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Introduction

Beta(1,3)/(1,6)-glucans are structural polysaccharides of the 
yeast cell wall. They exhibit diverse functional properties, 
including therapeutic, thanks to which they find an applica-
tion in the pharmaceutical, cosmetic, food, and other indus-
tries [23]. They serve as biological modifiers of the immune 
response. Additionally, they stimulate antimicrobial and 
anti-inflammatory activities; adsorb mycotoxins; decrease 
the fraction of LDL (low-density lipoprotein) cholesterol; 
exhibit anticancer, antimutagenic, and antioxidant proper-
ties; and promote wound healing [4, 7, 18, 25, 40].

They can act as emulsifiers, gelling agents, or water- and 
fat-binding substitutes of fat, prebiotics, and film-form-
ing substances [23, 31]. Since 2011, β(1,3)/(1,6)-glucans 
extracted from the yeast Saccharomyces cerevisiae have 
been used in the EU countries in certain food categories, 
as components of the functional foods and of particular 
nutritional uses [8]. It opens the possibility for searching 
new, efficient sources of these polymers. It is reasonable 
especially because the content of structural components of 
the cell wall and their chemical structure vary considerably 
depending on the species and strain of yeast, culture con-
ditions (type and amount of carbon and nitrogen sources, 
type and availability of minerals, pH, temperature, culture 
period, and degree of culture aeration), and age of cells [1, 
3, 11, 14, 15, 17, 30, 45].

The influence of the above-mentioned factors on the 
biosynthesis and the construction of structural polymers of 
the yeast cell wall have not been described precisely in the 
literature.

Parameters such as molecular structure, degree of 
polymerization, molecular branching, molecular weight, 
and polysaccharides solubility of the yeast wall determine 
the functional properties of these polymers [4].
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Production of β(1,3)/(1,6)-glucans is based on their 
isolation from yeast biomass. From the biotechnological 
viewpoint, efficiency of the process can be increased by 
stimulating biosynthesis of these polysaccharides and/or 
gaining higher productivity of the yeast biomass. This can 
be achieved by an appropriate selection of culture medium 
composition and growth conditions as well. Optimization 
of the culture medium composition used in the biosynthe-
sis processes of the desired metabolite is one of the most 
important aspects of industrial biotechnology. The costs of 
the whole biotechnological process are determined primar-
ily by the cost of the medium [33]. Industrial wastes, for 
which new directions of management have constantly been 
searching for, are deproteinated potato juice water (also 
called potato juice water) and glycerol. They may consti-
tute a source of digestible nutrients for microorganisms.

Deproteinated potato juice water is a by-product formed 
during the production of potato starch after acid-thermal 
coagulation of proteins from potato juice. During the pro-
cessing of 1,000 tons of potatoes, approximately 600 m3 of 
deproteinated potato juice water is produced [22]. After dilu-
tion by industrial water, this effluent is used as a reservoir 
fertilizing the soil. Because of the high levels of indicators 
such as biological oxygen demand during 5 days (BOD5, 
approximately 4,800–2,600 mg O2/L) and chemical oxygen 
demand (COD, approximately 7,700 mg O2/L), the utiliza-
tion of the above-mentioned effluent as a fertilizer signifi-
cantly burdens the environment [21, 22]. Its use as a com-
ponent of media for microorganisms culturing in the process 
of obtaining valuable products from their metabolism may 
become one of the most effective methods of deproteinated 
potato juice water management. So far, attempts have not 
been sufficiently described in the literature [29].

Glycerol is the main by-product generated in the produc-
tion of biodiesel. The increase in biofuel production gener-
ates increasing amounts of glycerol fraction and is associ-
ated with this need of searching alternative methods of its 
disposal [9].

The objective of the study was to determine the effect of 
Candida utilis ATCC 9950 fodder yeast culturing, carried 
out in media with deproteinated potato juice water with 
the addition of glycerol, on the structure of cell wall in the 
context of the possibility of obtaining yeast biomass with 
increased content of β(1,3)/(1,6)-glucans. It was assumed 
that the use of deproteinated potato juice water as a source 
of nitrogen and minerals and glycerol as a carbon source 
may form the content of Candida cell wall components. C. 
utilis yeasts, selected in the preliminary study, as a poten-
tial source of β-glucans, have a long history of safe use, 
which is important for the possibility of industrial use of 
microbial-derived substances. Previous studies confirm that 
structural polymers of cell wall of this yeast species exhibit 
desirable biological and technological properties [19, 44].

Materials and methods

Microorganism

The studies were conducted with the use of C. utilis ATCC 
9950 fodder yeast from the collection of pure cultures of 
the Department of Biotechnology and Microbiology, War-
saw University of Life Sciences. Biological material was 
stored on YPD slants at a temperature of 6–8 °C.

