were harvested when the cultures reached to an
optical density at 600 nm (ODggg) of 0.2~0.3 and washed
with pre-chilled dH,O containing 10 % glycerol three times.
Forty microliters of cells resuspended in dH,O was mixed
with 150 ng of pRedET plasmids and transferred to a pre-
chilled electro-cuvette. The mixture was electroporated with
a 1.8-kV, 5-ms pulse. After incubating at 30 °C with shaking
for an hour, the electroporated cells were spread on LB agar

plate supplemented with tetracycline (3 ng/ml) and incubat-
ed at 30 °C overnight. The transformed Klebsiella was
inoculated into fresh LB media and grown to an ODgqg of
0.2~0.3 at 37 °C. Then L-arabinose was added to the culture
to the final concentration of 0.5 % and incubated with
shaking at 37 °C for an hour for the induction of Red/ET
proteins. The cells were harvested and washed with pre-
chilled dH,O containing 10 % glycerol. Forty microliters
of cells resuspended in dH,O was mixed with 150 ng of
WFCFW and transferred to a pre-chilled electro-cuvette.
The mixture was electroporated as described above. After
incubating at 37 °C with shaking for 3 h, the electroporated
cells were spread on LB agar plate supplemented with
chloramphenicol (20 pg/ml) and incubated at 37 °C over-
night. Chloramphenicol-resistant colonies were selected and
wabG-deleted Klebsiella mutants were confirmed by colony
PCR with the primer set: wabG-1 (forward, 5'-ATG AGT
AAA TTC AGG CTG G-3' and reverse, 5'-TTA ATT CAC
CAG ATC CTG AT-3') for K. pneumoniae 2242, and wabG-
2 (forward, 5'-ATG AGT AAA TTC AGG CTG GC-3' and
reverse, 5'-TTA TTT CAC CAA ATC CTG AT-3') for K.
oxytoca 1686 and K. oxytoca 43863. The sequences for
these primer sets were complementary to the 20-base region
of each homologous arm. To remove the FRT-flanked chlor-
amphenicol cassette from the chromosome of Klebsiella, the
cells were transformed with FLP expression plasmid (707-
FLPe, Gene Bridges, Germany) by electroporation as de-
scribed above. Electroporated cells were grown in LB media
at 30 °C with shaking for an hour and then spread on LB
agar plate supplemented with tetracycline (3 pg/ml). After
incubating at 30 °C overnight, few colonies were picked,
inoculated into fresh 1 mL LB media (antibiotic free), and
incubated at 30 °C for 3 h. The cultures were then trans-
ferred to 37 °C incubator and grown for 16 h. An aliquot of
the culture was streaked on antibiotic-free LB agar plate and
incubated at 37 °C overnight. The removal of FRT-flanked
chloramphenicol cassette from the chromosome of
Klebsiella was confirmed by colony PCR with the same
primer set, wabG-1 and wabG-2.

Capsule staining with crystal violet

Klebsiella cells were taken from 1-day-old LB plates and
resuspended in 1 mL PBS. Ten microliters of the resus-
pended cells was mixed with equal volume of India ink
(Winsor & Newton, UK) and evenly spread on slide glass
to form uniform thin film using another slide glass. The
samples were air-dried at room temperature for 15 min.
Crystal violet was carefully added onto the film and re-
moved after | min by rinsing with distilled water three
times. The film was air-dried at room temperature, and
images were taken with inverted bright field microscope
(Nikon TE2000, Japan).
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LPS isolation and electrophoresis

Cultures for LPS analysis were grown in LB broth at 37 °C
overnight. LPS from wild-type and wabG mutant Klebsiella
were extracted with LPS extraction kit (Intron
Biotechnology, Korea) and separated by sodium dodecyl
sulfate tricine polyacrylamide gel electrophoresis (SDS-tri-
cine-PAGE). Briefly, extracted LPS was mixed with loading
buffer (0.1 M Tris (pH 6.8), 2 % SDS, 20 % sucrose, 2-
mercaptoethanol, and 0.001 % Bromophenol blue) and heat-
ed up to 100 °C in water bath for 5 min. The samples were
loaded into 15 % SDS gel and run at 10 mA, 100 V for 2 h.
The LPS was visualized by silver staining as described
elsewhere (Tsai and Frasch 1982).

