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Featured Application: Craft Beer Production.

Abstract: The use of probiotic starters remaining viable in unpasteurized and unfiltered beers could
significantly increase health benefits. Here, the probiotic Saccharomyces cerevisiae var. boulardii (Scb)
and a commercial Saccharomyces cerevisiae (Sc) strain, which is commonly employed in the brewing
industry, are compared as single starters. The healthy value of the produced beers and growth
performance in a laboratory bioreactor are analysed by determining antioxidant activity, phenolic
content and profile, alcohol, biomass growth modelling by the logistic and Gompertz equations,
biovolume estimation from 2D microscopy images, and yeast viability after fermentation. Thus, in this
study, the craft beer produced with the probiotic yeast possessed higher antioxidant activity, lower
alcohol content, similar sensory attributes, much higher yeast viability and more acidification, which is
very desirable to reduce contamination risks at large-scale production. Furthermore, Scb exhibited
faster growth in the bioreactor culture and larger cell volumes than Sc, which increases the probiotic
volume of the final craft beer.

Keywords: craft beer; Saccharomyces cerevisiae var. boulardii; Saccharomyces cerevisiae; antioxidant activity;
polyphenols; biovolume; yeast viability; probiotics; bioreactor; Logistic and Gompertz equations

1. Introduction

The most important brewer’s yeasts are mostly part of the genus Saccharomyces. Thus, ale and
lager yeasts belong to Saccharomyces cerevisiae (Sc) and Saccharomyces pastorianus, respectively [1].
S. pastorianus is a hybrid of Sc and Saccharomyces eubayanus. Sc is one of the most important brewing
yeast species utilised for ale beer production due to its tolerance to alcohol [2], growth and fermentation
rate on an industrial scale [3]. Saccharomyces cerevisiae var. boulardii (Scb) is another popular yeast
species that was isolated from fruit in Indochina and has been utilised as a remedy for diarrhea since
1950 [4,5]. Scb has shown a capacity to prevent travellers’ diarrhea usually caused by bacteria such as
Escherichia coli and Salmonella sp. [6,7].

Probiotics are microorganisms used as food supplements that in a correct dosage are potentially
beneficial for human health, especially for the intestinal microbial balance [8]. Gastrointestinal
microbiote imbalances can develop into several disorders, such as diarrhea under antibiotic treatment,
ulcers, inflammatory bowel diseases or irritable bowel syndrome [9]. Scb is the only yeast species with
probiotic properties able to keep gastrointestinal conditions at a suitable health level. Scb, in particular,
has been very effective against Clostridium difficile in the prevention and treatment of antibiotic
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associated diarrhea [10,11] and may help to eradicate Helicobacter pylori [12]. In fact, the Scb yeast is
now commercially available in most countries globally.

Scb shows enhanced ability for pseudohyphal switching upon nitrogen limitation and increased
resistance to acidic pH, which are not correlated with increased adherence to epithelial cells or
transit through mouse gut [13]. However, a recent genetic comparative study of 5 Scb against
145 Sc yeast strains has revealed the presence of two genes, HXT11 and HXT9, in Sc, which are
not present in Scb [14]. The absence of these genes has been related to greater resistance against
several antifungals, such as cycloheximide, sulfometuron methyl and 4-nitroquinoline-N-oxide [15].
Other genetic particularities that have been reported for Scb include the absence of ASP3 genes involved
in asparagine degradation [16] and the abundant repetition of Flocculatıon (FLO) genes, which could
explain the ability of Scb to adhere to the intestinal epithelium [17,18].

The optimal growth temperature of Scb is 37 ◦C and thus it can reach very high gastrointestinal tract
(GT) concentrations in a very short period [19]. In addition, it possesses the capacity to inhibit the growth,
adherence and invasion of multiple pathogens such C. difficile [20], E. coli [21], and Candida albicans [22],
both in in vitro and in vivo conditions to the epithelial layer of the GT.

In recent years, there has been a worldwide increase in the consumer interest in craft beers,
which are unpasteurized, unfiltered and without additional nitrogen or carbon dioxide pressure [23].
Even though there are many controversial studies about the beneficial effects of beer consumption on
human health, epidemiological studies have shown that beer has positive effects on cardiovascular
protection inhibiting atherosclerosis, decreasing the content of serum low-density lipoprotein cholesterol
and triglycerides, by acting as an in vivo free radical scavenger [24,25].

