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Abstract: The stress imposed by ethanol to Saccharomyces cerevisiae cells are one of the most chal-

lenging limiting factors in industrial fuel-ethanol production. Consequently, the toxicity and toler-

ance to high ethanol concentrations has been the subject of extensive research, allowing the identi-

fication of several genes important for increasing the tolerance to this stress factor. However, most 

studies were performed with well characterized laboratory strains, and how the results obtained 

with these strains work in industrial strains remains unknown. In the present work we have tested 

three different strategies known to increase ethanol tolerance by laboratory strains in an industrial 

fuel-ethanol producing strain: overexpression of the TRP1 or MSN2 genes, or overexpression of a 

truncated version of the MSN2 gene. Our results show that the industrial CAT-1 strain tolerates up 

to 14% ethanol, and indeed the three strategies increased its tolerance to ethanol. When these strains 

were subjected to fermentations with high sugar content and cell-recycle, simulating the industrial 

conditions used in Brazilian distilleries, only the strain with overexpression of the truncated MSN2 

gene showed improved fermentation performance, allowing the production of 16% ethanol from 

33% of total reducing sugars present in sugarcane molasses. Our results highlight the importance of 

testing genetic modifications in industrial yeast strains under industrial conditions in order to im-

prove the production of industrial fuel ethanol by S. cerevisiae. 

Keywords: ethanol stress; ethanol tolerance; industrial yeast strains; high-gravity fermentation; 

TRP1; MSN2 

 

1. Introduction 

Fuel ethanol production has been intensively investigated as a result of increasing 

concerns on energy security, sustainability and global climate change, and consequently 

the fuel ethanol market reached 124 billion liters in 2021 [1,2]. Yeasts of the Saccharomyces 

genus (including hybrids) are used in many industrial fermentation processes, but S. cere-

visiae is the predominant yeast specie responsible for fuel ethanol production world-wide 

[3,4]. S. cerevisiae, and few other yeasts, are able to ferment sugars even in the presence of 

oxygen, a phenomenon known as the “Crabtree effect” [5-7]. This fermentation capacity 

reduces the cell biomass production but provides a tool to out-compete other microorgan-

isms due to the toxicity of high levels of ethanol. However, the increased concentration of 

ethanol produced during fermentation, will influence the membrane fluidity, and thus is 

also toxic to the yeast cells producing ethanol, leading to growth inhibition and even 

death. Consequently, there has been several investigations dealing with ethanol tolerance 

and the stress response that yeasts have when submitted to high ethanol concentrations 

(reviewed in [8-12]). A better understanding of the molecular mechanisms underlying 
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yeast tolerance to these fermentation-associated stresses is essential for improvement of 

yeast cell performance during ethanol stress by genetic engineering approaches [13,14]. 

Properties like membrane lipid composition, chaperone protein expression, vacuolar 

and peroxisome function, and trehalose content are important determinants of ethanol 

tolerance. In S. cerevisiae signal transduction pathways triggered by the most common 

types of stress (the general stress response) allow cells exposed to a mild stress to develop 

tolerance not only to higher doses of the same stress, but also to stress caused by other 

agents [15]. This system regulates the induction of many stress genes through a common 

cis element in their promoter (also known as stress response element, STRE), which is rec-

ognized by the two redundant MSN2/MSN4 transcription factors [16,17]. Upon exposure 

to a stressful environment (e.g. high ethanol levels), these transcription factors migrate to 

the nucleus to promote the expression of hundreds of genes, the majority of them through 

the activity of MSN2 [18]. The protein encoded by MSN2 has several functional regions, 

including the C-terminal zinc finger DNA-binding domain, the region containing the nu-

clear localization signal and the nuclear export signal, and the essential MSN2 transcrip-

tional-activating domain (TDA), located in the N-terminal region of the protein, that is 

also involved in the nuclear localization of this transcription factor [19,20]. Finally, over-

expression of MSN2, or a truncated version of the protein lacking the first 48 amino acids, 

allowed increased ethanol tolerance and productivity by yeast cells [21,22]. Besides this 

general stress response, other publications have shown that some amino acids (particu-

larly tryptophan) are involved in yeast tolerance to ethanol and other stresses. Genome-

wide transcriptomics and screening of the collection of deletion mutants revealed many 

genes required for tolerance to ethanol, including genes involved in tryptophan biosyn-

thesis that promoted an increased sensitivity to ethanol when deleted. Indeed, an ethanol 

tolerant sake brewing yeast showed higher expression levels of tryptophan biosynthesis 

genes under ethanol stress, when compared with a laboratory strain. These studies also 

showed that overexpression of any of the tryptophan biosynthesis genes (TRP1-TRP5, 

particularly TRP1), or overexpression of the tryptophan permease gene (TAT2) together 

with tryptophan supplementation on the culture medium, improved ethanol tolerance by 

a laboratory yeast strain (22-26). 

The Brazilian renewable sugarcane fuel-ethanol industry is highly competitive, when 

compared with ethanol production processes from other crops (e.g., corn and sugarbeet), 

as it shows the highest percentage of greenhouse gas emissions reduction, highest energy 

balance and yields per hectare, and the lowest production costs [27]. The productivity of 

the Brazilian fuel ethanol industry has increased steadily due to several improvements, 

including the amount of ethanol produced from each ton of sugarcane, as the fermentation 

process has also reached high industrial efficiency [28,29]. Over 70% of the milling and 

distilling facilities in Brazil perform the Melle-Boinot process, a fed-batch fermentation 

with high cell density that allows higher production stability when compared to the con-

tinuous mode [30]. At the end of each fermentation the yeast cells are centrifuged, treated 

with diluted sulphuric acid, and over 90% of the yeast cells are reused from one fermen-

tation to the next, to ensure the high cell density that contributes to very short fermenta-

tion times, and thus the improved productivity of the process [28,29,31]. However, as in 

many industrial non-sterile processes, a continuous input of contaminant microorganisms 

is observed, leading to decreased efficiency and stuck fermentations [32-34]. Indeed, stud-

ies on the microbiological dynamics of the industrial fermentors revealed a very rapid 

succession of yeast strains, and consequently the original starter yeast can be completely 

replaced by other strains in a matter of weeks [35,36]. Nevertheless, some yeast strains 

tend to dominate the fermentors, allowing the selection of suitable industrial fuel ethanol 

strains (e.g. strain CAT-1) with high fermentative capacity and viability able to withstand 

the stressful industrial conditions, which include high ethanol concentrations [36-38]. 

Considering that most studies regarding genes involved in ethanol tolerance were 

performed using laboratory yeast strains with relative low (5-8% w/v) ethanol concentra-

tions, in the present report we tested if the above approaches (overexpression of TRP1, 

MSN2 or a N-terminal truncated MSN2) could improve the ethanol tolerance and 
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production of the industrial strain CAT-1. Our results indicate that strain CAT-1 can tol-

erate up to 14% ethanol, and while the three strategies indeed increased its tolerance to 

ethanol, when these strains were subjected to fermentations with high sugar content, sim-

ulating the industrial conditions used in Brazilian distilleries, only the strain with overex-

pression of the truncated MSN2 gene showed an improved fermentation performance. 

