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Abstract: The interest in and growth of craft beer has led to an intense search for new beers and
styles. The revival of traditional styles has sometimes been hampered by the use of microorganisms
such as lactic acid bacteria. Therefore, studies on alternative yeasts for the production of this style of
beer have increased. In this work and together with previous studies carried out with yeasts isolated
from Madrid agriculture (from grapes, must, wine, vineyards and wineries), the capacity of 10 yeast
strains, belonging to the genus Lachancea thermotolerans, for the production of sour beer has been
determined. For this purpose, different fermentation scale-ups (100 mL, 1 L and 100 L) have been
performed and their fermentation capacity, aroma compound production (33 volatile compounds
by GC), organoleptic profile (trained tasting panel and consumers), melatonin production (HPLC)
and antioxidant capacity have been studied. Beer fermented with yeast strain CLI 1232 showed
a balanced acidity with a fruity aromatic profile and honey notes. On the other hand, the beer
fermented with strain 1-8B also showed a balanced acidity, but less fruity and citric flavour than
CLI 1232 strain. Finally, the yeast strain selected by the consumers (CLI 1232) was used for beer
production at industrial scale and the market launch of a sour beer.

Keywords: Lachancea thermotolerans; sour; non-Saccharomyces; beer volatile compounds; lactic acid

1. Introduction

Craft beer production has increased significantly in recent years, not only in terms
of production but also in terms of demand for new products and new styles of beer [1].
Research or revival of new beer styles has focused on experimentation with the main
ingredients of beer: water [2], malted grain [3], hops [4,5] and yeasts [6–10]. However,
despite extensive research into the different ingredients of beer, studies have mainly focused
on the use of non-conventional yeasts.

Sour beers are styles that have been marketed since ancient times and have been
rediscovered by many brewers in order to diversify their range of product offerings [11,12].
Different approaches can be chosen to produce sour beers. These beers are tradition-
ally spontaneously fermented and involve acidifying microorganisms, such as yeasts of
the genus Brettanomyces, acetic and/or lactic acid bacteria [13]. The synergies between
microorganisms will determine the complex flavour profiles of these products.

The sour ale style is also characterised by spontaneous fermentation, where lactic
acid bacteria act to improve the accessibility of starch and prevent the growth of other
microorganisms, thus providing a favourable growth medium for Saccharomyces spp. [14].
Nevertheless, microorganisms such as Lactobacillus spp., Micrococcus spp., Pediococcus spp.
and Streptococcus spp. can spoil beer and produce unpleasant aromatic compounds [15].
Due to the difficulties involved in using bacteria in the brewing industry, studies have
focused on the search for yeasts that produce lactic acid levels similar to those found in
sour beers where bacteria are involved.
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The search for new yeast strains has focused on the use of wild strains of the genus
Saccharomyces from different niches [16–20]. However, multiple yeast strains from the
genera Brettanomyces, Hanseniaspora, Lachancea and Pichia [21,22] have also been investigated
as alternative species for beer production. It has also been shown that yeasts of the genera
Hanseniaspora vineae, Lachancea fermentati, Lachancea thermotolerans, Schizosaccharomyces
japonicus and Wickerhamomyces anomalus are able to carry out heterolactic fermentation of
sugar and produce lactic acid, ethanol and CO2 [23,24]. For this reason, several studies
have focused on L. thermotolerans yeast strains as an alternative to the use of bacteria in the
production of sour beer [22,23]. However, it has also been found that not all strains of L.
thermotolerans are capable of producing lactic acid, and some produce it at lower levels than
those found in this style of beer (from 100 to 4500 mg L−1 [22,23,25]), as well as creating a
varied aromatic profile (tart or sour flavour [23]). Likewise, until now, the studies carried
out in Spain with wine yeasts of the Lachancea genus had been applied to wine production,
but not to beer [26–28].

The use of non-conventional yeasts has also focused on the search for strains that pro-
vide functional benefits, such as antioxidant capacity or melatonin production. Melatonin,
in addition to regulating circadian rhythms [29], has antioxidant [30,31], anti-aging [32,33],
anti-inflammatory [34,35], antitumor [36,37] and metabolic [38,39] properties. Therefore,
with moderate consumption, beer can be considered a functional food, since its constituents
can contribute to the whole set of therapeutic characteristics [40].

The aim of this study focused on the characterisation of 10 yeast strains of the acidify-
ing species Lachancea thermotolerans. They were isolated from Madrid agriculture (IMIDRA
Autochthonous Yeast Collection) and their potential capacity to produce sour-style beers
was investigated. For this purpose, the selected strains were analysed on different scales
and in relation to the main beer parameters (residual fermentable sugars, ethanol content,
glycerol, colour, bitterness, lactic acid, SO2 and VDKs), volatile profiles, sensory analysis
(trained panel and consumers), melatonin production and antioxidant activity to produce a
sour beer.

2. Materials and Methods
2.1. Yeast Strains

Ten Lachancea thermotolerans (1-1B to 1-10B) native wine yeast strains were tested.
These strains belong to the Autochthonous Yeast Collection of the Madrid Institute for
Rural, Agriculture and Food Research and Development (IMIDRA, Madrid, Spain). They
were isolated from different resources (grapes, must, wine, vineyard and cellars) belonging
to D.O. “Vinos de Madrid”, and were preserved under cryogenization at −80 ◦C (YPD
broth supplemented with 40% (w/v) glycerol).

To ensure the purity of the strains used, they were analysed through amplification of
the 5.8S rRNA gene and the two ribosomal internal transcribed spacers, using the primer
pair ITS1/ITS4 [41]. The resulting PCR product was analysed using restriction enzymes
(Hae III, Cfo I and Hinf I) [42]. Saccharomyces cerevisiae strain SafAle S-04 (Fermentis,
Lesaffre, Marcq-en-Barœul, France) was used as control. Yeast strains were preserved
under cryogenization at −80 ◦C (YPD broth supplemented with 40% (w/v) glycerol).

2.2. Selection of Yeast Strains

The yeast strains studied were initially identified to test their ability to assimilate mal-
tose and H2S production. The capacity to ferment maltose was assessed using the Durham
test, containing 10 mL of a medium composed of yeast extract (10 g L−1), bacteriological
peptone (20 g L−1) (Condalab, Madrid, Spain) and maltose (20 g L−1) (Serva, Heidelberg,
Germany). H2S production was analysed by inoculating the yeasts on bismuth-containing
indicator medium BiGGY agar (Oxoid Ltd., Basingstoke, UK) and incubating plates at 28 ◦C
for 2 days [43]. The browning of yeast colonies on BiGGY agar medium was determined
using a colour scale (1–4):

• Type I (white/cream): low–null production of H2S
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• Type II (light brown): moderate production of H2S
• Type III (brown): high production of H2S
• Type IV (dark brown/black): very high production of H2S

2.3. Fermentation Conditions

Fermentations on the different scales (100 mL, 1 L, 100 L) were carried out with
La Cibeles wort with the following characteristics: pH, 5.73; gravity, 11.92 ◦Plato and
1.047 g cm−3; free amino nitrogen, 239.67 mg L−1; bitterness, 37.43 IBU.

Inoculum for the laboratory scales (100 mL and 1 L) was prepared in 100 mL Erlen-
meyer flasks with 30 mL of YPD broth (2% yeast extract, 1% bacteriological peptone and
2% glucose; all w/v) (Condalab, Madrid, Spain) and using orbital stirring (120 rpm) at
28 ◦C for 24 h. The inoculum for industrial fermentation (100 L) was grown by different
sequential scales for five days at 20 ◦C. The measurement of the inoculum concentration
was determined using spectrophotometry and the corresponding calibration line.

The fermentative capacity of the 10 strains was initially tested on a small scale using
150 mL bottles containing 100 mL of wort and an initial population of 106 cells mL−1, at
20 ◦C under rotary shaking (120 rpm). Bottles were sealed with airlocks, allowing the CO2
to escape. Each strain was tested in triplicate. Daily lost weight was taken until stabilisation
to determine CO2 loss. Once the fermentation was finished, samples were centrifuged and
stored at −30 ◦C until their analysis.

In a second phase, based on the results obtained in the 100 mL fermentation, the
10 strains were used to ferment 900 mL of sterile wort in 1 L fermenters. The fermentation
conditions were the same, 18 ◦C and 120 rpm. Fermentation was monitored each hour by
lost weight until stabilisation. Once fermentation was completed, 7 g L−1 of sterile glucose
was added to the beer, bottled and stored at 20 ◦C for one week for bottle conditioning
and then one month at 4 ◦C for maturation [44,45]. Yeast viability before bottling was also
measured. The matured beers were sensorially and analytically analysed.

