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Physiology of Saccharomyces
cerevisiae during growth

on industrial sugar cane molasses
can be reproduced in a tailor-made
defined synthetic medium
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Morten Otto Alexander Sommer?, Andreas Karoly Gombert*, Reinaldo Giudici® &
Thiago Olitta Basso'**

Fully defined laboratory media have the advantage of allowing for reproducibility and comparability
of results among different laboratories, as well as being suitable for the investigation of how different
individual components affect microbial or process performance. We developed a fully defined medium
that mimics sugarcane molasses, a frequently used medium in different industrial processes where
yeast is cultivated. The medium, named 2SMol, builds upon a previously published semi-defined
formulation and is conveniently prepared from some stock solutions: C-source, organic N, inorganic
N, organic acids, trace elements, vitamins, Mg + K, and Ca. We validated the 2SMol recipe in a scaled-
down sugarcane biorefinery model, comparing the physiology of Saccharomyces cerevisiae in different
actual molasses-based media. We demonstrate the flexibility of the medium by investigating the
effect of nitrogen availability on the ethanol yield during fermentation. Here we present in detail

the development of a fully defined synthetic molasses medium and the physiology of yeast strains

in this medium compared to industrial molasses. This tailor-made medium was able to satisfactorily
reproduce the physiology of S. cerevisiae in industrial molasses. Thus, we hope the 2SMol
formulation will be valuable to researchers both in academia and industry to obtain new insights and
developments in industrial yeast biotechnology.

Molasses is a broad term used to describe concentrated sugar cane or sugar beet juice solutions after sucrose
crystals removal'. Consequently, molasses is not the primary outcome but an industrial by-product of the raw
sugar production process. Molasses is produced by water evaporation from clarified juice and sucrose crystal
separation via centrifugation. Molasses can be reprocessed to increase the extraction of sugar crystals, result-
ing in a higher salt-to-sugar ratio and poorer quality of the final molasses for further industrial applications?.

Molasses is an inexpensive renewable substrate with applications in many bioprocesses, such as the produc-
tion of bioethanol, butanol, citric acid, and lactic acid, among many others’. During bioethanol production in
Brazilian sugar cane-based biorefineries, molasses plays a unique role and significantly impacts production
costs*. In Brazil, bioethanol production is traditionally coupled with sugar industries, thus enabling biofuel
production from a must prepared from sugar cane juice and/or molasses®. The coupled production allows for
flexibility and decreases the commercial risk associated with price fluctuation in sugar and ethanol. Still, it also
affects the fermentation medium, or must®.
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Sugar cane molasses contains high amounts of fermentable sugars and other nutrients. Various compounds,
including growth factors, macro and micronutrients, such as trace elements and vitamins, vary depending on the
sugar cane variety, soil, climate, and processing conditions*”®. Additionally, molasses contains high concentra-
tions of mineral compounds and salts, low nitrogen concentrations, and high concentrations of some compounds
generated during sugar cane processing that might inhibit yeast performance®”.

Molasses composition can affect both microbial growth and ethanol production. However, how the composi-
tion affects microbial physiology and fermentation performance is poorly understood, leading to low ethanol
yields and high cell viability loss®. This is partially due to poor reproducibility in such studies resulting from
limited characterization of the highly variable molasses composition®”!°. Furthermore, evaluating microbial per-
formance in such media is of pivotal importance in selecting improved yeast strains for industrial fermentations''.

A fully defined synthetic molasses medium would improve control and reproducibility of experiments lead-
ing to a better understanding of parameters impacting the fermentation. Commonly used laboratory media for
physiological studies (e.g., YNB, YPD, Mineral media, among others) are not able to properly mimic industrial
conditions, especially in the case of sugar cane molasses’. For this reason, previous studies attempted to formulate
synthetic media, chemically defined or complex, to simulate many industrial substrates, such as lignocellulosic
hydrolysates, sugar cane molasses, malt wort, and grape juice, which is probably the most relevant in the context
of such synthetic media®'2"¢.

In fact, wine fermentation research has used synthetic grape juice since the 1990s with different formulations
based on specific features of each grape. Bely et al.'? proposed a synthetic medium to simulate a standard grape
juice while evaluating the effects of assimilable nitrogen in the kinetics of yeast fermentations. Establishing a
basal synthetic medium that mimics a natural medium used for wine fermentation and facilitates investigating
the effect of compositional changes in the process.

Regarding sugar cane molasses media, Chandrasena et al."* proposed a “synthetic molasses medium” dur-
ing their investigation on the effects of metal ions in beer fermentation. However, the reported results for the
proposed synthetic wort did not reproduce the ethanol yield observed with the industrial substrate. Lino et al.?
recently developed a semi-synthetic sugar cane molasses medium. The medium was developed by adjusting
the Carbon/Nitrogen ratio and Phosphorus, Potassium, Magnesium, and Calcium levels. In addition, other
compounds were added, such as malic acid and trans-aconitic acid (organic acids present in sugar cane juice).
The Maillard reaction products were also included by simulating the reaction between sugars and amino acids
at high temperatures during the preparation procedure. The selected nitrogen sources were amino acids (mostly
consumed during the Maillard reaction), ammonium salts, and peptone, which led to a final complex formula-
tion. The reported semi-synthetic medium mimicked the results of industrial sugar cane molasses media accu-
rately under fed-batch operation in bench-scale ethanol production. To our knowledge, it is the closest result of
a Brazilian-like sugar cane molasses fermentation reported. Although the authors have found good agreement
between this semi-defined synthetic medium and industrial molasses based-media, the presence of peptone and
the use of Maillard reactions for its formulation, could hamper reproducibility among different laboratories. In
addition to that, concentrations of some relevant ions in synthetic molasses medium (such as K* and Ca**) are
different from reported data on industrial molasses in fuel ethanol fermentation®.

Therefore, here we conducted an extensive investigation based on the reported semi-synthetic molasses
proposed by Lino et al.%, studying the effects of the main components on yeast physiology. With these results,
we propose here a fully defined synthetic molasses medium, without addition of complex ingredients and with
the flexibility to be prepared with different nutrient concentrations. The proposed defined medium was bench-
marked against three different Brazilian sugar cane molasses in industrial-like fermentations. Finally, a case study
is presented to exemplify how this medium can aid in performing scientific research.

Results and discussion

A fully defined synthetic medium to mimic industrial sugar cane molasses. Industrial substrates
can be challenging to reproduce in the laboratory due to their wide compositional variation and lack of informa-
tion regarding specific compounds®. In consequence, the reproducibility of results among different laboratories
is often compromised®. One possible option would be the use of common laboratory media. However, the use
of common yeast laboratory medium (e.g., YPD) might be not adequate to mimic the physiological param-
eters found in industrial molasses samples, as evidenced in the literature!!. The authors showed the distinct
behavior of S. cerevisiae strains in YP-sucrose and a defined media in comparison with sugar cane molasses.
To illustrate this, we have also compared previously reported industrial molasses data® performed with another
industrial yeast strain, Ethanol Red®, and using a scaled-down protocol (fed-batch with cell recycle) with YP-
sucrose medium (1% Yeast extract, 2% Peptone, and 18% Sucrose)'!. The YP-sucrose presented an overall dif-
ferent behavior in the main technological parameters evaluated when compared to industrial molasses samples
and with a former semi-defined synthetic molasses®. The accumulated biomass variation shows that YP-sucrose
medium supported an increase of approximately 40% in cell growth, which is much higher than the increase
observed when using industrial molasses media (Fig. S1, Supplementary data).

In this context, a synthetic medium to mimic this substrate in the sugarcane fermentation industry should
not just consider a basal composition with nutrients required for yeasts but also feature special conditions, such
as high salt concentrations and inhibitory compounds. In order to obtain a fully defined chemical composi-
tion reproducing sugar cane molasses, we took the composition reported by Lino et al.® as a starting point and
adjusted it using data on real molasses compositions described in the literature®*. The defined composition of
our medium, which we named 2SMol, is presented in Table 1.

