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Abstract: The aim of this study was to evaluate the prebiotic effect of pectin-derived oligosaccharides
(POS) obtained from apple pomace on the growth and metabolism of microbiota from the human
gastrointestinal tract as a function of the age of the host. The counts of major bacterial groups
Bifidobacterium sp., lactobacilli, Clostridium sp., Bacteroides sp., Enterococcus sp. and Enterobacteria
were assessed during long-term in vitro fermentation of mixed cultures in a prebiotic medium.
Comparative assessment of bacterial diversity in the human fecal microbiota was performed relative
to the age of the host, from childhood to old age, through younger years and middle age. The age
group of the host was found to be an important factor that determined the prebiotic effect of POS,
which was related to both the qualitative and quantitative composition of fecal microbiota and its
metabolism. In contrast to the microbiota of elderly subjects, the child-derived intestinal microbiota
underwent significantly different alterations in terms of the proportion and composition of lactic acid
bacteria, leading to a more favorable pattern of short-chain fatty acids (SCFA) and lactic acid levels.

Keywords: pectin-derived oligosaccharides (POS); prebiotics; apple pomace; human age

1. Introduction

The digestive tract is a unique habitat for a rich microbiota which performs important
functions: metabolic, trophic and immunological. The human intestinal microbiota is one
of the most diverse ecosystems. The number of microbial cells in the human gut was
estimated to be comparable in magnitude to the number of human cells [1]. The exact
composition of the intestinal microbiota is specific to the individual. The presence of
certain species can predispose the host to the development of numerous diseases, including
inflammatory bowel disease, cancer, allergies or obesity [2–4].

Factors that influence the number and diversity of gut microbiota include age, diet,
antibiotic therapies, peristalsis and the production of metabolites by bacteria. The de-
velopment of gut microbiota starts at birth. It has been proven that following natural
births, the microorganisms in children reflect the vaginal microbiota of the mother, with the
presence of bacteria such as lactobacilli and Prevotella sp. In contrast, in children born via
caesarean section, the predominant bacteria include the Staphylococcus, Corynobacterium and
Propionibacterium genera, which mainly colonize the surface of the mother’s skin [5,6]. The
milk formula will also determine the gut microbiota of babies. In the case of breastfeeding,
lactobacilli and bacteria of the genus Bifidobacterium have been shown to be dominant,
whereas if artificial milk is used the genus Bacteroides and species belonging to various

Fermentation 2021, 7, 224. https://doi.org/10.3390/fermentation7040224 https://www.mdpi.com/journal/fermentation

https://www.mdpi.com/journal/fermentation
https://www.mdpi.com
https://orcid.org/0000-0003-1675-4387
https://orcid.org/0000-0002-0076-7549
https://orcid.org/0000-0003-2497-9877
https://orcid.org/0000-0002-1865-4833
https://orcid.org/0000-0002-1098-1602
https://doi.org/10.3390/fermentation7040224
https://doi.org/10.3390/fermentation7040224
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/fermentation7040224
https://www.mdpi.com/journal/fermentation
https://www.mdpi.com/article/10.3390/fermentation7040224?type=check_update&version=2


Fermentation 2021, 7, 224 2 of 13

clostridial clusters are found in majority [7]. The gut microbiota remains unstable until the
child is 2–3 years old, and also shows reduced diversity. The composition of the microbiota
of a 2–3 years old child resembles that found in adulthood [8], as an increase in the propor-
tion of Bacteroides sp. and decreasing numbers of Bifidobacterium sp. and lactobacilli are
observed. The composition of human gut microbiota is relatively stable throughout adult-
hood. However, in the elderly there is a decrease in the number of Bacteroides sp. with a
simultaneous increase in the number of Enterococcus sp. and Escherichia coli [9,10], there are
no essential differences between young adults and elderly groups under 75–80 years of age.
However, centenarians were found to have low microbiota diversity with a significantly
different composition, including higher levels of Proteobacteria.

