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Abstract The search for promising yeasts that surpass the
fermentative capacity of commercial strains, such as Sac-
charomyces cerevisiae CAT-1, is of great importance for
industrial ethanol processes in the world. Two yeasts,
Pichia kudriavzevii BB2 and Saccharomyces cerevisiae
BB9, were evaluated in comparison to the industrial yeast
S. cerevisiae CAT-1. The objective was to evaluate the
performance profile of the three studied strains in terms of
growth, substrate consumption, and metabolite formation,
aiming to determine their behaviour in different media and
pH conditions. The results showed that under cultivation
conditions simulating the medium used in the industrial
process (must at 22° Brix at pH 3.0) the highest ethanol
productivity was 0.41 g L™' h™! for S. cerevisiae CAT-1,
compared to 0.11 ¢ L™" h™" and 0.16 g L™" h™" for P.
kudriavzevii and S. cerevisiae BB2, respectively. S. cere-
visiae CAT-1 produced three times more ethanol in must at
pH 3.0 (28.30 g L™") and in mineral medium at pH 3.0
(29.17 g L™ " and 5.0 (30.70 g L") when compared to the
value obtained in sugarcane must pH 3.0 (9.89 g L™"). It
was concluded that S. cerevisiae CAT-1 was not limited by
the variation in pH in the mineral medium due to its
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nutritional composition, guaranteeing better performance
of the yeast even in the presence of stressors. Only S.
cerevisiae CAT-1 expressed he constitutive invertase
enzyme, which is responsible for hydrolysing the sucrose
contained in the must.

Keywords Sugar consumption - Must - Mineral medium -
Invertase - Process condition

Introduction

There are two types of energy: non-renewable and
renewable. The major non-renewable energy resources are
coal, hydrocarbons (petroleum and natural gases), and
nuclear processes. On the other hand, renewable energy
cannot be depleted, or it can be replenished within a
human’s lifetime. Bioenergy, a type of renewable energy,
is produced from biological material (including plants,
animals, and their by-products) called biomass. Bioenergy
can be utilised to generate heat, electricity, and fuels. Thus,
it replaces petrochemical fuels and reduces greenhouse gas
emissions [1-5]. Considering the environmental benefits of
renewable sources of energy, several countries are man-
dating the share of bioenergy in their national energy
matrix. Brazil is recognised worldwide as one of the
leaders in the production of sugarcane (Saccharum offici-
narum), being responsible for 1/3 of the world production
[6, 7], and it was the second largest producer of ethanol in
2016, after the U.S. [6]. The production of first-generation
ethanol from sugarcane is of great interest, mainly due to
its high yields and low costs [7]. Despite that, there are
many initiatives for the production of second-generation
ethanol that will be necessary with increasing world
demand [8, 9]. However, the use of lignocellulosic biomass
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of sugarcane rather than molasses requires an improvement
in pre-treatment technologies, which is not yet economi-
cally competitive because of the high cost of the enzymes
[7, 9].

The yeast Saccharomyces cerevisiae is a dominant
species in the production of ethanol [9, 10] due to its ability
to break down sucrose present in sugarcane and its resis-
tance to the selective conditions of the process [10]. It is
estimated that S. cerevisiae converts 56% of sucrose into
ethanol during the fermentation process [10]. Nevertheless,
the stresses present in the alcoholic fermentation may cause
drastic damage to cellular organelles and membranes,
which leads to growth inhibition or cell death. In addition,
many strains have a high tolerance to ethanol and other
inhibitors (aldehydes, esters, alcohol, higher alcohol, sul-
phur compounds, phenols, biomass, methanol, and fur-
furaldehyde) formed during fermentation, and they have
the ability to ferment quickly [5]. Thus, it is necessary to
acquire or induce different cellular mechanisms of stress
adaptation, e.g., stress protein induction, leading to
favourable changes in the membrane structure [11] to keep
and/or improve fermentation efficiency.

Therefore, the aim of the present work was to evaluate
two fermentative yeast strains, Pichia kudriavzevii BB2
and S. cerevisiae BB9, which were recently isolated in the
Brazilian Midwest Region [12], and the industrial yeast S.
cerevisiae CAT-1 under conditions similar to those found
in industrial processes in order to determine their beha-
viours in different media and pH conditions.

Materials and Methods

The following two strategies were employed in the present
study: (1) cultivations were carried out under simulated
industrial media conditions with the yeast strains P.
kudriavzevii BB2, S. cerevisiae BB2, and S. cerevisiae
CAT-1, and (2) additional experiments were conducted
with the yeast isolate that presented the best fermentative
performance (Fig. S1).

