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Abstract

Spent brewer’s yeast is an excellent source of a variety of bioactive substances. In this study, for the first time, the focus was
solely on investigating the influence of three industrially applicable cell disruption methods (cell mill, sonotrode, and autoly-
sis) on selected substance groups relevant for physiology and process technology. A consistent spent yeast (Saccharomyces
cerevisiae TUM 68) produced in a standardized industrial pilot top-fermenting process was used as a raw material. Using
mechanical methods, i.e., cell mill and sonotrode, the protein content (as not hydrolyzed in free amino acids), the trehalose
and the total fat content in the yeast extract were increased compared with those produced in the autolytic method. The ana-
lyzed B vitamin levels were also higher, the biologically active 5-CH;-H,folate in particular had the greatest proportion in
the folate vitamer distribution of the mechanically produced yeast extracts. An increased level of non-fragmented genomic
and mitochondrial DNA could also be found in the yeast extract produced via the mechanical methods. The antioxidative
and reduction potential was decreased by the degradation of polyphenols and glutathione in the yeast extract following
autolysis. The mineral, RNA, glycogen, glucose, fructose and ash contents did not differ significantly. Therefore, the cell mill
and sonotrode offered a good alternative method to conventional autolytic procedures, especially to transfer physiologically
relevant substance groups in higher concentrations to the yeast extract.

Keywords Brewer’s spent yeast extract - Mechanical cell disruption strategies - Autolysis - Nutritional value - Antioxidative
potential - Saccharomyces cerevisiae

Introduction

The widely used term “yeast extract” in food processing
describes the soluble contents of a yeast cell produced fol-
lowing destruction and removal of the yeast cell membrane
[1, 2]. There are various disruption methods to access the
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valuable ingredients in yeast and make these available. On
an industrial scale, mainly autolytic methods using solvents,
enzyme additives, and salts [2], or mechanical methods such
as cell mills are applied [1, 3]. The selection of method
depends partly on the substances that need to be extracted
from the yeast cell and partly on the disruption effectiveness
and efficiency. In the laboratory, an ultrasonic sonotrode is
often used to disrupt cells. The principle behind this is based
on the implosion of cavitation bubbles, which applies shear
forces to the cell walls and disrupts them [4]. The up-scaling
potential of this disruption method for industry has already
been shown using Barbell Horn Ultrasonic Technology [5].
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A particularly cost-effective starting product used to
produce yeast extract is spent yeast, which occurs in vast
quantities (15 kg/10 hL beer) during the beer manufacturing
process, as only part of it is reused for the next batch [6, 7].
The spent yeast or the yeast extract produced from this varies
greatly in its physical composition as a result of the yeast
strain [8] or the yeast cell growth phase [9]. This is particu-
larly reflected, for example, in the key functional substance
groups of the food industry such as the mineral [10], vitamin
[11], RNA [12], protein content [8] or the enzymatic activ-
ity [13] of the yeast cells [14]. In addition to the diversity of
the yeast starting product, the cell disruption method used
when producing the yeast extract also plays an important
role [15]. For instance Jacob et al. showed that the content
of amino acids can differ according to the manufacturing
process [15]. The specified diversity of the spent yeast that
is used as the starting material and the manifold influences
of the manufacturing methods mean that the data relating to
the yeast extracts’ physical composition vary in the literature
and can hardly be compared with each other [16-19]. In
addition, extracting the B-glucan from the cell walls of the
yeast using a cell mill generates a yeast extract which can
be reused to increase profit and can compete with extracts
obtained in autolytic processes [1].

In this study, we compared mechanical and autolytical
disruption methods for yeast as well as the effect of using an
ultrasonic sonotrode, a novel option for yeast extract produc-
tion with proven up-scaling potential. We chose the yeast
strain Saccharomyces cerevisiae TUM 68, which is a domi-
nant brewing yeast strain used worldwide. Furthermore, this
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is the first time this strain is used as a starting material for
a yeast extract following fermentation in a closed cylindro-
conical tank (CCT), which is the more frequently employed
fermentation process compared with open top-fermentation
methods and where the resulting spent yeast is only reused
to a minor extent [7]. Since the particular focus of prior
research has been on amino acid composition [15], this study
investigated the key functional substance groups of the food
industry such as B vitamins, minerals, DNA and RNA con-
tent, as well as the general nutritional composition of the
yeast extract. Furthermore, we correlated the antioxidative
potential as a function of the substances responsible for this
such as polyphenols and glutathione.

Materials and methods

A graphical overview and correlations between the applied
methods are depicted in Fig. 1.

Yeast propagation and fermentation

A sterilized, hopped, and standardized all malt wort con-
centrate was used as the propagation and fermentation
medium (N53940; Dohler GmbH, Darmstadt, Germany).
For the precise composition refer to Table 1. The all malt
wort concentrate was diluted to an original wort content of
12.4 °P [d=(a X p) + b where d =specific weight (in kg/m?),
a=4.13 kg/(m> °P), b=997 kg/m?®, p=original wort content
(in °P)] and heat-treated before use at 100 °C for 10 min.
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Table 1 Starting wort composition used for propagation and brewing
trials

Parameter Amount
Original gravity (°P) 12.40
pH 5.19
Spec. weight SL 20/20 °C 1.05
Zinc (mg/L) 0.15
Free alpha-amino nitrogen (FAN) (mg/100 mL) 25.00
Total amino acids (mg/100 mL) 203.22
Total sugar (g/L) 83.78
EBC-bittering units (EBC) 20.20
Glucose (g/L) 11.46
Fructose (g/L) 2.57
Sucrose (g/L) 1.12
Maltose (g/L) 53.65
Maltotriose (g/L) 14.98

The top-fermenting brewer’s yeast Saccharomyces cerevi-
siae LeoBavaricus TUM 68 (hereinafter TUM 68) on agar
slant was sourced from the Yeast Center at the Weihenste-
phan Research Center for Brewing and Food Quality of the
Technical University of Munich (RCW). This yeast strain
has already been characterized in detail by the RCW [20].
An inoculation loop of an agar slant culture was transferred
to 40 mL standardized wort and incubated for 48 h at 20 °C
on a shaker (80 rpm). The 40 mL was then expanded to
400 mL with standard wort and incubated again for 48 h at
20 °C on a shaker (80 rpm). This incubation process was
repeated again after the 400 mL was made up to 4 L stand-
ardized wort.

