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Zusammenfassung

Zusammenfassung

Biofilme sind in der Umwelt allgegenwartig. Ein Grof3teil des mikrobiologischen Lebens auf
der Erde existiert in als Biofilm gebundenen Lebensgemeinschaften. Die Zusammensetzung
von Biofilmen ist hoch variabel und abhdngig vom umgebenden Medium. Austausch
zwischen den besiedelten Spezies und die schitzende Matrix des Biofiims machen die
Lebensgemeinschaften hochgradig anpassungsfahig gegentber wechselnden
Umwelteinfliissen und Nahstoffangeboten und stellen damit einen echten Uberlebensvorteil
im Vergleich zu planktonisch vorkommenden Mikroorganismen dar.

Auch in Brauereien ist ein Grolteil der vorkommenden Mikroorganismen in Biofilmen
gebunden vor. Diese Biofilme sind Lebensraum und Brutstatte flir Mikroorganismen, die fir
das Endprodukt als unbedenklich gelten, als auch bierverderbender Mikroorganismen. Der
Aufbau und die Entwicklung von brauereigebundenen Biofilmen wurden insbesondere im
Abflllbereich in der Vergangenheit eingehend untersucht. Als Biofilm-startende
Mikroorganismen gelten dabei zunachst ubiquitar vorkommende Bakterien, die Oberflachen
besiedeln und durch ausgeschiedene Schleimstoffe sogenannte exopolymere Substanzen
(EPS) einen stabilen Film bilden, der weiteren Mikroorganismen ein Habitat bieten.
Insbesondere bierverderbende Laktobazillen und strikt anaerobe Bakterien wie Pectinatus sp
und Megasphaera sp. bendtigen ein sauerstoffreies Umfeld und im freien Medium nicht
vorhandene Nahrstoffe um zu wachsen. Im Mikrohabitat des Biofilms finden diese beide
genannte Faktoren. Viele Resistenzen gegen Antibiotika finden sich im Genom der Bakterien
auf Plasmiden codiert. So sind die fir die biozid wirkenden Hopfenbittersduren in Bier
verantwortlichen Resistenzgene HorA, HorB, HorC und HitA in Laktobazillen ebenfalls
plasmidcodiert. Da Bakterien in der Lage sind Plasmide Uber |Ihre eigene Spezies hinaus
auszutauschen, kénnen auch die Resistenzen zwischen verschiedenen Spezies Ubertragen
werden. Im raumlich engen Lebensraum des Biofilms ist ein solcher Austausch deutlich
begunstigt. Durch diese Faktoren sind Biofilme in Brauereien ein grof3es Risiko fir die
mikrobiologische Stabilitdt des Bieres.

In der betrieblichen Laborpraxis werden Biofilme Uber Indikatororganismen Uber
mikrobiologische Monitorings nachgewiesen. Dabei werden an kritischen Prozesspunkten
mikrobiologische Proben genommen und auf diese Indikatororganismen untersucht. Der
Nachweis erfolgt aber entweder quantitativ, wobei sich ein aufbauender Biofilm durch eine
Erhdhung der nachgewiesenen Keimzahlen &uRert, oder semiquantitativ. durch
Farbumschlag von Indikatorfarbstoffen und Veranderung des Testmediums in einer
vorgegebenen Zeit. Beide Methoden haben den Nachteil durch die notwendige
Bebritungszeit zeitaufwendig zu sein. Eine Veranderung des Produktes in seiner
Zusammensetzung kann zu einer Verschiebung in der Zusammensetzung des Biofilms

fihren und damit den Nachweis der Monitoring Systeme negativ beeinflussen. Ein in dieser
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Zusammenfassung

Arbeit behandeltes Beispiel fir eine solche Verschiebung stellt der Trend zu hopfenarmen
Bieren, sowie alkoholfreien Bieren und Biermischgetranken dar. PCR-basierte Methoden
sind in der Lage durch verkirzte Anreicherungszeiten den Nachweisprozess zu verkiirzen
und kénnen durch quantitative real-time PCR Methoden auch aussagen uber die quantitative
Verteilung einzelner Spezies liefern. Der quantitative Nachweis risikoorientiert ausgewahlter
Spezies hilft dabei den Reifegrad eines Biofiims und damit das Produktrisiko besser
einzuschatzen.

Der erste Teil der vorliegenden Arbeit behandelt deshalb den Nachweis, Identifizierung von
als potentiell bierschadlichen Milchsaurebakterien, namentlich Lactococcus lactis,
Leuconostoc mesenteroides, Lactobacillus rossiae und Lactobacillus acetotolerans als
Biofilmindikatororganismen in Weizenbier. Letztere wurden bereits als Schadorganismen in
schwach gehopften Biertypen wie Weizenbier beschrieben. Weiter wurde das initiale
Biofilmbildungspotential verschiedener Stamme der genannten Spezies untersucht. Anhand
des initialen Biofilmbildungspotentials und Bierschadlichkeit wurde eine risikoorientierte
Einteilung fur den Herstellungsprozess von Weizenbier und Biofilmreifung vorgenommen.
Dabei wurde ein Nahrmedium entwickelt und validiert, welches den spezifischen, schnellen
Nachweis der genannten Spezies ermoglicht, sowie real-time PCR basierte Nachweissyteme
der Einzelspezies entwickelt und validiert.

Ausgehend von der hohen Variabilitit des Biofilmbildungspotentials von Lactobacillus
rossiae und Lactobacillus brevis untersucht der zweite Teil die Varianz von Lactobacillus
brevis in seinen Genotypen, als auch in seinen Phanotypen, reprasentiert in (GTG)s RAPD
PCR Fingerprint, initialem Biofilmbildungspotential, als auch Wachstum in verschiedenen
selektiven Medien. Die dabei auftretende Vielfalt an heterogenen Clustern innerhalb der
Spezies konnte in einem Feldversuch in einer Brauerei Uber den kompletten
Produktionsprozess beobachtet werten. Die verwendeten stammdifferenzierenden Methoden
erwiesen sich dabei als wertvolles Werkzeug um Kontaminationen bis zu ihrem Ursprung
zuruckzuverfolgen.

Der dritte Teil behandelt Hefespezies, die als Bierschadlinge bekannt sind, als auch Hefen,
die bereits als biofilmbildend beschrieben wurden oder ubiquitdr im Brauprozess vorliegen.
Es wurde ein hefespezifisches Nachweismedium entwickelt und anhand der Spezies
Saccharomyces cerevisiae var. diastaticus, Saccharomyces cerevisiae TUM 68,
Saccharomyces pastorianus var carlsbergensis TUM 34/70, Dekkera anomala,
Wickerhamomyces anomalus und Rhodotorula mucilaginosa validiert. Das Nachweismedium
wurde zur schnellen Detektion und Identifikation mit spezifischen real-time PCR basierten
Nachweissystemen kombiniert, fir R. mucilaginosa wurde diese de novo entwickelt und

validiert. Anhand Wachstum in verschiedenen selektiven Medien, Produktschadlichkeit und
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Zusammenfassung

Biofilmbildungspotential wurden die genannten Spezies in Produktschadlichkeit und

Biofilmreifestadium kategorisiert.

15



Summary

Summary

Biofilms are ubiquitous in our environment. Most of the microbial life on earth exists in
communities, bound as biofilm. The composition of biofilms is highly variable and depends on
the surrounding medium. Exchange between settling species and the protecting matrix of the
biofilm makes these communities highly adaptable to changing environments and nutrient
supply, which gives them a survival advantage over planktonic living microorganisms.

In breweries, most of the occurring microorganisms are also bound in biofilms. These
biofilms are a habitat and breeding ground for microorganisms, both those of no concern for
bottled beer, and microorganisms known for beer spoilage. The structure and development of
brewery-based biofilms, especially in the filling department has been reviewed in detail
previously. Microorganisms that start biofilms include ubiquitous bacteria, which colonise
surfaces and form a stable film by excreting slimy substances referred to as exopolymeric
substances (EPS), and this film provides a habitat for other microorganisms. Beer-spoiling
lactic acid bacteria and strict anaerobic bacteria such as Pectinatus sp. and Megasphaera
sp. in particular need an oxygen-free environment and nutrients for growth that are
unavailable in the free medium. The microhabitat of the biofilm provides both factors. Many
resistances to antibiotics are coded within plasmids within the genome of bacteria. The
resistance genes against the biocidal hop bitter acids HorA, HorB, HorC and HitA are also
coded in plasmids. As bacteria are able to transfer plasmids between species, resistances
can also be transferred between species. In the restricted space of the biofilm, such
exchange is promoted. Through these factors, biofilms in breweries are a great risk to the
microbiological stability of beer.

In brewing laboratory practice, biofilms are detected via the microbial monitoring of indicator
germs. Microbiological samples are taken at critical process points and analysed for indicator
organisms. Detection is quantitative with growing cell numbers representing the build-up of
biofilm or semi quantitative, evidenced by a colour change in the indicator dye of the test
medium over a defined time. Both methods have the disadvantage of being time consuming
with a necessary incubation time. A change in product composition may result in a drift of
species composition within the biofilm, leading to a potentially worse detection in monitoring
systems. An example presented in this paper for such a drift is the trend to less hoped beer
types, as well as alcohol-free beer types and beer mix beverages. PCR-based methods may
accelerate the detection by shortening the incubation time and can provide hints about the
quantitative species distribution, using quantitative real-time PCR methods. The quantitative
detection of selected risk-orientated species, helps to categorise maturity and therefore the
product risk of the biofilm.

The first part of this paper exams the detection and identification of lactic acid bacteria,

classified as potential beer spoiling, in particular Lactococcus lactis, Leuconostoc
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mesenteroides, Lactobacillus rossiae and Lactobacillus acetotolerans as indicator organisms
for biofilms in Bavarian wheat beer. The latter two have already been described as spoilage
organisms in low-hopped beer types and Bavarian wheat beer. The initial biofilm formation
potential of various strain isolates of the named species was analysed. A risk-oriented
categorisation of the wheat beer process and biofilm maturity was performed based on
biofilm formation and beer spoilage. A detection medium was developed and validated for
specific and fast detection of the species named above and combined with de novo
developed and validated real-time PCR-based species-specific detection systems.

Starting from the observed high variance of the biofilm formation potential of Lactobacillus
rossiae and Lactobacillus brevis, the variance of Lactobacillus brevis in genotype and
phenotype was surveyed represented by its (GTG)s RAPD PCR fingerprint, biofilm formation
and selective growth media. The observed diversity of heterogeneous clusters within the
species was also observed in a field study across the entire production process within a
brewery. The used strain differentiation methods proved to be valuable tools to track the
source of a contamination.

In a comparable setting, yeast species that are known for beer spoilage were investigated, as
well as species described as biofilm forming or ubiquitous in the brewing process. A yeast-
specific medium for hygienic monitoring was developed and validated with strain isolates of
the species Saccharomyces cerevisiae var. diastaticus, Saccharomyces cerevisiae TUM 68,
Saccharomyces pastorianus var carlsbergensis TUM 34/70, Dekkera anomala,
Wickerhamomyces anomalus und Rhodotorula mucilaginosa. The medium was combined
with real-time PCR-based detection systems for the named species. The real-time PCR
detection system for R. mucilaginosa was developed de novo and validated. The named
species were categorised for product spoilage and biofilm maturation stage according to

growth tests in selective media, product spoilage and biofilm formation potential.
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1. Introduction and motivation

1.1. Biofilm definition and structure

Most microbial life on earth does not exist as planktonic, free cells, but is agglomerated in
biofilms. Biofilm is a loose definition for microbial communities that normally settle at the
border between aggregates of media, are surrounded by highly hydrated extracellular
polymeric substances (EPS), and can be attached to surfaces or free-floating flocs [38].
Biofilms are anthropocentrically described as “cities of microbes” [40, 146] with the
surrounding matrix being the “house of biofilm cells” [39, 40]. It has even been proposed that
biofilms were the first living form, moving prebiotic gel to the position of first living biofilm
[136]. The first reference of biofilm as a microbiological source of slime in paper production
was in 1931, describing the structure of biofiim as an enmeshed mass, containing many
bacterial organisms [9]. Later, the biofilm was reported to be part or product of the bacterial
cell [160]. Biofilms come in various forms and consistencies, all with one goal: to immobilise
the cell community and sustain a long-term diverse mixed species community with its
interactions and gradients as a small-scale habitat with an external digestion system created
by secreted enzymes, cooperation and competition between inhabitants [38, 40]. EPS make
about 90 % dry substance of biofilms, giving them their 3-dimensional structure and trapping
extracellular enzymes close to the cell [38]. EPS present a dominant part of bound carbon in
soil, sediment and suspended matter in water, where they play an important role in the
microbial ecology and nutrition among other functions [24-26, 37, 38, 40, 90]. The formation
and structure of the microbial community that a biofilm represents, is strictly dependent on
EPS production, composition and concentration [38, 40, 121]. The concentration, cohesion,
charge, sorption capacity and composition of EPS, as well as their 3-dimensional structure
determine the biofilm [38]. EPS, originally called ‘extrapolymer saccharides’ and later
renamed when more information was gathered on their consistency, are a collection of
various biopolymers, such as polysaccharides, proteins, lipids, humic substances and nucleic
acids, and are mostly self-produced by the cells [38, 151]. The components of the biofilm
matrix are not just a heap of macromolecules, they fulfil many important functions [35, 40].
Exopolysaccharides are still the major fraction of EPS [42, 153]. The complex network of
polysaccharides attached to the cell surface was visualised using electron microscopy and
confocal laser scanning microscopy (CLSM) combined with fluorescence dyes [76, 87, 151]
or antibodies [87, 156]. Another approach is the combination of CLSM with Raman
microscopy or Surface-Enhanced Raman Scattering (SERS) for a more in-depth analysis of
EPS [62-65, 81, 82, 92, 143, 148]. One of the most-studied exopolysaccharide is alginate,
produced, for example, by Pseudomonas aeruginosa, which is not essential for adhesion, but

has an remarkable influence on biofilm formation of the originating species, as well as on
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non-mucous species. The modification of alginate with acetyl groups, which are common
substituents of exopolysaccharides, strongly increases the aggregation of bacteria and the
structure of mature biofilms [38, 41, 120, 129]. The presence of alginates are also described
as something that enhances Saccharomyces sp. brewing yeast strains [154]. Another
common exopolysaccharide with a heavy influence on the biofilm formation of various
species is cellulose [105, 137, 144, 153, 161]. The biofilm structure can be further secured
under the influence of multivalent cations as Ca®', which can act as a bridge between
polyanionic alginate molecules [73]. Most exopolysaccharides are polyanionic (e.g. alginate,
xanthan, colanic acid) but there are some that are polycationic due to intercellular adhesion
[48, 68].

Extracellular proteins may exceed the mass of exopolysaccharides in the biofilm matrix [18,
42, 67]. Diverse extracellular enzymes can be found in the EPS matrix, many able to degrade
biopolymers. The degrading products may be absorbed as nutrients [38, 153, 159], while
some enzymes seem to be involved in degrading structural EPS, enabling detachment of
microorganisms from the biofilm [77, 150]. The detachment can be induced by starvation [47]
or nutrient availability [109], resulting in enzymatic modification of the biofilm matrix [109].
Other enzymes are an integral part of microbial corrosion [15]. The extracellular enzymes are
effectively retained within the biofilm by the interactions with exopolysaccharides [150, 151].
Extracellular DNA, long thought to be material from lysed cells proved to be an integral part
of the biofilm matrix [152] and biofilm life cycle [84]. Due to its similarity to genomic DNA, the
origin may be genomic DNA from lysed cells [114], but some species show distinct
differences [11] so active excretion cannot be excluded [38]. The role of extracellular DNA
can vary from being a major structural component to playing a minor role in the biofilm
matrix, even between closely related species [66, 128]. The importance of extracellular DNA
was observed in species from Rhodovulum, which produce EPS that consists of
carbohydrates, proteins and nucleic acids [145]. The importance of structural integrity of the
biofilm matrix was shown by treating Pseudomonas aeruginosa biofilms with nucleolytic
enzymes, resulting in deflocculation. As neither degrading polysaccharides or proteins
showed this effect, extracellular DNA functions as a connector between biofilm cells [158]
and inhibits biofilm formation of the same species [149]. A comparable function of
extracellular DNA was observed with Bacillus cereus [142]. Abiotic effects were observed as
an additional function of extracellular DNA by chelating cations and denaturation of
lipopolysaccharide and outer membrane, leading to cell lysis [85]. The exocellular DNA can
vary in localisation and structural orientation in the biofilm matrix from grid-like structures [1],
filamentous network [11], dense networks and thicker ‘ropes’ [70]. Further, eDNA may protect
cells against antimicrobial effects, as shown with Pseudomonas aeruginosa against

aminoglycosides [17].
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Hydrophobic components of the EPS help to adhere to Teflon or waxy leaf surfaces [88]. The
hydrophobic character is related to polysaccharide-linked methyl and acetyl groups [86].
Lipids can also be found within the matrix itself [18] and are essential for surface adherence
[106, 108, 127].

Water is the biggest mass compound of EPS, providing a highly hydrated, slow-drying
environment [38]. Bacteria are actively producing EPS in response to desiccation [104].

The EPS composition can vary greatly between biofilms, depending on species composition,
temperature, shear forces and nutrients [139, 151]. Pili, flagella and other extracellular
structures can also stabilise the biofilm [38, 161]. While the precise interactions of the integral
polymers are not well described, some functions of EPS have been determined. Besides
their influence on the three-dimensional structure of the biofilm, EPS have various functions
and benefits for the microbial community. EPS are important for the adhesion to inert
surfaces and therefore for the first step of biofilm formation. Related to this, EPS can also
establish cell-cell connections [38]. Analyses with stained lectins and confocal laser imaging
microscopy to differentiate various biofilm inhabitants and EPS, showed segregated
microdomains, provided by the physical EPS structure [76]. These areas represent different
biochemical environments, modified enzymatically to changing conditions. Chemical activity
may be investigated spatially, using a combination of confocal laser scanning microscopy
and Raman microscopy [38, 143]. This was used to monitor substances that were relevant
for quorum-sensing activity within biofilms [94]. The EPS provide a highly porous matrix with
a water phase, enabling an external digestive system using versatile extracellular enzymes to
immobilise cells in close proximity. Cells of the biofilm community are embedded within EPS
and EPS-forming capsules in particular, which are associated with the cell wall and influence
the environment closest to the cell [121]. The matrix also keeps cell debris and lysed cells as
nutrients within the community, while the EPS can be used as nutrients on their own [38].
Vesicles can carry various enzymes and biomolecules within the pore network, altering the
matrix properties, sometimes with an abiotic effect on competing organisms [112]. The cell
debris includes DNA, which can be ingested and partly included into the genome via
horizontal gene transfer, providing a vast gene pool [38, 84]. The EPS matrix may work like a
molecular sieve, binding ions, lipophilic substances and particles from the watery phase [36].
Once excreted, EPS may be altered by degradation, variation on composition, post-
excretional addition of substituents, molecular structure or others as a reaction to external
influences [34].

Many EPS form viscous gels that are linked by ion bonds and display varying gelling
behaviour. Highly viscous EPS gels can even reform their 3D-structure after deformation by
shear forces [120]. It may even react to increasing shear stress by forming ripples and rolling

along a surface [95], which has been explained by the quorum-sensing controlled secretion
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of biosurfactants [22]. The EPS highly influence the biofilm by their concentration, polarity,
sorption and indirectly over viscosity, pores and channels [38]. The EPS work as a barrier
against oxidation, charged biocides, some antibiotics and metallic cations [38, 40]. When
drying out, bacteria strongly produce EPS [104] and the surface EPS layer hardens,
protecting the deeper layers of desiccation [38, 120]. The selective pressure caused by
competition and cooperation within the biofilm appears to be an evolutionary benefit for
polymer producers over non-producers and favours biodiversity [38, 157]. Desiccation seems
to be the condition in which all members of the biofilm community, those that produce and
don’t produce EPS, benefit from the EPS matrix [96]. EPS are not restricted to bacterial
biofilms, but can also be found in microalgae [19], yeasts [7, 16, 141] and moulds that are
involved in flocculation, adhesion and biofilm formation. The growth of heterotrophic bacteria
that can use EPS as a substrate is supported [38]. EPS often influence biofilms far longer
than they actually exist in their original form, as they merge into a complex three-dimensional

matrix structure, inhabited by various species [26, 38].

