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Biosynthesis of nanoparticles (NPs) by microorganisms is a cost- and energy-effective approach. However, how the production of NPs affects the population of producing organism remains as an unresolved question. The present study aimed to evaluate the kinetics of Saccharomyces cerevisiae growth in relation to synthesis of selenium sulfide nanoparticles by using a population model. To this end, the population of S. cerevisiae cells was investigated in terms of colony forming units (CFU) in the presence of the substrate in different time points. Fluctuation of sulfite reductase (SiR) activity, expression of MET5 and MET10 genes, and concentrations of sulfite and selenium were evaluated to support the population findings. CFU values in the test groups were lower than those in the control counterparts. The rise and fall of the SiR activity and MET5 and MET10 gene expression conformed to the variations of CFU values. The rate of reduction in the selenium and sulfite concentrations tended to decrease over the time. In conclusion, the cells population was negatively and positively affected by selenium and sulfite concentrations, respectively. The indirect relationship of the selenium ions concentration in the path analysis revealed that the product, selenium sulfide nanoparticles, caused this drop in S. cerevisiae cells population.
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GRAPHICAL ABSTRACT. Purposed modeling scheme of the relationship between abiotic-gene expression variables and the population growth of S. cerevisiae. Solid arrows show the direct effects of independent variables on the dependent variables (S. cerevisiae population growth, gene expression, and sulfite reductase activity). Dashed arrows show the correlation coefficients among variables.




INTRODUCTION

Green synthesis of nanoparticles (NPs), in comparison with conventional physicochemical approaches, is more simple and provides NPs with controlled size and morphology. Nowadays, great attention has been paid to develop NPs through biosynthesis approach by microorganisms, such as fungi, bacteria, plants, and plants extracts (Asghari et al., 2016).

Many studies have been carried out on bioconversion of selenium ions to NPs using selenium-based materials (Rajeshkumar et al., 2019). Forootanfar et al. (2014), assessed cytotoxicity and antioxidant activity of selenium NPs, which were biosynthesized by Bacillus sp. Msh-1, a bacterial strain isolated from sea. They found that selenium NPs had higher scavenging activity in comparison with selenium ions, while cytotoxic effect of biogenic selenium NPs on MCF-7 cell line was reduced considerably. Ahmad et al. (2015) biosynthesized stable selenium nanorods (Se Nrs) using Streptomyces bikiensis. The nanorods of selenium were able to induce death in Hep-G2 and MCF-7 cell lines.

In a study by Vogel et al. (2017), elemental selenium particles were produced by Azospirillum brasilense. They performed the experiment by two different substances. Interestingly, they found that selenate was non-toxic for A. brasilense and the bacterium did not reduce this oxyanion, while selenite, the other substrate, was toxic for A. brasilense. It was observed that the presence of selenite caused a long lag phase and just after initiation of cell growth, the bacterium converted selenite to NPs. A. brasilense was recognized to be highly sensitive to selenite, which was a burden on the selenium ion reduction path.

Earlier, we successfully biosynthesized selenium sulfide NPs using Fusarium oxysporum (Asghari-Paskiabi et al., 2018), and Saccharomyces cerevisiae (Asghari-Paskiabi et al., 2019). The microorganisms converted selenium ions to elemental selenium in order to prevent the ions toxicity. It is supposed that in the defense against selenium ions toxicity, sulfite reductase (SiR) reduced soluble selenium ions of selenous acid to insoluble elemental selenium. After supersaturation of the atoms under ambient conditions, the nucleus would emerge. The nucleus released maximum amount of energy to become stable and crystallized (Thanh et al., 2014).

In sulfur cycle, the microorganism produces antioxidants, which are needed to tolerate toxic ions and NPs (Grant and Dawes, 1996). SiR is the main enzyme in sulfur cycle for the production of sulfide from sulfite (Elskens et al., 1991; Thomas and Surdin-Kerjan, 1997). On the one hand, this enzyme is responsible for the reduction of ions and NPs synthesis, and on the other hand, it is responsible for the production of antioxidants against toxic materials, such as the NPs. Thus, it was motivating to know the enzyme activity and expression of its genes as well as the rate of population growth before, during, and after the production of NPs. In all organisms, sulfur exists in amino acids cysteine and methionine as well as in coenzymes, metabolites, and chemical structure; however, fungi obtain sulfur from inorganic sulfate species present in nature. In sulfate assimilation process, sulfate is incorporated into cysteine (Leustek et al., 2000; Kopriva, 2006). In this process, sulfate is activated in two steps into adenosine 5’phosphosulfate (APS) or 3’phosphoadenosine 5’phosphosulfate (PAPS), each of which is reduced to sulfite by APS or PAPS reductase (PAPR). Sulfite is reduced to sulfide by SiR, which is composed of α (116 kDa) and β (167 kDa) subunits (Figure 1; Patron et al., 2008). Moreover, in S. cerevisiae, the 6-electron-sulfite is reduced to sulfide ion by sulfite reductase (EC 1.8.1.2) catalysis (Jiranek et al., 1996). Sulfite reductase is known to have the main role in the biosynthesis of sulfide-metal NPs (Senapati et al., 2014).
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FIGURE 1. Sulfur pathway in S. cerevisiae. The inset shows the correlation between NPs synthesis, sulfite reductase activity and the expression of sulfite reductase main genes, and MET5 and MET10.


In this research, sodium sulfite/selenous acid as precursors, were added to S. cerevisiae culture medium in order to obtain selenium sulfide NPs. Thus, there was a shortcut in the cells’ sulfur cycle, where the sulfate was omitted, and the cycle started from sulfite. In this study, we aimed to satisfy a curiosity on how the interaction of a microorganism with selenium ions and their conversion to NPs affect the generating fungus itself, e.g., the changes in gene expression, enzymatic system, and finally its population as a sign of toxicity. To this end, we quantified the population profile of the S. cerevisiae cells in terms of colony forming units (CFU) in the presence and absence of the selenium substrate. Then, the variation of sulfite reductase activity, the expression of two main genes of sulfite reductase (MET5 and MET10; dependent variables), and concentration of sulfite and selenium (independent variables) in the culture medium, were evaluated. Finally, the effects of the independent variables on the S. cerevisiae cell population as well as the population growth on some dependent variables were modeled using a path analysis approach.