This alcoholic beverage is usually mainly composed of four basic ingredients: water, hops, malt,
and brewer’s yeast, as well as non-nutrient components such as phenolic compounds [26]. Brewer’s
yeast strains are facultative anaerobes and this ability supports their property as an important industrial
microorganism [27]. Phenolic compounds are present in vegetable foods such as malt and hops [28].

The use of Scb as a mixed starter with Sc for craft beer [29] or as a single starter for alcohol-free
beer production [30] has been proposed recently. However, these results were preliminary and warrant
further investigation in order to compare Scb as a single starter with other yeast strains such as
S. cerevisiae Safale S-04, which is commonly employed in the brewing industry and especially selected
for this purpose, in terms of health benefits (antioxidant activity, total phenolic content, polyphenol
profile, alcohol formation) and probiotic value-added (biomass growth, cell volume and yeast viability
after fermentation).

2. Materials and Methods

2.1. Materials

Methanol (HPLC grade), formic acid, Folin–Ciocalteu’s phenol reagent and sodium carbonate was
acquired from Panreac (Barcelona, Spain). The 2,2-Diphenyl-1-picrylhydrazyl (DPPH) reagent, methanol
(99.8%) and some polyphenol standard patterns (phloroglucinol, protocatechuic acid, epicatechin, quercetin,
myricetin, ferulic acid, p-coumaric acid, rutin, gentisic, caffeic and catechin) were purchased from
Sigma-Aldrich (Steinheim, Switzerland). Chlorogenic acid and vanillic acid polyphenol patterns were
provided by HWI (Ruelzheim, Germany) and Fluka Analytical (Steinheim, Switzerland) respectively.

S. cerevisiae Safale S-04, hereafter referred to as SF-04, was provided by the Fermentis Division
of S. I. Lesaffre (Lille, France). Saccharomyces cerevisiae var. boulardii CECT 1474 was purchased
from the Spanish Type Culture Collection (CECT, Valencia, Spain). Sc and Scb were suspended
in distilled water to be grown in Sabouraud Glucose Agar with Chloramphenicol (SGAC, Sigma-Aldrich,
Steinheim, Switzerland) solid medium plates at their optimal culture temperatures, 27 and 37 ◦C,
respectively, for isolation. After that, Sc and Scb were grown in yeast peptone dextrose (YPD) broth
(Sigma-Aldrich, Steinheim, Switzerland) with an orbital shaker-incubator for 48 h also at 27 and 37 ◦C,
respectively. Finally, 1-mL aliquots of pure cultures were subsequently frozen at −80 ◦C.
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2.2. Wort Preparation and Beer Fermentation Procedure

The wort was prepared with a commercial Connoisseur Indian Pale Ale (IPA) bitter Kit
(Muntons, UK) containing 100% hopped malt extract. This beer style was chosen because it is
very popular in the craft-beer market [31]. For each yeast strain, 1.56 kg of this extract was mixed
with 3.5 L of boiling drinking water. Then, pure cold drinking water was added to that mixture to
reach a total volume of 20 L under vigorous mixing in a sterilized plastic fermenter. Subsequently,
5 mL of pure yeast culture at a concentration of 8 × 106 cell/mL was inoculated into this mixture.
Finally, the fermenter was covered with a lid to maintain a sterile internal environment and was
fermented in anaerobic conditions at ambient temperature (24 ± 1 ◦C) for 9 days. This temperature was
maintained within the fermentation temperature range recommended by the SF-04 strain producer
(Fermentis). After fermentation the beer was bottled and stored at 4 ± 0.5 ◦C.

The main analytical characteristics of the initial wort (pH, ◦Plato, density, and free amino nitrogen
(FAN)) were measured with 3 10-mL aliquots in order to ensure its reproducibility. The FAN of the
wort was determined according to the Sörensen analytical method [32]. Sugar consumption (in ◦Plato)
and pH were measured as a function of time during the fermentation process. These fermentations
were performed 3 times in order to ensure reproducibility.

