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Abstract

:

Kombucha fermentation is initiated by transferring a solid-phase cellulosic pellicle into sweetened tea and allowing the microbes that it contains to initiate the fermentation. This pellicle, commonly referred to as a symbiotic culture of bacteria and yeast (SCOBY), floats to the surface of the fermenting tea and represents an interphase environment, where embedded microbes gain access to oxygen as well as nutrients in the tea. To date, various yeast and bacteria have been reported to exist within the SCOBY, with little consensus as to which species are essential and which are incidental to Kombucha production. In this study, we used high-throughput sequencing approaches to evaluate spatial homogeneity within a single commercial SCOBY and taxonomic diversity across a large number (n = 103) of SCOBY used by Kombucha brewers, predominantly in North America. Our results show that the most prevalent and abundant SCOBY taxa were the yeast genus Brettanomyces and the bacterial genus Komagataeibacter, through careful sampling of upper and lower SCOBY layers. This sampling procedure is critical to avoid over-representation of lactic acid bacteria. K-means clustering was used on metabarcoding data of all 103 SCOBY, delineating four SCOBY archetypes based upon differences in their microbial community structures. Fungal genera Zygosaccharomyces, Lachancea and Starmerella were identified as the major compensatory taxa for SCOBY with lower relative abundance of Brettanomyces. Interestingly, while Lactobacillacae was the major compensatory taxa where Komagataeibacter abundance was lower, phylogenic heat-tree analysis infers a possible antagonistic relationship between Starmerella and the acetic acid bacterium. Our results provide the basis for further investigation of how SCOBY archetype affects Kombucha fermentation, and fundamental studies of microbial community assembly in an interphase environment.
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1. Introduction


Kombucha, an acidic beverage containing low (to null) concentrations of alcohol, is made by fermentation of sweetened tea with mixed consortia of bacteria and yeast known as a symbiotic culture of bacteria and yeast (SCOBY) [1,2]. Traditionally, SCOBY take the form of a solid-phase cellulosic pellicle, serially transferred from a finished batch of Kombucha to a new batch of tea. Formation of this solid phase is reliant upon the presence of at least one cellulose-producing acetic acid bacterium (AAB) of the Komagataeibacter (formerly Gluconacetobacter) genus [3].



Unsurprisingly then, Komagataeibacter is consistently cited as the most prevalent bacterial genus associated with Kombucha production and has been reported in both liquid and solid phases. Species of Komagataeibacter observed include K. xylinus [4,5], K. rhaeticus [6,7,8], K. saccharivorans [4,5], K. intermedius [4,8,9], and K. kombuchae (also known as K. hansenii) [4]. As well as generating the solid-phase pellicle, Komagataeibacter is responsible for production of organic acids integral to Kombucha’s characteristic sweet and sour flavor profile [1,10,11,12,13]. This function is presumably also performed by other genera of AAB described in SCOBY, such as Acetobacter [14,15], Tanticharoenia [16] and Gluconobacter [16,17], though the relative importance of these has not been elucidated. The role and prevalence of lactic acid bacteria (LAB) in Kombucha fermentation is less clear, but culture- [14] and sequencing-based [16] studies have reported genera such as Lactobacillus, Lactococcus and Oenococcus amongst SCOBY microbiota. The liquid phase of Kombucha fermentation, typically dominated by the same genera, possesses a more varied bacterial community. Additional minor taxa reported include Enterobacter [4,16], Bifidiobacterium [4], Kluyvera [16] and Cellulosimic [4].



By contrast, dominant yeast genera appears to be substantially more variable from study to study. Zygosaccharomyces [1,18], Candida [14], Torulaspora [1], Pichia [19,20], Brettanomyces [4,14,16,21], Schizosaccharomyces [1,19,21], Hanseniaspora [4], and Saccharomyces [1,2,18,22] are some of the genera described as important for Kombucha production. Yeast diversity in liquid and solid phases have observed the same taxa in both, but different patterns of succession during the course of fermentation [4,17]. The role of yeasts in Kombucha fermentations is to convert sugars to ethanol which is subsequently utilized by AAB [22]. Indeed, during in vitro experiments with two known Kombucha organisms, Starmerella bacillaris and Acetobacter syzgii, acetic acid was only detected in co-culture, whereas gluconic acid was detected in A. syzgii monoculture [23]. Variability in dominant yeasts described by past studies may reflect functional equivalence of these genera. It is also possible that earlier studies reliant upon classical microbiological methods to enumerate, isolate and identify yeast and bacteria under-sampled diversity of SCOBY communities [15,18].



DNA sequencing-based approaches to the study of microbial ecology facilitate simultaneous identification of different taxonomic groups, including those that cannot be cultured [24], shedding new light on microbial community assembly and function [25]. Increasingly applied to better understand fermented food microbial communities [26,27], to date only a handful of studies have applied these techniques to Kombucha fermentation [4,14,16]. While each has contributed a more detailed view of Kombucha SCOBY composition than prior works, they have not facilitated establishment of a consensus view of Kombucha ecology. There exists more apparent variation in SCOBY composition between these studies than within-study comparisons of SCOBY from different origins and experimental treatments, suggesting that a more comprehensive sampling of SCOBY starter cultures is required.



In this study, we utilized metabarcoding to characterize the spatial homogeneity of microbial communities in a single Kombucha production SCOBY, and then applied metabarcoding and shotgun metagenomics to broadly survey the microbial composition of SCOBY starter cultures used across the North American Kombucha industry. The objectives of this work were to evaluate whether the microbial communities assembled within Kombucha SCOBY varied spatially or across different geographic regions, and to determine the range of SCOBY archetypes used by Kombucha brewers.




2. Materials and Methods


2.1. Chemicals, Reagents and Microbiological Media


Unless stated otherwise, all chemicals and reagents were obtained from Sigma-Aldrich (St. Louis, MO, USA).




2.2. Microbial Media and Cultures


Brettanomyces bruxellensis (OSCL-Y066) was retrieved from cryogenic storage and grown on Yeast Peptone Dextrose (YPD; 10 g/L yeast extract, 20 g/L peptone, 20 g/L glucose) agar (15 g/L agar, Bioplus, Altamonte Springs, FL, USA) incubated at 30 °C for 72 h, and then single colonies were picked and transferred into 5 mL YPD broth in 15 mL ventilated centrifuge tubes (Techno Plastic Products, Trasadingen, Switzerland) incubated at 30 °C on an orbital shaking platform at 150 rpm until stationary the phase was achieved.



Gluconobacter oxydans (OSCL-B027) was retrieved from cryogenic storage and grown on M13 solid media (25 g/L mannitol, 5 g/L yeast extract, 3 g/L peptone, 15 g/L agar) incubated at 30 °C for 48 h, and then single colonies were picked and transferred into 5 mL M0013 broth in 15 mL ventilated centrifuge tubes (Techno Plastic Products, Trasadingen, Switzerland) incubated at 30 °C on an orbital shaking platform at 150 rpm until the stationary phase was achieved.



Cultures used for construction of qPCR standard curves were enumerated by serial dilution in sterile 0.1% peptone water and spread plating onto their respective solid media.




2.3. Kombucha SCOBY Starter Culture Sampling and Processing


2.3.1. Sectioning of Commercial Kombucha SCOBY (Spatial Analysis Study)


A solid-phase SCOBY (approximately 86 cm in diameter) was sourced from a commercial Kombucha producer in Portland, OR. The SCOBY had previously been used to perform a 7 day Kombucha fermentation and was then stored in “starter fluid” (fermented acidic tea) at room temperature according to standard production operations. The SCOBY was transferred in a sanitized bucket to Oregon State University, and then aseptically separated into two layers (top and bottom) using a scalpel. Each layer was dissected into concentric circles (approximately 5.0 cm in width): inner, mid, and outer. Each circular section was further dissected into four (inner and mid) or eight (outer) samples. A visual representation of sampling is included in supplemental materials (Figure S1).




2.3.2. Collection of Representative Commercial Kombucha SCOBY (Taxonomic Diversity Study)


Solid-phase sections of Kombucha SCOBY were obtained from commercial Kombucha brewers from October 2017 to May 2018, with the assistance of Kombucha Brewers International (KBI). Study participants were provided with a sterile sampling kit and instructions to sample from a SCOBY that had been recently used to complete a Kombucha fermentation. Timing of sampling reflected each brewer’s experience and their style-specific characteristics, such as sweet/acid balance and flavor. Participants sampled approximately 2.5 cm from an inner and an outer radial position, by cutting through all vertical layers. The duplicate samples were shipped cold to Oregon State University and stored at 4 °C prior to processing for DNA extraction. In total, 103 SCOBY samples from 29 US states and territories and 9 countries were analyzed in this study (Table S1).




2.3.3. Sample Homogenization and DNA Extraction


Approximately 1 g subsections of each sample were homogenized using a VWR 200 Homogenizer (VWR, Radner, PA, USA) following a biofilm homogenization protocol [28] with modifications. Briefly, 15 mL sterile falcon tubes containing a 1:1 ratio (w/v) of SCOBY:sterile 0.1% peptone water were kept on ice and homogenized for 30 s. Prior to processing each sample, the homogenizer tip was treated for 30 s each with 2× ethanol washes (95% v/v and 70% v/v), 2× sterile water washes, and 1× DNA AWAY™ (Thermo Scientific, Waltham, MA, USA) wash. DNA from 1 mL of each homogenized sample was extracted using DNeasy Power Foods Microbial kit (QIAGEN, Hilden, Germany) according to the manufacturer’s instructions with minor modifications. In place of vortexing, the Omni Bead Ruptor 24 (Omni International, Inc., Kennesaw, GA, USA) was used with 15 s pulses at 8.00 m/s with a 55 s pause, and 10 cycles. For the Taxonomic Diversity Study, homogenates of the inner and outer sections of the SCOBY were combined prior to extraction.



