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Abstract: Kefir grains represent a symbiotic association group of yeasts, lactic acid bacteria and acetic
acid bacteria within an exopolysaccharide and protein matrix known as kefiran. The mechanism of
growth of a biomass of kefir after successive fermentations and optimal conditions is not well under-
stood yet. Biomass growth kinetics were determined to evaluate the effects of temperatures (10 °C to
40 °C) and different substrates, such as monosaccharides (fructose, galactose, glucose), disaccharides
(lactose, saccharose) and polysaccharides (Agave angustifolia fructans) at 2%, in reconstituted nonfat
milk powder at 10% (w/v) and inoculated with 2% of milk kefir grain (10° CFU/g), after determining
the pH kinetics. The best conditions of temperature and substrates were 20 °C and fructans and
galactose. An increase in cells, grain sizes and a change in the morphology of the granules with
the best substrates were observed using environmental scanning electron microscopy, confocal laser
scanning microscopy and Image Digital Analysis (IDA). Kefir grains with agave fructans as their
carbon source showed the higher fractal dimension (2.380), related to a greater co-aggregation ability
of LAB and yeasts, and increase the formation of exopolysaccharides and the size of the kefir grains,
which opens new application possibilities for the use of branched fructans as a substrate for the
fermentation of milk kefir grains for the enhancement of cellular biomasses and exopolysaccharide
production, as well as IDA as a characterization tool.

Keywords: biomass; exopolysaccharide; fructans; substrate; image analysis

1. Introduction

Throughout history, water kefir and milk kefir have been consumed, both of which
are produced from gelatinous particles called kefir granules. Both have different physical,
chemical and microbiological compositions [1]. Milk kefir is a fermented dairy product
from the Caucasus, Tibet and Mongolia consumed for its biological activity and func-
tional properties as an antimicrobial, antibacterial, anti-inflammatory, immunomodulating,
antioxidant, antihypertensive and hypocholesterolemic, among others [2-6], which are
associated with its microbiological and physicochemical composition, as well as its possible
application in the food industry or materials, such as gelling, texturizing, rheology or
packaging [2], which are also associated with its microbiological and physicochemical com-
position. It is produced by the action of lactic acid bacteria, acetic acid bacteria and yeasts,
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which are embedded in a rubbery matrix known as kefir grain, composed of insoluble
proteins and polysaccharides, which live symbiotically [6-8]. The biomass of kefir grains
slowly increases after successive fermentations, while the bacteria/yeast ratio is steady
maintained in the matrix [9].

These symbiotic relations between microorganisms are responsible for production of
the flavor of the kefir product [10,11]. Yeast strains in kefir grains also play a crucial role in
fermentation and in forming the flavor and aroma in the final product. Thus, identification
studies of yeast strains from kefir grains have been carried out. Kluyveromyces maxianus,
Torulaspora delbrueckii, Saccharomyces cerevisiae. During the fermentation of sugars, valuable
products such as exopolysaccharides (kefiran), organic acids (acetic acid, lactic acid) and
volatile substances (ethyl acetate, acetaldehyde) are generated, in addition to the production
of alcohol that gives flavor and increases the aroma of the final product, helping to improve
the organoleptic properties [2,11,12].

Several substrates have been used for fermentation of the kefir grains, such as monosac-
charides (glucose, galactose, fructose) and disaccharides (lactose, saccharose). However,
there are few studies that report the application of polysaccharides (starch) [13-16] or
fructans (inulin) [8] as a substrate for the growth of the biomass of milk kefir grains.

Fructans are present in various plants as reserve carbohydrates, but the fructans,
such as inulins extracted from chicory roots (Cichorium intybus L.), are the ones that are
mainly marketed throughout the world. Inulin has linear chains with fructose $ (2-1)
bonds with a degree of polymerization (DP) between 3-10 [17-19]. In recent years in
Mexico, there has been an increasing research interest in agave fructans (FUC), which are
extracted mainly from Agave tequilana Weber for commercialization [20,21]. However, there
are other species such as Agave angustifolia Haw from which FUC are also extracted. FUC
have a different structure compared to chicory inulin, since in addition to having linear
chains, they also have branches, forming a heterogeneous mixture of branched fructose
polymers. The polymers of FUC have fructosil units in 3 (2-1) and 3 (2-6) branched DP
bonds between 3-30 [22,23] with intermediate or terminal glucose units [20,24]. In recent
years, there has also been a growing interest in using FUC as a functional food ingredient
for its technological or nutraceutical properties [17]. However, it has not been studied as a
substrate for fermentation cultures. For the biomass production to be optimal, the kinetic
parameters of the fermentation must be adequately controlled.

