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Abstract

Mixed fermentation is one of the methods used in sour beer production. The process requires initialization of the fermentation
step by well-planned addition of brewing yeast and lactic acid bacteria to slightly hopped wort. The final product’s properties
strictly depend on how the microorganisms are pitched and the initial wort composition. The experiment was performed
to evaluate the impact of different initial conditions and pitching methods on the mixed fermentation process and the final
product’s characteristics. With the aim of limitation of the number of experiments, the Box—Behnken design was applied.
Three independent factors were considered while obtaining the response surface: initial extract, bitterness and order of
pitching. The final product’s properties: ethanol and lactic acid concentration, appeared to depend strictly on initial conditions
and pitching order. Several important observations have been made; for example, it appeared that the presence of LAB does
not significantly impact the final ethanol concentration. Optimal conditions for obtaining the maximum or minimum of each
quality were calculated using Matlab. Obtained results might improve the sour beer production process while shortening the

duration and reducing the usage of ingredients.
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Introduction

The presence of lactic acid bacteria (LAB) in beer has been
an issue for ages, causing hard-to-avoid and irreversible beer
spoilage. Traces of their spoiling activity could be traced
even in beer bottles found in a shipwreck from the 1840s
[12]. However, after being isolated in 1873 by Lister, it
appeared that LAB can be used in many industry branches
and improve the quality of products [19]. LAB are mostly
applied in the dairy industry in the production of yoghurt,
buttermilk, etc., while pharmaceutical and food industries
make use of LAB's probiotic properties.

In the beer industry, LAB can be considered as spoil-
age microorganisms, whereas in some cases, the presence
of LAB is required to obtain certain types of beer, such as
sour beer, Belgian Lambic or Berliner Weisse.
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It is estimated that LAB are responsible for approximately
70% of beer spoilage cases, mostly caused by Lactobacillus
brevis and Pediococcus damnosus. Other strains—Lactoba-
cillus plantarum, Lactobacillus lindneri, Lactobacillus para-
casei and Lactobacillus buchneri—also appear in spoiled
products [9, 21]. Due to the fact that it is extremely difficult
to eliminate the presence of LAB, once contaminated instal-
lation might produce faulty products for many batches for-
ward despite strict hygiene in the brewery. An uncontrolled
presence of LAB in the brewery causes remarkable financial
and material losses, thus thorough cleaning of the installa-
tion and high-quality materials play a crucial role.

LAB's metabolites can deeply affect the taste and aroma
of beer thus spoilage of beer is difficult to overlook. The
main metabolite, lactic acid, is responsible for the remark-
able sourness of the beer. Other metabolites also leave their
trace in the product’s properties. The presence of diacetyl
gives the beer a butter-like aroma, while the so-called mousy
aroma is caused by 2-acetyl tetrahydropyridine and 2-ethyl
tetrahydropyridine. What’s more, LAB cells and heteropoly-
saccharides produced by them are the reason for the beer's
high turbidity [11].
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However, proper selection of LAB strain and intentional
addition of the microorganisms can result in a product in
which properties mentioned above (like remarkable sour-
ness) are strongly desired—so-called sour beer. Production
of beer characterized by sourness above average level has
been conducted for ages, for example in the case of Bel-
gian Lambic beer, where wild yeast strains are responsible
for beer’s characteristic properties. In the case of wild yeast
strains, LAB, and occasionally acetic acid bacteria (AAD),
complex combinations of flavour compounds produced by
them cannot be obtained in any other way—so obtaining
high-quality sour beer cannot be artificially done by the sim-
ple addition of acids. Well-thought application of microor-
ganisms can result in beers with a wide range of original
flavour profiles, highly demanded on the market [20].

Numerous methods of beer acidification have been
introduced in the breweries. For example, sour beer can
be produced from special malt, previously exposed to
LAB during malting. Here the most often used strain is
Lactobacillus delbrueckii. This method helps to avoid
further spoilage with unwanted microorganisms and lowers
the wort’s pH, which has a positive impact on enzymes’
activity in the further brewing steps [14].