Preparation of deproteinated potato juice water

Deproteinated potato juice water was prepared on a labo-
ratory scale from potatoes of Irga variety (120 kg) bought 
in July 2013. Procedure for obtaining deproteinated potato 
juice water was similar to that used in factories produc-
ing potato starch. Potatoes were mechanically crumbled, 
as a result of which cell juice was secreted followed by its 
separation from potato pulp. Subsequently, the starch was 
separated from the juice by centrifugation without tem-
perature control (3,200g/20 min, Eppendorf 5810 Centri-
fuge). The next step was the acid-thermal coagulation of 
proteins present in the potato juice [35]. Then, pH of the 
juice was set at an approximate level of 5.0 using con-
centrated sulfuric acid, followed by sterilization process 
(121 °C/0.1 MPa/20 min, HICLAVE HG-80 autoclave, 
HMC Europe). Coagulated protein was separated by filtra-
tion. The filtrate, namely deproteinated potato juice water, 
was used to prepare the experimental media.

Chemical characteristics of deproteinated potato juice 
water

The prepared deproteinated potato juice water was charac-
terized in terms of COD (Hach micromethod, Hach Lange 
analyzer) and BOD5 using OxiTop Control Lovibond bot-
tles. The results of both measurements were expressed in g 
O2/L of deproteinated potato juice water.

To define deproteinated potato juice water as a culture 
medium, total organic carbon (TOC) was determined using 
high-temperature oxidation method using IL 550 TOC-TN 
analyzer. Results were expressed in grams of carbon per 
liter of culture medium (g C/L). Dry matter was determined 
by drying-weighing method (105 °C/24). Total nitrogen 
was determined using Kjeldahl method (BÜCHI miner-
alization and distillation units). To calculate nitrogen per 
protein, a ratio of 6.25 was used. Directly reducing sugars 
and total sugars (after previous acid hydrolysis of samples) 
were determined by colorimetric method with 3,5-dinitro-
salicylic acid. The results of these above-mentioned meas-
urements were expressed in grams per liter of medium.

The content of selected elements (P, K, Na, Ca, Mg, 
and S) in deproteinated potato juice water was determined 



1025Eur Food Res Technol (2015) 240:1023–1034 

1 3

by ICP (inductively coupled plasma) technique in atomic 
emission spectrometer (ICP-AES, Thermo iCAP 6500 
Duo at the wavelength proper for each element (Ca: 315.8, 
373.6, and 422.6 nm; K: 766.4 and 769.8; Mg: 279.5, 
280.2, 285.2, and 382.9; Na: 588.9 and 589.5; P: 177.4, 
178.2, and 213.6; and S: 180.7 and 182.0). The samples of 
deproteinated potato juice water (1 cm3) for the determi-
nation of chemical element contents were mineralized in a 
mixture of nitric acid and perchloric acid (Büchi Digestion 
Unit K-435). The results were stated in grams of element 
adjusted to a 1 L of the medium (g/L). Selected measure-
ments were also conducted in synthetic YPD medium.

Culture media

Experiments were performed in 16 variants of experimental 
media. Control cultures of the yeast C. utilis ATCC 9950 
strains were cultured in a synthetic yeast extract-peptone-
glucose medium (YPD) composed of (g/L): 20 g peptone, 
20 g glucose, and 10 g yeast extract. This is a complete 
yeast culture medium, which was treated as a reference 
medium. The components of YPD medium were dissolved 
in distilled water. The active acidity of the medium was 
established at pH 5.0.

Experimental media from deproteinated potato juice 
water were differentiated in terms of glycerol concentra-
tion as a carbon source. Doses of 50, 100, 150, 200, and 
250 g of glycerol/L deproteinated potato juice water were 
investigated. At this stage of research, commercial glycerol 
of analytical grade (POCH, Poland) was used. Media with 
deproteinated potato juice water with glycerol were pre-
pared in three different pHs (4.0, 5.0, and 7.0). All media 
were sterilized at a temperature of 121 °C (0.1 MPa) for 
20 min (HICLAVE HG-80 autoclave, HMC Europe).

In the description of figures and tables containing the 
results, abbreviations of used experimental media were 
applied according to the rule: pH of the medium_glycerol 
concentration %.

Preparation of inoculum

Yeast inoculum was prepared in liquid YPD medium 
(80 cm3) in a 500-cm3 volumetric flask. The medium was 
inoculated with material collected from the slants. Cul-
tures were grown at 28 °C for 20 h on a reciprocating 
shaker (SM-30 control) with a frequency of 200 cycles/
min. After incubation, the yeast biomass was centrifuged 
(15,500g/4 °C/10 min, Eppendorf 5810R Centrifuge) 
and rinsed twice from the medium components with ster-
ile water and suspended in 80 cm3 of saline. Inoculum 
obtained by such method (approximately 7 × 107 cells/
cm3) constituted material for inoculation of microculture in 
Bioscreen C system and for proper culture experiments.

Screening of the growth of the studied yeast 
in experimental media with the use of Bioscreen C system

Growth of studied C. utilis ATCC 9950 in experimen-
tal media was evaluated in microcultures with the use of 
Bioscreen C system. About 250 μl media inoculated with 
10 % volume of yeast inoculum (6.8 × 105 cell/cm3) were 
added to each culture plate well. Cultures were grown at 
a temperature of 28 °C for 110 h with intensive shaking. 
Changes in optical density (OD) of the culture were moni-
tored each hour using OD readout with a broadband filter 
(420–580 nm), insensitive to color changes of the media. 
Based on the obtained results, growth curves of the studied 
yeasts in experimental media were prepared, and the dura-
tion of the adaptive phase (tlag), the minimum and the maxi-
mum OD values in the logarithmic phase growth (ODmin/

max), and the duration of the logarithmic phase growth 
(Δtlog) were determined. Moreover, the maximum rate of 
yeast growth in logarithmic phase (μmax) was calculated 
using the formula: μmax = (lnODmax − lnODmin)/Δtlog 
[h−1] and the generation time (g = ln2/μmax [h]).