Substrates and temperature are two of the main parameters used to increase the
biomass during growth kinetics in fermentation with kefir granules; so, they are important
for choosing the best fermentation conditions [25]. In the fermentation process of substrates,
mainly simple sugars by the kefir granules, an interaction is generated between different
microorganisms present in the culture. The symbiosis between yeasts and BAL maintains a
balance, where the yeasts through the fermentation of substrates provide nutrients to the
BAL and the latter provide metabolites that serve as an energy source for the yeasts. At
the same time, an exopolysaccharide is generated that helps in the auto aggregation and
increase of the granule [26,27].

Image digital analysis (IDA) is an auxiliary tool that allows the statistical analysis
of morphological changes and surfaces [28,29]. These changes can be associated with
the growth conditions of the kefir granules and relate to populations of microorganisms
within the same granule, allowing control of the growth of the total biomass and the
production of exopolysaccharides. Image texture analysis has emerged for the purpose of
measuring quantitative microstructural changes of food from images [30]. Texture is an
attribute represented by the spatial arrangement in the levels of gray pixels of an object
or region of interest of an image, which quantifies some visual characteristics within the
image such as the roughness of objects [31,32] and describes properties such as regularity
of homogeneity [33]. Many methods for analyzing texture have been developed and the
two most used are the grayscale co-occurrence matrix algorithm (GLCM) and the shifting
differential box-counting method (SDBC).
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The objective of this study was to perform growth kinetics during milk kefir fermenta-
tion to determine the best fermentation conditions using monosaccharides, disaccharides
and polysaccharides at different temperatures to determine their influence on the micro-
bial content and morphological changes of kefir granules under environmental scanning
electron microscopy (ESEM), confocal laser scanning microscopy (CLSM) and IDA.

2. Materials and Methods
2.1. Material

Kefir grains were obtained from Teziutlan, Mexico. Nonfat milk powder fortified
(Svelty®, Nestlé, Vevey, Switzerland) as a control substrate (CON), fructose (FRU) (USP,
(08431, Fermont, Monterrey, Mexico), galactose (GAL) (G0750, Sigma-Aldrich, St. Louis, MO,
USA), glucose (GLU) (27740, Golden Bell, Querétaro, Mexico), lactose (LAC) (1.07657.1000,
Millipore, Burlington, MA, USA), saccharose (SAC) (FX27360, Golden Bell) and agave
fructans (FUC) (from Agave angustifolin Haw obtained through a patented process [34])
were used for this study.

2.2. Fermentation Process

In order to determine the biomass growth kinetics of the kefir grains and make the
selection of the best substrates, fermentations were carried out for the treatment variables
using nonfat milk powder reconstituted as the test bed (10% w/w total solids) and used as
control [8]. For the treatments, it was fortified with different substrates at 12% w/w total
solids: FRU, GAL, GLU, LAC, SAC or FUC [35]. For each treatment, it was in a volume
of 100 mL, in 250 mL flasks to have enough aeration space, and was inoculated with 2%
kefir granules to initiate the propagation for the following temperatures of 10, 15, 20, 25,
30, 35 and 40 °C. An incubator in static mode was used for temperatures of 25, 30, 35
and 40 °C (LAB-LINE, Model R3525, Melrose, IL, USA). The fermentation was performed
under ambient atmospheric conditions in all cases, until 24 h, in static mode. The initial
pH value of the fermentation substrate was 6.8 and was monitored during the process at
the time 0, 2, 4, 6 and 24 h using an OHAUS pH meter (Starter pen, ST10, Ohaus Corp.,
Parsippany, NJ, USA). All experiments were performed in triplicate. Kefir grains need
frequent fermentations for their sustainability. The change of milk was carried out every
24 h, and the biomass was recorded weekly.

2.3. Kefir Grain Biomass Determination

The kefir grains’ biomass concentration was carried out by gravimetric analysis [36].
Kefir grains were separated from fermented milk by filtering using plastic sieves sanitized
with 70% ethanol and dried. Kefir grains were rinsed with sterile distilled water and then
left to dry on sterilized paper towels to remove excess of water at room temperature. Finally,
the kefir grains were weighed using an analytical balance and afterward returned to the
new milk. For each propagation medium, this procedure was repeated every 24 h for 7
days. The increase in grain biomass was calculated for each treatment using Equation (1).