All DNA extracts were quantified using the SpectraMax Quant Accuclear Nano dsDNA assay kit (Molecular Devices, San Jose, CA, USA) on the SpectraMax M2 (Molecular Devices, San Jose, CA, USA) with excitation and emission at 468 and 507 nm, respectively. ZymoBIOMICS Microbial Community Standard (Zymo Research, Irvine, CA, USA) was included as a positive control for DNA extraction. DNA extracts were stored at −20 °C until further use.





2.4. Quantitive PCR Estimation of Kombucha SCOBY Microbial Population Size


To estimate the size of the bacterial and fungal populations within sectioned SCOBY samples, quantitative real-time PCR (qPCR) was performed. Bacterial DNA was quantified by amplifying the 16S rRNA gene, and fungal DNA by amplification of the internal-transcribed spacer (ITS) region of the 26S rRNA gene.



Bacterial qPCR was performed using 926f (5′-AAACTCAAKGAATTGACGG-3′) and 1062r (5′-CTCACRRCACGAGCTGAC-3′) primers [29], with amplification conditions as follows: 5 min @ 95 °C, then 40 cycles (15 s at 95 °C, 15 s at 61.5 °C, 20 s at 72 °C) and a final extension for 5 min at 72 °C.



Fungal qPCR was performed using yeast-F (5′-GAGTCGAGTTGTTTGGGAATGC-3′) and yeast-R (5′-TCTCTTTCCAAAGTTCTTTTCATCTTT-3′) primers [30], with amplification conditions as follows: 10 min at 95 °C, then 40 cycles (15 s at 95 °C, 60 s at 60 °C, 30 s at 72 °C) and a final extension for 5 min at 72 °C.



Each reaction contained 12.5 μL KAPA SYBR®® FAST Master Mix (Roche, St. Louis, MO, USA), 0.2 μL of each primer (10 mM), and 4 μL of template DNA. PCR amplifications and product quantifications were performed using the ABI PRISM®® 7500 FAST Sequence Detection System (Thermo Scientific, Waltham, MA, USA).



Liquid cultures of B. bruxellensis and G. oxydans were used to create a dilution series that covered the range of CFU/mL 108–103 and 109–103, respectively. CFU ranges were chosen to span the range of Ct values observed in qPCR analysis of preliminary samples (data not shown). DNA was extracted from enumerated cultures and used to establish quantitative standard curves for bacterial and fungal DNA. Samples with Ct values found outside of these standard curve ranges were excluded from the analysis.




2.5. Metabarcoding Analyses of Kombucha SCOBY Bacterial and Fungal Communities


A schematic overview of metabarcoding library preparation and analysis of sequencing data is shown in Figure 1.



2.5.1. Metabarcoding Library Preparation and Sequencing


Libraries for metabarcoding analyses were prepared as described by Comeau et al. [31], with minor modifications. For analysis of fungal communities, the fungal ITS2 region was amplified using BITS-F and B58S3-R primers [32]. For analysis of bacterial communities, the bacterial 16S V4–V5 domain was amplified using F515 and R926 primers. Forward and reverse fusion primers were designed using the scheme recommended by Comeau et al. (2017) for Illumina Nextera XT v2 indices and Nextera adapters (Table S2).



Each DNA extract was amplified twice (reactions using 1× and 1/10× DNA concentration) using 5 µL of Platinum Hot Start 2× master mix (Thermo Scientific, Waltham, MA, USA), 1 µM of each primer, 2 µL of template DNA, and molecular biology grade water (Biotium, Hayward, NJ, USA) in a final volume of 25 µL. Successful amplification of DNA templates was verified by visualizing products on 2% agarose gels using 6× GelRed Nucleic Acid Stain (Biotium, Hayward, NJ, USA). Duplicate products were combined, and then purified and normalized using SequalPrep Normalization Plates (Thermo Scientific, Waltham, MA, USA) according to manufacturer’s instructions. Pooled libraries were quantified using the Qubit dsDNA HS assay (Thermo Scientific, Waltham, MA, USA), and median fragment size determined on the Bioanalyzer 2100 high sensitivity DNA assay (Agilent, Santa Clara, CA, US). The pooled fungal ITS2 and bacterial 16S libraries were sequenced separately using MiSeq 2 × 300 bp v3 chemistry by the Oregon State University Centre for Genome Research and Biocomputing (CGRB, Corvallis, OR, USA), with a 5% PhiX spike-in, according to standard Illumina protocols.




2.5.2. Metabarcoding Sequence Processing and Analyses


Sequence processing was performed by following the Microbiome Helper workflow [31] and the QIIME2 v2020.12 tutorial [33].



Demultiplexed forward and reverse FASTQ files were processed with QIIME2 plugin Cutadapt version 2020.2.0 [34] and subsequently passed through DADA2 [35] to denoise, filter chimeras, trim low-quality bases, and form an amplicon sequence variant (ASV) table. Taxonomy was assigned at the species and genus level to each ASV feature by alignment to the 16S Greengenes version 13_8 (2013) [36] and fungal ITS UNITE version 7.0 (2018) databases [37] using the taxa-barplot QIIME2 plugin [38]. The UNITE database for fungal identification was trained using a Naïve Bayes classifier and the QIIME2 classify-sklearn plugin (Pedregosa, 2011) [39].



Unassigned ITS features with a relative abundance of >0.5% across all SCOBY samples were further evaluated by performing blastn queries [40] against the NCBI nr/nt database. Where evident that adapter contamination had resulted in failed taxa assignment, top-hit information was utilized to generate a modified ASV table where read counts for these features were combined with read counts from correctly assigned taxa. ASV assignments for the ZymoBiomics DNA and extraction community standards were compared (Table S3).



To reduce rare ASVs in the dataset, ASVs with relative abundance < 0.01% of the all-sample average were removed unless at least three samples had a relative abundance of >0.01% or if at least one sample had a relative abundance of >0.05%.





2.6. Shotgun Metagenomic Sequencing Analysis of Composite ‘Meta-’SCOBY DNA Sample


A schematic overview of shotgun sequencing library preparation and analysis of sequencing data is shown in Figure 1.



2.6.1. Meta-SCOBY Library Preparation and Sequencing


A composite ‘meta’-SCOBY was made by pooling equimolar amounts of DNA from each of the 103 individual Kombucha SCOBY DNA extracts. This synthetic representative sample was prepared for sequencing by CGRB using the TruSeq Nano PCR-free kit (Illumina, San Diego, CA, USA), with DNA shearing performed using the S2 focused ultrasonicator (Covaris, Woburn, MA, USA) as suggested in the Illumina protocol. Library quality was assessed using the Agilent 2200 TapeStation (Agilent Technologies, Santa Clara, CA, USA) and a Qubit 2.0 fluorimeter (Invitrogen, Carlsbad, CA, USA). The meta-SCOBY library was sequenced using one Illumina HiSeq 3000 1 × 150 bp lane (Illumina, San Diego, CA, USA) by the CGRB.




2.6.2. Sequence Pre-Processing


The raw meta-SCOBY FASTQ file was pre-processed using Kneaddata v. 0.5.1 (http://huttenhower.sph.harvard.edu/kneaddata (accessed on 24 July 2019)), which retained 262,736,056 (94.28%) of reads following quality-trimming with Trimmomatic v0.36 [41] (parameters: SLIDINGWINDOW:4:20, MINLEN:50) and 262,635,245 (99.96%) of trimmed reads after mapping using bowtie2 [42] against GRCh38_PhiX to remove contaminant sequences.




2.6.3. Kmer Analysis of Meta-SCOBY Community Composition


Community composition of the meta-SCOBY was assessed by kmer hashing using Kraken2 [43]. Initial analysis suggested that a large number of kmers were not being assigned to taxa that were expected to be present based upon metabarcoding analysis. An updated kraken2 database was constructed, incorporating the accessions provided in Supplementary Table S4. Kraken2 output was visualized using Krona [44].




2.6.4. Mapping of Meta-SCOBY Reads against a Komagataeibacter Composite Reference Genome


In order to resolve ambiguous kmer mapping against the Komagataeibacter genus, a composite reference genome was constructed using reference genomes for K. cocois, K. europeus, K. hansenii, K. medellinensis, K. nataicola, K. pomaceti, K. rhaeticus, K. saccharivorans and K. xylinus (Table S4). The kneaddata pre-processed fastq was mapped against this reference using bwa-mem [45], and average read depth per reference genome calculated using samtools depth [46].





2.7. Statistical Analyses


Metabarcoding data visualization was performed in R v4.0.2 following the Phyloseq tutorial (https://vaulot.github.io/tutorials/Phyloseq_tutorial.html (accessed on 9 April 2019)) [47]. Species richness (Observed, Chao1), alpha diversity (Shannon, Simpson, Inv), and beta diversity metrics were grouped by facets of “Layer”, “Origin”, and “Cluster” variables. Beta diversity was calculated by Bray–Curtis distance and visualized using ggplot2 [48]. The number of clusters, based upon combined fungi and bacteria (genus-level) ASV relative abundances, was determined by kmeans. Generalized UniFrac and weighted UniFrac scores were calculated using the phyloseq distance function and were subsequently used to determine the dissimilarity between samples according to their bacterial and fungal communities [49]. Phylogenic heat trees of prevalent taxa (relative abundance >0.1% in at least 3 samples or >0.5% in one sample) for each cluster were drawn using Metacoder [50]. Permutational multivariate analyses of variance (PERMANOVA) were performed using adonis in vegan [51].