Yeast Isolates, Maintenance, and Activation

Pichia kudriavzevii BB2 and S. cerevisiae BB9 were pre-
viously isolated from the Barralcool S/A Alcohol Plant,
Barra do Bugres, MT, Brazil [13]. These isolates are
deposited in the Brazilian Midwest Yeast Collection
(RECOL). S. cerevisiae CAT-1 was kindly provided by the
Sao Fernando Sugar and Alcohol Plant (USFAA), Doura-
dos, MS, Brazil.

The isolates were preserved in test tubes with 5 mL of
“Yeast Extract Pepton Dextrose Agar” (YEPD: yeast
extract, 10 g L_l; peptone, 20 g L_l; dextrose, 20 g L_l;

agar 15 g L™") autoclaved at 121 °C for 15 min and added
with 20% glycerol (cryoprotectant). The tubes were sealed
and stored in an ultra-freezer at — 80 °C and were peeled
when necessary.

Cell Activation and Multiplication

The yeasts were reactivated in sterile YEPD agar for 24 h
and then transferred to a new agar. Then, the cells were
incubated in a 30 °C oven for another 24 h. For cell mul-
tiplication, one slope of each selected isolate was trans-
ferred to an Erlenmeyer flask (250 mL) containing 200 mL
of sterile YEPD broth (yeast extract, 10 g L™"; peptone,
20 g L™'; glucose, 20 g L") and incubated for 1618 h on
a rotating orbital shaker (200 rpm, 30 °C). After that, the
media were centrifuged (1,500 g per 5 min) in a centrifuge
tube (Quimis) and the cells were transferred to the must.
Inocula were standardised with an initial cell concentration
of 2 x 106 CFU mL™' [14], equivalent to a concentration
of 9 g yeast L™, which is close to that utilised in the sugar
ethanol plants, where fermentations starts with 10-20 g
yeast L' [15].

Preparation of Must

The must was prepared from concentrated sugarcane juice
broth in the pre-crystallisation phase from an industrial
concentrator. This creamy looking broth, called “magma,”
is composed of two distinct fractions: crystallised sugars
(sucrose, glucose, and fructose) and molasses, which is
basically composed of the uncrystallised fraction of the
sugars. The magma was dissolved to 22°Brix and present
pH value of 5.4.

The Brix and pH values were chosen to represent more
severe conditions than those found in the industry at the
beginning of the process when pH is corrected to 2.0 to 3.0,
depending on the level of must bacterial contamination. So
the experiments were conducted with two conditions: at pH
3.0 (simulating stressful condition) and at pH 5.0 (close to
ideal) (Fig. S2).

Fermentation of Must and Sampling

The fermentation assays simulating the industrial condition
were performed with 22°Brix must at pH 5.0. The culti-
vations with the must were carried out in 500 mL Erlen-
meyer flasks containing 300 mL. of must, capped with
silicone stoppers to avoid air intake. The flasks were
incubated in an oven at 30 °C, and the assays were per-
formed in duplicate.

Every 1 h, the flasks were opened for sample collection,
with partial aeration of the flask and exit of CO,. Samples
were taken in the first 10 h, with a volume of 5 mL for
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each sampling, totalling 50 mL. The remaining media was
collected after 24 h of cultivation. The collected samples
were centrifuged (1500 x g, 5 min), and the supernatants
were stored in a freezer at — 18 °C prior to the analyses.

Mineral Medium (Verduyn Media)

The mineral medium was prepared according to Nasci-
mento and Fonseca [16]. The carbon source was prepared
in order to obtain the same concentrations present in the
must at 22° Brix (sucrose 122 g L™'; glucose 51 g L™";
and fructose 38 g L™"). Solutions containing the three
sugars were autoclaved separately and then mixed with all
other components after reaching room temperature.

Sucrose Hydrolysis Assay

Samples of the must at 22°Brix were collected, treated in
duplicate under five different conditions, and analysed
using UPLC (ultra performance liquid chromatography) in
order to evaluate sucrose hydrolysis and the concentration
of sucrose, glucose, and fructose in musts before starting
the culture. The treatments were the following: natural
must (NM, pH 5.4), sterilised must (SM, pH 5.4), and must
acidified to pH 3.0 (SAM). H,SO, was used to adjust the
sample to the correct pH.

