microorganisms

Article

New Exopolysaccharides Produced by Bacillus licheniformis 24
Display Substrate-Dependent Content and Antioxidant Activity

Penka Petrova 1'*

check for

updates
Citation: Petrova, P; Arsov, A.;
Ivanov, L; Tsigoriyna, L.; Petrov, K.
New Exopolysaccharides Produced
by Bacillus licheniformis 24 Display
Substrate-Dependent Content and
Antioxidant Activity. Microorganisms
2021, 9, 2127. https://doi.org/
10.3390/microorganisms9102127

Academic Editor: Ann G. Matthysse

Received: 13 September 2021
Accepted: 8 October 2021
Published: 10 October 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Alexander Arsov

10, Ivan Ivanov 10, Lidia Tsigoriyna 2(” and Kaloyan Petrov %*

Institute of Microbiology, Bulgarian Academy of Sciences, 1113 Sofia, Bulgaria;

alexander_arsov@abv.bg (A.A.); ivanov.ivnt@gmail.com (LI.)

Institute of Chemical Engineering, Bulgarian Academy of Sciences, 1113 Sofia, Bulgaria; lidinka29@gmail.com
Correspondence: pepipetrova@yahoo.com (P.P.); kaloian04@yahoo.com (K.P.)

Abstract: Bacillus licheniformis is a soil bacterium with many industrial applications. In addition to
enzymes, platform chemicals, antibiotics and phytohormones, the species produces exopolysaccha-
rides (EPSs) of various biological activities. This study revealed that Bulgarian isolate B. licheniformis
24 produced EPSs consisting of galactose, glucose and mannose with substrate-dependent ratio.
From glucose, B. licheniformis 24 secreted EPS1, consisting of 54% galactose, 39% glucose and 7%
mannose. From fructose, the strain formed EPS2, containing 51% glucose, 30% mannose and 19%
galactose. Batch cultivation in flasks yielded 2.2-2.6 g/L EPS1 and 1.90-2.11 g/L EPS2. Four to
five times higher yields of EPS were obtained from both substrates during batch and fed-batch
processes in a fermenter at 37.8 °C, pH 6.2 and aeration 3.68 vvm. The batch process with 200 g/L of
starting substrates received 9.64 g/L EPS1 and 6.29 g/L EPS2, reaching maximum values at the 33rd
and 24th h, respectively. Fed-batch fermentation resulted in the highest yields, 12.61 g/L EPS1 and
7.03 g/L EPS2. In all processes, EPSs were produced only in the exponential growth phase. Both
EPSs exhibited antioxidant activity, but EPS2 was much more potent in this regard, reaching 811 uM
Vitamin C Equivalent Antioxidant Capacity (versus 135 uM for EPS1). EPS1 displayed antibacterial
activity against a non-O1 strain of Vibrio cholerae.

Keywords: Bacillus licheniformis; exopolysaccharide; batch; fed-batch; antibacterial activity; antioxidant activity

1. Introduction

Exopolysaccharides (EPSs) are natural nontoxic biopolymers produced by a large
number of species and performing a great variety of roles [1-4]. In microbial cells, they
control biofilm formation and cell growth, support the exchange of genetic information
and protect microbial cells in a hostile environment. EPSs improve antigen recognition by
B-lymphocytes and facilitate interaction with PRR (pattern recognition receptors) [5]. In
general, bacterial polysaccharides can be capsular—tightly bound to the cell membrane or
freely secreted to the culture medium. Based on their structural and chemical composition,
they are divided into homo or heteropolysaccharides. To the first class belong glucans,
fructans and polygalactans; to the second class—EPSs, which consist of glucose, galactose,
rhamnose, N-acetyl glucosamine, N-acetyl galactosamine, glucuronides and various deriva-
tives of these subunits containing phosphates, glycerol or acetyl groups [5-8]. Hydrophilic
EPSs have a high ability to retain water, thus maintaining a hydrated microenvironment
and allowing survival. They may also form a hydrated polymer network, mediate the
mechanical stability of biofilms and serve as a source of carbon, nitrogen and phosphorus-
containing compounds for use by the biofilm ecosystem. EPSs can promote hydrophobic
interactions and adherence to solid surfaces [9].

