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Abstract

Kombucha tea fermentation is driven by microbial consortia composed of yeasts, acetic
acid bacteria (AAB) and lactic acid bacteria (LAB), whose metabolic interactions determine
the product’s functional and sensory characteristics. This study focused on the isolation
and characterization of cultivable microorganisms from kombucha tea and the reassembly
of four defined communities to evaluate their contribution to the chemical composition of
the beverage based on the physicochemical parameters and multivariate analysis (PCA) of
sugars, organic acids and ethanol. Microbial isolates, identified in this study, belonged to
yeast (Saccharomyces cerevisiae and Brettanomyces bruxellensis), AAB (Novacetimonas hansenii,
Komagataeibacter europaeus, Komagataeibacter intermedius and Acetobacter pasteurianus) and
LAB (Liquorilactobacillus nagelii). Selected strains were combined to reassemble simplified
communities. Fermentation trials demonstrated that community composition markedly
influenced metabolite production and acidification (acetic acid and ethanol concentration
ranged from 0.30 & 0.08 and 2.29 + 0.03 g/L, and from not determined to 27.31 4= 3.41 g /L,
respectively). Consortia combining yeasts, AAB and LAB most closely reproduced the
chemical composition of the original Kombucha tea, whereas simpler yeast-bacteria con-
sortia produced chemically distinct beverages. Overall, these findings enhance our under-
standing of the ecological roles of kombucha-associated microorganisms and demonstrate
that community composition is a key factor in shaping the chemical profile of the beverage.
Moreover, the reassembly of defined microbial communities represents a promising strat-
egy for selecting and applying functional microorganisms to valorize agri-food by-products
through sustainable fermentation processes. Kombucha-derived communities, due to their
ability to grow under acidic conditions, tolerate osmotic stress and metabolize complex
sugar mixtures, could be versatile biofactories for the development of new fermented
beverages or functional ingredients from low-value agri-food residues, contributing to
circular bioeconomy strategies and waste reduction.

Keywords: kombucha tea; cultivable microorganisms; fermented beverages; simplified
microbial communities

1. Introduction

Kombucha tea is a traditional fermented beverage from China that has gained global
popularity due to its potential health benefits [1,2]. The fermentation of sweetened tea
(Camellia sinensis) is carried out for a variable period (typically 7-14 days or longer) by a
symbiotic culture of yeasts and bacteria (SCOBY), that includes acetic acid bacteria (AAB)
and lactic acid bacteria (LAB) [3,4]. Kombucha tea consists of two principal fractions: a
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liquid phase and a cellulosic pellicle forming an active ecosystem due to dynamic microbial
activity [5].

The liquid phase contains organic acids and other metabolic products that contribute
to distinctive taste and functional properties of kombucha tea [6,7]. The biofilm at the air—
liquid interface, is composed of exopolysaccharides, mainly bacterial cellulose produced
by AAB [8,9]. The whole concentration of metabolites is influenced by several variables,
including the fermentation length, SCOBY composition and temperature [10,11].

Kombucha tea preparation follows the back-slopping practice, which requires the use
of a preceding batch as an inoculum for further fermentations. This production practice
favors the persistence of well adapted microbial consortia and contributes to the devel-
opment of desirable sensorial and functional properties. This is particularly evident for
AAB, which requires an adaptation cycle to grow under defined carbon sources pressure.
Specifically, in kombucha tea systems, microorganisms having high tolerance to low pH
and organic acids, efficient ethanol oxidation, ability to produce extracellular polymeric
substances such as bacterial cellulose, and broad sugar utilization capacity are favored.
These traits contribute to microbial persistence, biofilm formation at the air-liquid interface,
and stabilization of the metabolic network within the community [12].

However, both the microbial community structure and the chemical composition
of kombucha tea are strongly influenced by factors such as the origin of starter and the
back-slopping practice substrate, the type of substrate, and environmental conditions of
fermentation [13].

Microbial composition of Kombucha tea, investigated by culture-dependent and inde-
pendent methods, reveals that the bacterial fraction is mainly composed by Acetobacter [14],
Komagataeibacter, Lactobacillus, Lactiplantibacillus and Lacticaseibacillus [5,15-21]. Yeast diver-
sity is also reported, which commonly includes members of the Zygosaccharomyces, Candida,
Kloeckera/Hanseniaspora, Brettanomyces/Dekkera and Saccharomyces genera [22].

The symbiotic relationship is established due to the production of ethanol by yeasts
from the breakdown of sucrose into glucose and fructose; ethanol is oxidized by AAB to
acetic acid. AAB, particularly by Komagataeibacter members, also use glucose to produce
gluconic acid and to synthesize bacterial cellulose [23]. Lactic acid and other metabolites
derived from the occurrence of LAB can be also present.

Microbial cultures of kombucha tea have been used as inocula in innovative starter
cultures for the production of fermented dairy beverages, fresh cheese, and fruit-based
beverages [24-27].

In addition, recent studies have highlighted the potential of kombucha-derived micro-
bial consortia to ferment agri-food by-products [28-32]. Thus, these applications highlight
the importance of accurately identifying the microorganisms present in kombucha tea,
characterizing their functional properties, and determining the metabolites they produce to
improve the control of large-scale industrial fermentations and ensure the production of
safe, high-quality products [33,34].

This study aimed to isolate and characterize the cultivable bacteria and yeasts from
three kombucha tea samples, two sourced from homemade fermentations and one from a
commercial product. The bacterial and yeast isolates were first characterized phenotypically
and then analyzed through molecular techniques, including (GTG)s-rep-PCR fingerprint-
ing. Bacteria and yeasts were identified by 165 rRNA gene and ITS region sequencing,
respectively. Furthermore, selected AAB, LAB and yeast strains were reassembled to assay
metabolite production during fermentation and identify microbial combinations capable of
reproducing the characteristics of the original kombucha tea. The hypothesis that reassem-
bled microbial consortia composed by yeasts, AAB and LAB would reproduce the chemical
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and metabolic profiles of the original samples, compared to simplified consortia lacking
one or more microbial groups, was confirmed.

This study provided qualitative and quantitative evidence to support the comprehen-
sive knowledge base required by regulatory bodies, including the FDA and EFSA, for the
pre-assessment of QPS/GRAS status.

2. Materials and Methods
2.1. Preparation of Kombucha Tea

Three kombucha starter cultures of different origins were collected. Kombucha tea A
and B (KA, KB) were obtained from homemade fermentations occurred in Parma, Emilia
Romagna, Italy; kombucha tea C (KC) was purchased from Freshly Fermented (Organic &
Vegan Certified Egyptian Kombucha Scoby Culture, Freshly Fermented, Friendly Fungi
Ltd., Lee-on-the-Solent, UK) [35]. All kombucha tea was prepared as previously reported
with minor modifications [36-38]. In detail, one liter of water was brought to boil, and 25 g
of white tea naturally flavored with mango and lemon taste (Winston Tea Company Ltd.,
London, UK) was added for samples KA and KB, while Hibiscus infusion (Pompadour Te
S.rl., Bolzano, Italy) was used for sample KC. The infusion was allowed to steep for 3-5 min.
Subsequently, 10% (w/v) of sucrose was added and stirred until dissolved. The resulting
solution was filtered under vacuum using a membrane filtration system equipped with
sequential 0.45 um and 0.2 pm pore-size polyethersulfone (PES) filters (Nalgene™ Rapid-
Flow™, Thermo Scientific, Waltham, MA, USA) and sterility conditions were verified by
plating on different culture media (see Section 2.3.1). Then, the sterile tea was transferred
into an Erlenmeyer flask, and 10% (v/v) of liquid fraction of starter culture was added. The
flask was covered with sterile gauze, and the cultures were incubated at 28 °C for 10 days.

