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Abstract—The analysis of the literature on the microbiome composition and metabolic properties of kefir
available at the RSCI and Web of Science was carried out. Kefir has been used by humans for centuries. It is
a useful product of mixed lactic and alcoholic fermentation, produced using evolutionally established asso-
ciative cultures, collected in an aggregated state termed kefir grains. General characterization of kefir grains
from the territorial zones of different continents (Russia, Europe, Asia, and America) is provided. The meth-
ods for differentiation and identification of individual species are described, as well as their interactions within
the community. The diversity of microbial composition of kefir grains depending on local cultivation condi-
tions and storage processes is shown. The microorganisms present in kefir have a number of properties that
determine their metabolism, interaction in the community, beneficial effects on human health and immune
system, which is important for the prevention and control of bacterial and viral infections, especially during
the COVID-19 pandemic.
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Under pandemic conditions, a human organism is
subject to a viral attack combined with a complex of
unfavorable factors affecting the normal functioning
of its major systems, which impairs the balance of the
intestinal microbiome and suppresses immunity.
Alterations in the composition of the microbial com-
munity of the organism caused by ecological, pharma-
cological, and other stress factors may be ameliorated
by enrichment of the GIT microbiota with introduced
beneficial microorganisms (Shenderov, 2014). This
finding initiated development of a new field of micro-
biology, studies of probiotics, living microorganisms,

Abbreviations: ATP, adenosine triphosphate; CFB, coliform
bacteria; DNA, deoxyribonucleic acid; GIT, gastrointestinal
tract; LDH, lactate dehydrogenase; man-PTS, mannose phos-
photransferase system; LAB, lactic acid bacteria; PDH, pyru-
vate dehydrogenase; PFL, pyruvate formate lyase; RNA, ribo-
nucleic acid; PTS, phosphotransferase system; PGA, phospho-
glyceric acid; CPM, cytoplasmic membrane; EPS,
exopolysaccharides; o.-ALS, a-acetolactate synthase; CD4, sig-
nals an infection or allergic process; CDS8, indicates the risk of a
oncological process; CD4/CDS8, immunoregilatory index; 1L-1,
interleukin-1, cytokine, a mediator of inflammation and immu-
nity; 1L-6, interleukine-6, induces T-cells growth and differenti-
ation; IgA, class A immunoglubuline, a glycoprotein, indicator
of humoral immunity; IgG, immunoglobulin, a blood plasma
protein, antibodies as a response to infection.

certain amounts of which have beneficial effects on
human and animal health when introduced into the
organism with food (Meier and Steuerwald, 2005;
Oleskin et al., 2020). The last decades of the previous
century and the beginning of the present one are char-
acterized by active development of nutrition science
dealing with nutrition of healthy humans and develop-
ment of functional foodstuffs containing probiotic
microflora with desired beneficial properties. Nutri-
ceutics include biologically active compounds posi-
tively affecting human health and may contribute to
prevention of certain diseases (Shenderov, 2014; Ole-
skin et al., 2020).

The disciplines dealing with nutrition of patients
(dietology) and healthy people (nutritiology) have
been known since ancient times. Old manuscripts
indicate that long ago (B.C.) Egyptians, Greeks, Jews,
Romans, and Arabs have used various foodstuffs to
cure and prevent diseases (Farnworth, 2005). Kefir is
a useful, nutritious product with unique organoleptic
properties, which exerts a positive effect on human
health. Unlike other fermented milk products, it does
not result from metabolic activity of a single microbial
species (or closely related species), but is produced by
a complex, naturally developed microbial community
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termed kefir grains. The microbial composition of
kefir grains is not stable, which affects the quality and
sanitary properties of kefir (Stadie et al., 2013). How-
ever, the experimental data on the structure of kefir
microbial communities and trophic interactions
between the components of established consortia are
equivocal and insufficient for development of a con-
ceptual model, which could have improved our under-
standing on the structure of the kefir microbiome.

The goal of the present review was to collect the
information on the composition of kefir grains and the
interactions in the complex microbial community,
which is required for development of approaches to
controlling the stability of kefir grains composition
and of the functional foodstuffs and pharmaceuticals
with beneficial effects on human health.

Characterization of Kefir

Kefir production originates in the Caucasus and in
the mountains of Mongolia or Tibet, where before
2000 B.C kefir grains were already traditionally passed
from generation to generation among the tribes and
were considered the source of family wealth. It got its
name from the Turkish Kefir, meaning well-being or
good life, because of the overall sense of health and
well-being experienced by its users (Fanworth et al.,
2008). This is a fermented milk product resulting from
combined lactic acid and alcohol fermentation of lac-
tose contained in milk. Kefir is obtained by inocula-
tion of milk, a source of biologically active compounds
in its own right, with kefir grains with a relatively stable
and specific ratio of bacteria and yeasts. It is known
that while milk assimilation by humans is 32%, fer-
mented milk products, including kefir, are assimilated
completely. The major characteristics of kefir are as
follows: acidity (pH 4.6), alcohol content 0.5—2%; its
organoleptic parameters include acid taste and yeast
aroma. According to the recommended standards, it
should contain at least 2.8% protein, below 10% fat,
and at least 0.6% lactic acid (GOST 31454-2012). Sec-
ondary components of kefir include diacetyl, acetal-
dehyde, and amino acids, affecting its taste (Gradova
et al.,, 2014). The chemical composition of kefir
reflects its food value. Numerous bacterial species
occurring in kefir have a high probiotic potential,
including their inhibitory effect on pathogenic and
putrefactive microorganisms, resistance to GIT stress
(low pH and bile salts), and adhesive properties result-
ing from the synthesis of exopolysaccharides structur-
ally analogous to the exopolysaccharide kefiran (Eni-
keev, 2011; Gradova et al., 2014). Lactic acid is the
strongest antiseptic agent present in kefir. In spite of
the probiotic nature of kefir as such, it may be supple-
mented with microbial cultures in order to achieve suf-
ficient consumption of target-oriented probiotics
(Farag et al., 2020). The leaven used in kefir produc-
tion consists of naturally established microbial com-
munities termed kefir grains. According to the pres-
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ent-day requirements of the standards (GOST 31454-
2012) a product may be named kefir if it was produced
using the leaven prepared on kefir grains without addi-
tion of pure cultures of yeasts and lactic acid bacteria,
with the content of lactic acid bacteria and yeasts in
the product by the end of its effective life of at least
107 CFU and 10* CFU per 1 g of the product, respec-
tively.