2.3. Polyphenols and Antioxidant Activity

The total phenolic content (TPC) measurement is usually combined with the stable free
radical 2,2-Diphenyl-1-picrylhydrazyl (DPPH) technique in order to estimate also the total
antioxidant activity [33]. Thus, an UV/VIS Nanocolor UV0245 spectrophotometer (Macherey-Nagel,
Düren, Germany) was used at different wavelengths (765 and 515 nm, respectively) to determine the
TPC and antioxidant activity of the craft beers after 9 days fermentation. For each experiment, aliquots
of 1 mL were taken from the fermented beers to remove CO2 gas by sonication for 10 min and then
passed through a 0.2-µm filter.

2.3.1. Total Phenolic Content

TPC of the produced craft beers was determined by the Folin–Ciocalteu method [34]. A volume of
100 µL of the filtered and sonicated beer aliquots were introduced into a test tube with 8.4 mL of water
and 0.5 mL of Folin–Ciocalteu reagent. The mixture was left to react for 5 min in the dark. Then, 1 mL
of sodium carbonate (20%, v/v) was added to this mixture, stirred, and left in the dark at 27 ± 1 ◦C for
60 min. The TPC values were then determined by measuring the absorbance at 765 nm and applying
the linear regression equation (y = 0.0009x + 0.0093), expressed in equivalents of gallic acid (GA) per L
of beer (mg GA/L). These measurements were performed 6 times for each beer to ensure accurate
results as both mean and standard deviation.

2.3.2. DPPH Scavenging Activity

The antioxidant activity was determined by the DPPH method [35]. A volume of 100 µL of the
filtered and sonicated beer aliquots was placed in a test tube with 5 mL of mixture containing 0.005 g
of DPPH in 200 mL of methanol. This mixture was well-stirred and left in the dark at 27 ± 1 ◦C for
20 min. The absorbance of this mixture (Asample) and that of a control sample (A0) with only methanol
was then measured at 515 nm. Finally, the antioxidant activity of each craft beer could be determined
by applying the radical scavenging activity (RSA) Equation (1).

RSA (%) = 100
(A0 −Asample

A0

)
(1)

These measurements were performed 6 times with each beer in order to guarantee the
reproducibility of the results.
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2.3.3. Polyphenol Profiles

The polyphenol profiles of the beers produced with the two yeast strains (Sc and Scb) were
determined by chromatographic analysis after 9 days fermentation. Beer aliquots of 1 mL were
centrifuged, passed through 0.20-µm filters and then sonicated to remove carbon dioxide prior
to analysis.

High-performance liquid chromatography coupled with a L-2455 diode array detector
(HPLC/DAD) was performed with a HPLC Hitachi 890-0442 (Tokyo, Japan) apparatus equipped
with L-2300 column oven, L-2200U autosampler and L-2130 pump, connected to the EZChromEliteTM

software. The separation was performed with a LiChrospher®100 RP-18 (Darmstadt, Germany) reverse
phase column (250 mm × 4.6 mm, 5 µm) at 27 ◦C. A gradient system with two mobile phases was used:
water with 0.1% formic acid (eluent A) and methanol (eluent B). The flow rate was 1.0 mL/min with
an injection volume of 60 µL beer. The elution conditions applied consisted of 0–4 min of isocratic
10%B, 4–15 min linear gradient from 10% to 50%B and 15–30 min of isocratic 50%B. HPLC/DAD
chromatographs for each craft beer were taken at 270, 324 and 373 nm.

Thirteen commercial polyphenol patterns usually found in beer [36] were used to identify and
quantify the polyphenol profile in each beer sample. These polyphenols patterns were previously
analysed to determine their retention times at the corresponding wavelengths (see Table 1) and the
calibration lines employed to transform peak areas into concentrations.

Table 1. Retention times and wavelengths for the polyphenols standard patterns.

Polyphenol Retention Time (min) Wavelength (nm)

Phloroglucinol 4.01

270

Catequin 12.66
Vanillic acid 14.29
Epicatechin 15.14

Protocatechuic acid 18.49
Rutin 19.20

Gentisic acid 11.86

324
Chlorogenic acid 13.81

Caffeic acid 14.63
p-coumaric acid 16.84

Ferulic acid 17.41

Myricetin 20.48
373Quercetin 24.18

The stock solutions with the polyphenol standards were prepared and diluted with methanol to
the appropriate concentration in the range of 0.5–250 mg/L. Thus, 6 concentrations of each polyphenol
pattern were prepared and injected in triplicate to construct the calibration lines (with R2 > 0.999) by
plotting peak area versus concentration for each polyphenol.

