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Abstract: The increasing popularity of active dry yeast arises from its properties, such as ease of
storage, and simplicity of preparation and dosing. Herein, we elaborate on the effect of plasma-
treated water (PTW) under air atmosphere (PTWAIr) and nitrogen (P TWN) on the improvement of the
reserve polysaccharide glycogen level and other quality parameters of S. cerevisiae brewing dry yeast
in comparison with the non plasma-treated water (CW). For this purpose, strains of top-fermenting
(S. cerevisiae T58 (poor quality), S33 (poor quality)) and bottom-fermenting (S. pastorianus W30/70
(poor quality)) yeast stored one year after opening and S. cerevisiae US-05 (fresh strain) were selected to
examine the influence of PTWs toward the quality parameters of yeast biomass after the rehydration
and fermentation process. The obtained results showed that in the case of poor quality yeast strains,
PTWAIr increased glycogen content after the rehydration and fermentation process, which was a
favorable trend. A similar increase was observed for the trehalose content. Results showed that
PTWN significantly reduced the number of yeast cells in ale strains and the viability of all analyzed
samples. The lowest viability was observed in Sc S33 strain for PTWAir (41.99%), PTWN (18.6%) and
CW (22.86%). PTWAIr did not contribute to reducing the analyzed parameter; in particular, the results
of Sc T58 yeast strain’s viability are shown: PTWAIr (58.83%), PTWN (32.28%) and CW (43.56%). The
obtained results suggest that rehydration by PTWN of dry yeast with a weakened condition is not
recommended for both qualitative and cost-related reasons, while PTWAIr significantly contributed
to the improvement of some yeast parameters after rehydration and fermentation (higher glycogen
and trehalose content).

Keywords: dry yeast; ale yeast; lager yeast; rehydration; plasma-treated water

1. Introduction

In the brewing industry, the most frequently used species of yeast are Saccharomyces
cerevisine and S. pastorianus [1]. In industrial breweries, it is possible to ensure the appro-
priate quality of yeast biomass thanks to the laboratory facilities. In the case of smaller
breweries, the number of propagation stations is constantly growing. After propagation,
brewer’s yeast can be used for subsequent fermentation cycles [2]. Craft breweries that do
not have propagation stations use dried yeast. Dried yeast has similar characteristics to
fresh yeast in terms of aroma compound formation, fermentation rate and attenuation [3].
Yeast can be dried in several ways, including spray drying or drying with the use of a
fluidized bed. However, this drying process is very stressful for the cells and many changes
can take place as a result of this operation. These changes contribute to a reduction in the
activity of microorganisms [4,5]. Therefore, in order to obtain yeast with high activity and
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viability, it is often necessary to use substances that protect these microorganisms. These
substances can be divided into two groups: stabilizing agents (trehalose, mannitol and
xylose) and substances reducing water activity (glycerin, maltitol and xylitol) [6]. Spray
drying, on the other hand, requires a large amount of energy of at least 2500 Jg~! for
water evaporation to occur [7,8]. During drying, water is quickly drained through the
cell membrane, causing the cytoskeleton to collapse. This condition can adversely affect
the physiology of yeast cells by altering the structure and function of the vacuoles, and
the integrity and functionality of the membranes of nuclei and cells [9]. Spray drying is
advantageous in producing a free flowing material with a controlled particle size range at
a rapid drying rate [10]. It has been shown that the rehydration process applied to dried
yeast has a significant impact on the viability of yeast cells, which, in turn, has a direct
impact on the quality of the final fermentation [8].

The entire process is aimed at restoring the properties of dry yeast comparable to that
before treatment via contact with water. Previous reports have examined the influence of
water quality on rehydration. Poirier et al. [11] studied the effect of rehydration kinetics
and temperature on yeast cell viability. Studies have shown that water activity in the range
of 0.117-0.455 should be slowly exceeded during rehydration to maintain cell viability [11].
Jenkins et al. [8] monitored the effect of rehydration medium temperature on the physico-
chemical parameters of lager yeast. Laroche and Gervais [12] demonstrated that yeast cell
survival during rehydration depends, among other things, on the rehydration medium.
However, the subject of using plasma-treated water (PTW) for rehydration has not yet been
described in the literature.

The presented work is an ongoing continuation of research on the possibility of
using PTW in the brewing industry [13]. The study employed a device built in 2009
to produce PTW under air atmosphere and nitrogen (N3). The device is based on the
production of low-temperature, low-pressure glow plasma (LPGP) [14], which is used
for the first time for water treatment. The application of LPGP to produce PTW is a
promising method that requires further development. The technology is mainly supported
by data obtained in plant breeding, animal husbandry, cosmetology, medicine and food
technology. Biatopiotrowicz et al. [15] treated water with LPGP in the presence of air
(PTWAIr), proving that the structure of the obtained water depends on the time of exposure
(5, 15, 30, 45, 60 and 90 min) to plasma that changes nonlinearly. Other studies have
described that PTWAIr (plasma treated water under air atmosphere) stimulates various
microorganisms [16], and promotes plant growth [17] and the healthy breeding of selected
animals [18-20]. However, LPGP-treated water causes a more abundant reproduction of
fungi and nematodes used as entomopathogenic pesticides compared to control samples
(water without plasma treatment) [21]. When plasma is exposed to water, active forms of
oxygen (ROS) or nitrogen (RNS) are formed depending on the gas that is present in the
environment. These active and reactive components are believed to have antimicrobial
activity. The amount of ROS and RNS species formed depends on the duration of the
plasma operation [22]. Their small amount may affect cells by activating the mechanisms
of oxidative stress in them. Oxidative stress is a measure of the resistance of cells to various
stress factors, including osmotic stress, ethanol, temperature and others. Exposing cells to
this type of action can stimulate their growth and significantly improve their functioning
in an environment where stress factors are present. During the production of beer, these
are mainly the sugar content, the increasing concentration of ethyl alcohol, the presence of
carbon dioxide, high pressure and the depleting amount of nutrients [23]. Brewer’s yeast
should be more resistant to stress factors because, unlike other fermentation processes, they
are used in several subsequent fermentation cycles. The presented results of research on
the use of PTW to improve the quality of yeast are little known so far, but the available
information allows for the advancement of new research theses and forms the basis for
further work in this field. There are studies carried out related to the treatment of damaged
cells of Saccharomyces cerevisiae yeast with plasma. Two methods of treating damaged cells
were compared: direct, in which cells were exposed to plasma discharge, and indirect,
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i.e., treatment of cells incubated in a liquid medium that was subjected to plasma-treated
water (PTW) [24].

