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Abstract: Koumiss, a traditional fermented beverage made from mare’s milk, is typically consumed
by nomads. Industrialized production of koumiss has been increasingly applied recently due to the
increased demand for the beverage and awareness of its potential health benefits. However, it is
unknown whether industrial koumiss is comparable to the traditional koumiss in terms of quality.
In this study, we compared the microbiological and physicochemical properties in the industrial
and traditional koumiss fermentation processes synchronously using culture-dependent and culture-
independent approaches. Although Lactobacillus and Kazachstania species were similarly dominant
in the bacterial and fungal communities, respectively, in both processes, the microbial counts and
diversity in the traditional koumiss were significantly higher than those in the industrial koumiss.
Furthermore, the traditional koumiss fermentation consumed more lactose, produced more flavor
substances including acetic acid, lactic acid, ethanol, and free amino acids, and reached a lower pH
value at the final stage. The physicochemical characters of traditional koumiss were mainly associated
with Lactobacillus and Kazachstania species, which, in turn, were positively correlated with each other
but negatively correlated with other non-dominant microbes. The starter was the major source of the
microbial community of industrial koumiss, whereas both the starter and environment were the major
sources of traditional koumiss. Random forest analysis recognized 11 significantly important genera
as microbial indicators to distinguish industrial from traditional koumiss. Overall, this study shows
that the microbial and physicochemical dynamics during the traditional and industrial fermentation
of koumiss differ significantly, and the results obtained are valuable for improving the quality of
industrial koumiss.

Keywords: koumiss; industrial and traditional fermentation; microbial community; physicochemical
dynamics; yeast; bacteria

1. Introduction

Koumiss, also referred to as kumys, kumiss, or airag, is a fermented acidic-alcoholic
beverage traditionally made via back-slopping fermentation, a technique in which a small
quantity of koumiss from the previous batch is added to raw mare’s milk as the starter for
the next batch of fermentation. It is primarily consumed by nomads in China, Kazakhstan,
Mongolia, and Russia and has recently gained popularity in western Europe, particularly
in France, Italy, Hungary, and the Netherlands [1]. Koumiss is rich in vitamins and essential
amino acids and has (3-galactosidase activity as well as therapeutic potential including
anticarcinogenic, hypocholesterolemia, antioxidative, and antibacterial properties [2]. Due
to its lower lactose content compared to raw mare’s milk, koumiss is favorable for in-
dividuals suffering from lactose intolerance, which cause symptoms such as abdominal
pain, bloating, diarrhea, nausea, and vomiting [3]. Additionally, previous studies have
shown that koumiss can alleviate the symptoms of hyperlipidemia and chronic atrophic
gastritis [4,5]. The lactic acid bacteria (LAB) isolated from koumiss are considered a good
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potential source of probiotics as they have a higher tolerance to bile and effectively inhibit
pathogenic bacteria [6,7].

The fermentation of koumiss mainly relies on two types of microbes: LAB and
yeasts [8]. The microbes and taste of traditional koumiss vary in different regions [9].
With a global increasing demand for koumiss, there is a demand for industrialization
of its production. This can be achieved through fermenting milk with pure cultures or
back-slopping on a larger scale [10]. However, it is unclear whether the industrial koumiss
is comparable to the traditional koumiss in terms of quality, despite its ability to produce
stable products.

Previous studies have focused on various aspects of koumiss fermentation, includ-
ing microbial composition [9,11], metabolites [12], core microbiota for main flavor com-
pounds [13,14], bacterial function during fermentation [15], and differences between differ-
ent sites [16] or before and after fermentation [17]. However, it is unknown whether there
are significant differences in the quality of koumiss produced through industrial versus
traditional fermentation. The purpose of this study is to test the quality of koumiss by
comparing the microbiota (yeasts and bacteria) and physicochemical characters of koumiss
under industrial and traditional fermentation. Specifically, we identified the microbes
involved in koumiss fermentation and tracked their dynamics using culture-dependent and
culture-independent methods. Changes in the physicochemical profile during fermentation
were also monitored to further analyze the correlation between them and microbes. Finally,
we analyzed the contributions of the starter and mare’s milk to koumiss using the source
tracker model and identified important genera to distinguish between fermentation modes
using the random forest model.

