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ARTICLE INFO ABSTRACT

Keywords: Kombucha is a mildly sweet, slightly acidic fermented beverage, commercially available worldwide, that has
Kombucha microbiota attracted increasing consumers' interest due to its potential health benefits. Kombucha is commonly prepared
ITS-RFLP using sugared black or green tea, but also other plant substrates are frequently utilised. Kombucha is obtained by
gg&:ﬁiiomala fefm.entation using a symbiotic c.ulture of bacterifi .and yeasts, whose co.rnposition varies d.epending on inoculL}m
Zygosaccharomyces origin, plant substrates and environmental conditions. After fermentation, kombucha drinks are usually refrig-

Gluconobacter oxydans erated at 4 °C, in order to maintain their biological and functional properties. There are no reports on the fate of

Novacetimonas hansenii microbial communities of kombucha in relation to long-term storage time and temperature. Here, for the first
time, we monitored the diversity and dynamics of the microbial communities of a kombucha beverage fermented
with different herbs during storage at 4 °C and at room temperature, for a period of 90 days, utilising culture-
dependent and independent approaches. Moreover, cultivable yeasts and acetic acid bacteria (AAB) were iso-
lated from the beverage, inoculated in pure culture, identified by molecular methods, and yeasts assessed for
their functional properties. Total yeast counts were not affected by storage temperature and time, although their
community composition changed, as Saccharomyces species significantly decreased after 45 days of storage at
room temperature, completely disappearing after 90 days. On the other hand, Dekkera anomala (Brettanomyces
anomalus), representing 52 % of the yeast isolates, remained viable up to 90 days at both storage temperatures,
and was able to produce high levels of organic acids and exopolysaccharides. Data from DGGE (Denaturing
Gradient Gel Electrophoresis) band sequencing confirmed that it was the dominant yeast species in all samples
across storage. Other yeast isolates were represented by Saccharomyces and Zygosaccharomyces species. Among
AAB, Gluconobacter oxydans, Novacetimonas hansenii and Komagataeibacter saccharivorans represented 46, 36 and
18 % of the isolates, whose occurrence remained unchanged across storage at 4 °C and did not vary up to 20 days
of storage at room temperature. This work showed that the combination of culture-dependent and independent
approaches is important for obtaining a complete picture of the distinctive core microbial community in kom-
bucha beverages during storage, elucidating its diversity and composition, and preliminary characterizing yeast
strains with putative functional activities.

1. Introduction the occurrence of antioxidant, antimicrobial and hepato-protective
compounds, although its health promoting effects lack scientifically
Kombucha is a mildly sweet, slightly acidic fermented beverage sound evidence (Diez-Ozaeta and Astiazaran, 2022; Tran et al., 2020a;
reportedly originated in China and Japan, and consumed since 220 BCE. Watawana et al., 2015). Kombucha success is demonstrated by its
It became popular in Russia and Eastern Europe, reached Western market standing at USD 1.85 billion in 2019 and by the projection of its
Europe and North Africa during World War II, and nowadays is global market size reaching USD 10.45 billion by 2027 (https://www.
commercially available worldwide (Greenwalt et al., 2000; Zagrabinski, fortunebusinessinsights.com/industry-reports/kombucha-mark
2020). The increasing interest of consumers in kombucha is ascribed to et-100230). Currently, the number of kombucha's Brewers International
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registered companies stand at 150 in the USA and 35 in Europe, repre-
senting 69.8 % and 16.3 % of the total worldwide, respectively (Nyhan
et al., 2022).

Kombucha is commonly prepared using sugared black or green tea
(Camellia sinensis) fermented by a symbiotic culture of bacteria and
yeasts (SCOBY) that produce a cellulosic biofilm (pellicle), where they
remain embedded. Both SCOBY and the fermented liquid represent the
taxonomically diverse matrices utilised as inoculum (Harrison and
Curtin, 2021; Tran et al., 2020a).

Beyond C. sinensis leaves, kombucha beverages are prepared using
alternative substrates, such as blackthorn, coffee, goji berries, jasmine,
Jerusalem artichoke, lemon balm, milk, mulberry, peppermint, rasp-
berry, sage, thyme, and even molasses from sugar beet processing, with
the aim of developing new beverages with novel taste and beneficial
properties, deriving also from the fermenting ingredients (Diez-Ozaeta
and Astiazaran, 2022; Emiljanowicz and Malinowska-Panczyk, 2020;
Jayabalan et al., 2014; Leonarski et al.,, 2021; Nyhan et al., 2022;
Watawana et al., 2015).

Despite the fact that a multitude of symbiotic microbial consortia -
whose origins are mostly unknown - are utilised worldwide as starters
for the production of kombucha, the most characteristic microorganisms
are almost constant across the different studies, consisting of yeasts,
acetic acid bacteria (AAB), and occasionally lactic acid bacteria (LAB)
(Bishop et al., 2022; Nyhan et al., 2022). Yeasts ferment sugars to
ethanol, organic acids and carbon dioxide, then ethanol is further
metabolized into organic acids (mainly acetic, gluconic and glucuronic)
by the acetic acid microbiota. In addition, yeasts like Dekkera/Bretta-
nomyces, contribute to acetic acid production (Tran et al., 2020b). Acetic
acid bacteria also use yeast-derived glucose to synthesise bacterial cel-
lulose and gluconic acid (Dufresne and Farnworth, 2000; Greenwalt
et al., 1998; Gullo et al., 2018). Recent studies showed that the structure
and building of the cellulose biofilm are affected by yeast-AAB in-
teractions (Tran et al., 2021).

During fermentation, the acidity of the beverage increases due to the
production of organic acids, responsible for the lowering of pH. In
addition, other organic acids are produced, such as lactic, malic, citric
and tartaric, known for their antibacterial activity, preventing kombu-
cha spoilage by mesophilic contaminants, together with the low pH
(Diez-Ozaeta and Astiazaran, 2022; Neffe-Skocinska et al., 2017; Tran
et al., 2020b; Watawana et al., 2015).

The yeast community is mainly represented by Dekkera/Brettano-
myces bruxellensis (hereafter D. bruxellensis), Dekkera anomala/Brettano-
myces anomalus (hereafter D. anomala), Candida spp., Kloeckera spp.,
Pichia spp., Saccharomyces cerevisiae, Saccharomycodes ludwigii, Schizo-
saccharomyces pombe, Torula spp., Torulaspora spp., Torulopsis spp.,
Zygosaccharomyces bailii, Zygosaccharomyces rouxii, while bacterial
communities are characterized by the acetic acid species Acetobacter
pausterianus, Acetobacter aceti, Gluconobacter oxydans and Komagataei-
bacter xylinus (formerly Gluconacetobacter xylinus). LAB are sporadically
present in kombucha (Bishop et al., 2022; Nyhan et al., 2022).

However, some variations in the composition of microbial commu-
nities in kombucha drinks produced worldwide can be ascribed to
inoculum origin, plant substrates and to the different geographic, cli-
matic and environmental conditions encountered during fermentation
and production processes (Harrison and Curtin, 2021; Jafari et al., 2021;
Nyhan et al., 2022; Teoh et al., 2004; Wang et al., 2022).

Interesting shifts were reported in the structure and dynamics of the
microbiota during the fermentation period, generally lasting 8-14 days
at room temperature (18-28 °C). For example, a culture-dependent
study on yeast ecology of kombucha reported that the fermentation
was initiated by osmotolerant species, such as Schizosaccharomyces
pombe, Torulaspora delbrueckii and Zygosaccharomyces bailii, which
decreased with increasing acidity, to be then succeeded by acid-tolerant
species (Bishop et al., 2022; Nyhan et al., 2022; Teoh et al., 2004). On
the other hand, high-throughput sequencing (HTS) performed on the
broth did not detect any variation in the relative abundance of bacterial
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and yeast genera between days 3 and 10 of the fermentation, being
Gluconacetobacter and Zygosaccharomyces the dominant microbial
genera in each of the five samples originated from four different coun-
tries (Marsh et al., 2014). Other authors found that the changes in mi-
crobial community structure, as revealed by HTS, were paralleled by
important changes in the biochemical properties of kombucha beverages
(Chakravorty et al., 2016; De Filippis et al., 2018). Recent studies uti-
lising synthetic consortia showed that the metabolic interaction of yeasts
and AAB shift kombucha's chemical composition (Tran et al., 2020b).

After fermentation, kombucha drinks are usually refrigerated at 4 °C,
in order to maintain their biological and functional properties. Only few
works investigated the fate of microbial communities of kombucha
drinks in relation to storage time and temperature. Cold storage at 4 °C
reduced the viability of acetic acid and lactic acid bacteria, after 14 days:
AAB moderately decreased from 9.3 x 10° CFU/mL to 3.4 x 10® CFU/
mL while LAB showed a survival rate of 0.98 % from the 2nd to 8th day
of storage (Fu et al., 2014). Tan et al. (2020) reported that total yeasts
and LAB decreased during the 21-day storage of soursop (Annona mur-
icata L.) kombucha at room temperature. Different milk-herbal tea
kombucha drinks stored at 4 °C for 30 days showed increases in the
number of AAB, and decreases of Lactobacillus spp. and Lactococcus spp.
on the 20th day of storage (Sarkaya et al., 2021). Alas, the only work on
the effects of a long-term storage (9 months) on kombucha investigating
the variations in some potential beneficial properties, did not analyse
the microbiota (La Torre et al., 2021).