In recent years, bacterial EPSs have found extensive applications as ingredients of
pharmaceuticals, nutraceuticals and functional foods, cosmetics and insecticides. Up to
now, polysaccharides from plants and algae have dominated the market, but there are
indications that microbial EPSs may change that soon [3,10]. The industrial application of
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bacterial EPSs is less due to their physical and chemical properties than to their unique
biological activities. The intense scientific attention paid to microbial EPSs is stimulated
by their potential health-promoting effects [5,11,12] since they possess immunostimula-
tory [13,14], antiviral, antibacterial and anticancer activity [14-17].

A recently discovered property of EPSs of particularly important applications in medicine
and the food industry is their action as scavengers of reactive oxygen species (ROS). ROS are
a diverse group of unstable and highly reactive oxygen-derived molecules, such as hydrogen
peroxide (Hy0O,), hydroxyl radical (¢OH), singlet oxygen (10,) and superoxide (Op ™). Their
high production under stress conditions leads to destructive oxidation of macromolecules
(lipids, proteins, DNA) and the disruption of various redox signalling pathways in the eu-
karyotic cells. Cardio-vascular diseases have been most widely studied in this context, but
oxidative stress (caused by the abnormally high levels of ROS) has also been implicated
in diabetes, neurologic and inflammatory diseases, various types of cancer, ageing [18-20]
and autoimmunological disorders [21]. EPSs produced by plant-promoting rhizobacteria
have been reported to increase the production of antioxidant enzymes such as superoxide
dismutase (SOD), peroxidase and catalase [22]. EPSs with remarkable antioxidant proper-
ties, effectively acting as scavengers of various ROS, are produced by the bacterial species
Deinococcus radiodurans and Paenibacillus mucilaginosus [2,6].

B. licheniformis is a Gram-positive, motile, non-pathogenic bacterium ubiquitously
spread in natural habitats. As it is associated with plant material, it can be easily isolated
from soil, water and the rhizosphere [1,23-26], but it can also be found on the feathers
of terrestrial and aquatic bird species, and in marine water [27]. B. licheniformis is widely
used in industry, horticulture and pharmacy. It is a promising producer of enzymes,
platform chemicals [28-30], antibiotics [31,32] and EPSs with antimicrobial, antioxidant
and anticancer activities [33,34]. That is why the species is commonly used in the biocontrol
of plant diseases [35] and the development of probiotics [36,37].

The strain B. licheniformis 24 used in this study was previously isolated in Bulgaria
and was tested for the production of 2,3-butanediol from renewable substrates [28,38,39].
During these studies, its high potential to produce EPSs was observed. The present work
aims to study the EPSs formed by B. licheniformis 24 with a focus on their content and
biological activity. The influence of the substrate-dependent content of the EPSs and the
effect of the batch and fed-batch fermentation regime on the final yield are discussed below.

2. Materials and Methods
2.1. Bacterial Strains, Media and Chemicals

B. licheniformis strain 24 was isolated from a soil sample, which was taken on 06.03.2018
near the bed of Yantra River in Veliko Tarnovo Province, Bulgaria (43°04'52.46" N 25°37'44.54"
E) at air temperature 10 °C. The purified strain 24 was identified by 16S rDNA sequencing.
The sequence was deposited in NCBI GenBank database under accession no. MK461938 [28].
The strain is stored in the microbial culture collection of the Institute of Microbiology,
Bulgarian Academy of Sciences, frozen at —80 °C, in a nutrient medium supplemented
with 20% glycerol.

Two of the reference strains used in the antibacterial activity assay, Escherichia coli
NBIMCC 3397 and Pseudomonas aeruginosa NBIMCC 1390, were purchased from the Na-
tional Bank for Industrial Microorganisms and Cell Cultures, Bulgaria. Klebsiella pneumoniae
G31 (NBIMCC 8650) and Vibrio cholerae non-O1 strain V13 (NBIMCC 8715) were isolated
and identified previously and deposited in the same culture collection [40,41].