“Sour mashing” includes pitching the wort with LAB
right after mashing. The wort is later left to ferment until
the demanded pH is obtained and then it is heated up to 78°,
filtered, and treated like normal wort in the following beer
production steps. In this method, LAB are eliminated during
wort boiling, so unwanted further spoilage is not possible
[3].

Sour beer can also be obtained during “kettle souring”,
where the wort is boiled without hops, cooled down and then
pitched with LAB. The mixture is left to ferment for 2448 h,
boiled with the addition of hops, pitched with brewing
yeast and left for further fermentation. Unfortunately, long
fermentation taking place in the kettle excludes it from being
used for other purposes, so unless other kettles are available
at that time, the production capacity of the brewery becomes
lower [8].

Another method of sour beer production is the so-called
“mixed fermentation”. A mixture of yeast (conventional
brewer’s yeast and/or non-conventional species) and lactic
acid bacteria is added to slightly hopped wort. However,
this method requires precise and thoughtful pitching of
the microorganisms, as the composition and organoleptic
properties of the beer strictly depend on the order of
introducing the microbes into the wort [17].

The composition of the mixed culture is essential.
Using fast-growing and/or fast-fermenting species like
Lactobacillus spp. and Saccharomyces spp. drastically
change the growth conditions in beer and affect the
occurrence of other microorganisms [3]. Using Pediococcus
spp. instead of Lactobacillus spp. cause the acidity to
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develop more gradually. This allows other species (for
example Saccharomyces spp. and Brettanomyces spp.) to
influence the flavour profile of the beer, making it more
complex [15]. Moreover, these species may produce different
aroma and flavour compounds if they are pitched as a single
culture than in a culture combination [10].

The pitching rate plays a crucial role in the mixed
fermentation process. It has been shown that adding the
bacteria before inoculating yeast allows one to obtain
appropriate lactic acid concentration and pH. Otherwise—
when yeast is added before LAB—the pH of the beer tends
to be higher, and the lactic acid content significantly lower.
What’s more, LAB are highly sensitive to hop compounds,
so strongly hopped wort might inhibit their activity. It has
been shown that Lactobacillus brevis shows the highest
resistance to hop compounds among other LAB [5].

The most challenging aspect of applying the mixed
culture fermentation method is to control the optimal balance
between the microorganisms involved in this process. The
added cultures might not always behave in the same manner
and it is not always simple to predict the outcome of the
fermentation. To increase consistency, brewers can use
dregs from previous, successful batches. However, it is
recommended to pitch fresh yeast together with the dreg
obtained from the previous batch because the bacteria in
preserved dregs tend to grow faster than the yeasts [1].

This work aims to evaluate the mixed fermentation
process with different pitching orders of S. cerevisiae and
L. brevis, wort sugar content and hop dosage to achieve final
products of various properties. Theoretical optimisation
using the Box—Behnken design method was carried out to
find the best way to achieve the extremal possible amounts
of lactic acid and ethanol concentration in the beer.

Materials and methods
Application of Box-Behnken design (BBD)

Wort properties (initial extract, bitterness) and order of
microorganisms pitching were chosen according to the
Box—Behnken design (BBD) method, which allows to organ-
ize, conduct and interpret the results by performing a lim-
ited number of trials. The BBD method makes it possible to
study the effect of various factors of the designs if, during
the experiment considering one factor, the other factors are
constant. In this case, three following independent variables
were considered: initial extract (14, 10 and 6° Plato), bitter-
ness (40, 30 and 10 IBU) and the order of pitching of the
microorganisms (Table 1). Process optimization was per-
formed using MATLAB® programme with Statistics and
Machine Learning Toolbox.
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Table 1 Properties of each sample prepared using the Box—Behnken Table 3 Values implied in Order of pitching Implied
design method MATLAB® and corresponding value