2. Materials and Methods 

2.1. Strains, media and growth conditions 

The S. cerevisiae strains analyzed (Table 1) were all derived from the industrial fuel 

ethanol strain CAT-1 [38]. Yeasts were cultivated on rich YP medium (20 g/L peptone, 10 

g/L yeast extract) containing 20 g/L glucose or sucrose. The pH of the medium was ad-

justed to pH 5.0 with HCl. When required, 20 g/L agar and 200 mg/L geneticin (G-418) 

sulfate (Invitrogen, Thermo Fisher Scientific Inc., Sinapse Biotecnologia, São Paulo, SP, 

Brazil) were added to the medium. Cells were grown aerobically at 28ºC with shaking 

(160 rpm) in cotton plugged Erlenmeyer flasks filled to 1/5 of the volume with medium, 

and cellular growth was followed by turbidity measurements at 570 nm (OD570nm). 

2.2. Molecular biology techniques 

Standard methods for bacterial transformation, DNA manipulation and analysis 

were employed [39]. To overexpress the TRP1 gene in S. cerevisiae CAT-1, the promoter 

region of this gene was modified according to the polymerase chain reaction (PCR)-based 

gene modification procedure [40]. Briefly, the kanMX-PADH1 module from plasmid pFA6a-

kanMX6-PADH1 [40] was amplified with primers TRP1-Kanr-F and TRP1-PADH1-R (Table 

1). These primers contain ~40 bp of homology to the promoter and start regions of the 

TRP1 gene at their 5’ end, and ~20 bp to amplify the kanMX-PADH1 module at their 3’ end. 

The resulting PCR product of 2,394 bp containing the constitutive promoter of the ADH1 

gene was used to transform competent yeast cells by the lithium acetate method [41]. After 

2-hour cultivation on YP-2% glucose, the transformed cells were plated on the same 

medium containing G-418 and incubated at 28°C. G-418-resistant isolates were tested for 

proper genomic integration of the kanMX-PADH1 cassette at the TRP1 locus by diagnostic 

colony PCR using primers V-kanr-F and VRT-TRP1-R (Table 1), producing strain CAT1-

TRP1oe (KanMX-PADH1::TRP1). A similar approach was used to overexpress the MSN2 

gene, but in this case the kanMX-PADH1 module was amplified directly from the genomic 

DNA of strain CAT1-TRP1oe using primers MSN2-Kanr-F and MSN-PADH1-R (Table 1), 

while the correct genomic integration of the kanMX-PADH1 cassette at the MSN2 locus was 

verified using primers V-kanr-F and VRT-MSN2-R (Table 1), producing strain CAT1-

MSN2oe (KanMX-PADH1::MSN2). To overexpress the truncated version of the MSN2 gene, 

the reverse primer (NΔMSN2-PADH1-R, Table 1) was designed to have 40 bp of 

homology to the sequence downstream of nucleotide 153 of the open reading frame, and 

thus the first 51 amino acids of the protein were deleted. When the G-418-resistant isolates 

were tested for proper genomic integration of the kanMX-PADH1 cassette at the MSN2 locus 

(using primers V-kanr-F and VRT-MSN2-R, Table 1), a ~153 bp shorter amplicon was 

obtained, when compared with the product obtained with strain CAT1-MSN2oe, 

indicating that strain CAT1-NΔMSN2oe was correctly constructed. 

2.3. Quantitative RT-PCR analysis 

Quantitative RT-PCR (qRT-PCR) was conducted to verify the overexpression of the 

TRP1, MSN2 and NΔ(1-153)MSN2 genes in strains CAT1-TRP1oe, CAT1-MSN2oe and 

CAT1-NΔMSN2oe, respectively, when compared to the expression of these genes in strain 

CAT-1. The yeast strains were grown in YP-20 g/L glucose medium to mid-log phase, 

centrifuged (5,000 g, 4 min at 4°C), washed with cold distilled water, and according to the 

manufacturer's protocols, the total RNA of the cell pellets was extracted using the 

RNeasy® Mini Kit (Qiagen Brazil, São Paulo, Brazil). The total RNA of each sample (1 ug) 

was reverse transcribed to cDNA using the QuantiTect® Reverse Transcription Kit 
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(Qiagen). The qRT-PCR reactions were performed with the QuantiFast® Sybr Green PCR 

Kit and the Rotor-Gene® Q equipment (Qiagen) using the primers for the TRP1 gene 

(primers RT-TRP1-F and VRT-TRP1-R, Table 1), the MSN2 and NΔ(1-153)MSN2 genes 

(primers RT-MSN2-F and VRT-MSN2-R, Table 1), and for the actin gene (ACT1) that was 

selected as the endogenous reference gene (primers RT-ACT1-F and RT-ACT1-R, Table 1). 

A dissociation curve was generated for each assay in order to confirm the amplification of 

only one product. The 2−∆∆CT method [42] was used to calculate the relative expression 

levels of the TRP1, MSN2 and NΔ(1-153)MSN2 genes relative to the ACT1 gene, for each 

yeast strain, in triplicate. 

Table 1. Yeast strains and primers used in this study. 

Strains and primers Relevant features, genotype or sequence (5’  3’) Source 

Yeast strains:   

CAT-1 Industrial strain isolated by Fementec Ltda. in 1998/1999 from Usina VO Catanduva, 

located in the State of São Paulo, Brazil. 

[38] 

CAT1-TRP1oe Isogenic to CAT-1, but KanMX-PADH1::TRP1 This work 

CAT1-MSN2oe Isogenic to CAT-1, but KanMX-PADH1::MSN2 “ 

CAT1-NΔMSN2oe Isogenic to CAT-1, but KanMX-PADH1::NΔ(1-153)MSN2 ” 

Primers:   

TRP1-Kanr-F GAGAGGGCCAAGAGGGAGGGCATTGGTGACTATTGAGCACCCAGCTGAAGCTTCGTACGC This work 

TRP1-PADH1-R TCACCAATGGACCAGAACTACCTGTGAAATTAATAACAGACATTGTATATGAGATAGTTG ” 

MSN2-Kanr-F CGGGAAGATCACAACAGTAGTAGCAAGGTATTTCATACGCCCAGCTGAAGCTTCGTACG “ 

MSN2-PADH1-R CATGGTCGACCGTCATTTTAGATCTAGTTCTTCTATGAGCCCAATGGACCAGAACTACCTG “ 

NΔMSN2-PADH1-R CAGTGAAGTTTCTTGATTTTGAATGTCATTGAGATCCGCCAATGGACCAGAACTACCTG “ 

V-kanr-F CCGGTTGCATTCGATTCC ” 

VRT-TRP1-R GTAAGCTTTCGGGGCTCTCT “ 

VRT-MSN2-R TGAAGGTACCGGAAAAATGG “ 

RT-ACT1-F TGGATTCCGGTGATGGTGTT “ 

RT-ACT1-R CGGCCAAATCGATTCTCAA “ 

RT-TRP1-F GTTCCTCGGTTTGCCAGTTA “ 

RT-MSN2-F CGCGATGCAAGAACTATTGA “ 

2.4. Analysis of the ethanol tolerance of yeast strains 

Yeast cells were pre-grown overnight in 3 ml of YP-20 g/L sucrose, and 1:100 

dilutions of these pre-cultures were used to inoculate 100 μl of YP-20 g/L sucrose medium 

containing different concentrations of ethanol (10%-16%, w/v) in 96-well plates in a 

TECAN Infinite® M200 Pro microplate reader (Tecan Group Ltd, Grödig, Salzburg, 

Áustria), to determine the growth of the yeast strains at 28°C. All wells in the plate were 

tightly sealed with AccuClear Sealing Film for qPCR (E & K Scientific, Santa Clara, CA, 

USA), and growth of each culture was monitored by measuring the OD570nm every 15-60 

min, with high intensity orbital shaking between measurements. The yeast growth data 

in the different ethanol concentrations was analyzed with the PRECOG software [43] to 

extract the fitness components affected by the ethanol stress in the different yeast strains, 

including the length of the lag phase (in h), growth rate (doubling time, in h), and growth 

efficiency (ΔOD570nm from the beginning to the stationary phase of growth). 