MATERIALS AND METHODS


Materials

Saccharomyces cerevisiae PTCC 5052 was obtained from Persian Type Culture Collection (PTCC), Iranian Research Organization for Science and Technology, Tehran, Iran. Orthophosphoric acid, glucose, potassium dihydrogen phosphate, and di-potassium hydrogen phosphate and anhydrous Iron (III) chloride were purchased from Merck Chemicals Co. (Darmstadt, Germany). Sabouraud dextrose agar (SDA), peptone and yeast extract were obtained from MicroMedia, Hungary. Hydrogen sulfide, sodium sulfite, N,N-dimethyl-p-phenylenediamine dihydrochloride, glucose-6-phosphate dehydrogenase (G-6-P-DH), Ethylene glycol-bis(β-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA) tetrasodium salt, glucose-6-phosphate (G-6-P), Coomassie Brilliant Blue G-250, bovine serum albumin (BSA), Roswell Park Memorial Institute (RPMI) 1640, selenous acid, and sodium sulfite were all obtained from Sigma-Aldrich (Milwaukee, United States) and used as received. RNA extraction kit was purchased from Bio Basic Inc., Canada. cDNA synthesis kit, reverted reverse transcriptase was obtained from Thermo Scientific, Lithuania. Sulfite measurement kit was obtained from VAHEB chemical company, Iran. Real-Time Master Mix was purchased from BioFACTTM, South Korea. All of the chemicals were of analytical or reagent grade and used as received without further purification. Distilled water was prepared in-house by reverse osmosis technique.



Cell Culture and Count

Minimum inhibitory concentration (MIC) of the precursor which S. cerevisiae could not tolerate, was determined beforehand according to Wayne, 2008. First, a 0.5 McFarland suspension (1.2 × 106 cells/mL) was made in distilled water which was diluted ten times in RPMI 1640. Aliquots of 100 μL of the cell suspension were dispensed in wells of a microtiter plate and 100 μL of the salt i.e., sodium sulfite/selenous acid (50/50 w/w) in concentrations of 3, 1.5, 0.75, 0.375, 0.187, 0.093, 0.046, and 0.023 mM were added. All experiments were carried out in three sets of replicates for 24 h at 35°C.

Saccharomyces cerevisiae yeast cells were harvested from 24-h solid cultures of SDA and inoculated into liquid medium of GYP (glucose 2%, yeast extract 1%, and peptone 2%) at a concentration of 106 cells/mL. Five sets of experiments, were carried out (n = 3) in parallel at five different incubation times. The first set of experiments (negative control groups) was free of precursors. First, the salts, i.e., sodium sulfite/selenous acid (50/50 w/w, 1 mM), were added to the 24-h yeast cells in the liquid culture medium and then the medium was incubated for 100, 200, 300, and 400 min under orbital shaking at 180 rpm using a shaking incubator (LabTech DAIHAN LABTECH CO., LTD., LSI-3016 R, South Korea) at 35°C. Since we optimized the concentrations of selenous acid/selenium sulfite (50:50 w/w) at levels that do not affect the growth of S. cerevisiae at 35°C according to CLSI documents, we used this temperature for the yeast growth in all the experiments throughout the work even if the temperature is not the optimal for the yeast cells.

The intervals were selected based on the time required for cells to proliferate (Kim and Wang, 1989), and extended to 400 min. At each time interval, corresponding tests were performed on the samples, as schematically shown in Figure 2 The first time point (t = 0 min) represents another negative control group, where no precursor salt was added. For CFU count, S. cerevisiae suspensions were first diluted 1/100 and then 1/10000 in deionized water. 50 μL of each dilution was uniformly spread over a 6-mm solid SDA supplemented with chloramphenicol (0.05 g/L) and incubated at 35°C. CFU were counted after 24 h and calculated based on dilution factors.
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FIGURE 2. (A) The effect of experimental conditions on S. cerevisiae population in comparison with the control. (B) Comparison between population of S. cerevisiae in time point zero and following time points. (C) and (D) Comparison between relative expression ratio of MET5 and MET10 genes to ACT1 in time point zero and following time points. Asterisks represent significant differences at p < 0.05.




MET5 and MET10 Gene Expression

MET5 and MET10 gene expression analysis was carried out at 5 time points. ACT1 gene was considered as a reference gene. All works were performed on ice (T = 4°C). Cells were separated from liquid culture medium by centrifugation at 15000 × g (T = 4°C) for 20 min. Then, the cells were washed immediately using normal saline solution. Cells were lysed using Rlysis-FG buffer as a medium containing 7 to 8 glass beads (diameter = 0.5 mm) in a 1.5 mL RNase-free microtube containing S. cerevisiae cells. The vortex mixing was performed on ice 5 times (each 60 s) with 60 s intervals. RNA isolation was performed using the mentioned kit according to the manufacturer’s instruction. The obtained extract was subjected to optical density measurement using a NanoDrop spectrophotometer (ND-1000, United States) and the amounts of RNA were normalized before the next step.

cDNA was synthesized by a Thermo Scientific Reverse Transcriptase kit using random hexamer primers. The procedure was performed exactly according to the manufacturer’s instruction in a volume of 1000 μg of RNA.

For PCR amplification, 1 μL of cDNA was added to 1 μL of specific primers (Table 1) in 10 μL of 2X Real-Time PCR Master Mix (BioFACTTM, South Korea) and the whole solution reached to 20 μL (final reaction volume) using deionized water. A Corbett Research, RG-6000 Real Time PCR thermocycler (Australia) was used for all amplifications. The initial step took 2 min at 94°C, followed by 30 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 30 s. All samples were analyzed in triplicate. A standard curve was plotted for MET10 primers by serial dilution of the cDNA solution. The coefficient of efficiency (E) was calculated based on the following equation:


TABLE 1. Sequences of the qPCR primers.
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To evaluate the variability of the genes’ expression, the obtained delta cycle threshold (CT) were analyzed by ΔΔCT method via:
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Here, the control is the sample of zero time.



Sulfite Ion Concentration

The content of cultures at all 5 time intervals was centrifuged at 15000 × g for 10 min and the supernatant was passed through 0.22 μm syringe head filters. The sulfite content of the filtrate was measured by a well-known iodometric titration method using a kit (Sroysee et al., 2016). To this end, 10 mL of the filtrate was added to a plastic test tube, where 5 drops of sulfuric acid was added, and followed by 3 drops of starch. The combination was mixed by shaking the tube in each step. At the end, titration was performed by adding potassium iodate and potassium iodide until the appearance of a blue iodine color.



