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Abstract  

An optimized very high gravity (VHG) glucose medium supplemented with low cost 

nutrient sources was used to evaluate bio-ethanol production by 11 Saccharomyces 

cerevisiae strains. The industrial strains PE-2 and CA1185 exhibited the best overall 

fermentation performance, producing an ethanol titre of 19.2 % (v/v) corresponding to a 

batch productivity of 2.5 g l-1 h-1, while the best laboratory strain (CEN.PK 113-7D) 

produced 17.5 % (v/v) ethanol with a productivity of 1.7 g l-1 h-1. The results presented 

here emphasize the biodiversity found within S. cerevisiae species and that naturally 

adapted strains, such as PE-2 and CA1185, are likely to play a key role in facilitating 

the transition from laboratory technological breakthroughs to industrial-scale bio-

ethanol fermentations. 
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Introduction  

The application of Very High Gravity (VHG) fermentation technology, i.e. the use of 

highly concentrated sugar substrates, for the industrial production of bio-ethanol has a 

number of benefits,  including: decreased process water requirements and energy costs, 

increased overall plant productivity and higher ethanol concentrations in the 

fermentation product that allow considerable savings in energy for distillation (Wang et 

al. 2007). Although many microorganisms have been exploited for ethanol production, 

Saccharomyces cerevisiae strains are the most widely used in large-scale industrial bio-

ethanol fermentation, namely due to their ability to ferment a wide range of sugars and 

develop appropriate mechanisms to deal with the harmful stress conditions found in 

VHG processes (Bai et al. 2008). Nevertheless, within S. cerevisiae species a wide 

variety of characteristics is observed, in particular between the so-called industrial and 

laboratory strains. 

The fermentation processes under harsh industrial environmental conditions, especially 

using VHG media, require industrial strains (Silva-Filho et al. 2005). These strains 

rapidly respond to the stress conditions by adjusting their metabolic activities and 

become adapted over a long time in their specific environment (Zhao and Bai 2009). 

Genetically, these are usually polyploid, aneuploid, or even alloploid and genetic 

manipulations, although feasible, are rather complex and seldom reported in literature 

(Hansen and Kielland-Brandt 1996). In contrast, the laboratory strains are often haploid 

or diploid, well documented, and easily manipulated by using modern molecular 

biology and metabolic engineering tools (Albers and Larsson 2009). Although attractive 

in this respect, the performance of laboratory strains is generally weak under the very 

harsh conditions found in VHG industrial fermentations.  
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Spontaneous fermentation of high sugar juice is the main step in traditional “cachaça” 

(typical Brazilian distilled beverage) production and that is usually carried out by a 

mixed culture of yeasts, with predominance of S. cerevisiae strains physiologically 

adapted to the harsh environmental conditions (Schwan et al. 2001). Some strains of S. 

cerevisiae isolated from Brazilian sugarcane-to-ethanol distilleries showed high 

tolerance to ethanol and combined high fermentation efficiency with prolonged 

persistence in the fermentation system. In recent years, such strains have been widely 

adopted by the industry (Basso et al. 2008) and one of the most successful examples is 

the PE-2 wild isolate currently used by ~ 30 % of Brazilian distilleries, generating ~ 10 

% of the world’s bio-ethanol supply (Argueso et al. 2009).  

The aim of this work was to evaluate and compare the performance of laboratory and 

industrial strains under VHG batch fermentation conditions, in order to select the 

strain(s) that allow obtaining the highest ethanol titre and productivity.  

 

Materials and Methods 

Yeasts 

The S. cerevisiae strains used included eight industrial strains: three isolated from 

Brazilian bio-ethanol production plants – PE-2, CAT-1, VR-1 (Basso et al. 2008) – and 

five belonging to the UFLA collection (Federal University of Lavras, Brazil) isolated 

from “cachaça” fermentation processes – CA11, CA1162, CA1185, CA1187, CA155 

(Table 1). The S. cerevisiae laboratory strains (routinely used in yeast research 

laboratories) included haploid S288C, haploid CEN.PK 113-7D and diploid CEN.PK 

122 (Table 1). Stock cultures were maintained on YPD [1 % (w/v) yeast extract, 2 % 

(w/v) bacto-peptone and 2 % (w/v) glucose] agar plates at 4 ºC.  
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Media and Fermentations 

The fermentation tests were performed in a previously optimized VHG medium (Pereira 

et al. 2010) consisting of 280-350 g glucose l-1, 44.3 g corn steep liquor (CSL) l-1, 2.3 g 

urea l-1, 3.8 g MgSO4·7H2O l-1 and 0.03 g CuSO4·5H2O l-1. Glucose syrup and CSL 

were kindly provided by a starch manufacturer (COPAM, Portugal) and autoclaved 

separately (121 ºC, 20 min). After autoclaving, the whole CSL was allowed to settle for 

1 – 2 days at 4 ºC and then centrifuged (15 min at 13100 x g) to remove the insolubles. 