1.2. Biofilm development

There are many different models that show how the detailed biofilm development takes
place, but they all have 4 phases in common: 1. Surface conditioning, 2. Initial adherence, 3.
Physical irreversible adherence, involving the production of macromolecules, 4. Cell growth
and formation of microcolonies and coaggregations, which leads to an established biofilm [3,
14]. An important step in the initial biofilm formation is the depolarisation of the surface by
positively charged polymers, enabling cells that cannot normally attach, to adhere to surfaces
as steel or plastic, which can be enhanced by EPS [115, 154]. Yeast biofilms and bacterial
biofilms develop similarly, but dimorphic yeasts such as Candida albicans and S. cerevisiae
can form monolayers of spherical cells, as well as pseudohyphae during biofilm maturation
[44]. Yeast are able to grow initially on inert surfaces as plastic [101] or stainless steel [14] or
can colonise existing biofilms of fungal [147] or bacterial [69] origin.

A very interesting part of the EPS are adhesins as Flo11/Muc1 flocculin in Saccharomyces
cerevisiae and Saccharomyces cerevisiae var. diastaticus, which can be very variable in its
phenotype and is seen as being responsible for the formation of pseudohyphae, surface
adhesion, agar invasion and biofilm development [33]. Depending on the expression of
Fo11p, the mannoprotein is able to anchor cells expressing FLO11 to other cells or surfaces
[33]. Flo11p increases the hydrophobicity of the cell wall, making it easier to adhere to
hydrophobic surfaces such as stainless steel or plastic [101]. The mechanism is also present
in Saccharomyces cerevisiae ssp. used in industry. The expression of FLO11 and the
controlled cell adhesion was studied in baker's yeast and was the most expressed in
reduced-glucose medium, while N-starvation of the culture triggered the formation of

pseudohyphae, the expression of FLO11 was suppressed by glucose [101]. Depending on
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the FLO11 expression, a similar mechanism for the biofilm formation of Saccharomyces
strains used for brewing seems possible with a low fermentable sugar concentration.
Epifluorescence microscopy was used on biofilms located on stainless steel using staining
dye methods to visualise and quantify biofilm formation. For example, Concanavalin A can be
used to stain EPS while DNA-staining dyes such as SytoBC or acridine orange that stain the
nucleus mark the cell positions within the biofilm [44, 52, 116]. The quantitative biofilm
formation was also observed using spectral photometric cell-culture-staining methods [133].
Within a biofilm, complex communities with multiple species can develop physiochemical
gradients and produce microhabitats. Intense cell-cell communication, as well as horizontal
gene transfer can happen between cells, making biofilms highly competitive and complex
environments [38, 84]. A critical biofilm stage is the distribution of sessile cells from the
biofilm, which enables new biofilm formation. The degradation of the binding EPS, which
stabilise the biofilm, is induced by extracellular enzymes, segregated by the biofilm-inhabiting
species as a reaction to environmental changes such as nutrient starvation or sudden
nutrient availability, which requires a rearrangement of the biofilm matrix. The complex
biochemical inte-cellular communication system that causes biofilm matrix deformation is
called quorum sensing [38, 99]. An example of this complex adhesion and detachment
regulation is the role of cyclic di-guanosine monophosphate (c-di-GMP), which works as a
secondary messenger, stimulating the synthesis of adhesins and EPS substances across
many species. It also inhibits forms of motility and therefore controls the transition between
planktonic and biofilm life. The synthesis and degrading of c-di-GMP can be triggered by
environmental signals [35, 49, 51]. Under starvation, the intracellular concentration of c-di-
GMP, for example, in Pseudomonas putida changes the activity of protease LapG, resulting
in lysis of the amyloid-like proteins, anchoring the cells to the surface. Thus the cells become
motile and can change position [35, 46, 155]. In comparison with this reaction, some bacteria
produce eDNA or polysaccharide-degrading enzymes, resulting in the polymeric breakdown
of the biofilm matrix [35, 79, 80].
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1.3. Biofilms in breweries

In breweries, especially in the filling department, areas that are difficult to access for cleaning
and disinfection and dead ends are a perfect environment for biofilm formation. Areas in
direct product contact in particular enable beer-spoiling bacteria to adapt to the hostile
environment of beer as a medium [5]. In the brewery environment, the spectrum of species to
be found in biofilms can be quite variable, dependent on the process step and therefore the
substrate available in the microbial habitat. Indirect weak spots are often richly populated
with common slime-forming species such as Pseudomonas sp., Enterobacteriaceae, yeasts
especially Rhodotorula sp. and moulds [5]. Bacteria of the genera Pseudomonas,
Enterobacter, Klebsiella, Alcaligenes, Flavobacterium, Lactobacillus, Bacillus and
Arthrobacter can be found, for example, on conveyor belts. Yeasts of the genera
Saccharomyces, Candida, Rhodotorula, Cryptococcus and Trichosporum and moulds of the
genera Cladosporium, Penicillium, Geotrichum, Trichiderma, Mucor, Hormonconis,
Aureobasidium, Moniliella sp. and Paecilomyces are also reported to form slimy biofilms [5,
8, 78, 131-133, 135]. In places in direct beer contact, acetic acid bacteria such as
Acetobacter sp. and Gluconobacter sp. are often described as being the dominant slime-
forming group [5]. Within biofilms related to brewery environment, beer-spoiling bacteria such
as Lactobacillus brevis, Lactobacillus lindneri, Pediococcus pentosaceus, can be found as
well as the potentially beer-spoiling lactic acid bacteria Lactococcus lactis and Lactobacillus
paracasei [78, 116, 131]. The latter being able to strongly bond to surfaces [116]. Isolates of
Lactobacillus brevis, Lactobacillus lindneri, Pediococcus pentosaceus and Lactococcus lactis
were observed to form weak biofilms, while non-beer-spoiling genera as Acetobacter,
Enterobacteriaceae and Pseudomonas could form strong biofilms that were highly resistant
to peracetic acid [78]. Some later studies were not able to detect acetic acid bacteria as initial
biofilm starters from brewery isolates at all. Isolates thought to be acetic acid bacteria
according to morphology, acid formation and aerobic growth, turned out to be
Enterobacteriaceae [116, 131, 135]. While acetic acid bacteria tend not to have spoilage
potential in beer, they and some Enterobacteriaceae such as Hafnia sp., Obesumbacterium
sp., Klebsiella sp. and Citrobacter sp. were reported to be associated with the spoilage of
unfermented and fermenting wort [91, 98, 138]. Wickerhamomyces anomalus could be found
as one of the first biofilm colonisers with quite strong biofilm-forming potential [116, 133]. This
is interesting because the weak fermenting yeast is quite common in the brewing and
beverage environment and is categorised as a potential beer-spoiling organism [2, 6, 75].
Additionally, Wickerhamomyces anomalus is able to produce toxins, Killing other yeasts [75].
Yarrowia lipolitica can also be found in biofilms from breweries [116]. Some Saccharomyces
cerevisiae strains used in rice wine are known to form mixed biofilms with lactic acid bacteria,

specifically Leuconostoc mesenteroides and Lactobacillus casei, which are also known to
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appear in a brewery environment [2, 4, 6, 43, 72]. The biofilm-forming potential is highly
strain and substrate dependent and [115] fermentable sugar and sweeteners generally
enhance biofilm growth [116]. It was also observed that some species such as
Saccharomyces cerevisiae appear to form biofilms not as a single culture, but need
metabolic products from other species (e.g. lactic acid bacteria) [43, 72]. The biofilm-
formation potential in biofilm-forming Saccharomyces cerevisiae var. diastaticus was shown
to be connected with the yeast flocculation gene Flo11/Muc1, which seems to have a special
phenotype in biofilm-forming strains and is more strongly expressed in glucose-deprived
media [33]. Comparable gene expression reactions to starvation situations, leading to the
formation of pseudohyphae and adhesins by expression of Flo11 and Flo8 were observed in
bakery Saccharomyces cerevisiae strains [101]. Oxygen distribution within biofilms is not
homogeneous and may result in anaerobic pockets, with aerobic microorganisms consuming
oxygen faster than is resupplied by diffusion [21].

The anaerobic environment within these biofilms enables growth that is protected from
oxidative stress of strictly anaerobic species, such as Pectinatus sp. and Megasphaera sp.,
Selenomonas sp. and Propionispira sp. [5, 71]. The presence of Pectinatus sp. in brewery
grown biofiims was confirmed [71, 132]. Pectinatus sp. and Megasphaera sp. were
predominantly found in the filling area of breweries, especially at difficult-to-clean places such
as the underside of conveyor belts and various pipe and monoblock constructions below the
filler, as well as in cracks in the floor and drainage system [71]. Lactic acid bacteria tend to
form biofilms de novo under the chemical stress of ethanol and acids [74]. Contaminations
with lactic acid bacteria may promote the growth of Pectinatus sp. and Megasphaera sp., as
those are able to utilise lactic acid as a carbon source [71].

The formation and maturation of brewery-based biofilms is often described as a multiphase
development. Phase 1 is the carryover of single cells into the brewery via an empty bottle,
airborne or via personnel. Phase 2 describes the start of growth in difficult-to-clean areas.
Phase 3 is the persistent growth and coexistence of a wide variety of species of yeasts, lactic
acid bacteria, non-beer-spoiling aerobic bacteria and other organisms. Within these biofilms
the anaerobic microhabitat and enrichment of fermentation products such as lactic acid as
carbon sources, and the rising pH due to autolysis enables the growth of strict anaerobic
beer-spoiling bacteria such as Pectinatus sp. and Megasphaera sp.. With constant biofilm
growth, parts of the stationary biofilms loosen in phase 4 and can be transferred as aerosols
via rotating equipment into single containers while filling. The last phase relates to the phase
of constant consumer complaints and health inspections, caused by the uncontrollable

spread of beer-spoiling organisms [5].
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1.4. Beer spoilage

From a microbiological perspective, beer is a relatively stable product. Due to its content of
hop bitter acids (approx. 17-55 ppm iso-a-acids) and ethanol (0.5-10 % w/w), the anaerobic
atmosphere (less than 0.3 ppm oxygen) and high carbon dioxide content (approx. 0.5 % wiv,
low pH (3.8-4.7) and lack of nutritive substances, pathogenic microorganisms cannot survive
in beer. Diminishing one or more of these ‘microbial hurdles’ may enable the growth of a
wider spectrum of microorganisms [83, 107, 122, 124]. Apart from modified product
parameters, there are only a few bacteria that can grow in beer. The most prominent are
gram-positive lactic acid bacteria of the genera Lactobacillus and Pediococcus, as well as
gram-negative bacteria Pectinatus and Megasphaera, and some super-attenuating yeasts
[55, 57, 71, 107, 122, 124]. Persistent biofilms in breweries are potential habitats for beer-
spoiling organisms or even pathogens. An anaerobic environment and fermentable
metabolism product (e.g. lactate) enable the growth of strict anaerobic bacteria such as
Megasphaera sp. or Pectinatus sp., Selenomonas sp. and Propionispira sp. [5, 71, 107].
Lactic acid bacteria, normally sensitive to hop bitter acids are able to adapt to beer as a
substrate in the protected environment of biofilms with beer contact [5]. This adaption may
happen by expression of genes connected with hop resistance (e.g. HorA, HorB, HorC or
HitA) or transfer of these plasmid-coded genes between resistant and non-resistant species
and strains in the case of Lactobacillus sp. [97, 122, 123]. The reduction of cell membrane
fluidity by incorporating more unsaturated fatty acids into the cytoplasmic membrane and
modification of the cell wall with lipoteichoic acids, was reported to be a passive protective
strategy to prevent hop bitter acids from entering the cell and reducing the intracellular loss of
Mn?* [10, 122]. Aside from these hop resistance mechanisms, species that can form slime
capsules are more resistant to disinfectants and heat treatment (up to 25 PU) as observed
with some strains of Lactobacillus brevis (formerly Lactobacillus frigidus) [2, 122]. In contrast
to other beer-spoiling organisms, strictly anaerobic bacteria as Pectinatus sp. and
Megasphaera sp. require a virtually oxygen-free environment to grow in beer and first
appeared in the late 1970s when progress was made to produce beer with low oxygen levels.
Parallel contaminations with lactic acid bacteria may promote the growth of Pectinatus sp.
and Megasphaera sp. due to lactic acid utilisation of this species as a carbon source. The
hop resistance of strictly anaerobic beer-spoiling bacteria is higher than that of lactic acid
bacteria and they are able to spoil all beer types, causing turbidity and crass off-flavours [71].
Mature biofilms, rich in beer-spoiling bacteria can be the cause of irregular contaminations in
bottled beer [5]. Additionally, biofilm-bound contaminants are more resistant to chemical
cleaning and disinfection measurements [38]. Depending on the environment, this process
may take months or it may only be short term. Persistent biofilms should therefore be

eliminated from the production environment [5].
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1.5. Hygiene monitoring methods in breweries

The ATPase (Adenosine Triphosphatase) test is widely used for hygienic monitoring, but
other tests such as protein detection and the oxidoreductase test are also used for this
purpose [113]. The ATPase tests are based on bioluminescence with ATP and luciferase,
therefore indicating the presence of living cell material and cell debris and insufficient
cleaning [102, 113]. The alternative test, the oxidoreductase test, is based on the presence of
NAD(P) (nicotinamide adenine dinucleotides(phosphate)) and/or NAD(P)H and indicates
living cells by transforming tetrazolium salt into coloured formazan salt [113]. The most
common industrial microbiological method for biofilm monitoring is trace indicator organisms
that are connected with the early stages of biofilms or common contamination paths [5].
Biofilm indicator germs are unpretentious organisms, easily cultivated and can be easily
detected with swab samples or contact dishes from critical sampling points [5]. If biofilms can
be detected that may present a host to beer-spoiling organisms, more detailed analysis can
be performed [5]. For the brewing process, NBB-B-AM is the most common medium used for
monitoring biofilms. The medium is optimised for the growth of lactic acid bacteria, but is less
selective for beer-spoiling lactic acid bacteria than NBB-B, enabling the aerobic growth of
major beverage biofilm indicator germs [5]. Incubated at 28 °C, samples from relevant
biofilms (potential host to spoilage organisms) show indicator colour change from red to
yellow, due to acid formation [5]. As the indicator germ composition is comparable to other
beverage industry sectors, this medium may also be used in lemonade and fruit juice
factories, as well in wineries and mineral water factories [5]. To identify species from mixed
cultures, it may be possible to use in situ hybridisation detection systems, based on specific
marking fluorescence probes [113]. There is a wide range of probes, oligonucleotides,
composed of up to 20 nucleotides, some with fluorescence markers, that target mirror
sequences in the 16S rRNA, 23S rRNA or other specific sequences [113]. Using rRNA to
detect microorganisms is interesting, as RNA is only available in living cells in sufficient
numbers and no PCR is required [113]. Another widely used cluster method is based on PCR
(Polymerase Chain Reaction) and many different applications for detection and identification
have been developed [13, 53, 54, 56, 113]. The simplest method based on PCR is endpoint
PCR, which detect the PCR product via visualisation with fluorescence dye and
electrophoresis in agarose or acrylamide gel. This fluorescence dye can be, for example,
ethidium bromide or SYBR Green |. Real-time PCR, based on labelling and measuring the
PCR product in the PCR process is the next step in the development of this technique. The
disadvantage of not being able to distinguish between PCR products in the simple method
using fluorescent dyes can be countered by using fluorescently labelled oligonucleotide
probes [113]. Férster resonance energy transfer probes (FRET) are based on the effect of a

donor and an acceptor molecule, represented as two additional oligonucleotides.
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Fluorescence of the acceptor fluorophore is only emitted when the donator fluorophore is
near (1-10 A). Therefore the specific binding areas for the probes in the PCR product need to
be near to each other [113]. A similar principle is used in the TagMan® probes, dual-labelled
probes with 5’-quencher and 3’-flourescences molecule. The probes bind to their target area
and are destroyed by the polymerase, separating the quencher and fluorescence molecule
and resulting in a rising fluorescence signal [113]. All real-time PCR methods are capable of
relative quantification of the initial DNA, using the Ct value (cycle threshold), or Cp (crossing
point). This point is the PCR cycle with significantly increasing fluorescence. The earlier the
Ct can be observed, the more initial DNA was in the sample [113]. The aim of these methods
in the beverage industry is primarily the fast detection and identification of spoiling
microorganisms and they are used with high throughput with various automated systems
[113].

1.6. Problems encountered in biofilm detection and motivation

The available media for biofilm monitoring in the brewing industry (e.g. NBB-B-AM) are more
selective for bacteria and yeasts encountered in the filling environment of breweries and
beverage plants. The used detection media to cultivate these indicator organisms may
therefore only detect an incomplete spectrum of species encountered in biofilms bound on
surfaces of brewery equipment. Even strict spoilage organisms in beer, such as
Megasphaera sp. cannot be detected for sure, as they are not cultivable in most used media.
With a change in the product range to beer-based products that are more microbiologically
sensitive (e.g. low hopped beer, alcohol-free beer and beer mix beverages), the spectrum of
spoilage organisms, as well as of biofilm inhabitant is also changing. The indicator organisms
for relevant biofilms therefore also change.

Conventional microbiological methods involve time-consuming analysis. The most common
swab sample medium in breweries takes up to three days for cultivation. A more detailed
specific media test may take even longer, depending on the species and medium. This leads
to a high discrepancy between the analysis result and the present microbiological status.
Most theories on biofilm formation in breweries are based on ubiquitous microorganisms that
build biofilms, which are inhabited by spoilage organisms in later biofilm stages. The
detection of these indicator organisms shows the appearance of biofilms. A key process step
for biofilm monitoring within breweries is in the filing department, as most beer-spoilage
organisms (e.g. lactic acid bacteria) need higher temperatures to prevail against the used
yeast culture strains and the contamination paths are more common due to the unsterile
environment within the bottling cellar. As most incidents with spoiled beer can be traced back
to secondary contamination within the filling process, this may apply to most instances. For
scattered contaminations from the primary production process (e.g. fermentation and

storage), this monitoring is not applicable, as the direct product contact inhibits the growth of
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most indicator organisms and the biofilm causing the issue is mostly formed by beer-spoiling
organisms in recesses and dead ends within the process. There is not much data about the
initial biofilm formation potential of most spoilage organisms such as Lactobacillus brevis or
spoilage yeasts such as Saccharomyces cerevisiae var. diastaticus. Other species such as
the non-spoiling yeasts Wickerhamomyces anomalus or Rhodotorula mucilaginosa are
known for biofilm formation, but ignored in existing biofilm-formation models in breweries.
The aim of this study is to adapt media to detect a wider spectrum of biofilm inhabitants and
to adapt these media to more sensitive products such as lactic acid bacteria biofilms in
Bavarian wheat beer (2.2) or yeast-bound biofilms (2.4). The combination with species-
selective real-life PCR methods with adapted media for different biofilm-formation species
was developed and used as a tool to gather more information about the biofilm formation and
maturation. Selected species were tested for their initial biofilm potential, for classification as
an initial biofilm former or biofilm coloniser. The distribution of selected species indicates the
maturation stage of the biofilm. Molecular detection techniques such as real-time PCR
enable the detection of far lower cell numbers than classical microbiological methods,
resulting in a shorter incubation time. Both systems are designed to be modular and it is
possible to extend the detected species selection accordingly to adapt it to other beverages
or investigations.

Beer-spoiling lactic acid bacteria such as Lactobacillus brevis are generally handled as
biofilm inhabitants, not as biofilm constructors, which often mean that the source of
contamination in bottled beer remains unidentified. Classical hygienic monitoring is reaching
its limits, especially with regard to primary contamination incidents, and identification purely
at the species level is often not enough to isolate the contamination source. Lactobacillus
brevis as the most common beer spoiler is detected only at the species level, giving very little
information about the possible contamination source and biofilm association. A more
differentiating identification at the strain level was established and linked to detailed
physiological profiles, including initial biofilm-formation potential and beer-spoiling potential

will help to fight this brewing enemy No. 1 in the future (2.3).
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2. Results (Thesis Publications)

21.

Summary of results

The publication papers are summarised individually in paragraphs 2.2 to 2.4. with a

description of authorship contributions and a full copy of each attached. Table 1 shows the

overall overview of the publications and their content. Permissions of publishers for imprint of

publications are listed in the Appendix.

Table 1: Short overview of the three publications with title of the publication, major objective, applied

method and main findings

Publication Title

Publication 1
Bavarian Wheat Beer, an example of a
special microbe habitat — Cultivation,
detection, biofilm formation,
characterisation of selected lactic acid

bacteria hygiene indicators and spoilers

Publication 2
Brewing Enemy Number One: Genetic
diversity, physiology and biofilm formation

of Lactobacillus brevis

Publication 3
Combined yeast biofilm screening —
Characterisation and validation of yeast
related biofilms in the brewing environment
with combined cultivation and specific real-
time PCR screening of selected indicator

species

Major objective

Fast detection and biofilm formation of
biofilm-related lactic acid bacteria,
categorised as potential beer spoiling by
combination of a wheat beer specific
medium and specific real-time PCR

detection.