Kefir Grains: Structure and Functions

Kefir grains are discrete structures containing pro-
tein (4—5%), the polysaccharide termed Kkefiran
(9—10%), and a complex lamellar microbiota (Leite
etal., 2013: Gradova et al., 2014). They may be
described as gelatinous, white or slightly yellowish
irregular masses with elastic consistency, 0.3 to 3.5 cm
in diameter (Figs. 1, 2). Microscopy of kefir grains
revealed smooth, bumpy surfaces and a gelatinous
matrix, which was overlaying the cell aggregates as a
thin polysaccharide film.

The microbiota of kefir grains is represented by
cocci and short and long rods, located close to elon-
gated yeast cells. Short rods, probably Lactobacillus
kefir, are located closer to the stroma surface, while
long, thin, bent rods, e.g., Lactobacillus kefiranofa-
ciens are distributed throughout the matrix volume,
with their concentration increasing to the grain center.
The cocci are mainly located at the surface of yeast
cells, while the rods occupy the space between the
yeast cells. The yeasts are most closely bound to the
kefir grain stroma and are located both at the center
and at the surface of the grains. The density of micro-
bial cells is higher at the surface of the grain than in its
center (Wang et al., 2012). The numbers of microor-
ganisms at the surface and in the center of the grains
depends on their relation to oxygen and on pH values.
Inside the grains, pH is very low and inhibits the
growth of lactococci. Due to weak adhesive properties
of Lactococcus lactis, many electron microscopic stud-
ies failed to reveal them in kefir grains, although other
isolation techniques showed that L. lactis was one of
the dominant species in the same grains (Cheirsilp
et al., 2003; Jianzhong et al., 2009).

The exact microbial composition of kefir grains
remains debatable. In the grain base, up to 50 bacterial
and yeast species were isolated from kefirs produced in
different regions (Pogaci¢ et al., 2013). The bacterial
genera most common in kefir grains from milk belong
to LAB, which are responsible for 37—90% of the
microbial population (Yiiksekdag et al., 2004; Miguel
et al., 2010; Zanirati et al., 2015); acetic acid bacteria,
yeasts, and fungi are also present (Witthuhn et al.,
2005; Yang et al., 2007; Mayoa et al., 2012; Gao et al.,
2012, 2013). The microbial composition of kefir grains
was reported to depend significantly on their origin
and local cultivation conditions (Prado et al., 2001;
Kotova et al., 2016) (Table 1).
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Fig. 1. Kefir and kefir grains (by Leitte et al., 2013).

Fig. 2. Kefir grain microstructure determined by scanning electron microscopy (JSM-7600F, Japan): outer layer of the kefir

grain (a) and inner layer (b) (by Wang et al., 2012).

Among LAB, lactobacilli, such as Lactobacillus
paracasei ssp. paracasei, L. acidophilus, L. delbrueckii
ssp. bulgaricus, L. plantarum, and L. kefiranofaciens,
are predominant species constituting 20% of the total
LAB number (Gao et al., 2007; Wang et al., 2012;
Zanirati et al., 2015). Other microorganisms present
include mesophilic homofermentative lactococci Lac-
tococcus spp. (Magalhaes et al., 2011; Garofalo et al.,
2015), thermophilic Strepfococcus thermophilus
(Simova et al., 2002; Kok-Tas et al., 2012; Guzel-Sey-
dium, 2015), heterofermentative lactobacilli and Leu-
conostoc spp., streptococci producing lactic and acetic
acids, CO,, ethanol, dextran, and the substances
responsible for specific aroma, such as acetoin and
diacetyl (Diosma et al., 2014; Walsh et al., 2016). Ace-
tic acid bacteria, e.g., Acetobacter fabarum, have been
isolated in China (Yang et al., 2007; Gao et al., 2012;
Jianzhong et al., 2009), while Acefobacter pasteurianus
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was found in kefirs produced in European countries
(France, Belgium, Italy, and Switzerland) (Garofalo
et al., 2015; Korsak et al., 2015; Kok-Tas et al., 2012).
Acetic acid bacteria isolated from dairy products
belong to the genus Acefobacter, comprising motile
gram-negative rods, which occur singly, in pairs, or in
chains. Some strains may exhibit involutionary forms:
spherical, bent, filamentous, etc. They do not form
spores or capsules. Ethanol is oxidized to acetic acid
under oxic conditions (the so-called acetic acid fer-
mentation); some species may oxidize acetate and lac-
tate to CO, and H,0. Lactose is not fermented (Mon-
taghi et al., 1997).

Enterococci E. durans were found in the microbi-
ota of kefirs produced by Chinese and Turkish compa-
nies (Yang et al., 2007; Kesmen and Kacmaz, 2011).
The numerous group of lactic acid bacteria of the
genus Enterococcus, including E. durans, has previ-
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Table 1. Bacterial composition of kefir grains from kefirs of various producers

Bacterial component

Source—country

Reference

Lactobacillus: L. kefiri, L. kefiranofaciens, Argentina Garrote et al., 2001
L. paracasei, L. plantarum, L. parakefir; Londero et al., 2012
Lactococcus: L. lactis ssp. lactis; Hamet et al., 2013

L. lactis ssp. lactis bv. diacetylactis Diosma et al., 2014
Lactobacillus: L. brevis, L. delbrueckii ssp. bulgaricus, Bulgaria Simova et al., 2002