Herein, we examine the suitability of PTWAir and PTWN for the rehydration of
top-fermentation yeast (Saccharomyces cerevisiaze SafBrew T58, US-05, S33) and bottom-
fermentation yeast (Saccharomyces pastorianus SafLager W30/70). Yeast under different
conditions (fresh and poor quality) were examined to determine how PTWs can influence
their physicochemical properties compared to the control sample (water without plasma
treatment—CW). Preliminary studies have shown the greatest effect of rehydration in the
presence of PTWAir and PTWN on the quality of dried yeast with weakened viability;
therefore, this type of biological material was used in the presented research.

2. Materials and Methods
2.1. Materials

The biological materials for the analysis were strains described in Table 1.

Table 1. Yeast strain used in research.

Manufacturer’s

Strain Source Recommendations Storage Method
- . . . After opening, the yeast was resealed
Saccharomyces cerevisiae SafAle T58 Lesaffre Fermentis After opening, the packaging and stored at 4 °C for one year
Saccharomyces cerevisiae SafAle US-05 Lesaffre Fermentis Zhgmci(?;;eizlidcagi Ztofr?og Fresh yeast
Saccharomyces cerevisiae SafAle S33 Lesaffre Fermentis r}rllot longer than 7 daps After opening, the yeast was resealed
Saccharomyces pastorianus SafLager W30/70 Lesaffre Fermentis & o4 and stored at 4 °C for one year

For plasma treatment under air or nitrogen atmosphere, commercially available Zywiec
Zdrdj spring water was used (Mg?*—5.37 mg/L, Ca®*—36.39 mg/L, Na*—8.29 mg/L). Water
was used for analyses immediately after plasma treatment.

2.2. Methods

The device presented and described in the previous scientific article [13] was used for
the production of plasma-treated water in the research.

2.2.1. Plasma-Treated Water under Air Atmosphere (PTWAir)

A total of 1500 mL of spring water (Zywiec Zdrdj, Danone, Ciecina, Poland) in 2000 mL
open Pyrex glass bottles was placed in a reactor chamber close to a lamp generating plasma
for 30 min. The lamp generated plasma at 38 °C under 5 x 1073 mbar, 600 V, 50 mA and
10 kHz frequency. The chamber with the water sample remained at normal pressure. The
water produced was stored at ambient temperature in 2000 mL closed Teflon containers [13].

2.2.2. Plasma-Treated Water under Nitrogen (PTWN)

A total of 1500 mL of spring water (Zywiec Zdréj, Danone, Ciecina, Poland) was placed
in 2000 mL open Pyrex glass bottles and N, was bubbled through the water for 15 min.
N, was deoxygenated by passing it through an absorber filled with alkaline solution of
resorcinol. After placing the bottles in the reactor, its chamber and free space over the
liquid were additionally filled with deoxygenated N,. Treatment conditions with LPGP and
storage of the product are described in plasma-treated water under air atmosphere [13].

2.2.3. Rehydration of Dry Yeast

Brewing yeast (1 g) was suspended in 10 mL of water (PTWAir, PTWN, or CW) at
25 °C. The yeast was left to rest for 15 min, and after this time, gently stirred for 30 min as
recommended by the manufacturer.

2.2.4. Determination of Yeast Cell Count Using Thoma Chamber

Rehydrated yeast suspension was diluted 1:100 with distilled water. The prepared
yeast suspension was vortexed for 15 s and quickly pipetted into the Thoma chamber. The
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average number of cells in 40 small squares (approx. 700 cells) were counted and their
number in 1 mL of the examined suspension was determined according to the formula

N=uag x r x 4 x 10°

as,—the average number of cells in one small square,
r—dilution of the test sample
4 x 10°—the conversion factor of the volume of a small square to 1 mL.

2.2.5. Determination of Yeast Viability

The viability of yeast was determined according to the EBC method [3.2.1.1]. Yeast
suspension after rehydration with PTWAir, PTWN and CW was applied to the microscope
slide, and a drop of methylene blue solution was added. Subsequently, the sample was
placed under a coverslip and observed under the microscope in several fields of view. Dead
cells (stained blue) and the number of total cells were counted. The number of dead cells
was given as a percentage (%).

2.2.6. Determination of Yeast Acidity

pH of the obtained yeast suspensions after rehydration with PTWAir, PTWN and CW
was measured using a pH meter (Mettler Toledo FiveGO F2). After pH measurement, yeast
acidity was determined by potentiometric titration using 0.1 M NaOH solution. The results
were given in cm® per 100 g of yeast.

2.2.7. Determination of Maltolytic and Saccharolytic Activity (Indirect Method)

Yeast suspension after rehydration with PTWAir, PTWN and CW was placed into
100 mL conical flasks (5 mL). The resulting suspension was mixed with 10% maltose or
saccharose solution (10 mL) preheated to 35 °C. The flask was closed using a CO, evacuation
tube and weighed using an analytical balance (RADWAG AS 110.R2). All samples were
placed in incubator (35 °C) for 12 h; after this time the samples were weighed, and then the
release time of 10 mL of CO, was measured.

The measure of maltolytic/saccharolytic activity is the amount of mL of CO, released
during fermentation of 10% maltose/saccharose solution by 0.1 g dry mass of yeast over 12 h.

