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Bivolarskaa and Ilia Ilievb
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ABSTRACT
This study examined the effect of lactulose, galactooligosaccharide, fructooligosaccharide, inulin, 
and β-glucan on the probiotic strain Lactobacillus delbrueckii subsp. bulgaricus L14, cultivated in 
an in vitro gastrointestinal system model. We analyzed the degree of hydrolysis of the studied 
prebiotic oligosaccharides in condition of simulated gastric fluid. The results showed that lactulose 
had the highest resistance, galactooligosaccharide underwent hydrolysis, and fructooligosaccharide 
was the most sensitive. Among the polysaccharides, fructose was released from inulin and glucose 
from β-glucan. Short-chain oligosaccharides and metabolites derived from studied prebiotic 
oligosaccharides and polysaccharides, supported the growth of probiotic strain L14, which showed 
the highest growth with fructooligosaccharides and β-glucan as carbohydrate sources. The profile 
of the activated enzymes secreted by the probiotic strain L14, indicated their inducible character. 
Beta-galactosidase was activated in the presence of lactulose and GalOS, inulinase was activated 
in the presence of inulin and fructooligosaccharides, and β-glucosidase was activated in the 
presence of β-glucan fragments. Analysis of the produced organic and short-chain fatty acids 
showed that the typical representative of the homofermentative lactobacilli Lb. delbrueckii subsp. 
bulgaricus L14 changes its metabolism from a homofermentative to a heterofermentative type, 
best expressed in the presence of lactulose, galactooligosaccharide, and β-glucan.

Introduction

In the context of resolving the health problems of 
modern society, many scientific reports have postu-
lated the positive effects of prebiotics in combating 
physiological disorders caused by oxidative stress 
[1–3]. The mechanism of action of prebiotics is related 
to the growth and development of beneficial micro-
flora in the host gastrointestinal tract and production 
of short-chain fatty acids (SCFAs) [4–6]. They support 
the normal functioning of the intestinal mucosa, stim-
ulate the immune system by suppressing the produc-
tion of pro-inflammatory cytokines, and improve 
glucose homeostasis, etc. [6]. There are different types 
of prebiotics, but mainly they are of carbohydrate 
origin and are oligosaccharides. The properties of 
prebiotics depend on their monosaccharide compo-
sition, the type of glycosidic bonds, the degree of 
polymerization (DP), and the degree of methylation. 

The most common monosaccharides in the compo-
sition of oligosaccharides are fructose, xylose, glucose, 
and galactose [7].

Lactulose is a disaccharide of galactose and fructose 
and can be obtained by isomerization of lactose. In 
1957 it was proved that lactulose possesses prebiotic 
features and promotes growth of fecal bacteria from 
the genus Bifidobacterium and for this reason, until 
the present day, lactulose is known as a ‘bifidogenic 
factor’ [8, 9]. Lactulose has been used in the treatment 
of constipation, hepatic encephalopathy, and chronic 
kidney disease etc. [10–12]. Low-dose lactulose can be 
used as a prebiotic [9, 13].

Galactooligosaccharides (GalOS) are composed of 
galactose moieties with glucose or galactose attached 
at the reducing end. Commercial GalOS are produced 
by enzymatic transgalactosylation of glucose, galactose 
or lactose attached via β-(1, 2, 3, 4, or 6) linkages, 
with a DP 2 to 8 [14].

© 2023 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

CONTACT Ilia Iliev  iliev@pu-technocentre.eu  Department of Biochemistry and Microbiology, Faculty of Biology, Plovdiv University “Paisii 
Hilendarski”, Plovdiv 4000, Bulgaria.

https://doi.org/10.1080/13102818.2023.2178825

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unre-
stricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

ARTICLE HISTORY
Received 22 November 
2022
Accepted 6 February 
2023

KEYWORDS
Lactobacillus bulgaricus; 
probiotics; prebiotics; 
β-glucan; 
β-galactosidase; inulinase

mailto:iliev@pu-technocentre.eu
https://doi.org/10.1080/13102818.2023.2178825
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1080/13102818.2023.2178825&domain=pdf&date_stamp=2023-2-22
http://www.tandfonline.com


Biotechnology & Biotechnological Equipment 261

Fructooligosaccharides (FOS) and inulin belong to the 
group of fructans. Inulin is a polydisperse fructan com-
posed of fructose residues linked by β-(2-1) linkages. It 
has a varying DP from 2 to 60. Each chain has a terminal 
glucose molecule linked by α-(1-2) linkage [7, 14]. Unlike 
inulin, FOS are composed of oligomers with shorter 
chain with a DP between 2 and 10 and can be produced 
by hydrolysis of inulin using endoinulinases [14].

Beta-glucans are complex polysaccharides com-
prised of glucose units linked together by (β-1,3), 
(β-1,4) or (β-1,6) glycosidic bonds [15]. They are found 
mainly in plants and provide diversity of beneficial 
effects altering lipid and glucose metabolism, 
anti-inflammatory, reducing cholesterol, cardiovascular 
and diabetes risk [16, 17].

According to the Food and Agriculture Organization/
World Health Organization and updated by Hill et al. pro-
biotics are defined as ‘living microorganisms that, when 
administered in adequate amount, confer a health benefit 
on the host’, and include both bacteria (Lactobacillus, 
Bifidobacterium etc.) and yeasts (e.g. Saccharomyces) gen-
era [18, 19]. In recent years, there has been growing 
interest in studying how the gut microbiota impact the 
human health and its functions in the collaboration with 
the protective mechanisms of the host’s immune system 
against unfavorable effect of pathogens [20, 21]. A lot of 
environmental factors, including antibiotics, disease, type 
of diet, as well as the mode of delivery and early feeding 
can influence the human microbiome, and the effects of 
prebiotic supplementation [6].

