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Abstract

The human gut microbiota helps maintain metabolic balance, supports immune function,
and defends against opportunistic pathogens that can disrupt the microbiota ecosystem.
An imbalance or dysbiosis in microbial composition is linked to various diseases, includ-
ing inflammatory bowel disease, metabolic syndromes, and neurodegenerative disorders.
Using microbiota modulation with prebiotics and postbiotics is a practical approach to
address these imbalances. Prebiotic compounds are defined as substrates that promote
metabolic activity and restore microbial patterns. Postbiotics include short-chain fatty
acids (SCFAs), microbial cell lysates, and extracellular compounds. This research aims to
investigate how the gut microbiota can be modulated in vitro using the prebiotic ColonX
and a postbiotic derived from Kombucha fermentation within a controlled GIS1 in vitro
system. These products demonstrate potential for modulation, as they support selective
bacterial growth and enhance microbial diversity. Prebiotics help stabilize gut pH, while
postbiotics play a crucial role in biofilm formation. Together, they provide an innovative
approach to treating dysbiosis and enhancing overall gut health. The findings highlight the
importance of utilizing prebiotics and postbiotics to modulate gut microbiota in chronic dis-
eases characterized by dysbiosis. This paper is especially relevant for elderly populations,
as gut dysbiosis is common, and microbiota modulation supports healthy aging.

Keywords: mushrooms; black tea; Lactobacillus; fingerprint; simulation; gut microbiota;
modulation

1. Introduction
The human microbiota has a unique and constantly changing fingerprint, and main-

taining buffer capacity is vital for human health; however, it is directly affected by daily
habits and medical conditions. This adaptable fingerprint is essential for each individual
because it influences digestion, controls key biomarkers and the immune system, and
protects against disease [1]. Dysbiosis, which refers to an imbalance of microbial finger-
prints, has been associated with specific health issues, including inflammatory bowel
diseases, type 2 diabetes, and neurodegenerative disorders [2]. Several methods, especially
in vitro approaches, for modifying the gut microbiota fingerprint are valuable options
for researchers [3].

Prebiotics and postbiotics could be crucial product categories for shaping gut micro-
biota from natural sources [4]. Prebiotics are non-digestible food supplements that directly
and positively influence the host microbiota by selectively encouraging the growth and/or
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metabolic activity of beneficial gut bacteria. Common prebiotics include fructooligosac-
charides (FOS), galactooligosaccharides (GOS), lactulose, and inulin. They are found in
various foods such as garlic, onions, leeks, and artichokes. These compounds act as sub-
strates (carbon sources) for beneficial bacteria, promoting cell multiplication (as seen in
Lactobacillus species, for example) and metabolic activity [5].

Maintaining a balanced microbiota is crucial for elderly individuals, especially cente-
narians, because their microbial patterns are often associated with inflammation, metabolic
health, and increased longevity [2,3]. Nutraceuticals that can influence the microbiota (such
as prebiotics and postbiotics) may play a direct role in maintaining or restoring microbial
balance in aging populations [4].

Based on metabolic activity under specific conditions, postbiotics are bioactive com-
pounds produced by probiotic bacteria and all bacterial cell components. These include
biomarkers for health conditions, such as SCFAs, microbial cell components, and extracel-
lular polysaccharides essential for human health, depending on the type of postbiotic [6].
Postbiotics can have various health effects, ranging from enhancing gut barrier function to
modulating immune responses and inhibiting the growth of different pathogens [7].

In this study, prebiotics (ColonX product) and postbiotics (Postbiotic product) are used
to modulate the normal microbiota in vitro as an alternative therapeutic approach. ColonX,
a mushroom-derived prebiotic rich in β-glucans, was selected due to its demonstrated
ability to restore microbial stability and modulate dysbiosis through the fermentation of
polysaccharides. The Kombucha-derived postbiotic was included because it provides a
complementary mechanism by delivering organic acids, polyphenols, and extracellular
polysaccharides. All of these support microbial resilience and gut barrier integrity. The
combined use of these products allows for a comparative evaluation of substrate and
metabolite strategies for modulating microbiota composition under controlled in vitro
conditions. In vitro studies in the GIS1 system were conducted in a controlled environment
to assess the effects of these two functional products (prebiotic and postbiotic) on microbial
and metabolomic profiles through a modulation process. The study demonstrated that
prebiotic and postbiotic products can selectively promote the growth of beneficial bacteria
and alter microbiota patterns. The research also revealed increased microbial diversity
and a higher abundance of beneficial bacteria linked to gut health, along with enhanced
metabolomic activity.

