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Pre-adaptation of yeast (Saccharomyces cerevisiae) strains to very high
gravity can improve fermentation parameters and reduce osmotic
stress
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Abstract

This study investigated improvements in sugarcane ethanol production by adapting yeast strains for very high gravity fermentation.
Two yeast strains (C22 and Y904) were adapted in eight fermentation cycles with increasing initial sugar content from 56.2 to
296.1 g L™! (Experiment 1). After the last cycle, the “adapted” yeasts were recycled in a wort containing 296.1 g L=! initial
sugar and compared with their respective strains that were not subjected to the adaptation process (Experiment 2). Fermentative
parameters were analyzed and the osmotic stress on yeast cell morphology was assessed by scanning electron microscopy
(SEM). In Experiment 1, along the fermentation cycles, strain Y904 showed a decrease in cell viability after sugar concentration
of 223 g L™!. SEM images showed that Y904 cells were wrinkled after this cycle. In the case of strain C22, no differences in
cell viability were observed along the cycles. However, for both strains, the residual sugars were relatively high and the ethanol
content was below the maximum potential. In Experiment 2, for strain Y904, no differences were observed between adapted and
non-adapted yeasts in terms of ethanol content, cell viability, and morphology. In the case of strain C22, cell viability and final
ethanol content were significantly higher in the adapted yeast, which had cells less damaged by the osmotic stress. In conclusion,
the study supports the importance of yeast strain selection and adaptation for efficient VHG fermentation, by demonstrating the
superior performance of yeast strain C22 in response to increasing initial sugar content.
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1 Introduction

Sugarcane is considered a sustainable feedstock for ethanol
production [1-3]. Sugarcane ethanol has an energy balance
of 9.4 renewable energy units produced per unit of fossil
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fuel used, which is four and seven times higher than
ethanol produced from sugar beet and corn, respectively
[4]. Moreover, ethanol production in Brazil is expected to
increase and become more profitable in the coming years
due to RenovaBio. This is a federal government program that
allows biofuel producers to receive financial credits (CBIOs)
for each ton of CO, equivalent no longer emitted [5, 6].
However, the sugarcane ethanol production process can
be improved and become more sustainable. Vinasse is a dark
brown liquid considered the main byproduct of this process
as it is produced at a rate of 10 to 15 L per liter of ethanol
produced [7]. The volume of vinasse and its concentration
depend on the ethanol content at the end of fermentation. For
example, if the ethanol content is 7.5% (vv™!), approximately
7.5 L of ethanol and about 92.5 L of vinasse are produced
per 100 L of wine. If the ethanol content is increased to
15%, approximately 15 L of ethanol and 85 L of vinasse can
be produced per 100 L of wine. Therefore, by increasing
the ethanol content, the vinasse generated would decrease
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from 12.3 to 5.7 L of vinasse generated per liter of ethanol
produced.

In the context of RenovaBio, vinasse is emerging as a
promising feedstock for biogas production to replace biofuels
in field operations and increase the energy balance of sugarcane
ethanol [8, 9]. Anaerobic digestion of vinasse can increase the
bioenergy production of sugarcane mills by almost 16% [10].
In addition to that, if all the vinasse produced in the State of
Sao Paulo was used for biogas production, the emission of
3.9 million tons of CO,, per year would be avoided, which
could mean an increase in revenue of $78 to $156 million per
year due to the commercialization of CBIOs [10].

Fermentation aimed at higher ethanol content also
produces a more concentrated vinasse, which can increase
the methane yield from anaerobic digestion, reduce reactor
volumes, and reduce the amount of vinasse that needs to
be handled and applied to the field as fertilizer [10]. The
higher ethanol content can also provide other benefits such
as increased productivity and reduced water and energy
requirements in industrial processes [11]. Furthermore,
the distillation process is one of the more energy-intensive
processes in the industrial plant, so the higher ethanol
concentration will also reduce the energy demand of this
specific step [11, 12].

Concentrations of dissolved solids, including fermentable
sugars, greatly influence fermentation and other processes
in the sugarcane mill. Normal gravity (NG, 15-16 °Brix)
ethanol production is a well-established process. After a
fermentation with satisfactory efficiency, the wine will have
7-8% ethanol content (vv™") [13]. Improvements in yeast
bioengineering and genetics and new technologies have
allowed the concentration of wort to a high gravity (HG,
18 to 24 °Brix) process, increasing the ethanol content to
10 to 12% at the end of fermentation [14]. The very high
gravity (VHG) technology is based on the fermentation of
wort with more than 27% dissolved solids [15, 16] and can
reach final ethanol levels of more than 15%. However, this
process still faces challenges for its implementation on an
industrial scale.

The high initial sugar content causes osmotic stress to the
yeast, significantly reducing cell viability and fermentation
efficiency [17-20]. In addition to that, high ethanol levels
can also have negative effects on yeast physiology and
reduce cell viability [21]. As a result, high ethanol levels
can lead to incomplete fermentation with high residual sugar
[16, 22]. Therefore, to achieve a successful implementation
of very high gravity technology, it is necessary to select and
develop yeast strains with high fermentation efficiency [11].
These strains should be able to tolerate multiple stresses
such as high sugar contents at the beginning of fermentation
and high ethanol levels at the end.

On the positive side, yeast, as a unicellular organism,
has rapid reproduction rates, high adaptability to different
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environmental conditions, and can be easily multiplied on
a small scale. These characteristics make yeast well suited
for laboratory-scale selection based on tolerance to specific
conditions, paving the way for its application on an indus-
trial scale [23-25]. Thus, laboratory-scale fermentations
with increasing initial sugar content can be a valuable tool
for rapid selection of yeast strains tolerant to high ethanol
levels and osmotic stress resulting from high fermentable
sugar concentrations [22]. To this end, it is crucial to inves-
tigate how different yeast strains respond to increasing sugar
levels in the wort and how this affects other fermentative
parameters in addition to the final ethanol content.

Based on this background, the aim of this study was to
evaluate how the adaptation process of different yeast strains
on a laboratory scale affects their fermentation ability at very
high gravity. This study consisted of two experiments under
sterile conditions. In Experiment 1, eight fermentation cycles
with increasing initial sugar content (from 56.2 to 296.1 g
L") were performed with two yeast strains (Y904 and C22).
At the end of the last cycle, the yeasts were collected and
designated as “adapted” yeasts. In Experiment 2, the adapted
yeast strains were compared with their respective non-adapted
strains by evaluating different fermentative parameters.