These HPLC/DAD measurements were carried out in triplicate to be reported as mean and
standard deviations.

2.4. Bioreactor Culture

The bioreactor cultures were treated in an autoclave (121◦ for 15 min) and performed in a 2-L
Biostat A bench-top bioreactor (Sartorius, Frankfurt, Germany) containing 1 L of Sabouraud Glucose
with Chloramphenicol liquid medium. This medium was prepared with 40 g/L of d-(+)-Glucose
(≥99.5%, Sigma-Aldrich, Steinheim, Switzerland), 17.4 g/L of nutrient broth containing 5 g/L of peptone
(Thermo Fisher Scientific (Oxoid), Berkshire, UK), 0.05 g/L chloramphenicol (≥98%, Sigma-Aldrich,
Steinheim, Switzerland) and 25 g/L of Miller’s LB Broth with 10 g/L of tryptone (Sigma-Aldrich,
Steinheim, Switzerland).
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Bioreactor cultures were conducted in anaerobic conditions with a constant stirring speed of
100 rpm to ensure homogeneous mixing and low foam formation. Acidification was studied by
continuous pH monitoring during 85 h of incubation time. Inoculation was performed with 5 mL
of the yeast culture with an average concentration of 106 cells/mL. The experiments were carried
out at 24 ± 1 ◦C in order to study cell growth at the same temperature to that used for the craft
beer fermentations.

Yeast growth was analysed in the bioreactor culture by turbidimetry [37]. Thus, continuous
spectrophotometric measurements with 10-mL aliquots were performed at 630 nm every 1 h for 50 h.
These bioreactor culture determinations were carried out in triplicate in order to ensure reproducibility.

2.5. Growth Analysis and Modelling

Absorbance measurements at 630 nm (turbidimetry) as a function of time (t) were modelled by
the Gompertz equation [38] and logistic function [39] (Equations (2) and (3), respectively) in order to
study cell growth trends. In these models, there are three parameters: the maximum attainable value
(K), the growth rate (r) and the x-axis displacement (a).

γ(t) = ke−a·e−r·t
(2)

σ(t) =
K

1 + e−r·(t−a)
(3)

Experimental growth curves were also modelled by a particular Gompertz and logistic model
(Equations (4) and (5), respectively) capable of treating data differently depending on the type of yeast
employed. These mathematical models have only one parameter (r) and include an indicator variable
(I) with a value of 0 for Sc and 1 for Scb. These equations also include three new parameters (s1, s2 and
s3) to estimate the possible growth level of each yeast species by modifying K, r and a parameters as
a function of time (t).

γb(t) = (K + s1I)e−(a+s3I)e−(r+s2I)t
(4)

σb(t) =
K + s1I

1 + e−(r+s2I)(t−(a+s3I))
(5)

The nls (nonlinear least squares) function of the R programming language [40] was used to perform
these mathematical modelling studies [41].

2.6. Biovolume Estimation

Equations for the estimation of cell volume (biovolume) for a wide range of microorganisms
have become increasingly precise and powerful, especially since the introduction of allometric
models [42]. Although laser and digital confocal microscopy can acquire 3D images, these techniques
are time-consuming and expensive. In this regard, digital two-dimensional images acquired with
an optical microscope have been recently proposed as a very promising alternative low-cost technique
for biovolume mathematical estimation [43,44]. Thus, approximately 100 microscopy images of
individual randomly selected cells (colonies were not considered) were taken for each yeast strain with
a BA410 optical microscope (Motic, Kowloon, Hong Kong) provided with a Motic 580 5.0 MP camera
and Motic Image Plus 3.0 software. These microscopy images were analysed with the aid of the R
EBImage package [45]. Thus, the cell volumes were estimated from the 2D cell images by applying
Equation (6) [43]. In this equation, A represents the estimated area of the cell cross-section in pixels
according to the EBImage functionalities, d is the major axis of the ellipse that better fits their section

and E is the exact area of the ellipse. In addition, the
√

A
E term is a correction factor to obtain a more

realistic approximation of the real cell volume.
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V =
2
3

Ad

√
A
E

(6)

This method produces an average error below 1% even when some complex-shaped cells are
analysed [42]. Therefore, since the analysed shapes of this study are quite simple (elliptical), the error
must be almost negligible.