Sample Extract Bitterness Microorganisms Microorganisms

number (°Plato) (IBU) pitched on the 1st  pitched on the 3rd
day day
1 6 10 L. brevis, S. —
cerevisiae
2 6 40 L. brevis, S. -
cerevisiae
3 14 10 L. brevis, S. -
cerevisiae
4 14 40 L. brevis, S. -
cerevisiae
5 6 30 L. brevis S. cerevisiae
6 6 30 S. cerevisiae L. brevis
7 14 30 L. brevis S. cerevisiae
8 14 30 S. cerevisiae L. brevis
9 10 10 L. brevis S. cerevisiae
10 10 10 S. cerevisiae L. brevis
11 10 40 L. brevis S. cerevisiae
12 10 40 S. cerevisiae L. brevis
13 10 30 L. brevis, S. -
cerevisiae
14 10 30 L. brevis, S. -
cerevisiae
15 10 30 L. brevis, S. -
cerevisiae
Control samples
16 10 10 L. brevis -
17 10 10 S. cerevisiae -

For the calculations, the initial data shown in Table 2
were applied. The number after the letter “L” shows the
day when L. brevis was pitched, and the number after
the letter “S” shows the day when S. cerevisiae was
pitched, e.g. L1:S3 means that L. brevis was pitched on the
1st day and S. cerevisiae on the 3rd day, etc. For the cal-
culations in MATLAB®, the order of pitching was implied
as shown in Table 3.

Table 2 Initial data and corresponding to them BBD levels (—
1 =min, 1 =max)

Corresponding Initial extract  Bitterness Order of pitching
BBD level (°Plato) (IBU)

-1 6 10 L1:S3

0 10 30 L1:S1

1 14 40 L3:S1

to them microorganisms
pitching orders

L1:S3
L1:S1
L3:S1 3

Wort preparation

7 L of wort with an extract value equal to 16.6° Plato was
prepared using pilsner malt (Viking Malt, Poland). The
solution was later diluted to obtain samples with 14, 10
and 6° Plato. 500 mL of hop extract was prepared by mix-
ing 10 g of Marynka hop pellets (Browamator) with dis-
tilled water and boiling it for 1 h. Samples were prepared
by diluting the previously obtained mixture. The bitterness
of the initial mixture (in International Bitterness Units)
was measured by adding 0.5 mL of 6 M HCI and 20 mL
of isooctane to 10 mL of the sample. After centrifugation
(3000 rpm, 3 min), the absorbance of the organic phase
at 275 nm was measured [16]. Hopped worts of known
extract values were distributed into previously sterilised
0.5-L Erlenmeyer flasks and the samples’ properties are
as shown in Table 1.

Addition of microorganisms

Two microorganisms were used: Saccharomyces cerevisiae
(SAFALE™ US-05 from Fermentis, ODs5,=0.554 in
10 x dilution) and Lactobacillus brevis (NCTC 13386/
ATCC 8287, ODs5,=0.800 in 10 X dilution). L. Brevis was
selected basing on literature research, as it was described
to be the most resistant to beer-related environmental
stress factors [6]. 5 mL of each inoculum was added to
the wort as presented in Table 1. The 72 h difference
between applications of each inoculum was applied based
on the experiment which measured the impact of pitching
sequence on sour beer production performed by A. Ciosek
and others [5].

Fermentation process

The Erlenmeyer flasks containing the samples were covered
with rubber stoppers with fermentation tubes filled with
distilled water to apply anaerobic conditions, but at the
same time to allow carbon dioxide to be removed from the
flask. The samples were left to ferment at room temperature
and the fermentation process was run for 14 days until the
difference between extract values on the two following days
did not exceed 0.2° Plato.
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Physiochemical analysis

Samples were taken every day to monitor the progress of
fermentation according to the extract and density values.
Ethanol and lactic acid content were measured on the 14th
day of the fermentation process.

The apparent extract was measured using an optical
refractometer (Kerbl 1464). However, this method does
not consider the presence of ethanol and lactic acid, with
a refractive index equal to 1.36 and 1.43, respectively.
Therefore, this method was applied only to monitor whether
the fermentation is progressing or not.

