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ARTICLE INFO ABSTRACT

Keywords: Kombucha consumption has grown rapidly worldwide in the last decade, with production at both small- and
Komb“ha. large scales. The complex fermentation process involves both bacterial and yeast species, but little is known
Komagataeibacter regarding the progression of microbial development during production. We explored the microbial diversity of
ScoBY ) multiple batches across two kombucha types, i. e commercial scale versus laboratory-made (hereafter “home™)
Metabarcoding

kombucha brew using metabarcoding to characterize both fungal and bacterial communities. We found the
microbial community of the commercial kombucha brew to be more complex than that of the home brew.
Furthermore, PERMANOVA uncovered significant compositional differences between the bacterial (F = 2.68, R?
= 0.23, p = 00.001) and fungal (F = 3.18, R? = 0.26, p = 00.006) communities between batches. For the home
brew, both alpha and beta diversity analyses revealed no significant differences between all batches and repli-
cates. When the microbial diversity of the home and commercial kombucha types were directly compared, the
former had higher proportions of Ammoniphilus and Komagataeibacter. The commercial kombucha on the other
hand were high in Anoxybacillus, Methylobacterium and Sphingomonas. For the fungal communities, the most
dominant fungal genera detected in both kombucha types were similar. Linear model revealed significant cor-
relations between some microorganisms and the sugars and organic acids assayed in this study. For example,
rising glucose levels correlated with an increase in the relative abundance of Komagataeibacter (F = 7.115, Adj.
R? = 0.44, p = 00.0003). We believe these results contribute towards achieving a better control of the kombucha
fermentation process and may assist in targeted product diversification.

Microbial diversity

1. Introduction

Kombucha is a beverage produced by fermenting sweetened black
tea using a complex of bacterial and yeast species (Sun et al., 2015). Due
to the rich presence of bioactive compounds, it has been referred to as a
functional food with numerous health benefits (Cardoso et al., 2020;
Diez-Ozaeta and Astiazaran, 2022). There are numerous theories per-
taining its origin but all have pointed to the fact that it has been
consumed in different countries such as India, China, Japan, Russia,
Korea and Philippines for 2000 years (Toran-Pereg et al., 2021).
Recently, the demand and popularity of kombucha has increased glob-
ally and is projected to gain a market value of USD 3.5-5 billion by 2025
(Batista et al., 2022; Kim and Adhikari, 2020).

Fermentation in kombucha can take anywhere between 8 and 14
days at temperatures ranging from 18 to 28 °C (Grassi et al., 2022). It

begins by the addition of some previously fermented tea followed by
inoculation of a starter culture commonly referred to as Symbiotic
Culture Of Bacteria and Yeast - SCOBY (Kapp and Sumner, 2019). The
microbial composition of the starter culture used can vary, depending on
factors like its origin, geographical location, condition of the environ-
ment and metabolites synthesized during fermentation (Laavanya et al.,
2021). Globally, different research groups have explored kombucha
with the aim of describing the microbial populations associated with its
fermentation. Andreson et al. (2022) used metagenomic methods to
outline the microbial composition and further assessed the sensory and
chemical profiles of several brands of commercial kombuchas from the
market: all products differed in terms of their microbiome, chemical and
sensory properties. Similarly, Barbosa et al. (2021) analysed the mi-
crobial communities associated with kombucha fermentation produced
using black and green teas, and found the dominant bacterial genera
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across all fermentation times proved to be Komagataeibacter. Reports of
Komagataeibacter being the most abundant bacterial genus in Kombucha
is a relatively common phenomenon due to its role in producing the solid
phase pellicle (Harrison and Curtin, 2021). Further, the fungal com-
munities were dominated by Zygosaccharomyces. These taxa have pre-
viously been identified to dominate other kombucha communities.
(Coton et al., 2017; Teoh et al., 2004). However, unlike the bacterial
genus, there seems to be a high variability in the dominant fungi genera
reported by various studies (Harrison and Curtin, 2021). Other genera
that have been reported to be dominant includes Brettanomyces (Marsh
et al., 2014) and Pichia (Reva et al., 2015).

One study in New Zealand analysed kombucha from a sensory and
consumer aspect and carried out an analysis of different novel kombu-
chas that were produced using ingredients such as Kawakawa (Piper
excelsum) leaves, hops and black pepper (Alderson et al., 2021); each
one gave rise to unique sensory characteristics but the kombucha made
with hops was the most preferred. Besides sensory analysis, several
studies have been done in terms of microbial analysis. Wang et al.
(2022a) identified and characterized the dominant acetic acid bacteria
(AAB) and yeast strains found in kombucha products sold in New
Zealand.