Diet and biogeography are not the only factors that influence the gut microbiota.
Age-related changes in gut physiology, such as gastric motility disorders, achlorhydria,
and ageing of mucosal immune and motor systems, as well as degenerative changes in the
enteric nervous system, can have a significant impact on the gut microbiome pattern [11,12].
According to the recent literature, probiotic and prebiotic supplements can increase the
numbers of beneficial intestinal microbiota, providing protection against intestinal prob-
lems and contributing to the overall improvement of health. Despite the significant increase
in publications in the subject of human intestinal microbiota diversity, few studies have
linked the impact of prebiotics on gut microbiota relative to the age of the host. Among
them, the role of gut microbiota, dietary fiber, and prebiotics in early life functional gas-
trointestinal disorders was reviewed by Wegh et al. [13]. On the other hand, it was also
evidenced, both in vivo and in vitro, that prebiotic galactooligosaccharides (GOS) can exert
positive effects upon bifidobacteria in the gut microbiota of elderly persons, enhancing the
intestinal microbiota during ageing [14,15].

Recently, there has been great interest in the possibility of producing novel forms of
prebiotic carbohydrates using various renewable sources. Apple pomace is a by-product
generated during the processing of apple juice and can be considered a functional ingredi-
ent in food and nutraceutical applications. Several authors have suggested pectin-derived
oligosaccharides (POS) as new-generation prebiotics [16–19]. A prebiotic is defined as: ‘a
substrate that is selectively utilized by host microorganisms conferring a health benefit’.
Health effects of prebiotics are evolving but currently include benefits such as improve-
ments in bowel function, immune response, glucose and lipid metabolism, bone health,
and regulation of appetite and satiety [20].

To our knowledge, there are no data available on the influence of POS on the diversity
of gut microbiota relative to human age. Therefore, the aim of this study was to evaluate
the prebiotic effect of POS obtained from apple pomace on the growth and metabolism of
microbiota from the human gastrointestinal tract as a function of the age of the host, from
childhood to teenaged years, middle age and old age.

2. Materials and Methods
2.1. Materials

The research material was a prebiotic preparation of apple pomace obtained on an
industrial scale according to the enzymatic method developed by our team for the Agros
Nova company (Łowicz, Poland).

The biological material consisted of 3 samples of human feces obtained from healthy
volunteers: one child aged 7 (male), two adults aged 24 and 67 (male) and one sub-elderly
individual aged 69 (male); they were non-smoking, without a history of gastrointestinal
tract disorders, on a basal diet, who had not consumed prebiotic or probiotic supplements,
nor received antibiotic treatment within 6 months prior to the study [21]. All volunteers
were on a typical Western-type diet, without prevalence of some group of food (meats or
vegetables); they were not vegetarians or vegans. No invasive or inconvenient methods
were used to collect fecal samples from healthy volunteers (fecal samples were acquired
naturally). Therefore, the institution awarding the grant funding (National Centre of Re-
search and Development, NCBR, Warszawa, Poland) as well as our research unit (Institute
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of Fermentation Technology and Microbiology, TUL) did not require the approval of the
Ethics Committee to conduct research using human feces inoculum in in vitro tests [21]. All
donors were volunteers, who were informed about the planned analytical procedures and
agreed to publish the obtained data.

Feces were collected into sterile containers, kept in oxygen-limited conditions (in
the presence of 5% (v/v) CO2 in a Heal Force® HF 212 UV incubator) and used within a
maximum of 1 h after collection.

2.2. Methods
2.2.1. High-Performance Anion-Exchange Chromatography

Chromatographic analysis was performed according to the method developed in our
previous study [21], using an ion chromatograph DIONEX ICS-3000 (Dionex, Sunnyvale,
CA, USA) with a PED electrochemical detector, equipped with a Dionex Carbo Pac PA200
(3 × 250 mm) analytical column and Dionex Carbo Pac PA200 guard column (3 × 50 mm).
Gradient separation at 0.8 mL/min flow rate was used with the following eluents: eluent 1:
200 mM NaOH (solution 50% v/v in water NaOH, Sigma-Aldrich®, Europe) in 550 mM
NaOAc (Sigma-Aldrich®, St. Louis, MO, USA); eluent 2: 250 mM NaOH (solution 50%
v/v in water NaOH, Sigma-Aldrich®, St. Louis, MO, USA); and eluent 3: distilled water
(18 MΩ). The oligomer standards were obtained according to the procedure described
in [22].

