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Abstract
Kefir is a dairy-based probiotic beverage with high antioxidant activity, among other health benefits. To extend kefir’s beneficial
health effects to non-dairy consumers, studies on kefir fermentation using alternative matrices (referred to as water kefir) are
needed. As such, the purpose of this study was to formulate a novel water kefir beverage using Russian olive, as a non-dairy
product with high antioxidant activity and potential probiotic properties. To this end, the Russian olive kefir water (RWK)
fermentation process was optimized to maximize the total phenolic content, antioxidant activity, and microbial viability of this
product. The experimental design was set using a rotatable central composite design with response surface methodology (RSM).
The optimized independent variables included the substrate concentration (20–30% of Russian olive juice), fermentation time
(24–48 h), and incubation temperature (20–32 °C). The optimal fermentation conditions were observed to be 31.2 °C incubation
temperature, 24 h incubation time, and 30% Russian olive juice concentration. Under these conditions, the values for FRAP
antioxidant activity, DPPH radical scavenging, and TPC in RWKwere 0.22 (μmol FSHE/mL), 0.096 (μmol Trolox Eq/mL), and
98.32 (μg GAE/mL), and the microbial viability (of AAB, LAB, and yeasts) was 7.20, 7.06, and 7.17 log10 CFU/mL,
respectively.
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Introduction

The use of lactic acid bacteria as the primary agent for the
production of fermented dairy products has a long history
worldwide (Bitaraf et al. 2012; Zare et al. 2013; Fonteles
et al. 2013; Nguyen et al. 2014). Alternatively, kefir grains,
consisting of a symbiotic culture of lactic acid bacteria
(LAB), yeast species, and acetic acid bacteria (AAB), can be
used as starter cultures for the fermentation of dairy matrices,
resulting in a viscous pourable liquid product called kefir. In
comparison with traditional fermentation processes, where sin-

gle species are used as a starter culture, kefir grains can be
adapted to a variety of substrates due to their wide microbial
diversity (Fiorda et al. 2017). The main alternative non-dairy
substrate for kefir fermentation is sugar, which renders a bev-
erage called water kefir (Marsh et al. 2013). Production of the
water kefir is induced by mucilaginous and translucent water
kefir grains, which have a polysaccharide matrix backbone
(Pidoux 1989; Neve and Heller 2002). In fact, they contain a
water-soluble matrix of dextran, a glucose polymer, which can
retain the water during the process of fermentation and is firmly
embedding the containing microbiota, whereas, in milk kefir, a
glucogalactan, which is synthesized mainly by Lactobacillus
kefiranofaciens, holds the starter culture community of kefir
(Gulitz et al. 2011; Martínez-Torres et al. 2017). In contrast
with milk kefir grains, which employ milk as the substrate for
fermentation, water kefir grains use sucrose as the substrate.
However, in both products, the microbial communities include
yeast, lactic acid bacteria, and acetic acid bacteria, each having
different compositions and relative abundance (Martínez-
Torres et al. 2017).
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Traditionally, water kefir is produced by fermentation of
8% sucrose solution containing dried fruits, some lemon
slices, and the water kefir grains kept for 1–2 days at room
temperature. As a result of such a fermentation process, a low
acid-carbonated drink is produced, yellowish, and slightly al-
coholic (Gulitz et al. 2011). Kefir and water kefir contain a
variety of functional substances providing health benefits such
as antioxidant, anti-hyperglycemic, anti-hyperlipidemic, anti-
inflammatory, anti-ulcerogenic, and antimicrobial activities
(Rodrigues et al. 2005, 2016; Alsayadi et al. 2013, 2014).
Water kefir grains contain LAB (including Lactobacillus
paracasei, Lactobacillus parabuchneri, Lactobacillus kefiri,
Lactobacillus Casei, and Lactococcus. lactis), AAB (includ-
ing Acetobacter lovaniensis), and yeasts (including
Saccharomyces cerevisiae), and various studies have shown
the potential probiotic features of some of these water kefir
grains associated microorganisms for application in the devel-
opment of functional foods. In some water kefir microorgan-
isms, these probiotic features include the capacity for antago-
nistic activity against potential pathogenic strains, adherence
to epithelial cells, resistance to simulated gastric juice and bile
salts, surviving transit through the gastrointestinal tract, and
the potential for inducing activation of the gut mucosal im-
mune system (Magalhães et al. 2010; Schneedorf 2012;
Laureys and De Vuyst 2014; Diosma et al. 2014; Zanirati
et al. 2015; Romero-Luna et al. 2020).