Selenium Concentration

Measurement of Selenium was performed on the filtrates, as previously explained under sulfite ion measurement. The measurements were performed using an atomic absorption instrument (Thermo Jarrell Ash, Smith-Hieftje 22), which was operated at a wavelength of 196 nm, bandpass of 2 nm, lamp current of 5 mA, and sensitivity of 0.4 ppm. Standard solutions of selenous acid were prepared in the range of 0 to 200 mg L–1. The selenium was measured in the samples and the concentrations were calculated based on the standard curve of selenium.



Total Protein Concentration

Total protein content was measured using Bradford method (Bradford, 1976). First, the standard curve was plotted by BSA. Then, protein measurements were performed on extracts isolated from S. cerevisiae cells before dialysis.

The Bradford reaction was initiated by first adding 100 mg of Coomassie Brilliant Blue G-250 dye to 50 mL of ethanol 95% solution and then to 100 mL of orthophosphoric acid 85% (w/v) solution. Then, the volume of the solution was brought to one liter using distilled water. Optical absorbance of standard samples and the test specimens, were recorded with a Perkin Elmer UV/Vis spectrophotometer at a wavelength of 595 nm, 2 (to max 20) min after the Bradford reaction. Protein concentrations were calculated using a standard curve.



Sulfite Reductase Activity

Sulfite reductase activity was measured according to the previously reported methods with slight modifications (Jiranek et al., 1995, 1996). For this purpose, first the following solutions were made:


Buffer A solution: Phosphate buffer (0.25 M, pH 7.3) supplemented with EGTA (1 mM).

Buffer B solution: Buffer A solution supplemented with glycerol (20% V/V).

Reagent C solution: A solution comprising G-6-P (1.7 mM), MgCl2 (1 mM), Na2SO3 (0.1 mM), NADP (0.1 mM), and G-6-P-DH (166 U/L), which was freshly prepared.

Reagent D solution: First a stock solution of N,N-dimethyl-p-phenylenediamine dihydrochloride (0.75 M) was made in sulfuric acid (11.3 M). Stock solution (250 μL) was added to a solution comprising sulfuric acid (9 M, 4.75 mL) and ferrous chloride (FeCl3, 555 μL, and 40% W/V in sulfuric acid 9 M). Reagent D solution was freshly prepared.



Cells were harvested by centrifugation (11300 rpm, 15 min at 4°C) and washed twice with cold buffer A solution. Then, 1 mL of cold buffer B solution was added per every 200 mg of the wet cells. To break the cell walls and lyse them, a freeze-thaw method was applied on the samples for 5 cycles, comprising immersion in liquid nitrogen (10 s), and consequent thawing in ambient conditions for the same time duration. Then, glass beads (Weight ≅ 10 g, diameter = 0.5 and 1 mm in mixture), were added to the suspension and the whole was subjected to vortexing (t = 30 s) – resting on ice (t = 60 s) in several cycles. The lysis operations were conducted until assurance of lysis of more than 90% of the cells based on optical microscopy results. The crude extract was centrifuged at 40000 × g at 4°C for 75 min. The transparent supernatant was dialyzed twice through a 12 KD dialysis membrane against fresh buffer B and incubated at 4°C for 75 min.

Reagent C (1.5 mL) and cell extract (200 μL), were added to disposable test tubes with rubber caps and the total volume was adjusted to 2 mL using buffer B solution. The tubes were gently inverted several times and incubated for 1 h at 30°C. Then, reagent D (150 μL), was injected into the tubes through the rubber cap using a syringe. The tubes were shaken vigorously and incubated for another hour at 30°C. Then, the tubes were centrifuged at 12000 × g for 5 min. Optical density of the supernatant was measured at 619 nm. Blank and standard samples were prepared as well except that instead of the cells extract, deionized water and H2S standard were determined, respectively. H2S concentration was calculated by standard curve. The enzyme activity was normalized based on the total protein concentration.



Statistical Analysis

To assess the difference in yeast population growth in the presence and absence of the abiotic variables, Mann-Whitney U test was used (Nachar, 2008). The effect of independent variables on the yeast population growth, as well as the activity of sulfite reductase, and expression of MET5 and MET10 genes was assessed using path analysis method as explained by Wright (1921).

In this technique, correlation coefficient between all subsets of variables was estimated. Correlation coefficients indicate the degree to which population growth is influenced by each independent variable. The results were grouped into a causal model, showing possible pathways of independent-dependant correlation. As the dependant variables were not completely explained by independent variables, the unexplained variation was showed as the residual error in the model. Correlations were considered as statistically significant at 0.05 levels. Analysis was performed in Stata software (version 14).



RESULTS

First, the growth of S. cerevisiae yeast cells under experimental conditions was compared with their counterparts in the control group. To this end, CFU counting was performed at 5 time intervals for S. cerevisiae yeast cells with and without salt treatment. Then, sulfite reductase activity of the cells, expression of MET5 and MET10 genes, and sulfite and selenium concentrations of the culture medium, were measured (Figure 2). The intervals were selected based on the time required for cells to proliferate (Kim and Wang, 1989), and extended to 400 min. NPs formed after 100 min and we were sure of their production after 240 min.


Colony Forming Unit Measurements and Quantitative Measurement of Sulfite Reductase MET5 and MET10 Expressions of S. cerevisiae in Experimental Conditions

In MIC analysis no growth inhibition was seen from 0.0234 to 3 mM concentration of the precursor (Supplementary Figure S1). As it can be seen in Figure 2B, CFU values obtained at all time points, were less than their counterparts in the control group (p < 0.05), as far as the CFU count was tending toward zero at the last time interval in contrast to the control group. Moreover, the CFU at all time points, except the first one, was significantly different from the time point zero.

The variations occurring in MET5 and MET10 genes expression are displayed in Figures 2C,D. The rate of genes expression significantly decreased from the first measurement time point after adding the substrates. The mean expression of both genes had a rise at 300 min and a sharp drop at 400 min. The expression of the genes in all the following four points, was significantly different from the point zero.



