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Abstract This study was conducted to develop a bacterial glucan as an animal feed additive. A novel glucan-producing bacterium,
Paenibacillus polymyxa JB115, was isolated from Korean soil. The glucan, JB115-BG, produced by P. polymyxa JB115,
was confirmed by TLC to be composed of glucose only. By examining FT-IR, '"H NMR, and "*C NMR spectra, it was proven
that JB115-BG has a B-(1—3)- and B-(1—6)-linked glucan structure. The particle size of JB115-BG was distributed in the
range of 4~800 pum, with a mean value of 149.1 um, and its molecular distribution ranged from 6.9~3,103.7 kDa. It was also
observed that 80% of the purified JB115-BG had a molecular distribution above 100 kDa. The obtained results suggest that
the glucan JB115-BG can be used as an animal feed additive for the purpose of enhancing immunity. © KSBB
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INTRODUCTION

Microbial exopolysaccharides (EPSs) are the primary or
secondary metabolites produced by a variety of microor-
ganisms. The rheological and physiological properties of
EPS are quite different from those of natural gums or syn-
thetic polymers [1], and its physicochemical characteristics
vary depending on the microbial source and culture condi-
tions. Microbial EPSs have been widely used within bioin-
dustries as foods [2], medicines [3], and cosmetics [4], as
well as for the removal of metal ions from waste water
[5,6], because the production cost of microbial EPS is
lower than that of algal or plant polysaccharides [7]. Addi-
tionally, bacterial EPS is non-toxic, biodegradable, and
environmentally friendly [8].

Generally EPSs have various physiological functions,
including antiviral and immunoregulatory properties [9].
Specifically, B-glucan, a glucose homopolymer, has shown
high anticancer and immunomodulating effects [10-15],
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thus promoting its utility in the food and pharmaceutical
Industries. In addition to human health benefits, recent stud-
ies on feeding glucan to fish and shrimp [16,17], as well as
on the application of non-degradable inulin-type fructan in
animal feed [18,19] to enhance natural immunity, have ex-
panded its use spectrum to the aquaculture and livestock
industries.

Even though several bacteria, including Agrobacterium
spp. [20] and Bacillus spp. [21], are reported to produce
glucans, very little information on the bacterial production
of glucan has been provided. Therefore, in industry, glu-
cans from mushrooms or yeast lysate are widely used,
rather than bacterial glucans. However, plant and yeast
glucans are low in purity and yield, and research on bacte-
rial glucans is needed.

In order to develop a bacterial glucan as an animal feed
additive instead of antibiotic feeding, a novel bacterium,
Paenibacillus polymyxa JB115, was isolated from Korean
soil, and the physicochemical characteristics of its pro-
duced glucan were determined in this study.
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Fig. 1. Glucan production by the strain JB115 and Agrobacte-
rium sp. ATCC 31750 on aniline blue agar. Agrobacte-
rium sp. ATCC 31750 was used as a positive control for
glucan-producing bacteria [20]. Both strains were streak-
ed on aniline blue agar and cultured at 30°C for 3 day.

MATREIALS AND METHODS
Isolation of Bacterial Strains Producing Glucans

A soil extract was prepared by adding 9 mL of sterilized
distilled water to 1 g of soil, which was collected from the

Gyoungbuk Province area of Korea, and then diluted serially.

The diluted solution was plated onto aniline blue agar (per L;
20 g sucrose, 5 g yeast extract, 20 g agar, 0.05 g aniline blue,
3 g CaCOs) [22] for the isolation of glucan producers.

Culture Conditions for Glucan Production

The seed cells were cultivated on nutrient broth (Difco,
USA) at 30°C for 12 h. Ten milliliters of seed culture was
inoculated into 1 L of mineral salt medium (MSM; per L;
1.74 g KH,PO,, 0.015 g CaCl,-2H,0, 0.49 g K,HPO,4, 0.01 g
MnCl,-4H,0, 3.7 g Na,S0O,-10H,0, 0.21 g citrate, 0.25 g
MgCl,-6H,0, 1.5 g NH,Cl, 0.024 g FeCl;-6H,0) [20] that
was supplemented with 10% sucrose as a carbon source to
induce glucan production, and cultured at 30°C for 3 day
with shaking at 180 rpm.