2.2.2. In Vitro Fecal Fermentation and Qualitative and Quantitative Assessment of
the Microbiome

To obtain a starting suspension, 1 g of human feces was mixed with 20 mL of sterile
0.85% saline solution. One milliliter of inoculum was introduced into 100 mL of sterile POS
preparation (pH = 7) and incubated under oxygen-limited conditions (in the presence of
5% (v/v) CO2 in the Heal Force® HF 212 UV incubator) at 37 ◦C for 14 days.

2.2.3. Koch’s Plating Method

The numbers of selected fecal microorganisms were determined by plating using
selective microbial media: lactobacilli-MRS (BTL), Bifidobacterium sp.-Bifidobacterium
medium (MERCK), Bacteroides sp.-Schaedler Agar-KV (MERCK), Clostridium sp.-Tryptose
Sulfite Cycloserine Agar (MERCK), Enterococcus sp.-Bile Aesculin Agar (MERCK), and
Enterobacteriaceae-Mac Conkey Agar (MERCK).

2.2.4. Fluorescence In Situ Hybridization (FISH)

Selected bacteria groups in the human feces were measured on the basis of the method
described by Gullon et al. [23], using synthetic oligonucleotide probes labeled with fluo-
rescent dye (Table 1). One milliliter of feces inoculum (prepared according to the method
described in Section 2.2.2) was incubated with 3 mL of 4% paraformaldehyde at 4 ◦C
for 24 h and then centrifuged. The biological material was then rinsed with PBS buffer
three times. The resulting sediment was suspended in 0.5 mL of 50% (v/v) ethanol. After
vortexing, 50 µL of the mixture was collected in small PCR tubes. Then, 20 µL 0.01% (m/v)
lysozyme solution in TRIS-EDTA (composed of 0.211 g TRIS, 1.611 g EDTA, 100 mL of
redistilled water) was added and the samples were incubated at 37 ◦C for 30 min. The
samples were centrifuged, the supernatant was discarded and the sediment was rinsed
with 100 µL of PBS. The bacterial material was then mixed with 50 µL hybridization buffer
(composed of 0.242 g TRIS, 12.56 g NaCl, 0.01 g SDS, 20 mL of formamide, 100 mL of
redistilled water) and 10 µL of oligonucleotide probe. The time and temperature of the
hybridization process are shown in Table 1, depending on the oligonucleotide probe used.
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Table 1. Characteristics of oligonucleotide probes used in the FISH method.

Probe Code Target Microorganisms Fluorescent Dye Temperature
[◦C]

Time
[h]

Bac 303 Bacteroides/Prevotella sp. 5′ Cy3 56 3
Bif 164 Bifidobacterium sp. 5′ Cy3 58 18
E. coli Eschericha coli 5′ Cy3 51.7 18

Enter 1432 Enterobacteriaceae 5′ Cy3 43 18
Erec 484 Clostridium coccoides 5′ Cy3 57 16
Lab 158 lactobacilli/Enterococcus sp. 5′ Fluo 45 24

In the next stage, the samples were centrifuged, the supernatant was poured off and
150 µL of washing buffer (composed of 0.242 g TRIS, 12.56 g NaCl, 100 mL of redistilled
water) was added. After 30 min of incubation at a temperature suitable for the oligonu-
cleotide probe used, the samples were centrifuged. After removing the supernatant, 100 µL
of PBS was introduced into the tube, which was vortexed and centrifuged again. The pellet
was suspended in 50 µL of PBS.

From each sample, 7 µL was applied to a glass slide. Microscopic observations were
made using a fluorescence microscope (Nikon Eclipse Ci) at 400× magnification. The
numbers of microorganism cells were counted in 15 fields of view.

2.2.5. Short-Chain Fatty Acid (SCFA) Analysis

A Thermo Scientific liquid chromatograph equipped with RI Plus and PDA detectors
(Thermo Scientific, Waltham, MA, USA) and an Aminex HPX 87H (300 × 7.8 mm id;
Bio-Rad, Hercules, CA, USA) column were used. The mobile phase was 0.005 M H2SO4 at
a flow rate of 0.6 mL/min. The analysis was carried out for 40 min at 60 ◦C. Identification
of individual metabolites generated during in vitro fecal fermentations was performed on
the basis of a comparison of the peak retention times with those for formic acid, propionic
acid, acetic acid and butyric acid standards (Sigma) [21].