The assimilation of prebiotic oligosaccharides and 
their metabolism by the beneficial microflora of the 
gastrointestinal tract is an individual factor due to the 
personal nature of the human microbiome and is also 
influenced by environmental factors. The study of the 
possibilities for prevention of dysbiosis in the gastroin-
testinal tract, as well as recovery of existing dysbiosis 
through the application of probiotics/prebiotics and 
symbiotics is a key factor in maintaining the health 
status of a person. The limited possibilities for in vivo 
experiments with the participation of volunteers have 
led to the development of various models of in situ 
analyses in conditions simulating in vitro gastrointestinal 
tract (GIT) systems. Data from such experiments would 
provide much more realistic information than strictly 
laboratory experiments, about the interaction of probi-
otics and prebiotic oligosaccharides under conditions 
of GIT, including their uptake, metabolism, and produc-
tion of metabolites by the probiotic bacteria.

In this study, we explored the effect of lactulose, 
GalOS, FOS, inulin, and β-glucan on the probiotic strain 
Lactobacillus delbrueckii subsp. bulgaricus L14, after 
transformation in different parts of the GIT using 

simulated conditions in an in vitro gastrointestinal sys-
tem model.

Materials and methods

Bacterial strain

To study the prebiotic potential, we used Lb. delbrueckii 
subsp. bulgaricus L14 strain from the collection of the 
Department of General and Applied Microbiology at 
Sofia University, Bulgaria. The strain was cultured for 
24h on MRS (de Mann Rogosa Sharpe broth, Merck, 
Germany) media [22] at 37 °C.

Prebiotic oligosaccharide and polysaccharides

In this study, we used the following oligosaccharides 
and polysaccharides: lactulose (Calbiochem, USA) con-
tained lactulose 97.5%, galactooligosaccharide (GalOS) 
(Yakult, Japan) contained 2% DP2, 48% DP3, 38% DP4, 
and 12% DP5, fructooligosaccharide (FOS) (Orafti, 
Belgium) contained 5% glucose, fructose, and sucrose, 
inulin (Orafti, Belgium), and β-glucan (Orafti, Belgium).

In vitro gastro-intestinal digestion model

The in vitro model simulating gastrointestinal digestion 
was performed according to the INFOGEST method 
[23]. Our experiment included simulated gastric fluid 
(SGF) and simulated intestinal fluid (SIF). Schematic 
representation of our experiment is shown in Figure 1.

Bioreactors were sterilized in an autoclave at 121 °C 
for 20 min. Oligosaccharides and polysaccharides with 
a concentration between 10 and 15 mg/mL in sterilized 
water were prepared. For SGF, solutions of prebiotics, 
porcine pepsin solution (final concentration of 2000 U/
mL), electrolytes composed by KCl (final concentration 
of 6.9 mmol/L, KH2PO4 (final concentration of 
0.9 mmol/L), NaHCO3 (final concentration of 25 mmol/L), 
NaCl (final concentration of 47.2 mmol/L), MgCl2 x 
(H2O)6 (final concentration of 0.12 mmol/L) and 
(NH4)2CO3 (final concentration of 0.5 mmol/L) were 
mixed. Water was added to a final solution volume of 
400 mL with pH 3.0. The mixture was incubated at 
37 °C with continuous agitation (100 rpm) using a 
Winpact FS-05 system (Major Science, Taiwan) equipped 
with 500 mL vessels (Cat. FS-V-AS5). Samples were col-
lected at 0 and 2 h.

For SIF to be obtained, the remaining SGF solutions 
were mixed with dissolved porcine trypsin solution 
(100 U/mL), peptone and yeast extract solution in a 
concentration of 5 mg/mL (0.5% w/v) and bile salts in 
a concentration of 10 mmol/L. The pH value was 
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adjusted to 7.0 with 1 mol/L NaOH. Finally, activated 
bacterial culture of Lb. delbrueckii subsp. bulgaricus L14 
was added. Bacterial cells were cultured for 24 h on 
MRS at 37 °C, to cell growth of 1x106 CFU/mL. After 
that, the biomass was removed by centrifugation at 
5000 rpm (MPW-351R refrigerated Laboratory 
Centrifuge, Germany) for 20 min and washed once with 
sterile saline (0.9% NaCl) solution. The cells were inoc-
ulated in bioreactors at a concentration 103–104 CFU/
mL. Samples were taken at 0, 1, 2, 3, and 4 h of fer-
mentation reaction.

Microbial growth

The samples after collection from the bioreactors 
were centrifuged at 9000 rpm for 20 min at 4 °C. 
Supernatants were used for analysis of residual sugars 
and metabolites. Bacterial cells were washed twice 
with 0.05 mol/L sodium acetate buffer pH 7.5 and 
centrifuged.

Bacterial growth was measured by determination 
of colony-forming units per milliliter (CFU/mL). Bacterial 
cells grown in MRS (De Man, Rogosa, and Sharpe) 
broth (Merck) with 2% agar-agar for 24 h at 37 °C. They 
were seeded with Eddy jet 2 W- spiral plater system 
(IUL, Spain) using 50 µL of sample. Colony-forming 
units per milliliter were defined on automatic colony 
counter Sphere Flash (IUL, Spain).

Analysis of carbohydrates

Similar to our earlier study [24], the monosaccharide 
and oligosaccharide composition was determined by 
a Shimadzu HPLC system (Shimadzu Corp., Japan) 
linked with Nexera X2, SIL-30AC autosampler, CTO-20AC 
thermostat and a RID-20A detector Shimadzu 
(Shimadzu Corp., Japan). Ten microliters of sample 

were injected and eluted into a Tracer 5 µm 15 × 0.46 
column (Tecknohroma, Spain), acetonitrile:water (65:35, 
v/v) mobile phase, flow rate of 0.78 mL/min and tem-
perature of 35 °C. The results were analyzed with 
LabSolution, Nexera-XR-RF software. The registered 
peaks of the samples were estimated using reference 
monosaccharide (Monosaccharides Kit, Sigma-Aldrich, 
cat. No. 47267), kestose (Sigma-Aldrich, cat. No. 72555) 
and oligosaccharide standards (lactulose, Calbiochem, 
cat. No.427584-50GM; kestotetraose, Megazym, cat. No. 
O-KTE; kestopentaose, Megazym, cat. No. O-KPE; galac-
tobiose, Megazym, cat. No. O-GBI).