Electron microscopy analysis

The surface morphologies of wild-type and wabG mutant
Klebsiella were examined with field emission scanning
electron microscopy (FE-SEM, LEO Supra 55, Carl Zeiss,
Germany). The bacterial specimens for FE-SEM analysis
were prepared according to the work by Monson et al.
(2010) with a slight modification. Briefly, an aliquot of
culture solution was spread onto polycarbonate (0.2 pm)
filter paper (Whatman, UK) and treated with primary fixing
solution containing 75 mM lysine (Sigma Aldrich, USA),
2.5 % glutaraldehyde (Sigma Aldrich, USA), and 2 % para-
formaldehyde (Deagung, Korea) in 0.1 M sodium cacody-
late buffer (pH 7.4) at 4 °C for 2 h. The specimens were
rinsed in 0.1 M sodium cacodylate buffer (Wako,
Richmond, USA) three times at 4 °C for 10 min each and
postfixed with secondary fixative containing 1.5 % potassi-
um ferricyanide (Sigma Aldrich, USA) and 1 % osmium
tetroxide (Wafa, USA) at 4 °C for 2 h. Specimens were
dehydrated in a graded ethanol series (10, 30, 50, 60, 70,
80, 90, and 100 %) for 20 min each. The specimens were
dried overnight at room temperature after rinsing twice with
hexamethydisilizane (DaeJung, Korea). The dried samples
were mounted on a carbon stub and sputter coated with
platinum. Images were obtained using FE-SEM at 5 kV.

Cell adhesion assay

The adhesion ability of Klebsiella toward ileocecal epithe-
lial cells and bladder epithelial cells were tested based on the
method reported earlier (Farvre-Bonte et al. 1999a, b; Sahly
2000; Struve and Krogfelt 2003). For cell adhesion assay,
ileocecal epithelial cell HCT-8 and bladder epithelial cell T-
24 were seeded at ~10* cells/well in a 96-well tissue culture
plate and grown with RPMI 1640 media (Welgene, Korea)
supplemented with 10 % heat-inactivated fetal bovine se-
rum, penicillin (100 U/ml), and streptomycin (100 mg/ml) at
37 °C, 5 % CO, for 24 h. Wild-type and wabG mutant
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Klebsiella (3%10° bacteria) were resuspended in RPMI
1640 media. The media were supplemented with 2 % D-
mannose to prevent fimbriae interaction with epithelial cells.
The plates were incubated at 37 °C for 3 h. To remove
unbound bacteria, the epithelial cells were washed with
DPBS (Welgene, Korea) three times. The cells were treated
with 20 % Trypsin (Welgene, Korea) and 0.5 % Triton X-
100 (Sigma-Aldrich, St. Louis, MO, USA) for cell lysis and
releasing attached Klebsiella to the media. Lysed samples
were serially diluted and spread onto LB agar plate with
tetracycline (3 pg/ml) for colony counting. All experiments
were carried out triplicate.

Fermentation of Klebsiella for 2,3-BDO production

The batch fermentation was conducted in a 5 L bioreactor
(Biotron, Korea) in minimal medium (5 g/l yeast extract,
0.33 M glucose, 0.019 M K,HPO,, 0.083 M KH,POy,,
0.049 M (NH4),HPOy,, 0.049 M (NH4)SOy4, 1.01 mM
MgSO47H20, 0.9 mM FCSO47H20, 3.5 LLM
ZnS0O4 7H,0, 5.07 uM MnSO4-7H,0, and 6.8 uM
CaCl,2H,0, pH 5.5) supplemented with 70 g/l glucose at
37 °C for 72 h. Samples were withdrawn periodically and
centrifuged at 4,500 rpm for 10 min. The amount of carbon
source, meso-2,3-BDO, and organic acids in the superna-
tants were measured by HPLC (Waters Co., USA) with an
RI2414 detector (Waters Co., USA) and an Aminex HPX-
87H organic acids column (300 mmx7.8 mm; Bio-Rad).
Sulfuric acid (0.01 M) was used as the mobile phase at 60 °
C and with a flow rate of 0.6 mL/min. All solutions were
filtered through a 0.2 wm membrane before use.