 

 

2.5. Measurement of intracellular oxidation level and cell viability 
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The intracellular oxidation level due to reactive oxygen species (ROS) trigged by 

exposure of the yeast cells to 20% (v/v) ethanol for 6 h was measured using the oxidant-

sensitive fluorescent probe 2′,7′-dichlorofluoresein (DCF-DA) (Molecular Probes, Eugene, 

OR, USA) as previously described [44]. The fluorescence intensity of the strains before 

exposure to the ethanol stress (no stress) was relatively taken as 100%. Cell viability was 

estimated by microscopy in a Neubauer chamber with a 40x objective by differential cell 

staining using a solution of erythrosine in phosphate buffer as previously described [45]. 

Viability was expressed in percentage (%) of viable cells, with respect to the total cell 

counting. 

2.6. Fermentations mimicking the Brazilian sugarcane biorefinery 

The fermentation assays were conducted simulating the industrial conditions of 

Brazilian distilleries with cell-recycle as described by Raghavendran and coworkers [46] 

using sugarcane molasses from São Manuel mill (São Paulo, Brazil) as substrate. The 

molasses was diluted with water to obtain a desirable percentage of total reducing sugars 

(TRS) for both the propagation of the strains (with 10% TRS) and the fermentation assays 

(18%-33% TRS). The molasses`s must was centrifuged (2,000 g, 20°C, 20 min) to remove 

the suspended solids, and autoclaved in Erlenmeyer flasks. The yeast strains were 

propagated in 10% TRS molasses at 30°C with shaking (100 rpm) for 48 h. After 

centrifugation, 3 g of wet biomass was placed in 50 mL conical bottom tubes and mixed 

with 2 mL of the fermented medium (from the propagation step) without yeast, plus 6 mL 

of distilled water, to start the first fermentation cycle by adding 28 mL (divided in three 

equal portions, each added at 2 h intervals to simulate the fed-batch process) of molasses`s 

must containing 18% TRS. The temperature was controlled at 30°C in a static incubator, 

and the tubes were weighted at regular intervals to determine weight loss due to CO2 

release by fermentation. At the end of fermentation the tubes were homogenized and 1 

mL sample was taken for cell viability and metabolites analysis. The yeasts were separated 

from the fermented substrate by centrifugation (2,000 g, 10 min) and weighed for 

determination of biomass content. For the subsequent fermentation cycle, 2 mL of the 

fermented substrate without yeasts (from the previous cycle) was added to the cell pellet, 

simulating a yeast cream in an industrial centrifuge, and diluted in 6 mL of distilled water, 

which was acidified with sulfuric acid to pH 2.5 during 1 h under static conditions to 

simulate the acid treatment performed in the industry. Subsequently, 28 mL of molasses´s 

must containing 22% TRS were added as previously described, and fermentation 

conducted under the same conditions. This procedure was repeated for each of the next 

two fermentation recycles, increasing the concentration of the molasses´s must to 28% TRS 

(3rd cycle) and 33% TRS (4th cycle). The molasses`s must used had a pH variation of 5.1-5.4 

during all cycles. All variables analyzed were submitted to ANOVA and Tukey pairwise 

comparison tests with R software (https://www.R-project.org). Triplicates of each strain 

were used to calculate the means, statistically compared within each cycle. Treatments 

were considered different at a significance level of 5% (p<0.05). 

2.7. Residual sugars, glycerol and ethanol determination 

The residual TRS (sucrose, glucose and fructose) and glycerol production were 

determined by high performance liquid chromatography [36] using a chromatograph ion 

exchange Dionex DX-300 HPAEC system (Thermo Fisher Scientific Inc., Sunnyvale, CA, 

USA) containing a CarboPac PA-1 column (4 x 250 mm) and pulse-amperometric detector. 

The mobile phase used was 100 mM NaOH at a flow rate of 0.9 mL/min. The centrifuged 

fermented must without yeasts (10 or 25 mL) was transferred to a Kjeldahl microdestilator 

(Tecnal Equipamentos Cientificos, Piracicaba, Brazil) for steam distillation, and distilled 

samples were transferred to a digital Anton Paar DMA-48 densitometer (Anton Paar 

GmbH, Graz, Austria) to estimate the ethanol content (%, v/v) [36]. 
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3. Results 

The ethanol tolerance of the industrial fuel ethanol strain CAT-1 was determined by 

the capacity to grow in liquid YP-20 g/L sucrose media, supplemented with increased 

concentrations (10% to 16%) of ethanol. As can be seen in Figure 1A, this strain could grow 

with up to 14% ethanol present in the medium, while 16% inhibited completely his 

growth. This result is in accordance with other reports that have shown that this strain 

could tolerate up to 13% (v/v) ethanol in YP-20 g/L glucose agar plates [47]. The analysis 

of the fitness components (length of the lag phase, growth rate, and growth efficiency) 

affected by the ethanol stress revealed that increasing concentrations of ethanol extended 

the duration of the lag phase (Figure 2A), from ~2 h in the absence of ethanol to more than 

43 h in the presence of 16% ethanol (note that growth was significantly inhibited under 

this condition), reflecting the time required by the cells to adapt to the stressful 

environment promoted by the presence of high ethanol concentrations. Once the yeast 

cells started to grow, the growth rate (determined as doubling time, in hours) was not 

affected by the presence of high ethanol concentration (doubling times of 0.5-0.7 h both in 

the presence or absence of ethanol), but the other fitness component, growth efficiency 

(ΔOD570nm between the smallest to the largest population sizes at the stationary phase of 

growth) was also affected by the presence of high ethanol concentrations, with a 90% drop 

in ΔOD570nm (Figure 2B) at the highest ethanol concentration, in relation to the absence of 

ethanol in the media. 

 

Figure 1. Ethanol tolerance of the industrial fuel ethanol strain CAT-1 (A) and the recombinant 

strains CAT1-TRP1oe (B), CAT1-MSN2oe (C) and CAT1-NΔMSN2oe (D), determined by the 

capacity to grow in liquid YP-20 g/L sucrose media in the presence of the indicated concentrations 

of ethanol. 
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Figure 2. Fitness components (A, duration of the lag phase, and B, growth efficiency) affected by the 

presence of the indicated concentrations of ethanol during growth in YP-20 g/L sucrose by the 

industrial fuel ethanol strain CAT-1, and the recombinant strains CAT1-TRP1oe, CAT1-MSN2oe 

and CAT1-NΔMSN2oe. 