L. helveticus, L. casei ssp. pseudoplantarum;

Streptococcus thermophilus

Lactococcus lactis ssp. lactis

Lactobacillus sp., L. plantarum; South Africa Witthuhn et al., 2004
Leuconostoc sp., Lactococcus sp. Witthuhn et al., 2005
Lactococcus: L. lactis ssp. lactis, L. lactis ssp. cremoris Turkey Yiiksekdag et al., 2004
Streptococcus thermophilus, Enterococcus durans Guzel-Seydim et al., 2005
Lactobacillus kefiri, Leuconostoc mesenteroides, Kesmen and Kacmaz, 2011
Lactococcus: L. lactis, Streptococcus thermophilus Kok-Tas et al., 2012
Lactobacillus: L. kefiranofaciens, L. acidophilus, Nalbantoglu et al., 2014
L. helveticus

Streptococcus thermophilus

Lactobacillus: L. kefiranofaciens, L. kefiri, L. parakefiri, Russia Mainville et al., 2006
Lactococcus lactis, Leuconostoc spp. Kotova et al., 2016
Enterococcus durans, Lactococcus lactis ssp. cremoris, China Yang et al., 2007
Leuconostoc pseudomesenteroides, Leuconostoc paramesenteroides, Jianzhong et al., 2009
Lactobacillus brevis, L. acidophilus, Gao et al., 2012

L. kefiranofaciens, Gao et al., 2013
Leuconostoc mesenteroides,

Lactobacillus sp., L. kefiri, L. casei, L. plantarum,

L. helveticus, Leuconostoc lactis,

Lactococcus sp., L. lactis, Acetobacter fabarum,

Bacillus subtilis

Lactobacillus kefiri, L. kefiranofaciens, Leuconostoc mesenteroides, Brazil Miguel et al., 2010
Lactococcus lactis, L. paracasei and L. helveticus, Gluconobacter japoni- Leite et al., 2012

cus, Lactobacillus: L. uvarum, L. satsumensis, L. amylovorus Zanirati et al., 2015
L. buchneri, L. crispatus, L. parakefiri; Magalhaes et al., 2011
L. kefiranofaciens ssp. kefiranofaciens,

L. kefiranofaciens ssp. kefirgranum, L. paracasei,

Lactobacillus parabuchneri, L. casei; Leuconostoc sp.

Lactobacillus lactis, L. kefiranofaciens; Italy Garofalo et al., 2015
Lactococcus lactis

Lactobacillus: L. kefiri, L. kefiranofaciens, Belgium Korsak et al., 2015
Leuconostoc mesenteroides,

Lactococcus lactis and L. lactis ssp. cremoris

Lactobacillus kefiranofaciens and L. kefiri Malaysia Zamberi et al., 2016

Lactobacillus kefiranofaciens, L. helveticus,
Leuconostoc spp., Acetobacter pasteurianus

France, Ireland,
and England

Walsh et al., 2016
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ously been assigned to streptococci of the serological
groups D and E; during the first weeks of human life,
they colonize the intestine and are a necessary culture
involved in the processes of food transformation
(Sycheva and Kartashova, 2015).

Unlike other fermented milk products, kefir is not
the result of metabolic activity of one or several micro-
bial species.

Kefir grains contain various species of yeasts,
which ferment or do not ferment lactose, form or do
not form spores (4 to 30 species, according to different
sources). Those most often mentioned are Kluyvero-
myces marxianus, Candida kefyr, Saccharomyces cere-
visiae, Saccharomyces unisporus, Torulospora delbruec-
kii, Pichia fermentans, and the synonyms for these spe-
cies (Table 2). Predominant species, however, are
Saccharomyces cerevisiae, S. unisporus, Candida kefyr,
and Kluyveromyces marxianus ssp. marxianus (Fleet,
1990; Assadi, 2000; Loretan et al., 2003; Witthuhn
et al., 2004, 2005; Kok-Tas et al., 2012; Diosma et al.,
2014). Unlike other fermented milk products, kefir
grains contain considerable amounts of yeasts
(Tamang et al., 2016). The key role of yeasts in the
preparation of fermented milk produce is accepted. In
the course of this process, they produce the nutrients
required for growth, including amino acids and vita-
mins, change the ambient pH, and release ethanol and
CO,. The yeasts of kefir are less thoroughly studied
than bacteria, although they are certainly responsible
for establishment of the environment favoring growth
of the kefir bacteria, as well as for production of the
metabolites providing for the aroma and organoleptic
properties of the product (Farnworth, 2005). Over 23
different yeast species have been isolated from kefir
grains and from fermented beverages of various origin.

Differentiation and Identification
of the Kefir Grains Microbiome

Initial differentiation of the microorganisms in the
community includes a complex of phenotypic charac-
teristics determined by investigation of their morpho-
logical, physiological, and biochemical properties.
LAB are the most widespread bacteria in kefir and
kefir grains (37 to 90% of the whole microbial popula-
tion). These microbial species fall into four groups:
homofermentative and heterofermentative lactic acid
bacteria, and yeasts assimilating and not assimilating
lactose (Gao et al., 2012). Anaerobic cultivation for
the isolation of pure bacterial cultures was carried out
under anoxic conditions at room temperature (21°C)
on MRS agar in petri dishes. Under such conditions,
bacterial colonies were formed after 3—5 days. Pure
anaerobic cultures were obtained by streak inocula-
tion. Inoculated plates were placed into anaerobic jars,
in which gas packages were inserted. Complete isola-
tion of the kefir grain components is difficult to
achieve using the standard microbiological methods
of plating on agar media. Morphological characteris-
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tics of the colonies of some microorganisms may be so
similar that they may be mistaken for identical cul-
tures, while the colonies with slight morphological
differences may be formed by one microorganism
(Sycheva and Kartashova, 2015). For example, under
suboptimal unfavorable growth conditions, long-term
action of physical, chemical, or biological stressors
resulted in emergence of minor phenotypes (subpopu-
lations) of lactic acid bacteria and of viable uncultured
forms (Pachomov et al., 2018).

LAB are phylogenetically unrelated microorgan-
isms of heterogeneous morphology: rods and orbs
(cocci of spherical or ellipsoidal shape), which are
characterized as gram-positive, not forming capsules
or spores (except for the family Sporolactobacillaceae),
not producing pigments (except for Leuconostoc cit-
reum, which forms capsules and a yellow pigment),
and not reducing nitrate to nitrite. They are catalase-
and oxidase-negative, have no cytochromes, are aero-
and acid-tolerant, nonmotile, and produce diverse
amounts of lactic acid as the terminal metabolite
(Lengeler et al., 2005).