Identification of the Bacterial Strain

To identify the isolated bacterium, its microscopic mor-
phological characteristics were examined. For molecular
identification, the 16S rDNA region of chromosomal DNA
was amplified using the primer set of 27F (5'-AGAGT-
TTGATCATGGCTCAG-3') and 1492R (5'-ACCTTGTTA-
CGACTT-3"). The PCR product was sequenced by Solgent
Co. (Daejeon, Korea), and the sequence homology was ex-
amined using the BLAST program (http://www.ncbi.nlm.
nih.gov). The alignment of the determined partial 16S rDNA
sequence with those of closely related bacteria was per-

formed using the ClustalX and Bioedit programs, and the
phylogenetic tree was constructed by the Mega2 program.

Purification of Glucan from the Culture Broth

To separate the glucan produced by P. polymyxa JB115,
the culture broth was centrifuged at 5,000 rpm for 15 min to
collect the culture supernatant. From the supernatant, the
glucan was precipitated by incubating at 4°C for 12 h after
adding 3 volumes of ice-cold ethanol. The pellet recovered
from the mixture by centrifugation was washed 3 times with
sterilized distilled water, and then lyophilized to obtain the
crude glucan. The harvested crude glucan was dissolved in
0.1 M NaCl solution, loaded onto a Sephadex G-100 column,
and fractionated with 0.1 M NaCl at a flow rate of 0.1
mL/min. The glucan content of each fraction was determined
by measuring the total carbohydrate content, using the phe-
nol-sulfuric acid method [23]. The glucan fractions having a
high content of carbohydrate were pooled and lyophilized to
give the purified glucan JB 115-BG.

Physicochemical Analysis of Glucan

For the thin layer chromatographic (TLC) analysis of the
purified JB115-BG, 50 mg of glucan were dissolved in 5 mL
of 2 N sulfuric acid and hydrolyzed at 100°C for 5 h. The
glucan hydrolysate was loaded onto a TLC plate, developed
in a solvent system of acetone-butanol-water (4:5:3 vol.),
and then visualized by treating with an o-naphthol solution
[0.5% (w/v) a-naphthol and 5% (v/v) sulfuric acid in etha-
nol] at 120°C for 10 min. The chemical characterization of
the produced glucan was confirmed by Fourier-transform
infrared (FT-IR) spectrometry and nuclear magnetic reso-
nance (NMR) spectrometry. The FT-IR spectra were deter-
mined at 400 to 4,000 cm ™' using a Galaxy 7020A spectro-
photometer (Mattson Instruments, USA), and 'H and “C
NMR was run on a VNS600 spectrometer (Varian, USA).
The particle size of the glucan was measured with a particle
analyzer (LS 13320, Beckman, USA), and the molecular
weight was determined by gel permeation chromatography
(GPC; Waters, USA) at the Korean Polymer Testing and
Research Institute (Seoul, Korea).

RESULTS AND DISCUSSION

Isolation and Identification of Glucan-producing
Bacteria

Four bacterial strains, JB1, JB115, JB135, and JB144,
which stained blue on aniline blue agar (Fig. 1), were iso-
lated from soil that was collected in the Gyoungbuk Province
area of Korea. Because this type of staining is highly specific
for B-1,3-glucans [22], these strains were considered glucan
producers. Among them, strain JB115 was found to have the
highest glucan productivity, producing up to 10 g/L. (Table 1),
and was selected as the glucan producer in developing an
animal feed additive.
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Table 1. Glucan production by bacteria strains isolated from soil

Strain number®

Dry cell weight® (g/L)

Production of glucan® (g/L)

JB1 1.2+0.1
JB115 1.3+0.2
JB135 1.8+0.2
JB144 21+04
Agrobacterium sp.

