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Abstract: The global craft beer market is witnessing substantial growth, with a particular spotlight on sour
beers. These unique brews are created through lactic fermentation initiated by lactic acid bacteria (LAB).
However, the presence of hops, renowned for their antimicrobial properties, can pose a limitation within the
realm of sour beer production. This research aims to explore and assess the potential of sour beer as a probiotic
beverage. It involves a comparative analysis of the viability of Lacticaseibacillus paracasei subsp. paracasei F19
(F19) and 431 (L431) in a sour beer with an International Bitterness Unit (IBU) value of 26.65, alongside
examining the expression of genes such as horA, horB, horC, hitA, bsrA, and recA, which are associated with hop
resistance. The study encompasses the development of two formulations of sour beers characterized by both
high hop content and a robust probiotic count (8.44 — 8.77 log CFU/mL). The findings suggest that both
probiotic strains of F19 and L431, are well-suited to produce sour beers with elevated hop levels, demonstrating
excellent stability. Notably, the expression of genes responsible for hops resistance exhibited distinct
modulation patterns among the two strains. It appears that a higher concentration of bsrA, as observed in strain
L431, may be more effective in mitigating the effects of hop-related stress, potentially surpassing the combined
expression of horA and bsrA. Nonetheless, further research is essential to validate this observation in gene
expression. F19 and L431 emerge as promising candidates for the development of sour beers with increased
hop intensity.

Keywords: craft beer; probiotic; gene expression; PMA-qPCR; RT-qPCR; microbiological resistance
to hops

1. Introduction

Beer is one the most popular beverages in the world. The boom of craft breweries, which began
in the 1980s in the United States, reached its pinnacle worldwide in 2016 and has since continued to
thrive, fostering competition both among large breweries and within the realm of smaller ones. In
2019, the United States achieved a significant milestone by hosting the largest number of small
breweries, boasting a total of 8,386 microbreweries, brewpubs, and regional craft breweries, each
contributing to a rich tapestry of over 20,000 distinct craft beer brands [1]. This remarkable feat
solidified the United States' position as the epicenter of microbrewery culture. Moreover, in this
country, the craft beer market was reported as representing a 13.6% market share in sales volumes
and a 25.2% market share in dollar sales [2]. In 2019, Americans spent $ 116 billion on beer, with $
29.3 billion on craft beers [3].

Over the past years, Brazil has witnessed a remarkable 91% surge in the number of breweries
[4]. Among the diverse array of craft beers, sour beers emerge as a standout category, primarily due
to their distinctive rustic charm. These beers are characterized by their extraordinary complexity,
brought about by lactic fermentation driven by lactic acid bacteria (LAB) [5]. Moreover, numerous
species of Lactobacillus are recognized for their probiotic qualities [6]. Probiotics are defined as "live
microorganisms that bestow health benefits upon the host" [7], and their well-established potential
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for promoting health is widely acknowledged [6]. Consequently, sour beers represent a compelling
choice for incorporating probiotic strains into their fermentation process.

Most sour beers are also known for their low hop (Humulus lupulus) content, and hops are known
to have antimicrobial properties [5]. They are also considered as beneficial to health [8], mainly
because of polyphenols in various chronic diseases, including insomnia and type II diabetes, and
xanthohumol (XN), which is being explored as an antimicrobial, anticarcinogenic, antidiabetic, and
anti-inflammatory agent [9].

Some sours beers with probiotics have been developed. Alcine Chan et al [10] promoted the first
study demonstrating the feasibility of using the probiotic Lacticaseibacillus paracasei L26 strain as
initial culture in the manufacture of beer. Silva et al [11] developed another sour beer with the
probiotic strain Lacticaseibacillus paracasei DTA-81. More recently, it has been demonstrated that
probiotic strains of Lacticaseibacillus paracasei subsp. paracasei F19 [12,13] and 431 [13] are strong
contenders for utilization in sour beer production, given their impressive survival rates. However,
these studies used normal amounts of hops, typically, not exceeding 10 International Bitterness Units
(IBU). According to the American Society of Brewing Chemists [14], one IBU is equivalent to 1 mg of
iso-at-acids per liter.