The long-known members of the genera Lactococ-
cus, Enterococcus, Lactobacillus, Leuconostoc, Pedio-
coccus, Streptococcus, Vagococcus, Tetragenococcus,
Carnobacterium, Bifodobacterium, but Lactococcus,
Streptococcus, Pediococcus, Leuconostoc, Lactobacil-
lus, and Bifodobacterium form the nucleus of this
group. The genera Oenococcus, Weissella, Fructobacil-
lus were recently added to this group (Lengeler et al.,
2005; Lahtinen et al., 2012; Stoyanova, 2017). The
genus Lactobacillus is morphologically highly diverse,
from short coccoid cells to long, filamentous rods,
0.7—1.1 to 3.0—8.0 um, occurring singly or in chains.
Cell length often depends on the cultivation medium.
In the case of mixed microbial populations, applica-
tion of biochemical identification techniques is lim-
ited by the fact that after plating a sample of a liquid
culture on solid nutrient medium, the ratio of two bac-
terial species may be determined only after isolation of
pure cultures and investigation of all formed colonies,
which is cost- and labor-consuming. The search for a
more efficient approach to this problem is therefore an
urgent issue. Molecular genetic identification tech-
niques proved reliable and independent on external
factors.

For identification of lactobacilli, the classical
microbiological techniques (using cultural character-
istics, morphology, Gram reaction, motility, presence
of catalase, and the spectrum of fermented carbohy-
drates) are supplemented by molecular genetic tech-
niques based on analysis of the 16S rRNA gene
sequences using the MegAlign 6.00 DNASTAR Inc.
software package. However, high stability of the 16S
rRNA gene does not provide for unequivocal identifi-
cation of closely related species. Accurate identifica-
tion of the numerous species and subspecies of the
phylogenetically related groups L. casei, L. plantarum,
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Table 2. Yeast components isolated from kefirs of different countries

Yeast component

Source—country

Reference

Geotrichum candidum,
Kluyveromyces marxianus,
Saccharomyce cerevisiae,
Saccharomyce unisporus,
Issatchenkia occidentalis

Argentina

Garrote et al., 1997;
Garrote et al., 1998;
Garrote et al., 2001;
Diosma et al., 2014

Candida inconspicua,
Candida maris,
Kluyveromyces marxianus,
Yarrowia lipolytica

Bulgaria

Simova et al., 2002

Candida kefyr,
Saccharomyces fragilis,
Saccharomyces lactis

Iran

Motaghi et al., 1997

Kazachstania aerobia,
Lachancea meyersii

Brazil

Magalhaes et al., 20

11a

Zygosaccharomyces rouxii,
Torulaspora delbrus,

Torulaspora delbrueckii,
Debaryomyces hansenii,
Zygosaccharomyces sp.,

Candida lipolytica, Candida holmii,
Candida kefyr, Candida lambica,
Candida krusei,

Cryptococcus humicolus
Saccharomyces cerevisiae
Geotrichum candidum

South Africa

Loretan et al., 2003;
Witthuhn et al., 200

4;

Witthuhn et al., 2005

Kluyveromyces marxianus

Turkey

Kok-Tas et al., 2012

Brettanomyces anomalus
Candida holmii, Candida kefyr
Candida lambica, Candida lipolytica
Candida tenuis, Candida valida
Geotrichum candidum
Issatchenkia occidentalis
Kluyveromyces bulgaricus
Kluyveromyces fragilis
Kluyveromyces marxianus
Pichia fermentans
Saccharomyces cerevisiae
Saccharomyces delbrueckii
Saccharomyces exiguous
Saccharomyces unisporus
Yarrowia lipolytica

Switzerland

Frohlich-Wyder, 2003;

Fleet, 1990
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Table 2. (Contd.)

Yeast component

Source—country

Reference

Brettanomyces anomalus

Candida friedrichii, Candida holmii
Candida inconspicua, Candida kefyr
Candida lambica, Candida maris
Candida tenuis, Candida valida
Candida tannotelerans
Issatchenkia occidentalis
Kluyveromyces marxianus

Pichia fermentans

Saccharomyces cerevisiae
Saccharomyces dairensis
Saccharomyces delbrueckii
Saccharomyces exiguous
Saccharomyces turicensis

Canada

Farnworth, 2005

Brettanomyces anomalus

Candida famata, Candida firmetaria
Candida friedrichii, Candida humilis
Candida inconspicua, Candida kefyr
Candida krusei, Candida lipolytica
Candida maris, Yarrowia lipolytica
Cryptococcus humicolus
Debaryomyces hansenii

Dekkera anomala

Galactomyces geotrichum
Geotrichum candidum

Issatchenkia orientalis
Kluyveromyces lodderae
Kluyveromyces marxianus

Pichia fermentans

Saccharomyces cerevisiae
Saccharomyces exiguous
Saccharomyces humaticus
Saccharomyces pastorianus
Saccharomyces turicensis
Saccharomyces unisporus
Zygosaccharomyces rouxii

Spain

Lopitz-Otsoa, 2006;
Latorre-Garcia et al., 2007

Candida holmii

Candida kefyr
Saccharomyces cerevisiae
Saccharomyces fragilis
Saccharomyces lactis

India

Assadi, 2000

Kazachstania aerobia
Kazachstania salicola
Kazachstania serovazzii
Kazachstania turicensis
Kazachstania unispora

Italy

Garofalo et al., 2015

Pichia kudriavzevii,
Pichia guilliermondii,
Kazachstania unispora
Kazachstania exigua

China

Jianzhong et al., 2009;
Gao et al., 2012;
Gao et al., 2013
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L. buchneri, and L. acidophilus is difficult, which
requires a search for new genetic markers. Identifica-
tion of the marker genes, analysis of which enables
assessment of whole genome relationships between
microorganisms is recommended for analysis of
nucleotide sequences for species identification
(Blaiotta et al., 2008). Analysis of the genes groEL,
rplB, and rpoB revealed high polymorphism of their
nucleotide sequences in members of the L. casei phy-
logenetic group and resulted in reliable identification
of phenotypically and genetically close species within
this group of lactobacilli (Shvetsov et al., 2011). The
discriminative abilities of application of these genes is
several times higher than that of the 16S rRNA gene.
The nucleotide sequences were analyzed and com-
bined into a common sequence using the SeqScape
2.6.0 software package (Applied Biosystems).