The hypotheses tested in this study were as follows:

H1. The consistent increase in initial sugars after each
cycle will affect yeast morphology and fermentation effi-
ciency after each cycle as it can cause an osmotic stress
in the yeast strains and will differ between the two strains.
H2. The adaptation will improve the yeast’s tolerance to
high initial sugar levels at the start of fermentation and
high ethanol levels at the end of fermentation compared
to their respective non-adapted strains.

2 Materials and methods

The study consisted of two experiments. In the first experiment,
two yeast strains were used in fermentations with a constant
increase in sugar content for eight cycles, ranging from 56.2 g
L~! (6 °Brix) in the first cycle to 296.1 g L™! (30.2 °Brix) in
the last cycle. In the second experiment, the adapted yeasts
were selected and compared with their non-adapted forms in a
fermentation kinetics using the same wort as in the last cycle.
Figure 1 shows an overview of the experimental design of both
experiments. Table 1 shows the wort sugar composition for
each cycle of Experiment 1 and Experiment 2.

2.1 Yeasts and wort preparation
In this study, two different yeast (Saccharomyces cerevisiae)

strains were assessed. The strain Y904 is a commercial yeast
strain in Brazil, from AB Brasil (Pederneiras, Sao Paulo).
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Fig. 1 Overview of the design
of both experiments conducted
in this study

EXPERIMENT 1

(yeasts adaptation)

Substrate
with increased sugar
contents after each

cycle 8 Cycles
Adapted yeast
vs non-adapted
i Yeast recycling l
t
T Fermentation
. —— Centrifugation (296 g L)
P l
Fermentation Wine SEM imaging

EXPERIMENT 2

More information about the fermentation efficiency and
suggested conditions of this strain can be found in Alcarde
et al. [26] and Cruz et al. [27], respectively. The strain C22
MYCOFERM is from the company Ever Intec, and is usually
used for wine fermentations with relatively higher ethanol
contents (~13.5%). More information about this strain can
be found in Dekker et al. [22] and Douradinho et al. [28].
The wort used in both experiments was obtained by
diluting sugarcane syrup with distilled water. The syrup
(Brix > 60°) was collected from the Granelli sugarcane
mill, located in the municipality of Charqueada, State of
Sao Paulo, Brazil. The syrup was first diluted to 35 °Brix. It
was then clarified by filtering and using 2.5 g of monobasic
sodium phosphate per liter. The clarified diluted syrup was
then autoclaved at 120 °C for 25 min at 1 atm pressure.

A detailed description of the clarification and sterilization
process can be found in [20]. All the equipment, tools, and
flasks used in this study were sterilized each time before use
to avoid contamination of the fermentation process.

After these processes, the wort was diluted to achieve the
desired initial sugar levels. It is worth noting that prior to the
start of the fermentation, a subsample of the wort was taken
and analyzed for Brix and sugar levels. These are the values
presented in Table 1.

2.2 Experiment 1
In this experiment, the yeast strains were reactivated in the

first cycles, as these started with the fermentations with low
initial sugar levels. The fermentations were carried out in

Table 1 Overview of the cycles

. Fermentation cycle Wort °Brix Fermentation Wort fermentable sugars (g L™')

from Ex.perlrnent 1 and the time (hours)

wort Brix and total fermentable Total* Sucrose Glucose Fructose

sugars and the same values for

the wort used in Experiment 2 Experiment 1
1 6.0 5 56.2 41.8 6.0 6.3
2 11.2 15 127.9 86.8 18.8 18.0
3 14.9 18.3 141.3 91.9 22.5 22.3
4 18.2 12.8 178.4 121.1 26.9 24.4
5 22.7 16 223.0 1514 30.4 33.6
6 25.3 19.5 248.0 168.3 339 37.4
7 2717 23 271.6 184.3 37.1 41.0
8 30.2 17 296.1 200.9 40.5 44.7

Experiment 2

Wort 30.2 17 296.1 200.9 40.5 44.7

*Calculated as the contents of: (sucrose X 1.05) + glucose + fructose, with 1.05 being a conversion factor of
the sucrose hydrolysis into the reducing sugars
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500-mL Erlenmeyer flasks with a working volume of 300
mL, fed with a simple batch. The yeasts were inoculated in
the first cycle with 3 g of yeast per 100 mL of wort (9 g in
total). The flasks were sealed to prevent external contamina-
tion. The external temperature was controlled at 28 °C and
the flasks were shaken at 80 rpm during the fermentation
process. Each treatment had five replicates. The fermentation
time of each cycle was determined based on previous studies
by Douradinho et al. [22].

The procedure described in Fig. 1 was followed for each
cycle. Briefly, the fermented wort was transferred to steri-
lized containers and centrifuged at 2917g for 10 min. At
the end of the fermentation, the wet solid biomass (here-
after referred to as “yeast cream”) was analyzed for final
cell viability and inoculated into the wort of the next cycle.
The supernatant was analyzed for ethanol, organic acids, and
carbohydrates, including residual sugars. More information
about the analyses is presented in Sect. 2.4. In the last cycle,
the yeast cream was collected and used for Experiment 2. In
cycles 1, 2, 5, and 7, the yeast cells were imaged using the
scanning electron microscope (SEM).

2.3 Experiment 2

The wort used in this experiment had 296.1 g of ferment-
able sugar per liter, the same as in the 8th cycle of Experi-
ment 1. Although the yeast strain may have adapted to high
initial sugar levels in previous cycles, the “adapted” yeast
was selected after this cycle because to be considered a very
high gravity fermentation, the initial soluble solids must be
at least 270 g L™!, and the experiment was designed to reach
these levels in this cycle. For very high gravity, the wort
may not provide enough nutrients for the yeast may lead to
deficiencies, affecting the fermentation efficiency. For this
reason, in these studies, the wort is often supplemented with
nutrients. However, the objective of this study was to com-
pare the response of two strains and the addition of other
variables, as wort supplementation, was not considered,
although it will be relevant for further studies.