2. Materials and Methods
2.1. Koumiss Fermentation and Sampling

Koumiss products were prepared using the industrial and traditional fermentation
modes in August 2020 in Xilingol League, Inner Mongolia. The back-slopping technique
was employed in both modes, in which a small quantity of koumiss from the previous batch
was used as the starter for the next fermentation step. For the traditional fermentation,
2.5 L of back-slop starter was added to 25 L of raw mare’s milk and fermented at room
temperature (27 &+ 3 °C). For the industrial fermentation, 60 L of back-slop starter was added
to 600 L of pasteurized mare’s milk and fermented at a lower temperature (20 & 3 °C).
Five batches of koumiss were fermented using their own unique starter and tracked from
the beginning to the end. Two of the batches were fermented in industrial mode and
three in traditional mode. A total of 150 samples from the 5 batches were collected at
10 sampling points (starter, raw mare’s milk, 0 h, 5h, 11 h, 22 h, 27 h, 30 h, 33 h, and 46 h)
and triplicate samples were collected from each point of each batch. A part of one sample
was immediately subjected to pH measurement and microbial strain isolation. The other
part was transferred to the laboratory using dry ice boxes and stored at —80 °C until being
subjected to DNA extractions and other physicochemical analyses.

2.2. Microbial Isolation, Counts, and Identification

Culturable microbial populations during fermentation were monitored via colony
counting. A series of 10-fold dilutions were prepared for each sample and aliquots of 100 puL
of appropriate dilutions (1072 to 10~#) were spread on different agar plates. YPD (w/v, 1%
yeast extract, 2% peptone, and 2% D-glucose) agar plates with 200 pug/mL chloramphenicol
and de Man, Rogosa, and Sharpe (MRS) agar plates with 2 ng/mL Amphotericin B were
used for yeast and bacterium isolation and enumeration, respectively. The automated
colony counter (Interscience Scan 1200, St. Nom, France) was used to enumerate the
number of colony-forming units (CFUs).

Representative colonies were isolated and identified from the plates showing the high-
est morphological diversity. Species-level molecular identification of fungi was performed
by amplifying and sequencing the D1/D2 domains of the 265 rDNA using NL1/NL4
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primers [18] and the ITS region using ITS1/1TS4 [19]. Bacteria were identified via 16S
rDNA sequencing after amplification with the 27F/1492R primer pair [20].

2.3. Culture-Independent Analyses
2.3.1. Total DNA Extraction

Samples (4 mL) were centrifuged at 15,000 rpm for 10 min at 4 °C. The obtained pellets
were used to extract DNA using the FastDNA® Spin Kit for Soil (MP Biomedicals, Santa
Ana, CA, USA) according to the manufacturer’s instructions. The quality of DNA was
assessed using a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA).

2.3.2. Amplification and Sequencing Parameters

To study the diversity of bacteria and fungi, amplification was performed using
universal primers. For bacteria, the V3-V4 region of the 165 rDNA was targeted using 338F
5'-ACT CCT ACG GGA GGC AGC AG-3’ and 806R 5'-GGA CTA CHV GGG TWT CTA
AT-3 primers [21]. For fungi, fITS7 5-GTG ART CAT CGA ATC TTT G-3' and ITS4ngs
5'-TTC CTS CGC TTA TTG ATA TGC-3' primers [22,23] targeting the ITS2 region were
used. The amplicons from sample triplicates were mixed and sequenced using Illumina
Miseq PE300 (Majorbio, Shanghai, China). A total of 4.4 and 6.3 Gb of data for bacterial
and fungal amplicons were generated, respectively.

2.3.3. Bioinformatics

FastQC [24] was employed to evaluate the initial quality of the raw Illumina paired-
end reads and Trimmomatic (v0.36) [25] was utilized to remove low-quality and ambiguous
reads. The downstream analysis was performed using QIIME 2 (v2020.8) [26]. The paired-
end sequences were subjected to denoising and clustering into amplicon sequence variants
(ASVs) using DADAZ2 (v2020.8) [27]. Sequences with less than 10 reads in 1 sample or
present in only 1 sample were removed. The determination of taxonomy for bacteria was
based on the Silva database, while the UNITE database was utilized for fungi. Normalized
ASVs tables generated by usearchll [28] and the following analyses were performed in
R (version 4.1.2) [29]. Alpha diversity analysis was performed using indexes including
the Shannon index, Pielou evenness, observed features, and Faith’s phylogenetic diversity
(Faith’s pd). The Shannon index considers both richness and evenness, while Pielou even-
ness only focuses on evenness. The observed features refer to richness based on observed
ASVs, and Faith’s PD is a phylogenetically weighted measure of richness [30]. For beta
diversity analysis, we employed principal coordinate analysis (PCoA) with unweighted
and weighted Unifrac metrics, which assess the differences in phylogenetic lineages among
samples. The unweighted Unifrac calculates distances based only on branch length propor-
tions, while the weighted Unifrac calculates distances by weighting sequence abundance
against the branch lengths [31].

