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Abstract

Sorghum (Sorghum bicolor L. Moench), a climate-resilient, gluten-free cereal with high levels of
bioactive phenolic compounds, is a promising ingredient for functional food and beverage
development. This study aimed to optimize the germination of red sorghum to enhance its nutritional
quality and fermentative potential for gluten-free lager beer production. A Central Composite Design
was employed to investigate the effects of germination time and temperature and the germination
process was evaluated by Response Surface Methodology (P <0.10; R2 > 0.75). The optimal conditions
(94.5 hours at 30.7 °C) significantly increased radicle length, total reducing sugars, soluble protein
concentration, and total soluble phenolics in the sorghum wort. These changes supported greater
enzymatic activity and improved substrate availability for fermentation. The resulting wort
underwent a standard mashing and fermentation process using Saccharomyces cerevisiae, yielding a
beer with 2.56% (v/v) ethanol, a mildly acidic pH of 3.84, and well-balanced concentrations of lactic,
succinic, and acetic acids. The final product exhibited an appealing reddish-amber color, influenced
by the presence of tannins and anthocyanins, and resembled Weissbier or Amber ale styles. These
results highlight the potential of germinated sorghum as a sustainable, nutritious, and sensorially
appealing malt alternative, contributing to innovation in gluten-free and craft beer markets.

Keywords: craft brewing; germination optimization; gluten-free fermentation; phenolic enrichment;
sorghum beer

1. Introduction

Sorghum (Sorghum bicolor L. Moench) is one of the primary cereal crops grown worldwide,
renowned for its resistance to water stress, high productivity, and low production costs, making it a
vital source of food and animal feed, particularly in regions of Latin America, Africa, and Asia [1,2].
Furthermore, sorghum is recognized for its nutritional composition, which is comparable to other
cereals like corn, rice, and wheat. However, sorghum stands out due to its high concentration of
phenolic compounds, such as tannins, anthocyanins, and flavanones, as well as vitamins, minerals,
amino acids, and other bioactive compounds. These properties contribute to its health benefits,
including anticancer, antidiabetic, anti-aging, and anti-inflammatory effects [3-5].

However, sorghum contains high levels of tannins, which reduce the digestibility of proteins
and the bioavailability of amino acids [6]. As a result, techniques aimed at improving the nutritional
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quality of sorghum grains have been widely explored, with germination, fermentation, and
enzymatic hydrolysis being some of the most promising biotechnological tools [7]. Seed germination
is a simple and cost-effective approach to modifying the physicochemical, biochemical, and sensory
characteristics of grains. It enhances the bioavailability of bioactive compounds and promotes the
synthesis of substances with high biological activity [4,8,9]. This process involves the activation of the
seed’s endogenous enzymatic system, facilitating the bioconversion of primary macronutrients such
as starch, proteins, and lipids, while also contributing to the reduction of antinutritional factors (such
as phytic acid and trypsin inhibitors), resulting in superior nutritional quality compared to
ungerminated seeds [10,11].

Several studies have demonstrated the effects of germination on sorghum. For example, Singh
et al. [2] observed that germination time and temperature directly influence the nutritional and
technological properties of sorghum, reducing crude protein, fat, insoluble dietary fiber, and ash
content, while improving the technological characteristics of starch. Other studies, such as Abdelbost
etal. [10], indicate that germination enhances the digestibility of proteins like kafirin, the main storage
protein in sorghum. D’Almeida et al. [12] reported that germination modifies the relationship
between free and bound phenolic compounds, facilitating the decomplexation of phenolic
compounds within the cell matrix. This process leads to enhanced phenolic bioaccessibility and
significantly improves the nutritional and bioactive properties of the grains. Additionally, Kayisoglu
et al. [13] assert that germination can reduce or eliminate antinutritional factors such as tannins,
phytates, and protease inhibitors, making germinated sorghum significantly healthier compared to
ungerminated sorghum.

The production of alcoholic beverages from cereals, such as beer, is a widely practiced method
globally, with beer being one of the most consumed alcoholic beverages. Traditionally, beer is
produced using malted barley, hops, and water, with the addition of yeast. However, the use of
alternative cereals, particularly among craft breweries, has gained attention. The use of both malted
and unmalted cereals not only enhances the flavor and sensory characteristics of beer but also
contributes to the increase of bioactive compounds in the beerage, making it healthier. Moreover, it
supports the agroindustry, family farming, food sovereignty, and sustainability [14,15].

Based on the above, the present study aimed to evaluate the impact of the binomial
time/temperature on the germination process of sorghum grains and its implications for the
physicochemical characteristics of these grains. Subsequently, the application of germinated
sorghum as a raw material for gluten-free lager beer was investigated, with a focus on improving the
nutritional and physicochemical quality of the beverage.

2. Materials and Methods
3.1. Materials

The sorghum (BRS 330) was obtained from a local farmer in the municipality of Sengés (24° 06’
46" S, 49° 27' 50" W), Parana, Brazil. The seeds, in healthy condition, were manually selected and
subsequently stored in polyethylene terephthalate packaging at room temperature (20°C), in a light-
free environment, until the analyses were initiated.

3.2. Physicochemical Characterization of Raw Material

The sorghum seed batch was sampled by quartering, and the samples were evaluated for the
following parameters: moisture (method 44-15.02), lipids (method 30-25.01), ashes (method 08-01.01),
proteins (method 46-11.02, with N = 6.25 factor), and starch (method 76-11.01), according to the
procedures established by the AACCI [16].