Among the important differentiating characteris-
tics of yeasts is their ability to oxidize and ferment var-
ious carbohydrates, including maltose, sucrose, galac-
tose, trehalose, etc. Yeasts grow within a relatively
broad pH range (3 to 9), preferring, however, acidic
media (pH,, 4.5—5.5). Yeasts are osmophilic micro-
organisms; some of them survive at concentrations of
sugars up to 55% and at salt concentrations up to 8%.
According to their ability to assimilate lactose, several
dozens of yeast strains from various taxa were subdi-
vided into three groups: (1) utilizing lactose and capa-
ble of lactose fermentation; (2) utilizing lactose via
direct oxidation; and (3) not utilizing lactose.

Apart from the classical techniques of pure culture
isolation, denaturing gradient gel electrophoresis
(DGGE) was used to compare the microbial profiles
of kefir grains. This method is considered the most
informative one for comparison of microbial commu-
nities, since investigation of microbial profiles does
not require isolation of pure cultures. DGGE analysis
also revealed no fundamental differences between
microbial profiles of the studied kefir grain samples
(Mayoa et al., 2012). According to the degree the
bands were pronounced, seven microbial species were
predominant. Some differences were found among the
less abundant microbial groups forming difficultly dis-
cernible bands. Thus, no differences were revealed
between microbial profiles of kefir grains used in vari-
ous dairy plants in Russia. This was evidenced by the
results of research carried out both by isolation of pure
cultures with subsequent identification by 16S rRNA
gene sequencing and using denaturing gradient gel
electrophoresis, without isolation of pure cultures
(Magalhaes et al., 2011; Shevtsov et al., 2011).

A combination of all these geno- and phenotypic
characteristics resulted in development of a new
polyphasic method for differentiation.

High-throughput sequencing of the 16S rRNA
genes with bacterial primers was carried out for molec-
ular identification of bacterial pure cultures. DNA was
isolated from the samples using the Fast DNA Spin
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Kit for Soil (MP Biomedicals, United States) accord-
ing to the manufacturer’s instructions. The libraries of
the 16S rRNA gene amplicons were obtained by PCR
with universal primers to the V4 region as was
described previously (Yang et al., 2007; Mayoa et al.,
2012). The following primers were used: 515F (5'-
GTGBCAGCMGCCGCGGTAA-3' (Stoyanova,
2017) and Pro-mod-805R (5'-GACTACNVGGGT-
MTCTAATCC-3' (Karagali et al., 2018). Sequencing
was carried out on MiSeq system (Illumina, United
States) using the reagent kit for reading 150 nucleo-
tides from each end. Demultiplexing and subsequent
processing and analysis of the sequences were carried
out using the relevant scripts of the QIIME 2 software
package ver. 2019.1 The OTU table was constructed
using SILVAngs (https://ngs.arb-silva.de/silvangs/).

High-throughput sequencing of yeast I'TS1 region
of the 18S-ITS1-5.8S-ITS2-28S rRNA complex was
carried out after amplification of yeast DNA using the
PCR primers ITSIF and ITS1R. After amplification
the resulting products were purified using AMPure XP
magnetic balls (Beckman Coulter, United States) and
prepared for sequencing using the Nextera XT DNA
kit (Illumina, United States) according to the manu-
facturer’s recommendations.

After UPARSE channels, the sequences were col-
lected, filtered, and dereplicated. The operational tax-
onomic units (OTUs) were combined into groups with
>97% sequence identity, from which chimeras were
removed. The taxonomic identity was assigned using
BLASTnN and the Fittings v. 1-2 database. Taxonomy
and OTUs were converted into a table using biom-for-
mat V1.3.1 (Fonseca et al., 2007).

The MEGAN software was used to obtain the tax-
onomic classification of microorganisms and to pres-
ent the kefir grain diversity in accordance with
theNCBI taxonomy (Zamberi et al., 2016). The posi-
tion of the most abundant genus Lactobacillus
(99.03%) is shown on Fig. 3. The second most abun-
dant genus in the kefir grain was Phyllobacterium
(0.11%), followed by Acinetobacter, Streptococcus, and
Bacteroides in trace amounts. Diversity of the kefir
grain at the species level is shown on Fig. 4; the most
widespread species were Lactobacillus kefiranofaciens,
followed by L. kefiri (91.66 and 2.52%, respectively).

A number of authors working with associative cul-
tures reported the impossibility of objective determi-
nation of the structure of kefir grain communities
based on the isolation of pure cultures.

Metabolic and Structural Interactions
of Yeasts and Bacteria

Obtained data indicated that lactic acid bacteria of
the physiological group which actively use lactose for
lactic acid fermentation were probably the main pro-
ducers of the system established in the kefir grains.
The microorganisms belonging to another group use
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Fig. 3. Taxonomic tree constructed using MEGAN analysis for a kefir grain at the genus level (by Zanirat et al., 2015). The spot

indicates the most widespread genus.

the products of lactose metabolism (glucose and
galactose); the relations between members of this
group may be either passive antagonism or coopera-
tion. Investigation of the dynamics of lactic acid fer-
mentation in the course of culture development
revealed that the chemical transformations in the
medium changed during this process. Two phases were
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clearly discernible in the course of carbohydrate fer-
mentation. During the first one (the exponential
growth phase), active synthesis of proteins and other
cell components more reduced than hydrocarbons
occurred. More oxidized products of metabolism were
accumulated in the medium. The second phase was
characterized by slower rates of biosynthesis and a
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gradual decrease in the redox potential of the culture,
which resulted in accelerated proton transfer to PGA
with its subsequent reduction to lactic acid. These two
phases reflect redistribution of redox reactions in the
course of biosynthesis of the structural elements of
bacterial cells (constructive processes) and fermenta-
tion (an energy process). Close symbiotic relationships
between LAB and yeasts and a stimulatory effect of
yeasts of LAB growth have been demonstrated by
many researchers (Motaghi et al., 1997; Aziza et al.,
2012; Stoyanova et al., 2017).

