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Summary

We studied the effect of continuous fermentation of high-sugar fruit must (containing
about 320 g/L of total sugars) on the viability and morphology of yeast cells. The process
was carried out for 2.5 months in a 4-column bioreactor at 22 °C, using the Saccharomyces
bayanus S.o./1AD wine yeast strain, which was immobilized on cubes of white foam glass.
During the time of continuous fermentation, the apple wine contained 11.4-16.8 % (by vol-
ume) of alcohol and a total sugar concentration of 49.2-115.4 g/L. Yeast cells isolated from
the carrier at the end of continuous fermentation were bigger than the cells before immo-
bilization and were characterized by various shapes, e.g. they were elongated, large and
round or pear-shaped. Some cells were connected to other cells in the form of aggregates.
Some yeast cells from the second, third and fourth columns showed a substantial number
of wrinkles or folds. Moreover, it was observed that yeast from the carrier in the first co-
lumn was characterized by the highest viability, 70 %. In the fourth column, the percenta-

ge of viable cells was only 11 %.
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Introduction

During continuous fermentation of a high-sugar me-
dium, yeast cells are subjected to osmotic and ethanol
stresses. Osmotic stress is due to a high sugar content
(around 200 g/L) in the must (I). Increasing the initial
sugar concentration from 200 to 300 g/L results in a sig-
nificant decrease of fermentation efficiency and yeast vi-
ability (2). In the absence of additional nutrients to sup-
port growth, incubation in sugar causes sugar-induced
cell death (SICD), characterized by rapid production of
reactive oxygen species, RNA and DNA degradation,
membrane damage, nucleus fragmentation, and cell
shrinkage (3). A major product of yeast fermentation is
ethanol, which has an adverse effect on yeast cells. Etha-
nol interferes with the hydrogen bonding within and be-

tween hydrated cell components, ultimately disrupting
enzyme and membrane structure and function (4). The
sites of ethanol action in yeast are the plasma mem-
brane, hydrophobic proteins of the cell and mitochon-
drial membranes, nuclear membrane, vacuolar mem-
brane, endoplasmic reticulum and hydrophilic proteins
of the cytoplasm. Negative effects of ethanol on yeast in-
clude the inhibition of the metabolic activity of the cells,
cell growth, division and viability (5).

In our previous research we concluded that the con-
tinuous fermentation of fruit must containing about 320
g/L of sugar is possible (6,7). In this previous process,
wine yeast strains Saccharomyces bayanus S.o./1 and
S.0./1AD were used. Fermentation was carried out for
3.5 months at 22 °C and the yeasts were immobilized on

*Corresponding author; Phone: ++48 600 160 834; Fax: ++48 22 593 7681; E-mail: sylwia.bon@gmail.com



S. BONIN and J. SKWIRA: Effect of Fermentation of Fruit Must on Yeast Cells, Food Technol. Biotechnol. 46 (2) 164-170 (2008) 165

white foam glass. During the continuous fermentation,
ethanol concentration in the fruit wine was 11.7-16.8 %
by volume. From the second week until the end of the
process, the fermentation yield was 93-96 % (for S. baya-
nus S.0./1AD) and 91-94 % (for S. bayanus S.o./1). Fur-
thermore, after the fermentation, the yeast showed mor-
phological and intracellular changes in comparison with
the yeast before the fermentation.

Magnesium protects yeast cells that are under etha-
nol stress. Mg?* maintains the structural integrity of
membranes, reduces the extent of cell-wall disruption
and prevents ethanol stress protein synthesis. During
fermentation of a high-sugar medium, magnesium in-
creases ethanol production (5,8).

The aim of this work is to study the effect of contin-
uous fermentation of high-sugar fruit must, supplement-
ed with magnesium ions, on the viability and morphol-
ogy of yeast immobilized on white foam glass.

Materials and Methods

Yeast strain and cultivation conditions

For the current experiment, we used an alcohol- and
sugar-resistant wine yeast strain (Saccharomyces bayanus
S.0./1AD) from the collection of pure cultures at the De-
partment of Biotechnology and Microbiology of Warsaw
Agricultural University. Before starting the process of
continuous fermentation, the yeast was subjected to high
sugar and SO, content by being grown in media con-
taining higher and higher concentrations of sugar (200
-320 g/L) and SO, (20-80 mg/L). These media were pre-
pared similarly to the fruit must, but they were steril-
ized at 117 °C for 10 min. After sterilization, SO, in the
form of K,S,05 was added. The yeast was incubated by
being shaken at 200 rpm and 28 °C for 48 h. After incu-
bation in a medium containing 320 g/L of sugar and 80
mg/L of SO,, the yeast was added to the columns of the
bioreactor, which had been filled with the carrier.

