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Abstract
Fermentation of the pentose fraction from hemicellulosic hydrolysate is an important challenge to be studied in second generation ethanol (E2G) production. In this sense, we have tested non-conventional (Scheffersomyces stipitis and Spathaspora passalidarum) and recombinant yeast strains (Saccharomyces cerevisiae recombinant MP-C5 and MP-C5H1) capable to uptake xylose with the aim to design a strategy for E2G production. Growth tests in different carbohydrates (glucose, xylose, glucose + xylose and sucrose + xylose) have shown that the integration of xylose and sucrose presented better results for all yeast tested, and the co-fermentation of these sugars provided faster xylose consumption by S. cerevisiae recombinant. One the other hand, Sp. passalidarum do not present high performance of sucrose consumption in microanaerobic fermentation conditions and an intracellular invertase high activity was observed by this yeast. S. cerevisiae MP-C5H1 presented best performance for fermentation tests and a batch strategy with high cell density was designed. By this strategy was possible to achieve high ethanol yield (0.48 g g-1), titer (53.7 g L-1) and global ethanol productivity (2.24 g L-1 h-1).
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1. Introduction
Sugarcane bagasse presents significant morphological heterogeneity and consists of bundles of fibers and other structural elements. Regarding its composition, it presents 19-24 % lignin, 27-32 % hemicelluloses, 32-44 % cellulose and 4.5-9.0 % ash. Cellulose and hemicelluloses correspond to the fractions of polysaccharides that can be extracted, fermented and transformed into ethanol, giving rise to E2G (second generation ethanol) (Cardona et al., 2010). Xylose is obtained from hemicelluloses and its fermentation would reduce the costs of ethanol production from lignocellulosic materials (Bonomi, Dayan, & Jesus, 2015). In these sense, the development of a co-fermentation process with glucose and xylose is one of the challenges for the second generation ethanol production technology. It is known that Saccharomyces cerevisiae cells are naturally incapable of fermenting xylose, due to a deficiency of their enzymes involved in the metabolism of this pentose (Stambuk, 2019). In contrast, there are other organisms capable of using xylose as a carbon source, i.e. bacteria, yeast and filamentous fungi. 
The yeasts Spathaspora passalidarum and Scheffersomyces stipitis (before mention as Pichia stipitis) are non-conventional strains that present higher ethanol yield and productivity compared to fungi and bacteria for xylose consumption. Some recent works showed the potential of ethanol production by Sp. passalidarum and Sc. stipitis (Nakanishi et al, 2017; Santos et al, 2016; Bonan et al, 2019; Souza et al, 2018; Long et al, 2012). However, these yeasts presented low tolerance to ethanol, osmotic pressure, low pH values, and most require controlled oxygenation conditions for efficient fermentation (Su, Willis, & Jeffries, 2015; Bonan et al, 2019). 
Many researchers have been working with genes from non-conventional yeasts, especially Sc. stipitis, for expression in S. cerevisiae. Genes encoding the enzymes XR (xylose reductase)/XDH (xylitol dehydrogenase) or XI (xylose isomerase), responsible for xylose fermentation, can be expressed in recombinant plasmids or directly in the genome, by homologous recombination. This strategy has shown to be one of the best alternatives to allow the fermentation of xylose in this yeast and to improve the production of E2G (Patiño, Ortiz, Velásquez, & Stambuk, 2019).
In addition to enzymes involved in xylose metabolism, transport of this pentose into the cell by yeast is a bottleneck, as it is carried out by hexose transporters with low affinity for xylose (Oreb et al., 2012). Thus, the heterologous expression of xylose transporters in S. cerevisiae has been one of the alternatives pointed out by researchers to circumvent this problem, although only a few heterologous xylose transporters have been successfully expressed in S. cerevisiae due to problems of post-traditional modifications (Leandro et al., 2008). About the endogenous S. cerevisiae transporters, overexpression of HXT genes (HXT1-HXT18 and GAL2) encoding hexose transporters has shown promising results (Hamacher et al., 2002; Gonçalves et al., 2014;  Sales et al., 2015).

In this work, two non-conventional yeasts (Scheffersomyces stipitis and Spathaspora passalidarum) and two industrial genetically modified yeasts (S. cerevisiae MP-C5 and MP-C5 H1) were evaluated for the consumption of xylose, present in hemicellulosic hydrolysates from lignocellulosic biomass. In this context, a strategy for 2G ethanol production was studied, selecting the best strains, growth conditions in pre-inoculum and inoculum, determining the composition of the fermentation medium and, finally, propagation and fermentation in a bioreactor.
2. Material and methods
2.1 Microorganism

The strains used in this study were non-conventional yeasts Sc. stipitis NRRL Y-7124 and Sp. passalidarum NRRL Y-27907 isolated from insects stomachs living in decomposing wood (Nguyen et al., 2006). Recombinant industrial yeasts from S. cerevisiae, strains MP-C5 (Gonçalves et al., 2014) and MP-C5H1 were also used. The parental industrial yeast used was S. cerevisae CAT-1 (Catanduva Mill, São Paulo, Brazil) (Basso et al., 2008; Babrzadeh et al., 2012) modified in order to overexpress the XYL1 (XR) and XYL2 (XDH) genes of Sc. stipitis, and the S. cerevisiae XKS1 (XK) gene itself, involved in xylose metabolism. In addition to this modification, in the MP-C5H1 strain a strong and constitutive promoter (ADH1 promoter) was inserted in the promoter region of the HXT1 gene, in order to overexpress a truncated form of the HXT1 transporter without the first 59 amino acids of the protein, ensuring its stability on the membrane (Roy et al., 2014). Both genetically modified strains were developed at the Molecular Biology and Yeast Biotechnology Laboratory of the UFSC Biochemistry Department under the coordination of Prof. Dr. Boris U. Stambuk.