Increase in biomass (%) = W2 — Wi x 100 1)
W1
where W1 = kefir grains’ initial weight and W2 = weight of the kefir grains after the 24 h of
fermentation. All experiments were performed in triplicate.

2.4. Microbiological Analysis

Microbiological analyses were carried out [8]. Bacteria of the genus Lactobacilli and
Lactic streptococci were counts by plate on de Man, Rogosa and Sharpe (MRS) medium
(110661, Merck, Darmstadt, Germany) and M17 medium (7262702, BD Difco™, Rutherford,
NJ, USA), respectively (both at 37 °C for 48 h). Yeasts were grown on potato dextrose agar
(PDA) (211900, BD Bioxo6n, Rutherford, NJ, USA) (at 25 °C for 5 d).
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2.5. Microstructure Analysis

The microstructure of kefir grains treated with FUC, GAL and the control was ob-
served by environmental scanning electron microscopy (Carl Zeiss, model EVO LS10, Jena,
Germany). The granules were placed on conductive carbon tape and images of the surface
were captured at a water vapor gauge pressure of 30 Pa and at an acceleration voltage of
15 kV. All images were stored in TIFF format with a resolution of 2048 x 1536 pixels.

2.6. Confocal Laser Scanning Microscopy

Confocal scanning laser microscopy (CSLM) was performed using an LSM 800 mi-
croscope (Carl Zeiss, Oberkochen, Germany) on the analysis of fat, proteins and sugars of
kefir grains control and treatments (FUC and GAL). Samples were observed in 3D using
Carl Zeiss ZEN 2.6 Blue edition software (Jena, Germany). The prepared samples were
mounted on glass slides, stained with Nile Red, Calcofluor White and Rhodamine B and
observed under the CLSM at laser wavelengths of 495 nm (green), 614 nm (red), 353 nm
(blue) and 558 nm (yellow). The images were taken with a 20x /0.5 Objective Plan-Neofluar
at a resolution of 1024 x 1024 pixels.

2.7. Image Digital Analysis

The images captured with the ESEM were processed using the Image] v.1.50d software
(National Institutes of Health, Bethesda, MD, USA), and the fractal analysis was conducted
using the box-counting method with the plugin FracLac Box-Counting. A generalization of
the box counting method was used to evaluate the fractal dimension of the images (FDt).
In this work, the shifting differential box-counting method (SDBC) was used [37]. The size
of the cropping was the same for all the images evaluated at 500 x magnification.

2.8. Image Texture Analysis

Texture parameters can be extracted from ESEM images (e.g., angular second moment
(ASM), contrast, correlation, inverse difference moment (IDM) and entropy) using the
GLCM and surface plot tools of Image] v.1.50d software (National Institutes of Health,
Bethesda, MD, USA). These parameters are related to characteristics such as homogeneity,
contrast and the presence of organized structures within the image.

The GLCM is based on the idea that an image can be analyzed through the number of
pixels or squares that form it in horizontal direction Nx and vertical direction Ny, in the
matrix element P5 (i,j), with intensity values i and j at a particular displacement distance &
from along a given direction 6 [38]. Furthermore, each of these pixels has a gray tone value
that is quantified up to Ng levels (diagonally). Therefore, considering the above, an image
can be represented as a function, which assigns different shades of gray for each pixel or set
of pixels, and from this information the texture of an image can be characterized [31,39,40].

The GLCM calculates up to 14 different descriptors. In this study, the following four
were considered:

(a) Energy measures uniformity textural image and is an opposite parameter to entropy.
The energy parameter is also known as uniformity, energy uniformity and angular
second moment (ASM).

G-1 G-1
ASM =Y Y {P(i,j)}? 2
i=0 j=0

(b) Contrast is a measure of local variations in grayscale value pixels of an image. Contrast
is also known as variance or inertia.

G-1
CONTRAST = Y | nz{

G
n=0 =

G
. P(i/f)}/ i—jl=mn ©)

i=1 j=1
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(c) Inverse difference moment (IDM), also known as homogeneity parameter, which is a
measure similar to energy; it also represents the homogeneity of the local image.

Gi; 1G-1 1

IDM = 3 Pi)) )

i—0 j=o 1+ +j)

(d) Entropy measures the disorder or randomness of images, can be used to characterize
the texture of the image and is indicative of complexity within the image. Therefore,
complex images will have high values of entropy.