In this experiment, both strains were compared in their
adapted and non-adapted forms. For the non-adapted forms,
for each experimental unit, 9 g of yeast was rehydrated by
mixing with distilled water and shaken for 2 h. The solution
was then centrifuged and the yeasts were inoculated into
their respective reactors. For the adapted yeasts, the yeast
creams collected from Experiment 1 were merged with their
respective strains. The cell concentration was determined
and a subsample was collected and applied to each reactor
in Experiment 2, aiming for similar cell concentration in
all treatments. The flasks were sealed to prevent external
contamination. The external temperature was controlled
at 28 °C and the flasks were shaken at 80 rpm during the
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fermentation process. Each treatment had five replicates. The
fermentation lasted 17 h.

The fermented wort was transferred to sterilized containers
and centrifuged at 2917g for 10 min. After centrifugation, the
yeast cream was analyzed for final cell viability and a sample
was collected and imaged with SEM. The supernatant was
analyzed for ethanol, organic acids, and carbohydrates, includ-
ing residual sugars. More information on the analyses is given
in Sect. 2.4. The initial pH of the wort used in this experiment
was 4.3. However, we did not analyze the pH during and after
fermentation. Moreover, the wort was not supplemented with
macro- and micronutrients.

2.4 Analyses
2.4.1 Yeast cells

Yeast was analyzed for cell viability at the beginning of
Experiments 1 and 2 and at the end of each fermenta-
tion in both experiments. Yeast viability was determined
by differential staining of live cells with 0.1% methyl-
ene blue solution. The stained solution was placed in a
Neubauer chamber and dead and live cells were counted
by light microscopy according to the method described
by Pierce [29] and Oliveira et al. [30]. A more detailed
description of this procedure can be found in Sica et al.
[20].

In Experiment 1 (end of cycles 1, 2, 5, and 7) and after the
fermentation of Experiment 2, the yeast cells from the yeast
cream were imaged with a scanning electron microscope
(SEM, LEO, model 435 VP). The yeast cream was stored at
4 °C in 0.5 mL Eppendorf’s with Karnovisky’s fixative. The
samples were placed on microscope blades with a drop of
poly-L-lysine for 20 min. Excess poly-L-lysine was removed
with ethanol. The samples were dehydrated with a critical
point dehydrator (LEICA, model EM CPD300). The blades
were subjected to a metallization process (Bal-Tec, model
SCD-050). The scanning electron microscope images were
taken at a magnification of 25,000 times.

2.4.2 Ethanol content

For this analysis, 25 mL of the centrifuged supernatant
was collected from each experimental unit. These samples
were distilled in a micro distiller MA 012/1 (Marconi,
Piracicaba, Sao Paulo, Brazil). Distillation was continued
until the 25 mL volume was collected in a volumetric flask
placed on the outlet valve of the distiller condenser. After
distillation, the sample was analyzed and had the ethanol
content determined using the Schmidt Haensch Digital
Densimeter EDM 400. A more detailed description of this
procedure can be found in Sica et al. [20].
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2.4.3 lon chromatography

The supernatant of the centrifuged wine was analyzed for
sucrose (not detected), fructose, glucose (residual sug-
ars), glycerol, and mannitol content using a 930 Compact
IC Flex ion chromatograph (Metrohm) equipped with an
amperometric detector and a Metrospec Carb 1 column.
A 100 mmol L~! NaOH solution was used as the eluent
at a flow rate of 1 mL min~! and the temperature was
maintained at 35 °C.

The contents of acetic, lactic, succinic, formic, and
aconitic acids in the centrifuged wine were determined
by ion chromatography, using the same equipment as
previously described (Methrom, model 930 Compact IC
Flex), with a conductivity detector, chemical suppressor,
and Metrosep Organic 250/7.8 column. The eluent was a
solution of 0.5 mM sulfuric acid and 15% acetone, at a
flow rate of 1 mL min~! and the temperature of 25 °C.

2.5 Statistical analyses

All experiments were conducted with five replicates that
were randomly distributed within the shaker. Statistical
analyses were performed using IBM SPSS Statistics 27.0
software, and graphs were generated using SigmaPlot ver-
sion 15.0. Levene’s test was used to verify the homogeneity
of variance of the data, and the Kolmogrov-Smirnov test was
used to verify that the data followed a normal distribution.

In Experiment 1, one-way ANOVA was conducted to
assess the effects of cycles (initial sugar contents) on the
assessed parameters. In Experiment 2, two-way ANOVA
was performed to assess the effects of “strain” and “adap-
tation” on the assessed parameters. For both experiments,
Tukey’s HSD test (<0.05) was used to compare means.
Principal component analysis was performed using Sig-
maPlot 15.0 only for the results obtained in Experiment 2.
To normalize the data, the respective mean was subtracted
from each data point and then divided by the standard
deviation.

3 Results
3.1 Experiment 1
3.1.1 Residual sugars and cell viability

The cell viability of strain Y904 decreased significantly
in cycles 5 and 8, while for strain C22 the only significant
difference was observed between cycles 2 and 7, with
cycle 8 not significantly different from any of the other
cycles (Table 2).

The residual sugars of the fermentations with both yeast
strains increased significantly over time, ranging from
about 0.3% of the initial sugars in cycle 1 to more than
40% of the initial sugars in cycle 8 (Table 2).

3.1.2 Ethanol content

The ethanol content at the end of the fermentation con-
sistently increased until the fifth cycle for both strains. In
cycles 6, 7, and 8 the ethanol content had small variations,
remaining within the standard error ranges (Fig. 2).

3.1.3 Secondary compounds

The contents of glycerol, mannitol, lactic acid, and acetic
acid tended to increase after each cycle. The first one had
its higher values in cycle 7, while for the last three, the
highest values were observed in cycle 8. In contrast, the
succinic acid content of Y904 increased significantly until
cycle 6 and was significantly reduced in cycles 7 and 8.
For C22, succinic acid increased up to cycle 7 and was
significantly reduced in cycle 8 (Table 3).

3.1.4 Yeast cell imaging

In Fig. 3, the SEM image shows that the morphology
of the two yeast strains was different as the initial sugar
content increased. In the first cycle, the cells of both
strains had a round but rough shape. The contrast in the
morphology of the strains can be observed throughout the
cycles as C22 became more turgid, including cycle 7. For
strain Y904, swelling occurred until cycle 5. In cycle 7,
the yeasts of strain C22 showed an elongated shape and a
wilted appearance.