The strains were kept in a freezer at -80 ° C in a cryotube containing YPDX medium (1 %  yeast extract, 2 % peptone, 1 % dextrose and 1 % xylose, w / v) and 50 % glycerol (1: 1). For use in the experiments, a cryotube was removed from the freezer and plated with plates containing YPDX agar (addition of 1.5 % agar) for reactivation (at 30 °C for 48 h) and subsequent inoculation of the colony in the media cultivation.
2.2 Kinect of growth and carbon consumption: analysis in different carbon sources and yeasts strains
2.2.1 Testing First step of growth
One colony of each yeast was inoculated into 125 ml Erlenmeyer flasks containing 50 ml of media. The media tested was Yeast Peptone (YP, 10 g L-1 of yeast extract and 20 g L-1 of peptone) containing 20 g L-1 of dextrose (YPD); 10 g L-1 dextrose and 10 g L-1 xylose (YPDX); 20 g L-1 xylose (YPX); or 10 g L-1 of sucrose and 10 g L-1 of xylose (YPSX). In all media tested the pH was corrected to 5.0 with 1 mol L-1 HCl and was sterilized in autoclave at 121 ° C for 20 min. The flasks were incubated, in duplicate, in a shaker (Tecnal TE-424) at 30 °C and 200 RPM for 24 h. 
2.2.2 Testing Second step growth
After establishing the pre-inoculum growth conditions for all the yeasts and media studied, growth tests were performed in the second growth stage (inoculum). For this, a cryotube removed from the yeast bank (kept at -80 ° C) was inoculated in Petri dishes containing YPDX agar medium and incubated in an oven at 30 °C for 48 h. After, a colony of each yeast was inoculated in 125 mL Erlenmeyer flasks containing 50 mL pre-inoculum medium previously selected, for 12 h at 30 °C, pH 5 and 200 RPM. 10 % (v/v) of pre-inoculum was transferred to a 250 mL Erlenmeyer flask containing 90 mL of the test media YPD, YPDX, YPX and YPSX, also containing 2.3 g L-1 of urea and 1 g L-1 of MgSO4.7H2O (Silva et al., 2012). All flasks were incubated, in duplicate, in a shaker (Tecnal TE-424) at 30° C, pH 5, 200 RPM for 24 h
2.3 Substrate media composition: concentration and xylose and sucrose proportion
To evaluate the sucrose and xylose proportions in the fermentation medium, five different conditions were tested: 100% xylose, 100% sucrose, 50% of each substrate, 30% xylose and 70% sucrose; 70% xylose and 30% sucrose. The tests were performed with the selected strains, in duplicate, in shaker (Tecnal TE-424) at 30 °C and 150 RPM in Erlenmeyer flasks. The fermentation medium contained 3 g L-1 yeast extract, 2.3 g L-1 urea, 1 g L-1 of MgSO4.7H2O and 90 g L-1 of total reducing sugars (TRS) (Nakanishi et al., 2017). To inoculate the flasks, the two growth steps previously tested (pre-inoculum and inoculum) were performed, always transferring 10 % (v/v) in each step. After determinate the best proportion the same experiment was carried out with different initial substrate concentrations: 30, 60, 90, 120, 150 and             180 g L-1. 
2.4 Propagation  
To establish a propagation protocol, three tests were performed (Table 1). The seed culture protocol (pre-inoculum and inoculum) for S. cerevisiae MP-C5H1 had same strategy described for fermentations with different sugars proportion and initial concentration (please see 2.3). Total volume of inoculum was centrifuged under sterile conditions at 3,000 xg (Beckman coulter, Avanti JE), 4 °C for 20 min and suspended in sterile distilled water to compose 10 % of the initial volume of propagation bioreactor. The cell suspension was inoculated, in order to establish the biocatalyst system for high microbial mass into a 5 L benchtop bioreactor (New Brunswick BioFlo® 110), with 2.8 L of working volume that contained a media (Table 1). Bioreactor was previously sterilized at 121 °C for 60 min to be used in the experiments.
The propagation was performed based on two phases protocol as described by Santos et al. (2016). The first phase was a batch fermentation (media composition on Table 1), and the last one started with the starvation of carbon source, at this moment, a linear feed of 2 gTRS L-1 h-1 of sterile medium and a pulse urea and KH2PO4 were established. Propagation conditions were: 30 °C, pH 5.0, initial aeration and agitation of 0.1 vvm and 200 rpm, respectively, and were increased to maintain the dissolved oxygen up to 50 % in relation to the saturation with atmospheric air. After 24 h of propagation, the feed was stopped and the media was centrifuged in a sterile vessel at 3,000 xg (Beckman coulter, Avanti JE) for 20 min and 4 °C, and the cream yeast was washed twice with sterile distilled water, centrifugate at same conditions and storage at 4 °C.

[Table 1]
2.5 Batch fermentation conditions
S. cerevisiae MP-C5H1 cream was used to perform batch fermentations in three different initial cells concentrations of 0.76+0.10, 10.95±0.25 and 30.25±0.25 g L-1. All experiments were performed in two biological replicates. Fermentations were carried out at 30 °C, 150 rpm, in 1.5 L bioreactors (New Brunswick, BioFlo 115) with 0.7 L of working volume using a defined media (g L-1) as follow: xylose 63.0; sucrose 27.0; yeast extract 3.0; urea 2.3; MgSO4.7H2O 0.3 (based on Nakanishi et al., 2017). The initial values for pH of all experiments were found between 5.0 and 5.50.  
2.6 Invertase activity in Sp. passalidarum NRRL Y-27907
To elucidate the mechanism of sucrose breakdown and consumption by S. passalidarum, the sucrose hydrolase activity (here called as invertase) was measured. First, S. passalidarum was cultivated in YPD medium supplemented with 1 % (w/v) of sucrose for 12 h at 30 °C in shaker at 250 rpm in a final volume of 50 mL. Cells were centrifuged at 3000 x g for 5 min at 4 °C and washed twice with distilled and sterile ice-cold water. In order to obtain the crude cell extract, the mixture was resuspended in a buffer solution (KH2PO4, 100 mM; MgCl2, 1 mM; and dithiothreitol (DTT) 1 mM), and then vortexed with glass beads for 30 min. The mixture was centrifuged for 30 min at 4 °C at 3000 xg. Immediately after centrifugation, an aliquot of the crude extract was isolated for protein quantification and subjected to a commercial protease inhibitor cocktail (Bio-Rad, USA) to prevent unwanted degradation of proteins. The protein concentration was determined by the Bradford dye method (Bradford, 1976). The total protein concentration in the culture supernatant was measured in triplicates. 