Experimental culture conditions

Experimental cultures were grown in flasks of 500 cm3 
volume. Media (90 cm3) were inoculated with inoculum 
material constituting 10 % of the culture volume. The cul-
tures were incubated for 24 h at 28 °C on SM-30 Control 
(Buechler, Germany) reciprocating shaker at a frequency 
of 200 cycles/min. Each culture variant (in reference to the 
culture medium) was replicated three times.

Biomass yield

To determine the yeast biomass yield, 5 cm3 of culti-
vation medium after 24-h incubation was centrifuged 
(15,500g/4 °C/10 min, Eppendorf 5810R Centrifuge). 
The centrifuged biomass was rinsed twice with deion-
ized water and then dried at 105 °C to achieve a constant 
mass (approximately 24 h). The biomass yield was stated 
in grams of yeast dry substance adjusted to a 1 L of culti-
vation medium basis (grams of dry substance per liter of 
medium).

Analysis of yeast cell wall structure using transmission 
electron microscopy

The aim of this study phase was to determine the yeast 
cell wall total thickness, as well as the β-glucan and man-
noprotein layer thickness in response to yeast cultivation 
conditions. For microscopic observations, yeast biomass 
specimens were collected after 24 h of cultivation. To pre-
pare yeast biomass for microscopic observations, it was 
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necessary to fix yeast cells in a glutaraldehyde (2.5 %) 
prepared in phosphate buffer (pH = 7.2). Then, the speci-
mens were fixed in an osmium solution (OsO4). Further 
procedure phases were as follows: preparation rinsing with 
water, dehydration with ethanol, embedding in Epon resin, 
cutting sections by means of a ultramicrotome (LKB), and 
contrasting with uranyl acetate and lead acetate [5]. Meas-
urements of yeast cell wall thickness, mannoprotein, and 
β-glucan layer thickness were performed on the grounds 
of photographs made with the transmission electron micro-
scope (TEM; JEM-1220 type JOEL).

Approximately 100 images of cells from each experi-
mental medium variant were taken. Measurements of the 
thickness of the cell wall and structural layers (β-glucan 
and mannoprotein) were performed in MultiScan v. 18.03 
program in five different areas of the cell wall of studied 
yeasts in each analyzed image.

Cell wall preparations

To obtain preparations of yeast cell walls, disintegration of 
cells was performed. The cells were destroyed mechani-
cally in a Bead-Beater homogenizer, model GB26 (Bio-
spec Products), with a power of 400 W. The total working 
volume of the reservoir mill was approximately 300 cm3. 
In the experiments, Zirconia-glass beads (Biospec Prod-
ucts) of 1 mm diameter were used. The beads were added 
at a volume of 170 cm3, which accounted for 57 % of res-
ervoir working capacity. About 100 cm3 of yeast biomass 
suspension was subjected to homogenization in deionized 
water (Direct-Q 3UV-R, Millipore). The biomass was col-
lected from three parallel culture flasks for each variant of 
experimental medium. Throughout the duration of the dis-
integration process, the reservoir was cooled with ice bath 
jacket. The disintegration consisted of seven cycles: 3 min 
of working and 3-min interval for each. To recover disinte-
grated cell walls of yeasts, beads were washed three times 
with 50 cm3 of deionized water. Disintegrated cell suspen-
sion was separated by centrifugation (5,000g/4 °C/5 min, 
Eppendorf 5810R Centrifuge). The effectiveness of cell 
disintegration and the degree of purification of wall prepa-
rations from cytosol components were evaluated micro-
scopically. Preparations were prepared directly after the 
disintegration of the cells followed by staining with meth-
ylene blue. Microscopic observations were carried out 
under MB300 (OPTA-TECH) light microscope at 600-fold 
magnification. Preparations’ images were taken with the 
use of a camera and OptaView 7 (OPTA-TECH) computer 
program.

Before further analyses, precipitates of cell wall prepa-
rations obtained after the disintegration of the cells were 
subjected to preliminary treatment from the components of 
cytosol. To this end, 30 cm3 of deionized water was added 

to the pellet obtained as a result of centrifugation. Subse-
quently, the content of samples was vortexed followed by 
centrifugation (5,000g/4 °C/5 min, Eppendorf 5810R Cen-
trifuge), and the supernatant was decanted. The precipi-
tate was rinsed three times with 30 cm3 of NaCl solution 
(POCH) with increasing concentrations, that is, 17, 34, 
and 85 mM. The last two washings of the precipitate were 
carried out using deionized water. Each time the samples 
were centrifuged under the above-mentioned parameters of 
centrifugation. The preparations obtained in such way were 
dried at 80 °C for 24 h followed by crushing in MKM 6003 
(BOSH) mill.