2.4. Physicochemical Analyses

The pH value was determined using a portable pH meter (ASONE, AS700, C1-2815-01).
Salinity, which was expressed by the concentration of dissolved salts in a koumiss sam-
ple, was determined using the CDC401 probe and HQ40d instrument (HACH, Loveland,
CO, USA). For sugar, alcohol, and organic acid quantification, samples were centrifuged
at 15,000 rpm for 10 min at 4 °C and the supernatants were filtered through a 0.22 um
nylon membrane (Jin Teng Corp., Tianjin, China) before determination. The identifica-
tion and quantification of sugars, alcohols, and organic acids were carried out using
high-performance liquid chromatography (HPLC) with the same column but two differ-
ent detectors (Shimadzu Corporation, Kyoto, Japan). Specifically, sugars and alcohols
were detected using the RID detector, while organic acids were detected using the UV
detector. Ten pL injections of the samples were performed on column Bio-Rad HPX-87H
(300 mm x 7.8 mm, Bio-Rad, Hercules, CA, USA). The column and detector temperatures
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were 60 °C and 40 °C, respectively. The mobile phase was 5 mM H,SO, flowing at a rate of
0.6 mL/min, and the total run time was 35 min. The retention time of the standards was
utilized for identification, and the peak area of the standards was used for quantification.

Free amino acids were determined using HPLC with a UV detector after precolumn
derivatization with phenyl isothiocyanate (PITC), as previously described with modifica-
tions [32]. The derivatized samples were filtered through a 0.22 pm nylon membrane before
determination. Then, 10 pL injections of samples were performed on column ZORBAX
Eclipse XDB-C18 (4.6 mm x 250 mm, 5 um, Agilent, Santa Clara, CA, USA) using gradient
elution with a binary system of acetonitrile and 0.1 M sodium acetate at a flow rate of
1 mL/min and the run time of 45 min. The column and detector temperatures were both
40 °C. Six concentration levels were prepared to plot the standard curve using an amino
acid standard solution (GBW(E)100062) containing a mixture of alanine, arginine, aspar-
tic acid, cystine, glutamic acid, glycine, histidine, isoleucine, leucine, lysine, methionine,
phenylalanine, proline, serine, threonine, tyrosine, and valine. Separate standards were
prepared to determine the peak position of each amino acid in the mixture. The contribution
of an individual amino acid to the taste (umami, sweetness, or bitterness) was inferred
according to Schiffman et al. [33]. Umami, sweetness, and bitterness were then expressed
by the sum of the concentrations of the amino acids contributing to each taste.

2.5. Statistical Analyses

The data’s normality was evaluated using the Shapiro-Wilk test, and the Wilcoxon
test was used to assess the significance of the differences between groups when normality
was rejected. Hypotheses were rejected at p < 0.05. Unless otherwise indicated, the data
were represented as means =+ standard error (SE).

3. Results
3.1. Changes and Composition of Culturable Microbes during Koumiss Fermentation

The microbial changes at different stages in both the industrial and traditional fer-
mentation modes were monitored simultaneously. In the industrial fermentation mode,
the bacterial count in the pasteurized mare’s milk was 2.4 log10 CFUs, but fungi were not
detected. In the traditional fermentation mode, the bacterial and fungal counts in the raw
mare’s milk were 7.7 and 2.3 log10 CFUs, respectively (Figure 1A). From the beginning
to the end of fermentation, the bacterial counts ranged from 5.9 to 7.1 log10 CFUs and
7.2 to 7.9 log10 CFUs in the industrial and traditional fermentation modes, respectively;
the fungal counts ranged from 5.9 to 7.0 and 6.5 to 7.3 log10 CFUs in the industrial and
traditional modes, respectively (Figure 1A). Overall, when considering all samples from
both fermentation modes, the microbial counts were significantly higher in the traditional
fermentation than that in the industrial fermentation (p < 0.05), and the bacterial counts
were significantly higher than that of fungi (p < 0.05) (Figure 1B).