2.2.6. Lactic Acid Isomers Analysis

To determine L(+) and D(−) forms of lactic acid in cultivars of human gastrointestinal
microorganisms in the apple pomace hydrolyzate, Megazyme enzymatic tests were used
(D-Lactic Acid (D-Lactate) Rapid Assay Kit, L-Lactic Acid (L-Lactate) Assay Kit).

2.2.7. Statistical Analysis

Analysis of variance (one-way ANOVA) and Tukey’s Honestly Significant Differences
(HSD) test (p < 0.05) were conducted to determine the differences between the analyzed
samples with respect to microbiome quantity and metabolites. SPSS for Windows (version
17.0, SPSS Institute Inc., Chicago, IL, USA) was used for all statistical analyses. For each
age group, three biological replicates were performed.

3. Results
3.1. Quantitative and Qualitative Composition of POS

Figure 1 shows the quantitative and qualitative composition of the apple pomace
hydrolysate. Oligosaccharides with different degrees of polymerization in the range of DP
2–17 were observed. The total amount of POS in the hydrolysate was equal to 5.2 g/100 g
of dry weight.
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resent means from one experiment repeated three times. Error bars denote the SD. 

3.2. Growth Dynamics of Microorganisms Colonizing the Human Digestive Tract during In 
Vitro Fermentations in Apple Pomace Hydrolysate 

Due to the limitations of different methods, in this study the standard Koch’s plating 
method and FISH as a comparative method were applied independently to quantify the 
changes in human fecal microbiome in the presence of apple pomace hydrolysate. An im-
portant limitation of the use of Koch’s plating method is the fact that within the fecal mi-
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not grow in vitro with the application of the standard plating method [24]. FISH does not 
require cultivation of the organisms. However, the detection limit is quite low—106 
cells/mL. If the concentration of bacteria is below that number, the microorganisms will 
not be detected in the microscope observation field. Furthermore, in contrast to the FISH 
method, which detects both living and dead cells simultaneously, in the Koch’s plating 
method only the living and actively proliferating cells are quantified. This is a very im-
portant advantage, if determination of the long-term growth rate is a target.  

In the first stage of this study, a comparative assessment was performed of bacterial 
diversity in the human fecal microbiota, relative to the age of host (Figures 2 and 3). Based 
on the results obtained using the Koch’s plating method, it was found that in the samples 
of feces from a seven-year-old child, bacteria of the genus Bacteroides predominated 
(28.8%), followed by Clostridium (21.2%), Bifidobacterium (20.9%), Enterobacteriaceae 
(12.1%) and lactobacilli (16.1%). According to the FISH method, the majority of these sam-
ples was constituted by the lactobacilli/Enterococcus sp. (40.4%), followed by Clostridium 
coccoides (21.1%), Bacteroides/Prevotella sp. (14.7%), Enterobacteriaceae (13.4%), and 
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can be described as adult-like after the age of 2–3 years, although the populations of fac-
ultative anaerobes are often observed to be larger than those of healthy adults. Thus, our 
findings are in accordance with the literature, which indicates that Bacteroides sp., 
Bifidobacterium sp. and Clostridium sp. are predominant in adults (determination was as-
sessed using plating method) [25]. 

Figure 1. Concentration (mg/g) of glucuronic acid (GA) and pectic oligosaccharides with different
degrees of polymerization (DP 2–DP 17) in a prebiotic preparation of apple pomace. The data
represent means from one experiment repeated three times. Error bars denote the SD.

3.2. Growth Dynamics of Microorganisms Colonizing the Human Digestive Tract during In Vitro
Fermentations in Apple Pomace Hydrolysate

Due to the limitations of different methods, in this study the standard Koch’s plating
method and FISH as a comparative method were applied independently to quantify the
changes in human fecal microbiome in the presence of apple pomace hydrolysate. An
important limitation of the use of Koch’s plating method is the fact that within the fecal mi-
crobiome, up to 80% of microorganisms are constituted by unculturable species, which do
not grow in vitro with the application of the standard plating method [24]. FISH does not re-
quire cultivation of the organisms. However, the detection limit is quite low—106 cells/mL.
If the concentration of bacteria is below that number, the microorganisms will not be de-
tected in the microscope observation field. Furthermore, in contrast to the FISH method,
which detects both living and dead cells simultaneously, in the Koch’s plating method only
the living and actively proliferating cells are quantified. This is a very important advantage,
if determination of the long-term growth rate is a target.