Self- or Homemade kombucha is becoming increasingly popular.
This is supported by the increase in the brands of kombucha starter kits
which are targeted for these brewers (Brewer et al., 2021). Thus, though
the existing literature on kombucha are important, most of these studies
assessed the microbiome associated with only the finished products
bottled and shipped to supermarkets (Andreson et al., 2022; Kaashyap
et al., 2021; Wang et al., 2022a). This might be a limitation, as different
producers could have various processes that could impact the microbial
composition of their final products (Kim and Adhikari, 2020). Others
that studied the fermentation process only assessed a few time points
(Arikan et al., 2020; Barbosa et al., 2021). To date, none of these studies
compared the microbiomes of kombucha produced in a commercial
setting with those brewed at home. This we believe is important to
qualify from a quality assurance and indeed functional food viewpoint,
especially with the increase in the popularity of self-made kombucha.
Finally, the underlying mechanisms that influence the microbial com-
munities associated with a typical kombucha fermentation remains
underexplored. To this end, we built a comprehensive picture of tem-
poral shifts in the microbial community during kombucha fermentation
under a series of small scale and commercial conditions to investigate
how (1) process of fermentation and (2) style of fermentation influences
kombucha microbial community. We also analysed some sugars and
organic acids found in both kombuchas for further comparison of the
traits that may vary between the facilities, and to evaluate any major
trends between microbial composition and beverage content.

2. Materials and methods
2.1. Kombucha fermentation and sampling

“Home” kombucha brew was produced in the sanitary conditions
(food grade) of the food laboratory of Lincoln University using SCOBY
sourced from Get Cultured Limited, New Zealand. This was delivered in
a pouch containing a suitable volume of fermented liquid tea. Firstly,
this was used to brew 1 L (L) volumes to produce enough kombucha tea
needed to set up larger experimental brews using the back slopping
process. For experimental set up, glass jars of 5 L were used. For each
batch, we boiled 3 L of tap water and added 255 g of sucrose i. e 85 g per
liter. To this, we added 6 bags of commercially available (“Bell original”
brand) black tea (ca. 2 g per bag). This was steeped for 5 min and
removed. After cooling down thoroughly, 450 ml of kombucha tea (pH
= 2.55) which we prepared previously was added. We included one
circular pellicle and covered it with a breathable fabric firmly secured
with a rubber band. Each batch was allowed to ferment for eight days,
and temperature was fixed at 25 °C. From this, 200 ml duplicate samples
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of the tea phase were taken daily. Each experiment was set up inde-
pendently (biological duplicates), for two batches i. e a total of 4 kom-
bucha sets. For SCOBY, samples from the newly formed pellicle were
collected using a sterile scalpel. Care was taken to ensure proper sam-
pling of microbial communities by dissecting a concentric circle from the
middle that includes both the top and bottom layer as outlined by
Harrison and Curtin (2021). Using the Mettler Toledo SevenEasy S20 pH
Meter (Mettler Toledo, Giessen, Germany), we recorded the pH of all
home brew kombucha samples at the time of collection. Measurements
were done in triplicates and the average value was taken.

Commercial kombucha analysis was carried out in collaboration
with a SME kombucha producer situated in New Zealand. From large
fermentation vessels, kombucha samples were obtained daily from the
faucet below and from the top for a period of eight days. This was done
for adequate representation of microorganisms. On the last day, samples
were collected from the newly formed SCOBY using the same method as
utilized for the home brew kombucha. Sampling was done for three
consecutive batches that also utilized a back slopping approach. Due to
circumstances beyond our control, replicates and pH measurements
were not possible for the commercial set of kombucha samples. Note
that for the SCOBY in both the commercial and home kombucha brew,
only samples from the end of fermentation were analysed. “Starting”
SCOBYs were not taken from the beginning to avoid any sort of
contamination issues. In addition, few samples were missing or not
taken as at the time of sampling. These are all shown in Supplementary
Table 1.

2.2. DNA extraction

Samples from each batch were stored at —80 °C until all sampling
procedures were completed and ready for further analysis. For DNA
extraction from the liquid phase, samples were allowed to completely
defrost overnight at 4 °C. We centrifuged (Heraeus Multifuge X3R,
Thermo Scientific) at 4700 g for 10 min at 4 °C to generate a pellet. This
was ready for DNA extraction and was stored at —20 °C. For the biofilm
processing, the method applied by Marsh et al. (2014) was utilized with
slight modification. Briefly, 250 mg of the pellicle was collected using a
sterile blade. We made sure the sampled portion consisted of the upper
and lower SCOBY layer as described by Harrison and Curtin (2021), so
as to correctly infer the community composition. This was washed thrice
with a suitable volume of UltraPure distilled water (invitrogen). This
was diced into small pieces with the aid of a sterile blade and transferred
into a 2 ml microcentrifuge tube. To this tube we added 300 mg of sterile
glass beads (Sigma-Aldrich) and 750 pl of cellulase (Sigma-Aldrich).
Using a TissueLyser II (QIAGEN) for 10 min, we lysed the SCOBY sam-
ples. After the lysis, the lysate was incubated at 40 °C for 60 min. Finally,
we generated a pellet by centrifugation at 3000g for 5 min using a
benchtop microcentrifuge (Eppendorf — Germany) which was used for
DNA extraction.