Characteristics of cell wall preparations

Determination of total saccharides content

The content of total saccharides as reducing sugars 
expressed per glucose was determined with the colorimetric 
method with dinitrosalicylic acid (DNS) at the wavelength 
of 540 nm (BIO-RAD SmartSpec 3000) [43]. Before deter-
mination, cell wall polymers (approximately 20 mg) were 
subjected to acidic hydrolysis (72 % H2SO4, 95 °C/4 h) in 
water bath (Memmert WNB14, Germany) [10]. The tem-
perature of hydrolysis was modified from 100 to 95 °C 
without influencing the process efficiency.

The content of saccharides was calculated using a stand-
ard curve prepared for glucose (y = 2.7369x − 0.0594, 
R2 = 0.9981).

Enzymatic determination of β(1,3)(1,6)‑glucan content

The total content of β(1,3)(1,6)-glucan was determined 
using an Enzymatic Yeast Beta-Glucan Kit by Megazyme 
(K-EBHLG 03/13) following procedure recommended by 
the producer [31]. The UV-1800 UV/VIS, RAYLEIGH 
spectrophotometer was used.

Statistical analysis of the results

The obtained results were subjected to a statistical analysis 
using the STATISTICA V.10 programme. An analysis with 
the ANOVA method (Tukey’s test) was carried out at the 
α = 0.05 level of significance.

Results and discussion

Characteristics of deproteinated potato juice water

The first stage of the conducted studies was to characterize 
deproteinated potato juice water in terms of its suitability 
for cultivation of microorganisms as a source of nutrients. 
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For this purpose, in deproteinated potato juice water, the 
content of dry substance, total organic carbon (TOC), total 
sugars, and directly reducing sugars, nitrogen, protein, and 
minerals such as phosphorus, potassium, sulfur, sodium, 
calcium, and magnesium were determined. Deproteinated 
potato juice water was also subjected to an analysis, which 
determines chemical oxygen demand (COD) and bio-
chemical oxygen demand (BOD5). The characteristics of 
deproteinated potato juice water were compared with syn-
thetic YPD medium commonly used in yeast culture. The 
obtained results are listed in Table 1.

Deproteinated potato juice water is a difficult by-product 
to manage in the potato industry creating the environmental 
risk due to the high burden of organic and inorganic sub-
stances [33]. Indicators that evidence about a significant 
burden of sludge by deproteinated potato juice water are 
high values of COD, BOD5, and the total content of phos-
phorus and nitrogen substances (Table 1). Based on Polish 
national Regulation of Minister of Environment [37], the 
acceptable COD, BOD5, total nitrogen and phosphorus con-
tents in liquid wastes loading into water or ground are as 
follows: 125 mg O2/L, 25 mg O2/L, 15 mg N/L, and 4 mg 
PO4/L, respectively. It confirms the relevance of searching 
effective methods of management of the described indus-
trial waste.

Important parameters characterizing culture medium 
are the ratio of carbon:nitrogen:phosphorus (C:N:P) and 
carbon:nitrogen (C:N) as well. Availability and mutual pro-
portions of the above-mentioned elements are important 
from the viewpoint of microbial biomass cultivation and 
optimization of conditions for the biosynthesis of certain 

products of microbial metabolism [27, 36, 41]. In the pro-
duction of yeast biomass, the most favorable ratio of car-
bon to nitrogen and phosphorus (C:N:P) stands at approxi-
mately 6.25:1:0.125 [27]. In deproteinated potato juice 
water, this ratio was 5.64:1:0161. The C:N ratio designated 
for deproteinated potato juice water (5.64) was comparable 
with that observed in synthetic YPD medium (5.82); how-
ever, deproteinated potato juice water contained approxi-
mately 35 % less carbon in total and three times less reduc-
ing sugars (Table 1), which are an easily absorbed source of 
this element for the microorganisms. Therefore, deprotein-
ated potato juice water was supplemented with additional 
carbon source to preferably balance its availability in media 
from this waste. In the present study, glycerol was used for 
this purpose (Table 2).

The addition of glycerol to deproteinated potato juice 
water increased the content of TOC in the developed cul-
ture media within the range from approximately 36.6 g/L 
(at 5 % glycerol) to approximately 124.5 g/L (at 25 % glyc-
erol; Table 2). In these media, C:N ratio was ranged from 
approximately 14 to about 48. However, it should be noted 
that various carbon sources may be subjected to different 
routes of transport into the cell interior and other metabolic 
processes and influence the increase in osmotic pressure 
to various extent. Hence, the use of only C/N ratio is not 
sufficient.