2.2.8. Determination of Yeast Flocculation

Each sample of rehydrated yeast (10 mL) was placed into two 15 mL centrifuge test
tubes. One was designated as test tube A and the other as B. Test tube A was centrifuged at
4000 rpm for 5 min. Subsequently, the supernatant was poured off and discarded. The pellet
was suspended in water (9.9 mL) and 0.1 mL of 0.5 M EDTA (ethylenediaminetetraacetic
acid). This solution was vortexed for 15 s until the suspension became homogeneous. One
mL of solution was dissolved in water (9 mL) and the absorbance was measured in the
spectrophotometer (Beckman DU-650, East Lyme, CT, USA) at 600 nm wavelength using
water as a blank solution.

Test tube B was centrifuged at 4000 rpm for 5 min. Subsequently, the supernatant
was poured off and discarded. The pellet was suspended in 10 mL of washing solution
(0.51 g calcium sulfate (CaSO;,) dissolved in 1 L of distilled water) and vortexed for 15s,
then centrifuged at 4000 rpm for 5 min. The supernatant was decanted and the pellet was
dissolved in 10 mL of a buffered solution (0.51 g calcium sulfate (CaSQOy), 6.9 g sodium
acetate (CH3COONa) and 4.05 g acetic acid (CH3COOH) dissolved in 1 L of distilled water).
The pH of the solution was adjusted to 4.5. Then, the mixture was vortexed for a further
15 s until suspension became homogeneous. The suspension was slowly flipped five times
for 15 s and allowed to stand upright for exactly 6 min. While keeping the sediment intact,
1 mL of the top layer was pipetted off into another test tube containing water (9 mL). The
solution was vortexed and the absorbance recorded at 600 nm wavelength [25].
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2.2.9. Determination of Trehalose Content

A suspension of rehydrated yeast biomass was prepared using the appropriate waters:
PTWAir, PTWN and CW (1 g yeast in 80 mL water); 2 mL of the prepared solutions were
taken and washed twice in 3 mL of ice water, and then centrifuged (3000 rpm, 10 min, 20 °C).
The washed biomass was extracted by magnetic stirring with 4 mL of 0.5 M trichloroacetic
acid solution 3 times for 20 min. Washed samples were centrifuged, extracted and the
separated supernatant (approx. 12 mL in total) was refilled up to 50 mL with distilled
water. From the above solution, 2 mL was taken and anthrone reagent (4 mL) was added.
Obtained solution was stirred vigorously and heated at 90 °C for 14 min, and then cooled.
The absorbance was measured at 620 nm wavelength. Trehalose content was extrapolated
from the calibration curve of glucose solutions at fixed percentage concentration: 0.001%,
0.002%, 0.003%, 0.004% and 0.005%. The results were converted into trehalose content in
100 g dry mase of yeast.

2.3. Determination of Glycogen Content

The method for determining glycogen content with modifications [26] was used. The
yeast sample (2 mL) was washed 3 times with distilled water (3 mL). Subsequently, the yeast
suspension was centrifuged at 4000 rpm for 5 min. The samples of yeast were suspended in
1 mL of 0.25 M Na;COj3 and incubated for 20 min at 95 °C. After this time, the samples were
cooled and centrifuged (4000 rpm for 5 min). Samples were suspended in 1 mL of 0.25 M
Na,;COj3 and incubated for 40 min at 95 °C. After cooling to 20 °C, 30 uL of the suspension
was mixed with 15 puL of 1 N acetic acid and used for the assay. Glycogen was broken down
with alpha-amyloglucosidase solution (75 pL), containing alpha-amyloglucosidase (1.2 mg)
in 100 mL buffer (80 mM sodium acetate, pH 4.7). All working samples and standard
samples (0.001%, 0.002%, 0.003%, 0.004% and 0.005% glucose solutions) were incubated at
37 °C for 2 h. After centrifugation, the supernatant (30 uL) was placed in a test tube and
anthrone reagent (600 pL) was added, the solutions were stirred vigorously and heated at
90 °C for 14 min, then cooled to 20 °C. Absorbance was recorded at 505 nm wavelength.
The glucose standards with a fixed percentage concentration of 0.001%, 0.002%, 0.003%,
0.004% and 0.005%, were measured in the same way as working samples and were used
for preparation of calibration curve.

2.3.1. Preparation of Samples for Observation with Scanning Electron Microscopy

Yeast suspensions after rehydration with PTWAir, PTWN and CW were conducted in
Eppendorf tubes (capacity of 1.5 mL), pre-washed with 0.1 M phosphate buffer and allowed
to stand with 3% glutaraldehyde for 24 h at room temperature. Then, the sediments were
again washed with 0.1 M phosphate buffer and allowed to stand with 2% OsOj for 4 h,
washed with 0.1 M phosphate buffer, and dehydrated in an aqueous-alcoholic series (50%,
60%, 70%, 80%, 90%, 96%, and 100% for 10 min treatment and centrifugation, 2075x g,
3 min) and acetone (15 min). The dried specimens were applied to a graphite sticker,
placed on an aluminum table, sputtered with gold (65 s) and observed using a scanning
electron microscope (Hitachi VP-SEM 5-3400N, Tokyo, Japan, accelerating voltage 25 kV,
SE detector).

2.3.2. Determination of Calcium, Magnesium and Zinc Ions by Atomic Absorption
Spectrometry (AAS)

Before metal ion analysis, yeast suspensions after rehydration with PTWAir, PTWN
and CW were mineralized to completely break down the organic matter present. The
mineralization vessels were filled with 1 mL of sample and 3 mL of concentrated nitric
acid. The prepared samples were wet-mineralized in a Mars Xpress microwave oven (max.
temp. 170 °C, 40 min). Then, the contents of the mineralization vessels were transferred
quantitatively into test tubes and refilled with deionized water up to 14 mL.