The ability of water kefir fermentation to improve the phe-
nolic content profile of a product is mainly attributed to the
action of microbial enzymes, which are produced over fer-
mentation, cause degradation of the cell wall structure, and
subsequent release of bond phenolics. In addition, microbial
metabolism of phenolic compounds through a variety of bio-
conversion pathways, such as glycosylation, deglycosylation,
ring cleavage, methylation, glucuronidation, and sulfate con-
jugation, releases a broad range of new metabolisms (Huynh
et al. 2014). For example, lactic acid bacteria in the water kefir
grains can contribute to the depolymerization of high molec-
ular weight phenolic compounds (Hur et al. 2014). Hole et al.
(2012) reported an increased release of phenolic acids and
flavanols and a significant increase of ferulic acid and p-
coumaric acid during fermentation of barely with some LAB
strains. Studies have also indicated the scavenging activity of
LAB against reactive oxygen species, and water kefir grains
contain some of these species (Fiorda et al. 2016a). In addition
to LAB strains, different yeasts, such as Saccharomyces
cerevisiae, available in water kefir grains, are proven to im-
prove the wheat bran’s free phenolic profile (Moore et al.
2007). On the other hand, various studies reported decreased
total phenolic content and antioxidant activity during water
kefir fermentation of fruits and vegetables (Corona et al.
2016; Randazzo et al. 2016). Therefore, the final water kefir
product’s total phenolic content and antioxidant activities are
a balance between degradation and synthesis. Moreover,

fermentation is desirable for improving the developed prod-
uct’s antioxidant profile because the bio-availability and bio-
accessibility of a variety of compounds, including antioxidant
compounds such as polyphenols and vitamins, are improved
by the activity of a series of different enzymes. In fact, mod-
ification of the molecular nature of phenolic compounds dur-
ing the fermentation process releases new derived compounds
with the potential of biological activities such as changing the
level of gut immunoglobulin and populations of the microbi-
ota. Improved bioavailability of polyphenols during fermen-
tation improves their potential for in situ radical scavenging
and enhances natural antioxidant body defenses (Septembre-
Malaterre et al. 2018). In addition to changes in bioactive
compounds, degradation of anti-nutritional factors, increase
of nutrient density and secondary metabolites, short-chain fat-
ty acids, and vitamins generated by the water kefir fermenta-
tion process result in improving health-related properties of
the product.

To date, research has mainly focused on milk substrates to
produce kefir as an excellent source of probiotics
(Athanasiadis et al. 2004; Varga et al. 2006; Ghasemlou
et al. 2012; Melo and Silva 2014; M’hir et al. 2019). To pro-
vide kefir’s beneficial health effects to non-dairy consumers, a
diversification in alternative non-dairy substrates used for ke-
fir production is necessary. Adaptation of kefir grain with a
variety of other non-dairy sources, including fruits and vege-
tables, has been tested for production of water kefir products
as new functional beverages (Puerari et al. 2012; Baú et al.
2013; Cui et al. 2013; Corona et al. 2016; Fiorda et al. 2016a,
b; Randazzo et al. 2016; Rodrigues et al. 2016; Koh et al.
2017; Du and Myracle 2018; Łopusiewicz et al. 2019); how-
ever, currently, there is no reported study on the development
of non-dairy kefir based on Russian olive fruit (Elaeagnus
angustifolia). Extracts from fruits of Russian olive are rich
in phytochemicals with high antioxidant properties (Wang
et al. 2013; Incilay 2014; Farzaei et al. 2015). Investigation
of the considerable antioxidant activity of Russian olive by
other authors and our preliminary tests confirms the potential
of this plant to be used as a valuable food ingredient, including
in fermentation processes for producing beneficial fermented
products. However, despite its excellent nutritional value and
health benefits, Russian olive has not been widely used in the
food sector (Farzaei et al. 2015). Moreover, there are numer-
ous bioactivities associated with the consumption of kefir bev-
erages, among which Russian olive shares many, including
antioxidant, anti-inflammatory, anti-ulcerogenic, and antimi-
crobial activities (Rodrigues et al. 2005, 2016; Alsayadi et al.
2013, 2014; Farzaei et al. 2015). Therefore, in this study,
water kefir production using Russian olive develops a unique
product, in which particular health benefits of water kefir can
be enhanced.