Comparisons of alpha diversity, relative abundances of individual taxa and qPCR estimates of fungal and bacterial abundances, were performed in R using standard one- or two-way ANOVA, along with Student’s t-tests. Comparison of taxa relative abundance between metabarcoding and shotgun sequencing kmer datasets was performed by construction of linear models in R.



All R code to reproduce statistical analyses are available as an R markdown file at https://github.com/curtinlab/SCOBY diversity (accessed on 7 April 2021).




2.8. Sequence Data Availability


Fastq files available at NCBI BioProject: PRJNA719546.





3. Results


3.1. Spatial Distribution of Fungi and Bacteria within a Single Kombucha SCOBY


To better understand the distribution of microbial communities within the solid-phase SCOBY (and guide SCOBY sampling strategies), a representative SCOBY previously used to commercially brew Kombucha was divided into two layers and dissected radially. qPCR analysis revealed significant differences in total abundance of fungi and bacteria between upper and lower layers, along with significant differences in the composition of these communities.



As shown in Figure 2, the top layer of this SCOBY was more enriched than the bottom layer for both fungi and bacteria, regardless of radial sampling position, with approximately 3-log more (3.55 × 107 CFU/g versus 3.02 × 104 CFU/g, respectively) bacteria and 2-log (3.55 × 107 CFU/g versus 3.02 × 104 CFU/g, respectively) more fungi. Two-way ANOVA reinforced this observation; radial position was not significantly different (bacteria p = 0.28, fungi p = 0.31), whereas layer was significantly different (bacteria p = 4.26 × 10−5, fungi p = 9.08 × 10−3, Table S5).



Metabarcoding of the sectioned SCOBY revealed a microbial community dominated by fungal genera Brettanomyces and Zygosaccharomyces, and bacterial genera Komagataeibacter and Lactobacillus (Figure 3). Similar to the qPCR results, PERMANOVA analysis of beta diversity shows a significant difference in composition of bacterial and fungal communities according to layer (bacteria p < 0.001; fungi p = 0.025) but not radial position (bacteria p = 0.255; fungi p = 0.790) (Table S6). Interestingly, the fungal taxa that varied significantly (p < 0.05) in relative abundance according to layer were relatively minor taxa of the SCOBY (Saccharomyces, Issatchenkia, Lachancea, Cryptococcus) whereas for bacteria significant differences were evident for the major genera (Komagataeibacter and Lactobacillus) (p < 0.001, Table S6). Notably, reads assigned to Lactobacillus comprised 44.2 ± 29.1% of the bacterial reads for the bottom layer of this SCOBY, compared with 9.7 ± 7.9% of bacterial reads in the top layer. Within the bottom layer, mean relative abundance of Lactobacillus and Komagataeibacter appeared to vary according to location (inner, mid, outer). However, PERMANOVA analysis on overall beta diversity (p = 0.234) and all pairwise t-test comparisons of relative abundance by location for Lactobacillus and Komagataeibacter were non-significant (p > 0.05).




3.2. Fungal and Bacterial Communities Associated with 103 Commercial Kombucha SCOBY


In order to generate global species-level information on the major taxa observed in commercially used Kombucha SCOBY cultures, a composite DNA ‘meta’-SCOBY was assessed with a shotgun sequencing approach. The same 103 samples included within the ‘meta’-SCOBY were also assayed individually using 16S and ITS metabarcoding, to facilitate analysis of taxa prevalence and clustering of samples according to their overall metabarcoding profiles (see analysis schematic in Figure 1).



Of the 176,454,543 km derived from shotgun sequencing of the meta-SCOBY (comprising equimolar DNA from all 103 SCOBY samples), 61.5% mapped to bacterial taxa, 27.3% to fungi, and 11.1% remained unmapped. Prior to incorporation of additional reference genomes to a custom Kraken2 database, a greater portion (36.9%) of kmers were unmapped, mostly due to fungi that were missing or poorly represented. As observed for the dissected SCOBY (described in Section 3.1), Brettanomyces and Komagataeibacter were by far the dominant genera (Figure 4, Table S7). Amongst the ten species assigned > 0.5% of fungal kmers, Brettanomyces bruxellensis and B. anomalus were represented by approximately 76.9% and 11.7%, respectively. Surprisingly, the relative abundance of Zygosaccharomyces bisporus was much lower (1.1%). Indeed, more kmers were mapped to both Starmerella davenpoortii and Saccharomycodes ludwidgii (both 1.7%).



For bacteria, there were sixteen species assigned > 0.5% of kmers; 70.8% corresponding to Komagataeibacter, with the next most abundant genera being Acetobacter (11.7%), Gluconobacter (3.5%), and Lactobacillus (3.5%). Interestingly, the majority of kmers mapped to Lactobacillus were assigned to L. nagelii (3% of total bacterial kmers). Whilst the vast majority of kmers were resolved to species level, this was not the case for some bacterial genera, particularly Komagataeibacter. To determine which species from this dominant genus were most abundant in the ‘meta’-SCOBY, full-length reads were mapped against a composite reference comprising representative genomes of each Komagataeibacter species. Approximately 13.5 Gbp of shotgun sequencing data mapped against this reference (Table S8), which represents ~34% of full length reads. Considering only a single assembly was used for each species, this corresponds reasonably well with kmer analysis, where 43.6% of all kmers were assigned to Komagataeibacter. Reference mapping showed that while all nine species included in the composite reference were represented in the meta-SCOBY sample, they were not equally abundant (Table S8). Based upon total reads mapped, 64% corresponded to K. rhaeticus, whereas the next most represented species, K. xylinus, only received 8% of mapped reads.



Metabarcoding analysis of the 103 SCOBY samples revealed average relative abundances of key taxa that were correlated (p = 0.016) with those found by kmer analysis of the meta-SCOBY shotgun sequencing reads (Table 1 and Table S9). There were, however, some differences between the datasets. For example, Lactobacillales was approximately twice as abundant (12.9% compared to 5.9%) according to 16S metabarcoding, while Acetobacter was around 10-fold less abundant (1.2% compared to 11.7%). Tanticharoenia was substantially underrepresented (by ~100 fold) in the kmer dataset. It is worth noting that the single available reference genome for this genus (added to our custom Kraken2 database) may not be sufficiently representative of the taxa detected by metabarcoding of the 16S region.



Metabarcoding data was further analyzed to examine prevalence of the major genera and minor contributing taxa. Komagataeibacter and Brettanomyces were detected in 97% and 99% of the samples, respectively. Less abundant fungal taxa Zygosaccharomyces, Starmerella, and Lachancea were detectable at greater than 0.1% abundance in 39–63% of samples. Likewise, unidentified Lactobacilliacae and Lactobacillales contributed to only 8.0% of total reads across all samples, yet both were detected in approximately one-third of samples.




3.3. Defining Kombucha SCOBY Archetypes Based upon Microbial Community Composition


Bacterial and fungal ASV tables were merged into a single dataset to facilitate identification of SCOBY archetypes based upon overall microbial composition. First, alpha diversity was evaluated. The average observed number of ASVs was determined to be 4.68 ± 1.67 taxa (Table S10). This level of taxa richness is relatively low when considering that 12 of the 19 ASVs (Table 1) were prevalent in >10% of samples. Alpha diversity (Simpson Index, SI) was observed as consistent across samples regardless of collection time frame (Batch 1 or 2) or culture origin (North America or Other), suggesting that these factors did not have an impact on species richness (Table S10).



Unsupervised K-means clustering was then used to cluster SCOBY samples by their microbial composition. Based upon “elbow” and “cluster” methods, the optimal numbers of k-clusters were two and four (Figures S2 and S3). A two-way hierarchically clustered heat map shows that with k = 2, SCOBY samples were clustered almost entirely based upon relative abundance of Brettanomyces (Figure S4). With k = 4, delineation of SCOBY archetypes according to relative abundance of other fungal and bacterial taxa can be observed (Figure 5c). PERMANOVA was used to confirm that sample beta diversity differed significantly according to k-cluster designation (F = 36.94, p = 0.001) (Figure 5b, Table S11). The same analysis showed that, as was the case with alpha diversity, beta diversity was not significantly different between samples grouped by collection time frame (p = 0.167) or culture origin (p = 0.392). Indeed, it was notable that the SCOBY harvested outside of North America were distributed proportionally across the four k-clusters (Table S11).



Correction for possible oversampling of SCOBY from larger producers (“thinned” dataset—repeat submissions from producers removed if assigned to same k-cluster) had no effect on cluster composition with regard to relative abundance of key taxa, prevalence of key taxa, and overall beta diversity (Tables S11–S13).



Looking more closely at diversity within the k-cluster designations, we observed alpha diversity (SI) to vary significantly by clusters but not by the number of taxa observed. Cluster III had the smallest number of observed taxa, 4.00 ± 0.58, followed, respectively, by Clusters I, II, and IV (Table S10). The number of observed taxa does not account for species richness or evenness of abundance, so the Simpson’s index was used to more accurately compare biodiversity among the clusters. Cluster I has significantly less biodiversity when compared to the other clusters (Figure 5a, Table S10). From the heatmap, we observe Cluster I to be dominated by Brettanomyces and Komagataeibacter (Figure 5c). The remaining clusters exhibit various combinations bacterial or fungal taxa in place of the diminished abundance of Brettanomyces or Komagataeibacter. Cluster II is comprised of Komagataeibacter with low to moderate abundance of Brettanomyces and elevated abundance of either Starmerella or Lachancea. Cluster III is also Komagataeibacter dominant, with low to moderate abundance of Brettanomyces and high abundance of Zygosaccharomyces. Lastly, Cluster IV is Brettanomyces-dominant with a low abundance of Komagateibacter and a high abundance of Lactobacillales.