The biovolume differences found between Sc and Scb was confirmed with the use of a unilateral
t-test [46]. The Kolmogorov–Smirnov test [47] was also performed in order to reject the hypothesis that
the two samples are drawn from the same continuous distribution.

2.7. Yeast Viability

Cell viability of the yeasts present in the craft beers was evaluated by the colony counting
method [48] after 45 days (9 days fermentation and 36 days stored at 4 ◦C) to determine the colony
forming units (CFUs) per mL of viable cells in each craft beer. Thus, serial dilutions of the fermented
craft beers were prepared in YPD. Then, 100 µL of each cell dilution was spread onto SGAC plates and
grown at 37 ◦C for 72 h. This experiment was performed 3 times in order to ensure reproducibility.

2.8. Specific Gravity and Alcohol Concentration

The specific gravities of the wort (ρwort) and the fermented beers (ρbeer) were determined with
an EasyDens meter (Anton-Paar GmbH, Austria, Graz). It is well-known that an accurate estimate of
alcohol content can be determined from these specific gravity values [49]. However, ρbeer is an apparent
value and its real value (ρ’beer) must be estimated with the Equation (7).

ρ′beer = 0.1948×OE + 0.8052× ρbeer (7)

Thus, the alcohol percentage by weight (ABWt), as grams of alcohol per 100 g of beer, can be
obtained by applying Equation (8) with ρwort and ρ’beer expressed in degrees Plato:

ABWt =
ρwort − ρ′beer

2.0665−
(
1.0665× ρwort

100

) (8)

The alcohol percentage by volume of the produced beers (ABV) can be deduced with a correction
to account for the specific gravity of the beers (ρbeer in g/cm3) in the following Equation (9).

ABV =
ABWt × ρbeer

0.7907
(9)

2.9. Sensory Evaluation

The analysis for the content of main volatile compounds has recently shown that the use of Scb
in combination with Sc as mixed starter does not negatively affect beer aroma [29]. Nonetheless, a deep
sensory evaluation of attributes of the beers produced with Scb and Sc as single starters after 9 days of
fermentation was performed by a panel of 10 trained experts. The descriptive assessment of attributes
(appearance, aroma, flavor and bitterness) was carried out on a scale from 1 (extremely dislike attribute)
to 9 (extremely like attribute).

2.10. Software

The R programming language (3.4.1 version, R Development Core Team, Vienna, Austria) [40] was
used to perform the modelling and statistical analysis of the experimental results. Thus, the ggplot2 (plot
creation), imputeTS (time series missing values imputation), nls (non-linear least squares), and EBImage
(image analysis) R packages were selected for this study.



Appl. Sci. 2019, 9, 3250 7 of 16

The statistical analysis (ANOVA and Tukey’s post hoc test) of the fermentation measurements
(pH and ◦Plato), polyphenol concentrations and sensory evaluations were performed with SPSS22 at
a significance level of p < 0.05.

3. Results

3.1. Physicochemical Parameters During Fermentation

The main analytical characteristics of the initial unfermented wort were: pH 6.7 ± 0.2, 5.9 ± 0.6
◦Plato and 150.8 ± 8.2 mg/L of FAN. It is of note that the pH of the wort is higher than usual due to
the type of tap water used for its preparation. Thus, this water was collected from Valencia, Spain,
and contains a high CaCO3 content. Since the goal of this study was focused on producing a craft beer
with healthy added value, a low initial Plato value ensured a lower alcohol formation. Figure 1 shows
the ◦Plato and pH measurements during the nine days of wort fermentation for the two yeast strains.

Figure 1. Plato degrees (a) and pH (b) evolution during beer fermentation using the Saccharomyces
cerevisiae var. boulardii (Scb) and Saccharomyces cerevisiae (SF-04) strains as single starters. Results shown
as mean ± standard deviation.

