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Abstract

:

Yeast β-glucan polysaccharide is a proven immunostimulant molecule for human and animal health. In recent years, interest in β-glucan industrial production has been increasing. The yeast cell wall is modified during the fermentation process for biomass production. The impact of environmental conditions on cell wall remodelling has not been extensively investigated. The aim of this research work was to study the impact of glucose and NaCl stress on β-glucan formation in the yeast cell wall during alcoholic fermentation and the assessment of the optimum fermentation phase at which the highest β-glucan yield is obtained. VIN 13 Saccharomyces cerevisiae (S. cerevisiae) strain was pre-cultured for 24 h with 0% and 6% NaCl and inoculated in a medium consisting of 200, 300, or 400 g/L glucose. During fermentation, 50 mL of fermented medium were taken periodically for the determination of Optical Density (OD), cell count, cell viability, cell dry weight, β-glucan concentration and β-glucan yield. Next, dry yeast cell biomass was treated with lytic enzyme and sonication. At the early stationary phase, the highest β-glucan concentration and yield was observed for non-NaCl pre-cultured cells grown in a medium containing 200 g/L glucose; these cells, when treated with enzyme and sonication, appeared to be the most resistant. Stationary is the optimum phase for cell harvesting for β-glucan isolation. NaCl and glucose stress impact negatively on β-glucan formation during alcoholic fermentation. The results of this work could comprise a model study for yeast β-glucan production on an industrial scale and offer new perspectives on yeast physiology for the development of antifungal drugs.
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1. Introduction


Saccharomyces cerevisiae is the model microorganism most commonly used in the study of yeast and higher eukaryotic cell physiology [1]. A major substrate for its growth is sugars, which are degraded through an aerobic or anaerobic fermentation process with the production of CO2 or alcohol and CO2, respectively [2]. Nowadays, the biotechnological research and industrial applications of S. cerevisiae have extended far beyond food and beverage production to medicine development, molecular biology and genetics, and environmental protection technologies [3].



In yeast, the plasma membrane is surrounded by the cell wall, a structure of 100–200 nm width that consists of consecutive layers. The main structural elements of the yeast cell wall are constructed of three groups of polysaccharides: (a) mannoproteins (or mannans): α-mannose polymers, which account for around 40% of the cell wall dry weight [4]; (b) α- and β-glucans: d-glucose homopolymers with α- or β-glycosidic bonds between C-1 and C-2, C-3, C-4, and C-6 of glucopyranose rings; they account for approximately 30–60% of the cell wall dry weight (β-d-glucans are the main cell wall glucans in which two different types are found: a major β-1,3-d-glucan (85%), which is the main β-glucan, representing more than 50–55% of cell wall, and a minor β-1,6-d-glucan (15%), representing 5–10% of cell wall dry weight [5,6,7,8]); and (c) chitin: β-1,4-d-Ν-acetyl-glucosamine homopolymers, equates to around 2% of the yeast cell wall dry weight [8,9]. The plasma membrane is an extension of the cell wall to the interior of the yeast cell. Its width is 7.5 nm and it consists of lipids and proteins that are found in much lower proportions compared to the cell wall components [10,11]. Yeast β-glucans (β-1,3-d-glucan and β-1,6-d-glucan) belong to biological response modifiers (BRMs) due to their ability to enhance and stimulate the human immune system presenting antitumor, anti-inflammatory, antimicrobial, wound healing, coronary heart disease prevention, hepatoprotective, weight loss, and antidiabetic properties [12,13,14].



Depending on the yeast growth and cultivation conditions, the cell wall dry weight may vary between 10% and 25% of the total cell dry weight [15]. The cell wall has four main functions: to (1) protect the cell from osmotic stress by maintaining its turgidity [10]; (2) protect the cell from mechanical stress; (3) maintain the cell’s shape; and (4) act as a hold for the cell’s surface proteins [15,16].



During yeast cell batch fermentation, the cell wall is modified. These changes are affected by the yeast strain and cell growth conditions [17,18,19,20]. The conditions of cell growth, such as pH, temperature, aeration, carbon sources, limitation of nitrogen, and the mode of cultivation, affect the cell wall polysaccharide composition, structure and morphology [21]. Also, the addition of supplements (SDS, ethylenediaminetetraacetic acid (EDTA), NaCl) in the yeast culture medium and the conditions during alcoholic fermentation for beer production impact variously on the cell wall β-glucan concentration at the end of the fermentation process [22] as it also modifies the polysaccharide structure of produced spent yeast biomass [23].



The remodelling of the yeast cell wall, as a response to various environmental stresses, is controlled by: (a) the cell wall integrity (CWI) and (b) high osmotic glycerol (HOG) through mitogen-activated protein kinase (MAPK) signalling pathways that modulate the cell wall gene expression and lead to the construction of a newly modified cell wall [24,25]. In addition to the HOG pathway, the cell growth, carbon storage and stress response are regulated by the RAS-cAMP PKA pathway [26], while during rapid hyperosmotic shocks the yeast cell sensitivity is regulated by the cell wall elasticity increase through the inactivation of the Crh family of cell wall cross-linking enzymes [25].



The impact of glucose concentration and NaCl osmotic stress on yeast performance during anaerobic fermentation has been well studied [27,28,29,30,31,32,33,34,35], but their impact on cell wall β-glucan production has not been studied until now.