3.2 Experiment 2
3.2.1 Principal component analysis

In the Principal Component Analysis (PCA) performed
on the results obtained in Experiment 2, Component 1
(PC1) corresponded to 55.92% of the variability, while
Component 2 (PC2) corresponded to 35.93% of the total
variability. The position of the treatments on the graph
clearly showed the differences between the strains and
the effects of adaptation. Yield and lactic acid and final
viability and ethanol content were closely related and
close to the C22 adapted. In contrast, aconitic acid,
succinic acid, acetic acid, and residual fructose were
in an inverted position close to the non-adapted strains
(Fig. 4).
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Table 2 Yeast cell viability

. | . Experiment 1
and residual sugars in the wine

(glucose and fructose) at the Yeast Fermentation  °Brix Cell viability Residual sugars (g L™)*
end of each cycle for both yeast cycle
strains assessed in this study (%) Glucose Fructose %.O.f
initial
sugars**
Y904 1 6.0 76.7+3.4ab 0.06+0.01c 0.11+0.01f 0.3%
2 11.2 83.5+5.1a 0.09+0.01c 0.26+0.1f 0.3%
3 149 82.8+4.4a 0.22+0.05¢ 0.45+0.2f 0.5%
4 18.2 859+7.1a 0.07+0.01c 53+x1.1e 3.0%
5 227 67.7+3.1bc 3.4+0.3bc 222+2.1d 11.5%
6 253 65.1+2.4bc 5.9+0.7bc 34.8+4.1c 16.4%
7 27.7 62.1+1.2bc 8.9+2.1b 51.3+7.3b 22.2%
8 30.2 55.6+2.1d 30.7 +6a 111+15a 47.8%
C22 1 6.0 83.2+3.4ab 0.08+0.02c 0.28 +0.1f 0.6%
2 11.2 89.4+4.1a 0.09+0.01c 0.31+0.1f 0.3%
3 14.9 86.4+3.7ab 0.23+0.1c 0.33+0.2f 0.4%
4 18.2 88.2+2.5ab 0.03+£0.01c 9.7+1.2e 5.4%
5 22.7 80.6 +4.2ab 0.60+0.2bc 17.3+1.1d 8.0%
6 25.3 80.1+3.1ab 0.86+0.3bc 26.6+2.1c 11.1%
7 27.7 78.8£2.9b 1.10+£0.2b 44.8+5.9b 16.9%
8 30.2 82.6+1.4ab 26.4+3a 96.3+8.5a 41.4%

Different letters indicate a significant difference between cycles (Tukey HSD, < 0.05)

*Sucrose was not detected at the end of the fermentations

**Calculated as the sum of sucrose and glucose contents divided by the initial total fermentable sugar contents

—— Y004
20 ] «= Q= C22
Theoretical maximum

Ethanol content (%, W_ﬂ)

0 T T T T T T T T
C1 c2 C3 C4 C5 Cé Cc7 cs

Fermentation cycles

Fig. 2 Ethanol content of the wine at the end of each cycle in Experi-
ment 1 for both yeast strains evaluated in this study. The theoretical
maximum ethanol content was calculated based on stoichiometry,
considering that the yeast can produce a maximum of 64.75 ml of
ethanol per 100 g of fermentable sugars

3.2.2 Ethanol content and cell viability
The initial total fermentable sugar content of 296.1 g L™

could provide a theoretical maximum ethanol content of
19.2% at the end of the fermentation. Strain C22, when
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previously adapted to high initial sugar levels, had the sig-
nificantly highest ethanol content (14.6% + 0.4) and final
cell viability (83.6% + 2.7). The non-adapted strain C22
had a significantly higher ethanol content than the non-
adapted strain Y904 (13.8% + 0.2 vs. 13.2% + 0.2). The
non-adapted C22 strain also had a significantly higher
final cell viability (68.8% + 2.0) than the Y904 strain,
both adapted (56.7% = 0.9) and non-adapted (55.2% =+
2.3) (Fig. 5).

3.2.3 Residual sugars and secondary compounds

The residual sugars ranged from 21.7 to 32.3% of the
initial fermentable sugars for the C22 adapted and Y904
non-adapted strains, respectively. The fructose content was
significantly higher in both non-adapted strains compared to
the previously adapted yeasts (Table 4).

A significant difference was observed for the mannitol
content, with the non-adapted Y904 being significantly
higher than the adapted C22. Regarding the glycerol content,
Y904 had the significantly highest content for both adapted
and non-adapted. For strain C22, adapted was significantly
lower than non-adapted. Three organic acids showed simi-
lar trends, as the contents of succinic, aconitic, and acetic
acids were significantly higher in the non-adapted strains
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Table 3 Glycerol, mannitol,

. R X X Experiment 1
lactic acid, acetic acid, and

succinic acid of the wine at the Yeast Fermenta- °Brix  Glycerol Mannitol Lactic acid Acetic acid  Succinic acid
end of each cycle for both yeast tion cycle o
strains assessed in this study gL
Y004 1 6.0 591+0.2¢c 0.66+0.2d  0.15+0.03e  0.28+0.1f 0.73+0.1c
2 112 6.51+0.5bc  1.19+03cd 0.13+0.02e  0.57+0.2f 0.76 £0.2c
3 149  735+04bc 1.66+0.4c 0.39+0.1d 1.27+0.2e 1.42+0.3ab
4 182  7.98+1.1bc 1.78+0.2¢c 0.55+0.1c 1.75+0.4d 1.33+0.1ab
5 227  923+12ab 227+03b  0.68+0.2c 2.32+0.5¢c 1.26 +0.3ab
6 25.3 12.0+1.1a 3.09+0.5ab  0.63+0.2¢c 2.04+02cd 1.62+0.2a
7 27.1 12.1+2.2a 3.08+0.5ab  0.85+0.3bc  2.85+0.2b 1.04+0.1b
8 30.2 11.5+1.7a 3.61+0.3a 1.35+0.5a 3.40+02a  0.71+0.1c
C22 1 6.0 6.01£0.5¢ 0.64+0.1f 0.13+0.05g 0.40+02d  0.56+0.2d
2 112 6.72+08bc 1.17+02ef 0.16x0.1g  057+02d  0.41+0.1d
3 149  742+04bc  1.62+0.4de 0.48+0.1f 1.91+0.03¢c  1.27+0.1bc
4 182  8.06x1.1bc 1.65+03cd 0.71+0.2¢ 291+0.2b 1.22+0.2bc
5 2277 9.39+14bc  2.24+0.5¢ 0.83+0.2de  3.17+0.1ab  1.11+0.1bc
6 25.3 12.7+2.1ab  2.89+04ab 0.91+0.4cd 3.00+£0.2ab 1.85+0.2a
7 27.1 142+17a  2.97+04ab 0.98+0.3bc 3.23+0.3ab 2.02+0.3a
8 30.2 11.8+2.1ab 3.04+0.3a 1.39+0.2a 344+02a  097+0.1c

Different letters indicate a significant difference between cycles (Tukey HSD, < 0.05)

compared to the adapted strains. In contrast, lactic acid con-
tent was the highest in both adapted strains compared to
Y904 non-adapted strains (Table 4).

