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Abstract: Short-chain prebiotic fructo-oligosaccharides (FOS) produced by enzymatic conversion
from sucrose often contains high concentration of monosaccharides as byproducts. In addition to
conventional physical/chemical purification processes, microbial treatment is an alternative method
to remove these byproducts. We used Bacillus coagulans to reduce the abundance of byproducts
during the enzymatic production of FOS. It is a promising probiotic because this thermophilic and
spore-forming bacterium remains viable and stable during food processing and storage. B. coagulans
also produces lactic acid during the carbohydrate metabolism and is used industrially to produce
lactic acid for medical and food/feed applications. We aimed to establish an evaluation system to
screen different strains of B. coagulans for their performance and selected B. coagulans Thorne for the
treatment of crude FOS due to its high growth rate, high sporulation rate, and low nutrient
requirements. B. coagulans preferentially utilized monosaccharides over other sugar components of
the FOS mixture. Glucose and fructose were completely consumed during the fermentation but 85%
(w/w) of the total FOS remained. At the end of the fermentation, the total viable cell count of B.
coagulans Thorne was 9.9 x 108 cfu'mL! and the maximum endospore count was 2.42 x 10* cfu-mL-".
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1. Introduction

Fructo-oligosaccharides (FOS) are oligosaccharides comprising a sucrose molecule extended by
a small number of fructose residues. The D-Fructose residues link by [3(2—1) glycosidic bonds,
connecting a terminal D-glucose group via a(1—2) linkage. The general formula is GF» and specific
examples include 1-kestose (GF2), nystose (GFs), and 1F-fructofuranosylnystose (GFs). The prebiotic
activity of FOS has been established in many animal studies and clinical trials, demonstrating their
beneficial effects on the immune system, resistance to infection, mineral absorption, and the
maintenance of low serum lipid and cholesterol levels [1-3]. They also inhibit pathogens by
stimulating certain probiotic gastrointestinal bacteria [4-6]. Furthermore, FOS are comparable in
sweetness to sucrose but are only digested to a limited degree by enzymes in the upper part of the
gastrointestinal tract [7,8]. Therefore, <10% of ingested FOS are absorbed in the small intestine [7,9]
and they consequently provide very little energy (8.4-9.2 kJ-g™") [10]. Accordingly, FOS are used in
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the food industry as sweeteners and prebiotics to reduce the risk of dental caries, obesity, diabetes,
diarrhea, hyperlipidemia, and inflammation [11-14].

FOS are storage carbohydrates that occur naturally in many higher plants, including asparagus,
sugar beet, garlic, chicory, onion, and banana [11,14]. Although the FOS content of some species is
high (e.g., 10-20% dry weight in chicory and Jerusalem artichoke), most natural sources contain only
low levels of these molecules, typically 0.3-6% dry weight [15]. This means it is uneconomical to
extract FOS from natural sources, the availability of which is in any case dependent on the season.
The biosynthesis of FOS can be achieved by the hydrolysis of inulin or the transfructosylation of
sucrose using fructosyltransferases (FTases) [11,16]. These enzymes transfer the fructose moiety from
one molecule of sucrose to another to form the trisaccharide 1-kestose and a free glucose. The chain
can be extended with additional fructose units in an analogous manner [16,17]. The use of FTases is
preferable to the hydrolysis of long-chain inulin because random hydrolysis produces a complex
mixture of oligosaccharides with different chain lengths, whereas the activity of FTases can be
controlled more precisely [11,18]. Pectinex Ultra SP-L is a multi-functional enzyme preparation,
which contains pectinase, [3-galactosidase, cellulase, and fructosyl-transferase activities [19]. The
fructosyl-transferase in Pectinex Ultra SP-L provides a high fructosyl-transfer activity with a
negligible hydrolytic activity when the substrate concentration is properly chosen [20]. Therefore,
Pectinex Ultra SP-L has also widely used to produce short chain FOS in addition to the application in
fruit juicy processing [16,21]. In this study, we used this enzyme preparation to produce crude FOS
from pure sucrose.