To the authors' knowledge, there are no reports on microbial
composition dynamics of kombucha beverages during long-term stor-
age. Thus, the aim of this study was to monitor and characterize the
microbial communities of a kombucha beverage fermented with
different herbs during storage at 4 °C and at room temperature, for a
period of 90 days. Such storage time was chosen based on our pre-
liminary data on the disappearance of AAB and some yeast genera (data
not shown). To this aim, on samples taken at 0, 3, 20, 45 and 90 days we
monitored the occurrence of yeasts, acetic acid and lactic acid bacteria
during the storage utilising culture-dependent methods and a culture-
independent approach, such as PCR-DGGE (Polymerase Chain
Reaction-Denaturing Gradient Gel Electrophoresis) analysis of the 16S
ribosomal RNA (rRNA) and D1/D2 domain of the 26S rRNA genes, and
amplicon sequencing. Moreover, cultivable yeasts and AAB were iso-
lated in pure culture, identified by molecular methods, and yeasts
assessed for their functional properties.

2. Materials and methods
2.1. Preparation of kombucha fermented beverage

The kombucha fermented beverage was prepared, by Societa
Locanda Martinelli di Martinelli Michele & C. S.n.c., Nibbiaia (Livorno),
Italy, boiling tap water containing 100 g/L of sucrose and leaving it to
cool until 85 °C, then organic green tea and aromatic herbs - Aloysia
citrodora (lemon verbena), Malva sylvestris (mallow), Rosa spp. (wild
rose), Mentha x piperita (peppermint) - were added. After 2-hour cooling
at room temperature, the herbs were removed by filtration. To promote
the fermentation process, the tea was inoculated with 10 % of the pre-
viously fermented kombucha beverage.

The fermentation was carried out in a dark incubator, covered with a
clean cotton cloth, at room temperature (25 °C) for about 4 days, then
the beverage was strained through a gauze and poured in dark glass
bottles. Finally, bottles were stored at room and refrigerated tempera-
ture (4 °C) for 90 days. Samples were collected at the end of fermenta-
tion after the final filtration (O time), and at 3, 20, 45 and 90 days of
storage. For each assessment, three bottles were used. pH of the fer-
mented beverage was measured, at each sampling point, using a bench
pH-meter (medidor pH basic 20, Crison Instruments, Spain).
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2.2. Molecular identification of kombucha microorganisms by culture
dependent methods

2.2.1. Microbiological analysis

One millilitre of each sample of the fermented beverage was ho-
mogenized with 9 mL of saline-peptone water (9 g/L NaCl, 1 g/L
bacteriological peptone, Oxoid, Milan, Italy). Further, a tenfold serial
dilution (107! to 10~>) was carried out in the same solution and aliquots
(100 pL) were added in triplicate into a Petri dish containing the agar
media listed below. The mesophilic aerobic count was determined on
Plate Count Agar (PCA) (Oxoid, Basingstoke, UK) incubated at 30 °C for
72 h (ISO 4833:2003). Yeasts were determined on Wallerstein Labora-
tory Nutrient (WL) agar (Oxoid, Basingstoke, UK) and Sabouraud
Dextrose Agar (SDA) (Oxoid, Basingstoke, UK). To inhibit bacterial
grow, both media were supplemented with 100 mg/L chloramphenicol
and incubated at 28 °C for 5 days.

AAB were analysed on Yeast Peptone Mannitol agar [YPM, 5 g/L
Yeast extract (Oxoid, Basingstoke, UK), 3 g/L peptone (Sigma-Aldrich,
St. Louis, MO, USA), 25 g/L mannitol (Sigma-Aldrich, St. Louis, MO,
USA), 20 g/L agar (Sigma-Aldrich, St. Louis, MO, USA)] and on WL agar.
The media were added with 100 mg/L cycloheximide and 5 mg/L
penicillin and incubated at 30 °C for 48 h under aerobic conditions.

LAB were counted on Man Rogosa Sharpe (MRS) agar (Sigma-
Aldrich, St. Louis, MO, USA) supplemented with 1 g/L of Tween 80
(Sigma-Aldrich, St. Louis, MO, USA) and 5 mg/L of amphotericin B to
inhibit yeast growth, and incubated for 96 h at 30 °C under anaerobic
conditions (AnaeroGen, Oxoid, Basingstoke, UK).

SPSS version 23 (IBM Corp., Armonk, NY, USA) was used for one-
way ANOVA statistical analyses of microbial counts expressed as Log
CFU/mL. In particular, for each storage period, microbial count of
samples maintained at room temperature and those of samples main-
tained at 4 °C were compared using the Student t-test (P < 0.05).

2.2.2. Isolation of yeasts and AAB

Samples of the kombucha fermented beverage were used to isolate
yeasts and AAB in pure culture.

Yeasts grown on WL agar medium, allowing the macroscopic
discrimination of colonies based on their color and/or morphology
(Pallmann et al., 2001; Tran et al., 2020b), were randomly selected
based on phenotypic colony characteristics and growth rate, then puri-
fied by streaking four times and further characterized. AAB colonies
were randomly selected, then purified by streaking four times and
further characterized. Each strain was named with the acronym of the
Collection of the Department of Agriculture, Food and Environment of
the University of Pisa (IMA, International Microbial Archives), followed
by the letter “K” and a progressive number, plus “Y” or “AAB” for yeasts
or bacteria, respectively. Purified strains were stored at —80 °C in the
appropriate broth medium, supplemented with 20 % (w/v) glycerol.

2.2.3. Molecular identification of yeast isolates

A preliminary classification of yeasts was made on the basis of the
growth rate, the morphology of the colonies and the observation under
the optical microscope. Subsequently, different molecular methods were
used for the genotypic identification of yeasts.

Yeast colonies, characterized by a slow rate growth, along with the
reference strain D. anomala ATCC 10562, were analysed by direct colony
PCR with pAl (5-TATAGGGAGAAATCCATATAAAAC-3') and ITS4 (5'-
TCCTCCGCTTATTGATATGC-3') primers, specific for Dekkera anomala
(Egli and Henick-Kling, 2001). Reaction was carried out in a final vol-
ume of 25 pL. In particular, a small sample of growing cells was picked
and transferred in a mix containing 2.5 pL of 10x Ex Taq Buffer (Takara
Biotechnology), 0.2 mM of each dNTP (Takara Biotechnology), 1 pM of
each primer (Eurofins) and heated to 95 °C for 15 min. Then 1.25 U of
Takara Ex Taq polymerase (Takara Biotechnology) was added to the
PCR mix reaction and the amplification was carried out with an iCycler-
iQ Multicolor Real-Time PCR Detection System (Bio-Rad) using the
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following conditions: initial denaturation at 94 °C for 1 min followed by
30 cycles at 94 °C for 1 min, 52 °C for 2 min, 72 °C for 1 min, with final
extension at 72 °C for 5 min. Amplification products were analysed by
electrophoresis on 1.5 % (w/v) agarose gels stained with 0.5 pg/mL
REALSAFE Nucleic Acid Staining (Real laboratory SL, Valencia, Spain)
in Tris-borate-EDTA (TBE) buffer (Sigma-Aldrich, Milan, Italy) at 80 V
for 1 h. A 100 bp DNA ladder (Thermo Scientific™) was used as a mo-
lecular weight marker.

The remaining yeast isolates were analysed by 5.8S-ITS regions
amplification. DNA was extracted from microbial liquid cultures grown
at 28 °C using “Master Pure™ Yeast DNA Purification Kit” (Epicentre®).
Amplification reaction was carried out in a final volume of 50 pL, using
ITS1 (5'-TCC GTA GGT GAA CCT GCG G-3') and ITS4 primers (White
et al., 1990) and containing 5 pL of 10x rTaq Buffer (Takara Biotech-
nology), 0.2 mM of each dNTP (Takara Biotechnology), 0.5 pM of each
primer (Eurofins), 1.25 U of Takara rTaq polymerase (Takara Biotech-
nology) and 10-20 ng of DNA. PCR amplifications were carried out with
an iCycler-iQ Multicolor Real-Time PCR Detection System (Bio-Rad)
using the following conditions: initial denaturation at 94 °C for 1 min
followed by 35 cycles at 94 °C for 30 s, 58 °C for 30's, 72 °C for 45 s, with
final extension at 72 °C for 5 min. Amplification products were analysed
by electrophoresis, as described above.

Isolates producing an ITS fragment corresponding to that of the
genus Saccharomyces (850 bp), were analysed by Restriction Fragment
Length Polymorphism (RFLP) analysis of the amplified 5.8S-ITS regions
in order to discriminate species in the Saccharomyces sensu stricto
complex. Amplicons were digested at 37 °C overnight using Haelll and
Hpall (BioLabs, Ipswich, MA, USA) enzymes. Fragments were separated
on 2 % (w/v) agarose gels and electrophoresis was performed as
described above.

All gels were visualized by UV and captured as TIFF format files by
the UVI 1D v. 16.11a program for FIRE READER V4 gel documentation
systems (Uvitec Cambridge, Eppendorf).

The identification of isolates was confirmed by sequencing the D1/
D2 domain of the 26S rRNA gene. The amplification was carried out
using NL1 (5-GCATATCAATAAGCGGAGGAAAAG-3') and NL4 (5'-
GGTCCGTGTTTCAAGACGG-3') primers (Kurtzman and Robnett, 1998),
as reported by Palla et al. (2020). Amplicons were than purified using
the QIAquick PCR Purification Kit (Qiagen), quantified and 5’ sequenced
by Eurofins Genomics (Ebersberg, Germany). Sequences were analysed
using BLAST on the NCBI web (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
The related sequences were collected and aligned using MUSCLE (Edgar,
2004a, 2004b), and phylogenetic trees were constructed using the
Maximum Likelihood method based on the kimura 2-parameter model
(Kimura, 1980) in Mega 11 (Tamura et al., 2021) software (http://www.
megasoftware.net/) with 1000 bootstrap replicates. The sequences were
submitted to GenBank (https://submit.ncbi.nlm.nih.gov) (Benson et al.,
2013) under the accession numbers from ON783040 to ON783063.