Although «a-acids are harmful to lactic acid bacteria (LABs), many of these bacteria have
mechanisms to for self-protection against these compounds. Among them, there are some genes that
are related to Hop-Resistance by the bacteria that grow in beer, which includes horA, horB, horC, hitA,
bsrA, and recA [5].

Therefore, this study aimed to evaluate the production of a sour beer with high hop, according
to Beer Judge Certification Program (BJCP) (https://www.bjcp.org/) for the specifications of a sour
beer content, using the probiotic Lacticaseibacillus paracasei subsp. paracasei F19 (F19) and 431 (L431)
strains for the lactic acid fermentation. Moreover, to evaluate the viability of the microorganisms
during the manufacturing process and storage, as well as to determine gene expression of genes
associated with hops resistance.

2. Materials and Methods

2.1. Cultures Employed

For the fermentation and brewery of sour beers, any bacteria or yeast that impart an acidic flavor
can be used. However, when using LAB, whether probiotic or not, to produce a sour beer, this beer
does not have a high quantity of hops, as its a-acids have antimicrobial effects [5]. Based on their
abilities and survival in other food matrices, the known probiotic strains of Lacticaseibacillus paracasei
subsp. paracasei F19 (F19) [12,13,15,16] and 431 (L431) [13,17], from Chr. Hansen (Hersholm,
Denmark), were chosen. The yeast Saccharomyces cerevisiae strain Safale US-05 (US-05) (Fermentis,
Marq en Baroeul, France) was used due to its features, including dry and balanced pure profile
brewery capacity with low amounts of diacetyl under an ideal temperature (18 to 28 °C) [18].

The strains activation was performed with two successive transfers from frozen probiotics (-80
°C) to the following media: DeMan, Rogosa and Sharpe (MRS) broth (Oxoid, Thermo Fisher Scientific,
Waltham, Massachusetts, USA) for F19 and 431 at 37 °C for 24 hours in anaerobiosis (AnaeroGen
Anaerobic System, Oxoid).

2.2. Formulation, and Brewery of the Sour Beer

Sour beers must not exceed 10 IBU (International Bitterness Units). However, as our objective
was to evaluate the survival of probiotic strains in high hop wort, a recipe with 29.65 IBU was
formulated. The beer formulations were designed by the BeerSmith™ software, with the following
parameters: final pH of 3.9, SRM (Standard Reference Method) 4, OG (Initial Gravity) 1.045, FG (Final
Gravity) 1.008, IBU (International Bitterness Unit) 29.65, and ABV (Alcohol by Volume) 4.0%. To
achieve these characteristics in two duplicate formulations (n=4), plus a control formulation (n=1 5
liters of must (1 L for each n) 50% (0.73 kg for 5 L) of Chateau Pilsen malt and 50% (0.73 kg for 5 L) of
Chateau wheat malt were used (both malt from Castle Malting, Belgian), with Saaz hop (BarthHaas
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Group®, Niirnberg, Germany) (3.0% a-acid) in the amount of 16 g to reach the IBU of 29.65 to 5L of
wort. The brewing process was divided in three steps: 1) 50 °C for 12 minutes; 2) 72 °C for 60 minutes;
3) 76 °C for 10 minutes (Figure 1).

Malt

Ho
wals  LAM4 3
oz NgIN 16g of Saaz
2 Y {3.0% of x-acid)
50% Pilsen  50% Wheat IBU 26.65

:> 50 °C for 12 minutes
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Boiled for

Mashing 60 minutes
Maturation Fermentation
and Saccharomyces cerevisiae US-03 L. paracasei subs. paracasei
Carbonation § milllions cells x’\ ‘y ‘y
or
ol ./ F19 431

8.0 log CFU/ml

13 °C for 2 days
4°C for 3 days
0°C for 4 days

Figure 1. Layout showing the brewing stages, which includes wort preparation, mashing,
fermentation and maturation and carbonation steps.