The selected L. thermotolerans yeast strains were used for fermentation in 100 L to de-
termine their suitability on an industrial scale as well as at consumer level. Industrial-scale
fermentations were carried out in 100 L fermenters containing 90 L of directly transferred
wort after cooling. The fermentation temperature was maintained at 18–20 ◦C under static
conditions, and the same recipe as the laboratory-scale fermentations was used. The evolu-
tion of fermentation activity was measured by density every day until it was established
(constant density for three consecutive days). Once fermentation was complete, the beer
was lowered to a temperature of 0–4 ◦C for 3–4 weeks to allow maturation. It was then held
for five days under CO2 pressure and bottled under antioxidant conditions using manual
isobaric equipment.

2.4. Beer Analysis

The beers obtained in each of the scalings were analysed for different parameters. Prior
to analysis, the samples were degassed through a cellulose filter of grade 2 V (Whatman,
Maidstone, UK). Beer analyses were performed in triplicate.

The parameters analysed were: colour (range 1–100 EBC—European Brewing Convention),
bitterness (range 5–100 IBU—International Bitterness Unit), lactic acid (range 150–3500 mg L−1),
vicinal diketones: diacetyl and 2,3-pentanodione (VDKs) (range 0.05–2 mg L−1), SO2 (range
1–30 mg L−1) and residual fermentable sugars (glucose, fructose and maltose, range 0.1–18 g/L
and 15–200 g/L). They were analysed with CDR FoodLab (BeerLab software, Ginestra
Fiorentina, Florence, Italy), verified by the international reference analysis laboratory
Campden BRI. All analyses were based on enzymatic reactions and spectrophotometry.

2.5. Volatile Compounds Analysis

Beer samples were analysed using GC to determine volatile compounds. Higher
alcohols, esters, acids, acetaldehydes-ketones, lactones and phenols (33 major aromatic com-
pounds) were determined according to method from Ortega et al. [46] based on liquid phase
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microextraction with dichloromethane (DCM). The GC analysis was conducted using a gas
chromatograph 6850 (GC-FID, Agilent Technologies, Inc., Santa Clara, CA, USA) equipped
with a flame ionization detector. The column used was a DB-WAX (60 m × 0.32 mm i.d.
and 0.5 µm film). The GC oven was programmed from a starting temperature of 40 ◦C
for 5 min to 200 ◦C at 3 ◦C min−1, the injector and detector temperature were 200 ◦C, the
injection was performed in splitless mode, and the carrier gas was helium at a flow rate of
2 mL min−1.

Four internal standards (2-butanol, 4-methyl-2-pentanol, 4-hydroxy-4-methyl-2-pentanone,
2-octanol) were used for the determination of major aromatic compounds. Levels of
the different compounds were determined using calibration lines for each compound
(R2 = 0.9861–0.9969).

2.6. Melatonin Determination

Beer samples were extracted using solid phase extraction (SPE) with RP-18 standard
PP tubes (Agilent Technologies, Inc., Santa Clara, CA, USA) and loaded into the pre-
conditioned extraction columns. Column conditioning was performed by adding 2 mL of
methanol (Scharlab, Barcelona, Spain) and 5 mL of bidistilled water, followed by 500 µL of
beer, impurities were washed with 2 mL bidistilled water and then eluted with 2 mL of
methanol [47]. Once the eluate was obtained, it was dried in a thermoblock at 80 ◦C under
a stream of nitrogen. Finally, the dried extracts were reconstituted with 300 µL methanol
and 700 µL mobile phase (formic acid (0.1%)/Acetonitrile (95:5)) (HPLC grade; Carlo Erba,
Italy/Panreac-Applichem, Barcelona, Spain). Prior to 10 µL volume injection into the HPLC
system, the reconstituted extracts were filtered through a 0.22 µm syringe filter (13 mm
hydrophilic PVDF syringe filter, Ginestra Fiorentina, Florence, Italy).

Melatonin analysis was determined through HPLC using a Waters 600 HPLC controller
system connected to an autosampler Waters 717 plus and a Waters 2475 multifluorescence
detector (Milford, MA, USA). The chromatographic separations were performed on an
Eclipse Plus C18 column (Agilent Technologies, Inc., Santa Clara, CA, USA) using a mix-
ture of 0.1% formic acid in water and acetonitrile (95:5) at a flow rate of 1 mL min−1 at
30 ◦C. The concentration of melatonin was measured by using a linear calibration curve
(R2 > 0.9856) [48–50].

2.7. Antioxidant Capacity

The antioxidant activity shown by the beers fermented with the different yeasts was
determined using the e-BQC lab device (Bioquochem, Asturias, Spain, www.bioquochem.
com, accessed on 20 November 2022), based on a measurement of the redox potential and
expressed in in microcoulombs (µC) [51]. Two values were obtained for each sample: the
antioxidant capacity of the compounds with the highest rate of free radical scavenging (Q1)
and with a lower rate of free radical scavenging (Q2).

The antioxidant capacity was determined by the calculation of TEAC (Trolox equiv-
alent antioxidant capacity), using a solution of 6-hydroxy-2,5,7,8-tetrametilchroman-2-
carboxylic acid (Trolox 8 mM L−1 in methanol 5% and pH 4.5). Using the Trolox calibration
curve (Q1, R2 = 0.9974; Q2, R2 = 0.9876; QT = Q1 + Q2), expressed as e-BQC measurement
versus concentration (µmol L−1), the antioxidant activity of the beers was expressed as
millimoles of Trolox equivalents per litre (mmol TE L−1).

2.8. Sensory Analysis

Sensory analyses of 1 L and 100 L beers were performed with a trained panel of 10 sen-
sory assessors (five male and five female in an age range from 35 to 62 years old). The panel
trainings were carried out with the following descriptors: diacetyl, DMS, acetaldehyde,
bitter, butyric acid, isovaleric acid, lactic acid, earthy, H2S, geraniol, clove, grainy, papery,
indole and light-struck (Siebel Institute of Technology, Chicago, IL, USA) according to EBC
method 13 [52–54]. A standardised tasting room with individual booths equipped with a
glass of water and with a room temperature of 24◦ to 25 ◦C was used.

www.bioquochem.com
www.bioquochem.com
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This sensory analysis allowed us to obtain a formal and structured descriptive profile
of the taste of the beers, assessing the intensity of each attribute. Overall quality scores were
also used to rate the complete quality of beers (EBC method 13.10) [55]. The attributes to be
identified were classified into three groups: appearance (colour, foam retention), smell (es-
ters, alcohols) and taste (alcohol, sweet, salty, acidic, bitterness, astringency, effervescence,
warmth, slickness, body). Each attribute was rated on a scale of 0 to 5 points according to
its presence or absence. The main average values of the different attributes of each beer
were plotted on a radar graph.

2.9. Consumer Aceptability Test

Consumer acceptance was carried out by means of a sensory analysis in which 142 vol-
unteers (28.17% female and 71.83% male, aged between 18 and 65 years old) participated.
Aroma and flavour were determined using a 9-point hedonic scale to categorise bitterness,
acidity and overall impression, where 1 = dislike extremely, 5 = neither like nor dislike and
9 = like extremely. In addition, it was determined what percentage of consumers were able
to detect the aromas, flavours and tastes of the beers.

2.10. Check-All-That-Apply Questions

The rest of the attributes that could be detected for consumers were analysed according
to check-all-that-apply (CATA) questions [56]. These questions consist of posing a question
and providing a list of words or phrases from which respondents must select those that best
answer the question. Compared to other tests, it has the advantage of allowing multiple
choices to be selected, rather than limiting respondents to selecting a single answer for a
specific attribute. In this way, we can obtain information on consumer perception when
determining the sensory characteristics of a product. The following sensory attributes were
analysed using the CATA questions: appearance (foam consistency and visual impression),
aroma (aroma intensity) and taste (acidity, bitterness, mouthfeel and aftertaste). Samples
of 50 mL of beer at 10 ◦C were tasted in a normalized sensory room of the IMIDRA in
individual booths using Sensesbit software (TasteLab, Galicia, Spain, www.sensesbit.com,
accessed 18 November 2022) to display the questionnaire.

2.11. Statistical Analysis

Data from chemical and volatile compounds were reported as the mean of three values
± standard deviation. A one-way analysis of variance (ANOVA) with the Tukey post hoc
test on a significance level of p < 0.05 was calculated for the strains used in 100 mL, 1 L
and 100 L fermentations, as well as for sensory analysis. Identification of significant data
correlation was performed with the Pearson test. Principal component analysis (PCA) was
carried out to highlight differences between the obtained results (total higher alcohols,
total esters, total aldehydes/ketones, total fatty acids, γ-butyrolactone, guaiacol, bitterness,
glycerol, ethanol, lactic acid, colour, melatonin and antioxidant capacity). Calculations
were performed using statistical analysis software R Studio 4.1 (Integrated Development
for R. RStudio, PBC, Boston, MA, USA).

