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Abstract

Saccharomyces cerevisiae  RC016  presents  probiotic  and  mycotoxin  adsorbent  properties  for  use  as  feed  additive.  The  improvement  of  
S.  cerevisiae  RC016  biomass  production  using  an  agro-industrial  waste  such  as  Dried  Distillers'  Grains  and  Solubles  (DDGs)  that  pollute  the  
environment  can  contribute  to  sustainable  development  of  the  process  and  reduce  the  costs  of  large-scale  production.  In  order  to  avoid  the  
obstruction  of  the  fermentor's  stirring  mechanism  with  solid  particles  a  novel  pretreatment  of  DDGs  was  conducted  to  concentrate  carbon  
sources  levels.  The  design  of  experiments  were  performed  using  four  factor-three-level  Box-Behnken  design  (carbon  source  concentration,  
nitrogen  source  concentration,  yeast  extract  concentration  and  incubation  time)  coupled  with  response  surface  methodology  to  evaluate  the  
interaction  between  two  factors  in  order  to  determine  the  optimum  process  conditions.  A  quadratic  model  was  suggested  for  the  prediction  
of biomass production. The F-value and p-value of the model indicated that it was statistically significant at 95 percent confidence interval. In 
addition, R2 value of the model indicated an acceptable accuracy. The results were validated at bioreactor level showing that the  specific growth 
rate on the optimized medium (0.34h-1) increased 112.5% compared to the initial non-optimized medium (0.16h-1), the duplication time showed 
a decrease of 52.9%. Optimization enabled productivity (0.451gL-1h-1)  nine  times  higher  than  the  initial  one  (0.062gL-1h-1),  thus  65%  more  
biomass  was  obtained  (5.20gL-1).  The  use  of  biomass  DDGse  derived  from  bioethanol  production  promotes  the  sustainable  and  green  way  of  
biomass production.
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Introduction

Distillers dried grains with solubles (DDGs) is the main co-product of ethanol production. It is a waste product from this industry, commonly used as a low-cost animal feed. After conversion of grain starch to ethanol during fermentation, there is an increase of all nutrients than about three times more protein, fat, vitamins, minerals and fibre. Its utilization as a feed ingredient is well documented as both, energy and a protein supplement (U.S. Grains Council).

Application of agro-industrial waste and co-products in bioprocesses provides an alternative way to replace the refined and costly raw materials. In addition, the bulk use of agro- industrial waste residues will help to solve environmental issues.  Microbial  biomass  production  by  using  DDGs  is  an alternative of great interest for reuse of this industrial by- product. It can serve as a protein concentrate as well as energy source for microbial growth. Energy provided by DDGs is obtained from oil since starch is removed from grains in the ethanol production process. One of the main obstructions in the large-scale production of yeasts and their products is the cost of the raw materials. Therefore, efficient and profitable factory- scale processes need to obtain the highest biomass yield with the minimal cost. Economic evaluation of the yeast production process has suggested that the major contributor to the overall cost is the cost of carbon source. Thus, it is desirable to produce yeast biomass from alternative low-cost carbon sources derived from other industries [1].


Probiotics are live microorganisms which when administered in adequate amounts confer a health benefit on the host [2]. They exert beneficial effects on the host by providing nutrients and enzymes that contribute to digestion, inhibiting pathogenic microorganisms, enhancing growth and immune responses [3,4]. Saccharomyces cerevisiae RC016 is  a probiotic strain  isolated from pig intestine that is able to  adsorb  several  mycotoxins such as aflatoxin B1, zearalenone, fumonisin B1 and ochratoxin A, survive under gastrointestinal conditions, enhance animal weight gain and performance and promote beneficial properties to the host. It is also considered a generally regarded as safe (GRAS) microorganism and has shown absence of genotoxicity and cytotoxicity in vivo [5-7]. Therefore, its application as a feed additive intended for production animals is very promising and entails minimal risk.