After mashing out and filtration, the wort was boiled for one hour with the addition of hops,
and then cooled to 37 °C. After cooling, the following strains were inoculated: one with F19 and other
with 431, reaching a pH of approximately 3.9. After the initial lactic fermentation, which lasted 24
hours, US-05 was inoculated, and the second fermentation carried out for 8 days at 18 °C, followed
by the maturation (2 days at 13 °C, 3 days at 4 °C, and 4 days at 0 °C) and carbonation (11 days at 24
°C) steps. During fermentation and other production processes, the pH was monitored by the
equipment Orion Three Stars (Thermo Fisher Scientific).

2.3. Determination of pH and Microbiological Analyses

The pH values were assessed with the Orion Three Stars equipment (Thermo Fisher Scientific),
using a penetration electrode, model 2A04-GF (Analyzer), in triplicate. The viability of the probiotic
strains employed in the sour beer was determined by plate-count and PMA-qPCR techniques on day
1 (24 h after the first fermentation), on days 8, 10, 13, 17, and 28, and after 30 days (58 days) of storage
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at 4 °C, which are critical periods due to changes in the brewery process. The S. cerevisiae US-05
viability was determined only by PMA-qPCR.

Each formulation was submitted to successive serial decimal dilutions in sterile saline solution
(NaCl, 0.85 g/100 mL), not only as a counter-test to PMA-qPCR, as well as to assess the strain stress.
The plates were incubated at 37 °C for 48 h in anaerobic conditions (AnaeroGen™ Anaerobic System,
Oxoid), after 1 mL aliquots of each dilution were pour plated in acidified MRS agar (Oxoid).

2.4. PMA Treatment and DNA and RNA Extraction

The Before performing DNA extraction, and so that only DNA from living cells would be
extracted, the samples were treated with PMA (propidium monoazide). PMA is an acid nucleic
intercalator which penetrates the damaged cells and form stable covalent high-affinity bonds with
DNA, following photo-activation exposure to strong visible light and, in this way, differentiate
between live and dead or membrane-damaged bacteria [19].

Cell pellets were collected by centrifugation (9000 g/10 min/4°C), washed twice with Tris EDTA
(TE) buffer (10 mM Tris-HCL, 1 mM EDTA, pH 8). Samples were treated with PMA in order not to
have an overestimated number of cells in the quantitative PCR (qQPCR) by amplification of dead cell
DNA [20]. In addition to binding to dead cell DNA, PMA also binds to sample RNA as it binds to
any nucleic acid [19]. Thus, for gene expression analysis, the samples were not treated with PMA.

DNA and RNA extraction were performed by the MagMAXTM kit (Thermo Fisher Scientific)
and DynaMag™-2 Magnet (Thermo Fisher Scientific) rack was used. Purity quality and concentration
of the nucleic acids were measured using a NanoPhotometer® N60 spectrophotometer (Implen,
Munich, Germany), and the integrity analyzed using a 1% agarose gel.

2.5. PMA-qPCR

The qPCR was performed using an ABI real-time system 7500™ (Thermo Fisher Scientific)
thermocycler with the followed amplification reactions: 12.5 uL of 2X Power SYBR® Green PCR
Master Mix Applied Biosystems™ (Thermo Fisher Scientific); 5 pL of the DNA sample, each primer
at the appropriate concentration of 100 nM, and q.s. ultrapure water to complete 25 uL. The primers
cycling conditions were as follows: initial step at 50 °C for 2 min and 95 °C for 10 min, and 40 cycles
at 95 °C for 15 sec and 60 °C for 30 sec. For Saccharomyces cerevisiae (0.7 mM of each respective
primer), the reaction conditions were as follows: an initial step at 50 °C for 2 min and 95 °C for 10 min
and 40 cycles of 95 °C for 15 s, 60 °C for 1 min and 72 °C for 30 s. Primers for F19 were designed
according to Sieuwerts and Hakansson [21], for L431 according to Byun et al. [22], and for the yeast
according to Zott et al. [23].

The standard curves were built with 10-fold dilution series of the genomic DNA isolated from
the pure cultures of F19 (genome size: 3,063,698 bp; GenBank: CP016355.1), L431 (genome size:
3,063,698 bp; GenBank: CP016355.1), and S. cerevisiae (genome size: 12,165,468 bp; GenBank:
ASM308665v1) from 100 to 1x108 genome copies per amplification reaction. The viable cell number
were determined by the comparison of the threshold cycle (Ct) of each sample with the standard
curves [20].