DNA extraction was achieved using the Mag-Bind Environmental
DNA 96 kit (OMEGA). The manufacturer’s recommended soil protocol
was largely followed only modifying at the cell lysing step where we
used the TissueLyser IT (QIAGEN) for 5 min. The quality of our extracted
DNA was assessed using 1.5% agarose gel electrophoresis. Finally, we
estimated the total DNA concentration and purity using a DeNovix DS-
11 spectrophotometer.

2.3. Metabarcoding

The two step amplification method applied by Ohwofasa et al.
(2023) was utilized. For bacteria, the 515 F/806 R primer pair was used
to target the V4 region of the 16 S ribosomal DNA for the first step.
Fungal analysis targeted the large subunit (LSU) ribosomal DNA region
using LSU200(A)-F/LSU481(A)-R and LSU200-F/LSU481-R as described
by Asemaninejad et al. (2016). We used the KAPA 3G plant PCR kit
scaled down to a reaction volume of 15 pl following the manufacturer’s
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recommended protocol. We utilized the following thermal cycling con-
ditions. Denaturation at 95 °C for 120 s, 95 °C for 20 s (35 cycles),
52.5 °C (Bacteria)/55 °C (fungi) for 20 s (35 cycles - annealing), and
72 °C for 30 s (35 cycles - extension). A final extension was carried out
for 10 min at 72 °C.

PCR products generated from the first step PCR served as the tem-
plate DNA for the second step PCR. Using barcoded primers, we carried
out the second step PCR using the following thermal cycling conditions.
Initial denaturation at 95 °C for 2 min, 5 cycles of 95 °C for 20 s, 50 °C
for 20 s, 72 °C for 30 s, and final extension at 72 °C for 2 min. Purifi-
cation of PCR products was done using SeraMag Magnetic Speed-Beads
(Rohland and Reich, 2012) so as to normalize concentration and remove
primer dimers. Qubit (dsDNA HS Assay Kit, Invitrogen, Carlsbad, United
States) was then used to accurately determine our DNA concentration.
Based on amplicon length and the number of samples contained in each
library, we pooled all libraries in an equimolar manner. We assessed the
quality of the final pooled library using LabChip GX Touch Nucleic Acid
Analyzer (PerkinElmer, Waltham, United States). The Illumina MiSeq
platform at Auckland Genomics Facility (University of Auckland) was
used for sequencing (phiX spike 10 %, 250 x 2 cycles).

2.4. Amplicon sequence variant (ASV) cluster and taxonomic assignment

For the commercial kombucha brew, raw sequence reads down-
loaded from Illumina in BCL files were converted to fastq format using
the bcl2fastq [llumina software (Illumina 2017). Demultiplexing was
done using Claident (Tanabe and Toju, 2013). We evaluated and merged
all paired end reads using PEAR (Zhang et al, 2014). The
amplicon-based DADA2 pipeline (Callahan et al., 2016) was utilized for
further analysis of these sequences. Here, key steps such as quality
filtering and chimera removal are carried out. Taxonomic assignment
for prokaryotic organisms was done using the SILVA v132 16 S rRNA
database (Quast et al., 2012) while fungal taxonomic assignment uti-
lized the UNITE taxonomic reference (Abarenkov et al., 2021). Occa-
sionally, we relied on the Basic local alignment search tool (BLAST)
(Altschul et al., 1990) to achieve a better taxonomic resolution. All an-
alyses were done on the New Zealand eScience Infrastructure (NeSI)
HPC environment.