3.3. Experimental Design

The optimal conditions for the germination process were determined using the Response Surface
Methodology, applying a Central Composite Rotational Design (CCRD) with two independent
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variables: X1 — germination time and X2 — germination temperature, as illustrated in Table 1. The
mathematical model for the experimental design is represented in Equation 1, as proposed by
Rodrigues and Iemma [17].

Table 1. Coded and real levels for evaluating the performance of germination time and temperature of

sorghum.
Trials Coded Levels Real Proportions (%)

X1 X2 X3 X1 X2 X
1 -1 -1 34 20 -1 -1
2 1 -1 86 20 1 -1
3 -1 1 34 30 -1 1
4 1 1 86 30 1 1
5 -1.41 0 24 25 -1.41 0
6 1.41 0 9% 25 1.41 0
7 0 -1.41 60 18 0 -1.41
8 0 1.41 60 32 0 1.41
9 0 0 60 25 0 0
10 0 0 60 25 0 0
1 0 0 60 25 0 0
12 0 0 60 25 0 0

! where: x1and X1; x2 and X2 are the encoded and real levels for germination time and temperature, respectively.

Y =B + Bixs + BoXy + BraX] + Boxx® + Bixix; + € (1)
where Y is the value of the dependent variable; bo, bi, bi, and by are the regression coefficients of
constant, linear, quadratic, and interaction, respectively; xi and xj are the encoded values for the
independent variables; and ¢ is the experimental error.

3.4. Germination Process

The germination of sorghum seeds was conducted following the protocol described by Andressa
et al. [18]. In brief, 120 g of sorghum seeds were sanitized using a sodium hypochlorite solution at
200 ppm for 30 minutes, followed by washing with distilled water until complete removal of residual
chlorine. The seeds were then macerated in distilled water (1:5) for 8 hours at room temperature
(20°C). Next, the grains were placed in polyethylene trays (0.045 m?), ensuring no overlap, with the
top and bottom layers covered with cotton (approximately 20 g) and separated by a paper towel layer
(0.044 g/m?). Each cotton layer was moistened with 100 mL of distilled water. The trays were
incubated in a BOD germination chamber (BOD TF-33A, Telga, Belo Horizonte, Brazil). To maintain
the necessary humidity, a polyethylene tray (0.042 m?) was placed with 3 L of distilled water at the
bottom of the chamber, and the samples were sprayed with distilled water every 12 hours.
Germination occurred in the dark, with light exposure only when the BOD chamber was opened to
spray distilled water. The relative humidity was maintained between 75-80%, monitored by a
psychrometric chart, considering both dry and wet bulb temperatures. After the time and
temperature parameters for germination were defined according to the experimental design, the
radicle length of ten random seeds was measured using a professional optical caliper (150 mm,
Western, Suzhou, China). The samples were then placed in perforated trays (0.14 m?) and dehydrated
in a TE-394/1 drying oven (Tecnal, Piracicaba, Brazil) with forced air circulation (1 m/s) at 45 °C for
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12 hours. After drying, the seeds were cooled to room temperature, and the radicles were manually
removed. Subsequently, the sorghum was ground using a Multi Grains disc mill (Malta, Caxias do
Sul, Brazil) until the particle size was less than 250 pm. The germinated sorghum flours were
quantified for moisture (method 44-15.02) before being stored in biaxially oriented polypropylene
packaging under refrigeration (4 °C), in the absence of light.

3.5. Sorghum Wort Preparation

The sorghum flours were subjected to mashing in a SL-150 water bath (Solab, Piracicaba, Brazil)
in a 1:5 dry basis ratio (20 g of sorghum flour to 100 g of potable water). During the mashing process,
the times and temperatures for each ramp were monitored as described by Nascimento et al. [19]: 35
°C for 20 minutes, 45 °C for 10 minutes, 52 °C for 10 minutes, 62 °C for 20 minutes, 72 °C for 20
minutes, and 75 °C for 5 minutes. After mashing, the samples were filtered using a 0.88 mm mesh.
The final volume was measured in a 250 mL volumetric flask with potable water. The samples were
stored in 500 mL Erlenmeyer flasks, frozen in a DFN41 freezer (Electrolux, Curitiba, Brazil) at -18 °C,
in the absence of light, until analysis.

3.5.1. Analysis of Germinated Sorghum Wort

The sorghum wort was characterized for the following parameters: total reducing sugars
(method 80-68.01), total solids (method 44-20.01), and soluble proteins (method 46-11.05, with N =
6.25), according to the AACCI [16]. The analyses were performed in triplicate, and the results were
expressed in “Brix for soluble solids, g of glucose per 100 mL of wort, and as percentages (w/v) for
total solids and proteins. In addition, the instrumental color was determined using a CM-5 Konica
colorimeter (Minolta, Chiyoda, Japan), in the L*, a* b* color space, with D65 illuminant and a 10°
observer angle, as described by Nascimento et al. [13]. Readings were made directly on 60 mm
diameter Petri dishes containing 20 g of sample.