Results
Construction of Klebsiella wabG knockout mutant

Capsules and LPS O-antigens play important roles in the
pathogenicity of Klebsiella (Williams and Tomas 1990).
The capsular polysaccharides are important in resistance to
phagocytosis and complement-mediated lysis of K. pneumo-
niae (Clements et al. 2008), whereas O-antigens of LPS
have been implicated in resistance to complement-
mediated lysis (Tomas et al. 1986; Merino et al. 1992).
Here, we generated a deletion mutation in wabG gene of
K. pneumoniae 2242, K. oxytoca 1686, and K. oxytoca
43863 by homologous recombination. wabG gene encodes
for glucosyltransferase involved in the transfer of the first
outer core LPS residue in Klebsiella species. The resulting
Klebsiell spp. wabG mutants were expected to be devoid of
the outer core LPS as well as the cell-attached capsular poly-
saccharides (Izquierdo et al. 2003). To construct the Klebsiella
spp. wabG nonpolar mutants, Red disruption system was used
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Fig. 1 A strategy for the
disruption of wabG gene of
Klebsiella species. a A diagram
showing the generation of
wabG/FRT-flanked
chloramphenicol-resistant
(Cm®) cassette by PCR and
subsequent homologous re-
combination using the resis- FRT CmR
tance cassette. The
chloramphenicol-resistant cas-
sette was later removed by FLP

gene

a Step 1. PCR amplify FRT-flanked resistance

FRT\_’ CcmR
—EE—
l ‘_\FRT

Step 2. PCR amplify wabG/FRT-flanked

Step 3. Red-mediated recombination

wabG-UFRT CmR  FRTwabG-D

wabG

FRT

Step 4. Select CM resistanttransformant

helper plasmid. wabG-U and resistance cassette wobG PRI CmP FR-wabG
wabG-D refer to the homology

extensions complementary to wabG-U\_.

both extremities of wabG gene. R cm R : ;

b Agarose gl electrophoresis R Step 5. FLP-mediated removal of CM resistance
of PCR products from K. pneu- \wabG-D casselle

moniae 2242, K. oxytoca 1686, wabG FRT wabG

and K. oxytoca 43863. wabG wabG-UFRT __ CmR ___ FRTwabG-D

genes were amplified from the

genomic DNA of the three
Klebsiella strains before and
after recombination using a
primer set that is complementa- Wild
ry to both ends of wabG gene. T;‘ﬁ
The size of wild-type wabG .
gene is 1.2 kb (1, 4, 7) whereas
those after recombination and
removal of Cm® cassette were
1 kb (2,5, 8)and 0.1 kb (3, 6,
9), respectively

K. pneumoniae 2242

(Datsenko and Wanner 2000). Chloramphenicol-resistant cas-
sette flanked by 34-bp flippase recognition site (FRT) and 50-
bp regions complementary to the target sequence were gener-
ated by using two pairs of primers that included homology
extensions and priming sequences as shown in Fig. la. The
PCR products were purified and then transformed into bacte-
ria carrying the Red helper plasmid as described in experimen-
tal section. Cm® colonies were isolated after transformation of
three Klebsiella spp. with chloramphenicol-resistant cassettes
that were generated independently. PCR test using locus-
specific primers revealed that the middle region of wabG gene
was successfully replaced with the FRT-flanked Cm"® cassette,
which was reflected by the PCR products of 1 kb (Fig. 1b).
Upon elimination of the Cm™ cassette by transforming the host
cell with FLP expression plasmid, the resulting mutants gave
the expected size of PCR products (0.1 kb) in a PCR analysis
with the same locus specific primers (Fig. 1b). These results
together with nucleotide sequencing data confirm that wabG
gene of the three Klebsiella spp. was successfully knocked out.