2.2. Physicochemical Analysis

The pH of all samples was measured using a pHmeter (XSPH 80 PRO STIRRER,
Securlab, Roma, Italy). Titratable acidity (TA) was determined by acid-base titration with
0.1 N NaOH up to a pH of 7.0 and expressed as a percentage (%) of acetic acid equivalents
per 100 mL of sample. The total soluble solids (TSS) were measured with a refractometer
(2WA], Optika S.r.1., Ponteranica, Italy). Sugars, organic acids, and ethanol were quantified
simultaneously by HPLC (Jasco LC-Net I/ ADC, Pfungstadt, Germany) equipped with
an RI detector (Jasco RI-2031 Plus, Tokyo, Japan) and UV detector (Jasco UV-2070 Plus,
Tokyo, Japan) according to Signorello et al. [39]. The mobile phase was composed of
0.005 N sulfuric acid (PanReacAppliChem ITW Reagents, Milan, Italy) and 5% (v/v) of
acetonitrile (Carlo Erba Reagents (DasitGroup, Milan, Italy) using a flow of 0.6 mL/min.
Samples (20 uL), filtered through a 0.45 pm cellulose acetate membrane, were injected
for isocratic separation using a Bio-Rad Aminex HPX-87H column (300 mm x 7.8 mm,
Bio-Rad, Hercules, CA, USA) heated to 40 °C with an Eldex CH-150 oven. Peaks were
identified using ChromNAV 1.0 software (Jasco, Tokyo, Japan). The detection limit (LOD)
and quantification limit (LOQ) were determined based on the signal-to-noise ratio, where
LOD and LOQ correspond to analyte amounts with a signal-to-noise ratio of 3 and 10,
respectively [40,41]. All LOD and LOQ of the HPLC detected compounds can be found in
a previous work by Musi et al. [42]. All samples were run in triplicate.

2.3. Microbiological Analysis

2.3.1. Microbial Counts and Isolation of Bacteria and Yeast from Kombucha Tea
Kombucha tea samples, i.e., the liquid phase, were serially diluted, from 103 to

10~° in 0.1% (w/v) peptone solution and inoculated in triplicate by spreading on specific

solid media. Isolation and differential media were used to count and isolate bacteria and
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yeasts. The viable mesophilic bacteria were counted on plate count agar (PCA) (tryptone
5 g/L, yeast extract 2.5 g/L, glucose 1 g/L, and agar 15 g/L); acetic acid bacteria (AAB)
were enumerated on glucose yeast extract peptone mannitol (GYPM) (glucose 2 g/L, d-
mannitol 25 g/L, yeast extract 5 g/L, peptone 3 g/L, agar 9 g/L) as previously described
by Gomes et al. [43]. For AAB isolation, glucose yeast extract calcium carbonate agar (GYC)
(glucose 100 g/L, yeast extract 10 g/L, calcium carbonate (CaCO3) 20 g/L, agar 9 g/L) was
used. On GYC medium, organic acid production was qualitatively assessed by observing
the halo due to dissolution of CaCOj3. Colonies displaying clear halos were subsequently
tested for catalase activity. Yeasts were counted on yeast extract peptone dextrose (YPDA)
(glucose 20 g/L, peptone 20 g /L, yeast extract 10 g/L, agar 20 g/L); while lactic acid bacteria
(LAB) were grown on De Man-Rogosa-Sharpe (MRS) agar. All chemicals were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Incubation was carried out under optimal
growth conditions in order to maximize microbial recovery during the isolation phase,
even if it differs from the temperature used during kombucha tea fermentation: at 28 °C for
2 days for mesophilic bacteria and yeasts, 5 days for AAB, under aerobic conditions; LAB
were incubated at 37 °C for 2 days under anaerobic conditions. Colonies were enumerated,
then colonies exhibiting different morphology were picked up and purified by repeated
streaking on the same isolation media. All pure cultures were preserved at —80 °C in liquid
media supplemented with 25% (v/v) glycerol (Carlo Erba, Milan, Italy).

2.3.2. Phenotypic Characterization of Bacteria

Purified isolates were examined by colony and cell morphology. For bacteria isolates,
gram staining, catalase and potassium hydroxide (KOH) tests were performed as described
by Wu et al. [44]. The KOH test was carried out emulsifying cell cultures on a microscope
slide containing a 10% (w/v) KOH solution (Sigma—-Aldrich, St. Louis, MO, USA).

2.3.3. Differentiation of Isolates via (GTG)5-rep-PCR Fingerprinting

Genomic DNA from pure cultures of bacteria and yeasts were extracted according
to Gullo et al. [45] and Hoffman & Winston [46], respectively, with some modifications.
Bacterial cells were harvested by centrifugation (12,000 g, 5 min) and resuspended in
saline EDTA buffer (0.15 M NaCl, 1M EDTA, pH 8.0). The lysis of cells was performed with
lysozyme (10 mg mL '), followed by RN Ase treatment (10 mg mL~!, at 37 °C for 30 min)
and proteinase K digestion (20 mg mL~!, at 37 °C for 60 min). Afterwards, 40 uL of 25%
sodium dodecyl sulphate (SDS) solution was added and incubated at 65 °C for 10 min.
Then 180 pL of sodium acetate solution (5 M) was added and the cell polysaccharides
were removed by the addition of 100 uL cetyltrimethylammonium bromide (CTAB) (2%)
and centrifuged (10,000 g; 10 min). Genomic DNA was purified by two extractions
with chloroform /isoamylic alcohol (25:1 v/v) precipitated with cold absolute ethanol and
finally resuspended in 100 puL of ultrapure water. Moreover, yeast cells were harvested
by centrifugation (8000 rpm, for 5 min at +4 °C) and lysed using 600 mg of glass beads
(d = 0.45-0.50 mm), with 400 uL of lysis buffer (Triton X-100 2%, SDS 1%, NaCl 0.1M, Tris
pH 8.0 (0.01M), 0.5M EDTA (1ImM)) and 400 pL of phenol:chloroform:isoamyl alcohol
(25:24:1, v/v). After vortexing and centrifugation, 200 pL of TE buffer (10 mM Tris, pH 8.0,
1 mM EDTA) were added and the aqueous phase was recovered after centrifugation
(14,000 rpm for 5 min at +4 °C) and further mixed with 400 pL chloroform:isoamyl alcohol
(24:1, v/v). Genomic DNA was precipitated with cold isopropanol at —20 °C for 30 min
and washed with 500 pL of ethanol (70% v/v), air-died, and resuspended in sterile water.
RNA was removed by RNAse treatment (10 mg mL~! at 37 °C for 1 h). Glass beads were
purchased from Sigma-Aldrich (St. Louis, MO, USA), all other chemicals and reagents
were purchased from PanReac AppliChem (ITW Reagents, Monza, Italy).
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The quality and concentration of the extracted DNA were checked by NanoDrop™ One
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). (GTG)s-rep-PCR was
performed with primer GTG5 (5'-GTGGTGGTGGTGGTG-3') according to Foti et al. [47].
Amplified PCR products were separated on a 2.0% w/v agarose gel for 2 h at 90 V. Amplicon
size was determined using GeneRuler 100 bp Plus DNA Ladder (Invitrogen, Carlsbad,
CA, USA). Gel images were captured using a ChemiDoc™ MP Imaging System (Bio-
Rad Laboratories, Hercules, CA, USA). For each isolate, (GTG)5-PCR fingerprinting was
performed in technical triplicates, and only reproducible banding patterns were considered
for subsequent analysis.