The total soluble phenolic compound content was determined by transferring 100 uL of each
diluted extract to test tubes, to which 250 uL of 0.2 N Folin-Ciocalteu phenol reagent, 3 mL of distilled
water, and 1 mL of 15% (m/v) sodium carbonate solution were added, as described by Caceres et al.
[20]. The tubes were manually shaken and incubated in the absence of light at room temperature for
30 minutes. Absorbance was measured using a UV-M5 1 spectrophotometer (BelPhotonics, Monza,
Italy) at a wavelength of 750 nm, using a standard gallic acid curve (7 points: 0 to 150 mg/L; y =
0.0037x + 0.011; r2 = 0.9969). Readings were made in quadruplicate for the aqueous extracts of the
worts and expressed in mg of gallic acid per 100 mL.

3.6. Numerical Optimization and Mathematical Models for the Germination Process

The optimization of the germination process was carried out according to the methodology
proposed by Derringer and Suich [21], optimizing the independent variables within the studied
ranges. Statistically significant dependent variables were set as maximum values, and each response
was assigned an importance level (where 1 and 5 represented the lowest and highest levels of
importance, respectively).

3.7. Lager Beer Production

The optimal point for the germination process was previously explored through a Central
Composite Rotational Design and applied to the beer production process, following the methodology
described by Venturini Filho [22] and illustrated in Figure 1. After cooling the wort, lyophilized yeast
SalAle WB-06 (batch 1900274, Algist Bruggeman, Belgium) and Columbus hops with an alpha-acid
content of 15.6% (batch I-00391-1) were added. The initial fermentation occurred at 9 °C for 4 days,
followed by an increase in temperature to 13 °C for 1 day, 17 °C for 2 days, and finally to 19 °C for 2
days. After this phase, the beer was subjected to a “cold crash” at 5 °C for 7 days. The beer was then
bottled in 600 mL amber glass bottles, using the priming technique for carbonation, where a small
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amount of sucrose was added to the fermented beer, still containing active yeast. The bottles were
sealed with metal caps and kept for fermentation, producing carbon dioxide. Subsequently, the beer
was refrigerated at 4 °C for 14 days. Before physicochemical analysis, the samples were degassed in
a CBU/100/3LDG low-frequency ultrasonic bath (Planatec, Sao Paulo, Brazil) (40 kHz/100 W) for 45
minutes.

Mashin, —)p Fermentation g Cold crash > Bottling ‘imd_» Storage Decarbonation
(35t0 75°C; 85 (9-19°C; 9 days) (5°C - 7 days) carbonation (2-6°C; 14 days) —>» (40 kHz/100 W;
min) 45 min)

Figure 1. Flowchart of Sorghum Gluten-Free Ale Beer Production.

3.7.1. Physicochemical Characterization of the Beer

The beer was evaluated for soluble solids (012/IV), total protein content (037/IV), and pH
(025/1V), according to the official analytical procedures described by the Adolfo Lutz Institute [23].
Protein content was determined using the Kjeldahl method with a nitrogen-to-protein conversion
factor of 6.25. Additionally, total dry extract (429/IV) and total titratable acidity (016/IV) were
determined [23]. The color was determined as described for the colorimetric evaluation of the wort.

The contents of organic acids (acetic, succinic, lactic), ethanol, and glycerol in the beer samples
were separated and quantified using an HPLC system (Shimadzu®) equipped with an Aminex HPX
87H column (300 x 7.8 mm, Bio-Rad®) operating at 55 °C (Model CTO-30A, Shimadzu®). Detection
was performed by UV-vis detector (Model SPD-10AV, Shimadzu®) set at 210 nm. Aqueous 5 mmol
H2504 solution (0.6 mL/min) was used as the eluent in isocratic mode. Quantification was carried
out using calibration curves created from standards from Sigma-Aldrich Co., LTD. for each analyzed
compound.

3.8. Statistical Analysis

The normality of the data was checked using the Shapiro-Wilk test. Data obtained from the
experimental design were evaluated using Response Surface Methodology to calculate regression
coefficients and analysis of variance (ANOVA) with a significance level of 10% and a minimum
coefficient of determination of 0.75.

3. Results and Discussion
3.1. Proximate Composition

The proximate composition of red sorghum, as summarized in Table 2, is consistent with
previous reports in the literature [24,25]. Sorghum grains typically consist of 70-80% carbohydrates,
8-18% proteins, 1-5% lipids, and approximately 2% ash, as stated by Espitia-Hernandez et al. [24].
Chao et al. [26] found 64.4% starch, 4.8% lipids, and 15.6% proteins in their analysis, with slight
variations due to genotype, environmental conditions, and cultivation methods. The moisture
content indicates that the grains were stored in optimal conditions, preventing pathogenic growth
while preserving seed integrity [27].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 2. Proximate Composition of Red Sorghum Seeds.

Components Level (%)
Moisture 12.69 +0.14
Proteins 9.62 £ 0.31

Ashes 1.95+0.16
Lipids 2.20+0.10
Starch 69.31 £ 0.07
Total dietary fiber* 4.24 +0.39*

Data are the means + standard deviation of three replicates (n = 3). *Total dietary fiber content calculated by the
difference [100— (moisture + proteins + lipids + ashes + starch)]. #Standard deviation calculated by error

propagation.