G-1 G-1

ENTROPY = — Y Y P(i,j) *log(P(i,})) (5)
i=0 j=0

2.9. Statistical Analysis

Statistical analysis was performed using one-way analysis of variance (ANOVA) to
assess response variables. The descriptive statistics software IBM SPSS statistics 26 (IBM
Corporation, Armonk, NY, USA) was used. All experiments were performed in triplicate,
and the results were expressed as mean =+ standard deviation (SD). Significant differences
between means were compared using post hoc of Tukey methodology (p < 0.05). MATLAB
(MathWorks, Inc., Natick, MA, USA) was used to perform the Duncan’s multiple range test
(p < 0.01) to evaluate the differences between the samples in the texture image analysis.

3. Results and Discussions
3.1. Fermentation Process Measurement

When the kefir grains encounter a nutrient-rich medium such as milk, the microor-
ganisms that make them up begin to consume the nutrient to perform their vital functions.
Their first task is always to reproduce and increase their biomass. One of the most im-
portant factors to control the growth of milk kefir grains is the pH. The fermentation
produces a wide variety of organic acids such as acetic acid, lactic acid and malic acid,
among others [41]. Acetic acid is derived from carbohydrate metabolism, but a proportion
is originated during fermentation because of yeast metabolism, which has been derived
from an incomplete tricarboxylic acid cycle. The production of these acids is directly related
to the pH of the fermentation medium of the kefir grains. The balance involves various
aspects of cell physiology and adaptation to different environmental factors [42]. To check
the influence of temperature on the acidification medium, the pH values were followed
along the kinetics, starting from an initial pH of the medium of 6.8 and considering an
optimum of 4.5 to stop fermentation (Figure 1).

As a consequence of the production of organic acids, pH values progressively decrease
in all substrates, especially due to the production of lactic acid generated because of
the growth of LAB [6,14]. By increasing cell density, microorganisms must survive the
byproducts of their own metabolism, such as the generation of organic acids, induced
acidification and inhibition of fermentation ability, when cell density is exceeded and the
amount of substrate decreases, there is cell lysis in the same medium.

A mathematical model based on a fraction conversion model [43,44] to describe the
effect of temperature and fermentation time on the kinetic parameters of the pH change
by kefir grains population was used with modifications for the present work, where the
behavior of the pH medium vs. time was modeled to a mathematical model proposed by
Kaptan et al. [43] in order to select the best conditions to increase the biomass (temperature
and substrate).
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Figure 1. pH kinetics of fermentation of kefir grains’ media for growth: (a) nonfat milk powder
(control) and nonfat milk powder with (b) 2% of fructans, (c) 2% of galactose, (d) 2% of glucose,
(e) 2% of lactose, (f) 2% of sucrose and (g) 2% of fructose. 10 °C (—e—); 15 °C (—x—); 20 °C (-&-); 25 °C
(-0-); 30 °C (—F —); 35 °C (—4-); 40 °C (-O-).

To fit the mathematical model, the pH 4.5 was considered as the pH to stop the
fermentation (pH; = 4.5); the selection of the pH was due to the pH of fermented milk kefir
grains being between 4.2 and 4.6 [45,46]. A low pH of the substrate can slow the growth
of kefir grains, and it can reduce the viability of microorganisms, but it is also related
to the conservation and sensorial properties of the final product. Wang et al. (2012) [47]
mentioned that co-cultured kefir LAB and yeast are carried out faster and better in a pH
close to 4.2 than at a pH of 6.2.

During kefir fermentation, the pH change was recorded in 0 (initial), 2, 4, 6 and 24 h
intervals. Before inoculation with kefir grains, the average milk pH was 6.8 by fitting the
behavior of the medium to the model (Figure 2), and the R2 was adjusted (Table 1) using
the Equation (1).

Having new substrates is a continuous challenge, and in order to produce and obtain
fermentation subproducts around milk kefir grains such as fermented beverages or byprod-
ucts of biotechnological interest such as exopolysaccharides, temperatures of 30 °C would
be considered a better option for a continuous flow reactor, so that operation times can be
reduced to 14-16 h with the use of FUC to obtain this metabolite, but not for cell growth,
where a higher concentration was observed with GAL, which involves a constant change
of substrate and medium to avoid cell lysis due to a fast decrease in pH. Variation on kefir
microbiota by using different substrates has been demonstrated. Therefore, monitoring
to maintain the characteristics of the culture in view of what is to be obtained (biomass
or secondary metabolites) is crucial if industrializing its production and maintaining a
sustainable culture are desired [48].