In the first stage of this study, a comparative assessment was performed of bacterial
diversity in the human fecal microbiota, relative to the age of host (Figures 2 and 3). Based
on the results obtained using the Koch’s plating method, it was found that in the samples
of feces from a seven-year-old child, bacteria of the genus Bacteroides predominated (28.8%),
followed by Clostridium (21.2%), Bifidobacterium (20.9%), Enterobacteriaceae (12.1%) and
lactobacilli (16.1%). According to the FISH method, the majority of these samples was
constituted by the lactobacilli/Enterococcus sp. (40.4%), followed by Clostridium coccoides
(21.1%), Bacteroides/Prevotella sp. (14.7%), Enterobacteriaceae (13.4%), and Bifidobacterium sp.
(10.9%). The literature emphasizes that the colonic microbiota of infants can be described
as adult-like after the age of 2–3 years, although the populations of facultative anaerobes
are often observed to be larger than those of healthy adults. Thus, our findings are in
accordance with the literature, which indicates that Bacteroides sp., Bifidobacterium sp. and
Clostridium sp. are predominant in adults (determination was assessed using plating
method) [25].
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respectively (Figure 3). Similar results were obtained by Hopkins et al. [25]. No Entero-
bacteriaceae were detected in the feces from 24-year-old or 49-year-old using the FISH 
method. The microbiota of young adults and adults were generally characterized by high 
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Figure 3. Bacteria concentration during in vitro fecal fermentations in AP hydrolysate (conducted
over 14 days at 7-day intervals) in relation to the host’s age, determined using Koch’s plating method.
The data represent the means from three repetitions of each experiment. Error bars denote the SD.
* Results significantly differ from the unexposed control, ANOVA (p < 0.05).

However, the composition of fecal microbiota varied markedly between the tested
child and adults. In the child feces, the population of the Enterobacteriaceae family was
104-fold and 144-fold higher when compared with that of the 24-year-old and 49-year-
old, respectively (Figure 3). Similar results were obtained by Hopkins et al. [25]. No
Enterobacteriaceae were detected in the feces from 24-year-old or 49-year-old using the
FISH method. The microbiota of young adults and adults were generally characterized by
high levels of lactic acid bacteria (LAB). In the samples from the young adult of 24 years,
the most numerous were lactobacilli, which constituted over 65% of the total of microbiota
analyzed. Bacteroides sp. (15.6%), Bifidobacterium sp. (16.9%) and Clostridium sp. (2.4%) were
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also found in large amounts, whereas Enterococcus sp. and Enterobacteriaceae constituted
only around 1% of the total microorganisms. The samples of feces from the person of
47 years were distinguished by the highest number of Bifidobacterium sp. (65%) and
lactobacilli (32.5%). The amount of Clostridium sp. bacteria was found to be 2.2%, which
was comparable with the amount found in the young adult samples. The predominance of
lactic acid bacteria in the abovementioned samples was confirmed using the FISH method.
According to the literature, once the climax microbiota has become established, the major
bacterial groups in the feces of adults remain relatively constant over time. The differences
in the patterns of microorganisms for individuals of between 24 and 47 years observed
in our study could be explained partially by individual health state associated with the
starting of aging processes.

According to Salazar et al. [10], the ageing process deeply affects the composition of the
microbiota, reducing diversity and the proportion of beneficial bacteria while changing the
dominant species. Viable counts of the predominant bacterial species isolated in our study
from the feces of adults and elderly individuals showed some variation, such as higher
levels of Enterobacteriaceae (32.5%) and Clostridium sp. (30.9%), and lower amounts of
Bacteroides sp. (6.4%) in the latter group (Figure 3). However, in a study by Biagi et al. [11],
carried out using molecular methods of microbial identification, no essential differences
were found between the microbiotas of young adults and elderly people under 75–80 years
of age. In contrast, a study by Claesson et al. (also using pyrosequencing 16S rRNA gene
V4 region) [26] found that the gut populations of people over the age of 65 showed a
substantial increase in the proportion of Bacteroides sp. and Clostridium sp. compared to
younger individuals. The microbiotas of centenarians have been shown to be less diverse
than those of adults, and to have decreased levels of Bifidobacterium sp., Bacteroides sp. and
Enterobacteriaceae, with increased levels of Clostridium sp. [11].