Figure 1a shows that the Plato degree trend followed a similar pattern independently from the
type of yeast strain utilised. However, the pH achieved with Scb in the fermented beer was statistically
significantly (p < 0.05) lower than with Sc during the whole fermentation process (see Figure 1b).
This decrease of pH as a function of time was expected with both beers due to organic acid formation
during fermentation [50]. Furthermore, FAN, which possess buffering capacity [51], is consumed by
yeast during fermentation [52]. The stronger acidification achieved with this probiotic yeast during
fermentation considerably reduces the contamination risk [53] and thus renders a more promising
possibility for the production of this craft beer on a large scale. Furthermore, in a brewery, it has been
reported that acidification may improve foam stability with a more well-rounded taste and increased
shelf life in comparison to the non-acidified beer [54].



Appl. Sci. 2019, 9, 3250 8 of 16

3.2. Antioxidant Activity and Total Phenolic Content After Fermentation

Phenolic compounds mostly come from both the malt and hops in beer [55] and will decrease
from wort due to its degradation depending on the type of fermentation conditions [56]. However,
in this study, the beers were produced with similar amounts and types of 100% hopped malt extract,
employing the same experimental conditions. Thus, the TPC measurements determined by the
Folin–Ciocalteu method showed similar results for both Scb and Sc species (see Table 2), within the
experimental uncertainty expected.

However, the DPPH technique (RSA) revealed a significant increase of antioxidant activity for
the craft beer produced with the probiotic Scb yeast, in good agreement with previous results of
co-fermentation of Scb with Sc [29]. This increase of antioxidant activity of the beer fermented with Scb
could be attributed to the presence of metabolites secreted by the Scb species such as proteins [57–61]
with high antioxidant activity [62].

Table 2. Total phenolic content (TPC) determined by the Folin–Ciocalteu method and expressed
in mg of gallic acid (GA) per L, antioxidant activity (RSA) obtained by the stable free radical
2,2-Diphenyl-1-picrylhydrazyl (DPPH) technique and expressed in % by Equation (1), wort density
(%wort), beer density (%beer), alcohol percentage by weight (ABWt) and by volume (ABV) of the craft
beer fermented with Saccharomyces cerevisiae (Sc) and Saccharomyces cerevisiae var. boulardii (SF-04)
yeast strains. Results of TPC and RSA shown as mean ± standard deviation. * Statistically significant
differences (p < 0.05).

Yeast Strain TPC
(mg GA/L)

RSA
(%)

ρwort
(kg/m3)

ρbeer
(kg/m3)

ABWt
(%)

ABV
(%)

SF-04 0.1597 ± 0.0373 11.51 ± 0.36 1028 1008 1.87 2.39
Scb 0.1545 ± 0.0192 16.80 ± 0.31 * 1028 1014 1.29 1.65

Table 2 shows that the alcohol content by weight (ABWt) and by volume (ABV), determined with
ρwort and ρbeer in Equations (7)–(9), is lower in the beer produced with Scb than in the commercial beer.

3.3. HPLC/DAD Analysis After Fermentation

Even though the Folin–Ciocalteu (F–C) assay [34] is a standardized method to determine the
phenolic content of food products and dietary supplements [63], an accurate HPLC/DAD analysis of
the polyphenol types and contents was performed to confirm these results. Thus, the results of this
analysis showed that, from the 13 polyphenol patterns, 6 peaks exhibited significant concentrations
(see Figure 2).

These results confirm that both beers exhibit a similar polyphenol profile with a few polyphenols
(phloroglucinol, catequin and ferulic acid) showing slightly higher concentrations in the beer produced
with Sc (see Figure 2). Therefore, the higher antioxidant activity found in the beer produced with Scb
could be attributed to antioxidant compounds other than polyphenols, secreted by the probiotic yeast.
Thus, for example, the Scb yeast was found to produce (1→3)-β-d-glucan, which exhibits antioxidant and
immunomodulation properties very suitable for anti-infective and antitumor therapy [64]. In addition,
literature reports also suggest that Scb produces certain antioxidant metabolites responsible for its
anti-inflammatory activity [58,60].
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Figure 2. Hıgh performance lıquıd chromatograpy results for the beers fermented with the Saccharomyces
cerevisiae var. boulardii (SCb) and Saccharomyces cerevisiae (SF-04) yeast strains. The polyphenols were
detected at three different wavelengths (270 nm, 324 nm and 373 nm). Results shown as mean ±
standard deviation. * Statistically significant difference of polyphenol concentrations (p < 0.05).