Moreover, a standardized industrial process for water kefir
production is not presently established, and this beverage is
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mostly produced at home or on a small scale. Production of
water kefir is based on a symbiotic relationship among the
kefir microbial community. Different factors can affect their
metabolic activities and, in turn, the quality of the produced
kefir. These factors include the type of substrate and its ratio to
the water kefir grains, incubation time, and temperature
(Randazzo et al. 2016). Given the importance of antioxidant
and probiotic activities among water kefir properties, the aim
of this study is to develop and optimize the fermentation pro-
cess with respect to both these activities in the beverage.
Accordingly, the effects of fermentation factors such as time,
temperature, and substrate concentration on total phenolic
content (TPC), antioxidant activity, and viability of microor-
ganisms of RWK were investigated. In addition, characteris-
tics of the optimized water kefir beverage, including total sol-
uble solids Brix (°Br), pH, viscosity, and ethanol content,
were assessed. In our study, the use of Russian olive juice as
the main substrate in the formulation of a water kefir beverage
is proposed.

Materials and Methods

Experimental Design

The experimental design, regression analysis of the data, and
model building were performed using the software Design-
Expert (version 10.0.7.0, Stat-Ease Inc., Minneapolis, USA).
The experiments were developed with three factors using a
rotatable central composite design (CCD), including the cen-
tral point (five replicates). Factors included concentration of
Russian olive (20, 25, or 30%), fermentation duration (24, 36,
or 48 h), and temperature (20, 26, or 32 °C), each at three
coded levels − 1, 0, 1. Twenty experiments in duplicates were
conducted for optimization of the RWK fermentation process
(Table 1).

Preparation of Water Kefir Grains and Fermentative
Medium

Field-grown fruits of Russian olive were harvested from a
local farm in Iran and Water kefir grains which contain LAB
(including Lactobacillus paracasei , Lactobacillus
parabuchneri, Lactobacillus kefiri, Lactobacillus Casei, and
Lactococcus. lactis), AAB (including Acetobacter
lovaniensis), and yeasts (including Saccharomyces cerevisiae)
that were provided by the Happy Kombucha Company,
Eastbourne, England. In order to eliminate the influences as-
sociated with the previous cultivation process of the supplier,
grains (50 g/L) were activated in 4 L of sterilized sucrose
solution (10%, w/v) and incubated at room temperature for
24 h (Magalhães et al. 2010). Incubation was repeated three
times before the grains were considered ready to be used.

Sucrose solution was prepared by dissolving sucrose in deion-
ized water and was sterilized through filtration using mem-
brane filters with pore sizes of 0.22 μm. To prepare Russian
olive juice for the experiments, pesticide-free Russian olive
fruits were air-dried. Seeds were separated, and exocarp plus
endocarp, with a moisture content of 11.8%, was milled into
powder in a blender. Fruit powder was extracted in deionized
water by mixing 15.4 g Russian olive with 100 mL water.
Following stirring for 30 min, the juice was separated through
centrifugation for 10 min at 10,000×g. Prepared Russian olive
fruit juice was pasteurized at 75 °C for 5 min before use in the
fermentation process.

Preparation of RWK Beverage and Fermentation
Conditions

Experiments were performed (two biological replicates per
condition) in 1.0-L Biostat Qplus bioreactors (Sartorius
Stedim Biotech, Germany). The working volume in each fer-
menter vessel was 0.4 L containing 20 g of water kefir grains
(50 g/L), pasteurized Russian olive juice (20, 25, or 30% v/v,
depending on experimental run), and 32 g of sucrose (dis-
solved in a volume of deionized water equal to the remaining
volume of each bioreactor to give a final concentration of 8%
w/v of sucrose in a 0.4-L bioreactor). The prepared sucrose
solutions were filter-sterilized before adding to each bioreac-
tor. During the experiments, the temperature was maintained
at 20, 26, or 32 °C and fermentation continued for 24, 36, or
48 h (depending on each condition) while pH was monitored
using pH sensors (Model EasyFerm Plus K8 160, Hamilton).
Each bioreactor was equipped with an impeller, and stirring
was constant at 100 rpm to assure consistency between differ-
ent runs. At the end of each experiment, samples were taken
out from the water kefir liquor through a sampling tube using a
syringe. Samples were analyzed in triplicate, and the results
were expressed as mean values.