The aim of this work was the investigation of yeast cell wall β-glucan production during the anaerobic fermentation process under the influence of hyperosmotic stress of fermented media glucose concentration and NaCl pre-cultured cells used for defined media inoculation. The motivations for this research study were: (a) the fact that there are few reports concerning yeast growth conditions and cell wall polysaccharide composition; (b) the lack of studies of the impact of different environmental stresses on yeast cell wall structure during the fermentation process and the yeast cell osmoadaptation responses against an osmotic shock; (c) the lack of knowledge of the entire physiological role of β-glucan in the yeast cell; (d) the fact that the monitoring of the yeast cell wall is a dynamic and unexplored research field that offers potential biotechnological applications and purposes; (e) the increasing interest in the industrial production of β-glucan from various yeast sources (medium cultures, brewery and winery waste yeast biomass) due to its proven immunostimulant properties and its incorporation in medicines, cosmetics and functional foods; and (f) the potential benefits from the study of the yeast cell wall in the creation of new antifungal drugs. Furthermore, the study of the yeast cell wall under various conditions can offer new perspectives on the biochemical pathways involved in the alcoholic fermentation process and the biology of the stressed yeast cell.




2. Materials and Methods


2.1. Yeast Cells and Culture Growth Conditions


Yeast cells S. cerevisiae VIN 13 strain (commercial dry yeast) used for laboratory experiments were provided by Anchor Yeast (Cape Town, South Africa). Yeast cells were grown in a medium containing (per litre of deionised water): 100 g d-glucose, 1 g K2HPO4, 1 g KH2PO4, 0.2 g ZnSO4, 0.2 g MgSO4, 2 g yeast extract and 2 g NH4SO4. All the media components were purchased from the Sigma Chemical Company (St. Louis, MO, USA).




2.2. Yeast Cell Preconditioning and Inoculum Preparation


One gram dry weight of yeast was resuspended in 100 mL of deionised water in an Erlenmeyer flask of 250 mL volume, at 30–35 °C, for 30 min with NaCl 6% w/v. The inoculum for experimental fermentations was prepared as follows: after 24 h of pre-culturing, 10 mL was collected and centrifuged at 5000 rpm for 15 min. Cells were resuspended in deionised water and re-centrifuged. This was repeated twice prior to the determination of total cell number and cell viability in the final washed inoculum; 2 × 105 of living cells were used to inoculate 1000 mL of medium substrate [27].




2.3. Preparation of Yeast Fermentation Medium


The medium for laboratory batch fermentations consisted of the following: 200, 300, 400 g/L glucose, 1 g/L K2HPO4, 1 g/L KH2PO4, 0.2 g/L ZnSO4, 0.2 g/L MgSO4, 2 g/L yeast extract and 2 g/L NH4SO4 (Sigma-Aldrich Co., St. Louis, MO, USA). Mineral components and glucose were sterilised separately at 120 °C, and 2 atm pressure for 20 min. The pH was set to 4.0 with the use of 1 N HCl. Batch fermentations were carried out in 2000 mL volume flasks containing 1000 mL of growth medium with NaCl-preconditioned cells without shaking at 25 °C [36].




2.4. Cell Wall Treatment with Lytic Enzyme and Sonication


Yeast cells were treated with lytic enzyme Glucanex®200G (β-1,3-glucanase with some β-1,6-glucanase) (Novozymes, Kobenhavn, Denmark) for the cell wall lysis (pH 4.64/50 °C/5 h/10 times higher than the normal dose of 0.015 g/L, optical density of the resuspended cells with 10 mM citrate buffer adjusted to approximately 1.0 OD at 600 nm, 15% w/v cell concentration) [18,37,38] and sonication for the cell disruption at 35 kHz/70 W/6 min (u = 230 V/AC, I = 1.6 A, f = 50/60 Hz) in an ice bath with a Transsonic 570/H sonicator (Elma, Singen, Germany) [39].




2.5. Determination of Cell Concentration


Yeast cell number was determined by counting using a hemocytometer (Neubauer type) [36].




2.6. Cell Viability Determination


Cell viability was determined using a haemocytometer (Neubauer type) and according to the methylene blue method: 1 mL of sample medium was taken and diluted in 9 mL of deionised water. 1 mL of this solution was dissolved with 1 mL of 10% v/v methylene blue solution and left for 10 min. Aliquots of 1 μL were placed on the haemocytometer using a Pasteur pipette. The haemocytometer was then microscopically observed with an optical microscope (Olympus model CHK2-F-GS microscope). Yeast cell viability was calculated and expressed as follows:


Viability (%) = a/n × 100,








where



	
a: number of metabolically active cells



	
n: total cell number [27].







2.7. Monitoring of Fermentation Kinetics


OD at 600 nm was determined spectrometrically (phasmatophotometer mini 1240, SHIMADZU, Beijing, China) and was used for the monitoring of fermentation kinetics and the discrimination of exponential, lag and death phase of cells growth during the fermentation process [18].




2.8. Determination of Cell Dry Weight


The sediment of yeast cells was frozen (−80 °C/24 h), lyophilised (−50 °C /vacuum/24 h) using a Thermo Fischer (Waltham, MA, USA) drying digital unit. The weight of each yeast cells freeze dried sample was measured gravimetrically with an analytical balance (Kern, Kern and Sohn GmbH, Balingen, Germany) with an accuracy of four decimal places.