3.2.4 Yeast cell imaging

In Fig. 6, the SEM image shows that the morphology of the
yeast cells at the end of fermentation was affected by the strain
and the adaptation process. The cells of strain C22 had a round
shape, while the shape of the adapted cells was smooth with
a visible bud and the non-adapted cells were rough. For the
Y904 strain, both adapted and non-adapted cells were rough,
with the non-adapted cells having a more rounded shape and
the adapted cells being deformed and wilted (Fig. 6).

4 Discussion

4.1 Yeast strain response to increasing sugar
contents (H1)

The first hypothesis tested in this study was that the consist-
ent increase in initial sugars after each cycle will affect yeast
morphology and fermentation efficiency after each cycle as
it can cause an osmotic stress in the yeast strains and will
differ between the two strains.

Douradinho et al. [22] assessed how different feeding
systems affected the adaptation of the strain C22 to increas-
ing initial sugar content. They found that fed-batch and

simple-batch (the same used in this study) had little effect
on fermentation efficiency and final ethanol content [22]. In
contrast to it, in a study with initial sugars content of 270 g
L~! using the yeast strain C10, Joannis-Cassan et al. [31]
found that a fed-batch reactor could reduce the sugar and
ethanol inhibition on yeast fermentation efficiency.

However, even with fed-batch reactors, both studies
found that the highest ethanol content obtained was lower
than 15% [22, 31]. Cruz et al. [32] investigated differ-
ent factors such as temperature, sugar concentration, and
cellular concentration to improve the very high gravity
efficiency of sugarcane juice and molasses with the strain
Y904. The authors found that under ideal temperature
(27 °C) and cellular concentration (15%) with an initial
sugar content of 300 g L™!, the highest ethanol content
obtained was also below 15% [32]. Thus, similar to this
study, the authors in Douradinho et al. [22] and Cruz et al.
[32] found relatively low ethanol contents (< 15%) com-
pared to the theoretical maximum ethanol content (~19%)
for an initial sugar content of 300 g L™!. In a very high
gravity fermentation with initial sugars of 323 g L7,
Gomes et al. [33] assessed the yeast strain PE-2, com-
monly used in ethanol distilleries in Brazil. They reached a
final ethanol content of 14.9% (wv~"!), considerably higher
than the levels found in this study. However, they used
an artificial fermentation media, supplemented with other
nutrients, as nitrogen and magnesium [33].

Douradinho et al. [22] results also showed a significant
increase in residual sugars, mainly fructose, when the initial
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C1 (6°Brix)

5 (22.7°Brix) C2 (11.2°Brix)

C7 (27.7°Brix)

Fig.3 Scanning electron microscopic (SEM) images of the yeast
cells from both strains used in this study (Y904 and C22) at the end
of the cycles 1 (Cl1), 2 (C2), 5 (CS5), and 7 (C7) from Experiment 1
(25,000 times magnification)

sugar was increased to more than 20%. The high residual
sugars indicate an incomplete fermentation, probably due
to physicochemical conditions in the substrate that inhibit
the yeast from continuing the ethanol production [16, 21,
34]. The higher fructose content is due to the fact that the
yeast tends to prioritize the glucose utilization during fer-
mentation [35] due to a higher affinity of the yeast glucose
transporting [36]. The residual sugar contents obtained in
this study are far from the acceptable under industrial scale,
which should be around 2 g L~! and not higher than 5 g L™!
[37]. In this study, these values were obtained only until the
4th and 5th cycles.

In this study, the fermentations were conducted under
sterilized conditions and the results showed a consistent
increase in glycerol, mannitol, lactic acid, and acetic acid
as the initial sugar content increased. The increase in the
content of these compounds can be related to the higher
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Fig.4 Principal component analysis (PCA) showing the correlations
between the fermentative parameters evaluated Experiment 2 for both
yeast strains (Y904 and C22), previously adapted and non-adapted,
with an initial sugar content of 296 g L™!

substrate availability to the yeast cells. However, it is worth
noting that yeast can produce these secondary compounds
to increase its tolerance to stressful conditions [38, 39].
High sugar levels cause osmotic stress, which affects the
physiology of the yeast cell by closing the Fps1p channel
and causing the accumulation of glycerol in the cell
to restore turgor pressure [17]. Glycerol synthesis is a
critical mechanism of yeast cells for the rapid release of
carbohydrates to yeast under conditions such as osmotic
stress, along with other stress-responsive compounds such as
trehalose, which can mitigate some of the potential negative
effects induced by stress [40, 41].

Yeast can also produce organic acids in response to
stress conditions and as a strategy to compete for sugars
and nutrients against contaminants [42-45]. However, the
values found in this study are in levels considerably low to
the levels in which the organic acids content could cause any
negative effects on the yeast performance, which starts to be
observed at 10to 40 g L! [12, 46, 47]. Succinic acid is also
a secondary product of yeast metabolism against contami-
nants [48]. According to Bertolini et al. [49], this organic
acid is one of the most important factors increasing the acid-
ity during fermentation, as only 1.2 g L™! (similar to the val-
ues obtained in this study) of succinic acid can increase the
titratable acidity of the substrate. da Silva et al. [SO]Jobserved
that in sterile wort fermentation, the lactic and acetic acid
contents tended to increase over time during a 44 h fer-
mentation. In contrast, the authors found that succinic acid
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Fig.5 Ethanol content (top) and yeast cell viability (bottom) at the
end of fermentation for the two yeast strains used in this study (Y904
and C22), previously adapted and non-adapted for Experiment 2, with
an initial sugar content of 296 g L™, The solid line in the top graph
indicates the theoretical maximum ethanol content based on stoichi-
ometry (19.2%), considering that the yeast can produce a maximum
of 64.75 ml of ethanol per 100 g of fermentable sugars. Different let-
ters indicate a significant difference between treatment (Tukey HSD,
< 0.05)

increased during the first 20 h, reaching almost 2 g L', and
then decreased to less than 1 g L™! [50]. This may explain
the fact that in this study, unlike the other organic acids, suc-
cinic acid did not increase as the initial sugars increased, as
the succinic acid could be degraded during the fermentation
process, reducing its content at the end of the fermentation.