The major modifications to the composition reported by Lino et al.?, used to formulate 2SMol, and the respec-
tive rationales are the following: The sugar proportion was adjusted with a filter-sterilized 2.5-fold concentrated
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Class Compound Concentration | Stock solution for medium preparation

Sucrose 160

Sugar stock

-1

Carbon sources (g.L") Glucose 20 2 5% concentrated
Fructose 20
Glutamine 4.15

I . . X Organic nitrogen stock
1

Organic nitrogen sources (g.L™") Aspartic Acid 1.5 2.5% concentrated
Asparagine 1.42

Inorganic nitrogen source (g.L) (NH,),HPO, 1.00 Inorganic nitrogen stock 100 x concentrated
Trans-aconitic acid 2.00
L-malic acid 1.00

Organic acids (g.L") Organic acids stock solution

Citric acid 0.01 20x concentrated

KOH 1.96

EDTA.Na, 150.00

CaCl,2H,0 45.00

MnCl,.4H,0 10.00

ZnSO,7H,0 45.00
Trace elements CusSO,-5H,0 3.00 Trace elements stock solution
(mg.L™") KI 1.00 100x concentrated

CoCl,.6H,0 3.00

H,BO, 10.00

FeSO,.7H,0 30.00

Na,Mo0O,.2H,0 4.00

Inositol 25.00

Nicotinic acid 1.00

Calcium pantothenate 1.00

Vitamin stock solution

o n -
Vitamins (mg.L™") Biotin 0.05 1000x concentrated

Pyridoxine hydrochloride | 1.00
Thiamine hydrochloride 1.00

Para-aminobenzoic acid 0.20

K,SO, 5

Magnesium and potassium (g.L™") i Mg & K stock solution 50x concentrated
MgS0,.7H,0 10

Calcium (g.L") CaCl,.2H,0 0.5 Calcium stock 500 x concentrated

Table 1. Composition of the fully defined synthetic molasses medium (2SMol).

solution. The proportion was set to sucrose at 80%, fructose plus glucose at 10% each (in w/v) to match reported
values from industrial molasses samples (Fig. S2, Supplementary data 1); Vitamin and trace elements stock solu-
tions were based on the widely used defined medium reported by Verduyn et al.'®, commonly adopted for studies
in quantitative yeast physiology. Vitamin concentrations are set according to the original medium'®, and trace
elements were tenfold increased to approximate literature data for sugarcane molasses®*; Peptone addition, as
reported by Lino et al.>, was removed, since it represents a complex source of nitrogen and of other nutrients,
the composition of which if not fully defined. Instead, inorganic nitrogen ((NH,),HPO,) and organic nitrogen
(amino acids) sources, provided as filter-sterilized solutions (to avoid thermal degradation), were included; The
organic acid solution proposed by Lino et al.* was kept here, but with the addition of citric acid” and pH adjust-
ment using KOH, leading to a final pH of 5.0; the potassium ions added for pH adjustment were accounted for
in the final composition; Calcium (as calcium chloride), magnesium and potassium ions (as sulphate salts) were
split into two different stock solutions since they can differently affect yeast metabolism?.

The first synthetic molasses formulation (named 1SMol) was based on the combined sugar and organic nitro-
gen source stock solution described by Lino et al.® (“Methods”). Growth kinetics experiments in microplates
showed that the growth profiles of yeast in this 1SMol medium were very different from growth profiles obtained
using industrial molasses media, even when supplemented with increasing amounts of vitamins and inorganic
nitrogen sources, two of the leading nutritional groups affecting growth (Fig. S1, Supplementary data). In addi-
tion, as mentioned before, the organic nitrogen sources were combined with sugars in the 1SMol formulation,
meaning that there was no flexibility in adjusting the nitrogen concentration independently from the total reduc-
ing sugar (TRS) concentration. As the preparation of this stock solution involved heat-sterilizing of amino acids
and sugars, caramelization and/or Maillard reactions occurred?, leading to the degradation of amino acids and
inversion of sucrose into glucose and fructose. Indeed, the investigation of the sugar composition of the synthetic
molasses proposed by Lino et al.* indicated a sucrose proportion of only 10%, which is much lower than the
values observed for true molasses samples (81 +6%) (Fig. S2, Supplementary data). Moreover, these degradation
reactions can result in unknown compounds in the medium, resulting in a non-defined medium composition.
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To avoid these issues, the 2SMol formulation included an individual filter-sterilized organic nitrogen solution
containing amino acids in concentrations commonly found in sugar cane substrates®*. This modification avoided
the formation of unknown reaction compounds and enabled the investigation of the influence of individual
amino acids on yeast performance. Although yeasts can grow without organic nitrogen sources, amino acids
can save sugar carbon and energy in yeast metabolism, as evidenced by Albers et al.>.

Diammonium hydrogen phosphate [(NH,),HPO,] was added to the medium as an inorganic nitrogen source,
playing a fundamental role in the biosynthesis of amino acids for biomass formation in S. cerevisiae®. In addi-
tion, this solution is also the primary source of phosphorous, required for nucleic acid biosynthesis, and as a
substrate for many enzymes®.

The most common organic acids found in sugar cane were added in accordance with the report from Lino
et al.>. Weak organic acids are known to cause an inhibition effect on yeast cells since they permeate through the
cell membrane in the protonated form, dissociating in the yeast cytosol. As a result, cells excrete one H* using
1 ATP, to maintain intracellular pH homeostasis, decreasing the final biomass yield*?”. Organic acids are also
known to cause decreased DNA and RNA synthesis rates and diminished metabolic activity?.

Salts were divided into two solutions and added in the range of concentrations reported by Basso et al.*.
According to these authors, K, Mg, and S are the most abundant elements in molasses, apart from C, H, and
O. Thus, the concentration of these elements was increased when compared to those employed by Lino et al.’.
Figure 1 illustrates the concentration ranges of the main chemical elements, as reported by Basso et al.* (lower
and upper limits), in comparison with the 2SMol formulation, with the values reported by Lino et al.> and with
values measured in industrial molasses (Mol_A, Mol_B, and Mol_C) from sugar cane biorefineries, all located
in the state of Sao Paulo, Brazil.

Calcium was added to achieve the lower limit reported®*, due to its detrimental effect on yeast since it acts as
a flocculation facilitator and as a suppressor of magnesium-dependent enzymes*. Other mineral compounds,
such as Zn, Mn, and Cu, were adjusted to the range values by a tenfold increase in the trace elements solution
proposed by Verduyn et al.'8. According to Fig. 1, zinc (from trace elements solution), phosphorous (inorganic
nitrogen source) and nitrogen are close to the upper reported limit. A proper evaluation of each nutritional group
may clarify their respective effects on growth.

Adjustment of amino acid concentrations. Within all compounds in 2SMol, the nitrogen source (as a
sum of inorganic and organic sources) presented values up to 4 times higher (1.47 g.L™!) than the values reported
previously (0.35 g.L™') (Fig. 1). As already discussed, this nutritional source presents an important effect on S.
cerevisiae physiology. Therefore, we proposed an additional experiment in microplates to evaluate yeast growth
(using two strains, S. cerevisiae PE-2 and CEN.PK113-7D) at different organic nitrogen concentrations. The new
versions of the synthetic medium were developed by altering the amino acid concentration with respect to the
2SMol-basal medium (0, 25, 50, 75, 100% of the 2SMol original organic nitrogen composition). The results for
the growth parameters y, OD,,,,, and t4.. were benchmarked against industrial molasses media (Mol_A, Mol_B,
and Mol_D). The results for parameters and statistical groups are presented in Table 2.