Magnesium, calcium and zinc ions were analyzed with VARIAN 20FS spectrometer
based on atomic absorption spectrometry with flame atomization (air/acetylene). The
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instrument used an SPIS-20 automatic sample proportioning system. The absorbance of
Mg2+ was determined at 202.6 nm, Ca?* at 422.7 nm and Zn?* at 213.9 nm.

2.3.3. Fermentation Trials

Prepared hopped wort (original gravity 11.9°P, 26 IBU) were inoculated with yeast Sc (US-
05, T58, 533) yeast cell suspensions to obtain 1 x 100 cells/mL and SpW30/702 x 100 cells/mL.
The number of cells in 1 mL of suspension was evaluated using the Thoma chamber (in
triplicate). All samples (300 mL) were fermented in rubber-stoppered Erlenmeyer flasks
with fermentation tubes at 20 °C for 7 days in the case of ale yeast, and 10 °C for 14 days in
the case of lager yeast (Q-CELL 240 thermostatic chamber, Wilkowice, Poland).

After fermentation, yeast suspension was separated from the beer by centrifugation
(centrifuge MPW-365, Wilkowice, Poland), and viability, content of trehalose and glycogen
were analyzed.

2.4. Statistical Analyses

The results are presented as the mean of three or four independent replicate exper-
iments. The data were analyzed using a one-way analysis of variance (ANOVA). The
significance in the difference for each parameter was analyzed separately using Tukey’s
post hoc test, principal component analysis PCA test (Statistica v.10, StatSoft Inc., Krakow,
Poland) and heat map test (MS Excel)

3. Results and Discussion

Tables 2 and 3 show the quality parameters of brewing yeast (Saccharomyces cere-
visiae (Sc) and Saccharomyces pastorianus (Sp)) rehydrated with different waters (PTWAIr,
PTWN, CW).

3.1. Number of Yeast

Analysis of the yeast cell count is extremely important as it allows planning of the
process of fermentation for individual strains of brewing yeast. The number of cells
suspended in the wort during both primary and secondary fermentation is a key factor
influencing the rate of fermentation, beer flavor, maturation and filtration [3]. The research
shows that the obtained results for the number of yeast cells differ between analyzed
samples. The effect of water applied for rehydration depended on the type of strain used
in rehydration. In the case of rehydrated samples in the presence of PTWN, a significantly
lower number was observed in the yeast strain Sc T58 (poor quality) compared to CW.
In lager yeast Sp W30/70 (poor quality), rehydration with PTWAIr led to a significant
reduction in yeast cell counts compared to other experimental variants. This may indicate
that lager yeast is less resistant to the drying process, and after rehydration it does not have
similar parameters to ale yeast. Plasma treatment water in this case, did not improve this
parameter either.

3.2. Viability

Laroche and Gervais [12] reported that the survival of yeast during rehydration
depends on osmotic pressure, yeast cell temperature and rehydration medium. In the
presented studies, the analyzed yeast strains differed significantly in the viability of yeast
cells after rehydration. Studies by other scientists have shown that yeast cell viability after
rehydration can range from 60-85% [27]. The control sample of the fresh strain of Sc US-05
rehydrated with CW showed the highest viability (76.6%). In the case of fresh culture, no
significant differences were observed in the improvement of viability after using PTW for
rehydration. This proves that fresh yeast does not require the use of factors improving
its quality. In the case of rehydration in the presence of PTWN, a significant reduction in
viability was observed in this strain. The lowest viability for yeast samples rehydrated
with CW was observed for Sc S33 strain (22.8%). The yeast viability after rehydration
in the presence of PTWN differed significantly from control samples (CW); after 45 min
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of rehydration in PTWN medium, a significant decrease in viability was observed. Sc
533 strain was characterized by the lowest viability (18.6%), which, according to the
literature, was not enough for efficient fermentation [28]. Notably, Sc T58 and S33 yeast
strains rehydrated with PTWAir were characterized by improved viability in comparison to
control samples. The results showed that ale yeast strains (T58, US-05) after rehydration in
PTWs were similar to the results obtained by Jenkins et al. [§]. Somani et al. [26] obtained
a 98% viability result for the lager strain Sp W30/70, which was much higher than those
results obtained in our studies due to the used dry lager yeast being kept refrigerated for
a longer time, and even the application of PTWs did not improve this parameter. In this
case, both rehydration in the presence of PTWAir and PTWN contributed to a significant
reduction in the viability of lager yeast compared to the control sample. We also checked
the viability of the analyzed rehydrated cultures after the fermentation process (Table 3).
The viability of the yeast biomass after the end of fermentation depended on the used
yeast strain and used rehydration medium; however, the same trends were found as those
observed for the rehydrated yeast. Between individual control samples (CW), the fresh
quality yeast strain of Sc US-05 (84.5%) had the highest viability, and the poor quality
yeast strains of Sc T58 (70.1%) and Sc S33 (68.8%) had the lowest viability. In the case
of PTWAIir samples, the Sc US-05 strain had the highest viability after fermentation, and
the Sc 533 strain the lowest. In each yeast strain, PTWN significantly contributed to the
reduction in viability compared to the control samples (CW). The obtained results may
be caused by active forms of nitrogen that were created during the plasma-treated water
process [22], which negatively influenced the ability of cells to reproduce during the entire
fermentation process. On the other hand, PTWAIr did not change the viability of cells in the
given strains as compared to the control samples (CW). In the research conducted by Smart
and Whisker [29], the viability of yeast ale after the fermentation process was completed
was higher than 90%; similar results for lager yeast were obtained by Nagodawithana
and Streinkraus [30]. For the results presented in the article, the most similar result was
obtained for the fresh quality yeast strain of Sc US-05 for the samples after rehydration in
the presence of PTWAIr (83.3%) and CW (84.5%).