The synthesis of FOS using FTases typically involves an initial high concentration of sucrose to
promote efficient transfructosylation [17,22]. However, the reaction gradually slows down until an
equilibrium is established between the substrate (sucrose), products (FOS), and byproducts (glucose
and fructose) such that the crude FOS preparation contains large amounts of residual sucrose and the
released monosaccharides [22,23]. This increases the plasma glucose level after absorption, an effect
often quantitatively described in nutrition science using the glycemic index (GI) [24].
Monosaccharides and disaccharides have high GI values because they are easily absorbed, and high-
GI diets increase the risk of metabolic disorders such as diabetes [25]. It is therefore necessary to
remove monosaccharides and disaccharides from the crude FOS preparation to reduce the GI, and
this can be achieved by physical and chemical processes such as ion exchange chromatography
[26,27], ultra/nanofiltration [28,29], and adsorption to activated charcoal [30]. However, these
measures are expensive and/or inefficient. The bioconversion of glucose using enzymes or
microorganisms is another promising alternative. For example, glucose oxidase has been used to
convert the glucose into gluconic acid and hydrogen peroxide [31,32], whereas the use of glucose
isomerase to convert glucose into fructose was not effective [33,34]. The microbial treatment of crude
FOS preparations has also been considered, using species such as Saccharomyces cerevisizge and
Kluyveromyces lactis, which prefer monosaccharides and disaccharides as carbon sources and convert
them into ethanol and carbon dioxide, but the ethanol then needs to be removed [23,35]. It would be
more efficient to convert the unwanted monosaccharides and disaccharides directly into valuable co-
products using more suitable microorganisms.

In this study, we selected probiotic Bacillus coagulans (formerly Lactobacillus sporogenes [36]), a
facultative anaerobic spore-forming bacterium that converts monosaccharides and disaccharides into
lactic acid under anaerobic conditions. According to the definition by Food and Agricultural
Organization of the United Nations, and World Health Organization, probiotics refer to live
microorganisms that, when in adequate numbers, confer a health benefit on the host [37,38], such as
preventing the growth of pathogens, reducing serum lipid levels, and modulating the immune
response [6,12,39,40]. B. coagulans is a competitive probiotic species because its spore-forming ability
allows it to remain viable in the gastrointestinal tract despite the pH extremes and the presence of
digestive enzymes. Many B. coagulans strains have been isolated from diverse sources [41-43]. They differ
in terms of growth (biomass accumulation) rate, lactic acid conversion, sporulation, and nutrient
requirements, thus it is challenging to select the most appropriate strain for a given industrial process.
For example, strains with a high conversion rate and lactate tolerance are needed for lactic acid
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production [43], whereas strains used as probiotics require a high growth rate and a high sporulation
rate [42]. Here, we established an evaluation system based on several process parameters to select a
candidate from among four model strains of B. coagulans that would be suitable for the treatment of
crude FOS preparations, and confirmed the suitability of the selected strain for the reduction of
monosaccharides and disaccharides in the crude FOS mixture.

2. Materials and Methods

2.1. FOS Synthesis

The commercial enzyme preparation Pectinex Ultra SP-L (Novozyme A/S, Bagsveerd, Denmark)
was used for the enzymatic production of FOS, with 600 g-L-! sucrose as the substrate buffered with
0.1 M potassium phosphate (pH 5.5). The reaction was initiated by mixing the enzyme and substrate
solutions at a 1:9 (v:v) ratio. A 100-mL enzyme solution and 900 mL sucrose were used for each batch
of production. The mixture was incubated at 55 °C on a heating plate stirring at 200 rpm. The reaction
was terminated by thermal enzyme deactivation at 80 °C for 20 min.

2.2. Microorganisms

Four model strains of B. coagulans were used in this study. B. coagulans DSM 1 and DSM 2312
were purchased from the German Collection of Microorganisms and Cell Cultures (Deutsche
Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ), Braunschweig, Germany). B.
coagulans Thorne was purchased from THORNE Research, Inc. (Summerville, SC, USA; Lot No.
14.06820), which contains high dose of endospores in the formulation of vegetarian capsule [44]. B.
coagulans PS5 was kindly supplied by ThyssenKrupp Industrial Solutions AG, Process Technologies
(Bad Soden, Germany).