The fermentation medium (FM) for EPS production was initially developed for
Paenibacillus polymyxa by Okonkwo et al. [42] and optimized for B. licheniformis 24 by
Tsigoriyna et al. [39]. FM had the following content (g/L): glucose (fructose), either 50 or
100; yeast extract, 13.38; tryptone, 6.41; (NHy4)2SO4, 1; KHpPOy, 3.5; KoHPOy, 4.2; MgSOy,
0.32; ammonium acetate, 2.5; CoCl, x 6H;0, 0.09; microelements solution, 3 mL per litre,
containing (g/L): FeSOy, 0.4, H3BO3, 0.8; CuSO4 x 5H,0, 0.04; NaMoOy x 2H,0, 0.04;
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MI’ICIQ X 4H20, 5.0; ZnSO4 X 7H20, 0.1; CO(N03)2 X 6H20, 0.08; CaClz X 2H20, 1.0;
Biotin, 0.01.

E. coli, K. pneumoniae and P. aeruginosa, used in the assays for the antibacterial activity,
were grown in Luria—-Bertani (LB) medium (10 g/L tryptone, 5 g/L yeast extract, 10 g/L
NaCl). Vibrio cholerae was cultured in Nutrient broth (g/L): peptone, 15; yeast extract, 3;
NaCl, 6; D(+)-glucose, 1. The media were supplemented with 15 g/L agar when needed.

Glucose, xylose, galactose, raffinose, rhamnose, arabinose, fucose, mannose and
fructose, which were used for HPLC standards, and the other chemicals, were of analytical
grade and purchased from Merck KGaA, Darmstadt, Germany.

2.2. Batch Cultivation in Flasks without pH Control

The experiments for EPS production were performed in 500 mL Erlenmeyer flasks
(Boeco, Hamburg, Germany), with 100 mL media containing 50 or 100 g/L glucose or
fructose. Overnight culture grown in FM containing 20 g/L glucose or fructose was used as
inoculum (10%). Fermentations were performed at 37 °C, and 140 rpm in GFL 1092 rotary
shaker (GFL Gesellschaft fiir Labortechnik mbH, Burwedel, Germany). Samples from
the supernatants were analysed after centrifugation at 12,000x g for 10 min on Model
1-14 centrifuge (Sigma, Osterode am Harz, Germany). Three independent cultivations
were carried out.

2.3. Batch and Fed-Batch Processes with pH Control

Batch and the fed-batch fermentations were performed in Biostat® Aplus fermenter
with working volume 1 L (Sartorius Stedim Biotech, Gottingen, Germany) at parameters
previously optimized for B. licheniformis strain 24: temperature 37.8 °C, pH 6.23 and
aeration flow 3.68 vvm [39]. Batch processes were carried out using FM supplemented
with 200 g/L glucose and 10% inoculum (grown for ~24 h). An additional air pump and
rotameter were used to increase the airflow supply. The pH was controlled by the addition
of 6M NaOH or 5M HCl. In fed-batch fermentation, sterile sugar solutions (700 g/L glucose
and 870 g/L fructose) were added. The addition times were at 40th h (glucose), and at
28th h, 36th h and 54th h (fructose). The experiments were duplicated.

2.4. EPS Purification and Hydrolysis

EPSs formed from glucose (EPS1) and fructose (EPS2) were extracted by the following
procedure. Crude EPS fractions were isolated from the fermentation medium after initial
centrifugation at 6000 g for 30 min to remove the biomass. Then, the supernatant was
deproteinated by incubation with 14% trichloroacetic acid (Merck KGaA, Darmstadt, Ger-
many) in a rotary shaker (90 rpm), at 37 °C for 40 min. Then, the sample was centrifuged
at 10,000x g for 10 min, at 4 °C, to remove the denatured proteins. The supernatant (crude
EPS) was precipitated against three volumes of ice-cold ethanol (96%) and incubated at
—18 °C overnight. The EPSs were harvested by centrifugation at 10,000 g g for 20 min,
washed twice with 50% ethanol, the pellet was air-dried and dissolved in sterile bidis-
tilled water. After overnight dialysis at 4 °C, the sample was dried in a desiccator and
stored at 4 °C. Bradford assay showed that both EPSs did not contain any amounts of
residual protein.