In order to more clearly visualize nuanced differences between clusters, a phylogenic heat tree matrix was constructed for taxa that significantly differed in relative abundance between clusters (p < 0.05) (Figure 6). As was observed in the heatmap, mean abundance of Komagataeibacter in Cluster I (n = 69, 66.9%) was higher than for Clusters III and IV. However, Komagataeibacter was lower in Cluster I than in Cluster II (n = 14, 13.6%). Starmerella appears to cooccur in Cluster II with a higher abundance of Komagataeibacter. Interestingly, when looking at the heatmap and heat tree together, we are able to observe that within cluster II, Tanticharoenia is the dominant bacterium when Starmerella is not as abundant. We potentially observe an antagonistic across-Kingdom dynamic between Starmerella and a specific genus of AAB.



Lactobacillaceae, prevalent in 100% of Cluster IV samples (n = 13, 12.6%) and significantly more abundant (p < 0.001) relative to other clusters, was only found in approximately 29–30% of the samples in the remaining clusters (Tables S13 and S14). From the heat tree, we observe that Lactobacillaceae and Komagateibacter negatively co-occur in Cluster IV. Consistent with this observation, Komagateibacter is significantly (p < 0.001) less abundant in Cluster IV with a decreased abundance of Lactobacillaceae.



When looking at differences in the fungal taxa between the clusters in the heat tree, we note a higher abundance of Brettanomyces in clusters when there is a lower abundance of either Zygosaccharomyces or, collectively, Lachancea and Starmerella. Cluster III (n = 7, 6.8%) has a significantly higher (p < 0.001) abundance and substantially greater prevalence of Zygosaccharomyces when compared to the remaining clusters (Tables S13 and S14). When comparing Cluster III to Cluster I, we see substantial decrease in Brettanomyces. Meanwhile, Cluster II has lesser abundance of Brettanomyces and comparatively higher abundances of either Lachancea (p < 0.01) or Starmerella (p < 0.001) than Cluster I. Collectively, structural differences among the clusters revealed a broad inverse relationship between the abundance of Brettanomyces and both Starmerella and Lachancea. When Starmerella and Lachancea are not present, Zygosaccharomyces seems to compensate for a decreased abundance of Brettanomyces.





4. Discussion


Fermented foods and beverages, when subject to minimal human intervention, are dynamic ecological systems characterized by initial assembly of complex microbial communities that subsequently collapse into predictable structures through biotic and abiotic interactions. These dynamic changes are well understood for some fermentations, such as Lambic beer [52,53], wine [54,55,56] and cheese [57,58]. Efforts to understand the microbial ecology of Kombucha have revealed a greater degree of apparent interchangeability in dominant yeast and bacterial species [22]. Better understanding of microbial community assemblies found in Kombucha SCOBY would facilitate further research into drivers of assembly patterns, and their relevance to Kombucha style.



A significant challenge in profiling the microbial community composition of SCOBY is adequately sampling this cellulosic solid-phase material. Indeed, very few studies have described the sampling scheme used to characterize the Kombucha SCOBY. Regardless of the downstream analytical approach, there is generally a failure describe how the SCOBY was handled prior to culture plating or DNA extraction [14,16,17,59]. Of the four studies that described sample processing, there was brief mention of excising a small section from a larger SCOBY, followed by homogenization or enzymatic digestion [1,5,8,60]. Furthermore, there was no detailed mention of a methodical scheme to ensure representative sampling, but rather a presumption of spatial homogeneity. Our results show that if sampling does not include upper and lower layers of the SCOBY, significant differences in abundance and community composition may be incorrectly inferred.



The idea that biochemical properties of the environment contribute to spatial variability within a microbial community is not new [61]. In Lambic beer fermentations, Roos et al. [62] found higher AAB counts correlated with higher metabolic activity (increased production of acetic acid, acetoin, and ethyl acetate) at the air/liquid interface. Given that SCOBY typically float to the surface of fermenting Kombucha, they represent an interphase environment, where oxygen availability, temperature and nutrient availability vary on either side, parameters likely to influence solid-phase formation and microbial community assembly [63,64,65]. The major taxa observed in the dissected SCOBY, Brettanomyces and Komagataiebacter, both have a strong affinity for oxygen [66,67], thus it makes sense that the upper layer harbored significantly larger fungal and bacterial communities. Likewise, greater abundance of Lactobacillus in the lower SCOBY layer is consistent with known properties of Lactobacillus nagelli (growth preference in high nutrient, low oxygen environments) [68], which we observed as the most abundant Kombucha SCOBY LAB in shotgun sequencing analysis.



Estimates of relative abundance for some important Kombucha taxa, such as the bacterial order Lactobacillales and fungal genera Zygosaccharomyces, differed between the shotgun sequencing kmer analysis of a synthetic ‘meta’-SCOBY, and averaged results of metabarcoding for each individual SCOBY. This may be explained by underrepresentation of relevant species in the RefSeq database Kraken2 draws upon [69] or inherent biases in amplification of marker gene sequences targeted in metabarcoding analysis [70]. While we did add several whole-genome assemblies to a custom database, which did improve the proportion of mapped kmers, it is likely the fidelity of mapping will improve as more Kombucha-relevant organisms are sequenced. Regardless, the ‘meta’-SCOBY kmer analysis generally agreed with metabarcoding results for major genera, elucidating the main fungal and bacterial species across 103 Kombucha SCOBY. An additional limitation of kmer analysis was evident for Komagataeibacter, where most 35 bp kmers could not be assigned at species level. We augmented this analysis with composite-reference mapping of full-length sequencing reads to determine that Komagataeibacter rhaeticus was by far the most represented species.



Despite potential artifacts regarding sampling in prior studies, three of the four Kombucha SCOBY archetypes we defined here are consistent with those previously described. Comparing only to studies that used molecular-based approaches, Gaggia et al. [8] and Reva et al. [4] both described profiles consistent with the Cluster I archetype. Profiles that resemble Cluster III, with an increased abundance of Zygosaccharomyces [14,71] and SCOBY with greater abundance of Lactobacillales (Cluster IV) [16] have also been reported. Prior to this study, Starmerella, one of the major fungi replacing Brettanomyces in Cluster II, had not been described in molecular ecology studies of the solid-phase Kombucha SCOBY. Starmerella is a relatively new genus into which several Candida species have been reclassified [72], thus earlier Kombucha studies reporting Candida at genus level may have observed species currently classified as Starmerella. Starmerella davenportii, detected in the ‘meta’-SCOBY, was recently isolated from Kombucha and shown to generate volatile aroma compounds and organic acids during a black tea fermentation [73].



It is interesting to note that while Brettanomyces is observed in our data to be the most abundant yeast genus in three of the four SCOBY archetypes, other studies of Kombucha ecology typically report it as a non-dominant feature amongst genera such as Saccharomyces, Zygosaccharomyces, and Pichia [1,13,74,75]. To date, Zygosaccharomyces has been more frequently described as the dominant Kombucha yeast genus [1,13,14,71,75,76]. Given that prior works have sampled from relatively few individual SCOBY this may simply reflect under-sampling, but because most of our samples originated from Kombucha producers in North America an alternative explanation is that SCOBY geographic origin influences microbial community structure. Terroir, the concept of regional identity most strongly associated with wine production, has increasingly incorporated biogeographical patterns of microbial diversity [77]. In other fermentation systems, such patterns are less apparent. Wolfe et al. [25] demonstrated that cheese rinds from geographically diverse areas (Europe and North America) have similar microbial communities, finding that environmental factors were more important as drivers of community divergence. Likewise, assembly of similar microbial communities have been noted for sour-beer fermentations in Belgium and the United States [53,78]. While we analyzed only a small number (11) of SCOBY from outside of North America, these samples were not outliers and in fact displayed similar microbial community structures to the North American SCOBY. This observation reinforces that while reproducible Kombucha SCOBY communities may assemble across diverse geographical regions, there are more divergent SCOBY community structures or archetypes than described for related fermentation systems.