In general, higher values of 1 were obtained for PE-2 when compared to CEN.PK 113-7D strain. Among all
amino acid concentrations tested, statistically different results were only observed for the absence of organic
nitrogen (0% AA, group C). Among industrial samples, Mol_B was statistically different from Mol_A and Mol_D.
Additionally, the values for this parameter for Mol_A and Mol_D were close to the synthetic compositions,
except for 0% of amino acids.
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Figure 1. Concentrations of different chemical elements in the 2SMol formulation, compared to data reported
by Basso et al.%, Lino et al., and to industrial sugar cane molasses media obtained from biorefineries Mol_A,
Mol_B, and Mol_C.
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p(h) ODmax Tdecel (h)
Condition | PE-2* CEN.PK113-7D' | PE-2' CEN.PK113-7D' | PE-2* CEN.PK113-7D*
AA 100% 0.420+0.001 | 0.363+0.004 0.919+0.012 | 0.912+0.010 8.67+0.00 |11.67+0.58
° B AB A A D D
AA 75% 0.429+0.00 | 0.360+0.00 0.910+0.018 | 0.900+0.014 8.89+0.19 |14.34+0.33
0 B B A A D D

AA 50% 0.427+0.00 | 0.360+0.00 0.859+0.019 | 0.877+0.021 8.67+0.00 |16.34%2.60

0 B AB AB A D BCD

AA 25% 0.404+0.01 | 0.360+0.01 0.813+0.018 | 0.801+0.017 11.7840.19 | 19.78+0.39
0 B B BC B C C

AA 0% 0.349+0.00 | 0.310+0.00 0.682+0.017 | 0.667+0.007 24.89+150 |[33.12+1.26
0 C D D A A

Mol B 0.496+0.01 | 0.390+0.02 0.902+0.015 | 0.827+0.016 578+0.19 |10.78+0.19
~ A A A B E D

Mol A 0.426+0.011 |0.370+0.01 0.682+0.057 | 0.666+0.019 8.56+0.19 | 14.56+0.51
—~ B AB D D D D

Mol D 0.417+0.010 | 0.380+0.01 0.746+0.009 | 0.716+0.017 17.56+0.77 | 26.00+0.88
~ B AB CD ¢ B B

Table 2. Maximum specific growth rate, maximum optical density, and deceleration time for the growth
of S. cerevisiae on 2SMol compositions with different amino acid concentrations or on industrial molasses.
*Pairwise comparisons using Games-Howell test a=0.05. "Pairwise comparisons using Tukey test with a=0.05.

The results for OD,,,,, were similar between the tested strains, with increasing values as amino acid concentra-
tion increased. In higher nitrogen concentrations (75 and 100% AA), similar results (0.92+0.01 and 0.91 +0.02
for PE-2 and 0.91+0.01 and 0.90£0.01 for CEN.PK113-7D) were observed, indicating that the strains might be
insensitive to the amino acid concentrations in this range. The industrial molasses presented statistically different
OD,,., values for higher (75 and 100%) and lower (0%) amino acid concentrations.

The decrease in amino acid concentrations led to increased deceleration times ranging from 8.7 to 24.9 and
11.7 to 33.1 h for PE-2 and CEN.PK113-7D, respectively. Deceleration times for PE-2 were significantly lower
than CEN.PK113-7D for all tested media, although the pairwise comparison was not performed. For this param-
eter, the industrial molasses presented values comparable with the ones obtained for the synthetic compositions,
except for Mol_B, which presented a statistically different value.

The growth kinetics obtained from this set of experiments indicated that at both 25 and 50% amino acid
concentrations, the growth profiles fell within the range of the growth profiles observed for growth on molasses
Mol_B and Mol_D, which represent the upper and lower limits, respectively, among the industrial samples inves-
tigated (Fig. 2). In the lower concentration (25%), the carbon-nitrogen ratio, considering carbon in fermentable
sugars and total nitrogen, was 159, which is in the mid-range of values reported in the literature for sugar cane
media - from 57 to 209%%. Therefore, the 25% amino acid concentration of 2SMol was selected for subsequent
experiments, which aimed to test the individual effects of the remaining nutritional groups.

Assessing the effect of nutritional groups: inorganic and organic nitrogen and vitamin sources
affect S. cerevisiae growth patterns. Variations to the 2SMol composition (Table S1, Supplementary
data) were tested to assess the effects of each nutritional group on growth profiles and physiological parameters
of S. cerevisiae strains PE-2 and CEN.PK113-7D. The effects of phosphate and inorganic nitrogen were separately
studied by using ammonium sulphate and potassium phosphate (instead of diammonium hydrogen phosphate),
keeping the levels of the complementary chemical elements (sulphur and potassium) the same as in the 2SMol
original formula. This means, for example, that in the composition with no ammonium, potassium phosphate
was added to keep the level of phosphorus equal to the one found in the original formula.

Figure 3 depicts the growth curves obtained for the three main nutritional groups. The amino acid and
ammonium concentrations were the most significant variables influencing the physiological parameters evaluated
(Fig. S4, Supplementary data). The effect of nitrogen sources (inorganic and organic) was statistically significant
for all parameters both strains (Table S2, Supplementary data), except for the parameter ty. for S.cerevisiae CEN.
PK113-7D cultivations. In fact, these two groups were expected to affect the evaluated parameters since yeast
displays complex regulatory systems to adapt to nitrogen availability, strongly impacting alcoholic fermentation
and growth kinetics®.

Vitamins also had a significant effect on the growth of both S. cerevisiae CEN.PK113-7D and PE-2 strains, in
terms of the parameters u and OD,,,, respectively. The vitamin concentration only had a statistically significant
effect (p <0.05) on p of CEN.PK113-7D strain. On the other hand, the vitamin effect was smaller for the PE-2
strain, evidencing the capability of PE-2 strain to adapt to low vitamin concentrations. Unexpectedly, vitamin
concentration (-1) affected only PE-2 OD,,,, whereas this was not observed for CEN.PK113-7D (Fig. 3B,E).

Besides OD,,,,, some identified genetic signatures could explain the ability to cope with a decreased vitamin
availability in industrial strains. Stambuk et al.>! demonstrated that SA-1, PE-2, and other industrial fuel ethanol
strains contain amplifications of the SNO2/SNZ2 and SNO3/SNZ3 genes, that are involved in the biosynthesis
of thiamine and pyridoxine (vitamins B1 and B6, respectively), which are present in the vitamin stock solution
used. Similarly, Argueso et al.** also detected five extra copies of the SNO/SNZ genes in a S. cerevisiae strain
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Figure 2. Growth kinetics of S. cerevisiae strains in molasses (black lines, Mol_A: black triangle, Mol_B: black
circle, and Mol_D: black square) and modified versions of 2SMol (0%: red, 25%: blue, 50%: green, and 100%
amino acids: purple) media. Symbols and bars represent the average and the standard deviation, respectively, of
biological triplicates for each condition.

JAY270 (PE-2 derived) in comparison with the S. cerevisiae laboratory strain S288C. The expression level of
these genes was up-regulated approximately fourfold in the industrial strain relatively to the laboratory strain.
The results presented by Stambuk et al.>! and Argueso et al.>> were recently clarified by Paxhias and Downs™®. It
was demonstrated that SNZ2 and SNZ3 genes were sufficient to generate growth on a minimal vitamin medium
(only biotin and D-pantothenic acid hemicalcium salt were added as vitamins).

Organic nitrogen, inorganic nitrogen and vitamins were chosen for a subsequent study. For this purpose, a
factorial design with three levels (Table S3, Supplementary data) was used to evaluate the interactions among
these variables and to establish a statistical model to emulate different molasses with these variables. Addition-
ally, two industrial molasses samples were tested in the same experimental runs, comparing their results to
the model obtained from cultivations using the 2SMol medium. The investigated ranges were the same as the
ones tested in the previous experiment, except for organic nitrogen concentrations, that were increased in this
new set of experiments.

Application of the ANOVA (Table S4-S6, Supplementary data) for the three variables indicated that the
statistical model described all growth parameters very well. The high R? values for the adjusted quadratic model
displayed an overall good fit. The R? values were close to 90% for almost all parameters in both strains, indicat-
ing a suitable model. Additionally, high t-values and low p-values also supported the statistical significance of
the regression coeflicients.

Deceleration time for PE-2 was significantly lower than CEN.PK113-7D strain, as demonstrated by the
significant difference in the constant value (b,). Meanwhile, the b, values for the other two parameters were
quite similar. In addition, linear model coefficients in the three growth parameters were significant to the model
(p <0.05). The quadratic terms for organic and inorganic nitrogen, and vitamins (b,}, b,,, and b3, respectively)
were significant for y, b;; and by, for OD,,,,, and bs; for t4... The same coeflicients were significant for both
strains, with PE-2 presenting smaller values than CEN.PK113-7D. The interaction term for organic and inorganic
nitrogen (b},) and organic nitrogen and vitamins (b,;) was significant for OD,,,,, b, for p for both strains. How-
ever, the interaction terms in ty, were different between strains. b;; and b,; were significant for PE-2, while b,,
and b,; were significant for CEN.PK113-7D. Overall, organic nitrogen seems to highly affect growth parameters
based on the interaction statistical coefficients.