Feed additives' industry  requires  standardized  processes to produce large amounts of the selected yeasts to obtain high quality reproducible products to ensure biological effect. To achieve high yeast yields, it is a prerequisite to design a proper production medium in an efficient fermentation process. Therefore, the viability of a biotechnological process includes the strategic optimization of a culture medium using low cost raw materials. It is important to select key parameters from a large number of factors and also their interactions. Several statistical experimental designs have been used for optimizing fermentation variables [8,9]. Plackett- Burman design [10] is a well-established and widely used statistical model for screening and selecting critical culture variables, while response surface methodology (RSM) provides important information regarding the optimum level of each variable along with its interactions with other variables and their effects on product yield [11,12]. The aim of the present work was to study the culture conditions for probiotic-mycotoxin adsorbent S. cerevisiae RC0016 biomass production using DDGs as low-cost agro-industrial waste.

Materials and Methods

Yeast strain and cultural conditions

Saccharomyces cerevisiae RC016 was isolated from pig intestine and deposited in collection centre of the Universidad Nacional de Río Cuarto, Argentina. Stock cultures were maintained at -80 °C in 30% (v/v) glycerol. Working cultures were prepared from frozen stocks by two transfers in yeast extract-peptone-dextrose (YPD) broth (5g yeast extract, 5g peptone,  40g  dextrose,  1000ml  water)  and  incubation  at  28°C for 24h on an orbital shaker (180rpm). Morphological and molecular characteristics of this strain were informed by Armando et al. [11].

Bioethanol industry waste composition and pretreatment

The DDGs (used as carbon source) centesimal composition is informed in Table 1. DDGs was obtained from a local bioethanol producing plant. In order to avoid the obstruction of the fermentor's stirring mechanism with solid DDGs particles and concentrate the level of carbon sources, a DDGs' extract (DDGse) was prepared by adding water (300ml+75g DDGS) to obtain a 25% DDGse that was left at fluent steam for 20min and then filtered. The extract was then autoclaved at 121 °C, 1atm for 15min. Adequate volumes of this extract were used to formulate culture media at 14, 21 and 28% (Plackett-Burman design) and at 10, 20 and 30% (Box-Behnken design).



Table 1:     Dried distillers' grains and solubles (DDGs) centesimal composition.  
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Culture conditions and experimental designs for biomass production

Culture medium was designed using the following factors: DDGse as carbon source, urea as nitrogen source, and YE as vitamin supply. Saccharomyces cerevisiae biomass production was performed in shaken Erlenmeyer flasks and then validated in an aerated-agitated fermentor. For Erlenmeyer flasks' inoculation, a loopful of a S. cerevisiae RC016 culture maintained at 4 °C on an YPD agar slant was transferred to 10ml YPD broth (pH 4.5-5.5) contained in 100ml Erlenmeyer flasks (flask volume to medium volume ratio was 10:1) and incubated at 28±1 °C for 24h at 180rpm in an orbital shaker.

For the fermentor assay, the culture media optimized in Erlenmeyer flasks was validated by carrying out batch fermentations in an aerated-mechanically stirred 5L BioFlo™ 2000 fermenter (New Brunswick  Scientific  Co.,  Inc,  Enfield, CT, USA) equipped with pH, temperature and dissolved oxygen concentration sensors. The pH was maintained between 4.5 and 5.5 units by adding 18N H2SO4 or 20% w,v-1 Na2CO3. Dissolved oxygen concentration at the beginning of the experiment was 100% saturation. Foam production was controlled by the addition of Antifoam 289 (Sigma-Aldrich, St. Louis, MO, USA) defoamer. For both, flasks and fermentor assays, aliquots of 3mL culture were withdrawn for kinetic and productive parameter determinations and growth curves were constructed.







Table 2:    Levels of factors tested by Plackett-Burman Design for the screening of signi?cant variables affecting Saccharomyces cerevisiae RC016 biomass production.  
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*DDGse:  Dried  distillers' grains  and  solubles  extract,  **YE:  yeast extract.

A Plackett-Burman screening design was  used  to  select the main medium constituents influencing S. cerevisiae RC016 biomass production according to Plackett & Burman [10]. The model was set up for  four  previously  mentioned  factors  for the culture media, with two coded levels (-1 and +1) and  a centre point (0), and was run to evaluate the linear effects of carbon source concentration (DDGse) (b1), nitrogen source concentration (urea) (b2), YE concentration (b3) and incubation time (b4) (Table 2).

The results were fitted with the first-order model
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Where Y is the predicted response, b0 and bi are constant coefficients and xi is the coded independent factor.