Fingerprinting data were then analyzed using Biolomics software ver. 25.11.7.1
(BioAware, Hannut, Belgium), with the Pearson’s correlation coefficient and the unweighted
pair group method with arithmetical average (UPGMA) clustering method.

2.3.4. Identification of Bacteria and Yeasts

Bacteria were identified by 165 rRNA gene sequencing [48,49]. The amplification of
the 16S rRNA gene was performed using primers 27F (5'-CTGGGATCCATTTACTCGA-
GAGTTTGATCCTGGCTCAG-3') and 1492R (5'-GGTTCCCCTAAGCTTACCTTGTTAC-
GACTTC-3'). Each PCR mixture (final volume, 100 pL) contained 10X reaction buffer,
0.25 uL (5.0 U) of Taqg DNA polymerase, 4.0 uL of ANTP (2.5 mM each), 1.0 pL of each primer
(10 uM), 1.0 puL of DNA template (5 ng/uL). The following PCR conditions were used: 95 °C
for 5 min, 30 cycles of 94 °C for 1 min, 58 °C for 2.5 min, 72 °C for 2.5 min, and final extension
at 72 °C for 5 min. The PCR products were sequenced using also two internal primers 16SR
(5'-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3')
and 515Y-F (5'-GTGYCAGCMGCCGCGGTAA-3'). Only sequences with a minimum length
of 1000 bp and showing clear, unambiguous chromatograms were retained for taxonomic
identification and subsequent analysis.

Yeasts were assayed by ITS region genes [50]. PCR and sequencing were per-
formed using the following primers: ITS1 (5'-TCCGTAGGTGAACCTGCGG-3') and ITS4
(5’-TCCTCCGCTTATTGATATGC-3') [51]. Each PCR mixture (final volume, 50 uL) con-
tained 10X reaction buffer, 0.25 uL (5.0 U) of Taqg DNA polymerase, 4.0 uL of dNTP (2.5 mM
each), 3.0 pL of each primer (5 uM), 1.0 uL of DNA template (250 ng/pL). The following
PCR conditions were used: 95 °C for 5 min, followed by 35 cycles at 95 °C for 1 min, 55 °C
for 2 min, 72 °C for 2 min. A final extension was carried out at 72 °C for 10 min. Sequencing
was performed using the Sanger method by the Bio-Fab Research Laboratory (Roma, Italy).
Sequence data were analyzed using SnapGene software version 8.1.1 (GSL Biotech, Pune,
India, available at https:/ /www.snapgene.com [52]). The obtained sequences were com-
pared with those in the NCBI database using the NCBI BLAST nucleotide alignment tool
(version BLAST+ 2.17.0, available at http:/ /blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on
21 December 2025 [53]). The strains were deposited in the University of Modena and Reg-
gio Emilia (UNIMORE) Microbial Culture Collection (UMCC, www.umcc.unimore.it [54])
under the accession code UMCC 3074, UMCC 3076, UMCC 3086, UMCC 3087, from UMCC
3094 to UMCC 3097, UMCC 3099, UMCC 3100, from UMCC 3102 to UMCC 3106, UMCC
3108. All isolated strains are available in compliance with due diligence procedures under
the Nagoya Protocol on Access and Benefit-Sharing.

2.4. Reassembling Simplified Community and Fermentation Trials

Simplified communities (SCs) were reassembled using strains isolated from the same
original kombucha tea (KA, KB and KC). All strains were recovered from —80 °C glycerol
stocks, yeasts were cultivated in YPD broth, AAB in GY broth and LAB in MRS broth.
All strains were incubated at 28 °C, yeast for 1 day, AAB for 3 days and LAB for 2 days.
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All strain cultures were inoculated at 10® CFU/mL, with bacteria:yeast in a 1:1 inoculum
ratio. The fermentation trials were carried out in triplicate in 100 mL volume of sweetened
sterile tea, white tea (SC-KA, SC-KB and SC-KC), and hibiscus infusion (SC-KC-I). The
preparation of tea infusions and the incubation conditions for fermentation were reported
in Section 2.1. For each sample, after 10 days of fermentation physicochemical analysis
were performed (see Section 2.2).

2.5. Statistical Analysis

Statistical analyses were performed using SPSS software (version 20.0, IBM Statistics,
Armonk, NY, USA). Results are expressed as the mean of the triplicate & standard deviation
(SD). Significant differences among samples were determined using one-way factor analysis
of variance (ANOVA) followed by Tukey’s post-hoc test, with a significance level set at
p < 0.05. The comparison of chemical composition of products was achieved by principal
component analysis (PCA) using RStudio software, version 4.2.2 (R Core Team, Vienna,
Austria, 2022). Prior to PCA, all numeric variables were centered and scaled to unit variance
using the scale function in R.

3. Results and Discussion

In this study, three kombucha tea samples were studied with respect to their cultivable
microbial fraction, highlighting the role of metabolically active microorganisms on available
carbon sources. Moreover, defined microbial communities from kombucha tea isolates
were reassembled to assess their ability to reproduce the main biochemical features of the
original microbial community. The assessment of different combinations of yeasts, AAB
and LAB influenced metabolite production and shaped the overall chemical profile of the
fermented beverage.

3.1. Physicochemical Characterization of Kombucha Tea Samples

The pH, titratable acidity and concentrations of sugars and organic acids were selected
as key indicators of fermentation performance, as they represent characteristic parameters
of kombucha tea, reflecting the metabolic activity of the microbial consortium [55]. In our
study, the values of these parameters, measured after 10 days of fermentation, are reported
in Table 1. The pH values ranged from 2.69 to 3.26, consistent with values reported by other
authors and remained within the safety pH range of 2.5-4.2 [38,56]. However, it is equally
important not to exceed pH values of 4.2 because of microbial risks [57,58]. Titratable
acidity (TA), commonly found ~0.4% [16,59,60], was highest in KA (0.74% w/v), followed
by KC (0.72% w/v) and KB (0.53% w/v). In contrast, total soluble solids (TSS) showed
the opposite trend, with the highest concentration in KB (10.33 °Brix) and lowest in KA
(8.60 °Brix).

To further investigate and validate the differences observed in the physicochemical
parameters, HPLC analysis was carried out. The acetic acid concentrations measured by
HPLC were consistent with the TA values, with the highest levels detected in KC (4.98 g/L),
followed by KA (4.60 g/L) and KB (4.51 g/L). Acetic acid is the predominant organic acid
in kombucha tea characterizing the taste of the product. Previous studies reported average
values ranged from 0.3 to 6.4 g/L [37,61,62].

