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Abstract: At present, non-alcoholic and low-alcoholic beers (NABLABs), in addition to their prema-
ture sensitivity to oxidation, still suffer from a lack of fruity fermentation aromas. Maltose/maltotriose-
negative yeasts offer a highly attractive alternative for creating diversified pleasant aromas and/or
eliminating off-flavors in NABLAB production. The aim of this study was to explore the potential of
Saccharomyces cerevisiae var. chevalieri, SafBrew ™ LA-01 to release fruity polyfunctional thiols from
glutathionylated (G-) and cysteinylated (Cys-) precursors. Interestingly, it proved to release free thiols
from their glutathionylated S-conjugate much more efficiently (0.34% from G-3-sulfanylhexanol in
15 °P wort after seven days at 24 °C) than the best S. pastorianus strains previously screened (0.13%
for lager yeast L7). On the other hand, despite its classification as a S. cerevisiae strain, it showed
an inefficient use of cysteinylated precursors, although the release efficiency was slightly higher
under NABLAB fermentation conditions (6 °P; 3 days at 20 °C). Under these conditions, as expected,
LA-01 consumed only glucose, fructose, and saccharose (0.4% v/v ethanol formation) and produced
only low levels of fermentation esters (1.6 mg/L in total) and dimethylsulfide (5 pg/L). The POF+
character of LA-01 also brought significant levels of 4-vinylguaiacol (810 ug/L), which could give to
NABLABEs the flavors of a white beer.

Keywords: SafBrew™ LA-01; NABLABs; fermentation; glutathionylated precursors; polyfunctional
thiol; POF+

1. Introduction

Over the last decade, a growing trend has emerged towards non-alcoholic and low-
alcoholic beers (NABs, <0.5% ABV and LABs, >0.5-1.2% ABV in most EU countries),
due to consumer concerns about health and well-being [1-4]. NABLABs can be a good
alternative to beer for athletes, pregnant women, or people whose religious convictions
forbid any consumption of alcohol [2,4]. NABLAB production is achieved by removing
ethanol from conventional beer (through physical dealcoholization) or through employing
biological methods that limit ethanol formation during fermentation [1,2,4]. Unfortu-
nately, whatever the process used, some volatiles (fruity esters and the typical lager aroma
dimethylsulfide) are negatively impacted, being either lost during dealcoholization or
formed at low-to-zero levels during short fermentation (low original density wort) [5-8].
As a fruity enhancer, increasing dimethylsulfide concentration could significantly improve
the flavor of NABLABs [8]. Due to their lower antioxidant power and their stronger thermal
load (vacuum distillation, pasteurization), even when fresh, NABLABs also exhibit major
staling defects (sotolon, methional, phenylacetaldehyde, dimethyltrisulfide) [9-11].
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The selection, for NABLAB fermentation, of non-conventional yeasts (or other microor-
ganisms) unable to ferment maltose or even maltotriose (known as «maltose/maltotriose-
negative») has gained increasing attention in recent years [5,12-14]. Such yeasts could
potentially create new, diversified fruity aromas and/or eliminate certain off-flavors (e.g.,
aldehydes) while generating little or no ethanol, all without the need for additional equip-
ment [13-15]. These special yeasts, isolated from various fermented food substrates [13,16],
typically show deficiencies in the maltose transporter and maltase enzyme [17,18]. Patented
strains of Saccharomycodes ludwigii [19] (from grape must [20]) and Pichia kluyveri [21] (from
exotic plants [22]) have already yielded promising results, with low ethanol levels (between
0.5 and 1.2% [20] and <0.5% [13,23] ABYV, respectively, in 12 °P wort at 20 °C) and more
fruity flavors [13,14]. S. ludwigii contributes to an improved ester profile (1-15 mg/L)
featuring apple and pear notes associated with 3-methylbutyl acetate and 2-phenylethyl
acetate [16,18,20,24,25]. P. kluyveri, which consumes only glucose and fructose (no invertase
acting on saccharose) [14,18], is distinguished by its high content in pleasant polyfunctional
thiols [26,27] (e.g., 3-sulfanylhexan-1-0l/3SHol and 3-sulfanylhexyl acetate/3SHA, with
grapefruit and passion fruit aromas), esters [12,28,29] (including isoamyl and ethyl acetates,
totaling 42 mg/L [13]), and terpenoids [27,30,31] (likely because of its 3-glucosidase activ-
ity). Other promising findings have been made with Zygosaccharomyces rouxii [20,32], Toru-
laspora delbrueckii [18,33-35], Mrakia gelida [14,36,37], Cyberlindnera saturnus [14,15,38,39],
Lachancea fermentati [40,41], and others, although further industrial-scale optimization
is required.