The increase in the concentration of organic acids
synthesized by the yeast can lead to a decrease in
pH during fermentation. As a result of lower pH, S.
cerevisiae can have a 1.4-fold increase in the expression
of 36 genes related to cell wall formation, carbohydrate
metabolism, redox metabolism, control of the expression
of other genes, nuclear pore transport, protection against

various stresses, or coding for proteins with different
functions [51].

Based on the previous discussion and the results of
Experiment 1, it is possible to claim that our first hypothesis
is plausible. Although yeast C22 showed a better adaptation
to the increasing initial sugar content compared to Y904,
after the 5th cycle the residual sugars as well as lactic and
acetic acids increased significantly and the final ethanol con-
tent remained between 10 and 12%, which is considerably
lower than the theoretical maximum potential ethanol con-
tent. Therefore, at initial sugar concentrations above 200 g
L~!, the osmotic stress and high ethanol contents reduced
the fermentation efficiency.

4.2 Yeast adaption for very high gravity
fermentation (H2)

The second hypothesis tested in this study was that the
adaptation will improve the yeast’s tolerance to high initial
sugar levels at the start of fermentation and high ethanol
levels at the end of fermentation compared to their respective
non-adapted strains.

Saccharomyces cerevisiae have the ability to respond
quickly and effectively to environmental changes. This
ability allows the cells to optimize their growth rate under
favorable conditions and ensure their survival in adverse
environments [52]. The adaptation process to high sugar
concentrations in the environment involves osmotic stress,
which is triggered by a series of steps. The first stage con-
sists of immediate cellular changes resulting directly from
the physico-mechanical forces acting in these conditions.
Then, in the second stage, primary defense occurs, charac-
terized by the triggering of processes that initiate cellular
protection, repair, and recovery. Finally, in the third and
final stage, sustained adaptive events occur that allow the
restoration of cellular homeostasis in the face of new cir-
cumstances [39]. According to Hohmann [53], in a context
where yeast is in homeostatic equilibrium, the water activity
of the cytosol and its organelles must be lower than that of
the surrounding environment in order to maintain a favorable
water volume associated with biochemical reactions. Thus,
a constant force is maintained that results in the influx of
water into the cell along its concentration gradient. This
force is counterbalanced by the turgor pressure, which is
determined by the limited extensibility of the plasma mem-
brane and, in particular, the cell wall [53]. However, when
yeast is exposed to high osmolarity, it triggers a rapid flow
of intracellular water, causing loss of turgor and cell shrink-
age. Water is transferred from the vacuole to the cytoplasm,
helping to compensate for the osmotic stress [54].

According to Van Wuytswinkel et al. [18], some of
the specific responses induced by osmotic stress include
changes in the transcription of stress-responsive genes and
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Table 4 Initial yeast cell viability and the characterization of the wine
at the end of Experiment 2 for the two yeast strains used in this study
(Y904 and C22), previously adapted and non-adapted, including

residual sugars (glucose and fructose), alcohols (mannitol and glyc-
erol), and organic acids (lactic, acetic, aconitic, and succinic)

Experiment 2

Y904 C22
Adapted Non-adapted Adapted Non-
adapted
Initial cell viability % 33.9+6.2 76.7+1.1 76.0+2.6 83.2+1.6
Residual sugars  Glucose gL™! 11.8+0.8a 4.4+0.4bc 6.4+3.1ab 2.1+0.04c
Fructose 57.0+8.4c 91.2+1.9a 57.9+2.2¢c 69.5+2.9b
% initial sugars* 232 32.3 21.7 242
Alcohols Mannitol gL™! 3.65+0.2ab 3.96+0.4a 3.51+0.2b 3.87+0.1ab
Glycerol 18.9+0.5a 19.8+0.8a 17.2+0.5¢ 18.5+0.3b
Organic acids Lactic gL™! 1.07+0.2a 0.81+0.1b 1.10+0.1a 0.97+0.1ab
Acetic 3.67+0.2b 5.43+0.5a 3.54+0.3b 5.13+04a
Aconitic 0.93+0.2b 1.47+0.2a 0.92+0.3b 1.34+0.2a
Succinic 1.13+0.2b 1.56+0.1a 1.0+0.1b 1.56+0.2a

Different letters in the same row indicate a significant difference between treatments (Tukey HSD, p < 0.05)

*Calculated as the sum of residual sugars (glucose + fructose) contents divided by the initial total fermentable sugar content (296 g L™!)

the intracellular accumulation of glycerol. These responses
are mainly controlled by two signal transduction pathways:
(1) the HOG-MAP kinase pathway and (2) the general stress
response pathway, which is operationally defined [18]. Expo-
sure of yeast to osmotic pressure results in the expression
of common stress-responsive genes, including the HSP12
and CTT1 genes, which are characterized by the presence

Fig.6 Scanning electron microscopic (SEM) images (25,0007
times magnification) of the yeast cells from the two strains used in
this study (Y904 and C22), previously adapted and non-adapted for
Experiment 2, with an initial sugar content of 296 g L™
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of general stress-responsive elements in their promoters [55,
56]. Our results showed that the commercial suitability of the
yeast strain had a great influence on the adaptation process.

The strain C22 (Mycoferm) is a commercial product of
the Italian company Ever Intec and is used for wine fer-
mentation, with the initial sugar contents varying between
210 and 230 g L™! and reaching a final ethanol content of
13.5% [28]. On the other hand, the Y904 is a strain used
for sugarcane juice fermentation with initial sugar levels
below the 200 g L~! [26]. The commercial use of each
strain indicates the selection processes they went through
before becoming a commercial product and can explain
their response to the high gravity fermentation [57]. Based
on this, it could be expected that C22, which is commonly
used for fermentations with higher initial sugar content,
would respond better to the adaptation process.