Evaluation of the Total Phenolic Content Through the
Folin–Ciocalteu Assay

For measuring the total phenolic content of the samples,
the Folin–Ciocalteu assay was used using gallic acid as
the standard following a method by Pientaweeratch et al.
(2016) with slight modifications. Briefly, 20 μL of each
test sample was mixed with 80 μL of sodium carbonate
(7.5% in deionized water) and 100 μL of Folin–Ciocalteu
reagent (diluted 10-fold in deionized water) in a 96-well
plate. After 60 min of incubation at room temperature, the
absorbance was measured at 765 nm using a microplate
reader, and the results were expressed as μg gallic acid
equivalent (GAE)/mL of sample.
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Determination of Antioxidant Activity

The total antioxidant capacity of the samples was measured
using two spectrophotometric assays, including 1,1-diphenyl-
2-picrylhydrazyl (DPPH) method and ferric reducing antiox-
idant power (FRAP) assay (Brand-Williams et al. 1995;
Benzie and Strain 1996).

Estimation of DPPH Radical-Scavenging Capacity

The antioxidant activities of the samples were determined
using a modified DPPH assay introduced by Brand-
Williams et al. (1995). Briefly, 250 μL of prepared DPPH
solution (0.2 mM) was added to 25 μL of water kefir samples
in a 96-well microplate. The mixtures were incubated for
30 min, and then, absorbance was determined at 517 nm using
a microplate reader. Finally, the results were expressed as
μmol Trolox equivalent/mL of sample.

Determination of Ferric Reducing Antioxidant Power

For measuring the antioxidant activity of the samples using
the ferric reducing antioxidant power (FRAP) assay, a modi-
fied method introduced by Benzie and Strain (1996) was
followed. Briefly, 250 μL of the freshly made FRAP reagent
was mixed with 25 μL of water and 8.5 μL of the samples in a
96-well microplate. After 30 min of incubation, the absor-
bance was read at 593 nm using a microplate reader. The
results were expressed as μmol FeSO4·7H2O equivalent
(FSHE)/mL of the sample.

Determination of Lactic Acid Bacteria, Yeast, and
Acetic Acid Bacteria Cell Viability

Samples were prepared according to the Association of
Official Analytical Chemists’ guidelines (Helrich 1990).
Isolation of LAB, AAB, and yeasts in the samples was carried
out by plating different dilutions on appropriate media follow-
ing methods by ISO (1998), Gulitz (2013), Atalar and
Dervisoglu (2015), and Hsieh et al. (2012) with slight modi-
fications. Viable bacteria or yeasts in the samples were quan-
tified using the drop plate method. Following sequential dilu-
tion stages, a serial dilution was prepared using a sterile saline
solution (0.85% sodium chloride solution, pH 7.2–7.4). Then,
10 μL of each dilution was transferred to the appropriate agar
plate for LAB, AAB, and yeasts. After the growth of colonies
at optimum conditions, they were counted, and the number of
bacteria/yeast in the original samples was calculated as
colony-forming units per mL (CFU/mL). LAB count was per-
formed on de Man, Rogosa, and Sharpe (MRS) agar (pH 5.7),
in which cycloheximide (150 μg/mL) was added to inhibit the
growth of yeasts. The MRS agar plates were incubated for
72 h at 30 °C. AAB was enumerated on GM agar (pH 6.0)

containing cycloheximide (150 μg/mL) to inhibit the growth
of yeasts followed by incubation at 30 °C for 72 h. For yeast
isolates, YPG agar (pH 6.5) was used, in which chloramphen-
icol (100 mg/L) was added to inhibit bacterial growth and
bromophenol blue (0.01 g/L) was mixed for morphological
differentiation following 3 days of incubation at room
temperature.

Characterization of Optimized RWK Beverage

Samples of the optimized RWK beverage were subjected to
several physicochemical characterizations following the stan-
dard methodologies described by AOAC (2000). The pH
values were determined electrometrically using a pH probe
(Mettler Toledo, Switzerland). Soluble solid content (SSC)
was evaluated using a portable refractometer and reported as
degree Brix (°Br). Rheological properties of the sample were
measured according to Nindo et al. (2005) with modifications
and using a controlled stress rheometer (Discovery Hydrid
Rheometer HR-3, TA Instruments, Delaware, USA). The in-
strument was equipped with a concentric cylinder geometry
with a 30.33 mm cup, and a gap of 1 mm was employed.
Before measurements were taken, 5 min was allowed for
sample equilibration, and sample viscosity was determined
by linearly increasing shear rate from 1 to 100 1/s at 25 C.
The ethanol content of water kefir samples was measured
following Atalar and Dervisoglu (2015) method. Briefly, sam-
ples were filtered on a 0.45-mm membrane filter and injected
into a gas chromatograph equipped with a flame-ionization
detector. In addition, TPC and antioxidant activity of the op-
timized product were measured using previously discussed
assays.