2.9. Determination of β-Glucan Concentration (%)


The determinations of total yeast β-glucan concentration in lyophilised yeast biomass were performed with the use of Enzymatic K-EBHLG Yeast β-Glucan Assay Kit (Megazyme, Bray, Ireland).




2.10. Determination of β-Glucan Yield (%)


The yield of β-glucan was calculated as the product of yeast cells’ dry weight with β-glucan purity [40].




2.11. Statistical Analysis


Each experiment was carried out in triplicate and the reproducibility was within the range of ±5%. Results are displayed as means of three determinations in all methods with standard deviation. Experiments were set up in a completely randomised design while for the determination of significant differences between the different treatments and the tested parameters, all results were analysed using two-way analysis of variance (ANOVA) run on XLSTAT software (Addinsoft Co., New York, NY, USA), with significant differences indicated at p ≤ 0.05.





3. Results


3.1. Experimental Design


Yeast cells S. cerevisiae VIN 13 strain were inoculated in a medium containing three different glucose concentrations: 200, 300, or 400 g/L. The inoculation of each sample of the fermentation batch was performed according to the instructions of the yeast company (Anchor Yeast, Cape Town, South Africa) for wine production with 2 × 105 living cells of 0.1 g dry yeast preconditioned in 0% and 6% NaCl for 24 h before the inoculation according to the procedure described by Logothetis et al. (2013) [41]. The volume of the inoculated substrate was 1000 mL for each sample. During alcoholic fermentation, for the monitoring of fermentation kinetics, samples of 50 mL from each fermented medium were collected every 8 h after homogenisation of the fermented medium for the direct determination of cell viability and optical absorption (OD). In a next step, these 50 mL samples were centrifuged (5000 rpm/10 min) and the sediment (yeast biomass) was freeze dried for the determination of cell dry weight and the yeast cell β-glucan concentration. Subsequently, the freeze-dried yeast cells were treated with lytic enzyme and sonication for the estimation of cell wall resistance and its correlation with cell wall β-glucan amount. After the centrifugation of the samples and before their freeze drying, they were washed three times with distilled water for the removal of the possible glucose that may have remained in the sample. This was applied in order to avoid glucose weight being taken into account in the determination of the dry weight of the sample, which might cause subsequent data errors to arise. After 192 h for the completion of the alcoholic fermentation, the suspension was separated from the yeast biomass sediment (centrifugal/5000 rpm/10 min) for the determination of various oenological analytical parameters, while the sediment was freeze-dried for β-glucan determination in yeast cell biomass.




3.2. Cell Viability


For all the samples, cell viability rose during the early exponential phase of fermentation and reached a first peak after 16 h. At this point, cells of samples (200 g/L glucose, 0% NaCl), (200 g/L glucose, 6% NaCl) and (300 g/L, 6% NaCl) showed the highest viability (%) (97.78 ± 2.04%, 97.36 ± 1.59% and 97.28 ± 1.02% respectively) while NaCl-stressed cells of samples (300 g/L glucose, 6% NaCl) and (400 g/L glucose, 6% NaCl) had higher viability portions (97.28 ± 1.02% and 93.43 ± 1.44% respectively) compared to the corresponding (300 g/L, 0% NaCl) and (400 g/L glucose, 0% NaCl) ones (93.94 ± 1.42% and 89.89 ± 1.13% respectively) (Figure 1). The cell viability reached a second, lower peak during the end of the exponential and the beginning of the stationary phase for all samples. The more viable cells were counted for samples (200 g/L glucose, 0% NaCl) and (200 g/L glucose, 6% NaCl) (97.84 ± 2.03% and 93.54 ± 1.88% respectively) (Figure 1). At the death phase (48–120 h), the cell viability decreased for all the samples, with a higher decrease for samples (300 g/L glucose, 6% NaCl) and (400 g/L glucose, 6% NaCl) (Figure 1). From 120 to 192 h, an increase in cell viability occurred for all samples, but this was more abrupt for NaCl-stressed cells of samples (300 g/L glucose, 6% NaCl) and (400 g/L glucose, 6% NaCl). Despite this increase, for all samples, after 192 h of fermentation, cell viability was lower when compared to values of the second peak. Finally, the viability of NaCl preconditioned and non-preconditioned yeast cells growing in a medium containing 200 g/L glucose was similar at the end of the fermentation (85.34 ± 1.3% and 83.44 ± 0.8% respectively) (Figure 1).




3.3. Optical Density (OD) and Cell Count


The results of OD (600 nm) measurements showed that the lag phase was 0–8 h for all the fermented samples; the exponential phase was between 0–40 h for the samples (200 g/L glucose, 0% NaCl) and (200 g/L glucose, 6% NaCl) and 0–48 h for the others. The stationary phase for the samples (200 g/L glucose, 0% NaCl) and (200 g/L glucose, 6% NaCl) was short (40–48 h), while for the other samples it was longer (48–72 h). The death phase was determined to be between 48 and 192 h for the samples (200 g/L glucose, 0% NaCl) and (200 g/L glucose, 6% NaCl)) and 72–192 h for the samples (300 g/L glucose, 0% NaCl), (300 g/L glucose, 6% NaCl), (400 g/L glucose, 0% NaCl), and (400 g/L glucose, 6% NaCl) (Figure 2).