The density of the samples is affected by the fermentation
products, thus it was measured along with the extract to
evaluate its progress. The density was measured using Anton
Paar DMA-38 Density Meter.

Ethanol concentration in the samples was measured
using a Shimadzu GC2014 gas chromatograph. The gas
chromatography process was carried out under the following
conditions:

Column: ZB-WAX plus, length=30 m

Injector temperature: 140 °C

Detector temperature: 200 °C

Temperature program of the column: from 85 to 200°
C, rate 25°/min, holding time of the sample in 200 °C:
1 min.

The retention time of ethanol was equal to approximately
2.79 min.

The lactic acid concentration was measured using a
Shimadzu UV-1800 spectrophotometer. The presence and
amount of lactic acid in the solution were determined, as
it reacted with iron(II) chloride forming yellowish-green
iron(IIII) lactate. The absorbance of the obtained solution
was measured using a wavelength of 390 nm and is
proportional to the concentration of lactic acid in the sample

(2].
Organoleptic tests

Samples taken from each final product underwent
organoleptic tests, which were performed by a group of 12
participants consisting of 6 males and 6 females aged 22-31.
During the blind test, participants were asked to analyse the
aroma and taste of each sample. Samples’ properties were
rated between 1 and 10, where 1 means almost or completely
unnoticeable and 10 stands for strong and dominant.
The following properties were analysed:

e Fruity

e Bitterness
o Sweetness
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Sourness
Sulphuric flavour
Refreshness
Yeasty flavour

For further purposes, the average value of test results for
each sample for each trait was taken into consideration.

Results and discussion
Physiochemical measurements

The final results of ethanol concentration (ABV) in the
samples (Table 4) show that in sample number 8 (initial
extract= 14, IBU =30, order of pitching: S. cerevisiae on 1st
day, LAB on 3rd day), the value was the highest and equal to
6.49%. In general, samples starting with the highest initial
extract and inoculated with yeast on the first day (either
alone or with LAB) resulted in the highest alcohol contents.
In the control sample, where only L. brevis was present (no.
14), trace amounts of ethanol were detected (approximately
0.16%). Comparing samples 9—15 and 16, which had initial
extract equal to 10° Plato, similar ethanol concentrations can
be observed. Therefore, it can be concluded that the presence
of L. brevis did not have any significant impact on its value.

The final pH values of each sample (Table 4) were acidic.
The sample with the lowest pH was number 3 (14° Plato,

Table 4 Final properties of the samples

Sample Final values
number ; .
Ethanol concentration pH Lactic acid
(ABV) concentration

(g/L)

1 2.37 3.64 3.07

2 2.56 4.55 0.81

3 4.94 3.41 10.25

4 5.83 3.94 4.28

5 3.07 4.01 1.77

6 2.49 4.36 1.05

7 3.57 3.73 3.49

8 6.49 4.32 6.35

9 3.96 3.50 542

10 4.07 3.76 3.81

11 4.64 391 3.14

12 4.46 4.45 1.69

13 4.38 3.84 3.56

14 4.38 3.84 3.60

15 4.38 3.83 3.51

16 0.16 4.44 2.61

17 4.30 4.32 1.80
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10 IBU, both microorganisms pitched on the 1st day), with
the value equal to 3.41. The highest pH was in sample num-
ber 2 (pH 4.55), with the initial extract equal to 6, 50 IBU
and both microorganisms pitched on the 1st day. It appeared
that a higher concentration of hop compounds results in less
acidic beer.

Sour beers available on the market have a pH value
between 3.0 and 3.9 [20]. Beer obtained by applying initial
values like in samples number 1, 3,7, 9, 10, 13, 14, and 15
would meet the commercial standards. These samples had
low to moderate IBU and most of them (excluding number
10) were inoculated with L. brevis on the 1st day (alone or
with yeast). According to the same criteria, samples with
low initial extract and high IBU would not be considered as
‘sour’, as their acidity did not fit in the scale.