Quantification of Extracellular Metabolites
and Determination of Biomass

The collected samples were centrifuged in a refrigerated
microcentrifuge (NT805, Brazil) (5 min, 17609 x g,
5 °C). The supernatant was used to determine the amounts
of residual substrate, ethanol, glycerol, and organic acids in
an Agilent 1290 UPLC system equipped with a Rezex
ROA-Organic Acid H + (8%) HPLC column (Phenom-
enex). The mobile phase was trifluoroacetic acid (TFA,
5 mM), with a flow rate of 0.6 mL min~! at 55 °C for
ethanol glycerol and organic acids or 0.3 mL min~' at
25 °C for residual substrate. The injected volume was 20
pL. These compounds were detected using an Agilent 1260
refractive index detector (RID) coupled to a data acquisi-
tion module [17].

The biomass pellet obtained after sample centrifugation
was dried in an oven (105 °C) until constant weight. The
dried cell mass (g L™") was obtained by the quotient of the
difference of weighing by the volume of centrifuged
medium. The biomass concentration (X) was also indi-
rectly determined via Optical Density (OD) measurements
performed with a spectrophotometer (Biospectro sp-220) at
600 nm. For this purpose, the absorbance values were
converted into mass values using a linear relationship (OD
units per gram of dry cell mass) determined for each
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experiment. The ethanol productivity (P.y,) was defined as
the difference between the final and initial product con-
centration divided by time [16].

Quantification of Invertase Activity in Biomass

Enzymatic assays were performed in order to quantify the
production of the invertase enzyme and to verify the nature
of the invertase, i.e., if it was inducible or constitutive [18].
For this, cells were grown in mineral medium containing
three different sources of carbon: sucrose (122 g LY,
glucose (51 g Lfl), and a mixture of sucrose (122 g Lfl),
glucose (51 g L), and fructose (38 g L") at an initial pH
of 5.0 to obtain the same quantity of sugarcane juice at 22
°Brix. The samples were collected at 0, 2, 4, 8, 10, 24, and
48 h.

The reaction mixture was composed of 0.9 mL of 0.1 M
sodium acetate buffer (pH 4.5) containing 1% sucrose and
0.1 mL of cell suspension, maintained for 10 min at 50 °C
(adapted from work by Barbosa et al. [18]). The reducing
sugar that was released was quantified at 540 pm by the
DNS (3,5-dinitrosalicylic acid) classic method, which is
described elsewhere [19]. The enzymatic activity was
expressed as the amount of enzyme producing 1 pmol of
product per minute of reaction (U). All experiments were
performed in triplicate, and the data are presented as the
mean values =+ standard deviations. The statistical signifi-
cance was analysed by measuring the variance (ANOVA,
o = 0.05) [20].

Carbon Balance

The carbon balance was determined by estimating the
concentration of sugar and biomass input compared to the
outputs of residual sugars, biomass, CO,, and ethanol at
24 h and 48 h in terms of C-mol C-mol substrate ' [21].
The CO, was theoretically estimated by difference, con-
sidering despicable the cellular maintenance rate and the
formation of other metabolites.

Results and Discussion
Fermentation in Must at pH 3.0

The sugar consumption and ethanol production curves are
shown for S. cerevisiae CAT-1 (Fig. 1a), P. kudriavzevii
BB2 (Fig. 1b), and S. cerevisiae BB9 (Fig. 1c) in 22°Brix
must (pH 3.0) following 24 h of cultivation. These musts
initially demonstrated a sucrose concentration of 46.2 g
L~', wich decreased to 8.2 g L™ within 2 h (Fig. 1)
indicating that the sucrose was broken down during acid-
ification with H,SO,4, generating more glucose and
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Fig. 1 Kinectics of sugar consumption and ethanol production for
a S. cerevisiae CAT-1, b P. kudriavzevii BB2 and ¢ S. cerevisiae BB9
in must (pH 3.0) during 24 h of cultivation. Sucrose (open square),
glucose (open circle), fructose (open triangle), sum of sugars (open
diamond) and ethanol (X). Results are expressed in terms of averages
and standard deviations of triplicates (p < 0.05)

fructose. Within 2 h of the beginning of cultivation, the
sucrose concentration decreased to 8.1 g L™' in the med-
ium with S. cerevisiae CAT-1, releasing 19.0 g L' h™" of
the substrate. In parallel, the glucose concentration
increased from 83.8 t0 94.9 g L™ (5.5 g L™' h™" of pro-
ductivity) and the fructose concentration increased from
91.6 to 109.1 g L' (8.8 g L' h™' of productivity)
(Fig. 1a). The kinetic profile reveals that the rate of sucrose
inversion was higher than the rate of consumption by S.