Genetic strain differentiation and
physiological characterisation (growth
potential and biofilm formation in various
media) of a strain-set of brewery isolates of
Lactobacillus brevis spp., source tracking
of various strain types of Lactobacillus

brevis within one brewery was done.

Fast detection of yeast-related biofilms with
a combination of cultural and real-time
PCR-based detection, Biofilm formation of

characteristic yeast species

Applied methods

TagMan® real-time PCR detection system
design using Primer Express®©, a specific
wheat beer medium was developed and
combined with real-time PCR detection of
lactic acid bacteria species, fluorescence

and colorimetric microtiter culture

Rep-PCR fingerprinting (GTG)s primer,
capillary gel-electrophoresis (Bioanalyzer
2100 expert, Agilent), Bionumerics 7.6
fingerprint data analysis, real-time PCR
species identification, colorimetric

microtiter culture

TagMan® real-time PCR detection system
design using Primer Express©, a specific
swab sample medium with growth indicator
dye resazurin was developed and combined
with real-time PCR detection of
characteristic yeast species, fluorescence

and colorimetric microtiter culture

Main findings/ conclusion

De novo real-time PCR detection system
for Lactobacillus acetotolerans,
Lactobacillus rossiae, Lactococcus lactis
and Leuconostoc mesenteroides and
specific culture medium for wheat beer-
spoiling lactic acid bacteria. Biofilm
formation in MRS of Lactobacillus brevis,
Lactobacillus rossiae, Lactococcus lactis
and Leuconostoc mesenteroides was

proven.

A high genetic diversity of Lactobacillus
brevis strain types, isolated from various
beer types and breweries could be proven.
No direct correlation could be found
between the biofilm formation and growth
and the genetic fingerprint profile. The
genetic fingerprint profiling proved to be a
highly usable method for tracking
contamination sources throughout a

brewery.

De novo real-time PCR detection system for
Rhodotorula mucilaginosa and specific
culture medium with indicator dye for the
fast detection of yeast-related biofilms.
Medium is applicable in combination with
real-time PCR detection for hygienic
monitoring and microbiological trouble
shooting. Biofilm formation in modified
MYPG for Rhodotorula mucilaginosa,
Saccharomyces cerevisiae,
Saccharomyces cerevisiae var. diastaticus,
Saccharomyces pastorianus var.
carlsbergensis and Wickerhamomyces

anomalus was proven.
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2.2. Bavarian Wheat Beer, an Example of a Special Microbe Habitat —
Cultivation, Detection, Biofilm Formation, Characterization of
Selected Lactic Acid Bacteria Hygiene Indicators and Spoilers

Abstract

For the food industry, hygiene conditions of production plants are of high relevance to
product quality. Most microbiological quality issues can be traced back to inadequate plant
hygiene. In particular, the formation of mature biofilms is highly connected with product
spoilage. The formation of biofilms depends on the provision of nutrients and therefore of the
product. With a wider range of beer types and beer-like products, new spoilage organisms
are becoming relevant. For Bavarian Wheat Beer types, other low-hopped beer types and
beer mix beverages, the potential beer-spoiling bacteria Lactobacillus acetotolerans,
Lactobacillus rossiae, Lactococcus lactis and Leuconostoc mesenteroides can be critical.
Either because of the spoilage potential or because of the biofilm-formation potential. The
majority of strains of the above-mentioned species proved that they could develop biofilms de
novo in MRS, which makes them important hygienic indicator germs. An adapted media to
detect Bavarian Wheat beer-spoiling bacteria (Wheat Beer media by Hutzler and Riedl
(WBM-HR) was developed. For rapid detection and identification, real-time PCR systems
with compatible standard protocols were developed for the specified species. The detection
limit and the detection time of obligate slow-growing Bavarian Wheat Beer-spoiling species
Lactobacillus acetotolerans were significantly reduced. The developed methods can be
applied to specific contamination tracking and to evaluating the hygiene status of breweries

that produce Bavarian Wheat Beer.

Authors/Authorship contribution:

Riedl R.: Literature search, writing, data creation, study conception and design; Goderbauer
P.: Data analysis and interpretation (Biofilm formation), critical review of draft; Brandl A.:
consultation of real-time PCR design, critical content review; Jacob F.: Supervised the

project; Hutzler M.: Creation of the research plan, media design, critical content review
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Riedl, R., Goderbauer, P., Brandl, A., Jacob, F. and Hutzler, M.

Bavarian Wheat Beer, an Example of a Special
Microbe Habitat — Cultivation, Detection,
Biofilm Formation, Characterization of
Selected Lactic Acid Bacteria Hygiene
Indicators and Spoilers

For the food indusiry, hygiens conditions within preduction plants are of high relevance to product quality.
Most microbiclogical quality issues can be traced back to inadequate plant hygiene. In particular, the
formation of mature biofilms is highly connected with product spoilage. The formation of biofilms depends
on the provision of nutrients and therafore on the product. With a wider range of boor ty pes and beer-like
products, new spoilage organisms are becoming relevant. For Bavarian Wheat Bear types, other low-hopped
beer types and beor mix beverages, the potontial beer-spoiling bacteria Lactobacillus acototolorans,
Lactobacillus rossiae, Lactococcus lactis and Leuconostoc mesenferoides can be critical, either because
of the spoilage potential or because of the biofilm formation potential. The majority of strains of the
above-mentioned species proved that they could develop biofilms de novo in MRS, which makes them
important hygienic indicator germs. An adapted madia to detoct Bavarian Wheat Beer spoiling bacteria
(Wheat Beer media by Hutzler and Ried| (WBM-HR)) was developed. For rapid detection and identification,
raal-time PCR systems with compatible standard protocols were developed for the specified spacies. The
detection of obligate slow-growing Bavarian Wheat Beer-spoiling species L aciobadllus acetofolerans was
maodified. The developed methods can be applied to specific contamination tracking and to evaluating the
hygiene status of breweries that produce Bavarian Wheat Bear.

Descriptors: Bavarian Wheat Beor spoilage, Lactobacilus rossiaa, Lactobacilus acofoflarans, Laciococcus lachs,

Leuconostoc mesantaroides

1 Introduction

The overall beer consumption in Garmany has decreasad by 18 %
in recent years [20). While global beer sales are stagnating, even
dacreasing by abowt 05 36 in 2014 [25], consumer preferancea
are changing. While the export lager beer sector in Germany is
diminishing, other sectors are flourishing. The Bavarian Wheat
Beer sector has increased its share of the German beer markst to
8.8 % gince 1970 when 98 3% of the beer markst was dominated
by botiom fermented beer types. Besr mix beverages increased
to 6.8 % and alcohol-fres beer to 3.6 %% of the markst in 2010
[21]. In 20115, the Bavarian Wheat Beer sector alone increasad to
7.2 9% [23]. Whila beer mix baverages decreasad by 2.9 % in 2015,
ahcohol-free beer-based beverages are still popular in Germany [22].

Authors

Aobert Riadl, Paula Goderbauar, Frilr Jacod, Mathias Hutzler, Technical
Univarsity of Munich, Resasrch Genter Wi enstephan for Brewing &nd
Food uslity, Freising, Germany ;Andraas Brend, Doemans 6.V, Grafeing,
{Germany; cormaspanding author: mUhutzlergium. de

The changing product portfolios in brewenses present new chal-
lenges for microbiclogical quality control. In comparison with other
beverages and foods, beer s a very stable product in terms of
itz microbiology. The spectrum of microorganisms able to grow
in beer is reducad by the presance of ethanal (0.5-10 % wiw),
hop bitter compounds (approx. 17-55 ppm of so-g-acds), high
levels of carbon dioxida (approx. 0.5 % whw), low pH (3.8-4.7)
and (at least for industrially produced and filed beer) very low
amounts of mgygen (<0.1 ppm), as well as traces of fermentable
carbohydrates and amino acids [32]. Due to the high microbial
salectivity of beer, non-culture organiesms inhabiting breweries
are categorized acconding to their spoilage potential as absolute
harmiul organisms, potentially harmful organisma, indirecthy harmiful
organisms and indicator germs [4]. There are only a few bacteria
that can grow in beer. The most prominent are gram-positive lactic
acid bacteria of the genus L actobacilius and Pediococcus, aswell
as gram-negative bacteria Pecfinatus and Magasphaara, andsome
super-attenuating yeasts [2, 17, 18]

Producing Bavarian Wheat Baer or beer mix beverages involves
varying the parameters that protect the product against microbio-
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logical spollage as mantionad above. In Bavanan Whaat Beer the
content of hop bitter acids is reduced compared to most botiom
fermentad beer ty pes (1014 |BU in Bavarian Wheat Beer to 15-55
IBU in battom fermented beer types [13, 27]). This beer type also
contains a higher level of nuinents, — amino acids and fafty acds
in particular in the case of unfiltered Bavanian Wheat Beer — and
can therefore be spoiled by a higher number of spedies, which
are nrmally in the category of potentially harmful organisms
(Laciohaaiius rossiae, Lacfobacilius scefodolerans) [18]. Beer
greater variety in these parameters.

In industrial seftings the Bavarian Wheat Beer spoiling bacteria
L. rosaizs and L. acstofolerans are being found more often in Ba-
vananWheat Beer samples than in previousy ears. The formerwas
first isolated in 2005 from sourdough [6] and can often be found as
persistent contaminaiion of boithng plants. It is considered biofim
redevant due to its slime-forming potential [18]. The latter was ori-
ginally found &5 a spoilage organism in rice vinegar broth [12]. &
was later described as a spoilage organism in low-hopped Chinesa
beer and akcohol-fres and regular Bavarian Wheat Beer [B; 16;31].
In 2016 this species even attracted the attention of non-seentific
media in reports of a massive beer spoilage in the US cawsed by
L. acstotolerans [28]. This species is mostly found as a spoder in
fermentation veesals and pitching yeast and s hard to detect due
toits ability to enter a viable, but putatively non-culturable (VPNC)
stata in beer. In addition, under cold stress . acefolerans grows
slowly and requires anincubation time of more than twoweeks using

classic media untl detaction [B, 9]. Leuconostos mesenieroides
and | actococcus lacks are commion in the filing area. They are
comsideradio be potential beer-spoldage bactera[4, 17, 34] and are
known tobe able to spaoil non-alcoholic beverages [4]. There are no
recently documented cases of these species spoiling beer, but they
can be widespread in the filling area |3, 4]. They are considered
to be biofilm relevant due to the production of exopolysaccharides
(EPS), which also makes them potential biofim intiators [4, 10, 29,
34]. The production of EPS is not necessarily required for initial
call-surface attachmant, but is essential for the growth of mature
biofilms [1, 19]. L. iachs strains, izolated from dairy plants were
dascribed as having biofilm-producing potential [10]. Basides the
spoilage risk for beer mix and non-alcoholic beer types, this ma-
kas them impaortant as organisms that indicate hygiene problems,
sinca biofims containing non-product-spaoiling lactic acd bacteria
can provide habitats for strictly anasrobic, obligate beer spoiling
Acidamnococcacess such as Peclinafus sp. and Megasphasra
sp. [34]. Real-time PCA-based detection systems have already
baen designed for most known beer-spoiing bacteria and yeasts
by Brandl and Huwkler [5, 14, 15], but no rapid detection and
identification methods have been publshed for L. acelofolerans,
L. rosgigs, L. lacks or L. mesenteroides.

The aim of this study was io improve the detection of bacteria that
ara relev ant io Bavanan Wheat Beer as an exampls of bear types
with reduced selecivity by developing an adapted enrichment
medium. To date, the modular and muliiplex compatible, Taghan
based real-ims PCH systems developed by Brand [5] and Hutzler

Table 1  Strain set of selected obligate and potential beer spoilage organisms and brewery related NON-ENGE: MICIDONZanisms, used io
validae WEM-HR Medium against NEB
Species Serain Crigin Properties
Acalohacisr ’ eanobic background flora, non-target garm, mast
Type sirain, DSMZ culture collection, i jarm, i
pasteuranus DEM 3508 T ‘comman sEme-fonming spacias &t critical points
originglly iscisied from beer i et peach.a2 condact )
Laciohaciiius Brewery, Bavarian Whaat Bear, culturs
Erererin— TUM BF 111012015-2001 | collection of the Ressarch Center Weihan- ““m"ﬁ“ﬁwmﬂ'ﬂm
siephan BLG LA
Lactobaciiis hrevis Brewery, rinsing waier, dealconoiizing
TUM BP 120816044-7790| plant, cufture collection of the Ressarch {Erget germ, obligate beer spoiler
Genter Weihanstephan BLG
Lacipbeciis rossas Brewery, Bavarian Whest Bser light,
TUM BP 130607017-2573 | culture collectian of the Research Cenier | =Bt g, patentiel near apciey Bavarian
Weihanstaphan BLO SEEEE T
L ACIGOCEus facts i {Brget germ, pobential Bavarian Wheat Bear spai-
beser, cuthure collecion of the .
TUIM BF 120611046-8445 g JEr (Criy WIEn Severs production emars ceour),
Research Center Wehenstephan BLO i polerrhal, coremo Baruours! frm
Lewcoosioe Exewary, B4l sampis fller, culture colle- | terget germ, pobential Bevarian Wheat Bear spai-
mesentearmoes TUM BP 130827 040-0820 | ction of the Ressarch CanterWshenste- | ler joniy whien severs procuction emars oozur),
phan BLG Iafiim polential, common backpround flora
PatmIonas ‘aanubic beckground fora, weler- Bnd sol bacier-
fLOMEscens LM, non-argat penm, nan-pathaganic reprasentor
DM 50080 T Type sirain, DSMEZ cullwe collecion | of PSAUNGMONSS 5p., PSSUOOMONSS 50, COMMON
in Diofims &1 SEconOary CrRcal points in Tikng
‘area [3, 34, 35]
Sacchaomyces mast commen fop fermenting Baverian
o TUM 68 (FZW-BLQ) | Whesat Besr yeest, cufiure collsction of the | fop fermenting cutture yeast, non-targst germ
Ressarch Center Wehensiephan BLO
Sacchaomycas micst commen bottom-lermenting |ager
pESIOEnLE var TUM 3470 (FEW-BLa) | yeast, culture collection of the Research | bottom-fementing cufture yeast, non-ignget germ
Carisbergenss Genter Weihansiephan BLO
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[14, 15)] were not able to detect L. acefodolerans, L. rossiae, L.
lachis and L. mesenteroides - As a result, new, compatible specific
gystems for those species were developed. The biofilm formation
potental of strains of the four target speces was also evaluated.

2 Materials and methods

2.1 Biofilm formation potential in stationary phase

For testing the biofim formation potential of the used microorga-
nisms (Table &) an adapted test design according to Kolan et al.
[24] and modified by Timbe [36] in a 86-well microfiter format was
used. This iest was selected as it is described as siraightforaard
and usable for quantifying a broad range of microbial bioflms with
the exceplion of P aeruginosa biofilms [30]. The test was camied
out in sterile, biack, flat-bottomed polystyrens microtier 96 well
plates with polymenc optical bottoms for fluorescence applications
[Thearmafisher Scientific, Rochester, UISA ). Each wellwasfilled with
250 pl MRS-broth (DeMan-Rogosa-Sharpe broth) [7] with 0.02 pgf
ml resazunin &5 a redox indicator for growth and cysteine hydro-
chioride 0.006 pg/'mi as an mxidative quencher. Ovemight cultures
of the test strains were washed by suspending and canirifuging in
sterile distiledwaler and adjusted to 10°ES cella'ml. The filedwels
were incubated with 2.5 pl of the washed and adjusted cultures.

Aftersrards, the microtiter plates were sealed with gas permeable
foil and anasrobically incubated at 28 *C without disturbance for
24 hours. The flucrescence at 530 nm exfinction and 5590 nm emis-
ion (Multi-Detection-Reader Synengy 2, BioTek, Bad Friadrichshall,
Gearmany) was measured directly after sealing the plates and afier
inculbation as indirect growth control. The plates were emplied and
rinzad afterwards, using sterile disfilledwater. 300 pl of cry stal violst
solution (4 glin 20 % vol ethanol) was added to stain residing cells,
forming & biofilm in the wells for 5 minutes at room temperature. All
wells are emplied and rinzed 3 imes using 400 pl sterle distilled
water. The remaining crystal violet that was sfill bound to the cells
was dissolved in 300 pl %5 % vol ethanol at 10 *C ovemight and
A590 was measuwed using the Synergy 2 Multi-detection reader.
Means were calculated using four independent measwremeants
of four biological replicates per strain and normaliz ed against the
mean of four independent measwrements of four blank samples. All
wells ware counter-checked and documented microscopically for
adherant cells and trub particles using a MNikon nwverted reseanch
microscope THE, using & CFl & P-Fluor ELWD ADM &lx C air
objective for phase contrast microscopy.

2.2 Teststrains used for media validation

For media validation, 9 representative species were selected to
cover the possible spectnem from oblgate beer spoiling bacteria

Table 2 Formulation of developed Wheat Beer media
'WBM-HR-Broth (W BM-HR-H) 'WEM-HR-Agar (WBM-HR-A)
concentration [g/L] CONCentration [l;."l_]
Chiarophenal red 0.04 04
Di—)fruciose 2.00 200
Di-Jrinosa 064 064
Dy +)glucosa 1598 1699
Diemmonium hydrogen clrete 120 1.20
Dipatessium hydmgen phosphate 120 120
Dipatassium hydrogen phosphiate trimyorate 0.80 0L.B0
Meatl peplone 168 1.88
Meat extract 4.0 480
‘Yeast axiract 10.38 10.28
LL-argining mono mydrochionoe 0.08 o8
L-cysleine mono hydrochionde 020 020
Magnasium suitate haxatydrate 012 012
MEose mianohy drate 160 1,60
Menganese sullateinydrate 0.03 ooa
Natemax® 0.06 006
‘Sodium acetalatrihy drate 3.00 2.00
Casein peplone 6.00 £.00
Sucrosa 1.00 1.00
Trisodium ciratediny orele 016 016
Tween B0 024 024
Agar-Agar 18.00
Decarbonized Biavarisn Wheat Beer (sicohol free) 600 mi 800 mi
HO 400 mi 400 mi
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({Lactobacilus. brevis), potential bear spodingbacteria (. rosaias, L
acetofolerans, L. laciisand . mesenferaides)io non-spoilage bacts-
na (Acstobacter pasteuranus and Pseudomonas fluorescens), as
well as the omnipresant brewing yeasts | Saccharomyces ceravigas
and Saccharomyces pasionanus var. carlshergensis). The exact
test sirains used are shown in table 1, which also provides origin
and property information.

2.3 Media properties for enrichment cultures

To improve the enrichment of Bavarian Wheat Beer spoiling Lac-
tobacilius sp. @ new media, Wheat Beer media by Hutzler and
Ried (refermed to as WEM-HR in the following) was developed by
Hutzler and Ried| primarily to provide a medium with properties
closer to those of Bavarian Wheat Beer with a known composition
for the detection of L. scefotolerans at the Forschungszentnam
Weihenstephanfir Brau-und Lebenamittalquakitat. Deng described
catalase as an appropriate additive to overcome the VPNGC state of
L. acedofoleransa by reduding oxidative damage of the non-media-
adapted cells [8; 9]. Using an alternative method, the medium was
created using L-cysteine monohydrochionds as an anoxidaiive
agent. The medium was designed as a broth medium and as an
agar plate mediom. For validation, NBB (Doshler, Darmstadt Ger-
many) was used as a comparable reference medium according to
tie inmtnuctions for wse. The detalled formulations of the developed
media are listed in table 2.

24 Media validation

The media were validated by using five target germ species, which
are supposed to grow on the developed media. Those target
germs are namely L. brews as obligate beer spodage organism
the four potential beer spoiling organisms L. rossias, L. acedofo-
lerans, L. lachis and L. mesenteroides. For the non-target species,
which are not supposed to grow under the intended conditions,
A. pasteurianus, P fluorescens, 5 cerewisiae and 5. pasionanus
war. carisbergenas were used. The detailed strain numbers and
properties are listed in table 1.

All sirains were cultiv ated in liquid culture and standardiz ed to 1000
calls'ml. Al mediawere inoculated with abouwt 100 cells, the liquid
media (WBM-HR-B and NBB-B) with 100 pl of the standandized cell
suspension, the agar media (WBM-HR-A and NEB-A) as a pour
plate calture with 1 ml of a 1:10 dilution with sterile ringer solution
of the standardized cell suspension.