The investigation of vitamins, inorganic and organic nitrogen using factorial design resulted in a more robust
description of the effects of these essential nutritional groups in S. cerevisiae growth parameters, which were not
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Figure 3. Growth curves for different versions of the defined synthetic molasses (2SMol) for two S. cerevisiae
strains: CEN.PK113-7D (A-C) and PE-2. (D-F). (A) and (D) presents higher (red symbols) and lower levels
(blue symbols) of inorganic nitrogen concentrations compared to 2SMol basal formulation (black symbols);
(B) and (E) presents higher and lower levels of vitamin concentrations, and (C) and (F) presents higher and
lower levels of organic nitrogen concentration. Symbols and bars represent the average and standard deviation,
respectively, of biological triplicates for each condition.

observed in the first investigation of this section. The obtained equations could then be used, for example, to
estimate the concentration ranges that would theoretically reproduce the parameters of distinct molasses samples.

Finally, the growth parameters obtained for the synthetic compositions tested agreed with those found in
industrial molasses (Fig. S5, Supplementary data), indicating that the synthetic medium presents flexibility and
sensitivity. In spite of the large variability in molasses composition, the results of this section indicate that the
formulation of 2SMol might be adequate to represent industrial samples and could be an important tool for
molasses-based bioprocesses.

Validation assays performed in a scaled-down sugar cane biorefinery. Although microplate
assays are a valuable tool for investigating many conditions and for defining the 2SMol composition, the pro-
posed synthetic molasses was further validated in experiments closer to industrial ethanol production from
molasses.

For this purpose, the 2SMol formulation (37.5% of the amino acids) was used as substrate in this simplified
scaled-down process. The formulation containing 37.5% of the amino acids was selected considering its growth
kinetics would be similar (Fig. S5) to the two investigated industrial molasses. The results over five fermenta-
tion cycles were compared to those obtained with industrial molasses samples (Mol_A, Mol_B, and Mol_C). All
fermentation media were diluted to contain 180 g.L™' TRS, and the experiments were performed in triplicates.

Initially, the total mass of each tube along the fermentation assay was registered hourly. The mass difference
is associated with CO, loss, directly correlated with the sugar consumption and ethanol production profiles.
The profiles for 2SMol (Fig. 4A) were consistent with those observed using industrial molasses, showing similar
results. The results are presented as mmol CO,.g et biomass * t0 account for possible differences associated with
biomass variations along the fermentation cycles.

Although all media presented the same CO, production rate (the slope of the curve), 2SMol presented higher
CO, loss at the end of the first cycle. Indistinguishable results were observed for the second and third cycles.
Differences were observed in the following cycles, in which the CO, profile in the 2SMol resembled the profiles
obtained using molasses from Mol_A, which reached higher values at the end of the cycle than Mol_B and
Mol_C. The total CO, loss at the end of fermentations remained between 12 and 14 mmol.g,wiomass * il molasses
(TRS concentration 19.4%) at 30 °C, agreeing with reported values for PE-2!".

The pH is vital to ensure fermentation efficiency and maintain cell viability. S. cerevisiae is an acidophilic
organism with an optimal pH range for growth between 4 and 6**. Thus, this parameter was measured in the
fermentation media and wines (Fig. 4B). Comparing fermentation media, 2SMol presented a final pH of 5, lower
than 5.5 obtained for industrial molasses. For the fermentation cycles, a similar wine-pH pattern was observed
with a decrease in the first (6.2+1.6%) and the second cycles (6.7 +1.7%) followed by a stabilization around a
constant value for all tested media.
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Figure 4. Performance of S. cerevisiae PE-2 in the defined synthetic molasses (2SMol) and in industrial sugarcane
molasses media in a scaled-down sugarcane biorefinery throughout five consecutive fermentation cycles. The
fermentations were performed in triplicates. The initial yeast biomass was 4 g (wet mass), acid treatment (pH set
to 2.5, 1 h incubation at room temperature) was performed before each new cycle of fermentation. The tubes were
incubated at 32 °C for 10 h and weighted hourly. The tubes were kept at room temperature (c.a. 20 °C) overnight
until the beginning of the next cycle. Orange (2SMol); Dark blue (Mol_A); Light blue (Mol_B); Green (Mol_C). (A)
CO, profiles (CO, loss in mmol.g of wet biomass™) over five fermentation cycles. (B) pH profiles of the media and
fermentation wines. (C) Viability (as percentage of living cells, %) values by the methylene blue staining technique*.
(D) Ethanol yield (as percentage of theoretical maximum 0.511 g of ethanol.g of TRS™, %) calculated based on'!
and®. (E) Biomass variation (%) represented as percentage of the cycle initial wet yeast mass. (F) Overall biomass
accumulation (g of wet biomass). (G) Glycerol concentrations (g.L™!). (H) Trehalose content (as % of cell dry mass)
after propagation (orange) and fifth fermentation cycle (marine blue).
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These results were compared to the yeast viability profiles to assess if the differences in absolute values for
pH were critical for the process. Figure 4C shows the viabilities measured by the methylene-blue method along
the fermentation cycles. The obtained results were similar, with relatively high viability after propagation fol-
lowed by a slight decrease along the cycles. Additionally, cell viability remained higher than 90% for all media,
indicating that the pH differences for 2SMol were within a safe range for ethanolic fermentation. Moreover, if
one may be interested, 2SMol can be easily adjusted by adding KOH during the formulation to match the exact
pH of a specific molasses sample.

Yeast biomass is an essential parameter in alcoholic fermentations, reflecting the nutritional conditions
imposed on cells during the process. Literature suggests that the nitrogen content in sugarcane-based media is
only sufficient to support an increase in biomass around 5 to 10% in relation to the beginning of each cycle’. This
increase can replace cell loss during the process (e.g., during centrifugation or acid treatment to cell recycling),
but it is often necessary to withdraw excess yeast cell biomass from time to time in industrial scale’.

In order to investigate whether 2SMol could present similar results to industrial molasses, the biomass varia-
tion along the cycles was measured (Fig. 4F). The results indicated that the synthetic medium presented similar
behavior to the industrial molasses, increasing biomass in the first two cycles and no increase or decrease was
observed in the last one (Fig. 4E). Interestingly, the biomass variation reported by Raghavendran et al."! indicated
that PE-2 could increase biomass in all six cycles tested, different than the situation observed in our experiment.
These small differences could be due to the difficulties in precisely measuring wet yeast biomass.

Ethanol yield may be regarded as the most critical parameter in industrial fermentations, which directly
relates to the economic viability of the process®. This parameter is represented here as a percentage of the maxi-
mum theoretical (or stoichiometric) yield, based on total TRS fed to the culture, and details on its calculation
are described elsewhere!*. The synthetic molasses composition (2SMol) displayed similar values to the ones
obtained with industrial molasses (Fig. 4D). The values presented fluctuated and reached figures as high as 94%
and no particular trends could be observed for the different media used.

Another important metabolite we measured during the fermentation assays was glycerol, which represents
the main by-product of ethanolic fermentation, in terms of carbon utilization. Its intracellular accumulation acts
as a vital osmolyte, attributing protective properties against hyperosmotic and thermal stresses**~*%. Among all
parameters evaluated, glycerol production (titers) was the only one that resulted in significant differences when
the 2SMol medium was compared to industrial molasses samples (Fig. 4G).

While glycerol titers in wine from industrial molasses remained at approximately 3 g.L™, the use of 2SMol
led to concentrations around 4 g.L™!. Raghavendran et al.' report a glycerol concentration of approximately 4 g.
L for PE-2 in molasses at 30 °C. Additionally, Prado et al.*® obtained glycerol titers higher than 4.5 g.L"! for a
thermo-tolerant strain grown at 34 °C. Further investigations adjusting the composition of our 2SMol medium
(e.g., lower salt concentrations) or in different osmotic pressures can potentially result in similar glycerol con-
centrations as observed for industrial molasses, with similar biomass variation, ethanol yields, and viability.