3. Results and Discussion

Lachancea thermotolerans yeast has been widely used in wine since it reduces the pH
and volatile acidity of wines, as well as increases glycerol when fermentations are carried
out together with the yeast Saccharomyces cerevisiae [57,58]. In addition to lowering the
pH of beer, it can produce lactic acid in beer and can, thus, be used to make sour beers
without the need for bacteria in the brewing industry. L. thremotolerans can also shorten the
fermentation process and improve the mouthfeel provided by these yeasts [7,22,23].

In order to achieve the objective of obtaining a sour beer without using bacteria,
10 yeast strains belonging to the species L. thermotolerans were initially studied and one
was finally selected. This strain was evaluated together with the CLI 1232 strain previously
studied in the initial non-Saccharomyces preselection [24].

www.sensesbit.com
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3.1. Yeast Screening

The 10 strains of L. thermotolerans were used to first ferment 100 mL samples to
determine their behaviour in the beer wort. They showed a lower ability to ferment the wort
(2.65 to 3.48 g CO2 lost) compared to the S-04 S. cerevisiae control strain (6.21 g CO2 lost), with
the strains 1-7B, 1-8B and 1-9B being the best of all (3.5 g CO2 lost) (Figure 1). Nevertheless,
fermentation stabilised after five days, as with the control strain. The L. thermotolerans
species has been described as maltose-fermenting but not maltotriose-fermenting [22,59],
which was contradicted in the Durham test, where all yeasts were positive for maltose
fermentation. Residual maltose can cause undesirable aromas or flavours in the final
beer [60]; however, no unpleasant aromas were perceived in the 1 L and 100 L beers tasted.
Likewise, the sweetness contributed by maltotriose to the beer is significantly less than that
which can be contributed by residual glucose or sucrose [59].
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Figure 1. Fermentative kinetic of 10 L. thermotolerans strains fermented in 100 mL to obtain sour beer.

Likewise, in terms of H2S production, three strains (1-1B, 1-2B and 1-3B) showed low
or null production (Type I) in the BiGGY medium, while the rest showed high production
(Type III). However, in the sensory analyses performed, no taster detected this aroma.

3.1.1. Beer Analyses

Table 1 shows the results obtained on the 100 mL scale for each of the 10 yeast strains
studied. The parameters lactic acid, colour, bitterness, ethanol and residual sugars were
analysed using the CDR FoodLab equipment.

In terms of beer appearance, they had colour values between 10 and 13.5 EBC, lower
than those of the control strain S-04 (14.33 EBC). In studies such as that of Marek Zdaniewicz
et al., a decrease in the colour values of beer fermented with L. thermotolerans was ob-
served [61]. The values obtained were also higher than those for a sour beer (4-7 EBC) [62],
which may also be influenced by the Maillard reactions that occur during the brewing
process and depend on malting and boiling as well as fermentation. It has also been
shown that colour is a strain-dependent parameter. There are several studies where high
concentrations of polyphenols, as well as compounds such as rivoflavin, can contribute to
beer colour [63,64]. Therefore, more in-depth studies are needed to analyse the presence of
compounds produced by yeasts that can affect beer colour.
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Table 1. Results of the parameters analysed on the 100 mL scale for the L. thermotolerans yeast strains
studied.

Yeast Strains Lactic Acid
mg L−1

Colour
EBC

Bitterness
IBU

Ethanol
% (v/v)

Residual Sugars g
L−1

1-1B 1877.50 ± 31.82 cd 10.00 ± 0.00 b 11.00 ± 0.00 c 3.85 ± 0.35 b 19.00 ± 0.00 b

1-2B 2084.50 ± 111.02 bc 10.50 ± 0.71 b 11.00 ± 0.00 c 4.30 ± 0.57 b 18.00 ± 0.00 b

1-3B 1925.00 ± 77.78 bcd 10.00 ± 0.00 b 13.65 ± 0.78 b 4.10 ± 0.56 b 18.00 ± 0.00 b

1-4B 2115.00 ± 70.71 b 10.00 ± 0.00 b 14.80 ± 0.99 b 4.15 ± 0.21 b 18.00 ± 0.00 b

1-5B 1593.00 ± 43.84 e 10.50 ± 0.71 b 16.10 ± 1.13 ab 3.95 ± 0.21 b 19.00 ± 0.00 b

1-6B 2093.00 ± 9.90 bc 12.00 ± 0.00 b 10.00 ± 0.00 c 4.20 ± 0.28 b 18.25 ± 1.06 b

1-7B 2402.00 ± 53.74 a 11.50 ± 0.71 b 10.00 ± 0.00 c 5.00 ± 0.57 ab 17.50 ± 0.71 b

1-8B 2554.00 ± 65.05 a 13.50 ± 0.71 ab 10.80 ± 0.35 c 4.70 ± 0.28 b 18.00 ± 0.00 b

1-9B 1925.00 ± 49.50 bcd 13.50 ± 0.71 ab 11.00 ± 0.00 c 5.35 ± 0.49 a 17.50 ± 0.71 b

1-10B 1694.00 ± 62.22 de 13.50 ± 0.71 ab 11.10 ± 0.17 c 4.00 ± 0.14 ab 18.00 ± 0.00 b

S-04 263.33 ± 37.29 f 14.33 ± 1.53 a 21.10 ± 3.32 a 5.57 ± 0.59 a 15.57 ± 3.19 a

Data are means ± standard deviations of three independent samples. Data with different superscript letters
within each column are significantly different (Tukey tests: p < 0.05).

As mentioned above, the L. thermotolerans species is characterised by high lactic acid
production, with the levels obtained in this work ranging from 1593 to 2554 mg L−1, which
were similar to those obtained by Domizio et al. [22]. However, the levels of lactic acid that
can be found in a non-acidic ale beer are between 100 and 330 mg L−1 [65], with the results
obtained for strain S-04 being 263.33 mg L−1. Likewise, levels typically found in sour beers
that have been fermented with lactic acid bacteria and yeast are around 1000 mg L−1, which
is half the value obtained with a L. thermotolerans yeast. There are also several studies
with lactic acid bacteria and S. cerevisiae that have explored different strategies to improve
the production of sour beer, as well as its lactic acid content. In some studies the levels
ranged from 7500 to 3900 mg L−1 [66], while in other cases up to 5000 mg L−1 [67]. The
acidification of beers not only affects taste and mouthfeel, but also reduces the risk of haze
formation. It also provides stability to the foam, fine foam bubbles, a fresher mouthfeel,
smoother bitterness and fuller flavour profile [68].

The bitterness values found in the sour beers (ranging from 10 to 16.10 IBU) were
around half of those obtained with the control strain S-04 (21.1 IBU), with initial values of
32.77 ± 2.58 IBU. Values found in this style of beer were also lower than those found in
Saccharomyces (from 17.30 to 34.40 IBU) and non-Saccharomyces fermented beers (from 20.4
to 29.30 IBU). As mentioned above, lactic acid plays a role in reducing the bitterness of beers.
This reduction can also be influenced by the yeast cells, as the α-acid molecules from the
hops can stick to the walls of the yeast cells and settle at the bottom of the fermenter [69–71].

As could be observed in the fermentation kinetics, the L. thermotolerans strains fer-
mented the wort to a lesser degree than strain S-04, which translates, as can be seen in
Table 1, into a higher residual sugar content (ranging from 17.5 to 19 g L−1) compared to
S-04 (15.57 g L−1). The fact that these strains have fermented the sugars to a lesser extent
can lead to beers with a greater sweetness and viscosity, which contributes to the body and
mouthfeel of the beer [72,73].

The observed ethanol values are indirectly related to residual sugars, ranging from
3.85 to 5.35% (v/v) for the Lachancea strains, while for S-04 it is 6.37% (v/v). These values
were similar to those found by Domizio et al. in their studies [22], as well as those carried
out with lactic acid bacteria and yeasts [62].

3.1.2. Volatile Compounds

For the contents of the main volatile compounds in the beers, the data in Table 2 show
the concentration for the different yeast strains studied.