Analysis of metabolites

As we have described before [24] organic and SCFAs 
were identified by a Konik-Tech HPLC system (Konik, 
Barcelona, Spain), with a UV Detector (Konik-tech, 
λ = 210 nm). An Aminex HPX-87H (Bio-Rad, USA) 5 μm 
column (250 × 4.6 mm) was used, isocratic mobile 
phase containing 0.005 mol/L H2SO4, flow rate of 
0.6 mL/min, column temperature of 40 °C. The identi-
fication of the peaks was performed based on the 
retention times compared to the standards of organic 
and short-chain fatty acids (lactic acid, Sigma-Aldrich, 
cat. No. 252476-100 mL; acetic acid, Sigma-Aldrich, cat. 
No. 33209-2.5 L; propionic acid, Fluka, cat. No. P1386- 
1 L ;  butyric acid,  Sigma-Aldrich,  cat.  No. 
B103500-500 mL).

Enzyme analysis

For enzyme activity assays, Lb. delbrueckii subsp. bulgar-
icus L14 cells were collected by centrifugation and lysed 
with 1 mL disintegrating buffer (containing 50 mmol/L 
sodium acetate buffer pH 7.5, 30 mmol/L NaCl and 2% 
glycerol) in a UP 50 H Ultrasonic Processor (Hielscher, 

Figure 1.  Scheme of simulated gastrointestinal digestion model involving simulated gastric fluid and simulated intestinal fluid 
and performed analysis.
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Ultrasoud Technology, Germany). Then, samples were 
centrifuged, and the supernatants were used to measure 
the activity of α-galactosidase, β-galactosidase, 
α-glucosidase, β-glucosidase, and inulinase.

The α-galactosidase activity of Lb. delbrueckii subsp. 
bulgaricus L14 was determined by the method of Petek 
et  al. (1969) [25] with slightly changes done by us in 
our previous study [24], as the amount of p-nitrophenol 
(pNP)  re leased by  the  degradat ion of 
pNP-α-D-galactopyranoside substrate (Sigma-Aldrich). 
The reaction mixture contained 250 μL of 5.5 mmol/L 
pNP-α-D-galactopyranoside substrate in 50 mmol/L 
KH2PO4 buffer (pH 6.8) and 100 μL of the bacterial 
lysate. The total volume was brought up to 450 μL 
with distilled water and incubated for 20 min at 37 °C. 
The reaction was stopped by the addition of 2 mL of 
1 mol/L Na2CO3. The amount of the released pNP was 
measured spectrophotometrically at 405 nm.

The β-galactosidase activity was determined by the 
method of Lim & Chae (1989) [26], based on the 
amount of o-nitrophenol (oNP) released by the deg-
radation of oNP-β-D-galactopyranoside substrate 
(Sigma-Aldrich). The reaction mixture contained 250 μL 
of 5.5 mmol/L oNP-β-D-galactopyranoside substrate in 
50 mmol/L KH2PO4 buffer (pH 6.8), 100 μL of the bac-
terial lysate and 100 μL distilled water. The mixture 
was incubated for 20 min at 37 °C. The reaction was 
stopped by the addition of 2 mL of 1 mol/L Na2CO3. 
The amount of the released oNP was measured spec-
trophotometrically at 405 nm.

The α-glucosidase activity was assayed by the 
method of Dewi et  al. (2007) [27] with some adjust-
ments made in our earlier experiment [24], based on 
the amount of pNP released by the degradation of 
pNP-α-D-glucopyranoside substrate (Sigma-Aldrich). 
The reaction mixture included 250 μL of 5.5 mmol/L 
pNP-α-D-glucopyranoside substrate in 50 mmol/L 
KH2PO4 buffer (pH 6.8) and 100 μL of the bacterial 
lysate. The total volume was brought up to 450 μL 
with distilled water and was incubated for 20 min at 
37 °C. The reaction was stopped by the addition of 
2 mL of 1 mol/L Na2CO3. The amount of the released 
pNP was measured spectrophotometrically at 405 nm.

The β-glucosidase activity of probiotic strain Lb. 
delbrueckii subsp. bulgaricus L14 was determined by 
the method of Martin & Akin (1988) [28], based on 
the amount of pNP released by the degradation of 
pNP-β-D-glucopyranoside substrate (Sigma-Aldrich). 
The reaction mixture was composed of 250 μL of 
5.5 mmol/L pNP-β-D-glucopyranoside substrate in 
50 mmol/L KH2PO4 buffer (pH 6.8) and 100 μL of the 
bacterial lysate. The total volume was brought up to 
450 μL with distilled water and incubated for 20 min 

at 37 °C. The reaction was stopped by the addition of 
2 mL of 1 mol/L Na2CO3. The amount of the released 
pNP was measured spectrophotometrically at 405 nm.

The inulinase activity was determined via a modified 
method of Miller (1959) [29], by the amount of fruc-
tose released from degradation of the 0.2% inulin 
substrate in 10 mmol/L acetate buffer (pH 4.6). The 
reaction mixture was composed of 2 mL of 0.2% inulin 
substrate, 2 mL of acetate buffer (10 mmol/L, pH 4.6) 
and 0.5 mL of bacterial lysate. The mixture was incu-
bated for 20 min at 37 °C. The enzymatic reaction was 
stopped by boiling for 10 min. The reaction mixture 
was analyzed to determine the amount of fructose by 
the DNSA method [29]. The amount of released fruc-
tose was measured spectrophotometrically at 575 nm.

The protein content in all samples was determined 
by the method of Bradford (1976) [30] using bovine 
serum albumin (Sigma-Aldrich) as a standard.

Spectrophotometric analyzes were performed on a 
Beckman Coulter DU 800 spectrophotometer (USA), 
and all experiments were performed in triplicate.

Statistical analysis

Microsoft Excel statistical package was used for data anal-
ysis and graphical representation. Data from performed 
experiments were expressed as mean values ± SD.

Results and discussion

Structural changes of prebiotic oligosaccharides 
and polysaccharides in condition of SGF

The first step in our experiments was to analyze the 
degree of hydrolysis of several prebiotic oligosaccha-
rides (lactulose, GalOS, and FOS), as well as the poly-
saccharides inulin and β-glucan in condition of SGF. 
The changes in the carbohydrate composition in the 
SGF were reported by comparing the results at 0 and 
2 h of incubation (Figure 2).