The results of the conducted measurements confirmed 
that deproteinated potato juice water constitutes a good 
source of nitrogen and minerals, which stimulate microbial 
growth (Table 1). The presence of protein in deprotein-
ated potato juice water at the level of approximately 1.6 % 

Table 1  Characterization of 
deproteinated potato juice 
water and its comparison with 
synthetic YPD medium

Parameter Unit Medium

Deproteinated potato juice water YPD

COD (g O2/L medium) 30.0 –

BOD5 15.8 –

Dry substance (gd.s./L medium) 37.6 ± 0.0 50.0 ± 0.0

Total nitrogen (g/L medium) 2.6 ± 0.0 3.9 ± 0.0

Protein 16.0 ± 0.0 24.4 ± 0.0

Directly reducing sugars 7.0 ± 0.1 21.7 ± 0.2

Total sugars 7.9 ± 0.1 21.8 ± 0.2

Total organic carbon 14.7 ± 0.0 22.7 ± 0.0

Phosphorus 0.420 ± 0.021 0.291 ± 0.014

Potassium 3.930 ± 0.254 0.817 ± 0.063

Sodium 0.584 ± 0.058 1.223 ± 0.032

Calcium 0.563 ± 0.043 0.624 ± 0.060

Magnesium 0.310 ± 0.015 0.059 ± 0.010

Sulfur 5.883 ± 0.930 3.650 ± 0.883

C:N – 5.64 5.82

C:N:P ratio 5.64:1:0.161 5.82:1:0.075
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confirmed the possibility to use waste potato juice water 
as a cheap equivalent of nitrogen source, with respect to 
expensive components of the synthetic media used in yeast 
culture.

The studied medium proved to be a better source of 
phosphorus, magnesium, potassium, and sulfur as com-
pared with YPD medium. The first two elements are par-
ticularly important for the yeast growth.

The synthesis process of microbial-derived β(1,3)-
glucans may depend on the availability of phosphorus, 
sulfur, and cationic composition in the culture medium 
[11, 23]. In deproteinated potato juice water, a high sul-
fur content was reported. This result was certainly affected 
by potato acidification with sulfuric acid in the process of 
acid-thermal protein coagulation. In contrast, the content of 
this element in the potato juice depends on the availabil-
ity of sulfur in the soil. Sulfur is accumulated, among oth-
ers, in sulfur-containing amino acids that build the protein 
of potato [34]. Acid-thermal coagulation of proteins from 
potato juice contributes to precipitation of approximately 
80 % proteins, while the low molecular weight fractions 
remain in the dissolved form [34]. Availability of sulfur-
containing amino acids in the yeast growth medium may 
affect the synthesis of cell wall polysaccharides of these 
fungi [15].

Potato juice is also a source of vitamins B1, B2, B6, 
PP, C, and E [21], which positively affects the growth of 
microorganisms.

Nowak et al. [32] attempted to perform bioremediation 
of sludge from the potato industry including deproteinated 
potato juice water, with the use of mixed bacterial culture. 
The sludge used in the studies of above-cited authors came 
from potato-processing factories and was characterized 
by the total content of nitrogen and phosphorus (2.11 and 
0.43 g/L) and COD and BOD5 indicators (approximately 
33 and 16.5 g O2/L, respectively) comparable with those 
for deproteinated potato juice water obtained in the course 
of our studies at a slightly lower TOC values, the content 
of reducing sugars (approximately 9.4 and 3.4 g/L, respec-
tively), and dry substance (approximately 31 gd.s./L). It 
should be noted that the composition of potato-processing 

sludge may vary, especially in the content of reducing sub-
stances, depending on whether they are produced in autumn 
or spring campaign [33].

Growth screening of studied yeasts in the experimental 
media

For rapid evaluation of growth of the studied C. utilis ATCC 
9950 strains, in the developed experimental media, the 
analysis of changes in OD of microculture was conducted 
in Bioscreen C system. The obtained results allowed to plot 
growth curves of the investigated media and to determine 
basic parameters of C. utilis ATCC 9950 growth such as the 
length of the adaptive and the logarithmic phase, the maxi-
mum growth rate, and the generation time of the cells. The 
results are listed in Table 3.

It was found that C. utilis ATCC 9950 exhibited growth 
in every variant of the experimental medium. It was 
reported that the most favorable culture conditions were 
observed at pH 5.0 with the addition of 5 and 10 % glyc-
erol and in the medium at pH 4.0 containing 5 % glycerol. 
The maximum growth rate (0.117 and 0.115 1/h) of the 
studied yeast under these conditions was comparable with 
that observed in synthetic YPD medium (0.117 1/h). It was 
reflected in the shortest time of generation reported for 
cells in mentioned culture media (approximately 6 h). In 
media with deproteinated potato juice water and glycerol, 

Table 2  Total carbon content and C/N ratio in media from deprotein-
ated potato juice water depending on glycerol concentration

Deproteinated potato juice water  
supplemented with glycerol

TOC (g/L) C/N ratio

Glycerol (%): 5 36.6 14.3

10 58.6 22.8

15 80.5 31.3

20 102.5 39.9

25 124.5 48.4

Table 3  Parameters characterizing the growth of C. utilis ATCC 
9950 in experimental media based on microculture in Bioscreen C 
system

Culture medium pH tlag (h) Δtlog (h) µmax 
(h−1)

Generation 
time (h)

YPD 5.0 4 15 0.117 5.94

DPJW  
+ glycerol: 5 %

4.0 7 10 0.117 5.95

10 % 8 11 0.104 6.65

15 % 9 12 0.098 7.06

20 % 10 13 0.072 9.58

25 % 13 22 0.052 13.24

DPJW  
+ glycerol: 5 %

5.0 6 10 0.117 5.92

10 % 6 10 0.115 6.03

15 % 7 10 0.106 6.57

20 % 8 11 0.075 9.19

25 % 10 20 0.051 13.69

DPJW  
+ glycerol: 5 %

7.0 6 10 0.103 6.74

10 % 7 11 0.091 7.61

15 % 8 15 0.072 9.66

20 % 9 16 0.070 9.93

25 % 10 16 0.067 10.29
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adaptive phase of cells was longer by approximately 2–3 h 
as compared with that of cells in YPD medium, while the 
logarithmic phase growth appeared to be shorter by 5 h.