2.2.4. Molecular identification of AAB isolates

As the 36 AAB isolates showed only one colony morphology, 11 were
randomly selected for further molecular characterization. DNA was
extracted from microbial liquid cultures grown at 30 °C using “Master-
Pure™Yeast DNAPurification Kit” (Epicentre®) according to the man-
ufacturer's protocols. AAB isolates were identified by 16S rRNA gene
amplification using 27f (5'-GAG AGT TTG ATC CTG GCT CAG-3') and
1495r (5'-CTA CGG CTA CCT TGT TAC GA-3') primers (Lane, 1991;
Weisburg et al., 1991). Amplification reactions were carried out in a
final volume of 50 pL, containing 5 pL of 10x Ex Taq Buffer containing
Mg2+ (Finnzymes), 0.2 mM of each dNTP (EuroClone), 0.2 pM of each
primer (Eurofins Genomics), 0.625 U di Taq DyNAzyme II DNA poly-
merase (Finnzymes) and 10-20 ng of DNA. PCR amplifications were
carried out with an iCycler-iQ Multicolor Real-Time PCR Detection
System (Bio-Rad) using the following conditions: 95 °C initial denatur-
ation for 2 min; 35 amplification cycles of 1 min and 20 s at 94 °C, 1 min
at 54 °C, 1 m and 30 s at 72 °C; final extension at 72 °C for 5 min. The
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presence of amplicons was confirmed by electrophoresis in 1.5 % (w/v)
agarose gel and electrophoresis was performed as described in the Sec-
tion 2.2.3. The identification of isolates was confirmed by sequencing
AAB 16S gene amplicons and PCR products were purified using the
QIAquick PCR Purification Kit (Qiagen), quantified and 5’ sequenced by
Eurofins Genomics (Ebersberg, Germany). The sequences were submit-
ted to GenBank (https://submit.ncbi.nlm.nih.gov) (Benson et al., 2013)
under the accession numbers from ON729432 to ON729442.

2.3. Molecular identification of kombucha microorganisms by culture
independent methods (PCR-DGGE)

2.3.1. DNA extraction of samples and PCR amplification

Genomic DNA was extracted from 10 mL kombucha samples using
DNeasy® PowerSoil Kit® (QIAGEN Group, Germantown, MD) according
to the manufacturer's protocol. The extracted DNA was stored at —20 °C
until further analyses.

For the analysis of yeast communities, a fragment of D1/D2 region of
the 26S rRNA gene was amplified using NL1 (5’-GCC ATA TCA ATA AGC
GGA GGA AAA G-3') and LS2 (5'-ATT CCC AAA CAA CTC GAC TC-3)
primers (Cocolin et al., 2000), while for the analysis of AAB commu-
nities, the V7-V8 region of 16S rRNA gene was amplified with the
WBACI1 (5'-GTC GTC AGC TCG TGT CGT GAG A-3') and WBAC2 (5'-CCC
GGG AAC GTA TTC ACC GCG-3') primers (Lopez et al.,, 2003). An
additionally GC clamp (5'-GCG GGC CGC GCG ACC GCC GGG ACG CGC
GAG CCG GCG GCG G-3) and (5'-CGC CCG GGG CGC GCC CCG GGC
GGC CCG GGG GCA CCG GGG G-3') was added to the primer NL1 and
WBAC2, respectively. PCR amplifications were performed using 10-20
ng of DNA as described by Palla et al. (2017). Amplification conditions
were: 94 °C initial denaturation for 1 min; 35 amplification cycles of 30 s
at 94 °C, 30 s at annealing temperature, 30 s at 72 °C; final extension at
72 °C for 5 min. The annealing temperatures for yeasts and bacteria,
were 55 and 60 °C, respectively. The presence of amplicons was
confirmed by electrophoresis in 1.5 % (w/v) agarose gel as described in
the Section 2.2.3.

2.3.2. DGGE, profile analyses and band sequencing

For DGGE analyses, 20 pL of amplicons were separated in 8 % (w/v)
polyacrylamide gels with a 36-58 % and 36-60 % urea-formamide
gradient, for yeasts and AAB, respectively, using the DCode™ Univer-
sal Mutation Detection System (Bio-Rad, Milan, Italy). Taking into ac-
count the results of isolates identification, a composite mix of yeast 26S
rRNA gene fragments from Z. lentus IMA K36Y, S. uvarum IMA K29Y,
Z. bailii IMA K32Y, S. cerevisiae IMA K8Y, D. anomala IMA KDY and a
composite mix of bacterial 16S rRNA gene fragments from G. oxydans
IMA KG AAB, K. saccharivorans IMA K62 AAB, N. hansenii IMA K17 AAB
were added on each side and in the center of DGGE gels as reference
DGGE markers (M). Gels were run at 90 V and 60 °C for 16 h, stained for
30’ in 500 mL of TAE buffer 1x containing 50 pL of Sybr Gold Nucleic
Acid Gel Stain (Thermo Fisher Scientific, Italy) and visualized as pre-
viously described.

DGGE profiles were digitally processed with BioNumerics software
version 7.6 (Applied Maths, St-Martens-Latem, Belgium) and microbial
community composition was assessed by cluster analysis of DGGE pro-
files, as reported in Palla et al. (2018). Similarities between DGGE pat-
terns were calculated by determining Pearson's similarity coefficients for
the total number of lane patterns from the DGGE gel using the band
matching tool with an optimization of 1 %. The similarity coefficients
were then used to generate the dendrogram utilising the clustering
method UPGMA (Unweighted Pair Group Method Using Arithmetic
Average).

The main bands of DGGE profiles were excised from the gels for
sequencing at the Eurofins Genomics MWG Operon (Ebersberg, Ger-
many) as reported in Palla et al. (2017). DNA was extracted and re-
amplified using primers without the GC clamp. PCR products were
than purified, quantified and sequenced as previously described.
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Sequences were analysed using BLAST on the NCBI web (http://blast.
ncbi.nlm.nih.gov/Blast.cgi). The related sequences were collected and
aligned using MUSCLE (Edgar, 2004a, 2004b), and phylogenetic trees
were constructed using the Maximum Likelihood method based on
Jukes-Cantor model (Jukes and Cantor, 1969) for yeasts and on Kimura
2-parameter model (Kimura, 1980) for AAB in Mega 11 software
(Tamura et al., 2021) (http://www.megasoftware.net/) with 1000
bootstrap replicates. The sequences were submitted to GenBank (htt
ps://submit.ncbi.nlm.nih.gov) (Benson et al., 2013) under the acces-
sion numbers from ON797641 to ON797659 for yeasts and from
ON720146 to ON720159 for AAB.

2.4. Qualitative functional characterization of yeast isolates

All the yeasts isolated from the kombucha fermented beverage were
functional characterized using “in vitro” analyses. The analyses were
performed in triplicate.

The capacity to produce organic acids was determined by inocu-
lating, on WL agar, 10 pL (10° CFU) of yeast liquid cultures grown at
25 °C. Plates were than incubated at 25 °C for 24 h and visually eval-
uated for the presence of halo zone around colonies as described by Palla
et al. (2021). Protease activity of yeasts was assessed on YEPD without
Peptone containing 2 % skim milk (Oxoid, Basingstoke, UK) as described
by Palla et al. (2017). The capacity to produce exopolysaccharides (EPS)
was evaluated by pick-test analysis (Ricciardi et al., 1997; Zotta et al.,
2022). Yeasts were grown on YEPD agar added with 20 g/L of sucrose
(Carlo Erba, Milan, Italy) and incubated at 25 °C for 24 h. At the end of
incubation the colonies were tested for compactness or ropiness by
touching them with a sterile inoculation loop.

3. Results

3.1. Effects of different storage times and temperatures on the microbiota
of the kombucha fermented beverage, as assessed by culture dependent
methods

3.1.1. Microbiological analysis

In order to study the microbiological changes in the fermented
beverage during 90 days of storage at room temperature and at 4 °C, the
microbial groups of biotechnological interest were analysed: yeasts,
AAB and LAB. Total mesophilic aerobic counts, used as a parameter to
determine the microbial quality of the beverage, and the acidity of the
drink were also evaluated. In particular, the fermented beverage was
analysed at the end of fermentation after straining, and after 3, 20, 45
and 90 days of storage. Total mesophilic aerobic counts on PCA medium
(Table 1, Supplementary Fig. S1) resulted about 6.8 Log CFU/mL in all
samples at 0 and 3 days storage. After 45 and 90 days storage, samples
maintained at room temperature showed significant decreases of 3 and 4
Log, respectively, compared to samples maintained at 4 °C, which
showed values of 5.26 + 0.11 Log CFU/mL.

The pH of the beverage did not significantly vary during the storage
period, both at room temperature and at 4 °C, ranging from 3.28 + 0.1
and 3.46 + 0.0.

Concerning the microbial groups of biotechnological interest,
microbiological analyses showed that both yeast and AAB counts were
not affected by the medium used. In particular, total yeast counts were
not significantly affected by storage temperature and time, showing a
mean value of 6.73 + 0.09 Log CFU/mL (Table 1).