Lactulose underwent partial hydrolysis after 2 h, with 
detection of fructose, as a result of the rupture of the 
glyosidic bond between galactose and fructose (Figure 
2A). Partial hydrolysis of GalOS and an increase of 30% 
in the amount of galactose was detected after 2 h of 
treatment (Figure 2B). However, GalOS showed a high 
degree of resistance to SGF, which preserves their struc-
ture and prebiotic potential. In the next experiment, 
with the participation of FOS with different degrees of 
polymerization (DP 4 and 6), there was limited hydro-
lysis of FOS1 (DP 4) due to increased fructose content. 
FOS2 (DP 6) was more resistant to hydrolysis under the 
studied conditions (Figure 2C). Our results showed that 
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the inulin-type FOS we used are relatively less resistant 
to the acidic conditions of gastric juice, but the rela-
tively short exposure time protects them from hydrolysis.

Inulin type of polysaccharide showed more than 
70% resistance in SGF conditions during 2h of treat-
ment. Our results showed that in acidic pH, such as 
in the stomach, fructose, and the trisaccharide kestose 
were released. Their levels increased proportionally to 
the duration of the hydrolytic process (Figure 2D). It 
is known that in acidic conditions (at pH < 4) the 
structure of inulin splits into separate fructose units 
and inulin-type fructooligosaccharides [31, 32]. A pre-
vious study has demonstrated the specificity of the 
probiotics strain in inulin utilization [33].

Beta-glucan showed relatively good resistance to 
gastric juice during an incubation period of 2 h (Figure 
2E). This, on the one hand, provides information for 
the possible activation of the small intestine micro-
biome, but, on the other hand, preserves the 
immune-stimulating effect of β-glucan reported by a 
number of authors [34, 35].

Structural changes of prebiotic oligosaccharides 
and polysaccharides in condition of SIF

In the conditions of SIF, only 34% of the initial quantity 
of lactulose was hydrolyzed after 4 h of incubation 
(Table 1). Mainly fructose units from lactulose were 

Figure 2.  Degree of the hydrolysis of studied prebiotic oligosaccharides and polysaccharides in conditions simulating gastric 
fluid after period of 2 h (1% lactulose (A), 1% GalOS (B), 1% FOS (C), 1% inulin (D), and 1% β-glucan (E)).
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consumed by the probiotic strain Lb. delbrueckii subsp. 
bulgaricus L14. The reason for the observed changes can 
be sought not only in the altered physiological condi-
tions, but also in stimulation of the metabolism of pres-
ent lactic acid bacteria, part of the beneficial microflora.

The dynamics of the utilization of GalOS in the SIF 
showed a drastic reduction of oligosaccharides by 
more than 70% after 4 h of incubation (Table 1). The 
gradual increase in the concentration of galactose is 
probably the result of poor utilization by the probiotic 
strain L14 present in the in vitro system (Table 2). The 
studied GalOS contain fractions with different degrees 
of polymerization from 4 to 8. On the one hand, the 
obtained results show that GalOS is significantly more 
hydrolyzed in SIF conditions, in the presence of Lb. 
delbrueckii subsp. bulgaricus L14. The probable reason 
is the stimulation of the production of the enzyme 
β-galactosidase by the probiotic strain, which hydro-
lyzes the glycosidic bonds in the structure of GalOS 
releasing galactose units. On the other hand, the 
increased concentration of galactose at the end of the 
incubation period indicates that the strain has diffi-
culty absorbing this carbohydrate in the first 4 h of 
incubation. GalOS are one of the first oligosaccharides 
with a proven prebiotic effect. They are synthesized 
as a result of a transgalactosidase reaction in the pres-
ence of lactose in varying concentrations [36, 37]. They 
have different degrees of polymerization, but are very 
similar in structure [38, 39]. GalOS can significantly 

stimulate the growth of Bifidobacterium and 
Lactobacillus [40].

Our results demonstrated that 18% of FOS2 with 
DP 6 and 8% of FOS1 with DP 4 were hydrolyzed in 
the studied conditions of SIF (Table 1). The obtained 
fructose was absorbed by strain L14 more clearly on 
the 4th hour (Table 2) under conditions of SIF. It is 
most likely that this probiotic strain secretes inulinases 
that hydrolyze the glycosidic bonds in the FOS.

The metabolism of inulin under conditions simulat-
ing small intestines showed that the hydrolytic process 
continued and the level of fructose increased due to 
hydrolysis of the present kestose end inulin (Table 3). 
The explanation for the changes in the structure of 
inulin probably lies in the secretion of hydrolytic 
enzymes, particularly inulinase from the probiotic 
strain Lb. delbrueckii subsp. bulgaricus L14.

Beta-glucan is a high-molecular weight polysaccha-
ride that is difficult to hydrolyze by the enzymes in 
the GIT. Its partial hydrolysis, which was observed in 
stomach simulating conditions, benefits the growth of 
the intestinal microbiota. In conditions simulating the 
processes in the small intestine, the hydrolysis and 
absorption of the glucose units obtained from the 
β-glucan and other oligosaccharides was confirmed. 
The glucose levels increased by 29% on average within 
4 h in conditions imitating SIF. This most probably 
results from the action of glucohydrolases secreted by 
the respective lactic acid bacteria. For the same reason 
there was an increase in the quantity of disaccharides 
of the cellobiose type cleaved from the main β-glucan 
chain. Larger oligosaccharide fragments were not 
reported (Table 3).

Utilization and metabolism of prebiotics by Lb. 
delbrueckii subsp. bulgaricus L14 in SIF

Growth kinetics of Lb. delbrueckii subsp. 
bulgaricus L14
During the cultivation of Lb. delbrueckii subsp. bulgaricus 
L14 in medium supplemented with 1% of lactulose as a 
sole carbohydrate source, we observed weak growth from 

Table 1.  Residual oligosaccharide concentrations and per-
cent of their hydrolysis obtained after 1% lactulose, GalOS 
and FOS fermentation in conditions simulating SIF in the 
presence of Lb. delbrueckii subsp. bulgaricus L14.*

Residual concentration 
(mg/mL) Hydrolysis (%)

0 h 4 h

Lactulose 11.04 ± 0.25 7.27 ± 0.5 34.15
GalOS with DP ≥ 4 5.95 ± 0.21 1.63 ± 0.34 72.6
FOS1 DP 4 7.6 ± 0.18 7 ± 0.28 8
FOS2 DP 6 6.3 ± 0.18 5.2 ± 0.48 18

*Values are means of three measurements ± SD.