+
(ATCC 31750) 1803

3.0+15
10623
7.3+0.8
4.1+0.9

6.2+0.3

®These strains presented as blue-colored bacteria on aniline blue agar after incubation for 48 h.
The glucan producing bacteria were cultured in MSM broth containing 10% sucrose at 30°C for 3 day. Dry cell weight was determined by direct weighting of the cell,
after drying to a constant weight at 105°C. The glucan productivity was determined by measuring the total carbohydrate content, using the phenol-sulfuric acid method.
Each sample was assayed in triplicate. Data are shown as mean + SD of three measurements.
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Fig. 2. Phylogenetic tree of Paenibacillus spp. including the
strain JB115 based on its 16S rDNA sequence. The se-
quence homology of the partial 16S rDNA sequence of
strain JB115 was evaluated via the BLAST search pro-
gram (http://www.ncbi.nim.nih.gov). The alignment of the
16S rDNA sequences of Paenibacillus spp. were per-
formed by ClustalX and Bioedit programs, and a phy-
logenetic tree was constructed by the neighbor-joining
method using the Mega2 program. The marker bar de-
notes the relative branch length. Bootstrap values, ex-
pressed as percentage of 1,000 replications, are given at
the branch points.

The strain JB115 is a Gram-positive, rod-shaped bacte-
rium capable of producing a high yield of glucan. Based on
its 16S rDNA sequence, the strain was confirmed as P. po-
lymyxa through nucleotide homology analysis and a phy-
logenetic tree of Paenibacillus spp. (Fig. 2).

To date, several bacterial strains producing glucan have
been reported, including Agrobacterium sp. [24], Alcaligenes
sp. [25], and Bacillus sp. [9,21]. Although P. polymyxa was
previously reported to produce EPS [1], this is the first report
of glucan production by this species. Since P. polymyxa is
known to produce bacteriocin [26], the direct use of P. po-
lymyxa JB115 culture broth as a feed additive could suppress
the growth of harmfully intestinal bacteria in animals, as
well as provide immune-enhancing benefits.

Chemical Characterization of Glucan JB115-BG

The sugar composition of glucan JB115-BG produced by
P. polymyxa JB115 was examined by TLC after hydrolyzing
with acid. The hydrolysate of JB115-BG gave one spot with
an Rf value of 0.41, which is the same value as glucose. This
implied that glucan JB115-BG is composed of glucose only
(Fig. 3).

In order to confirm the glycosidic pattern, glucan JB115-
BG was further analyzed by FT-IR, and compared with the
B-(1,3) linkage of curdlan. In the FT-IR spectrum of JB115-
BG, absorPtion peaks were observed at 3,420, 2,938, and
1,634 cm, indicating O-H stretching, a C-H bond, and a
C=0 bond, respectively (Fig. 4). Additionally, a major char-
acteristic peak for the B-configuration of D-glucopyranosyl
residues was detected at 890 cm™' [27]. However, the peak at
920 cm™' that was observed in JB115-BG was not found in
curdlan, which corresponds to B-(1,6) linkage [28]. This
suggests that JB115-BG has both B-(1,3) linkage as well as
B-(1,6) linkage. Furthermore, specific peaks for protein-
conjugated glucan at 1,242 cm™ [29], and for a-D-glucan at
850 cm ™' [30], were not found in the JB115-BG spectrum.
Thus, one can conclude that glucan JB115-BG is a polysac-
charide composed of glucose with a B-configuration having
B-(1,3) and B-(1,6) linkages.