On the basis of colony growth rate, it was possible to discriminate
large yeast colonies, growing in about 48 h (fast-growing yeasts, FGY),
from small colonies growing in about 5 days (slow-growing yeasts, SGY).
Microbiological analyses highlighted that SGY were predominant during
all the storage period, independently by the temperature, showing
constant counts of about 6.72 + 0.09 Log CFU/mL (Table 1). The viable
count of FGY at the beginning of the storage period (0 day) was about
5.36 £ 0.13 Log CFU/mL, remaining stable, during the 90 days of
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Table 1
Microbiological analyses of the kombucha fermented beverage stored at 4 °C and at room temperature for a period of 90 days.
Microbial group” Media”  TO T3 T20 T45 T90
25 °C 4°C 25°C 4°C 25°C 4°C 25 °C 4°C
Total mesophilic aerobic PCA 6.85 + 6.78 + 6.78 + 5.31 + 5.45 + 2.39 + 5.14 + 1.45 + 5.37 +
bacteria 0.04 0.02 0.07 0.16 0.13 0.07 0.06 0.04 0.15
Yeasts WL 6.78 + 6.66 + 6.77 £ 6.90 + 6.96 + 6.70 £ 6.68 + 6.39 + 6.84 +
0.06 0.08 0.01 0.10 0.07 0.11 0.02 0.29 0.01
SDA 6.84 + 6.72 + 6.73 + 6.87 + 7.00 + 6.56 + 6.66 + 6.26 + 6.73 +
0.09 0.02 0.06 0.01 0.02 0.04 0.04 0.50 0.05
FGY WL 5.57 + 5.42 + 535+ 5.18 + 5.48 + 295+ 5.09 £ * n.d. 535+
0.05 0.06 0.06 0.30 0.39 0.21 0.08 0.12
SDA 5.65 + 5.35 + 5.27 £ 5.36 + 5.52 + 2.65 £ 5.06 £ n.d. 5.24 +
0.07 0.10 0.02 0.27 0.14 0.56 0.12 0.28
SGY WL 6.75 + 6.64 £ 6.75 £ 6.89 + 6.94 + 6.70 £ 6.67 + 6.39 £ 6.83 +
0.06 0.08 0.01 0.11 0.06 0.11 0.02 0.29 0.01
SDA 6.81 + 6.70 £ 6.71 £ 6.86 + 6.99 + 6.56 + 6.65 + 6.26 + 6.72 +
0.09 0.02 0.06 0.02 0.03 0.04 0.04 0.50 0.04
AAB WL 4.66 + 4.14 + 4.25 + 3.46 + 4.48 + 1.53 £ 3.90 + * n.d. 3.87 +
0.08 0.05 0.04 0.09 0.39 0.23 0.10 0.04
YPM 4.47 + 411 + 417 + 331+ 4.37 £ 0.52 + 3.45 + * n.d. 3.73 £
0.10 0.02 0.00 0.05 0.37 0.00 0.16 0.21
LAB MRS 2.30 + n.d. 1.45 + n.d. n.d. n.d. n.d. n.d. n.d.
0.14 0.04

Values indicate mean Log CFU/mL + standard deviations (SD) among three replicates per sample. N.d.: not detectable.
Means on the same line and within the same storage period followed by asterisk are significantly different (***, p < 0.001; **, p < 0.01; *, p < 0.05).
2 FGY: fast-growing yeasts (Saccharomyces spp.); SGY: slow-growing yeasts (D. anomala and Zygosaccharomyces spp.); AAB: Acetic Acid Bacteria; LAB: Lactic Acid

Bacteria.

b PCA: Plate Count Agar; WL: Wallerstein Laboratory Nutrient agar; SDA: Sabouraud Dextrose Agar; YPM: Yeast Peptone Mannitol agar; MRS: Man Rogosa Sharpe

agar.

storage, for all samples maintained at 4 °C. Samples maintained at room
temperature showed a decrease of about 2 Log after 45 days and no
colonies were detected at 90 days of storage (Table 1, Supplementary
Fig. S1). FGY counts of the latter samples resulted significantly lower
than those of the samples maintained at 4 °C for 45 and 90 days (of about
2 and 5 Log, respectively).

The dynamics of AAB was consistent with FGY counts, as their
number at the beginning of the storage period (0 day) was about 4.50
Log CFU/mL, remaining stable, during the 90 days of storage, for all the
samples maintained at 4 °C. Conversely, the counts of AAB found in the
samples maintained at room temperature showed a slight decrease
during the first 20 days, followed by a statistically significant decrease
after 45 days (1.53 £ 0.23 and 0.53 + 0.00 Log CFU/mL on WL agar and
YPM, respectively). No AAB colonies were detected after 90 days of
storage (Table 1, Supplementary Fig. S1).

The number of LAB in the kombucha fermented beverage was lower
than that of AAB and yeasts at O day storage (2.30 + 0.14 Log CFU/mL).
No LAB were detected after 3 and 20 days of storage in samples main-
tained at room temperature and 4 °C, respectively (Table 1, Supple-
mentary Fig. S1).

3.1.2. Yeasts and AAB isolation and molecular identification

A total of 58 yeasts were randomly isolated, based on growth rate
and phenotypic colony characteristics on WL agar medium, and cellular
features under light microscope. Fast-growing colonies, including 19
isolates (IMA K1Y, K8Y, K20Y, K24Y-K26Y, K28Y-K30Y, K35Y, K42Y-
K44Y, K46Y, K47Y, K49Y, KCY, KEY, KRY), were characterized by
large cream to green umbonate colonies, and ellipsoid cells, ascribed to
Saccharomyces genera (Fig. 1a), while slow-growing colonies, including
39 isolates (IMA K2Y-K7Y, K10Y-K19Y, K21Y-K23Y, K27Y, K31Y-K34Y,
K36Y-K41Y, K45Y, K48Y, KDY, KFY, KHY, KNY, KOY, KPY, KQY) were
characterized by small cream, smooth cupular colonies, and ogival cells,
possibly ascribed to Dekkera spp. (Fig. 1b). As shown by our preliminary
experiments (data not shown) and previous data reporting that Dekkera
anomala was the predominant species in green tea kombucha beverages
(Coton et al., 2017), the DNA of the 39 SGY isolates, along with the
reference strain D. anomala ATCC 10562, was amplified by species-

specific PCR using the D. anomala primers pAl and ITS4 (Egli and
Henick-Kling, 2001). An amplicon of about 450 bp was obtained from 30
isolates (IMA K2Y-K7Y, K10Y-K19Y, K21Y-K22Y, K27Y, K33Y-K34Y,
K37Y-K39Y, KDY, KFY, KHY, KNY, KOY, KPY), as for the reference
strain D. anomala ATCC 10562 (Table 2, Supplementary Fig. S2). On the
contrary, the DNA of the other 9 isolates was not amplified. The iden-
tification of such isolates, along with the 19 characterized by a fast rate
growth and the D. anomala IMA KDY, was carried out, after DNA
extraction, by amplification of the ITS region with the primers ITS1 e
ITS4 (White et al., 1990). Results showed that all the 19 yeast isolates
characterized by a fast rate growth produced a 850 bp ITS amplicon
while among the slow rate growing isolates, 7 (IMA K31Y, K32Y, K41Y,
K23Y, K40Y, K45Y, KQY) produced a 780 bp amplicon and 2 (IMA K36Y,
K48Y) a 700 bp amplicon (Table 2, Supplementary Fig. S3). The 19
isolates producing an ITS amplicon of about 850 bp were therefore
identified as belonging to the genus Saccharomyces (Esteve-Zarzozo
et al., 1999) and then subjected to restriction fragment length poly-
morphism (RFLP) analysis, using Haelll and Hpall enzymes, in order to
identify the species. Six isolates (IMA K8Y, K26Y, K28Y, K43Y, K46Y,
KRY), displayed a restriction pattern of 325, 230, 170 and 125 bp with
Haelll and of 725 and 125 bp with Hpall (Table 2, Supplementary
Fig. S4). Such profiles corresponded to those of S. cerevisiae (Agnolucci
et al., 2007). The remaining 13 isolates (IMA K1Y, K20Y, K24Y, K25Y,
K29Y, K30Y, K35Y, K42Y, K44Y, K47Y, K49Y, KCY, KEY), displayed a
restriction pattern of 495, 230 and 125 bp with Haelll and of 725 and
125 bp with Hpall. Such profiles were reported to correspond to those of
S. bayanus/pastorianus (Fernandez-Espinar et al., 2000). Among such
isolates, seven showed two weak additional fragments, revealing a
polymorphism within the ITS sequences, consistently with their hybrid
status (Sampaio et al., 2017) (Table 2, Supplementary Fig. S4).

For the isolates identified as D. anomala (30) and S. cerevisiae (6) one
representative of each group (IMA KDY and K8Y, respectively), along
with the remaining 22 isolates, were subjected to amplification of the
D1/D2 region of 26S rDNA and subsequent sequencing (Tables 2, 3). The
results allowed the identification of all the 58 yeast isolates, corre-
sponding to D. anomala (30), S. cerevisiae (6), S. uvarum (6), S. uvarum/
S. bayanus/S. bayanus/pastorianus (7), Zygosaccharomyces bailii (3),
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Fig. 1. Light microscopy images showing a: ellipsoid cells of Saccharomyces species and b: ogival cells of Dekkera anomala.

Table 2

Differentiation of the 58 yeasts, isolated from the kombucha fermented
beverage, according to their growth rate and genetic characterization (ITS
amplicons, ITS-RFLP patterns and species-specific PCR). Isolates in bold were

identified through sequencing of D1/D2 region of 26S rRNA gene.

Isolates Growth Species- ITS ITS-RFLP  Presumptive
rate specific sizes patterns species
PCR for Haelll/
D. anomala Hpall
IMA K8Y, K26Y, Fast _ 850 325, S. cerevisiae
K28Y, K43Y, bp 230,
K46Y, KRY 170, 125
bp/725,
125 bp
IMA K25Y, 495, S. bayanus/
K29Y, K35Y, 230, 125 pastorianus
K42Y, K44Y, bp/725,
K47Y 125 bp
IMA K1Y, K20Y, 495, S. bayanus/
K24Y, K30Y, 230, pastorianus
K49Y, KCY, 125,
KEY (325,
170)
bp"/725,
125 bp
IMA K23Y, Slow No 780 ,
K31Y, K32Y, amplicons bp
K40Y, K41Y,
K45Y, KQY
IMA K36Y, 700 _ _
K48Y bp
IMA K2Y-K7Y, 450 bp 510 D. anomala
K10Y-K19Y, bp
K21, K22,
K27Y, K33Y,
K34Y, K37Y-
K39Y, KDY,
KFY, KHY,
KNY, KOY,
KPY,
D. anomala
ATCC 10562

@ This profile encompasses two weak additional fragments (see Section 3.1.2).