Table 2.  Residual monosaccharide concentrations obtained 
after 1% lactulose, GalOS and FOS fermentation in conditions 
simulating SIF in the presence of Lb. delbrueckii subsp. bul-
garicus L14.*.
Time (h) 1% Lactulose 1% GalOS 1% FOS

Fructose 
(mg/mL)

Galactose 
(mg/mL)

Fructose 
(mg/mL)

0 0.67 ± 0.2 6.76 ± 0.5 0.8 ± 0.11
1 0.57 ± 0.21 6.15 ± 0.34 0.8 ± 0.09
2 0.6 ± 0.18 7.48 ± 0.28 0.7 ± 0.15
3 0 7.64 ± 0.18 0.6 ± 0.2
4 0 7.87 ± 0.32 0.6 ± 0.1

*Values are means of three measurements ± SD.

Table 3.  Residual monosaccharide and oligosaccharide con-
centrations obtained after 1% inulin and β-glucan fermenta-
tion in conditions simulating SIF in the presence of Lb. 
delbrueckii subsp. bulgaricus L14.*
Time 
(h) 1% Inulin 1% β-Glucan

Fructose 
(mg/mL)

Kestose 
(mg/mL)

Glucose (mg/mL) DP2 (mg/mL)

0 3.38 ± 0.21 2.8 ± 0.14 2.7 ± 0.48 2.2 ± 0.21
4 5.6 ± 0.15 1.95 ± 0.17 3.8 ± 0.35 3.3 ± 0.28

*Values are means of three measurements ± SD.
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0 h (3.8 × 105 log CFU/mL) to 2 h (4 × 105 log CFU/mL) 
followed by a decrease to 3 × 105 log CFU/mL. This could 
be due to the consumption of the free fructose released 
by acidic hydrolysis during the SGF phase. When this 
fructose is depleted, the cell growth starts do decline.

As a result of the partial hydrolytic processes of 
GalOS in conditions of SGF, monosaccharide and disac-
charide residues were obtained. They were easily 
digested by the probiotic strain L14 used in the first 
2 h of incubation. Their depletion leads to a reduction 
in cell growth and its maintenance at a low level for 
up to 4 h of the process (Figure 3).

In the presence of FOS, the number of colonies 
increased from 4.8 to 5.3 log CFU/mL × 105 in the first 
2 h in simulated small intestinal condition, followed by 
exponential growth to 5.7 × 105 log CFU/mL.

In conditions of SGF, partial hydrolysis of inulin 
occurred. Respectively, during the next step simulating 
the small intestine, strain L14 started to consume the 
available small amounts of fructose and FOS which are 
products of the hydrolysis during the SGF phase. During 
the SIF phase, fructose and FOS are consumed, which led 
to an increase in the cell biomass from 5 × 105 to 5.3 × 105 
log CFU/mL after 4 h of incubation (Figure 3). Moreover, 
the cell counts did not show a rapid decrease at the end 
of the cultivation period. This is probably due to the pres-
ence of undigested inulin, which is further involved in 
metabolic processes after utilization of absorbed fructose 
molecules and FOS in the first hours of cultivation.

In the presence of β-glucan, the CFU/mL values 
increased gradually from 5 × 105 log CFU/mL at the 

beginning of the SIF phase to 5.7 × 105 log CFU/mL at 
4 h of cultivation (Figure 3). In our experiment, in con-
ditions simulating small intestines, the minimal amounts 
of glucose and cellobiose obtained in the in vitro stom-
ach contributed to the adaptation of the inoculated 
probiotic strain in the first three hours of the incubation. 
The number of bacteria increased to 5.7 × 105 log CFU/
mL at the fourth hour of the incubation (Figure 3). The 
process of adaptation can be explained with induced 
glucanases responsible for hydrolysis of β-glucan.

The development of prebiotics as food supplements 
in search of maximum effect on the human intestinal 
microbiota arouses scientific interest in studying the 
combinatorial effects of two or more prebiotics on the 
beneficial microflora. In our last experiment, we tested 
the effect of the combination of 0.5% lactulose and 
0.5% β-glucan on the metabolism of the probiotic strain 
L14 under conditions simulating the small intestine. 
There was a gradual increase in the number of bacteria 
throughout the incubation period (Figure 3). This can 
be explained by the presence of much more easily 
digestible monosaccharides, due to the hydrolytic pro-
cesses in conditions that mimic the SGF. The final CFU/
mL values (4 h, 5.7 × 105) did not exceed the ones with 
each of the prebiotics alone, which is probably related 
to the strain’s capacity to utilize carbohydrates.

Changes in enzyme activities of probiotic strain 
Lb. delbrueckii subsp. bulgaricus L14
In this set of experiments, we determined the enzyme 
activities of α-galactosidase, β-galactosidase, 

Figure 3.  Dynamics of cell growth of Lb. delbrueckii subsp. bulgaricus L14 strain, in the presence of different oligosaccharides 
in conditions simulating the small intestine fluid.
*Values are means of three measurements ± SD.
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α-glucosidase, β-glucosidase, and inulinase from pro-
biotic strain Lb. bulgaricus L14 produced in the pres-
ence of different carbohydrate sources (Table 4). In 
the presence of lactulose, β-galactosidase activity was 
detected until 3 h of cultivation (0.46 ± 0.05 U/mg). The 
activities of α-galactosidase (0.04 ± 0.009 U/mg) and 
α-glucosidase (0.03 ± 0.01 U/mg) were low at 3 and 2 h 
of incubation, respectively. All of the tested enzymes 
showed no detectable activity at 4 h of incubation. 
Nevertheless, a study of Fara et  al. reported that Lb. 
delbrueckii subsp. bulgaricus CRL450 has high 
β-galactosidase activity and synthesizes GalOS from 
lactose and lactulose [41]. When the purified oligosac-
charide was tested, bacterial growth was decreased. 
However, the microorganisms demonstrated metabolic 
activity which was proved by carbohydrate consump-
tion and lactate production [41].