The cell count was used in order to determine the total yeast cell number during the fermentation process. Our results revealed that during the death phase, the OD (600 nm) and the cell number decreased for all the samples but, surprisingly, between 120 and 192 h the number of cells grown in 400 g/L glucose (0% and 6% NaCl) increased considerably (198.75 × 106 and 186.44 × 106 cells/mL respectively) compared with the other media (200 g/L glucose, 0% NaCl), (200 g/L glucose, 6% NaCl), (300 g/L glucose, 0% NaCl) and (200 g/L, 6% NaCl) (24.15 × 106, 30.12 × 106, 52.13 × 106 and 45.54 × 106 cells/mL respectively) (Figure 3). The samples with 200 g/L glucose showed two peaks, at 24 and 48 h, with the first peak a little higher than the second. The other samples (200 g/L glucose, 0% NaCl), (200 g/L glucose, 6% NaCl), (300 g/L glucose, 0% NaCl), (200 g/L glucose, 6% NaCl) showed one peak at 24 h, which was significantly higher compared to that of samples (200 g/L glucose, 0% NaCl) and (200 g/L glucose, 6% NaCl), thus indicating a higher cell number (Figure 3).




3.4. Dry Weight and Sample β-Glucan Yield


The freeze-dried yeast cell biomass obtained from a 50-mL sample of fermented medium at various times was determined gravimetrically. For each of the fermented media, the dry weight of yeast biomass rose constantly until the early stationary phase and then decreased constantly during the death phase only for media (200 g/L glucose, 0% NaCl), (200 g/L glucose, 6% NaCl) and (300 g/L glucose, 0% NaCl). The fermented media (300 g/L glucose, 6% NaCl), (400 g/L glucose, 6% NaCl) and (400 g/L glucose, 6% NaCl) showed a smaller decline, with a slight increase in yeast biomass for (300 g/L glucose, 6% NaCl) and (400 g/L glucose, 0% NaCl) and a more significant one for (400 g/L glucose, 6% NaCl) at the end of the fermentation (144–192 h) (Figure 4). The highest value of yeast dry weight (0.1900 ± 0.0066 g) was obtained with 200 g/L glucose, NaCl-stressed cells, with 40 h fermentation time (Figure 4).



The β-Glucan yield (g) was optimum for media (200 g/L glucose, 0% NaCl), (200 g/L glucose, 6% NaCl), (300 g/L glucose, 0% NaCl) and (300 g/L glucose, 6% NaCl) at the stationary phase (p ≤ 0.05), while for medium (400 g/L glucose, 0% NaCl) it reached a peak at the stationary phase and remained constant until the end of fermentation and for medium (400 g/L glucose, 6% NaCl) it was optimum at the end of fermentation (Figure 5). The highest β-Glucan yield (0.1038 ± 0.0073 g) was obtained with fermented medium (200 g/L glucose/0% NaCl (non-stressed cells)/48 h fermentation time) at the stationary phase (Figure 5).




3.5. β-Glucan Concentration


For the fermented media (200 g/L glucose, 0% NaCl), (200 g/L glucose, 6% NaCl), (300 g/L glucose, 0% NaCl) and (300 g/L glucose, 6% NaCl), the highest yeast cell wall β-glucan concentration was observed at the stationary phase (p ≤ 0.05) (Figure 6). For media (400 g/L glucose, 0% NaCl) and (400 g/L glucose, 6% NaCl), the β-glucan concentration rose until the cell culture entered the stationary phase and remained stable during the death phase (Figure 6). The highest β-glucan yeast cell concentration was observed for non-NaCl-stressed and NaCl-stressed cells grown in a medium containing 200 g/L glucose (62.95 ± 3.39 % and 39.49 ± 1.78 % respectively). Also, cells grown in these media showed a β-glucan concentration higher at the end of the alcoholic fermentation compared to the cells grown with the other media (Figure 6).




3.6. Cell Wall Treatment with Lytic Enzyme and Sonication


The highest cell wall resistance to the end of exponential phase either to lytic enzyme or to sonication was observed for sample (200 g/L glucose, 0% NaCl), which had the highest β-glucan concentration. A decline in these results was observed for the fermented media (400 g/L glucose, 0% NaCl) and (400 g/L glucose, 6% NaCl) during the death phase (120–192 h of fermentation); despite their lowest β-glucan cell wall content, they appeared to be more resistant to the action of lytic enzyme but not to ultrasounds when compared to cells of samples (300 g/L glucose, 0% NaCl) and (300 g/L glucose, 6% NaCl) (Figure 7 and Figure 8).





4. Discussion


The impact of various environmental stresses on the yeast fermentation performance has been well studied and reviewed before [27,28,29,30,31,32,42,43], but the study of the yeast cell wall composition during the fermentation process is insufficient, with only a few published works referring to the impact of fermentation growth conditions and mode of cultivation on the yeast cell wall structure [20,21,44], the mode of fermentation on yeast cell wall β-glucan content [18], and the role of additives in the culture medium in β-glucan production [22,45]. The impact of glucose and NaCl stress on yeast cell wall remodelling via the study of the fluctuation of β-glucan concentration during the fermentation process has not been studied until now.