It was observed that temperatures above 25 °C did not fit the semi-logarithmic equa-
tion at 24 h of fermentation; therefore, it was concluded that after 24 h of fermentation the
medium was below the established pH (4.5). Thus, the fermentation temperatures of 30, 35
and 40 °C were discarded as temperatures for the fermentation of kefir grains in a time of
24 h, where the lowest pH was reached in all samples (3.50—-4.25 pH). High temperatures
(3040 °C) accelerate the metabolism of LAB’s, generating a medium with an acidic pH
in a shorter fermentation time; hence, such an acidic medium can decrease the functional
activity of LAB and therefore the increase in biomass is reduced.
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Figure 2. pH change kinetics fitted to log (pHt-pHinf / pHi-pHinf) media for growth: (a) nonfat
milk powder (control) and nonfat milk powder with (b) 2% of fructans, (c) 2% of galactose, (d) 2% of
glucose, (e) 2% of lactose, (f) 2% of sucrose and (g) 2% of fructose. 10 °C (-e—); 15 °C (-x-); 20 °C
(-W-); 25 °C (-0-); 30 °C (—F—); 35 °C (-4-); 40 °C (-O-).
Table 1. Rate of change of pH vs. time during fermentation of milk kefir grains.
R2 R2 R2 R2 R2 R2 R2
Substrate 10°C 15°C 20°C 25°C 30°C 35°C 10°C
Control 0.565 0.768 0.983 0.997 * * *
Fructans 0.609 0.504 0.983 * * * *
Galactose 0.358 0.827 0.965 * * * *
Fructose 0.398 0.729 0.938 0.998 * * *
Glucose 0.543 0.852 0.994 0.866 * * *
Lactose 0.036 0.494 0.958 0.919 0.995 * 0.937
Sucrose 0.466 0.784 0.991 0.996 * * *

* Means that the fermentation medium was below the established pH of 4.5.

At low temperatures (10-15 °C), which also presented a non-linear behavior, the
low temperature could reduce the activity of LAB and consequently carry out a slow
fermentation process, which is reflected in the low production of acid in the medium
(pH 6.2) and therefore in the slow growth of a kefir biomass. Since it is essential that the
LAB carry out fermentation to increase their biomass and in the same way to obtain simple
sugars (galactose and glucose) through the degradation of lactose, these simple sugars
could be assimilated and metabolized by the yeasts present in the medium and stimulate
each other’s growth [49], which will be reflected in the increase in the biomass of the
conglomerate (LAB and yeast). The results showed that at 20 °C they were able to correlate
to the linear behavior.

Consequently, as a result, the experimental data obtained showed that the optimum
temperature for fermentation was 20 °C for all examined media. The results indicate
that the kefir grains have the potential to proliferate in the milk during fermentation at
the selected temperature of 20 °C and 2% of kefir grains for GLU, SAC, FUC and GAL;
moreover, the best substrates fitted to the model were R2, which was equal to 0.994, 0.991,
0.983 and 0.965, respectively (Table 1).
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3.2. Biomass Increase

The increase of kefir grains (growth curve) is essential for optimization, control and
monitoring of the process parameters on the kefir grains to achieve the maximum produc-
tion to obtain the polysaccharide kefiran [50]. Farnworth and Mainville [45] mentioned
that some of the factors that affect the chemical, microbiological and sensorial properties of
kefir grains are the starting material, process and final product variables.

The starting material variables are made up of origin of milk, level of fat and origin of
the inoculum, among others. In the present work, after having defined the fermentation
conditions in Section 3.1 (2% of kefir grains at 20 °C), the kinetics of kefir grain biomass
growth were investigated using different substrates (FUC, SAC, GAL, GLU and CON)),
with especial interest in the fructans as a new substrate of carbon source proposal to
improve the biomass production of milk kefir grains (Figure 3). During the increase in kefir
biomass, it could be observed that the kefir grains present a different behavior depending
on the substrate used. It has been mentioned that the reproductive capacity of grains is
significantly influenced by growing conditions [50].

250
e L
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Qi .
E -
= 150 -
£ r -.-g: i
S 100} gt
S i - IEREINCY
= . J .@-"ji%---:}'" i
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Figure 3. Biomass increment of kefir grains: (-e—) nonfat milk powder (control) and nonfat milk
powder with: (-M-) 2% agave fructans, (-A-) 2% galactose, (~O-) 2% glucose and (—x—) 2% sucrose.