2. Materials and Methods
2.1. Sample Obtaining

The postbiotic and prebiotic products (ColonX spray-dried powder) were sourced from
SC Anoom Biolaboratories SRL in Romania. The prebiotic was produced from dried mush-
rooms (Boletus edulis), as detailed in a previous study [8]. The prebiotic product ColonX
was obtained from Boletus edulis fruiting bodies through aqueous extraction followed by
spray drying with resistant dextrin as a carrier. The final powder was standardized to
contain a minimum of 25–30% β-glucans, known for their prebiotic properties.

The postbiotic product was produced through Kombucha fermentation with black
tea as the substrate. After at least two weeks of fermentation, the liquid was spray-dried
with arabic gum. In both cases, the daily dose was one capsule (250 mg), which was
dissolved in sterile water before administration [9]. The postbiotic product was obtained
via fermentation with the Kombucha culture for 14–16 days under controlled conditions.

After 14–16 days of Kombucha fermentation, the culture was heat-treated at 70 ◦C for
30 min to inactivate all microorganisms before spray-drying. The absence of viable cells
was confirmed by plating on MRS agar and nutrient agar (no growth after 48 h, 37 ◦C).
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2.2. In Vitro Simulation of Microbiota Following Antibiotic Treatment

Following a previously described method, the in vitro simulation was performed
using the GIS1 single-chamber gut simulator [8], with the modification that the working
volume for each run was reduced to a maximum of 50 mL. The GIS1 system was designed
to reproduce human colonic conditions in vitro under controlled parameters for studying
microbiota modulation.

For each simulation, the fermentation parameters were set as follows: incubation
temperature of 37 ◦C, mixing rate of 50 rpm using a laboratory mixer, initial pH of 6.5,
microaerobic conditions, and weekly sampling intervals.

To investigate microbiota modulation, three independent fecal microbiota samples—each
obtained from a different healthy adult donor and representing a distinct microbial
community—were used. A dysbiotic phase was induced by administering amoxicillin and
clavulanic acid for seven days, with two daily doses of 500 mg each given at 12 h intervals.

Donors were healthy adults (ages 25–50, mixed sex, omnivorous diet) with no history
of gastrointestinal diseases, antibiotic treatments, or probiotic/prebiotic supplementation
in the previous six months. Microbiota samples were collected through the ColHumB
Collection at the Laboratory of Pharmaceutical Biotechnologies, UASVM Bucharest (www.
gissystems.ro). The normal microbiota refers to microbial compositions obtained from such
healthy donors, while independent fecal microbiota designates the use of samples from
three different donors to ensure biological variability. All fecal samples were processed
according to the ethical standards of UASVM Bucharest (ColHumB Registration number:
1418/23.11.2017 [10]).

Microbiota samples, representing microbial profiles, were stored in 20% glycerol at a
freezer until used for quantitative PCR (qPCR) analysis.

2.3. Microbiome Analysis by qPCR Following Product Administration

For qPCR analysis, genomic DNA from samples was isolated using the Quick-DNA
Miniprep Plus kit (Zymo Research, Irvine, CA, USA) according to the manufacturer’s
instructions. To assess DNA concentration and purity, the samples were quantified with
a NanoDrop 8000 (Thermo Fisher Scientific, Waltham, MA, USA). For generating the
standard curve and microbial quantification, qPCR reactions were performed using a Rotor-
Gene 6000 5plex HRM (Qiagen-Corbett Life Science, Mortlake, Australia) instrument and
software as previously described. A mixture of three Lactobacillus strains was used, species
belonging to the Lactobacillaceae family, and Firmicutes quantification (R2 = 0.9918). In
another experiment, a mixture of two Bifidobacterium strains was used for Bifidobacterium
spp. quantification (R2 = 0.9995). For Bacteroidetes phylum quantification (R2 = 0.9682), a
strain of Prevotella sp. was used, while E. coli ATCC 8739 was used for Enterobacteriaceae
quantification (R2 = 0.9953) [11–15]. All qPCR reactions (final volume 25 µL each) included
1 µL of template DNA, 12.5 µL of Maxima SYBR Green Mix (Thermo Fisher Scientific,
Waltham, MA, USA), and 0.5 µL of each primer. The cycling parameters for the 3-step
melting process were 10 min at 95 ◦C, followed by 40 cycles of 15 s at 95 ◦C, 30 s at 60 ◦C,
and 45 s at 72 ◦C, depending on the PCR product size. The specificity of the real-time PCR
reactions was confirmed by melting curve analysis. Reactions were carried out in triplicate,
and the results were statistically analyzed.