Trehalose also protects cells against stressful environments*. Thus, we measured trehalose levels as a per-
centage of dry cell mass before the first and after the last cycle (Fig. 4H). The results indicated similar results
among all media with a slightly smaller value for 2SMol. Before the first cycle, trehalose represented around
2.5% of the total dry mass, increasing to about 16% after the last. In contrast to the molasses investigated here,
Raghavendran et al.'! reported that trehalose content after six cycles was closer to the values observed for our
2SMol medium, representing about 11% of cellular dry mass. It is noteworthy that Raghavendran et al.!! used
sugar cane molasses obtained from Sdo Manoel (Sdo Manuel, Brazil) and Sdo Martinho mill (Pradépolis, Brazil),
which is different from the ones used here.

The comparison between the 2SMol medium and different industrial molasses performed here, consider-
ing all physiological and technological parameters evaluated, indicated that the 2SMol formulation is capable
of adequately reproducing sugar cane molasses fermentations, with a fully defined medium composition. For
specific situations or applications, it is possible to alter the original 2SMol composition, similar to what has been
reported in the context of grape wine fermentations, in which particular characteristics of different grapes are
explored by using different versions of the synthetic grape juice medium reported by Bely et al.!2.

Case study: How do nitrogen concentrations affect fed-batch fermentations in industrial-like
conditions?  According to the literature, industrial alcoholic fermentations carried out in Brazilian sugar
cane biorefineries have led to the highest reported ethanol yields within all other substrates used®*!. Several fac-
tors, such as the use of high cell concentrations and fed-batch operation with cell recycling, contribute to this
outcome®*. However, one of the hypotheses discussed by some authors is that the nitrogen content also plays a
key role, since sugar cane feedstock are very poor in this nutrient, presumably being only sufficient to support
around 5 to 10% of biomass increase during each fermentation cycle***%. In this scenario, the increase in cell
biomass due to nitrogen availability is sufficient to replace losses of cell biomass caused by cell death and post-
fermentation treatments (e.g., acid treatment, centrifugation, excess yeast cell biomass withdrawal).

We decided to take advantage of our fully defined synthetic molasses to investigate the effect of nitrogen
availability on yeast performance in an industrially relevant setup. The 2SMol formulation was prepared with
two different compositions in which the total nitrogen content was either zero (0SMol) or four times the amount
(4SMol). The ratio between ammonium and amino acid nitrogen was kept constant. Thus, the total nitrogen
concentrations were 0, 602.7, and 2401.6 mg.L™* in 0SMol, 2SMol, and 4SMol, respectively.

Initially, results for CO, loss normalized to wet cell biomass were plotted as in previous reports'**. Normali-
zation ensures the biomass increase/decrease is considered during the evaluation of the results, and there is no
over/underestimation of this parameter ''. Additionally, the CO, loss could be directly related to sugar consump-
tion during fermentation cycles. The results of CO, loss per gram of wet cell indicated a similar consumption
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rate among the three studied media (slope of the CO, loss curve) in the first six hours of each cycle (Fig. 5A).
The final results obtained were different, in which a higher CO, production per gram of cell was observed for
the composition without nitrogen (15.0 +0.45 mmol.g™!) and decreased production for the 4SMol composition
(12.27+0.45 g.g"), in comparison to the reference 2SMol composition (13.18 +£0.23 g.g™!).

The values obtained for CO, loss corroborated the data of biomass accumulation over the fermentation cycles
(Fig. 5B). All the three media investigated started with 4 g of wet biomass, and displayed distinct behaviors along
the cycles. After the first cycle, the yeast biomass obtained were 4.45+0.01, 4.47 +0.05, and 4.70 £ 0.04 g of wet
cells for 0SMol, 2SMol and 4 SMol, respectively, resulting in percentage variations of 10 to 15% of the initial
fermentation biomass (Fig. 5C). Even in the absence of nitrogen, the initial increase can be explained by an
intracellular accumulation of nutrients in the propagation stages preceding the fermentation cycles. In the 0SMol
medium, cell biomass decreased in all the following cycles, leading to a total reduction of 4.6% of the initial mass.
The viability for this medium also decreased from 99.5 to 87.4%, following the same downward trend of the total
biomass (Fig. 5D). The opposite pattern was observed for the medium with high nitrogen concentrations (4SMol).
After an initial increase, the biomass was reduced at the end of the second cycle and significantly increased until
the end of the remaining fermentation cycles, finishing the fifth cycle with 5.98+0.11 g of cells (45.97 +2.0%).
Viability in 4SMol remained virtually stable over the cycles. As expected, glycerol titers were correlated to wet
cell biomass, due to the necessity of reoxidazing excess NADH formed during yeast cell biosynthesis*. Glycerol
concentrations for 4SMol increased steadily, when compared to 2SMol, reaching 5.4 g.L™" at the end of the fifth
fermentation cycle (Fig. 5F). On the other hand, 0SMol presented the lowest glycerol titers with a stabilization
of its production close to 3 g.L™! and a slight increase in the last fermentation cycle.

Ethanol yields remained similar throughout the fermentation cycles, for the three media investigated. 0SMol
resulted in low ethanol yields when compared to the theoretical maximum in the first fermentation cycle but
reached values above 90% in the following cycles (Fig. 5E). In general, the Brazilian industrial operation com-
prises up to 2-3 fermentation cycles per day, during 200-250 days of operation with cell recycling during the
annual production period®. From an industrial point of view, obtaining high ethanol yields with reduced cell
viability and decreased cell biomass is not very advantageous to the process, making the operation unfeasible
for long periods and with the need for external addition of fresh cells. In this case, the media with nitrogen
sources (2SMol and 4SMol) showed more balanced performances in terms of biomass and ethanol production
than 0SMol.

Conclusions

This work illustrates the development of a fully defined synthetic molasses medium, that is based on a previously
published semi-defined formulation. The proposed medium is conveniently prepared from some stock solutions
and was validated in a scaled-down sugar cane biorefinery model, against molasses-based media. We showed
that the physiology of S. cerevisae in industrial molasses can be reproduced in this tailor-made defined synthetic
medium. In addition, this proposed formulation can be used to investigate the effects of relevant nutrients, as well
as toxic compounds, on bioprocess performance. Thus, our medium flexibility presents an advantage compared
to common laboratory complex media by accurately reproducing the physiology of S. cerevisiae in industrial
sugar cane molasses. We thus hope the 2SMol formulation will be valuable to researchers both in academia and
industry to obtain new insights and developments in industrial yeast biotechnology, and to provide reproduc-
ibility among different laboratories interested in sugar cane molasses-based processes.

Methods

Industrial molasses samples and chemical composition analysis. Industrial molasses samples
were kindly provided by five sugar cane biorefineries from Sao Paulo State (Brazil) in different collection dates
ranging from 2014 to 2019. The molasses samples were kept in 5 °C refrigerators and, before use, were diluted
with distilled water to yield approximately 500 g of molasses.L™*. The resulting diluted molasses were centrifuged
(2000 g, 15 min) to remove insoluble materials which affect analytical methods'!. Next, the refractive index of
the supernatant was adjusted to 20° Brix with a handheld refractometer. Molasses was then heat-sterilized at 121
°C for 20 min. Before all experiments, the total reducing sugar (TRS) concentration was measured using high-
performance liquid chromatography (HPLC).

In order to compare the results for the proposed defined synthetic molasses with industrial sugarcane molas-
ses samples, the main nutrients (minerals and nitrogen, phosphorus and sulphur sources) of three industrial
molasses (Mol_A, Mol_B, and Mol_C) were determined in an outsourced company (ALS Ambiental Ltda.,
Sao Paulo, Brazil). The chemical compounds and their respective methods were the following: Total nitrogen
(SMWW 23a Ed. 2017—method 4500 N C); Sulphur (SMWW 22a Ed. 2012—3120 B); Potassium, Magnesium,
Calcium, Phosphorus, Sodium, Zinc, Manganese, and Copper (USEPA 6020 A); Chloride (USEPA 9056 A:
2007, 300.1: 1997).