The propagated yeast was used to ferment 50 L stand-
ardized and aerated (10 mg O,/L) wort in a CCT with a
living cell count of 10 million/mL. Fermentation took place
unpressurized for 5 days at 18 °C. The viscous core yeast,
with a volume of approx. 1 L, was cropped on the 6th day
via the CCT cone. The residual extract from the fermented
wort was 3.6% and revealed an alcohol content of 5.2 vol.%
(measured using the Anton Paar DMA 5000 Density Meter
with Alcolyzer Plus measuring module).

Yeast pre-treatment

After the yeast was cropped (70% live, methylene blue
method [21]), it was immediately subjected to three washing
processes to remove residual wort components. Each wash-
ing process was performed as follows: the viscous cropped
spent yeast was diluted with distilled water to 10% dry mat-
ter, passed through a yeast sieve (mesh size 0.5 mm), cen-
trifuged (1000g, 5 min, 18 °C, 500 mL centrifuge tube) and
the liquid supernatant was discarded. The sedimented yeast
in the centrifuge tube was then resuspended with distilled

water for 5 min to 10% dry matter and the washing proce-
dure was started afresh. The washed yeast was subsequently
collected in a single container and diluted to 7% dry matter
in distilled water before being fed into the disruption process
as a consistent starting material.

Yeast quality control

The propagation yeast, the spent yeast following fermenta-
tion, the washed spent yeast before disruption and the macer-
ated yeast suspension were only used after passing quality
control. The following tests also had to give negative results
for foreign yeasts and microorganisms: visual detection of
non-starter culture microorganisms (examination under
microscope), detection of wild yeast species/strains (qualita-
tive detection; YM medium + CuSO,; specification: negative
per 1 mL) [22], detection of beer-spoilage organisms (quali-
tative detection, medium NBB-broth, specification: negative
per 1 mL) [23], detection of bacteria (qualitative detection,
yeast extract agar + cycloheximide, specification: negative
per 0.1 mL), detection of bottom-fermenting yeast based on
specific real-time PCR [22], PCR screening of beer-spoilage
organisms [foodproof beer screening kit (Biotecon Diagnos-
tics)] [24].

Yeast cell disruption methods

The disruption methods described and implemented here are
used both academically and in industry [1, 4, 5, 12, 25-28].

Cell mill

The mechanical disruption method was carried out using a
Vibrogen cell mill VI 6 (Edmund Biihler GmbH). The stroke
frequency of the shaker was 75 Hz. The process volume was
200 mL. Glass beads with a diameter of 0.5 mm were used
for cell disruption with a weight ratio of 1:2 (glass beads/
yeast suspension). The mill was cooled by a water—glycol
mixture flowing through the jacket of the beaker so that the
suspension temperature was held constant at 7 °C. The pro-
cedure took 15 min per sample.

Ultrasonic sonotrode

Cell disruption using cavitation was carried out using the
ultrasonic homogenizer SONOPLUS HD 3400 (Bande-
lin). The sonotrode diameter was 25 mm with an operating
frequency of 20 kHz. The process suspension volume of
200 mL was subjected for 30 min to a constant ultrasonic
output of 400 W without pulsation. The resulting process
heat was removed by means of a cooling bath to maintain a
constant temperature of 7 °C.
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Autolysis

To autolyze the yeast, 200 mL of the suspension was heated
in a reaction vessel for 24 h at 50 °C with constant stirring
(100 rpm). Sodium chloride (0.086 mol/L) and ethyl acetate
(0.051 mol/L) were also added at the start of the process.

Generation of yeast extract

In accordance with the literature [2, 12, 29], the cell wall
components first had to be separated from the cell extract
in the samples. The disrupted yeasts were centrifuged for
20 min at 10,000 g and 4 °C. The supernatant was carefully
pipetted into the centrifuge tubes. Following centrifuging,
a freeze-dryer was used (condenser temperature: — 50 °C,
vacuum: 0.1 mbar, ice condenser capacity: 3 kg/24 h) to
gently remove water from the liquid yeast extract (cytosol
extract). In this way, a yeast extract powder was produced for
the subsequent analyses that had a residual water content of
10% and offered a constant basis for comparison.

Analysis

The dry yeast extracts enabled the disruption methods to be
directly compared in terms of the following analysis with-
out the need to consider the effectiveness of the different
methods [28]. Results about the effectiveness of the three
disruption methods can be seen in a previous work of Jacob
et al. [15]. Depending on the limit of quantification of the
chosen analytical method, the dried yeast extract sample
was resuspended in distilled water and analyzed directly. A
commercially available industrial yeast extract produced by
autolysis was included in all analyses to provide a practical
comparison. For manufacturing and technical reasons, the
relevant starting yeast for this yeast extract product could not
be precisely determined in terms of either its physiological
status or its previous fermentation medium.

Protein

The protein content in the yeast extract was determined
by measuring the absorption of the color complex formed
between the yeast protein and Bradford reagent at 595 nm
according to the Bradford method [30].

The nitrogen content in the yeast extract was determined
using the Kjeldahl method described in the MEBAK (Cen-
tral European Brewing Technology Analysis Commission)
brewing technology analysis methods (Method 2.6.1.1) [31].

The free amino acids (except proline and cysteine) were
quantified using high-performance liquid chromatogra-
phy (HPLC) according to MEBAK Method 2.6.4.1 [31].
The detailed procedure for proline and cysteine (Method
4.11.1) was taken from Buch fiir chemische Untersuchung
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von Futtermitteln (the chemical analysis of feedstuffs) [32].
To determine all free and protein-bound amino acids (total
amino acid quantity), the resuspended yeast extracts under-
went acid hydrolysis before measurements according to
Method 4.11.1 of the chemical analysis of feedstuffs [32].

Free alpha-amino nitrogen (FAN) was determined photo-
metrically (570 nm) according to MEBAK Method 2.6.4.1
(Ninhydrin Method) [31].

Carbohydrates

Glycogen was determined enzymatically using amylogly-
cosidase according to the description by Schulze et al. [33].
The glucose released as per the specification was determined
using HPLC and can be taken from the MEBAK Method
2.7.1 [31].