It was reported that the "H chemical shift of the anomeric
region is observed around 4~6 ppm [29], and that the ano-
meric signals for (1-53)-B-glucan and (1—6)-B-glucan ap-
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Fig. 3. Thin layer chromatogram of purified JB115-BG after hy-
drolyzing with 2 N sulfuric acid at 100°C for 5 h. The hy-
drolyzed JB115-BG was neutralized with 5 N NaOH, and
then filtered through a 0.45 um filter. The chromatogram
was developed in acetone-butanol-water (4:5:3 vol.), and
the spot was visualized by treating with a-naphthol solu-
tion at 120°C for 10 min. A, fructose (0.1 mg/mL); B, ga-
lactose (0.1 mg/mL); C, glucose (0.1 mg/mL); D, JB115-
BG hydrolysate.

pear at 4.7~4.8 and 4.5~4.6 ppm, respectively [31]. In the 'H
NMR spectra of JB115-BG dissolved in D,O (Fig. 5A), a
doublet peak at 4.51 and 4.53 ppm indicated the presence of
B-(1—6)-linked glucopyranosyl residues. However, a peak
characteristic to B-(1—3)-glucopyranosyl residues over-
lapped at 4.7 ppm with a D,O solvent peak (4.6 ppm). In the
'H NMR spectra of JB115-BG in de-DMSO, however, a
doublet peak around 4.7 ppm showing a (1-3)-B-glu-
copyranosyl unit chain was clearly observed, similar to a
previous report [32] (Fig. 5B). It was also observed that the
'H chemical shifts in the d-DMSO/D,0 (6:1) solvent Sys-
tem were almost similar to the results of a $-D-(1—-3, 1—>6)
glucan from a marine diatom [33] (Fig. 5C), confirming the
presence of B-(1—>3) and B-(1—6) linkage in JB115-BG. In
particular, a B-(1—3)-linked backbone was found at 4.58
ppm, and the nonreducing end group and B-reducing reso-
nances in the B-(1—3) chain appeared at 4.42 and 4.47 ppm,
respectively. Furthermore, the signal peaks at 4.23 and 4.36
ppm represented the presence of B-(1—6)-linked residues
[34]. Finally, the absence of peaks in the range of 0.5~3.0
ppm img)lied that JB115-BG is a pure glucan [35].

For "C NMR spectra, it was previously reported that the
anomeric carbon (C-1) of a glycoside generally appears at
100~104 ppm, and that C-2, C-3, C-4, C-5, and C-6 of the
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Fig. 4. Fourier-transform infrared spectroscopy (FT-IR) spectrum
of curdlan (A) and the purified JB115-BG (B). For FT-IR
analysis, the B-(1,3)-linked cudlan (Sigma, USA) and pu-
rified JB115-BG were made as KBr pellets.

A B

Fig. 5. 'H NMR spectrum of the purified JB115-BG. A, '"H NMR
spectrum of the purified JB115-BG (20 mg/mL) dissolved
in D,O; B, in ds-DMSO; C, in ds-DMSO/D,0 (6:1 vol.). 'H
NMR was run on a VNS600 spectrometer (600 MHz,
Varian, USA) at 30°C.
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Fig. 6. '*C NMR spectrum of the purified JB115-BG. The puri-
fied JB115-BG (20 mg/mL) was dissolved in de-DMSO
and analyzed by a VNS600 spectrometer (600 MHz, Var-
ian, USA) at 30°C.
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Fig. 7. Molecular size distribution of the purified JB115-BG. Glu-
can JB115-BG was dissolved in isopropyl alcohol and
analyzed using a particle analyzer (LS 13320, Beckman,
USA) at a range of 0.040~2,000 pm.