4.1. Cell Viability


Cell viability measurement with the methylene blue method is an established technique for yeast cell staining [46], used for the estimation of clear viable yeast cells [36,38]. Cell viability measurements were conducted: (a) for the estimation of the impact of stress conditions on cell viability during the fermentation process, and (b) for the correlation of yeast β-glucan concentration with cell biomass dry weight and total cell number, as non-viable and lysed cells were expected to have a higher β-glucan concentration (expressed as % of the yeast dry weight). In our experiments, cell viability reached two peaks and then decreased for all the fermented samples (Figure 1). At this point, the glucose concentration stress seems to be critical as cell viability decreases as glucose increases but the corresponding values for NaCl-stressed and non-stressed cells were similar for the same glucose concentration for all fermented samples (Figure 1). At the death phase (48–120 h), the synergistic action of glucose and NaCl stress seems to impact negatively on the cell viability, with a larger decrease in viable cell count for fermented samples with NaCl-stressed cells grown in media containing 300 and 400 g/L glucose (Figure 1).



Our results differed from the observations of other researchers under the same glucose (200 g/L) and NaCl (6%) stress conditions with the use of the S. cerevisiae VIN 13 strain, which observed a constant decrease of cell viability during the fermentation process [27]. These differences might be due to the different cell NaCl pre-culturing time (24 h in our experiments, 48 h in their work), the different volume of fermented medium (1000 mL in our experiments, 250 mL in their work) and the different package containing dry yeast used for carrying out the fermentations.



Also, at the end of death phase, the NaCl-preconditioned cells grown in the denser glucose medium had the highest viable cell values. These results cannot be compared with other researchers’ results that used the same yeast strain with salt pre-culturing (NaCl 6% w/v) but in an even denser glucose medium (550 g/L), as cell viability values are not given [41]. Our results were in accordance with the observations of other researchers who found that NaCl pre-cultured yeast cells showed an increased cell viability at the end of the fermentation process [36]. Despite this increase, for all samples, after 192 h of fermentation, cell viability was lower compared to the values of the second peak. Lower cell viability was possibly caused by cell autolysis during the death phase of the alcoholic fermentation and consequently to a rise in the cell’s dry weight due to cytoplasm leaking out from the cell to the supernatant [43]. Concerning the impact of NaCl 6% (w/v) concentration on yeast cells, our results with NaCl pre-cultured and non-pre-cultured yeast cells growing in a medium containing 200 g/L glucose differed from results of other researchers that indicated that higher osmotic shock conditions (˃5% w/v NaCl) resulted in a higher cell viability at the end of the fermentation compared to the non-NaCl-stressed cells, while the viability value (83.44 ± 0.8%) for NaCl-stressed cells was in accordance with the corresponding one that previous researchers reported [27,47] (Figure 1). Concerning all the fermented media with the same glucose concentration, they appeared to have almost the same cell number at the end of fermentation (Figure 1), thus indicating that NaCl stress for the same glucose concentration had almost no impact on the cell viability at the end of the fermentation (Figure 1). As a general rule, the viability results were in accordance with the results reported by Logothetis et al. (2014), which suggested that salt pre-culturing of yeast S. cerevisiae impacts positively on cell viability [36].




4.2. Optical Density and Cell Count


Optical density (OD) is used for the estimation of yeast growth and the determination of exponential, stationary and lag phase during batch fermentations [18,21]. For media (300 g/L glucose, 0% NaCl), (300 g/L glucose, 6%), (400 g/L glucose, 0% NaCl) and (400 g/L glucose, 6% NaCl) the three fermentation phases coincided while for media (200 g/L glucose, 0% NaCl) and (200 g/L glucose, 6% NaCl) the fermentation phases also coincided but the exponential and stationary phases were shorter compared to the other media, thus indicating that NaCl stress had no impact on fermentation kinetics, while glucose concentration had a slight impact (Figure 2). Our OD results cannot be compared with those of other researchers who used the same yeast strain and stress conditions, as OD measurements are not given [27,47]. Also, our OD results differed from the report of Kim et al. (2006), but these researchers used a different S. cerevisiae strain with no glucose and NaCl-stressed yeast cells, and also used different media and fermentation times [18].



The cell count was used in order to determine the total yeast cell number during the fermentation process and correlate it with cell viability [47], but also with dry yeast mass weight (g) and β-glucan yield (%). During the death phase, the cell number decreased, with a simultaneous decrease in OD (600 nm) for all the fermented media; surprisingly, though, between 120 and 192 h, the number of cells grown in 400 g/L glucose increased spectacularly compared to the other samples. This cell number increase of glucose- and NaCl-stressed cells was not accompanied by a cell dry mass increase. This probably indicates a smaller yeast cell but further observations with electron microscopy must be performed in order to validate such a hypothesis (Figure 3). These results differed from other researchers’ studies that used the same yeast strain, glucose and NaCl stress conditions, which suggests that NaCl-induced osmotic stress caused growth arrest in yeast cells, while an increase in osmotic stress with elevated NaCl concentration caused a decrease in yeast growth and total cell number over time [27]. During the first 40 h of fermentation, the cell count of media (200 g/L glucose, 0% NaCl) and (200 g/L glucose, 6% NaCl) was lower than that of the other media, while their dry weights appeared to be higher and their cell walls contained much more β-glucan (Figure 3 and Figure 6), thus indicating fewer cells but larger ones, those with wider cell walls or both.