The results showed that kefir grains that fermented in the control substrate (CON)
presented the least increase in biomass due to the low viability of carbon sources (80% on the
seventh day). Conversely, substrates that were enriched with different carbon source such
as fructans, sucrose, galactose and glucose showed a greater increase, where the increment
from lowest to highest was as follows, SAC < GLU < GAL < FUC, with an increase of
125; 140; 190; 220%, respectively; these results are related to the fermentation process and
the role that microorganisms develop in said fermentation. The highest biomass increase
was observed with grains that grow in fructans (FUC). This behavior showed a positive
effect on the biomass production of the proposal substrate. The ANOVA showed significant
differences across samples (p < 0.05), with a p = 0.001 and F = 4.840. On the other hand,
post hoc tests were used to evaluate the comparisons of kefir biomass growth. The post
hoc tests showed significant differences across samples where fructans showed significant
differences between the control (p = 0.005) and sucrose (p = 0.006). However, they did not
show significant differences between glucose (p = 0.150) and galactose (p = 0.835).

The modification in the morphology of the kefir grains is related to the type of microor-
ganisms present in the kefir grains. Since this will depend on the fermentation conditions
(temperature, pH, concentration) and substrate used, some microorganisms will be favored
to remain in the conglomerate and others to form part of the substrate. In an environ-
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ment of high cell density with relatively low nutrients and high acid concentrations, the
observed morphological change would be a natural response for cells to adapt and sur-
vive [51]. What would be directly reflected in the application of kefir grains in the industry
is in its application as probiotics. On the other hand, the organization that the organisms
have during the fermentation process would allow the sub-products obtained from the
conglomerate to have certain characteristics such as exopolysaccharides (EPS), in which
their composition and structure are significantly influenced by microorganisms present
in the conglomerate [52,53]. The growth conditions affect the technological (emulsifier,
film formation) and the probiotic properties. Bengoa et al. [54] reported that Lactobacillus
paracasei strains showed changes in EPS production and morphology due to the growth
conditions used, which were reflected in an increase in EPS production when fermented at
low temperatures (20 °C).

The optimization in the production of kefiran is given by the best carbon source for cell
growth. Gao and Li [55] reported that fructose, glucose and sucrose give greater biomass
production in a fermentation time of 24 h. In the first 24 h, the kefir grains showed a 5%
increase of the biomass in the medium with GAL, SAC, GLU and the CON; on the other
hand, the FUC showed a 15% increase after 24 h of fermentation (Figure 4). The breakdown
of glucose into lactic acid is due to the ability of the bacteria present in kefir [39].
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Figure 4. Biomass increment (%) per day of milk kefir grains. Media for growth of kefir grains
included: control (CON; nonfat milk powder) and fructans (FUC); sucrose (SUC); galactose (GAL);
glucose (GLU).

The growth and survival in each environmental niche depend on the ability of each
genus and strain of microorganism to detect and respond to stress conditions, as this causes
water to be expelled from the cell and result in an increase in the concentration of ions and
metabolites and decreased cellular activity [56]. The fructans have been used in the colon as
a specific substrate for bacteria of the genus Lactobacillus, Bifidobacterial and Enterococcus,
which has allowed and increased said bacteria, managing to displace those that present
toxic effects such as bacteria of the genus Escherichia and Clostridium. Moreover, the
decrease in pH in the fermentation process enables the bacteria to generate short chain
of carboxylic acids such as acetic and lactic acids [22,57]. Wang and Nobel [58] reported
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that the bacteria of genus Bifidobacteria prefer fructans as fermentative substrates over the
glucose; this effect also happens in the lactic acid bacteria.

The synergy between the elements in the case of glucose and fructose, as well as the
liner structure of fructans, could explain the affinity of the kefir grain conglomerates for the
fructans, which is reflected in this case in an increase of biomass. All the substrates show
an increase in biomass every 24 h; however, between 48-72 h of fermentation, the increase
presents an inflection point where the increase is not so great, and after that inflection point
the kefir grains again show an increase in the biomass of the grains (Figure 4). This behavior
is due to the fact that during kefir fermentation it is obtained by a double fermentation:
acid by bacteria and alcoholic by yeast.

During the first hours of fermentation, selective bacteria consume the free amino acids
found in milk. As the fermentation slows down and the kefir enters the maturation stage,
the proteolytic activity of other microorganisms, such as yeast and acetic acid bacteria,
cause more peptides and free amino acids to form as in other fermented products [45].