Fruit must

Must was prepared from the apple juice (density 5.7
°Bé), which was obtained through the dilution of the
concentrate (37.6 °Bé) with deionized water. The fraction
of juice in the must was 70 %. Sugar (in the form of su-
crose) was added in order to obtain a high-sugar con-
centration (approx. 320 g/L). Generally, apple must con-
tains a low concentration of nitrogenous compounds,
therefore the medium was enriched with ammonium
salts (NH,),HPO,, 0.3 g/L and (NH,),SO,, 0.2 g/L. The
must was supplemented with 20 mM magnesium in the
form of MgSO,7H,0. To prevent the development of
harmful microflora, SO, in the form of K,S,05 was add-
ed. The total SO, concentration in fruit must was about
80 mg/L.

Continuous fermentation

Continuous fermentation was carried out in the
4-column glass bioreactor (each column was 75 cm high,
5.2 ecm i.d.). In each column, cubes of white foam glass
(each about 1 cm wide) were placed. White foam glass
(also called glass pumice) is an inorganic porous mate-
rial produced from glass powder with the addition of

foaming agents, for example CaCO;. In our experiments,
the carrier was used after being washed with 3 % citric
acid. Yeast was added every 2 days to each of the col-
umns of the bioreactor (beginning with the fourth). This
interval was necessary so that the yeast would become
immobilized on the carrier. Must was fed into the bio-
reactor using a peristaltic pump (Zalimp PP1B-05). The
flow rate was about 550 cm®/day and the total time of
flow through the bioreactor was 5 days. This period of
flow was adequate for fruit wine fermentation. The reac-
tor operated for a total of 2.5 months at (22+1) °C.

Analytical methods

Ethanol concentration was expressed as alcohol de-
grees (cm® of ethanol /100 cm® of wine) after the distilla-
tion of samples (9). Residual sugars were analyzed ac-
cording to the Luffa-Schoorla method (9), after the
hydrolysis of sugars in 0.7 M HCl for 10 min at 70-72 °C
and neutralization with 30 % NaOH.

Number and viability of yeast on foam glass

At the end of continuous fermentation, 2 cubes of
the carrier from the top, middle and bottom of each col-
umn were placed in Erlenmeyer flasks with 100 cm® of
sterile 0.8 % NaCl solution. The flasks were shaken at
200 rpm at 28 °C for 2 h to remove the yeast from the
carrier. The total number of cells was estimated by di-
rect microscopic counting using a haemocytometer. The
number of viable cells was determined by methylene
blue staining and by plate technique in a malt extract
broth after incubation at 28 °C for 48 h. The number of
yeast cells was calculated on the surface of 1 cm? of
foam glass.

Yeast morphology

The cells before immobilization and those removed
from the carrier after the process of continuous fermen-
tation were examined under either a light microscope
(Carl Zeiss Axiostar Plus) or a scanning electron micro-
scope (Joel JSM-35). For the scanning electron micro-
scope, yeast cells were fixed in 2 % glutaraldehyde, de-
hydrated in a graded series of ethanol concentration,
dried to the critical point and sputter-coated with gold.
The size of the cells was characterized by image analysis
in Zeiss LSM Image Browser program. The length and
width of 100 cells were measured.

Results

The concentration of ethanol and residual sugars in
the must during continuous fermentation is presented in
Fig. 1. The initial concentration of sugars in fruit must
was sufficient to obtain 18.5 % (by volume) of alcohol.
In the first 5 weeks of continuous fermentation, alcohol
fraction in the apple wine rose from 11.4 to 16.8 % (by
volume). Afterwards, there was a gradual decrease to
14.7 % (by volume) until the 73rd day. The concentration
of residual sugars was relatively high and it correlated
with alcohol content. After 3 days of continuous fermen-
tation, the concentration of residual sugars in the fruit
wine was 115.4 g/L. This concentration decreased over 5
weeks to 49.2 g/L, then increased towards the end of
fermentation.
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After the fermentation was completed, yeast was
isolated from the carrier. The total number of cells on
the surface of white foam glass and the number of via-
ble cells were determined. The average results were ob-
tained from 3 levels (top, middle and bottom) of each
column. Both the total number of cells and the number
of viable cells were the highest in the first column, and
both values decreased with each subsequent column
(Table 1). We determined that there were 2.5-107 cells/cm?
per carrier in the first column and 9.6-10° cells/cm? in
the fourth column (direct counting). The number of via-
ble cells was smaller, from 7.1-10° CFU/cm? of foam
glass in the first column to 6.0-10* CFU/cm? in the last
column. The percentage of viable cells was determined
by methylene blue staining. Yeast isolated from the car-
rier from the first column was characterized by the
highest part of viable cells — an average of 70 % across
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Fig 1. Effect of fermentation time on alcohol fraction and resi-
dual sugars in fruit wine