Characterization of wabG mutant strains
LPS from K. pneumoniae 2242, K. pneumoniae

2242 AwabG, K. oxytoca 1686, K. oxytoca 1686 AwabG,
K. oxytoca 43863, and K. oxytoca 43863 AwabG were

K. oxytoca 1686 K. oxytoca 43863

Wild - - Wild

wabG: wabG:
1.2kb 1.2kb
- = =

extracted and analyzed by SDS-tricine-PAGE. The LPS
from the mutant strains migrated faster than that from the
wild-type counterpart strains, suggesting that the wabG
mutants contain a truncated LPS (Fig. 2, lane 2, 4, and 6).
The chemical characterization of wabG mutants of other
Klebsiella spp. using mass spectroscopy and matrix-
assisted laser desorption ionization-time-of-flight (MALDI-
TOF) mass spectroscopy revealed that the LPS is devoid of

Fig. 2 SDS-tricine-PAGE analysis of LPS from K. pneumoniae 2242
(lane 1), K. pneumoniae 2242 AwabG (lane 2), K. oxytoca 1686 (lane
3), K. oxytoca 1686 1686 AwabG (lane 4), K. oxytoca 43863 (lane 5),
and K. oxytoca 1686 43863 AwabG (lane 6). LPS from wabG mutant
strains moved down faster than that from wild-type strains due to the
absence of outer core part of LPS
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the outer core region (Izquierdo et al. 2003). Nonmucoid
colony morphology is another characteristic of wabG mu-
tant strains. Here, we examined the surface morphologies of
wild-type and mutant Klebsiella spp. using high magnifica-
tion SEM. Wild-type strains were shown to have a thick
layer of capsular polysaccharides around bacterial surface
(Fig. 3). The boundaries of bacteria are not clear due to the
presence of capsular polysaccharides covering the bacteria.
On the other hand, the three mutant strains showed a drastic
reduction in capsular polysaccharides. SEM analysis con-
firmed that LPS outer core and O-antigens of Klebsiella
species are necessary for the encapsulation of bacteria with
capsular polysaccharides. The non-capsulated phenotype of
wabG mutant strains was also confirmed by light microsco-
py after negative staining with crystal violet (Fig. 4). The
wild-type strains were shown to express a prominent cap-
sule structure surrounding the bacterial cell, whereas the
capsule structure is not evident in wabG mutants. The cap-
sular structure is visualized as a white layer around cells by
negative staining. The affinity between capsular polysac-
charides and LPS outer core components is presumed to
be responsible for the encapsulation. As a result, the LPS
mutants are unable to retain cell-associated capsule. From
the results, it is clear that, without intact LPS in mutant
strains, encapsulation would be partially or completely

Fig. 3 FE-SEM analysis of the
surface morphology of K.
pneumoniae 2242 (a), K.
pneumoniae 2242 AwabG (b),
K. oxytoca 1686 (¢), K. oxytoca
1686 AwabG (d), K. oxytoca
43863 (e), and K. oxytoca
43863 AwabG (f). The surfaces
of wild-type Klebsiella species
were shown to be covered with
a thick layer of capsular poly-
saccharide. On the other hand,
wabG mutant strains were ab-
sent of such layer and thus
showed distinctive cell to cell
boundaries. Scale bar is1 um
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inhibited even though all the genes related with the synthe-
sis of capsule components remain intact. The inability of
retaining capsular polysaccharide on the cell surface of
wabG mutant strains could be explained by the lack of
attachment site for capsule linkage. There is also a possibil-
ity of direct linkage of the capsule to LPS core. In this case,
the alteration of outer membrane components in wabG
mutant strains could preclude the attachment of capsular
polysaccharide to the bacterial surfaces.