3.3. Texture Image Analysis

This is example one of an equation: kefir grains increase their weight with subcultures
in milk, generating an increase in the biomass of microorganisms together with an increase
in the amount of matrix where it is composed of proteins and polysaccharides [55]. The
microstructure of the surface images was examined with an environmental scanning
electron microscope (ESEM). In this work, the texture parameters such as angular second
moment (ASM), contrast, inverse difference moment (IDM) and entropy of ESEM images
(Figure 5) were evaluated using the gray-level co-occurrence matrix algorithm (GLCM)
using the Image]J v.1.50d software.

The shifting differential box-counting method (SDBC) was used to evaluate the fractal
dimension of texture [37]. Hernandez-Carrion et al. [59] proposed that rougher or more
irregular surfaces in the Lamuyo red pepper micrographs (LRP) have higher texture fractal
dimension (FD) values and correlate with the structural damage on the LRP. The higher the
FD values, the more structural damage and therefore the more irregular surface. Valenzuela-
Lagarda et al. [60] reported that the interaction between protein and starch in extrusion-
expanded snacks causes significant morphometric changes, which is directly reflected in
the FD results (2.665-2.739). In the statistical analysis of the images about the FD parameter,
two groups were obtained by the Duncan test, one formed by GAL and CON samples
and the other one by FUC (p < 0.05). The kefir grains with fructans as a carbon source
showed the higher FD (2.380), which is related to a greater co-aggregation present in the
kefir grains. The carbon source had significantly affected the co-aggregation ability of the
mixed kefir LAB and yeast combinations. The increase of microorganisms, on the other
hand, allows for the formation of a matrix of polysaccharides know as a kefiran, which
allows for the generation of larger network and therefore the increase in size of the kefir
grains. The arrangement between all the components of the conglomerates that form the
milk kefir grains gives it a surface characteristic that is directly dependent on the substrate
used for the fermentation. This formation of the polysaccharide matrix allows the union of
the conglomerate, which is reflected in a higher roughness that generates a complex system.
Matos et al. [61] reported that fractal analyses (FD = 2.310-2.430) confirmed that higher
roughness is related with the increase in complexity of patterns existing in the nanotexture
of the biofilms generated by kefir grains. On the other hand, Ordoériez et al. [62] mentioned
that in the biofilms formed by kefir grains, the high roughness is related with the sugar
concentration and indicated that the increase of the coalescence in the polysaccharide
matrix is related with the increase in the sugar concentration. Further related to that is the
living organism in the kefir grains, which has its emulsifying system capable of changing
the surface properties that make it a more complex system in the biofilms.
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Figure 5. Micrographs obtained by ESEM and 3D surface graphs of the texture of the milk kefir
grains, where: (a) control (CON; nonfat milk powder) and treatments with nonfat milk powder
fortified with (b) 2% of fructans (FUC) and (c) 2% of galactose (GAL). The scale bar indicates 100 um.

Matos et al. [63] reported that the fractal parameters confirmed that higher concentra-
tions of fruit extract induced a superior topographic irregularity. Otherwise, they were in
relation to the texture parameters such as angular second moment, contrast, correlation,
inverse difference moment and entropy of ESEM images (Table 2). The entropy is indicative
of the complexity of the image, which can be used as a textural parameter to numerically
describe microstructural changes [60]. The statistical analysis of the results for entropy
revealed a difference that was statistically significant (p < 0.05) between the three samples
studied (CON, FUC and GAL). It can be observed that the micrographs that had lower
entropy were GAL followed by CON and FUC (p < 0.05).

Table 2. Effect of the source carbon on the texture parameter of ESEM image.

Substrate

ASM Contrast IDM Entropy FD

Fructans  2.838 x 107449590 x 10752 336.929 +38.089¢ 1.019 x 10~ +£0.0062 8541 +£0.185¢  2.380 4+ 0.021 P
Galactose 5590 x 1074 +1.723 x 1074 146.634 +£9.143% 1437 x 10°1 £0.003P 7.900 + 0.2642  2.304 + 0.029 2
Control 3577 x 1074 £7.606 x 10752 81.942 4+ 134822 1520 x 10~1 +0.008¢ 8279 +£0.214P> 2.327 +£0.032?

Duncan’s multiple range test; average & SD; n = 3. Values with different letters in the same column showed
significant difference (p < 0.01). ASM = angular second moment; IDM = inverse difference moment; FD =
fractal dimension.