Zygosaccharomyces parabailii (4) and Zygosaccharomyces lentus (2)
(Fig. 2, Tables 2-3). The molecular identification confirmed the pre-
sumptive characterization based on phenotypic traits, showing that
D. anomala and Zygosaccharomyces species corresponded to the slow-
growing yeasts, and Saccharomyces spp. corresponded to the fast-
growing yeasts.

Among 36 AAB isolated from the two media which showed the same
translucid colony aspect, 11 were randomly selected for further molec-
ular characterization at species level by 16S region rRNA gene ampli-
fication and subsequent sequencing. Despite the uniformity of colony
morphology, the results allowed the identification of three AAB species
corresponding to Gluconobacter oxydans (5), Novacetimonas hansenii
(former Komagataeibacter hansenii) (Brandao et al., 2022) (4) and
Komagataeibacter saccharivorans (2) (Table 3).

3.2. Effects of different storage times and temperatures on the microbiota
of kombucha fermented beverage, as assessed by culture independent
methods

The yeasts and AAB community dynamics of the kombucha fer-
mented beverage were monitored during storage at 4 °C and at room
temperature for a period of 90 days by PCR-DGGE.

For the analysis of yeast communities, a DNA fragment of approxi-
mately 250 bp of the partial D1/D2 domain of 26S rRNA gene was
successfully amplified from all kombucha samples. DGGE analyses of
PCR products of the different samples showed similar patterns, charac-
terized by a distinctive intensity of fragments (Fig. 3). The yeast com-
munity composition and its dynamics during storage at 4 °C and at room
temperature for a period of 90 days were studied by cluster analysis of
DGGE profiles (Fig. 4). The dendrogram showed two main clusters, with
a similarity of 75 %. The first cluster included kombucha samples stored
at room temperature for 45 and 90 days, with a similarity of 95 %, while
the other one included all the other samples, with a similarity of 89 %. In
particular, the latter was formed by two sub-clusters, in which samples
stored at 4 °C for 45 and 90 days, with a similarity of 93 %, were
separated from samples stored at both temperatures, for 0, 3 and 20
days, with a similarity of 93 %. Such results highlighted that tempera-
ture highly affected yeast community composition of the kombucha
fermented beverage after 45 and 90 days of storage.

In order to identify the yeast species, PCR-DGGE bands were excised,
sequenced and affiliated to species by using BLAST and phylogenetic
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Table 3 Table 3 (continued)
Best-match identification of Yeasts and acetic acid bacteria (AAB) isolates and Taxon name Closest match Genbank accession N.
the DGGE fragments, as obtained by nBLAST. (% similarity®)
Taxon name Closest match Genbank accession N. . bayanus/pastorianus
(% similarity®) CBS:2898
AAB isolate K49  S. uvarum CBS:10272/ 100 KY109469.1/
KB  G. oxydans DSM 3504 99.85 CP004373 S. bayanus CBS:8690/ KY109213.1/
KG  G. oxydans DS5MA 100 LN884063 S. bayanus/pastorianus KY109228.1
K1 G. oxydans DSM 3504 100 CP004373.1 CBS:2898
K5 G. oxydans DSM 3504 99.78 CP004373.1 KC S. uvarum CBS:10272/ 99.83 KY109469.1/
K17  N. hansenii NBRC 14820 99.93 NR_113674.1 S. bayanus CBS:8690/S. cf. KY109231.1/
K23  N. hansenii NBRC 14820 99.93 NR_113674.1 bayanus/pastorianus CBS:2898 KY109228.1
K28 N. hansenii KGB 100 LT546164.1 KE S. uvarum CBS:10272/ 100 KY109469.1/
K31  G. oxydans DSM 3504 99.93 CP004373.1 S. bayanus CBS:8690/S. cf. KY109231.1/
K52  N. hansenii NBRC 14820 100 NR_112227.1 bayanus/pastorianus CBS:2898 KY109228.1
K62 K. saccharivorans JCM 25121 99.93 NR_113398.1 K23 Z parabailii ATCC 60483 99.83 CP019493.1
K66 K. saccharivorans JCM 25121  99.71 NR_113398.1 K31 Z. bailii CBS:7555 99.63 KY110233.1
K32  Z bailii ATCC 58445 100 NG_055054.1
K40  Z parabailii ATCC 60483 99.51 MH930858.1
AAB DGGE fragment K41  Z. bailii ATCC 58445 99.83 NG_055054.1
1 G. oxydans Gol/G. cerevisiae 99.68 MN909110.1/ K45  Z. parabailii ATCC 60483 99.84 CP019493.1
LMG27749/G. aidae AC10 HGA424633.1/ KQ  Z parabailii ATCC 60483 99.84 CP019493.1
LC511690.1 K36  Z. lentus CBS 8574 100 NG_058448.1
3 K. saccharivorans JCM 25121/ 99.09 NR_113398.1/ K48 7. lentus CBS 8574 100 NG_058448.1
K. xylinus CGMCC 17276/ CP041348.1/ KD  D. anomala CBS 4711 100 AY969092.1
K. diospyri MSKU MG971339.2
5 K. oboediens LTH2460/ 99.69 NR_114683.1/
K. rhaeticus DSM 16663/ NR_118187.1/ Yeast DGGE fragment
K. melomenusus strain AV436 MT422127.1 2 S. uvarum CBS:426/ 99.18 KY109472.1/
6 N. hansenii DSM 5602/Ga. 100 NR_118178.1/ S. eubayanus CBS 12357/ CP030956.1/
entanii LTH4560 NR_028909.1 S. pastorianus CBS:1503/ KY109459.1/
9 K. saccharivorans LMG 1582/  99.37 NR_118189.1/ S. eubayanus x S. uvarum KY109433.1/
K. xylinus XJL-06-4 MH447173.1 CBS:1505/S. bayanus KY109214.1
10 K. medellinensis NBRC 3288/  99.69 NR _125626.1/ CBS:8697
K. intermedius TF2 NR 026435.1 3 S. uvarum CBS:426/ 99.51 KY109472.1/
13 G. oxydans Gol/G. cerevisiae 99.68 MN909110.1/ S. eubayanus CBS 12357/ CP030956.1/
LMG27749/G. aidae AC10 HG424633.1/ S. pastorianus CBS:1503/ KY109459.1/
LC511690.1 S. eubayanus x S. uvarum KY109433.1/
14 G. oxydans Gol/G. cerevisiae ~ 99.68 MN909110.1/ CBS:1505/S. bayanus KY109214.1
LMG27749/G. aidae AC10 HG424633.1/ CBS:8697
LC511690.1 4 Z. bailii culture CBS:4691/ 98.78 KY110241.1/
15 K. melaceti AV382/ 99.37 MT422125.1/ Z. parabailii ATCC 60483/ CP019493.1/
K. europaeus DHBR3702 MH845618.1 Z. pseudobailii ATCC 56074 JQ745267.1
16 K. intermedius JCM 16936/ 99.69 NR_113394.1/ 8 D. anomala strain DSMZ 99.18 DQ406714.1
K. medellinensis NBRC 3288 NR_074338.1 70732
18 N. hansenii strain Gachhui 99.69 NR_115108.1/ 9 D. anomala CBS:76 97.42 KY107592.1
RG3/Ga. entanii strain NR_028909.1 10  D. anomala CBS:4461 99.59 KY107595.1
LTH4560 13 8. paradoxus CBS:10267/ 95.00/94.53 KY109447.1/
20  G. oxydans Gol/G. cerevisice ~ 99.68 MN909110.1/ S. cerevisiae isolate 0S3 KP070747.1
LMG27749/G. aidae AC10 HG424633.1/ 14 S. cerevisiae HBUAS61172 98.56 MZ853707.1
LC511690.1 16 D. anomala CBS:4461 96.72 KY107595.1
21 K. oboediens strain LTH2460/  99.06 NR_114683.1/ 17 D. anomala CBS:4461 99.59 KY107595.1
K. rhaeticus strain JCM 17122 NR_113396.1 18 D. anomala CBS: 4461 98.54 KY107595.1
23 K. oboediens LTH2460/ 99.69 NR_114683.1/ 19 D. anomala DSMZ 96.08 KY107595.1
K. rhaeticus JCM 17122 NR 113396.1 20 D. anomala strain DSMZ 99.59 DQ406714.1
B 70732
22 Z lentus CBS 8574 100 NG_058448.1
Yeast isolate 24 S. uvarum CBS:426/ 99.18 KY109472.1/
K8 S. cerevisiae NRRL Y-12632 99.49 NG_042623.1 S. eubayanus GBS 12357/ CP030956.1/
KL S uvarum VAI2 100 LT009475.1 S. pastorianus CBS:1503/ KY109459.1/
K20 . uvarum SF5-310-4118 99.83 MH041895.1 S. eubayanus x S. uvarum KY109433.1/
K24 . uvarum SF5-310-4118 99.65 MH041895.1 CBS:1505/S. bayanus KY109214.1
K25 S. uvarum VA12 100 LT009475.1 CBS:8697
K29 S. uvarum DBVPG 4171 99.82 EU020102.1 25 S. uvarum CBS:426/ 99.50 KY109472.1/
K30  S. uvarum SF5-310-4118/S. cf. 100 MHO041895.1/ S. eubayanus CBS 12357/ CP030956.1/
bayanus/pastorianus CBS:2442 KY109231.1 S. pastorianus CBS:1503/ KY109459.1/
K35 S. uvarum CBS:10272/ 99.84 KY109469.1/ S. eubayanus x S. uvarum KY109433.1/
S. bayanus NRRL Y-12624/S. NG_055690.1/ CBS:1505/S. bayanus KY109214.1
cf. bayanus/pastorianus KY109228.1 CBS:8697
CBS:2898 36 S. cerevisiae 0S3 95.72 KP070747.1
K42 S. uvarum SF5-310-4118 100 MH041895.1 37 S. cerevisiae TUVV:VAIMIS 99.60 MH276974.1
K44  S. uvarum CBS:8712/ 99.67 KY109467.1/ V340C1.2
S. bayanus CBS:8690/ KY109231.1/ 39 D. anomala DSMZ 70732 98.76 DQ406714.1
S. bayanus/pastorianus KY109228.1
CBS:2898 @ Similarity represents the % similarity shared with the sequences in the
K47  S. uvarum SF5-310-4118/ 100 MHO041895.1/ GenBank database.
S. bayanus CBS:8690/ KY109213.1/
KY109228.1
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KY109228 Saccharomyces cf. bayanus/pastorianus CBS:2898