Three replicates for each assay were performed. The enzymatic activity was measured for the extracellular protein extract (supernatant of culture), membrane protein (pellet), and intracellular protein content (supernatant) obtained after cell lysis. The invertase activity was assayed in a reaction mixture (1 mL) containing 20 g/L of sucrose (non-reducing sugar) according to Tramontina et al (2016). The amount of invertase per unit amount of protein was calculated for each compartment to standardize the activities between each sample. To evaluate the protein profile of each yeast compartment, SDS-PAGE analysis was performed as described by Laemmli (1970) using 12 % gel. 

2.7 Analytical methods
Samples were diluted, filtered through a Millex 22um PVDF filter and analyzed employing an HPLC apparatus (LC-20A Shimadzu) equipped with a refractive index (RI) detector to determinate carbohydrates, alcohols, glycerol and organic acids concentrations. Using an Aminex HPX-87H (300 mm x 1.00 UM, 7,8 mm x 9 um, Bio-rad) chromatography column, also Aminex HPX-87P (300 mm x 1.00 UM, 7,8 mm x 9 um, Bio-rad) chromatography column to determinate sucrose, fructose and glucose (Sluiter et al., 2016).

The optical cell density was determined using a spectrophotometer detector (Bioespectro SP-220) at 600 nm after proper dilution with distilled water to give an absorbance range of 0.200-0.800. Dry cell weight was measured by gravimetrically analysis (Santos et al., 2016). Yeast viability was checked in an optical microscopy in 40X objective, considering the viable and non-viable cells, viable and non-viable budding cell, using of a Neubauer chamber and methylene blue dye to differentiate living from dead cells (Ceccato-Antonini, Tosta, & Da Silva, 2004).
2.8 Kinetic parameters
[Table 2]

3. Results 
3.1 Growth kinetic: analysis in different carbon sources

The kinetic profiles of Ln(Abs/Abs0) were fitted for Sc. stipitis, Sp. passalidarum and S. cerevisiae recombinants in all tested media (YPD, YPX, YPDX, YPSX, Figure 1). All yeasts showed higher values of µmax in the YPSX medium (0.26 h-1 MP-C5, 0.28 h-1 MP-C5H1,      0.49 h-1 Sp. passalidarum and 0.37 h-1 Sc. stipitis). The final cell concentration (DCWf) was also higher in the YPSX medium for all yeasts (5.0 g L-1 MP-C5, 5.1 g L-1 MP-C5H1, 7.8 g L-1 Sp. passalidarum, except for Sc. stipitis in YPDX (5.6 g L-1).

Analyzing the best performance among the recombinants strains, the yeast MP-C5H1 presented higher µmax (0.28 h-1 in YPSX) and, the non-conventional strains Sp. passalidarum obtained better results (with higher values of µmax 0.49 h-1 and DCWf 7.8 g L-1 in YPSX) for all yeasts tested. These two yeasts were chose to continue the scheduling tests. As no data were found in the literature for these strains in culture medium containing sucrose and xylose, it was not possible to compare the results.

The time of 12 h for incubation was selected for the pre-inoculum (First step of growth in seed culture), since, with the exception of the YPX medium for recombinants, the yeasts were in the exponential growth phase in all the tested media (see Figure 1).

[Figure 1]
From the data obtained in the inoculum test (second step of growth in seed culture), growth curves were fitted for both strains (Sp. passalidarum and S. cerevisiae MP-C5H1) in all tested media (Figure 2). It is noticed in Figure 2 the difference in the kinetic profile in each carbon source, highlighting the importance of evaluating the substrates and kinetic profile to establish the best protocol for seed culture. In Figure 2A is possible to observe that was no significant growth in 24 h for strain S. cerevisiae MP-C5H1 in medium containing only xylose and the two strains (Figures 2A and 2B) reached a higher concentration of biomass after 24 h in YPSX medium. As expected, there was no lag or adaptation phase, with the exception of S. cerevisiae MP-C5H1 in YPX medium, since the pre-inoculum transfer was done in the exponential growth phase (12 h), with the cells already adapted.

[Figure 2]
Based on the parameters of final biomass concentration and specific growth rate, the YPSX medium was selected as the best medium for the inoculum stage for both strains tested (DCWf of 8.6 g L-1 and 7.0 g L-1; µmax of 0.34 h-1 and 0.32 h-1 for Sp. passalidarum and MP-C5H1, respectively). The kinetic parameters of substrate consumption rate were calculated (data not shown), and the results for MP-C5H1 indicated that the presence of glucose and sucrose in the medium increased the consumption rate of this substrate, where the higher consumption rate was verified in the YPSX medium (rsmax 0.79 g L-1 h-1), a value approximately  30 % higher than with glucose-containing medium (YPDX, rsmax 0.55 g L-1 h-1). For non-conventional yeast Sp. passalidarum, catabolic repression was observed in the medium containing glucose and xylose, since xylose was consumed after the depletion of glucose in the culture medium. This is because in high concentrations of hexoses the cell pentose transporter is inhibited (Farwick et al., 2014). The results of maximum xylose consumption rate corroborate with the repression observed, since it is higher in the medium containing only xylose (2.5 g L-1 h-1 in YPX versus 1.49 and 1.25 g L-1 h-1 in YPSX and YPDX, respectively).
3.2 Fermentation media substrate composition: initial sugars concentration and xylose and sucrose proportion

According to Table 3 is possible analyzing the fermentative performance of recombinant yeast S. cerevisiae MP-C5H1 in different xylose and sucrose proportion. In fermentation 4 (Table 2), where only xylose was used, the recombinant yeast S. cerevisiae MP-C5H1 did not present a great fermentative performance for the analyzed parameters. However, in fermentations where xylose was mixed with sucrose (1, 2 and 3, Table 3) there was an improvement in all parameters, probably because it is a substrate easily assimilated by this yeast. For the non-conventional yeast Sp. passalidarum, because it naturally consumes xylose, the fermentations that contained this sugar in a higher proportion (1, 2 and 4, Table 3) reflect in higher substrate consumption and better fermentative performance when compared to the test containing only sucrose (5, Table 3).