3.3. Floccualtion

Flocculation is a very important ability of brewer’s yeast [31], which can be defined
as asexual cell aggregation that is reversible and calcium-dependent. The process creates
flocs that contain a large number of cells that quickly settle to the bottom of the liquid
growth medium [32]. The brewing industry often uses beer yeast flocculation as a simple
and cost-effective way to separate yeast cells from fermentation products [33]. The results
of the flocculation of the four strains of brewing yeast are presented in Table 2. Flocculation
of less than 20% indicates non-flocculating yeast. Flocculation above 85% indicates very
flocculent yeast, with values from 20 to 80% being moderately flocculent strains [25].
Among the analyzed yeast, the lager yeast strain Sp W30/70 (poor quality) showed the
highest flocculation (70.2%). Which is in line with the data presented in the literature
that lager yeast is characterized by a greater flocculation capacity compared to the ale
yeast strains [34]. A significantly lower value was observed for S. cerevisiae strains. From
the obtained results it can be concluded that the strains Sp W30/70, Sc US-05 and Sc
T58 are moderately flocculent strains and the Sc S33 is a non-flocculating strain. When
analyzing the effect of different rehydration medium (PTWAir, PTWN, CW) on the quality
parameters of yeast, significant changes were noticed in all of the described strains. In
the case of the lager strain Sp W30/70, rehydration in the presence of PTWAir and PTWN
significantly contributed to the reduction in flocculation of the analyzed yeasts (60.2% and
46.1%, respectively) compared to the control sample (CW). In the case of ale yeast, PTWs
contributed to the change in the flocculation capacity of yeast to a different extent. For
Sc S33 and Sc T58 yeast strains (poor quality) the PTWN significantly increased the yeast
flocculation capacity compared to the control samples (CW) but not enough to consider
this strain as very flocculent. Yeast strain Sc US-05 (fresh strain), after rehydration in the
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presence of PTWN, was characterized by reduced flocculation capacity. PTWAir for all of
the Sc yeast strains significantly contributed to the increase in this parameter.

3.4. Acidity

The acidity of brewing yeast after rehydration in all analyzed samples ranged from
3.26 to 6.23 mL of 1M NaOH per 100 g of dry yeast mass (Table 2). Intracellular yeast
acidity is an important parameter responsible for the maintenance of cellular balance
and membrane transport systems [35]. This parameter can affect the efficiency of the
fermentation process [36]. Yeast cells subjected to strong stress factors, such as high ethanol
concentration, may be characterized by significantly higher acidity [37]. The yeast acidity
depended on the analyzed strain. The lager strain Sp W30/70 among the control samples
(CW) was characterized by the lowest acidity (3.52). The acidity for Sc S33, Sc US-05
and Sc T58 strains was, respectively, 4.46, 5.06 and 5.76. In this case, rehydration with
different mediums significantly changed the acidity only in the case of the Sc US-05 strain.
Rehydration of Sc US-05 strain in the presence of PTWN significantly increased acidity
(5.06 for control sample) to 6.23, while PTWAIr decreased the acidity value to 4.76.

3.5. Maltolytic and Saccharolytic Activity

For industrial yeast cultures, two parameters are important: viability and vitality.
Viable cultures with low vitality will be characterized by a slow fermentation process, and
may also have a respiratory defect and produce undesirable metabolites. The method of
vitality determining is based on the assessment of maltolytic and saccharolytic activity, i.e.,
the ability to use both sugars anaerobically by fermentation. The available literature pro-
vides relatively little data regarding the influence of drying and rehydration on maltolytic
and saccharolytic activities. The analysis of dry yeast activity enables evaluation of the
quality of the yeast after the drying process. Maltose is the main sugar fermented by yeast
in the wort, which is why maltolytic activity is very important for brewer yeast [38]. Dif-
ferences in maltolytic and saccharolytic activity between the analyzed strains were found.
The lager yeast strain Sp W30/70 was characterized by the highest maltolytic activity; the
highest saccharolytic activity was observed for the ale Sc T58 yeast strain. Rehydration
with PTWAIr did not influence the maltolytic activity of yeast, while PTWN decreased this
parameter. The lowest value was observed for the ale strains Sc T58 and S33. This may be
due to the fact that the plasma-treated water under nitrogen (PTWN) decreased the yeast
viability and, as a result, contributed to a lower consumption of sugars by the analyzed
yeast strains.

3.6. Trehalose and Glycogen Concentration

Literature data show that trehalose is one of the main reserve carbohydrates in
S. cerevisiae yeast cells and can constitute up to 23% or more of cell dry matter depending
on growth conditions and life cycle stage [39]. Magalhaes et al. [40] demonstrated that
trehalose exhibits one more significant activity for yeast, is a protective agent, stabilizes
proteins and cell membranes and protects against various stress conditions such as heat
shock, dehydration and oxidative and ethanol stresses. Work on cell protection and im-
proved viability by trehalose led to the use of dried yeast in brewing [41]. In the presented
study, the trehalose content depended on the strain of brewing yeast and rehydration
medium. Yeast strains Sc T58, Sc US-05 and Sp W30/70 were characterized by a similar
level of trehalose, while a significantly higher content of trehalose was observed in the
case of Sc 533 strain. As previously described, this culture had the lowest cell viability.
Therefore, it can be assumed that it was influenced by the most severe stress factors. This is
confirmed by the amount of trehalose accumulated, which is a measure of environmental
stress factors. Significant differences were also observed depending on the water used for
rehydration. For all analyzed ale strains, rehydration with plasma-treated waters (PTWs)
caused a decrease in trehalose content, which may also prove that PTWs are not a stress
factor for yeast cells. These results confirm that the trehalose content in yeast depends
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not only on yeast strain, but also on the storage conditions and rehydration medium. The
trehalose content increases in yeast cells under stress conditions. Saccharomyces pastorianus
yeast is more sensitive than Saccharomyces cerevisiae yeast, which is why it can react to a
stress factor of lower intensity [23].