A total of 510 strains were isolated and identified from all 150 samples collected from
both the industrial and traditional fermentation processes, including 212 bacterial strains
belonging to 36 species and 298 fungal strains belonging to 18 species. The traditional
fermentation process contained 24 bacterial and 17 fungal species and the industrial fermen-
tation process contained 22 bacterial and 7 fungal species. In the traditional fermentation,
the bacterial species mainly included Lactobacillus kefiri (20.2%), Enterococcus durans (17.1%),
Leuconostoc mesenteroides (15.5%), and Acetobacter oryzoeni (6.2%) (Figure 1C), while the fun-
gal species mainly included Brettanomyces anomalus (40.1%), Kazachstania unispora (23.4%),
Candida zeylanoides (6.8%), Kluyveromyces marxianus (4.7%), and Kluyveromyces lactis (4.7 %)
(Figure 1E). In the industrial fermentation, the bacterial species primarily included L. kefiri
(24.1%), A. oryzoeni (20.5%), Leu. Mesenteroides (14.5%), and Enterococcus italicus (6.0%)
(Figure 1D), while the fungal species mainly included K. unispora (41.5%), B. anomalus
(40.6%), Brettanomyces bruxellensis (5.7%), Klu. marxianus (4.7%), and Yarrowia lipolytica
(4.7%) (Figure 1F). The bacteria obtained through culture-dependent methods primarily
belonged to Firmicutes (76%) and Proteobacteria (21%) at the phylum level and L. kefiri
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(21.7%), Leu. mesenteroides (15.1%), E. durans (11.8%), and A. oryzoeni (11.8%) at the species
level (Figure S1A). The majority of the fungal isolates belonged to the phylum Ascomycota
(98%) and B. anomalus (40.3%) and K. unispora (29.9%) at the species level (Figure S1B).
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Figure 1. Culture-dependent microbial changes and composition during koumiss fermentation:
(A) CFUs of bacteria and fungi per milliliter of samples in traditional and industrial modes. Each
point represents the average of triplicates + SE. (B) Paired comparison of CFUs between bacteria
and fungi in traditional and industrial mode according to the Wilcoxon test. ns means p > 0.05,
*p <0.05, and **** p < 0.0001. Global composition based on isolate identification of bacteria in
traditional (C) and industrial mode (D) and fungi in traditional (E) and industrial (F) mode.
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3.2. Microbial Community Dynamics during Koumiss Fermentation Revealed by Culture-
Independent Analyses

3.2.1. Fungal Dynamics

Through ITS2 Illumina sequencing, a total of 4,153,102 filtered reads were obtained
and clustered into 165 ASVs. The rarefaction curves had reached a plateau, indicating
enough sequences for bioinformatic analysis (Figure S2). Most of the ASVs (88%) belonged
to Ascomycota and the remaining 12% belonged to Basidiomycota; Kazachstania (80.8%)
and Trichosporon (10.8%) were present at the genus level (Figure S1D).

A total of 49 fungal genera were observed, and 11 abundant genera were retained for
further analyses. Kazachstania was the dominant genus in both the industrial and traditional
starters, followed by Brettanomyces and Trichosporon in the industrial starter and Trichosporon
and Candida in the traditional starter. Trichosporon and Candida also dominated in the raw
mare’s milk, and Kazachstania dominated in both the traditional and industrial fermentation
processes. During the traditional fermentation (0 h to 46 h), the relative abundance of
Kazachstania increased, while the abundance of other fungi such as Trichosporon and Candida
decreased. Notably, no fungi were found in pasteurized mare’s milk, which was consistent
with the culture-dependent observations. During industrial fermentation, the relative
abundance of Kazachstania remained consistently high (Figure 2A). The UpSet plot of all
fungi at the genus level indicated that 29 genera were unique to the traditional fermentation,
1 genus was unique to the industrial fermentation, and 19 genera were shared between the
two fermentation modes (Figure 2B).

After normalization, 41,943 reads per sample (corresponding to the sample with
the lowest reads) were used for diversity analyses. Alpha diversity indexes showed
significant differences between the two fermentation modes, with traditional fermentation
exhibiting significantly higher fungal diversity compared to the industrial fermentation
(p < 0.001) (Figure 2E). The changes in the alpha diversity of the fungal communities during
the industrial and traditional fermentation were analyzed separately (Figure S3). The
Shannon and Pielou indexes which indicate the richness and evenness, respectively, of the
fungal communities in different stages during the traditional fermentation process differed
significantly (p < 0.05) (Figure S3).

Beta diversity analyses were performed based on unweighted and weighted Unifrac
distances to estimate the difference among fungal communities from different fermentation
modes. Although a difference between the fungal communities associated with different
fermentation modes was shown in the PCoA plots, the difference was not statistically
significant (p > 0.05) (Figure S5). The beta diversities of the fungal communities associated
with different fermentation stages were significantly different regardless of fermentation
modes (p < 0.05) (Figure S6).