cerevisiae CAT-1 due to the accumulation of the substrate.
In addition, it was verified that all sucrose hydrolysis
occurred before consuption of all free glucose in the
medium, which also probably indicates continuous syn-
thesis of invertase [22], i.e., independently of the carbon
source present in the medium, free sucrose is hydrolysed
(Fig. 1a). The yeast S. cerevisiae presents two routes for
sucrose utilisation: extracellular hydrolysis predominantly
by the action of the extracellular periplasmic invertase
[18], encoded by the SUC2 gene that encodes for the
invertase enzyme [11], releasing glucose and fructose,
which are captured by facilitated diffusion through trans-
porters encoded by members of the HXT gene family [23];
and another route involving the active transport of sucrose
with subsequent intracellular hydrolysis of sugar [24].
After the depletion of sucrose (9 h of culture), the con-
sumption of glucose and fructose increased slightly, with
glucose being slightly preferred over fructose (Fig. la).
Glucose transport from sucrose hydrolysis occurs using a
low affinity system while the free glucose concentration is
high, repressing the consumption of other sugars. Since the
glucose concentration reaches lower rates, the high affinity
system relieves repression over transport of other sugars,
allowing the consumption of both partially repressed sugars
[17]. It is believed that S. cerevisiae CAT-1 as an industrial
yeast presents dominant and resistant physiological
aspects, which guarantee its permanence in stressful envi-
ronments due to its superiority and adaptation compared to
other yeasts [25]. The complete sequencing of the genome
showed a greater number of genes related to the metabo-
lism of vitamins B1 and B6, which increase competitive-
ness and guarantee their predominance in relation to wild
and laboratory yeasts [26]. Thus, fermentation with S.
cerevisiae CAT-1 presents advantages for the industrial
process, e.g., reduced foam formation, flocculation, and
consumption of inputs. An acidic pH is important for
controlling bacterial contamination in the industrial pro-
cess. Although, in plants, a reduction in pH to 2.0-3.0
through the use of H,SO,4 has been adopted for a few hours
to control bacterial contamination, this can cause physio-
logical disturbances in yeast, causing a decrease in cell
viability [27]. The continuous exposure of the acid to cells
in cultures for up to 48 h at pH 3.0 probably caused
damage to S. cerevisiae CAT-1 cells, especially because
the carbon sources remained in the media (Fig. 1a). The
longer the time and the lower the pH, the more severe the
impact on yeast metabolism.

Ethanol production occurred after 3 h, reaching 9.9 g
ethanol L™' after 24 h of cultivation (Fig. 1la). It is
believed that the stressful situation caused physiological
changes, e.g., reduction in viability, sugar consumption,
and ethanol production rate. Della-Bianca et al. [27]
reported that the low tolerance to growth at pH 3.0 for S.
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cerevisiae PE-2 is possible due to the synergism between
an acidic pH and some unknown factor, significantly
affecting ethanol production. Analyses carried out else-
where showed that S. cerevisiae strains have a locus of the
SUC?2 gene in their genome, leading to the postulation that
it is an adaptation to sucrose-rich broths [25]. Despite the
presence of a single copy of SUC2 [28], the strong regu-
lation of S. cerevisiae shows invertase activity, providing
efficient consumption of the substrates containing a mix-
ture of sucrose, glucose, and fructose [25]. The hydrolysis
profile of sucrose confirms the superiority of S. cerevisiae
CAT-1 in acidic must cultures in relation to the other two
yeasts evaluated (Fig. 1). This was evident by the
decreasing profile of the sucrose curve, even in the pres-
ence of high concentrations of glucose in the medium,
which could repress invertase production and its activity. S.
cerevisiae CAT-1 is a strain selected from the selective
pressure of the industrial process. It predominates in fer-
mentation vessels, presenting characteristics essential for
its survival under conditions of cellular stress [16]. These
characteristics may explain why S. cerevisiae CAT-1 had
higher invertase production, even under stressful condi-
tions, e.g., acidic pH of 3.0 and high osmotic pressure at
22°Brix. However, P. kudriavzevii BB2 (Fig. 1b) and S.
cerevisiae BB9 (Fig. 1c) did not present differentiated
sucrose hydrolysis that could be perceptible from the
obtained results. The sucrose profiles of the tested yeasts
remained constant, probably not showing the same inver-
tase expression as the yeast S. cerevisiae CAT-1 unless
hydrolysis of the available sucrose occurred. The high
concentration of sugars in the must at 22°Brix was possibly
stressful to the cells, leading to a decrease in viability and,
consequently, a reduction in substrate consumption. S.
cerevisiae. CAT-1 consumed 45 g L™' of the substrate
within 24 h of cultivation, i.e., 20% of the total available
substrate (Fig. 1a).