The EPS hydrolysis was performed as 10 mL solution with a concentration of 1 mg/mL
was carefully mixed with 1.1 mL concentrated HCl and incubated in a sealed ampoule
at 100 °C for 3.5 h. Then the hydrolysate was lyophilised by the use of a vacuum freeze
dryer machine, model BK-FD10S (Biobase, Jinan City, Shandong, China). The cold trap
temperature was —56 °C, the condenser temperature —80 °C and the freeze-drying time
was 24 h. The lyophilised sample was dissolved in 1 mL sterile bidistilled water.

2.5. Antibacterial Activity

The antibacterial activity of EPS was measured by the agar well diffusion method as
previously described [43].
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Briefly, 100 uL of sterile water-diluted EPS with concentrations 1, 5 and 10 mg/mL
were placed in previously prepared wells (10 mm in diameter) solidified by addition of
1.5% agar medium, appropriate for the respective test microorganism and containing the
test culture grown for 24 h, diluted to 10° CFU/mL. Then, agar plates were cultivated
for 24 h at 37 °C. The antibacterial activity was estimated according to the measurement
of the growth inhibition zone around the agar well in millimetres. As positive control,
chloramphenicol solution with concentration 25 ug/mL was used; as negative control—the
respective nutrient broth. The experiments were repeated twice.

2.6. Antioxidant Activity

The antioxidant activity of EPSs was estimated by Bioquochem S. L. (Llanera, Asturias,
Spain) by several different methods [44,45]. The reduction of the organic cation radical
2,20-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and the decrease in its ab-
sorbance at 734 nm was used to evaluate the Vitamin C Equivalent Antioxidant Capacity
(VCEAC, uM). EPSs with concentrations of 100 mg/L were used.

Total Antioxidant Capacity (TAC) was determined by an electrochemical method
based on oxidising the sample and detection of the released electrons with a special
portable device. For eBQC values estimation, eBQC Natural Ingredients apparatus (eBQC
NI) was used. EPSs were of concentrations 500 mg/L.

SOD Activity Assay Kit was used to ascertain the ability of the EPS to scavenge
superoxide radicals. Briefly, the method is colorimetric and based on the reduction of a
tetrazolium salt (WST-1) to formazan by the superoxide radical. SOD inhibits the reduction
of WST-1 by scavenging superoxide. The inhibition was measured by the decreased
absorbance at 430 nm after incubation for 20 min at 37 °C. One unit of SOD is defined as
the amount of enzyme necessary for 50% dismutation of the superoxide radical. EPSs with
concentrations of 100 mg/L were used for this method. All experiments for the antioxidant
activity estimation were triplicated.

Hydroxyl Radical Antioxidant Capacity (HORAC) was measured by the oxidation
of fluorescein and the quenching of its fluorescence (excitation 485 nm, emission 528 nm).
EPSs were diluted until concentration 500 mg/L.

2.7. Analytical Methods

The cell growth was estimated by viable cells counts (CFU, colony-forming units, per
mL) of decimal dilutions of samples, which were grown on Luria-Bertani (LB) agar plates.

The carbohydrate content in EPS was tested with the phenol-sulfuric acid colorimetric
method of Dubois [46], following the procedure as described by Nielsen [47]. The protein
concentrations were estimated by the Bradford method [48].

The sugar content of acid-hydrolysed EPSs was analysed by YL Instrument 9300 HPLC
System (YL Instrument Co., Ltd., Anyang, Korea). Monosaccharides were separated in
two different ways by the use of two different HPLC columns: Aminex HPX-87P and
HPX-87C (Bio-Rad Laboratories, CA, USA). HPX-87P column was used for the xylose,
galactose and mannose, while HPX-87Cwas used for mannose and fructose separation.
In both analyses, the column temperature was set at 85 °C, and water with a flow rate of
0.6 mL/min was used as a mobile phase. All compounds were detected by the RI detector
(YL 9170 RI Detector).

3. Results
3.1. Selection of EPS Producing Strain B. licheniformis 24

B. licheniformis 24 was selected from a large Bacillus collection based on the phenotypic
characteristics of the colonies (Figure 1), and the typical slimy growth in the liquid medium.
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Figure 1. Colonies of B. licheniformis 24 on Luria—Bertani (LB) agar medium.