S. cerevisiae strains used and their preservation. Industrial bioethanol strain PE-2° and the labora-
tory haploid strain CEN.PK113-7D were kindly provided by Dr. Luiz Carlos Basso (University of Sdo Paulo,
Escola Superior de Agricultura Luiz de Queiroz, Piracicaba, SB, Brazil). Each strain was grown overnight (30 °C,
200 rpm) in YPD medium (1% yeast extract, 2% bacteriological peptone, and 2% glucose). After growth, glycerol
was added to achieve a final concentration of 20% v/v. Cell aliquots were then stocked in cryotubes at—=80 °C".

Semi-synthetic molasses preparation. Preparation of the semi-synthetic molasses (named LSM) was
performed according to Lino et al.® with some modifications. Three stock solutions were prepared with phos-
phate buffer saline (PBS, pH 7.4): a solution with sugars and amino acids, a solution with nutrients with concen-
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Figure 5. Nitrogen concentration effect in performance of S. cerevisiae PE-2 in the basal-defined synthetic

molasses (2SMol), in the absence of nitrogen (0SMol), and fourfold nitrogen concentrations in comparison with
2SMol (4SMol) in a scaled-down sugarcane biorefinery throughout five consecutive cycles. The fermentations were
performed in triplicates. The initial yeast biomass was 4 g, acid treatment (pH set to 2.5, 1 h incubation at room
temperature) was performed before each new cycle of fermentation. The tubes were incubated at 32 °C for 10 h and
weighted hourly. The tubes were kept at room temperature (c.a. 20 °C) overnight until the beginning of the next
cycle. Orange (2SMol); Blue (0SMol); Grey (4SMol). (A) CO, profiles (CO, loss in mmol.g of wet biomass) over five
fermentation cycles. (B) Overall biomass accumulation (g of wet biomass). (C) Biomass variation (%) represented as
percentage of the cycle initial wet yeast mass. (D) Viability (as percentage of living cells, %) values by the methylene
blue staining technique*. (E) Ethanol yield (as percentage of theoretical maximum 0.511 g of ethanol.g of TRS™, %)

calculated based on'' and® (*) mean value for a duplicate. (F) Glycerol concentrations (g.L ).
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trations higher than 0.1 g.L!, and a final solution with nutrients with concentrations lower than 0.1 g.L™!. Here,
the macronutrients solution and the micronutrients solution were divided into two solutions each.

The proposed fivefold concentrated macronutrient solution was split into a fivefold concentrated broth stock
(in g L™): peptone, 24.5; (NH,),SO,, 0.5; (NH,),PO,.4H,0, 7.1; NaCl, 2.5; MgSO,.7H,0, 5.01; CaCl,.2H,0, 0.336;
and KCl, 0.06; and a fivefold concentrated organic acids solution (in g.L™): trans-aconitic acid, 10.0; L-malic acid,
5; and citric acid, 0.05. Both stock solutions were heat-sterilized at 121 °C for 15 min. The micronutrients and
growth factors were split into a vitamin stock solution 100-fold concentrated containing a final concentration
in the semi-synthetic molasses (mg.L™"): inositol, 10; nicotinic acid, 10; calcium pantothenate, 1; biotin, 0.01;
pyridoxine hydrochloride, 0.04; thiamine hydrochloride, 0.04; and para-aminobenzoic acid, 2; and trace elements
stock solution 100-fold concentrated (mg.L!): H;BO;, 0.5; MnSO,.H,0, 0.4; ZnSO,.7H,0, 0.4; FeCl;.6H,0, 17;
Na,Mo0,.H,0, 31; K1, 12, and CuSO,.5H,0, 0.4. Both solutions were filtered sterilized (0.22 pm).

Preparation of the fully defined synthetic molasses. Preparation of the medium developed in this
work (named 2SMol) was based on mixing seven sterilized stock solutions. Initially, the sugar stock solution
described by Lino et al.’ was mixed in a 0.25 ratio to a filter-sterilized (0.22 pm) 500 g.L™! sucrose solution to
yield a new sugar stock solution containing 80% of sucrose. This procedure was adopted because a previous
investigation indicated partial hydrolysis of sucrose in LSM caused by heat sterilization. Later, the procedure was
further adapted by mixing the sugar stock with a filter-sterilized amino acid solution. For this purpose, a solu-
tion containing sucrose (400 g.L %), glucose (50 g.L™'), and fructose (50 g.L™!) was filter-sterilized, generating
the new sugar stock solution. Next, the amino acid solution was prepared by adding aspartic acid (3.75 g.L™),
glutamine (10.375 g.L™!), and asparagine (3.55 g.L™!), with pH adjustment using H,SO, (1 M) to 5.0, followed
by a filtering process.

Vitamins and trace elements solutions were prepared according to Verduyn et al.'8. The salt stock solution
(K,SO,, MgSO,), the organic acids stock solution (trans-aconitic, L-malic, and citric acids, and KOH), and the
Calcium stock solution (CaCl,) were heat sterilized at 121 °C for 15 min. The inorganic nitrogen ((NH,),HPO,)
stock solution was filter-sterilized (0.22 pm) to avoid thermal degradation.

The final composition of the medium was adjusted along the experiments by changing the proportions of the
stock solutions mentioned above, as described in the “Results” section when appropriate.

Yeast growth kinetics in microplates. Growth profiles and parameters were used to compare industrial
molasses and the synthetic medium developed (2SMol). Microplate assays were employed in this step. Inocula
for the microplate assays were prepared by inoculating a loopful of yeast cells from a cryotube culture into YPD
medium (1% yeast extract, 2% peptone, and 2% glucose) overnight (30 °C, 200 rpm). On the next day, 0.1 mL
of the cell suspension was transferred to a fresh YPD medium, incubated in the same conditions above, and
monitored by the optical density at 600 nm (ODg)". Cells were harvested during the exponential phase and
carefully washed five times with sterile distilled water to minimize micronutrients interference from the YPD
medium. Finally, 20 uL of the washed cell suspension were incubated in 180 uL of each media (aimed initial
ODggonm Of 0.1) in a microplate reader Infinite M200PRO (Tecan, Switzerland) and growth was monitored by
measuring ODg, in 20 min intervals at 30 °C with orbital shaking (15 s before measurement, 5 mm of ampli-
tude). The microplate was covered with a gas permeable sealing film (Sterile Axyseal sealing film, Axygen®)
and anaerobically conditions were assumed*®. The CO, production was not considered in this experiment. All
conditions were performed in triplicates. Blank was prepared by incubating 180 pL of each media with 20 uL of
pure sterile water.

Besides visual inspection, three parameters were used to numerically compare the growth profiles: the maxi-
mum specific growth rate (u), the maximum ODyyy,, (OD,,,,), and the deceleration time (tye)- |t is determined
as the highest slope in the In ODygq,,, versus time curve. OD_,, is the maximum ODgy,, reached, representing
total cell growth. The additional parameter t4.. was defined as the time interval between the end of the exponen-
tial growth phase and the time to reach OD,p,,,. A script was developed in Python to determine all three param-
eters in an automatic manner. Figure S6 (Supplementary file) presents a brief explanation of the software used.

Substrate and extracellular metabolites quantification. A HPLC system (Shimadzu Prominence
LC-20AB, Japan) with a refractive index detector was used to determine sugars and metabolites concentrations
in fermentation experiments. Before injection, liquid samples were centrifuged (10,000 rpm, 10 min) to remove
suspended solids or cells. The supernatant was ten-fold diluted to match the HPLC limits of quantification and
filtered (0.22 um syringe filter). Linear calibration for each component was performed for each injection batch.

Two different columns were used. A Bio-Rad HPX-87H column at 60°C was used to separate glucose, fructose,
glycerol, and ethanol in fermentation samples with 5 mM H,SO, as eluant (0.6 mL.min™"). Sugar concentrations
(sucrose, glucose, and fructose) in molasses and medium samples were determined using a Bio-Rad HPX-87C
column kept at 85 °C with ultrapure water (0.6 mL.min™") as the eluent. The injection volume was 10 pL for
both columns.