[Table 3]

For both yeasts the proportion of 70 % xylose and 30 % sucrose was chosen for the next steps. For the yeast Sp. passalidarum NRRL Y-27907, the choice was made based on higher productivity in this composition, in addition to higher substrate consumption (in percentage) for the sugar mixtures (1, 2 and 3). The recombinant yeast S. cerevisiae MP-C5H1 showed higher values of substrate conversion factor in ethanol and productivity in fermentations with a composition containing a higher sucrose content, which was expected since this substrate is easily assimilated by this yeast and traditionally used in fermentations with that species. In order to maintain the E2G production proposal, we analyzed the best results found in fermentations 1 and 2. Thus, in fermentation 2 (with 70 % xylose and 30 % sucrose), the best results of conversion factor and global ethanol productivity.
Evaluating the fermentative performance of recombinant yeast S. cerevisiae MP-C5H1 in different initial substrate concentration, it is possible to note in Table 4 that the initial concentration of 90 g L-1 presented the best results for ethanol yield (YP/S and Ƞ’) For the substrate consumption, the initial concentrations of 30 and 60 g L-1 (6 and 7, Table 4) showed the best results. For the parameter Qp, the concentration of 180 g L-1 showed the best results, since this fermentation had the highest initial substrate concentration. Based on the aim of this work, the parameters Ƞ ’and Qp have great influence on the evaluation of the ethanol production process. In this sense, the initial substrate concentration of 90 g L-1 was selected for the composition of the fermentation medium in the next stages because it presented the highest yield (56.6%) in addition to high substrate consumption values (85.9%) and high ethanol productivity (0.40 g L-1 h-1). 

[Table 4]

For yeast Sp. passalidarum (Table 4) the highest value of substrate conversion factor in ethanol and yield were obtained for the concentration of 30 g L-1 (0.305 g g-1) and also the highest consumption of substrate (100%). The parameters showed that at concentration of 90 g L-1, higher productivity in ethanol (0.47 g L-1 h-1) was obtained, higher ethanol titer (22 g L-1), in addition to yield between the highest obtained and high consumption of substrate. 
The recombinant yeast S. cerevisiae MP-C5H1 showed better yield results at a concentration of 90 g L-1 and a proportion of 70 % xylose and 30 % sucrose, selected for both yeasts as the ideal substrate composition and, therefore, it was the yeast selected to continue scaling in the next steps in the bioreactor. In addition, as the purpose of a scale up is to arrive at larger scales and industrial processes, we observed that in concentrations higher than 90 g L-1, the fermentative performance of non-conventional yeast was significantly lower than the recombinant in volumetric productivity of ethanol. This corroborates with the choice of the recombinant S. cerevisiae yeast MP-C5H1, since the ethanol production process is operated intensively, with high concentrations of substrate being fed into the bioreactor, as the energy and operating expenses need to compensate for the titers obtained at the end of the fermentation process.
3.3 Sucrose metabolism in Spathaspora passalidarum

The consumption of sucrose in flasks fermentation for Sp. passalidarum yeast (Figure 2F) showed low consumption of this carbohydrate (maximum consumption of 36 % in relation to the initial concentration in the medium in the test containing only sucrose), when compared to the consumption of xylose (with consumption ranging from 90 % to 100 %). In comparison with S. cerevisae MP-C5H1 (Figure 2E) this same mixture of sugars (sucrose and xylose) presented different behavior due to the inversion of sucrose into glucose and fructose (observed during the first 4 h of fermentation), however, this same behavior was not observed for S. passalidarum. There is a lack of information in literature about the specific characteristics of invertase for this yeast. In this context, it was performed an analysis to elucidated invertase activity for S. passalidarum (Supplement material). In Supplementary Figure 1 is possible to note that S. passalidarum presented intracellular invertase activity of 4.69 ± 0.11 U/mg.   Yeasts from the CUG-Ser clade lack recognizable SUC2 (S. cerevisiae invertase) homologs and still utilize sucrose by encoding sucrose transporters and intracellular alpha or beta-glucosidases with broader specificity (De Godoy et al 2014; Riley et al., 2016;
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3.4 Propagation

With the aim to achieve high cell density for the next step of scaling up for the selected yeast S. cerevisiae MP-C5H1, three different protocols were performed for propagation. 
[Figure 3]
In Figure 3A, it is noticed that the final dry yeast biomass concentration was              14.05 g L-1. In Figure 3A is also possible to observe at the end of the cultivation the presence of 20 g L-1 of ethanol, which was not observed in the other propagations (absent in culture B and 3.2 g L-1 in culture C). Low µmax values were obtained in propagation strategy A (0.23 h-1) compared to the other propagations (0.32 and 0.46 h-1 for propagation strategies B and C, respectively) probably due to the lack of nutrients since this medium did not contain yeast extract. According to Figure 3A it is still possible to verify that the concentration of cells at the beginning of the feeding was approximately half of the concentration of cells of the other two cultures, Figures 3B and C, at that same moment, and it can be assumed that, as the feed rate of sugar was the same for all propagation strategies, in this it generated a deviation in the metabolism for the fermentative route in aerobic conditions, promoted by the repression by glucose and nitrogen depress. For culture (B) the medium was changed, however the results obtained in the cell production were not satisfactory with what was expected (DCWf 13.5 g L-1). This is because there was a depletion of glucose in 4 h, as a consequence of the improvement of the medium composition, including obtaining higher values of µmax (0.32 h-1) and cell yield (0.16 g g-1). As a consequence of this exhaustion and the beginning of feeding with only 10 h of cultivation there was no significant growth in the feeding stage as expected, with an increase in concentration of only 1 g L-1. The protocol was then adjusted and the batch reduced to 8 h. Thus, an optimized protocol was obtained, with an increase in the cell yield value from 0.14 to 0.39 g g-1, ten times more cells produced (8.80 to 89 g of cell approximately) and almost doubling cell productivity (0.56 to 1.01 g L-1 h-1). 