Trehalose was determined using a modified method
described by Mahmud et al. in which the absorption of
complexes formed using anthrone reagent was measured
spectrophotometrically at 620 nm [34].

The p-glucan was measured enzymatically according to
MEBAK Method 2.5.1, glucose, fructose, maltose, sucrose,
and maltotriose according to MEBAK Method 2.7.1 using
HPLC [31].

Fat

The crude fat was determined according to Method 5.1.1
from the Methodenbuch fiir chemische Untersuchung von
Futtermitteln (the chemical analysis of feedstuffs) [32].

The long-chained fatty acids were determined using gas
chromatography (GC) according to MEBAK Method 2.23.2
[31].

Water and ash content

The water content was determined using MEBAK Method
2.2 [35], the ash content was determined similarly accord-
ing to Method 8.1 from the Methodenbuch fiir chemische
Untersuchung von Futtermitteln (the chemical analysis of
feedstuffs) [32].

Vitamins

Vitamin B1 (DIN EN 14122), B2 (DIN EN 14152), and
B6 (DIN EN 14663) were determined according to DIN
standards using HPLC [36]. Vitamin B3 (AOAC 944.13),
B5 (AOAC 945.74), and B12 (AOAC 952.20/986.23) were
determined according to AOAC methods using microbio-
logical processes [37]. Biotin (vitamin B7) was determined
based on MUCKE, also microbiologically, using Lactobacil-
lus plantarum (ATCC 8014) [38]. Vitamin B9 (total folate)
and the folate derivatives were analyzed according to the
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recently published method by Striegel et al. by means of
LC-MS/MS [39].

Minerals

The micro and macro minerals in the yeast extract under-
went multi-element determination using inductively cou-
pled plasma optical emission spectroscopy (ICP-OES) as
per MEBAK Method 2.24.12 [31].

DNA and RNA

The total DNA and total RNA concentration in the yeast
extract was determined photometrically (260 nm) using the
NanoDrop3300 spectrophotometer (Thermo Fisher Scien-
tific). The DNA was purified according to Hutzler using a
InstaGene® Matrix (Bio-Rad, Hercules, CA, USA), the RNA
was purified using a PureLink® RNA Mini Kit (Thermo
Fisher Scientific) and PureLink® DNase (Thermo Fisher
Scientific) [22]. Real-time PCR (polymerase chain reac-
tion) assay (PCR temperature protocol, primers, probes and
Master Mix composition) for gene Sc-GRC3 (hereinafter
GRC3) and OG-COXII (hereinafter COX2) was performed
according to Hutzler [22].

Polyphenols

The determination of the total polyphenol content followed
Method 2.16.1 of the MEBAK analysis specifications [31].
In this method, the polyphenols reacted with iron (III) ions
in an alkaline solution, forming colored iron complexes
which were spectrophotometrically measured at 600 nm
[31].

Glutathione

The glutathione content was measured according to an
analytical specification from the patent of Ortiz-Julien, in
which, after reacting with Ellman’s reagent [5,5'-dithiobis(2-
nitrobenzoic acid), DTNB], the absorption was measured
spectrophotometrically at 412 nm [40].

EBC-bittering units

Bittering compounds (mainly iso-o acids) were determined
photometrically (275 nm) according to MEBAK Method
2.17.1 and expressed as EBC-bittering units [31].
Antioxidative and reduction potential

The antioxidative potential of the yeast extract was meas-

ured using a Sigma-Aldrich kit, in which the antioxidants
from a sample inhibit the formation of radical cations [41].

Spectrophotometry was used to measure this inhibition pro-
portionally by means of a color reaction. Trolox (TE), a vita-
min E analog, was used as the control antioxidant.

The reduction potential of the yeast extract can be deter-
mined as per MEBAK Method 2.15.2 [31]. The reductones
of the sample reduce a certain quantity of Tillmann’s rea-
gent (2,6-dichlorophenolindophenol, DPI) within a certain
period, which can be measured spectrophotometrically
(520 nm) [31].

Statistical evaluation

All experiments were performed in triplicate and the rel-
evant results given as arithmetic means. At a confidence
level of 95%, the expected range (confidence interval) for
each mean was calculated from the variance using Student’s
t distribution. A single-factor analysis of variance (ANOVA)
was conducted to show a difference between all disruption
methods. A paired ¢ test was also performed to demonstrate
the difference between two disruption methods. “Signifi-
cant” differences were described as having a p value <0.05.
A test by Dixon was used to evaluate the results.

Results and discussion
General nutritional compositions

The greatest proportion of the dry mass of yeast extract is
formed by the proteinogenic substances. In the literature, a
broad range (50-80% of dry mass of yeast extract) of val-
ues can be found, the determination of which is based on
various analytical methods and calculations [1, 2, 8, 29, 42,
43]. In many publications, this is performed by ascertaining
the total nitrogen according to Kjeldahl and multiplying by
a factor based on the amino acid spectrum, the number of
amino groups and the molecular weight of the respective
amino acids. The high RNA content (up to 11%) [12] in
the yeast extract casts severe doubts on this method as it
would also detect the nitrogen of the nucleobases and this
will influence the result. Ihl et al. have already referred to
differences between the Kjeldahl method and other methods
of determination [44]. The term “protein” is often described
in many publications as the total of all proteinogenic sub-
stances. However, the use of yeast extract as a source of
nitrogen in microorganism culture media or in industrial
fermentations such as beer production from unmalted grain
worts, necessitates precise differentiation between free
amino acids and the amino acids bound via amide bonds
in oligopeptides or protein macromolecules [16, 45]. The
reason for this is that for example free amino acids are pref-
erentially utilized by brewing yeasts [16, 45]. Therefore, we
compared the proteinogenic material determination in all
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three disruption methods used to produce the yeast extract
(Table 2). Those yeast extracts produced using the cell mill
and sonotrode, revealed that the mathematical sum of the
total of all free amino acids and the protein content accord-
ing to Bradford including all protein molecules greater than
3 kDa [46] corresponds approximately to the total quantity
of all the amino acids found (total amino acids, determi-
nation following hydrolytic disruption). This result did not
hold true for the autolytically produced yeast extract as vir-
tually all amino acids present here were free or bound in
protein molecules smaller than 3 kDa and were consequently
not recorded using the Bradford method. By multiplying the
yeast extract nitrogen content by the widely used factor 6.25,
a higher value for the proteinogenic material was reflected in
all the investigated production methods than the value which
resulted from the total quantity of all the amino acids found
in the yeast extract (total amino acids, following hydrolytic
disruption). In comparison, the factor 5.5 also used in the
literature gave a lower value for the extracts produced in the
laboratory. In the analyzed industrial product, the starting
material of which could not be identified in detail, a higher
value in contrast was also established for the proteino-
genic material using the factor 5.5. This could presumably
be attributed to factors including the higher RNA content
(5.5%). For the yeast material used in this study, the factor
5.8 was calculated for evaluating the proteinogenic material
in the produced yeast extract using the Kjeldahl method. As
a result of the variable composition of the yeast extract, due
to the disruption method and the yeast starting material, an