2.3. Culture Media

Two media were used to cultivate B. coagulans in shake flasks. MRS (de Man, Rogosa, and
Sharpe) is a nitrogen-rich medium (4.0 g-L' yeast extract, 8.0 g-L-' meat extract, 10.0 g-L peptone
from casein, 2 g-L' KoaHPOs, 0.1 g-L1 MgSOs, 0.03 g-L-* MnSOs, 1.0 g-L' Tween-80 and 20 g-L™
glucose). A reduced-nutrient medium was prepared as recommended by DSMZ (3.0 g-L-! meat
extract, 5.0 g-L-! peptone from casein and 0.01 g-L-* MnSQs). This medium, supplemented with crude
FOS, was used for FOS treatment by batch fermentation in the bioreactor system. The inoculum was
grown in the same medium. A Glucose Yeast Extract Agar (GYEA) medium (5.0 g-L-! peptone from
casein, 5.0 g-L-" yeast extract, 2.0 g-L' glucose, 0.5 g-L-* KeHPOs, 0.5 g-L-* KH2POs, 0.3 g-L* MgSOs,
0.01 g-L-* MnSOs, 0.01 g-L-! NaCl, and 15 g-L-! agar) was used to determine the cell and spore counts.
All components were sterilized at 121 °C for 20 min except for the sugar solution, which was sterilized
separately.

2.4. Cultivation of B. coagulans

Four strains of B. coagulans were cultivated in shake flasks to investigate their growth (biomass
accumulation) and sporulation rates. The pre-culture was prepared in a 100-mL conical flask
containing 10 mL reduced-nutrient medium. The inoculum was cultured for 14 h to reach the
exponential phase, and 50 mL culture medium in a 250-mL conical flask was then inoculated with
the pre-culture. All cultivations started at an initial optical density at 600 nm (ODsw) of 0.1 + 10%. The
culture was incubated in an orbital shaker (100 rpm) (Infors HT, Einsbach, Germany) at 40 °C for 48
h. Batch fermentations for FOS purification were carried out in a 3-L bioreactor (Applikon
Biotechnology, Delft, The Netherlands) at 40 °C with aeration at 1.3 vvm and neutralization at pH 6.8
using 2 M NaOH. We inoculated 2 L of the FOS-containing reduced-nutrient medium with 5% pre-
culture. The ODsw was measured in triplicate by UV/Vis spectrophotometry (Eppendorf AG,
Hamburg, Germany). An aliquot was diluted with physiological saline to ensure the absorbance
value was < 0.5. The cell growth was described with specific growth rate (p) according to Equation (1),
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where t1 and t2 refer to the start and end of each sampling interval. The maximal value of u during
the cultivation represented the growth rate at exponential phase (pimax).

ODé0o,,, M

2.5. Determination of Sporulation Rate

Spore staining was carried out as previously described using 1% malachite green aqueous
solution as the primary stain and 0.5% safranin solution as the secondary stain [45]. The smear was
observed at 1000x (oil immersion) total magnification. The sporulation rate was defined as the ratio
of the number of spores (Nspore) to the number of total viable cells (Nwti) (Equation (2)) [46]. The
number of viable cells was determined in a plating assay and expressed as colony forming units (cfu).
The number of spores was determined in the same manner, but the fermentation broth was heated
to 75 °C for 10 min before plating to kill the vegetative cells. In each case, we prepared a 10-fold
dilution series from the broth and streaked 50 uL of each sample on a GYEA plate. The number of
colonies was counted after incubation at 40 °C for 24-48 h. The mean average cell number in 1 mL
was calculated using the colony numbers of two consecutive decimal dilution levels according to
Equation (3), where N is the mean average of the cell number in 1 mL undiluted sample and 10x is
the dilution factor for the lowest evaluated dilution level. For example, when we used the colony
numbers on the plates for 10°- and 107-fold dilution to calculate the cell number, the lowest evaluated
dilution level is 10°. V'is the volume of the sample streaked on each plate, nx and nx-1refer to the colony
numbers on each plate, and mx and mx-1 are the numbers of streaked plate at each dilution level.