3.4. Yeast Growth Analysis in Bioreactor Culture

The use of the logistic function [39,65] and the Gompertz model [66,67] to represent the cell
growth of several types of microorganisms as a function of time has been proved to be successful
in many studies during the last decade. Since craft beers are unpasteurized and unfiltered, it is
important to study cell growth at the same fermentation temperature (24 ± 1 ◦C) and anaerobic
conditions in monitored bench-top bioreactors. Figure 3 shows the experimental turbidimetric results
obtained during 50 h incubation and the mathematical growth modelling performed by logistic and
Gompertz equations.

Figure 3. Experimental values (points) and mathematical modelling (continuous lines) of absorbance
measurements at 630 nm as a function of time for the Saccharomyces cerevisiae (SF-04) and Saccharomyces cerevisiae
var. boulardıi (SCb) strains cultured in batch bioreactor in anaerobic conditions at 24 ± 1 ◦C. Mathematical
modelling was performed with the logistic (a) and Gompertz (b) equations.
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The estimated values of K, a and r obtained from the modelling of the turbidimetric measurements
as a function of time are shown in Table 3 for the logistic and Gompertz models, respectively.

Table 3. Parameter estimates of k, a, r and their errors for the logistic and Gompertz models applied to the
absorbance measurements at 630 nm for the Saccharomyces cerevisiae (SF-04) and Saccharomyces cerevisiae var.
boulardii (SCb) strains cultured in batch bioreactors at 24 ± 1 ◦C for 50 h. All these results are statistically
significant (p < 0.05).

Yeast Strain K Error a Error r Error Model

SF-04 1.832 0.066 35.858 0.799 0.113 0.005 Logistic
Scb 1.644 0.008 23.092 0.093 0.302 0.007

SF-04 2.719 0.143 5.960 0.179 0.047 0.002 Gompertz
Scb 1.671 0.016 69.873 14.079 0.203 0.009

Both mathematical models clearly show superior growth rates for Scb (see r values in Table 3).
In addition, Equations (4) and (5) confirmed the increased growth rates achieved by Scb in comparison
to Sc. Indeed, these equations estimated significant s2 parameter values (p-value < 2 × 10−16) for Scb
and Sc respectively, corresponding to different growth rates for both yeast species. A similar level
of significance was found for the s3 parameter, which estimates the likely different growth levels
for both yeast species by modifying the a parameter. Thus, this result confirms a different growth
curve temporization because the a parameter is related to the displacement along the temporal x-axis.
However, the s1 parameter was not significant for both Gompertz and logistic models, suggesting
a similar saturation value for both species during a growth time cycle of 50 h.

A previous study also showed higher growth rates for Scb (Floratil®) in comparison with Sc
(W303) at 30 and 37 ◦C [68]. Therefore, Scb grows faster than Sc at the same fermentation temperature
of this study (24 ± 1 ◦C) and at the body temperature (37 ◦C).

3.5. Physicochemical Parameters During Bioreactor Culture

Figure 4 shows acidification as a function of time produced by Scb and Sc during bioreactor culture
at 24 ± 1 ◦C.

Figure 4. Monitored pH values as a function of time for the Saccharomyces cerevisiae (SF-04) and
Saccharomyces cerevisiae var. boulardii (SCb) strains in bioreactor batch culture at 24 ± 1 ◦C.
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These pH results are in accordance with the lower pH values achieved with Scb during fermentation
(Figure 1b). Moreover, the specific gravity (in ◦Plato) for the Sc and Scb yeasts were also very similar at
the beginning (9.2 ± 0.2 and 9.2 ± 0.1 ◦Plato, respectively) and at the end (4.0 ± 0.1 and 3.7 ± 0.2 ◦Plato,
respectively) of fermentation during bioreactor culture (Figure 1a).