The wabG mutants also showed a characteristic colony
morphology when examined in high magnification with
optical microscopy (Fig. 5). K. pneumoniae is known to
have large moist colonies due to the large mucoid polysac-
charide capsule that protect it from phagocytosis. The colo-
nies are circular and convex with an entire margin. But the
colonies of wabG mutants are irregular with an undulate
margin. The frizzy colony morphology of wabG mutant
strains on solid media is a result of cell-to-cell aggregation
and commonly found in biofilm-forming bacteria. There are
various bacterial adhesins, protein structures that recognize
a wide range of molecular motifs. While most adhesins
provide targeting of the bacteria to a specific nonself tissue
surface in the host, some mediate self-recognition (Klemm
and Schembri 2000). Those self-recognizing adhesins con-
fer bacterial cell-to-cell aggregation and enhance biofilm
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Fig. 4 Visualization of the
capsules expression in K.
pneumoniae 2242 (a), K.
pneumoniae 2242 AwabG (b),
K. oxytoca 1686 (¢), K. oxytoca
1686 AwabG (d), K. oxytoca
43863 (e), and K. oxytoca
43863 AwabG (f). The capsules
were shown in white layer
around bacterial surface. The
capsules were visualized by
negative staining with crystal
violet. wabG mutant strains
were shown to be absent of
such capsular layer. Scale bar is
10 pm

formation (Schembri et al. 2004). But the presence of cap-
sule in wild-type strains would sterically shield the possible
self-recognizing adhesins and abolish the close cell contact
needed for intercellular interaction, resulting in a smooth
and circular colony morphology.

Cell association properties

The ability of the bacteria to associate with host cells is an
important process in bacterial infection. Association with
epithelial cell allows resistance to mucocilliary clearance
and thus facilitates colonization of bacteria (Pizarro-Cerda
and Cossart 2006). We investigated the ability of wild-type
and wabG mutant Klebsiella spp. to associate with human
ileocecal epithelial cell HCT-8 and bladder epithelial cell T-
24. As shown in Fig. 6, wabG mutant strains showed

increased cell association to both cell lines compared with
the parental strains. K. pneumoniae 2242 AwabG and K.
oxytoca 1686 AwabG showed over 10-fold increased asso-
ciation with HCT-8 compared with their parental strains. K.
pneumoniae 2242 AwabG also showed over 10-fold in-
creased adhesion to T24 compared with its parental wild-
type strain, whereas K. oxytoca 1686 AwabG and K. oxytoca
43863 AwabG showed around 1.5-3-fold increased adhe-
sion with the same cell line. These results show that the
mutant strains lacking both outer core LPS and capsular
polysaccharide have an increased ability of association with
epithelial cell, which confirms previous findings that the
capsule reduce bacterial adherence to epithelial cells in vitro
(Farvre-Bonte et al. 1999a, b; Sahly et al. 2000; Struve and
Krogfelt 2003). There are mainly two mechanisms proposed
for the interference of capsule with bacterial adhesions. One
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Fig. 5 Magnified colony edges
of K. pneumoniae 2242 (a), K.
pneumoniae 2242 AwabG (b),
K. oxytoca 1686 (¢), K. oxytoca
1686 AwabG (d), K. oxytoca
43863 (e), and K. oxytoca
43863 AwabG (f) grown on LB
agar plate. The colony of wild-
type Klebsiella species shows
smooth edge whereas that of
capsule-defective Klebsiella
species presents rugged and
somewhat irregular edge. Scale
bar is 60 pum. Inset shows the
shape of whole colonies for
each strain. Scale bar is 500 pm

is a masking effect in which adhesin molecules on the
surface of bacteria interacting with epithelial cells are
blocked by the thick capsule layer. The other may be the
interference of capsule with the biosynthesis or assembly of
type 1 fimbrial subunits into mature fimbriae on the bacte-
rial surface (Matatov et al. 1999).

Growth and 2,3-BDO production of wabG mutant strains

Batch cultures were performed with an initial concentration
of 70 g/I glucose. The production of 2,3-BDO together with
acetate, acetoin, ethanol, and lactate from the culture of
wild-type and wabG mutant K. pneumoniae 2242 was mon-
itored. The growth of K. pneumoniae 2242 and K. pneumo-
niae 2242 AwabG was monitored by measuring optical
density of the culture at 600 nm (ODggg) over the course
of 72-h fermentation. As shown in Fig. 7, the growth of K.
pneumoniae 2242 in batch culture was not affected by wabG
knockout. ODg(q of both cultures reached to 6~7 in 12 h
and remained constant over the course of 72-h fermentation.