spore

N,
Sporulation rate = —— X 100% (2)
total

N=1_0x'znx+znx+l (3)
V. om, + 0.1my,,

2.6. Quantitation of FOS

The concentration of sugars in the fermentation broth was determined by high performance
liquid chromatography (HPLC) using a Dionex UltiMate 3000 HPLC system (Thermo Fisher
Scientific, Waltham, MA, USA) equipped with an XBridge Amide, 3.5 pm, 4.6 mm x 150 mm column
(Waters GmbH, Eschborn, Germany). The mobile phase comprised 70:30 (v:v) acetonitrile:water with
a flow rate of 1 mL-min™. The water fraction was supplemented with 0.2% (v/v) trimethylamine
before analysis. The column was incubated at 40 °C. Before loading analysis, the cell-free sample was
diluted two-fold with deionized water. Carrez solutions I and II (Carl Roth GmbH + Co. KG,
Karlsruhe, Germany) were then added to the diluted sample at a ratio of 1:100 (v:v) to precipitate
proteins. The protein-free sample was further diluted 50-fold with the mobile phase used as the
diluent. The diluted sample was passed through a 0.2-um nylon syringe filter (Carl Roth GmbH +
Co. KG, Karlsruhe, Germany) and the filtrate was sealed in an HPLC glass vial. A set of FOS standard
(FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) was used to quantitatively determine
the sugar concentration. The standard solution was diluted at five levels to determine the calibration
curve.

3. Results

3.1. Growth and Sporulation of Different Strains of B. coagulans

The four strains of B. coagulans were cultivated in MRS medium with an initial glucose
concentration of 20 g-L! to compare their growth rates (measured as biomass accumulation). As
shown in Figure 1, B. coagulans PS5 was the fastest-growing strain, reaching the highest ODsow value
of 17 after 48 h. B. coagulans Thorne grew more slowly, but B. coagulans DSM1 and 2312 were the



Fermentation 2020, 6, 6 5 of 16

slowest, producing the least biomass during the same cultivation period. The growth and biomass
accumulation correlated with substrate consumption: B. coagulans DSM2312 had utilized only 54.1%
of the glucose in the medium after 24 h, whereas B. coagulans PS5 had consumed all the glucose in the
medium. The sporulation of the four strains were examined with the optical microscope. Figure 2
shows that none of the four strains formed spores in the MRS medium after 48-h cultivation.
Moreover, no colony was observed in the determination of spore number using plating assay.
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Figure 1. Accumulation of B. coagualans biomass in MRS medium (represented by ODeoo values) at an
incubation temperature of 40 °C for 24 and 48 h. Values are means + standard deviation of n = 3
measurements.
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Figure 2. Morphology of B. coagulans cells (red) and endospores (green) in MRS and basal medium.
The yellow arrows indicate the typical morphology of the endospores. The cells were cultivated at 40
°C for 48 h.

3.2. Sporulation of B. coagulans in Basal Medium

Since the endospore formation is usually triggered by a lack of certain nutrient or change in
cultivation conditions, the sporulation of B. coagulans was investigated in basal medium, which
contained only peptone, meat extract, and manganese sulfate. Given the low nitrogen content and
absence of sugars, all four strains grew much more slowly than in MRS medium and lower ODsoo
values were observed after 24 and 48 h (Figure 3). In contrast to MRS medium, where the ODsoo values
of all strains were higher at 48 h than at 24 h, only B. coagulans Thorne continued to grow after 24 h
and in the three other strains the ODsw declined, suggesting nutrient limitation had occurred.
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Figure 3. Accumulation of B. coagualans biomass in basal medium (represented by ODsw values) at an
incubation temperature of 40 °C for 24 and 48 h. Values are means + standard deviation of n = 3

measurements.