Ash content was comparable to that in sorghum flour used for baking [28] with another sorghum
variety. The protein levels found in this study were similar to those reported by de Oliveira et al. [29],
providing significant nutritional benefits as a gluten-free option for individuals with celiac disease,
despite its relatively low digestibility [30]. Sorghum contains several types of proteins, including
albumins, globulins, prolamin and glutelin, since prolamins are represented by kafirin, the main
storage protein, accounting for 70% of the seed’s protein content, and are insoluble in water [31].
Regarding dietary fiber, sorghum contains a high percentage (~90%) of insoluble fiber, as reported
by Rumler et al. [32], with soluble fiber constituting about 10%. This high fiber content contributes to
the health benefits of sorghum, particularly in promoting digestive health.

3.2. Radicle Length

Seed germination is characterized by the emergence of the radicle, with the effective germination
process initiating during maceration, which breaks physiological dormancy. This stage marks the
onset of enzymatic synthesis and various metabolic processes [33]. Radicle growth is a key indicator
of enzymatic activity, which in turn triggers structural, techno-functional, and quantitative
modifications in seed macronutrients. In this context, time and temperature parameters are critical
factors directly influencing the efficiency of this biotechnological process [19].

The radicle length of sorghum seeds varied between 2.4 and 48.3 mm, as illustrated in Figure
2A. The greatest impact on radicle growth was observed due to the linear effect of time (1 =14.83; P
< 0.001), followed by the quadratic effect of temperature (f22 = 8.95; P = 0.005). Analysis of variance
(ANOVA) indicated that 92.77% of the observed variation in experimental values was explained by
the predictive mathematical model (Feaie/Frab ¢4;7;0.10) = 12.65; P < 0.001), allowing the formulation of the
mathematical model (Equation 2) and the construction of the contour curve represented in Figure 2B.

a) b)

320

Radicle lenght (mm)
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Figure 2. Data (n=10) (A) and Contour Plot for the Radicle Length for Germinated Red Sorghum.
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Radicle length (mm) = 16.71 + 14.74x1 + 8.95x2? )

where: x1 and x2 are the coded levels for germination time (h) and temperature (°C), respectively.

Based on Table 2 and Figure 2, the results obtained are consistent with the data reported by
Andressa et al. [34], which indicate that germination time and temperature have a positive effect on
radicle growth. This physiological response is attributed to the action of endogenous enzymes
present in grains, such as carbohydrases, lipases, proteases, esterases and phytases, which promote
the degradation of seed reserve macronutrients, including starch, proteins, lipids, and fibers. The
hydrolysis of these macronutrients results in the release of low molecular weight compounds, which
are mobilized and consumed as energy sources and essential substrates for radicle growth and
subsequent seedling development [35].

3.3. Analysis of the Obtained Wort

The results obtained for the parameters of reducing sugar groups, soluble solids, total solids,
soluble protein, instrumental color parameters, and total soluble phenolic compounds in the wort
from germinated and non-germinated (control) sorghum are presented in Table 3.

Table 3. Results of the Characterization of the Wort Made from Germinated Red Sorghum.

Trial TRG SS TS sp L* a* b* AE TSPC
1464+ 847+ 9.27 + 030+ 50.19+ 4.06+ 841+ 534+ 2385+

0.18 0.09 0.31 0.02 0.45 0.13 0.33 0.535 0.53
2456+ 1167+ 1212+ 047+ 4696+ 756+ 11.10x 3.08x 3524+

2 0.62 0.09 0.09 0.04 0.06 0.02 0.01 0.03 0.49
1081+ 7.00+ 7.84 + 027+ 4978+ 397+ 8.16 + 536+ 27.60%

3 0.24 0.01 0.10 0.01 0.02 0.02 0.02 0.02 0.73
2757+ 13.00+ 13.04+ 056+ 4441+ 920+ 1265+ 509+ 39.16+

! 0.78 0.01 0.08 0.01 0.14 0.03 0.02 0.11 0.49
232+ 3.97 + 6.73 + 024+ 5273+ 272+ 8.33 + 740+ 1690+

> 0.01 0.05 0.17 0.01 0.04 0.01 0.05 0.06 0.24
2757+ 1620+ 13.88+ 052+ 4287+ 839+ 10.7 + 595+ 36.88+

6 0.78 0.01 0.11 0.01 0.05 0.01 0.01 0.05 0.35
1.92 + 220+ 4.74 + 0.18+ 5158+ 131% 5.70 £ 9.08+ 1398+

7 0.02 0.01 0.04 0.01 0.08 0.02 0.04 0.05 0.52
2598+ 1200+ 1253+ 045+ 4469+ 824+ 1146+ 438+ 38.00z%

8 0.69 0.01 0.03 0.01 0.01 0.01 0.45 0.15 0.43
2047+ 1062+ 1146+ 037+ 4535+ 6.04% 9.38 + 4.00+ 3033+

? 1.15 0.01 0.06 0.02 0.03 0.01 0.03 0.04 1.05
19.86+ 1067+ 1180+ 0.38+ 45.6 + 6.05 + 8.97 + 432+ 29.87+

10 0.42 0.05 0.06 0.01 0.04 0.01 0.03 0.02 0.65
1 20.78+ 10.67+ 1135+ 038+ 4576+ 595+ 9.01 + 419+  30.65=*

0.46 0.05 0.07 0.01 0.08 0.01 0.02 0.04 0.52
1 20.78+ 1053+ 1124+ 037+ 4557+ 611+ 8.78 + 498+ 3046+

0.46 0.09 0.01 0.01 0.05 0.01 0.02 0.02 0.28
Control 194 + 143 + 471 + 033 =+ 4730 = 5.01x 1280z ) 24.90 =

0.01 0.05 0.14 0.01 0.08 0.04 0.05 0.47

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Data are the means + standard deviation of three replicates (n=3). Were = TRG: reducing sugar group; SS: soluble
solids; ST: total solids; SP: soluble proteins; L*: lightness; a*: red-green coordinate; b*: yellow-blue coordinate;
AE: total color difference; TSPC: total soluble phenolic compounds.