The initial study of the strain’s ability to produce extracellular polysaccharides was
performed in flasks, in a fermentation medium containing 50 and 100 g/L glucose or
fructose as a carbon source. EPS production kinetics are shown in Figure 2. B. licheniformis
24 was able to synthesize more exopolysaccharides from glucose than from fructose at both
sugar concentrations, reaching a maximum at 33 h of cultivation. The higher concentration
of the carbon sources significantly increased the difference in the conversion between
them, leading to higher amounts of both EPS: 3.11 and 2.17 g /L from glucose and fructose,
respectively (Figure 2b).
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Figure 2. Time profiles of EPS production by B. licheniformis 24 during fermentation in flasks. (a) EPS
production from glucose or fructose with initial concentration 50 g/L; (b) EPS production from
glucose or fructose with initial concentration 100 g/L. The mean values from three independent
cultivations are presented.

3.2. Isolation of Exopolysaccharides and Determination of Their Monosaccharide Content

The results presented in Figure 3 reveal that both EPSs consisted of the following
three monosaccharides: glucose, galactose and mannose. The ratios, however, were com-
pletely different. EPS1, synthesized from glucose as a carbon source, consisted mainly of
galactose (54%) and glucose (39%), while mannose was found in it in a minimal amount
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(7%). More than half of the total sugar content of EPS2, synthesized in a fructose-containing
medium, was glucose (51%), followed by mannose (30%) and galactose (19%).
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Figure 3. HPLC profiles of monosaccharide content of acid-hydrolysed EPSs produced by B. licheniformis 24. The sugars
were separated by Aminex HPX-87P column and detected by RI detector. (a) Sugar profile of EPS1 produced from glucose;
(b) Sugar profile of EPS2 produced from fructose; (c) Referent sugar standards.

Interestingly, the composition of both exopolysaccharides lacked fructose, despite
the intensive growth and consumption of fructose by the strain. Other sugars typically
reported in the EPS of B. licheniformis, such as ribose, rhamnose, arabinose, fucose and the
amino-sugars N-acetyl galactosamine or N-acetylglucosamine, were not detected too.

3.3. Enhanced EPS Synthesis in Batch and Fed-Batch Processes

To increase the EPSs concentrations obtained from each carbon source, batch fermen-
tations with 200 g/L initial glucose or fructose were performed in a stirring fermenter with
an additional air supply. The time profiles of EPS production from glucose and fructose
followed similar kinetics, reaching a maximum and then constantly decreasing, which
indicates that B. licheniformis 24 consumes some part of the EPS (Figure 4).

Fructose was converted more rapidly, with EPS2 reaching the maximal amount earlier
(6.29 g/L at the 24th h) compared to EPS1 from glucose (9.64 g/L at the 30th h). However,
the quantity of EPS1 was 1.5-fold higher and remained more stable in time.

To estimate the maximum EPS production capacity of B. licheniformis 24 at constant
carbon source excess, starting with 200 g/L glucose or fructose, fed-batch processes were
carried out. The addition of the respective carbon source in the course of the fermentation
provided a consistently high substrate concentration. Thus, the highest concentrations of
the produced polysaccharides were achieved: 12.61 g/L from glucose (49th h) and 7.03 g/L
from fructose (30th h), (Figure 4d).

A comparison of EPSs production during batch and fed-batch processes is shown in
Table 1. The process productivities and yields are higher in batch fermentation; however,
the highest amounts of the produced EPS were obtained during fed-batch processes.
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Figure 4. Time profiles of biomass formation and EPS production by B. licheniformis 24 during batch and fed-batch
fermentation in fermenter Biostat® Aplus, working volume 1 L. (a) EPS1 production during batch fermentation of glucose;
(b) EPS2 production during batch fermentation of fructose; (c) EPS1 production during fed-batch fermentation of glucose;
(d) EPS2 production during fed-batch fermentation of fructose. The starting sugar concentrations were 200 g/L; sterile
glucose or fructose was added during the fed-processes—125 mL glucose (700 g/L) and 210 mL fructose (870 g/L). The
mean values from two independent batch and fed-batch processes are presented.

Table 1. Comparison of EPS produced by B. licheniformis strains in batch and fed-batch processes from glucose and fructose.
The average values of two distinct experiments are presented.