On the one hand, the basic knowledge of the 
enzyme activities of Lactobacillus, can lead to devel-
opment of a new design of more effective probiotics, 
and on the other, it can also aim to identify potential 
enzymatic indicators of the main metabolic activity, 
when evaluating their influence on the gastrointestinal 
tract. By glycotechnology, prebiotics can be designed 
to contain certain monosaccharides and/or a combi-
nation of linkages that induce or enhance the specific 
glycosidase activity of probiotic strains of Lactobacillus 
or other probiotic microorganisms [42, 43].

The activity of β-galactosidase showed a similar trend 
when the carbohydrate source was GalOS, with the 
highest activity after 4 h of cultivation in SIF condition 
(0.13 ± 0.08 U/mg). This probably resulted from induction 
of the enzyme by non-hydrolyzed GalOS present in the 

medium. On the other hand, data showed induction of 
α-glucosidase (0.2 ± 0.04 U/mg) by the third hour and 
absence of α-galactosidase activity (Table 4).

The prebiotic potential of FOS is due to the specific 
glycoside linkages between the fructose monomers, 
which are difficult to hydrolyze or not at all degradable 
by the enzymes secreted in the human GIT [44]. The 
metabolic profile data of Lb. bulgaricus L14 in SIF con-
ditions in the presence of 1% FOS showed an induction 
of inulinase activity after 2 h of incubation (0.05 U/mg 
protein) with a maximum at 3 h (0.2 U/mg protein) of 
incubation, whereas the activities of β-galactosidase, 
α-galactosidase and β-glucosidase were rather negligible.

In the presence of inulin in SIF, strain L14 showed 
weak inulinase activity, best manifested at 4 h of incu-
bation (0.11 ± 0.01 U/mg). We explained this by the 
depletion of the minimum available amounts of easily 
digestible fructose and FOS and the presence of high 
molecular weight inulin, which requires hydrolysis by 
inulinase type enzymes. Inulin is a polyfructosan of 
plant origin [45]. It belongs to the first generation of 
prebiotics and together with GalOS and FOS is the 
most researched prebiotic. The prebiotic effect of inulin 
is due to its β-(2-1) bonds, which remain indigestible 
by host enzymes. The change in the composition of 
the intestinal microflora by inulin and FOS is due to 
their selective fermentation by Bifidobacterium. They 
produce intracellular inulinase to hydrolyze the β-(2-1) 
bond [14]. Along with this, it is known that under 
acidic conditions (at pH < 4) its structure is cleaved 
into single fructose units and inulin-type FOS. The 
strain specificity of probiotics in the utilization of inulin 
has also been demonstrated [32]. These preliminary 

Table 4.  Dynamics of changes in the specific activity of the enzymes from Lb. delbrueckii subsp. bulgaricus 
L14 in the presence of different oligosaccharides in conditions simulating the SIF.*

Time (h)
α-Galactosidase 
(U/mg protein)

β-Galactosidase 
(U/mg protein)

α-Glucosidase 
(U/mg protein)

β-Glucosidase 
(U/mg protein)

Inulinase (U/mg 
protein)

1% Lactulose 2 0 0.46 ± 0.05 0.03 ± 0.01 n/a n/a
3 0.04 ± 0.009 0.45 ± 0.08 0 n/a n/a
4 0 0 0 n/a n/a

1% GalOS 2 0.02 ± 0.008 0.04 ± 0.01 0.14 ± 0.07 n/a n/a
3 0 0.12 ± 0.05 0.2 ± 0.04 n/a n/a
4 0 0.13 ± 0.08 0.09 ± 0.01 n/a n/a

1% FOS 2 n/a 0.1 ± 0.009 0 0 0.05 ± 0.01
3 n/a 0.04 ± 0.01 0.03 ± 0.007 0.04 ± 0.009 0.2 ± 0.05
4 n/a 0.05 ± 0.01 0.04 ± 0.006 0 0.13 ± 0.03

1% Inulin 2 n/a 0 0.02 ± 0.001 n/a 0.04 ± 0.005
3 n/a 0.04 ± 0.008 0.07 ± 0.01 n/a 0.08 ± 0.01
4 n/a 0.06 ± 0.01 0.04 ± 0.001 n/a 0.11 ± 0.01

1% β-glucan 2 0 n/a 0.04 ± 0.01 0.45 ± 0.1 n/a
3 0.03 ± 0.009 n/a 0.05 ± 0.01 1.27 ± 0.16 n/a
4 0 n/a 0.04 ± 0.008 1.33 ± 0.18 n/a

0.5% lactulose + 
0.5% β-glucan

2 0.02 ± 0.005 0.28 ± 0.05 n/a 0.03 ± 0.01 n/a

3 0 5.72 ± 0.7 n/a 0.25 ± 0.05 n/a
4 0 1.02 ± 0.08 n/a 0.02 ± 0.005 n/a

*Values are means of three measurements ± SD; n/a - not applicable.
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data and the missing information about the degree 
of inulin hydrolysis in simulated GIT conditions served 
as a basis for conducting these experiments.

With β-glucan, there was partial hydrolysis in SGF 
conditions, and this favors the growth of the micro-
biota in the intestinal tract. The data on β-glucosidase 
activity from the probiotic strain confirmed that the 
increase in cell growth was initially a consequence of 
the uptake of the available glucose units and subse-
quently of the hydrolysis of the available cellobiose. 
The studied strain showed high activity of β-glucosidase 
during the whole period of incubation in SIF 
(1.33 ± 0.18 U/mg at 4 h).