As the rate of biomass accumulation declined, the sporulation of all four B. coagulans strains was
successfully induced in the basal medium in the presence of the manganese sulfate after cultivation
for 48 h (Figure 2). However, the sporulation rate was highest for B. coagulans Thorne, followed by
DSM1, DSM2312, and PS5. These results were confirmed by cell plating assays (Figure 4). The total
viable cell count for B. coagulans Thorne was 7.06 x 108 cfu-mL~" with a sporulation rate of 19.0%. The
other strains had much lower numbers of vegetative cells and spores under the same conditions.
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10*
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DSM1 DSM2312  Thorne PS5

Figure 4. The number of vegetative B. coagulans cells and endospores after cultivation in basal medium
at 40 °C for 48 h. Values are means * error range of n = 2 measurements.

3.3. Fermentation of B. coagulans in the Bioreactor for the Treatment of Crude FOS

The crude FOS solution was prepared by the enzymatic conversion of sucrose. The
chromatogram (Figure 5) shows the components in the crude FOS solution, including the residual
sucrose, monosaccharides as byproducts, and oligosaccharides as target products. The sugar
concentrations were calculated by integrating the peak areas. Figure 6 shows the variation of each
sugar component during the enzymatic conversion. The glucose was rapidly converted to kestose at
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the beginning of the reaction. The concentration of kestose reached the maximum within 60 min, and
then, gradually decreased, as the kestose was further converted to longer oligosaccharides. The chain
of FOS extended while the glucose was released, leading to the increase in glucose concentration. The
reaction for the production of crude FOS was terminated when the glucose concentration reached
160-180 g-L-'. This FOS solution was diluted before adding it to the growth medium as a carbon
source in order to avoid the inhibition of cell growth caused by high sugar concentrations and
consequent osmosis pressure. The final glucose concentration in the growth medium was adjusted to
20 gL
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Figure 5. HPLC analysis of the crude FOS produced from sucrose by incubating with Pectinex Ultra
SP-L at 55 °C overnight. The peaks correspond to: (1) fructose; (2) glucose; (3) sucrose; (4) 1-kestose;
(5) nystose; and (6) 1F-fructofranosylnystose. The upper curve is the chromatogram of the standard
solution. The lower curve is the chromatogram of the crude FOS preparation produced by the
Pectinex Ultra SP-L.
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Figure 6. Time course of the FOS production from sucrose by incubating with Pectinex Ultra SP-L at
55 °C.

Figure 7 shows the growth curves of B. coagulans DSM1 and Thorne in the FOS-supplemented
medium. The fermentations were carried out in the bioreactor system under the control of
temperature, aeration, and pH values. Biomass accumulation was strongly enhanced by adding the
mixed sugar to the bioreactor. Although both strains grew well, kinetic analysis clearly showed that
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B. coagulans DSM1 had a shorter lag phase and a lower pmax (0.68 = 0.09 h™) than B. coagulans Thorne
(0.99 + 0.06 h') during the exponential phase. The ODsoo of B. coagulans DSM1 steadily increased to
~8.0 and then remained steady, whereas the ODsow of B. coagulans Thorne declined from 8.3 to 4.7 after
the growth phase. These differences were also represented by the cell counts. The total cell count for
B. coagulans DSM1 decreased slightly from 6.30 to 5.94 x 10® cfumL~ during the last 24 h of
cultivation, whereas the corresponding value for B. coagulans Thorne dropped from 4.00 to 0.99 x 10°
cfumL- (Figure 8). The increase in biomass accumulation was not directly converted to a high
sporulation rate. After cultivation for 48 h, the number of spores was 1.8 and 2.4 x 104 cfu-mL-"' for B.
coagulans DSM 1 and Thorne, respectively (Figure 8). This was much lower than the number of spores
in the basal medium without sugar.

10

4 —s=— DSM1
—e— Thorne

0 10 20 30 40 50
Time [h]

Figure 7. Growth curves of B. coagulans DSM1 and Thorne in the FOS-supplemented medium
(temperature = 40 °C, pH = 6.8, aeration = 1.3 vvm). Values are means + standard deviation of n =3
measurements.
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Figure 8. Total viable cell counts and spore counts of B. coagulans DSM1 and Thorne in the batch
fermentation with the crude FOS preparation (temperature = 40 °C, pH = 6.8, aeration = 1.3 vvm).