the three levels. In comparison, this number was 47 % in
the second column, 17 % in third and only 11 % in the
last (Table 2). These differences were statistically signifi-
cant (Tukey’s HSD (honestly significant difference)=
=15.6). The number of cells and their viability were deter-
mined only from the yeast cells that were isolated from
the carrier. After 2 hours of shaking in the solution and
all the subsequent procedures of preparation, we exam-
ined crushed pieces of carrier with yeast under an elec-
tron-scanning microscope (Fig. 2). Actually, the number
of cells on the carrier was higher and the viability was
probably higher as well.

Yeast cells before immobilization were ovoid, single
or budding (Fig. 3). The average cell was 6.7 pm long
and 5.2 um wide. Most cells were 6-7 um long (42 %)
and 5-6 um wide (49 %) (Table 3). At the end of fermen-
tation, the cells were characterized by various shapes

Fig. 2. White foam glass with the yeast after 2 h of shaking,
magnification x600. Figure is reproduced at 80 % of the original

Table 1. Number of yeast cells isolated from the carrier after the end of fermentation: direct counting (cells/cm? of white foam

glass), plate methods (CFU/ em? of white foam glass)

First column

Second column

Third column Fourth column

Level direct plate direct plate direct plate direct plate
of the . hod . hod . hod . hod
column counting methods counting methods counting methods counting methods
cells/cm? CFU/cm? cells/cm? CFU/cm? cells/cm? CFU/cm? cells/cm? CFU/cm?
Top 3.1.107 6.8-10° 1.410 5.9-10° 1.5-10 9.0-10° 9.9-10° 1.110°
Middle 25107 7.9 10° 1.5-107 8.0-10° 1.3-107 7.0-10° 9.5.10° 4.010%
Bottom 1.9-107 6.7-10° 1.9-10° 9.9-10° 8.1-10° 2.0-10° 9.4.10° 2.0-10*
Average 25107 7.1-10° 1.3-107 5.0-10° 1.2:10 6.0-10° 9.6-10° 6.0-10*

Table 2. Viable cells isolated from the carrier after the end of
fermentation, direct counting with methylene blue

Level of First Second Third Fourth
the column column/% column/% column/% column/%
Top 77 58 17 12
Middle 68 46 16 11
Bottom 63 36 19 10
Average 70 47 17 11

Tukey’s HSD (honestly significant differences) between co-
lumns=15.6

and sizes, in comparison with cells before immobiliza-
tion. Yeast cells from the carrier from the first, second
and third columns were longer, but their average width
was smaller than of the cells isolated before continuous
fermentation (Table 4). The longest cells were in the first
column, where they had an average length of 7.7 um.
We observed that the average length decreased with the
column number and cells from the last column were the
shortest (6.4 um). Generally, cells from this column were
the smallest, because they also had the smallest average
width (4.3 pm). In the first column 33 % of the cells were
8-10 um long and 7 % were 10-12 pum long. In the sub-
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Fig. 3. Yeast cells before immobilization, magnification x1200.
Figure is reproduced at 80 % of the original

sequent columns, the percentage of yeast cells in these
dimensions decreased, and in the last column, 11 % of
the cells were 8-10 um long, while there were no cells
that were 10-12 pm long. In the first column, the pres-
ence of the cells that were 8-12 um long is due to their
elongated and rod-like shape (Fig. 4a).