2.6. RT-qPCR for Expression of Hop Resistance Genes

For gene expression, Reverse Transcription followed by quantitative Polymerase Chain Reaction
(RT-gqPCR) were used with samples collected during day 2 of fermentation, where there would be
greater activity of probiotic strains. RNA was treatment using DNase I (Thermo Fisher Scientific) and
reverse transcription was performed using the High-Capacity RNA-to-cDNA Master Mix (Thermo
Fisher Scientific), following the manufacturer’s instructions. Next, qPCR was performed using the
ABI real-time system 7500™ (Thermo Fisher Scientific, Waltham) thermocycler and the SYBR® Green
PCR Master Mix (Thermo Fisher Scientific). The primers for the target messenger RNAs were
described by Bergsveinson et al [24]. The housekeeping gene 165 rRNA was used as an internal
control.
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The results were expressed as mean + standard deviation (SD). To quantify the viable cell
number, the Ct values were automatically converted to CFU equivalent/mL by the 7500 Real-Time
PCR System Software Applied Biosystems™ (Thermo Fisher Scientific).

2.7. Statistical Analysis

The homogeneity and normal distribution of the collected data were evaluated. Once a normal
distribution was found, the Student’s t-test was applied to compare two samples and, for three or
more samples, the Analysis of Variance (ANOVA) followed by Tuckey test was applied. Results were
considered as significantly different when p < 0.05 (significance level of 5%). Minitab software,
version 19, was used for the statistical analysis.

3. Results and Discussion

3.1. pH and Microbial Populations

The initial pH of the wort was 5.9 and it was reduced to 4.6 - 4.7 after the first fermentation (Table
1). To evaluate the pH, a control sample was used, in which no probiotic strain was inoculated, but
only the yeast US-05. At the end of brewery, this control formulation reached a pH of 4.2, while the
formulations with probiotic strains had a pH of 3.9 (Table 1).

Table 1. Variations of pH, microbiological count of lactic acid bacteria by MRS pour-plate agar (log
CFU/1 mL) and PMA (propidium monoazide) - gPCR (log equivalents CFU/mL), as well as yeast
Saccharomyces cerevisize US-05 populations (also by PMA-qPCR) throughout all production steps and
after one month (58 days) of storage.

Period (day)\ Control with Lacticaseibacillus paracasei F19 with Lacticaseibacillus paracasei 431
Formulation pH pH pour-plate PMA-qPCR Yeast count pH  pour-plate PMA-qPCR  Yeast count
0 5.9 5.9 0 0 0 5.9 0 0 0
1 5.9 4.6 5.57 +0.21 A 8.15 +0.08 A2 0 47 51140384  8.60+0.03 A2 0
2 4.8 43 3.65+0.74 A 8.91+0.09 A2 0 44 5.00+0.13%  8.55+0.11 42 0
8 4.2 3.9 3.63 +1.07 A 8.93 +0.0742 7.21+0.20 AP 39 3660464 824+0.34B8b  6.47+0.23B¢
17 42 3.9 5.51+0.45 4 8.90+0.1542  6.22+0.24 Ac 39 573+0.084 847+0.0642  5.77+0.154b
28 4.2 3.9 6.52+0.13 4 8.80+0.134b  5.87+0.34 Ac 39 646+0.134 831+0.04 B2 581+0.05 Ab
58 4.2 3.9 5.39 +0.26 4 875+0.14 A2 6.42+0.07 Ac 39 4910304 844+0.05 42 5.19+0.0642

A-F Different superscript capital letters in the same column denote significant differences (p < 0.05), comparing
the formulations with the same matrices, control (without juice), with passion fruit juice and peach juice. **
Different superscript small letters in the same row denote significant differences for each beverage between the
end of the fermentation (day 28) and storage (day 58) periods for a same viability counting procedure (p <
0.05).

In general, beer is an inhospitable environment to bacteria, due to its compounds and
characteristics, such as the presence of iso-a-acids, ethanol, low pH, high COz, and low O2 [5]. Using
ANOVA and comparing counts obtained by pour plating and by PMA-qPCR (Table 1), the PMA-
qPCR revealed much higher populations (p<0.05), indicating that, even with a satisfactory count, the
LABs were under stress, which is understandable, due to the high quantity of hops in the
formulations. This difference between pour-plate and PMA-qPCR counts is not surprising, as beer is
a stressful vehicle for bacteria.