The broth media and pour plate agar culures were inoculated and
incubated at 28 *C for 7 days.

To validate the growth rate in WEM-HR-B, 25 pl of an MRS culture,
whichwasinoculated from a cryogenic storage culture andincubated
for 48 h at 28 “C, was inoculated in tubes with 10 ml WBM-HR-B
and NBB-B in parallel and incubated anasrobically for 14 days at

TableZ  TagMan* based rea-time PCR detection systems for potential Bavarian Wheat Beer spoilage baceeria
Target organism | Syssem Mame Probe Primer TargetArea | Mucleotide sequences (5 .37 | Reference
intemal ampinca- IAC135 BC135-8 IAC135 IACIZ5 | TGGATAGATTCGATGACCCTAGAAC | This sty
tian carral IAC135-1 TEAGTCCATTTTCSCAGATAACTT | This sty
L aciohacis Lec Lacs Lect 165 IONA CGAGCOGARCCAATIGATIAG | This stuzy
scaliierans Lacr TETEATCTCTCCTTTIATCOGETAT | This sy
Lacobaiis Lra ) Lrot 165 rONA GGOGTECCTAATACATGOAAR | This study
rossize Lo TGTCTCETCAATCTEETECAS | This shugy
Lacfococcus iLacia 1200 Lact 1ESIONA | GAAAGATGCAATTGCATCACTCAA | This shudy
s LPr ATTCCCTACTGCTGCCTCOE 5
Leuconoston iLew 200 Leu 165 rONA GOGCTICGECGTCADT This stuzy
meseniEroiks LPr ATTCCCTACTGCTGCOTCOS Bl

Tabled  Probes used for TaqMan® real-tme PCH detection systems for poental Bav arian Wheat Beer spodler bacteria
Probe REporsar Cuencher NuCIEGHide SEqUENCE (5 — 1) Reference
200 FAM BHC-1 CCACATTGEGACTEAGACACOGDT =
Lo S FAM BHC-1 TCEAACECACTIGEGK TTTTGATTGA This stugy
Lac & FAM BHG-1 CCTACCCTATAGTCTGRGATACGACT TEEAAACAS This sty
AG125-5 HEX BHO-1 TEEEAGGATGCATTAGGAGCAT TE TAAGAGAS This stugy

Tabbe 5 Artificial target sequence nucleotide LAC1 35 for internal amplification control

Nuclectide Nucleotide sequence [+ ) Feference
BC135 TECTAGAGAATCGATAGATTCGATGACCC TAGAA CTAGTGE “This iy
CAGEATGCATTAGGAGCATTGTAAGAGASTCECAACTTA
IAC135-rev TGCGACACCT IGEECEACDETCARTAGGECCACTCEART “This sty
GAGTCCATTTTCECABATAACTTCCEACTCTCTIACAATGET
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Table&  Biofilm formation potential of selecied obligate and potental Bavarian Wheat Bser spoiling lactic acid bacsena
Biokim formation | PUSETVEDE microsce-

Species Test sirain Eapo— potentia pical cell adhension
Lacipbaciliys aceisiolerans | TUM BP 1110120182001 0,168 - ¥ES
Lacipbaciliys aceisidlerans | TUM BP 1207060252505 0,230 - ¥es
Lacibanilius brovis TUM BP 120216044-3790 0,745 e ¥ES
Laciobaciys bravis TUM BF 1208160042781 0,365 - yES
Lacibacilius bravis TUM BF 120827 005-2823 B,00 4t yes
Lacihaiis rossas TUM BP 131022000-2858 0,302 - no
Lacipbaclus rosgas TUM BP 131022011-2866 0,367 - yES
LEcibaGys rossas TUM EP 131011001-2846 0,345 - yES
Lacipbaciliys rossas TUM BP 130607017-2673 1,00 " yes
Lacipeocous [acts DSM20481T 0,826 + ¥ES
LACIDCOCCUS [acts TUM EP 1206110468446 0,619 + yES
Lewcocosios TUM BF 130227 040-0820 1,13 + ¥es
masenitaroides
Lewconostoc TUM BP 130220005-0816 1,81 - ¥ES
masentaraides

" Biaflim formialion eccording to Diaz [10]
- 2o bictbm tormation B - Ty « Fonn mategty
+ 'wadk binflm fornmation Emm-:im—m--cﬂ -.ﬂmmf

++ - Miderate Diofllm formalion E-Emmqﬂm—mdd-hwr

+++ : strong biotim formation Baes — Fage= 4 * Fw minyr

28 *C in duplets. The time of the pH-indicator change was docu-
mented visualy against biind samples of a non-inoculated meadium.

25 DMNA-gxtraction

For the DMA exiraction, a modified protocol using the InstaGene
Matrix™ [Bio-Aad, Hercules, CA, USA) was used [26]. Hence
200 pl of a dense liquid enrfichment culture was transfemed into
a 1.5 ml Eppendort reacion tube and centrifuged for 1 minuie at
15,114 x g (Hetfich Mikro 200). The supematant was discarded
and 200 pl InstaGena™ DMA isolation buffer was added to the
reaiding cell pellet and incubated at 56 “C for 30 minutes (Eppen-
diorf Thermomix comifort). After a 10 second vortex step, the tube
was incubated for another 8 minutes at 85 “C then centrifuged for
1 min at 15,114 x g. The DMNA concentration was measured using
a Manodrop MD 2000 (Thermofisher Scieniific, Rochester, USA).
For the validation, the DNA concentration of the test strains was
adjsted with PCH-clean ddH20 to 5 ngipl. The DNA sample
material and sample strain set were stored at —20 *C.

2.6 Realtime-PCR

Forthe rapid detection of the potential beer-spoiling targst spadies
L. igcfis, L. mesenteroides, L. rossias and L. acefotolerans, Tag-
Man® real-éme PCRH assays were designed. The target sequence
for all four spacies is located in the 165 rDMA region. To identify
usable, spediic pnmer binding areas, the 165 rOMNA-zequences
of 98 strains of common brewery microorganisms collected from
the NCBIl-Database (hitp/ferem_ncbinim.nih.gov) were aligned
(DMASTAR, Megflgn, Lasargensa, Version 11). To achisve tha
greatest specificity poasible, primer target areas were selected that
had specific polymorphisms. Pimers and probes were designad

using Primer Express (Primer Express 1.5, Applied Biosystems,
Thermofisher Scientific). For internal amplification control, a
synthetic, random DMNA sequence was generated and a specific
TagMan real-ime PCH system with this saguence as target area
was designed [Table 3, Table 4 and Table 5). All primers and probes
ware teated in silico using BLAST (Basic Local Alignment Search
Tool) for homologies with other sites or species. Al real-time PCR
systems were designed to be compatible with other systems for
spoilage onganism dieteciion, designed by Brandl [5] and Hutzler
[14, 15]. The real-time PCR parameters usad for the design ware
therefora:

B Annealing temperature primers: 60 “C.

B Annealing temperature probes: 10 “C above annealing tem-
perature primers.

B Maximum amphcon length: 200 bp.

All nucleobdes were synthesized by biomersnet GmbH, Ulm,
Garmmany. All PCR-runs were camied out on a LightCyder® 480
Instrument Il {(Roche Diagnostics Deutschland GmbH, Mannheim,
Garmary], using 10 p LightCycler® 480 Probes Master in a 20 pl
wolume assaywitha 5 pl sample. The realtime PCRwas parformed
using 400 nmol ' of forsrard and reverse primer and 200 nmal |
TagMan probe of the main PCR system. The Primers were added
in aliquots of 08 pl and 10 ma |, the probes were added in 0.4
pl aliquots. of 10 mol 1.

The internal amplification control 1A.C 135w as added wsing 250 nM
of 1AC135-f and 1AC135r, 200 nM and 1A C135-5. The target DMNA
of the internal amplification controd 1AC135 and IAC1351ev was
uzed &t a concentration of 5°10-" mol . The primers were ad-
ded in aliquots of 0.5 pl and 10 mol I, the probes were added
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Tabba 7 Quantitative validation WBM-HR-A sccording to DIN EN IS0 11132:2015-01 [11] afier 7 days incubstion &t 28 "C with salectad
obfigate and potential Bavarian Wheat Beer spoiling bacteria and brewery related non-target mCroorganisms
WH-A HBEB-A
#1 &2 23 %) #1 22 # a Productivity Salectivity
[ern | crn | [erRg [cru | [EFU] | SR P =WM-ANMBE-A | (growth
WEBMHR-A level)
versus NBEB-A)
P05

Acaiphacisr i} i} L] i} i} 0 0 i} compieda inhibition i}
Dasiau anus

Laciohaaiius 236 230 245 =37 267 T 284 273 bay Z
scsfoloierans

Laciohaciius hrevis 45 42 41 45 4 B0 53 B0 0.a0 2
Lactobaaciius e T2 Fi:] T8 a2 g2 T8 a3 082 z
rossies

Lacfococous i5olis ag 78 b2 Tz T a a6 e oge 2

L swconasine T ) 84 a2 a2 81 7B =3 {0k -3
mesan leridas

PeaidiNmonss [i] [i] i} [i] [i] i} 0 [i] complete inhibiticn [i]
Ruonescans

Saccharmmyoes & 7 7 & [i] i} ] [i] partial inhiition 1
caradaas TUM &2

Saccharmmyoes 18 12 1 13 i} i} 0 i} partial inhiition 1
pasinfanus var

caishargansis

TUM 3470

Salactivity (Qrowth Iaeis): (- N0 OWEh, 1 - Weak Jrowin, 2 - pood prowih

CFU = Colony Forming Units

Table & Qualitstive validasion with selectad obligate and Bavarian Wheat Beer spoiling bacteria and brewery relased non-target
microorganisms of WEM-HR-B, incubated a: 28 °C for 7 days (4-fiedd test) [33]
Mesdium WEM-HR-B (7 d) MBE-B (7 d)
#1 #2 #3 #1 #2 #3
Acaiphscier pasteulanus - - - - - -
L aciohaciivs aceioioiarans 2 + 3 + 3 +
Laciohaciiis hravis 2 + + + ¥ +
8 numiber of positive
Laciohaciiys rossias 4 * + + + * analysis results in both 3
methods:
Iz numibsar of Wrong nege-
LAcInCOCCys [actis 2 o " . . . mm m 5
[NED-B):
©: NUMEE of Wrang pasi-
Leuconosio: messnlanoioss Es + et + et + M;ﬂmt:&ﬁxrgunﬁg;?m i
[MED-B):
d: numiber of ovarall
Peaudomonas fumrescans = = = = = = negadiva results in bol 24
methods:
e amyces cerevisias - - - - - - Nz overal Bnalysis results: 54
m! 53' _ _ _ _ _ _ redative WEM- 100 %
TUM 3470 HR-C {1009
redative sccuracy WBM- 100 %
HR-C ([a=dyn}*100 %
mm“f = 100

- M Visible indicator color changa

+ - wisible color changalgrowtn
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Tabbe & Detection speed validation of WBM-HR-B with selected obligete and potential Bavarian Wheat Beer spoiling baceeria, incubated
anasrobically at 28 °C for 14 days
species Medium | Dayi1 | Dey2 | Dey2 | Dey4 | Day7 | Day 10 | Dey1a
WEK-HA-2 - - - =
Lactobadiius scetoioierans TUM BP 1207 06026-2067 = = =
WEB-B - - - - L + +
WEM-HE-B —
Lactbeciius hack TUM BF 140407001-2242 - . = - - -
NBE-B - + + + 4 + +
WEK-HRE-2 -
Lacinhaciiss hravis TUM BP 120711011-2578 = = = = = =
NEB-B — + + + . + +
Wak-HE-3 - + + + 3 + +
Laciobacilius casel TIUM BP 1206091282360
MEBE-B + + + + 3 + +
WEM-HR-B - -
Lacinhaciis cofingides TUM BP 000-2081 = = = = =
MEB-B - - + + 1 + +
Lacinbecilis fndrer TUM BF 121213066-2357 WemHRS = = = - - -
NBE-B - - - 4 + .
) WaK-HE-B — + + + . +
Laciohaciis parabucinan TUM BP 121008043-2202 = - n n " < N
WEkK-HE-E - + + 3 3 + +
Laciohaniiys peroiens TUM BP 130000240-2696
NEB-8 — + + 3 . + +
WEM-HR-B - + + £t it + +
Laciohaciiys piantarmm TUM BP 121121170-2217
NEB-3 + + + F 4 + +
WEM-HR-B -
Laciohaniis rossias TUM OF 130806018 2754 = = = = = =
MEB-2 - + + 1 1 + +
L auconosios mesenismices TUM BP 000-0983 WEMHRE - - - - - i .
MEZ-3 - + + 3 3 + +
M 2 cersvisias TUM BP 121011 015-5988 LaliaZl W - = = = -
Bgaspnaer HEB-B - - - - + -
WEM-HR-B - - + 3 3 + +
Pecinatus rishgenss TUM BP 000-4327
HEB-8 - - - - - + +
WEM-HR-B - - 1 1 1 + +
Pediccoocus damnosys TUM BP 140013142-2243
NEB-8 - - + + + + +

- - = i color indicator changa, + - = color indicator change from red to yellow, +/- © = incompleta, partial color indicator change from red to yellos

in 0.4 pl abguots of 10° mol H, the internal amplfication control
target DMA was sdded in 0.1 pl aliquots of 10 mal . The initial
heating at 95 *C was held for 10 minutes, then 40 cycles were
performed at 95 “C for 10 seconds and 60 *C for 30 seconds. The
fluorescence was measured at the end of the 60 “C step of each
cyde [modified [5, 14, 15]).

27 Validation real-time-PCH

As a strain sst to validate the PCH specificity, 99 representativa
species, known tobe commoninthe brewing process were selecied.
All straing Ested in table 10 (see page 46) were grown as densa
three-day cultures in WEM-HR-B, the DMNA isolated according to
saction 2.5 and adjusted to 5 ngfpl.

3 Results and discussion
3.1 Biofilm formation

To validate the biofim formation poteniial, cut-off values were used
to differentiate between biofilm-forming strains and non-biofim-

forming strains. The biofilm-forming cut-off for non-bioflm forming
u'gaﬁsm(l“,wf}nasdaﬁnedastha mean of the measured
optical density of four independent negative samples (Bagy prpm)
pluz three times the mean standard deviation (Fpen sy 200 the
mean measwement of the blank valus (Rygy g ¥ Fius the mean
standard deviation (T iy grees) The mean of four independant
measurements of a strain minus the standard devialion of these
measurament YDy equal or below this threshold was defined as
no biofim formation, values between Py mayeand 2 « Spap aunpr
were defined as weak biofim formation, between 2 * Bypo cypapr
and 4 * Epey puygyp 85 moderate biofilm formation and above 4 «
Eypy caroyy a5 strong biofilm formation according to Diaz [10]. Al
wells in the microtiter plate were checked microscopically for cell
adhasion.

Az shown in table 6, two of the thres tested L. brewis showed bio-
film formation in MRS, of which TUM BP 120827 005-2823 showed
wary strong biofilm formation. Of the fourtested straine of L. rosaias,
only the strain TUM BP 130607017-2573 showed bioflm forma-
tion. All test strains of the speces L. isctis and L. mesenteroides
were able to build biofilm in MAS.
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Table 10 RAesuls of real-time PCR specificity validetion with DMA isolstes adjusted to 5 ng/pl of target species and brewery related
NAON-target microorganisms

Reak-time Real-time S — Rea-time
Species Strain tification ;cng L ace- ﬁm, ning L. me-

L. rossiae PR OHErETS SErFEroides
Acalpbscler soali TUM BF D00-1881 negative negeiiva negatve negetive
Acalpbscisr pasteuranus TUM BF D00-1880 negative negativa negative negative
As=a [Ennensis TUIM OF O00-0804 negative negetive negatve negative
Baailivs subliis TUM BP D00-0560 negative negativa negative negative
Candida boiding TUM ¥ P D0-5007 negative negativa negative negative
Crypiococcus faurenti TUM YF 000-0011 negative negeiiva negatve negative
Debaryomyces hanseni TUM YP D00-0006 negative negaiiva negatve negative
Dekkara anomala TUM YP O00-3040 negative negativa negative negative
Dekkara bruxedensis TUIM YF D00-3086 negative negeiiva negatve negetive
Enterpbactsr sp. TUM BF D00-5088 negative negativa negative negative
Crierocacous sp. TUM B2 1112080050075 negative negetive negatve negative
Escherichia cof TUM BP D00-0881 negative negaiiva negatve negative
Gilronacsinbactsr TqUefacEns {Jé-'.:‘ﬁi';ﬂ')?gs”%ﬁ” negative negativa negatve negetive
Givoconobactar axyoans TUM BP D00-0078 negative negedive negative negative
Hafnis avel TUM BF 0000853 negative negaiiva negative negative
Hanssiasmara Wanim TUM ¥P 000-0064 (CBS 5074) negative negativa negative negative
Kazachsiania aigua TUM YP 000337 negative negeiiva negatve nagetive
Klyvers ascorbats TUM EP 131213038-0098 negative negativa negative nagative
KILYVErnmyces marsisnus TUIM ¥P O00-0005 negative negetive negatve negative
Kiocuria kristhas TUM BP (00-0083 [DSME 22032) negative negaiiva negatve nagative
LAciDheniis Aceloioerans TUM BP 1207 060252067 negative Wm‘“ negatve negetive
Laciobexiliys aciiophilus TUM BP 000-2001 [DESME 20075) negative negedive negative negative
Laciobacilis afmentarius TUM 5P 000-2079 negative negativa m;lﬁj[d negativa
Lactobaciiiys amyioyTcus TUM BP D00-2063 negative negativa negay negativa
Laciphaciiys amyiophiius TUIM BF DO0-2068 negative negativa negalv negativa
Lacipbacilins amyiovorus TUM EP (00-2080 [DSME 20531) negative negaiiva negagy negaiiva
Laciphaciiiys hacki TUM BP 140407001-2242 negative negativa negafy negativa
Laciphaciys hiermsanisns TUK BP 000-2014 [DSME 20003) negative negativa negaly negativa
Laciphaciys hrevis TUM BP 120711011-2578 negative negative negafy negative
mm frevisimils) TUM BF D00-2576 negative negaiiva negasy negaiiva
Lacihaciis huchnari TUM BP D0G-2060 negative negativa negalv negativa
Lacibaciiis cass’ TUM BF 1205091 23-2360 negative negativa negaiv negativa
Laciohaciiys colinoidas TUM OF 000-2061 negative negetive negalv negativa
Laciobacilis conmiamis TUM BF D00-2573 negative negaiiva negasy negaiiva
Lacinbecys curvafus TUM BF 000-2977 (B 218) negative negative ““;”;3!["’ negative
Lacinhaciys delbrusckil s5p. dalbrusdckii TUM BF D0G-2068 negative negativa negative negativa
Lacinbeniliss decdinicus TUM BF D00-2867 negaive negativa “";’"’933["’ negativa
Laciohacilius femmeantum TUM BF D00-2063 negative negativa negative negativa
Laciohaciiys risingendis TUM BP 130919043-2789 negative niegativa niegative negativa
Laciobacilins ruchvorans TUM BF 000-2038 negative negaiiva negatve negaiiva
Laciphaciiys gassar TUM BP D0G-2570 negative negativa negative negativa
Laciobaciliys ghanansis TUM BF D00-2831 negative negeiiva negatve negeiiva
Laciphaciiys harbinensis TUM BP 120006016-2533 negative niegative negative negative
Laciohacilis heivelous TUM BP 000-2571 negative negetive negatve negativa
Laciphacinis higardi TUM BP D00-2575 negative negativa negative negativa
Laciobacilies johnsomt TUM BP D00-D072 (BS 224) negative negaiive negative negativa
Laciohaciiiys kefil TUM BP DOG-2037 negative negativa negative negativa
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Laciobacilus lindneri TUM BP 1212130662337 negative negaiiva negatve negaiiva
Lactibasilus malefammentans TUM BP 000-2074 negalive negetiva F'“'m'f;i!["' negetiva
Laciohacilis parabrevis T TUM BP (00-2000 [DEME 20531) negative negetive negatve negativa
Laciphaciys parabucn an TUM BP 121008043-2282 negative negativa negative negativa
Laciobaciiiys parscolinoidas TUM BF 150113003-237 1 negative negaiia negative negaiiva
Laciphaciiys peroians TUM BP 1300002 40-2598 negative niegativa negative negativa
Lacipbacilis plamErm TUM BP 121121170-2217 negative negaiiva negatve negaiiva
Laciphaciiiys rewutar TUM BP 000-2065 (BS 257) negative negativa negative negativa
Laciobaciliss rMammosys TUM BF D00-2856 negative negeiiva negatve negeiiva
Lacihheniis rosgas TUM EP 1208060192754 F“‘;gf"é;“ negativa negative negativa
Laciobeciliys salvanus TUM BP D00-2887 negative negaiive negative negativa
Laciphaciiys sanTanciscens's TUM BP DOG-2882 negative negativa negative negativa
Lactencous Iacts TUM P 000-2573 negative negative F'"?m;“ negative
L s osioe messnisricss TUM BF D0O-08&3 negative negatina negative Wmﬁﬁ
MEegasphaaa caraising TUM BP 1210110 15-5008 negative negeiive negative negetiva
MeyerEyma guiliermondi TUM Y 000-0041 negative negaiiva negative negaiiva
Micrococtus fufeds TUM BP G00-0865 riegative negativa riegative negativa
DEROCOCCUS 0en TUIM BF D00-0013 negative negsiiva negative negeiiva
Paninea dispersa TUM BF D00-0852 negative negaiia negative negaiiva
Pacthatus cansvisiphiius TUM BP 120015033-4402 negative negetive negative negativa
Pacthalus fHsingens's TUM BF D00-4327 negative negaiiva negative negaiiva
Pacthalus hakaras TUM BP 120015233-4404 negative negaiiva negative negaiiva
Pagiococcus dausani TUIM OF D00-2008 negative negeiive negative negetiva
Pagiococcus damnosus TUM BF 1403131422243 negative negaiiva negative negaiiva
Pamiococcus inopinstus TUM BP D00-3084 negative negative negative negativa
PodiCOCCUS PEniDEaceus TUM BF D00-3885 negative negaiiva negative negaiiva
Fichia membraniiaciens TUM YF 0002009 negative negaiiva negative negaiiva
Psoudomonas poag TUM BP 000-7 067 negative negedive negative negetiva
Psaudomons Murescens DSM E0090 (BSZ36) negative negaiiva negative negaiiva
Ahooosponidiim oniodes TUM YP Odd0-0110 niegative negativa niegative negativa
Ahodoloruis muclaginoss TUM ¥P 1208060117 1569 negative negeiiva negative negeiiva
Saccharomycas bayanus TUIM ¥F 000-19€9 negative negaiiva negative negaiiva
Saccharomycas oo var. diasiaticis TUM YP G00-1042 (DEM 704E87) riegative negativa riegative negativa
Saccharomycas ceravisias TUM 184 TUIM YF D00-1001 negative negsiiva negative negeiiva
Saccharomycas ceraisias TUM G&7D TUIM YF DO0-1044 negative negaiia negative negaiiva
Sacchaomycas coravisias TUM 80 TUIM ¥P 000-1045 negative negetive negative negativa
Sacoha My Cas DArshaLEs L. ?;Wmsﬂgg‘;?'ms L negative negativa negative negativa
Sacchaomycas pasiianus TUIM ¥YF 000-1810 negative negaiiva negative negaiiva
Saccharomycas pasiaisnus TUM 3470 TUIM ¥P 000-1000 negative negedive negative negetiva
Saccharomycas pasiaianus TUM 3478 TUM YP 000-1010 negative negaiiva negative negaliva
Sacchaimycas LW anim TUM YP G00-1060 negative negativa negative negativa
Saccharomycodes Ldwigh TUM YP D00-0046 (SL17) negative negeiiva negative negeiiva
Schizosaccharomyces pombe TUIM YF D00-0023 negative negaiiva negative negaiiva
Saenomonas lacicia TUIM BP O00-0850 negative negetive negative negativa
Toruaspora debrecki TUIM YF D00-0003 negative negaiiva negative negaiiva
Waissalls paramesamarsitas TLIM BF O00-0880 negative negaiiva negative negaiiva
Waissalls vildescans TUM BPF 000-0820 (B5 190) negative negeiive negative negetiva
WK SMOMyTes SNomaius TUM Y 000-2004 negative negaiiva negative negaiiva
Fyposaccharomyces haili TUM YP G00-5064 riegative negativa riegative negativa
ZYOSSCCRENMYCES Mo TUIM YF D00-5082 negative negsiiva negative negeiiva
Zymomanas motilis TUM BP 000-0038 (DSMZ 424) negative niegative negative negative
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[Baofiim formation could notbe measured in either of the tested strains
of L. acetoinisrans under the described standardized experiment
parameters, but call adhesion could be obsarved microscopically
The appearance of this species in farmentaion tanks and veasels
|8, 8] may be linked to ite adhesion to surfaces in subsirates with
good growth factor distribution such as MRS. Further tests with
standardized Bavarian Wheat Beer wort and finished Bavarian
‘Wheat Beer should be conducted and the incubation time should
be increased for this speces, to evaluate the potential risk of this