According to different studies of sour beer fermented with lactic bacteria and yeasts,
the main compounds obtained are mainly associated with carbohydrate metabolism (esters,
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aldehydes and ketones) and amino acid metabolism (higher alcohols and aldehydes) [74,75].
Yeasts will mainly produce higher alcohols, esters, aldehydes and fatty acids, while lactic
acid bacteria produce aldehydes and organic acids [76,77]. As detailed below, L. thermotol-
erans yeasts have been able to produce the majority of these compounds without the need
for bacterial intervention.

Higher alcohols are the most abundant compounds found in the beer. In this study,
strain 1-10B stood out for its higher production (158.13 mg L−1) compared to the control
strain S-04 (139.08 mg L−1). Likewise, strains 1-7B (128.94 mg L−1) and 1-9B (122.69 mg L−1)
were also close to these values. The main differences observed between strains were in
isoamyl alcohol production, whose threshold is 70 mg L−1 [78] and was exceeded in strains
1-7B and 1-10B (84.32 and 79.21 mg L−1, respectively). Although strains 1-8B and 1-9B
did not exceed this threshold (64.13 and 67.72 mg L−1), concentrations higher than those
of strain S-04 (60.67 mg L−1) were obtained, but with no significant differences. Isoamyl
alcohol imparts alcohol, banana and sweet flavours to beer, being one of the most abundant
higher alcohols found in beer along with isobutanol and β-phenyl ethanol. For isobutanol
(solvent aroma), all strains except 1-6B produced higher concentrations (ranging from
12.46 to 24.43 mg L−1) than the control strain S-04 (12.25 mg L−1), although in no case
was the threshold exceeded (100 mg L−1) [79]. Similar values in isobutanol (16.56 to
16.67 mg L−1) and isoamyl alcohol (from 52.99 to 54.87 mg L−1) were obtained by Holt
et al. in their studies with L. thermotolerans [80]. Likewise, Callejo et al. showed higher
isobutanol levels with L. thermotolerans (7.6 mg L−1 in 5 ◦P wort and 36.3 mg L−1 in 15 ◦P
wort) in their studies [59].

Regarding ester production, the production of ethyl butyrate, whose concentrations
were, in some cases, five times higher (2.71 mg L−1 for 1-7B strain) than those of strain S-04
(0.45 mg L−1), is noteworthy. This compound was also observed in high concentrations
in the L. thermotolerans CLI 1232 and 9-6C strains in previous studies [24]. Ethyl butyrate
contributes to papaya, pineapple and berry flavours, and was above its threshold of
0.4 mg L−1 in all strains [81]. The production of ethyl hexanoate (fruity, solvent flavours)
by strains 1-7B, 1-8B and 1-9B (from 0.21 to 0.34 mg L−1) exceeded the perception threshold
(0.21 mg L−1) [82], as did that of diethyl succinate (cheese, earthy, spicy flavours) by strain
1-7B (threshold 1.2 mg L−1). The values obtained for ethyl hexanoate are higher than those
obtained in the study conducted by Gobbi et al. (0.17 mg L−1) [58], but still higher than
those produced by Saccharomyces strains [83]. Another ester of note was ethyl lactate (fruity,
butter flavours), which was only produced by one of the study strains (1-3B, 7.37 mg L−1),
although in amounts below the threshold (250 mg L−1) [81]. Ethyl lactate is a characteristic
compound of sour beers [84] and also increases during beer aging [85]. Although these
ethyl esters remained under their individual flavour threshold, the effect thattheir combined
increase may have on taste requires further research. In general, the ester concentration
produced by the Lachancea strains was higher than that of the Saccharomyces S-04 strain.

In terms of fatty acid production, strains 1-2B, 1-3B, 1-5B, 1-6B and 1-8B had low or
null production, while for the rest of the strains the values were similar to S-04. Although
the values obtained were below their thresholds of perception, they were higher than those
obtained in the study conducted by Ciosek et al. [88] in sour beer fermented with lactic
bacteria. In general, the long-chain fatty acids come from the raw materials, while the
short-chain fatty acids studied are produced by the yeasts during fermentation [64]. Fatty
acids have a beneficial effect on yeast growth during fermentation, as well as a negative
effect on the foam and sensory stability of the beer [85]. Fatty acids are responsible of
caprylic flavour (hexanoic acid, octanoic acid and decanoic acid), and rancid, cheese and
old flavours (isovaleric acid, isobutyric acid and butyric acid). Therefore, it is preferable
that their thresholds are not exceeded [85].



Beverages 2023, 9, 20 9 of 25

Table 2. Main volatile compounds found in the beers obtained with the 10 yeast strains of L. thermotolerans and strain S-04 in 100 mL.

Yeast Strains 1-1B 1-2B 1-3B 1-4B 1-5B 1-6B 1-7B 1-8B 1-9B 1-10B S-04

Higher alcohols

Isobutanol 12.54 ± 1.47 bc 15.85 ± 1.76 bc 12.46 ± 0.44 bc 16.21 ± 1.84 bc 14.43 ± 2.21 bc 11.31 ± 0.66 c 17.69 ± 2.38
abc 18.65 ± 2.31 ab 23.86 ± 5.28 a 24.43 ± 2.95 a 12.25 ± 2.60 bc

Isoamyl
alcohol 46.76 ± 5.61 cd 49.95 ± 2.83

bcd 41.92 ± 5.03 cd 34.08 ± 21.96 d 40.56 ± 4.16 cd 41.66 ± 2.30 cd 84.32 ± 11.81
a

64.13 ± 7.03
abcd

67.72 ± 8.36
abc 79.21 ± 8.26 ab 60.67 ± 18.16

abcd

Benzyl alcohol nd nd nd nd 0.16 ± 0.14 nd 0.03 ± 0.05 0.18 ± 0.32 nd nd nd
β-
phenylethanol 31.02 ± 3.97 b 32.16 ± 1.26 ab 28.54 ± 4.65 b 26.93 ± 3.62 b 30.62 ± 1.63 b 29.49 ± 0.56 b 26.90 ± 5.53 b 30.25 ± 0.00 b 31.11 ± 3.54 ab 25.98 ± 5.97 b 44.72 ± 10.75 a

Esters
Ethyl butyrate 0.99 ± 0.11 cd 1.04 ± 0.09 cd 0.94 ± 0.04 cd 1.43 ± 0.2 bc 1.27 ± 0.14 c 1.05 ± 0.05 cd 2.71 ± 0.21 a 2.16 ± 0.25 ab 2.57 ± 0.64 a 2.14 ± 0.62 ab 0.45 ± 0.12 d

Ethyl
hexanoate 0.18 ± 0.04 ab 0.14 ± 0.03 ab 0.16 ± 0.06 ab 0.15 ± 0.04 ab 0.02 ± 0.04 ab nd 0.34 ± 0.29 ab 0.21 ± 0.21 ab 0.32 ± 0.05 ab nd 0.06 ± 0.04 ab

Ethyl lactate nd nd 7.37 ± 6.38 a nd nd nd nd nd nd nd 0.58 ± 0.83 a

Ethyl
octanoate 0.10 ± 0.02 0.05 ± 0.04 0.06 ± 0.05 nd 0.23 ± 0.39 nd nd nd 0.18 ± 0.16 nd nd

Diethyl
succinate nd nd nd nd nd nd 1.31 ± 0.51 a 0.70 ± 0.02 b nd nd nd

Fatty Acids
Butyric acid nd nd nd nd nd nd nd nd 1.66 ± 2.87 2.70 ± 4.67 nd
Isovaleric acid 0.14 ± 0.08 c 0.26 ± 0.06 c 0.16 ± 0.01 c 0.39 ± 0.16 bc 0.19 ± 0.22 c 0.13 ± 0.03 c nd nd 0.78 ± 0.21 ab 0.85 ± 0.34 a nd
Hexanoic acid 1.62 ± 1.14 0.31 ± 0.14 0.02 ± 0.04 0.97 ± 1.06 0.49 ± 0.43 0.08 ± 0.02 2.21 ± 2.30 nd 1.15 ± 0.69 nd 0.45 ± 0.23
Octanoic acid nd nd nd nd nd nd 0.86 ± 0.81 ab nd nd 0.07 ± 0.13 b 1.05 ± 0.59 a

Decanoic acid nd nd nd 0.14 ± 0.24 nd nd 1.06 ± 0.94 nd nd 0.28 ± 0.48 1.85 ± 3.07
Aldehydes/Ketones
Acetoin 6.19 ± 0.63 a 5.15 ± 0.74 ab 5.02 ± 0.38 ab 1.62 ± 2.81 bc nd nd nd 6.19 ± 1.22 a nd nd 3.81 ± 2.63 ab

Guaiacol nd nd 0.02 ± 0.04 b 0.04 ± 0.07 b nd nd nd 0.86 ± 0.75 a nd nd 0.03 ± 0.04 b

Data are means ± standard deviations of three independent samples expressed in mg L−1. Compounds above their threshold levels in beer are marked in bold [78,79,81,82,85–87]. Data
with different superscript letters within each column are significantly different (Tukey tests: p < 0.05). nd: not detected.
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The production of aldehydes and ketones in the sour beers studied was not high.
Only the production of acetoin by some strains exceeded the production by the control
strain S-04 (1-1B, 1-2B, 1-3B and 1-8B). None of them exceeded the threshold (50 mg L−1),
but the concentrations were higher (from 1.62 to 6.19 mg L−1) than those observed in the
study by Callejo et al. (7 mg L−1 for 5 ◦P wort and 5.5 mg L−1 for 15 ◦P wort) [59]. No
diacetyl concentrations were detected, so it could have been reabsorbed by the yeast cells
and reduced to acetoin [89]. Several studies carried out with lactic acid bacteria to obtain
sour beer have observed different concentrations of acetoin in beer, which can vary from
1.4 to 25 mg L−1, but was always below the threshold [62,90].