In vitro fermentations were carried out to confirm the effect of POS oligosaccharides
contained in the apple pomace hydrolysate on the growth and metabolism of mixed
bacteria populations from the human feces, relative to the host age group (Figure 3). The
growth efficiency of Bifidobacterium sp., Bacteroides sp., Clostridium sp., Enterococcus sp.,
lactobacilli and Enterobacteriaceae bacteria was determined over 14 days at 7-day intervals.
On the basis of the conducted tests, it was found that the POS caused substantial growth
in the amounts of bacteria of lactobacilli (for samples from the 7-, 47-, and 69-year-olds)
and Bifidobacterium genus (for the 24-year-old), already by day seven of the fermentation
process in all tested environments. The forward stage of fermentation revealed further
dynamics in the microbiota pattern, towards the quantitative domination of LAB. In the
final stage of the in vitro fermentations, Bifidobacterium sp. was highly represented only
in the child microbiota (92.3%), while the adult and elderly subjects exhibited different
ratios of lactobacilli and Bifidobacterium sp. in favor of lactobacilli. After the first week
of cultivation, a decrease in the number of Clostridium bacteria was observed. Bacteria
from the Enterobacteriaceae family were not able to grow in studied samples. In the
elderly person, the obtained results were not in full accordance with Toward et al. [15],
who observed that prebiotic galactooligosaccharides exert significant effects only upon
bifidobacteria in the gut microbiota both in vivo and in vitro.

3.3. Metabolism of Microorganisms Colonizing the Human Digestive Tract during In Vitro
Fermentations in Apple Pomace Hydrolysate

Table 2 and Figure 4 show the effects of microbiota diversity and dynamics on lactic
acid and SCFA accumulation during in vitro fermentation, performed by fecal microorgan-
isms differentiated by age group. The main product of the metabolism of fecal microbiota
cultured in apple pomace hydrolyzate was lactic acid. Lactate production is connected
with the metabolic activity of lactic acid bacteria and Bifidobacterium. The highest concen-
tration of lactic acid was determined in the fecal samples of the child of 7 years (above
524 mg/100 mL). In the remaining samples, its content ranged between 210.6 mg/100 mL
(for the 47-year-old) and 257.1 mg/100 mL (for the 69-year-old). It was also found that
the ratio of the L (+) and D (−) isomers of lactic acid in the cultures of human fecal mi-



Fermentation 2021, 7, 224 8 of 13

croorganisms varied, depending on the ages of the individuals and the fermentation time.
In the samples from hosts aged 24 and 69, the L (+) form of lactic acid prevailed during
the whole fermentation period. However, in the later stages of the in vitro process it was
noticed that all of the samples were characterized by a higher ratio of the L (+) form of
lactic acid. The L (+) isomer is metabolized much more quickly by the human body due
to the presence of L-lactate dehydrogenase and does not affect the health of the host. In
contrast, the D (−) lactic acid isomer remains for a longer time in the digestive tract and
may accumulate temporarily, causing acidification (lactacidemia). The D (−) lactic acid
form also has the important function of lowering the pH of the intestine, which inhibits the
growth of pathogens [27].

Table 2. Lactic acid concentration and ratio of L (+) and D (−) isomers of lactic acid during in vitro
fecal fermentations in AP hydrolysate (conducted over 14 days at 7-day intervals) in relation to
host age.

Host Age Fermentation Period
[days]

Lactic Acid Concentration
[mg/100 g] L (+)/D (−)