Statistical analysis. Minitab 19 (Minitab Inc., USA, version 19.2-64 bit) was used to perform all statisti-
cal analyses. During the individual investigation of each nutritional group, multiple comparison tests for each
evaluated parameter were performed by one-way ANOVA and Tukey’s and Games-Howell’s tests for homo and
heteroscedastic data, respectively**?!. Bartlett statistical test (p<0.05) was applied to the variances test*.. After
this initial investigation, the statistical software was used to define a 3* complete factorial design, yielding 27
conditions, to evaluate the interactions among the concentration of amino acids, ammonium, and vitamins on
W, OD.o and tge. for the S. cerevisiae PE-2 and CEN.PK113-7D strains. This methodology allowed for the crea-

Scientific Reports |

(2023) 13:10567 | https://doi.org/10.1038/s41598-023-37618-8 nature portfolio



www.nature.com/scientificreports/

tion and analysis of a statistical model given in Eq. (1) for the coded variables also performed in Minitab. The
response, linear, and interaction terms are represented by y, bi, and bij, respectively:

k k k=1 k
}’::30+Zﬁixi+z,3iixiz+ZZ,31'jxin+8 1)
i1 i—1

i—1 j—2

Validation of the synthetic molasses and case study in a scaled-down sugar cane biorefin-
ery. After microplate experiments, the final composition of 2SMol was benchmarked against three industrial
molasses samples from different mills (Sdo Paulo, Brazil) named Mol_A, Mol_B, and Mol_C in experiments
mimicking Brazilian ethanol production. The protocol was described in detail by Raghavendran et al.'’.

An initial pre-culture was prepared by inoculating yeast cells in YPS (1% Yeast extract, 2% Peptone, and
4% Sucrose) medium for 12 h. The resulting cell suspension was then added to a flask containing propagation
medium, which consisted of sugarcane molasses (10° Brix). The flask was left undisturbed for 48 h to allow
fermentation to occur.

The decanted cells were separated from the wine using centrifugation. To initiate the fermentation step,
triplicates were prepared by combining 4 g of wet cells from the propagation phase, 6 mL of water, and 2 mL of
the separated wine in pre-weighed centrifuge tubes. Throughout the fermentation cycles, 9.25 mL of fermenta-
tion media was added at different time points (0, 2, and 4 h of fermentation). The tubes were weighted hourly.

After each cycle (~ 20 h of fermentation), a 1 mL sample was taken for biological analysis. The cells and wine
were then separated through centrifugation. The cells were weighed and mixed again with 2 mL of the separated
wine and 6 mL of water. The pH of this mixture was adjusted to 2.5 using acidic treatment (H,SO, 0.5 N). The
mixture was left at room temperature for 1 h before commencing a new cycle. A total of five cycles were per-
formed in triplicate for each condition.

This protocol accounts for many specific features of Brazilian ethanol production, such as cell recycling,
sequential fermentation, acid treatment, and non-aseptic conditions. The industrial strain of S. cerevisiae PE-2
and 32 °C were selected for this experiment. The same protocol and conditions were applied to the case study
investigating the total nitrogen concentration for the media 0SMol, 2SMol, and 4SMol.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.

Received: 24 March 2023; Accepted: 24 June 2023
Published online: 29 June 2023

References
1. Clarke, M. A. SYRUPS. In Encyclopedia of Food Sciences and Nutrition 5711-5717 (Elsevier, 2003).
2. Amorim, H. D., & Ledo, R. M. (2005). Fermentagao alcodlica: ciéncia e tecnologia. Piracicaba: Fermentec, 448.
3. Lino, E S. O,, Basso, T. O. & Sommer, M. O. A. A synthetic medium to simulate sugarcane molasses. Biotechnol. Biofuels 11(1),
1-12 (2018).
4. Basso, L. C,, Basso, T. O. & Rocha, S. N. Ethanol production in Brazil: the industrial process and its impact on yeast fermentation.
Biofuel Prod. -Recent Dev. Prospects 1530, 85-100 (2011).
5. Basso, L. C., Amorim, H. V,, Oliveira, A. J. & Lopes, M. L. Yeast selection for fuel ethanol production in Brazil. FEMS Yeast Res.
8(7), 1155-1163 (2008).
6. Carioca, J. O. B. & Leal, M. R. L. V. Ethanol production from sugar-based feedstocks. In Comprehensive Biotechnology 3rd edn,
Vol. 3 24-34 (Elsevier, Amsterdam, 2011).
7. Palmonari, A. et al. Characterization of molasses chemical composition. J. Dairy Sci. 103(7), 6244-6249 (2020).
8. Bortolussi, G. & O'Neill, C. J. Variation in molasses composition from eastern Australian sugar mills. Aust. J. Exp. Agric. 46(11),
1455-1463 (2006).
9. Della-Bianca, B. E., Basso, T. O., Stambuk, B. U., Basso, L. C. & Gombert, A. K. What do we know about the yeast strains from the
Brazilian fuel ethanol industry?. Appl. Microbiol. Biotechnol. 97(3), 979-991 (2013).
10. Walker, G. M. & Walker, R. S. Enhancing yeast alcoholic fermentations. In Advances in Applied Microbiology Vol. 105 87-129
(Academic Press, 2018).
11. Raghavendran, V,, Basso, T. P,, Da Silva, J. B., Basso, L. C. & Gombert, A. K. A simple scaled down system to mimic the industrial
production of first-generation fuel ethanol in Brazil. Antonie Van Leeuwenhoek 110(7), 971-983 (2017).
12. Bely, M., Sablayrolles, ]. M. & Barre, P. Automatic detection of assimilable nitrogen deficiencies during alcoholic fermentation in
oenological conditions. J. Ferment. Bioeng. 70(4), 246-252 (1990).
13. Chandrasena, G., Walker, G. M. & Staines, H. J. Use of response surfaces to investigate metal ion interactions in yeast fermenta-
tions. J. Am. Soc. Brew. Chem. 55(1), 24-29 (1997).
14. Procopio, S., Krause, D., Hofmann, T. & Becker, T. Significant amino acids in aroma compound profiling during yeast fermentation
analyzed by PLS regression. LW T-Food Sci. Technol. 51(2), 423-432 (2013).
15. Pianale, L. T, Rugbjerg, P. & Olsson, L. Real-time monitoring of the yeast intracellular state during bioprocesses with a toolbox of
biosensors. Front. Microbiol. 12, 802169 (2022).
16. Henschke, P. A. & Jiranek, V. Yeasts—Metabolism of nitrogen compounds. In Wine microbiology and biotechnology (ed. Fleet, G.
H.) 77-164 (Harwood Academic Publishers, 1993).
17. Cola, P. et al. Differential effects of major inhibitory compounds from sugarcane-based lignocellulosic hydrolysates on the physiol-
ogy of yeast strains and lactic acid bacteria. Biotech. Lett. 42(4), 571-582 (2020).
18. Verduyn, C., Postma, E., Scheffers, W. A. & Van Dijken, J. P. Effect of benzoic acid on metabolic fluxes in yeasts: a continuous-
culture study on the regulation of respiration and alcoholic fermentation. Yeast 8(7), 501-517 (1992).
19. Madeira-Jr, J. V. & Gombert, A. K. Towards high-temperature fuel ethanol production using Kluyveromyces marxianus: On the
search for plug-in strains for the Brazilian sugarcane-based biorefinery. Biomass Bioenerg. 119, 217-228 (2018).

Scientific Reports |

(2023) 13:10567 | https://doi.org/10.1038/s41598-023-37618-8 nature portfolio



www.nature.com/scientificreports/

20. Escaramboni, B., Nuilez, E. G. E, Carvalho, A. E A. & de Oliva Neto, P. Ethanol biosynthesis by fast hydrolysis of cassava bagasse
using fungal amylases produced in optimized conditions. Ind. Crops Prod. 112, 368-377 (2018).

21. Snedecor, George W. and Cochran, William G. (1989), Statistical Methods, Eighth Edition, Iowa State University
Press. ISBN 978-0-8138-1561-9

22. Walker, G. M. Metals in yeast fermentation processes. Adv. Appl. Microbiol. 54, 197-230 (2004).

23. Golon, A., Kropf, C., Vockenroth, I. & Kuhnert, N. An investigation of the complexity of Maillard reaction product profiles from
the thermal reaction of amino acids with sucrose using high resolution mass spectrometry. Foods 3(3), 461-475 (2014).