3.5 Batch fermentation 

In Table 5 is possible to note an increase in the consumption of xylose concomitant to the increase in the initial concentration of cells, justified by the increase in the amount of cells in the cultures with higher cell density. In addition, ethanol titer and productivity also increased significantly (from 18.2 to 53.7 g L-1 and from 0.75 to 2.24 g L-1 h-1 respectively), reaching values close to those reported in batches of E1G. Sonego (2016) obtained 2.66 g L-1 h-1 of ethanol productivity by fermenting sucrose with S. cerevisiae Y-904 in extractive production mode, for example.
[Table 5]
In all fermentations there was a considerable formation of glycerol (8.13; 11.64; 11.75 g L-1 in Figure 4 A, B, C for fermentations B1, B2 and B3 respectively), which directly influences the ethanol yields. In S. cerevisiae, glycerol acts to protect the cell against lysis in extracellular conditions with high osmotic concentration (Guo et al., 2011), which is extremely important and relevant in batch fermentations with high substrate concentrations. This justifies the formation of glycerol during all the batches. It is also verified the production of xylitol in all fermentations (2.79; 14.08; 7.09 g L-1 in Figure 4 A, B, C for fermentations B1, B2 and B3 respectively). The accumulation of xylitol was reported as one of the main bottlenecks in the xylose fermentation process in recombinant S. cerevisiae that express the XR / XDH pathway, and consequently limits ethanol yield (Cadete et al., 2016;
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[Figure 4]
The results obtained from fermentation were used to develop a mass balance, extrapolating results for 1000 kg of sugar (Figure 5). It is possible to note that there was an increase in the amount of ethanol produced, as the initial cell concentration in the fermentation was increased (from 156.69 kg in the experiment B1 to 471.87 kg of ethanol in experiment B3). Santos et al (2016) obtained 260.78 kg of ethanol after five batching cycles with rich medium containing xylose and glucose at 30 ° C, using the yeast Sc. stipitis adapted in previous steps in recycles with temperature variation. This value is obtained by extrapolating the entry to a total of 1000 kg of ART. On this work, in B1 we have 156.69 kg of ethanol (from 670 kg xylose and 330 kg of sucrose), B2 with 405.60 kg of ethanol (leaving 700 kg xylose and 300 kg sucrose) and in B3 we have 471.87 kg ethanol from 690 kg xylose and 310 kg sucrose, proving the fermentative efficiency of recombinant yeast S. cerevisiae MP-C5H1 compared to data previously presented in the literature for another yeast.
[Figure 5]
3. Discussion
Recent woks show that E1G2G process make more economic viable and highest productions of ethanol (Bonomi, Dayan, & Jesus, 2015;