2.5. Determination of sugar and organic acids using HPLC

2.5.1. Organic acids

The method employed by Shi et al. (2011) using the High Perfor-
mance Liquid Chromatography (HPLC) (Shimadzu Corporation, Kyoto.
Japan) was modified as follows. All chemicals used except otherwise
stated were sourced from Supelco Bellefonte, PA, USA, through Sigma-
Aldrich, Australia. The Rezex ROA-Organic Acid H+ (8%) column
(3000 x 7.8 mm, Phenomenex) which had a Guard column (Carbo-H 4
x 3.0; Phenomenex) was utilized to separate and analyse organic acids.
The mobile phase was 5 mM H3SOy4, and this was filtered through a 0.45
pm membrane. The flow rate was at 0.5 ml/min with the column tem-
perature maintained at 55 °C. 20 pl sample was injected and the UV
detector (SPD-20 A) was set at a wavelength of 210 nm. A mixture of the
standard stock solution using analytical grade D-gluconic acid, citric
acid, oxalic acid, L-lactic acid, succinic acid, L-malic acid, acetic acid,
and formic acid were prepared, and standard curve solutions were
prepared from the standard stock solution. The standard curve con-
centrations were 0, 0.2, 0.5, 1.0, 2.0, 5.0, 10.0, 20.0, 50.0, 100.0, 120.0,
150.0, 300.0, 500.0 ppm. For sample preparation, 5 ml of kombucha
samples were filtered using a 0.2 pm Nylon membrane. These filtered
samples were diluted 10 times using deionized (DI) water before injec-
tion. All organic acids in samples were identified by comparing retention
time of organic acid standards. Using the external calibration standard
curve, sample quantification was determined with the peak area of the
chromatograms. The Lab solution software (Version 5.87 SP1) was used
to process all data.
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2.5.2. Sugars

The same High Performance Liquid Chromatography (HPLC) system
as above was used to analyse sugars. D-fructose, D-glucose, and sucrose
were sourced from Sigma- Aldrich. The Prevail™ Carbohydrate ES
Columns (250 x 4.6 mm) fitted with a guard column (Prevail Carbo-
hydrate guard column (7.5 x 4.6 mm)) was employed (The GRACE
Davison). The gradient mobile phase consisted of A acetonitrile, B DI
water (0-5 min, 20%B; 5-10 min 20%-50%B; 10-11 min 50%-20%B;
11-15 min 20%B). The flow rate was 1 ml/min with the column tem-
perature kept at 20 °C. The injection volume was 4 pl. The 3300-ELSD
detector had a flow rate of 1.4 L/min at a temperature of 38 °C with a
gain of 4. A mixture of the standard stock solution was prepared by
dissolving D-fructose, D-glucose and sucrose in DI water. The concen-
tration of D-fructose and D-glucose was 2500 ppm while the concen-
tration of sucrose was 5000 ppm. Standard curve concentrations for
D-fructose and D-glucose were 0, 25.0, 50.0, 100.0,200.0, 300.0, 400.0,
450 ppm and the concentration of sucrose were 0, 50.0, 100.0, 200.0,
400.0, 600.0, 800.0, 900.0 ppm. 5 ml of kombucha samples were filtered
using a 0.2 pm Nylon membrane. These filtered samples were diluted 80
times with DI water before injection. Identification of sugars was done as
described above.

2.6. Statistical analysis

Analysis of microbial diversity was carried out using the open-source
R programming language (v4.1.0). All packages utilized are listed in
Supplementary File 1. Briefly, using the phyloseq (v1.38.0) package
(McMurdie and Holmes, 2013), we generated a phyloseq object for
bacteria and fungi respectively. To account for any dissimilarities in li-
brary sizes i. e normalizing for sampling depth, the ASV abundances
were transformed to relative abundance. We used these transformed
data for subsequent analysis. All commercial and home brew samples
were processed separately at this point. We estimated alpha diversity
within each kombucha batch using the Shannon diversity index. For
testing differences among the groups, we implemented the
non-parametric permutation based MANOVA using ADONIS function in
vegan (Dixon, 2003).

To compare the microbiome of the commercial kombucha versus
that of the home brew kombucha, two batches of both kombucha types
were taken and processed together using phyloseq. For this, we selected
batch 2 and batch 3 of the commercial brew and both replicates of batch
2 for the home brew. These were selected with the assumption that since
a back slopping approach was used, the microbiome of the fermentation
process must have stabilized in these batches as compared to earlier
batches. This was visualized through the non-metric multidimensional
scaling (NMDS) that applied unweighted UniFrac as a distance matrix.
We further applied DESeq2 (Love et al., 2014) to identify specific ASVs
that were differentially expressed in each kombucha type.

Using the lmer function of lme4 package (Bates et al., 2014), we
employed linear models to investigate if pH or sugar (glucose, fructose
and sucrose) concentration (independent variable) could predict the
relative abundance of a given bacteria or fungi (dependent variable). For
presentation of models, we utilized the stargazer package (Hlavac,
2018). To be sure that all assumptions of a linear model were met, we
performed the Shapiro-Wilk (Shapiro and Wilk, 1965) tests so as to
establish if residuals were normally distributed. We also checked for
homoscedasticity using the Bartlett test (Bartlett, 1937).