The results shown above indicate that the industrial CAT-1 strain is clearly more 

resistant to the ethanol stress, when compared to laboratory strains which usually do not 

tolerate more than 8-10% ethanol (e.g. ref. [22,25,26]). Thus, and aiming at increasing the 

ethanol tolerance of the industrial strain, three strategies known to improve growth of 

laboratory strains in the presence of ethanol were tested with strain CAT-1: i) 

overexpression of the TRP1 gene; ii) overexpression of the MSN2 gene; and iii) 

overexpression of a N-terminal truncated MSN2 gene. Figure 3 shows that the genomic 

engineering approach employed (see Materials and Methods section), using a kanMX-

PADH1 module to replace the promoters of the target genes, succeeded in the 

overexpression of the TRP1 (approximately 12-fold, Figure 3A) and MSN2 and NΔ(1-

153)MSN2 genes (approximately 5- and 7-fold, respectively, Figure 3B), when compared 

to the expression of these genes in strain CAT-1, as determined by qRT-PCR. It should be 

stressed that only one copy of the target genes had his promoter region modified, and the 

other copy present in the diploid genome of strain CAT-1 retain its original promoter 

region, as determined by diagnostic colony PCR with a different set of primers (data not 

shown). 
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Figure 3. Relative expression levels of TRP1 (A), and MSN2 and NΔ(1-153)MSN2 genes (B). Yeast 

cells were cultured to the mid exponential growth phase in YP-20 g/L glucose medium. The total 

RNA was prepared and reverse transcribed. Then, qRT-PCR analysis was performed. The cycle 

thresholds for each gene were normalized to the ACT1 gene and the relative induction fold of the 

recombinant overexpressing strains compared with the control strain CAT-1 is shown. 

The CAT1-TRP1oe strain had his ethanol tolerance improved (Figure 1B), as shown 

by a shorter lag phase (~34 h, Figure 2A) and improved growth efficiency (Figure 2B) in 

the presence of 16% ethanol, with a ΔOD570nm that corresponds to one third of the value 

obtained in the absence of ethanol. Similar results of improved growth in the presence of 

16% ethanol, with shorter lag phase (Figure 1C-D and Figure 2A) and improved growth 

efficiency (Figure 1C-D and Figure 2B), were obtained with the CAT1-MSN2oe and CAT1-

NΔMSN2oe strains, when compared to strain CAT-1, although it should be noted that the 

overexpression of the MSN2 and NΔ(1-153)MSN2 genes reduced the growth efficiency of 

the industrial strain at lower ethanol concentrations, or even in the absence of ethanol 

(Figure IC-D and Figure 2B). Given the relationship between ethanol and oxidative stress 

in S. cerevisiae [48], and the involvement of the MSN2 transcription factor in the expression 

of some ROS-degrading enzymes [49], we also determined the intracellular oxidation lev-

els in the CAT-1, CAT1-MSN2oe and CAT1-NΔMSN2oe strains trigged by exposure of 

the yeast cells to 20% (v/v) ethanol for 6 h. As can be seen in Figure 4, crude extracts from 

strain CAT-1 showed a 9-fold increase in fluorescence after exposure of the cells to the 

ethanol stress, indicating that ethanol induced intracellular ROS generation. However, we 

observed a 24 to 38% decrease in the fluorescence when the cells of the CAT1-MNS2oe 

and CAT1-NΔMNS2oe strains were exposed to the ethanol stress, indicating that overex-

pression of MSN2, and particularly the truncated NΔ(1-153)MSN2 version of the gene re-

duced the intracellular level of ROS in the presence of ethanol, probably due to the higher 

expression of antioxidant enzymes. 
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Figure 4. Intracellular oxidation level in strains CAT-1, CAT1-MSN2oe and CAT1-NΔMSN2oe in 

the presence of ethanol. The fluorescence intensity due to the presence of ROS in the strains was 

determined before (white bars) and after 6 h of exposure to 20% ethanol (grey bars). 

We next tested the fermentation performance of the fuel ethanol strains overexpress-

ing the TRP1, MSN2 and truncated MSN2 genes under conditions that simulate the cur-

rent Brazilian sugarcane ethanol production process: use of sugarcane molasses as sub-

strate (with no nitrogen supplementation), high cell densities, recycling of the cell bio-

mass, and acid treatment after each fermentation cycle. Four fermentative cycles were per-

formed imposing drastic stressful conditions to the yeasts, by increasing the sugar con-

centration of the molasses`s must, from 18% TRS in the first cycle, to 22% in the second, 

28% in the third, and 33% in the last cycle. Figure 5 shows that, compared to the parental 

strain CAT-1, the strain overexpressing the TRP1 gene (strain CAT1-TRP1oe) had a sig-

nificantly lower performance, producing less ethanol (Figure 5A) and less biomass (Figure 

5B) during practically all fermentative cycles. The strain overexpressing the MNS2 gene 

(strain CAT1-MSN2oe) had a fermentative performance (both for ethanol and biomass 

produced) that did not differ significantly from strain CAT-1 (Figure 5A and 5B). The best 

results in terms of ethanol production were obtained with the strain overexpressing the 

truncated MSN2 gene (strain CAT1-NΔMSN2oe), as this strain produced more ethanol 

during all fermentation cycles (when compared to the other three strains), reaching almost 

16% ethanol in the last cycle (Figure 5A), while maintaining the same amount of biomass 

as the CAT-1 and CAT1-MSN2oe strains during practically all cycles (Figure 5B). While 

strain CAT1-TRP1oe produced less ethanol because it failed to consume all the sugars 

(TRS) from the molasses medium, especially in the last cycle (Figure 5C), the strain over-

expressing the truncated MSN2 gene (CAT1-NΔMSN2oe) was the strain that in all cycles 

analyzed consumed all the sugar from the medium, leaving less than ~0.5% of TRS at the 

end of the fermentations (Figure 5C). This result indicates that the CAT1-NΔMSN2oe 

strain consumed almost all sugar present in the medium, and was positively correlated to 

the results of ethanol production under high sugar and high ethanol stress by this strain. 

Regarding glycerol production by the yeast strains (Figure 5D), again strain CAT1-

NΔMSN2oe withstands as the best strain producing this fermentation product (albeit still 

at very low levels), reflecting the better performance of the industrial strain overexpress-

ing the truncated MSN2 gene under the employed conditions. Finally, all strains during 

all the fermentation cycles had viabilities of over ≥99% of viable cells, with the exception 

of strain CAT1-NΔMSN2oe that only at the end of the fourth cycle presented a viability 

of 93.5±1.9%, probably reflecting the higher amount of produced ethanol in this last cycle 

(Figure 5A), which certainly impacted cell viability. 
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Figure 5. Fermentation performance under scaled-down and mimicked process resembling Brazil-

ian sugarcane biorefineries by strains CAT-1 (white bars), CAT1-TRP1oe (grey bars), CAT1-MSN2oe 

(dark grey bars) and CAT1-NΔMSN2oe (black bars). (A) Ethanol produced during each cycle; (B) 

Wet biomass at the end of each cycle; (C) Residual TRS left at the three last cycles; (D) Glycerol 

produced during the three last cycles. Means with equal letters within the same cycle do not differ 

at the 5% level of significance according to Tukey test. 

4. Discussion 

The fermentation of very high gravity (VHG) mediums has for long received consid-

erable attention, as it can increase the fermentation rate and the amount of ethanol pro-

duced, reducing capital costs and the risk of bacterial contamination [50-51]. VGH tech-

nology promotes less process water and energy requirements, specially promoting con-

siderable savings on the energy for distillation, one of the most energy consuming steps 

in fuel ethanol production, as well as reducing the volume of vinasse (the resulting residue 

after distillation of ethanol), which can have significant impacts in the environmental wa-

ter supply [28,29,52]. However, VHG fermentations, using sugar levels over 250 g/L, ena-

bling to achieve more than 15% (v/v) ethanol, certainly also exposes yeast cells to increas-

ing stressful conditions, including a very high ethanol stress. The present report not only 

characterized the ethanol tolerance of a Brazilian industrial fuel ethanol yeast strain, but 

also aimed at analyzing if previous strategies developed with laboratory yeast strains (tol-

erant to significantly less ethanol concentrations) could also work with the fuel strain 

CAT-1. The stress tolerance from different Brazilian industrial yeast strains have been 

characterized and compared to laboratory yeast strains previously, revealing, for exam-

ple, significant tolerance to high temperatures (e.g. 40°C), a common reality in the Brazil-

ian sugarcane ethanol mills [53,54]. Certainly, each bioethanol process selects for strains 

with improved fermentation performance under industrial conditions, strains with inter-

esting genome adaptations [4,37,38,54,55].  