Values are means * error range of n =2 measurements.
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During fermentation, biomass accumulation was accompanied by substrate consumption to
provide the energy and carbon necessary for cell growth. We found that the monosaccharides were
preferentially utilized, as shown by the disappearance of the fructose and glucose peaks from the
chromatogram after 24 h (Figure 9), whereas the peaks representing sucrose and FOS remained. The
normalized concentrations of different sugars during the B. coagulans Thorne fermentation are shown
as an example in Figure 10, indicating the change in each sugar component related to its initial level.
The sugar consumption profile has two phases, the first involving the complete consumption of
monosaccharides (glucose and fructose) with negligible utilization of sucrose and FOS, and the
second (triggered by monosaccharide depletion) involving the consumption of sucrose as an
alternative carbon source. During this second phase, the sucrose content declined to ~50% of the
starting value but the amount of biomass showed an unexpected decline, rather than increasing
further.

20
15-
oy Oh
0- A,

Value [pA]

-5_' Mm 24h
-10 4 - " -

-154

_20 i [

5 0 5 10 15 20 25 30 35 40
Time [min]
Figure 9. HPLC time course analysis of sugars in the fermentation broth of B. coagulans Thorne

(temperature = 40°C, pH = 6.8, aeration = 1.3 vvm). The peaks correspond to: (1) fructose; (2) glucose;
(3) sucrose; (4) 1-kestose; (5) nystose; and (6) 1F-fructofranosylnystose.
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Figure 10. Consumption of sugars during the batch fermentation of B. coagulans Thorne in the
bioreactor system (temperature =40 °C, pH = 6.8, aeration = 1.3 vvm).
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Table 1 shows the selectivity of B. coagulans for different sugars, which in turn depends on the
chain length. B. coagulans DSM1 and Thorne showed similar pattern of sugar consumption. The
monosaccharides were used up prior to the consumption of sucrose and FOS. However, the sugar
consumption of B. coagulans DSM1 was slightly slower than that of B. coagulans Thorne. This
phenomenon corresponds to the difference in cell growth. The preference for monosaccharides
ensures that few of the FOS are utilized and the residual sucrose can be converted into more FOS
using a cascade process.

Table 1. Concentration of sugars in the fermentation broth during the first phase of sugar utilization.

Concentration [g-L-]

Strain Time Fructose  Glucose Sucrose 1-Kestose =~ Nystose 1F-Nystose

0Oh 5.4 25.6 4.4 4.4 4.5 3.9
DSM1 24h 0.4 0.6 3.3 3.6 3.1 3.7

48 h 0.0 0.0 2.6 3.8 3.5 3.6

Oh 6.1 21.2 5.6 4.0 6.1 1.9
Thorne  24h 0.0 0.0 4.4 3.9 49 2.0

48 h 0.0 0.0 2.4 2.7 3.7 2.2

4. Discussion

MRS is a complex medium that is widely used to cultivate lactobacilli and B. coagulans for the
production of lactic acid because it provides all necessary vitamins, amino acids, and growth factors
[43,47]. This medium is therefore useful to determine the growth properties of different B. coagulans
strains. Some other complex medium that contain the necessary nutrients can also be used for this
purpose. For example, B. coagulans DSM1 was cultivated in glucose yeast-extract carbonate medium
to achieve the maximum ODew of ~12 [48]. High rates of growth and biomass accumulation are
necessary for the production of probiotics because the biomass is the primary product, and the high
growth rate can enhance the space-time yield, thus reducing the production costs. Furthermore, a
fast-growing microorganism tends to be more competitive in a community, helping probiotics to
inhibit the growth of pathogens. A high growth rate is also associated with the rapid consumption of
glucose, which is desirable when the purpose of the bacteria is to remove glucose from a crude FOS
preparation.