Complex interactions between yeasts and bacteria,
as well as their dependence on the microbial composi-
tion of kefir grains, are presently not completely
understood. However, when bacteria are removed
from the grain, yeasts grow less efficiently (Cheirsilp
et al., 2003; Farnworth and Mainville, 2008; Rattray
and O’Connel, 2011). The interaction between yeasts
and LAB is of pivotal importance for a broad spectrum
of fermented products, including kefir (Han et al.,
2018). Both groups of microorganisms naturally sup-
port each other by various means listed below.

Lactic acid assimilation. One interesting mecha-
nism of interaction between yeasts and LAB is imple-
mented in the presence of lactic acid-assimilating
yeasts. Lactate accumulation dames and kills LAB,
even when pH is maintained by addition of alkaline
solutions (Katakura et al., 2010). However, yeasts not
utilizing lactose, e.g. S. cerevisiae, may use lactate as a
carbon source, which results in increased pH and
long-term LAB growth. Acid resistance is a physiolog-
ical feature of LAB resulting from their specific energy
metabolism. Acid stress causes intracellular acidifica-
tion, which decreases the activity of cytoplasmic
enzymes (Miyoshi et al., 2013). Transcriptome and
proteome studies showed that while a number of LAB
were able to enhance activity of their glycolytic
enzymes under acidic, thermal, and osmotic stresses,
this did not result in elevated lactate synthesis.
Although research on the mechanism of diacetyl for-
mation has been carried out for a long time, there is
still no unanimous understanding concerning the bio-
synthesis of this compound by lactic acid bacteria.
One of the pathways of diacetyl production is its syn-
thesis from L-acetolactate, one of the intermediate
products of citrate metabolism. This is an unstable
compound released from bacterial cells into the
medium, where it undergoes oxidative decarboxyl-
ation to diacetyl and nonoxidative decarboxylation to
acetoin. Another pathway involving condensation of
acetaldehyde-thiamine pyrophosphate and acetyl-
CoA is considered doubtful by many authors, since the
enzymes catalyzing these reactions have not been iso-
lated. Acetate is released into the medium, and oxalo-
acetate is decarboxylated to form pyruvate. Diacetyl is
formed in the reaction of acetyl-CoA and “active acet-
aldehyde,” an enzyme—oxyethylaminopyrophosphate
complex. Diacetyl reduction by acetoin dehydroge-
nase results in acetoin formation (Fig. 5).
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Such lactobacilli as Lactobacillus plantarum,
L. reuteri, and L. rhamnosus and lactococci L. lactis
modify pyruvate metabolism using lactate, and thus
enhance the synthesis of the major energy-rich inter-
mediates, such as ATP and NAD, EPS, and/or gly-
cine. The level of lactate dehydrogenase (LDH),
which is responsible for lactate synthesis from pyru-
vate, decreases significantly. Pyruvate oxidase and
phosphoacetyl transferase, which are used to synthe-
size acetyl-CoA, are induced in Lactobacillus del-
brueckii subsp. bulgaricus and L. rhamnosus under
conditions of acid stress. Acetyl-CoA is redirected to
biosynthesis of fatty acids, which may increase the
strength and impermeability of the cell membrane
(Leile et al., 2013).

CO, production/O, removal. CO, may be responsi-
ble for establishment of the suitable atmosphere
(decreased oxygen and increased CO, concentrations)
for growth of Lactobacillus spp. Although no works on
the microorganisms isolated from kefir are available,
research on other communities and microorganisms
isolated from foodstuffs confirms this interaction. CO,
produced by yeasts promotes development of the char-
acteristic acidic and yeast taste of kefir (Karacali et al.,
2018).

Supply of nutrients for bacteria. Trophic interac-
tions and metabolite exchange (crosswise nutrition)
enable survival of several groups of microorganisms
under resource limitation. Yeasts were shown to pro-
mote bacterial growth by supplying vitamins, growth
factors, and essential amino acids (Pahva et al., 2010;
Ponomarova et al., 2017). Zygotorulaspora florentina
was shown to produce essential amino acids, which
support the growth of L. nagelii in mixed culture, but
not in the case of cultivation as monocultures (Stadie
et al., 2013).

To investigate the specifics of metabolite exchange
between S. cerevisiae and two LAB groups (Lactoba-
cillus plantarum or Lactococcus lactis), experiments
were carried out with model systems using a combina-
tion of metabolic and genetic tools (Ponomarova
et al., 2017). Nitrogen excess in the medium was found
to favor the emergence of mutualism (a form of mutu-
ally beneficial coexistence, when the presence of a
partner is a necessary condition for the existence of
each of them) between yeasts and L. lactis. Interaction
between L. lactis and S. cerevisiae is easily established
when lactose is the major carbon source. This is
another evidence of the important role of medium
composition in formation of interspecific interactions.

Complex interactions between yeasts and bacteria,
as well as their mutual dependencies in kefir grains, are
still incompletely studied. However, when bacteria
were separated from the grain, yeast growth became
less efficient (Ratarura et al., 2010). Interaction of
yeasts and LAB is of pivotal importance in a broad
spectrum of fermented products, including kefir. Dif-
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Fig. 5. Glucose fermentation by Lactococcus lactis under oxic conditions (by Miya et al., 2003): LDH, lactate dehydrogenase;
PDH, pyruvate dehydrogenase; PFL, pyruvate-formate lyase; a-ALS, o-acetolactate synthase.

ferent groups of microorganisms naturally support
each other by different means (Aziza et al., 2012).