Statistical Analysis

Response surface methodology (RSM) was used to determine
the effects of three experimental variables and their interactive
relationship on the response variables. All responses were
equally weighted, and using analysis of variance Fisher test
value (ANOVA F test), response variables were analyzed to
identify the significant factors and accuracy of the suggested
model. Subsequently, P value (p ≤ 0.05) and the coefficient of
determination R2 and R2

adj were used to express the quality of
the fit of the polynomial model.

Verification of the Models

When the Russian olive water kefir fermentation process’s
optimal conditions were determined, the fermentation process
was conducted under these conditions to verify the models’
validity by comparing the corresponding experimental values
with model-predicted response values.
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Results and Discussion

Effects of the Experimental Variables on Total
Phenolic Content and Antioxidant Activities (FRAP
and DPPH) of RWK

Figure 1 illustrates the variation of TPC and antioxidant activ-
ity with Russian olive juice concentration, time, and tempera-
ture. The data obtained indicates that with the increase in
Russian olive juice concentration, TPC and DPPH radical
scavenging activity significantly (p < 0.01) increased,
reaching the highest level at the concentration of 30%
Russian olive juice. On the other hand, the values for TPC
and DPPH of RWK decreased by increasing fermentation
time and temperature (Table 2). It was observed that at time
24 h and a temperature of 20 °C, TPC and DPPH radical
scavenging activity reach the highest level. At a higher tem-
perature than 20 °C and after 24 h of fermentation, lower
DPPH radical scavenging activity was observed. One possible
explanation might be that at higher temperatures, close to the
optimum temperature for microbial metabolic activities, the

structure of phenolic compounds is influenced by the action
of microbial enzymes converting them into other molecules,
which in turn affects the antioxidant activity of the beverage
(Ekbatan et al. 2016). Also, the stability of some of the natural
phenols and antioxidant compounds is pH-dependent; there-
fore content and structure of the phenolic compounds are in-
fluenced by changes in pH throughout the fermentation,
which ultimately affects the total phenolic content and antiox-
idant activity of the product (Hur et al. 2014). However, there
could be a certain level of improved antioxidant activities
attributed to microbial-derived phenolic metabolites
(Ekbatan et al. 2016). At first, water kefir fermentation can
increase the total phenolic content and antioxidant activity by
inducing the Russian olive cell wall’s structural breakdown
through hydrolysis by microbial enzymes, releasing various
bioactive compounds inducing their synthesis. Moreover,
Huynh et al. (2014) illustrated a summary of various metabol-
ic pathways of phenolic compounds by microbial fermenta-
tion, among which there are particular metabolic pathways for
the phenolic compounds and microorganisms, which are
shared with Russian olive and water kefir grains, respectively.
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Fig. 1 3D plots showing the combined effect of time, temperature, and Russian olive juice concentration on a, b AADPPH radical, c, d AAFRAP, and e, f
TPC
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Therefore, in addition to microorganisms’ action on releasing
bound phenolic compounds from the plant cell walls, they can
also convert phenolic compounds into more simplified metab-
olites for improving their bioactivities (Heim et al. 2002;
Huynh et al. 2014). Subsequently, enhancement of the pheno-
lic profile of Russian olive and its antioxidant properties over
water kefir fermentation is anticipated.