Rapid and efficient growth of the studied yeasts was also 
observed in the media at pH 7.0 containing 5 % glycerol.

It was found that the factor, which determines the 
growth of the studied yeasts in the developed media, was 
the concentration of glycerol in medium. With the increase 
in the concentration of this carbon source in the medium, 
extension of adaptive phase and slowdown of growth rate 
of yeast cells and extension of their generation time were 
reported (Table 3). Higher concentrations of glycerol in 
medium constituted as a stress factor potentially associated 
with an increase in the osmotic pressure in media contain-
ing this low molecular weight carbon source. The plasma 
membrane of yeast cell has semipermeable properties with 
regard to water and higher molecular weight hydrophilic 
compounds. Glycerol is typically transported across the cell 
membrane via the glycerol channel (Fps1p) by facilitated 
diffusion over a concentration gradient. In hyper-osmotic 
environment, closing of Fps1p is required for intracellular 
accumulation of osmolytes that regulate the intracellular 
pressure (e.g., trehalose or intracellular glycerol) [2, 12]. 
Consequently, diffusion of glycerol (as a carbon source) 
from culture medium into yeast cells was restricted.

Further studies were conducted in all variants of the 
experimental media keeping in mind that stress conditions 
of yeast growth affect the content of structural polymers in 
the cell wall of yeast [17, 42].

Biomass yield

Biomass yield of yeasts in the developed media was deter-
mined after 24 h of culturing. The results are shown in 
Fig. 1. Based on these results, the relevance of C. utilis 
ATCC 9950 culturing was affirmed in experimental media, 
in which one achieved the highest amounts of biomass as a 
source of β(1,3)/(1,6)-glucans of the cell wall (DPJW at pH 
5.0 and 4.0 with 5 and 10 % glycerol as well as DPJW at 
pH 7.0 containing 5 % of glycerol).

Observations reported in microcultures of Bioscreen C 
system were confirmed by results of yeast biomass yield 
obtained in studied culture mediums’. The highest yields of 
biomass were obtained in media prepared from deprotein-
ated potato juice water at pH 5.0 and 4.0 with the addition 
of 5 and 10 % glycerol and in the medium of pH 7.0 con-
taining 5 % of this carbon source. These were values of 11–
12.7 gd.s./dm3 order of magnitude, comparable with those 
achieved after culturing of the studied C. utilis ATCC 9950 
fodder yeast in a synthetic YPD medium. Similar efficiency 
of yeast biomass in the described media with deproteinated 
potato juice water and glycerol, achieved in a shorter time 
as compared with that in YPD medium (Table 3), seems to 

be interesting taking into account the possibility of shorten-
ing the multiplication time of yeast biomass. At the same 
time, these data suggest that high biomass yield obtained 
in shorter time, at comparable growth rates and generation 
time, could not result from larger number of cells in culture 
but from an increase in their weight, which can be associ-
ated with the biosynthesis of certain cellular components.

Glycerol concentration at the level of 15 % and higher 
inhibited the growth of the studied yeasts regardless of pH. 
Hence, the achieved yields of biomass were in the order of 
5.4–9.6 g dm/L medium.

In summary, deproteinated potato juice water may con-
stitute a major source of nitrogen and minerals in the C. 
utilis ATCC 9950 strains, and the addition of glycerol at 
the level of 5 and 10 % for the studied yeast allows achiev-
ing the most favorable molar ratio of C/N in the developed 
media. It creates the opportunity of simultaneous utilization 
of deproteinated potato juice water and glycerol in C. utilis 
ATCC 9950 yeast culture. Further research will be aimed 
at increasing the efficiency of biomass yield of the studied 
strain in media, which were considered the best.

Structure of cell wall of the studied yeast in experimental 
cultures

The cell wall of yeast is composed of a complex of cova-
lently bound polysaccharides, which includes β-glucan 
and α-mannan present in combination with proteins form-
ing mannoproteins. The wall consists of approximately 
10–30 % of dry matter of yeast biomass, and this contribu-
tion is dependent on the species, yeast strain, and growth 
conditions as well [3, 17, 30]. This range may be even 
increased up to 50 % [28]. It results from changes in the 
structure of the cell wall of the yeast and thus its thickness 
in response to stress stimuli from the extracellular environ-
ment [17, 42]. The thickness of the yeast cell wall is ranged 
between 60 and 200 nm on average, depending on the 
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Fig. 1  Biomass yield of C. utilis ATCC 9950 from 24 h of experi-
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not differ significantly, Tukey’s test, α = 0.05)
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above-mentioned factors [3, 16]. TEM confirms the exist-
ence of two structural layers in the wall of yeasts: outer 
mannoprotein layer and inner, more transparent β-glucan 
layer [3].