The main composition of the CSL used has been previously reported (Pereira et al. 

2010). The nutrients concentrated stock solutions were sterilized by filtration and then 

added aseptically. Before inoculating the fermentation flasks the medium was aerated 

by stirring with a magnet (>850 rpm during 20 min), reaching >95% of air saturation.  

The yeast for inoculation was grown in Erlenmeyer flasks filled with medium 

containing 50 g glucose l-1, 20 g peptone l-1 and 10 g yeast extract l-1. After incubation 

at 30 ºC and 150 rpm for 18 – 22 h (OD600 of 7 – 7.5), the cell suspension was 

aseptically collected by centrifugation  (10 min at 7500 x g, 4 ºC) and ressuspended in 

0.9 % (w/v) NaCl to a concentration of 200 mg fresh yeast ml-1. Then, the yeast cells 

were pitched at about 1.3x108 cells  ml-1 into 40 ml of culture medium to start the 

fermentation.  

Fermentations were done in 100 ml Erlenmeyer flasks fitted with perforated rubber 

stoppers enclosing glycerol- locks (to permit CO2 exhaustion while avoiding the 

entrance of air) and incubated at 30 ºC with 150 rpm orbital agitation. The initial pH 

was adjusted to 5.5 with NaOH. The final pH was > 3.9 in all fermentations. The 

fermentation evolution was monitored by mass loss and samples for analyses were 

taken just at the ending point.  
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Analytical Procedures 

Cell dry weight was determined using 20 ml samples of the yeast culture collected by 

centrifugation (10 min at 7500 x g, 4 ºC) in a pre-weighed dried tube and then washed 

with 20 ml of distilled water. The tube was dried overnight at 105 ºC and weighed 

again. Glucose, ethanol and glycerol were analyzed by HPLC, using a Varian MetaCarb 

87H column eluted at 60 ºC with 0.005 M H2SO4 at a flow rate of 0.7 ml min-1, and a 

refractive- index detector.  

 

Determination of fermentation parameters 

Ethanol conversion yield was calculated by the ratio between the maximum ethanol 

concentration produced and the glucose consumed (difference between the initial and 

residual glucose concentrations).  It was expressed as a percentage (%) of the theoretical 

conversion yield, i.e. the yield considering a production of 0.511 g of ethanol per g of 

glucose. Ethanol productivity was defined as the ratio between final ethanol 

concentration and total fermentation time (fermentation was considered to be complete 

when the weight of the flasks stabilized).  

 

Results and Discussion 

An optimized VHG medium (280-350 g glucose l-1) supplemented with low-cost 

nutrients was used to evaluate the fermentation performance of 3 standard laboratory 

strains and 8 industrial strains, 3 isolated from bio-ethanol distilleries and 5 from 

“cachaça” fermentations in Brazil.  

Figure 1 shows the CO2 production (mass loss) profiles for the 11 strains tested. These  

profiles permit the evaluation of fermentation evolution since under the oxygen- limiting 
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conditions used in this study, the patterns of CO2 and ethanol production are closely 

related, because most CO2 originates from the fermentative pathway. The fermenta tion 

parameters determined at the end of the fermentations are shown in Figure 2.  

Among the laboratory strains, CEN.PK 113-7D presented the best fermentation 

performance, producing 17.5 % (v/v) ethanol in less than 80 h. The behavior of the 

diploid version CEN.PK 122 was similar, with fermentation being slightly slower 

(Figure 1A). Fermentation by strain S288C was much slower, taking over 120 h to 

reach completion, but the final ethanol titre reached was only slightly lower (Figure 

2A). The 3 strains were able to completely consume initial glucose concentrations close 

to 300 g l-1 (Figure 2C), with ethanol yields over 90 % of the theoretical (Figure 2B). 

However, when the initial glucose concentration was raised to about 330 g l-1, 

fermentation by strain CEN.PK 113-7D was slower and stopped with 36 g of residual 

glucose l-1 (data not shown). Hence, this increase in the initial glucose concentration 

resulted in a decrease in the fermentation rate and, consequently, in the overall ethanol 

productivity (which dropped to 1.5 g l-1 h-1), probably due to the increased osmotic 

pressure (higher content of sugar) in the beginning of the fermentation.  