glycosidic ring appear at 60~80 ppm [29]. The “C NMR
spectra of JB115-BG showed not only the characteristic peak
for C-1 with B-(1—6) linkage at 104.55 ppm, but also the
typical peak for C-1 with B-(1—3) linkage at 103.70 ppm
(Fig. 6), similar to previous reports [32,36]. The signals
around 72.80, 80.37, 69.67, 76.36, and 60.10 ppm, which
assigned to C-2, C-3, C-4, C-5, and C-6, respectively, were
identical to those of a P-(1—3)-linked glucopyranoside
[33,36,37]. The signals at 74.20, 76.01, 71.55, 76.36, and
63.40 ppm were also assigned to C-2, C-3, C-4, C-5, and C-6,
respectively, with B-(1—6)-linkage, based on previous re-
ports [33,36]. The typical peaks for a protein-conjugated
glucan at 20 and 40 ppm [29] were not found in the "°C
NMR spectrum of JB115-BG. From the results of the FT-IR,
'H NMR, and *C NMR spectra, it was concluded that
JB115-BG is a f-(1—3) and B-(1—6)-linked glucan.

Physical Characterization of Glucan JB115-BG

The particle size and molecular weight of microbial EPS
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Fig. 8. Gel permeation chromatogram of the purified JB115-BG
for the determination of molecular weight (A) and
molecular distribution (B). The purified JB115-BG (3
mg/mL) was dissolved in distilled water, separated on a
PL-aquagel mixed-hydroxy column (7.8 x 300 mm) with a
flow rate of 1.0 mL/min at 35°C, and detected with a
Waters 2410 differential refractometer.

are central factors in the separation of the glucan as well as its
biological activity. The particle size of glucan JB115-BG, as
determined by a particle analyzer, ranged from 4~800 pm,
with a mean value of 149.1 um (Fig. 7). In GPC analysis, the
molecular distribution of JB115-BG ranged from 6.9~
3,103.7 kDa, with a number-average molecular weight (M,,)
of 99.1 kDa, a weight-average molecular weight (M,,) of
576.2 kDa, and a polydispersity index (P;) of 5.81. In order to
reduce the P; value for glucan consistency in industrial pro-
duction, it is necessary to remove low molecular substances
from the P. polymyxa JB115 culture broth by ultrafiltration
(removing substances of 8~10 kDa) in the purification step
[7].

It was reported that polysaccharides having molecular
weights higher than 100~200 kDa are good immunogens and
exhibit immunomodulating activity [38], and that the bio-
logical response modifying capabilities of polysaccharides
are increased depending on their molecular weight [39].
Since 80% of glucan JB115-BG showed a molecular distri-
bution above 100 kDa, it could be used as a potential immu-
nostimulant in livestock feed.
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CONCLUSION

Polysaccharides, including B-glucans, have been produced
not only in the food and pharmaceutical industries as anti-
cancer and immunomodulating agents, but also in the aqua-
culture and livestock industries for enhancing the natural
immunity of animals. In order to develop a bacterial glucan
as an animal feed additive instead of antibiotic feeding, vari-
ous bacterial strains were screened from Korean soil. One
novel strain, JB115, was isolated as a glucan producer for the
development of animal feed additives. Based on microscopic
examination and 16S rDNA analysis, this strain was con-
firmed as P. polymyxa JB115. The glucan, JB115-BG, pro-
duced by P. polymyxa JB115 was identified by TLC to be
composed of glucose only. By examining the FT-IR, 'H
NMR, and *C NMR spectra, it was proved that JB115-BG
has a B-(1—3)- and B-(1—6)-linked glucan structure. The
particle size of JB115-BG was distributed in the range of
4~800 um, with a mean value of 149.1 pm, and its molecu-
lar distribution ranged from 6.9~3,103.7 kDa, with a M,, of
99.1 kDa, M,, of 576.2 kDa, and P; of 5.81. It was also ob-
served that 80% of glucan JB115-BG had a molecular distri-
bution above 100 kDa.

To date, B-(1—3, 1—6) glucans are known as biological
response modifiers (BRMs) and natural immunomodulators
[40], and the B-(1—3) backbone is essential for antitumor
activity [41]. If low molecular glucans can be removed from
the P. polymyxa JB115 culture broth by ultrafiltration during
purification, most of the glucan is high molecular weight,
above 100 kDa, and can be used as an animal feed additive
for immune-enhancement and as a potential antitumor agent
for livestock.
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