The analysis of the structure of cell wall in the stud-
ied yeast C. utilis ATCC 9950 strain in experimental 
cultures was based on the measurement of width of the 
organelle and its structural layers (β(1,3)/(1,6)-glucans 
and mannoprotein) using TEM. Examples of micro-
scopic images of preparations of the studied yeast cell 
wall in the experimental conditions are shown in Fig. 2, 
and the results of particular measurements are shown in 
Figs. 3, 4, and 5.

After culturing the studied strain in a synthetic YPD 
medium, an average wall thickness was approximately 
188 nm (Fig. 3). The culture conditions induced changes 
in the content of polymers that build this organelle and thus 
the thickness of the wall.

Intensity and direction of changes were proved to 
be dependent on the concentration of glycerol in the 
medium and pH of the medium. Significant intensifica-
tion of the synthesis of cell wall polymers in studied 
yeast strain occurred during cultivation in media at pH 
5.0 with 5 and 10 % glycerol and in medium at pH 7.0 
containing 5 % glycerol. Thus, cells of the thickest walls 
were observed (approximately 257, 252, and 241 nm, 

Fig. 2  Exemplary microscopic (TEM) photographs of the yeast C. utilis ATCC 9950 strain cell walls from experimental media. a YPD, b pH 
5_5 %, c pH 5_10 %, d pH 4_25 %, e pH 5_25 %, and f pH 7_25 %
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respectively)—Figs. 3b, c and 4. These values were approx-
imately 50–70 nm higher as compared with the thickness 
of cell walls from YPD control medium (Fig. 3a). It was 

observed that the addition of glycerol in concentrations 
higher than 15 % contributed to the reduction in the cell 
wall thickness of the studied yeast.

Changes in the cell wall thickness of the studied yeasts 
correlated with changes in thickness of the layer consisting 
of β(1,3)/(1,6)-glucans (Fig. 4). The most intense synthe-
sis of these polysaccharides was found in C. utilis ATCC 
9950 cells from media at pH 5.0 with 5 and 10 % addi-
tion of glycerol (approximately 230 nm). In C. utilis cells 
from YPD medium, the thickness of β-glucan layer was 
approximately 180 nm. In media with deproteinated potato 
juice water containing glycerol at doses above 15 %, syn-
thesis inhibition of cell wall β-glucans of fodder yeast was 
observed, which was particularly revealed in media at pH 
4.0 and 7.0. In these layers, the thickness of β-glucan layer 
was in the range from approximately 110 to 159 nm.

The process of the synthesis of yeast cell wall β(1,3)/
(1,6)-glucans and its subsequent modifications occur in 
response to stimuli received through stress sensors of the 
cell wall [42]. It occurs within the framework of the so-
called cell wall integrity pathway mechanism, activated by 
adverse changes in the environment. The yeast cells may 
respond to these changes in various ways, among others, 
by increasing the synthesis of components that build the 
wall [42]. This effect is mediated, inter alia, by transcrip-
tional activation of GSC2/FKS2 genes, responsible for the 
synthesis of alternative Fks2p catalytic subunit of β(1,3)-
glucan synthase (EC 2.4.1.34) [24, 26, 39, 42]. Simultane-
ously, Rho1p regulatory subunit of this protein induced by 
Rom2p factor exchanging GDP for GTP undergoes activa-
tion [24, 42]. In yeast cells, expression of Fks2p subunit is 
stimulated by low levels of glucose or its depletion in the 
culture medium, culturing in the presence of nonglucose-
derived source of carbon such as galactose, glycerol, and 
acetates or other factors including increased content of 
Ca2+ ions [24]. Apart from GTP, β(1,3)-glucan synthase 
can be activated by other phosphorylated substances [6].

Analyzing the thickness of the mannoproteins in cell 
walls of studied yeasts from experimental culture (Fig. 5), 
one noted that media prepared with deproteinated potato 
juice water and glycerol intensified its synthesis in the cell 
wall structure.

Increased contribution of mannoproteins in the structure 
of cell wall was found after culturing C. utilis ATCC 9950 
strain in media with deproteinated potato juice water at pH 
of 7.0 with the addition of 5, 20, and 25 % glycerol. Hence, 
one observed approximately four times thicker mannopro-
tein’s layer (approximately 28–29 nm) as compared with 
cell walls from YPD medium (approximately 7.7 nm). 
Increase in the thickness of mannoprotein layer in C. uti‑
lis cells cultured in media with the addition of glycerol 
could result from the synthesis of glycoproteins necessary 
for cells during the metabolism of glycerol and regulation 
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of osmotic pressure changes in the medium caused by this 
carbon source. Mannoproteins constitute, among others, 
protection for yeast cells from osmotic stress [20].

The content of total sugars and β(1,3)/(1,6)-glucans 
in C. utilis ATCC 9950 strain cell wall preparations 
from experimental culture

Preparations of studied yeast cell wall were obtained 
by mechanical disintegration of cells. The objective of 
this procedure was to release the biomass of intracellu-
lar content and separate fragments of cell wall. Based on 
microscopic observations carried out after the disintegra-
tion of yeasts, it was found that the process was effective 
(Fig. 6).