We observed that morphological changes of yeast
isolated from the carrier after continuous fermentation
varied in each of the columns. In the first column, some
cells had normal shapes: ovoid, single or budded. These
cells also had bud scars. Certain cells did not have nor-
mal shapes (Fig. 4a). As we mentioned above, some cells Fig. 4. Yeast cells isolated from the carrier from the first co-
were elongated, in the form of longer or shorter rods. lumn, magnification x2000 (A) and x4000 (B). Figures are repro-
Other forms of yeast had a pear-like morphology. These duced at 80 % of the original

Table 3. Percentage of the cells in the given range of sizes and average size of cells (the yeasts before fermentation)

Dimension/um A .
Parameter 34 45 56 67 7.8 89 9-10 verage size/ Star}da}rd
um deviation
Cells/%
Length 0 6 12 28 42 11 1 6.7 1.6
Width 12 26 49 13 0 0 0 5.2 0.8

Table 4. Percentage of the cells in the given range of sizes and average size of cells (the yeasts isolated from the carrier after the end
of fermentation)

Length/pum A )
Column o4 6 6-8 810 10-12 verage size/ Star}da}rd
number pm deviation
Cells/%
I 0 14 46 33 7 7.7 1.6
I 0 15 61 20 4 74 15
111 3 29 49 19 0 7.0 15
v 9 34 46 11 0 6.4 1.9
Width/pum A .
Column 4 6 68 810 verage size/ Star}da.rd
number pum deviation
Cells/%
I 26 55 19 0 49 12
I 19 61 20 0 5.1 1.1
11 44 53 2 1 47 1.0
v 12 75 13 0 4.3 1.1
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pear-like cells were firmly bound to either other pear-
-like cells or to cells with normal shapes. This resulted in
forms of small (3—6 cells) pseudohypha (Figs. 4b and 5).
In the second column, we observed budding cells and
cells with bud scars (Fig. 6A). Sometimes we found
wrinkled or folded cells (Fig. 6B), while some yeast cells
occurred in the form of few connected cells, had a pear-
-like morphology, but were less elongated (Fig. 7). In the
third column, budding cells were rarely observed. These
cells had shapes similar to the shapes of the yeast cells

Fig. 7. Yeast cells isolated from the carrier from the second column,
magnification x1200. Figure is reproduced at 80 % of the original

in the second column. Furthermore, certain cells were
more distorted and we found large, round cells (Fig. 8).
In the fourth column, cells with a rod-like morphology
were scarce. The majority of cells in this column were
large and round (Figs. 9 and 10), distorted and with a

Fig. 5. Yeast cells isolated from the carrier from the first column,
magnification x1200. Figure is reproduced at 80 % of the original

Fig. 8. Yeast cells isolated from the carrier from the third column,
magnification x3000. Figure is reproduced at 80 % of the original

Fig. 6. Yeast cells isolated from the carrier from the second co-
lumn, magnification x6600 (A) and x3000 (B). Figures are repro- Fig. 9. Yeast cells isolated from the carrier from the fourth column,
duced at 80 % of the original magnification x4000. Figure is reproduced at 80 % of the original
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Fig. 10. Yeast cells isolated from the carrier from the fourth co-
lumn, magnification x1200. Figure is reproduced at 80 % of the
original

large number of wrinkles or folds. These large and
round cells were observed more often under the light
microscope than under the scanning electron micro-
scope.

Discussion

During the whole experiment, the yeast was subjec-
ted to high ethanol and sugar concentrations. An etha-
nol fraction of about 15.9 % (by volume) is the growth
limit for most Saccharomyces cerevisiae strains (4), but
sake yeast and some wine yeasts are known to produce
about 20 % ethanol (10). Carrasco et al. (1) found that re-
sistance to ethanol and osmotic stress are dependent on
the wine yeast strain, and the most ethanol-resistant
commercial wine strain was able to grow at 15 % etha-
nol. The yeast strain Saccharomyces bayanus S.o./1AD
used in our experiment was obtained in our department
from the S. bayanus S.o./1 strain by a long-time adapta-
tion to high sugar concentrations and was able to pro-
duce about 18 % (by volume) of ethanol (11). Ogawa et
al. (12) found that in the ethanol-tolerant mutant the ex-
pression level of stress responsive genes was further in-
creased after exposure to ethanol. The ethanol-tolerant
mutant also exhibited resistance to other stresses includ-
ing heat, high osmolarity and oxidative stress in addi-
tion to ethanol tolerance.

In our previous work (13) fruit must was prepared
using tap water, without a magnesium supplement. At
the completion of 3.5 months of continuous fermenta-
tion, we determined that the number of viable S. baya-
nus S.0./1AD cells on the surface of the carrier was
higher than that of S. bayanus S.o0./1 cells. The percent-
age of viable S. bayanus S.0./1AD cells was the highest
in the first column (43 %), and it then decreased with
each subsequent column. Yeasts of S. bayanus S.0./1 iso-
lated from the carrier from the first and second columns
were characterized by a similar viability (29 and 30 %).
Analysis of both strains in the third and fourth columns
showed the same percentage of viable cells (20 and 10

%).