Table 3:     Levels of factors tested by Box-Behnken designs for the optimization of Saccharomyces cerevisiae RC016 biomass production. 
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*DDGse: Dried distillers' grains and solubles extract.

A  Box-Behnken  design  (BBD)  [13]  of  Response  Surface Methodology  (RSM)  was  used  to  optimize  the  three  most significant factors (carbon source, nitrogen source, YE) for enhancing biomass of S. cerevisiae RC016, screened by Plackett-Burman design. Three settings for each of three factor levels were used to evaluate the quadratic effects and two-way interactions among the variables DDGse, urea concentration and time (Table 3).


A second-degree model was used to fit the response to the independent variables according to the equation:
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Where Y is the predicted response, xixj are the input variables that influence the response variable y, β0 is the intercept, βi is the ith lineal coefficient, βii is the ith quadratic coefficient and βij is the ijth interaction coefficient. Statistical and numerical analyses were carried out by means of the analysis of variance (ANOVA) and multiple regressions using Essential Experimental Design v. 2.214 software.

Analytical determinations

Biomass production was  monitored  evaluating  CFU  ml-1 by the standard plate count method on YPD agar and then, multiplied by an adequate factor to transform these values into biomass values in grams.

Results

Screening of essential culture conditions for biomass production

Fifteen trials were conducted to examine the effect of four variables for the production of yeast biomass using the Plackett- Burman design, a powerful method for detecting significant variables. The coefficient R2 of the first-order model for the DDGse based  medium was 0.785, indicating that only 21.5% of the variability in the response could not be explained by the model. The adjusted R2 was 0.699, indicating the linear model fits properly. The F value demonstrated a high significance for the regression. ANOVA was used to identify the effect of four factors on yeast biomass production.


 


Table 4:     Statistical analysis (ANOVA) of the model applied for Saccharomyces cerevisiae RC016 biomass production in a DDGs extract (DDGse) based medium. 
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*DDGse: Dried distillers' grains and solubles extract; **YE: yeast extract.





Table 4 shows that DDGse and urea concentrations were the most significant factors (P<0.05) that were selected for further optimization to obtain a maximum response. The equation obtained for cell growth was:

Y (CFU/mL) = 7.346 + 7048611.111*DDGSE- 24777777.78*UREA + 0.05277*Time

(*The P-values for regression coefficients in bold characters were significant at P<0.05)

Selected   culture    conditions   optimization    of    for biomass production

Based  on  the  results  obtained  from  the  Plackett-Burman design, the major factors that influenced S. cerevisiae RC016 biomass production were selected. The BBD was applied to study the interaction of the selected variables, to estimate the quadratic effects and to determine the optimal quantitative values of the studied parameters in order to maximize the response.

The coefficient of determination R2 (0.898) for the DDGse based medium indicated that only 10.2% of the variability in the response could not be explained by the model. The statistical significance of the equation model was evaluated by ANOVA F test (Table 5). Values 'Prob>F less than 0.05 indicated that the terms of the model were significant. The unadjusted F-value of 0.317 (not significant) may occur due to noise. The RSM was fitted with the second-order polynomial equation:



 

Table 5:Statistical analysis (ANOVA) of the model applied for Saccharomyces cerevisiae RC016 biomass production in a DDGs extract (DDGse) based medium. 
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Figure 1:   Response surface curve for biomass of S. cerevisiae RC016 showing the interaction between A) Urea and Time; B) Urea and DDGse; (C) Time and DDGse. The grey colour scale shows the levels of biomass production by the yeast. 




Y  (CFU/mL)  =  7.298  +  0.01889*DDGse  +  0.400*Urea  + 0.07075*Time  -  0.00209*DDGse*  DDGse  -  1.794*Urea*Urea - 0.00185*Time*Time + 0.05604*DDGse*Urea + 0.00175* DDGse*Time - 0.02906*Urea*Time    

The  model  predicts  that  the  optimal  values  of  the  three most  significant  variables  were  DDGse  =  18.9%  (m/v);  Urea= 0% (m/v); YE = 1% (m/v) and incubation time = 21.3h. The response surface curves are shown in Figure 1.