@ Springer

The dry cell weight of the two strains after 72-h batch
culture were 5.84 and 5.98 g/l, respectively. These results
indicate that the removal of outer core LPS has no distinc-
tive effect on cell growth. wabG mutant strain rapidly con-
sumed glucose at an early stage of fermentation, but the
consumption did not occur after 24 h for the rest of fermen-
tation period. On the other hand, the overall glucose con-
sumption by wild-type strain was greater even though the
consumption rate at an initial stage was lower compare with
that by wabG mutant strain. The product spectrum of mutant
strain changed regarding to the concentration of 2,3-BDO,
acetate, acetoin, ethanol, and lactate. Overall production of
2,3-BDO was slightly lower in K. pneumoniae 2242 AwabG
compared with that of wild-type strain. The production of
2,3-BDO from wild-type and AwabG mutant strain was
31.27 and 22.44 g/l, respectively. The production of 2,3-
BDO was decreased about 28.23 % by inactivating wabG
gene. The production of acetoin and lactate from K. pneu-
moniae 2242 AwabG was negligible, whereas those from
wild-type strain reached to ~5 g/l. The gap in 2,3-BDO
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productivity might be overcome through various metabolic
engineering tools.

Discussion

Among a number of 2,3-BDO-producing microorganisms,
Klebsiella species have gained a great deal of attention due
to their ability to produce large amount of 2,3-BDO from
various substrates. In addition, the ease of cultivation made
this microorganisms particularly promising for the applica-
tion in industrial-scale production of 2,3-BDO. However, K.
pneumoniae and K. oxytoca are Bio-safety Level 2 micro-
organisms which are responsible for nosocomial infections
including pneumonia and urinary tract infection. Therefore,
the pathogenic characteristics of Klebsiella species should
be removed for safe applications of this microorganism in

Klebsiella oxytoca 43683

industry. In previous report, Izquierdo et al. demonstrated
that the outer core LPS is essential for the virulence of K.
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Fig. 7 Time profile of growth and glucose consumption (G.C.) of K.
pneumoniae 2242 and K. pneumoniae 2242 AwabG in batch fermen-
tation at 37 °C for 72 h
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pneumoniae. Mutation to the genes, such as waaC, waaF, or
wabG, which are involved in LPS synthesis abolished the
highly virulent characteristics of pathogenic K. pneumonia
52145 according to in vivo and animal model studies
(Izquierdo et al. 2003). In this study, we generated deletion
mutation in wabG gene of three 2,3-BDO producers, K.
pneumoniae KCTC 2242, K. oxytoca KCTC 1686, and K.
oxytoca ATCC 43863, using homologous recombination
technique. wabG gene encodes a glucosyltransferase which
is responsible for the transfer of first outer core LPS residue.
The resulting wabG mutants lack the ability to synthesize
the outer core LPS including O-antigen. The deletion muta-
tion in wabG gene in three mutants was confirmed by PCR
and sequencing analysis of the target gene. SDS-tricin-
PAGE analysis of the LPS from the three wabG mutants
together with their parental strains revealed that the outer
core LPS of mutant strains were clearly truncated (Fig. 2).
wabG mutant strains that are devoid of outer core LPS were
also found to be deficient of capsular polysaccharides cov-
ering the bacterial surface which is obvious in their parental
strains. The nonmucoid morphology is evident when the
bacteria were examined with high magnification scanning
electron microscopy as shown in Fig. 3. The absence of
capsules in mutant strains was confirmed again by light
microscopy after negative staining with crystal violet
(Fig. 4). On the other hand, wild-type Klebsiella species
were shown to express a prominent capsule structure sur-
rounding the bacterial cell. These results suggest that there is
a strong correlation between the presence of outer core LPS
including O-antigen and the encapsulation of the bacteria.
The loss of capsules in K. pneumoniae 52145 with truncated
outer core LPS was also confirmed by its inability to react
with capsular-specific serum as described elsewhere
(Izquierdo et al. 2003). All of these data provide strong
evidences that the alteration of outer membrane components
in wabG mutants could preclude the capsular polysaccha-
ride attachment.