NADPH-Dependent Sulfite Reductase Activity in S. cerevisiae Cell Extracts and Sulfite and Selenium Measurements

According to the results (Figure 3), the changes in sulfite reductase activity at the time points 2 to 4, were significantly different from the time point zero. Fluctuation of the sulfite reductase activity was opposite to their counterparts’ time points in the CFU measurements. For example, at time point 2, in which the enzyme activity was at its highest level, the CFU count was at its lowest.
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FIGURE 3. (A) Comparison between the variation of sulfite reductase activity in S. cerevisiae in time point zero and experiments in following time points. (B) Comparison between selenium levels in the supernatant of control and experiments in following time points. (C) Comparison between sulfite levels in the supernatant of control and experiments in following time points. Asterisks represent significant differences at p < 0.05.


The fluctuations of cells’ consumption of sulfite and selenium were shown in Figures 3A,B. The rate of both selenium and sulfite tended to decrease over time. Their amounts at the time points 2, 3, and 4, were significantly different from the time point 1, when the substrates were added to the culture media of S. cerevisiae. The amount of selenium in the filtrate was indicative of its consumption level by cells or the amount of NPs produced inside the cells. Therefore, there was a direct relationship between selenium decrease in filtrate solution and NPs increase in S. cerevisiae cells. The amount of sulfite in the filtrate was also measured. Although, it decreased over time, it did not reach zero or near zero at the last measured time point, as it was not zero, even when the salts had not been added at the first time point.



Correlations Between the Measured Variables

The correlation matrix showing all possible correlations between all the independent and dependent variables is presented in Supplementary Table S1. Our results showed that sulfite and selenium concentrations in filtrate solutions were significantly correlated with population growth of S. cerevisiae (p = 0.021 and p = 0.109, respectively; Supplementary Table S2), and the expression of MET5 (p = 0.019, and p = 0.015, respectively) and MET10 (p = 0.044, and p = 0.037, respectively; Supplementary Table S3), but had no significant correlation with sulfite reductase activity. Sulfite increased the population growth and MET5 and MET10 expression, while according to statistical findings, the ratio of selenium in the solution at each time point (which due to the consumption of yeast cells was gradually decreasing compared to the initial amount) was inversely related to population growth and MET5 and MET10 expression at the same point. Both abiotic variables (sulfite and selenium) explained 0.97, 0.98, and 0.94% of the total variation of population growth and expression of MET5 and MET10 genes, respectively (Supplementary Tables S2, S3). This finding is highly useful in predicting gene expression and understanding the mechanism of the expression. Direct and indirect effects of selenium on the population growth, were not the same. Therefore, the effect of this variable on yeast population growth, was considered to be indirect, probably through changes in the rate of NPs synthesis. Interestingly, when the samples were grouped and analyzed by considering all the variables, including abiotic variables, sulfite reductase activity, and genes’ expression, all assessed variables explained more than 99% of the variations observed in the growth of S. cerevisiae. Although, the variables were not statistically significant, probably due to small sample size. CFU count revealed a significant negative effect on the sulfite reductase activity, but no significant effect on the expression of MET5 and MET10 genes, probably due to the lack of power (Supplementary Table S4). Sulfite reductase activity also had no significant effect on the expression of MET5 and MET10 genes (Supplementary Table S5). A general correlation diagram showing all possible relationships between independent variables (abiotic variables) and dependent variables (gene expression, sulfite reductase activity, and S. cerevisiae population), is given in Figure 4.
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FIGURE 4. General diagram of the possible relationships between abiotic and gene expression variables and the population growth of S. cerevisiae. Solid arrows show the direct effects of independent variables on the dependent variables (S. cerevisiae population growth, gene expression, and sulfite reductase activity). Dashed arrows show the indirect effects, i.e., the correlation coefficients among variables. The correlation and path coefficients for these relationships are also shown in the Supplementary Tables S1, S2; e1: residual variable of the model assessing the direct effect of sulfite and selenium on MET5 expression; e2: residual variable of the model assessing the direct effect of sulfite and selenium on MET10 expression; and e3: residual variable of the model assessing the direct effect of sulfite, selenium, and the expression of MET5 and MET10 on yeast population growth.




DISCUSSION

In our previous study, the cell wall and cell membrane of the yeast cells were quite dark and the NPs were observable inside the cells, indicating that S. cerevisiae converted selenium salts into selenium sulfide NPs inside the cells (Asghari-Paskiabi et al., 2019). Kasemets et al. (2009) have evaluated the toxicity of CuO NPs to S. cerevisiae. In comparison with bulk CuO, the NPs were 62–94 times more toxic after 8 and 24 h of exposure. It was not supposed that NPs were internalized. They attributed half of toxicity to the solubilized Cu ions. So solubilized Cu ions was not the sole reason of toxicity (Kasemets et al., 2009). Oxidative stress, mediated by reactive oxygen species (ROS) is considered as the main mechanism of NPs toxicities (Shvedova et al., 2005). Cellular carbohydrates, lipids, DNA, and proteins can be damaged by ROS followed by oxidative stress and inflammation (Kasemets et al., 2009).

In a study by Li et al. (2017), it was revealed that Sclerotinia homoeocarpa cells can internalize ZnO and Ag NPs or their ions, but the mentioned NPs or ions can cause oxidative damage in the cells. The ions may also accumulate inside the cell, which is a reducing environment that can reduce the ions to NPs, damaging the cells in another way. They found that after exposure to the NPs, two stress response genes, GST (Shgst1), and superoxide dismutase 2 (ShSOD2), were significantly upregulated. They believed that the induced expression of Shgt1 gene was probably due to glutathione (GSH) depletion (Li et al., 2017; Figure 1). GSH reduces metal ions toxicity in the cells by binding to them. Also, Huerta-García et al. (2014) indicated that mRNA expression of SOD2 was induced by NPs in glial cells. They believed that some changes in the redox state and initial rise in the ROS, can be the induction factors for expression of the genes responsible for the response against oxidative stress (Huerta-García et al., 2014). Hanagata et al. (2011) studied genome expression of human lung epithelial A549 cells exposed to CuO NPs. It was observed that CuO NPs and its ions, as ROS, and caused SOD2 upregulation (Hanagata et al., 2011). Also, cadmium increased ROS production and induced catalase activity. A Cd-dependent depletion of intracellular GSH and a rise in its external concentration, were seen concomitantly (Pacheco et al., 2008).