EPS EPS Ygps 2 Biomass P Substrate Consumption Rate
Substrate/Mode (g/L) (g/L/h) (mg/g) (CFU/mL) (g/L/h)

Glucose

Batch 9.64 + 0.53 0.321 75.3 1.9 x 10° 4.09
Fed-batch 12.61 £ 0.79 0.257 62.9 43 x 10° 4.30
Fructose

Batch 6.29 +0.33 0.262 441 1.1 x 10°
Fed-batch 7.03 +0.18 0.234 37.6 4.1 x 10° 5.94

2 Milligram produced EPS per gram substrate consumed; ® Biomass at the EPS maximum.
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3.4. Antioxidant Activity of EPS Produced by B. licheniformis 24

The strongest difference between the two EPSs was observed in their capacity to reduce
ABTS, a free radical and a green chromophore with an absorbance peak at 734 nm commonly
used to estimate general antioxidant activity. EPS2 showed 58.58% decreased absorbance
and 810.56 uM VCEAC. In contrast, EPS1 reached only 7.27% decreased absorbance and
134.55 uM VCEAC, eight and six times, respectively, lower than EPS2 (Figure 5a).

ABTS reduction
1000 -

800 -

600 -

VCEAC (uM)

400 -

200 A

EPS1 EPS2

(@)

Total antioxidant activity
100 1

80 -

60 -

eBQC value
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20 Superoxide scavenging

15 A
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SOD inhibition (%)
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Figure 5. Antioxidant activity of EPS1 and EPS2 from B. licheniformis 24. (a) ABTS reduction measured
in VCEAC (uM); (b) total antioxidant activity in eBQC values; (c) superoxide scavenging measured
in % SOD activity inhibition. All measurements were performed in triplicates.
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This result was confirmed with the eBQC Natural Ingredients portable device. EPS2
showed 2.4 times higher total antioxidant activity compared to EPS1 (61.67 vs. 25.67 eBQC
values) (Figure 5b). A less pronounced effect in the same direction was observed regarding
superoxide scavenging. The inhibition of SOD activity proved to be weak in both EPSs,
but was 5% better in EPS2 (14.25%) compared to EPS1 (8.94%) (Figure 5c). Regarding this
result, the HORAC test for hydroxyl radicals was also performed, but the absence of a
dose-dependent response (data not shown) suggested that the pH of the samples have an
undesirable influence.

3.5. Antimicrobial Activity of EPS Produced by B. licheniformis 24

The antimicrobial activity of the EPS against pathogenic bacteria of the species E. coli
NBIMCC 3397, Pseudomonas aeruginosa NBIMCC 1390, Klebsiella pneumoniae G31 and Vibrio
cholerae non-O1 strain V13 was checked. Unexpectedly, EPS1 and EPS2 in concentrations
between 1 and 10 mg/mL showed no activity against most of the pathogens. However,
EPS1 showed a marked, dose-dependent response against Vibrio cholerae non-O1 strain at
concentrations of 1, 5 and 10 mg/mL (Figure 6), forming a 12 to 20 mm growth inhibition
zone. The minimal inhibitory concentration was 1 mg/mL, with no bactericidal effect.
EPS2 showed no activity under the same conditions.

6
@ 9 @O
&
(d) - L 4
v

(b)

Figure 6. Antimicrobial activity of EPS from B. licheniformis 24 against Vibrio cholerae non-O1 strain.
(a) EPS1, 10 mg/mL; (b) EPS1, 5 mg/mL; (c¢) EPS1, 1 mg/mL; (d) EPS2, 10 mg/mL; (e) EPS2,
5mg/mL; (f) EPS2, 1 mg/mL.

4. Discussion

The present work reveals the ability of B licheniformis strain 24 to synthesize large amounts
of two different exopolysaccharides. The EPSs we have obtained are heteropolysaccharides
with a substrate-dependent specific content of galactose, glucose and mannose. In the liter-
ature, B. licheniformis is distinguished by the rich spectrum of sugars in EPSs composition
sometimes reaching up to eight different monosaccharides, glucuronic and galacturonic
acids [33,34]. However, EPSs containing only a galactose/mannose/glucose combination has
been found in only one other Bacillus sp. [49], although it occurs regularly in EPSs produced
by lactic acid bacteria [50-52]. Mannose content of 30% in EPS2 is the highest reported so far
and is significantly greater than 1.4% reported for other similar EPSs of B. licheniformis [49].
EPSs high in mannose are particularly desired in the production of functional foods as strong
antioxidant agents [5]. Recently, Zhu et al. [53] reported that EPSs rich in mannose produced
by Weissella cibaria exhibited high antioxidant activities in vitro.