3.6. Yeast Biovolumes

Figure 5 shows the biovolume value distribution results (in µm3) estimated from the 2D optical
microscopy images for both yeast strains. The biovolumes were normalised and scaled to [0,1] to be
comparable. Thus, the Scb cells exhibited higher average values than the Sc cells. The biovolumes
of the Scb and Sc were 129.27 ± 32.90 and 70.72 ± 24.58 µm3, respectively. This result of biovolume
of Sc is in good accordance with those cell volumes shown for this type of yeast [69,70]. However,
as far as we know, the biovolumes of Scb have never been reported previously in the literature.
The higher biovolume of Scb was confirmed with the use of a unilateral t-test, which yielded a p-value
below 4.578 × 10−10 and thus allowed rejection of the hypothesis that both species possess equal mean
biovolumes. In addition, the Kolmogorov–Smirnov test showed a p-value below 7.985× 10−11, which led
to rejection of the hypothesis that the two samples are drawn from the same continuous distribution.

Figure 5. Normalised cell volume (biovolume) distribution values estimated for the Saccharomyces
cerevisiae var. boulardii (SCb) and Saccharomyces cerevisiae (SF-04) strains.

3.7. Yeast Viability in the Craft Beers

Since craft beers are largely unpasteurized and unfiltered, and their probiotic value depends on
the amount of viable probiotic cells present in the beer after fermentation, yeast viability was measured
in the craft beers by the colony counting method. Thus, Figure 6 shows the yeast viability results
obtained for each craft beer after 45 days.
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Figure 6. Yeast viability (a) of the Saccharomyces cerevisiae var. boulardii (Scb) and Saccharomyces
cerevisiae (SF-04) strains in the craft beers (b) determined by the colony counting method after 45 days.
The number of colonies, which are the number of viable microorganisms (expressed in CFU/mL) in the
craft beers and representative plate images of the viable yeast colonies with a dilution factor 10−2 and
10−3 for SF-04 and SCb, respectively, are shown.

These results clearly show higher viability of Scb than Sc (see CFU/mL and the transparency of
the Falcon tubes in Figure 6b) after fermentation, which is ideal for producing a craft beer containing
viable probiotic cells.

Table 4 shows that both yeasts produce craft beers with similar sensory attributes. Thus, these results
are in good agreement with previous studies demonstrating that the use of Scb does not negatively affect
beer aroma [29] and produces craft beer with acceptable sensory attributes [30].

Table 4. Sensory evaluation results for the beers produced with the Saccharomyces cerevisiae (SF-04)
and Saccharomyces cerevisiae var. boulardii (Scb) strains. Scale from 1 (extremely dislike attribute) to 9
(extremely like attribute). Results expressed as mean ± standard deviation. No significant differences
(p < 0.05) between row and column values were found.

Yeast Strain Appearance Aroma Flavor Bitterness

SF-04 6.25 ± 1.03 6.12 ± 0.99 5.87 ± 1.13 4.75 ± 1.04
Scb 6.50 ± 1.41 5.62 ± 1.51 5.37 ± 1.30 5.25 ± 1.58

Therefore, all the results obtained in this and previous studies render Scb as a very promising
yeast for craft beer production with increased health benefits as a result of large-scale production.
However, the results of the present study have been determined at a small scale and thus cannot be
directly extended to large-scale production.

4. Conclusions

In this study, probiotic Saccharomyces cerevisiae var. boulardii as a single yeast starter has been shown
to produce craft beer with higher antioxidant activity, lower alcohol content, similar sensory attributes
and higher yeast viability after 45 days than that produced by a commercial Saccharomyces cerevisiae strain
commonly used in the brewery industry. Furthermore, it produced higher acidification in bioreactor
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culture and also during fermentation, which is desirable to avoid contamination risks during large-scale
production. Since polyphenols come mostly from hops and malt in beer, both craft beers resulted
in a similar phenolic content and polyphenol profile. Scb showed faster growth than Sc in the batch
bioreactor culture at 24 ◦C and the microscopy analysis revealed superior cell volumes for the Scb yeast,
which increases the probiotic volume in the final craft beer. However, these results were obtained at
the 20-L scale and thus more research should be performed before considering this promising beverage
for large-scale industrial production.
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