Capsular polysaccharide and LPS have been shown to be
essential for the virulence of K. pneumoniae-caused pneu-
monia and bacteremia. We investigated the ability of wabG

Fig. 8 Time profile of 2,3-

mutant strains to associate with a human ileocecal epithelial
cell line (HCT-8) and a human bladder epithelial cell line (T-
24). As expected, the three unencapsulated wabG mutants
showed increased cell association to both cell lines com-
pared with their parental strains. The increased ability of
association with epithelial cell lines in mutant strains lack-
ing capsular polysaccharide agrees well with previous
reports (Farvre-Bonte et al. 1999a, b; Sahly et al. 2000;
Struve and Krogfelt 2003). However, in vivo tests using
animal model showed opposite results according to the
previous studies (Struve and Krogfelt 2003). The coloniza-
tion ability of a capsule defective K. pneumoniae in the
intestine and bladder was significantly attenuated compared
with that of their capsulated parental strains suggesting that
capsule plays a critical role in their virulence (Farvre-Bonte
et al. 1999a, b; Struve and Krogfelt 2003). The study using
mucus producing HT-29-Rev MTX 107 differentiated cells
also revealed that the capsule defective K. pneumoniae
mutant adheres less strongly than that the encapsulated
parental strain. These results support the idea that the pres-
ence of mucus components on the cell surface would favor
the establishment of interaction with encapsulated bacteria.

All the results in this study confirm the generation of
three 2,3-BDO-producing Klebsiella species devoid of path-
ogenic factors such as an outer core LPS and capsular
structure by deletion mutation in wabG gene through site-
specific recombination. The growth of mutant strains was
not affected by knocking out wabG gene. In batch culture,
both wild-type and mutant strains reached to an optical
density of 6—7 at 600 nm in 12 h and remained constant
over the course of 72-h fermentation period (Fig. 7). Overall
production of 2,3-BDO was slightly lower in K. pneumo-
niae 2242 AwabG compared with that of parental strain.
There is no direct evidence that glucosyltransferase associ-
ates with 2,3-BDO pathway. The decrease in 2,3-BDO
productivity from wabG mutant could be caused by various
reasons. The absence of outer core LPS may alter the mem-
brane permeability in wabG mutant strain, which could have
influence on its substrate utilization properties. 2,3-BDO
productivity of wabG mutant strain could be further

BDO and other byproducts -9-2,3-8D0
production from K. pneumoniae 30 hAcetoin
2242 (a) and K. pneumoniae ]
25
-O-Ethanol

2242 AwabG (b) in batch
fermentation supplemented
with 70 g/l glucose at 37 °C for
72 h

i —&Lactate

2,3-BDO and byproducts concentration (g/L)
o

0 12 24 36
Time (hr)

a Klebsiella pneumoniae 2242 wild

@ Springer

35
30 1
251
20 1
15 1
10 1

-9-2,3-8D0
<FAcetoin

-O-Ethanol

-&Lactate

0

2,3-BDO and byproducts concentration (g/L)

60 72 0 12 24 36 48 60 72

Time (hr)
b Klebsiella pneumoniae 2242 mutant



Appl Microbiol Biotechnol (2013) 97:1997-2007

2007

improved by optimization of culture condition and possible
adaptation process. In addition, the production of acetoin
and lactate from K. pneumoniae 2242 AwabG was negligi-
ble whereas that from parental strain reached to ~5 g/
1 (Fig. 8). The lower production of byproducts such as
acetoin and lactate would be advantageous since more sub-
strates or intermediate molecules could be channeled for the
production of 2,3-BDO. On the other hand, 2,3-BDO pro-
ductivities of K. oxytoca 1686 AwabG and K. oxytoca
43863 AwabG were comparable with those of their parental
strains when batch-cultured with initial glucose concentra-
tion of 25 g/l (Fig S-1). The production of capsule and LPS
is essential for the pathogenicity but requires high-energy
expenditure in Klebsiella species. Aside from the biosafety
issues, the Klebsiella strains developed in this study which
are devoid of capsule and outer core LPS have a high
potential to be developed into efficient 2,3-BDO producers
through sophisticated metabolic engineering tools in near
future.
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