Depletion of GSH, one of the earliest antioxidant molecules in most of the cells, is the main mechanism of metal toxicity (Stohs and Bagchi, 1995). The same happened in human cells after exposure to high doses of Zn ferrite NPs (Alhadlaq et al., 2015). Piao et al. (2011) reported that Ag NPs inhibited GSH-synthesizing enzymes (GCLC and GSS). GSH levels decreased, leading to ROS generation in human Chang liver cells (Piao et al., 2011). According to a study by Ma et al. (2015), exposure to Ag NPs caused reduction of GSH levels in Crambe abyssinica plant, which was attributed to H2O2 and Ag ion detoxification through oxidation of GSH to GSSG (Ma et al., 2015). It can be supposed that reduction of selenium ions to selenium sulfide NPs altered the redox state of S. cerevisiae cells and led to an increased activity of ROS. Also, the presence of the NPs depleted the cells from GSH, which is one of the initial defense factors against toxicity of the oxidizing agents and metals (Figure 5).
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FIGURE 5. The correlation between independent parameters (selenium and sulfite) and dependent parameters (CFU counts, MET5/MET10 expression, and sulfite reductase activity) and other relationships between dependent and independent parameters in experimental condition of NPs synthesis.


The yeast cells can absorb selenium through their hydrophobic cell wall structure (Kordialik-Bogacka, 2011). Selenium binds to polysaccharide in the cell wall and its binding rate directly depends on the selenium concentration in the culture media (Kieliszek et al., 2015). Selenium exists in GSH peroxidase structure (Galiazzo et al., 1987), so that selenium treatment significantly increase GSH peroxidase activity, and supporting the role of selenium in enzymatic defense mechanisms of yeasts against oxidative stress (Grant et al., 1996; Kaur and Bansal, 2006). GSH peroxidase activity requests GSH as a substrate, but GSH synthesis itself depends on sulfite reductase activity (Hansen and Johannesen, 2000), thus, in this study sulfite reductase activity increased to supply the additional need of GSH in response to the risk of NPs (Figure 5). This is in agreement with findings of Kaur and Bansal (2006) study, indicating that increased GSH peroxidase activity results in the need for more amount of GSH, which is produced by sulfite reductase (Kaur and Bansal, 2006).

The correlation between gene expression and the cell growth is in agreement with what Scott et al. (2010) reported in Escherichia coli. They deduced that chloramphenicol-induced reduction of translational capacity, was compensated by an increase in the RNA/protein ratio through inhibiting the repression of rRNA synthesis (Scott et al., 2010). Inverse correlation between selenium concentration and expression of MET5 and MET10 genes, was due to the reduction of microorganism population in the presence of selenium based-NPs (Figure 5), since there was a positive direct relationship between expression of MET5 and MET10 genes and cells growth.

According to the statistical analysis, sulfite reductase activity had a significant (p = 0.047) negative effect on the growth of the cells. It is assumed that the decrease in S. cerevisiae cells growth was followed by a corresponding increase in sulfite reductase activity, which in turn caused more consumption of sulfite from the environment. The statistical analysis showed that there was a direct significant correlation between growth of the cells and the amount of sulfite in S. cerevisiae cells culture medium (p = 0.021). Sulfite had a positive significant effect on MET5/MET10 genes expression (p = 0.019, p = 0.044), but there was a non-significant negative correlation between the sulfite and sulfite reductase activity. It meant that sulfite played a role in control of the expression of MET5 and MET10 and probably not sulfite reductase activity (Figure 5).

SSU1 encodes a plasma membrane protein that plays a role in sulfite metabolism. SSU1 mutation causes sulfite sensitivity and its over-expression results in resistance to sulfite, supporting its role in detoxification. Also, resistance to sulfite needs a transcriptional activator from dominant allele of SSU1, called five zinc finger (FZF1). Park and Bakalinsky (2000) showed that ssulp protein was involved in sulfite efflux and FZF1-4 caused resistance to sulfite by an increase in the activators of SSU1. They observed that sulfite reductase did not consume sulfite, therefore, a major part of the initial sulfite content in the culture medium (more than 95%), was recovered in the form of intra and extra-cellular sulfite at the end of experiment, and up to 4 mM sodium sulfite did not alter viability of the cells according to the sulfite accumulation test (Park and Bakalinsky, 2000). Most S. cerevisiae species produce sulfite. Dott and Trüper (1976) categorized them in groups of “low” and “high,” depending on the amount of their sulfite production (Dott and Trüper, 1976). This can explain the reason why the level of sulfite in the S. cerevisiae culture medium, was not significant, either at the time zero before adding sulfite or 400 min after adding it.

Schimz (1980) investigated the effect of sodium sulfite (1 mM) on S. cerevisiae up to 160 h and observed approximately no effect on its growth. They assumed that S. cerevisiae cells resistance to sulfite depended on pH, temperature, physiological conditions of the cells, and incubation time. For example, acidic pH caused a decrease in resistance and 0.05 mM sulfite in comparison with 10 mM sulfite resulted in more resistant cells. Also, cells were more resistant at 18°C compared to 28°C (Schimz, 1980). In fact different microorganisms have various pH range for oxidation of sulfur (Plumb et al., 2008), which is an acid-producing reaction (Liang et al., 2020). These findings are in agreement with our results that there was a significant positive relationship between growth of cells and sulfite level in the medium.

In this series of experiments, growth of the cells indicated a significant decrease compared to the time point zero, except time point 1 that was the beginning of NPs production. Population growth monitoring was done during NPs synthesis inside S. cerevisiae cells. By more production of NPs, more reduction in S. cerevisiae population happened. While, sulfite had a positive significant effect on the cells growth, the relationship between selenium and population was indirect. It can be concluded that the produced selenium sulfide NPs, caused this decrease in the growth of cells. However, the ability of selenium NPs in modulation of antioxidative defense system has made them less genotoxic in mice (Bhattacharjee et al., 2019) and less toxic in rats (Menon et al., 2019) compared to other chemical forms of selenium. Figure 5 illustrates the inter-intra relationship between all parameters and cell population.



CONCLUSION

Biosynthesis of selenium sulfide NPs by S. cerevisiae resulted in a significant decrease in CFU counts within 400 min. The path analysis model revealed that the expression of the main genes of sulfite reductase (MET5 and MET10), and thus, the enzyme responsible for converting the substrates to selenium sulfide NPs, conformed to the CFU counts of S. cerevisiae in 400 min. The activity of sulfite reductase showed an inverse correlation with CFU counts of the S. cerevisiae cells. It means that more activity of the enzyme was observed with lower levels of cell growth. There was a positive correlation between the levels of sulfite in S. cerevisiae medium and the CFU counts, while a negative correlation was observed between the amount of selenium and CFU count. The obtained NPs were the factors that damaged S. cerevisiae cells. Hopefully, this phenomenon can be used to eliminate the toxic dose of selenium ions or harmful microorganism from the natural sources of life in addition to green synthesis of selenium sulfide NPs.



DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/Supplementary Material.



AUTHOR CONTRIBUTIONS

FA-P, MI, and MR-A designed the experiments. SE did the modeling. MI, HR-T, and MR-A supervised the study. FA-P performed the experiments and wrote the manuscript. All authors approved the final version of manuscript.



FUNDING

This work was supported financially by Shahid Beheshti University of Medical Sciences Ph.D. course grant to FA-P and a research grant nos. 766 from the Pasteur Institute of Iran to MR-A. Research reported in this publication was supported in part by Elite Researcher Grant Committee under award numbers 958634 and 963646 from the National Institute for Medical Research Development (NIMAD), Tehran, Iran to MR-A.



ACKNOWLEDGMENTS

The authors are thankful of Dr. Zahra Jahanshiri for helping in molecular tests and Mr. Seifoddin Javadian for selenium measurement using atomic absorption instrument.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.01019/full#supplementary-material



REFERENCES

Ahmad, M. S., Yasser, M. M., Sholkamy, E. N., Ali, A. M., and Mehanni, M. M. (2015). Anticancer activity of biostabilized selenium nanorods synthesized by Streptomyces bikiniensis strain Ess_amA-1. Int. J. Nanomed. 10, 3389–3401. doi: 10.2147/IJN.S82707

Alhadlaq, H. A., Akhtar, M. J., and Ahamed, M. (2015). Zinc ferrite nanoparticle-induced cytotoxicity and oxidative stress in different human cells. Cell Biosci. 5, 1–11. doi: 10.1186/s13578-015-0046-6

Asghari, F., Jahanshiri, Z., Imani, M., Shams-Ghahfarokhi, M., and Razzaghi-Abyaneh, M. (2016). “Antifungal nanomaterials: synthesis, properties, and applications,” in Nanobiomaterials in Antimicrobial Therapy, ed. A. M. Grumezescu (Oxford: Elsevier), doi: 10.1016/B978-0-323-42864-4.00010-5

Asghari-Paskiabi, F., Imani, M., Rafii-Tabar, H., and Razzaghi-Abyaneh, M. (2019). Physicochemical properties, antifungal activity and cytotoxicity of selenium sulfide nanoparticles green synthesized by Saccharomyces cerevisiae. Biochem. Biophys. Res. Commun. 516, 1078–1084. doi: 10.1016/j.bbrc.2019.07.007

Asghari-Paskiabi, F., Imani, M., Razzaghi-Abyaneh, M., and Rafii-Tabar, H. (2018). Fusarium oxysporum, a bio-factory for nano selenium compounds: synthesis and characterization. Sci. Iran. 25, 1757–1763. doi: 10.24200/sci.2018.5301.1192

Bhattacharjee, A., Basu, A., and Bhattacharya, S. (2019). Selenium nanoparticles are less toxic than inorganic and organic selenium to mice in vivo. Nucleus 62, 259–268.

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72, 248–254. doi: 10.1006/abio.1976.9999

Dott, W., and Trüper, H. G. (1976). Sulfite formation by wine yeasts. Arch Microbiol. 108, 99–104.

Elskens, M. T., Jaspers, C. J., and Penninckx, M. J. (1991). Glutathione as an endogenous sulphur source in the yeast Saccharomyces cerevisiae. J. Gen. Microbiol. 137, 637–644. doi: 10.1099/00221287-137-3-637

Forootanfar, H., Adeli-Sardou, M., Nikkhoo, M., Mehrabani, M., Amir-Heidari, B., Shahverdi, A. R., et al. (2014). Antioxidant and cytotoxic effect of biologically synthesized selenium nanoparticles in comparison to selenium dioxide. J. Trace Elem. Med. Biol. 28, 75–79. doi: 10.1016/j.jtemb.2013.07.005

Galiazzo, F., Schiesser, A., and Rotilio, G. (1987). Glutathione peroxidase in yeast. Presence of the enzyme and induction by oxidative conditions. Biochem. Biophys. Res. Commun. 147, 1200–1205. doi: 10.1016/S0006-291X(87)80197-3

Grant, C. M., and Dawes, I. W. (1996). Synthesis and role of glutathione in protection against oxidative stress in yeast. Redox Rep. 2, 223–229. doi: 10.1080/13510002.1996.11747054

Grant, C. M., Maciver, F. H., and Dawes, I. W. (1996). Glutathione is an essential metabolite required for resistance to oxidative stress in the yeast Saccharomyces cerevisiae. Curr. Genet. 29, 511–515. doi: 10.1007/BF02426954

Hanagata, N., Zhuang, F., Connolly, S., Li, J., Ogawa, N., and Xu, M. (2011). Molecular responses of human lung epithelial cells to the toxicity of copper oxide nanoparticles inferred from whole genome expression analysis. ACS Nano 5, 9326–9338. doi: 10.1021/nn202966t

Hansen, J., and Johannesen, P. F. (2000). Cysteine is essential for transcriptional regulation of the sulfur assimilation genes in Saccharomyces cerevisiae. Mol. Gen. Genet. MGG 263, 535–542. doi: 10.1007/s004380051199

Huerta-García, E., Pérez-Arizti, J., Márquez-Ramírez, S. G., Delgado-Buenrostro, N. L., Chirino, Y. I., Iglesias, G., et al. (2014). Titanium dioxide nanoparticles induce strong oxidative stress and mitochondrial damage in glial cells. Free Radic. Biol. Med. 73, 84–94. doi: 10.1016/j

Jiranek, V., Langridge, P., and Henschke, P. A. (1995). Regulation of hydrogen sulfide liberation in wine-producing Saccharomyces cerevisiae strains by assimilable nitrogen. Appl. Environ. Microbiol. 61, 461–467. doi: 10.1128/aem.61.2.461-467

Jiranek, V., Langridge, P., and Henschke, P. A. (1996). Determination of sulphite reductase activity and its response to assimilable nitrogen status in a commercial Saccharomyces cerevisiae wine yeast. J. Appl. Microbiol. 81, 329–336. doi: 10.1111/j.1365-2672.1996.tb04335.x

Kasemets, K., Ivask, A., Dubourguier, H.-C., and Kahru, A. (2009). Toxicity of nanoparticles of ZnO, CuO and TiO2 to yeast Saccharomyces cerevisiae. Toxicol. Vitro 23, 1116–1122. doi: 10.1016/j.tiv.2009.05.015

Kaur, T., and Bansal, M. P. (2006). Selenium enrichment and anti-oxidant status in baker’s yeast, Saccharomyces cerevisiae at different sodium selenite concentrations. Nutr. Hosp. 21, 704–708.