3.2.2. Bacterial Dynamics

[llumina sequencing of thel6S rDNA V3-V4 region resulted in 2,873,214 filtered reads
with an average length of 427 bp. These reads were clustered into 203 ASVs, mainly belong-
ing to Firmicutes (77.9%) and Proteobacteria (21.8%) at the phylum level and Lactobacillus
(72.9%) and Enterobacter (16.3%) at the genus level (Figure S1C). A total of 32 bacterial
genera were identified from the ASVs, of which 10 abundant genera were visualized on the
bacterial composition plots (Figure 2C). Lactobacillus was the dominant genus in both the
industrial and traditional starters, followed by Acetobacter in the industrial starter and Enter-
obacter in the traditional starter. Enterobacter and Acinetobacter were the dominant genera in
mare’s milk whether pasteurized or not, while Lactobacillus was the dominant genus in both
the traditional and industrial fermentation processes. During the fermentation process from
0 h to 46 h, the relative abundance of Lactobacillus increased, while other non-dominant
bacteria such as Enterobacter and Acinetobacter decreased in both fermentation modes. The
UpSet plot indicated that five genera were unique to the traditional fermentation, three
genera were unique to the industrial fermentation, and twenty-four genera were shared by
both fermentation modes (Figure 2D).
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Figure 2. Culture-independent microbial community dynamics during koumiss fermentation. Rela-
tive abundance of fungi (A) and bacteria (C) at the genus level during fermentation in industrial and
traditional modes. Genera with a relative abundance less than 0.1% were combined and recorded
as “Others”. The letters “S” and “M” in (A,C) represent starter and milk, respectively. UpSet plots
for fungi (B) and bacteria (D) at the genus level in industrial and traditional modes. Horizontal bars
represent the total number of genera in each mode. Vertical bars represent the number of genera in
each intersection indicated by the connected dots. The color purple represents the number of genera
shared between industrial and traditional modes. Comparisons between industrial and traditional
modes based on fungal (E) and bacterial (F) alpha diversity. ns means p > 0.05, * p < 0.05, *** p < 0.001,
and **** p < 0.0001.

To conduct alpha and beta diversity analyses, all samples were normalized to 25,635 reads
per sample according to the sample with the lowest reads. The alpha diversity indexes
of the total bacteria were significantly higher in the traditional than in the industrial
fermentation (p < 0.05) (Figure 2F). For fermentation stages, the observed features and
Faith’s PD indexes of samples from the traditional fermentation were significantly different
(p < 0.05) (Figure S4). The bacterial communities from different fermentation modes ex-
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hibited a difference in the PCoA plots, but the difference was not statistically significant
(p > 0.05) (Figure S5). However, significant differences were observed in the beta diversities
of bacterial communities associated with different fermentation stages (p < 0.05) (Figure S6).

3.3. Physicochemical Dynamics during Fermentation

A similar trend of pH change was observed in the industrial and traditional fermenta-
tion processes. At the beginning, the pH of the mare’s milk in the traditional mode was 6.8,
higher than that (6.6) in the industrial mode (p < 0.05), probably due to the pasteurization
of the raw milk in the latter. However, at the end of fermentation, the pH of the traditional
fermentation (pH 3.3) was lower than that (pH 3.5) of the industrial fermentation (p < 0.05)
(Figure 3A and Figure S7). The salinity increased slowly during fermentation, ranging
from approximately 1%. to 2.5%., with no significant differences observed between the
fermentation modes. Initially, the lactose content in the mare’s milk was around 74.4 g/L,
then it gradually decreased to 55.3 g/L and 28.3 g/L at the end of the industrial and
traditional fermentation modes, respectively (p < 0.05) (Figures 3A and S7). Consequently,
the lactose utilization rate was 25.7% in the industrial mode and 62.0% in the traditional
mode. Acetic acid, lactic acid, ethanol, and amino acids were monitored and quantified as
major flavor substances of koumiss. While these substances were almost absent or present
in very low concentrations in the mare’s milk, they showed a progressive increase during
the fermentation process. Significant differences in their concentrations were observed
between the traditional and industrial fermentation modes (p < 0.05) (Figures 3A and S7).
Acetic acid showed a low concentration at the end of fermentation, reaching 0.4 g/L and
0.8 g/L in the industrial and traditional modes, respectively, while lactic acid showed a
higher concentration at the end of fermentation, reaching 14.8 g/L in the industrial mode
and 24.6 g/L in the traditional mode. Ethanol gradually increased to 4.5 g/L and 12.1 g/L
in the industrial and the traditional modes, respectively.

The contents of amino acids contributing to umami (aspartic acids and glutamic acid),
sweetness (alanine, glycine, proline, serine, and threonine), and bitterness (arginine, histi-
dine, isoleucine, leucine, lysine, methionine, phenylalanine, tyrosine, and valine) inferred
based on [33] all increased in both the industrial and traditional fermentation processes
(Figure 3B). Proline was the most abundant amino acid at the end (46 h), followed by aspar-
tic acid, alanine, and glutamic acid, which contributed to umami and sweetness (Figure 3B).
The combined concentrations of the amino acids responsible for umami (3.2 vs. 2.0 mM),
sweetness (6.4 vs. 4.1 mM), and bitterness (5.3 vs. 3.1 mM) were all significantly higher
in the traditional mode than in the industrial mode at the end of fermentation (p < 0.05)
(Figure S7).