After completion of the fermentation process, the highest content of trehalose was
observed for the poor quality yeast strain of Sc T58 (11.4%), and the lowest for the fresh
yeast strain of Sc US-05 (4.17%). This may indicate that the fresh yeast was more resistant
to stress and did not accumulate more trehalose in cells. There is ample evidence to
suggest that increased stress tolerance is associated with the accumulation of trehalose.
Furthermore, dried yeast also has an increased content of trehalose due to the stress during
the drying process. In the case of samples fermented with yeast after rehydration, in the
presence of PTWAIr, the highest content of trehalose was obtained for the poor quality
strain of Sp W30/70, and the lowest for the fresh strain of Sc US-05 and poor quality yeast
strain of Sc S33 (Table 3). Due to rehydration in the presence of PTWN, the highest content
of trehalose was observed in the fermented samples of poor quality yeast strains of Sc T58
and Sp W30/70. The fresh yeast strain of Sc US-05 had the highest content of trehalose
in the samples using PTWN (8.32%), compared to the control sample (4.17%). Significant
differences were observed depending on the water used for rehydration. For all analyzed
ale strains, rehydration with plasma-treated waters (PTWs) caused a decrease in trehalose
content, which may also prove that PTWs are not a stress factor for yeast cells.

Glycogen is the main polysaccharide stored in brewing yeast, accounting for up to
40% (w/w) of dry cell matter. The amount of glycogen depends on the yeast strain and
many variables related to yeast storage and other factors [42]. The importance of glycogen
reserves for survival during prolonged nutrient deficiency has been clearly demonstrated
in yeast [43]. Furthermore, yeast cells that can accumulate more glycogen reserves have a
growth advantage over other cells in the environment, which suggests that glycogen can
contribute to overall fermentation efficiency [44]. Table 2 shows the glycogen content for all
analyzed yeast strains. Statistically significant differences in the level of glycogen between
the analyzed strains were found ranging from 7.37% to 18.9%. The highest level of glycogen
was observed in the fresh strain Sc US-05. Low quality yeast most likely consumed some
glycogen during storage, which could be due to partial rehydration. In the case of poor
quality yeast strains, PTWAIr increased the glycogen content, which was a favorable trend,
whereas for the fresh yeast strain no effect of PTWAIr on glycogen level was observed. The
obtained results are most likely due to the increase in the amount of dissolved oxygen in
the plasma-treated water under air atmosphere. Oxygen is essential for yeast’s aerobic
metabolism, during which they accumulate, among other things, glycogen. Therefore, these
results were within the range of glycogen content for Saccharomyces cerevisiae yeast [44]. In
a study conducted by Bolat et al. [6], the glycogen content of dry lager yeast was 19.2%.
The lager analyzed yeast strain W30/70 had lower glycogen content than those presented
by Bolat et al. [6] and featured statistical differences depending on the medium. In the case
of rehydration in PTWN, as in the case of other parameters, a reduction in the amount of
glycogen was found, regardless of the strain and its quality.

The glycogen content in yeast cells also depends on the fermentation process [45].
Sall et al. [46], in their studies, obtained the glycogen content after fermentation at the level
of 20-30%. During the fermentation process, various stress conditions (alcohol, temperature,
osmotic pressure) may contribute to the increase or decrease in the glycogen content [47].
In our research after the fermentation process, the glycogen content decreased in all poor
quality yeast strains (Table 3). A slight difference was observed in the fresh yeast strain. The
lowest glycogen content was observed in the case of the poor quality yeast strain of Sc S33
(10.3%). This strain was characterized by the poorest quality parameters. The type of used
rehydration medium contributed to obtaining different glycogen contents for individual
yeast strains. In the case of the poor quality yeast strains, the samples after rehydration in
the presence of PTWAIr (Sc T58 and Sc S33) had a higher glycogen content than the other
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variants. On the other hand, the fresh strain of Sc US-05 had the highest glycogen content
in the rehydrated samples in the presence of PTWN.

3.7. Cation Content in Yeast Biomass

Although literature data show that Mg?* and Ca®* play an important role in the
biotechnological physiological properties of yeast cells [48], there is no information regard-
ing the effect of these metal ions on the immunity of yeast to dehydration and subsequent
rehydration. Therefore, we investigated whether rehydration with different rehydration
media (PTWAir, PTWN, CW) could affect the quantity of selected ions in the obtained
yeast biomass. Among the many cations present in yeast, magnesium, calcium and zinc
are involved in the regulation of cell structure and metabolic activity during growth and
fermentation [49]. The highest levels of these ions were found in fresh culture. The water
used for rehydration had no effect on the amount of cations in the cells. Control sam-
ples (CW) of yeast strains Sc T58 and Sc US-05 with Ca?* content 0.3 mg/g of dry mass
and 0.35 mg/g of dry mass, respectively, were statistically different from Sc S33 and Sp
W30/70 strains with Ca?* content 0.15 mg/g of dry mass and 0.11 mg/g of dry mass,
respectively. Ca?* has been considered as an important factor affecting flocculation, during
which they accumulate in yeast cells [50]. Recent brewing publications show an inverse
correlation between Mg?* and Ca?*. The capacity to dominate one of the two metals is
largely dependent on their concentration levels. A high Mg—Ca ratio has the best effect
on yeast physiology as well as on the fermentation processes [51]. Magnesium exerts a
protective effect on the dehydration of stationary cells in the growth phase by acting as a
charge stabilizer of the cell membranes. Deterioration in magnesium bioavailability may
lead to unfavorable changes in the physiology of yeast cells; in particular, their ability to
withstand the dehydration-rehydration process [52]. Yeast cells were characterized by
relatively high concentrations of Mg?*, compared to the amounts of other divalent ions,
i.e., Ca?* and Zn?" (Table 2). This dependence has been confirmed by numerous literature
reports [49,53]. In the water used in this research (Zywiec Zdréj), the magnesium content
was 5.37 mg/L (a concentration much higher than that recorded in cells), which means
that the yeast absorbed only a small part of this element from the rehydration medium.
Zn2* in yeast biomass must be present for cell multiplication and an efficient fermentation
process [54]. It can be concluded that the water used to rehydrate the analyzed strains did
not contribute to the increase in the content of individual elements in the yeast biomass.
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Table 2. Qualitative characteristics of the Saccharomyces cerevisiae (Safbrew T58, US-05, S33) and Saccharomyces pastorianus (SafLager W30/70) yeast strain after
rehydration with plasma-treated water (PTWAir, PTWN) and control water (CW).