A potential artifact that should be recognized is the possibility that across different studies SCOBY were sampled at different points during Kombucha fermentation. Within our study, while SCOBY were sampled at the end of fermentation it is worth noting that different Kombucha producers define their end-points differently according to their desired sweet-acid balance. As a dynamic fermentation system, it is reasonable to expect relative abundance of taxa to change over time. For example, Chakravorty et al. [17] observed a dominant Candida stellimalicola population at the start of fermentation with an increasing abundance of Lachancea fermentati as fermentation progressed. While this shift in abundance occurred in both the solid and liquid phases, the magnitude was substantially greater in the liquid. Relative abundance of L. fermentati increasing from 15.5% on day 3 to 51% on day 7, whereas in the SCOBY L. fermentati increased from 2.3% to 2.5% from day 3 to day 7. Thus, while we cannot exclude that the SCOBY archetypes we observed could be a function of how individual producers define end of fermentation, the SCOBY itself can be considered buffered and relatively stable with regard to microbial composition. Similar observations were made by Teoh et al. (2004) [1], where B. bruxellensis was observed to stabilize in the solid phase from 108 cfu/g on day 4 (following biofilm formation) to 108–109 cfu/g on day 10. Meanwhile, in the liquid phase, B. bruxellensis population increased from approximately 104–105 cfu/g at day 4 to 107 cfu/g at day 7. These observations are consistent with the widely accepted tenant that biofilm formation is a survival mechanism that provides microorganisms with greater environmental stability [79,80]. Given this background, the stability of the microbial composition of SCOBY is promoted by the biofilm formation in the pellicle layer. Furthermore, because the SCOBY is serially transferred from completed to new batches of Kombucha, it is likely the microbial community it harbors would stabilize according to the physicochemical parameters of these conditions. Parallels to this can be observed in the gradual stabilization of sourdough cultures [81]. It is also worth noting that Kombucha producers operate across a range of scales, utilizing diverse fermentation equipment. The most obvious way this may affect SCOBY community structure is the availability of dissolved oxygen, given the reliance upon this nutrient for AAB [82] and the known stimulatory effect it has on Brettanomyces fermentation rate [83]. Cvetkovic et al. [84] demonstrated that altering the surface-to-volume ratio in open fermenters had a significant effect upon rate of Kombucha fermentation. While community structure was not described in that study, it seems reasonable to expect that the conditions would favor certain SCOBY archetypes over others.



As an acidic beverage, organic acids are pivotal to the organoleptic properties of Kombucha. Different organic acids possess unique sensory attributes such as flavor and thresholds of detection; for example, lactic acid is perceived as ‘tart’ and ‘acrid’ and is detectable at 400 mg/L, while acetic acid perceived as ‘vinegar’ and ‘sour’ is detectable at 180 mg/L [85,86,87,88]. Cluster II SCOBY, with high proportions of lactic acid bacteria, might be reasonably expected to produce more lactic acid during Kombucha fermentation, altering organoleptic properties of finished Kombucha. Likewise, SCOBY composition may affect production of acetic acid. In the presence of oxygen, Brettanomyces yeasts contribute to acetic acid production [89] alongside the more obvious contribution from acetic acid bacteria [90,91]. In support of this, Tran et al. (2020) observed that Kombucha fermentations performed by co-cultures of Hanseniaspora valbyensis and Komagataeibacter saccharivorans contained less sucrose phosphorylase activity than fermentations performed by Komagataeibacter saccharivorans and Brettanomyces bruxellensis, and were characterized by decreased production of both acetic and lactic acids [22].



Beyond organic acids, the impact of biodiversity on the quality and flavors of fermented products is a well-studied phenomenon [92,93]. For example, the contribution to wine aroma and flavor by non-Saccharomyces yeasts, such as Lachancea and Torulasporula, occurs through the direct biosynthesis of volatile aroma compounds and a large variety of molecules, including volatile fatty acids, higher alcohols, esters, and sulfur compounds [94]. Meanwhile, volatile phenolic compounds are responsible for the most recognized aromatic impacts associated with Brettanomyces species. ‘Brett flavors’ are considered spoilage in wine and have been described as ‘barnyard’, ‘clove’, ‘horsy’, ‘leathery’, and ‘medicinal’ [95]. Furthermore, in wine it has been shown that Brettanomyces and heterofermentative lactic acid bacteria cause a form of spoilage known as ‘mousy’ taint, through biosynthesis of nitrogen heterocyclic pyridines from lysine and ethanol [95]. In the context of beer, certain styles such as Lambic, Gueze and American Coolship Ale, the impact of Brettanomyces upon flavor is viewed more positively [96]. It is unclear to what extent Brettanomyces-related flavors are observed in Kombucha, or whether consumers find them desirable in this context, but the distinction between SCOBY archetypes according to presence of Brettanomyces makes it reasonable to speculate a potential role for these yeasts in organoleptic differences between products.




5. Conclusions


The results of this study show that the microbial community of a Kombucha SCOBY used in commercial Kombucha production was differentiated spatially. Based upon overall abundance of fungal and bacterial taxa, as well as compositional differences, a sampling strategy that captures upper and lower layers of SCOBY is essential to ensure observed microbial communities are representative. Subsequent analyses of 103 Kombucha production SCOBY cultures, sampled in this manner, provided the first comprehensive picture of SCOBY microbial community assembly. While there was no evidence of geographic influence upon fungal or bacterial community composition, the datasets were used to delineate four SCOBY archetypes. Based upon prevalence and relative abundance, we find that the major taxa amongst North American SCOBY belong to the genera Brettanomyces and Komagataeibacter. SCOBY archetypes comprised of other taxa noted previously in Kombucha literature were also evident, but were far less common.



Further research is necessary to relate the microbial community composition of Kombucha SCOBY to acidity, flavor and aroma of finished products. Such work can now draw upon knowledge of SCOBY archetypes defined here, as the basis to design industry-relevant co-culture experiments that test the impact of major taxa. Comparative shotgun metagenomics of multiple SCOBY, inclusive of metabolic pathway reconstruction, would likely contribute to hypothesis formation in this context. Furthermore, given the relatively small number of dominant taxa within each SCOBY community, Kombucha fermentation represents a tractable system that can be manipulated to study the rules that govern community assembly in an interphase environment.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/microorganisms9051060/s1.





Author Contributions


Conceptualization, K.H. and C.C.; methodology, K.H.; formal analysis, K.H. and C.C.; investigation, K.H.; data curation, K.H. and C.C.; writing—original draft preparation, K.H.; writing—review and editing, C.C.; visualization, K.H. and C.C.; supervision, C.C.; project administration, C.C.; funding acquisition, K.H. and C.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was partially funded by study participants via their representative body Kombucha Brewers International. The APC was funded by the Agricultural Research Foundation.




Data Availability Statement


Fastq files available at NCBI BioProject: PRJNA719546.




Acknowledgments


The authors gratefully acknowledge the assistance with procurement of samples by Hannah Crumm of Kombucha Brewers International. The authors thank Joy Waite-Cusic for critical review of the manuscript during its preparation and feedback on data interpretation.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Teoh, A.L.; Heard, G.; Cox, J. Yeast ecology of Kombucha fermentation. Int. J. Food Microbiol. 2004, 95, 119–126. [Google Scholar] [CrossRef]

	



Malbaša, R.V.; Lončar, E.S.; Vitas, J.S.; Čanadanović-Brunet, J.M. Influence of starter cultures on the antioxidant activity of kombucha beverage. Food Chem. 2011, 127, 1727–1731. [Google Scholar] [CrossRef]

	



Yamada, Y.; Yukphan, P.; Vu, H.T.L.; Muramatsu, Y.; Ochaikul, D.; Nakagawa, Y. Subdivision of the Genus Gluconacetobacter Yamada, Hoshino and Ishikawa 1998: The Proposal of Komagataeibacter Gen. Nov., for Strains Accommodated to the Gluconacetobacter Xylinus Group in the α-Proteobacteria. Ann. Microbiol. 2012, 62, 849–859. [Google Scholar] [CrossRef]

	



Reva, O.N.; Zaets, I.E.; Ovcharenko, L.P.; Kukharenko, O.E.; Shpylova, S.P.; Podolich, O.V.; de Vera, J.-P.; Kozyrovska, N.O. Metabarcoding of the kombucha microbial community grown in different microenvironments. AMB Express 2015, 5, 124. [Google Scholar] [CrossRef] [PubMed]

	



De Filippis, F.; Troise, A.D.; Vitaglione, P.; Ercolini, D. Different temperatures select distinctive acetic acid bacteria species and promotes organic acids production during kombucha tea fermentation. Food Microbiol. 2018, 73, 11–16. [Google Scholar] [CrossRef]

	



Machado, R.T.A.; Gutierrez, J.; Tercjak, A.; Trovatti, E.; Uahib, F.G.M.; de Moreno, G.P.; Nascimento, A.P.; Berreta, A.A.; Ribeiro, S.J.L.; Barud, H.S. komagataeibacter rhaeticus as an alternative bacteria for cellulose production. Carbohydr. Polym. 2016, 152, 841–849. [Google Scholar] [CrossRef] [PubMed]

	



Semjonovs, P.; Ruklisha, M.; Paegle, L.; Saka, M.; Treimane, R.; Skute, M.; Rozenberga, L.; Vikele, L.; Sabovics, M.; Cleenwerck, I. Cellulose synthesis by Komagataeibacter rhaeticus strain P 1463 isolated from Kombucha. Appl. Microbiol. Biotechnol. 2017, 101, 1003–1012. [Google Scholar] [CrossRef] [PubMed]

	



Gaggìa, F.; Baffoni, L.; Galiano, M.; Nielsen, D.S.; Jakobsen, R.R.; Castro-Mejía, J.L.; Bosi, S.; Truzzi, F.; Musumeci, F.; Dinelli, G.; et al. Kombucha Beverage from Green, Black and Rooibos Teas: A Comparative Study Looking at Microbiology, Chemistry and Antioxidant Activity. Nutrients 2018, 11, 1. [Google Scholar] [CrossRef] [PubMed]

	



dos Santos, R.A.C.; Berretta, A.A.; Barud, H.d.S.; Ribeiro, S.J.L.; González-García, L.N.; Zucchi, T.D.; Goldman, G.H.; Riaño-Pachón, D.M. Draft Genome Sequence of Komagataeibacter Intermedius Strain AF2, a Producer of Cellulose, Isolated from Kombucha Tea. Genome Announc. 2015, 3, 6. [Google Scholar] [CrossRef]

	