4.3. Dry Weight and Sample β-Glucan Yield


The determination of yeast dry weight at the various fermentation phases was done in order to calculate the β-glucan yield (g) at the different fermentation phases and optimise the phase at which the cells must be harvested. The highest value of dry weight (g) and β-glucan yield (g) was obtained with 200 g/L glucose/NaCl-non-stressed and 200 g/L glucose/stressed cells at 48 and 40 h, respectively, thus indicating that the stationary phase is the most appropriate time for cell harvesting, a result that is in accordance with the observations of Kim et al. (2006) [18]. From the obtained results, it is shown that glucose and NaCl stress impacts negatively on yeast dry weight and β-glucan yield (Figure 4 and Figure 5). Also, for media (400 g/L glucose, 0% NaCl) and (400 g/L glucose, 6% NaCl), the highest value for yeast dry weight and β-glucan yield appeared at the end of the death phase and, despite the fact that β-glucan concentration was lowered, the total cell number increased. It seems that, in this way, the yeast cell maintains homeostasis in order to cope with the conditions of glucose and NaCl stress during the fermentation process, but this needs further investigation and is proposed as future research.




4.4. β-Glucan Concentration, Lytic Enzyme and Sonication


The determination of yeast β-glucan concentration was done for the estimation of polysaccharide and its accumulation in the yeast cell, while furthering the understanding of yeast cell wall β-glucan modification during the fermentation process under stress conditions, the estimation of cell wall lysis and disruption resistance against lytic enzymes and sonication was tested with cell viability measurements.



Generally, for all the fermented media, the β-glucan yeast cell wall concentration rose constantly during the exponential phase and rose to a peak value at the stationary phase and then decreased during the death phase (Figure 6). Also, the cell treatment with lytic enzyme and sonication revealed that the cell’s resistance against lysis and disruption increased as the cell entered the stationary phase. Next, as the cell entered the death phase, its resistance against lytic enzymes and sonication lowered, thus supporting the observations of a constant accumulation of β-glucan in the cell wall during the exponential phase, with its maximum quantity at the stationary phase and consequently a decrease during the death phase (Figure 7 and Figure 8). During yeast alcoholic fermentation, the accumulation of ethanol causes an increase in yeast cell membrane permeability [42]. During the death phase, all the samples appeared to be more susceptible to lytic enzyme and sonication treatment (Figure 7 and Figure 8) but for NaCl-stressed cells grown in a medium containing 300 g/L glucose and both NaCl-stressed and non-stressed yeast cells grown in a medium containing 400 g/L glucose, there was not a direct correlation between β-glucan concentration and cell wall resistance as these cells appeared to be more susceptible to lytic enzyme and sonication treatment, probably due to the additional impact of ethanol toxicity [48] (Figure 7 and Figure 8).



Our results were in accordance with the observations of Kim et al. (2006), according to which, during the yeast growth in a defined medium, the cell wall resistance to the action of β-glucanase increases until the yeast cells enter the stationary phase, while their resistance to the enzyme decreases at the end of the stationary phase [18]. Also, our results support the reports of Klis et al. (2002), which indicate that as cells enter the stationary phase, they become thicker [49]. This yeast cell wall resistance is a result of the cell wall increase during the exponential phase [18].



In non-continuous fermentation, during the transition from the exponential to the stationary phase, the action of β-1,3-glucan synthetase decreases while the action of glycogen synthetase increases [50]. During the exponential phase, the autolytic action of endo β-glucanases is higher compared to that in the stationary phase of yeast cells’ growth, while a significant increase in endoglucanases’ activity into the soluble fraction of β-glucan during the stationary phase in non-continuous fermentation of Saccharomyces exiguus has also been reported [51]. The stationary phase is characterised by carbon limitation, and as the cell culture enters this, more glucan is necessary for the maintenance of the cell’s viability [18]. The higher β-glucan concentration at the stationary phase can also be explained by the decreased action of cell’s glucanases, with the less active cell’s growth at the exponential phase, which is accompanied by a non-severe carbon limitation, similar to the one at the end of the stationary phase [18]. During aerobic fermentation, when yeast cells enter the stationary growth phase, the cells become more resistant to the action of β-1,3-glucanase and are less permeable to macromolecules with the expression of Sed1p protein [52,53].



In addition to the above, our results show that the increase of glucose osmotic stress in the growth medium, but also the NaCl hyperosmotic stress in the pre-cultured yeast cells, impacts negatively on the β-glucan concentration in the yeast cell wall. This negative impact on the β-glucan concentration was even more intense from the stationary phase until the end of the fermentation (death phase) (Figure 6).



Our results differed from those of other researchers, who reported a β-glucan increase at the end of fermentation; however, these researchers incorporated NaCl in the fermented medium and did not pre-culture yeast cells under salt hyperosmotic stress, and also used a different yeast strain [22]. Also, in their work, cell viability and total cell count were not taken into consideration and an increase in β-glucan concentration may have resulted from cell lysis, cytoplasm efflux and consequently a higher cell wall:cell ratio [14]. Our results cannot be compared with the results of Aguilar-Uscanga et al. (2003), who studied the impact of growth conditions and the mode of cultivation on the yeast cell wall structure and not the impact of stress conditions, with the collection of cell samples (50 mL volume) only in the early exponential phase [21].