analysis of the individual amino acids using HPLC and the
subsequent total sum for the protein determination is more
practical than multiplying the nitrogen content by a certain
factor. A method using the Fourier-transform infrared spec-
trometer, which directly measures the peptide bonds in the
protein, also offers a very precise method to differentiate
the bound from the free amino acids [8]. The determined
values for the proteinogenic material lie in the broad range
of existing literature data [1, 2, 8, 29, 42, 43, 47]. However,
it is difficult to make a direct comparison with values from
previous studies due to the varying information on the yeast
strain [48], fermentation medium [8, 47] or yeast extract
production parameters [29]. In terms of the content of free
amino acids in the yeast extract, the two mechanical methods
gave a significantly lower result (# test p value <0.05) than
autolysis. The total protein content did not differ signifi-
cantly between the three disruption methods investigated in
this study (¢ test p value >0.05).

The carbohydrate composition of the yeast varied depend-
ing on the growth phase of the yeast population and based
on the nutrient supply. In beer manufacture, the yeast cells
increasingly store glycogen and trehalose at the end of fer-
mentation due to a lack of various nutrients such as carbohy-
drates, nitrogen, sulfur, and phosphorus [49]. At this point,
almost all of the sugars that the yeast can quickly utilize,
such as glucose, fructose and maltose, are consumed from
the medium [50]. The yeast extract obtained in the three
disruption methods also had a correspondingly low content
of 0.3% glucose and 0.09% fructose on average, with no

Table 2 General nutritional

» Cell mill Sonotrode Autolysis Autolysis
composition of the yeast - Industrial
e)'(tracts. produced via 'diffeirent product
disruption methods; significant
difference between cell mill Protein (mg/g dw)

Z’f'vzﬂztfg‘g&afglg;sfm Nx6.25 485.24+8.90 4877541049 482.0142.06  743.10+0.5
protein, trehalose and fat (for Nx5.50 427.02+9.53 429.22+9.21 424.24+2.98 653.93+0.5
results of the pairwise 7 test, see Bradford method 321.56+9.80 285.40+8.90 52.90+12.50 102.00+1.00
text); no significant difference Total amino acids 446.13+1.20 449.16 +2.00 447.02+2.51 633.312.00
between cell mill vs. sonotrode Free amino acids 115.68+123 155.38.+1.26 30636+2.65  43321+0.10
vs. autolysis (p value ANOVA
>0.05) for glycogen, p-glucan, Free alpha-amino 16.50+0.21 25.80+0.32 45.10+0.28 58.1+0.10
glucose, fructose and ash; nitrogen (FAN)
data are expressed as mean Carbohydrates (mg/g dw)
values + confidence limits; dry Glycogen 263.56+10.21 266.87+12.92 258.38 +8.63 108.48 +2.55
weight (dw) B-Glucan 1.45+0.80 1.38+0.01 1.36+0.01 1.40+0.01
Trehalose 44.00+1.90 42.10+2.10 25.00+3.60 35.20+0.10
Glucose 2.57+0.23 3.19+0.45 2.82+0.15 1.73+0.01
Fructose 0.98+0.16 0.75+0.21 0.87+0.17 0.47+0.01
DNA (mg/g dw) 20.56+0.21 19.67+0.47 2.30+0.54 3.49+0.10
RNA (mg/g dw) 50.01+0.21 50.07+£0.37 48.84+0.87 55.18+0.10
Ash (mg/g dw) 130.94+2.56 133.37+2.47 131.86+2.49 135.87+2.30
Fat (mg/g dw) 10.3+0.5 11.4+0.6 5.1+0.3 6.7+0.01
Moisture (%) 9.50+0.12 9.40+0.11 11.3+0.30 6.80+0.10
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significant difference being established between the different
disruption methods (Table 2). Similar values were previ-
ously determined by Miinch in her study on autolytically
produced beer yeast extract and it was concluded that those
quantities were insufficient for a targeted yeast extract aroma
formation by heating [28]. Trehalose also has the property
to protect the cell from dehydration, heat, cold or osmotic
stress by stabilizing the cell membrane and yeast proteins
[51]. Furthermore, trehalose contributes to sweetness (45%
relative to sucrose), is very pH- and heat-stable, inhibits
the degradation of proteins and lipids in food and cosmetic
industry products [51]. The content of trehalose in the yeast
extract following the two mechanical processes compared
with the autolytic method was significantly increased by
more than 17 mg/g dry mass (f test p value <0.05). Based
on the high stability of this carbohydrate, even at tempera-
tures of up to 100 °C and a pH range of 3.5-10 [51], it was
considered likely that enzymatic degradation took place in
the yeast cell during the autolysis phase. In the literature, a
large accumulation of trehalose under temperature stress of
37-45 °C and osmotic stress is reported, although it is also
stated that a degradation of this carbohydrate always takes
place as a result of various concurrent metabolic pathways
[52]. Presumably, however, in the disruption conditions in
this study trehalose is degraded by trehalase in the course of
the autolytic process. This presumption corresponds to the
results of Yoshikawa et al., who could increase the extrac-
tion yield of trehalose from yeast cells by means of prelimi-
nary thermal denaturation of trehalase [53]. The trehalose
content of Saccharomyces cerevisiae can reach up to 25%
of the dry mass under relevant environmental conditions
(e.g., temperatures above 25 °C) [52], although these are
not normal conditions in brewery practice [49]. At 44 mg/g
yeast extract, the yields of the mechanical methods cell mill
and sonotrode were also correspondingly low; however, they
were significantly above the investigated autolytic method (¢
test p value <0.05) or, for example, a high-intensity pulsed
electric field (PEF) process [54]. An optimized fractionation
process of baker’s yeasts according to Pastinen et al. gave a
trehalose content of 5.4% [55]. In comparison, the glycogen
content of the yeast extract was not significantly changed by
the three disruption methods and was approximately 26%,
which constituted the second-largest proportion (after the
protein fraction) of the extract’s dry mass and corresponded
to a common harvested yeast following a beer fermentation
process [49]. The considerably lower value in the commer-
cially available industrial product is presumably due to a
different glycogen content in the starting yeast, which does
not come from the brewing process. The p-glucan content
in mechanically and autolytically produced yeast extract
was on average 1.4 mg/g dry mass. The disruption meth-
ods did not differ significantly (ANOVA p value > 0.05)
in the latter content. Since the industrially produced yeast