Saccharomyces cerevisiae CAT-1 was highlighted in
relation to the other two yeasts during growth in must (pH
3.0) due to its higher ethanol productivity (Pg) of 0.5 gf1
h™" compared to 0.2 and 0.3 g ethanol g~' h™' for P
kudriavzevii BB2 and S. cerevisiae BB9, respectively, at
9 h (Table S1). The kinetic profile of P. kudriavzevii BB2
was a virtually constant consumption profile of the three
carbon sources present in the must (Fig. 1b), with a
reduction of only 10.2 g substrate L™' during 24 h of
culture. Ethanol production started after 9 h and at 24 h
2.9 ¢ L' had been produced (Fig. 1b). Similarly, it was
not possible to verify any changes in the profile of sucrose
consumption by the yeast S. cerevisiae BB9. After 24 h, a
total of 18.2 g substrate L' had been consumed. S. cere-
visiae BB9 produced ethanol during 6 h of culture,
reaching 3.8 g ethanol L™' after 24 h (Fig. lc). It was
reported [29] that S. cerevisiae CAT-1 presented better
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efficiency in ethanol production, with higher sugar con-
sumption and higher ethanol production when compared to
another yeasts in sugarcane juice-based must. The obtained
results allowed us to conclude that the yeasts presented
different consumption profiles and yields when cultivated
with must. Under stressful conditions (pH 3.0, 22°Brix),
the industrial strain S. cerevisiae CAT-1 presented greater
ability to hydrolyse the available sucrose in the medium
(Fig. 1a), even though P. kudriavzevii BB2 also presented
good sucrose fermenting capacity, as reported elsewhere
[13]. In addition, it showed higher sugar consumption and
better ethanol production in relation to P. kudriavzevii BB2
(Fig. 1b) and S. cerevisiae BB9 (Fig. 1c). A laboratory
yeast strain was reported to produce less ethanol than an
industrial strain in molasses-based media with a high
concentration of sugars [30, 31]. The low yield of the
laboratory yeast in molasses was attributed to the limitation
of sucrose hydrolysis due to non-activation of invertase
enzyme and because laboratory strains are more sensitive
to certain inhibitory factors in molasses.

Sucrose Hydrolysis During Pre-treatment

From the results obtained with the must (Fig. 1a), it was
verified that the initial concentration of sucrose in the
acidified must (22°Brix, pH 3.0) was lower than that found
for glucose and fructose. However, a much higher con-
centration of sucrose was expected in relation to the other
sugars. It is well known that sucrose corresponds to
approximately 60% of the total sugars in magma, while
glucose and fructose represent 40% [32]. This led us to
investigate must concentrations under different pre-treat-
ment conditions (Table 1).

The natural must presented a pH of 5.4. H,SO, was
added to reduce the pH to 3.0 before sterilisation. It was
observed that acidification and sterilisation alone were not
enough to statistically (P > 0.05) alter the composition of
the sugars in the must. However, acidification, together
with the heat and pressure of the autoclave during sterili-
sation, triggered the breakdown of sucrose to 16.1% of the
total sugars in magma, releasing glucose and fructose,
which, in turn, had their concentrations increased to 40.7%
and 43.2%, respectively (Table 1). As the industrial must is
not sterilised [15], no change in the sugar profile occurred.

Considering the strains studied, S. cerevisiae CAT-1
presented visible sucrose hydrolysis in the must (Fig. 1a).
We sought to understand the mechanism adopted by this
strain to explain this physiological behaviour. The yeast
showed intense breakdown of the sucrose before consum-
ing the free glucose in the medium. To understand this
metabolic option adopted by S. cerevisiae CAT-1, new
trials were carried out. Thus, must at pH 5.0 was utilised to
compare the fermentative capacity at different pH values.
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Table 1 Effect of pH and

femperature on sucrose Medium Sugar concentration (g L~') and relative percentage (%)

hydrolysis in must Sucrose Glucose Fructose Total sugar
NM 126.5 £ 0.46 (59.8)* 46.0 £ 0.68 (21.7)* 39.1 £ 0.32 (18.5)* 211.7 + 1.47°
SM 130.8 £ 0.95 (61.5)* 44.6 £ 0.76 (21.0)* 37.1 £ 045 (17.5)* 213.3 + 0.64°
AM 125.0 + 0.65 (58.6)* 48.3 + 0.96 (22.7)* 39.9 + 0.88 (18.7)* 213.2 + 2.49*
SAM 34.5 £ 0.65 (16.1)° 87.1 £ 1.49 (40.7)° 92.4 £ 0.45 (43.2)° 214.0 £ 1.29°