Our β-glucan concentration results differed from the reports of other researchers that suggest that the cell wall integrity (CWI) pathway, in cooperation with the high osmotic response (HOG) pathway, regulates the action of zymolyase, the enzyme hydrolysing the β-1,3 glucan network, and thus result in an increase in the amount of cell wall β-glucan. These researchers used different yeast strains and different fermented medium components [24], while the data concerning osmotic stress responses were based on a previous research work in which KCl and NaCl had been diluted in the fermented substrate [54,55]. Our results are in accordance with the observations of Ene et al. (2015), who reported that the cell wall is not rigid but elastic and that sudden decreases in cell volume due to hyperosmotic conditions result in rapid increases in cell wall thickness, and thus a decrease in β-glucan content [25].



Our results are in accordance with the results of other researchers who used Glucanex 200G for the estimation of yeast cell wall resistance to lytic enzyme during batch fermentation and reported a higher cell resistance in the stationary phase [18]. Also, our results differ from other researchers’ results (97 ± 0.18% breaking rate, 10–15% cell concentration), but these differences may arise from the fact that these researchers used sonication for yeast cell lysis during a β-glucan extraction protocol in dry yeast first treated with hot water for mannoprotein removal and not in yeast from various fermentation phases [38].



The yeast cells appeared to be more susceptible to sonication treatment compared to lytic enzyme treatment. The higher cell wall resistance to lytic enzymes in the various fermentation phases could be attributed to the variation in cell number during the fermentation process (Figure 3 and Figure 7) and thus to the enzyme dispersion to a larger volume of cells [56] (e.g., the stable resistance of cells of fermented media with 400 g/L glucose to the action of the lytic enzyme at the end of the death phase where they appeared the highest cell number), while cell disruption of yeast cells treated with ultrasounds is independent of cell concentration but mainly proportional to the acoustic power [57,58] (Figure 3 and Figure 8).





5. Conclusions


In recent years, there has been increasing interest in industrial production of yeast β-glucan and its incorporation in functional foods and medicines due to its immunological properties in human and animal health systems. This study could comprise a quantitative indicator for the industrial production of yeast β-glucan from defined cell cultures but also from other yeast sources like breweries’ [23] and wineries’ spent yeast biomass [40].



The stationary growth phase appears to be optimal for β-glucan isolation from pure cell fermentation cultures. NaCl and glucose stress have a negative impact on β-glucan production. Yeast NaCl-stressed cells have a reduced β-glucan concentration compared to non-stressed for the same glucose concentrations, while this difference is more significant at the end of the fermentation for a fermented medium containing 200 g/L glucose, which is close to the wine must concentration intended for wine production. For the other two glucose concentrations (300 and 400 g/L), the differences at the end of the fermentation are not statistically significant. In the present study, it seems that the two different stresses act synergistically, with an additive negative impact on the cell wall β-glucan concentration; as for the same glucose concentration, the preconditioned NaCl cells had a lower β-glucan concentration compared to the non-preconditioned ones. Another significant observation was that for a yeast cell grown in a medium containing 400 g/L glucose, the cell wall β-glucan concentration remained almost the same from the end of the exponential phase until the end of the fermentation for both NaCl-stressed and non-stressed cells.