KY109213 Saccharomyces bayanus CBS 8690

KY109469 Saccharomyces uvarum CBS 10272

LT009472.1 Saccharomyces uvarum CRYB1

KEY-ON783053

KCY ON783052

K49Y ON783051

K47Y-ON783050

K42Y-ON783048

K35Y-ON783047

K30-ON783046

K20Y-ON783042

KY1-ON783041

K44Y-ON783049

K25Y-ON783044

NG 055690 Saccharomyces bayanus NRRL Y-12624

KY109232 Saccharomyces bayanus CBS:380

KY109459 Saccharomyces pastorianus CBS:1503

K29Y-ON783045

EU020102.1 Saccharomyces uvarum DBVPG 4171

K24Y-ON783043

NG 058391 Saccharomyces arboricola

KY109447.1 Saccharomyces paradoxus CBS:10267

K8Y-ON783040

MH910996.1 Saccharomyces cerevisiae LME2

KY283160.1 Saccharomyces cerevisiae ZJ-12

KY109381.1 Saccharomyces cf. cerevisiae/paradoxus CBS:4667

K36Y-ON783061

NG 058448.1 Zygosaccharomyces lentus CBS 8574

K48Y-ON783062

NG 055020.1 Zygosaccharomyces kombuchaensis NRRL YB-4811
KT933342.1 Zygosaccharomyces bailii voucher 4-24
NG 055054 Zygosaccharomyces bailii ATCC 58445
KY110241 Zygosaccharomyces bailii CBS 4691

100

K32Y-ON783056
K41Y-ON783058
K45Y-ON783059
K40Y-ON783057
99 = K23Y-ON783054
KQY-ON783060
JX458110 Zygosaccharomyces parabailii ATCC 60483
K31Y-ON783055
JX458124.1 Zygosaccharomyces pseudobailii ATCC 2333

Fig. 2. Affiliation of the sequences of the
yeasts isolated from samples of the kombu-
cha fermented beverage with the existing
sequences of the D1/D2 region of the large
sub-unit rRNA gene. Phylogenetic analysis
was inferred by using the Maximum Likeli-
hood method based on the Kimura 2-param-
eter model. Bootstrap (1000 replicates)
values below 70 are not shown. Evolu-
tionary analyses were conducted in
MEGAL11. The sequences from the database
are indicated by their accession numbers.
The DNA sequences retrieved in this work
are indicated by their isolate code and
accession number.

— NG 055124 Brettanomyces bruxellensis NRRL Y-12961

0.050

trees analyses (Fig. 5). Yeast communities characterizing the kombucha
beverage at 0, 3 and 20 days storage were represented by D. anomala,
S. cerevisiae, S. uvarum/S. eubayanus/S. pastorianus, Z. bailii/Z. parabailii/
Z. pseudobailii and Z. lentus, both at room and cold temperature. By
contrast, after 45 and 90 days storage, temperature modulated the
occurrence of Saccharomyces species, which strongly decreased when
samples were stored at room temperature, consistently with the data
obtained by culture-dependent methods (Supplementary Fig. S1).
Moreover, the DGGE molecular fingerprinting showed that D. anomala
was the dominant yeast species in all samples across the storage (Fig. 3).

For the analysis of AAB communities, a DNA fragment of approxi-
mately 330 bp of the V7-V8 region of 16S rRNA gene was successfully
amplified, with different intensity, for all kombucha samples, with the
exception of those stored for 45 and 90 days at room temperature. The
AAB community composition and its dynamics during storage at 4 °C
and at room temperature for a period of 90 days were analysed by
cluster analysis of DGGE profiles (Figs. 6, 7). The dendrogram showed a
main cluster, separated with a similarity of 57 % from samples stored at
room temperature for 45 and 90 days. The main cluster was further split
into two sub-clusters, where the samples stored for 45 and 90 days at
4 °C grouped separately (76 % of similarity) from those stored for 0, 3

KDY ON783063
100 |—{
100 ' AY969093 Dekkera anomala CBS 4712

and 20 days. In the latter cluster, samples maintained at room temper-
ature for 20 days clustered separately at 79 % of similarity from all the
other samples. Overall, the storage temperature of the kombucha fer-
mented beverage affected AAB community composition starting from
20 days of storage at room temperature (Figs. 6, 7).

In order to identify AAB, PCR-DGGE bands were excised, sequenced
and affiliated to species by using BLAST and phylogenetic trees analyses
(Fig. 8, Table 3). The AAB communities characterizing the kombucha
beverage stored at 4 °C were represented by Gluconobacter sp.,
N. hansenii, K. saccharivorans, Komagataeibacter medellinensis/inter-
medius, Komagataeibacter maltaceti/europeus, Komagataeibacter oboe-
diens/rhaeticus across storage.

3.3. Qualitative functional characterization of yeast isolates

In order to select functional yeasts and make them available as
starters for the production of health-promoting fermented foods and
beverages, the yeast isolated from our kombucha beverage were pre-
liminary assessed “in vitro” for their ability to produce organic acids,
exopolysaccharides and to hydrolyze proteins (Rai et al., 2019). The 58
yeast isolates were able to produce organic acids, although only 20 % of
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them at high levels, 63 % at medium levels and 17 % at low levels
(Table 4). Among high producers (halo zone >7 mm) there were 11
isolates belonging to D. anomala species and the isolate S. uvarum IMA
K20Y.

Pick-test allowed the detection of 29 % of isolates able to produce
exopolysaccharides. Among them, 76 % belonged to D. anomala, 12 % to
Z. parabailii, 6 % to Z. bailii and 6 % to Z. lentus. The isolates D. anomala
IMA K27Y, D. anomala IMA K37Y and D. anomala IMA KPY, showed the
highest activity (Table 4).

Regarding protein hydrolysis, high protease activity was shown by 7
% of the isolates (Table 4); in particular, the isolates Z. bailii IMA K41Y,
IMA K32Y, Z. parabailii IMA K40Y and Z. lentus IMA K32Y, showed the
highest activity (halo zone >6 mm). It is interesting to note that such
activity was completely absent in D. anomala species.

4. Discussion

This is the first study, to the best of our knowledge, monitoring mi-
crobial community diversity and dynamics during kombucha long-term
storage, using both culture-dependent and independent techniques.
Total yeast counts were not affected by storage temperatures and times,
although their community composition changed after 45 and 90 days of
storage at room temperature. Interestingly, AAB counts did not vary up
to 20 days of storage at room temperature. A distinctive core microbial
community was unravelled, mainly represented by D. anomala which
remained viable across storage up to 90 days and was able to produce
high levels of organic acids and exopolysaccharides “in vitro”.

4.1. Effects of different storage times and temperatures on the microbiota
of the kombucha fermented beverage by culture dependent methods

In this work, total microbial counts did not differ from those reported
in the literature at the end of kombucha fermentation, ranging from 6.8
Log CFU/mL to 5.4 Log CFU/mL after the end of the fermentation pro-
cess (Chen and Liu, 2000; Tan et al., 2020; Teoh et al., 2004). Total
yeasts viable counts were comparable to those reported for kombucha
during fermentation and after 14 days of refrigerated storage (Fu et al.,
2014; Teoh et al., 2004; Tran et al., 2020b) and maintained their
viability across the storage, up to 90 days, when conserved at 4 °C.

Accordingly, yeast numbers did not change after 30 days of storage at
4 °C, in milk, milk-green tea and milk-blackberry kombucha fermented
and pasteurized beverages, which were supposed to represent a good
nutrient rich environment for yeasts (Sarkaya et al., 2021). By contrast,
when the kombucha beverage was stored at room temperature, only
D. anomala survived, probably due to its ability to withstand stressful
environments and lack of nutrients (Steensels et al., 2015). Previous
works reported the decrease of yeast counts during 21 days storage
period at room temperature in soursop kombucha (Tan et al., 2020).

AAB populations remained unchanged across the storage period at
4 °C, and up to 20 days at room temperature. This finding is consistent
with previous data on the persistence of AAB during 30 days storage at
4 °C in four different milk/herbal kombucha fermented and pasteurized
beverages (Sarkaya et al., 2021). Interestingly, AAB were still cultivable,
on the different microbiological substrates, even after 45 days at room
temperature, although colony number significantly decreased, as
compared with O time. Then they disappeared after 90 days storage.
Unfortunately, no previous data can be found in the literature, for a
comparison. However, AAB counts at the end of the fermentation pro-
cess, about 4 Log CFU/mL, were comparable to those reported by Chen
and Liu (2000). The data on the persistence of AAB up to 90 days are
intriguing, given their obligate aerobic status, although some works
reported a similar behaviour across a shorter time period, 14 and 30
days (Sarkaya et al., 2021; Tran et al., 2020b). The latter Authors sug-
gested that their medium might possess a level of dissolved oxygen
sufficient to allow AAB growth. However, we cannot discuss this item, as
the dissolved oxygen concentrations were not measured in our samples.

The high counts of AAB even after 90 days in the refrigerated kom-
bucha beverage and after 20 days at room temperature is an interesting
finding, as these bacteria, positively modifying the environment for
yeasts, contribute to the production of diverse metabolites alleged to
provide health benefits, despite the lack of clinical evidence (Diez-
Ozaeta and Astiazaran, 2022; Fu et al., 2014; Nyhan et al., 2022). Such
data could boost further studies aimed at evaluating the possibility of
energy-sustainable storage of kombucha drinks.