Acidity (mL of Maltolytic Activity Saccharolytic
Number of 1 o Flocculation 1M NaOH per (mL of CO; per Activity (mL of CO, Trehalose Glycogen Mg (mg/g of Zn (mg/g of Ca (mg/g of
Parameters Yeast (log Viability (%) o o o Dry Yeast Dry Yeast Dry Yeast
CFU/mL) (%) 100 g of Dry 0.1 g of Dry Yeast per 0.1 g of Dry (% ww) (% ww) Mass) Mass) Mass)
Yeast Mass) mass for 12 h) Yeast Mass for 12 h)
VL
S
2 PTWAIr 8.16 +£1.25 32342062 4.76 4+ 0.06 2 247 +£1.052 378+14°
s2
=k
St E PTWN 8.05 +0.73 493+£563°  206+1.25° 403 +002°
S3&
g~ cw 8.15 4 0.94 245 +2.00 A 5.06 & 0.15 24 3724134 4.16 +0.01 <A
w
Sig. Water 2
S
Ig PTWAIr 299 4+ 1.742 2324112 414 40.022 15.6 £0.142 0.25 £ 0.04
2 oD
ceg
SEE PTWN 442 4+ 0.02°
-
SEs
SEg
S CW 43.8 2418 20.9 £ 7.542 4.71 £0.01 <A
w
Sig‘ Water 2 ** A *% ns *% * *% %% ns ns ns
@
Z§ PTWAIr 8.00 £ 0.47° 41945122 4.83 +0.06 2444112 6.25 4 0.052 0.88 & 0.02 0.24 + 0.01
® —
Sp2
§u§§ PTWN 5.06 = 0.06 0.28 + 0.03
35
=
3% & Ccw 243 £ 1.783A 0.24 £0.01 €
3
Sig. Water?
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Table 2. Cont.

Acidity (mL of Maltolytic Activity Saccharolytic
P Number of 1 o Flocculation 1M NaOH per (mL of CO; per Activity (mL of CO, Trehalose Glycogen Mg (mg/g of Zn (mg/g of Ca (mg/g of
arameters Yeast (log Viability (%) o o o Dry Yeast Dry Yeast Dry Yeast
CFU/mL) (%) 100 g of Dry 0.1 g of Dry Yeast per 0.1 g of Dry (% ww) (% ww) Mass) Mass) Mass)
Yeast Mass) mass for 12 h) Yeast Mass for 12 h)
v
3
o PTWAIr 55.6 £8.01? 349 £223? 153 +0.03° 0.20 £ 0.01
P
i85
55 S
8% & PTWN 467 + 4492 461 +0.73P 25.5 +0.56
£
SE&
B cw 8.19 + 049" 61.8 + 3.36"° 34.7 £0.752A 412 £0.024  14.3 £0.05 0.22 +£0.03 €
=
w)
Water 2 *k * * ns * % #4k 4k ns ns ns
Sig.
St.rain 1 ns %% #3434 %% *% *3% *% #3434 *3% *3% *3%
0

Sig.—Significance; *, ** and ** display the significance at 5%, 1% and 0.5% by least significant difference; ns: not significant. ! Different capital letters in superscripts (A-D) in the same
column were used to mark the mean values between which statistically significant differences were found depending on the yeast strain used for rehydration (CW) according to the
Tukey’s range test (p < 0.05). 2 Different lowercase letters in superscripts (a—c) in the same column were used to mark the mean values on which the type of water (PTWAir, PTWN, CW)
used for rehydration had a statistically significant influence according to the Tukey’s range test (p < 0.05). Color determination from lowest (0%) to highest (100%) concentration of
parameters. The lowest concentration of a specific parameter in a row is in the darkest red and the highest content is in the darkest green.
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Table 3. Quality parameters of yeast biomass Saccharomyces cerevisiae (T58, US-05, S33) and Saccha-
romyces pastorianus (W30/70) after fermentation.

Parameters Viability of Biomass (%) Trehalose (% ww) Glycogen (% ww)
kS
2 PTWAIr
28~
S .5
o D ©
$:5 PTWN 69.7 +1.43° 8.32+0.00°
5
(32
g o Cw
[95)
Slg Water 2 *% Eres *
S
:g _ PTWAIr 713 £1.24° 142 +£0.05°
§ 22 PTWN
> 80
S a3
S ®9
S 8E
S CW 70.1 + 1.52 3B 11.4 + 0.65 bB
A
Slg Water 2 *% * Faee
S
§ R PTWAIr 65.6 £2.872 132+0.1°%
LM
S M 2
[SIVp] .(—“;‘
g 23
s2c PTWN 9.35+1.21"
+E
S BE
_: ~—"
g cw 68.8 +1.57 38
95}
Sig. Water 2 * * *
s
So PTWAIr 743 £2.582 134 +£0.15%
SR
28 E
S =
8 % g PTWN
5
S © o
2% g
S N—"
e cw 10.4 £ 0.00 P 15.2 £ 0.05 P
A
) Water 2 % *4k kot
Slg‘ Strain 1 otk kot kot

Sig.—Significance; *, ** and *** display the significance at 5%, 1% and 0.5% by least significant difference; ns:
not significant. ! Different capital letters in superscripts (A-D) in the same column were used to mark the mean
values between which statistically significant differences were found depending on the yeast strain used for
rehydration (CW) according to the Tukey’s range test (p < 0.05). 2 Different lowercase letters in superscripts
(a—c) in the same column were used to mark the mean values on which the type of water (PTWAir, PTWN, CW)
used for rehydration had a statistically significant influence according to the Tukey’s range test (p < 0.05). Color
determination from lowest (0%) to highest (100%) concentration of parameters. The lowest concentration of a
specific parameter in a row is in the darkest red and the highest content is in the darkest green.