However, unlike lactic acid bacteria, which produce such EPSs in very limited quan-
tities, B. licheniformis synthesizes and secretes them in high concentrations in the culture
medium. Because of its Generally Regarded as Safe (GRAS) status, B. licheniformis may be
considered an important industrial source of EPS as these can be freely and safely added
to drugs, foods, cosmetics and other goods to improve their rheological and functional
properties. In addition, given that the price of a product obtained by biotechnology is
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largely determined by the fermentation substrates, B. licheniformis is likely to be competitive
in the industrial market. As this species utilises a huge range of carbohydrates, EPSs could
be produced from cheap, renewable and affordable substrates such as starch, inulin and
molasses, and even lignocellulosic hydrolysates [54].

The production of EPS is influenced by several factors, some of which have been
studied in our work. For example, some authors believe that the nature of the substrate
is irrelevant to the EPSs obtained. We show here that this is of great importance for
B. licheniformis as two different EPSs, with completely different ratios between the com-
posing sugars, are formed from glucose and fructose. Both EPSs were produced during
the exponential growth phase and slightly decreased in the stationary phase, regardless of
continuing biomass accumulation. The only requirement for this EPS production is that
the substrate should be in excess, as mentioned by Freitas et al. [3]. Therefore, fed-batch
experiments were performed to achieve maximal EPS production (12.61 g/L for EPS1 from
glucose and 7.03 g/L for EPS2 from fructose). Both concentrations are among the highest
yet reported for B. licheniformis (Table 2).

Table 2. Comparison of EPS produced by B. licheniformis strains.

Main Sugars in EPS Composition and Their

Strain Carbon Source EPS Yield . Reference
Ratio
P . : galactose/rhamnose/xylose/mannose/glucose;
B. licheniformis AG-06 Sucrose (20 g/L) 0.56 g/L 32/29/7/15/17 [33]
mannose/ribose/glucuronic acid /galacturonic
acid/glucose/galactose /arabinose/fucose;
. . . Monosodium Glutamate In BL-P1:
B. licheniformis T8 (10.0g/L) 3.07 g/mL 4.07/0.34/0.05/0.04/0.00/4.27 /0.47/0.04/0.04/0.05; [34]
In BL-P2:
11.95/0.53/0.07/0.23/0.01/0.89/3.97/0.04/0.07/0.20
B. licheniformis M4 Molasses (20 mL /L) 9.0g/L n/a [54]
. . . Glucose (2.5 g/L); . -
B. licheniformis B22 Alginic acid (1 g/L) 0.67 g/L glucose/arabinose/xylose [55]
. . . CEPS ?: galactose; EPS1: fructose; EPS2: -

B. licheniformis SVD1 Sucrose (40 g/L) 19g/L mannose/ galactose; unknown ratio [56]

B. licheniformis MS3 Mango peels (SSF b) 15.6 g/L mannose/glucose/fructose; 20.6/46.8/32.58 [57]

B. licheniformis DM-1 Sucrose (20 g/L) 129¢g/L glucose/mannose/galactose ¢ [58]

B. licheniformis T14 Sucrose (50 g/L) 0.37 g/L fructose/fucose/glucose; 1.0/0.75/0.28 [59]
B. licheniformis 24 Glucose 12.61 g/L galactose/glucose/mannose; 54/39/7 This study
B. licheniformis 24 Fructose 7.03g/L glucose/mannose/galactose; 51/30/19 This study

2 Capsular polysaccharide; ® SSE—Solid State Fermentation; ¢ Proteoglycan containing 67.4% (w/w) sugar and 27.6% (w/w) protein.

Other important factors for the production of EPSs from bacilli are aeration and
pH. Freitas et al. [3] mentioned that microaerophilic conditions may be beneficial to EPS
synthesis. In the case of B. licheniformis, fermentation in fully aerobic conditions favours
the production of EPSs. The pH was selected as the most suitable for B. licheniformis
growth. A pH of above 6, along with high aeration (3.68 vvm), was found to ensure the
most efficient EPS synthesis.