The L. rossiae spacies includes very heterogenic strain types that
differ physiologically and in their genetic profile [B]. It is therefore
The experimental procedure was designed to analyze the biofilm
formation potential of lactic acid bacteria in general, using MRS
a3 the universal medium for this group. As L. rosgiae is a bigger
problem in the filling and packaging area of breweries [17], the
bsofilm-forming potential in media that are coser in composition
to fermented beer! diluted beer will be teated in addition to con-
ducting the standard test with MAS. Az EPS development is a
reachon of microorganisms to their emvironment and comelated
to the composition of thewr substrates, lower disiribution of growth
factors and higher concentrations of growth inhibitors can lead to

The teated L. lacfizand L. mesanferoides strains could all develop
biofilma in MAS. The abdity to form initial biofims comelates with
the appearance of both species in brewery-related biohims has
already been described [4, 34].

3.2 Moadia validation

The agar medium (WBM-HR-A) was validated using the modified
method according to the DIN 150 11133 [11] as shown in table
7. The target organisms L. scefolalerans, L. rossiae, L. brews, L.
mesenteroides and L. lachis showed good growth on WBM-HR-
A. The productivity of all 5 spedies was above 0.7 compared with
MNBB-A. A. pasteurianus and F serugnosawers both complatsly
inhibited by WBM-HR-A and NBE-B. The two culture yeast sirains
5. cerevisias TUM 68 and 5. pastoranis TUM 34770 showed partial
inhibition in WBM-HR-A.

The minimum productivity proportion PR is set as 0.7 according
to the DIM EN IS0 11133 for the valdation of altemative media

in comparison with a samilar reference medium for target germs.
Thiz criterion was fulfilled by WBM-HR-A. The partial inhibition of
5. cerewizige TUM &8 and 5. pasforianus TUM 3470 can relate
to a process step in the preparation of the agar medium. The sola
yeast-inhibiting agentin &l three new developed media is Matamax®
{Matarmycin) which is not heat stables in solution. For pouring the
agar plates, the medium has to be heated for melting the agarose,
which can lead to reduced antimicrobial effectveness. Adding
further antimycotics such as actidione (cycloheximide) can easily

Asshownintable 8 and table 8, the new broth medium was evaluated
using the 4-field test [33]. All target organisms (L. acelofolerans,
L. brewis, L. rossiae, L. lachs and L. mesenisroides) were able to

grow in WBM-HR-B. The non-target organisms (A. pasfeurianis,
P fluorescena, 5. cerewigiae TUM 68 and 5 pasioianus TUM
34/70) did not grow. The relative specificity, the relative accuracy
and the relative sensitivity according to the 4-field test [33] are
therefore 100 2%

Tovinhibit the diution effects, it is possible to use the medium with
higher amounts of sample volume, for example with 50 3 medium
using a double concentrated medium, or 10 % medium with a
10-fold concentrated medium. In that casa, the final pH and bitter
units in the mixture of sample and concentrated medium have to
be checkad.

The detection speed of WBM-HR-B was checked against NEB-B
with a salection of target organisma as shown in tabde 9 in duplets.
The detection speed of both media i comparable. L. acelofole-
rans TUM BP 120706025-2067, Lacfobaaifus findner TUM BP
12121 3056-2397 , Magasphaera cerevigae TUM BP 121011015-
5986 and Pecfingtus fiaingensiz TUM BF 000-4327 show an
earlier detectable change of the indicator colorin WBM-HR-B than
in NBB-B. The test strains L. casei TUM BP 120509129-2360, L.
planfarum TUM BP 121121170-2217 and L. messnieroides TUM
BF 000-04E3 can be detectad earfier in NBB-B.

33 Realtime-PCR

The realime PCR systems for L. acefololerans, L. rosaiae, L
lecks and L. mesenteraides were validated against a sirain set
of 08 species that balong to the group of lactic acid bactenia or
that are known o be present in brewernies and beverage bottling
plants (Table 10).

The identification systems for L. acefodolerans, L. rossiae and
L. mesenferaides proved to be highly spedific. Only the target
species showed a significant signal within 40 PCR cycles. The
relative specificity, the relative acowracy and relafive sensitivity
are therefore at 100 % [33] The identification system for L. lacfs
showed positive reactions after 28 cydes with the DNA of the fol-
lowing strains: Lactobadiivs ma'efermentans TUM BP 000-2974,
L actobacillus curvafus TUM BP 000-2977 (BS 218), Laciobagilus
aimentanus TUM BP 000-2678 and Lacfobadiius dex finicus TUM
BP (-20&7. This means 4 oross reactions within the specificity
avaluation and thersfore a relative specificity of the L. lactis idan-
tification system of 96 2% [33].

4 Conclusion/Summary

With the exceplion of some L. rosaias strains, all the tested bacteria
could build biofilms in MAS, a muirient rich medium, as usaed in
the standard method to evaluate biofilm formation potential. Whils
this mediem i3 comparable in nuirient composition with wort and
miost alcohol-free baar ty pes, most intermediate stages in the baer
production offer quite different nuirient profies. The missing bichlm
formation of L. acetofolerans sustains the thesis that this germ
miostly originates from the brewery seciions that containyeastsuch
as fermantafion tanks and vessels in the case of contamination
cases as described by Deng [8].
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L. rossiae is mostly described as a germ that originates in filling
devices. Heterogenic phenotypes conceming biofim formation
potental in different strains of this species could be observed. L.
rossiae has already been described as having awide inra-spades
variation of biochemical properties and AAPD genotypes [6]. This
highvariance also seems to affect the biofilm-forming potential The
risk to breweries that are confronted with this species of building
persistent biofilms on filling equipment can therefore vary. It is still
posside for non-biofim forming strains of L. rossias to occur in
symbiosis with other biofim forming microorganisms.

Al teated strains of the L. lacfs and L. messnieroides spades
showed biofilm-forming potential in MRS. There are no cases
reported of these spedes having a product spoling potential in
Bavarian Wheat Beer under normal production condiions, but
tive de nowo biofilm production by these species can generate a
habitat for spodage organisms.

The developed and validated W EBM-HA media proved to be safici-
ent. Compared with the reference mediom NBB, the broth vanant
showed comparable results. The advantage is that the formula’
recipe i3 known and that it can be modified in any direction (con-
et ). It also detects slow-growing germs such as L. acetololerans
vary rapidly compared with comparable enrichment media. The
WBM-HR agar can be used after modifying the yeast inhibition
substance. The addiion of cycloheximide is a possible option that
should be tested in the fulure.

The realime PCR ideniification systems developed for L. ace-
tofolerans, L. rosaae and |. mesenferoides proved o be highly
obaarved in vitro. The identification system for L. lachis showed a
positive PCA reaction after 28 cycles with the strains of following
spedes Laciobacilus malefermentans, Lactobacilius curvatus,
Lacfobacilivs alimenfanvs and Lactobaciius dexfrinicus. The
species that showed cross reactions are not potential or oblgate
b=er spollers and are lactic acd bacteria that seldom occur or do
mot ocoaw in & brewery environment. L. lacis pure culture DMNA
isolate was detected much earlier at a PCH ctvalue of 16 (16 PCR
cydes). Cross reactions of the L. lactis could therefore additionally
e exchuded by checking the ctvalue of a pure culture or enniched
culhure analysis. No influence of the developad madium on tha
PCR reaction could be observed in any of the tests. A combined
use of the WBM-HR with the PCR screening systems is of great
value for quality management in brewernies, especially Bavarian
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2.3. Brewing Enemy Number One: Genetic diversity, physiology and

biofilm formation of Lactobacillus brevis
Abstract

Lactobacillus brevis is the most significant beer-spoilage bacteria worldwide. It is found as a
contaminant at all stages of brewing, including during primary and secondary fermentation,
storage, filtration and the packaging process. In production with flash pasteurisation and
subsequent hygienic filling, avoiding and tracing secondary contaminations is the key to a
microbiologically stable product. However, L. brevis strains vary in their spoilage potential
and can grow in many different beer types. This study presents a physiological test scheme
for growth potential and biofilm formation in various media. It was determined that a large
number of L. brevis strains can form biofilms as a first coloniser. The identification of the
species alone is therefore not enough to be sure of the spoilage risk, which shows the need
for a more in-depth differentiation. DNA fingerprint techniques are crucial to differentiate
isolates of this species at strain level. The rep-PCR fingerprint system (GTG)5 was used to
differentiate a selected collection of 20 isolates, which were characterised in growth and
biofilm formation in various media. The data showed a high variation within the selected
isolates. As a second step, generated fingerprint clusters of L. brevis were traced back to
contamination sources in a German brewery, revealing a high number of isolates with
potentially varying growth, spoilage and biofilm potential. Using L. brevis as the demonstrator
species, the PCR system used is a powerful and compatible tracing and troubleshooting tool

for all kinds of spoilage bacteria in the brewing industry.

Authors/Authorship contribution:

Riedl R.: Literature search, writing, data creation, study conception and design; Diinzer N.:
Data analysis and interpretation (rep-PCR fingerprinting), critical review of draft; Michel M.:
critical content review; Jacob F.: Supervised the project; Hutzler M.: Creation of the

research plan, critical content review

43



Results (Thesis Publications)

0sE

BB

Puallisbad clives iy Wilky Oefins. L e 18 Jamam oy 1009

Research article

Rargisad 7 Fabaasy 1003 Rt 3 Moo albet 104 3 Aeeagmadt 1) Howasled 206

twileyondineibrary com) D01 10,1002k 553

Beer enemy number one: genetic diversity,
physiology and biofilm formation of
Lactobacillus brevis
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Lactobacilhus brevis is the most significant beer spoil age bad eria wor dwide. It is found & a contaminant st all stages ofb rewing.
indluding during primary and secon dary fermentation, storage filtration and the g proces. In produ dion with flash
pastewrisation and sublequent hygienic filing. avoiding and tracing second ary con taminations i the key to & microbiol ogically
stable product. However, L brews irsins vary in their spoil age potential and can grow in many differ ent beer types This study
presentsa physiolo gical test scheme for growth potential and biofilm formation in vardous media. it was determined that a lange
number of L brevis strains can form biofilms & & first coloniser, The identification of the specie alone i therefore not enoug h to
e sure of the spoilsge risk, which shows the need for 8 more in depth diflerenti stion. DMA finger print techni ques. are crucial to
di flerentiate isolates of this species at strain lewe . The rep-PCR finger print system |GTGl wis used todifferentiate a sdected col-
lection of 20 i lates, which were characterised in growth and biofilm formatio n in various media The data showed a high var-
intion within the sdected solates. As second step, generated fing eprint dusters of L brevis were traced back to contamin stion
sources in & German brewery, revealing & high number of isolates with pot ential ly vand ng growth, $poilag e and biofil m pot ential .

L brevis being the d emonstrator

the POR system used isa powerful and comp stible tracing and troubl eshooting tool for

all kinds of spoilage bacteria in the brewing industry, © 2019 The Institute of Brewing & Distilling

H Additional supponting information may be found online in the Supponting InformaBon section at the end o the antide.

Keywords Lactobacillis bevis; biofim (orm ation; brewing: contamination tecki ng: stmin diferentistion; rep-PCR
___________________________________________________________________________________________________________|

Introduction

In microbiclogical s, beer i 2 mlstively stable beverage
Onily & small growp o sped e is a ble bo grow in the hosle & nviron-
ment that beer nepresents, being fich in ethand, carbon dicaide,
hxp biitber acick, having 2 low pH and being poor in nubrients {TL
Within this group Lactabacill are the most commaon with Lactabe-
cllus brevis being e most Sgnificant beer spailasge bactenia
warldwade [ 1.2). From 2010 & 2016 between 41 and 53% of the
samples sent o the Research Center Weihensiephan for Brewing
and Food Quality that scored positive for beer spoiling bacteria
were identified a5 containing Loctabacills brevis (3-5). This insight
sungprpess s hiat L Brevis is ome: of the: m oSt Common Spacied res pon-
sibile for beer spailage inbreweries |51 s fownd 2 s a contaminant
it all stages of bewing, induding primary and secondary fermen-
Lation, sirage andflilte Gon and in the packaging process.in addi-
tion to L lndrer] L bodd, L poraailinoider and Pedoaarnie
damnous, L bravis s recopnised 2 one of the most poent beer
spoiling Gram positive bacteda [1.7). All beer spailing bacteria,
especially L brews, have the ability to grow in besr and change
the prodiscl negatively in appea@nce, ongandeplic propentis
tasie and Mlavowr (26) L bravis can been hisonically dessified into
o types according to its morphdogical appearance | mlony
fTormycolows, cell fomn) (26 However the beer spoding potential
caused by hop tokrance depends on the stmin and origin,
and cannot be predicted by cell or colony monphaolsgy E9L In
most cases beer spoiling baceria, including L bravis, are detected
iy traditional selattive cullure media or observing metaboalic

prodects (7, 10 Deechon wsing standard media i time condum-
ing 3-14 dmys, depending on the matrix and mediem) and
has imited valee in predicling the beer spoiling potential and
ofigin of the conmmination (267L Spedfic, rapid detedion
and identification o beer spailing bacteria can be achieved with
immunoassays, DNA-DNA hybridisstion and polymemse chain
resction (7111

L brevis, a5 well a8 other beer spailing bacteria, has been de-
scribed 25 & late biofilm codoniser in brewery biofilrs, often
Ibenefiting from prior aolonisation of different spedeas [12). What
makes biofilms so dangenos for any hygienic producion is that
they prvide protecion againd varows environmental stress
faciors swch as oaddation, desiceation, bisddes, antibiotics, metal
jons and LV (131 For example, biofilrs consisting of single stmins
of L plantaanm sulbsp. plnissm had a significantly higher resis-
Lamte 1o soetc add and ethaned then their plankbonic equivalents,
making biofilm fomation an important indicator for hygienic
oowntesm easures (141 Lactic acid bacteda (LAB) influence biofim
condstend in mied biofilms and can enhance biofilm formation
in milked s pecies biofilms with yeasts (15 161 lwas funher possible
o grow wesk biofilms in MRS using L beevis swains that were

L]
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isolated fmm a brewery ske (17 The media @mpoition has a2 ma-
jorinflemnce on bidilm fom ation, 25 demonsirated with straing of
L rhamnasis (18] As the biofilm fosm ation is desoribed a5 being
srongly dependent on the substmte and srain (19, no prdise
dhata s aval able for beer s paoiling straing in a brevwery environment.
‘Whille media riches innutfents ane genemly described 25 e nabiling
sirong bidlilm formation owing i high cell growth, dhemial
and physical stress factors can enhance cell adherence and
the prduction of extracellular substances resulting in stronger
bidfilrs (131 In addition, the examinastion of other species
L revigire aned Ladoroaries kactis) with regaid to thei biodilm foma-
fon in earfier studies showed grest sirain dependent diffenences
in the bidilm fommation (20211 Acordingly, stain and media
spedfic eas lor L bevis biofilm formation and growth poentgal
appear 1 be necessary.