The different response of each strain is visible in the
scanning electron microscopy (SEM) images. In Fig. 3, it
is possible to see that at cycle 7 with a very high gravity
(27.7 °Brix, 271.6 g L™!), the Y904 cells were deformed,
elongated, and with clear shrinkage and roughness. Both
ethanol and osmotic stress cause shrinkage of the yeast
cell wall and crenation of the outer envelope of the cell
wall [57]. The high ethanol levels may have a more pro-
nounced effect on cell morphology [57]. In the presence of
elevated ethanol concentrations, the structural integrity of
the yeast cell membrane is compromised, leading to swell-
ing or distortion of the mitochondria and the formation of a
single, substantial vacuole. Consequently, ethanol exerts its
influence on the cell membrane, while the resulting mito-
chondrial degeneration further promotes the accumulation
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of intracellular reactive oxygen species, which causes cell
aging and death [36, 58]. This can explain the fact that for
Y904, the final cell viability decreased after the fifth cycle.
As can be seen in the PCA plot (Fig. 4), the cell viability
and the final ethanol content are closely related.

However, in this study, the ethanol contents for Y904 in
cycles 5 and 7 were similar and, although it is possible to see
a roughness of the cell walls in the 5th cycle, it is clear that the
cell morphology of Y904 was more affected in cycle 7. This
may indicate that Y904 was more susceptible to the osmotic
stress than to the high ethanol levels, or that Y904 was con-
tinuously exposed to high ethanol levels in cycles 5, 6, and 7,
which affected the cell morphology. It is worth noting that even
at cycle 7, C22 cells, in contrast to Y904, had a round shape
with little or no roughness visible and cell viability did not vary
significantly among cycles. According to Canetta et al. (59), the
closest and most superficial cell wall folds (see Fig. 6, Y904 and
C22 non-adapted) are typical features of osmotic stress.

The results of this study in Experiment 2 demonstrated
that the gradual adaptation of the yeast with increasing sugar
contents will also affect the fermentation efficiency at very
high gravity. As can be seen in the PCA plot (Fig. 4), the
C22 adapted was placed close to the yield, final viability, and
final ethanol content. As previously discussed, the osmotic
stress and high ethanol contents can decrease the cell viabil-
ity and reduce the fermentation efficiency. In the case of C22
adapted, the final cell viability was significantly higher than
the non-adapted C22 and both of the Y904. These differ-
ences are also visible in Fig. 6, as, according to Canetta et al.
[59], the closest and most superficial cell wall folds observed
for Y904 adapted and non-adapted and for C22 non-adapted
are typical features of cells under osmotic stress.

The previous adaptation or gradual access to higher sugar
contents can mitigate the osmotic stress. Sica et al. [20]
conducted a fermentation with concentrated energy cane juice
(with initial sugar content of 200 g L™!). In another treatment,
they used the same yeast and sugar contents but with corn
as the substrate with the saccharification process occurring
simultaneously to the fermentation; therefore, the glucose was
gradually released during the fermentation. The authors found
that the final ethanol content, yield, and fermentation efficiency
were significantly lower in the first treatment, probably due to
an osmotic stress caused by the direct application of yeast to a
high sugar content wort with no pre-adaptation.

In addition, the final ethanol content of the C22 adapted
was the highest, but still only 14.3%, which is only 74.4% of
the maximum theoretical ethanol content calculated based
on stoichiometry, 19.2%. In the case of C22 adapted, con-
sidering that 21.7% of the initial sugars remained as residual
sugars at the end of the fermentation, 231.8 g L™! (78.3%
of the initial) of fermentable sugars was consumed during
the fermentation. According to Gay-Lussac’s optimum fer-
mentation yield, 64.75 mL of ethanol should be produced

per 100 g of sugars. Considering this, the maximum ethanol
content with consumed sugars should be 15.0%. Therefore,
the adapted yeast C22 had an efficient conversion of sugars,
since it reached a value of 95.2% of the optimal yield. These
values are exceptionally high, since in practice in industrial
scale, these values reach a maximum of 92% [60]. However,
the residual sugars of around 60 g L™! are not practical and
viable in a commercial scale [37].

In contrast to Experiment 1, slight but significant dif-
ferences in glycerol levels at the end of fermentation were
observed in Experiment 2 (Table 4). As previously dis-
cussed, glycerol synthesis is a critical mechanism of yeast
cells for the rapid release of carbohydrates under conditions
such as osmotic stress to prevent dehydration by balancing
the intracellular osmolarity with that of the medium [61].
Despite its lower protective capacity, yeast can also produce
mannitol, another sugar alcohol, as a mechanism to adapt
to osmotic stress [62]. However, our results also indicate
slight but significant differences in mannitol contents at the
end of the fermentation. Therefore, we speculate that the
production of glycerol and mannitol may not be the main
mechanisms responsible for the better response of the strain
C22 compared to the Y904.

According to Gonzalez et al. [54], Hogl is the cen-
tral player in the cell signaling pathway that regulates the
response to osmotic stress. Its primary role is to promote the
production and retention of glycerol, an osmolyte, in the cell.
High glucose tolerance depends on functional mitochondria.
Defects in protein targeting to peroxisomes, GID complex
function (which regulates gluconeogenesis), or chromatin
dynamics result in reduced survival under sorbitol-induced
osmotic stress. Conversely, yeast strains with defects in the
endomembrane system gain a competitive advantage under
hypertonic conditions, indicating the sensitivity of the
Golgi-endosome system to hyperosmolarity [54].

Other compounds such as trehalose may contribute to
yeast survival under stress conditions [63]. Therefore, this
non-reducing disaccharide, which can constitute up to 10%
of the yeast cell as a carbohydrate reserve, may be one of
the most (if not the most) important compound in protecting
yeast against osmotic stress [64]. However, in this study, we
did not analyze the trehalose content at the end of fermenta-
tion. Therefore, we suggest that in further experiments with
similar objectives, the determination of this compound will
be crucial for the interpretation of the results.