3.8. Principal Component Analyses (PCA)

Figure 1 shows the results of principal component analyses (PCA) for the quality
parameters of yeast strains after rehydration in the presence of individual waters (PTWAIir,
PTWN, CW). The first principal component PC1 described 33.54% of the total variance,
while the second (PC2) described 24.16%. Positive PC1 loads were related to glycogen and
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glycogen after fermentation; negative loads were related to trehalose and trehalose content
after fermentation. For PC2, positive loads were for acidity and the number of yeasts,
while the other parameters had negative values. In the presented studies, the statistically
significant results depend mainly on different used yeast cultures; however, they could
also depend on the time of storage of individual yeast strains. The rehydration medium
only slightly contributed to the presented results. Significant differences were noticed in
the case of the PTWN medium, which also depended on the yeast strain. Sc US-05 strain
was characterized by a relatively high glycogen content compared to the other samples. Sp
W30/70 strain had high trehalose content and flocculation ability. In contrast, Sc T58 strain
had significantly higher saccharolytic activity, as well as glycogen after fermentation.

3 Sc ($33) PTWN 1 i\(Buy

2l | 05}

il Sc (S33) CW

Sp (W30/70) PTWN

PC 2: 24.16%

Sp (W30/70) PTWAIr

Sc (US-05) PTWN
Sc (S33) PTWAIr
Sc (T58) CW

Sc (US-05) PTWAIr
$c (US-05) Cw

Sp (W30/70) CW

PC 1:33.54%

(a)

Sc (T58) PTWN

Se (T68) PTWAK

PC2:24.16%

A
_Aumber of yeast |
R .
o- / . (}?();‘()g,u AF
Trehal
rehaiose ‘ o
N Saccharolytic activity
| '©.Glycogen
o S
Trehalose AF | 1
Floccylation Viability of biomass

o o
Mahatic activity Viability

-1.0 05 0.0 05 10

PC1:33.54%

(b)

Figure 1. (a) Principal component analysis—plot of component weights. (b) Principal component
analysis showing the qualitative characteristics of the Saccharomyces cerevisiae (SafBrew T58, US-05,
S33) and Saccharomyces pastorianus (SafLager W30/70) yeast strain after rehydration with plasma-
treated water.

3.9. Scanning Electron Microscopy (SEM) Analysis

Using SEM, yeast cells” rehydration process with different media (PTWAir, PTWN,
CW) were observed. Figure 2 show a cluster of cells of the yeast strains used for rehydration.
According to the literature, visualization of treated cells by scanning electron microscopy
(SEM) should reveal changes in cell morphology and in the cell wall. Numerous changes
were also observed when the yeast was treated in suspension. Under these conditions,
some of the treated cells took on a shrunken and crumbled appearance, and the severity and
frequency of changes depend on the surrounding environment [55,56]. Taking into account
the scientific reports, we took SEM pictures to check whether the produced plasma-treated
water would contribute to significant changes in the cell structure during rehydration. In the
microscopic image, we looked for significant changes in the structure of the membrane and
the cell wall, which may be noticeable in the form of breaks in the structure or shrinkage of
cells. This observation showed no differences between the analyzed samples. During yeast
rehydration at excessively high temperatures, cells may be damaged, causing membrane
leakage and the loss of internal dissolved substances. During oxidation, the formation of
free radicals may occur that could result in damage to proteins, lipids and nucleic acids,
damage to the mitochondria and leakage of the membrane [57]. Hence, the rehydration
medium used did not change the cell structure of the yeast strains analyzed.
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Sc US-05 (fresh strain)

Sc T58 (poor quality)

Sc S33 (poor quality)

Sp S33 (poor quality)

Figure 2. SEM analysis of the Saccharomyces cerevisiae (Sc) and Saccharomyces pastorianus (Sp) yeast
strain after rehydration with plasma-treated water.

4. Conclusions

The current research reports the influence of plasma-treated water obtained in different
atmospheres (air, nitrogen) on the rehydration and technological parameters of brewing
yeast—top- (S. cerevisiae) and bottom-fermenting (S. pastorianus). Plasma-treated water
(PTW) slightly modified the parameters of the fresh yeast; however, the changes observed
in the poorer quality yeast cells were statistically significant. We proved that plasma-treated
water under air atmosphere (PTWAIr) significantly improves the technological features
of the dried brewer’s yeast such as their viability, flocculation, glycogen and trehalose
content. These parameters are very important for brewer’s yeast, which is used many
times in subsequent fermentation cycles. Between successive cycles, the conditions and
the medium used to store the yeast slurry are extremely important for its vitality and
viability. Some brewers also use cell washing before the next inoculation, and the use
of PTWAIr at this stage may help to improve the characteristics of reused cells. A more
beneficial effect of PTWAir was found for S. cerevisiae than for S. pastorianus yeast strains.
This relationship can be used in other branches of the fermentation industry, for example,
in winemaking, where dried S. cerevisiae yeast is used. It should be noted, however, that
the effectiveness of PTWAir may depend on the yeast strain it acts on, as well as resistance
to various stress factors, which among representatives of the genus Saccharomyces is very
different. In the case of plasma-treated water under nitrogen (PTWN), almost all yeast
characteristics deteriorated. Further research should be carried out in this regard as new
antimicrobial agents that could be used in food and leave no residues in them are still being
searched for.
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