Trophic interactions between microbial compo-
nents were investigated using the strains isolated from
kefir grains (~33 bacterial and 55 fungal isolates). Two
physiological groups of lactic acid bacteria were
revealed, differing in their ability to synthesize 3-galac-
tosidase, the enzyme required for lactose fermenta-
tion. The yeast isolates were shown to possess no
[-galactosidase activity, did not utilize lactose, used
glucose (actively) and galactose (at low activity), and
do not form clods in milk. The approach based on
assessment of the physiological activity of the isolates
of lactic acid bacteria provided evidence that lactic
acid bacteria of the first physiological group, possess-
ing B-galactosidase activity, using lactose for lactic
acid fermentation, and rapidly acidifying the system,
were producers of the microbial community system.
The presence in the system of several LAB species
possessing [3-galactosidase activity indicates that cer-

tain regulatory factors should control development of
bacteria of this group: either competition for the sub-
strate, or shifts of the main producers depending on
conditions, such as pH changes (Cheirsilp and Radch-
abut, 2011). Figure 6 presents a general scheme of the
trophic chain of the kefir grain associated culture
including three LAB group (synthesizing and not syn-
thesizing -galactosidase, and bacteria with repressive
[-galactosidase synthesis), as well as acetic acid bacte-
ria and yeasts.

Depending on the medium and cultivation condi-
tions, the microbiota of kefir grains and kefir leaving
exhibits unique abilities for autoregulation. Microbial
symbiosis in kefir grains provides for the preservation
of kefir quality and the microbial profile of kefir grains
throughout the year with only insignificant changes in
the ratios of the major microbial groups. Kefir micro-
bial composition may differ from that of kefir grains
due to the differences in pH and cultivation time; this
difference may also be associated with location of
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Fig. 6. General scheme of the trophic chain in associative cultures of kefir grains fermenting and not fermenting lactose (from
Cheirsilp and Radchabut, 2011, modified): 1, lactic acid bacteria synthesizing B-galactosidase; 2, lactic acid bacteria of group 1,
in which -galactosidase synthesis is repressed by glucose; 3, lactic acid bacteria not synthesizing [3-galactosidase; 4, yeasts; and

5, acetic acid bacteria.

microorganisms within the grains. Thus, lactic acid
bacteria of the genus Lactococcus are located on the
surface of kefir grains, are easily desorbed into the cul-
ture liquid, and are therefore relatively numerous in
kefir (Gradova et al., 2014).

Fermentation and Preservation of Kefir Grains

Increase in the biomass of a kefir grain during fer-
mentation is the main marker for assessment of the
symbiotic relationships between different microorgan-
isms. The associative microbial culture of kefir grains
is a stable, highly organized community with complex
vertical and horizontal trophic relationships. The
main products of fermentation of milk carbohydrates
formed in the course of kefir production are lactic
acid, ethanol (at a low concentration), and CO,,
which are responsible for viscosity, acidity, and pun-
gency. The secondary components, including diace-
tyl, acetaldehyde, and amino acids, which may also be
found in kefir, are responsible for its aroma. In the
course of fermentation the size and number of the
grains increase; they are usually removed from fer-
mented milk for repeated use. Their activity may be
retained for many years, provided they are stored cor-
rectly (Lopitz-Otsoa et al., 2006; Garrote et al., 2010;
Leite et al., 2013). Dried grains remain active for
12—18 months, compared to 8—10 days for moist
grains. Many preservation techniques were tested, and
freezing is presently considered preferable. Lyo-

MICROBIOLOGY Vol. 91

No.4 2022

philization of the grains has also been tested; it, how-
ever, resulted in lower lactose metabolism and in
changes in the bacterial profile, compared to the orig-
inal one (Farnworth et al., 2008). Kefir may be either
used immediately after grain separation or stored in a
refrigerator for subsequent use (Otles et al., 2003). The
properties of fermented milk should be retained during
storage; however, continuous metabolic activity of the
residual kefir microbiota may result in changes in the
composition of cooled kefir during storage (Gronne-
vik et al., 2011). A drastic decrease in viscosity during
storage in a refrigerator at 4°C has been reported
(Magra et al., 2012), while total fat, lactose, dry mat-
ter, and pH remained constant during 14 days of stor-
age (Vieira et al., 2015), and lactic acid concentration
increased slightly after 7 days of storage. While the lip-
olytic activity of milk fat under laboratory conditions
is limited, it may still contribute to production of free
fatty acids (Kim et al., 2002).

Kefir production is affected by a number of factors:
raw materials, production technology, and conditions
of storage of kefir and kefir grains, which should be
both optimized in parallel in order to achieve the best
quality of the product. Increase in temperature from
20 to 30°C resulted in elevated amounts of yeasts (from
7.1 x 10° to 107 CFU/g kefir grain and from 1.2 x 10°
to 1.7 x 10° CFU/mL in the leaven) and acidic acid
bacteria (from 103 to 107 CFU/g in the grains and from
4.2 x 10*to 7.0 x 10® CFU/mL in the leaven) and had
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an insignificant effect on the numbers of mesophilic
lactic acid bacteria in kefir grains (Schoevers and
Britz, 2003; Khokhlacheva et al., 2006).

However, higher fermentation temperature (25°C)
resulted in a rapid pH decrease in the leaven, which
inhibited growth of homo- and heterofermentative
lactic acid streptococci. The leaven prepared at 25°C
was shown to contain more lactic acid streptococci
than in that prepared at 18—20°C. Research revealed
that all strains of this species grew actively within the
temperature range from 20 to 30°C, while at 35°C
growth was very poor (Londero et al., 2012). All strains
produced maximal biomass at 25°C. The biomass pro-
duced at 25°C was 1.3—1.9 and 1.2—1.8 times higher
than that produced at 20 and 30°C, respectively
(Khamagaeva and Vandanova, 2006). Shaking during
the cultivation resulted in increased exopolysaccha-
ride production by kefir fungal cultures and in signifi-
cant differences if the qualitative and quantitative
composition of the grains. Thus, shaking caused a
decrease in abundance of yeasts and lactic acid bacte-
ria in kefir grains, while the concentrations of carbo-
hydrates and fats increased significantly (Schoevers
and Britz, 2003). Screening of polysaccharide-synthe-
sizing lactic acid bacteria revealed that out of 119 stud-
ied isolates, 60% were capable of polysaccharide syn-
thesis. From these, 9 isolates were chosen, which syn-
thesized polysaccharides most actively. Enhanced
polysaccharide synthesis in the medium with sucrose
was observed for the LAB capable of fermenting it.
The cultures of Lactococcus lactis, and Leuconostoc
mesenteroides were chosen as the most active exopoly-
saccharide producers in media with lactose and
sucrose. Comparative study of kefir grain exopolysac-
charides and those synthesized by monocultures,
which involved IR spectroscopy and dynamic and
statical light scattering revealed the similarity of EPS
structure and the differences in the physicochemical
properties of the polysaccharide samples with poten-
tial prebiotic activity.