In terms of phenolic compounds, the production of guaiacol was studied. It was
only detected in strains 1-3B, 1-4B and 1-8B, with concentrations above the threshold of
3.88 µg L−1 [87] (0.02, 0.04, 0.86 µg L−1, respectively).

3.1.3. Melatonin Production

Melatonin is a sleep-regulating hormone that can modulate circadian and seasonal
rhythms. It also has antioxidant properties and can be produced in beer during alcoholic
fermentation by yeasts [91]. For this reason, it is interesting to study these compounds in
beer, which can, therefore, be considered as a functional food.

Figure 2 shows the concentration of melatonin produced by the different strains of
L. thermotolerans. As with the other non-Saccharomyces yeast strains isolated from Madrid
agriculture (IMIDRA Autochthonous Yeast Collection) [24], the concentrations obtained
by the L. thermotolerans strains were higher than those obtained by the Saccharomyces
strains [83]. However, the melatonin-producing non-Saccharomyces strains were lower.
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with different superscript letters are significantly different (Tukey tests: p < 0.05).

Only in strains 1-1B, 1-2B, 1-7B and 1-9B were melatonin values between 8.07 and
61.73 ng mL−1 detected, while values for S-04 were between 25.03 ng mL−1. On the other
hand, no melatonin production was detected in the yeast strains 1-3B, 1-4B, 1-5B, 1-6B, 1-8B
and 1-10B. This fact may be due to the origin from which they were isolated and/or their
use, thus presenting different mechanisms of adaptation to the fermentation medium in
the different strains, as described by Vigentini et al. [92] and Morcillo-Parra et al. [93] in
their studies. Comparing these results with those obtained in other studies of melatonin
in beer with the ELISA method, higher values have been obtained [91]. Likewise, these
values are higher than the average values found in other foods (bread, tomato, black tea)
analysed with liquid chromatography [48]. For this reason, the moderate consumption of
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beer together with a balanced diet can contribute to increased melatonin levels in the body
and health benefits [91].

3.2. Lab Scale Fermentation in 1 L

The L. thermotolerans yeast strains fermented in 100 mL showed good fermentation
kinetics, similar to the S-04 commercial strain. They also presented outstanding aro-
matic characteristics, which is why they were subsequently tested in 1 L to determine
their aromatic profile through sensory analysis. Fermentation conditions were 18 ◦C in
a thermoregulated room, stirring at 120 rpm and daily lost weight. Figure 3 shows the
fermentative kinetics for the different strains in 1 L.
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Figure 3. Fermentative kinetic of 10 L. thermotolerans strains fermented in 1 L for sour beer production.

After the completion of fermentation, the beers were left to decant for 2–3 days at
14 ◦C and then bottled after the addition of 7 g L−1 of sterile glucose. Yeast viability was
measured before bottling and populations ranged from 1.46 × 107 to 3.85 × 107 cells mL−1.
Fermentation behaviour in 1 L was in correlation with the fermentation in 100 mL, with
a total CO2 loss of 4.49 to 4.91 g 100 mL−1 compared to 6.73 g 100 mL −1 for the control
strain. The slight increase in CO2 loss observed compared to 100 mL may be due to the
sealing system that allows the CO2 to exit, as well as the weight measurements, since in
1 L it was automatic, while in 100 mL it was manual. Strain 1-1B showed a slightly lower
fermentative capacity (3.60 g 100 mL−1) in the 100 mL trial.

3.2.1. Sensory Analysis

To determine the sensory suitability of the strains, the beers obtained were evaluated
by the tasting panel. Figure 4 shows the radar chart of the results for the 10 L. thermotolerans
strains studied.

The most outstanding characteristic of the beers was their marked acidity, with the
beers fermented with 1-2B, 1-4B and 1-8B being the most highly valued in terms of acidity.
Sour flavour is the perception obtained from the combination of the acid taste together with
the retronasal volatile organic acids (lactic acid). Sour flavour is a very complex sensory
property, associated with freshness as well as sweet and sour balance [94]. Another marked
character was the fruity flavour, especially in strains 1-3B, 1-7B, 1-8B, 1-9B and 1-10B, which
showed the highest concentration of esters in the 100 mL aroma analyses. They were also
characterised by a low bitterness in the mouth, and salty notes. L. thermotolerans species
are characterised by floral, honey and sweet aromas in beer [95], which is why the panel
detected honey notes in strains 1-2B, 1-4B, 1-5B and 1-8B. It is also worth noting the banana
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notes found in beers 1-7B, 1-8B, 1-9B and 1-10, since although isoamyl acetate was only
detected in the beer fermented with strain 1-8B, these beers also showed this character. The
identification of this aroma in tasting may also be due to the high concentrations of isoamyl
alcohol that can be produced by these strains, which can also give rise to banana flavours.
Generally, these beers had a medium body and balance (aromas/flavours).
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Figure 4. Sensory analysis of the 10 sour beers studied. Aroma attributes: yeast aroma, fruity aroma,
acetaldehyde aroma, banana aroma, phenolic aroma, DMS (dimethyl sulphide) aroma, alcohol aroma;
flavour attributes: fruity, acetaldehyde, banana, phenolic; taste attributes: sweet, salty, acid, bitterness;
overall attributes: astringency, effervescence, body, balance. (A), sensory analysis for strains 1-1B,
1-2B, 1-3B, 1-4B, 1-5B, S-04, (B) sensory analysis for strains 1-6B, 1-7B, 1-8B, 1-9B, 1-10B, S-04. *:
significantly different (ANOVA; p < 0.05).

3.2.2. Beer Analysis

The present study aims to evaluate and select those yeast strains suitable for the
production of sour-style beers, since during preliminary studies carried out with non-
conventional yeasts [24], the capacity of the Lachancea yeast genus to produce lactic acid
was observed (strains CLI 894, CLI 996, CLI 1232 and 9-6C). For this reason, strain CLI
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1232 from previous studies and strain 1-8B from the present study were selected for their
fermentative capacity, their high lactic acid content and the absence of undesirable aromas
in the beer, such as fatty acids or high H2S production. They were also rated as the best by
the panel of tasting experts, having good organoleptic characteristics with fruity aromas
and a good balance. Considering these results, the following analyses focused on these
two strains.

Table 3 shows the analyses carried out on beers (1 L) fermented with the selected
strains and matured for one to three months. Comparing the results obtained in 1 L with
those obtained in 100 mL, no major differences were observed, especially for strain CLI
1232. However, the lactic acid concentration and ethanol production decreased. This
may be due to the fact that the 100 mL beers were analysed at the end of fermentation,
without prior maturation. The maturation of the beers may affect lactic acid concentrations
since the esterification reaction between lactic acid and ethanol forms ethyl lactate [96],
which increased in concentration in the 1 L fermentation (Table 3). On the other hand, the
concentration of residual sugars after fermentation for strain S-04 decreased remarkably
from 15.57 g L−1 in 100 mL to 5.90 g L−1 in 1 L, which could be due to a better adaptation of
the yeast to fermentation in 1 L (conditions and shape of the fermenter). Although residual
sugars decreased, ethanol levels were stable [97].

Table 3. Parameters analysed in the two selected sour beers fermented with the strains CLI 1232 and
1-8B and S-04 control strain in 1 L.