SafBrew™ LA-01 is another strain recently proposed to brewers for NABLAB produc-
tion (less than 0.5% ABV in a 6 °P wort; 15% attenuation) [13,14,42]. It is a POF+ (phenolic
off-flavor positive) Saccharomyces cerevisiae yeast of the chevalieri variety (name given by
Guilliermond in 1914 to yeasts used for palm wine) [43—45]. Unlike P. kluyveri, it assimilates
saccharose but neither maltose nor maltotriose.

For improving NABLAB flavor profiles, hop polyfunctional thiols, with their pleas-
ant fruity/tropical/citrus notes, appear as good candidates [8,46]. In dual-purpose hop
varieties, free polyfunctional thiols (mainly 3SHol, 3-sulfanyl-4-methylpentanol /354MPol
and 3-sulfanylpentanol/35Pol) are found at pug/kg levels, while their cysteinylated (Cys-)
and glutathionylated (G-) precursors can be found, respectively, at up to 1 mg/kg and
100 mg/kg [47,48]. Therefore, many studies have been devoted over the last decade to
identifying yeasts with high 3-lyase activity (an enzyme required to release free thiols from
their cysteinylated counterparts) [49,50]. Chenot et al. [51] have found two S. cerevisiae
super-producers from Cys-precursors (0.5% on Cys-3SHol for SafAle™ K-97 and 0.2%
biosynthesized 354MPA for SafAle™ S-33, in a 15 °P wort after 7 days at 24 °C and 3 days at
4 °C). SafAle™ K-97 produces more sulfanylalkyl alcohols, while SafAle™ S-33 transforms
them more readily to sulfanylalkyl esters. Unfortunately, all investigated S. cerevisiae yeasts
act less efficiently on glutathionylated S-conjugates (<0.1% under the same conditions).
This is likely because of low gamma-glutamyl transferase or carboxypeptidase activity,
required to first transform the tripeptide to cysteine [52,53]. More recently, the opposite
behavior was observed for some lager S. pastorianus yeasts, the efficiency of release from
glutathionylated precursors reaching 0.3% (as compared to only 0.02% from Cys-precursors
under identical experimental conditions) [54].

The aim of the present work was to determine how efficiently the commercial SafBrew "
LA-01 (Saccharomyces cerevisiae var. chevalieri) yeast releases free thiols from S-conjugates,
both in a 15 °P wort (as previously used for screening ale and lager yeasts) and under
NABLAB primary fermentation conditions. The efficiencies of 3SHol, 3SPol, and 354MPol
release from both kinds of S-conjugates were assessed using GC-PFPD after the selective
silver cartridge extraction of free polyfunctional thiols. Other volatile fermentation odor-
ants (Ehrlich-derived fermentation thiols, esters, dimethylsulfide, and phenols) were also
determined in the NABLAB media (headspace/splitless-GC-MS/PFPD techniques). The
consumption of sugars was monitored using HPLC-ELSD and using alcohol measurement.
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2. Experimental
2.1. Chemicals