Kefiran is the polysaccharide of kefir grains, which
is produced by acetic acid bacteria and yeasts involved
in milk fermentation. It possesses antimicrobial and
wound healing activity and is able to decrease blood
pressure and cholesterol level in blood serum. Kefiran
in concentrations 5.9—14.3 g/LL can form cryogels
melting at 37°C, which may probably be applied for
development of new foodstuff. Viscosity of the gels
may be varied by addition of different concentrations
of sucrose or fructose to kefiran solutions (Gradova
et al., 2012; Zavala, 2015). When kefir grains were cul-
tivated in milk, aeration promoted exopolysaccharide
production and caused significant differences in the
qualitative and quantitative composition of the grains.

Kefir grains are a complex symbiosis of several
microbial species: lactic acid streptococci and lactoba-
cilli, acetic acid bacteria, and yeasts. These grains may
be used for daily kefir production at home. The popu-
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larity of kefir grains among the populace is presently
steadily increasing.

The mass of kefir grains increases due to growth of
microorganisms and biosynthesis of the grain compo-
nents—proteins and polysaccharides. The kefir grain
microbiota may be considered as a biofilm. The pro-
cesses regulating biofilm formation include formation
of the surface for cell attachment, intercellular interac-
tions, and growth of a complex culture. Biofilm for-
mation by some species has been reported, and a num-
ber of genes hypothetically responsible for adhesion or
biofilm formation have been described. Biofilm for-
mation helps the cells to survive environmental
stresses, e.g., high concentrations of acid and ethanol.

Kefir contains easily digestible proteins. Minor
essential acids, which are abundant in kefir, regulate
the protein, carbohydrate, and lipid metabolism and
have a positive effect on the regulation of human body
mass, maintenance of immune response, and energy
metabolism. The peptides exhibit antimicrobial and
antioxidant activity in milk kefir produced by proteol-
ysis of B-casein; 236 peptides with antimicrobial or
antioxidant properties, inhibited the angiotensin con-
verting enzyme (ACE), had immunomodulatory and
antithtrombotic effects (Hamet et al., 2013; Ebner
et al., 2015). Peptide F3, which was isolated from
Tibetan kefir and purified, exhibited antibacterial
action against Escherichia coli and Staphylococcus
aureus (Miao et al., 2016). In kefir prepared from cow
milk, 35 peptides were identified, which had an anti-
hypertensive effect mediated by inhibition of the ACE
activity (Amorim et al., 2019). The product is rich in
such amino acids as serine, threonine, alanine, lysine,
valine, isoleucine, methionine, phenylalanine, and
tryptophan, which play an important role in the func-
tioning of the central nervous system; it also contains
metabolites facilitating casein digestion and assimila-
tion by the organism (Bensmira et al., 2015).

Kefir probiotic cultures are known to regulate the
immune system, promoting suppression of viral infec-
tions. The antiviral mechanism of action of kefir
includes enhance macrophage production, enhanced
phagocytosis, elevated production with positive differ-
entiation of CD4+/CD8+ as a biomarker of response
to treatment, of immunogloulins (IgG+ and IgA+),
B-cells, T-cells, and neutrophiles, some of which may
produce antibodies if required. Kefir LAB increase the
cytotoxicity of natural killer cells against tumor cells
(Yamane et al., 2018). Kefir may act as an antiinflam-
matory agent by decreasing the expression of interleu-
kins IL-1 and IL-6 synthesized by macrophages and
T-cells and stimulating the immune response, while
interferons IFN-o and type II (IFN-y) induce the
antiviral defense mechanisms. In the presence of alien
antigens, elevated amounts of cytokines are produced,;
they act as mediators of the inflammatory process and
have regulatory functions, which, in turn, induce ele-
vated IL-6 formation, cause activation and migration
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of T-lymphocytes and other immune cells, resulting in
the symptoms of a cytokine storm during the corona-
viral infection. Thus, kefir may be an important inhib-
itor of the cytokine storm, which favors COVID-19
development (Nakagaki et al., 2018; Boyoglu-Barnum
et al., 2019; Bornstein et al., 2020).

To conclude, deterioration of the epidemiological
situation worldwide resulted in greater demand for the
products and safe preparations with beneficial health
effects. Traditional fermented milk produce resulting
from mixed alcohol and lactic acid fermentation,
including kefir, have been known since antiquity as
capable of countering infections and premature aging.
Milk fermentation for kefir production is a process of
combined metabolism of symbiotic microbial cultures
promoting formation and stability of the kefir grain
microecology. Analysis of the literature data indicates
that, in spite of certain differences in quantitative
ratios, four microbial groups are almost always present
in kefir grains: lactic acid bacteria, lactococci, acetic
acid bacteria, and yeasts. What are the synergistic or
antagonistic effects of these microorganisms on each
other in the course of mixed-culture metabolism? Is it
possible to determine one or several indicator micro-
organisms or indicator metabolites for quantitative
assessment and evaluation of the fermentation state of
kefir bacteria? Answers to these questions will not only
provide the theoretical basis for investigation of kefir
communities, but may be used as a guide for investiga-
tion of other microbial consortia. The contradictory
data used in the development of the conceptual
model, including the results of investigation of micro-
bial composition and trophic interactions between
components of the established kefir grain consortium,
which are required for construction of new communi-
ties and development of approaches to control of the
kefir grain stability, which may be used to create new
functional food products and pharmaceuticals with
beneficial effects on human health.
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