extract also contains this quantity, this small proportion of
B-glucan being primarily bound in the cell walls of the yeast
and insoluble in water [56] is presumably not fully recovered
during extraction due to process technology reasons.

The ash content of the yeast extracts made up 13.3% of
the dry mass on average and did not depend on the used
manufacturing method. This value corresponds with a devia-
tion of 1% to the results of Vieira et al. and Yamada et al.,
who investigated both Saccharomyces cerevisiae and Sac-
charomyces pastorianus strains [1, 42]. The total fat con-
tent of the yeast extracts produced using the cell mill and
sonotrode were for both just 1.1%, and just 0.5% following
autolysis. Following both mechanical disruption methods,
the total content of free long-chain (C8—C18) fatty acids
at 80 ug on average (with a variance of 10 pg) compared
with autolysis at 5 ug (with a variance of 2 pg) was higher
per g of dry mass (¢ test p value <0.05) (data of long-chain
fatty acids are not shown in detail). Therefore, using the
cell mill and sonotrode, a larger proportion of fat-containing
substances remained in the yeast extract. The insoluble and
separated fraction in the autolytic yeast extract manufac-
ture is called “hulls” or “ghosts” [49]. Adding this fraction
to must fermentation (wine production) improves the yeast
activity, for example, by releasing unsaturated fatty acids
[57]. The proportion of fat-containing substances, of “hulls”,
after mechanical production may differ compared with the
autolytic process and should be investigated in more detail.

Vitamins

Brewing yeasts are commonly known as a vitamin B-rich
foodstuff. In the human body, these vitamins catalyze key
reactions in the amino acid and protein metabolism or have
detoxifying or antioxidative functions [1]. Vieira et al.
analyzed vitamin B contents for a yeast extract produced
using a cell mill from a Saccharomyces pastorianus yeast
and reported that their values differed from the results of
other research papers and suggested that this was mainly
due to the yeast extract production methods [1]. Based on
the consistent yeast starting material for producing the yeast
extract in the present study, the speculation about the impact
of practical industrial processes (cell mill, sonotrode, and
autolysis) was investigated on a small scale. Using the exam-
ple of vitamin B9 (folic acid group) it was shown that not
only the total folate content was influenced by the produc-
tion method, but also the distribution of the various biologi-
cally active vitamers was impacted and could be determined
using a method recently published by Striegel et al. [39]. The
results of total folate content, as well as the vitamer distribu-
tion of the most abundant vitamers 5-CH;-H,folate, 5-CHO-
H,folate, 10-CHO-PteGlu, Hfolate, and PteGlu are shown
in Table 3 and Fig. 2. Whereas the total folate contents of the
yeast extracts after mechanical disruption methods were not
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Table 3 Vitamin B contents

Cell mill Sonotrode Autolysis Autolysis
of the yeast extracts produced - Industrial
using different methods; product
significant difference between
cell mill vs. sonotrode vs. Vitamins (mg/100 g dw)
autolysis (p value ANOVA -
<0.05) for vitamin B1, B2, B3, Tlhuammf: B1) 6.88+0.31 7.05+0.43 5.18+0.20 7.46+0.5
B35, B6, B7, B9, and B12 (for Riboflavin (B2) 2.16+0.25 2.41+0.33 1.16£0.19 10.55+0.5
results of the pairwise ¢ test, Niacin (B3) 94.19+1.21 103.62+2.15 68.34+0.98 78.58+2.0
see text); data are expressed as Pantothenic acid (B5) 20.36+0.54 18.56+0.78 15.73+£0.28 43.18+£2.0
g;‘;a“;;a;}‘f?;f)"“ﬁdence lmits; by Hdoxine (B6) 4864028 5.10+0.51 3.09+0.19 5.90+0.5
Biotin (B7) 113.92+2.67 127.94 +3.69 138.55+1.58 618.65+2.0
Total folate (B9) 4.52+0.26 4.94+0.42 1.35+0.18 5.29+0.1
Cobalamin (B12) 0.18+0.02 0.12+0.04 1.12+0.05 0.16+0.1
Fig.2 Distribution of the folate I
vitamers 5-CH;-H,folate, 5000
5-CHO-H,folate, 10-CHO- -
PteGlu, H,folate and PteGlu in @
yeast extract following different % 4000
disruption methods; for results i
of the pairwise ¢ test, see text §
G 3000
©
1S
&
< 2000
oo
o
o
i =
o
3 1000
0 I — — [
Cell mill Sonotrode Autolysis Autolysis - Industrial
product
M PteGlu H4folate 5-CH3-H4folate  m5-CHO-H4folate 10-CHO-PteGlu

significantly different (¢ test p value > 0.05), the total folate
content after autolysis was significantly lower compared with
sonotrode and cell mill (¢ test p value < 0.05). Moreover, the
total folate content of the yeast extract after autolysis was
significantly lower compared with the industrial product (¢
test p value <0.05). The main vitamers were 5-CH;-H,folate
and 5-CHO-H folate, minor vitamers were H,folate, PteGlu,
and 10-CHO-PteGlu. The yeast extracts produced by cell
mill and sonotrode revealed to be very high in the biological
active folate form 5-CH,-H,folate. However, a closer look
into the vitamer distribution in the yeast extract after autoly-
sis showed a large decrease in 5-CH;-H,folate and H,folate,
compared to the yeast extract of the cell mill and sonotrode.
The decrease of 5-CH;-H,folate after thermal autolysis can
be explained by its degradation during thermal treatment
[58]. Comparing our results with literature data, Hjortmo
et al. analyzed 44 yeast strains and found substantial differ-
ences of total folate between 4000 and 14,500 pg/100 g dry
matter [11]. Except for the yeast extract from the thermal