In this experiment, fruit must was prepared using
deionized water supplemented with 20 mM of magne-
sium. Continuous fermentation lasted only 2.5 months,
one month less than in our previous research. Yeast cells
isolated from the carrier from the first column were
characterized by the highest viability (70 %), while in
the third and fourth columns, the percentage of viable
cells was similar to the results in our previous work (17
and 11 %).

When examined under the scanning electron micro-
scope, some yeast cells from the second, third and fourth
columns had wrinkles or folds on their cell walls. Simi-
lar cells were found in our previous research. In the case
of S. bayanus S.0./1AD strain, these morphologically
changed cells were found in the second, third and fourth
columns, but in the case of S. bayanus S.0./1 strain, the
morphologically changed cells were in all columns (6,13).
This cell deformation correlates with the loss of cell via-
bility in the columns.

When yeast cells are stored in wine for a long pe-
riod (for example in the production of sparkling wine),
autolysis of the yeast takes place. Autolysis depends on
the culture, age, and physiological conditions of the cell.
The first stage of autolysis is the degradation of cell
endostructures. Turgor is absent, the cell wall thickens
and the cell diameter decreases almost 1.5-fold. The sec-
ond stage of autolysis involves hydrolysis of intracel-
lular biopolymers, which leads to the diffusion of the
hydrolysis products into the extracellular medium (14).
Kollér et al. (15) reported that after 12 hours of model
autolysis, cells are smaller in size and the surface of the
cells is rough. After 24 hours, the cytoplasmic content of
the cells is released and the cells are transformed into
ghosts. Similarly, Martinez-Rodriguez et al. (16) ob-
served empty yeast cells with wrinkles or folds on the
walls after 24 h of induced autolysis in a model wine
system. Cell shrinkage occurs not only in wine or etha-
nol, but also in glucose (3).

Apart from the above mentioned wrinkled yeast
cells, other yeast cells isolated from the carrier were
characterized by various shapes and occurred in the
form of a few connected cells. Morphological changes
varied according to the column number.

During the exponential growth, bud cells are domi-
nant, frequently in the form of four-cell aggregates. In
the stationary phase, the majority of the cells are in sin-
gle form (17). Singh et al. (18) observed that cells syn-
chronized at the beginning of the S-phase showed a
rapid increase in multiple budding. This resulted in a
pseudohypha of 5 or 6 cells when both mother and
daughter cells produce buds, which were firmly attach-
ed together by their cell walls. Sometimes on the doubly
budded mother cells, the daughter buds were of a dif-
ferent size, indicating that they were developing at dif-
ferent rates.

At a very low glucose concentration, newly budded
cells have an elliptical shape. By elongating, the cells
greatly increase their surface area to volume ratio, thus
making it easier for them to find glucose molecules (19).
Throughout our experiment, yeast had a sufficient amount
of glucose in all the columns. In the first column, with
the highest glucose concentration, many yeast cells were
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elongated, with a rod-like morphology. Such changes
were not observed in our previous experiments (6,13).

During alcoholic fermentation, higher alcohols and
other metabolic products are also produced. Those prod-
ucts have inhibitory effects on the yeast at the level of
the cell membrane, leading to passive proton influx or
interfering directly with cellular transport processes (20).
Fermentation by-products have an adverse effect on
yeast morphology. When exposed to acetic acid, yeast
cells become elongated and irregular, and daughter cells
do not separate from mother cells after cell division. In a
similar manner, 1-propanol and 2-methyl-1-butanol af-
fect pseudomycelia. Acetaldehyde affects yeast cell mor-
phology by increasing their cell size to over twice their
normal diameter (21).

Conclusions

The period of 2.5 months of continuous fermenta-
tion of a high-sugar fruit must affected the number, via-
bility, and morphology of immobilized yeast cells. These
changes varied according to each bioreactor column.
The most favourable conditions for the yeast were in the
first column; this column contained a high sugar con-
centration and a small fraction of ethanol. In the subse-
quent columns, the fraction of ethanol increased and the
concentration of sugar decreased. The worst conditions
for the yeast were in the fourth column. There we found
the smallest number of cells, the lowest yeast viability,
as well as many distorted cells.
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