3.3.1. Reducing Sugar Group

The total reducing sugar content ranged from 1.92 to 27.57 g of glucose per 100 mL of wort across
the trials, being significantly influenced by the linear terms of germination time and temperature. As
illustrated in the contour curve (Figure 3) and the mathematical model (Equation 3), the linear effect
of germination time (1 = 7.81; P < 0.001) had the greatest impact on this parameter, followed by
germination temperature (52 = 4.15; P < 0.001). The interaction between time and temperature also
had a significant influence (f12 = 1.71; P = 0.004), indicating that the combination of these variables
promotes an increase in total reducing sugar groups. The predictive mathematical model explained
75.91% of the observed variability, with a Fealc/Fuab ;6 0.10) ratio = 1.22 and P < 0.068.

Total reducing groups of carbohydrates (%)

32.0

N ¥}
ol ol
o 5

Germination temperature (°C)
N
o

0
s
@20
s
o0

” o

18.0

60

Germination time (h)

Figure 3. Contour plot for the total reducing groups of the assays.

Total reducing groups of carbohydrates (%) = 20,46 +7,81x1 - 1,52x12 + 4,15x2 - 2,022 + )
1,71xlx2

where: x1 and x2 are the coded levels for germination time (h) and temperature (°C), respectively.

The increase in total reducing sugars is directly related to the action of endogenous amylolytic
enzymes synthesized during the germination process. These enzymes hydrolyze the «-1,4-D-
glucosidic bonds in starch, resulting in the formation of smaller sugars such as maltodextrin, glucose,
maltose, maltotriose, and maltotetrose [10]. The results obtained corroborate the increases in solids
content and radicle growth observed, as the samples with larger radicles, soluble solids, and total
solids also showed higher concentrations of total reducing sugars (Trials #2, #4, #6, and #8). This
finding suggests the action of endogenous amylolytic enzymes, given that sorghum is composed
mainly of starch (~70%), one of the primary macronutrients responsible for providing energy to the
embryo.

In addition to imparting a sweet taste to the wort, the increase in reducing sugar content is
technologically relevant because these compounds are easily metabolized by yeast during
fermentation, serving as rapidly assimilated substrates, which favor the fermentation process. This is
particularly advantageous to produce probiotic beverages and beer.

3.3.2. Total and Soluble Solids
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Total and soluble solids ranged from 4.74% to 13.88% and from 2.20 °Brix to 16.20 °Brix,
respectively, across the trials. Both parameters were adequately described by the fitted mathematical
models, which explained 76.54% and 77.36% of the experimental variability, respectively. The Feai/Ftab
:6;0.10 ratios were 1.53 and 1.32, with P = 0.063 and 0.058, indicating that the models are suitable for
predicting the experimental data.

According to the contour plots (Figures 4a and 4b) and the respective mathematical models
(Equations 4 and 5), it was observed that the linear effects of time (1 = 2.27 and p1 = 3.32; P < 0.001)
and germination temperature (f2=1.31 and f2=1.72; P <0.001) had a significant and positive influence
on both parameters, showing an increase in solids content with the increment of these variables.
Additionally, a significant effect of the binary interaction between time and temperature (12 = 0.59
and iz = 0.70; P = 0.013) was identified, indicating that the combination of higher times and
temperatures enhanced the accumulation of solids in the samples. In the case of soluble solids, the
quadratic term of time was also significant (811 =0.10; P =0.030), suggesting a growing trend in soluble
solids content even with prolonged germination times.

a) °Brix b) Total solids (%)
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Figure 4. Contour plot for total solids (a) and °Brix (b) of the assays.

Total solids = 11,46 + 2,27x1 - 0,30x2 + 1,31x2 - 1,14x22 + 0,591x2. (4)

° Brix = 10,62 + 3,32x1 + 0,10x12 + 1,72x2 - 1,40x22 + 0,70x1x2. (5)

where: x1 and x2 are the coded levels for germination time (h) and temperature (°C), respectively.

During germination, endogenous enzymes act on the hydrolysis of macronutrients such as
proteins, starch, fibers, and lipids, intending to provide energy to the embryo and promote radicle
development. This process results in the formation of low molecular weight compounds, which are
leached into the aqueous phase of the system. The solubilization of these compounds is facilitated by
residual enzymatic action throughout mashing, as temperature variations during the ramps provide
ideal conditions for the activity of enzymes typical of germinated grains, such as hemicellulases
(optimal temperature: 4045 °C), exopeptidases (optimal temperature: 40-50 °C), endopeptidases
(optimal temperature: 50-60 °C), dextrinases (optimal temperature: 55-60 °C), 3-amylases (optimal
temperature: 60-65 °C), and a-amylases (optimal temperature: 70-75 °C) [22]. The increase in solids
content is important because these solids serve as substrates for the microorganisms of interest,
enhancing the efficiency of the fermentation process.