3. Results

3.1. Abundance of bacterial and fungal communities associated with the
commercial kombucha brew

For bacteria, a total of 272 amplicon sequence variants (ASVs) were
realized upon taxonomic assignment. This resulted in 149 genera after
taxonomic assignment. Though many of these were in limited
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abundance, the bacterial community detected in all three batches of the
commercial kombucha brew showed a high diversity. All three batches
had 28 genera which were common and detected in all brews. Of these,
the most abundant genera, which together made up 60% of the bacterial
community included Komagataeibacter, Gluconobacter, Sphingomonas,
Bradyrhizobium, Methylobacterium, Caulobacter, Anoxybacillus, and
Ammoniphilus. This is shown in Fig. 1 (A, B and C) and Supplementary
Table 2. Alpha diversity estimated using the Shannon index revealed no
significant differences in the number of bacterial taxa found in all three
batches (Supplementary Fig. 1). However, significant compositional
differences (i.e. in the identity of taxa recognized) between the samples
were reported by PERMANOVA (F = 2.68, R?=0.23, p = 00.001).
The fungal communities had fewer ASVs with a total of 99. Taxo-
nomic assignment then gave rise to 31 fungal genera. In all three
batches, about 95% of the fungi detected consisted of Saccharomyces,
Hanseniaspora, Pichia, Brettanomyces, Zygosaccharomyces, Aureobasidium,
and Metschnikowia. The first batch had the highest abundance of Pichia
(29.6%), while the second and third batch was mainly dominated by
Hanseniaspora (52.7% and 55.7% respectively). Fig. 1 (D, E and F) and
Supplementary Table 3 outlines this information. Like the bacterial
community, the Shannon index revealed no differences in the alpha
diversity (Supplementary Fig. 2). On the other hand, PERMANOVA
uncovered significant (F = 3.18, R? = 0.26, p = 00.006) differences
between the fungal species composition of the three kombucha batches.

3.2. Dominant bacterial and fungal communities detected in the home
made kombucha brew

417 amplicon sequence variants (ASVs) were detected upon the
analysis of the bacterial sequences in the home kombucha brew. Using
this to carry out taxonomic assignment generated 124 bacterial genera.
17 of these genera were detected in all batches and replicates
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(Supplementary Table 4). However, as can be seen in Fig. 2 (A, B),
populations were dominated by Komagataeibacter, which made up more
than 60% of the bacterial community in all home brewed kombucha.
Other bacterial organisms present in all batches include Ammoniphilus,
Paenibacillus, Bradyrhizobium, Sphingomonas, Rhodococcus, and Methyl-
obacterium. Both the Shannon diversity (Supplementary Fig. 3) and
PERMANOVA (p = 00.2797) revealed no significant differences between
the batches.

Fungal sequences of the home brewed kombucha revealed 175 ASVs,
which were assigned to 30 genera (Supplementary Table 5). All batches
and replicates had 9 genera in common. These were Saccharomyces,
Hanseniaspora, Brettanomyces, Zygosaccharomyces, Metschnikowia, Aur-
eobasidium, Penicillium, Lachancea and Rhodotorula. Like the commercial
brew, the top six genera constituted more than 90% of the total fungal
community detected (Fig. 2 C, D). Thus, both batches revealed no sig-
nificant alpha (Supplementary Fig. 4) and beta diversity (PERMANOVA;
p = 00.0659).

3.3. Dominant microbial communities in the newly formed SCOBY in both
kombucha types were similar

The bacterial and fungi communities found in the SCOBY of the
home brewed and the commercial kombucha shared similarities. Sup-
plementary Table 6 shows the abundance of all organisms detected. As
can be seen, we detected 40 bacterial genera in the SCOBY of the home
brewed kombucha. For the commercial brew, we identified only 18
genera. However, most of these genera were found in limited abun-
dances; the genus Komagataeibacter accounted for over 78% of the
bacterial community in both the commercial and home brewed kom-
bucha SCOBY (Fig. 3A and B).

For fungi, the commercial brew had 15 genera, as compared to the
home brewed kombucha which had 9. Variations included the genus
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Fig. 1. Relative abundances of bacteria (A, B, C) and fungi (D, E, F) at the genus level in Batch 1 (A, D), Batch 2 (B, E) and Batch 3 (C, F) of commercial kom-

bucha brews.
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kombucha brew. Supplementary Fig. 5 depicts Batch 2 (Replicate A and B).

Hanseniaspora that accounted for 23% of the fungi detected in the
SCOBY of the home kombucha brew, whereas the commercial brew had
8.4%. Similarly, 13.7% of the commercial brew was Brettanomyces,
while the home brew had 5%. Despite these differences, Zygosacchar-
omyces and Saccharonyces accounted for over 50% of fungi detected in
the SCOBY of the commercial and home kombucha. The relative abun-
dance plots are shown in Fig. 3.