The industrial strains were tested with higher glucose concentrations (ca. 330 g l-1) 

(Figure 2C). Among the strains isolated from bio-ethanol distilleries, strains PE-2 and 

VR-1 showed identical CO2 production profiles, with fermentation reaching completion 

in less than 80 h, while strain CAT-1 was slower (Figure 1B). The 3 strains consumed 

nearly all glucose (residual < 1 g l-1) (Figure 2C) but PE-2 produced a higher final 

ethanol titre (19 % v/v) (Figure 2A) and consequently presented a better ethanol yield 

(90 % of theoretical) (Figure 2B). 

Among the strains isolated from “cachaça” environments, CA1185 and CA1187 showed 
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similar CO2 production profiles, with fermentation reaching completion in less than 80 

h (Figure 1C), in agreement with the results obtained for strain PE-2 and VR-1 (Figure 

1B). Fermentation by strain CA155 was slower but reached identical final CO 2 

production, with total glucose consumption. These 3 strains produced over 18 % (v/v) 

ethanol (Figure 2A), with conversion yields over 85 % of theoretical (Figure 2B). 

Fermentation by strain CA1162 was slower (Figure 1C), producing 17 % (v/v) ethanol 

but leaving a glucose residual of 13 g l-1 (Figure 2). Strain CA11 showed the slowest 

fermentation amongst the industrial strains, with fermentation being incomplete even 

after 140 h (Figure 1C; Figure 2C).  

These results indicate that there is heterogeneity among these natural yeast isolates in 

their ability to ferment VHG glucose medium and in their response to stress conditions. 

Accordingly, using different molecular techniques Pataro et al. (2000) observed high 

molecular diversity of the prevalent S. cerevisiae strains in “cachaça” production, which 

was attributed to a succession of indigenous strains that occur throughout the “cachaça” 

fermentation season and among different seasons. 

In order to investigate the maximum ethanol titres that could be produced, strains PE-2, 

CA1185 and CA1187 were tested in fermentations with 350 g glucose l-1 (data not 

shown). These strains fermented nearly all the glucose (residual < 4 g l-1), reaching 

ethanol titres of 19.2 ± 0.3, 19.2 ± 0.0 and 18.1 ± 0.0 % (v/v), respectively. Strains PE-2 

and CA1185 showed the higher ethanol productivity (2.5 g l-1 h-1), which was lower in 

the case of CA1187 (1.8 g l-1 h-1).  

Laboratory strains showed a final biomass concentration around 7-8 g l-1, which was 

lower than that obtained with industrial strains (8-11 g l-1) (Figure 2D). This higher 

growth of industrial strains on VHG conditions can be related to its origin, since these 
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strains were isolated from stressful environments and were physiologically adapted to 

media with high osmotic pressure and ethanol stress (Basso et al. 2008). 

There were no considerable differences in glycerol biosynthesis by the laboratory 

strains with a concentration around 8 g l-1 being obtained at the end of the 

fermentations, corresponding to 5-6 % of the final ethanol concentration (Figure 2D). 

Interestingly, the industrial strains produced proportionately more glycerol, which 

accumulated to 8-10 % of the final ethanol concentration (Figure 2D). This increase in 

glycerol levels may contribute to counteract the effect of increasing osmotic pressure, 

promoting a protective effect on yeast cells (Kaino and Takagi 2008).  

Increasing ethanol concentration at the end of fermentation (by applying high content of 

substrate) can significantly save the energy consumption in the downstream processes 

(Zhao and Bai 2009). Nevertheless, the osmotic pressure and ethanol inhibition 

developed under VHG conditions frequently result in incomplete or stuck fermentations 

with consequent losses in productivity and raw material. However, our results showed 

that robust strains isolated from stressful industrial environments, such as PE-2 and 

CA1185, were able to consume over 330 g glucose l-1 and produce high ethanol titres 

(up to 19 %) with high ethanol batch productivity (> 2.3 g l-1 h-1). The results suggest 

that these strains are more prepared to cope with VHG fermentation stresses, namely 

high ethanol concentrations and osmotic pressure, comparing to standard laboratory 

yeast strains.  