Sievers, M.; Lanini, C.; Weber, A.; Schuler-Schmid, U.; Teuber, M. Microbiology and Fermentation Balance in a Kombucha Beverage Obtained from a Tea Fungus Fermentation. Syst. Appl. Microbiol. 1995, 18, 590–594. [Google Scholar] [CrossRef]

	



Blanc, P.J. Characterization of the tea fungus metabolites. Biotechnol. Lett. 1996, 18, 139–142. [Google Scholar] [CrossRef]

	



Balentine, D.A.; Wiseman, S.A.; Bouwens, L.C. The chemistry of tea flavonoids. Crit. Rev. Food Sci. Nutr. 1997, 37, 693–704. [Google Scholar] [CrossRef]

	



Liu, C.-H.; Hsu, W.-H.; Lee, F.-L.; Liao, C.-C. The isolation and identification of microbes from a fermented tea beverage, Haipao, and their interactions during Haipao fermentation. Food Microbiol. 1996, 13, 407–415. [Google Scholar] [CrossRef]

	



Marsh, A.J.; O’Sullivan, O.; Hill, C.; Ross, R.P.; Cotter, P.D. Sequence-based analysis of the bacterial and fungal compositions of multiple kombucha (tea fungus) samples. Food Microbiol. 2014, 38, 171–178. [Google Scholar] [CrossRef]

	



Chen, C.; Liu, B.Y. Changes in major components of tea fungus metabolites during prolonged fermentation. J. Appl. Microbiol. 2000, 89, 834–839. [Google Scholar] [CrossRef]

	



Coton, M.; Pawtowski, A.; Taminiau, B.; Burgaud, G.; Deniel, F.; Coulloumme-Labarthe, L.; Fall, A.; Daube, G.; Coton, E. Unraveling microbial ecology of industrial-scale Kombucha fermentations by metabarcoding and culture-based methods. FEMS Microbiol. Ecol. 2017, 93, 048. [Google Scholar] [CrossRef]

	



Chakravorty, S.; Bhattacharya, S.; Chatzinotas, A.; Chakraborty, W.; Bhattacharya, D.; Gachhui, R. Kombucha tea fermentation: Microbial and biochemical dynamics. Int. J. Food Microbiol. 2016, 220, 63–72. [Google Scholar] [CrossRef]

	



Mayser, P.; Fromme, S.; Leitzmann, G.; Gründer, K. The yeast spectrum of the ‘tea fungus Kombucha’. Mycoses 1995, 38, 289–295. [Google Scholar] [CrossRef]

	



Greenwalt, C.J.; Steinkraus, K.H.; Ledford, R.A. Kombucha, the Fermented Tea: Microbiology, Composition, and Claimed Health Effects. J. Food Prot. 2000, 63, 976–981. [Google Scholar] [CrossRef]

	



Ben Taheur, F.; Mansour, C.; Ben Jeddou, K.; Machreki, Y.; Kouidhi, B.; Abdulhakim, J.A.; Chaieb, K. Aflatoxin B1 degradation by microorganisms isolated from Kombucha culture. Toxicon 2020, 179, 76–83. [Google Scholar] [CrossRef]

	



Villarreal-Soto, S.A.; Beaufort, S.; Bouajila, J.; Souchard, J.-P.; Taillandier, P. Understanding Kombucha Tea Fermentation: A Review. J. Food Sci. 2018, 83, 580–588. [Google Scholar] [CrossRef]

	



Tran, T.; Grandvalet, C.; Verdier, F.; Martin, A.; Alexandre, H.; Tourdot-Maréchal, R. Microbial Dynamics between Yeasts and Acetic Acid Bacteria in Kombucha: Impacts on the Chemical Composition of the Beverage. Foods 2020, 9, 963. [Google Scholar] [CrossRef]

	



Pinto, L.; Malfeito-Ferreira, M.; Quintieri, L.; Silva, A.C.; Baruzzi, F. Growth and metabolite production of a grape sour rot yeast-bacterium consortium on different carbon sources. Int. J. Food Microbiol. 2019, 296, 65–74. [Google Scholar] [CrossRef] [PubMed]

	



Margulies, M.; Egholm, M.; Altman, W.E.; Attiya, S.; Bader, J.S.; Bemben, L.A.; Berka, J.; Braverman, M.S.; Chen, Y.-J.; Chen, Z.; et al. Genome sequencing in microfabricated high-density picolitre reactors. Nature 2005, 437, 376–380. [Google Scholar] [CrossRef] [PubMed]

	



Wolfe, B.E.; Button, J.E.; Santarelli, M.; Dutton, R.J. Cheese Rind Communities Provide Tractable Systems for in Situ and in Vitro Studies of Microbial Diversity. Cell 2014, 158, 422–433. [Google Scholar] [CrossRef] [PubMed]

	



Patra, J.K.; Das, G.; Paramithiotis, S.; Shin, H.-S. Kimchi and Other Widely Consumed Traditional Fermented Foods of Korea: A Review. Front. Microbiol. 2016, 7, 1493. [Google Scholar] [CrossRef] [PubMed]

	



Filippis, F.D.; Parente, E.; Ercolini, D. Metagenomics insights into food fermentations. Microb. Biotechnol. 2017, 10, 91–102. [Google Scholar] [CrossRef] [PubMed]

	



Cooke, A.C.; Nello, A.V.; Ernst, R.K.; Schertzer, J.W. Analysis of Pseudomonas Aeruginosa Biofilm Membrane Vesicles Supports Multiple Mechanisms of Biogenesis. PLoS ONE 2019, 14, e0212275. [Google Scholar] [CrossRef]

	



Unban, K.; Khatthongngam, N.; Pattananandecha, T.; Saenjum, C.; Shetty, K.; Khanongnuch, C. Microbial Community Dynamics During the Non-Filamentous Fungi Growth-Based Fermentation Process of Miang, a Traditional Fermented Tea of North Thailand and Their Product Characterizations. Front. Microbiol. 2020, 11. [Google Scholar] [CrossRef]

	



De Gregoris, T.B.; Aldred, N.; Clare, A.S.; Burgess, J.G. Improvement of Phylum- and Class-Specific Primers for Real-Time PCR Quantification of Bacterial Taxa. J. Microbiol. Methods 2011, 86, 351–356. [Google Scholar] [CrossRef]

	



Hierro, N.; Esteve-Zarzoso, B.; González, A.; Mas, A.; Guillamón, J.M. Real-Time Quantitative PCR (QPCR) and Reverse Transcription-QPCR for Detection and Enumeration of Total Yeasts in Wine. Appl. Environ. Microbiol. 2006, 72, 7148–7155. [Google Scholar] [CrossRef]

	



Comeau, A.M.; Douglas, G.M.; Langille, M.G.I. Microbiome Helper: A Custom and Streamlined Workflow for Microbiome Research. mSystems 2017, 2, e00127. [Google Scholar] [CrossRef]

	



Bokulich, N.A.; Mills, D.A. Improved Selection of Internal Transcribed Spacer-Specific Primers Enables Quantitative, Ultra-High-Throughput Profiling of Fungal Communities. Appl. Environ. Microbiol. 2013, 79, 2519–2526. [Google Scholar] [CrossRef]

	



Bolyen, E.; Rideout, J.R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.; Arumugam, M.; Asnicar, F.; et al. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 2019, 37, 852–857. [Google Scholar] [CrossRef]

	



Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet. J. 2011, 17, 10–12. [Google Scholar] [CrossRef]

	



Callahan, B.J.; Wong, J.; Heiner, C.; Oh, S.; Theriot, C.M.; Gulati, A.S.; McGill, S.K.; Dougherty, M.K. High-Throughput Amplicon Sequencing of the Full-Length 16S RRNA Gene with Single-Nucleotide Resolution. Nucl. Acids Res. 2019, 47, e103. [Google Scholar] [CrossRef]

	



De Santis, T.Z.; Hugenholtz, P.; Larsen, N.; Rojas, M.; Brodie, E.L.; Keller, K.; Huber, T.; Dalevi, D.; Hu, P.; Andersen, G.L. Greengenes, a chimera-checked 16S rRNA gene database and workbench compatible with ARB. Appl. Environ. Microbiol. 2006, 72, 5069–5072. [Google Scholar] [CrossRef]

	



Abarenkov, K.; Nilsson, R.H.; Larsson, K.-H.; Alexander, I.J.; Eberhardt, U.; Erland, S.; Høiland, K.; Kjøller, R.; Larsson, E.; Pennanen, T.; et al. The UNITE database for molecular identification of fungi—Recent updates and future perspectives. New Phytol. 2010, 186, 281–285. [Google Scholar] [CrossRef]

	



Hall, M.; Beiko, R.G. 16S rRNA Gene Analysis with QIIME2. In Microbiome Analysis: Methods and Protocols; Beiko, R.G., Hsiao, W., Parkinson, J., Eds.; Springer: New York, NY, USA, 2018; pp. 113–129. [Google Scholar]

	



Pedregosa, F.; Varoquaux, G.; Gramfort, A.; Michel, V.; Thirion, B.; Grisel, O.; Blondel, M.; Prettenhofer, P.; Weiss, R.; Dubourg, V.; et al. Scikit-Learn: Machine Learning in Python. J. Mach. Learn Res. 2011, 12, 2825–2830. [Google Scholar]

	



Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic Local Alignment Search Tool. J. Mol. Biol. 1990, 215, 403–410. [Google Scholar] [CrossRef]

	



McMurdie, P.J.; Holmes, S. Phyloseq: An R Package for Reproducible Interactive Analysis and Graphics of Microbiome Census Data. PLoS ONE 2013, 8, e61217. [Google Scholar] [CrossRef] [PubMed]

	



Wickham, H. Getting Started with ggplot2. In ggplot2: Elegant Graphics for Data Analysis; Wickham, H., Ed.; Springer: Cham, Switzerland, 2016; pp. 11–31. [Google Scholar]

	



Lozupone, C.; Hamady, M.; Knight, R. UniFrac—An Online Tool for Comparing Microbial Community Diversity in a Phylogenetic Context. BMC Bioinf. 2006, 7, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Foster, Z.S.L.; Sharpton, T.J.; Grünwald, N.J. Metacoder: An R package for visualization and manipulation of community taxonomic diversity data. PLoS Comput. Biol. 2017, 13, e1005404. [Google Scholar] [CrossRef] [PubMed]

	



Oksanen, J.; Blanchet, F.G.; Kindt, R.; Legendre, P.; Minchin, P.; O’hara, R.B.; Simpson, G. Community Ecology Package. R Package Version 2.0. 2013. Available online: http://sortie-admin.readyhosting.com/lme/R%20Packages/vegan.pdf (accessed on 9 April 2019).