3.4. Major bacterial and fungal differences between the commercial and
home-brewed kombucha products

The relative abundance of some bacterial genera appeared to be
more prevalent in one product compared to the other. The home brewed
kombucha had higher proportions of Ammoniphilus (Fig. 4A) and
Komagataeibacter (Fig. 4D) whereas the commercial product contained
high numbers of the genera Anoxybacillus (Fig. 4B), Methylobacterium
(Fig. 4E) and Sphingomonas (Fig. 4F). Alpha diversity (Observed, Shan-
non, InvSimpson and Chao 1) analyses indicated that the commercial
kombucha brew had a higher bacterial richness and diversity, than the
home brewed kombucha (Supplementary Fig. 6A). This was supported
by the output of DESeq2 which identified 23 differentially expressed
ASVs in the commercial kombucha brew. In contrast, the home brewed
kombucha had three ASVs which were differentially expressed, and all
were identified as Komagataeibacter at the genus level (Supplementary
Table 7).

For fungal communities, the dominant genera were similar in both
kombucha types (Fig. 4 H, I, J, K and L; Fig. 5B). Thus, the alpha di-
versity measure revealed no significant differences between the fungal
genera of the home and commercial kombucha brew (Supplementary
Fig. 6B). Nonetheless, analysis of DESeq2 output revealed 5 ASVs to be

abundant in the home brewed kombucha, while 14 ASVs were in the
commercial product (Supplementary Table 8).

3.5. pH as a selection factor in kombucha: the case of komagataeibacter

The pH of home brew kombucha decreased continuously as
fermentation progressed (Supplementary Fig. 7). One way ANOVA re-
ported no significant difference (p > 00.05) across the pH values of all
homemade kombucha. With the significantly higher relative abundance
of Komagataeibacter in the home made kombucha, we fitted a linear
model using its abundance as a dependent variable and the concentra-
tions of the organic acids, sugars, and the pH as the explanatory variable.
Table 1 shows that pH had the most significant interaction with the
relative abundance of Komagataeibacter. As pH decreases, its relative
abundance increases (F = 7.12, Adj. R = 0.44, p = 00.0002). With the
absence of pH data from the commercial samples, we predicted their pH
values using the concentration of gluconic acid in each sample. A linear
model (Supplementary Table 9A) has shown this acid to be a good
predictor of pH values. To ascertain if this model could accurately es-
timate the pH, we used it to predict the pH of the home made kombucha
brew. These values were compared with the experimental pH of the
home kombucha brew which we measured earlier. No significant dif-
ferences were reported. When the pH of the home made kombucha was
compared with that of the commercial brew, a relatively higher pH
which was statistically significant was associated with the commercial
brew. These are shown in Supplementary Table 10.

4. Discussion

The increase in popularity of kombucha as a healthy drink has been
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attributed to its potential health benefits (de Miranda et al., 2022). This
has thus been matched with a corresponding increase in numerous
research works in this area (Andreson et al., 2022; Arikan et al., 2020;
Bishop et al., 2022; Wang et al., 2022b; Yang et al., 2022). However, to
the best of our knowledge, none of these studies have compared an

entire commercial kombucha fermentation process to that produced on
a small scale (homemade). The major aim of this research was to assess
the microbial diversity associated with kombucha fermentation from a
commercial producer and compare with that produced on a small scale.

We also analysed the sugars and some

organic acids present, in a bid to
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Fig. 5. NMDS ordination for (A) Bacterial communities; (B) Fungal communities in Kombucha fermentations. Samples in blue and red depict the commercial and
home brewed kombucha respectively. Statistically significant (p < 0.05) groupings are represented with ellipses at 95% confidence intervals. A better separation can
be observed with the bacterial communities. The dominant fungal communities of the home and commercial kombucha brew were similar.

Table 1
Result from the linear model showing the estimated effect of all independent
variables on Komagataeibacter relative abundance.

Dependent Variable: Rel. Abundance of

Komagataeibacter
Constant 6.39
t=4.83
p = 0.00005%%*
pH -1.74
t=—4.46
p = 0.0002%**
Fructose -0.17
t=—4.41
p = 0.0002%**
Glucose 0.16
t=4.19
p = 0.0003***
Acetic_acid -0.33
t=-3.84
p = 0.0007***
Observations 32
R? 0.51
Adjusted R? 0.44
Residual Std. Error (df = 0.18
27)
F Statistic (df = 4; 27) 7.12%%*

Note: *p < 0.1; **p < 0.05; ***p < 0.01.

uncover mechanisms that influence the microbial community associated
with a standard kombucha fermentation.