In general, in commercial kombucha tea, ethanol concentrations ranged from 0 to
around 26 g/L [63,64]. For low-alcohol and non-alcoholic beverages, the allowed ethanol
concentration limits vary among countries. In Europe, there is implicit EU regulation
for alcoholic beverages that are defined as such when they exceed 1.2% (v/v) of ethanol;
however, there is no precise definition for low-alcohol or non-alcoholic beverages [65]. In
addition, pH values below 2.50 can represent a potential health risk to consumers, so that
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in some countries, such as Argentina, a lower limit has been imposed, beyond which it is
not possible to market the products [66]. As regards the residual sugar content, there are
different values found on the market which range from approximately 30 g/L to >60 g/L,
depending on various factors, including fermentation time, amount of added sugars, and
the composition of the microbial consortium [67,68]. In this study, ethanol was detected
in KA and KB (3.13 and 3.02 g/L, respectively), but was not detected in KC, presumably
related to its transformation into acetic acid in accordance with its lower pH and higher
organic acid content. Additionally, KB exhibited a high concentration of residual sucrose
(75.50 g/L) along with low concentrations of glucose (6.39 g/L) and fructose (4.09 g/L) and
organic acids. The high residual sucrose levels observed in some fermentations may reflect
differences in yeast invertase activity, which controls the hydrolysis of sucrose into glucose
and fructose. When invertase activity is limited or delayed, sucrose tends to accumulate,
whereas glucose and fructose, once released, are rapidly metabolized by the microbial
community [69]. In contrast, KA showed higher levels of glucose and fructose (15.87 and
18.40 g/L, respectively), and ethanol and acetic acid content of 3.13 g/L and 4.60 g/L,
respectively. Sample KC contained lower concentrations of residual monosaccharides
(glucose 8.37 g/L, fructose 11.57 g/L) and undetectable ethanol but exhibited the highest
content of acetic acid (4.98 g/L) and a detectable amount of gluconic acid (1.47 g/L). The
higher levels of acetic acid and gluconic acid in samples KA and KC, accompanied by low
ethanol concentrations, were indicative of a more advanced fermentation stage, in which
oxidative microbial activity was dominant. Similar trends were reported by Wang et al. [70],
with acetic acid identified as the major organic acid and residual sugars progressively
declining over fermentation time, reflecting the metabolic shift from sugar utilization and
ethanol production to organic acid accumulation during the advanced stages of kombucha
tea fermentation.

Table 1. Physicochemical composition of kombucha tea samples (KA, KB and KC) and quantifi-
cation of metabolites by HPLC after 10 days of fermentation. Data are expressed as mean + SD
(n = 3). Different letters in row mean significant differences among the samples (ANOVA, p < 0.05)
(TA = titratable acidity; TSS = total soluble solids).

Sample KA KB KC
pH 3.00 +0.022 3.26 +0.152 2.69+0.10°
TSS (°Brix) 8.60 +1.18 P 10.33 + 1.37 2 9.00 + 0.89 2
TA (% wlv) 0.74 +0.00 0.53 +0.01 © 0.72+0.00°
Acetic acid (g/L) 460+ 0252 451+026? 498 £0.032
Lactic acid (g/L) 0.00 +0.00 0.00 +0.00® 0.40 +0.07 2
Gluconic acid (g/L) 2.48 +0.082 0.00 4 0.00 1.47 +0.01°
Sucrose (g/L) 40.09 £2.01°¢ 75.50 + 3.38 @ 57.28 +£0.97°
Glucose (g/L) 15.87 +0.76 6.39 + 0.09 © 8.37 +0.12°P
Fructose (g/L) 18.40 + 1.332 4.09 +£0.05°¢ 11.57 £ 0.13P
Glycerol (g/L) 28340112 2.49 4+ 0.03P 0.00 4 0.00
Ethanol (g/L) 3.13+0.29°2 3.02 £ 0.06 2 0.00 +0.00°

3.2. Microbiological Characterization of Kombucha Tea Samples

3.2.1. Microbial Counts and Isolation of Bacteria and Yeast

The cell counts of bacteria and yeast in sample KA, KB and KC ranged from 6.56 to
7.23 log CFU/mL (Table 2). The highest number of bacteria cells on GYPM medium
were observed in sample KC (7.08 log CFU/mL), followed by KA (6.70 log CFU/mL),
with sample KB having the lowest (6.63 log CFU/mL). Yeast concentrations on YPDA
medium exhibited the highest value in sample KA (7.10 log CFU/mL) followed by KB
(6.66 log CFU/mL) and KC (6.61 log CFU/mL). Yeast counts in samples was within the
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range previously reported for kombucha tea after fermentation, although differences in
fermentation stage and storage conditions may influence cell concentrations [71].

Table 2. Microbial counts after 10 days of kombucha tea fermentation (samples KA, KB and KC), are
expressed as log CFU/mL for total mesophilic bacteria on PCA, yeasts on YPDA, LAB on MRS, AAB
on GYPM. Data are reported as mean + SD (n = 3).

Sample KA KB KC
PCA 6.86 = 0.22 6.56 = 0.07 7.23 £ 0.09
YPDA 7.10 + 0.02 6.66 £ 0.04 6.61 = 0.19
MRS 6.97 £+ 0.06 6.59 +0.13 6.79 £ 0.05

GYPM 6.70 £ 0.18 6.63 £ 0.22 7.08 £0.19

In total, 16 morphologically different colonies were selected (n = 10 bacteria,
n =6 yeasts). Bacterial and yeast strains were isolated from KA (n =1 and n =1, re-
spectively), KB (n = 1 and n = 4, respectively) and KC (n = 8 and n = 1, respectively). The
uneven distribution of isolates among the three kombucha samples may reflect differences
in the origin and propagation history of the samples. In particular, industrially propagated
starters are often subjected to repeated back-slopping cycles under controlled conditions,
which may select highly adapted strains [16,22]. In fact, back-slopping favors the establish-
ment of a suitable environment for the stable coexistence of different microbial members. In
a homemade production, however, environmental fluctuations (temperature, oxygenation,
hygiene) occur, and standardization of production parameters is not guaranteed. There-
fore, homemade kombucha tea has a more variable ecosystem and almost always lower
microbial diversity due to an ecological bottleneck, meaning only the most adapted strains
survive, while others rapidly become extinct or could more easily enter VBNC (viable but
non-culturable) status [72,73].

In our study, the bacterial colony morphology, recovered on the GYC medium, showed
variability, including differences in size (small to punctiform), color (ranging from white
and beige to yellow and brown), and margin (entire or lobate). Most colonies were circular
with smooth surfaces and a mucous consistency, while a few isolates exhibited filamentous
forms (Table S1). These characteristics are consistent with previous observations for AAB.
For instance, Acetobacter strains are typically circular and cream to beige [74], whereas
members of the genus Komagataeibacter usually produce light to dark brown colonies, often
accompanied by water-soluble brownish pigments [75] and are responsible for bacterial
cellulose production [76-78]. Yeast colonies selected (n = 6) from the three kombucha tea
samples (KA, KB and KC) predominantly exhibited a white to cream coloration, circular
morphology and entire margins.

3.2.2. Phenotypic Characteristics of Bacteria

The isolates (n = 10) included 9 g negative and 1 g positive strains. Cell morphology
varied between bacilli and cocci. Most bacilli were observed as single cells, whereas cocci
appeared singly or diplococci. Colony characteristics exhibited variation in size (small to
punctiform), shape (circular or filamentous), and color (ranging from white and beige to
yellow and brown). KOH and catalase tests were positive among gram-negative isolates,
whereas gram-positive strains displayed variable catalase activity (Table S2).