2.4. Other Methods

Antioxidant capacity was assessed using the DPPH radical scavenging assay, following
the validated method [16,17]. The total phenolic content was measured by the Folin–
Ciocalteu method, with results expressed as milligrams of gallic acid equivalents (GAE)
per gram [18].

www.gissystems.ro
www.gissystems.ro
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2.5. Statistical Analysis

Each parameter was measured in triplicate, and the data are presented as mean
values with standard deviations (SD). Statistical analyses were performed using IBM SPSS
software, version 23. A two-way ANOVA was applied, followed by Dunnett’s post hoc test.
Significance levels were defined as follows: p ≤ 0.05 (significant), p ≤ 0.01 (very significant),
p ≤ 0.001 (highly significant), and p ≤ 0.0001 (extremely significant), indicated by the letters
a through d or *.

3. Results and Discussions
Based on the initial simulation data of pH changes, a key parameter directly related

to the microbiota’s metabolomic pattern showed a different profile during the first two
weeks. The simulation for ColonX indicated that the pH stabilized, ranging from 5.5 to 5.8,
as observed in previous studies [19]. The administration of PostBiotic caused unstable pH
values. In the first week, the values were high (around 7.1) but decreased daily, similar to
what was seen after ColonX administration.

Following qPCR analysis, it was observed that in vitro administration of ColonX
caused a significant decrease in Lactobacilli populations (from 9.8 ± 0.2 log genome
copies/mL during the M phase to 5.9–6.3 log during the treatment period; Figure 1)
and in Firmicutes (from 17.5 ± 0.1 to 9.0–9.8 log genome copies/mL; p < 0.0001; Figure 2).
Subsequent postbiotic administration helped restore the microbial balance. During the first
two weeks, postbiotic treatment maintained Lactobacilli levels at around 9.7–9.8 log and
Firmicutes at 14.5–15.3 genome copies/mL (both p < 0.0001). In contrast, weeks 3 and 4
showed moderate recoveries (p < 0.05–0.01).

Figure 1. The effect of ColonX and PostBiotics on Species belonging to the Lactobacillaceae family in
the microbiota. M—control microbiota without treatments; M ant—control microbiota with antibiotic
treatment; ColonX 1, 2, 3, 4—microbiota after 1 to 4 weeks of treatment with ColonX; Postbiotic 1, 2,
3, 4—microbiota after 1 to 4 weeks of treatment with the Postbiotic product.

This evolution can be understood in different ways, but the altered metabolomic pat-
tern might show a similar profile. These initial findings are important because, depending
on the disease type, treatments can be customized for each target group. The interaction
among pH, prebiotics, and the microbiota signature can help prevent and treat gut dysbio-
sis, which is essential for managing chronic illnesses. pH plays a crucial role in shaping
the gut bacteria signature, and prebiotics help maintain a balance between beneficial and
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harmful bacteria (Figures 3 and 4), as demonstrated by the similar pH levels observed in
this study.

Figure 2. The effect of ColonX and PostBiotics on Firmicutes in the microbiota. M—control microbiota
without treatments; M ant—control microbiota with antibiotic treatment; ColonX 1, 2, 3, 4—microbiota
after 1 to 4 weeks of treatment with ColonX; Postbiotic 1, 2, 3, 4—microbiota after 1 to 4 weeks of
treatment with the Postbiotic product.