ADDIN CSL_CITATION {"citationItems":[{"id":"ITEM-1","itemData":{"DOI":"10.1590/3410014/2019","ISSN":"0102-6909","abstract":"O presente artigo propõe analisar as políticas e as iniciativas nacionais relacionadas com a produção, a pesquisa e o desenvolvimento de etanol de segunda geração (E2G) no Brasil. Utilizando a Teoria Ator-Rede como referencial teórico e metodológico, buscamos identificar, a partir de levantamento bibliográfico e documental, quais são as políticas imbricadas com o E2G, os principais atores que fazem parte dessa rede, suas alianças, as tecnologias relacionadas e as principais questões envolvidas nesse processo. Ao mapear essa rede e acompanhar suas controvérsias, tentamos demonstrar como o E2G ainda é uma caixa-preta aberta a associações de atores humanos e não humanos, políticas e (in)definições. Por fim, apontamos as implicações desse artefato com as políticas relacionadas, buscando contribuir com o debate atual sobre a política energética e a ciência e a tecnologia brasileira.Cet article propose d’analyser les politiques et les initiatives nationales relatives à la production, à la recherche et au développement de l’éthanol de seconde génération (E2G) au Brésil. En utilisant la théorie de l’acteur-réseau comme cadre théorique et méthodologique, nous cherchons à identifier, à partir d’une enquête bibliographique et documentaire, quelles sont les politiques incorporées à l’E2G, les principaux acteurs qui font partie de ce réseau, leurs alliances, les technologies qui y sont associées et les principales questions impliquées dans ce processus. En cartographiant ce réseau et en traçant ses controverses, nous essayons de démontrer comment l’E2G est toujours une boîte noire ouverte aux associations d’acteurs humains et non-humains, politiques et (in)définitions. Enfin, nous indiquons les implications de cet artefact avec les politiques connexes, tout en cherchant à contribuer avec le débat actuel sur la politique énergétique, sur la science et sur la technologie brésilienne.This article analyses the national policies and initiatives related to the production, research and development of the second generation ethanol (E2G) in Brazil. Using actor-network theory as the theoretical and methodological referential, we sought to identity, from a bibliographical and documentary survey, which are the policies interwoven with E2G, the main actors that form this network, its alliances, the related technologies and the main issues involved in this process. By mapping this network and tracking its controversies, we try to demonstrate how E2G is still a black box open to h…","author":[{"dropping-particle":"","family":"Lorenzi","given":"Bruno Rossi","non-dropping-particle":"","parse-names":false,"suffix":""},{"dropping-particle":"de","family":"Andrade","given":"Thales Haddad Novaes","non-dropping-particle":"","parse-names":false,"suffix":""}],"container-title":"Revista Brasileira de Ciências Sociais","id":"ITEM-1","issue":"100","issued":{"date-parts":[["2019"]]},"title":"O Etanol De Segunda Geração No Brasil: Políticas E Redes Sociotécnicas","type":"article-journal","volume":"34"},"uris":["http://www.mendeley.com/documents/?uuid=d4ab351f-3e74-47e1-a3ad-55ea5c23ccf5"]}],"mendeley":{"formattedCitation":"(Lorenzi & Andrade, 2019)","manualFormatting":" Lorenzi & Andrade, 2019)","plainTextFormattedCitation":"(Lorenzi & Andrade, 2019)","previouslyFormattedCitation":"(Lorenzi & Andrade, 2019)"},"properties":{"noteIndex":0},"schema":"https://github.com/citation-style-language/schema/raw/master/csl-citation.json"} Lorenzi & Andrade, 2019). Using sugar cane syrup or molasses, providing by first generation, to diluting sugar cane bagasse hydrolysate, also provide a dilution of toxic compounds present in this medium (acetic acid, hydroxymetilfurfural, furfural and phenolics) because of sugars degradation in pretreatment and hydrolyses process (Farias & Maugeri Filho, 2019). In this work, the results obtained shows that sucrose and xylose co-fermentation also increase the xylose consumption achieving better results at growing and fermentation steps with MP-C5H1 strain. 
It is noteworthy that some challenges still need to be overcome, such as the accumulation of xylitol by recombinant yeast, requiring new genetic modifications (induced or directed) to increase the yield in ethanol. Other strategy is the performance of recycles (Melle-Boinot) as already observed in the literature for non-conventional yeasts that improves ethanol yield and reduce xylitol formation (Nakanishi et al, 2017; Santos et al, 2016) and for 1G Brazilian Mills. Xylitol accumulation was described for other authors that work with recombinant yeasts to consume xylose (Sales et al., 2015;
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ADDIN CSL_CITATION {"citationItems":[{"id":"ITEM-1","itemData":{"DOI":"10.1038/srep46155","ISSN":"20452322","abstract":"Combined overexpression of xylulokinase, pentose-phosphate-pathway enzymes and a heterologous xylose isomerase (XI) is required but insufficient for anaerobic growth of Saccharomyces cerevisiae on d-xylose. Single-step Cas9-assisted implementation of these modifications yielded a yeast strain expressing Piromyces XI that showed fast aerobic growth on d-xylose. However, anaerobic growth required a 12-day adaptation period. Xylose-adapted cultures carried mutations in PMR1, encoding a Golgi Ca2+/Mn2+ ATPase. Deleting PMR1 in the parental XI-expressing strain enabled instantaneous anaerobic growth on d-xylose. In pmr1 strains, intracellular Mn2+ concentrations were much higher than in the parental strain. XI activity assays in cell extracts and reconstitution experiments with purified XI apoenzyme showed superior enzyme kinetics with Mn2+ relative to other divalent metal ions. This study indicates engineering of metal homeostasis as a relevant approach for optimization of metabolic pathways involving metal-dependent enzymes. Specifically, it identifies metal interactions of heterologous XIs as an underexplored aspect of engineering xylose metabolism in yeast.","author":[{"dropping-particle":"","family":"Verhoeven","given":"Maarten D.","non-dropping-particle":"","parse-names":false,"suffix":""},{"dropping-particle":"","family":"Lee","given":"Misun","non-dropping-particle":"","parse-names":false,"suffix":""},{"dropping-particle":"","family":"Kamoen","given":"Lycka","non-dropping-particle":"","parse-names":false,"suffix":""},{"dropping-particle":"","family":"Broek","given":"Marcel","non-dropping-particle":"Van Den","parse-names":false,"suffix":""},{"dropping-particle":"","family":"Janssen","given":"Dick B.","non-dropping-particle":"","parse-names":false,"suffix":""},{"dropping-particle":"","family":"Daran","given":"Jean Marc G.","non-dropping-particle":"","parse-names":false,"suffix":""},{"dropping-particle":"","family":"Maris","given":"Antonius J.A.","non-dropping-particle":"Van","parse-names":false,"suffix":""},{"dropping-particle":"","family":"Pronk","given":"Jack T.","non-dropping-particle":"","parse-names":false,"suffix":""}],"container-title":"Scientific Reports","id":"ITEM-1","issue":"April","issued":{"date-parts":[["2017"]]},"page":"1-11","publisher":"Nature Publishing Group","title":"Mutations in PMR1 stimulate xylose isomerase activity and anaerobic growth on xylose of engineered Saccharomyces cerevisiae by influencing manganese homeostasis","type":"article-journal","volume":"7"},"uris":["http://www.mendeley.com/documents/?uuid=8a823a8e-4612-4dfb-bf17-a4b519d9939f"]}],"mendeley":{"formattedCitation":"(Verhoeven et al., 2017)","manualFormatting":" Verhoeven et al., 2017)","plainTextFormattedCitation":"(Verhoeven et al., 2017)","previouslyFormattedCitation":"(Verhoeven et al., 2017)"},"properties":{"noteIndex":0},"schema":"https://github.com/citation-style-language/schema/raw/master/csl-citation.json"} Verhoeven et al., 2017). It happens because the reduction of xylose is accomplished by a NADPH-dependent xylose reductase (XR), while xylitol oxidation to xylulose, carried out by the enzyme xylitol dehydrogenase (XDH), requires NAD+. This dependence generates a redox imbalance, due to the lack of recycling of NAD+, which ends up interrupting the metabolism of xylose, causing an accumulation of xylitol (Hahn Hangngerdal et al., 1994). This imbalance is more affected in anaerobiosis, since, while NADPH can be produced in the Via das Pentoses-Phosphate, NADH cannot be reoxidated in the absence of oxygen. When oxygen is available, the NADH co-substrate can be reoxidated by the electron transport chain. Thus, fermentation of xylose under limited oxygen conditions can improve the metabolic flow of this pentose. Dos Santos et al. (2016) deleted the GRE3 gene encoding aldose reductase in order to decrease the production of xylitol. Cadete et al., (2016) compared two yeasts in terms of xylitol accumulation and increased ethanol production. One S. cerevisiae TMB 3422 (XR from Sc. Stipitis), and another S. cerevisiae TMB 3504 (expressing XYL1.2p from Sp. passalidarum UFMG-CM-Y469) in anaerobic fermentation with xylose. As a result, the TMB 3504 strain was able to efficiently convert xylose into ethanol with high yield and productivity and low xylitol accumulation. Compared to S. cerevisiae TMB 3422, the TMB 3504 strain exhibited approximately 20 % more ethanol yield, less than 50 % xylitol (0.10 vs. 0.21 g g −1) and 80 % higher specific ethanol productivity, corresponding to a maximum ethanol titer of approximately 18 g L-1 after 72 h. The minimum xylitol yield found by the author was similar to the average yield found in the three batches of this work present (0.107 g g-1). To prevent the accumulation of xylitol, most industrial strains of xylose fermentation can be constructed using the XI route with introduction of the gene encoding the enzyme. Verhoeven et al (2017) used this strategy cloning XI gene from the non-pathogenic fungus Piromyces sp. (Table 5). Another alternative is the use xylose reductases with affinity for both cofactors (NADH and NADPH) or with greater affinity for NADH, which could prevent or reduce the imbalance of cofactors strategy used by Cadete et al (2016), expressing the Sp. passalidarum genes in S. cerevisiae as previously mentioned.
Comparing to other results and strategies described in literature (Table 5), this work achieve highest ethanol yield (0.48 g g-1), titer (53.7 g L-1) and Qp (2.24 g L-1 h-1) for E2G production, presenting the high potential of the strain as a platform for the development of a strain with industrial application. 
[Table 6]
Abbreviations

E2G: second generation ethanol process

E1G2G: first and second generation ethanol (integrate process)

GMO: genetically modified organism

Qp: global ethanol volumetric productivity 
YP/S: factor of substrate conversion into ethanol
µmax: maxim specific growth rate 

ƞ: ethanol yield based on stochiometric yield
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Figures caption 

Figure 1. Kinect of growth in test of different carbon sources in first step inoculum by (A) S. cerevisiae MP-C5H1; (B) S. cerevisiae MP-C5; (C) Spathaspora passalidarum NRRL Y-27907; (D) Scheffersomyces stipitis NRRL Y-7124; in xylose, xylose and glucose, sucrose and xylose, glucose. 