3.2.3. Differentiation via (GTG)s-rep-PCR Fingerprinting and Molecular Identification of
Bacteria Isolates by Sequencing 165 rRNA Gene

(GTG)s5-rep-PCR, a technique based on the amplification of repetitive sequences
(GTG)s5 occurring in the genome, is widely used for strains discrimination [79-82]. In this
study, (GTG)s-rep-PCR was performed on bacterial and yeast gDNA and a cluster analysis,
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illustrating the genetic relationships among the isolates, was performed (Figures 1 and 2).
Overall, the analysis revealed a structured clustering of isolates, highlighting both closely
related genotypes and genetically distant strains isolated from kombucha tea samples.

Scale distance Description

T
0.5 0.4 0.2

UMCC 3074

UMCC 3095

UMCC 3076

UMCC 3094

_| UMCC 3102
UMCC 3097

UMCC 3065

UMCC 3096

UMCC 3100

UMCC 37103

Figure 1. Dendrogram resulting from the clustering of bacterial (GTG)5-PCR fingerprinting profiles.
Band pattern analysis was carried out using Biolomics with the Pearson’s correlation coefficient and
the unweighted pair group method with arithmetical average (UPGMA) clustering method.

Scale distance Description

e
0.& 0.4 0.2

UMCC 3086

UMCC 3704

[]
I

—" UMCC 3105
I

UMCC 3106

UMCC 3087

UMCC 3708

Figure 2. Dendrogram resulting from the clustering of yeasts (GTG)5-PCR fingerprinting profiles.
Band pattern analysis was carried out using Biolomics with the Pearson’s correlation coefficient and
the unweighted pair group method with arithmetical average (UPGMA) clustering method.

Bacterial isolates were grouped into several major clusters, indicating substantial geno-
typic heterogeneity within the community. UMCC 3074 and UMCC 3099 isolates clustered
at a lower distance (>0.7), suggesting they represent closely related strains. In contrast,
other isolates showed higher distance values (>0.8), reflecting genetic divergence. As shown
in Figure 1, certain clusters consisted of two or more isolates sharing similar (GTG)5-PCR
profiles, whereas several isolates appeared as single branches, indicating unique genotypes.
It was possible distinguished the following groups: Group I (UMCC 3074, the only isolate
from KA, and UMCC 3099) closely related to Group II (UMCC 3076, the only isolate from
KB); Group III (UMCC 3094 and UMCC 3102) closely related to Group IV (UMCC 3097);
Group V (UMCC 3095); Group VI (UMCC 3096 and UMCC 3100), closely related to Group
VII (UMCC 3103).

The overall distribution of similarity values demonstrates that the kombucha-
associated bacterial community is not dominated by a single genotype but instead com-
prises multiple genetically distinct members.
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Subsequently, isolates were selected for full-length 165 rRNA gene sequencing. The
isolates were assigned to bacterial species commonly reported in kombucha tea fermenta-
tions, including members of Novacetimonas, Komagataeibacter, Acetobacter, Gluconobacter and
Liquorilactobacillus (Table 3).

Table 3. Identification of bacterial isolates carried out through comparison of 165 rRNA gene
sequences with the GenBank database using the NCBI BLAST tool (http://www.ncbi.nlm.nih.gov/
BLAST /Blast.cgi, accessed on 21 December 2025) and clusters of (GTG)5-PCR profiles.  The number
of 165 rRNA nucleotides used for alignment; b the percentage of identity with the 165 rRNA sequence
of the nearest phylogenetic neighbor. Species-level identification was considered reliable only for
sequence identities equal to or higher than 99%, whereas identifications below this threshold were
interpreted as tentative and reported as putative species assignments.

% GeneBank

ISOCl:;i:n UMCC Code Nuge(:;t?ées a Query I derzoity b Nearest Phylogenetic Neighbor Accession (é;lroslt,;r
Cover Number

LKA  UMCC 3074 1405 99 99.93 M "W(Cétligg;ﬁ;‘i;”e”ﬁ PX770774 I

8.KB  UMCC3076 139 100 99.86 K"m“g“éfé%‘g;‘;ggfﬁ’me‘ﬁus PX770776 1
148 KC  UMCC 3094 1412 100 99.93 Liq“"%ggg‘g‘g%i;‘“gdﬁ PX775197 |
150_KC  UMCC 3095 1407 99 100 (Ié‘},”é‘;%q?gbl”;gg’;gfgg”f) PX775198 \
160_.KC  UMCC 309 1427 99 99.93 K“m”g‘(’gligbz”lcffg;i‘)’ opacus PX775200 VI
166_KC  UMCC 3097 1445 99 99.72 AC”O(bg;tS;fg;ﬂ;i"””s PX775201 v
189 KC  UMCC 3099 1206 100 98.67 K”’””g“ti‘gi’é‘g?g;ﬁgﬁmwmm PX775204 I
190_KC ~ UMCC 3100 1404 99 99.72 K"’”“g”tiﬁ?g;g;‘ﬁ’;mwm”s PX775206 VI
192.KC ~ UMCC 3102 1410 100 99.79 ?gg;‘g’?gg;%%ﬁlg ; I
193.KC  UMCC 3103 1081 99 97.96 Komagataeibacter rhacticus ; VIl

(LC108743.1)

Within the cultivable fraction, strains belonging to the genus Komagataeibacter were
predominantly recovered, as also previously reported for kombucha tea communities [83].
Notably, sample KC showed a higher strain-level diversity within this genus, while samples
KA and KB yielded only one bacterial isolate each, likely reflecting differences in starter
origin and propagation history. Isolates 150_KC (UMCC 3095) and 193_KC (UMCC 3103)
showed high similarity to K. rhaeticus (100% and 97.96% identity, respectively), whereas
160_KC (UMCC 3096) was identified as K. europaeus (99.93%). Additionally, isolates 189_KC
(UMCC 3099) and 190_KC (UMCC 3100) were closely related to K. saccharivorans (98.67%
and 99.72%, respectively). In contrast, a single strain from sample KB (8_KB, UMCC
3076) was identified as K. intermedius. Acetobacter species were also recovered from sample
KC, including A. pasteurianus (166_KC, UMCC 3097, 99.72%), and Acetobacter sp. LMG
32670 (192_KC, UMCC 3102, 99.79%). Acetobacter species are typically associated with
kombucha tea fermentation [84], as evidenced by the chemical profile of sample KC, which
showed the highest acetic acid concentration (4.98 g/L) and an absence of ethanol. In addi-
tion, strains of K. rhaeticus originating from kombucha tea were recognized as promising
candidates for cellulose production, distinguished by their ability to produce high cellulose
yields under low-nutrient conditions [85,86]. Moreover, Novacetimonas hansenii, a cellulose-
producing AAB frequently associated with kombucha tea was found, in sample KA. Finally,
regarding to LAB, Harrison and Curtin [87] have highlighted Liquorilactobacillus nagelii as
the main representative of lactobacilli in kombucha tea communities. Consistently, in our
study, only L. nagelii was isolated from sample KC (148_KC, UMCC 3094).
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In this study, a high degree of genetic diversity among bacterial isolates has been high-
lighted. Notably, some isolates sharing nearly identical 165 rRNA gene sequences (>99%)
were separated into different (GTG)5-PCR clusters, indicating the presence of intraspecific,
strain-level diversity not resolved by 16S rRNA analysis alone, e.g., K. saccharivorans UMCC
3099 and K. saccharivorans UMCC 3100 belonging to Group I and Group VI, respectively.
Although by (GTG)s-rep-PCR fingerprinting some limitation in detecting intra-species
variability arises, we used it as a rapid fingerprinting tool to highlight genetic heterogeneity
among culturable isolates. The obtained clustering pattern was consistent with previous
studies on AAB associated with kombucha tea, particularly species belonging to the genus
Komagataeibacter, which are known to exhibit both interspecific and intraspecific genomic
variability [88].