NM natural must, SM sterilised must, AM acidified must (pH 3.0), SAM sterilised and acidified must (pH
3.0). The values in parenthesis refer to the relative sugar percentage (%) of the initial concentration for each

treatment

*Different letters in the same column indicate a significant difference (p < 0.05) according to the Tukey

test

Moreover, two other assays using the mineral medium with
the same carbon concentrations of the must at 22°Brix at
pH 3.0 and pH 5.0 were tested. The mineral medium was
prepared in order to reproduce the sugar concentrations of
the must. These media of known composition were used to
evaluate whether the high sugar concentration of the must
could influence the sucrose preference or whether another
compound present in the must would inhibit S. cerevisiae
CAT-1.

Cultivation of Saccharomyces cerevisiae CAT-1
with Must at pH 5.0 and Mineral Medium at pH 3.0
and 5.0

HCI (1 M) was used to correct the pH of must to 5.0, and
the sucrose concentration obtained was 108.70 g L™'. At
this time, hydrolysis was found to have occurred at a lower
rate compared to the other pre-treatments (Table 1)
because a weaker acid was utilised and, obviously, a lower
amount of acid was needed to reduce the pH, which
resulted in lower hydrolysis during sterilisation.

In this study, there was also a decrease in the sucrose
concentration in the must at pH 5.0. After only 2 h of
cultivation, this concentration was reduced to 73.8 g L_l,
and after 4 h its concentration was reduced to 52.8 g L™,
i.e., 48.5% of the total content was hydrolysed, probably
due to the presence of the invertase enzymes. On the other
hand, there was an increase in the glucose content of 35.2 g
L' and an increase in the fructose content of 33.9 g L™' in
4 h, indicating that the rate of consumption of these sugars
by yeast was lower than the breakage [16]. After 24 h of
culture, the residual amount of sucrose is zero and, glucose
presented an apparent preferential consumption in relation
to fructose, that present concentration of 50.8 g L' and
93.7 g L™ " respectively (Fig. 2a). In the must at pH 5.0, the
ethanol production started after 4 h, reaching 21.8 g etha-
nol L™,

When cultivated in mineral media at pH 5.0, the ethanol
production started after 3 h, reaching 46.4 g ethanol L'

after 48 h, which is very similar to the mineral media at pH
3.0. The final ethanol production in both types of mineral
media was two times higher than the ethanol production in
must at pH 5.0. The highest ethanol productivity was
observed from 12 to 24 h, producing 1.2 g of ethanol L'
h~! (Fig. 2a). The increase in fructose up to 12 h of culture
in mineral media at pH 3.0 and 5.0 resulted from the
breakdown of sucrose. When the glucose concentration
was reduced to 13.0 L™ h™! at pH 3.0 after 24 h and to
16.8 g L™" at pH 5.0 after 12 h, the fructose was finally
consumed, indicating a preference for glucose, as reported
in the literature [17].

Biomass Production

The catabolism of the substrates by S. cerevisiae can occur
via aerobic and anaerobic routes. It is verified that in
yeasts, even in the presence of oxygen, the anaerobic
pathway can also be utilised [33]. The low biomass accu-
mulated indicates that the metabolism was practically fully
fermentative. The fermentation process causes an increase
in energy consumption for the maintenance and deviation
of carbon to the formation of metabolites, such as ethanol.
Fermentation can be triggered by the inhibition of respi-
ration due a high concentration of glucose. Glucose
represses the expression of genes that encode Krebs Cycle
enzymes, respiratory chain enzymes, and mitochondrial
structures and induce the expression of genes involved in
fermentative metabolism [34]. The cultivations presented
significant changes in biomass production. It was verified
that the mineral medium presented higher production in a
shorter culture time in relation to the must medium
(Fig. S3). The growth in mineral medium at pH 5.0 pro-
duced higher biomass content (2 g L™') after 9 h of cul-
ture. In the same period, the growth in must at pH 5.0
produced only 0.90 g L™" (Fig. 2b). It is believed that the
defined composition of the mineral medium favors the
development of yeasts due to the higher amount of nutri-
ents. Moreover, the amount of nitrogen is limited in musts,
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Fig. 2 Kinetics of sugar consumption and ethanol production for S.
cerevisiae CAT-1 in must (pH 5.0—a) and mineral medium (pH
3.0—b and pH 5.0—c) during 48 h of cultivation. Sucrose (open
square), glucose (open circle), fructose (open triangle), sum of sugars
(open diamond) and ethanol (X). Results are expressed in terms of
averages and standard deviations of triplicates (p < 0.05)