The results of the tested enzymes produced by Lb. 
bulgaricus L14 cultivated in medium with 0.5% lactulose 
and 0.5% β-glucan clearly showed induction of the pro-
duction of β-galactosidase as a result of the presence 
of lactulose and β-glucosidase, responsible for the 
hydrolysis of β-glucan. The activity of β-galactosidase 
(5.72 ± 0.7 U/mg) was about 20 times higher than 
β-glucosidase (0.25 ± 0.05 U/mg) (Table 4). This can be 
explained by the much more accessible molecule of 
lactulose for utilization from the studied strain.

According to Tzortzis et  al. (2004) [42], the increased 
activities of specific enzymes in probiotic bacteria is 
associated with faster and more efficient hydrolysis of 
prebiotics. Selective growth stimulation in in vitro con-
ditions does not necessarily lead to an increased num-
ber in Bifidobacterium or introduced probiotic strains 
of Lactobacillus in vivo [46]. A prebiotic can increase 
the metabolic activity of microorganisms from the 

beneficial microbiota, as well as the added probiotics, 
without increasing the microbial number in the colon. 
It is important to understand what enzymes are 
induced or enhanced during the utilization of certain 
carbohydrates, acting as a biomarker of overall meta-
bolic activity in the colon when prebiotic is ingested. 
In their study, Tannock et  al. (2004) [46] postulated 
that β-galactosidase could be used as a biomarker of 
metabolic activity in the colon to assess the impact 
of prebiotics in vivo. However, β-galactosidase may not 
be a suitable biomarker for all potential prebiotics and 
in particular for α-linked glucooligosaccharides.

Production of organic acids and SCFAs
When cultivated on different oligosaccharides, the 
studied strain produced different amounts of lactic, 
acetic and butyric acid (Table 5).

In the presence of 1% lactulose in the medium, 
probiotic strain L14 metabolized mainly fructose and 
partially galactose to D-lactate (17.7 ± 1.68 mmol/L) 
after 1 h of cultivation. The ratio of D-lactic/L-lactic 
acid was 17:5, which remained within the same ranges 
to the end of the experiment. An important point is 
the production of acetate at 2 h of cultivation (about 
1.6 mmol/L), which increased to 14.93 ± 1.29 mmol/L at 
4 h. A very low concentration of butyrate was mea-
sured at 3 h. The results showed that even in SIF con-
ditions,  the typical representative of the 
homofermentative lactobacilli Lb. delbrueckii subsp. 
bulgaricus L14 changed its metabolism from a 

Table 5. O rganic and short-chain fatty acids concentrations obtained after utilization of different oligosaccharides 
in conditions simulating SIF in the presence of Lb. delbrueckii subsp. bulgaricus L14.

Time (h) D-Lactate (mmol/L) L-Lactate (mmol/L) Acetate (mmol/L) Butyrate (mmol/L)

1% Lactulose 1 17.7 ± 1.68 4.87 ± 0.52 0 0
2 13.8 ± 1.47 3.78 ± 0.15 1.62 ± 0.09 0
3 13.39 ± 1.09 4.73 ± 0.39 7.42 ± 0.87 0.6 ± 0.05
4 17.81 ± 2.42 3.4 ± 0.11 14.93 ± 1.29 0

1% GalOS 1 0 3.14 ± 0.14 9.58 ± 1.02 0
2 0 3.53 ± 0.11 12.64 ± 0.99 0
3 40.63 ± 3.54 2.26 ± 0.81 0 0
4 78.96 ± 4.22 2.56 ± 0.44 0 0

1% FOS 1 25.56 ± 1.88 2.55 ± 0.1 0 1 ± 0.2
2 31.88 ± 2 3.79 ± 0..25 0 1 ± 0.06
3 32.29 ± 1.87 2.46 ± 0.19 0 0
4 22.16 ± 0.79 2.09 ± 0.35 0 0

1% Inulin 1 7 ± 0.54 1.42 ± 0.41 0 0.75 ± 0.12
2 9.8 ± 0.75 1.88 ± 0.09 0 0
3 11.46 ± 1.31 2.19 ± 0.14 0 0
4 19.84 ± 1.9 3.07 ± 0.19 0 0

1% β-glucan 1 12.59 ± 1.02 3.69 ± 0.88 0 0.4 ± 0.03
2 14.49 ± 1.58 4.85 ± 0.11 0 0
3 14.5 ± 2.01 4.94 ± 0.78 0 0
4 0.58 ± 0.12 16.27 ± 3.22 1.5 ± 0.18 0

0.5% lactulose + 0.5% β-glucan 1 12.66 ± 1.44 3.4 ± 0.47 0 0
2 16.26 ± 1.78 5.14 ± 0.39 0 0
3 17.2 ± 1.06 4.87 ± 0.59 0 0.56 ± 0.07
4 20.51 ± 2.32 5.12 ± 0.47 0 0

*Values are means of three measurements ± SD.
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homofermentative to a mixed type. The mechanism 
inducing the metabolic shift to mixed fermentation is 
not elucidated in details, and most likely this shift can 
be identified by studying the expression of genes 
responsible for the synthesis of specific enzymes of 
the metabolic pathways [47]. Fasting can be one of 
the factors that change the metabolism from homo-
fermentative to mixed type [48, 49].

The profile of D/L-lactic acids and SFCAs production 
during the metabolism of GalOS differed from those 
of lactulose. At the beginning of the cultivation, mainly 
acetate and a small quantity of L-lactate were pro-
duced. After that, the quantity of D-lactate rapidly 
increased and acetate was non-detectable. Again het-
erofermentative type of metabolism was observed, but 
the ratio of D-and L-lactate/acetate was changed.

When monitoring the final metabolites obtained as 
a result of cultivation of strain L14 in the presence of 
FOS, the main metabolite was D-lactate. In limited 
amounts, butyrate was detected in the first two hours 
of cultivation, which is probably due to activated met-
abolic processes in the inoculated probiotic strain. 
Fructans are widely used as a food additive, as well 
as in combination with probiotics, resulting in a syn-
ergistic, and symbiotic effect. Their physiological effects 
depend on the length of the polysaccharide chain. 
Fructooligosaccharides are metabolized faster and lead 
to the production of more butyrate compared to inulin 
[14, 50], which was also observed in our experiment. 
No production of acetate was detected during the 
cultivation in FOS medium.