3.3.3. Soluble Proteins

As shown in Table 3, the soluble protein content in the sorghum wort ranged from 0.30 to 0.56%.
According to Equation 3, the linear terms of time (81 =0.11; P < 0.001) and temperature (82 = 0.05; P <
0.001) of germination had the greatest positive impacts on soluble protein content, followed by the
interaction between these variables (f12 = 0.03; P = 0.002). The analysis of variance (ANOVA)
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explained 86.63% of the variation observed in the experimental data (Feaie/Fab 5; 6;010)= 2.50; P < 0.013),
allowing the construction of the contour plot (Figure 5) and the mathematical model (Equation 6).

Soluble protein content (%)

N
o0
o

Germination temperature (°C)
&
fe=}

215 -0_7
o
Eos
o4
o3
18.0
24 4 60 78 9% =g?
Germination time (h)
Figure 5. Contour plot for total soluble proteins of the assays.
Soluble protein content (%) = 0,39 + 0,11x1 + 0,05x2 - 0,03x22 + 0,03x1x2 (6)

where: x1 and x2 are the coded levels for germination time (h) and temperature (°C), respectively.

The increase in protein solubility with the increase in germination time and temperature is
corroborated by the observed radicle growth. Cereal proteins generally exhibit low solubility in
aqueous media, limiting protein concentration in the wort (Pacheco et al., 2024). During germination,
the action of endogenous proteases promotes the hydrolysis of proteins, providing essential carbon
sources for embryo development. Germination facilitates the leaching of proteins from the flour into
the aqueous phase, increasing the soluble protein content of the wort [36,37]. In the present study, an
increase of ~70% (Trial #4) in protein solubility was observed compared to the non-germinated
sample. This increase was more pronounced in the trials conducted under higher germination times
and temperatures, conditions that favored the degradation of storage proteins and their subsequent
diffusion into the aqueous phase.

At lower temperatures, a reduction in the total soluble protein content was observed, due to the
embryo catabolism not being adequately compensated by enzymatic hydrolysis [38], which is
impaired under unfavorable thermal conditions, as evidenced in Trial 7. Additionally, excessively
long germination times may lead to a decrease in protein content in the extracts due to more intense
protein catabolism, favoring the growth of the radicle and the seedling. In parallel, proteolysis may
lead to the formation of bioactive peptides [33] and an increase in protein digestibility [39].

3.3.4. Instrumental Color Parameters

Regarding the instrumental color parameters of the wort obtained from germinated sorghum,
the luminosity (L*) was negatively influenced by germination time, in its linear effect (81 =-2.82; P <
0.001), and positively by the quadratic effect (81 = 1.21; P = 0.010), indicating an initial reduction
followed by a slight increase in L* values. Temperature showed a similar effect, with a negative linear
effect (f2=-1.59; P =0.003) and a positive quadratic effect (f22 = 1.37; P = 0.007), suggesting variations
in luminosity under the different tested conditions. These results were explained by the predictive
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mathematical model in 89.89% (Fcai/Fuab 5; 6; 0.10= 4.03; P = 0.004), allowing for the formulation of the
mathematical model (Equation 8) and the contour curve (Figure 7).

Color - L*

Germination temperature (°C)

n 46
24 ) 60 78 Ll

Germination time (h)

Figure 7. Contour plot for the lightness (L*) of the trials.

L*=45,32 - 2,821 + 1,21x2 - 1,59 + 1,37x2? (8)

where: x1 and x2 are the coded levels for germination time (h) and temperature (°C), respectively.

Luminosity (L*) reflects the clarity of the sample, ranging from 0 (absolute black) to 100 (absolute
white or maximum luminosity). The variation in L* values can be attributed to the turbidity of the
samples. According to Pacheco et al. [40], the germination process, by promoting the partial
hydrolysis of polysaccharides and proteins, reduces the size of molecules and alters their polarity,
making some compounds more soluble, thus reducing the turbidity of the wort.

The a* parameter ranged between 1.31 and 9.20 in the different trials. The analysis of variance
(ANOVA) revealed that 83.05% of the results were explained by the predictive mathematical model,
with an Feale/Frab @; 7010 ratio = 2.90 and P = 0.008. As illustrated in the contour curve (Figure 8) and the
mathematical model (Equation 9), the a* parameter was significantly influenced by the linear effects
of time (f1 =2.10; P < 0.001) and germination temperature (52 = 1.42; P < 0.001), increasing a* values.
Additionally, a significant linear interaction between time and temperature was observed (B12 = 0.44;
P < 0.001), indicating that the combination of longer times and higher temperatures favored the
increase in red coloration intensity, as evidenced in the samples with higher red color intensity.
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Figure 8. Contour plot for the a* color index of the trials.
a*=6,05+2,10x1 + 1,42x2 - 0,37x2? + 0,44x12 9)

where: x1 and x2 are the coded levels for germination time (h) and temperature (°C), respectively.

The anthocyanins, responsible for the reddish color of the red sorghum wort, are glycosylated
compounds located in the pericarp fiber of the grains, with low solubility in aqueous media.
Furthermore, these anthocyanins are thermolabile and sensitive to environmental conditions during
the germination process, such as prolonged exposure to moisture and oxygen. Thus, the increase in
red hue (+a*) in the samples can be attributed to the greater solubility of anthocyanins, resulting from
endogenous enzymatic action favored by longer germination times and higher temperatures.