3.2.4. Differentiation via (GTG)s-rep-PCR Fingerprinting and Molecular Identification of
Yeast Isolates by Sequencing the ITS Region

The (GTG)5-PCR fingerprinting analysis generated reproducible banding patterns
for all seven yeast isolates recovered from kombucha tea fermentation. Cluster analysis
revealed the presence of three major clusters at a similarity threshold higher than 0.80, as
indicated by the scale distance in the dendrogram (Figure 2).

The I cluster grouped isolates UMCC 3086, UMCC 3104, UMCC 3105 and UMCC 3106,
showing high genetic similarity. This suggests that these isolates likely belong to the same
or to closely related species. The II cluster included the isolate UMCC 3087, and the III
cluster included the isolate UMCC 3108, indicating a genetically coherent group.

The clear separation between the three clusters supports the existence of intraspecific
or interspecific diversity among the yeast population associated with kombucha tea.

Subsequently, sequencing of the ITS1-5.85-ITS2 region allowed reliable taxonomic
identification of the isolates (Table 4) [89]. Isolates belonging to the first (GTG)s-PCR cluster
were identified as Saccharomyces cerevisiae (UMCC 3086, UMCC 3104 and UMCC 3105, ITS
sequence similarity 99.36-99.86%) and Brettanomyces (Dekkera) bruxellensis (UMCC 3106,
ITS sequence similarity 100%), while isolate from the second cluster showed high similarity
(99.37%) to S. cerevisiae, and isolates UMCC 3087 from the third cluster showed similarity
to Brettanomyces (Dekkera) bruxellensis (UMCC 3108, 100%).

Table 4. Identification of yeasts isolates carried out through comparison of ITS sequences with the
GenBank database using the NCBI BLAST tool (http://www.ncbinlm.nih.gov/BLAST/Blast.cgi)
and clusters of (GTG)5-PCR profiles. ® The number of sequenced nucleotides used for alignment;
b the percentage of identity with the ITS sequence of the nearest phylogenetic neighbor. Species-level
identification was considered reliable only for sequence identities equal to or higher than 99%.

Isolation Yo No. of % GeneBank Cluster
Code UMCC Code %uery Nucleotides 2 Identity b Nearest Phylogenetic Neighbor Accession Group
over Number
24 KA UMCC 3086 99 747 99.76 5 ”CCh(”Z‘g’;g;;sggg)”sme PX856727 I
44 KB UMCC 3104 100 779 99.36 S”CCth‘l’j’gZ;is?.gfﬁ”isme PX856726 I
47 XB UMCC 3105 100 729 99.86 S”CC}’(“C;‘(’Q";%ESB?T)”S"” PX856731 I
48 KB UMCC 3087 100 794 99.37 S““’“{‘g%”g;g;g;‘;”isme PX856733 11
49 KB UMCC 3106 99 472 100 B ’e”“("l\‘j[’%;; gg’.’;‘;”emis PX857651 I
154 KC  UMCC 3108 100 470 100 B ”tt“&’%gg gg‘ﬁ‘;”ems PX857652 |

The ethanol concentrations observed in KA (3.13 g/L) and KB (3.02 g/L) were consis-
tent with the isolation of S. cerevisiae from these samples (24_KA, 44_KB, 47_KB, 48_KB). In
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contrast, ethanol was undetectable in KC despite the isolation of B. bruxellensis (154_KC),
where ethanol has been largely oxidized into organic acids, as indicated by the low pH
(2.69) and high value of acetic acid (4.98 g/L). The coexistence of S. cerevisiae, B. bruxellensis
and B. anomalus in sample KB reflects the dynamic nature of yeast populations during
intermediate fermentation stages. Notably, B. anomalus is reported to tolerate acidic environ-
ments and contribute to flavor development through the production of volatile compounds
and esters which may contribute to the aroma characteristic in kombucha tea [90].

The observed glycerol production can be linked to the metabolic activity of spe-
cific yeast species present in the simplified communities, particularly S. cerevisiae and
B. bruxellensis, which are known to produce glycerol as a by-product of redox balance
during alcoholic fermentation. Differences in glycerol concentration among samples may
therefore reflect strain-specific metabolic traits and variable fermentative activity of these
yeasts. S. cerevisiae strains are generally associated with higher glycerol production com-
pared to B. bruxellensis, due to its stronger reliance to glycerol synthesis as a redox-balancing
mechanism during alcoholic fermentation [91].

The combined use of (GTG)s-PCR fingerprinting and ITS sequencing provided com-
plementary information on yeast diversity in kombucha tea samples. While ITS sequencing
enabled species-level identification, (GTG)5-PCR highlighted strain-level diversity within
the same species [92].

The presence of Brettanomyces and Saccharomyces species is consistent with previ-
ous studies on kombucha tea, which report these yeasts as key contributors to ethanol
production, organic acid formation and flavor development [71]. The observed genetic
heterogeneity within clusters may reflect adaptation to fermentation conditions such as
low pH (/2.5-3.5), high sugar concentrations and the presence of organic acids [93,94].

Opverall, these findings confirm that kombucha tea harbors a genetically diverse yeast
community, structured into distinct species and strain groups, and underline the impor-
tance of combining molecular fingerprinting and sequencing approaches for an accurate
characterization of fermentation associated microbial community. However, results ob-
tained in this study could be integrated with whole genome sequencing (WGS) to further
map the genetic diversity of the microbial community.

3.3. Fermentation Trials of Kombucha Tea from Reassembled Simplified Communities

To test if cultivable microorganisms from kombucha tea, namely yeasts, AAB and LAB
could be responsible for fermentation, simplified communities were reassembled and monitored
for 10 days. Each isolate selected for build-up the simplified community was previously
identified as representative of the cultivable fraction from the respective kombucha tea samples
(KA, KB and KC) (Table 5). Strain selection was driven by functional diversity, aiming to include
yeasts, AAB and LAB within a simplified and experimentally manageable system. Nevertheless,
not all simplified communities contained representatives of all three guilds, due to limitations
inherent to culture-dependent isolation methods. Thus, it is important to note that the chosen
simplified communities only partially reproduce the original fermentation profiles and that this
divergence reflects the absence of non-cultivable members and long-term adaptation cycles.

Different substrates (white tea and hibiscus infusion) were initially used in order to pre-
serve the original fermentation conditions of the three kombucha starters employed in this
study. During the first isolation phase, maintaining the original substrate was considered
essential to ensure optimal microbial recovery and ecological representativeness. In the
second phase, to reduce substrate-related variability and allow direct comparison among
simplified communities, white tea was selected as a standardized fermentation substrate.
For this reason, the SC-KC-I was fermented in hibiscus infusion (original substrate) and SC-
KC in white tea, enabling the evaluation of substrate effects on fermentation performance.
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Table 5. Composition of the simplified communities (SCs) assembled from bacteria and yeasts
isolated from the kombucha teas (KA, KB and KC).