Figure 2. Inoculum kinect curves of (A, C, E, G, I) S. cerevisiae MP-C5H1 and (B, D, F, H, J) Spathaspora passalidarum NRRL Y-27907 in (B) YPD, (C) YPSX, (D) YPX, (E) YPDX. ([image: image32.wmf]t
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Figure 3. Growth kinetics, glucose consumption and product formation during propagation with protocols A, B and C performed with yeast S. cerevisiae MP-C5H1. where the filled triangles represent ethanol, empty circles DCW (dry cell weight), empty glycerol triangles, and (x) represent glucose. A dashed line indicates the time when the continuous glucose feed starts.

Figure 4. Fermentation kinetics of yeast S. cerevisiae MP-C5H1 in medium containing glucose and sucrose in bioreactor with A) 0.76+0.10; B) 10.95±0.25; C) 30.25±0.25 CDW0. ([image: image9.emf]0
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Figure 5. Mass balance of fermentations in bioreactor using S. cerevisiae MP-C5H1 in medium containing sucrose and xylose, with different DCW0, B1: 0.76; B2: 10.95; B3: 30.25 g L-1.

Tables 

Table 1. Protocols and media tested in the propagation stage of the yeast S. cerevisiae MP-C5H1 in bioreactor.

	Protocol
	Batch
	Composition (g L-1) 

and cultivation time to  add the pulse
	Fed Batch
	References

	
	Media Composition 

 (g L-1)
	Volume*/ 

Step Time
	
	Media Composition 

(g L-1)
	Volume / 

Step Time 
	

	A
	30 glucose; 2.4 ureia;

3 KH2PO4; 0.5 MgSO4.7H2O
	0.49 L /

10 h
	2 KH2PO4; 5 urea

10 h
	200 glucose
	0.21 L /

14 h
	Long et al (2012) adapted

	B
	30 glucose; 2.4 ureia;

3 yeast extract,

5 peptone, 2 KH2PO4.
1 MgSO4.7H2O
	2.8 L /

10 h
	2  KH2PO4; 2.4 urea

10 h
	127 glucose,

3 yeast extract
	1.2 L /

14 h
	Santos et al (2016) adapted

	C
	30 glucose; 2.4 uréia;

3 yeast extract;

5 peptone; 2 KH2PO4;
1 MgSO4.7H2O
	2.8 L /

8 h
	2  KH2PO4; 2.4 urea

8 h
	127 glucose,

3 yeast extract
	1.2 L /

16 h
	Santos et al (2016) adapted


Tabela 2. Equations used for kinetic parameters

	Equation number
	Parameter
	Equation
	Unit

	(1)
(2)
	Maximum specific growth rate

max 
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	h-1

	(3)
	Substrate Uptake rate
	
	g l-1 h-1

	(4)
	Conversion factor of substrate into ethanol
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	gP gS-1

	(5)
	Conversion factor of substrate into ethanol *
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	gP gS-1

	(6)
	Yield’*
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	(7)
	Yield
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	gP L-1 h-1


 where: X = dry cell weight (g L-1); Pf e Pi= final and initial ethanol concentration (g L-1), respectively; Sf e Si= final and initial substrate concentration (g L-1), respectively; t = time (h);  YP/S ESTQ = stoichiometric conversion factor of sugar into ethanol of  0.511 gP gS-1.

*Considering the initial amount of substrate.

Table 3. Ethanol yield (YP/S), substrate consumption (%) and global volumetric ethanol productivity (Qp) for the fermentation with Sp. passalidarum NRRL Y-27907 and S. cerevisiae MP-C5H1 in Erlenmeyer using different proportion of sucrose and xylose in rich medium with 90 g L-1 (initial total substrate).

	Fermentation*
	YP/S
(g g-1)
	Substrate consumption (%)
	Qp

(g L-1 h-1)

	
	MP-C5H1
	S. passalidarum
	MP-C5H1
	S. passalidarum
	MP-C5H1
	S. passalidarum

	1
	0.272+0.007
	
	0.269+0.00
	100+0.0
	61.0+3.4
	0.37+0.02
	0.23+0.00

	2
	0.336+0.038
	
	0.171+0.00
	85.8+5.5
	74.0+0.2
	0.40+0.01
	0.47+0.00

	3
	0.366+0.005
	
	0.155+0.002
	100+0.0
	47,6+0.0
	0.64+0.08
	0.31+0.00

	4
	0.00
	
	0.167+0.020
	18,5+2.3
	90.9+9.1
	0.00
	0.38+0.00

	5
	0.389+0.008
	0.011+0.001
	100+0.0
	36,3+0.8
	1.49+0.06
	0.23+0.00


*(1) 50% xylose and 50% sucrose; (2) 70% xylose and 30% sucrose; (3) 30% xylose and 70% sucrose; (4) 100% xylose; (5) 100% sucrose. All values ​​are averages of experimental duplicates.