	



Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120. [Google Scholar] [CrossRef]

	



Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357–359. [Google Scholar] [CrossRef]

	



Wood, D.E.; Lu, J.; Langmead, B. Improved metagenomic analysis with Kraken 2. Genome Biol. 2019, 20, 1–13. [Google Scholar] [CrossRef]

	



Ondov, B.D.; Bergman, N.H.; Phillippy, A.M. Interactive metagenomic visualization in a Web browser. BMC Bioinform. 2011, 12, 385. [Google Scholar] [CrossRef]

	



Li, H. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM. arXiv 2013, arXiv:1303.3997. [Google Scholar]

	



Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R. 1000 Genome Project Data Processing Subgroup the Sequence Alignment/Map Format and SAMtools. Bioinformatics 2009, 25, 2078–2079. [Google Scholar] [CrossRef]

	



Spitaels, F.; Wieme, A.D.; Janssens, M.; Aerts, M.; Van Landschoot, A.; De Vuyst, L.; Vandamme, P. The microbial diversity of an industrially produced lambic beer shares members of a traditionally produced one and reveals a core microbiota for lambic beer fermentation. Food Microbiol. 2015, 49, 23–32. [Google Scholar] [CrossRef]

	



Spitaels, F.; Wieme, A.D.; Janssens, M.; Aerts, M.; Daniel, H.-M.; Landschoot, A.V.; Vuyst, L.D.; Vandamme, P. The Microbial Diversity of Traditional Spontaneously Fermented Lambic Beer. PLoS ONE 2014, 9, e95384. [Google Scholar] [CrossRef]

	



Domizio, P.; Lencioni, L.; Ciani, M.; Di Blasi, S.; Pontremolesi, C.; Sabatelli, M.P. Spontaneous and inoculated yeast populations dynamics and their effect on organoleptic characters of vinsanto wine under different process conditions. Int. J. Food Microbiol. 2007, 115, 281–289. [Google Scholar] [CrossRef]

	



Combina, M.; Elía, A.; Mercado, L.; Catania, C.; Ganga, A.; Martinez, C. Dynamics of indigenous yeast populations during spontaneous fermentation of wines from Mendoza, Argentina. Int. J. Food Microbiol. 2005, 99, 237–243. [Google Scholar] [CrossRef]

	



Di Maro, E.; Ercolini, D.; Coppola, S. Yeast dynamics during spontaneous wine fermentation of the Catalanesca grape. Int. J. Food Microbiol. 2007, 117, 201–210. [Google Scholar] [CrossRef]

	



Abriouel, H.; Martín-Platero, A.; Maqueda, M.; Valdivia, E.; Martínez-Bueno, M. Biodiversity of the microbial community in a Spanish farmhouse cheese as revealed by culture-dependent and culture-independent methods. Int. J. Food Microbiol. 2008, 127, 200–208. [Google Scholar] [CrossRef]

	



Marino, M.; Maifreni, M.; Rondinini, G. Microbiological Characterization of Artisanal Montasio Cheese: Analysis of Its Indigenous Lactic Acid Bacteria. FEMS Microbiol. Lett. 2003, 229, 133–140. [Google Scholar] [CrossRef]

	



Podolich, O.; Kukharenko, O.; Haidak, A.; Zaets, I.; Zaika, L.; Storozhuk, O.; Palchikovska, L.; Orlovska, I.; Reva, O.; Borisova, T.; et al. Multimicrobial Kombucha Culture Tolerates Mars-Like Conditions Simulated on Low Earth Orbit. Astrobiology 2019, 19, 183–196. [Google Scholar] [CrossRef]

	



Villarreal-Soto, S.A.; Bouajila, J.; Pace, M.; Leech, J.; Cotter, P.D.; Souchard, J.-P.; Taillandier, P.; Beaufort, S. Metabolome-Microbiome Signatures in the Fermented Beverage, Kombucha. Int. J. Food Microbiol. 2020, 333, 108778. [Google Scholar] [CrossRef]

	



Herald, P.J.; Zottola, E.A. Attachment of Listeria Monocytogenes to Stainless Steel Surfaces at Various Temperatures and pH Values. J. Food Sci. 1988, 53, 1549–1562. [Google Scholar] [CrossRef]

	



De Roos, J.; Vandamme, P.; De Vuyst, L. Wort Substrate Consumption and Metabolite Production During Lambic Beer Fermentation and Maturation Explain the Successive Growth of Specific Bacterial and Yeast Species. Front. Microbiol. 2018, 9, 2763. [Google Scholar] [CrossRef]

	



Gorski, L.; Palumbo, J.D.; Mandrell, R.E. Attachment of Listeria Monocytogenes to Radish Tissue is Dependent upon Temperature and Flagellar Motility. Appl. Environ. Microbiol. 2003, 69, 258–266. [Google Scholar] [CrossRef] [PubMed]

	



Moltz, A.G.; Martin, S.E. Formation of Biofilms by Listeria monocytogenes under Various Growth Conditions. J. Food Prot. 2005, 68, 92–97. [Google Scholar] [CrossRef] [PubMed]

	



Folsom, J.P.; Siragusa, G.R.; Frank, J.F. Formation of Biofilm at Different Nutrient Levels by Various Genotypes of Listeria monocytogenes. J. Food Prot. 2006, 69, 826–834. [Google Scholar] [CrossRef] [PubMed]

	



Aguilar-Uscanga, B.; François, J.M. A Study of the Yeast Cell Wall Composition and Structure in Response to Growth Conditions and Mode of Cultivation. Lett. Appl. Microbiol. 2003, 37, 268–274. [Google Scholar] [CrossRef]

	



Molina-Ramírez, C.; Castro, M.; Osorio, M.; Torres-Taborda, M.; Gómez, B.; Zuluaga, R.; Gómez, C.; Gañán, P.; Rojas, O.J.; Castro, C. Effect of Different Carbon Sources on Bacterial Nanocellulose Production and Structure Using the Low pH Resistant Strain Komagataeibacter Medellinensis. Materials 2017, 10, 639. [Google Scholar] [CrossRef]

	



Laureys, D.; Aerts, M.; Vandamme, P.; De Vuyst, L. Oxygen and diverse nutrients influence the water kefir fermentation process. Food Microbiol. 2018, 73, 351–361. [Google Scholar] [CrossRef]

	



Lugli, G.A.; Milani, C.; Mancabelli, L.; Turroni, F.; Sinderen, D.; Ventura, M. A microbiome reality check: Limitations of in silico-based metagenomic approaches to study complex bacterial communities. Environ. Microbiol. Rep. 2019, 11, 840–847. [Google Scholar] [CrossRef]

	



Sternes, P.R.; Lee, D.; Kutyna, D.R.; Borneman, A.R. A combined meta-barcoding and shotgun metagenomic analysis of spontaneous wine fermentation. GigaScience 2017, 6, 040. [Google Scholar] [CrossRef]

	



Arıkan, M.; Mitchell, A.L.; Finn, R.D.; Gürel, F. Microbial composition of Kombucha determined using amplicon sequencing and shotgun metagenomics. J. Food Sci. 2020, 85, 455–464. [Google Scholar] [CrossRef]

	



Csoma, H.; Sipiczki, M. Taxonomic Reclassification of Candida Stellata Strains Reveals Frequent Occurrence of Candida Zemplinina in Wine Fermentation. FEMS Yeast Res. 2008, 8, 328–336. [Google Scholar] [CrossRef]

	



Tu, C.; Hu, W.; Tang, S.; Meng, L.; Huang, Z.; Xu, X.; Xia, X.; Azi, F.; Dong, M. Isolation and identification of Starmerella davenportii strain Do18 and its application in black tea beverage fermentation. Food Sci. Hum. Wellness 2020, 9, 355–362. [Google Scholar] [CrossRef]

	



Chen, C.; Liu, B. Studies in Microbiological Quality and Survival of Candida Albicans in the Tea Fungi. J. Agric. Forest. 1997, 46, 53–64. [Google Scholar]

	



Hesseltine, C.W. A Millennium of Fungi, Food, and Fermentation. Mycologia 1965, 57, 149–197. [Google Scholar] [CrossRef]

	



Watawana, M.; Jayawardena, N.; Gunawardhana, C.; Viduranga, Y. Health, Wellness, and Safety Aspects of the Consumption of Kombucha. J. Chem. 2015, 2015, 1–11. [Google Scholar] [CrossRef]

	