Overall, in both the commercial and home brew kombucha, we
detected more bacterial taxa as compared to fungal. This is supported by
previous research groups (Arikan et al., 2020; Coton et al., 2017; Vil-
larreal-Soto et al., 2020). In terms of general microbial abundance, more
complex bacterial and fungal communities were associated with the
commercial kombucha brew than the home-made product. This could
probably be due to the fact that being a commercial facility, it experi-
ences a high turnover of microbial diversity on a continuous basis as
compared to a home setting where it was just a one-off fermentation
process. Note that all batches and replicates (home/lab brew) were set
up using the same approach. However, with a backslopping step, it is
possible that the first batch may not be a stable microbial community.
This was the key reason why the microbiome comparison (commercial
versus home brew) was done using the second batch onwards. For
specific bacterial abundance, the home made kombucha was dominated
by Komagataeibacter, accounting for over 60% in all batches and repli-
cates (Fig. 2A and B). The dominance of this genus in kombucha is
established in the literature (Barbosa et al., 2021; Gaggia et al., 2018;
Yang et al., 2022). Though it was also detected in the commercial
kombucha brew, it was not as dominant as seen in the home brew

(Fig. 4D). The reason for this might be connected to the well-known
priority effect phenomenon which affects species diversity in many
ecological communities (Dhami et al., 2016). Briefly, with a one-time
fermentation as observed in the home made kombucha, Komagataei-
bacter was able to establish dominance easily. However, with a complex
microbial community as seen in the commercial brew, the possibility of
other species capable of competing and thereby limiting Komagataei-
bacter influence becomes enhanced. This may also be related to the
strong interaction between pH and Komagataeibacter relative abundance
which we mentioned. This hypothesis is supported by the estimated pH
values of the commercial kombucha brew. This brew which had a lower
Komagataeibacter abundance showed higher pH values. The home brew
kombucha on the other hand, with lower pH ranges had an abundance of
Komagataeibacter. More research will be required to verify this. Also,
there is a possibility that the dominant Komagataeibacter species or strain
might differ from one batch of fermentation to another. This was
inferred from our DESeq2 output as 2 ASVs identified as Komagataei-
bacter were differentially expressed in the commercial brew while 3
other ASVs were highly expressed in the home kombucha brew. How-
ever, these could not be identified with any certainty beyond the genus
level (Supplementary Table 7). Komagataeibacter are known to synthe-
size gluconic acids (Li et al., 2021). With its higher relative abundance in
the home made kombucha, this might possibly explain why we obtained
higher concentrations of gluconic acid (Supplementary Table 11) in the
home brew kombucha as compared to the commercial brew. Li et al.
(2022) have previously suggested that a higher gluconic acid content is
associated with an improved sensory quality of kombucha.

The difference in the abundance of other bacterial genera in the
commercial brew and home kombucha brew was pronounced (Fig. 4).
These include Ammoniphilus, which was more evident in the home brew
and Anoxybacillus, Methylobacterium and Sphingomonas whose relative
abundance was higher in the commercial brew. Ammoniphilus has been
described as halotolerant after it was detected in highly saline envi-
ronments (Mukhopadhyay et al., 2021). It has also been isolated from
the root rhizosphere and it was suggested that their abundance might
suggest nitrogen metabolism and amino acid biosynthesis (Ramadan
et al., 2021). It remains to be seen if the same applies to its detection in
kombucha fermentation. Anoxybacillus was scant in the home brew (less
than 2%), while it was relatively high in the commercial brew. The same
can be said of its abundance in the SCOBY found at the end of fermen-
tation in the commercial brew (Fig. 3A). Anoxybacillus have frequently
been linked with hot springs beds (McClure, 2006), however, their
isolation from foods such as gelatin and milk powders have been re-
ported (De Clerck et al., 2004; Goh et al., 2013). It has also been
described to grow preferentially in the presence of ethanol (Dai et al.,
2011). Methylobacterium has been detected in a variety of sources such as
soil, plants, fermenters, drinking water systems and cocoa bean
fermentation (Kato et al., 2008; Serra et al., 2019). Its ability to colonize
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various environments have been attributed to its flexibility in terms of
carbon sources (Dourado et al., 2015). Besides Sphingomonas which have
been detected in kombucha fermentation (Barbosa et al., 2021), as well
as homemade yoghurts (Orhan et al., 2021), we believe ours is the first
study to report the presence of Ammoniphilus, Anoxybacillus and Meth-
ylobacterium in kombucha. The role these taxa play in kombucha
fermentation is thus currently unknown.