Yeast Strains Lactic Acid
(mg L−1)

Colour
EBC

Bitterness
IBU

VDKs
(mg L−1)

SO2
(mg L−1)

Ethanol
%(v/v)

Residual
Sugars (g L−1)

CLI 1232 1942.00 ± 82.02 a 10.5 ± 2.12 12.75 ± 2.90 b 0.11 ± 0.08 1.15 ± 0.21 a 4.05 ± 0.49 b 16.80 ± 1.70 a

1-8B 1639.00 ± 39.60 b 11.00 ± 0.00 16.85 ± 2.33 a 0.16 ± 0.04 1.25 ± 0.07 a 4.35 ± 0.35 b 18.00 ± 0.00 a

S-04 321.00 ± 21.00 c 13.00 ± 0.00 16.50 ± 0.30 a 0.11 ± 0.03 ≤1 b 5.40 ± 0.10 a 5.90 ± 0.50 b

Data are means ± standard deviations of three independent samples. Data with different superscript letters
within each column are significantly different (Tukey tests: p < 0.05). VDKs: vicinal diketones. Parameters were
analysed with CDR FoodLab.

The study of the VDKs (diacetyl and 2,3-pentanedione) was only performed in the 1 L
trial and the results obtained indicated unremarkable values in relation to those obtained
for other strains under the same conditions (0.20 to 0.70 mg L−1 in 1 L Saccharomyces
fermentation and 0.10 to 0.39 mg L−1 in 1 L sequential fermentations). Regardless, the
values obtained for VDKs were lower than the individual thresholds for diacetyl and
2,3-pentanedione (0.15 and 0.19 mg L−1, respectively) [98].

SO2 production by both strains was similar and below the threshold (20 mg L−1) [99].
Studies carried out by Dvořak et al. and L. F. Guido suggest that low SO2 concentrations in
beer may contribute to its stabilisation over time [100,101].

3.2.3. Volatile Compounds

The selected L. thermotolerans yeast strains CLI 1232 and 1-8B were tested for the
production of volatile compounds to contrast possible variations in scaling, as well as
in tasting.

As in the previous analyses, no major differences were observed with respect to the
100 mL fermentation (Table 4), although different behaviour between strains was observed.

The total concentration of higher alcohols obtained in 1 L by strains CLI 1232 and 1-8B
was higher (82.22 and 89.58 mg L−1, respectively) than that obtained in 100 mL (62.08 and
86.47 mg L−1, respectively). This difference is mostly due to the in-bottle refermentation
process, as seen in the studies carried out by Bourbon-Melo et al. [102].
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Table 4. Volatile compounds (mg L−1) detected in beers fermented with CLI 1232 and 1-8B L.
thermotolerans strains and control strain S-04.

Yeast Strains CLI 1232 1-8B S-04

Isobutanol 17.39 ± 2.00 ab 12.76 ± 1.10 b 23.54 ± 2.78 a

1-butanol nd 0.02 ± 0.00 b 0.03 ± 0.00 a

Isoamyl alcohol 33.33 ± 4.54 b 46.04 ± 0.73 b 68.73 ± 5.45 a

1-hexanol 0.02 ± 0.04 0.07 ± 0.00 0.06 ± 0.00
Benzyl alcohol 0.01 ± 0.00 ab 0.01 ± 0.00 a nd
β-phenyl ethanol 31.11 ± 0.95 b 29.80 ± 1.95 b 45.90 ± 4.09 a

Total higher alcohols 82.22 ± 7.53 89.58 ± 3.78 138.26 ± 12.32

Ethyl isobutyrate 0.06 ± 0.07 b 2.11 ± 0.29 a 0.40 ± 0.15 b

Ethyl butyrate 1.51 ± 0.56 a 1.90 ± 0.25 a 0.13 ± 0.00 b

Ethyl isovalerate nd nd 0.19 ± 0.00 a

Isoamyl acetate 0.10 ± 0.04 b 0.10 ± 0.00 b 1.81 ± 0.26 a

Ethyl hexanoate 0.04 ± 0.05 0.09 ± 0.01 0.03 ± 0.00
Ethyl lactate 11.02 ± 1.43 a 10.93 ± 0.07 a 0.19 ± 0.01 b

Ethyl octanoate 0.08 ± 0.01 b 0.08 ± 0.00 b 0.13 ± 0.00 a

Diethyl succinate 0.36 ± 0.05 b 0.88 ± 0.07 a 0.82 ± 0.09 a

Total esters 12.83 ± 2.22 15.21 ± 0.69 3.71 ± 0.51

Isovaleric acid 3.39 ± 0.78 b 4.45 ± 0.25 b 9.82 ± 0.59 a

Hexanoic acid 0.19 ± 0.05 0.39 ± 0.04 1.56 ± 0.07
Octanoic acid 0.17 ± 0.01 b 0.17 ± 0.01 b 5.50 ± 0.35 a

Decanoic acid 0.46 ± 0.21 0.29 ± 0.10 0.17 ± 0.02

Total fatty acids 4.22 ± 1.05 5.31 ± 0.4 17.05 ± 1.03

Acetoin 1.62 ± 0.55 1.31 ± 0.23 0.67 ± 0.43
Furfural 0.02 ± 0.03 nd nd

Total aldehydes/
ketones 1.65 ± 0.58 1.32 ± 0.23 0.67 ± 0.43

γ-Butyrolactone 0.46 ± 0.03 a 0.45 ± 0.03 a 0.27 ± 0.00 b

Guaiacol 0.06 ± 0.00 b 0.05 ± 0.00 c 0.13 ± 0.00 a

Data are means ± standard deviations of three independent samples. Compounds above their threshold levels
are marked in bold. Data with different superscript letters within each row are significantly different (Tukey tests:
p < 0.05). nd: not detected.

In terms of ester production, the total concentration in 1 L for strain 1-8B was five
times higher (15.21 mg L−1) than that obtained in 100 mL (3.06 mg L−1). The increase in
this concentration is mainly due to the increase in ethyl lactate concentration, as during
beer maturation, ethanol and lactic acid react in an esterification process to give rise to ethyl
lactate. In either case, for both study strains, ethyl butyrate was still above the threshold
(0.4 mg L−1). Ethyl butyrate was the only ester found above the threshold. However, even
though the other compounds did not exceed their thresholds, the synergism between them
and with ethyl butyrate caused the beers to show a fruity profile in the sensory analysis.
The ester concentrations of the control strain also increased from 1.48 to 3.71 mg L−1, mainly
due to the increase in isoamyl acetate concentration. For strain S-04, the production of
isoamyl acetate is noteworthy, the concentration of which increased above the threshold
(1.81 mg L−1) when scaling up to the 1 L fermentation. Isoamyl acetate is formed during
fermentation by yeast via an enzyme-catalysed reaction between acyl-CoA and isoamyl
alcohol. Therefore, as the fermentation efficiency improved for the 1 L, the concentration of
isoamyl alcohol increased and, consequently, the concentration of isoamyl acetate increased.

Fatty acid production was increased in all three strains. Regarding the concentration
of fatty acids responsible for the so-called caprylic aroma (hexanoic, octanoic and decanoic
acid), despite increasing their concentration, they remained below the threshold (8, 15 and
100 mg L−1, respectively). However, for the rest of the short-chain fatty acids, a gener-
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alised behaviour was observed for isovaleric acid, since it increased above the threshold
(2.5 mg L−1) in all beers. However, this aroma was not detected in the tasting.

The total concentration of aldehydes and ketones measured in the beers was mainly
due to the production of acetoin during the fermentation. This content decreased for strains
1-8B and S-04, while it increased for strain CLI 1232. This reduction is due to the maturation
of the 1 L beer [103]. Although acetoin levels increased in strain CLI 1232, they were similar
to those found in strain 1-8B, in neither case exceeding the threshold (50 mg L−1).

Guaiacol concentration showed different behaviours in the strains, as it increased for
CLI 1232 (from not detected to 0.06 mg L−1) and S-04 (from 0.03 to 0.13 mg L−1), while it
decreased in 1-8B (from 0.86 to 0.05 mg L−1). In any case, all values remained above the
threshold (3.88 µg L−1), being similar for the CLI 1232 and 1-8B strains, and double for the
control strain. However, although the values detected in strains CLI 1232 and 1-8B were
above the threshold, the smoky aroma due to guaiacol was not detected during the tastings.

Comparing the results with other studies carried out with yeast strains of the genus
Lachancea, both commercial and wild, it can be observed that the production of esters, as
well as other aromatic compounds, is strain-dependent, obtaining varying concentrations
of the different compounds [25,59].

3.2.4. Melatonin Content

In the study of melatonin production by the strains used in the production of sour
beer in 1 L and in relation to the 100 mL assay, it was observed that for strain CLI 1232 it
continued to be undetected, while for strain S-04 there was a reduction in concentration
(from 25.32 to 20.41 ng mL−1), and there was an increase for the 1-8B strain (from 0.00
to 47.78 ng mL−1). These variations could be due to the manipulation of the beer for 1 L
bottling and in 100 mL, as melatonin is sensitive to changes in light, temperature and the
presence of oxygen [104].