Absolute ethanol (99%), acetonitrile, anhydrous sodium sulfate, chloroform, dichlorom
ethane, 37% hydrochloric acid, methanol, potassium hydroxide, sodium chloride and
sodium hydroxide were purchased from VWR International (Leuven, Belgium). 2-Acetylthi
ophene, >98% L-cysteine hydrochloride monohydrate, decane, dimethylsulfide, Discov-
ery Ag-ion SPE tube 6 mL, ethyl acetate, ethyl decanoate, ethyl hexanoate, ethylmethyl-
sulfide, ethyl octanoate, 4-ethylphenol, 4-ethylguaiacol, D-(+)-glucose, isobutanol, mal-
totriose, 3-methylbutanol, 3-methylbutyl acetate, 1-naphtol, 2-pentanol, n-propanol, L-
rhamnose, 2-sulfanylethan-1-ol (2SEol), 2-sulfanylethyl acetate (2SEA), 3-sulfanylhexan-
1-ol (3SHol), 6-sulfanylhexan-1-ol, 3-sulfanylhexyl acetate (3SHA), 3-sulfanylpropan-1-ol
(8SProl), 3-sulfanylpropyl acetate (3SPrA), vanillin, 4-vinylguaiacol and 4-vinylphenol were
obtained from Sigma-Aldrich (Overijse, Belgium). D-(-)-fructose, maltose monohydrate,
and saccharose were purchased from Merck (Darmstadt, Germany). Milli-Q water was
used (Millipore, Bedford, MA, USA).

2.2. Synthesis of S-Conjugates

All the S-conjugates, Cys-3SHol, G-3SHol, Cys-354MPol, G-354MPol, Cys-3SPol, and
G-3SPol, were synthesized prior to this work according to the methods of Gros et al,,
Kankolongo et al., and Chenot et al. [47,48,55]. Mixtures of S-conjugate diastereomers were
obtained. Accurate weights of pure solids (>99%) were diluted into 1 mL of water just
before spiking them into the wort.

2.3. Yeasts

Dry yeast SafBrew™ LA-01 (maltose/maltotriose-negative S. cerevisiae var. cheva-
lieri; here purified before use on a Petri dish and propagated in YPS liquid media at
24 °C) and SafAle™ K-97 (dry yeast selected for its high efficiency to release thiols from
Cys-conjugated) from Fermentis Lesaffre (Marcq-en-Barceul, France) were used in the
fermentation trials. Additionally, the lager yeast L7 previously identified as the most
efficient S. pastorianus yeast to release thiols from G-conjugates was obtained from the INBr
collection (UCLouvain, Louvain-la-Neuve, Belgium).

2.4. Fermentation of Wort Spiked with Cys-3SPol/3SHol/354MPol or G-35Pol/35Hol/354MPol

Wort was produced from Pilsen malt (Castle Malting, Beloeil, Belgium) in a 60-L-scale
pilot plant (Coenco, Oostkamp, Belgium). A 19 °Plato unhopped wort was obtained after
90 min of boiling and freezing after clarification until the fermentation trials. Yeasts were
pitched (K-97 at 0.46 g/L, L7 and LA-01 at 5 million cells/mL) into 250 mL wort at 15 °P
(obtained by diluting the original 19 °Plato wort with water). The worts had been spiked
beforehand with Cys-3SPol, Cys-354MPol and Cys-3SHol (15 mg/kg each), or G-35Pol,
G-354MPol and G-3SHol (15 mg/kg each). The fermentations were conducted for 7 days at
24 °C (+3 days at 4 °C) under shaking at 80 rpm (Labwit ZWY-240 incubator shaker). For
LA-01, an additional fermentation was conducted in a 6 °P wort (more usual for NABLABs
production) for 3 days at 20 °C (+3 days at 4 °C). Experiments were performed in duplicate.

2.5. Alcohol Content and Extracts Analysis of Fermented Wort with SafBrew™ LA-01

Prior to analysis, fermented samples were filtered through paper filters (MN 614 %
Macherey-Nagel, Diiren, Germany). Alcohol content and real extract were determined
with the DM4500 apparatus (Anton Paar GmbH, Graz, Austria).