Of the three strategies tested, although overexpression of the TRP1 gene allowed 

growth of the CAT1-TRP1oe strain on media with 16% ethanol, this strain had a lower 

performance when tested under conditions that simulate the Brazilian sugarcane ethanol 

production process using high concentration of sugars. High ethanol levels was shown to 
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lower the active uptake of several amino acids and other nutrients across the plasma mem-

brane, compromising the amount of nutrients required to fulfill growth requirements un-

der ethanol stress [56,57]. While TRP1 overexpression improves growth of the cells in rich 

YP medium with 16% ethanol, the molasses medium used in the fermentation assays is 

certainly more complex, although previous data has shown that supplementation with 

different amino acids (including tryptophan) does not improve the growth of strain CAT-

1 in this industrial substrate [45]. Although it is generally believed that strains with higher 

tolerance to ethanol can produce more ethanol, the maximal ethanol production capacity 

and the ethanol tolerance of cell growth was shown to have a weak correlation, and these 

two phenotypes have a partially different genetic basis [58]. The two other strategies 

tested, overexpression of the MSN2 or N-truncated MSN2 gene, showed not only im-

proved growth in the presence of 16% ethanol, and reduced the intracellular level of ROS 

in the presence of ethanol, but in the case of the CAT1-NΔMSN2 strain, also improved 

fermentation performance under conditions that simulate industrial fermentations with 

high sugar concentrations (33% TRS), producing higher concentrations of ethanol (~16%) 

due to efficient consumption of all sugars, when compared with the parental strain CAT-

1. 

A structural analysis of the MNS2 transcriptional activator revealed that this protein 

has an intrinsically disordered structure with two short structural motifs in its transcrip-

tional-activating domain (TAD, the N-terminal residues 1-264), one located within the first 

50 residues, and another located at the end of the TAD (residues 252-268) [20]. While the 

motif located at the end of the TAD is functionally conserved in several yeast species, and 

is essential for proper stress-induced nuclear localization of MSN2 upon exposure to sev-

eral stresses [18], the deletion of the motif involving the first 50 amino acids of the TAD 

had no significant effect on MSN2 nuclear localization following yeast exposure to stress, 

although it reduced the transcriptional activation of a reporter gene by 15-30%, when com-

pared to the activity of the full length MSN2 protein [20]. Moreover, deletion of the first 

50 amino acids abolished the interaction of MSN2 with GAL11, a subunit of the RNA pol-

ymerase II mediator complex that promotes the hyperphosphorylation and degradation 

of MSN2 during the stress response [20,59]. These results explain why a N-terminal trun-

cated version of MSN2 improved the ethanol tolerance of a laboratory yeast strain [22], 

and our results indicate that it also improves the ethanol tolerance and ethanol production 

by the industrial strain CAT-1. 

Recent reports have started to show that the phenotypic consequences of genomic 

modifications (e.g. gene deletions) can vary considerably between different yeast back-

grounds [60], an issue that can have significant implications in metabolic engineering ap-

plications for generating optimized yeast cell factories [61]. For example, it has been 

shown that the fermentation performance of laboratory and sake yeast can be enhanced 

by inhibiting mitophagy (by deleting the ATG32 gene) [62]. However, when this strategy 

was tested in the Brazilian fuel ethanol PE-2 strain under the same fermentation condi-

tions employed in this work, no significant enhancement of ethanol production could be 

observed [63]. Another example is the deletion of the ECM33 gene, which was shown to 

improve the fermentation performance of a haploid strain derived from a wine yeast 

strain [64], but a recent report showed that deletion of this gene failed to improve the 

fermentation performance of another commercial (diploid) wine strain [65]. Thus, it is 

highly recommended that the phenotypic consequences of a genetic modification should 

be characterized in the appropriate strain background and substrate used, if the goal is to 

implement such technology in an industrial process. 

In the Brazilian fuel ethanol mills the substrate used is sugarcane juice and/or molas-

ses, which does not have enough nitrogen for cell growth [66,67], and indeed there is little 

increase in biomass proliferation from one fermentative cycle to the next one. The supple-

mentation of urea has been shown to improve the fermentation of this substrate by yeasts 

[68], including strain CAT-1 that could produce up to 17% (v/v) ethanol from a 30°Brix 

concentrated sugarcane juice medium with urea supplementation [69]. Another approach 

that reduces ethanol toxicity and enhances ethanol production by both laboratory and 
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industrial yeast strains is elevating the concentration of potassium (by KCl and KOH sup-

plementation) and the pH (to pH 6.0) of the medium, indicating that enhancing the K+ and 

lowering the H+ gradients across the plasma membrane may be responsible for intrinsi-

cally higher ethanol tolerance by yeasts [70]. While these last supplementations were not 

tested in sugarcane juice and/or molasses medium, it would be interesting to see if strain 

CAT1-NΔMSN2oe would produce more ethanol when the industrial molasses medium is 

supplemented with urea, or with KCl and KOH at higher pH. Nevertheless, our findings 

contribute to the improved performance and efficiency of bioethanol production, and also 

provide a valuable insight for the breeding of bioethanol yeast strains. 

5. Conclusions 

From the three different strategies known to increase the ethanol tolerance by labor-

atory strains, tested in the industrial fuel-ethanol producing strain CAT-1 (already re-

sistant to 14% ethanol), overexpression of a truncated version of the MSN2 gene not only 

increased its tolerance to ethanol, but also improved the performance of the yeast strain 

under fermentations with high sugar content, cell-recycle, and acid treatment between 

cycles, simulating the industrial conditions used in Brazilian distilleries. 
 

Author Contributions: Conceptualization and resources, L.C.B. and B.U.S.; investigation, method-

ology, and formal analysis, C.S.V., A.B., L.D.L., R.M.C.F. M.S.R.; writing—review and editing, 

C.S.V. and B.U.S.; project administration and funding acquisition, B.U.S. All authors have read and 

agreed to the published version of the manuscript. 

Funding: This work was supported in part by grants and fellowships from the Brazilian agencies 

CAPES, CNPq (process no 551392/2010-0, 307290/2012-3, 478841/2013-2, 307015/2013-0, 160143/2014-

4, 30862/2015-6 and 308389/2019-0), and FINEP (process no 01.09.0566.00/1421-08). 

Institutional Review Board Statement:  Not applicable (study not involving humans or animals). 

Data Availability Statement: The authors declare that the data supporting the findings of this study 

are available within the article. 

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the 

design of the study; in the collection, analyses, or interpretation of data; in the writing of the manu-

script, or in the decision to publish the results. 

References 

1. Goldemberg, J. Ethanol for a sustainable energy future. Science 2007, 315, 808-810. doi: 10.1126/science.1137013 

2. Renewable Fuels Association: Annual fuel ethanol production. Available online: https://ethanolrfa.org/markets-and-statis-

tics/annual-ethanol-production (accessed on 01/03/2022). 