The level of LAB (2.3 Log CFU/mL) at the end of the fermentation
process was lower than that reported previously, but consistent with
their disappearance, after 8 days storage at 4 °C (Fu et al., 2014). Other
works showed the erratic occurrence of LAB in kombucha, where they
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Fig. 4. Cluster analysis of yeast DGGE profiles. Dendrograms obtained by UPGMA (Unweighted Pair Group Method Using Arithmetic Average) analysis, using
Pearson's coefficient, based on yeast DGGE profiles obtained from the kombucha fermented beverage stored at room temperature (orange squares) and at 4 °C (blue
squares) for a period of 90 days. Cophenetic correlation is shown at each node by numbers and colored dots, ranging between green-yellow-orange-red, according to

decreasing values. Standard deviation is shown at each node by a grey bar.

were absent (Gaggia et al., 2019; Neffe-Skocinska et al., 2017), present
in low numbers (Chakravorty et al., 2016; De Filippis et al., 2018; Marsh
et al., 2014) or, occasionally, present in high abundance in liquid me-
dium during green tea fermentations (Coton et al., 2017).

The pH of the kombucha beverage, varying from 3.28 to 3.46, was in
the range of the values reported in the literature, placing it within acid
foods where most spoilage microorganisms are unable to grow (below a
PH of 4.0) (Greenwalt et al., 1998, 2000; Hrnjez et al., 2014; Nummer,
2013).

10

4.2. Yeasts and AAB isolation and molecular identification

The 58 yeast isolates, analysed by molecular methods, were identi-
fied as to D. anomala (52 %), S. cerevisiae (10 %), S. uvarum (10 %),
S. uvarum/S. bayanus/S. bayanus/pastorianus (12 %), Z. bailii (5 %),
Z. parabailii (7 %) and Z. lentus (4 %). Such yeast species did not differ
from those isolated from diverse kombucha drinks worldwide: for
example, D. anomala was the predominant species in our kombucha
beverage, consistently with previous findings (Coton et al., 2017; Reva
et al., 2015). The high occurrence of D. anomala confirms its ability to
adapt both to the acidic environment, as it was the predominant yeast in
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Fig. 5. Affiliation of the sequences retrieved from yeast DGGE gel fragments (marked in Fig. 3) with the existing sequences of the partial D1/D2 region of the large
sub-unit rRNA gene. Phylogenetic analysis was inferred by using the Maximum Likelihood method based on Jukes-Cantor model. Bootstrap (1000 replicates) values
below 70 are not shown. Evolutionary analyses were conducted in MEGA11. The sequences from the database are indicated by their accession numbers. The DNA
sequences retrieved in this work are indicated by their corresponding band number and their accession number. Symbols indicate samples analysed at time 0 (yellow
square) and after 3 (circles) 20 (triangles) 45 (inverted triangles) and 90 days (diamonds) of storage at room temperature (orange) and at 4 °C (blue).

milk kefir granules from different Italian regions (Garofalo et al., 2015),
and to the limited availability of nutrients, as the genus Dekkera/Bret-
tanomyces has been reported to prevail in nutrient-poor environments
(Laureys et al., 2020). Indeed, different species have been isolated from
beer, whose pH is similar to that of kombucha. It is interesting to note
that the presence of D. anomala and D. bruxellensis in fermented drinks
such as wine, cider and beer was considered negatively, as these two
yeast species are able to produce volatile phenols affecting drink fla-
vours (Agnolucci et al., 2017; Buron et al., 2011, 2012; Smith and Divol,
2016). However, in other fermented beverages, like lambic beer,
D. anomala and D. bruxellensis participate in the spontaneous fermen-
tation process and are supposed to positively affect the development of
the unique sensorial characteristics, by producing acetic acid, thus
increasing the flavour complexity of the beer (Steensels et al., 2015).
During kombucha fermentation, these two Dekkera species, together
with AAB, contribute to acetic acid production, limiting the level of
ethanol, whose high concentrations could affect microbial growth
(Coton et al., 2017; Tran et al., 2020b).

The genus Zygosaccharomyces, well represented in our beverage, was
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previously described as the dominant genus in kombucha sourced from
Canada, UK, USA, Ireland, Australia and Turkey (Arikan et al., 2020;
Marsh et al., 2014; Teoh et al., 2004). In particular, the species Z. bailii is
known to be well adapted to the environment, being capable of toler-
ating high sugar and acetic acid concentrations (Coton et al., 2017;
Thomas and Davenport, 1985). Interestingly, Z. bailii was one of the non-
Saccharomyces yeasts isolated from kombucha and investigated for their
suitability in alcohol-free beer production (Bellut et al., 2018). Here, in
addition to Z. bailii, we isolated also the phylogenetically related species
(hybrid) Z. parabailii (Suh et al., 2013), that was identified during ice-
wine fermentation by culture-dependent methods and in experimental
and commercial kombuchas (Andreson et al., 2022; Gaggia et al., 2019;
Lietal., 2018). Although in wine fermentation Z. bailii was in some cases
considered as a spoilage agent, it was proposed as starter, together with
S. cerevisiae, in order to enhance wine taste, body and aroma (Domizio
et al., 2011; Garavaglia et al., 2015).

The genus Saccharomyces was sub-dominant in our kombucha
beverage and strongly decreased after 45 days of storage, completely
disappearing after 90 days at room temperature. Although our data
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cannot be compared with previous findings, Saccharomyces sporadic
presence as minor taxa in 103 SCOBY may suggest a minor role played in
kombucha beverage (Harrison and Curtin, 2021). Indeed, both
S. uvarum and S. cerevisiae have been reported to occur as minor species
in black and green tea kombucha, respectively (Coton et al., 2017).
However, changes in the composition of yeast communities may be
ascribed to different geographic, climatic and environmental conditions
encountered during fermentation and production processes (Mayser
et al., 1995; Teoh et al., 2004).

AAB isolates, identified by molecular methods, corresponded to
G. oxydans (46 %), N. hansenii (36 %) and K. saccharivorans (18 %).
Previous works, carried out using HTS analysis, reported that the genus
Gluconacetobacter was largely dominant (87-98 % relative abundance)
in different kombucha samples originated from Canada, UK, Ireland and
USA (Marsh et al.,, 2014). These authors did not quote the genus
Komagataeibacter, which was co-dominant in our kombucha beverage,
probably because bacterial databases were not yet updated to reflect the
new classification. Actually, K. xylinus, was recently reclassified from
Gluconacetobacter xylinus (also previously known as Acetobacter xylinum)
(Yamada et al., 2012). However, the comparison with their data is
difficult as the length of the 16S reads did not allow an accurate
assignment beyond genus level, due to the high level of sequence ho-
mology, while our approach, utilising the isolation and molecular
detection of taxa allowed the assignment to the species level. Other
works, using both metabarcoding and culture-based methods, reported
G. oxydans as the dominant species, consistently with our findings, fol-
lowed by species of the genera Acetobacter and Gluconacetobacter (Coton
et al., 2017; Reva et al., 2015). On the other hand, De Filippis et al.
(2018), using culture-dependent and independent methods, reported
that G. saccharivorans (now K. saccharivorans) and G. xylinus (now
K. xylinus) accounted >90 % of the bacterial microbiota, and Harrison
and Curtin (2021), using high-throughput sequencing approaches,
found that the major AAB taxa among 103 SCOBY belonged to

12

Komagataeibacter (71 %), Acetobacter (12 %) and Gluconobacter (3.5 %).

4.3. Effects of different storage times and temperatures on the microbiota
of kombucha fermented beverage by culture independent methods

Data on the diversity of core yeast and bacterial communities ob-
tained using culture-independent methods were consistent with those of
culture-dependent analyses. Compared with massive sequencing, PCR-
DGGE represents a suitable option to describe changes in yeast and
AAB communities across storage times and temperatures.

Cluster analysis of yeast DGGE profiles detected important changes
in yeast community composition in kombucha samples stored for 45 and
90 days at room temperature, compared with the other samples.
D. anomala was highly represented across storage, even after 90 days at
room temperature, while Saccharomyces species were strongly affected
by storage temperature, as shown by their disappearance in samples
stored for 45 and 90 days at room temperature. Such dynamics is sup-
ported by previous data on lambic beer, where S. cerevisiae was gradu-
ally outcompeted by Dekkera/Brettanomyces, after 4-8 months, when
most short oligosaccharides were exhausted (Bokulich et al., 2012;
Steensels et al., 2015; Van Oevelen et al., 1977), possibly confirming the
ability of D. anomala to withstand the lack of nutrients (Steensels et al.,
2015).

Cluster analysis of AAB confirmed not only data from culture-
dependent methods, but also the behaviour of yeast communities, as
AAB species composition showed strong changes starting from 20 days
of storage, completely disappearing after 45 days at room temperature.
Although room temperature exerted a strong influence on AAB occur-
rence, when samples were stored at 4 °C no changes in the AAB com-
munity composition was found, suggesting that long-term storage
should be performed at 4 °C, in order to maintain kombucha properties
ascribed to AAB. It is intriguing to speculate that the parallel disap-
pearance of yeasts and AAB may be ascribed to the strict metabolic
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relationship between these two microbial groups.

Cold storage could represent an important tool for long-term storage
of kombucha. Indeed, most commercially available kombucha drinks
are pasteurized, in order to preserve their quality, preventing alcohol
production and acidification, and to prolong the shelf life, which may
last up to two years (Nummer, 2013). However, such process does not
allow the maintenance of vitality of putative probiotic strains, poten-
tially lowering kombucha health-promoting properties.