Bokulich, N.A.; Thorngate, J.H.; Richardson, P.M.; Mills, D.A. Microbial biogeography of wine grapes is conditioned by cultivar, vintage, and climate. Proc. Natl. Acad. Sci. USA 2014, 111, E139–E148. [Google Scholar] [CrossRef]

	



Shayevitz, A.; Harrison, K.; Curtin, C. Barrel-Induced Variation in the Microbiome and Mycobiome of Aged Sour Ale and Imperial Porter Beer. J. Am. Soc. Brew. Chem. 2020, 79, 1–8. [Google Scholar] [CrossRef]

	



Muhammad, M.H.; Idris, A.L.; Fan, X.; Guo, Y.; Yu, Y.; Jin, X.; Qiu, J.; Guan, X.; Huang, T. Beyond Risk: Bacterial Biofilms and Their Regulating Approaches. Front. Microbiol. 2020, 11, 928. [Google Scholar] [CrossRef]

	



Dang, H.; Lovell, C.R. Microbial Surface Colonization and Biofilm Development in Marine Environments. Microbiol. Mol. Biol. Rev. 2016, 80, 91–138. [Google Scholar] [CrossRef]

	



Landis, E.A.; Oliverio, A.M.; McKenney, E.A.; Nichols, L.M.; Kfoury, N.; Biango-Daniels, M.; Shell, L.K.; Madden, A.A.; Shapiro, L.; Sakunala, S.; et al. The diversity and function of sourdough starter microbiomes. eLife 2021, 10, e61644. [Google Scholar] [CrossRef]

	



Drysdale, G.S.; Fleet, G.H. The Growth and Survival of Acetic Acid Bacteria in Wines at Different Concentrations of Oxygen. Am. J. Enol. Vitic. 1989, 40, 99–105. [Google Scholar]

	



Du Toit, W.; Pretorius, I.; Lonvaud-Funel, A. The effect of sulphur dioxide and oxygen on the viability and culturability of a strain of Acetobacter pasteurianus and a strain of Brettanomyces bruxellensis isolated from wine. J. Appl. Microbiol. 2005, 98, 862–871. [Google Scholar] [CrossRef]

	



Cvetković, D.; Markov, S.; Djurić, M.; Savić, D.; Velićanski, A. Specific interfacial area as a key variable in scaling-up Kombucha fermentation. J. Food Eng. 2008, 85, 387–392. [Google Scholar] [CrossRef]

	



Czerny, M.; Christlbauer, M.; Christlbauer, M.; Fischer, A.; Granvogl, M.; Hammer, M.; Hartl, C.; Hernandez, N.M.; Schieberle, P. Re-investigation on odour thresholds of key food aroma compounds and development of an aroma language based on odour qualities of defined aqueous odorant solutions. Eur. Food Res. Technol. 2008, 228, 265–273. [Google Scholar] [CrossRef]

	



Meilgaard, M.C. Individual differences in sensory threshold for aroma chemicals added to beer. Food Qual. Prefer. 1993, 4, 153–167. [Google Scholar] [CrossRef]

	



Hartwig, P.; McDaniel, M.R. Flavor Characteristics of Lactic, Malic, Citric, and Acetic Acids at Various PH Levels. J. Food Sci. 1995, 60, 384–388. [Google Scholar] [CrossRef]

	



Freer, S.; Dien, B.; Matsuda, S. Production of acetic acid by Dekkera/Brettanomyces yeasts under conditions of constant pH. World J. Microbiol. Biotechnol. 2003, 19, 101–105. [Google Scholar] [CrossRef]

	



Neta, E.R.D.C.; Johanningsmeier, S.D.; McFeeters, R.F. The Chemistry and Physiology of Sour Taste—A Review. J. Food Sci. 2007, 72, R33–R38. [Google Scholar] [CrossRef]

	



Drysdale, G.S.; Fleet, G.H. Acetic Acid Bacteria in Winemaking: A Review. Am. J. Enol. Vitic. 1988, 39, 143–154. [Google Scholar]

	



Ho, V.; Zhao, J.; Fleet, G. The effect of lactic acid bacteria on cocoa bean fermentation. Int. J. Food Microbiol. 2015, 205, 54–67. [Google Scholar] [CrossRef]

	



Capozzi, V.; Garofalo, C.; Chiriatti, M.A.; Grieco, F.; Spano, G. Microbial terroir and food innovation: The case of yeast biodiversity in wine. Microbiol. Res. 2015, 181, 75–83. [Google Scholar] [CrossRef]

	



Styger, G.; Prior, B.; Bauer, F.F. Wine flavor and aroma. J. Ind. Microbiol. Biotechnol. 2011, 38, 1145–1159. [Google Scholar] [CrossRef] [PubMed]

	



Pinto, L.; Baruzzi, F.; Cocolin, L.; Malfeito-Ferreira, M. Emerging technologies to control Brettanomyces spp. in wine: Recent advances and future trends. Trends Food Sci. Technol. 2020, 99, 88–100. [Google Scholar] [CrossRef]

	



Serra-Colomer, M.; Funch, B.; Forster, J. The raise of Brettanomyces yeast species for beer production. Curr. Opin. Biotechnol. 2019, 56, 30–35. [Google Scholar] [CrossRef] [PubMed]








[image: Microorganisms 09 01060 g001 550] 





Figure 1. Schematic overview of metabarcoding and shotgun metagenomic sequencing library preparation and data analysis pipelines, as performed for Taxonomic Diversity Study. Metabarcoding of Spatial Analysis Study samples was performed using the same pipeline. 
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Figure 2. Spatial distribution of bacteria and fungi within sectioned Kombucha SCOBY. Quantitative real-time PCR ct-values converted to log-CFU/g against standard curves of Brettanomyces (fungi) and Gluconobacter (bacteria). 
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Figure 3. Spatial variation in the composition of fungal and bacterial communities within sectioned Kombucha SCOBY, derived by metabarcoding analysis. Percentages of normalized sequencing reads for each taxa are presented within concentric rings according to their spatial position (inner, mid, outer), with separate plots for top and bottom SCOBY layers. 
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Figure 4. Shotgun sequencing of composite ‘meta’-SCOBY. Results of Kraken2 kmer analysis presented as Krona charts for bacteria and Ascomycota, which made up 99.5% of fungal reads. 
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Figure 5. Microbial community composition of 103 commercial Kombucha SCOBY determined by metabarcoding analysis and divided into four k-clusters. (a) Comparison of Simpson Diversity Index. (b) Ordination plot of weighed Unifrac distance comparing beta diversity. (c) Two-way hierarchically clustered heatmap showing the relative abundance of bacterial and fungal microbial genera within individual SCOBY, grouped by similarity and divided into four k-clusters. 
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Figure 6. Differential phylogenic heat tree of ASV relative abundance for each cluster. Tree includes ASVs that differ significantly in median read proportion (log2 ratio of median proportions) between k-cluster groupings of 103 commercial Kombucha SCOBY. Differences depicted as greater abundance in row clusters (green) versus column cluster (brown). Significance was determined using Wilcox rank-sum tests with a false discovery rate correction for multiple comparisons. 
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Table 1. Average relative abundance and prevalence of fungal and bacterial ASVs across 103 Kombucha SCOBY samples as determined by metabarcoding analysis, compared with results of shotgun-sequencing of the synthetic ‘meta’-SCOBY sample.
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Taxa (ASV)

	
Metabarcoding

	
Shotgun Sequencing




	
Relative Abundance

	
Prevalence 1

	
Proportion of Kmers 2






	
Fungi

	

	

	




	
g__Brettanomyces

	
0.813 ± 0.259

	
0.990

	
0.8884




	
g__Zygosaccharomyces

	
0.068 ± 0.170

	
0.625

	
0.0173




	
s__Starmerella davenportii

	
0.047 ± 0.124

	
0.481

	
0.016




	
s__Lachancea fermentati

	
0.038 ± 0.141

	
0.385

	
0.0086




	
k__Fungi

	
0.012 ± 0.050

	
0.183

	
NA




	
f__Saccharomycetales_unidentified

	
0.008 ± 0.072

	
0.019

	
NA




	
g__Candida

	
0.007 ± 0.062

	
0.019

	
0.0005




	
g__Hanseniaspora

	
0.004 ± 0.021

	
0.125

	
0.0038




	
g__Pichia

	
0.001 ± 0.011

	
0.010

	
0.0043




	
p__Ascomycota

	
0.001 ± 0.005

	
0.058

	
NA




	
g__Kregervanrija

	
0.001 ± 0.004

	
0.019

	
0.0076




	
Bacteria

	

	

	




	
g__Komagataeibacter

	
0.809 ± 0.299

	
0.971

	
0.7088




	
Lactobacillales total

	
0.129

	

	
0.0589




	
f__Lactobacillaceae

	
0.072 ± 0.167

	
0.394

	
NA




	
o__Lactobacillales_unidentified

	
0.050 ± 0.117

	
0.327

	
NA




	
g__Oenococcus

	
0.007 ± 0.061

	
0.077

	
0.019




	
g__Tanticharoenia

	
0.039 ± 0.130

	
0.462

	
0.0003




	
g__Acetobacter

	
0.012 ± 0.055

	
0.173

	
0.117




	
f__Acetobacteraceae

	
0.006 ± 0.030

	
0.144

	
NA




	
f__Bacillaceae_unidentified

	
0.005 ± 0.040

	
0.029

	
0.0112








1 Proportion of SCOBY where relative abundance of taxa exceeded 0.1%. 2 Proportion of kmers mapped to taxa (at metabarcoding ASV-defined levels) within relevant microbial kingdom. For ASV’s unassigned at a comparable level, kmer proportions are not reported (NA).
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