The daily amount of probiotic ingested is still a matter of debate among scientific sources.
According to the government of Canada [25], a food product must contain a minimum level of 1.0 x
10° CFU/mL of one or more probiotic microorganisms.

In our study, probiotic cultures were stable throughout the production process and storage,
showing a population above 10 log CFU per daily portion of 350 mL in almost all steps. These
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formulations not only achieved the requirements to be considered beverage with probiotic potential,
but also show stability in the cultures used. There were no differences in populations between the
F19 and L431 strains by PMA-qPCR. Therefore, both strains have the same growth advantage and
are good candidates for fermenting hop beers.

Similarly, Alcine Chan et al [10] reported stability in yeast and LAB probiotic populations. The
authors concluded that co-culture of the probiotic strain Lacticaseibacillus paracasei L26 with S.
cerevisiae 5-04 in unhopped wort showed excellent growth and stability and the yeast performance
was not affected by the probiotic strain. Likewise, the growth of S. cerevisiae strain US-05 (US-05) in
our study was not affected. In addition, like the study performed by Dysvik et al [26], our data
showed that the LAB strains did not interference in the yeast growth.

3.2. A-Acids Stress and Hop Resistance Genes Expression

The presence of iso-a-acids was reported as inhibitory for bacterial growth [5]. The mechanism
of action of these acids is simple. As they are weak acids, they have an affinity for the cytoplasm of
bacterial cells and undissociated can cross the cell membranes of bacteria. Once in their cytoplasm,
they promote the release of protons and, consequently, the drop in intracellular pH, affecting the
metabolism of the entire cell [5].

Some strains are resistant to the antimicrobial actions of the hops [27]. This ability is due the
action of the specific genes here analyzed. In the gene expression analysis, Recombination Factor A
(recA) did not show any expression in both formulations. The expression of the other genes was well
evidenced in the two beer samples (Figure 2). However, with some differences among them: the
expression of Hop-Resistant B (horB) was observed to be absent in F19, while the expression of Hop-
Resistant A (horA) was absent and, of Beer-Spoilage Related A (bsrA) was significantly higher in 431
(p<0.05).

Gene expression
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[ horA
A ] hotB
< 34 el B -3 3 horC
o -1[ hitA
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=
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Figure 2. Relative expression of gene mRNAs related to hop resistance of Lacticaseibacillus paracasei
F19 and Lacticaseibacillus paracasei 431. A-C Different superscript between the two formulations (p <
0.05).

It is known that hops provide protection to beer due to the concentration of iso-a-acids, which
have a bacteriostatic effect [5,27]. Despite this imposed barrier, beer spoilage is not uncommon. These
genes, which confer hops or a-acids resistance, for our study are of great interest, even as genetic
molecular markers, since the strains here studied bring health benefits [16,17,28,29]. Among these
genes, horA and horC are considered the most important ones.
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The horA gene encodes an ABC transporter capable of expelling hop bitter acids from cells [30].
The horC gene encodes a proton motive force (PMF)-dependent multidrug effluence pump [31], and
bsrA as multidrug ABC transporters [32], that is, they are involved in the transport of compounds or
substances. On the other hand, horB is proposed as the transcriptional regulator of horC [24], but
evidence to confirm this function is lacking. Besides, the influx of hop bitter acids into the cell is
diminished by the contribution of horA and horC [5].

Despite several evidence and studies that point out their functions, the importance of these genes
is still discussed and questioned, and still not well understood [33]. For example, in Lactobacillus
brevi NBC strain UCCLB556, horA was found. However, this strain was described as unable to grow
with hops and the strain UCCLBBS124, which, on the contrary, was reported as growing in the
presence of hops, had plasmids with horA and horC, and not hitA [34]. Gene horA was not found in
any of the isolates in Lactobacillus rossiae strains isolated from beer, while horC was found in four
isolates and hitA in two [35].