2.6. Analysis of Fermentable Sugars Using High Performance Liquid Chromatography—Evaporative
Light Scattering Detection (HPLC-ELSD)

The consumption of fermentable sugars by LA-01 was monitored in the fermentation
media. Fructose, glucose, saccharose, maltose and maltotriose were quantitated using
HPLC-ELSD. Sugars (containing L-rhamnose as internal standard IST) were recovered
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from wort or beer through a SPE cartridge (Sep—Pak C18, Waters, Milford, MA, USA).
Separation was performed on a Prevail Carbohydrate ES 250 x 4.6 mm, 5 um column
(Grace, Columbia, MD, USA) using isocratic elution with acetonitrile-water (75:25, v/v) at
a flow rate of 1.0 mL/min. The column temperature was kept at 25 °C and the injection
volume was 10 pL. Chromatograms were acquired with an ELSD. Compound identification
was performed using injection of commercial standards and quantitation was achieved
using the calibration curves.

2.7. Free Polyfunctional Thiols Extraction from Fermented Spiked Wort with a Selective Ag
Cartridge and Quantification Using Gas Chromatography—Pulsed Flame Photometric Detection
(GC-PFPD)

Free polyfunctional thiols extraction from fermented spiked wort was previously
optimized by Chenot et al. [51]. Here, 6-sulfanylhexan-1-ol (instead of 4-methoxy-2-
methylbutane-2-thiol) was added as IST at 2 pg/L to 150 mL fermented wort, which
was then saturated with NaCl and stirred with 50 mL dichloromethane for 15 min. The mix-
ture was centrifuged at 4500 rpm for 15 min. The recovered organic phase was loaded onto
a Discovery Ag-ion SPE cartridge conditioned beforehand with 10 mL dichloromethane.
The cartridge was rinsed with 10 mL dichloromethane, then with 20 mL acetonitrile,
and finally with 10 mL ultrapure water (reversed cartridge in this last case). Free thiols
were released from the Ag cartridge through percolating 20 mL washed cysteine solution
(4 x 20 mL dichloromethane for washing 215 mg cysteine in 20 mL water). The eluent was
extracted twice with bidistilled dichloromethane (5 mL for 5 min and 10 mL for 10 min).
The resulting organic phase was dried on anhydrous sodium sulfate and concentrated to
250 pL in a Danish-Kuderna distillation apparatus and to 70 puL on a Dufton column at
45 °C. 2-Acetylthiophene was added as external standard (EST, 0.5 mL at 200 pug/L added
before concentration).

One microliter of free thiol extract was analyzed with an Agilent 6890N gas chromato-
graph equipped with a splitless injector maintained at 250 °C. Compounds were analyzed
with a wall-coated open tubular apolar capillary column (CP-Sil 5 CB, 50 m x 0.32 mm,
1.2 pum). The helium pressure was set at 90 kPa. The oven temperature was programmed to
increase from 36 to 85 °C at 20 °C/min, then to 145 °C at 1 °C/min, and finally to 220 °C at
3 °C/min and was held for 30 min. The column was connected to an OI Analytical PFPD
detector (model 5380, combustor internal diameter: 2 mm). The following parameters were
selected for the PFPD detector: temperature, 250 °C; voltage, 600 V; gate width, 18 ms;
gate delay, 6 ms; trigger level, 400 mV; pulse frequency, 3.33 Hz. PFPD chromatograms
were recorded throughout elution. The ChemStation software (version B.04.03) was used
to process the resulting data. For all thiols, the IST-relative recovery factor was set at 1.
The following equation was used for quantitation of the commercially available standards
2SEol, 3SProl, 2SEA, 3SPrA, 3SHA, and 3SHol (X):

X area IST weight response coefficient

ng/LX = ug/Lof IST x IST area X weight response coefficient

For the commercially unavailable standards, 3SPol, 3SPA, 354MPol and 3S4MPA
(X), the good equimolarity of the PFPD detector enabled us to set the IST-relative molar
response coefficients at 1 and to apply only the corrective molar weight ratio as described
in the following equation:

X area o X molar weight
IST area IST molar weight

ng/LX = ng/Lof IST X

2.8. Release Efficiency Determination

The efficiency of release of free Xpon (sulfanylalkyl alcohol) from bound Xon was
calculated with the following equation:
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ug/L Xou bound Xpy molar weight

1
pg/L added bound Xoy X free Xoy molar weight x 100

Xon release efficiency (%) =

For the corresponding esters, the efficiency of release of free X5 (sulfanylalkyl acetate)
from bound Xpg was calculated in alcohol equivalents:

.. ug/L Xa bound Xpp alcohol molar weight
Xa rel ff %) = 10
a release efficiency (%) ng/L added bound Xy * " free Xa acetate molar weight x 100

The results are given as mean values of duplicates.

2.9. Quantification of Esters and Higher Alcohols Using Static Headspace—Gas Chromatography—Mass
Spectrometry (HS-GC-MS)

A total of 40 pL 2-pentanol solution (2500 mg/L; final concentration = 20 mg/L) used
as IST and NaCl in excess (2 g) were added to 5 mL fermented samples in a headspace
vial, which was immediately closed before analysis. The vials were incubated at 60 °C and
automatically shaken for 30 min before the injection of 500 uL of headspace (Automatic
injector CTC Analytics Combipal, Hamilton 2.5-mL syringe at 70 °C). Esters and higher
alcohols were analyzed with the column described above for free thiols, in this case on an
Agilent Technologies 7890 NB GC hyphenated to a single quadrupole mass spectrometer
(Agilent 5977B MSD, Agilent Technologies, Santa Clara, CA, USA) operating in single
ion monitoring (SIM) mode with electron ionization at 70 eV. The carrier gas was helium,
and the pressure was set at 65 kPa. The oven temperature was programmed to start at
32 °C for 5 min and then to rise from 32 to 140 °C at 8 °C/min, from 140 to 180 °C at
15 °C/min, and was finally held for 30 min. The following m/z ions were analyzed: 45
and 55 for 2-pentanol (IST), 42 and 59 for n-propanol, 61 and 70 for ethyl acetate, 43 and 74
for isobutanol, 55 and 70 for 3-methylbutanol, 70 and 87 for 3-methylbutyl acetate, 88 and
99 for ethyl hexanoate, 88 and 127 for ethyl octanoate, and 88 and 101 for ethyl decanoate.
Chromatograms were recorded throughout elution. Agilent OpenLab software (version
2.1) was used to record the resulting data. A standard addition procedure was applied for
each compound (X). The standard addition slope A was used according to the following
equation (IST relative recovery factor set at 1): X concentration (in ug/L) =1/A x IST
concentration (in pg/L) x (X area/IST area).

2.10. Quantification of Dimethylsulfide Using HS-GC-PFPD

To 5 mL fermented samples in a headspace vial 300 pL ethylmethylsulfide solution
(500 ng/L; final concentration = 30 ng/L) as IST and NaCl in excess (2 g) was added, and
the vial was immediately closed before analysis. The vials were incubated at 45 °C and
automatically shaken for 15 min before injection of 500 uL headspace (Gerstel automatic
injector, MultiPurposeSampler MPS2, Gerstel 2.5-mL syringe at 50 °C). Dimethylsulfide was
analyzed with the same column and the same gas chromatograph described above for free
thiols. The carrier gas was helium and the pressure was set at 90 kPa. The oven temperature
was programmed to start at 40 °C for 10 min, to rise from 40 to 85 °C at 20 °C/min and then
held at 250 °C for 10 min (RT = 7.2 and 11.5 min for dimethylsulfide and IST, respectively).
The column was connected to the OI Analytical PFPD detector described for free thiol
analysis, while the same operational parameters and chromatograms were recorded with
the same software. A standard addition procedure for dimethylsulfide was applied.