In contrast to the bacterial communities, yeast diversity in both
kombucha types was less pronounced (Fig. 5; Supplementary Fig. 6B).
All batches and replicates had either Hanseniaspora or Saccharomyces as
the most abundant taxa. Nonetheless, several notable differences were
observed. For example, the genus Pichia which was quite substantial
(29%) in batch 1 of the commercial brew (Fig. 1D), but less evident in
the home brew. van Wyk et al. (2023) recently demonstrated that
P. kluyveri had direct positive implications on the aroma profile of
Kombucha. Thus, the sensory characteristics of the resulting kombucha
from that batch might have been sensorially better compared to the
others. However, no sensory analysis was done to verify this at this time.

The relative abundance of Komagataeibacter which was formerly
known as Gluconacetobacter (Laureys et al., 2020; Vargas et al., 2021)
can be seen to correlate with glucose concentration. High relative
abundance corresponds with elevated glucose concentration (Table 1
and Supplementary Fig. 9C). Our model also indicates that a high
Komagataeibacter relative abundance is consistent with low fructose
concentration (Table 1 and Supplementary Fig. 9B). This might suggest
that in Kombucha, fructose is indeed preferentially utilized before
glucose. This is supported by earlier reports (Sievers et al., 1995; Wang
et al., 2022b). For pH as earlier mentioned, a high relative abundance of
Komagataeibacter was associated with lower pH ranges (Table 1 and
Supplementary Fig. 9A). The ability of this genus to tolerate low pH
ranges have been reported (Zhang et al., 2017). With the significant
influence of pH as inferred from the linear model (Table 1), this could
mean that pH shapes microbial community in kombucha and that this is
primarily driven by the most dominant acetic acid bacteria (AAB);
Komagataeibacter in this case. Likewise, an increase in its relative
abundance is consistent with decreased acetic acid concentration
(Table 1 and Supplementary Fig. 9D). This is particularly interesting
given that Komagataeibacter is a well-known member of the AAB (Valera
et al., 2016). However, this could possibly be accounted for by the fact
that Komagataeibacter is noted to also metabolize acetic acid (Nasci-
mento et al., 2021).

High relative abundance of Saccharomyces was seen to be associated
with low glucose concentration. This phenomenon was noted in the
home brew (Supplementary Table 9B) and the commercial brew (Sup-
plementary Table 9C), though not statistically significant in the latter.
This observation might be related to the preference of Komagataeibacter
in utilizing fructose as outlined previously. With the accumulation of
glucose in the medium due to its preference for fructose, this might have
an impact on the growth of Saccharomyces. Various research groups have
shown that the effect of high glucose concentrations on Saccharomyces
might be detrimental (D’Amato et al., 2006; New et al., 2014). The
mechanism by which high glucose levels lead to reduced Saccharomyces
relative abundance in kombucha could be related to Gomar-Alba et al.
(2015). They suggested that high glucose concentrations might increase
the sensitivity of Saccharomyces to ethanol. Another possibility may be
related to the oxidation of glucose. Acetic acid bacteria (AAB) could
oxidize glucose into glucuronic acid, gluconic acid and 2-ketogluconic
acid (Laureys et al., 2020). These organic acids are known to inhibit
the growth of Saccharomyces (Kawahata et al., 2006). This could
possibly explain why Saccharomyces, which is known to thrive in other
harsh environments such as wine fermentations for example, is rarely
seen as a major player in kombucha fermentations. More studies will be
required to verify all of these.
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5. Conclusions

Most kombucha microbial studies to date have only analysed a few
time points or samples at their point of sale. Thus, to the best of our
knowledge, our study is the first to analyse the entire kombucha
fermentation process across multiple batches. Furthermore, we
compared the microbiome associated with the entire fermentation
process between a commercial producer and that produced on a small
scale. We show that the microbial community of the commercial kom-
bucha fermentation process was richer as compared to that produced in
the home. Key differences include the relative abundance of
Anoxybacillus,

Methylobacterium and Sphingomonas which were higher in the com-
mercial brew, while Ammoniphilus was in the home brew. Ammoniphilus,
Anoxybacillus, and Methylobacterium have rarely been associated with
kombucha fermentation. Thus, in the future, more research will be
needed to understand their role in the kombucha fermentation process.
For fungi, we show that the dominant fungal community present in the
tea phase and SCOBY were similar in both kombucha types. Further-
more, using linear modelling, we report that a high relative abundance
of Komagataeibacter is associated with low pH, high glucose concentra-
tion and low fructose concentration. All of these contribute towards
improved understanding of the role that diverse microorganisms have in
the development of this increasingly important beverage, and poten-
tially to targeted interventions to enable product diversification.
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