Figure 3. The effect of ColonX and PostBiotics on Bacteroides in the microbiota. M—control microbiota
without treatments; M ant—control microbiota with antibiotic treatment; ColonX 1, 2, 3, 4—microbiota
after 1 to 4 weeks of treatment with ColonX; Postbiotic 1, 2, 3, 4—microbiota after 1 to 4 weeks of
treatment with the Postbiotic product.

Through its fermentative action, ColonX plays a key role in modulating the gut
microbiome’s composition and metabolic activity, acting as a prebiotic. The fermentation
process produces SCFAs that impact host metabolism, support gut health, and help prevent
chronic diseases. Organic acids can serve as reliable biomarkers for evaluating prebiotic
and postbiotic effects in clinical nutrition studies. The pH stability observed from the
first week of use directly indicates the biological health effects on the colon. Additionally,
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PostBiotic differed from ColonX; its pH was more alkaline, but the most notable result was
the formation of biofilm, which demonstrates a complex interaction with the microbiota.
This is due to specific polysaccharides that promote biofilm formation, a vital factor in
enhancing colonization capacity in the intestinal environment [20].

Figure 4. The Effect of ColonX and PostBiotics on E. coli in the Microbiota. M—control microbiota
without treatments; M ant—control microbiota with antibiotic treatment; ColonX 1, 2, 3, 4—microbiota
after 1 to 4 weeks of treatment with ColonX; Postbiotic 1, 2, 3, 4—microbiota after 1 to 4 weeks of
treatment with the Postbiotic product.

The formation of biofilm and the stabilization of microbial communities are crucial for
most elderly people, especially when the gut microbiota pattern is fragile and less resilient.
Promoting a stable microbiota pattern by increasing diversity could help reduce age-related
inflammatory and metabolic diseases.

The observed pH stabilization and biofilm formation after Postbiotic administration
were attributed to the presence of polyphenolic compounds and antioxidant molecules
found in Kombucha-derived products (5.00 ± 0.1 mg gallic acid equivalent/g dried mass).
These compounds are known to enhance microbial resilience, regulate activity in the gut
environment, and contribute to anti-inflammatory effects. The potential antioxidant activity
(measured as 45 ± 10% DPPH scavenging activity) could support the survival of beneficial
bacteria, such as Bacteroides and species belonging to the Lactobacillaceae family, under
oxidative stress—a condition often worsened in aging individuals with dysbiosis. Although
the detailed phytochemical profile of the tested products was not quantified in this study,
it may significantly influence microbial fingerprint dynamics. Both direct antimicrobial
effects and indirect microbiota-supporting mechanisms played key roles in increasing
initial microbial diversity.

As this is a preliminary study, pH and biofilm formation were discussed qualitatively
to provide context, consistent with previous reports highlighting their importance for gut
microbiota stability [20,21]. Future research will include detailed quantitative analyses and
graphical representations. The potential for biofilm formation was based solely on indirect
parameters (pH changes, possible presence of extracellular polysaccharides, polyphenols),
and not on experimental confirmation in our work.

The pH level in the colon helps regulate the microbiota, which, in turn, supports the
improvement of gut and overall health [22]. Prebiotics, the indigestible parts of food, stim-
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ulate bacterial growth in the large intestine and can alter the colon’s pH, thereby changing
the microbial composition and activity. Beneficial gut bacteria, such as Bifidobacteria and
Lactobacilli, increase in number due to a lower pH, often caused by prebiotic fermentation
by gut bacteria [23]. SCFAs are utilized as energy sources, enhance gut barrier properties,
reduce inflammation, and enhance immune system function [24]. However, some people
experience an increase in pH, which allows pathogenic bacteria to grow since they thrive
in less acidic environments. In cases of dysbiosis, microbiota patterns are linked to various
gastrointestinal and metabolic disorders [25]. Therefore, controlling colonic pH through
prebiotics can help promote the growth of beneficial gut microbiota.