Due to synergism between the polyphenolic compounds
and other components in the fermentation, which contributes
to the total antioxidative activity of the RWK, it cannot be
predicted based on TPC alone. However, there is a correlation
between TPC and antioxidant activity, particularly with the
DPPH radical scavenging observed in this study. The conclu-
sion is that an increase in TPC with higher Russian olive juice
concentration and reduced fermentation time can increase the
antioxidant activity (FRAP and DPPH radical scavenging ac-
tivity) of RWK. Overall, our results showed that total phenolic
content and antioxidant activity of RWK are decreased
throughout the fermentation process (compared with the
starting point of the fermentation process (time 0) with the
values of 132.4 μg GAE/mL, 0.35 μmol FSHE/mL, and
0.18μmol Trolox Eq/mL for TPC, FRAP antioxidant activity,
and DPPH radical scavenging activity, respectively). It can be
explained by fermentative changes to the bioactive com-
pounds, including phenolic compounds, which are converted
to other molecules with varied biological activities. However,
they remain significantly higher than the control water kefir
sample produced using sucrose solution (with the values of
6.3 μg GAE/mL, 0.014 μmol FSHE/mL, and 0.021 μmol
Trolox Eq/mL for TPC, FRAP antioxidant activity, and
DPPH radical scavenging activity, respectively). In a similar
study by Randazzo et al. (2016) on water kefir fermentation of
different fruit juice, all fruit juices showed a decreased TPC
(up to 53% decrease) and reduced DPPH antioxidant activity
(up to 19%) after water kefir fermentation. Corona et al.
(2016) also reported up to 49% decrease in the total phenolic
content of juice after water kefir fermentation. When sucrose
is used as the only carbon source for water kefir production,
Fiorda et al. (2016a) and Alsayadi et al. (2013) indicated im-
provement in the total phenolic compound and antioxidant
activity after fermentation. Similar observations of increased
antioxidant activity were made in our control sample, in which
sucrose was used as the only carbon source in the media for
the water kefir fermentation process (increased level of
1.92 μg GAE/mL, 0.009 μmol FSHE/mL, and 0.014 μmol
Trolox Eq/mL for TPC, FRAP antioxidant activity, and DPPH
radical scavenging activity, respectively). In this study, when
Russian olive and sucrose were combined as the source of
carbon for fermentation, the total antioxidant activity of the
RWK samples decreased after fermentation. However, despite
the decrease in antioxidant activity, the results were signifi-
cantly higher than for the water kefir samples fermented using
sucrose alone. This is in accordance with our hypothesis; by

replacing the standard sucrose solution or even part of it with
Russian olive with high antioxidant activity, the antioxidant
properties of the produced water kefir can be considerably
increased compared with water kefir in which only sucrose
is used as the substrate.

Effects of the Experimental Variables on LAB, AAB,
and Yeast Cell Viability of Water Kefir Microorganisms
in RWK

Production of water kefir is based on a symbiotic relationship
among the kefir microbes (including yeasts, LAB, and AAB).
Different factors can affect their metabolic activities, among
which the concentrations of substrate, incubation time, and
temperature were evaluated in this study. Despite some unique
features, the results regarding the effect of independent exper-
imental variables on AAB, LAB, and yeasts of RWK bever-
age showed a similar trend, including the positive effect of
temperature and Russian olive juice concentration on cell vi-
ability of RWK microorganisms (Fig. 2). From the ANOVA
of the response surface quadratic model, there were significant
effects (p < 0.05) of the fermentation variables on the micro-
bial proliferation of RWK microorganisms, producing first-
order significant (p < 0.01) linear effect of temperature on
AAB, LAB, and yeasts and significant interactive effects
(time × Temp) and (time × Russian olive Con) on AAB and
yeast, respectively (Table 2). The number of viable cells of
AAB and LAB was shown to be significantly (p < 0.05) af-
fected by the time of fermentation; however, it showed to have
no significant effect on the viability of yeast cells (Fig. 2b, e,
and g). The highest number of cells for AAB and yeasts was
shown to be at 47 and 36 h of fermentation, whereas Fig. 2
shows the highest number of cells for LAB at 27 h of fermen-
tation. Longer fermentation time for optimum growth and
viability of AAB and yeasts compared with the LAB can be
due to AAB and yeasts’ symbiotic interaction during water
kefir fermentation. The presence of ethanol, produced by the
yeast cells, facilitates the growth of acetic acid bacteria. Acetic
acid bacteria transform glucose to gluconic acid and fructose
into acetic acid and, thereby, the increased production of
acetic acid stimulates the yeast cells to convert sugar and pro-
duce ethanol via the glycolysis metabolic pathway (Ayed et al.
2017). Moreover, increased fermentation time was shown to
positively affect AAB’s proliferation but negatively affected
the growth of the LAB and yeast cells. This can be due to the
increased production of ethanol with increased fermentation
time, which consequently facilitates the growth of acetic acid
bacteria. During the kefir fermentation, other microbial inter-
actions can exist; however, the mechanisms of symbiotic in-
teraction of microorganisms of kefir grains are still not well
known (Fiorda et al. 2017). The optimal proliferation of AAB,
LAB, and yeasts was observed at 28, 31, and 26 °C, respec-
tively. Figures 2b, e, and g present a gradual linear increase in
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cell growth of AAB, LAB, and yeasts when the fermentation
temperature increased to close to their optimum temperature
for growth. The increase in LAB and AAB was more signif-
icant (p < 0.05) than for yeasts, as indicated by the highest
coefficients in Table 2. This linear effect is confirmed as the