The concentration of lactic acid in each sample on the
last day of fermentation is presented in Table 4. The highest
value (10.25 g/L) was obtained in sample number 3, where
the initial extract was the highest (14° Plato), and IBU
had the lowest value (10). Simultaneously, its pH was the
lowest. According to the literature, lactic acid concentration
in commercially available beers should be in the range of
3-6 g/L, so in the case of samples 3 and 8 the content of
lactic acid might be even too high to meet the commercial
standards [4]. The lowest lactic acid concentration was

Fig. 1 Graphical representation
of organoleptic test results for
samples with initial extract = 6 8
°Plato. Applied colours indicate
specific IBU values: IBU 10 =
light/dark green, IBU 30 = yel-
low/orange, and IBU 40 = pink/
purple

10

Yeasty Flavour

Refreshness

Sulphuric Flavour

Fig.2 Graphical representation
of organoleptic test results for
samples with initial extract = 10 8
°Plato. Applied colours indicate Yeasty Flavour
specific IBU values: IBU 10 =

light/dark green, IBU 30 = yel-

low/orange, and IBU 40 = pink/

purple 0

N

6

N

Refreshness

Sulphuric Flavour

=

measured in the sample number 2 and was equal to 0.81 g/L.
In this case, the initial extract was low (6° Plato), and
bitterness was relatively high (40 IBU), according to which
it can be stated that such conditions negatively affect the
efficiency of lactic acid fermentation. The presence of lactic
acid was confirmed in both control samples, including trace
amounts in sample number 17 with pure S. cerevisiae.

Organoleptic tests

Organoleptic tests showed that all beers were perceived dif-
ferently (Figs. 1, 2, 3). Each figure represents a group of
samples with the same initial extract value (6, 10 and 14,
respectively). In the case of the initial extract equal to 6°
Plato (Fig. 1), the samples appeared to have a rather bland
taste. Higher extract values (Figs. 2, 3) resulted in a more
complex flavour. Most of the samples showed significant
sourness. Samples with the lowest IBU (marked in green—
sample numbers 1, 3, 9, 10) appeared to have the highest lev-
els of perceptible sourness, which also responds to the fact
that these samples were the most acidic. The most height-
ened sense of sourness was observed in sample number 3,
containing lactic acid in the highest amount of 10.25 g/L.
None of the samples appeared to be significantly refreshing

Fruity Flavour

Fruity Flavour
10

Bitterness
1: LAB and YEAST: 1, IBU: 10, Extract: 6
=—7: LAB and YEAST: 1, IBU: 40, Extract: 6
=5: LAB: 1, YEAST: 3, IBU: 30, Extract: 6
Sweetness
6: LAB: 3, YEAST: 1, IBU: 30, Extract: 6
Sourness
Bitterness
—0: LAB: 1, YEAST: 3, IBU: 10, Extract: 10
10: LAB: 3, YEAST: 1, IBU: 10, Extract: 10
e 11: LAB: 1, YEAST: 3, IBU: 40, Extract: 10
Sweetness

e 12: LAB: 3, YEAST: 1, IBU: 40, Extract: 10
13-15 LAB and YEAST: 1, IBU: 30, Extract: 10

Sourness
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or bitter. Sulphuric and yeasty flavours were not precipitated
in any case. Surprisingly, higher IBU only slightly raised the
feeling of bitterness.

The Box-Behnken design method results

The BBD method was applied to calculate initial conditions
to obtain maximal and minimal ethanol and lactic acid con-
centrations in the final product. Calculated results are pre-
sented in Tables 5 and 6, and response surfaces generated
by the program are shown in Figs. 4 and 5.