Validation of the selected culture conditions in bioreactors


  

Table 6:    Comparison  of  kinetic   parameters   (specific   growth rate (μx)) and duplication time (td) and productive parameters (maximum productivity (gl-1h-1)) and maximum production (gl-1) of Saccharomyces cerevisiae RC016 in shaken fl and bioreactor
using initial and optimized media. 
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Once the most significant variables and their optimum values were obtained, validation in bioreactor was performed in order to confirm the optimized culture conditions. Mechanical stirring to produce yeast biomass in bioreactor allows a greater homogenization of the cells in contact with the medium thereby increasing oxygen transfer and mass. Kinetic and productive parameters are shown in Table 6, the biomass production of S. cerevisiae RC016 improved significantly in the optimized media and in bioreactor compared with initial media in Erlenmeyers. The growth rate significantly increased (112.5%) whereas duplication time was reduced 53.2%.

Discussion

The viability of a biotechnological process includes a strategic analysis for reducing production costs in optimizing biomass production. The design of the culture medium is one of the most important tasks in biological technology. Winkler et al. [14] stated that within the total cost of biotech products, raw materials can represent between 30 and 80%. The composition of the culture medium also has to meet all the nutritional requirements of the microorganism. Economic evaluation of the production process of yeast suggests that the main contributor to the overall cost is the carbon source. For the formulation of an industrial culture medium it is necessary that it meets all nutritional characteristic requirements, allowing good growth of microorganisms. They have to be available on the market or otherwise be obtained as by product of some industrial process, in order to be inexpensive to manufacture. YPD medium is widely used as a substrate to obtain S. cerevisiae biomass; it is a synthetic, commercial, processed and enriched  medium with glucose as carbon sources and nitrogen sources as yeast extract and peptone [15]. However, it is a highly expensive culture medium when large-scale biomass is needed to obtain. Therefore, it is desirable to produce yeast biomass from cheap carbon sources or waste products, such as cane molasses or sugar residues of bioethanol production. In this work, with the purpose of minimize large-scale production costs and promote sustainable biomass development the use inexpensive substrates such a waste obtained from the bioethanol production was used. This substrate, DDGse has nutritional and economic advantages due to its high protein content as nitrogen sources, yeasts, minerals, group B vitamins.

When  a  response  or  set  of  responses  of  interest  are influenced  by  several  variables,  the  levels  of  these  variables must be optimized simultaneously to achieve the best system performance [16]. The use of statistical experimental designs methodology in shaken flasks allowed reaching the best nutritional conditions for the culture medium for increasing biomass production. Li et al. [17] used the same methodology we used, for the production of the yeast C. utilis  in bamboo wastewater that resulted in an overall 1.7-fold increase compared with that using the original conditions in shake-flask cultivation. In the present work, in DDGse optimized conditions the biomass production increased nine fold.

The most significant variables and their optimal ranges were 18.9% DDGse and YE 1%. In the present work, these conditions were evaluated at bioreactor level and significant improvements were  obtained  for  the  biomass  production  of  S.  cerevisiae RC0016 [18]. Other authors have shown the use of different waste substrates for biomass production. Choi and Park (2003) investigated Chinese cabbage waste as a substrate for microbial biomass production of four species of yeast included S. cerevisiae and suggested that juice from waste Chinese cabbages could be used to produce microbial biomass proteins. Other researchers, Marova et al. [19] evaluated the influence of several wastes substrates such as non-processed whey and potato extract on the production of carotenoids by yeast strains and  biomass. They demonstrated these substrates were adequate for yeast biomass production that could be directly used in feed industry as nutrition supplement [20]. Bioreactor validation showed good production growth and kinetic parameters. The highest growth rate (0.34h-1) showed a 2.04h duplication time and a high productivity (0.45gL-1h-1).

Conclusion

Waste substrates can be used as medium component, which can in particular strains and conditions induce biomass production. Thus, low cost waste substrates could be used industrially biomass production. This study suggest that the large amount of waste DDGs, produced during bioethanol production, and overproduction can be used to generate S. cerevisiae RC0016 biomass to be applied in feed additive formulations reducing production costs of the final products. The use of this agro- industrial waste that pollutes the environment can contribute to sustainable development of the process and reduce the costs of large-scale production.
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