Sporulation is a key advantage of B. coagulans compared to other probiotic microorganisms
because the spores can resist extreme pH conditions and digestive enzymes as they pass through the
gastrointestinal tract [49]. However, none of the four strains formed spores in MRS medium. This
suggested that nutrient-rich medium is unsuitable for the analysis of spore formation, probably
because endospores are a dormant form that helps cells to survive in harsh environments and they
tend not to form under mild conditions when sufficient nutrients are available [50]. A reduced-
nutrient medium was therefore used to evaluate the sporulation rate of these strains. Reducing the
nutrient supplement primarily caused a decline in biomass accumulation. The nutrient limitation of
B. coagulans DSM1, DSM 2012, and PS5 was observed in the basal medium, suggesting that they have
higher nutrient requirement than B. coagulans Thorne. The qualitative effects of nutrient limitation
were not the same in these three strains, reflecting differences in their nutrient requirements and
metabolic capacity. An ideal probiotic strain would achieve high biomass accumulation with minimal
nutrient requirements because this would reduce the cost of the nutrients added to the growth
medium. In addition to the better growth, B. coagulans Thorne also possesses higher productivity of
endospores than the other strains. However, the cell and spore counts in this study were 10-100-fold
lower than reported for other strains [42,51]. This may reflect the lack of carbohydrates and low
concentration of other nutrients in basal medium, as well as differences in the experimental methods
between this study and earlier reports (e.g., shake flask cultures in this study but bioreactor systems
with pH control and regulated aeration in other studies). Nevertheless, our experimental setup was
sufficient to highlight differences among the four strains in terms of biomass accumulation and
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sporulation rate. It is remarkable that B. coagulans PS5 showed the greatest deficit in biomass
accumulation among the four strains when comparing basal medium to MRS medium yet also had a
low sporulation rate (< 0.5%). This strain is widely used for the industrial production of lactic acid,
thus the higher nutrient requirement is likely to reflect its high growth rate and productive
metabolism. The capacity for sporulation may have been lost because this characteristic is not needed
during the screening of highly-productive lactic acid strains, but sporulation is a desirable feature
when B. coagulans is used as a probiotic.

B. coagulans is a versatile bacterium, which has been used in various fields, e.g., production of
lactic acid, probiotic preparations, and enzymes [47,49]. Each application has unique requirements
that can be met by different strains. Many probiotic B. coagulans strains have been isolated from
diverse sources including fermented tea and vegetables [41,52,53]. It is difficult to select the most
appropriate strain, although decision making can be facilitated by systematically listing the
properties of each candidate. Thus far, we characterized the biological features of the four B. coagulans
strains in this study by comparing nutrient requirements, growth rate, and spore-forming capacity
(Table 2). B. coagulans Thorne was shown to possess the most suitable characteristics for the treatment
of the FOS preparations and we therefore selected this strain for testing, along with the second-best
candidate B. coagulans DSM1 as a reference.

Table 2. Characterization of B. coagulans strains to determine their suitability for the treatment of FOS
preparations. The +/— symbols indicate positive/negative characteristics and the number of symbols
is a qualitative indicator of the relative performance in each category.

Microbiological feature DSM1 DSM2312 Thorne PS5

Biomass accumulation ! + + ++ F++
Biomass accumulation 2
Total viable cell count 2 +++ + S+ T+
Spore count 2 +++ ++ T+ +
Sporulation rate 2 +++ ++ S +

Nutrient requirements - - - o

1 Related to the ODsoo values in MRS medium. 2 Determined in basal medium after 48 h.

The enzymatic produced crude FOS contain not only residual sucrose and target products, but
also high concentration of byproduct, i.e., glucose. The selected B. coagulans strains were cultivated
in the bioreactor system to investigate the microbial treatment for the removal of this unwanted
byproduct from the crude FOS. Both strains can utilize the small sugars in the crude FOS product,
achieving a higher cell density than in the basal medium. However, the sporulation strongly declined
in the fermentation with FOS. The low sporulation rate may reflect the presence of the sugars, which
alleviated any nutritional limitations. However, the presence of glucose in the B. coagulans growth
medium has previously shown no significant inhibitory effect on sporulation [42,51]. A systematic
investigation of the process parameters that affect biomass accumulation and sporulation led to the
development of an optimized two-stage process to improve both properties, and revealed that a
lower oxygen supply promotes sporulation [42]. Considering that both growth and sporulation are
highly strain-dependent, further investigation is necessary to determine the optimum culture
conditions that maximize biomass accumulation and sporulation [42].