7 years 7 524.55 ± 26.93 a 0.88
14 534.72 ± 32.40 a 2.36

24 years 7 262.32 ± 15.72 b 1.12
14 254.52 ± 14.11 b 1.03

47 years 7 225.93 ± 11.65 bc 0.85
14 210.64 ± 9.02 c 1.15

69 years 7 213.89 ± 6.86 c 2.09
14 257.14 ± 7.94 b 2.58

Data represent means from three repeats in one experiment. Different letters (a, b, c) represent significance
differences (p < 0.05).
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represent significant difference for each fermentation period differentiated by age group, ANOVA
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Human digestive enzymes are capable of degrading only starch and the disaccharides
sucrose and lactose. The wide variety of complex polysaccharides become substrates for
specialized enzymes (including glycoside hydrolases, glycosyltransferases, polysaccharide
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lyases, and carbohydrate esterases) encoded by the gut microbiome. SCFAs are the main
end products of non-digestible carbohydrate fermentation by fecal communities [28–30].
The highest levels of SCFAs are found in the proximal colon, where they are used locally by
enterocytes or transported across the gut epithelium into the bloodstream [31,32]. Acetate,
propionate, and butyrate are regarded as predominant SCFAs.

In this study, the short chain fatty acids identified in the cultures were: acetic acid
at concentrations of 12.9–28.5 mg/100 mL and propionic acid at up to 6.8 mg/100 mL.
However, no butyric acid was found, which is the main fermentation product of bacteria
of the Clostridium genus. The highest concentration of SCFAs was found in the media
fermented with microorganisms from the child feces (Figure 4), in which the molar ratio of
acetate:propionate in the fermentation media was 78.9:21.1. Similar molar ratios of SCFA
(60:20) detected in human large intestine were reported by Cummings et al. [31]. However,
Gullon et al. [23] obtained the ratio 1:0.08 using an in vitro model.

4. Discussion

Discussing the limitations of our study, it is worth noting that microbiota profiles
differ across sections of the gastrointestinal tract. Lactobacilli, Veillonella, and Helicobacter
are more abundant in proximal gut, whereas Bacilli, Streptococcaceae, Actinomycinaeae,
and Corynebacteriaceae are predominant in duodenum, jejunum, or ileum. The colon is
dominated by the families Prevotellaceae, Bacteroidaceae, Rikenellaceae, Ruminococcaceae,
and Lachnospiraceae. Moreover, there are also differences in the microbial patterns between
the gut epithelium (colonized mainly by Clostridium, lactobacilli, Enterococcus) and gut
lumen [33–35]. Despite the fact that there may be significant differences in microbial
composition between intestine mucosa and feces, fecal specimens are frequently used in
many studies as substitutions of intestine/colon microbiota. According to Zmora et al. [36],
even the microbiota composition in the lower digestive tract, which is closest to feces, is
significantly different from that of feces. Nevertheless, fecal samples are naturally collected,
whereas endoscopic procedures, surgery, or intestinal aspiration used to acquire tissue
samples and luminal contents are very invasive and not suitable for healthy people. They
also provide cross-contamination and disturbance to normal intestinal physiology [37].

The gut microbiome is a key element for maintaining human health. The proper devel-
opment of its composition from the moment of birth plays a crucial role in ensuring optimal
functioning of the human body. Prebiotics can alter the composition and metabolism of in-
testinal microbiota from the first days of human life. Human milk oligosaccharides (HMOs)
are known to enhance the development of a bifidogenic microbiome in infants [38,39]. To
imitate HMOs, a mixture of short-chain GOS and long-chain FOS has been developed [40].
According to Hoeflinger et al. [41], many bifidobacteria and bacteroide species are able to
metabolize HMOs, whereas Enterobacteriaceae are able to consume non-HMO prebiotics,
such as GOS and maltodextrin. In healthy adults, the microbiota is generally stable, but
heavily affected by ageing.

In our study, in vitro fermentations were carried out to confirm the effect of POS oligosac-
charides contained in apple pomace hydrolysate on the growth and metabolism of mixed
bacteria populations from human feces, relative to the host age group. Bifidobacterium sp.
was highly stimulated by the POS only in the microbiota of a 7-year-old child, while the
adult and elderly subjects exhibited different ratios of lactobacilli and Bifidobacterium sp.
in favor of lactobacilli. These results are in accordance with several previous studies. The
growth of beneficial lactic acid bacteria and Bifidobacterium stimulated by apple pomace
oligosaccharides, determined in vitro using fecal inocula from adult donors, has also been
noted by Gullon et al. [23]. The joint populations of bifidobacteria and lactobacilli increased
from 19% to 29%, 34%, and 32% in in vitro cultures with pectic oligosaccharides obtained
from lemon peel, sugar beet pulp, and FOS, respectively [20]. The dynamics of the mi-
crobial population were assessed by FISH. Moon et al. [42] noted the bifidogenic effect
of linear arabino-oligosaccharides (LAOS) in vitro with fecal inocula from adults, which
they determined using molecular methods of microbial identification. Fecal bifidobacteria
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have also been found to increase with GOS treatment in an in vivo study of adolescent
girls aged 10–13 years [43].