3.4. Correlation between Microbes and Physicochemical Profile during Fermentation

In the traditional fermentation, Spearman’s correlation analysis revealed that 14 genera
exhibited significant correlations with physicochemical characters (p < 0.05) (Figure 4B).
The dominant bacterial genus Lactobacillus and the dominant fugal genus Kazachstania
showed significant positive correlations with lactic acid, ethanol, and salinity and umami,
sweetness, and bitterness, and negative correlations with lactose and pH, while the non-
dominant genera usually exhibited an opposite pattern with the physicochemical characters
(Figure 4B). In the industrial fermentation, however, a general clear correlation between
the microbes and physicochemical characters was not observed. Among the 21 genera
analyzed, only Enterococcus exhibited a significant positive correlation with pH and negative
correlations with lactic acid, salinity, and sweetness (p < 0.05) (Figure 4A).
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Figure 4. Spearman correlations between microbes and physicochemical characters: (A) Industrial
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“1” represents a perfect positive correlation (dark red) and “—1" represents a perfect negative cor-
relation (dark blue). * p < 0.05. Umami, sweetness, and bitterness are expressed by the sum of the
concentrations of the amino acids contributing to each taste.

3.5. Microbial Co-Occurrence during Fermentation

The patterns of microbial co-occurrence differed between the industrial and traditional
fermentation modes. In the industrial fermentation, only a few bacterial genera showed
significant correlations. Streptococcus with Lactococcus; unclassified Enterobacteriaceae with
Enterobacter; and Enterococcus with Leuconostoc and Acinetobacter showed significant positive
correlations, respectively (p < 0.05) (Figure 5A). In contrast, more significant correlations
were found in the traditional fermentation (Figure 5B). The fungal genus Kazachstania and
the bacterial genus Lactobacillus, which were the two most dominant genera in koumiss,
showed a significant positive correlation with each other but negative correlations with
almost all other genera (p < 0.05). Specifically, Kazachstania negatively correlated with bacte-
rial genera Lactococcus, Enterobacter, and Chryseobacterium and fungal genera Trichosporon,
Rhodotorula, Debaryomyces, Candida, Torulaspora, and Tausonia. Lactobacillus showed negative
correlations with bacterial genera Lactococcus, Enterobacter, Chryseobacterium, Enterococcus,
and unclassified Enterobacteriaceae and fungal genera Trichosporon, Rhodotorula, and Debary-
omyces (p < 0.05). Significant positive correlations were found among most non-dominant
microbes including bacterial genera Lactococcus, Enterobacter, Chryseobacterium, and Entero-
coccus and fungal genera Trichosporon, Rhodotorula, Debaryomyces, Torulaspora, and Candida
(p < 0.05) (Figure 5B).
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Figure 5. Microbial co-occurrence during fermentation: (A) Industrial fermentation; (B) Traditional
fermentation. The color of the scale indicates the type of correlation: “1” represents a perfect positive
correlation (dark red) and “—1" represents a perfect negative correlation (dark blue). * p < 0.05.

3.6. Source Tracking of Koumiss Microbial Community

To further understand the microbial transmission during koumiss fermentation, source
tracking analysis was performed using bacterial ASVs as the input data. The starter and
the mare’s milk were set as “sources” and the koumiss from Oh to 46 h was set as “sinks”.
The analysis identified the proportion of source contributions to a sink and attributed
96.4% of the bacteria in the industrial koumiss to the starter, followed by the mare’s
milk (2.7%) and environment source (0.9%). For the traditional koumiss, 59.6% of the
bacteria depended on the starter, followed by the environment source (34.5%) and the
mare’s milk (5.9%). Overall, the koumiss bacterial community was primarily dependent
on the starter rather than the mare’s milk (Figure 6A). Notably, the environment source
which generally involved processing tools also contributed heavily to the bacteria in the
traditional koumiss. Although the contribution of the mare’s milk to the koumiss bacteria
was higher in traditional than in industrial fermentation, the bacteria in the mare’s milk
usually diminished over time regardless of the fermentation mode (Figure 6B).