3. Stambuk, B.U. Yeasts: The leading figures on bioethanol production. In Ethanol as a Green Alternative Fuel: Insight and Perspectives, 

1st ed.; Treichel, H.; Alves-Jr, S.L.; Fongaro, G.; Müller, C.; Eds.; Nova Science Publishers Inc.: Hauppauge, NY, USA, 2019, pp 

57-91. 

4. Jacobus, A.P.; Gross, J.; Evans, J.H.; Ceccato-Antonini, S.R.; Gombert, A.K. Saccharomyces cerevisiae strains used industrially for 

bioethanol production. Essays Biochem. 2021, 65, 147-161. doi: 10.1042/EBC20200160 

5. Lagunas, R. (1979) Energetic irrelevance of aerobiosis for S. cerevisiae growing on sugars. Mol. Cell. Biochem, 1979, 27, 139-146. 

doi: 10.1007/BF00215362. 

6. Merico, A.; Sulo, P.; Piskur, J.; Compagno, C. Fermentative lifestyle in yeasts belonging to the Saccharomyces complex. FEBS J. 

2007, 274, 976-989. doi: 10.1111/j.1742-4658.2007.05645.x. 

7. Hagman, A.; Piskur, J. A study on the fundamental mechanism and the evolutionary driving forces behind aerobic fermentation 

in yeast. PLoS One 2015, 10, e0116942. doi: 10.1371/journal.pone.0116942. 

8. Ding J, Huang X, Zhang L, Zhao N, Yang D, Zhang K. Tolerance and stress response to ethanol in the yeast Saccharomyces 

cerevisiae. Appl. Microbiol. Biotechnol. 2009, 85, 253-263. doi: 10.1007/s00253-009-2223-1. 

9. Stanley D, Bandara A, Fraser S, Chambers PJ, Stanley GA. The ethanol stress response and ethanol tolerance of Saccharomyces 

cerevisiae. J. Appl. Microbiol. 2010, 109, 13-24. doi: 10.1111/j.1365-2672.2009.04657.x 

10. Ma M, Liu ZL. Mechanisms of ethanol tolerance in Saccharomyces cerevisiae. Appl. Microbiol. Biotechnol. 2010, 87, 829-845. doi: 

10.1007/s00253-010-2594-3. 

11. Snoek T, Verstrepen KJ, Voordeckers K. How do yeast cells become tolerant to high ethanol concentrations? Curr. Genet. 2016, 

62, 475-480. doi: 10.1007/s00294-015-0561-3. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 August 2022                   doi:10.20944/preprints202208.0428.v1

https://doi.org/10.20944/preprints202208.0428.v1


 

 

12. Vamvakas SS, Kapolos J. Factors affecting yeast ethanol tolerance and fermentation efficiency. World J. Microbiol. Biotechnol. 

2020, 36, 114. doi: 10.1007/s11274-020-02881-8. 

13. Doğan A, Demirci S, Aytekin AÖ, Şahin F. Improvements of tolerance to stress conditions by genetic engineering in Saccharo-

myces cerevisiae during ethanol production. Appl. Biochem. Biotechnol. 2014, 174, 28-42. doi: 10.1007/s12010-014-1006-z. 

14. Akinosho H, Rydzak T, Borole A, Ragauskas A, Close D. Toxicological challenges to microbial bioethanol production and strat-

egies for improved tolerance. Ecotoxicology 2015, 24, 2156-2174. doi: 10.1007/s10646-015-1543-4. 

15. Estruch F. Stress-controlled transcription factors, stress-induced genes and stress tolerance in budding yeast. FEMS Microbiol. 

Rev. 2000, 24, 469-486. doi: 10.1111/j.1574-6976.2000.tb00551.x 

16. Martínez-Pastor MT, Marchler G, Schüller C, Marchler-Bauer A, Ruis H, Estruch F. The Saccharomyces cerevisiae zinc finger 

proteins Msn2p and Msn4p are required for transcriptional induction through the stress response element (STRE). EMBO J. 

1996, 15, 2227-2235. 

17. Schmitt AP, McEntee K. Msn2p, a zinc finger DNA-binding protein, is the transcriptional activator of the multistress response 

in Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. USA. 1996, 93, 5777-5782. doi: 10.1073/pnas.93.12.5777. 

18. Görner W, Durchschlag E, Martinez-Pastor MT, Estruch F, Ammerer G, Hamilton B, Ruis H, Schüller C. Nuclear localization of 

the C2H2 zinc finger protein Msn2p is regulated by stress and protein kinase A activity. Genes Dev. 1998, 12, 586-597. doi: 

10.1101/gad.12.4.586. 

19. Boy-Marcotte E, Garmendia C, Garreau H, Lallet S, Mallet L, Jacquet M. The transcriptional activation region of Msn2p, in 

Saccharomyces cerevisiae, is regulated by stress but is insensitive to the cAMP signalling pathway. Mol. Genet. Genomics. 2006, 275, 

277-287. doi: 10.1007/s00438-005-0017-4. 

20. Sadeh A, Baran D, Volokh M, Aharoni A. Conserved motifs in the Msn2-activating domain are important for Msn2-mediated 

yeast stress response. J. Cell. Sci. 2012, 125, 3333-3342. doi: 10.1242/jcs.096446. 

21. Watanabe M, Watanabe D, Akao T, Shimoi H. Overexpression of MSN2 in a sake yeast strain promotes ethanol tolerance and 

increases ethanol production in sake brewing. J. Biosci. Bioeng. 2009, 107, 516-518. doi: 10.1016/j.jbiosc.2009.01.006. 

22. Hong ME, Lee KS, Yu BJ, Sung YJ, Park SM, Koo HM, Kweon DH, Park JC, Jin YS. Identification of gene targets eliciting im-

proved alcohol tolerance in Saccharomyces cerevisiae through inverse metabolic engineering. J. Biotechnol. 2010, 149, 52-59. doi: 

10.1016/j.jbiotec.2010.06.006. 

23. Kubota S, Takeo I, Kume K, Kanai M, Shitamukai A, Mizunuma M, Miyakawa T, Shimoi H, Iefuji H, Hirata D. Effect of ethanol 

on cell growth of budding yeast: genes that are important for cell growth in the presence of ethanol. Biosci. Biotechnol. Biochem. 

2004, 68, 968-672. doi: 10.1271/bbb.68.968. 

24. Fujita K, Matsuyama A, Kobayashi Y, Iwahashi H. The genome-wide screening of yeast deletion mutants to identify the genes 

required for tolerance to ethanol and other alcohols. FEMS Yeast Res. 2006, 6, 744-750. doi: 10.1111/j.1567-1364.2006.00040.x. 

25. Hirasawa T, Yoshikawa K, Nakakura Y, Nagahisa K, Furusawa C, Katakura Y, Shimizu H, Shioya S. Identification of target 

genes conferring ethanol stress tolerance to Saccharomyces cerevisiae based on DNA microarray data analysis. J. Biotechnol. 2007, 

131, 34-44. doi: 10.1016/j.jbiotec.2007.05.010. 

26. Yoshikawa K, Tanaka T, Furusawa C, Nagahisa K, Hirasawa T, Shimizu H. Comprehensive phenotypic analysis for identifica-

tion of genes affecting growth under ethanol stress in Saccharomyces cerevisiae. FEMS Yeast Res. 2009, 9, 32-44. doi: 10.1111/j.1567-

1364.2008.00456.x. 