@ Springer

autolysis, our results are at the lower end of this range. How-
ever, the latter author only reported the methylated vitamer
5-CH;-H,folate and Hyfolate, whereas we also detected
5-CHO-H,folate, 10-CHO-H,folate and PteGlu. Vieira
et al. analyzed the nutritional value of brewer’s spent yeast
extract and found a mean folate content of 3010 ug/100 g.
However, they did not look at the vitamer distribution. With
respect to our results, the yeast extract produced by thermal
autolysis tremendously affected the folate content and there-
fore decreased the nutritional value of the yeast extract. For
the other analyzed vitamins (B1, B2, B3, B5, B6), with the
exception of biotin (B7) and cobalamin (B12), the autol-
ytically produced yeast extracts also showed significantly
lower values in each case (f test p value <0.05) than the
results of the two mechanically produced yeast extracts. It is
likely that the high temperature (50 °C) combined with the
long contact period (24 h) in autolysis also cause a partial
degradation of the vitamins. No significant difference was
determined between the sonotrode and cell mill disruption
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methods for vitamins B1, B2, B3, B5, B6 (¢ test p value
>(0.05). The quantity of vitamin B3 after the cell mill pro-
duction process (94.19 mg/100 g) was slightly higher than
that reported by Vieira et al. (77.2 mg/100 g), though sub-
stantially higher than for Pinto et al. (0.79 mg/100 g) [1,
59]. However, for pyridoxine (B6) (4.86 mg/100 g), the
value was slightly lower than that revealed by Pinto et al.
(9.99 mg/100 g), and ten times lower than that reported
by Vieira et al. (55.1 mg/100 g) [1, 59]. Vitamin B2 and
B12 were not found by Vieira et al. [1]. Compared with the
absolute contents given by Narziss for brewer’s yeasts (tak-
ing into account a cell wall amount of approximately 30%),
the contents of all B vitamins of the mechanically produced
yeast extracts were in his specified range. With the excep-
tion of vitamin B7 and B12, the methods using sonotrode
and cell mill are preferred to ensure higher B vitamin con-
tents in the yeast extract [6]. A simultaneous and complete
release of all B vitamins, though, is almost impossible and
requires an extraction method tailored to the relevant vita-
min in each case and using enzyme combinations or acid
hydrolysis [60]. The higher vitamin values (except for B12)
of the autolytically produced industrial product compared
with the autolytically produced yeast extract in this paper
were presumably caused by higher vitamin starting values
in the yeast, for example related to a different yeast strain
and fermentation medium [11].

Minerals

All the disruption methods investigated here destroyed the
yeast cell structure in different ways. For instance, the yeast
cells in the cell mill disruption process were compressed
by the dynamic of the glass pearls in the contact zones and
mechanically sheared, which ultimately caused a large num-
ber of small individual cell fragments and released the entire
cell content in this way [3]. Using the ultrasonic sonotrode
also mechanical shear forces acted on the yeast cell sur-
faces as a result of the cavitation bubbles imploding. The cell
wall and plasma membrane are thereby damaged to such an
extent that the cytoplasm was released. The yeast cells dis-
played various fracture points [61]. However, the yeast cells
were not completely crushed as was the case in the cell mill.
In the performed autolysis, a multitude of various biochemi-
cal processes that occur simultaneously ultimately induced
cell death based on the cell’s own autolytic enzymes, their
activity being supported by the high temperature, the plas-
molytically acting salt and the lipid solvent ethyl acetate.
At the end of the process, the minimized dead yeast cell
“hulls” or “ghosts”, remained [49, 56, 62]. Despite the dif-
ferent processes of cell destruction and yeast extract release
described above, it is striking that the zinc content in the
yeast extract did not differ significantly following the three
disruption methods (ANOVA p value >0.05). According

to Nicola et al., the mineral zinc was bound at 30% in the
yeast cell wall mannoprotein fractions and is present at 56%
in the vacuole, at 5% in the cytosol and the rest in other
organelles [10]. The total zinc content per 100 g yeast dry
mass was 3.5 mg. The three methods released an average
of 2.2 mg zinc per 100 g yeast extract dry mass (Table 4),
which, for a cell wall proportion of approx. 30% [56], cor-
responds to a release rate of 63%. It is therefore likely that
the three disruption methods used in this study only released
the zinc from the vacuole and cytoplasm, while the zinc
bound to the mannoprotein was separated with the cell
walls via centrifugation. In addition, autolysis in which the
yeast’s own enzymes take effect, does not appear to cause
any additional dissolution of the zinc into the yeast extract.
This claim is supported by the results of Gaudreau et al.,
who were able to increase the zinc content in yeast extract
using cell wall-cleaving p-1,3-glucanase in autolysis [63].
The content of all the other analyzed minerals in the three
yeast extracts produced in this study did not differ signifi-
cantly either (Table 4). Consequently, the disruption method
makes no difference to the release of the other minerals ana-
lyzed. Comparing the values determined here with data from
Vieira et al. [1] and taking into account fluctuations in the
mineral content of the yeast that relate to the yeast strain,
fermentation medium and physiological condition of the
yeast [64], the respective values are comparable. Only the
zinc content reported by Vieira et al. is three times higher
than the values determined in this study, and equivalent to
that of the industrial product [1], which could be due to a
zinc-enriched fermentation medium. The increased content
of boron, cobalt, and strontium in the industrial product
deviated from the investigated yeast extracts, the reasons
for which are a matter of speculation. As Vieira et al. previ-
ously discussed the minerals chromium, molybdenum, zinc,
iron, and manganese in a yeast extract produced via cell mill
from spent brewer’s yeast, the yeast extracts produced via
autolysis and sonotrode are also suitable as a nutritional sup-
plement according to the standards of the National Academy
of Science [1, 65].