Kieliszek, M., Błażejak, S., Gientka, I., and Bzducha-Wróbel, A. (2015). Accumulation and metabolism of selenium by yeast cells. Appl. Microbiol. Biotechnol. 99, 5373–5382. doi: 10.1007/s00253-015-6650-x

Kim, R. A., and Wang, J. C. (1989). Function of DNA topoisomerases as replication swivels in Saccharomyces cerevisiae. J. Mol. Biol. 208, 257–267. doi: 10.1016/0022-2836(89)90387-2

Kopriva, S. (2006). Regulation of sulfate assimilation in Arabidopsis and beyond. Ann. Bot. 97, 479–495. doi: 10.1093/aob/mcl006

Kordialik-Bogacka, E. (2011). Surface properties of yeast cells during heavy metal biosorption. Open Chem. 9, 348–351. doi: 10.2478/s11532-011-0008-8

Leustek, T., Martin, M. N., Bick, J.-A., and Davies, J. P. (2000). Pathways and regulation of sulfur metabolism revealed through molecular and genetic studies. Annu. Rev. Plant Biol. 51, 141–165. doi: 10.1146/annurev.arplant.51.1.141

Li, J., Sang, H., Guo, H., Popko, J. T., He, L., White, J. C., et al. (2017). Antifungal mechanisms of ZnO and Ag nanoparticles to Sclerotinia homoeocarpa. Nanotechnology 28, 1–11. doi: 10.1088/1361-6528/aa61f3

Liang, X., Perez, M. A. M.-J., Zhang, S., Song, W., Armstrong, J. G., Bullock, L. A., et al. (2020). Fungal transformation of selenium and tellurium located in a volcanogenic sulfide deposit. Environ. Microbiol. 1, 1–64. doi: 10.1111/1462-2920.15012

Ma, C., Chhikara, S., Minocha, R., Long, S., Musante, C., White, J. C., et al. (2015). Reduced silver nanoparticle phytotoxicity in Crambe abyssinica with enhanced glutathione production by overexpressing bacterial γ-Glutamylcysteine synthase. Environ. Sci. Technol. 49, 10117–10126. doi: 10.1021/acs.est.5b02007

Menon, M., Agarwal, H., Kumar, S. V., and Rajeshkumar, S. (2019). “Biomemetic synthesis of selenium nanoparticles and its biomedical applications,” in Green Synthesis, Characterization and Applications of Nanoparticles, Micro and Nano Technologies, eds A. K. Shukla and S. Iravani (Amsterdam: Elsevier), doi: 10.1016/B978-0-08-102579-6.00008-3

Nachar, N. (2008). The Mann-Whitney U: a test for assessing whether two independent samples come from the same distribution. Quant. Methods Psychol. 4, 13–20.

Pacheco, C. C., Passos, J. F., Castro, A. R., Moradas-Ferreira, P., and De Marco, P. (2008). Role of respiration and glutathione in cadmium-induced oxidative stress in Escherichia coli K-12. Arch. Microbiol. 189, 271–278. doi: 10.1007/s00203-007-0316-8

Park, H., and Bakalinsky, A. T. (2000). SSU1 mediates sulphite efflux in Saccharomyces cerevisiae. Yeast 16, 881–888. doi: 10.1002/1097-0061(200007)16:103.0.CO;2-3

Patron, N. J., Durnford, D. G., and Kopriva, S. (2008). Sulfate assimilation in eukaryotes: fusions, relocations and lateral transfers. BMC Evol. Biol. 8:39. doi: 10.1186/1471-2148-8-39

Piao, M. J., Kang, K. A., Lee, I. K., Kim, H. S., Kim, S., et al. (2011). Silver nanoparticles induce oxidative cell damage in human liver cells through inhibition of reduced glutathione and induction of mitochondria-involved apoptosis. Toxicol. Lett. 201, 92–100. doi: 10.1016/j.toxlet.2010.12.010

Plumb, J. J., Muddle, R., and Franzmann, P. D. (2008). Effect of pH on rates of iron and sulfur oxidation by bioleaching organisms. Mine Eng. 21, 76–82. doi: 10.1016/j.mineng.2007.08.018

Rajeshkumar, S., Veena, P., and Santhiyaa, R. V. (2019). “Synthesis and Characterization of Selenium Nanoparticles Using Natural Resources and Its Applications,” in Exploring the Realms of Nature for Nanosynthesis, Nanotechnology in the Life Sciences, eds R. Prasad et al. (Basel: Springer Nature Switzerland), 2018. doi: 10.1007/978-3-319-99570-0_4

Schimz, K.-L. (1980). The effect of sulfite on the yeast Saccharomyces cerevisiae. Arch. Microbiol. 125, 89–95. doi: 10.1007/BF00403203

Scott, M., Gunderson, C. W., Mateescu, E. M., Zhang, Z., and Hwa, T. (2010). Interdependence of cell growth and gene expression: origins and consequences. Science 330, 1099–1102. doi: 10.1126/science.1192588

Senapati, S., Syed, A., Khan, S., Pasricha, R., Khan, M. I., Kumar, R., et al. (2014). Extracellular biosynthesis of metal sulfide nanoparticles using the fungus Fusarium oxysporum. Curr. Nanosci. 10, 588–595. doi: 10.2174/1573413710666140303235325

Shvedova, A. A., Kisin, E. R., Mercer, R., Murray, A. R., Johnson, V. J., Potapovich, A. I., et al. (2005). Unusual inflammatory and fibrogenic pulmonary responses to single-walled carbon nanotubes in mice. Am. J. Physiol. Lung Cell Mol. Physiol. 289, L698–L708. doi: 10.1152/ajplung.00084.2005

Sroysee, W., Ponlakhet, K., Chairam, S., Jarujamrus, P., and Amatatongchai, M. (2016). A sensitive and selective on-line amperometric sulfite biosensor using sulfite oxidase immobilized on a magnetite-gold-folate nanocomposite modified carbon-paste electrode. Talanta 156, 154–162. doi: 10.1016/j.talanta.2016.04.066