3.2.5. Antioxidant Capacity

Beer is composed of several phenolic compounds that can be found naturally in fruits,
vegetables, nuts, seeds and beverages [105,106]. They are the most studied components
of the antioxidant fraction of beer and are derived from both the hop (20–30%) and malt
(70–80%) components [105]. The yeast used in brewing can also influence the phenolic
composition and antioxidant capacity of the final product [43]. Studies carried out by Viana
et al. showed that the yeast strain used for pale ale brewing significantly influences the
antioxidant capacity of the beers [65].

The antioxidant capacity of experimental beers obtained in 1 L by the selected strains
is reported in Table 5.

Table 5. Antioxidant activity of the selected sour beers and control strain in 1 L fermentation.

Yeast Strains Q1 Q2 Qt

CLI 1232 3.52 ± 0.07 a 8.88 ± 0.93 a 12.41 ± 0.85 a

1-8B 3.58 ± 0.51 a 8.92 ± 0.12 a 12.50 ± 0.64 a

S-04 3.79 ± 0.00 a 8.37 ± 0.21 a 12.15 ± 0.21 a

Data are means ± standard deviations of three independent experiments expressed as millimoles of Trolox equiv-
alents per litre (mmol TE L−1). Q1, fast-acting antioxidants, Q2, slow-acting antioxidants, Qt, total antioxidants.
Data with different superscript letters within each column are significantly different (Tukey tests: p < 0.05).

The total antioxidant capacity (Qt) values were similar for the strains (12.15 to 12.50 mmol
TE L−1) with no significant differences. Furthermore, these values were within the mean
of the total antioxidant capacity values produced by the previously studied Saccharomyces
strains [83]. In terms of slow-acting (Q2) and fast-acting (Q1) antioxidants, there were also
no major differences between strains. As well as the values obtained for Saccharomyces
strains, these values continued to be higher than those observed in other studies, ranging
from 24.77 to 10,508.47 µmol TE L−1 [107].
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3.3. Industrial Scale: 100 L

Non-conventional yeasts are of great industrial interest due to their ability to produce
high concentrations of certain metabolites as well as aromatic compounds. However, many
of the studies carried out with wild yeasts have only been tested on the laboratory scale
and not at the industrial level, which would give us more precise information on their
suitability for brewing [21,108,109].

The selected strains of L. thermotolerans (CLI 1232, 1-8B) were fermented in triplicate
on an industrial scale in 100 L under fermentation conditions of 18–20 ◦C and daily density
measurement (apparent extract) until stabilisation with S-04 as control strain.

Figure 5 represents the fermentation kinetics of the L. thermotolerans strains and S-04
strain fermented in 100 L. Fermentation in 1 L lasted between five and six days, while
in 100 L, without agitation, fermentation lasted up to 19–20 days. In contrast, for the
control strain S-04 was five to six days, while in 100 L it was 9–10 days. These differences
in fermentation kinetics are mainly due to the fact that there was not a homogeneous
distribution of nutrients and cells in the 100 L fermentations, as well as there being low
mass transfer volumetric coefficients, as reported in other studies [110,111]. Likewise, it
can be observed that the fermentation capacity of Saccharomyces strain S-04 is greater than
that of the Lachancea strains, since S-04 has the ability to ferment maltotriose [22,59].
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Figure 5. Fermentation kinetics of the L. thermotolerans strains fermented in 100 L and S-04 control
strain.

3.3.1. Beer Analysis in 100 L

Table 6 shows the comparison of the main parameters analysed in beers fermented in
1 L and in 100 L. Strain CLI 1232 did not show large differences in the scaling, while the
differences were more noticeable for certain parameters in strains 1-8B and S-04.

The agitation on the 100 L scale was mainly due to the CO2 bubbles rising during the
fermentation process. However, this agitation did not occur homogeneously as it does on a
laboratory scale [111]. Scaling produced different changes in the strains studied, being more
noticeable in strains 1-8B and S-04 in terms of ethanol, higher alcohol and ester production.

As seen above, Lachancea species are not able to ferment maltose fully. This fact was
observed in the 100 L scale-up, where the amounts of residual maltose were higher than
in 1 L. This is why the ethanol concentration was consequently reduced in 100 L [110]. It
should also be noted that carbonation in 1 L is achieved by bottle conditioning, which can
increase the ethanol concentration by 0.5% (v/v) [112]. Strain S-04 also reported variations
in ethanol concentration, as due to the inhomogeneous distribution of nutrients, the strain
did not complete the fermentation of maltotriose, with the ethanol being reduced to 4.62%
(v/v). Residual maltose could cause stability problems in the aroma of the beer over time;
however, establishing the shelf-life of these craft beers at one year, no variations in the
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production of undesirable flavours are observed. In glycerol production, no major changes
were observed between the two scales. However, the concentration by the Lachancea strains
was higher than that obtained by the control Saccharomyces S-04 strain, as reported in other
studies [57].

Table 6. Scale-up data comparison between 1 L and 100 L fermentation.

Parameters
1 L Fermentation 100 L Fermentation

CLI 1232 1-8B S-04 CLI 1232 1-8B S-04

Ethanol (% v/v) 4.00 ± 0.16 bc 4.23 ± 0.25 bc 5.53 ± 0.05 a 3.88 ± 0.69 bc 3.38 ± 0.44 c 4.62 ± 0.43 ab

Residual sugars
(g L−1)
Maltotriose 14.22 ± 1.78 a 15.67 ± 0.04 a 1.43 ± 0.08 d 11.48 ± 1.07 b 13.43 ± 2.06 ab 7.74 ± 0.91 c

Maltose 1.61 ± 0.22 c 2.77 ± 1.10 c 1.45 ± 0.01 c 2.33 ± 0.84 c 8.06 ± 1.02 a 2.29 ± 0.20 b

Fructose 0.18 ± 0.05 0.14 ± 0.00 0.18 ± 0.02 0.06 ± 0.04 0.14 ± 0.02 0.49 ± 0.17
Glucose 0.10 ± 0.00 c 0.11 ± 0.01 c 0.16 ± 0.00 b 0.19 ± 0.04 b 0.17 ± 0.03 b 0.30 ± 0.10 a

Glycerol (g L−1) 3.82 ± 0.43 bc 5.01 ± 0.14 a 3.43 ± 0.01 bc 3.97 ± 0.53 b 4.20 ± 0.32 ab 2.93 ± 0.46 c

Lactic acid (mg L−1) 1942.00 ± 58.00 ab 1639.00 ± 28.00 b 321.00 ± 21.00 c 1930 ± 29.00 ab 1785.00 ± 60.00 b 337.00 ± 17.00 c

Colour (EBC) 10.50 ± 1.50 a 11.00 ± 0.00 a 13.00 ± 0.00 a 5.50 ± 1.50 b 4.50 ± 0.50 b 5.67 ± 1.15 b

Bitterness (IBU) 12.75 ± 2.05 16.85 ± 1.65 16.50 ± 0.30 13.75 ± 1.95 14.75 ± 1.45 23.40 ± 3.33
SO2 (mg L−1) 1.15 ± 0.15 a 1.25 ± 0.05 a nd 1.45 ± 0.45 a 1.35 ± 0.05 a 1.07 ± 0.12 a

VDKs (mg L−1) 0.11 ± 0.06 b 0.16 ± 0.03 b 0.37 ± 0.11 a 0.35 ± 0.05 a 0.16 ± 0.11 b 0.12 ± 0.03 b

Total higher alcohols (mg L−1) 82.22 ± 4.01 d 89.58 ± 1.06 cd 139.08 ± 12.40 a 110.97 ± 7.82 b 106.14 ± 10.62 bc 80.41 ± 2.39 d

Total esters (mg L−1) 12.83 ± 0.63 a 15.21 ± 0.34 a 2.89 ± 0.11 d 11.62 ± 0.71 a 8.70 ± 0.54 b 1.12 ± 0.10 e

Total fatty acids
(mg L−1)

4.22 ± 0.68 d 5.31 ± 0.07 cd 17.05 ± 0.15 a 6.64 ± 0.64 b 6.30 ± 0.20 bc 17.01 ± 0.66 a

T. aldehyde/ketones (mg L−1) 1.65 ± 0.41 a 1.32 ± 0.16 ab 0.67 ± 0.43 b 1.67 ± 0.20 a 1.51 ± 0.36 a 1.01 ± 0.04 ab

γ-Butyrolactone
(mg L−1)

0.46 ± 0.02 a 0.45 ± 0.02 a 0.27 ± 0.00 bc 0.31 ± 0.01 b 0.29 ± 0.11 b 0.15 ± 0.04 c

Guaiacol (mg L−1) 0.06 ± 0.00 bc 0.05 ± 0.00 c 0.13 ± 0.00 a 0.06 ± 0.01 bc 0.05 ± 0.01 bc 0.07 ± 0.02 b

Melatonin (ng mL−1) nd 47.78 ± 12.69 a 20.41 ± 5.25 b nd 47.13 ± 7.91 a 22.88 ± 3.08 b

Antioxidant capacity (Qt)
(mmol TE L−1)

12.41 ± 0.60 b 12.50 ± 0.45 b 12.15 ± 0.21 b 12.51 ± 1.35 b 11.91 ± 0.72 b 10.05 ± 0.52 c

Data are means ± standard deviations of three independent samples. Data with different superscript letters
within each row are significantly different (Tukey tests: p < 0.05). VDKs: vicinal diketones. Ethanol and residual
sugars were analysed using HPLC.