For sirsin diferentistion, RAPD-PCR  jrandomly  am plified
paymosphic  DNA-polymersse chain reaction) fingenprinting
methods are & poweriul and easy4ome tod 1o look lor genetic
varistions (2223] Differentiation at swain level, which s not
posdible when using 165 #fiNA-based POR, can be achieved
wusing RAPD-PCR fingedprinting and has slready been applied to
identify genetc makers comelating with hop tolerance and beer
spailing ability (22,24.25). To differentiste LAB repPOR |repetitive
sequene-tased polymemse  dhain reaction) & desoribed =
having & higher disaiminastory power companed with RAPDPCR,
the most used system for differentiation 26) Additionally, the
rproducibility of RAPD-PCR pattems i @ther poor (27-29). For
spedes identification, the ol genomic DNA-DNA homology
s considesed the “god standand” and a valee of >70% smilarity
mpresents an internationally acepted crierion 1o define the
Ibacterial species (30 The comels tion betwesn DNA-DNA homolo-
gies and rep-PCR fingerrinting methods i very high, which
makes rep-POR methods weful for mpid and discriminatony
soreering to determine the tasonomic and phylogensfic siuc-
res of bacterial populstions (311 The bacterial genome containg
many highly dispersed repefitive sequences (321 Many of those
are consenved regions sl vadous posibons throughout te ge
e in many differnt eubactenia and can be uwsed a5 a primer
mrget sequence (33). The rep-POR, based on short repetifve se-
quences dispersed widely over the genome &5 primer Langet aneas,
is desicribed a5 8 method to classify and type Gram positive and
negative bacteds, a5 well a5 eukanyolic species (26.29,34,35). One
eacaimple of such & repatifve unit i the poly-trinucleatide IGTGE.,
which appears to ke highly repefitive within the genome of
Escherichia coli and Salmonela typhimudim (36). This region
doss not code on is own, but s widely dispersed throughout
the bacierial genome (371 The (GTG), rep-POR phmer has been
described a5 being highly applicable 1o the diferentiation of
LAE &1 & subspecies and swrain level [26), but asbso for acetic acd
Iacteria (38), enterococe (39 and yeass (28

The sim of this swdy was to invesigate il DNA (GTG),
fingerprinfing methods can be wsed 1o discriminate diffesnt
strgin of L brevisin & breweny and te ok the sownce of contmins-
Gon In addiion, this stedy investigated the ability of diffesnt
girzing i fom biofilms and whether sirains that readily form
Ibicfilrs, based on ther physiology, can be tracked back © a
sl in & brewery. A det of L brevis Bobies was therelom se
lected from e culre collection of e Research Center
Weihenstephan for Brewing and Food Quality. Al isolates are
known i have different origins, as wel 2 varistion in their
produect spoiling effect. A genotype databa se, wsing (GTG)s finger-
printing, wes wed & 8 ool for invedigating the varisty o beer

spoiling bacteria in brewedes &l & genetic level For physiological
differentistion, the gowth a5 well a3 the bidilm formation in

varions meda wes esed and compared for correlation within
e genotype database A a second step, a field study was con-
durted within one breweny with & pesistent pesene of L brevi
B examine e vadane witin & single lrewen. The field
stundy was pedommed in onder bo track the contamination o single
fingerprint type from the bottled end product badk to the fist
[pRsCESS Shep.

Materials and methods
To invesigate the genetic and physiological diversiy of L brevis,
an isole set (N = 20) was selected from the cultue collection of
e Foseach Center Wieihenste phan for Brevwing and Food Quality.
Thee selected isolates we e known Lo oniginate from vasous souros
and showed different product spoilage. The solates were aam-
ined for growth and bidilm poental in diffesnt media and
their genotype was dasified using the (G106, fingerprint Finally,
DOMA was etracted from pure cutwres and the species wa
confimed a5 L beevis, wsing the foodprool” Beer Scresning Kit
{Bickecon Disgnostics, Poldam, Germany). (GTG), fingerprints
were genesied by DNA fingerprint amplification, followed by
capillary ged electrophonesis and data prcessing of the generated
fingerprink. The physology wes investigaied m gowth and
bicfilm forming potential in e stationary phase for the same
solates. The fisdd study, 1o rack the conBmination of L brevi
chusters ina Genman breweny, was performed by means
of chose mesh vygienic sam pling of the entine brewing process. All
isolates of L bvewis wene processed along with the mierence solate
set for gaining genetic lingerprinis and processing the genolype
data The genalype wene tracked throsghou the proces.

Cell oultures

All rederence isolates wer siored s cryo culbures 2t —80°Cin Roti -
Stome Cryo Tubes (Carl Roth GmbH+Co. KG, Karlsruhe, Geamnany) at
the Fesearch Cenier Weihendiephan belore reviving and incuba-
i in NBE-B (Dihler GmibH, Danms tadt, Gemmany] sl 28°C, anser-
obically for 4-5 days untl growth was visible Reference isolabes
were sekoed fom diffesnt bewery samples when oultwnes
scored positive with a species identity of L brevi, using the
foodprond” Besr Sorssning Kil 33 howin below.

DMA isolation

[For DNA isolation, 8 modified proiocol wing the InstalGens Matrk™
{Bio-rad, Herules, CA, USA) wes wsed 20401 A 1 miL aliquot of a
hemomenos oell smpension [betveen 107 and 107 cadls/mi)
was tangderred 1o a 1.5 mL Eppendor reaction tube and centri-
fuged for 2 min at 151149 (Hetich MIKRO 200 (Hettich,
Tutfingen]l The ool pellet jsbout 2 mm in diameted was
suspanded in 200 pl of InstaGens” Matrb A hais buffer was
asdded and the sample was incubated st S6C for 30 min
{Eppendor Thermomix comifon, Eppendorn, Weseling Berzdod ).
Afer vorteing for 10 5, the tube was incubsaied for 8 min at 95°C
then centifuged for 1 min at 15114g The DNA concentration
wiard, mea suned wiing a Nanddnop ND 2000 | Therm ofishe s S dendific,
Foches ter, LISA).

For the fingerprint POR amplification, the DNA concentration
of the teq solstes was adjusted wsing POR-clean ddHD 1o

A st B 20TS; 125 250-260 ©219Th

of B & Destil ik

¥ Iy

45

LSE



Results (Thesis Publications)

AT

BBk

I el &t &l

175 na/pl The DNA sample and smple Bolste were siored st
—W°C

Confirmation of species identity

The species identity of each bolste was confirmed using a
Lighteycler 480 1l realiime POR Sysiem Roche Diagnostics Lid,
Rotkrewr, Sdvweir] with the POR FRET hybridsation probe

focdprod” Beer Screening Kit sccording B manulacturing
SLrCBONS.

DMA fin ger print amplifi ation

WGTG), fingenpring were gene@ted by DMA fngerprint am plifica-
tion, followed by capillary gel electrophaoresis amnd the data pro-
e ging of the genemied lingerprins. The DNA amplific tion wes
canried out in 25 pl batches, contining 125 pl RedTag Masienmix
() Mold (Genmaxon biscence, Ulm), 10 pl Primer Soluion
{50 pma L' 5 pl POR-clean bidisiled water (ddHo0) and
25 pl sample DNA The pimer wed for e POR reaction wes
the GTGk phimet S-GTGGTGGTOGTGGETES acmdding 1o
Versabovic ar al (34l The PCR temperature proteco] induded an
activation phase for the Tag Polymerase of 5 min &1 95°C
Thirty cycles were performed, each cycle lasfing 05 min &t
95°C for densturation, 1 min for annealing and 8 min for
amplfication. The final exiension with a duration of 16 min
was performed at 72°C belfore coding © 4T The annesling
and time of ampliication were condutted according to
Versabovic ef al (34), and the other parameters weresel o match
thee requirements of the RedTag Mastenmix {2x) 24old polymes-
e |GEnmaon bivsdence, Lim].

Capillary gel el ctrophoresis

The capillary gl electrophoresis was performed with an Agilent
Bioanalyzer 2100 expert sysiem, using the Agilent 7500 DMA Kit
{Agilen Technolgies, S anta Clara, © A, USA) according to the oper-
ation manual o generating electrographic POR lingenprints, rang-
ineg frem 100 1o 7500 base paire.

Dats procesdng

Backophaogmms wee anshied wing BoMNumeds vergon
752 (Applied Maths NV, Keistraast BL) The raw data was proc-
e e wesineg an 11% disk sire background subtraction and a filber
of the aithmeSic sverage with & least square filtering cutofl
<035%. For normaliation, the ladder nun pedommed for each
microcapillary chip was set a3 the reference lane The bands o
the ladder aan were st & reference bands with siting according
i thee Agilent DINA 7500 kit manusl, 25 well 3 the upper and
loweer marker band of each run The Smilarity aeflicient for fin-
gerprint comparison wes caloulsted using & Pearson avrrelation
with eptimisation 0%, curve smaothing 5% and negative simi-
larities. clip 1o Pero. The cluster caloulation wes caboulated using
the UPGMA with secondary criefon dusteding method. The
highest overall similarity and degeneracy caloulation was cluste-
iingy + secondary orilefion.

Growth and biofim forming potential in stationary phase

The bioffilm osmation potential and growth contol of the mico-
organiis wed Table 1) were tested wing an sdapled test

design according to Kol ef al {2} and modiied by Timke
af al (41) in & 96 well micralitre format that was wsed in & recent
study (200, This test was ssleced a5 being swraightforward for
quantifying a bmoad range of microbial bidlilms with the excep-
tion of P geruginega biofilms (43). The test was aried out in
stedle, blad, flst bottomed polystyrens micratitre 96 well plates
with polymeric optical bottoms for Mhorescence applications
(Thermofisher 5dendiic, Rocdhester, USA). Each well was filled with
250 pl MRS DeMan-Regoss-Sharpe) brath (44, fihered wheat
best, lager beerand plsenestype lager beee Tosimulste the con-
ditions in fller surroundings (eq. overfoaming beer and rinsing
waier], a second set of tests was camied oul with each medium
dilried with 50% ddH,D. Overnight cultures of the test isolates
weere wathed by suspending and centrifging in sefile distiled
waier and adjesied to 10 x 10 @liyml_ The filled wells wers
incubgied with 25 pl of the washed culures in four replicaied
A blank value wes messwned by preparing fouwr replicates of each
medium with 2.5 pl stedle ditilled water insieasd o the @il s
pension for each olste and mediom. Afenvands, the miootitre
plates were sealed with gas permeable foil and incubated anser
obically st 287 for 24 h The opfal density |Dsel (Mul-Detec-
tion-Reader Synergy 2, BicTek, Bad Fredfchshall, Germany) wes
measred directly after sealing the plaes and after 24 h incuba-
tion as & growth control The plates were emptied and rinsed
using sterile distilled water. A 300 pl aliquot of crystal viokst
solution (4 o/L in 209% w'v etha nol) was add ed 1o cells forming a
biofilm in the wells for 5 min &0 room temperature All wels
were emplied and rinsed three times using 400 pl sterile distilled
water. The remaining orystal violet that was sill bownd to the
cells was dissclved in 300 pl 96% v/iv ethanol at 10°C overnight
and ODuge was mexwred wing the Synergy 2 Mul-detedion
reader. To caloulate the gowth and bidilm formation, means
were caloulsted using fowr independant measrement of four
biodogical eplicates per Bolate, normalied against the mean o
fowr independent messurements of four blank samples and
categorised a5 shown in Table 1. Al wells were cochecked and
documented micrsoopicaly for  adherent cels and  wub
particks wsing a Niken invened rearch microscape Ti-E using
& CF 5 P-Fluor ELWD ADM 60 C sir oljective for phase conteast
CTOSCopY.

To validate growth, cutofl values were wed to differngate
the gowth poentil in diferet media The growth cutoll
for no gowth Egy .oe wes defined = the mean differ
ence of e memuwed opical dersity o four independent
negative amples disctly afier inoculstion [Bxm sak s, ] and
24 h incubation Eum ek i) pls thee times the combined
quadratic mean sandard devistion of both messeemens

hlflgﬁmm a0+ i ik 1, | The: i of four independent
e asunenm ents of  isolate minuws the am bined quadratic standand
deviation of the measurements dirctly afier inoculstion and after

24 hof incubation BFupq ., ) — \.I'E o+ ) eqqual

o o [bedowr this threshald was defined &5 no growth. Values be-
twmen Egy oo and 2% By g wiese defined a5 weak growth,
thise between 2 * Eoa aecs 8nd 4% Euoy necs wiene defined
modemie growth and thase >4 * Eg, . o wene defined =
strong grow

To validate te bidilm formation potential, anofl values were
wsed 1o differeniae betwesn biofilm forming isdstes and non
Ibsiefilm fosrrineg isolates. The biodilm fanming cutoff for non-bioflm
forming omanisms (Emo ced wes defined a5 the mean of the
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meassned optical density of four independent negative samples
(Esmais) phes thee times the mean standard devistion
(ks i) B0 the moan measurement of the blank vale
(Esspik) phus the mean standard devistion (30w sk). The
mean of four independent mexumements of an Bolste mine
the standard devistion of these measumments SDw egual 1o or
Ibedow thiis. theeshold was defined &5 no Hdlilm formation. Valoes
obitained betveen By oas v 2* Eqap s wee defined 2 weak
Iiodilm foem ation, thodse betwesn 2 * Exa g 0 4 * Exo s
weredeafined s modes i biofilm form ation and those =4 * Exgoa.s
o wiene defined as stwmng biofilm fom ation scoonding to Diazer al
2 TL Al el in the mionotitre plate wes also dewecked micnsoop-
ically for cell adhesion.

Cont amination tracking of L brevis fingerprint chusters ina
German brewery

To show the pracial application of the strain identification and
ol esting methods, & field study was performed. In order to
track the sownces. of potenial contamination, sam phe wene taken
from & German brewery with & wide produa portfolio ind uding
sheohol ree, low slcohol, wheat beer, lager beer and strong beer.
Additional microbial varistion woull be anBicipated & beers from
other beweres are brosght onsie for dealcoholisation and
packaging.

The sampling took place over two weeks and comprised sam-
ple= from the produdion process from cool wor to flash
pasiewdsation before (ling. Samples were slio taken o the po-
oess. woaler, air in e filling ama, process gases and bottied beer.
Swiab sampes were Bhken fom equipment using sefile swabs,
pre-maoistened with Ringer's solution. The complet list of sample
points and procesed samples is gheen in supporting InformaBion
T this antid e The methods wsed for sem ple proce-sing are shown
in Table 2 n addition 1o process sam ples, samples from oontinge
e sampling before fash pastewristion were colleaed of all
batches in the sampling pericd. Negative sampls ino microbial
growthawithas micobiolgesl detection] wee not analysed
any further. Samples with visible growth were analysed

microscopically. Liquid cultures were plated oul on NBE agar
plates fincubated snasercbically for 7 days st 28°C) DNA v ex-
tracied from singhe colonies and tested for species identification
and sirzin diferences 25 desaribed above.

Results

Genetic differenti stion of 20 sdected isolates

From the culbure bank we wes able to differniate sl 20 se
lected isolates (Figure 1) The [GTE,, lingerprinting method can
e wed for all species of beer spailing bacteda, a3 shown in
Figure 1, indeding Loclobarills ovseijporocosd LEZBSA and
Pedioroaris damnoss PD2142. The clustesing of these two iso-
lstes wias i excess of 20% sSmilarty to sl apdied sdaies o L
bevis. The investigated bolates of L bravis were divided into
geups acording to their dustes o high @milarity |=70%, A-
El. Mo direct relationship was obsenved between the isolates
within grous A, C and D; however solstes in group B [LE2019
and LE2046]) onginated from samples of the same b ewery from
different sample matrices and showed high similarity a1 91 2%,
wihich indicates the same strain identity. Bolae LE2019 & wall
&5 isolste LE2020, came from the same sample. but LE2020 did
it chsier with any of the other difleeniaied bolses and
showed different colony morphdogy 1o LE2 9. Baoth findings
ircicate that this partioular brevery had mone than one micnabi-
odogical problem, which is supponed by ouwr findings of isolates
that wers bolsted from the same brewery, bl dusierd in
groigs A, D and E 'Wikhin group E, two Solaies with similar slime
lormabon (observed when originally Bolated) and isolabed fram
wiheal beer but from different brevweries, showed high genetic
fingeprint similarity. Group F did show a lower similarity (55%)
than the threshobd of 70%, bul these iolstes oniginated from
the same brewery and the same sample matric enfiliered wihest
et Only one o the Bolies showed visible slime formation in
the sample. The dightly higher varistion in genstic lingarprin
smilarity mimored the varied phenotypial appearance. In gen-
eral, no fingerprinting cluster growps could be identified desodb-
ing isolates of & sngle hablat

Table 2. Sample proesing for contamingtion tracking

Method name Prosces sing type Medium Irscoudba oy

Liows hoxpped beer Licquiied enaichiment Lo hopped beer (MEBAK Il 23.1) T-10 days at 28°C, ana enolic

MF, MESA+ 15mgL  Membrane Gitration 7-10 days at 28°C, anaenobic

eypclahexdimide

MF, NEB-A Membramne filtration NBE agar (Doshiler, Darmstadt, Geamany) 7-10 days at 28°C, anaerobic

M 2 + 30 mgld Concentraed medinm, MRS double coneniraied, with 30 magL T-10 deys st 28°C, ana enolic

cycloheximide + ligquied & niichiment cydoheximide and NBE-P-C S

MBB-P-C 5

MEBE agar, powr plate  Agar powr plae (1 mL  NEE agar |Doshler, Darmstadt, Gemn any) F-10 days sl 28°C, ana enokic
sampile]

MEE-B Licyusied enafichime it MBE boulion |Doehler, Darmstwdi, Geomany) T-10 deys st 28°C, ana enolic

NBE concentrate Concentraied medium, NEB conentete (Doehler, Demstadt, Germany]  7-10 days at 28°C, ana erobic
licguic e naichament

Mutrient agar, Agar pour plae (1 mL Mutéent agar (DEV) (Sifin Disgnostics Gmibh, F-10 darys sl 28°C, ana enokic

[pour plaie sampla) Bedin, Gemany]

Swab sam ples. Liqquid endfichment MEE-B-AM ( Dosshler, Danmsiadi, Gesmany) 7-10 deys at 28°C, anaenobic
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Biofibm for mation and g rowth potentisl of 18 soected isolates
in various media

s shovwan in Table 1, growth and biofilm formation in various
meda did not corredaie with the genetic fingenprint clusters of
Figue 1. However, it is worth mentioning that some isolates
showed biofilm formation as pure culiues, which has not been
mpoted for L brevis in beer before LB2372 showed a high
ahility 1o form bidilms in lager beer and diluted pilsener bees.
A connedion can be drawn between the diluted beer and the
bicfilm fommation. In pure whest beer two Bolstes could form
bicfilrs (LEZ790 and LE2143); in the 50% dilutions them wene
three isaates that could jorm biofilns (LBZ790, LE2891 and
LE2048). In lager beer only one volste formed & biofilm
JLEZ372) wiheraas five Bsokes could form biofilrs in the 50%
dilwed lager beer The same trend can be obsewned for
pilsener e

Contamination tracking of L brevis fingerprint chusters in a
Ger man b rewery

Owverall sbout 75% of the bacterial samples isolsted from the
breweery were identified a5 L brevis [Figure 2). As the foous
of this stdy was on tacking the sowee of contamination

A st B 20TS; 125 250-260 ©219Th

and on process samples from primary contaminaBon Sources,
samples directly befom fash pastewrisstion wes not inceded
&8 they are ‘pooled” samples. The disvibution of samples that
ested postive for beer spoiling Lactobacilis sp. during the
preduction praceds [Figue 3] can be described a5 heterogenic
While no bear spoiling LAB could be detected in the sarly pro-
cess [worl coding and seation] the cnly omher samples that
tested negative for L brevis within the process flow were the
cleaning in place dnses and e harvested yeast tanks.
L b wams feand in all the other sampling poivts and tested
poasitive for beer spoiling LAE with the exception of the
batom fermenting oylindroconical tanks, which were domi-
nated by L bocld and L cma Genetic fingerprinting was per-
formed for all of te detecied species of beer spoiling baceria,
bt only data mlsted o the postive dewecon of L brewis is
presened here A disgram of the process flow with the main
wmpling poinls i shown in Fgue 5 the detsiled sampling
pdints and dats on species detection am lised in the
supponing information for this article The genedc lingenprints
wem processed, using Bionumerics 752, and resuted in a het-
erogeneous. distribution (Figue 41 h addition to the process
samples listed above, isolstes of samples taken fom the con-
Emuows sampling apparats directly belore the flash pa stewriser
wer anahsed as well B demonstmie that the detecied
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cluster with at least 70% fingerprint similarity were defined s
lingedprint types AK The distrbution of swain types within
the bewery showed relstiorships to specific sampling points
o represenied in the process flow scheme in Fgure 5. This
figure also shiws how some Boaes ae foond st mor than

was first detected in the hoizontal stomge tank but abo ap-
peared &t the filler bright beer wnk, TF COT cellar and fbts-
lioa tand

Genetic differenti stion, biofim formation and growth of the
sdected solate st

It wizs mait possible to link the genedc fingenprint chsters to spe-
cific phenotypical propenies of the tested Sobes Propenies
such as anBbiotic resistances and tolerances, espedially 1o hop
compounds that are parly responsible for growth in beer, are
plesmid encoded (harA (4545] horl (45477, hitA (24). The rep-
POR system wsed (GTG) only amplfie genomic DNA and does

wikeyoninelbory comjoumalfib

© 2019 The Instituie of Brewing & Dxtillng

A st Brew. 2079 125:250-280

50



Results (Thesis Publications)

Beer enemy number one: genetic diversity, physidodgy and biofilm lormaBon of Ladobadilies bevis

173

Smmhmily et
Pemzen comelstion
Cptrdanton 0%

Curve socofzing: 0L5 %
Megative dncharities. Chp oz
Aothe mones [14 Re-T0000%)
Mizserk cvaken

Merweds crsaton. weethod UPGHA

Bk wed At
Fack paetna st v
capkilape skmy
EF-33BagEAN
alwrag: ank lexica il
#henlzzercelr
ERakrERAinT JaT
Efgl] beiir lagh
“alorwekrerl
Farmatyrmlark
Frbarion =ank

Farion

TR aE

T Tonmoilaka ol

ERNATECEECAEOD

Figum 4 Dol daraieeey am, cabodaned fioe oitica ] S pesiet coemmed balber Mk fu g ek ive: (b figew < b virwad a1 wiliyeeli by sy om]

ot represent genetic markers, which makes plasmid located
iperetic markers virually invisible with this metod. Hioweves,
the method proved to be weful for the differeniaton of the
L brevis isolees a5 well s for the differentistion o other beer-
spoiling and potential besr spoiling species, for example the
o solstes identlied 2 Pedomcan domnons and L coseif
praceme) showing specific fingemprints that are differenated
from the L brews isolates.