Simplified Community Bacteria Yeast
1_KA 24 KA
SC-KA Novacetimonas hansenii Saccharomyces cerevisiae
(UMCC 3074) (UMCC 3086)
8_KB 48_KB
Komagataeibacter intermedius Saccharomyces cerevisiae
(UMCC 3076) (UMCC 3087)
SC-KB 19 KB
Brettanomyces bruxellensis
(UMCC 3106)
148_KC 154_KC
Liquorilactobacillus nagelii Brettanomyces bruxellensis
(UMCC 3094) (UMCC 3108)
SC-KC 160_KC
SC-KC-I Komagataeibacter europaeus
(UMCC 3096)
166_KC
Acetobacter pasteurianus
(UMCC 3097)

S. cerevisiae and B. bruxellensis are primarily responsible for initiating the fermentation
process, hydrolyzing sucrose and metabolizing the resulting glucose and fructose into
ethanol and carbon dioxide via glycolytic pathways. According to Tran et al. [95], among
yeast genera isolated from kombucha tea, B. bruxellensis exhibited higher invertase activity
than S. cerevisine, suggesting a strong contribution to sucrose hydrolysis and the release
of fermentable monosaccharides. Moreover, it produces ethanol through glycolysis and
generally displays a preference for glucose over fructose as the primary carbon source [96].

N. hansenii, K. intermedius, K. europaeus and A. pasteurianus were selected for their
known ability to oxidize ethanol into acetic acid and to produce bacterial cellulose, at differ-
ent yields [97-100]. However, some authors have also highlighted acetic acid production in
the absence of ethanol consumption, which can be attributed to the glycolytic and pyruvate
metabolic pathways of AAB [1,69]. In addition, AAB are capable of converting glucose
to gluconic acid through the pentose phosphate pathway, while fructose is preferentially
converted into acetic acid [101].

The presence of L. nagelii, a species previously identified in kombucha tea consortia [84],
enhanced the metabolic diversity of the community and contributed to system acidification
through lactic acid production from glucose.

After 10 days of fermentation, distinct metabolic patterns were observed, highlighting
the contribution of the selected microorganisms and their interactions in shaping the
chemical composition of kombucha tea (Table 6). The SC-KA, containing N. hansenii
(1_KA) and S. cerevisiae (24_KA), as reported by Ferremi Leali et al. [102], represented a
minimal consortium designed to reproduce a simple yeast-AAB interaction in kombucha
tea fermentation. This consortium showed an active fermentative metabolism dominated
by yeast activity, as evidenced by the complete depletion of the initially added sucrose
(100 g/L), high residual monosaccharides (glucose 13.44 g/L; fructose 36.94 g/L), and
the highest ethanol concentration among all samples (27.31 g/L). In the literature, acetic
acid concentrations in kombucha tea after 10 days of fermentation range from 1.16 to
5.72 g/L [36,61,103]. In contrast, in SC-KA the TA (0.15% w/v) and the produced acetic acid
(0.30 g/L), indicated limited oxidation of ethanol into organic acids by N. hansenii. Probably,
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the fermentation process was predominantly driven by yeast metabolism rather than by
AAB. Consistently, ethanol concentration, a key parameter for classifying kombucha tea as a
non-alcoholic beverage, exceeded the maximum level allowed by the European Union, 1.2%
(v/v) ethanol [104]. This indicates that, under the tested conditions, SC-KA fermentation
may shift toward a more alcoholic profile compared to original kombucha tea.

Table 6. Chemical composition of kombucha tea produced from SC-KA, SC-KB, SC-KC and SC-KC-I.
Data are reported as mean =+ SD (n = 3). Different letters in row means significant differences among
the samples (ANOVA, p < 0.05) (TA = titratable acidity; TSS = total soluble solids).

Sample SC-KA SC-KB SC-KC SC-KC-I

pH 3.02+0.10P 441 +0.072 321+021P 3.03 +0.04P

TSS (°Brix) 5.66 + 0.38 9.16 + 0.38 2 8.58 + (.29 ab 7.58 +0.52P
TA (% wiv) 0.15 + 0.00® 0.04 £0.00° 0.54 +£0.102 0.40 £+ 0.042
Acetic acid (g/L) 0.30 +0.08 P 0.43 +0.03P 229 +0.572 1.834+0.322
Lactic acid (g/L) 0.00 £ 0.00 0.00 £ 0.00 1.73 £0.122 0.58 +0.17P
Gluconic acid (g/L)  1.24 40452 0.714+0.102 0.74 +0.082 125 +0.102
Sucrose (g/L) 0.00 + 0.00 P 73.12 4 2.01 2 76.04 +2.722 72.00 =+ 2.46 2
Glucose (g/L) 13.44 £ 2212 15.79 +1.08 2 0.00 + 0.00P 0.00 + 0.00b
Fructose (g/L) 36.94 +1.982 12.89 £1.30P 0.00 + 0.00 0.00 + 0.00 €
Glycerol (g/L) 132 +£0.11° 0.00 + 0.00 € 1.69 +£0.132 0.25 + 0.07
Ethanol (g/L) 2731 +3.412 3.724+0.14b 0.00 & 0.00 b 0.00 +0.00®

The SC-KB community, which included K. intermedius (8_KB), B. bruxellensis (49_KB)
and S. cerevisine (48_KB), was assembled to explore functional features of kombucha fermen-
tation consortium previously reported by Huang et al. [105]. SC-KB showed the highest pH
and lowest acidity (pH 4.41; TA 0.04% w/v) with a high concentration of residual sucrose
(73.12 g/L). The ethanol concentration (3.72 g/L) confirmed yeast fermentative activity;
however, its limited conversion into acetic acid (0.43 g/L) and gluconic acid (0.71 g/L)
suggested that the oxidative metabolism of K. intermedius was weak, resulting in poor
organic acids production. Consistently, microbial enumeration revealed the lowest cell
densities across all samples (6 log CFU/mL) (Figure 3). This low viability supported the
weak acidification and incomplete sugar utilization observed in the chemical profile. In
addition to the factors discussed above, oxygen limitation may also contribute to the low
cell densities observed in some simplified communities. Limited oxygen availability can
constrain the growth of AAB, reduce ethanol oxidation and cellulose production, and
ultimately affect overall microbial proliferation within the system [106].

Finally, the SC-KC and SC-KC-I consortia contained L. nagelii (148_KC), K. europaeus
(160_KC), A. pasteurianus (166_KC) and B. bruxellensis (154_KC), combining four mi-
crobial genera typically associated with kombucha tea fermentation [107]. As re-
ported by Landis et al. [108], B. bruxellensis can establish synergistic relationships with
Komagataeibacter species, enhancing oxidative metabolism and cellulose-associated activity.
In this consortium, L. nagelii represented the LAB fraction, which in original kombucha
tea contributes to lactic acid accumulation and overall acid balance. SC-KC and SC-KC-I
showed the most advanced fermentation and acidification, with the lowest pH values
(3.21 and 3.03, respectively) and highest titratable acidity (0.54% and 0.40% w/v). The
accumulation of lactic acid (1.73 g/L in SC-KC; 0.58 g/L in SC-KC-I) reflected the activity of
L. nagelii, while the production of acetic acid (2.29 g/L and 1.83 g/L, respectively) confirmed
the oxidative metabolism by AAB.