2.11. Quantification of Volatile Phenols Using GC-MS after Specific Liquid-Liquid Extraction

Volatile phenols were extracted from fermented samples according to a procedure
derived from Scholtes et al. [56]. To 50 mL beer, 100 uL IST (50 mg/L 1-naphtol, final
concentration = 100 pg/L), 1 mL 37% hydrochloric acid and 6.45 g NaCl was added. After
complete salt dissolution, 150 mL chloroform/methanol (3:1, v/v) was added and the
mixture stirred for 10 min at 1500 rpm. The lower organic phase was retained, whereas
the aqueous phase was extracted a second time in the same manner. The collected 300 mL



Fermentation 2024, 10, 276

6 of 12

organic phase was then shaken with 50 mL of 10% potassium hydroxide solution for 10 min
at 1500 rpm. The upper aqueous phase (pH 13) was recovered and the lower organic
phase extracted once again. The pH of the aqueous phase was then adjusted to pH 9 with
hydrochloric acid and extracted twice with 25 mL bidistilled dichloromethane after stirring
for 10 min at 1500 rpm. The combined organic phase was dried with anhydrous sodium
sulfate and 0.1 mL EST (50 mg/L decane) was added to the extract before concentration to
0.5 mL in a Danish-Kuderna apparatus at 45 °C (total concentration factor = 100).

One microliter of phenols extract was analyzed under the same conditions mentioned
above for esters and higher alcohols (gas chromatograph, mass spectrometer, column,
carrier gas, software), except here with splitless injection (250 °C). The oven temperature
was raised from 36 °C to 85 °C at 20 °C/min, to 145 °C at 1 °C/min, then to 194 °C
at 3 °C/min, at last to 250 °C at 30 °C/min, and held for 30 min. The following m/z
values were monitored in SIM mode: 144 and 115 for 1-naphtol (IST), 107 and 122 for
4-ethylphenol, 120 and 91 for 4-vinylphenol, 137 and 152 for 4-ethylguaiacol, 150 and 135
for 4-vinylguaiacol, and 151 and 152 for vanillin. Calibration curves (with areas relative to
IST) were constructed for quantification of each compound.

2.12. Statistical Analyses

All analytical measurements were carried out in duplicate. Multiple comparisons
of means were performed with Student-Newman-Keuls tests (JMP Program 17). Values
sharing no common letter are significantly different (p < 0.05).

3. Results and Discussion
3.1. Free Thiol Release from Cysteinylated and Glutathionylated Sulfanylalkyl Alcohols under
Different Fermentation Conditions

In order to compare the thiol release efficiency of the maltose/maltotriose-negative
S.cerevisiae var. chevalieri strain SafBrew ™ LA-01 with those of SafAle™ K-97 (ale yeast)
and L7 (lager yeast) previously investigated by Chenot et al. [51,54], the levels of sulfany-
lalkyl alcohols and acetates were first determined after seven days at 24 °C in a 15 °P wort
spiked with Cys- or G- 3SPol, -3SHol, and -354MPol.

For the release of free thiols from their glutathionylated S-conjugates (see Figure 1a),
SafBrew™ LA-01 proved much more efficient than the most performing S. cerevisiae strains
previously screened by Chenot et al. [51] (0.08-0.34% vs. 0.02-0.04% for K-97). It even
released more 3SHol than S. pastorianus L7 (0.34% vs. 0.13%), the most productive lager
yeast identified by Chenot et al. [54]. This behavior was intriguing, as ale yeasts usually
show a poor release from glutathionylated precursors. A strong preference was observed
for G-3SHol as compared to G-3SPol and G-354MPol. Also surprising was the low efficiency
of the thiol release from the cysteinylated precursors (0.006-0.013% vs. 0.38-0.64% for K-
97) in the presence of SafBrew™ LA-01, despite its classification as a S. cerevisiae yeast
(Figure 1b).