Based on the msulty, itis poisible to identify 1 ble genetic iden-
s that can be monitored within single or multiple habitats
within a brewery (Figure 1). For example groups A and D showed
high geneBe similarity bul were distribuled acreds variow habibs.
One reson for this might be oross contamination between habi-
s owing to contract filling by cne brewery for the other.

msmmiﬂmmﬂhﬁsﬁqﬂm
smilafity but wes selected a5 an exceptional dusier because the
amilaiity valee B very dose 1o the threshold BR0%) and both

mmmmﬂummnam&qm
within duster F, despite two Bolstes coming from the same
Ihabitat, onlyone isdaie showed visible dim e forma Bon in the beer
fronm which the sob i chginated The dilerence in this physidog-
ical property is mirtored in the genese lingenprint similarity.
The same diffesnces betwesn these bolstes can be sesn in
Table 1, where LE2604 shows higher grwth potentisl, but ne
olservabie bidilm formaBon compared with LEZ786. Shime, an
essential pant of bidilmes (48, can enable higher mssEne, but
does nol necessarily enhane biofilm formation. On the contrary,
st isolates described &8 handng produced dime in the isdated
aaim pile were rather weak biofilm lormers

The analyses of the physidogical properties of the L brevk
olste 1t proved B be very heterogeneous Table 1] bolste
LE2084 could not show significant growth in any of the tested
media_ This could have been because of dow gowth since the
insbation time wias limited o 24 h
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Sorme isolates [LB2A5S, LB21 43, LB2 786 and LEZ730) showned o
e 2 i absodanos st 590 i, indicating no growth. in conteast
the biofim fomaton in the same experiment esed poitive
The biofilm formation wes confinmed by microscopy. These find-
iy inlicate that thess was no measurable growth, but cells that
were inoculsted in this experiment staned adhedng 1o the surae
of the microtite wells withow growth. This effect seems 1o be a
reaction of the tesied isolate 1o the medium. Biofilm formation is
ko desofibed a8 being a protective reaction o a hatile envinon-
ment (131 For this resson, the cell adherence may be a reaction 1o
stress [actars in e mediom or & lack of essential nuthents. in
thee mse of LE2BSS, the reaction may be triggered not only by
hxp compounds. but also by osmobc stess, a3 the ofiect @n ke
obsenvedinbeeras a nusrient &5 well a4 in a standand MRS medium,
st el i filuniedd MIRS.

Inbeer, anlyone Bolste -L E2604 - grew Sonificantly within 24 h
Depending on the beer sttfibutes, the foring test could take upto
thee maonths (7L In conchsion, 8 megative reult of the growth
potential does not exclede beer spoiling pokntial

In general, various L brevi isolstes are able 1o inially fom
biofilms in varios media Hence, depending on e solate and

subswrate, biofilms can build up in different areas o breweded
Thek initial e ation i not neces arily dependsnt wpan other spe
cies, & [act that has not been reporied 1o date. Diluted beer, inpar-
ticular, &3 it & ppears in betwesn prooess deaning steps and in the
filler environment, seems 1o be a good mediem for biofilm fonms-
o descrbed by Suthedand of ol {8 could not been observed.
Generating & growth potential and biofilm formation profik of so-
lated L brevisisolstes can help toide nlily pants in the process that
enable perssent biofilm fom ation | depending on the distribusion
of dilted prcess media thesughout the process). It can slio help
toestimate e product s polsge potential Combined with genetic
lingesprinting identities can be tacked through the process, iso-
Lstirecy thee: rrsocst probabile: comvam ination sowes.

Contamination tracking of L brevis fing e print types in a
German brewery

The fiedd stdy resuited in 11 fingesprint types, o Siain types
which could be associsted with specific s.amp g points_Each chs-
ter wias tracked theoughout the proms and could be fownd in

wikeyoninelbory comjoumalfib
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variows stages of the bmewing proeas. Nine of the lingeprint dus-
s could be lownd in samples balore fash paseorisation and fill-
ing. Figure 5 shows that mast chusters, while found though the
wihiole prscess, do nol appear in an unbroken line from a specific
sampling point in the process flow. There ane variows reasons lor
prowides only & snapshot of the dynamic microliological sbwation
in the brewery. Secondly, it is very difficult to Baae mixed sirains
from dngle samples Some sirsing might chginally be in the
caleced samples but could not be solated becase they wene
ovengiown by other spedes or siraing in further proesing. It i
et weorthy that the appearance of linge rprint type C in the waier
weatment samples indicated a possible entry of microorganisms
ini the process frough process wates. Furthes indpection of the
waiber treatm ent equipment showed shortoomings in constrsclion.
A this lingenprint type could also be fownd in the beer directly be-
fore flash pastewrsation it is dearly possible for this fingerprint
type 1o contaminaie the product Inadequate waler Testmen i
& possible contmination source The diversity of the identified
fingerprint types indicates that the microbidogical shustion in
the teied brwery is cloady notl the resuh of 5 singe microbideg-
ical contamination evenl It is mow likely that there are mulliple
sownrces of spoilage baceda enbeding the promes.

I gperveral, the differentistion of L bevis proved tobe s valuable
wol in hygiene moniding and delenmining  contamination
souced The high number of different genotypes and therelore
potenBally vafant physologies that could be feund prove the high
diversiy of L brevis in brewery isolates_Depending on the physio-
logical properties (eg. growth, dime formation and biofilm foma-
Bon], itis essentisl toconsider the spalsge potential of this species
intenms of the various cntributing & oiors, 25 well a3 the poiendal
COUNlENMEasINes
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Table 2: Publication 2, Supporting Information 1: Sample points field study process samples

Sample
department/room sampling point Isolation method microscopy foodproof® Beer Screening
number
91 CFU short/long rods partly
NBB-Agar, pour plate
mobile
600 day 1 MF, NBB-A n.d. Lactobacillus brevis
MF, MRS-A+15 mg/|
: n.d.
permeate pressure pipe cycloheximide
1
NBB-A, pour plate n.d.
600 day 2 MF, NBB-A 2 CFU cocci na
MF, MRS-A+15 mg/|
n.d.
cycloheximide
NBB-A, pour plate n.d.
601 day 1 MF, NBB-A n.d. na.
MF, MRS-A+15 mg/|
n.d.
permeate pressure pipe cycloheximide
2 NBB-A, pour plate n.d.
601 day 2 MF, NBB-A n.d. na.
MF, MRS-A+15 mg/|
n.d.
cycloheximide
NBB-A, pour plate 1 CFU short rods partly mobile
602 day 1 MF, NBB-A n.d. na.
MF, MRS-A+15 mg/|
n.d.
permeate pressure pipe cycloheximide
3 NBB-A, pour plate n.d.
602 day 2 MF, NBB-A n.d. na.
water treatment MF, MRS-A+15 mg/| n.d
cycloheximide
NBB-A, pour plate 1 CFU short rods partly mobile
603 day 1 MF, NBB-A n.d. na.
MF, MRS-A+15 mg/|
n.d.
permeate pressure pipe cycloheximide
4 NBB-A, pour plate n.d.
603 day 2 MF, NBB-A n.d. na.
MF, MRS-A+15 mg/|
1 CFU cocci, diplococci
cycloheximide
NBB-A, pour plate 1 CFU short partly mobile
604 day 1 MF, NBB-A n.d. na.
MF, MRS-A+15 mg/I|
n.d.
cycloheximide
overall permeate
NBB-A, pour plate 1 CFU short rods
604 day 2 MF, NBB-A n.d. na.
MF, MRS-A+15 mg/I
n.d.
cycloheximide
NBB-A, pour plate n.d.
605 day 1 MF, NBB-A n.d. na.
MF, MRS-A+15 mg/I
Brewing water n.d.
cycloheximide
NBB-A, pour plate n.d.
605 day 2 n.a.
MF, NBB-A n.d.
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MF, MRS-A+15 mg/|

n.d.
cycloheximide
NBB-A, pour plate n.d.
606 day 1 MF, NBB-A n.d. na.
MF, MRS-A+15 mg/|
raw water after n.d.
cycloheximide
membrane filter
(80 um) NBB-A, pour plate n.d.
606 day 2 MF, NBB-A n.d. na.
MF, MRS-A+15 mg/|
n.d.
cycloheximide
NBB-A, pour plate n.d.
607 day 1 MF, NBB-A n.d. na.
MF, MRS-A+15 mg/|
n.d.
raw water after active cycloheximide
coal filter NBB-A, pour plate 1 CFU short rods
607 day 2 MF, NBB-A n.d. na.
MF, MRS-A+15 mg/|
n.d.
cycloheximide
NBB-A, pour plate n.d.
608 day 1 MF, NBB-A n.d. na.
MF, MRS-A+15 mg/|
n.d.
cycloheximide
concentrate
NBB-A, pour plate 95 CFU short/long rods
608 day 2 MF, NBB-A n.d. na.
MF, MRS-A+15 mg/|
n.d.
cycloheximide
NBB-A, pour plate 4 CFU short/long rods
609 stabilised raw water MF, NBB-A n.d. n.a.
MF, MRS-A+15 mg/|
n.d.
cycloheximide
2 CFU short/long rods partly
NBB-A, pour plate
mobile
620 day 1 MF, NBB-A n.d. n.a.
MF, MRS-A+30 mg/|
o n.d.
water valve cycloheximide
NBB-A, pour plate 1 CFU short/long rods
620 day 2 MF, NBB-A n.d. na.
MF, MRS-A+30 mg/|
city water (below cycloheximide e
grist mill)
NBB-A, pour plate 1 CFU short rods partly mobile
621 day 1 MF, NBB-A n.d. na.
MF, MRS-A+30 mg/| g
n.d.
official control sampling cycloheximide
point NBB-A, pour plate uncountable CFU short/long rods
621 day 2 MF, NBB-A n.d. e
MF, MRS-A+30 mg/|
n.d.
cycloheximide
uncountable CFU, Lactobacillus
NBB-A, pour plate
sp., yeasts
biological 200 tank 1 Low-hopped beer nd. Lactobacillus brevis
acidification
NBB-B n.d.
201 tank 2 NBB-A, pour plate uncountable CFU, yeasts, n.d.
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short/long rods

Low-hopped beer

Lactobacillus sp. (culture), wild

yeasts

NBB-B

Lactobacillus sp. (culture),

NBB-A, pour plate

uncountable CFU wild yeasts

Lactobacillus sp. (culture), wild

202 tank 3 Low-hopped beer n.d.
yeasts
NBB-B Lactobacillus sp. (culture),
wort cooler 100 cold wort NBB concentrate n.d. n.a.
101 cold wort NBB concentrate n.d. n.a.
NBB-A, pour plate n.d.
wort aeration . S
wort aeration sterile air MF, NBB-A nd.
701 n.a.
in Ringer’s solution
MF, MRS-A+30 mg/|
1 CFU cocci
cycloheximide
MRS 2x+30 mg/|
365 TFtank 1 n.d. n.a.
cycloheximide + NBB-P-C 5x
MRS 2x+30 mg/|
366 TF tank 2 n.d. n.a.
cycloheximide + NBB-P-C 5x
MRS 2x+30 mg/|
Top-fermenting 367 TF tank 3 n.d. n.a.
cycloheximide + NBB-P-C 5x
fermentation tanks
MRS 2x+30 mg/|
TF tanks) 368 TF tank 4 n.d. n.a.
cycloheximide + NBB-P-C 5x
MRS 2x+30 mg/|
369 TFtank 5 n.d. n.a.
cycloheximide + NBB-P-C 5x
MRS 2x+30 mg/|
370 TF tank 6 Lactobacillus sp. Lactobacillus brevis
cycloheximide + NBB-P-C 5x
wort at flotation TF MRS 2x+30 mg/|
105 n.d. n.a.
tank 6 cycloheximide + NBB-P-C 5x
Nutrient agar 1 CFU mold
flotation tanks
rinse water before
106 MF, NBB-A n.d. na.
flotation TF tank 6
MF, MRS-A+30 mg/|
n.d.
cycloheximide
MRS 2x+30 mg/|
300 centrifuge infeed n.d. n.a.
cycloheximide + NBB-P-C 5x
MRS 2x+30 mg/|
301 centrifuge outfeed n.d. n.a.
cycloheximide + NBB-P-C 5x
310 T350 (buffer tank) NBB concentrate Lactobacillus sp. Lactobacillus brevis
MRS 2x+30 mg/|
316 T349 (buffer tank) Lactobacillus sp. a) Lactobacillus brevis, b) Lactobacillus brevis
cycloheximide + NBB-P-C 5x
MRS 2x+30 mg/|
some short rods Lactobacillus casei
open vat, removed cycloheximide + NBB-P-C 5x
204
yeast a) Mix Lactobacillus brevis + Lactobacillus
NBB-B some short rods
casei, b) Lactobacillus casei
Nutrient agar, pour plate ca. 900 CFU short rods n.a.
centrifugation cellar .
centrifuge outfeed, ca. 450 CFU, lactic acid bacteria
631 thi I - MF, NBB-A Lactobacillus brevis
in vaive, rinsing (non beer spoiling)
before CIP MF, MRS-A+15 mg/|
ca. 600 CFU Lactobacillus sp. a) Lactobacillus brevis b)Lactobacillus brevis
cycloheximide
uncountable CFU, short rods
Nutrient-agar, pour plate n.a.
centrifuge outfeed, partly mobile
thick valve/yeast short rods, overgrown with
632 MF, NBB-A n.a.
outfeed, rinsing before yeasts
CIP MF, MRS-A+15 mg/| uncountable CFU lactic acid
a) Lactobacillus brevis b)Lactobacillus brevis
cycloheximide bacteria, yeasts
centrifuge outfeed, Nutrient-agar, pour plate n.d.
633 ) n.a.
thin valve, bottom, MF, NBB-A n.d.
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rinsing before CIP

MF, MRS-A+15 mg/|

cycloheximide

n.d.

centrifuge outfeed,

Nutrient agar

approx..2700 CFU short rods

partly mobile

n.a.

uncountable CFU Lactobacillus

659 thin valve, rinsing after MF, NBB-A a) Lactobacillus brevis b) Lactobacillus brevis
sp.
CIp
MF, MRS-A+15 mg/| uncountable CFU Lactobacillus
a) Lactobacillus brevis b) Lactobacillus brevis
cycloheximide sp., yeasts
approx. 200 CFU short rods partly
Nutrient agar
mobile
centrifuge outfeed,
na.
thick valve/yeast approx. 450 CFU, lactic acid
658 MF, NBB-A
outfeed, rinsing after bacteria, (non-beer-spoiling)
CIP
MF, MRS-A+15 mg/| approx. 300 CFU, Lactobacillus
Lactobacillus brevis
cycloheximide sp., yeast
Nutrient agar 1 CFU short rods
centrifuge outfeed,
657 thin valve, bottom, MF, NBB-A n.d. n.a.
rinsing after CIP MF, MRS-A+15 mg/| d
n.d.
cycloheximide
MRS 2x+30 mg/|
311 T172 n.d. n.a.
cycloheximide + NBB-P-C 5x
MRS 2x+30 mg/|
312 T173 n.d. n.a.
horizontal cycloheximide + NBB-P-C 5x
maturation tanks 313 T174 NBB concentrate Lactobacillus sp a) Lactobacillus brevis b) Lactobacillus casei
314 T175 NBB concentrate n.d. n.a.
315 T176 NBB concentrate n.d. n.a.
MRS 2x+30 mg/|
320 CKT 1 Lactobacillus sp Lactobacillus brevis
cycloheximide + NBB-P-C 5x
MRS 2x+30 mg/|
321 CKT 2 Lactobacillus sp Lactobacillus brevis
cycloheximide + NBB-P-C 5x
MRS 2x+30 mg/|
322 CKT 3 n.d. n.a.
cycloheximide + NBB-P-C 5x
MRS 2x+30 mg/|
323 CKT 4 Lactobacillus sp Lactobacillus casei
cycloheximide + NBB-P-C 5x
MRS 2x+30 mg/|
324 CKT 5 Lactobacillus sp Lactobacillus brevis
cycloheximide + NBB-P-C 5x
MRS 2x+30 mg/|
325 CKT 6 n.d. n.a.
cycloheximide + NBB-P-C 5x
MRS 2x+30 mg/|
326 CKT 7 Lactobacillus sp Lactobacillus brevis
cycloheximide + NBB-P-C 5x
MRS 2x+30 mg/|
327 CKT 8 n.d. n.a.
cycloheximide + NBB-P-C 5x
MRS 2x+30 mg/|
wheat beer cellar 328 CKT9 Lactobacillus sp Lactobacillus brevis
cycloheximide + NBB-P-C 5x
MRS 2x+30 mg/|
329 CKT 10 n.d. n.a.
cycloheximide + NBB-P-C 5x
MRS 2x+30 mg/|
330 CKT 11 Lactobacillus sp Lactobacillus brevis
cycloheximide + NBB-P-C 5x
MRS 2x+30 mg/I
331 CKT 12 n.d. n.a.
cycloheximide + NBB-P-C 5x
MRS 2x+30 mg/|
332 CKT 13 n.d. n.a.
cycloheximide + NBB-P-C 5x
333 CKT 14 NBB concentrate Lactobacillus sp Lactobacillus brevis
334 CKT 15 NBB concentrate n.d. na.
335 CKT 16 NBB concentrate n.d. n.a.
MRS 2x+30 mg/|
336 CKT 17 Lactobacillus sp Lactobacillus harbinensis
cycloheximide + NBB-P-C 5x
337 CKT 18 MRS 2x+Cycloheximide + Lactobacillus sp Lactobacillus harbinensis
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NBB-P-C 5x

MRS 2x+30 mg/|
338 CKT 19 Lactobacillus sp Lactobacillus brevis
cycloheximide + NBB-P-C 5x

MRS 2x+Cycloheximide +
339 CKT 20 Lactobacillus sp Lactobacillus brevis
NBB-P-C 5x

MRS 2x+30 mg/|
345 CKT 21 n.d. n.a.
cycloheximide + NBB-P-C 5x

MRS 2x+30 mg/|
346 CKT 22 n.d. n.a.
cycloheximide + NBB-P-C 5x

MRS 2x+30 mg/|
347 CKT 23 n.d. n.a.
cycloheximide + NBB-P-C 5x

MRS 2x+Cycloheximide +
348 CKT 24 n.d. n.a.
NBB-P-C 5x

MRS 2x+30 mg/|
349 CKT 25 Lactobacillus sp Lactobacillus backii
cycloheximide + NBB-P-C 5x

MRS 2x+30 mg/|
350 CKT 26 some short rods, Lactobacillus sp. Lactobacillus backii
cycloheximide + NBB-P-C 5x

MRS 2x+30 mg/|
351 CKT 27 some short rods, Lactobacillus sp. Lactobacillus backii
cycloheximide + NBB-P-C 5x

bottom-fermenting MRS 2x+30 mg/|
352 CKT 28 mold, Lactobacillus sp Lactobacillus casei
cellar (BF) cycloheximide + NBB-P-C 5x