The concentrations of lactic, acetic, and gluconic acids measured in SC-KC and SC-
KC-I were consistent with those typically reported for kombucha tea. Andreson et al. [60]
reported acetic acid levels ranging from 0.35 to 3.54 g/L and lactic acid concentrations
between 0.21 and 3.01 g/L. In comparison, the gluconic acid content observed in this study
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was slightly higher than previously reported values, exceeding 0.4 g/L. Microbial counts
in Figure 3 showed the viable populations among all samples. Both SC-KC and SC-KC-I
exhibited high yeast and AAB counts (7.5-8 log CFU/mL), while LAB counts were high
(~8.0 log CFU/mL), confirming the establishment of an active L. nagelii population.

)]
1

log CFU/mL
.

SC-KA SC-KB SC-KC SC-KC-I

®mYPDA = GYPM m MRS

Figure 3. Microbial counts of SCs (SC-KA, SC-KB, SC-KC and SC-KC-I) are expressed as log CFU/mL
for yeasts on YPDA, AAB on GYPM and LAB on MRS. Microbial counts refer to values measured
at the final day of fermentation (10 days). Data are reported as mean =+ SD (n = 3). Different letters
indicate significant differences among the samples (ANOVA, p < 0.05).

It should be noted that in this study the reassembling of the simplified kombucha
tea community was not implemented by repeated propagation cycles, which contribute
to create an optimal environment for microbial cell adaptation and growth. Overall, these
results highlight that repeated propagation cycles are crucial to allow microbial adaptation
and stabilization of simplified communities, which is essential to achieve cell densities and
metabolic performances comparable to traditional kombucha tea fermentation.

The PCA was performed on the concentrations of compounds detected by HPLC to-
gether with physicochemical parameters to compare the chemical profiles of the simplified
communities” products with those of the original kombucha tea (Figure 4). The first two
components explained 67.78% of the total variance (PC1: 41.89%; PC2: 25.89%). The kom-
bucha teas produced by SC-KC and SC-KC-], both obtained from synthetic communities
containing L. nagelii, K. europaeus, A. pasteurianus, and B. bruxellensis, were located in the sec-
ond quadrant of the PCA score plot, an area characterized by high concentrations of organic
acids. Specifically, the beverages from SC-KC and SC-KC-I showed high concentration of
acetic, lactic, and gluconic acids and no detectable ethanol, indicating a more advanced and
complete fermentation process [103]. In contrast, SC-KA and SC-KB were located in the
third and fourth quadrants, associated with high ethanol and glucose and fructose contents,
reflecting incomplete fermentation and limited organic acid production [109]. In more
detail, high sucrose contents were detected in SC-KB, SC-KC and SK-KC-I samples, likely
reflecting limited or delayed invertase activity by yeasts, resulting in incomplete hydrolysis
of sucrose into glucose and fructose. Consequently, despite high sucrose concentrations,
low levels (for SC-KB) or no trace (for SC-KC and SC-KC-I) of glucose and fructose may
be detected, as these monosaccharides are rapidly consumed by both yeasts and bacteria
once released. However, for the SC-KA sample, sucrose was completely split, but the
microorganisms were unable to complete the catabolization of the resulting compounds,
and residues of glucose, fructose and ethanol were detected. Therefore, sucrose acts as a
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driver of sample separation in the PCA, while ethanol, glucose and fructose concentrations
mainly reflect dynamic consumption rather than initial substrate availability.
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Figure 4. Two-dimensional PCA performed with the data obtained by the HPLC and physicochemical
analysis of the simplified communities (SCs) products and the original kombucha tea (K).

Overall, the PCA confirmed that the inclusion of both AAB and LAB in SC-KC and
SC-KC-I resulted in chemical profiles most similar to those of the original kombucha
tea beverages, supporting the pivotal role of microbial diversity in shaping fermentation
dynamics and metabolite composition.

The obtained chemical profiles reflect the metabolic activity of the cultivable frac-
tion of the kombucha tea used to assemble the simplified communities. The observed
divergence from the original beverages likely results from the absence of non-cultivable mi-
croorganisms that contribute to the original microbial community. Nevertheless, focusing
on cultivable microorganisms represents a fundamental step toward the development of
defined and reproducible starter cultures for controlled fermentations.

In fact, cultivable-based reassembly of microbial communities, allowing direct linkage
between individual strains and fermentation outcomes, represents a promising strategy
for selecting and applying functional microorganisms in fermented food and beverages
production. This approach can be also exploited to valorize agri-food by-products through
sustainable fermentation processes. Kombucha-associated consortia are particularly suit-
able for this purpose due to their ability to grow under acidic conditions, tolerate osmotic
stress and metabolize complex sugar matrices. Several studies have already demonstrated
the feasibility of converting food processing residues into value-added fermented beverages.
For example, date fruits, which are often underutilized or discarded due to market quality
standards, have been successfully exploited as raw material for the production of vinegar
and non-alcoholic fermented beverages through controlled microbial fermentation [110].
Moreover, in another study, the same authors investigated the valorization of olive mill
wastewater by selective sequential fermentation, screening yeasts and AAB strains able to
successfully convert the by-product into value-added products, while preserving phenolic
content and enhancing functional properties [39].
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In this perspective, the use of defined kombucha-derived consortia may represent a
flexible and reproducible microbial approach that can be tailored for different agri-food
residues, such as fruit processing wastes (e.g., apple pomace, grape pomace, citrus peels), or
dairy by-products (e.g., whey) [111-113]. The controlled reassembly of microbial communi-
ties allows better process predictability, scalability and safety, thus facilitating the industrial
exploitation of heterogeneous by-products within a circular bioeconomy framework.

4. Conclusions

Kombucha tea represents a valuable model system for studying interspecies interac-
tions and metabolic cooperation within complex microbial ecosystems. Although this study
was limited to the cultivable microbial fraction, it provides new insights into the selection of
microbial strains and the reassembling of simplified communities for reproducing the main
biochemical features of kombucha tea. Among the tested consortia, SC-KC and SC-KC-],
composed of Liquorilactobacillus nagelii (148_KC) (UMCC 3094), Brettanomyces bruxellensis
(154_KC) (UMCC 3108), K. europaeus (160_KC) (UMCC 3096) and A. pasteurianus (166_KC)
(UMCC 3097), exhibited the better fermentation performance. This combination achieved
efficient sugar conversion, balanced organic acid production, and generated a chemi-
cal profile closely resembling that of original kombucha tea. The coexistence of yeasts,
AAB and LAB in this system proved essential for maintaining functional stability and
metabolic complementarity.

These findings highlight the potential of selected isolates as functional starter cul-
tures for controlled and reproducible fermentations. This approach also opens perspec-
tives for the bio-valorization of agri-food by-products through sustainable fermenta-
tion processes that exploit the metabolic versatility of kombucha-associated microorgan-
isms, enabling the production of kombucha-like fermented beverages within a circular
bioeconomy framework. In fact, by isolating and functionally reassembling individual
strains, this work highlights the importance of strain-specific traits in shaping fermenta-
tion outcomes, providing a practical framework for the rational design of defined micro-
bial consortia with a particular emphasis on strain-level diversity within the culturable
kombucha-associated microorganisms.

Finally, this study contributes to the body of knowledge required for the pre-
assessment of QPS/GRAS status. Additional studies should also assess the scalability
of these defined consortia in pilot fermentations and investigate their functional interac-
tions through metabolomic and transcriptomic analyses, to better elucidate the mechanisms
underlying product quality and functionality.
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