The gut microbiota and its metabolites play a key role in maintaining health in all age
groups, especially among the elderly. Clinical trials have demonstrated that prebiotics pos-
sess the potential to reverse age-related decline in bifidobacteria and modulate associated
health parameters. For instance, Vulevic et al. [44] assessed the effect of a GOS mixture
on gut microbiota, markers of immune function, and metabolites, in 40 elderly (aged
65–80 years) volunteers in a randomized double-blind placebo (maltodextrin)-controlled,
cross-over study. Their study revealed that B-GOS consumption led to significant increases
in Bacteroides sp. and bifidobacteria—the latter correlating with increased lactic acid in
fecal waters. The bifidogenic effect of GOS in vivo was also confirmed by Walton et al. [45],
on a population of men and women aged 50 years and above. Furthermore, GOS supple-
mentation had a bifidogenic effect in all in vitro system vessels.

With age, the composition of the microbiota deteriorates, affecting the processes it
carries out. The gut microbiota of elderly subjects contains fewer beneficial microorganisms
and shows an increase in facultative anaerobes. These changes limit SCFA production.
A shift from a predominantly saccharolytic metabolism toward a predominantly putre-
factive metabolism is also observed with aging [46]. Age-dependent alterations, such
as changes in eating habits and lifestyle, as well as changes in the intestinal microbiota
ecosystem (reduced species diversity of the microbiota, imbalance, constant variations, a
reduction in the number of beneficial lactobacilli and bifidobacteria, increased amounts of
Clostridium and Eubacterium genera), may be involved in the transformation and activation
of promutagenic compounds [26,47,48]. This can contribute to many diseases in older
people, such as diabetes, cardiovascular disease, colorectal cancer, inflammatory bowel
disease, and frailty [11,48–50]. It has been shown that prebiotics can have a protective
effect with respect to microbial bioactivation of potentially carcinogenic substances, such
as heterocyclic aromatic amines [48]. One possible explanation for this mechanism is that
inulin-type fructo-oligosaccharides alter bacterial composition and metabolism by decreas-
ing the activity of bacterial β-glucuronidase. Prebiotics alter the fermentation pattern of
the environment towards the saccharolytic and acidic, which may be the basis of their
protective effect. Generally, lower proteolytic activity of the residual microbiota is related to
health benefits. The presence of prebiotics increases the production of SCFA and lactic acid
in the GIT (gastrointestinal tract). The end products of prebiotic fermentation by lactobacilli
are SCFA. Their presence in the colon is desirable, due to their pro-health effects, especially
as anti-carcinogenic agents [51].

To sum up, to diminish variability among studies, researchers should be aware of
the effect that age can cause, since significant differences between children, young adults,
adults, and elderly people have been reported. The differences in fecal batches at baseline
within tested age groups should be taken into consideration as well, since the gut microbiota
pattern also changes with diet, the prevalence of some groups of food, prebiotic, or probiotic
supplements, antibiotic treatment and when patients have a history of gastrointestinal
tract disorders.

5. Conclusions

This study set out to evaluate the prebiotic effect of pectin-derived oligosaccharides
(POS) obtained from apple pomace on the growth and metabolism of microbiota from the
human gastrointestinal tract as a function of the age of the host, from childhood to old
age, through teenaged years and middle age. Several previous studies have focused on the
determination of the composition of the human gut microbiota depending on the age of
the host. Recent research has also shown that prebiotic oligosaccharides result in increased
numbers of beneficial intestinal microbiota, providing many valuable health benefits. Our
results suggest that the age group of the host may be an important factor that determines
the effect of prebiotics, in terms of the qualitative and quantitative composition of fecal
microbiota and its metabolism. Even though the obtained results are promising, they
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can be only considered an approximation due to the limited number of subjects included
and parameters evaluated. Therefore, in vivo tests on humans of different ages should be
performed to confirm these findings.
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