Table 4. Results of ethanol yield (YP/S), substrate consumption and global volumetric ethanol productivity (Qp) for the fermentation with Sp. passalidarum and S. cerevisiae MP-C5H1. in Erlenmeyer with different initial concentration of substrate using 70 % de xylose and 30 % sucrose

	Test*
	YP/S
(g g-1)**
	Ethanol Titer

(g L-1)
	Substrate Consumption

(%)
	Ƞ’ (%)
	Qp***

(g L-1h-1)
	dP/dt

max

(g h-1)

	
	MP-C5H1
	Sp. passalidarum
	MP-C5H1
	Sp. passalidarum
	MP-C5H1
	Sp. passalidarum
	MP-C5H1
	Sp. passalidarum
	MP-C5H1
	Sp. passalidarum
	MP-C5H1
	Sp. passalidarum

	6
	0.145+0.051
	0.305+0.014
	7.35+0.01
	8.88+0.51
	100
	100
	28.1+9.8
	48.8+2.7
	0.09+0.04
	0.14+0.02
	0.23
	0.73

	7
	0.238+0.025
	0.267+0.021
	17.49+0.31
	15.61+0.51
	100
	92.9
	46.11+4.9
	48.6+3.5
	0.22+0.02
	0.21+0.01
	0.78
	0.87

	8
	0.336+0.038
	0.171+0.001
	28.47+0.49
	22.75+0.04
	85.9
	74.0
	56.6+1.9
	47.6+0.7
	0.40+0.01
	0.47+0.00
	0.99
	0.63

	9
	0.304+0.013
	0.250+0.014
	30.12+2.59
	18.97+0.71
	71.5
	58.3
	41.9+4.8
	28.6+0.7
	0.41+0.04
	0.26+0.01
	1.50
	0.52

	10
	0.340+0.052
	0.244+0.005
	29.86+1.86
	13.73+0.52
	52.5
	33.2
	34.3+3.7
	15.9+0.9
	0.41+0.04
	0.18+0.01
	2.31
	0.41

	11
	0.262+0.068
	0.233+0.041
	31.62+0.302
	9.94+0.07
	54.6
	19.9
	29.3+1.5
	9.2+0.2
	0.66+0.03
	0.13+0.00
	2.27
	0.40


*(6) 30 g L-1; (7) 60 g L-1; (8) 90 g L-1; (9) 120 g L-1; (10) 150 g L-1; (11) 180 g L-1 of TRS. All values are averages of experimental duplicates.

** Calculated in points where deplete substrate, and from 8 to 11 in the final time because had residual concentration of sugar.

*** Calculated in the point of maximum ethanol titer

Table 5. Parameters of xylose consumption, titer, global ethanol productivity  (Qp) and product yield (ethanol, xylitol and glycerol), obtained in fermentations in bioreactor with recombinant S. cerevisiae MP-C5H1 in rich medium with different initial concentrations biomass (DCW0)
	DCW0

(g L-1)
	Xylose Consumpition

(g L-1 h-1)
	Ethanol  titer

(g L-1)
	Ƞ

(%)
	Yethanol/S
(g g-1)
	Yxylitol/S

(g g-1)
	Yglycerol/S

(g g-1)
	Qp
(g L-1 h-1)

	0.76
	1.29+0.02
	18.2+0.0
	43+0
	0.23+0.00
	0.07+0.00
	0.09+0.01
	0.75+0.00

	10.95
	2.61+0.02
	49.5+0.4
	85+2
	0.43+0.01
	0.16+0.00
	0.10+0.00
	1.71+0.00

	30.25
	4.36+0.03
	53.7+0.8
	93+1
	0.48+0.00
	0.09+0.00
	0.11+0.00
	2.24+0.00


Ƞ: ethanol yield based on stochiometric conversion (0.511 g g-1)

Table 6. Comparative results of ethanol yield (YP/S), global volumetric ethanol productivity (Qp) and ethanol titer using S. cerevisiae GMO 
	Strain
	Fermentation
	Carbon source
	QP (g L-1 h-1)
	YP/S (g g-1)
	Ethanol Titer (g L-1)
	Reference

	YSX4a
	Flask
	Xylose
	0.12
	0.35
	-
	Li et al., 2017

	NAPX37b
	Flask
	Glucose + xylose
	0.55
	0.36
	39.9
	Li et al., 2016

	NAPX37b
	Biorreactor (contin.)
	Xylose
	-
	0.39
	~40
	Li et al., 2016

	TBM 6422c
	Biorreactor (batch)
	Xylose
	0.11
	0.34
	16
	Cadete et al., 2016

	TMB 3504d
	Biorreactor (batch)
	Xylose
	0.14
	0.40
	20
	Cadete et al., 2016

	IMX906e
	Flask
	Xylose
	-
	0.40
	7.5
	Verhoeven et al., 2017

	MP-C5H1
	Biorreactor (batch)
	Xylose + sucrose
	0.76
	0.21
	18.2
	This work

	MP-C5H1
	Biorreactor (batch)
	Xylose+ sucrose
	1.71
	0.43
	49.5
	This work

	MP-C5H1
	Biorreactor (batch)
	Xylose + sucrose
	2.24
	0.48
	53.7
	This work


a XYL1 (Gene XR) e XYL2 (Gene XDH) from Sc. stipitis CBS6054. and XKS1 (Gene XK) from S. cerevisiae YS58 ;

bXYL1 (XR), XYL2 (XDH) from Scheffersomyces stipitis, XKS1 de S. cerevisiae, BG L1 (β-glucosidase) de Aspergillus aculeatus, e GXS1 (glucose/xylose symporter 1) from Candida intermedia .Floculant industrial yeast KF-7. HXT7 overexpressed; c XR/XDH mutante SsXYL1. SsXYL2;  d XR/XDH SpXYL1. SpXYL2; e Piromyces XI
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Figure 3
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Figure 4
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Figure 5

[image: image26.emf]Input  based on 1 ton of sugar 

kg (dry  mass)

(B1)         (B2)        (B3)

Sucrose               330.00     300.00    310.00

Xylose 670.00      700.00    690.00

Biomass                  2.76      105.27    293.23

Output                          Kg (dry mass)

(B1)             (B2)         (B2)

Ethanol            156.67       405.61 471.87

glycerol              64.24      100.39      103.10

xylitol                 24.13       116.01       62.22

biomass             27.47       104.43      214.80

sucrose                0.00         0.00          0.00

xylose               290.70        0.00          0.00



� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���








[image: image29.wmf]t

Abs

Abs

Ln

×

=

÷

÷

ø

ö

ç

ç

è

æ

max

0

m

[image: image30.wmf]÷

ø

ö

ç

è

æ

-

=

dt

dS

S

r

[image: image31.wmf]t

Abs

Abs

Ln

×

=

÷

÷

ø

ö

ç

ç

è

æ

max

0

m

_1644599632.unknown

_1644599671.unknown

_1644599583.unknown