27. Jaiswal, D.; de Souza, A.P.; Larsen, S.; LeBauer, D.S.; Miguez, F.E.; Sparovek, G.; Bollero, G.; Buckeridge, M.S.; Long, S.P. Bra-

zilian sugarcane ethanol as an expandable green alternative to crude oil use. Nat. Clim. Change 2017, 7, 788-792. doi: 10.1038/ncli-

mate3410. 

28. Amorim, H.V.; Lopes, M.L.; Oliveira, J.V.C.; Buckeridge, M.S.; Goldman, G.H. Scientific challenges of bioethanol production in 

Brazil. Appl. Microbiol. Biotechnol. 2011, 91, 1267-1275. doi: 10.1007/s00253-011-3437-6. 

29. Lopes, M.L.; Paulillo, S.C.; Godoy, A.; Cherubin, R.A., Lorenzi, M.S., Giometti, F.H., Bernardino, C.D., Amorim Neto, H.B., 

Amorim, H.V. Ethanol production in Brazil: a bridge between science and industry. Braz. J. Microbiol. 2016, 47(Suppl 1), 64-76. 

doi: 10.1016/j.bjm.2016.10.003. 

30. Godoy, A., Amorim, H.V., Lopes, M.L., Oliveira, A.J. Continuous and batch fermentation processes: advantages and disad-

vantages of these processes in the Brazilian ethanol production. Int. Sugar J. 2008, 110, 175–181. 

31. Raghavendran, V., Basso, T.P., da Silva, J.B., Basso, L.C., Gombert, A.K. A simple scaled down system to mimic the industrial 

production of first generation fuel ethanol in Brazil. Antonie van Leeuwenhoek 2017, 110, 971-983. doi: 10.1007/s10482-017-0868-9. 

32. de Souza, R.B., dos Santos, B.M., de Fátima Rodrigues de Souza, .R, da Silva, P.K., Lucena, B.T., de Morais-Jr, M.A. The conse-

quences of Lactobacillus vini and Dekkera bruxellensis as contaminants of the sugarcane-based ethanol fermentation. J. Ind. Micro-

biol. Biotechnol. 2012, 39, 1645-1650. doi: 10.1007/s10295-012-1167-0. 

33. Costa, O.Y.A., Souto, B.M., Tupinambá, D.D., Bergmann, J.C., Kyaw, C.M., Kruger, R.H., Barreto, C.C., Quirino, B.F. Microbial 

diversity in sugarcane ethanol production in a Brazilian distillery using a culture-independent method. J. Ind. Microbiol. Biotech-

nol. 2015, 42, 73-84. doi: 10.1007/s10295-014-1533-1. 

34. de Figueiredo, C.M.; Hock, D.H.; Trichez, D.; Magalhães, M.d.L.B.; Lopes, M.L.; de Amorim, H.V.; Stambuk, B.U. High foam 

phenotypic diversity and variability in flocculant gene observed for various yeast cell surfaces present as industrial contami-

nants. Fermentation 2021, 7, 127. doi: 10.3390/fermentation7030127. 

35. da Silva-Filho, E., Santos, S.K., Resende, A.M., Morais, J.O., de Morais-Jr, M.A., Simões, D.A. Yeast population dynamics of 

industrial fuel-ethanol fermentation process assessed by PCR-fingerprinting. Antonie van Leeuwenhoeck 2005, 88, 13-23. doi: 

10.1007/s10482-004-7283-8. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 August 2022                   doi:10.20944/preprints202208.0428.v1

https://doi.org/10.20944/preprints202208.0428.v1


 

 

36. Basso, L.C., de Amorim, H.V., de Oliveira, A.J., Lopes, M.L. Yeast selection for fuel ethanol production in Brazil. FEMS Yeast 

Res. 2008, 8, 1155-1163. doi: 10.1111/j.1567-1364.2008.00428.x. 

37. Stambuk, B.U., Dunn, B., Alves-Jr, S.L., Duval, E.H., Sherlock, G. Industrial fuel ethanol yeasts contain adaptive copy number 

changes in genes involved in vitamin B1 and B6 biosynthesis. Genome Res. 2009, 19, 2271-2278. doi: 10.1101/gr.094276.109. 

38. Babrzadeh, F., Jalili, R., Wang, C., Shokralla, S., Pierce, S., Robinson-Mosher, A., Nyren, P., Shafer, R.W., Basso, L.C., de Amorim, 

H.V., de Oliveira, A.J., Davis, R.W., Ronaghi, M., Gharizadeh, B., Stambuk, B.U. Whole-genome sequencing of the efficient 

industrial fuel-ethanol fermentative Saccharomyces cerevisiae strain CAT-1. Mol. Genet. Genomics 2012, 287, 485-494. doi: 

10.1007/s00438-012-0695-7. 

39. Ausubel, F.M.; Brent, R.; Kingston, R.E.; Moore, D.D.; Seidman, J.G.; Smith, J.A.; Struhl, K. Short Protocols in Molecular Biology, 

3rd ed.; John Wiley & Sons: New York, USA, 1995. 

40. Petracek, M.E.; Longtine, M.S. PCR-based engineering of yeast genome. Methods Enzymol. 2002, 350, 445-469. doi: 10.1016/s0076-

6879(02)50978-2. 

41. Gietz, D.; St Jean, A.; Woods, R.A.; Schiestl, R.H. Improved method for high efficiency transformation of intact yeast cells. 

Nucleic Acids Res. 1992, 20, 1425. doi: 10.1093/nar/20.6.1425. 

42. Schmittgen TD; Livak KJ. Analyzing real-time PCR data by the comparative CT method. Nat. Protoc. 2008, 3, 1101–1108. doi: 

10.1038/nprot.2008.73. 

43. Fernandez-Ricaud L, Kourtchenko O, Zackrisson M, Warringer J, Blomberg A. PRECOG: a tool for automated extraction and 

visualization of fitness components in microbial growth phenomics. BMC Bioinformatics 2016, 17, 249. doi: 10.1186/s12859-016-

1134-2. 

44. Sasano Y, Watanabe D, Ukibe K, Inai T, Ohtsu I, Shimoi H, Takagi H. Overexpression of the yeast transcription activator Msn2 

confers furfural resistance and increases the initial fermentation rate in ethanol production. J. Biosci. Bioeng. 2012, 113, 451-455. 

doi: 10.1016/j.jbiosc.2011.11.017. 

45. Varize CS, Christofoleti-Furlan RM, Raposo MS, Camarozano CT, Lopes LD, Muynarsk ESM, Basso TP, Basso LC. Amino acid 

supplementation in alcoholic fermentation of molasses must and sugarcane syrup using CAT-1 industrial lineage. J. Biotec. 

Biodivers. 2019, 7, 265-280. doi: 10.20873/jbb.uft.cemaf.v7n2.varize. 

46. Raghavendran V, Basso TP, da Silva JB, Basso LC, Gombert AK. A simple scaled down system to mimic the industrial produc-

tion of first generation fuel ethanol in Brazil. Antonie van Leeuwenhoek 2017, 110, 971-983. doi: 10.1007/s10482-017-0868-9. 

47. Mukherjee V, Steensels J, Lievens B, Van de Voorde I, Verplaetse A, Aerts G, Willems KA, Thevelein JM, Verstrepen KJ, Ruyters 

S. Phenotypic evaluation of natural and industrial Saccharomyces yeasts for different traits desirable in industrial bioethanol 

production. Appl. Microbiol. Biotechnol. 2014, 98, 9483–9498. doi: 10.1007/s00253-014-6090-z. 