There were no statistical differences in the populations comparing each group in the two
methodologies, the traditional plate-count method and PMA-qPCR (Table 1), at the end of the
production process (day 28). However, the plate-count method applied during the storage period
evaluated, showed a lower population for the F19 strain (p < 0.05), which may be evidence of stress.
Thus, the difference in the modulation of the expression of these genes may not only be associated
with the survival of the strains in the wort with hops, but the different genes expressed may have an
influence on the bacteria balance. Further studies are necessary to better understand the role of these
genes.

Despite this, as mentioned previously, the expression of bsrA is higher in L431, and horA is
present only in F19. The horA gene encodes an ABC transporter [30] and bsrA a multidrug ABC
transporter [32]. ATP-Binding Cassette (ABC) transporters are responsible for expelling toxins from
cells, and when found in bacteria they can confer antimicrobial resistance [36]. Interestingly, the a-
acids found in hops confer antimicrobial properties [5]. Thus, both horA and bsrA seem to perform
the same function, since they translate the same class of proteins. Both proteins play an important
role in expelling alpha acids from the bacterial cell. The expression of bsrA is practically double in
L431 compared to the same expression in F19, and horA expressed in F19. About this, we can think
in two hypotheses (Figure 3).

It seems that F19 can not sufficiently express bsrA and, therefore, it expresses horA, which has
a protein with the same function, to compensate for this bsrA insufficiency (Figure 3). The stimulus
for the expression of horA and bsrA happened simultaneously in F19 and, thus, shows that a higher
expression of bsrA, as in the case of 431, is more efficient in eliminating hop bitter acids. This can be
corroborated by the fact that the F19 population determined by the agar-plating method is lower than
that of 431 (Table 1) on day 2, and the PMA-qPCR counting method is the same between the two
strains (Table 1) in the same period, which can evidence that the F19 is more stressed.

doi:10.20944/preprints202403.0205.v1
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Figure 3. Graphic presentation of differentiated gene expression between Lacticaseibacillus paracasei
F19 and Lacticaseibacillus paracasei 431 strains, showing that increased expression of bsrA in L431 is

more efficient to eliminate hop bitter acids from bacterial cytoplasm than expression of horA and bsrA
miner expression in F19.

3.3. A new Hop Sour Beer Style?

According to the Beer Judge Certification Program (BJCP) (https://www.bjcp.org/), sour beers
are characterized by having a freshness and lactic acid flavor, low pH, and the vast majority do not
have much hop content. Most of them have an IBU up to 10 or 12. However, Flanders Red Ale and
Oud Bruin are the only ones that can reach an IBU of 25. So far, there is no sour registered that has
an IBU above 25 (Table 2). In this way, a beer with an IBU equal to 29.65 can be considered a very
hop beer, although it does not have the same content as most IPAs do, which are considered the most
hop beers. Even among the IPAs, there are those for which an IBU of 25 is acceptable, as in the case
of Brut IPA and Hazy IPA. However, it has a value that is within the acceptable range for a German
Pilsen and might be regarded as a beer with a pronounced hop flavor (Table 2) (BJCP).

As far as we know, this is the first study and the first evidence that bacteria can survive in beers
with high quantity of hops. It is known that the survival of bacteria together with hops depends on
their ability to expel a-acids from their cytoplasm, which are involved in membrane transport
mechanisms and pumps [5]. Thus, perhaps due to their ability to survive in the gastro-intensive tract,
some strains of probiotic bacteria may be the best candidates to survive in beers with more hops.

Table 2. Some beer styles recognized by the Beer Judge Certification Program (BJCP), separated by
category, and their parameters demonstrated. This table was formulated with data from the BJCP
(https://www .bjcp.org/), with the beer formulated in this study, which is not yet recognized.