concentration of Russian olive juice increased. Mishra and
Mishra (2015) also reported free sugar and temperature as
important factors for guaranteeing a sufficient number of via-
ble probiotic cells in fermented products. An increase in AAB,
LAB, and yeast cells upon the increasing concentration of
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Fig. 2 3D plots showing the combined effect of time, temperature, and Russian olive juice concentration on the cell viability of acetic acid bacteria cell
viability (a–c), yeast cell viability (d–f), and lactic acid bacteria (g, h)
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Russian olive juice in RWK could be attributed to the in-
creased availability in nutrients, which may sustain water kefir
microorganisms’ metabolic activities at the accumulation of
higher concentration of organic acids. Consequently, the ac-
cessibility to essential nutrients, including carbon and nitrogen
sources for the growth of bacteria and yeast, can maintain the
high level of microbial proliferation.

Overall, the fermentation of water kefir is traditionally per-
formed at room temperature. Commonly used incubation time
and temperatures are recommended as 25 °C/24 h by
Magalhães et al. (2010) and Marsh et al. (2013) and 21 °C/
24 h by Alsayadi et al. (2013). However, for the growth of
mesophilic bacteria and yeasts present in the water kefir
grains, 32 °C is reported as the optimum temperature by
Koh et al. (2017). The results of our study indicate 24 h of
fermentation at 31.2 °C as the optimized conditions for the
maximum level of cell growth. This aligns with the most rel-
evant study by Koh et al. (2017), who reported 24 h at 32 °C
as the optimal conditions for the fermentation of pumpkin
water kefir with good overall acceptability and higher
microbial proliferation. According to the Canadian Food
Inspection Agency (2019) and Codex Alimentarius
Commission (2018), in order to exert a beneficial health im-
pact, the recommended number of viable cells in fermented
food products is 1.0 × 109 CFU of one or more of the eligible
probiotic microorganism(s) per serving size of a product. On

the other hand, according to Bertazzoni et al. (2013), the vol-
ume of the consumed probiotic drink is often 100–200 mL.
According to Table 4, the number of viable cells of AAB,
LAB, and yeasts in the optimized RWK is 7.20, 7.06, and
7.17 log10 CFU/mL, respectively. Therefore, a minimum
number of 109 live probiotics per 100–200 mL serving size
of RWK is expected to be reached and shows that the opti-
mized RWK can potentially deliver health benefits to the tar-
get host as a potential probiotic drink, which can be confirmed
through future in vivo studies.

Model Fitting

Using a second-order polynomial equation, the independent
and response variables were fitted to the experimental data.
Table 2 presents the linear and quadratic equations, as well as
the statistical significance for each response. As shown in
Table 3, an insignificant P value (p > 0.05) for lack of fit for
all investigated variables indicates satisfactory accuracy of the
six proposed mathematical models for estimation of the cor-
responding variable responses. The high coefficients of deter-
mination (R2 values) of the linear and quadratic polynomial
models indicate that the experimental data fit the equation
effectively. In addition, to validate the model’s accuracy,
adj-R2 and coefficient of variation (CV) were estimated. The
low CV values (0.67–15.35%) indicate high precision of the

Table 3 Analysis of variance (ANOVA) for the response of Russian olive water kefir-fermented product experimental variables

Source

Response Residual Model F value P value Prob > f P value lack of fit R2 Adj R2

df SS MS df SS MS

AADPPH (μmol Trolox Eq/mL) 15 0.002 0.0001 3 0.012 0.004 27.98 < 0.0001 0.518 0.84 0.81

AA·FRAP (μmol FSHE/mL) 15 0.013 0.0008 3 0.022 0.0072 8.66 0.0014 0.908 0.64 0.56