and only ammonium may be considered the nitrogen
source for the observed effect on fermentation. Ammonium
and nitrate can be found up to 250 mg L However, S.
cerevisiae is incapable of assimilating nitrate, and it has
very little capacity to assimilate traces of proteins, pep-
tides, and peptide-like compound that can be present in the
medium [35]. Nitrogenous compounds are important for
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the success and conclusion of industrial fermentation pro-
cesses. They are involved in the metabolism and growth of
yeasts, affecting the correct evolution of fermentation and
ensuring quality in ethanol production [36]. On the other
hand, it is presumed that a decrease in the viability of the
yeasts in the mineral media at pH 3.0 and 5.0 after 9 h may
have been caused by the production and accumulation of
ethanol.

In its composition, mineral medium contains nitroge-
nous components, potassium, magnesium, and vitamins
such as biotin and thiamine [16]. An already described
phenomenon is that yeasts do not grow under thiamine
limitation [32]. It is believed that these components are of
extreme nutritional importance for the development of
yeasts, favouring the production of biomass. The must at
pH 5.0 had a higher adaptation phase and lower values of
biomass in relation to the mineral medium. During 12 h of
cultivation, 0.9 g biomass L™' was produced in the must,
while the cultures with mineral medium reached the same
value within 6 h. The cultivation with must showed a
decrease in biomass production after 24 h of cultivation.
This was possibly caused by the high concentration of
ethanol and other metabolites in the medium, acting as a
stressing factor on the yeasts (Fig. 2c). However, in the
mineral medium, biomass production was reduced after
9 h, which corresponded to the period of higher ethanol
production (Fig. 2b, c), indicating a probable loss of yeast
viability, possibly due to the increased ethanol
concentrations.

Ethanol stress inhibits the amino acid and glucose
transport systems, leading to the dissolution of the proton
gradient concentration and a loss of nutrition in the cell,
thereby inhibiting yeast metabolic activity and reducing
cellular viability [37, 38]. Beyond affecting the composi-
tion of the yeast membrane, ethanol affects the physiology
of the yeast, inhibiting its growth and causing enzymatic
inactivation, which leads to decreased cellular viability.
Media with low nutrient concentrations have limited
growth and low biomass yields in the substrate [17].
Recycling cells during the industrial process causes an
increase in dead cells that serve as a food source, enriching
the fermentative medium by releasing amino acids, vita-
mins, and minerals.

Carbon Balance

The carbon balance demonstrates the preferred metabolic
routes for each pH and media condition. The carbon bal-
ance showed a direct relactionship between residual sugars
and pH when compared to the mineral media. At a lower
pH, there was more residual sugar. When comparing the
mineral media (richer in nutrients) with must, it is clear that
the must does not have the nutrients necessary for a higher
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consumption of the sugars, indicated by the higher residual
sugar content, probably due to its poor composition in
nitrogen sources, which directly interferes in the metabo-
lism [17, 35, 36] (Table S2). The same can be observed in
the production of ethanol in must that reaches half of the
production of the mineral media at both pH values 3.0 and
5.0.

The CO, produced was present in the same proportion
of ethanol, indicating that the metabolism was strictly
fermentative since the stoichiometric C-molar relationship
between CO, and ethanol was the same in this pathway
[15]. In accordance, the biomass formation was not rele-
vant in terms of carbon consumption. In fact, the variation
in cell concentration was very small for the conditions
studied (Table S2). This demonstrates that under anaerobic
conditions there is no considerable cell growth, which is in
accordance with what is observed in fuel alcohol industries.

Determination of Invertase Activity in Cells

After cultures with S. cerevisiae CAT-1 in mineral medium
and must at pH 3.0 and 5.0, it was verified that independent
of the condition the yeast presented an expressive capacity
to hydrolyse the sucrose, presumably due to the expression
of invertase enzymes by the yeast, as reported elsewhere
[39].

From these results, S. cerevisiae CAT-1 was cultured
again in mineral medium (pH 5.0) in order to evaluate the
presence of the invertase enzyme and its nature. The three
sources of carbon present in the natural must were sucrose
(122 g LY, glucose (51 g LY, and a mixture of sucrose
(122 g LY, glucose (51 g L"), and fructose (38 g Lh.