Category  Beer style IBU SRM OG FG ABV (%)
Sour Berliner Weisse 3.0-8.0 20-3.0 1.028 - 1.032 1.003 - 1.006 2.8-38
Catharina sour 20-8.0 20-6.0 1.039 - 1.048 1.002 - 1.008 40-55
Lambic 0.0-10.0 3.0-6.0 1.040 - 1.054 1.001 - 1.010 50-6.5
Fruit Lambic 0.0-10.0 3.0-7.0 1.040 - 1.060 1.000 - 1.010 50-7.0

Gueuze 0.0-10.0 5.0-6.0 1.040 - 1.054 1.000 - 1.006 5.0-8.0
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Gose 5.0-12.0 3.0-4.0 1.036 - 1.056 1.006 - 1.010 4.2-48
Flanders Red
10.0-25.0 10.0-17.0 1.048 - 1.057 1.002 - 1.012 4.6-6.5
Ale
Oud Bruin 20.0 - 25.0 17.0-22.0 1.040 - 1.074 1.008 - 1.074 4.0-8.0

Pilsen German Pilsen 25.0-45.0 2.0-5.0 1.044 - 1.050 1.008 - 1.013 44-52

Bohemian
35.0-45.0 35-6.0 1.044 - 1.056 1.013-1.017 4.2-54
Pilsen
Indian Brut IPA 20.0 - 30.0 2.0-4.0 1.046 - 1.057 0.990 - 1.004 6.0-7.5
Pale Ale Hazy IPA 25.0 - 60.0 3.0-7.0 1.060 - 1.085 1.010 - 1.015 6.0-9.0
(IPA) American IPA 40.0 - 70.0 6.0-14.0 1.056 - 1.070 1.008 - 1.014 55-75
Black IPA 50.0 - 90.0 25.0 - 40.0 1.050 - 1.085 1.010-1.018 5.5-9.0
Belgian IPA 50.0 - 100.0 5.0-8.0 1.058 - 1.080 1.008 - 1.016 6.2-9.5
Brazilian  sour
Our study 10w 29.65 3.9 1.045 1.008 4.0
op

* Name suggested by the authors for the hypothetical style of sour beer developed in this study. Source:
https://www.bjcp.org/.

3.4. Final Considerations

In the production of a sour beer, therefore, little or no hops are used in its production. Some
specific styles, as demonstrated earlier, may contain a larger amount of these ingredients. This is
mainly due to the difficulty that most microorganisms have in growing together with hops. An
alternative would be the production of sour beers with hops added late, that is, during the
fermentation process. In this way, the release of a-acids during boiling is avoided [37]. However, this
methodology demands an increased maturation time and, therefore, a higher cost in each bottle that
is taken to the consumer.

The use of hop-resistant strains, in this case the probiotic strains Lacticaseibacillus paracasei
subsp. paracasei F19 and L431, not only can provide functional properties to the beer, but could also
accelerate the brewery of sour beers with more hops, and possibly making these beers cheaper to the
consumer. These strains are strong candidates to be used in the production of other sour beers, as
well as in the development of other beer styles in this category. In addition, the data presented here,
as far we know, is the first evidence of bacterial survival in formulations with an IBU greater than 29,
and the beer formulations here presented do not have parameters for any of the beer styles found in
the BJCP database. As a consequence, they are possibly new styles of sour beer.

It is a consensus that moderate consumption of beer brings health benefits [38]. Beer contains
components associated with health benefits, such as melatonin [39], hop xanthohumol (XN) [9] and
iso-a-acid [40], vitamin B, minerals, and flavonoids [41]. Hops also have medical properties. Several
studies have demonstrated the beneficial effects of molecules present in hops on weight gain, lipid
metabolism, glucose homeostasis, insulin sensitivity, and inflammation, acting on different targets
[42]. They have also been shown to improve gastrointestinal mucosal integrity and reduce systemic
endotoxemia in high-fat diet mouse models [42]. Allied to these benefits that a beer with a high
quantity of hops can provide, a beer with probiotics can provide even more benefits in the case of
moderate or low beer consumption.

5. Conclusions

This Two formulations of sour beers with both high hop and probiotic populations were studied
and we can conclude that the probiotic strains of Lacticaseibacillus paracasei subsp. paracasei F19 and
L431 are suitable to produce this high hop content beer, showing good stability. The expression of
the genes involved in hops resistance showed a different modulation between the strains. Possibly, a
higher amount of bsrA, which was found in L431, is more effective in reducing the effect of hop stress
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than a combined expression of horA and bsrA. In this way, L. paracasei subsp. paracasei F19 and L431
are both good candidates for developing higher hop sour beers.
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