These industrial yeasts must sense and rapidly adapt to the adverse factors found in their 

natural environment, adjusting their physiology and metabolic activities to avoid 

substantial viability loss in the culture. Silva-Filho et al. (2005) concluded by PCR-

fingerprinting of yeast samples from fuel ethanol fermentations that indigenous strains 
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could be more adapted to the industrial process than commercial ones. Probably, during 

yeast cell recycling, selective pressure (an adaptive evolution) is imposed on yeast 

population, leading to strains with higher tolerance to the stressful conditions of the 

industrial fermentation. The results of the present study show that the great biodiversity 

found in distillery environments can be an important source of robust stress-tolerant 

strains for biotechnological fermentation processes. These robust strains also constitute 

interesting hosts to be used in improvement programs through metabolic engineering.  

Ethanol concentrations above 18 % (v/v), as obtained with strains PE-2, CA1185, 

CA1187 and CA155 (Figure 2A), are rarely reported in the literature. Additionally, the 

ethanol productivities attained (> 2.3 g l-1 h-1) are very interesting for batch VHG 

fermentation. To our knowledge, the highest ethanol titres (20.6 – 23.8 % v/v) have 

been reported in fermentations of VHG wheat mashes at temperatures not higher than 

27 ºC (see Jones and Ingledew 1994 and references therein). In Brazil 70-80 % of the 

distilleries producing bio-ethanol from sugarcane employ a fed-batch process with high 

yeast cell concentrations and high fermentation temperature (above 30 ºC) achieving 

fermentation times of only 6-10 h and final ethanol concentrations up to 11 % (v/v) 

(Brethauer and Wyman 2009). Intensification of the fermentation process could lead to 

higher ethanol titres, which would be beneficial for process economics due to energy 

savings in the distillation process. In fact, in the United States, some corn-to-ethanol 

distilleries are already obtaining fermentation products with 16-18 % (v/v) ethanol 

(Shapouri and Gallagher 2005). 

 

Conclusions 

The application of VHG fermentation for fuel ethanol production can improve the final 
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ethanol concentration and save significantly energy consumption. Our results highlight 

industrial distillery environments as a remarkable source of robust yeast strains for 

biotechnological fermentation processes. The industrial strains PE-2 and CA1185 

exhibited the best overall fermentation performance, efficiently fermenting 330-350 g 

glucose l-1 producing over 19 % (v/v) ethanol with a batch productivity up to 2.5 g l-1 h-

1. Among the laboratory strains, the haploid CEN.PK 113-7D presented the best VHG 

fermentation efficiency, consuming 300 g glucose l-1 with a production of 17.5 % (v/v) 

ethanol, corresponding to a productivity of 1.7 g l-1 h-1. These results are of practical 

importance for the selection of suitable yeast strains for the development of highly 

efficient industrial VHG bio-ethanol fermentation systems. 
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Table 1 – S. cerevisiae strains used in this study. 

Strain Available from Reference/Source 

CEN.PK 113-7D EUROSCARFa collection van Dijken et al. 2000 

CEN.PK 122 EUROSCARFa collection van Dijken et al. 2000 

S288C ATCCb collection (n.º 26108) Mortimer and Johnston 1986 

PE-2 LNFc  Basso et al. 2008 

VR-1 LNFc  Basso et al. 2008 

CAT-1 LNFc  Basso et al. 2008 

CA11 LNFc R. Schwan 

CA1162 UFLAd collection R. Schwan 

CA1185 UFLAd collection R. Schwan 

CA1187 UFLAd collection R. Schwan 

CA155 UFLAd collection R. Schwan 

a
European Saccharomyces cerevisiae Archive for Functional Analysis (euroscarf@em.uni-frankfurt.de) 

b
American Type Culture Collect ion (www.atcc.org)  

c
LNF Lat ino Americana, Brazil (lnf@lnf.com.br) 

d
Federal University of Lavras, Brazil (rschwan@dbi.ufla.br) 
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Figure Captions 

Figure 1 – Profiles of CO2 production obtained in VHG fermentations: (A) ca. 300 g 

glucose l-1 by laboratory strains; (B) ca. 330 g glucose l-1 by industrial strains isolated from 

bio-ethanol distilleries; (C) ca. 330 g glucose l-1 by industrial yeast strains isolated from 

“cachaça” fermentation 

 

Figure 2 – VHG fermentations with laboratory and industrial S. cerevisiae strains: (A) 

final ethanol concentration (dark columns) and ethanol productivity (white columns); (B) 

ethanol yield; (C) initial glucose concentration (dark columns) and final glucose 

concentration (white columns); (D) final biomass concentration (dark columns) and final 

glycerol concentration (white columns). Error bars represent the range between 

independent biological duplicates, except for the PE-2 and CA1185 data for which the 

error bars represent the standard deviation of 4 independent biological replicates.  
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