Based on our results and the previous discussion, our
second hypothesis can be considered partially correct. We
observed a clear difference in the response of both evalu-
ated strains to increasing initial sugar levels. Indeed, the
C22 adapted achieved the highest ethanol content with
high initial sugar contents and it was not visible in its
cell morphology and walls some of the typical damage
of high ethanol contents and osmotic stress. However,
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the ethanol content achieved was considerably lower than
the maximum theoretical value and although the C22
adapted showed a high efficiency in the conversion of
the consumed sugars, it still had a relatively high residual
sugar, with more than 20% of the initial sugar content.
Therefore, our results indicate that the yeast strain and the
adaptation process are essential to improve the efficiency
of very high gravity fermentation. However, further strat-
egies may be needed to improve this process.

4.3 Practices to improve very high gravity
fermentation and future perspectives

Interestingly, in this study, the high residual sugars were
observed even with a relatively high cell viability and the
cell with a round shape and no shrinkage in the walls,
typical damages of cells affected by high ethanol contents.
Therefore, the cells did not show to be affected by the high
ethanol content, however, were not capable to complete the
fermentation of the residual sugars. As previously discussed,
the cell viability is important for achieving a high ethanol
content. According to Pereira et al. (2011), at an ethanol
content above 140 g L™! (17.7%), the yeast cell viability
decreases considerably. These values, however, are much
higher than the ones found in this study [65].

In the alcoholic beverage industry, reinoculation during
fermentation with a yeast strain that is both alcohol tolerant
and an effective fructose fermenter is a common practice
to achieve complete sugar consumption [66]. In the corn
ethanol industry, yeast reinoculation can also be done.
However, this can increase costs. An alternative is to use
a continuous multistage process consisting of two parallel
trains of four to five fermenters. The first fermentor is used
to increase yeast density and the others are optimized for
maximum ethanol production [67, 68]. The yeast density
plays an important role on improving the efficiency of very
high gravity fermentation [27, 32].

The wort composition will also influence the yeast effi-
ciency at very high gravity fermentations [22]. Silva et al.
[69] characterized on an ICP-OES, a syrup similar to the one
used in this study, and found that it contained 1.6 g K L,
048 gPL™1 031 gMgL™027gNaL™!,0.15gCaL™},
114mgZnL™! 114mgFe L™}, 123 mgCuL™!, 53 mg
Mn L~!. In this study, these values were diluted differently
in each cycle. Another aspect to be considered is that the
mineral content of cane syrup can vary depending on the
season, weather conditions, industrial processes, and varie-
ties [70]. In any case, the nutrient composition of cane wort
is often lower than the minimum required for ideal condi-
tions for very high gravity fermentation [25, 34] and would
require supplementation to improve fermentation efficiency.
However, the aim of this study was to compare the response
of different strains to the adaptation process. Therefore, we
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suggest that in further studies with adapted C22, supplemen-
tation of wort with macro- and micronutrients would be an
important tool to increase the very high gravity fermentation
efficiency of pre-adapted yeast.

In the corn ethanol industry, the supplementation with
nitrogen sources is a common practice to boost yeast
performance [68, 71, 72]. Li et al. [72] found that the
supplementation with yeast extract was more efficient
than urea and ammonium sulfate on increasing the ethanol
yield at very high gravity fermentation of corn hydrolysate.
Thomas et al. (1993) found that the supplementation with
yeast extract could reduce the fermentation time. In their
study, with an initial dissolved solid content of 370 g L™,
they reached an ethanol content of around 23%. However,
the fermentation time was 230 h and 130 h for the wort
not supplement and the wort supplement with yeast extract,
respectively. Moreover, they also had residual sugar of
13.5% of the initial sugar contents, indicating that they had
an incomplete fermentation [73].

Jones et al. [16] attributed fermentation arrest not only to
nitrogen limitation but also to phosphorus limitation. In their
study, by supplementing a wort with diammonium phosphate
(20 mM), the ethanol content increased to 14.8% and dissolved
solid consumption was almost 80%. Indeed, in a fermentation
with different substrates, the results of Sica et al. [20] showed
that the phosphate content in the wort was one of the main fac-
tors influencing the fermentation efficiency, increasing it by
5%. The primary effects of ethanol toxicity are on the yeast cell
membrane, specifically the lipid bilayers. Recent studies using
lipidomics have helped to elucidate the mechanisms behind
alcohol tolerance in yeast. These studies indicate that yeasts
with higher tolerance to elevated ethanol concentrations have
increased levels of phosphatidylcholine species. These species
have demonstrated the ability to stabilize model membrane
bilayers in the presence of high ethanol concentrations. In con-
trast, strains that are unable to complete fermentation at high eth-
anol concentrations, resulting in elevated residual sugar levels,
tend to have high levels of phosphatidylinositol. Thus, the types
and levels of organic phosphorus synthesized and allocated in
the lipid bilayers of the cell membrane are critical in determin-
ing the ability of the cell to tolerate high ethanol levels [21, 22].

Therefore, besides the selection of ideal yeast strains
and the pre-adaptation, the supplementation with nutrients,
nitrogen, phosphorus, and adaptations in the industrial
processes may be needed in order to reach the desired
efficiency of very high gravity fermentation.

5 Conclusions

In conclusion, our study supports the plausibility of the
first hypothesis, showing that yeast strain C22 has a better
adaptation to increasing initial sugar content compared to
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Y904. However, after the 5th cycle, a significant increase
in residual sugars, lactic and acetic acids, coupled with a
final ethanol content between 10 and 12%, suggests a reduced
fermentation efficiency at initial sugar concentrations above
200 g L~! due to osmotic stress and high ethanol levels.
Regarding the second hypothesis, our results partially support
it. While C22 adapted had the highest ethanol content at
elevated initial sugar levels and showed minimal signs of
typical damage associated with high ethanol content and
osmotic stress, the ethanol content achieved was below the
theoretical maximum.

Despite the efficiency of C22 adapted in converting
consumed sugars, a relatively high residual sugar (more than
20% of the initial sugar content) suggests the need for further
improvements. Our results highlight the critical role of yeast
strain selection and adaptation in improving the efficiency
of very high gravity fermentations. In addition, strategies
such as nutrient and nitrogen/phosphorus supplementation
as well as industrial process adaptations may be essential to
achieve the desired efficiency in this fermentation process.
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