4.4. Qualitative functional characterization of yeast isolates

In this work, 11 isolates of D. anomala and one of S. uvarum showed
high ability to produce organic acids “in vitro”, possibly contributing to
pH lowering in kombucha beverages. Among the 58 yeast isolates, 29 %
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Fig. 7. Cluster analysis of Acetic Acid Bacteria
(AAB) DGGE profiles. Dendrograms obtained
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of them were able to produce exopolysaccharides, belonging to
D. anomala, Z. bailii, Z. parabailii and Z. lentus. Moreover, three isolates of
D. anomala showed a very high activity. Such isolates could be further
studied as potential starters for the production of innovative and func-
tional fermented foods (Palla et al., 2019, 2021). Further investigations
aimed at assessing their ability to survive into gastro-intestinal tracts
could be of great interest in order to consider the potential role of yeasts
as probiotics. Indeed, as kombucha represents a stressful environment,
characterized by a low pH, as well as the digestive system, it is
conceivable that yeasts isolated from such peculiar conditions, may
show abilities to survive gastrointestinal conditions (Palla et al., 2021).
Although so far most works performed on fermented foods have
described bacterial probiotic strains, recent studies reported the occur-
rence of probiotic traits in different yeast strains belonging to
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Fig. 8. Affiliation of the sequences retrieved from AAB DGGE gel fragments

NR 041050 Gluconobacter sphaericus NBRC 12467
NR 041049 Gluconobacter roseus NBRC 3990
NR 041047 Gluconobacter albidus NBRC 3250
NR 104680 Gluconobacter kondonii K. Kondo 75
LC511690 Gluconobacter aidae AC10
HG424633 Gluconobacter cerevisiae LMG 27749
MN909110 Gluconobacter oxydans Go1
A 20 ON720149

14 ON720148

13 ON720147
WV 1 0ON720146

AJ419843 Acetobacter cerevisiae LMG 1625

(marked in Fig. 6) with the existing sequences of the 16S rRNA gene sequences.

Phylogenetic analysis was inferred by using the Maximum Likelihood method based on the Kimura 2-parameter model. Bootstrap (1000 replicates) values below 70
are not shown. Evolutionary analyses were conducted in MEGA11. The sequences from the database are indicated by their accession numbers. The DNA sequences
retrieved in this work are indicated by their corresponding band number and their accession number. Symbols indicate samples analysed at time 0 (yellow square)
and after 3 (circles) 20 (triangles) 45 (inverted triangles) and 90 days (diamonds) of storage at room temperature (orange) and at 4 °C (blue).

S. cereyisiae isolated from sourdoughs of different origins and other
fermented foods (Palla et al., 2021; Perricone et al., 2014; Romanin
etal., 2016; Sanlidere Aloglu et al., 2016). Indeed, a strain of S. cerevisiae
var. boulardii is already on the market as a probiotic (Palma et al., 2015).

Regarding protein hydrolysis, high protease activity was shown “in
vitro” by two isolates of Z. bailii, one of Z. parabailii and one of Z. lentus,
while it was completely absent in all D. anomala isolates. Proteolysis
during kombucha fermentation provides amino acids whose catabolism
may benefit AAB. Indeed Tran et al. (2020b) reported that free amino
nitrogen concentrations may increase up to 54 pg/L during fermenta-
tion, as the result of yeast extracellular proteolytic activity and/or
autolysis.

The metabolic characteristics of the yeasts isolated in this work
should be confirmed by further quantitative studies, in order to exploit
their potential as starters for the production of functional kombucha
beverages and other fermented foods and drinks, for example cereal-
based and not-dairy fermented beverages, utilised by vegans and
lactose-intolerant consumers as an alternative to fermented dairy
products.

5. Conclusion

This was the first study monitoring the dynamics of yeasts and AAB

across long term-storage (three months) in a kombucha beverage. The
study confirms that the combination of culture-dependent and inde-
pendent approaches is important for obtaining a more complete picture
of the distinctive core community of dominant yeasts and AAB in the
beverage during storage and for elucidating its diversity and composi-
tion. The use of culture-dependent methods allowed us to isolate and
preliminarily characterize yeasts and AAB strains, that could be further
studied and functionally characterized for their possible biotechnolog-
ical implementation. Additional comparative studies are needed to un-
derstand how variations in microbial diversity, brewing process,
fermentation time, herbs and fruits used for the infusion and storage
time and temperature may affect the metabolic activities of yeasts and
AAB and the quality of our kombucha beverage (Bishop et al., 2022;
Tran et al., 2022a, 2022b).

The kombucha beverage studied in this work represented not only a
plant-based, not-dairy fermented beverage, but also a valuable source of
potentially functional yeast strains. Further in-depth and comprehensive
studies should be performed on the differential sensory and functional
traits of our isolated strains, that might lead to the exploitation of their
biotechnological potential and possible utilisation as starters for the
production of functional fermented foods, such as cereal-based fer-
mented beverages.

Supplementary data to this article can be found online at https://doi.
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Table 4

In vitro screening of organic acids, exopolysaccharides (EPS) production and
protease activity of 58 yeasts isolated from kombucha fermented beverage. For
organic acids production and protease activity, values indicate mean halo zone
(mm) =+ standard error (SE). EPS production: “~” = no production; “high = high
production”; “very high” = very high production.

Isolates Organic acids EPS Protease
production production® activity
D. anomala IMA K3Y 4.67 + 0.44 High -
D. anomala IMA K4Y 6.67 + 0.93 - -
D. anomala IMA K5Y 3.00 + 0.50 High -
D. anomala IMA K6Y 6.00 + 0.29 High -
D. anomala IMA K7Y 6.00 + 0.29 - -
D. anomala IMA K2Y 5.17 + 0.17 - -
D. anomala IMA K10Y 6.67 = 0.17 - -
D. anomala IMA K11Y 7.50 £ 0.58 - -
D. anomala IMA K12Y 6.83 +£ 0.17 - -
D. anomala IMA K13Y 7.17 £ 0.67 High -
D. anomala IMA K14Y 4.00 £ 0 High -
D. anomala IMA K15Y 6.42 + 0.08 - -
D. anomala IMA K16Y 7.00 + 0.29 High -
D. anomala IMA K17Y 5.33 + 0.60 - -
D. anomala IMA K18Y 6.67 + 0.60 - -
D. anomala IMA K19Y 7.00 + 0.29 - -
D. anomala IMA K21Y 5.33 + 0.33 - -
D. anomala IMA K22Y 7.83 +0.33 - -
D. anomala IMA K27Y 7.83 £0.17 Very high -
D. anomala IMA K33Y 6.17 + 0.88 High -
D. anomala IMA K34Y 6.67 = 0.17 - -
D. anomala IMA K37Y 7.50 + 0.76 Very high -
D. anomala IMA K38Y 6.67 + 0.44 - -
D. anomala IMA K39Y 7.17 £ 0.44 - -
D. anomala IMA KDY 7.42 £ 0.08 - -
D. anomala IMA KFY 7.00 + 0.58 - -
D. anomala IMA KHY 6.00 £ 0.50 High -
D. anomala IMA KNY 7.50 + 0.50 High -
D. anomala IMA KOY 6.00 + 0.29 High -
D. anomala IMA KPY 6.00 + 1.00 Very high -
S. cerevisiae IMA K8Y 6.08 = 0.42 - 217 £0.17
S. cerevisiae IMA K26Y 6.33 £ 0.17 - 2.33+£0.17
S. cerevisiae IMA K28Y 5.67 = 0.17 - 4.17 £0.17
S. cerevisiae IMA K42Y 6.33 £0.33 - 3.58 + 0.30
S. cerevisiae IMA K43Y 5.00 £ 0.29 - 2.67 £0.33
S. cerevisiae IMA K46Y 5.33 + 0.60 - 4.67 £0.73
S. cerevisiae IMA KRY 4.33 £0.17 - 1.50 + 0.29
S. uvarum IMA K1Y 5.33 £0.33 - 5.08 + 0.08
S. uvarum IMA K20Y 7.33 £0.33 - 2.50 £ 0.29
S. uvarum IMA K24Y 6.33 + 0.44 - 4.00 + 0.58
S. uvarum IMA K25Y 5.83 +0.88 - 3.00 + 0.58
S. uvarum IMA K29Y 5.67 +£0.33 - 4.17 £ 0.17
S. uvarum/S. bayanus/ 5.00+0 - 3.92 £ 0.08
S. bayanus/pastorianus IMA
K30Y
S. uvarum/S. bayanus/ 6.50 &+ 0.29 - 3.67 £0.17
S. bayanus/pastorianus IMA
K35Y
S. uvarum/S. bayanus/ 6.17 + 0.44 - 2.67 £0.33
S. bayanus/pastorianus IMA
K44Y
S. uvarum/S. bayanus/ 6.83 + 0.44 - 2.33 £0.33
S. bayanus/pastorianus IMA
K47Y
S. uvarum/$. bayanus/ 6.50 + 0.50 - -
S. bayanus/pastorianus IMA
K49Y
S. uvarum/$. bayanus/ 4.92 £ 0.58 - 4.00 + 0.29
S. bayanus/pastorianus IMA
KCY
S. uvarum/8. bayanus/ 4.75 £ 0.38 - 3.67 £ 0.33
S. bayanus/pastorianus IMA
KEY
Z. parabailii IMA K23Y 4.50 £+ 0.29 High 4.50 £ 0
Z. bailii IMA K31Y 5.17 £ 0.17 - 5.50 + 0.58
Z. bailii IMA K32Y 6.00 + 0.29 - 6.83 +£0.17
Z. parabailii IMA K40Y 6.67 +0.17 High 6.17 +0.93
Z. bailii IMA K41Y 3.67 £0.33 High 8.58 + 1.75
Z. parabailii IMA K45Y 5.83 + 0.44 - 3.67 + 0.17
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Table 4 (continued)

Isolates Organic acids EPS Protease
production production® activity

Z. parabailii IMA KQY 6.00 £+ 0.29 - 2.67 £0.17

Z. lentus IMA K36Y 4.50 £+ 0.29 High 3.00 £ 0.29

Z. lentus IMA K48Y 5.50 £ 0.29 - 8.08 £ 0.22

org/10.1016/j.ijfoodmicro.2022.109934.
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