Stohs, S. J., and Bagchi, D. (1995). Oxidative mechanisms in the toxicity of metal ions. Free Radic. Biol. Med. 18, 321–336. doi: 10.1016/0891-5849(94)00159-H

Thanh, N. T. K., Maclean, N., and Mahiddine, S. (2014). Mechanisms of nucleation and growth of nanoparticles in solution. Chem. Rev. 114, 7610–7630. doi: 10.1021/acs.chemmater.9b04462

Thomas, D., and Surdin-Kerjan, Y. (1997). Metabolism of sulfur amino acids in Saccharomyces cerevisiae. Microb. Mol. Biol. Rev. 61, 503–532. doi: 10.1128/.61.4.503-532.1997

Vogel, M., Fischer, S., Maffert, A., Hübner, R., Scheinost, A. C., Franzen, C., et al. (2017). Biotransformation and detoxification of selenite by microbial biogenesis of selenium-sulfur nanoparticles. J. Hazard Mater. 344, 749–757. doi: 10.1016/j.jhazmat.2017.10.034

Wayne, P. (2008). Reference Method for Broth Dilution Antifungal Susceptibility Testing of Yeasts; Approved Standard-CLSI Document M27-A3. Wayne, PA: CLSI, 6–12.

Wright, S. (1921). Correlation and causation. J. Agric. Res. 20, 557–585.

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Asghari-Paskiabi, Imani, Eybpoosh, Rafii-Tabar and Razzaghi-Abyaneh. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-11-01019-t001.jpg
Genes

MET10

ACT1

Nucleotides

F-5"-GAGCCTGAGAGACCATTT-3
R-5-GAGGCAAATCTGGTGTAT-3
F-5'-AGAGGATTTGGTTACTCC-3'
R-5’-AGTTCCTCAAGAGATGGG-3’
F-5’-GGATCTTCTACTACATCAGC-3’
R-5"-CACATACCAGAACCGTTATC-3'

Accession number

CP020234.1

CP020213.1

CP020179.1






OPS/images/fmicb-11-01019-g001a.jpg
Time (minutes)

Control Group

Test Groups (n=3)

e1=02 e2=0.15
A &

S. cerevisiae
population






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Population Kinetics and Mechanistic Aspects of Saccharomyces cerevisiae Growth in Relation to Selenium Sulfide Nanoparticle Synthesis



		INTRODUCTION



		MATERIALS AND METHODS



		Materials



		Cell Culture and Count



		MET5 and MET10 Gene Expression



		Sulfite Ion Concentration



		Selenium Concentration



		Total Protein Concentration



		Sulfite Reductase Activity



		Statistical Analysis







		RESULTS



		Colony Forming Unit Measurements and Quantitative Measurement of Sulfite Reductase MET5 and MET10 Expressions of S. cerevisiae in Experimental Conditions



		NADPH-Dependent Sulfite Reductase Activity in S. cerevisiae Cell Extracts and Sulfite and Selenium Measurements



		Correlations Between the Measured Variables







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fmicb-11-01019-e002.jpg
AACT = ACTgmple — ACTcontrol

3)





OPS/images/fmicb-11-01019-g004.jpg





OPS/images/fmicb-11-01019-g005.jpg
Selenium

<2 ® ® O
\
Glutathione
@ ; perO);(idase
s _ § v
v NPS*\@ L) MET5
Sulfite Reductase al Y @ MET10
Activity-- @ - G?H GSSG - - - » EXpression
AA \,/ ; A A
N i | @ SN
©
S o @
v
------------------------------------ e = | [ S
A
© @ @





OPS/images/fmicb-11-01019-g002.jpg
CFU

O

Relative Expression Ratio to ACT1

8.0x10° =
—— Controls

Tests
6.0x10° =
4.0x10°
2.0x10° -

0 T T T T 1
0 100 200 300 400 500
Time (minutes)
MET5
*
* * *
——
100 200 300 400

Time (minutes)

CFU

Relative Expression Ratio to ACT1

4.0x10°% =

3.0x10°

2.0x10° -

1.0x10° -

1.0

100 200 300 400
Time (minutes)
MET10
*
*
- *
T L]
200 300 400

Time (minutes)





OPS/images/fmicb-11-01019-g003.jpg
(=]
o
x <
*—. S
(]
—
m
()]
-
=2
(=
[ = J—-——
*
< E
—
o
£
=
o
o
-
(=]
1 1 L] 1
(=] o [=] o
n o n
-— -

(y/ureyoud B/g%H jow) Ajiapoe asejonpai ang
<

*
*
*
T T T
200 300 400

Time (minutes)

T
100

o w0 =]
-

(,.1'Bw) a3yIng

15=

BQ&

80+

I ) L
(=3 o (=] o
© < N

100 -

(- TwB1) wniusjeg

Time (minutes)





OPS/images/fmicb-11-01019-e001.jpg
et = CTreference

@





OPS/images/fmicb-11-01019-g001.jpg
extracellular sulfate

+ Sulfate uptake
intracellular sulfate
(S04%)
ATP
* PP ATP sulfurylase

5'-adenylylsulfate
(APS) ATP

APS kinase
* ADP
3'-phospho-5'-adenylylsulfate

(PAPS)

+ NADPH PAPS reductase

PAP + NADP+

sulfite
(805%)

3 NADPH

o
NPs

MET5 & MET10
® T@

expression
® Sulfite Reductase

— » GSH

GSSG

CFU

3 NADP+ ) * Sulfite Reductase

sulfide
oy

homocysteine +
synthase

Homocysteine — Cystathionine ——

homocysteine +
methyl-transferase

Methionine

y-Glutamylcysteine

77N

» Glutathione

\\/ (GSH)

Cysteinylglycine

Cystein

S-AdenosylMethionine +
(AdoMet)

S-AdenosylMethionine
(AdoMet)






OPS/images/fmicb-11-01019-e000.jpg
E = [lofl/slopc]

=g

(6]





OPS/images/cover.jpg
, frontiers
in Microbiology

Population Kinetics
and Mechanistic Aspects
of Saccharomyces cerevisiae
Growth in Relation to Selenium
Sulfide Nanoparticle Synthesis









OPS/images/logo.jpg
, frontiers
in Microbiology