There is evidence from previous studies that various 
short-chain carbohydrates with different monosaccha-
ride composition and molecular weights are also 
metabolized by the major bacterial species inhabiting 
the animal and human GIT [51]. Fructans are fer-
mented very well by Clostridium, and very few species 
are able to ferment oligosaccharides and polysaccha-
rides with complex structures, such as xylooligosac-
charides, arabinoxylan oligosaccharides and pectin 
oligosaccharides. Bacteria from Bifidobacterium use 
carbohydrates with low DP first, and Bacteroides first 
use those with a higher degree of polymerization [51]. 
Therefore, the structure of carbohydrates and the bac-
terial species present in the intestinal ecosystem are 
probably an important factor in controlling their fer-
mentation and obtaining metabolites important for 
human health status. Here, we must add the strictly 
individual nature of the microbiome in the human 
GIT. Kaplan and Hutkin’s study involving 28 species 
of lactic acid bacteria (LAB) showed that they have 
the ability to metabolize FOS, 12 of 16 species of 
Lactobacillus and 7 of 8 species of Bifidobacterium 

were capable of fermenting FOS, and 8 of the studied 
Enterobacteriaceae did not metabolize FOS [52]. The 
probiotic strain Lb. plantarum WCFS1 isolated from 
human saliva can metabolize various carbohydrates 
such as monosaccharides (glucose, galactose, and 
mannose), disaccharides (sucrose, lactose, and treha-
lose) and trisaccharides (raffinose and melezitose [53].

The inulin metabolism demonstrated similar charac-
teristics. The ratio between D-lactate and L-lactate was 
10:1. A certain amount of short-chain fatty acid butyrate 
was observed at the beginning of the process, which 
was absent at later stages of cultivation. Additional 
metabolic transformations of the butyrate probably 
occur. It is noteworthy that the presence of inulin and 
its lower molecular weight derivatives initiate a typical 
homofermentative process in the studied strain L14.

Strain Lb. delbrueckii subsp. bulgaricus L14 again 
showed a change from homofermentative to hetero-
fermentative metabolism during fermentation of 1% 
β-glucan. The ratio of D-lactate to L-lactate was about 
3:1 at the third hour of the process. At the 4th hour, 
there was a drastic change in the profile of short-chain 
fatty acids with a predominance of L-lactate, the pres-
ence of acetate and very small amounts of D-lactate.

When cultivated on medium with 0.5% lactulose 
and 0.5% β-glucan, probiotic strain L14 showed more 
homofermentative metabolism with a ratio of 
D-lactate/L-lactate of 5:1.

Oligosaccharides promote the growth and develop-
ment of LAB [54, 55]. Hypothetically, those LAB in the 
host GIT, with their specific enzymes for utilization of 
prebiotic substrates and proper transport systems, 
have potential to compete with other microorganisms 
from the complex community in the intestinal tract.

The fermentation of dietary fibers and prebiotic 
oligosaccharides by intestinal bacteria leads to pro-
duction of acetate, propionate and butyrate, which are 
SCFAs. They are absorbed in the intestine, where butyr-
ate is used as an energy source for the epithelial cells 
of the colon, while the remaining SCFAs enter the 
portal circulatory system [56].

Propionate is used in the liver as a substrate for lipids 
and glucose synthesis, whereas acetate is primarily utilized 
for the cholesterol synthesis in peripheral tissues [57]. The 
absence of these SCFAs as an energy source in the colon 
is implicated in the pathogenesis of intestinal diseases 
[58]. Previous studies demonstrated the beneficial role of 
Lactobacillus in the treatment of inflammatory bowel dis-
ease and ulcerative colitis due to its capability to stimulate 
the production of SCFAs [59–61]. The mechanisms by 
which SCFAs perform their effects are associated with 
stimulation of secretion of mucin and protection of the 
intestinal epithelial barrier [61, 62]. In the study of 
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Scheppach at al. (1992) butyrate was used in the treatment 
of inflammation caused by ulcerative colitis and in those 
patients the concentrations of SCFAs were lower [63]. 
Butyrate is involved in the regulation of gene expression 
as a consequence of chromatin remodeling, specifically 
inhibition of histone deacetylase [64] and increased expres-
sion of the transcriptional coactivator PGC-1α (peroxisome 
proliferator-activated receptor-gamma coactivator), which 
is involved in the regulation of energy metabolism of the 
cell, carbohydrate and lipid metabolism, mitochondrial 
biosynthesis etc. [65, 66]. Oxidation of butyrate occurs in 
the mitochondria of epithelial cells of the large intestine, 
which results in ATP production [67]. Another mechanism 
for the impact of SCFAs on energy balance includes bind-
ing to G-protein coupled receptors (GPR) such as GPR41 
and GPR43 expressed on the surface of intestinal entero-
endocrine cells [68]. As a result of this interaction, specific 
hormones like peptide YY (PYY) are secreted into the 
systemic circulation, providing a connection between the 
gut environment and the host [56].

Conclusions

Data from our experiments provide much more realistic 
information about the interaction of probiotic strain 
Lb. delbrueckii subsp. bulgaricus L14 and prebiotic oli-
gosaccharides including lactulose, GalOS and FOS, and 
polysaccharides inulin and β-glucan in in vitro simula-
tion system of GIT, including their utilization, secretion 
of enzymes for hydrolysis of studied prebiotics and 
production of lactic acid, acetic acid, and SCFAs. We 
found that metabolites derived from prebiotic oligo-
saccharides and polysaccharides support the growth 
and development of probiotic strains of LAB stimulat-
ing the activity of different carbohydrolases. 
Furthermore, the specificity of the metabolism of the 
studied oligosaccharides and polysaccharides has been 
demonstrated. On the one hand, the ratio of 
D-lactic/L-lactic acid and, on the other hand, the ratio 
of lactic acid/acetic acid/butyric acid showed diverse 
values by utilization of different studied oligosaccha-
rides and polysaccharides. Depending on the type of 
prebiotics and strain specificity, there is a change from 
the homofermentative pathway to a mixed metabolic 
pathway of absorption and utilization of monosaccha-
ride components of prebiotics.
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