Next, similar spiking experiments were conducted with SafBrew™ LA-01 under
fermentation conditions closer to those used by brewers to produce NABLABs (6 °P wort,
3 days at 20 °C). As previously shown by Chenot et al. for ale yeasts [51], a wort density
below 15 °P did not favor thiol release (and subsequent ester biosynthesis). Yet even at 6 °P,
thiol release from G-3SHol by SafBrew™ LA-01 was as high after 3 days at 20 °C (0.2%) as
the release by L7 under the best conditions (more 3SHol balanced by less 3SHA). A much
lower efficiency was measured with G-35Pol and G-354MPol (0.02%). On the other hand,
the release from Cys-precursors was more efficient at 6 °P, reaching 0.07% for 3SHol (much
higher than with L7 at 15 °P).

The four Ehrlich-derived thiols were also found in our fermentation media (Table 1).
All concentrations were significantly higher at 6 °P than at 15 °P, although always under
the perception thresholds as is usual for these empyreumatic thiols.
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Figure 1. Sulfanylalkyl alcohols and acetates released and/or biosynthesized (%) upon fermentation of a wort (15 or 6 °P) spiked with (a) 15 mg/L of G-35Hol,
-3SPol and -354MPol or (b) 15 mg/L of Cys-3SHol, -3SPol and -354MPol. Values with different letters are significantly different (p < 0.05) according to the
Student-Newman-Keuls test (in italic for acetates).
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Table 1. Concentrations (ug/L) of free thiols derived from the Ehrlich pathway in worts (15 or 6 °P)
fermented with SafBrew™ LA-01.

2SEol 3SProl 2SEA 3SPrA
. Fermentation Fermentation Threshold in Conventional Beers (ug/L)
Wort Density (°P) . o
Time (Days) Temperature (°C) 2000 40 400 40
Concentration (ug/L)
15 24 15° 20P 09° 207
6 20 474 452 209 228

Within a column, values with different letters are significantly different (p < 0.05) according to the Student—
Newman-Keuls test.

3.2. Sugar Consumption and Ethanol, Dimethylsulfide, Higher Alcohols, Esters, and Phenols
Formation in the NABLAB-Fermentation-like Media

According to what was known of SafBrew™ LA-01, only glucose, fructose, and
saccharose were consumed over three days at 20 °C in the 6 °P wort (Table 2). This led to
0.4% (v/v) ethanol, in accordance with EU legislation for a NAB (<0.5%). In the 15 °P wort,
1.2% (v/v) was found after seven days at 24 °C.

Only very low levels of total higher alcohols (33 mg/L at 6 °P/3 days at 20 °C
and 50 mg/L at 15 °P/7 days at 24 °C) and total esters (1.5 mg/L at 6 °P/3 days at
20 °C and 2.0 mg/L at 15 °P/7 days at 24 °C) were found with SafBrew™ LA-01 under
either set of the fermentation conditions [57], all below the respective sensory thresholds.
Surprisingly, 3-methylbutyl acetate (+0.05 mg/L), ethyl hexanoate (+0.1 mg/L), and ethyl
octanoate (+0.08 mg/L) showed slightly higher levels at 6 °P than at 15 °P, like the Ehrlich
sulfanylalkyl esters.

The 15 °P wort fermented with SafBrew ™ LA-01 reached 14 ng/L dimethylsulfide
(perception threshold: 48 ug/L in NAB [9]), versus only 5 ug/L in the 6 °P wort. Higher
density is known to favor dimethylsulfoxide reduction through fermentation, as well as the
choice of yeast (S. cerevisiae more efficient than S. pastorianus) [58]. As recently shown by
Simon et al. [8], even at a low level, dimethylsulfide, an essential contributor to the typical
aroma of lagers (cooked-vegetable, canned corn, onion), intensifies the lack of fruity flavors
in NABLABs.