The b* values ranged from 5.70 to 12.65, while AE ranged from 3.08 to 9.08 in the trials. However,
the analyzed variables did not exert a significant influence on these parameters, as indicated by the
ANOVA, which revealed that the models could not adequately describe the data variability. For the
b* parameter, the coefficient of determination (R?) was 73.28%, with P =0.090, and for AE, the R2 was
37.92%, with P =0.625. These results indicate the limitations of the fitted models, making it unfeasible
to construct reliable mathematical equations for these variables.

3.3.5. Total Soluble Phenolic Compounds

The total soluble phenolic compound content in the worts ranged from 16.90 to 39.16 mg of GAE
per 100 mL of wort. This parameter was significantly influenced by the linear effects of germination
time (f1 = 6.41; P < 0.001) and germination temperature (82 = 5.21; P < 0.001), showing a consistent
increase in these compounds with the increase of these variables. The analysis of variance (ANOVA)
indicated that the fitted model was statistically significant and predictive, explaining 79.53% of the
variability in the experimental data (Fealc/Frab @ 7 0.10) = 2.30; P = 0.015). These results allowed for the
construction of the contour curve (Figure 10) and the mathematical model (Equation 11).
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Figure 10. Contour plot for the total soluble phenolic content of the trials.

Total phenolic soluble compounds (mg GAE 100mL-") = 30,31 + 6,41x - 0,45x2 + 5,21x2 - 0,90x22 (11)

where: x1 and x2 are the coded levels for germination time (h) and temperature
(°C), respectively.

During germination, the activation of endogenous enzymes, such as cellulases, esterases, and
phytases, promotes the degradation of the grain’s cell wall, resulting in the phenolic decomplexation
of the cellular matrix. This process increases the solubility of phenolic compounds in the aqueous
phase [12]. Sorghum germination alters the balance between free and bound phenolic compounds,
with other enzymes also activating the biosynthesis pathways of phenolic compounds, such as the
phenylpropanoid pathway, which may increase the concentrations of soluble polyphenols in the
germinated grains [2]. In the present study, it was observed that these enzymes were favored by the
increase in germination time and temperature, as evidenced in trials #2, #4, # 6, and #8.

In the trials conducted with shorter germination times and temperatures (Trials #7 and #5), a
substantial reduction in the total phenolic compound content was observed compared to the
standards. This decrease can be attributed to the leaching of phenolic compounds during the
maceration stage, suggesting that conditions unfavorable to enzymatic activity may lead to a
reduction in the total phenolic content.

3.4. Numerical Optimization

For the optimization of the sorghum seed germination process, aimed at the preparation of the
wort, the parameters of time and temperature were defined within a specific range, with an
importance factor of 3. The dependent variables that showed statistical significance, with suitable
predictive mathematical models (P < 0.10; Feai/Ftab > Fab and R? > 0.80), were maximized, except for
luminosity, which was minimized. Table 4 presents the importance values assigned to each
dependent variable, all classified with an importance value of 5.
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Table 4. Numerical optimization for determining the optimized point for red sorghum germination.

Parameter Goal Importance Solution

Coded Levels Real Levels

Independent Variables
Time In range 3 +1.35 945h
Temperature In range 3 +1.14 30.7 °C
Dependent Variables
Radicle Length Maximum 5 53.63 mm
TRG Maximum 5 32.96 g of glucose per 100 mL of
wort
Soluble Maximum 5 16.47 ° Brix
Solids
Total Solids Maximum 5 14.89 g per 100 mL of wort
L* Minimum 5 42.73
a* Maximum 5 10.01
TSFC Maximum 5 42.89 mg GAE per 100 mL of wort

Desirability = 1.00

TGR = Total Reducing Groups; TSPC = Total Soluble Phenolic Compounds; GAE = Galic Acid Equivalent.

According to Table 4, the optimal conditions for the germination process were determined to be
30.7 °C for 94.5 hours. The optimal temperature found falls within the ideal range for sorghum
germination, although it may vary depending on the variety of sorghum used. However,
temperatures above 37°C may be unfavorable to germination, as they cause a drastic reduction in the
biochemical activity of reserve proteins due to partial enzymatic denaturation. This effect
significantly compromises seed vigor and the synthesis of low molecular weight compounds [1].

3.5. Gluten-Free Ale Beer Characterization

Based on the previously determined optimal germination conditions, the wort was prepared for
beer production. The physicochemical properties of the beer are detailed in Table 5.

Table 5. Physicochemical Properties of Gluten-Free Ale Beer Made from Germinated Red Sorghum Wort.

Parameter Results Color Image
Soluble Solids (°Brix) 1.70 £ 0.07
Total Dry Extract (g-L7) 1.93 +0.07
Estimated
Total Protein (g-100 mL-1) 0.14 £ 0.01
color?
Soluble Protein (g-100 mL1) 0.09 +£0.01
Total Titrable Acid 2.50 +0.06
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pH 3.84 +0.02

L* 62.68 +0.23 < |
a* 8.24 +0.06

Real
b* 31.47 +0.09
appearance
h* 75.32 +0.06
c* 32.53+0.10

Data are the means * standard deviation of three replicates (n=3). *The estimated color was determined through

the website: https://www.nixsensor.com/free-colorconverter;.