Fig.3 Graphical representation
of organoleptic test results for
samples with initial extract = 12 8
°Plato. Applied colours indicate Yeasty Flavour 6
specific IBU values: IBU 10 =
light/dark green, IBU 30 = yel-
low/orange, and IBU 40 = pink/
purple

10

Refreshness N

Sulphuric Flavour

Table 5 The BBD method results for ethanol concentration

BBD results confirmed previously noticed correlation,
according to which low IBU (10) and high initial extract
(14) can lead to the highest concentration of lactic acid.
However, the calculated result (9.5 g/L) is slightly lower
than the highest result obtained during the experiment
(sample 3, 10.25 g/L). This difference might suggest the
imperfection of this method (Table 6). These values are
relatively high compared to the range of lactic acid con-
centration in commercial products, which is between 3
and 6 g/L [4].

On the other hand, high bitterness (40 IBU) and
similarly high extract (14° Plato) make ethanol the
more favourable product of mixed fermentation, with

Fruity Flavour

Bitterness
3: LAB and YEAST: 1, IBU: 10, Extract: 14
\ e=/1: LAB and YEAST: 1, IBU: 40, Extract: 14
Sweetness 7: LAB: 1, YEAST: 3, IBU: 30, Extract: 14
8: LAB: 3, YEAST: 1, IBU: 30, Extract: 14
Sourness

Initial conditions for maximal ethanol concentration

Initial extract (° Plato) Bitterness (IBU) Order of pitching

Predicted ethanol concentration (% vol.)

14 40
3rd day

S. cerevisiae pitched on the 1st day, L. brevis pitched on the

6.69

Initial conditions for minimal ethanol concentration

Initial extract (° Plato) Bitterness (IBU) Order of pitching

Predicted ethanol concentration (% vol.)

6 10
3rd day

S. cerevisiae pitched on the Ist day, L. brevis pitched on the 1.97

Table 6 The BBD method results for lactic acid concentration

Initial conditions for maximal lactic acid concentration

Initial extract (° Plato) Bitterness (IBU) Order of pitching Predicted lactic acid
concentration (g/L)
14 10 S. cerevisiae on the 1st day 9.5

L. brevis approximately 36 h later

Initial conditions for minimal lactic acid concentration

Initial extract (° Plato) Bitterness (IBU)

Predicted lactic acid
concentration (g/L)

Order of pitching

6 32

S. cerevisiae on the 1st day 0.19

L. brevis on the 3rd day
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its predicted concentration reaching up to 6.69% vol
(Table 5).

Conclusions

Mixed fermentation is a promising method to produce new
beer types. Our studies confirmed that L. brevis alone is
less sufficient to efficiently produce lactic acid from the
wort comparing to fermentation performed in co-culture.
Low lactic acid yield could be caused by end-product
inhibition observed previously in other LAB-involving
research [18]. It has also been proven that the growth
of Lactobacillus brevis is enhanced in co-culture with
Saccharomyces cerevisiae, as the yeast cells only partially
compete for the nitrogen sources with LAB, while
synthesizing and excreting essential and stimulatory
amino acids, which enhance the LAB cell yield [7]. Other
experiments considering mixed fermentation including L.
brevis and S. cerevisiae pitched simultaneously resulted
in lower pH than in case when L. brevis was pitched alone
[6].

The experiment showed that the order of pitching might
inflict the final alcohol content of the beer. This observation
may lead to the conclusion that beer with reduced ethanol
content can be obtained during mixed fermentation. In
some cases, co-fermentation using both microorganisms
resulted in beer with ethanol content not exceeding 4%,
with both satisfactory sourness and taste properties.
Apart from adjusting the pitching order, other researches
point out that while being pitched simultaneously, the
proportion between LAB and yeast in the inoculum often
plays a crucial role in the co-fermentation outcomes [13].
This adds another experimental factor to be considered in
the further research.

Presented work also showed that hop compounds
strongly affect LAB metabolism, which may be observed
by decreased lactic acid content in beers produced with
intensely hopped wort, which confirmed the results of
previous studies [6].

The outcomes of mixed fermentation are highly
dependent on the applied factors and to fully understand
the process and easily predict the final product’s properties,
another number of experiments needs to be performed.
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