As expected, SafBrew™ LA-01 was confirmed to be a POF+ yeast [42], with 642 pg/L
4-vinylphenol and 810 pg/L 4-vinylguaiacol produced after three days at 20 °C in the
6 °P wort (levels well above the sensory thresholds). Logically, the concentrations of these
compounds were higher in the 15 °P wort [59]. The decarboxylation of ferulic acid to
4-vinylguaiacol is a typical property of some S. cerevisiae yeasts, in contrast to S. pastorianus
strains. SafBrew™ LA-01 can thus give NABLABs a white beer character, with spicy clove
aromas. Yet, in contrast to findings on Brettanomyces yeasts, neither 4-ethylguaiacol nor
4-ethylphenol was significantly produced by vinyl reduction [60].

Table 2. Remaining sugars, alcohol content and real extract, higher alcohols, esters, dimethylsulfide,
and phenols under both sets of fermentation conditions with SafBrew™ LA-01.

6 °P-3 Days at 20 °C 15 °P-7 Days at 24 °C
Sugars and Alcohol
Remaining sugars (%)
Glucose (initial conc. =5 g/L) 0
Fructose (initial conc. =1 g/L) 0
Saccharose (initial conc. =2 g/L) 19
Maltose (initial conc. =26 g/L) 100

Maltotriose (initial conc. = 8 g/L) 100
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Table 2. Cont.
6 °P-3 Days at 20 °C 15 °P-7 Days at 24 °C
Sugars and Alcohol
Alcohol content (% v/v) 0449 124
Real extract (°P) 54P 1102
Aromas

Higher alcohols and esters (mg/L)

n-Propanol (thr. 600) 6.02 774
Isobutanol (thr. 100) 902 892
3-Methylbutanol (thr. 50) 1762 33.12
Total higher alcohols 32.6° 49.72
3-Methylbutyl acetate (thr. 1.2) 0.12 012
Ethyl acetate (thr. 25) 112 1.62
Ethyl hexanoate (thr. 0.2) 0.12 nq P
Ethyl octanoate (thr. 0.9) 0.12 0.12
Ethyl decanoate (thr. 1.5) 01Pb 022
Total esters 152 202
DMS (ug/L)
Dimethylsulfide (thr. 48) [9] 5b 142
Phenols (ug/L)
4-Vinylphenol (thr. 170) 642b 1405 2
4-Vinylguaiacol (thr. 125) 810° 17252
4-Ethylphenol (thr. 150) 94 162
4-Ethylguaiacol (thr. 130) nd nd
Vanillin (thr. 50) 19b 332

thr.: perception threshold in conventional beer except for dimethylsulfide in NABLABs, nd: not detected, nq:
detected but not quantified. Within a line, values with different letters are significantly different (p < 0.05)
according to the Student-Newman-Keuls test.

4. Conclusions

The maltose-negative Saccharomyces cerevisiae var. chevalieri strain SafBrew™ LA-
01 was found to release fruity thiols from their glutathionylated S-conjugates with a
significantly higher efficiency than the best S. pastorianus and S. cerevisiae strains previously
screened, upon fermentation for seven days in a 15 °P wort at 24 °C (0.34% vs. 0.13%
for L7 and 0.02% for K-97 on G-35Hol). Also surprising, despite its classification as a S.
cerevisiae strain, the efficiency with which it used cysteinylated precursors was low, albeit
slightly higher at 6 °P (3 days at 20 °C) than at 15 °P. Under these conditions, only 0.4%
(v/v) ethanol was formed. Furthermore, as expected, the POF+ character of SafBrew ™
LA-01 resulted in high levels of 4-vinylguaiacol.
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3-sulfanylpentan-1-ol, 354MPol: 3-sulfanyl-4-methylpentan-1-ol, 3SHA: 3-sulfanylhexyl acetate,
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glutathionylated, IST: internal standard, EST: external standard, PFPD: pulsed flame photometric
detector, SIM: single ion monitoring, HS: headspace, POF: phenolic off-flavors, EU: European Union,
ABV: alcohol by volume, GC: gas chromatography, MS: mass spectrometer, °P: °Plato, HPLC: high
performance liquid chromatography, ELSD: evaporative light scattering detector, SPE: solid phase ex-
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