DNA and RNA

DNA (deoxyribonucleic acid) is found in the cell nucleus
and in the mitochondria. In transcription, the information
stored in the individual DNA genes are transferred to mRNA
(messenger ribonucleic acid) as required for translation (pro-
tein biosynthesis). If the yeast is fed into an autolytic pro-
cess, the yeast’s own enzymes cause the RNA to degrade
and produce, for instance, taste-active substances referred
to as 5'-nucleotides which can be perceived as an umami
taste [12]. The chemical formation and the process engi-
neering extraction of the 5'-nucleotides have already been
discussed in detail. Vieira et al. described the influence of
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Table 4 Mineral contents of the
yeast extracts produced using
different methods; no significant
difference between cell mill

vs. sonotrode vs. autolysis (p
value ANOVA >0.05) for all
minerals; data are expressed as
mean values + confidence limits;
dry weight (dw); not quantified
(Ng)

Cell mill Sonotrode Autolysis Autolysis
- Industrial
product
Macrominerals (mg/100 g dw)
Sodium (Na) 134.6 +14.3 117.6 +8.2 122.0+5.0 88.1+£0.001
Calcium (Ca) 200+1.5 184+1.3 17.9+0.6 16.4+£0.001
Magnesium (Mg) 695.5+31.7 640.3+20.0 556.4+174 210.2+0.001
Potassium (K) 4255.4+121.9 4118.1+101.1 3279.3+77.4 6248.7+0.001
Phosphorus (P) 3213.6+140.0 3102.9+108.1 3120.1+46.4 1621.2+0.001
Microminerals (mg/kg dw)

Aluminum (Al) 0.75+0.30 0.50+0.25 0.56+£0.13 0.49+0.01
Iron (Fe) 12.00+0.95 11.26+0.86 11.53+0.81 36.72+0.01
Copper (Cu) 7.84+0.78 6.59+0.52 6.43+0.27 2.21+£0.01
Manganese (Mn) 7.00+0.80 8.22+0.78 7.86+0.37 1.50+0.01
Zinc (Zn) 22.59+1.75 21.49+1.71 21.27+1.28 99.63+0.01
Silicon (Si) 90.00+10.00 101.22+12.00 117.20+7.77 73.01+0.01
Boron (B) 0.64+0.13 0.56+0.11 0.49+0.12 3.90+0.01
Barium (Ba) 0.35+0.07 0.33+0.07 0.32+0.04 0.04+0.01
Cobalt (Co) 0.07+0.07 0.07£0.07 0.05+0.05 2.52+0.01
Molybdenum (Mo) Nq Nq Nq Ngq
Strontium (Sr) 1.07+£0.04 1.04+£0.04 1.00+£0.03 2.65+0.01

various hydrolytic processes on the nucleotide composition
of a yeast extract previously obtained using a cell mill, as
well as the impact of the yeast starting material [12]. Zhao
et al. investigated the impact of manufacturing parameters
such as pH and temperature on the RNA-degradation prod-
ucts during autolysis [66]. In the yeast extracts produced in
different ways in this study, only the total RNA content was
determined photometrically and the extensive differentia-
tion of the degradation products was omitted as these have
already been sufficiently discussed by Vieira et al. and Zhao
et al. Total RNA in the yeast extracts amounted to an average
of 50 mg/g dry mass for the two mechanical processes, and
48.84 mg/g of the dry mass following autolysis. Based on
statistical variations in the production processes, this differ-
ence was not significant (¢ test p value >0.05). For a yeast
extract obtained using a cell mill, Vieira et al. determined a
total RNA content of 4% [1]. Additional hydrolytic treatment
produced values between 5.06 and 5.93% [12]. Following
autolysis (50 °C, pH 7), Zhao et al. identified a degradation
of the total RNA into ribonucleotides (88.8%), ribonucleo-
sides (8.8%), bases (1.4%) and oligonucleotides (1%) in a
yeast extract [66]. The total RNA content of the industrial
product investigated in this study was 5.5% (55.18 mg/g
yeast extract).

If the yeast extract is used as a culture medium to enrich
microorganisms from which DNA should be subsequently
extracted, DNA fragments from the original yeast extract
culture medium may contaminate the extracted target DNA
in any PCR analysis. It is also interesting to what extent
the DNA from the cell nucleus is released and present
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in the yeast extract, compared with the DNA from the
mitochondria, as a result of using the different disruption
methods. The reason for this is, for example, that spe-
cific genes need to be present and extracted in advance to
identify Saccharomyces cerevisiae (top-fermenting beer
yeasts) in the chromosomes of the mitochondria and of the
cell nucleus. In his study, Hutzler developed methods to
identify and differentiate yeasts (relevant for beverages),
which were primarily based on detecting certain DNA
target sequences using PCR systems (polymerase chain
reaction) [22]. To detect the industrially used yeast spe-
cies Saccharomyces cerevisiae and Saccharomyces pas-
torianus (lager yeast strain), one option is a Real-Time
PCR system, which uses the gene GRC3 (protein encod-
ing, SGD name: YLLO35W) as a target region, which is
on chromosome XII of the cell nucleus. The PCR system
GRC3 is specific for the species Saccharomyces cerevisiae
and Saccharomyces pastorianus. Another option is a Real-
Time PCR system that uses gene COX2 (gene encoding
for cytochrome c oxidase subunit II, SGD name: Q0250)
from the mitochondrial DNA as a target region [22]. The
PCR system COX2 is specific for the species Saccharo-
myces cerevisiae. During real-time PCR, PCR-products
were amplified using specific primers and fluorescent
probes, and the amplification curve intersects at a defined
fluorescence threshold, which is described as a Ct-value
(threshold cycle number) and is indirectly proportional
to the starting copy number of the DNA target sequence
[22]. If the Ct-values of the disruption methods are com-
pared (Fig. 3), the Ct-values differ significantly in both the
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Fig.3 Ct-values of real-time 35
PCR using the DNA target