3.7. Microbial Genera Distinguishing Fermentation Modes

To distinguish between the industrial and traditional fermentation modes in terms
of microbiology, 49 fungal genera and 32 bacterial genera were ranked based on their
relative contribution to model prediction accuracy. After cross-validation error testing,
the 18 most important genera were chosen for verification. Among them, 11 genera were
significantly important, including fungal genera Kluyveromyces, Debaryomyces, Candida,
Torulaspora, Wickerhamomyces, Rhodotorula, and Malassezia and bacterial genera Streptococcus,
Lactococcus, Acetobacter, and unclassified Enterobacteriaceae (Figure 6C). We observed that
these predicting genera were primarily non-dominant genera in koumiss fermentation, and
many had a higher relative abundance in the traditional mode (Figure S8).
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Figure 6. Source tracking and random forest analyses of microbial communities. The relative
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(B) to the bacterial communities in different fermentation stages. (C) The importance of genera
to distinguish fermentation modes and the significantly important genera are indicated by green bars
with asterisks. ns, p > 0.05; *, p < 0.05; and **, p < 0.01.

4. Discussion

In this study, we comparatively analyzed the microbial and physicochemical dynamics
in the entire fermentation processes of traditionally and industrially fermented koumiss
products. Our results showed that the traditional fermentation exhibited significantly
higher microbial counts and diversity compared to the industrial fermentation, though
the dominant genera involved in the two fermentation modes were similar. We observed
notable differences in the physicochemical dynamics and microbial correlations and sources
between the two fermentation modes. Furthermore, we identified 11 key genera as micro-
bial indicators distinguishing the two fermentation modes.

Unlike previous studies that solely relied on either culture-dependent [9] or culture-
independent approaches [13], we employed a combination of both approaches to in-
vestigate the dynamics of microbial communities during koumiss fermentation. The
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culture-dependent approach can provide information about viable micro-organisms, thus
confirming the trends observed through the culture-independent approach [34]. Culture-
independent analysis can reveal uncultivable and late-growing microbes, as well as sub-
dominant populations [35]. During koumiss fermentation, the bacterial genus Chryseobac-
terium and fungal genera Cladosporium, Saccharomycopsis, and Tausonia were revealed via
culture-independent analysis. Chryseobacterium is associated with food or dairy products
spoilage, while Cladosporium is commonly found in raw milk [36]. Saccharomycopsis fibulig-
era is important in food fermentation due to its enzymatic capabilities [37], and Tausonia
can inhibit pathogen growth in co-culture by producing auxin-like compounds [38].

Kazachstania and Lactobacillus were identified as dominant genera via both culture-
dependent and culture-independent methods. The dominant microbes in koumiss fermen-
tation were not consistent across studies. Some studies found Brettanomyces and Lactobacillus
to be dominant [14,16,39], while another study identified Kazachstania and Lactobacillus
as dominant groups [13]. Lactobacillus, a dominant genus in dairy fermentation, opens a
niche for its followers by converting lactose into galactose and glucose [40]. On the other
hand, K. unispora can ferment galactose and glucose but not lactose, allowing it to avoid
competition with lactose-fermenting microbes and occupy its niche [8]. K. unisporus, which
was recognized as the primary fungal species responsible for the alcoholic fermentation of
traditional koumiss [8], possesses the ability to withstand high osmolarity, acidity, ethanol,
and salt [41]. B. anomalus, a lactose-fermenting yeast, converts lactose into galactose and
glucose and subsequently produces ethanol under anaerobic conditions or acetic acid under
aerobic conditions. Both are valuable metabolites in the fermented beverage industry [42].

Microbiome data allows us to quantify microbial differences in both alpha and beta di-
versity. Alpha diversity measures the richness (number of taxa) and evenness (distribution
of abundances of the taxa) within a group, while beta diversity assesses the dissimilarity be-
tween groups based on the abundance or the presence of certain sequences [31]. Traditional
fermentation showed significantly higher alpha diversity of fungi and bacteria, indicating
a greater variety and balance of genera. Although beta diversity did not significantly differ
between the traditional and industrial fermentation modes, it varied significantly across
stages, suggesting that variations in beta diversity are more dependent on the stage of
the fermentation process. The entire process of traditional fermentation involves a higher
count of micro-organisms, with bacteria outnumbering fungi. Pasteurization is likely a
major driver of differences in microbial diversity and counts, primarily due to the heat
susceptibility of certain microbes, such as yeasts and molds, leading to their elimination
following pasteurization [43].