Saccharomyces cerevisiae CAT-1 produced the same
dosage of invertase in the experiments with the three car-
bon sources tested. Thus, the assays demonstrated that
invertase is a constitutive enzyme (Fig. 3). Constitutive

Fig. 3 Invertase activity (U 30
mL™Y) of S. cerevisiae CAT-1
cultivated in mineral medium
(pH 5.0) during 48 h of
cultivation. In blue: sucrose
(122 g L™Y, glucose (51 g
L"), and fructose (38 g LY,
in orange: sucrose (122 g L~h:;
and in gray: glucose (51 g L™h.
Results are expressed in terms
of averages and standard
deviations of triplicates

(p < 0.05)

Invertase (U mL-)
5 & 8 &

w

||=
0 || ||
0 2 4

enzymes are produced continuously by microorganisms,
whether a filamentous or a yeast fungus, and regardless of
the presence of a substrate they are produced in constant
quantities without taking into account the physiological
requirement or the concentration of the substrate. They are
synthesised continuously because their role in the mainte-
nance of cellular or structural processes are indispensable
[40].

These results on the presence of the enzyme and its
constitutive nature explain the breakdown of sucrose,
independently of the presence of free glucose in the med-
ium during the experiments. Therefore, whatever the
available sugar is, S. cerevisiae CAT-1 will produce
enzymes capable of metabolising the breakage of the
sucrose present in the medium, releasing monosaccharides
(glucose and fructose). This characteristic can be one of the
reasons for the superiority of this industrial yeast in alcohol
plants, where sucrose is rapidly hydrolysed to glucose and
fructose, accelerating the fermentation process for ethanol
production.

Beyond the high invertase activity, S. cerevisiae also
presents several SUC loci in the genome when exposed to
media of cultures where sucrose is the main sugar to be
fermented (e.g., must). The SUC2 gene is present in all
yeasts of the genus Saccharomyces [25]. Another mecha-
nism was described for the entry of sucrose into the cell,
mediated by AGT1 permeas [39]. Sequencing of S. cere-
visiae CAT-1 showed the presence of both SUC2 and
AGTI genes [41].

This rapid hydrolysis of the sucrose provoked by the
enzyme invertase releases a large amount of glucose and
fructose in the medium and may favour the development of
other yeasts that do not have invertase, including contam-
inating strains. However, studies have shown that due to
stressful conditions in the industrial process, S. cerevisiae
CAT-1 is still the most widely used yeast and is best suited

||= ||=
8 10 24 48

Time (h)
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for ethanol production in a large scale. This increase in free
monosaccharides in the medium can cause alterations in
the gene expression of the cells of other S. cerevisiae
strains due to changes in the osmotic equilibrium of the
medium caused by the high concentrations of glucose and
fructose released [28].

Saccharomyces cerevisiae CAT-1 initially produced 29
U mL ™" invertase in the three different substrate conditions
(Fig. 3). During the 24 h of culture, the enzymatic pro-
duction remained constant. After 48 h of cultivation, the
production was reduced to 13 U mL™" for the three carbon
sources (Fig. 3). This may occur due to the inhibition of the
metabolism of yeast or due to the presence of other com-
pounds, e.g., the presence of ethanol in the medium, which
denatures the protein.

However, what makes S. cerevisiae CAT-1 well suited
to the rigorous plant conditions and guarantees its domi-
nance and persistence in relation to other yeasts is not fully
known [5].

Conclusion

Pichia kudriavzevii BB2 and S. cerevisiae BB9 did not
show industrial potential for ethanol production since they
did not perform well under the conditions studied. S.
cerevisiae CAT-1 had better fermentative performance
compared to the other yeasts tested. It presented better
production of ethanol and physiological characteristics that
ensured good performance against stressful aspects. S.
cerevisiae CAT-1 showed low ethanol production at pH 3.0
due to an altered composition of sugar and the presence of
stressful factors in the must, but the mineral media present
good fermentative adaptation with the mineral media at pH
3.0 due to the rich composition of the mineral medium,
which provided greater resistance to yeast during cultiva-
tion. Still S. cerevisiae CAT-1 presented better results at
pH 5.0, demonstrating that the pH stress increase in the
nutrient-poor natural environment. The rate of invertase
production was the same for the three carbon sources tested
during cultivation of S. cerevisiae CAT-1. The results
showed that regardless of the nature of the sugar or con-
centration, the yeast produced the same amounts of
invertase, which allowed us to conclude that invertase is a
constitutive enzyme in S. cerevisiae CAT-1. Other studies
carried out under the process conditions with S. cerevisiae
CAT-1 will be important to determining its behaviour
when compared to bench studies.
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