sequences GRC3 and COX2 in 30
yeast extract (produced using

different disruption methods); 25

significant differences between

cell mill vs. sonotrode vs. v 20 I
autolysis (p value ANOVA %
<0.05) for GRC3 and COX2 >
(for results of the pairwise ¢ test, G 15
see text)
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m Cell mill

wv
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PCR systems GRC3 and the COX2 of the two mechani-
cally produced yeast extracts compared with the autoly-
sis Ct-value. No significant differences were detected
between cell mill and sonotrode. As the Ct-value for the
mechanically produced yeast extracts was lower than that
for the autolytically obtained yeast extract, a larger start-
ing quantity of DNA must therefore have been present
in the mechanically produced yeast extract. In contrast,
a portion of the DNA appeared to have been lost during
autolysis, which presumably may be due to the degradation
of the DNA by DNases. Using published PCR efficiencies
for the PCR systems GRC3 (86.9%) and COX2 (88.5%) a
1869¢ Clautotysis =Clectmintorsonawose) fold higher target DNA content
can be shown for GRC3 and a 1885 Cauolysis=Cleetniltorsonotroce)
fold higher target DNA content can be shown for COX2
according to calculations of Hutzler [22]. As a result, there
was a 418-fold or 357-fold higher target DNA content of
the cell nucleus (GRC3) and a 477-fold or 600-fold higher
target mitochondrial (COX2) DNA content in the yeast
extract after cell mill or sonotrode, respectively, in con-
trast to autolysis. Comparing the total DNA content of the
yeast extracts after the different disruption methods using
the NanoDrop method (spectrophotometrical determina-
tion) significantly more was measured in the mechanically
produced yeast extracts, too. An average of 20.56 mg DNA
per gram yeast extract could be released following dis-
ruption with the cell mill. For the sonotrode method and
after autolysis, the figures were 19.67 mg/g and 2.30 mg/g,
respectively. Zhao et al. previously stated degradation of
the total DNA during autolysis [66]. The total DNA con-
tent in an intact yeast cell is given as 0.1-1.5% of the cell
dry mass [66]. At a cell wall content of approx. 30% [56],
virtually the total DNA content was released from the cell
in both the mechanical processes. The low Ct-values of
the PCR systems COX2 and GRC3 for both mechanical
methods and therefore the high DNA release rates show

I
I
I :

COX2

Sonotrode Autolysis W Autolysis - Industrial product

that non-fragmented DNA (PCR product length) from the
nucleus and DNA from the mitochondria are in higher
concentrations in the yeast extract compared to that manu-
factured using the autolysis disruption method.

Glutathione, polyphenol content, and antioxidative
potential

In addition to enzymatic components of yeast such as super-
peroxide dismutase, catalase or glutathione reductase, the
antioxidative potential of the yeast can be attributed in
particular to various non-enzymatic antioxidants such as
vitamins, glutathione, mineral ions, phenolic constituents
or sulfurous amino acids [67]. For a homogenate of Sac-
charomyces cerevisiae, 85-95% of the radical scavenging
activity is based on a thermostable non-enzymatic frac-
tion [67]. Vieira et al. were able to increase the antioxida-
tive potential of the yeast extract produced via cell mill by
heating, whereby they determined 6 h and 40 °C to be the
optimum processing parameters using response surface
methodology (RSM) and traced this back to the release
of bound phenolic components [68]. For longer exposure
times under higher temperatures however, a negative quad-
ratic effect was detected in the contour plots of the RSM
model for the antioxidative potential. As a result of this, the
antioxidative potential was further reduced, presumably due
to degradation of various antioxidative substances such as
vitamins, phenolic components, amino acids and bioactive
peptides [68]. This process might also have occurred in our
study as the autolytically produced extracts in this paper
were exposed to a temperature of 50 °C for 24 h and have
correspondingly lower values for the antioxidative potential
than the yeast extracts using the cell mill or sonotrode (¢
test p value <0.05) (Fig. 4). The quantity of the bioactive
peptide glutathione and the total polyphenol content was
significantly reduced for the autolytically generated yeast
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extract compared with the mechanically produced extract
(¢ test, p value <0.05). Given a consistent starting yeast,
this is likely to have been caused by enzymatic degradation.
The increased release of sulfurous amino acids in autolysis
presumably only supplied a small proportion of the total
antioxidative potential as, according to Jacob et al., these
are present to a greater extent in a yeast extract produced
autolytically than mechanically (cell mill, sonotrode) [15].
The mechanically (vortexer) produced yeast extract in the
studies by Vieira et al. displayed, according to the determi-
nation method (FRAP, DPPH, ferricyanide reducing power),
an antioxidative activity of 1.3-2.6 mg TE/g dry mass and
was approximately doubled following autolytic optimiza-
tion [1, 68]. These values therefore are around ten times
lower than the values determined in this study. The various
yeast washing methods before the extraction process might
explain the differences in the antioxidative activity of the
yeast extracts. Vieira et al. debittered the yeast cells three
times with a phosphate buffer (pH 7) and the total poly-
phenol content was three times lower than in our study [1,
68]. The reduction potential of the yeast extract was also
tested along with the antioxidative potential. In each case,
both potentials displayed a significantly positive correlation
(R*=0.968).

Summary

In conclusion, the release of the functional substance groups
investigated in this study was dependent upon the performed
disruption method (cell mill, sonotrode, and autolysis). The
protein content (as not hydrolyzed in free amino acids) and
the trehalose, fat, B vitamin and DNA contents were signifi-
cantly lower following autolysis compared with the mechan-
ical process. The antioxidative and reduction potential was
also significantly lower following autolysis as a result of the
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degradation of polyphenols and glutathione. The mineral,
RNA, glycogen, glucose, fructose and ash contents did not
differ significantly. Therefore, the two mechanical methods
offer a good alternative to transfer especially valuable nutri-
tional substance groups to the yeast extract with low degra-
dation rates compared with the autolytic methods. The spent
yeast Saccharomyces cerevisiae TUM 68 presented a suit-
able starting product to produce the yeast extract using the
top-fermenting fermentation process performed in this study.
To what extent the variation of fermentation medium and
parameters during beer manufacture influences the potential
of the spent yeast as a starting product for producing yeast
extract will be addressed in further studies. The potential of
the cell wall constituents separated from the yeast extract
and referred to as “hulls” should also be evaluated.
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