Most cells underwent completed fragmentation under 
the action of break-shearing forces. It contributed to the 
effective cleaning of the walls’ preparations from cyto-
sol fragments. In aqueous environment, the occurrence 
of characteristic spherical aggregates of material con-
taining fragments of studied yeast walls was reported. 
It confirmed the presence of hydrophobic particulated 
β-glucans of the wall occurring in complexes with man-
noproteins. The sizes of formed aggregates were in the 
range from several to approximately 100 μm. Similar 
phenomenon was described by Hunter et al. [13] when 
studying the structure of cell wall structural polymers in 
S. cerevisiae.

Yeast cell wall is formed mainly by polysaccharides, 
and their content is determined by growth conditions [1, 
14, 19]. In preparations of C. utilis cell walls obtained from 
experimental culture, one found different concentration of 
total sugars (Table 4).

The contribution of these components in the wall was 
increased after culturing the cells in media with deprotein-
ated potato juice water at pH 5.0 with the addition of 5 and 
10 % glycerol (Table 4). The content was then estimated 
at approximately 77–80 g/100 gd.s. specimen at about 
55 g sugars per 100 gd.s. specimen of cell walls from YPD 
medium. Higher content of sugars in cell wall prepara-
tions proves lower content of protein and fat, which can be 
translated to a reduction in the costs of β(1,3)/(1,6)-glucans 
isolation during the formation of the purified preparations. 
Yeast cell wall polymers that are not purified from proteins 
and lipids may also be used industrially, among others, as 
fodder additives for animals, which act as adsorbents of 
toxic molds, immunostimulatory substances, or prebiotics 
[38, 40].

The results of total sugar content were correlated with 
the content of β(1,3)/(1,6)-glucans in cell wall preparations 
of studied yeasts (Table 4). β-Glucan biosynthesis in the 
walls of C. utilis ATCC 9950 strains was best intensified 
by media prepared from deproteinated potato juice water 

at pH 5.0 with 5 and 10 % addition of glycerol. Under 
these conditions, the content of these polysaccharides in 
the walls of the studied strain was approximately 44–45 % 
and was significantly higher in comparison with the con-
tent after culturing in YPD medium (approximately 31 %). 
The studied preparations were not purified from proteins 
and lipids, which could possibly lower the results of the 
enzymatic assay used to determine β-glucans. Proteins and 
lipids could impede the access of polysaccharide substrate 
to the active center of the enzyme hydrolyzing glycosidic 
bond in determinations of β-glucans [14]. According to the 
literature [1, 14], the content β-glucans in the yeast cell 
wall is changeable and occurs within a wide range, repre-
senting 29–64 % of average cell wall.

Desai et al. [11] determined the productivity of  
β-glucans in culturing of S. cerevisaie baker’s yeast in media  
with different contents of glucose, various nitrogen sources, 
Mg2+, and Mn2+. The largest amounts of the above-men-
tioned cell wall polysaccharides were found after cultur-
ing of yeasts in media containing 7.5–10 % glucose, 0.5 % 
peptone, and 0.3 % malt and yeast extract each without 
the addition of MgSO4 and MnSO4 salts. The addition of 
glycerol to media with deproteinated potato juice water at 
a dose of higher than 15 % led to a reduction in the content 
of β-glucans in cell walls of the studied yeasts regardless 
of pH and intensified the synthesis of mannoproteins. This 
was confirmed by microscopic observations of cell wall 
structure.

Due to the lack of literature data, which could be used 
in more thorough discussion of the obtained results and 
explaining the observed relationships, further research will 
be directed to investigate the mechanism determining an 
increase in the content of β(1,3)/(1,6)-glucans in the cell 

Fig. 6  Aggregates of material containing C. utilis ATCC 9950 strain 
cell wall components after the disintegration in a bead mill (magnifi-
cation × 600)
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wall of C. utilis ATCC 9950 under the influence of cultur-
ing in media with deproteinated potato juice water at pH 
5.0 containing 5 or 10 % glycerol.

In summary, the reported stimulation of polysaccha-
rides’ biosynthesis in the cell wall of C. utilis in selected 
media with deproteinated potato juice water and glycerol 
creates the possibility of favorable management of these 
sludge toward the production of C. utilis yeast biomass 
with a higher content of functional polysaccharides or the 
production of β(1,3)/(1,6)-glucan preparations.

Conclusions

Deproteinated potato juice water may constitute the pri-
mary source of nitrogen and minerals in a culture medium 
for C. utilis ATCC 9950 strains. Supplementation of DPJW 
with 5 and 10 % of glycerol affected the growth and bio-
mass productivity of studied yeast most favorably. Modifi-
cation of cell wall structure of the studied yeast strain was 
observed depending on the culture medium. Media at pH 
5.0 with the addition of 5 and 10 % glycerol significantly 
intensified the biosynthesis of β(1,3)/(1,6)-glucans in the 
cell wall of fodder yeast studied. The selected media may 
find practical application in the utilization of environmen-
tally burdensome deproteinated potato juice water and 
glycerol in the process of production of functional β(1,3)/
(1,6)-glucans.
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