The study of cell wall physiology, which is still a poorly explored research field, and yeast cell growth under various stress conditions (glucose, ethanol, temperature, SO2, etc.), could comprise a key tool for the biotechnological development of new products like functional foods and antifungal drugs for medical and agricultural applications. Further study on the impact of stress conditions on the immunological properties of the isolated β-glucan from the various fermentation phases, as well as the study of glycolysis–glycogenesis biochemical pathways in the yeast cell wall under stress conditions, is proposed as it could offer new perspectives on yeast β-glucan-based drugs, adding to a deeper understanding of yeast stress biology phenomena and a more comprehensive view of alcoholic fermentation biochemical pathways. Additionally, the study of the genes encoding β-glucan accumulation in the yeast cell wall during the fermentation process and under various environmental stresses is proposed as it could enlighten us as to the molecular mechanisms of the yeast cell.
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Figure 1. (A) Yeast cell viability (%) of non-NaCl-stressed cells during various fermentation times (h) with three different media containing 200, 300, or 400 g/L glucose (n = 3 replications for each time). (B) Yeast cell viability (%) of NaCl-stressed cells during the fermentation process (h) with three different media containing 200, 300, or 400 g/L glucose (n = 3 replications for each time) (○): (200 g/L glucose, 0% NaCl), (∆): (300 g/L glucose, 0% NaCl), (□): (400 g/L glucose, 0% NaCl), (●): (200 g/L glucose, 6% NaCl), (▲): (300 g/L glucose, 6% NaCl), (■): (400 g/L glucose, 6% NaCl). 
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Figure 2. (A) OD (600 nm) of non-NaCl-stressed cells during various fermentation times (h) with three different media containing 200, 300, or 400 g/L glucose (n = 3 replications for each time); (B) OD (600 nm) of NaCl-stressed cells during the fermentation process (h) with three different media containing 200, 300,or 400 g/L glucose (n = 3 replications for each time) (○): (200 g/L glucose, 0% NaCl), (∆): (300 g/L glucose, 0% NaCl), (□): (400 g/L glucose, 0% NaCl), (●): (200 g/L glucose, 6% NaCl), (▲): (300 g/L glucose, 6% NaCl), (■): (400 g/L glucose, 6% NaCl). 
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Figure 3. (A) Total cell count (cells/mL) of non-NaCl-stressed cells during various fermentation times (h) with three different media containing 200, 300, or 400 g/L glucose after cell treatment with sonication (n = 3 replications for each time and error bars represent standard deviation of the average value of all replications with each range of fermentation time); (B) Total cell count (cells/mL) of NaCl-stressed cells during various fermentation times (h) with three different media containing 200, 300, or 400 g/L glucose after cell treatment with sonication (n = 3 replications for each time and error bars represent standard deviation of the average value of all replications with each range of fermentation time) (○): (200 g/L glucose, 0% NaCl), (∆): (300 g/L glucose, 0% NaCl), (□): (400 g/L glucose, 0% NaCl), (●): (200 g/L glucose, 6% NaCl), (▲): (300 g/L glucose, 6% NaCl), (■): (400 g/L glucose, 6% NaCl). 
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Figure 4. (A) Dry weight (g) of a 50-mL sample of non-NaCl-stressed cells during various fermentation times (h) with three different media containing 200, 300, or 400 g/L glucose (n = 3 replications for each time and error bars represent standard deviation of the average value of all replications with each range of fermentation time); (B) Dry weight (g) of a 50-mL sample of non-NaCl stressed cells during various fermentation times (h) with three different media containing 200, 300, or 400 g/L glucose (n = 3 replications for each time and error bars represent standard deviation of the average value of all replications with each range of fermentation time) (○): (200 g/L glucose, 0% NaCl), (∆): (300 g/L glucose, 0% NaCl), (□): (400 g/L glucose, 0% NaCl), (●): (200 g/L glucose, 6% NaCl), (▲): (300 g/L glucose, 6% NaCl), (■): (400 g/L glucose, 6% NaCl). 
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Figure 5. (A) β-Glucan yield (%) of a 50-mL sample of non-NaCl-stressed cells during various fermentation times (h) with three different media containing 200, 300, or 400 g/L glucose (n = 3 replications for each time and error bars represent standard deviation of the average value of all replications with each range of fermentation time). Mean values between 0–144 h were significantly different at p ≤ 0.05 level. (B) β-Glucan yield (%) of a 50-mL sample of non-NaCl-stressed cells during various fermentation times (h) with three different media containing 200, 300, or 400 g/L glucose (n = 3 replications for each time and error bars represent standard deviation of the average value of all replications with each range of fermentation time). Mean values between 0–144 h were significantly different at p ≤ 0.05 level. (○): (200 g/L glucose, 0% NaCl), (∆): (300 g/L glucose, 0% NaCl), (□): (400 g/L glucose, 0% NaCl), (●): (200 g/L glucose, 6% NaCl), (▲): (300 g/L glucose, 6% NaCl), (■): (400 g/L glucose, 6% NaCl). 
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Figure 6. (A) Yeast cell wall β-glucan (%) of non-NaCl-stressed cells during various fermentation times (h) with three different media containing 200, 300, or 400 g/L glucose (n = 3 replications for each time and error bars represent standard deviation of the average value of all replications with each range of fermentation time). Mean values between 0–144 h were significantly different at p ≤ 0.05 level. (B) Yeast cell wall β-glucan (%) of NaCl-stressed cells during various fermentation times (h) with three different media containing 200, 300, or 400 g/L glucose (n = 3 replications for each time and error bars represent standard deviation of the average value of all replications with each range of fermentation time). Mean values between 0–144 h were significantly different at p ≤ 0.05 level. The stationary phase is indicated with the vertical line. (○): (200 g/L glucose, 0% NaCl), (∆): (300 g/L glucose, 0% NaCl), (□): (400 g/L glucose, 0% NaCl), (●): (200 g/L glucose, 6% NaCl), (▲): (300 g/L glucose, 6% NaCl), (■): (400 g/L glucose, 6% NaCl). 
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Figure 7. (A) Yeast cell viability (%) of non-NaCl-stressed cells during various fermentation times (h) with three different media containing 200, 300, or 400 g/L glucose after cell treatment with Glucanex 200G lytic enzyme (n = 3 replications for each time and error bars represent standard deviation of the average value of all replications with each range of fermentation time); (B) Yeast cell viability (%) of NaCl-stressed cells during various fermentation times (h) with three different media containing 200, 300, or 400 g/L glucose after cell treatment with Glucanex 200G lytic enzyme (n = 3 replications for each time and error bars represent standard deviation of the average value of all replications with each range of fermentation time) (○): (200 g/L glucose, 0% NaCl), (∆): (300 g/L glucose, 0% NaCl), (□): (400 g/L glucose, 0% NaCl), (●): (200 g/L glucose, 6% NaCl), (▲): (300 g/L glucose, 6% NaCl), (■): (400 g/L glucose, 6% NaCl). 
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Figure 8. (A) Yeast cell viability (%) of non-NaCl-stressed cells during various fermentation times (h) with three different media containing 200, 300, or 400 g/L glucose after cell treatment with sonication (n = 3 replications for each time and error bars represent standard deviation of the average value of all replications with each range of fermentation time); (B) Yeast cell viability (%) of NaCl-stressed cells during various fermentation times (h) with three different media containing 200, 300, or 400 g/L glucose after cell treatment with sonication (n = 3 replications for each time and error bars represent standard deviation of the average value of all replications with each range of fermentation time) (○): (200 g/L glucose, 0% NaCl), (∆): (300 g/L glucose, 0% NaCl), (□): (400 g/L glucose, 0% NaCl), (●): (200 g/L glucose, 6% NaCl), (∆): (300 g/L glucose, 6% NaCl), (■): (400 g/L glucose, 6% NaCl). 
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