EPSs produced by the probiotic Lactobacillus and Bacillus strains showed remarkable
antimicrobial properties [60]. Such examples are the EPS of L. rhammnosus (isolated from breast
milk), active against pathogenic E. coli and Salmonella enterica serovar Typhimurium [61], the
EPS of Lactobacillus gasseri that inhibited Listeria monocytogenes [51], and B. licheniformis strain
Dahbl (isolated from shrimp intestine), active against Pseudormonas aeruginosa, Proteus vulgaris,
B. subtilis, B. pumilus and Candida albicans [62]. To our knowledge, this is the first report on
EPS inhibition of the growth of Vibrio cholerae, a pathogen that is very common in nature and
causes 4 million cases, and up to 143,000 deaths due to cholera worldwide [63]. The high
galactose content (54%) may contribute to the antimicrobial activity of EPS1 against V. cholerae,
although the only galactose-rich EPS with an antimicrobial activity until now is the antifungal
EPS of Lacticaseibacillus rhamnosus inhibiting C. albicans and C. glabrata [60].

Bacterial EPS with antioxidant activity have been reported in many species present
in probiotics and functional foods, for example, Enterococcus faecium WEFA23, L. gasseri
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FR4, Lactiplantibacillus plantarum JLAU103, Weissella cibaria SJ14 and Bifidobacterium bifidum
WBINO3 [5,50-53,64]. Regarding B. licheniformis, antioxidative EPSs are also usually pro-
duced by food-derived or probiotic strains, such as probiotic B. licheniformis AG-06 from
Indian polyherbal traditional medicine [33], the strain S-1 from Sichuan pickles [49], and
KS-17 and KS-20 isolated from Kimchi [65]. Both EPSs in our study showed antioxidant
activity, with EPS2 achieving six times more powerful reduction of ABTS. VCEAC value of
EPS2 (810 uM) corresponds to 71% of the antioxidant capacity of Vitamin C. This result
is similar to the antioxidant capacity effect of EPS isolated from probiotic B. licheniformis
by Vinothkanna et al. [33], even at a ten-fold lower concentration (0.1 mg/mL). However,
regarding superoxide radicals scavenging by EPS1 and EPS2, the difference was only about
5%, which indicates that their antioxidative activity probably targets different types of ROS.

Considering the kinetics and concentrations reported above from fed-batch fermenta-
tion, EPS2 can be easily produced and consumed in amounts to match the Vitamin C content
of citrus fruits such as orange (71 mg/100 g fresh mass) and mangaba (Hancornia speciosa,
96 mg/100 g fresh mass). It should be noted, however, that the correlation between Vitamin
C content and overall antioxidant activity is far from straightforward. For instance, the
fruit of murici (Byrsonima crassifolia) contains only 11.8 mg of Vitamin C per 100 g fresh
mass, and yet showed the highest antioxidant activity (more than 30% higher than that of
the mangaba) according to a study of exotic fruits from north-eastern Brazil [66].

5. Conclusions

The present study reports the ability of Bacillus licheniformis strain 24 to produce high
amounts of EPSs in a substrate-dependent manner. Two different EPSs were obtained when
glucose or fructose was used as a carbon source. Fed-batch fermentation led to the highest
production: 12.61 g/L for EPS1 from glucose and 7.03 g/L for EPS2 from fructose; both
yields were among the highest yet reported for B. licheniformis. EPS1 and EPS2 were found
to consist primarily of galactose (51%) and glucose (51%), respectively, with the major
difference in the mannose content as well (30% for EPS2 vs only 7% for EPS1). This compo-
sition probably determines the biological activity of EPSs, which displayed antimicrobial
(EPS1) and antioxidant properties. EPS1 showed growth inhibitory activity against Vibrio
cholerae non-O1 strain. EPS2 showed a significant antioxidant activity corresponding to 71%
of the antioxidant capacity of Vitamin C. In conclusion, as an EPS producer, B. licheniformis
strain 24 possessed the following advantages: it produces EPSs in high quantity, with
high antioxidant activity, and is a non-pathogenic microorganism. Thus, the present study
opens up possibilities for EPSs derived from B. licheniformis to be used as the ingredients of
functional foods and other health-promoting substances.
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