Barrera et al. [64] indicate that the higher the entropy values, the more complex the
analyzed image. Oliveira et al. [65] reported that the roughness of the biofilms increased
with increasing kefir concentrations, and the AFM images confirmed that the roughness of
the biofilm surface is correlated with the concentration of kefir grains. The highest entropy
value was reported by the fructans, which is related to the treatment that presented a
greater increase in the milk kefir grains (Section 3.2). Conversely, the lower entropy was
found in the images of the GAL that could be related to the greater homogeneity of their
structures [40,66]. These results could be related to the ASM, where two groups were found,
one that includes the CON and FUC and the other one conformed by GAL.
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The ASM is inversely correlated to the entropy of the image. Yang et al. [66] reported
that higher angular second moment values indicate more uniformity in the image. The GAL
presented the higher value for this parameter, which represents a greater homogeneity of the
surface, which can be seen in Figure 5. When analyzing the contrast, the statistical analysis
of the results showed a significant different (p < 0.05) between all the treatments used
(CON < GAL < FUC); a high contrast value indicates a high level of local variation [40,67].
The results showed that fructans presented the high value for the contrast parameter,
which indicated that the use of FRU generates a more heterogeneous and therefore more
complex surface than the other substrates presented (CON and GAL). Regarding the
textural feature of the inverse different moment (IDM), the result showed a statistically
significant interaction (p < 0.05) between the carbon source where the FUC showed the
lowest value of IDM. The lowest IDM values could be associated with heterogenous
images [64].

3.4. Confocal Laser Scanning Microscopy

The 3D image representation of a kefir grain is presented in Figure 6, in which a kefir
grain can be seen in control medium (Figure 6a) and granules in media enriched with FUC
(Figure 6b) and GAL (Figure 6c). The kefir grains obtained from the treatments with the best
biomass increase results were stained with Nile red (red color in the images), rhodamine
B (green color) and calcofluor white (white color in the merged image) to observe the
distribution of the microorganisms present in the granule.

The presence of yeasts was observed in the periphery of the granule, the quantity of
microorganisms in GAL being more abundant. The FUC, however, promoted a greater
number of exopolysaccharides, the same factor that was reflected in the amount of final
biomass in the treatments (Figure 6b).

Higher viability levels have been reported for yeasts, highlighting the importance of
the initial kefir culture [26,41], as well as the variation of environmental factors such as
temperature. Alves et al. [68] reported a stimulation in the growth of yeasts with inulin,
which are linear fructans and offer a high availability of their carbohydrates. Agave fructans,
on the other hand, are branched fructans [22,24]. It has also been reported that, in kefir
grains, yeasts have the greatest diversity of species, in which they predominate mainly
Saccharomyces, Hanseniaspora, Pichia and Lachancea [69,70], indicating that their metabolism
comes mainly from carbon sources produced during the fermentation process. As for
the bacteria species identified, there was a more significant predominance of lactic acid
bacteria (LAB).
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Figure 6. Three-dimensional CLSM images of the distribution of lipids (red color) and microorgan-
isms in the milk kefir grain, mainly yeasts (green fluorescence): (al-a3) control (CON; nonfat milk
powder) and treatments with nonfat milk powder fortified (b1-b3) 2% of fructans (FUC) (b1-b3) and
2% of galactose (GAL) (c1-c3). Merged images (a—c3). The scale bar denotes 40 um.

4. Conclusions

By fitting the behavior of the medium (R2 adjusted >0.85) to the model using the
equation log (pHt—pHinf/pHi-pHinf), it was possible to determine the best conditions for
the fermentation of milk kefir grains from Puebla, Mexico. The results indicated that the best
conditions were at 20 °C and 2% of kefir grains (w/v) after 24 h. With respect to the biomass
increase, after 7 days of fermentation, the fructans presented the highest increase as having
a raise of 220%, 30% above the galactose (the second highest), which indicates that the
fructans are a good carbon source. The fractal dimension and the texture image parameters
showed that the carbon source causes significant morphometric changes in the milk surface
kefir grains. In the results, the fructans presented the more heterogeneous image surface
that was correlational with a complex matrix, which is related to a more compound network
of microorganisms, polysaccharides and proteins, allowing for a greater increase in milk
kefir grains. That led to the proposal that the fructans are an unconventional carbon
source to carry out the fermentation of milk kefir grains, which opens the new application
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possibilities and enhancement of the cellular biomass that functionalize exopolysaccharide
production for use in food or material industries.
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