TPC (μg GA/mL) 16 3.17 0.20 3 8.56 2.85 14.42 < 0.0001 0.949 0.73 0.68

AAB viability (Log10 CFU/mL) 10 0.24 0.024 9 2.01 0.22 9.49 0.0008 0.574 0.90 0.80

Yeast viability (Log10 CFU/mL) 10 0.0017 0.00017 9 0.0074 0.0008 4.77 0.0114 0.214 0.81 0.64

LAB viability (Log10 CFU/mL) 10 0.31 0.031 3 1.16 0.39 10.8 0.0005 0.711 0.68 0.62

F values imply the models are significant. These values indicate a significant (p < 0.05) relationship between independent and response variables and can
be used to predict the corresponding responses of the RWK beverage

Table 4 Predicted and
experimental values of the
responses at optimum conditions

Predicated Experimental Response variable Root mean square error

101.939 98.32 TPC (μg GAE/mL) 3.62

0.121 0.096 DPPH (μmol Trolox Eq/mL) 0.03

0.199 0.22 FRAP (μmol FSHE/mL) 0.02

7.39 7.20 AAB viability (Log10 CFU/mL) 0.19

7.18 7.06 LAB viability (Log10 CFU/mL) 0.12

7.08 7.17 Yeast viability (Log10 CFU/mL) 0.09
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experiments, and adequate precision values greater than 4
(9.17–16.79) are desirable and imply reliability of the models
with good signal to noise ratios.

Process Optimization

Using the RSM response optimizer, the overall optimum re-
gion was determined to be at the temperature of 31.2 °C, fer-
mentation time of 24 h, and the 30% concentration of Russian
olive. According to the results of the optimization process,
predicted response values under the optimum conditions for
FRAP, DPPH radical scavenging, and TPC were 0.199 (μmol
FSHE/mL), 0.121 (μmol Trolox Eq/mL), and 101.939 (μg
GAE/mL), respectively. Also, the predicted values for micro-
bial viability (of AAB, LAB, and yeasts) were 7.39, 7.18, and
7.08 log10 CFU/mL, respectively. Regression coefficients of
the developed linear and quadratic models exhibited signifi-
cant (p < 0.05) relationships between the dependent variables
and corresponding responses of the final RWK product. The
optimum value of 0.718 was selected for the desirability
function.

Verification of the Models

The models’ validity was accomplished by conducting the
water kefir fermentation process under optimal conditions de-
termined by the models, at the temperature of 31.2 °C, fer-
mentation time of 24 h, and using the 30% concentration of
Russian olive. The corresponding experimental values were
compared with model-predicted response values (Table 4).
The RMSE value, which is the square root of the residuals
variance, indicates the absolute fit of the model to the data and
illustrates how close the observed values for the optimized
fermentation condition are to the model’s predicted values.
The low RSME values prove that the experimental model’s
predicted values are in good agreement with the experimental
results. RSME values (ranging from 0.02 to 0.3.62) imply that
the proposed model could accurately predict the responses in
real experimental conditions. Finally, the physicochemical
properties of the produced RWK, including pH, ethanol con-
tent, soluble solid content, and viscosity, were measured and
reported as 4.1, 0.65 (%), 9.7 (°Br), and 1.52 (cP),
respectively.

Conclusion

By using Russian olive in water kefir fermentation, a novel
non-dairy (water kefir) beverage with enhanced bioactivities
is developed. In addition, this is the first study where the
fermentation process of RWK is optimized using advanced
bioreactors and response surface methodology. The devel-
oped predictive models for all responses of interest of the

water kefir yielded predictable and reproducible results, and
the verification of the models showed a close agreement be-
tween the experimental values and the predicted values. RSM
predicted that a set level of 30% Russian olive juice concen-
tration over 24 h of fermentation at the temperature of 31.2 °C
would provide the optimum conditions for preparing water
kefir beverage with maximal TPC, antioxidant activity, and
microbial viability of water kefir microorganisms. Under the
optimum fermentation conditions, the values for FRAP,
DPPH radical scavenging, and TPC in RWK were 0.22
(μmol FSHE/mL), 0.096 (μmol Trolox Eq/mL), and 98.32
(μg GAE/mL), and the microbial viabilities (of AAB, LAB,
and yeasts) were 7.20, 7.06, and 7.17 log10 CFU/mL, respec-
tively. The optimized RWK process in this study can facilitate
its production at a larger scale for satisfying a wider range of
non-dairy consumers with limited availability of kefir-like
products.
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