24. Arasaki, T. & Mino, N. Comparison of the free amino acids in sugar cane during the growth periods. J. Japan. Soc. Food Nutr.
35(5), 363-366 (1982).

25. Albers, E., Larsson, C., Lid n, G., Niklasson, C. & Gustafsson, L. Influence of the nitrogen source on Saccharomyces cerevisiae
anaerobic growth and product formation. Appl. Environ. Microbiol. 62(9), 3187-3195 (1996).

26. Secco, D., Wang, C., Shou, H. & Whelan, J. Phosphate homeostasis in the yeast Saccharomyces cerevisiae, the key role of the SPX
domain-containing proteins. FEBS Lett. 586(4), 289-295 (2012).

27. Della-Bianca, B. E., de Hulster, E., Pronk, J. T., van Maris, A. J. & Gombert, A. K. Physiology of the fuel ethanol strain Saccharomyces
cerevisiae PE-2 at low pH indicates a context-dependent performance relevant for industrial applications. FEMS Yeast Res. 14(8),
1196-1205 (2014).

28. Swinnen, S., Fernandez-Nifio, M., Gonzalez-Ramos, D., van Maris, A. ]. & Nevoigt, E. The fraction of cells that resume growth
after acetic acid addition is a strain-dependent parameter of acetic acid tolerance in Saccharomyces cerevisiae. FEMS Yeast Res.
14(4), 642-653 (2014).

29. Olbrich, H. (1963). The molasses. Biotechnologie-Kempe GmbH, 128.

30. Tesniére, C., Brice, C. & Blondin, B. Responses of Saccharomyces cerevisiae to nitrogen starvation in wine alcoholic fermentation.
Appl. Microbiol. Biotechnol. 99(17), 7025-7034 (2015).

31. Stambuk, B. U, Alves Jr, L., Fongaro, G., & Miiller, C. (2019). Yeasts: The leading figures on bioethanol production. Ethanol as a
Green Alternative Fuel, 57-91.

32. Argueso, J. L. et al. Genome structure of a Saccharomyces cerevisiae strain widely used in bioethanol production. Genome Res.
19(12), 2258-2270 (2009).

33. Paxhia, M. D. & Downs, D. M. SNZ3 Encodes a PLP synthase involved in thiamine synthesis in Saccharomyces cerevisiae. G3 Genes
Genomes Genet. 9(2), 335-344 (2019).

34. Narendranath, N. V. & Power, R. Relationship between pH and medium dissolved solids in terms of growth and metabolism of
lactobacilli and Saccharomyces cerevisiae during ethanol production. Appl. Environ. Microbiol. 71(5), 2239-2243 (2005).

35. Bermejo, P. M. et al. Ethanol yield calculations in biorefineries. FEMS Yeast Res. 21(8), foab065 (2021).

36. Nevoigt, E. & Stahl, U. Reduced pyruvate decarboxylase and increased glycerol-3-phosphate dehydrogenase [NAD+] levels enhance
glycerol production in Saccharomyces cerevisiae. Yeast 12(13), 1331-1337 (1996).

37. Gardner, N., Rodrigue, N. & Champagne, C. P. Combined effects of sulfites, temperature, and agitation time on production of
glycerol in grape juice by Saccharomyces cerevisiae. Appl. Environ. Microbiol. 59(7), 2022-2028 (1993).

38. Remize, F, Andrieu, E. & Dequin, S. Engineering of the pyruvate dehydrogenase bypass in Saccharomyces cerevisiae: role of the
cytosolic Mg2+ and mitochondrial K+ acetaldehyde dehydrogenases Ald6p and Ald4p in acetate formation during alcoholic
fermentation. Appl. Environ. Microbiol. 66(8), 3151-3159 (2000).

39. Prado, C. D. et al. Physiological characterization of a new thermotolerant yeast strain isolated during Brazilian ethanol production,
and its application in high-temperature fermentation. Biotechnol. Biofuels 13, 1-15 (2020).

40. Chen, Y. & Futcher, B. Assaying glycogen and trehalose in yeast. Bio-Protoc. 7(13), 2371-2371 (2017).

41. Eliodério, K. P. et al. Advances in yeast alcoholic fermentations for the production of bioethanol, beer and wine. Adv. Appl. Micro-
biol. 109, 61-119 (2019).

42. Amorim, H. V,, Basso, L. C. & Lopes, M. L. Sugar cane juice and molasses, beet molasses and sweet sorghum: Composition and
usage. In The Alcohol Textbook (Nottingham University Press, 2009).

43. Walker, G. M. 125th anniversary review: fuel alcohol: Current production and future challenges. J. Inst. Brew. 117(1), 3-22 (2011).

44. Guadalupe-Daqui, M., Chen, M., Thompson-Witrick, K. A. & MacIntosh, A. ]. Yeast morphology assessment through automated
image analysis during fermentation. Fermentation 7(2), 44 (2021).

45. van Dijken, J. P. & Scheffers, W. A. Redox balances in the metabolism of sugars by yeast. FEMS Microbiol. Rev. 1(3-4), 199-224
(1986).

46. Stambuk, B. U, Dunn, B., Alves, S. L., Duval, E. H. & Sherlock, G. Industrial fuel ethanol yeasts contain adaptive copy number
changes in genes involved in vitamin B1 and B6 biosynthesis. Genome Res. 19(12), 2271-2278 (2009).

Author contributions

K.E.: Conceptualization, methodology, investigation, validation, formal analysis, writing—original draft, visuali-
zation. G.G.C.: Conceptualization, methodology, investigation, writing—review and editing. EL.: Conceptualiza-
tion, writing—review and editing. M.S.: Conceptualization, writing—review and editing. A.G.: Conceptualiza-
tion, writing—review and editing. R.G.: Conceptualization, resources, writing—review and editing, supervision,
funding acquisition. T.B.: Conceptualization, formal analysis, resources, writing—review and editing, supervi-
sion, project administration, funding acquisition.

Fundin

This workg was funded by Conselho Nacional de Pesquisa e Desenvolvimento Cientifico (CNPq, Brasilia, Brazil)
Grant no. #310125/2021-9, Coordenacio de Aperfeicoamento de Pessoal de Nivel Superior (CAPES, Brasilia,
Brazil) finance code 001, and Fundagdo de Amparo a Pesquisa do Estado de Sdo Paulo (FAPESP, Sao Paulo,
Brazil) Grant no. #2018/17172-2, #2019/08393-8, and #2021/13701-3. AKG would like to acknowledge CNPq
for Grant #307266/2019-2.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-023-37618-8.

Correspondence and requests for materials should be addressed to T.B.

Scientific Reports |

(2023) 13:10567 | https://doi.org/10.1038/s41598-023-37618-8 nature portfolio


https://doi.org/10.1038/s41598-023-37618-8
https://doi.org/10.1038/s41598-023-37618-8

www.nature.com/scientificreports/

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports|  (2023) 13:10567 | https://doi.org/10.1038/s41598-023-37618-8 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Physiology of Saccharomyces cerevisiae during growth on industrial sugar cane molasses can be reproduced in a tailor-made defined synthetic medium
	Results and discussion
	A fully defined synthetic medium to mimic industrial sugar cane molasses. 
	Adjustment of amino acid concentrations. 
	Assessing the effect of nutritional groups: inorganic and organic nitrogen and vitamin sources affect S. cerevisiae growth patterns. 
	Validation assays performed in a scaled-down sugar cane biorefinery. 
	Case study: How do nitrogen concentrations affect fed-batch fermentations in industrial-like conditions? 

	Conclusions
	Methods
	Industrial molasses samples and chemical composition analysis. 
	S. cerevisiae strains used and their preservation. 
	Semi-synthetic molasses preparation. 
	Preparation of the fully defined synthetic molasses. 
	Yeast growth kinetics in microplates. 
	Substrate and extracellular metabolites quantification. 
	Statistical analysis. 
	Validation of the synthetic molasses and case study in a scaled-down sugar cane biorefinery. 

	References