Postbiotics have been shown to influence the gut microbiota positively. Being pro-
duced during fermentation can lower the pH of the gut environment, thereby inhibiting
the growth of harmful bacteria and promoting the development of beneficial ones [26].
According to the study data, postbiotics can strengthen the intestinal barrier by enhanc-
ing tight junction integrity and stimulating mucus production, thus preventing pathogen
translocation and systemic inflammation [27]. A comparative analysis of the effects of
prebiotics and postbiotics on modifying the normal microbiota is essential for optimizing
their use in health interventions. Prebiotics provide substrates that selectively feed benefi-
cial microbes, while postbiotics supply direct bioactive compounds capable of producing
immediate physiological effects (3.50 ± 0.5 mg gallic acid equivalent/g dried mass and
an average of 50 ± 10% DPPH scavenging activity). Combining these strategies offers
synergistic benefits, improving the survival and colonization of beneficial microbes in the
gastrointestinal tract [4].

As a future goal, this research shows that specific prebiotics can boost the production of
SCFAs by the gut microbiota. Additionally, postbiotics may influence immune responses by
interacting with gut-associated lymphoid tissue, thereby enhancing mucosal immunity [28].
Applying these in vitro findings to real-world situations requires further research and the
development of various models, such as dynamic systems. The complexity of the human
microbiota pattern depends on individual differences, diet, lifestyle, and the effects of
prebiotic and postbiotic use. After in vitro studies provide valuable insights, more research
is needed to confirm their health benefits in humans [29].

The comparative analysis of preliminary data revealed notable differences in micro-
biota composition between the administration of ColonX and Postbiotic. ColonX caused
a significant increase in Bacteroides levels (Figure 3), especially after two weeks, showing
a strong ability to promote certain beneficial microbial strains. Conversely, the Postbiotic
exhibited moderate yet significant effects, with a clear inhibitory impact on E. coli strains
(Figure 4). These results highlight the importance of combining ColonX and Postbiotics to
cultivate a balanced human microbiota, supporting the growth of beneficial species and
controlling potentially dysbiotic states.

After three weeks of ColonX treatment, the Bacteroides/Firmicutes ratio approached 1
(~0.93), which is significantly higher than the control group’s ratio (~0.32). This indicates
a clear shift toward a more balanced microbiota or even a slight dominance of the Bac-
teroides genus, seen as a positive effect on microbiota composition. The observed values
suggest a reduction in Firmicutes dominance, which has been linked in the literature with
proinflammatory states and metabolic disorders [30]. Therefore, ColonX appears to be a
key modulator of gut microbiota, promoting microbial stability.

The human gut microbiome is crucial for maintaining metabolic health, and it is
well known that diet significantly influences its composition. Prebiotics, such as β-glucan
from ColonX, which are selectively fermentable ingredients supporting the growth of
beneficial gut bacteria, have gained attention for their potential health benefits. Advances in
metabolomics have enabled researchers to study how prebiotics affect metabolic pathways,
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mainly through their impact on organic acid production. This article aims to clarify the
relationship between dietary prebiotics, changes in the metabolome, and organic acids as
markers of metabolic health.

The aging process is linked to reduced microbial diversity, increased gut permeabil-
ity, and a proinflammatory state. Including functional nutraceuticals like ColonX and
Kombucha-derived postbiotics in daily diets may offer a non-invasive and accessible
way to counteract these changes. Future research should explore how such interventions
can be tailored for centenarians with chronic conditions to help reduce symptoms and
enhance well-being.

4. Conclusions
In conclusion, both prebiotics and postbiotics present promising options for regulating

gut microbiota to improve health. In vitro studies have clarified how they work, showing
their potential to prevent and treat various health issues related to dysbiosis. Future
research should aim to enhance these approaches, investigate synergistic combinations,
and verify their effectiveness through carefully designed clinical trials. Besides their ability
to influence microbiota, the polyphenol content and antioxidant capacity of ColonX and
postbiotics may also offer additional benefits in managing oxidative stress-related dysbiosis,
especially in aging populations. This highlights their potential as functional ingredients in
nutritional strategies focused on promoting healthy aging.

These data are crucial for healthy aging, as centenarians often exhibit a unique micro-
biota profile linked to longevity and chronic diseases. Using targeted prebiotic and/or post-
biotic nutraceuticals improves microbial composition and function in older adults, directly
supporting gut health and helping reduce conditions associated with microbiota imbalance.
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