Quality evaluation of fermented beverages typically involves parameters such as
the contents of residual sugars, alcohol, organic acids, and amino acids [44]. The overall
physicochemical dynamics observed during koumiss fermentation in our study correspond
with those reported in previous studies [14,45]. Specifically, the pH value and residual
lactose levels decreased, while the concentrations of acetic acid, lactic acid, ethanol, and free
amino acids increased during the fermentation process. Notably, significant differences exist
between the traditional and industrial fermentation modes. Koumiss can be categorized
into three main flavors (mild, medium, and strong) based on the final acidity and ethanol
content [1]. Our results indicate that the industrial koumiss attained a mild flavor, whereas
the traditional koumiss achieved a medium flavor at the end of fermentation. Moreover,
the traditional koumiss had a lower pH, which can better prevent spoilage and improve
preservation [46]. Traditional koumiss, due to its lower residual lactose content, is more
suitable for adults with lactose intolerance. The composition of free amino acids plays
a significant role in shaping the unique flavor profiles of fermented products [47]. The
concentrations of free amino acids responsible for sweetness, umami, and bitterness in
the traditional mode were higher than those in the industrial mode, which implies the
unique flavor of the traditional koumiss. The adoption of low temperatures in industrial
fermentation processes diminishes microbial activity and metabolic rates, consequently
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prolonging the completion of fermentation. This factor provides partial elucidation for the
observed incomplete fermentation in industrial settings [48].

Correlation analysis revealed that the abundance of dominant genera Lactobacillus and
Kazachstania was significantly positively correlated with the consumption of residual lactose,
the decrease in pH, and the production of main flavors compounds. Previous studies
found that four bacterial genera (Lactobacillus, Acetobacter, Lactococcus, and Pseudomonas)
and two fungal genera (Kazachstania and Candida) played key roles in creating the main
volatile flavor compounds of koumiss [13]. Another study found that Lactobacillus and
Brettanomyces were particularly important for koumiss flavor [14]. The correlations between
the non-dominant genera and physicochemical characteristics basically showed a pattern
opposite to that of the dominant genera. Specifically, the non-dominant genera exhibited
a positive correlation with pH, which implies that the abundance of these non-dominant
genera decreases as pH decreases. Micro-organisms tend to co-occur out of co-operative
interactions or a similar niche preference. In our study, we observed a significant positive
correlation between the dominant genera Lactobacillus and Kazachstania. Considering their
minimal competition for carbon sources in the dairy environment, we infer that there
might be a cooperative relationship between them. Further studies are required to verify
this hypothesis.

Source tracking analysis revealed that the microbial community in both industrial
and traditional koumiss primarily originates from the starter. However, in the traditional
koumiss, there were also contributions from environment source. This observation aligns
with previous research, which demonstrated a strong association between the micro-
organisms present in the final milk product and those found in both the product tank and
raw milk [49]. Our results suggest potential contamination in the processing environment,
underscoring the need for further investigation. Future research should aim to identify
the environment source in traditional koumiss and develop strategies to mitigate potential
contamination during the production process.

Random forest models suggested that several non-dominant microbes can effectively
distinguish between the traditional and industrial fermentation modes, with most of them
being more abundant in the traditional mode. Among them, Kluyveromyces contributes
to the production of low-lactose fermented milk due to its ability to utilize lactose [50].
Debaryomyces is commonly found in high-osmolarity foods that are salted, sugared, or
fermented [51]. Streptococcus, a potential cause of opportunistic udder infections in mares,
is prevalent in raw mare’s milk [52] and traditional koumiss [13,39]. Lactococcus, as ther-
molabile LAB, significantly decreases after pasteurization [53]. Enterobacteriaceae, oppor-
tunistic pathogens often used as indicators of microbial quality, survive pasteurization
primarily due to inadequate plant design, improper operation of the pasteurizer, and
cross-contamination from persistent bacteria in dairy processing environments [54].

5. Conclusions

Koumiss is traditionally a homemade acidic-alcoholic beverage. With the increased
demand for the beverage due to its potential health benefits, industrialized production
of koumiss has been increasingly applied recently in China. In this study, we found
significant differences in microbial communities and physicochemical dynamics between
traditional and industrial koumiss products which were fermented in the same time and
place using the same raw mare’s milk. Compared to the industrial koumiss, the traditional
product consumed more lactose, produced more flavor compounds, and reached a lower
pH value at the end of fermentation and, thus, was judged to be of higher quality. The
higher quality of the traditional koumiss probably resulted from the higher microbial
counts and diversity involved in the traditional fermentation approach. The differences
in the pasteurization of the raw milk, starters, fermentation facilities, and temperature
were probably the main causes of the microbial differences between the traditional and
industrial fermentation processes. The utilization of pure microbial cultures as a starter
or supplementary source of the functional microbes involved in koumiss fermentation
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is probably helpful for improving the quality of industrially produced koumiss. This
underscores the value of the microbes isolated in this study, the correlation of the microbes
with the physicochemical dynamics, the co-occurrence of them in the fermentation process,
and the identification of the 11 critical microbial markers distinguishing the traditional
and industrial fermentation modes. Collectively, these findings provide a roadmap for
improving the quality and consistency of industrial koumiss production.
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