In this study, we cultivated B. coagulans with mixed carbon sources. The utilization of the
saccharides was divided into two phases. A similar profile was observed during the production of
lactic acid by B. coagulans HL-5 with a mixed sugar substrate [54]. The sucrose must be hydrolyzed
by B-fructofuranosidase before utilization, and the expression of this enzyme may be inhibited in the
presence of glucose. Therefore, the consumption of sucrose does not begin until the glucose is
depleted. In contrast, the total FOS concentration decreased by only 28%, and accordingly the
proportion of FOS relative to the total sugar content increased from 26.7% to 78.3% during the
fermentation. The utilization of FOS requires the activity of multiple operons involved in sugar
metabolism or a putative fos operon which has been identified in Lactobacillus acidophilus, L. paracasei,
and L. plantarum [55-57]. These operons encode a transport system that takes up FOS from the
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medium and the enzyme (3-fructosidase, which is required for the hydrolysis of FOS. The inactivity
or absence of such operons in B. coagulans may explain the limited degradation of FOS in our
experiment.

Microbial treatment is an increasingly attractive solution for the purification and enrichment of
oligosaccharides from a crude preparation [23,32,35,58-60]. Most previous studies involved
sequential fermentation (or co-fermentation) with yeast such as S. cerevisae, K. lactis, and Pichia pastoris
to remove the small sugars, increasing the purity and content of oligosaccharides. However, these
previous investigations did not mention the further utilization of the biomass and the byproducts
derived from the small sugars, e.g., carbon dioxide, ethanol and/or glycerol. Probiotic bacteria offer
a better alternative that explores their proven health benefits and safety as food additives [39]. We
are unaware of any previous studies in which probiotic microbes have been used for the treatment
of FOS, possibly because many probiotic bacteria (including lactobacilli and bifidobacteria)
hydrolyze and utilize short-chain oligosaccharides [56,57]. In contrast, we found that B. coagulans
does not utilize FOS and is therefore ideal for the purification and enrichment of these molecules.
Furthermore, the unwanted small sugars were converted into lactate, which can be recovered as the
valuable byproduct lactic acid. The biomass, including the vegetative cells and endospores, can then
be used as probiotics. Additional unit operations are required to recover the pure FOS from the
fermentation system, but the B. coagulans—FOS mixture could also be developed as a novel synbiotic
formulation for inclusion as a functional food ingredient.

5. Conclusions

In this study, we established an evaluation system to select the most appropriate strain for a
downstream fermentation process that reduces the small sugar byproducts of a crude FOS
preparation. Four B. coagulans strains were characterized in terms of their biomass accumulation,
sporulation capacity, and nutrient requirements. We established an evaluation system to select the
most appropriate strain for a downstream fermentation process that reduces the GI of a crude FOS
preparation. B. coagulans Thorne was selected for cultivation in the bioreactor system due to its high
growth rate, high sporulation rate, and low nutrient requirements. B. coagulans DSM1, which
achieved the second-best performance in the evaluation system, was selected as a reference strain.
Both strains preferentially utilized monosaccharides in batch fermentations, with pimax values of 0.99
and 0.68 h, respectively. At the end of the fermentation, the total viable cell count for B. coagulans
Thorne was 9.9 x 108 cfu-mL-"' compared to 5.4 x 108 cfu-mL-" for DSM1. Furthermore, the spore count
was 1.8 x 10* cfu-mL- for B. coagulans Thorne and 2.4 x 10* cfu-mL-* for DSM1. Both strains selectively
utilized the monosaccharides glucose and fructose whereas the sucrose and FOS were only
metabolized to a limited extent. We have therefore proven the feasibility of a biological treatment for
the purification of crude FOS using a probiotic bacterial strain. This combination of probiotic bacteria
and prebiotic FOS is a new concept that can be exploited for the development of novel synbiotic
formulations.
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Cfu colony forming unit

Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (German Collection of
Microorganisms and Cell Cultures)

HPLC  high performance liquid chromatography

FOS fructo-oligosaccharides

FTase  fructosyltransferase

GF2 1-kestose

DSMZ

GFs nystose
GFs fructofranosyl nystose
GI glycemic index

GYEA  Glucose Yeast Extract Agar
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