The colour values obtained were similar for all strains, being slightly lower for strain
1-8B. On the other hand, the biggest changes were those obtained when changing scale,
since the beers fermented in 1 L were previously sterilised before fermentation, while in
100 L, wort was directly transferred to the fermenter after cooling. Sterilisation of the
wort in 1 L favoured Maillard reactions, which darkened the wort [113]. Likewise, the
precipitation of nitrogenous material is also favoured by sterilisation, resulting in a brighter
beer [114].

The bitterness did not undergo major changes, except in the S-04 strain, as the fermen-
tation capacity was lower. Thus, there was not a complete homogenisation of the wort, and
it was not possible to reduce the bitterness as in the 1 L fermentation. As homogenization
was reduced, the efficiency of the yeasts was not the same, with fewer α -acid molecules
adhering to the yeast, thus not reducing bitterness once these cells have decanted [69–71].

Regarding the rest of the parameters analysed (melatonin content, antioxidant ca-
pacity), there were no major variations, but the production of certain volatile compounds
such as higher alcohols and esters should be highlighted. In the 1 L fermentation, the
concentrations of esters were higher than those obtained in 100 L, which is due to the fact
that the origin of the esters is from the higher alcohols. Therefore, in the 100 L fermentation,
as the homogenisation was not complete, the concentration of alcohols was higher, while
that of esters was lower, as their production is not favoured.
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3.3.2. Consumer Analysis

In order to determine whether a new beer is suitable for industrial brewery production,
it is necessary to carry out an analysis to determine consumer acceptance, identifying
whether such a product would be successful (or fail) and its market opportunities [115].

To test the sour beers fermented in 100 L with the CLI 1232 and 1-8B yeast strains,
142 volunteer consumers were recruited. The prerequisites for participating in the study
were that the individual habitually consumed beer. The panel was composed of 28.17%
females and 71.83% males, with an average consumer age of 30.61 years old ranging from 21
to 74 years old. Regarding the frequency of beer consumption, 92.25% of the panel reported
frequently drinking beer, every day or during the weekend. A total of 52.11% consumed
both commercial and craft beer, whereas 21.13% only consumed lager beer and 26.76%
consumed only craft beers. Beer appearance was evaluated regarding foam consistency
and visual impression. Consumers rated the consistency of the foam as light for CLI 1232
and light–fine for 1-8B beer, while the visual impression was rated mainly as hazy for both
beers (Table 7).

Table 7. Analysis of the data frequency obtained by CATA questions expressed as percentage of
consumers (%).

Sensory Attributes Response (n = 142)

Appearance CLI 1232 1-8B

Foam consistency
Light 82 55
Fine 3 15
Medium 6 21
Persistent 6 6
Creamy 3 3

Visual impression
Very hazy 15 16
Hazy 56 50
Dull 16 17
Clear 12 11
Bright 1 6

Aroma

Aroma intensity
Low 14 16
Low–medium 32 29
Medium 28 33
Medium–high 25 20
High 1 2

Taste

Acidity
Low 15 19
Low–medium 27 20
Medium 24 29
Medium–high 27 17
High 7 15

Bitterness
Low 45 47
Low–medium 25 26
Medium 18 13
Medium–high 10 8
High 2 6

Mouthfeel body
Light 13 16
Light–medium 42 40
Medium 34 32
Medium–full 9 10
Full 2 2

Aftertaste intensity
Short 2 1
Short–medium 16 18
Medium 30 31
Medium–long 40 36
Long 12 14

The aroma intensity was rated as medium to medium–low for both beers. As in the
expert panel tastings, these beers were rated as medium to medium–high in acidity and low
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in bitterness, as well as medium to medium–high in body and medium to medium–long
for aftertaste. Therefore, for these parameters, both beers had similar ratings.

The attributes determining the aroma and flavour of the beers were where the biggest
differences were obtained. The CLI 1232 beer was rated as fruitier in aroma and flavour
than the 1-8B beer. Likewise, the CLI 1232 showed a higher acidity, salinity and floral
aroma than 1-8B. Beer 1-8B stood out for having banana aromas, while CLI 1232 had less
banana aroma, as well as honey notes (Figure 6).
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Figure 6. Percentage of detection by consumers for each of the analysed attributes in aroma and
flavour for the sour beers (CLI 1232, 1-8B). (A): beer fermented with CLI 1232 strain. (B): beer
fermented with 1-8B strain.

Individual attributes, which may be considered good or bad, may have a different
place in the overall perception of taste. For the tasted beers, the overall impression (from
1 to 9) was 5.43 points for CLI 1232 (Figure 6A) and 5.09 for 1-8B (Figure 6B). The purchase
intention showed CLI 1232 as the preferred beer by 46.1%, while 30.5% would not buy
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either of the two beers. It should be noted that these beers were mainly preferred by
consumers aged between 26 and 45.

Following the results obtained in the consumer tasting, the beer fermented with the
CLI 1232 yeast strain was finally launched on the Madrid market by La Cibeles brewery.

3.3.3. Statistical Analysis

Principal component analysis (PCA) was applied to assess trends in the data. Two
principal components (PCs) were extracted. PC1 (Dim1) explained up to 78.4% of the total
variance and PC2 (Dim2) explained another 21.6%. By plotting PC1 against PC2, a scatter
plot of the sour-style beers fermented in 100 L together with the control strain S-04 and the
main parameters analysed (biplot) was obtained (Figure 7).
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Each object is the average of the three corresponding experimental beers. Eth, ethanol; Gly, glycerol;
ApAt, apparent attenuation; AcL, lactic acid; C, colour; B, bitterness; SO2, dioxide sulphide; VDKs,
vicinal diketones; Su, residual sugars; Alc, total higher alcohols; Est, total esters; Ac, total fatty
acids; AdKet, total aldehydes/ketones; But, γ-butyrolactone; G, guaiacol; Mel, melatonin; CapA,
antioxidant capacity.

Sour-style beers are situated in the negative region of PC 1, CLI 1232 in the positive side
of PC2 and1-8B in the negative side of PC2. CLI 1232 is associated with VDKs, SO2, total
esters, total aldehydes/ketones, total higher alcohols and antioxidant capacity, whereas
1-8B is situated near γ-butyrolactone, lactic acid, glycerol and melatonin production. On
the other hand, the beer fermented with the control strain S-04 is in the positive side of PC1,
characterised by the ethanol, colour, guaiacol, bitterness and total fatty acid production. The
Lachancea strains are positioned completely opposite to the control strain, thus indicating
that they are very different styles. Strain CLI 1232 stood out for the production of esters,
higher alcohols, VDKs, aldehydes/ketones and antioxidant capacity, while strain 1-8B
stood out for the production of lactic acid and glycerol.

4. Conclusions

The use of bacteria in the brewing process for sour-style beer production poses a risk to
the brewer. Therefore, the search for yeast species that can provide the same characteristics
as bacteria is important. In this case, the use of yeast species Lachancea thermotolerans could
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be an alternative to the use of bacteria. Ten yeast strains were characterised during this
project, along with those already evaluated in previous studies. The results were very
promising in terms of the production of lactic acid and aroma compounds in the beers,
compared to a beer in which bacteria are involved in the production. In addition, the
sensory profile and evaluation obtained by consumers was positive in general. The CLI
1232 strain stood out from the 1-8B strain for its fruitier character, with notes of honey and
flowers, as well as an accentuated but balanced acidity. For this reason, the beer fermented
with the CLI 1232 yeast strain was finally selected to be launched on the Madrid market in
a limited edition.
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