3.5.1. Physicochemical Properties of the Gluten-Free Ale Beer

The total soluble solids content of the sorghum beer was lower than that found by Coulibaly et
al. [41], who reported values of 2.36 °Brix for sorghum tchapalo beer. The difference may be explained
by variations in fermentation time, the characteristics of the sorghum variety, and the climatic
conditions during its cultivation.

The total dry extract content of the beer, related to the sugar consumption by yeast during
fermentation, was similar to that reported by Bayoi and Etoa [42], who studied the traditional
sorghum beer mpedli supplemented with aqueous extract of Vernonia amygdalina. The soluble
protein content was low compared to the data from Akpoghelie et al. [43], who observed a minimum
value of 0.30%. The reduction in protein content during fermentation suggests the bioconversion of
proteins into simpler forms for yeast growth and the formation of metabolites that contribute to the
development of color and flavor [44]. The solubility of the proteins was also enhanced by
germination, increasing the bioavailability of amino acids and the digestibility of proteins [1,7].

The total titratable acidity of the beer was quantified at 2.50% (v/v), a considerably high value
compared to industrial beers, which typically have values between 0.18 and 0.47% [45]. This
difference can be attributed to the chemical composition of the raw material (sorghum), which differs
from traditional cereals such as barley, wheat, and corn.

The pH of the beer obtained after fermentation was characterized as acidic, reflecting the
synthesis of organic acids as secondary metabolic products of the yeast [46].The observed pH value
agrees with the results obtained by Akpoghelie et al. [43], who found a pH of 3.87 for sorghum beer
after 192 hours of fermentation. However, these values are lower than those reported in other studies,
which reported pH values between 4.60 and 4.89 for sorghum beers, with or without malting [47].
The pH is a critical parameter because it affects the aging and stability of the beer. From a sensory
perspective, pH values above 4.0 can alter the flavor, promoting “biscuity” and “toasty” notes, and
if it exceeds 4.4, it may impart caustic and soapy notes [48].

The color of the beer is an important sensory attribute related to its typology and quality. The
sorghum beer exhibited a slightly dark hue, with a yellowish color but with a subtle reddish
tendency, due to the tannin content present in the sorghum, which may have been hydrolyzed during
malting [49], leaching into the wort. Compared to other beers, the color of the sorghum beer
resembles that of Weissbier and Altbier, particularly in the L* and b* parameters. These beers are
characterized by a typical turbidity (L* ~ 60) compared to Lager beers (L* ~ 90), making them
sensorially more full-bodied and intense. The a* parameter suggests that the sorghum beer is similar
to Amber beer, which has a more reddish color. However, the values of a* and b* should be evaluated
together, as their interaction is more significant in describing the color of the beverage.

During fermentation, the yeasts produce organic acids, such as acetic, lactic, and succinic acids,
which are essential for the beer’s sensory profile. Glycerol and ethanol are also produced,
significantly impacting flavor and texture [50]. In the sorghum beer, 0.145 + 0.02 g-L" of acetic acid,
0.40 £ 0.01 g-L" of succinic acid, and 0.23 + 0.02 g-L! of lactic acid were found, concentrations similar
to those observed in Pale Ale beers [50]. Acetic acid, described as sharp and pungent, should not
exceed 0.2 g-L! to ensure sensory quality. The concentration observed in this study is within the
acceptable limit. Succinic acid contributes to salty and bitter flavors, while lactic acid, resulting from
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the deprotonation of pyruvate by yeast, adds a mild astringency and pungency to the beer’s flavor,
giving it an interesting sensory profile.

The ethanol concentration generated by fermentation depends on factors such as the amount of
available sugars, fermentation temperature, and micronutrients in the medium. The sorghum beer
obtained exhibited 2.56 + 0.03% ethanol (v/v), classifying it as a light or low-alcohol beer, which
traditionally contains between 2 to 4% (v/v) ethanol [51].

4. Conclusions

The effects of germination time and temperature on the physicochemical and technological
properties of sorghum grains and the resulting worts were positively demonstrated. The germination
process yielded worts with elevated levels of low molecular weight carbohydrates and peptides, as
indicated by the measurements of soluble solids, total solids, total reducing sugars, and soluble
proteins. Additionally, germination facilitated the solubilization of phenolic compounds into the
aqueous phase and contributed to increased brightness and reddish hue (+4*), which suggested a
reduction in turbidity and the leaching of anthocyanins from the grain pericarp. The hydrolysis of
sorghum flour components was enhanced by the activity of endogenous enzymes during
germination, including hemicellulases, exopeptidases, endopeptidases, dextrinases, and amylases.
Their activity was further optimized by variations in time and temperature during the mashing
process. The optimal germination conditions were predicted to be 30.7 °C for 94.5 hours, with a
desirability of 100%. Fermentation resulted in a significant reduction in solids (~88.6%) and soluble
protein (~61%) content due to the action of yeasts. The final beer exhibited a pH of 3.87 and a titratable
acidity of 2.50% (v/v), characteristic of the presence of organic acids, including acetic acid (0.145 g-L?),
succinic acid (0.40 g-L-?), and lactic acid (0.23 g-L™"), contributing to a well-balanced acidic profile,
favorably accepted by consumers. Furthermore, the beer displayed an appealing color, supporting
the potential of sorghum as a promising alternative raw material to produce gluten-free and lightly
alcoholic beverages.
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