48. Bleoanca I, Silva AR, Pimentel C, Rodrigues-Pousada C, Menezes RDA. Relationship between ethanol and oxidative stress in 

laboratory and brewing yeast strains. J. Biosci. Bioeng. 2013, 116, 697-705. doi: 10.1016/j.jbiosc.2013.05.037. 

49. Nakazawa N, Yanata H, Ito N, Kaneta E, Takahashi K. Oxidative stress tolerance of a spore clone isolated from Shirakami 

kodama yeast depends on altered regulation of Msn2 leading to enhanced expression of ROS-degrading enzymes. J. Gen. Appl. 

Microbiol. 2018, 64, 149-157. doi: 10.2323/jgam.2017.11.002. 

50. Puligundla P, Smogrovicova D, Obulam VS, Ko S. Very high gravity (VHG) ethanolic brewing and fermentation: a research 

update. J. Ind. Microbiol. Biotechnol. 2011, 38, 1133-1144. doi: 10.1007/s10295-011-0999-3. 

51. Gomes, D.; Cruz, M.; de Resende, M.; Ribeiro, E.; Teixeira, J.; Domingues, L. Very high gravity bioethanol revisited: Main chal-

lenges and advances. Fermentation 2021, 7, 38. doi: 10.3390/fermentation7010038. 

52. Maiorella, B.; Blanch, H.; Wilke, C. Economic evaluation of alternative ethanol fermentation processes. Biotechnol. Bioeng. 2009, 

104, 419–443. doi: 10.1002/bit.22493. 

53. Della-Bianca BE, Gombert AK. Stress tolerance and growth physiology of yeast strains from the Brazilian fuel ethanol industry. 

Antonie van Leeuwenhoek 2013, 104, 1083-1095. doi: 10.1007/s10482-013-0030-2. 

54. Della-Bianca BE, Basso TO, Stambuk BU, Basso LC, Gombert AK. What do we know about the yeast strains from the Brazilian 

fuel ethanol industry? Appl. Microbiol. Biotechnol. 2013, 97, 979-991. doi: 10.1007/s00253-012-4631-x. 

55. Nagamatsu ST, Coutouné N, José J, Fiamenghi MB, Pereira GAG, Oliveira JVC, Carazzolle MF. Ethanol production process 

driving changes on industrial strains. FEMS Yeast Res. 2021, 21, foaa071. doi: 10.1093/femsyr/foaa071. 

56. Ferreras JM, Iglesias R, Girbes T. Effect of the chronic ethanol action on the activity of the general amino-acid permease from 

Saccharomyces cerevisiae var. ellipsoideus. Biochim Biophys Acta 1989, 979, 375–377. doi: 10.1016/0005-2736(89)90260-5. 

57. Swinnen S, Goovaerts A, Schaerlaekens K, Dumortier F, Verdyck P, Souvereyns K, Van Zeebroeck G, Foulquié-Moreno MR, 

Thevelein JM. Auxotrophic mutations reduce tolerance of Saccharomyces cerevisiae to very high levels of ethanol stress. Eukaryot. 

Cell 2015, 14, 884-897. doi: 10.1128/EC.00053-15. 

58. Pais TM, Foulquié-Moreno MR, Hubmann G, Duitama J, Swinnen S, Goovaerts A, Yang Y, Dumortier F, Thevelein JM. Com-

parative polygenic analysis of maximal ethanol accumulation capacity and tolerance to high ethanol levels of cell proliferation 

in yeast. PLoS Genet. 2013, 9, e1003548. doi: 10.1371/journal.pgen.1003548. 

59. Lallet S, Garreau H, Garmendia-Torres C, Szestakowska D, Boy-Marcotte E, Quevillon-Chéruel S, Jacquet M. Role of Gal11, a 

component of the RNA polymerase II mediator in stress-induced hyperphosphorylation of Msn2 in Saccharomyces cerevisiae. 

Mol. Microbiol. 2006, 62, 438-452. doi: 10.1111/j.1365-2958.2006.05363.x. 

60. Galardini M, Busby BP, Vieitez C, Dunham AS, Typas A, Beltrao P. The impact of the genetic background on gene deletion 

phenotypes in Saccharomyces cerevisiae. Mol. Syst. Biol. 2019, 15, e8831. doi: 10.15252/msb.20198831. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 August 2022                   doi:10.20944/preprints202208.0428.v1

https://doi.org/10.20944/preprints202208.0428.v1


 

 

61. Yi X, Alper HS. Considering strain variation and non-type strains for yeast metabolic engineering applications. Life 2022, 12, 

510. doi: 10.3390/life12040510. 

62. Shiroma S, Jayakody LN, Horie K, Okamoto K, Kitagaki H. Enhancement of ethanol fermentation in Saccharomyces cerevisiae 

sake yeast by disrupting mitophagy function. Appl. Environ. Microbiol. 2014, 80, 1002-1012. doi: 10.1128/AEM.03130-13. 

63. Eliodório KP, de Gois e Cunha GC, White BA, Patel DHM, Zhang F, Hettema EH, Basso TO, Gombert AK, Raghavendran V. 

Blocking mitophagy does not significantly improve fuel ethanol production in bioethanol yeast Saccharomyces cerevisiae. Appl. 

Environ. Microbiol. 2022, 88, e0206821. doi: 10.1128/aem.02068-21. 

64. Zhang J, Astorga MA, Gardner JM, Walker ME, Grbin PR, Jiranek V. Disruption of the cell wall integrity gene ECM33 results 

in improved fermentation by wine yeast. Metab. Eng. 2018, 45, 255-264. doi: 10.1016/j.ymben.2017. 

65. Lang TA, Walker ME, Jiranek V. Disruption of ECM33 in diploid wine yeast EC1118: cell morphology and aggregation and 

their influence on fermentation performance. FEMS Yeast Res. 2021, 21, foab044. doi: 10.1093/femsyr/foab044. 

66. Amorim HV, Basso LC, Lopes ML. Sugar cane juice and molasses, beet molasses and sweet sorghum: composition and usage. 

In The Alcohol Textbook. Nottingham University Press: Nottingham, UK, 2009, pp 39-46. 

67. Dias MS, Filho MR, Mantelatto P, Cavalett O, Rossell C, Bonomi A, Leal V. Sugarcane processing for ethanol and sugar in Brazil. 

Environ. Dev. 2015, 15, 35–51. doi: 10.1016/j.envdev.2015.03.004. 

68. Pradeep P, Reddy OV. High gravity fermentation of sugarcane molasses to produce ethanol: Effect of nutrients. Indian J. Micro-

biol. 2010, 50(Suppl 1), 82-87. doi: 10.1007/s12088-010-0006-0. 

69. Monteiro B, Ferraz P, Barroca M, da Cruz SH, Collins T, Lucas C. Conditions promoting effective very high gravity sugarcane 

juice fermentation. Biotechnol. Biofuels. 2018, 11, 251. doi: 10.1186/s13068-018-1239-0. 

70. Lam FH, Ghaderi A, Fink GR, Stephanopoulos G. Biofuels. Engineering alcohol tolerance in yeast. Science 2014, 346, 71-75. doi: 

10.1126/science.1257859. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 August 2022                   doi:10.20944/preprints202208.0428.v1

https://doi.org/10.20944/preprints202208.0428.v1