MRS 2x+30 mg/|
353 CKT 29 n.d. n.a.
cycloheximide + NBB-P-C 5x

MRS 2x+30 mg/|
354 CKT 30 short rods Lactobacillus casei
cycloheximide + NBB-P-C 5x

MRS 2x+30 mg/| Mix a) Lactobacillus backii, b) Lactobacillus
355 CKT 31 short rods, Lactobacillus sp
cycloheximide + NBB-P-C 5x casei

MRS 2x+30 mg/|
356 CKT 32 Lactobacillus sp Lactobacillus casei
cycloheximide + NBB-P-C 5x

MRS 2x+30 mg/|
357 CKT 33 Lactobacillus sp Lactobacillus casei
cycloheximide + NBB-P-C 5x

MRS 2x+30 mg/|
358 CKT 34 n.d. n.a.
cycloheximide + NBB-P-C 5x

MRS 2x+30 mg/|
359 CKT 35 Lactobacillus sp Lactobacillus casei
cycloheximide + NBB-P-C 5x

MRS 2x+30 mg/|
373 buffer tank 4 Lactobacillus sp Lactobacillus brevis
cycloheximide + NBB-P-C 5x

MRS 2x+30 mg/|
374 buffer tank 1 Lactobacillus sp not culturable
cycloheximide + NBB-P-C 5x

T-valve before MRS 2x+30 mg/|
375 Lactobacillus sp Lactobacillus brevis
dealcoholisation dealcoholisation cycloheximide + NBB-P-C 5x
T-valve after MRS 2x+30 mg/|
376 Lactobacillus sp Lactobacillus brevis
dealcoholisation cycloheximide + NBB-P-C 5x
MRS 2x+30 mg/|
377 buffer tank 2 Lactobacillus sp Lactobacillus brevis
cycloheximide + NBB-P-C 5x
MRS 2x+30 mg/|
378 buffer tank 3 Lactobacillus sp Lactobacillus brevis

cycloheximide + NBB-P-C 5x

MRS 2x+30 mg/|
380 bright beer tank 1 Lactobacillus sp a) Lactobacillus casei ,b)Lactobacillus brevis
cycloheximide + NBB-P-C 5x

MRS 2x+30 mg/I
381 bright beer tank 2 Lactobacillus sp Lactobacillus brevis
cycloheximide + NBB-P-C 5x
MF, NBB-A Lactobacillus sp Lactobacillus brevis
382 bright beer tank 3 MF, MRS-A+15 mg/|
o uncountable short/long rods n.a.
bright beer tanks cycloheximide
MF, NBB-A 8 CFU yeasts n.a.
383 bright beer tank 4 MF, MRS-A+15 mg/|
ca. 480 CFU yeasts n.a.
cycloheximide
MF, NBB-A 39 CFU Lactobacilli n.a.
384 bright beer tank 5 MF, MRS-A+15 mg/|
no result na.

cycloheximide
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MF, NBB-A 3 CFU Lactobacillus sp n Lactobacillus brevis
385 bright beer tank 6 MF, MRS-A+15 mg/|
1 CFU Lactobacillus sp Lactobacillus brevis
cycloheximide
MF, NBB-A uncountable CFU short rods not culturable
386 bright beer tank 7
MF, MRS-A+15 mg/|
approx. 300 CFU short rods n.a.
cycloheximide
before filter (left MRS 2x+30 mg/|
390 n.d. n.a.
bottom) cycloheximide + NBB-P-C 5x
MF, NBB-A n.d. n.a.
before filter (right
391
MF, MRS-A+15 mg/|
bottom) nd. na.
cycloheximide
MF, NBB-A n.d. n.a.
392 before filter (top) MF, MRS-A+15 mg/|
n.d. n.a.
cycloheximide
sheet filter MF, NBB-A n.d. n.a.
after filter (direct after
400 " " "
) . MF, MRS-A+15 mg/| 1 CFU lactic acid bacteria (non-
filtration) na.
cycloheximide beer-spoiling)
MF, NBB-A n.d. n.a.
after filter (valve at
401
) MF, MRS-A+15 mg/|
bright beer tanks) nd. na.
cycloheximide
MF, NBB-A n.d. n.a.
402 filter middle MF, MRS-A+15 mg/|
n.d. n.a.
cycloheximide
Low-hopped beer, isolation
K1 short rods Lactobacillus brevis
culture on NBB-A
Low-hopped beer, isolation
kieselguhr K2 freshly opened bag n.d. n.a.
culture on NBB-A
Low-hopped beer, isolation
K3 n.d. n.a.
culture on NBB-A
MRS 2x+30 mg/|
n.d. n.a.
205 HY-tank 2 cycloheximide + NBB-P-C 5x
harvest yeast tanks NBB concentrate n.d. n.a.
HYT MRS 2x+30 mg/|
n.d. n.a.
206 HY-tank 1 cycloheximide + NBB-P-C 5x
NBB concentrate n.d. n.a.
MRS 2x+30 mg/|
o Lactobacillus sp. Lactobacillus brevis
210 BF propagation tank 1 cycloheximide + NBB-P-C 5x
NBB concentrate Lactobacillus sp. Lactobacillus brevis
MRS 2x+30 mg/|
: n.d. n.a.
bottom fermenting 211 BF propagation tank 2 cycloheximide + NBB-P-C 5x
pure culture cellar
NBB concentrate n.d. n.a.
MRS 2x+30 mg/I
short/long rods Lactobacillus brevis
212 yeast dosage tank cycloheximide + NBB-P-C 5x
NBB concentrate n.d. n.a.
MRS 2x+30 mg/|
o n.d. n.a.
220 TF propagation tank 1 cycloheximide + NBB-P-C 5x
top fermentation NBB concentrate n.d. n.a.
propagation (TF) MRS 2x+30 mg/I
o n.d. n.a.
221 TF propagation tank 2 cycloheximide + NBB-P-C 5x
NBB concentrate n.d. n.a.
nutrient agar n.d.
CO, valve before filter _
central aeration 710 MF, NBB-A n.d. n.a.
in Ringer’s solution
MF, MRS-A+15 mg/I
n.d.

cycloheximide
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nutrient agar n.d.
sterile air valve in
712 MF, NBB-A n.d. na.
Ringer’s solution
MF, MRS-A+15 mg/|
n.d.
cycloheximide
635 rinse water tank Low-hopped beer yeasts n.a.
nutrient agar n.d.
MF, NBB-A n.d.
CIP top-fermenting 636 fresh water tank na.
cellar MF, MRS-A+15 mg/| nd
cycloheximide
810 acid tank Low-hopped beer n.d. n.a.
811 caustic tank Low-hopped beer n.d. n.a.
nutrient agar n.d.
625 fresh water tank MF, NBB-A n.d. n.a.
MF, MRS-A+15 mg/|
n.d.
cycloheximide
CIP-brewhouse nutrient agar n.d.
626 rinse water tank MF, NBB-A n.d. n.a.
MF, MRS-A+15 mg/|
uncountable CFU, long rods
cycloheximide
800 acid tank Low-hopped beer n.d. n.a.
nutrient agar n.d.
627 fresh water tank MF, NBB-A n.d. n.a.
MF, MRS-A+15 mg/|
n.d.
cycloheximide
nutrient-agar 38 CFU yeasts
CIP cellar/ CIP5
628 rinse water tank MF, NBB-A approx. 900 CFU yeasts na.
MF, MRS-A+15 mg/| uncountable CFU yeasts, 21
cycloheximide molds
804 mixed water tank Low-hopped beer n.d. n.a.
805 acid tank Low-hopped beer n.d. n.a.
nutrient agar 4 CFU short rods, yeasts
640 fresh water tank MF, NBB-A n.d. n.a.
MF, MRS-A+15 mg/|
n.d.
cycloheximide
nutrient agar 26 molds
CIP bright beer tanks
641 rinse water tank MF, NBB-A n.d. n.a.
MF, MRS-A+15 mg/|
n.d.
cycloheximide
821 acid tank Low-hopped beer n.d. n.a.
822 acid tank Low-hopped beer n.d. n.a.
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Table 3: Publication 2, Supporting Information 2: Sampling points field study swab samples on NBB-B-Am

sample acidification in isolation culture
department/room sample point microscopy foodproof® Beer Screening
number. NBB-B-Am on NBB-A
a) Lactobacillus casei, b) mix of
. short rods, a) short rods b) . .
901 bright beer tanks cold water valve yes . . Lactobacillus brevis and
cocci cocci
Lactobacillus harbinensis
902 bright beer tanks CO,-outfeed valve yes short rods short rods Lactobacillus brevis
910 centrifuge cellar buffer tank 350 T-valve yes short/long rods | short rods Lactobacillus casei
911 centrifuge cellar centrifuge CO, yes nd. nd. n.a.
941 centrifuge cellar buffer tank 349 outfeed yes long rods long rods Lactobacillus brevis
912 central aeration CO, after filter no nd. nd. n.a.
ventilation at carbonisation
915 n.a.
dealcoholisation unit tank 3 no n.d. n.d.
top fermentation aeration, pressurised air
920 K ) n.a.
propagation before filter no n.d. n.d.
921 top fermentation aeration, pressurised air after
n.a.
propagation filter no, sedimentation some yeasts n.d.
940 centrifuge cellar buffer tank 349 inside no nd. nd. n.a.
horizontal blending apparatus inside,
n.a.
955 maturation tank supernatant beer no n.d. n.d.
horizontal blending apparatus inside,
n.a.
956 maturation tank supernatant beer no n.d. n.d.
horizontal blending apparatus infeed
n.a.
957 maturation tank valve no n.d. n.d.
harvested yeast
961 . . n.a.
tank sample 1,top inspection glass | no n.d. n.d.
963 harvested yeast yeasts,
tank manhole cover bottom yes short/long rods | short rods Lactobacillus casei
harvested yeast
965 i . . n.a.
tank deflector plate no, sedimentation cocci n.d.
966 harvested yeast
tank sample 2,top inspection glass | no, sedimentation short rods short rods Lactobacillus brevis
harvested yeast tank inside, seal of front
967 . . n.a.
tank inspection glass no n.d. n.d.
harvested yeast
969 o i . n.a.
tank tank inside, bulge wall no, sedimentation n.d. n.d.
970 harvested yeast
tank tank inside, bottom outfeed no, sedimentation nd. cocci nd.
071 harvested yeast
tank manhole, inside tank wall no, sedimentation short rods short rods Lactobacillus casei
973 harvested yeast tank inside, deposit behind
n.a.
tank cleansing jet no, sedimentation long rods n.d.
962 flotation tank tank inside bottom yes short rods n.d. na.
964 Mix of Lactobacillus brevis and
flotation tank bottom manhole under seal yes short/long rods | short rods Lactobacillus casei
968 flotation tank seal top inspection glass no, sedimentation short rods n.d. n.a.
972 flotation tank overflow no, sedimentation short rods n.d. n.a.
974 flotation tank tank inside wall, left of bulge no, sedimentation cocci n.d. n.a.
975 flotation tank tank inside wall, right of bulge | no, sedimentation short rods n.d. na.
978 flotation tank tank inside wall at rough spot no n.d. n.d. n.a.
980 flotation tank tank inside wall middle no nd. nd. na.
. tank inside wall, welding seam . X
981 flotation tank yes long rods long/short rods Lactobacillus brevis

before manhole
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Table 4: Publication 2, Supporting Information 3: Sampling points field study room air samples

Sample number Sampling site Sampling time Acidification foodproof® Beer Screening
P1D wort aeration sampling day 1 no Lactobacillus brevis
P2 N wheat beer maturation cellar sampling day 1 yes Lactobacillus brevis
P2Da) sampling day 1 no Lactobacillus brevis
P2Db) sampling day 1 no Lactobacillus brevis
P3Da) filtration cellar sampling day 2 no Lactobacillus brevis
P3Db) sampling day 2 no Lactobacillus brevis
P3Dc) sampling day 2 no Lactobacillus brevis
P4 Na) top-fermenting propagation sampling day 2 yes Lactobacillus brevis
P4 N b) cellar sampling day 2 yes Lactobacillus brevis
P4 D a) sampling day 2 no Lactobacillus brevis
P4ADDb) sampling day 2 yes Lactobacillus brevis
P6D a) sampling day 2 no Lactobacillus brevis
P6Db) sampling day 2 no Lactobacillus brevis
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2.4. Characterization and validation of yeast related biofilms in brewing
environment with combined cultivation and specific real-time PCR

screening of selected indicator species
Abstract

Microbial spoilage of alcohol-free and low-alcohol beers, beer-mixed beverages, and soft
drinks is most commonly caused by yeast. Yeast-related biofilms are therefore a serious
problem in the production of these beverages. Fast detection of developing biofilms is a key
factor to prevent subsequent spoilage of the product. For fast yeast detection, a new specific
medium was developed and combined with real-time polymerase chain reaction (PCR)
detection of characteristic beverage-spoiling yeast species. The medium is based on MYPG
broth (malt extract, yeast extract, peptone, glucose broth) with resazurin as a redox indicator
for cell activity. The growth and biofilm potential of representative strains of commonly
present beverage-spoilage yeast species was evaluated using the developed medium. A
novel real-time PCR detection system for Rhodotorula mucilaginosa, an early biofilm
coloniser, was designed and successfully validated. Two field tests of the medium in
combination with real-time PCR were performed. One test showed a differentiated hygienic
status on a filler, and the other test tracked the contamination source of Saccharomyces
cerevisiae var. diastaticus. The biofilm relevance of the strain set was proven. The modified
MYPG proved to be highly sensitive when detecting yeasts. The detection of the selected
target species directly in the medium was compatible and can provide detailed hygienic
profiles when combined with additional information on the target species. This provides a fast
detection method for yeast-related biofilms in brewery environments, differentiated hygienic

monitoring, and makes it possible to troubleshoot contamination incidents.

Authors/Authorship contribution:

Riedl R.: Literature search, writing, data creation, study conception and design; J. Flitterer:
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isolation, critical content review
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ABSTRA CT KEYWORDS
Miicrobial spoilage of alocholfres and low-alcohol beers, beer-mived bevemges, and soft drinks is  Ber bewemge; biofim;
most commonly caused by yeast Yeasttelsted biofilms are therelore a serious problem in the Feric monoang
prod uction of these bevemges. Fast detecion of developing biofilms is a key factor 1o prevent PR yeast

subsequent spoilage of the product. For fast yeast detection, a new specilic meadiom was devel-
oped and combined with real-ime polymerase chain reaction [POR) detection of characterisfic
beverage spoiling yeast specied The mediom is based on MYPG broth (malt extract, yeast exiract,
peptone, glucose broth) with resaronin &5 2 redox indicator for cell activity. The growth and bio-
film potentisl of representative straing of commonly present beverage spoilsge yeast specie was
evalusted wsing the developed mediom A novel reaHime POR detection system for Rhodolorula
mudlaginess, an early biofilm cdonizer, was desipned and successhully validated. Two fisdd tesis
of the mediem in combination with real-time POR were perormed. One test showed a differsnti-
sted hygienic status on & filler, and the other test tmcked the contaminstion source of
Sarcharowmyces cerevisige var. dastatiars. Biofilm redevance of the sirain set was proven. The modi-
fied MYPG proved 1o be highly sensitive when detecting yeasts. The detecion o the selected var-

get species directly in the mediom was compatible and can provide detsiled hygienic profiles
wihen combined with additional infommation on the target specied This provides a fas detection

metod for
and makes it powible to troublshool contamination

Introduction

More than 50% of reported microbiological incidents in
breweres are assochited with secondary contamination dur-

ing the filling process (eg. by ambient air, machines, or
drops of condensate, and not by lnput via mw mt-‘-:rh]}.'”1
Since micmblological problems in the flling area do not
occur spontanecusly but develop over time due to poor
hygiene, the hyglenic status of brewery filling equipment is
subsequently monitored. This action is essential to detect
hygienic problems before prodoct-spoiling organisms can
settle and start growing as biofilms "% While it s belleved
that bacteria attach to a surface within mimutes, the growth
of true bioflms takes much longer.™" Thelr development s
described a5 a rather complex process with different domnin-
ant species over time =4

The growth of beer-spollage bacteria in brewery-related
biofilms & often related to the later growth steps of bio-
flms ™! The greatest priority in hyglenk monitoring & to
detect organisms that indicate biofilm growth before spoil-
age organims can colonize the biofilm. The most important
groups detected are serobic and microsersphilic genera such
a8 Acefobacter sp., Gluconobacter sp. or other acid-forming

biofilms in brewery environments, diflerentisted hygienic monitoring,
incidents

bacteda, which are detected via pH color indicators in
growth media for hyglenic monitoring ™ Most beer-sgpod-
age organisms are microaeophilic or anaerchic bactera
such as Lactobacillus spp., Padiosccus gpp., Pectinatus spp.,
and Megasphaera spp., the media wsed to detect beer-spod-
age organisms are optimized for those geners 441 Badler
studies showed yeasts as a relevant in mature biofilms
found in the filling department™'™ In biofilm development
in breweres, veasts are described as late biofilm colonizers
in this model, which may differ according to the sub-
strate ™ Tt was observed that yeasts can create biofilms
initially on surfaces, or colonize existing fungal or bacterial
bioflms"! Yeast bioflm development is similar to that of
bactera bioflms, but it is more complex since some yeasts
are able to B psendohyphae dudng maturation |

In general, yeasts have a high impact in the beverage
industry a5 starter cultures in the fermentation proces and
a5 spollage organisms in beer, akohol-free beverages, and
beer-mived beverages. In frult-based beverages in particular,
yeasts canse W% of spolage cages 1419

Over the past few decades, the beer market has changed
and beer-mixed and akobol-free beverages ame becoming
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Color wertions of one or mome of the figues in e aiide an be found online at ws tandfonine oo fbe_

{2) Supnlemenal data for s arsde can be amessed here.
© 208 Aevu i Sooduty o Brewing Chamiss, Inc

66



Results (Thesis Publications)

100 Q B REDL ET AL

more popular worldwide! ™™ The change in the beer mar-
ket to a higher vadety of low-aleohol and aleohol-free beer
types, a8 well as beer-mixed beverages with compounds that
contain sugar, which are produced in a brewery emvironment,
is meaking it necessary to detect and monitor yeasts in the fill-
ing process of breweres. In beverages with a low pH-value,
bacteris are nol 4 relevant spoilige organisms s yeasts™*'
Additionally, the presence of sugar or sweetenes promotes
the attachment of fre-stage biofilm cdonizers!"™

Most bacteria described in this model of biofilm develop-
ment cannot grow in beverages with a low pH-value and
therefore cannot be wsed as indicator organisms for biofilm
formation in aleohol-free beversges ¥ Monitoring bioflm-
forming and biofilm-inhabiting yeasts is therefore the most
promising solution.

‘With the exception of super-attenusting vessts, such a
Sawharontyces cerevisiae var, digstations and Brettanomiypces)
Dekkera gpp., product spoilage of beer by yeasts is not oom-
mon in the brewing industry. Secondary contarmdnstions,
especially in the flling process from machines, serosels, or
drops of condensate, are rather rare Most proces steps do
not provide the ideal growth conditions (nutrients, oxygen,
temperature) for wild veasts, which are therefore not signifi-
cant competitors to the highly adapted brewing yeast
pitched in greater cell numbers. Spoldage by other species
than the mentioned 5. cerevisiae var, distatious and
Brettamionpces/Dekkent spp. b mostly conpected with severs
production  ermsrs {for example contaminated or physio-
legical compromised pitching yeast), resulting in higher comn-
centrations of oxygen or Ementable sugarsP4
Mevertheless, yeast can be found in biofllms, isolated from
filling equipment in breweres, where they are described a5 a
relevant part of the biofilm, providing growth factors for
lactic acid bacteris, therefore making vessts important
hygiene indicator omganiams ['—-481827

The species 5. cerevisiae and Wickerhanionirces anonialis
in particular are described as being prevalent in brewery-
wgpclated bioflms. W mnomalus 1s considered to be an
eady biofilm-coloniring species, with initial biofilm-building
potentlal, and 5. wrevisine is considered to be a late colon-
izer!® § pasiorisnus var. crlbergensis TUM 34/70 and §
cerevisiae TUM 68, employed for liger beer types and wheat
bees, respectively, ame the two stralng ordered most fre-
quently from the Yeast Center of the Reswarch Center
Welhensteplan for Brewing and Food Quality by brewerles
worldwide (unpublished data). They were, therefore, selected
a5 model organkms for the Sacdearompes brewing strain
colonization of biofilms. Sacdurones gpp., & predominant
culture yeast, make up a high percentage of the microbial
cell mass in breweries, but slso have relevance in biofilm
formation. Bottom-fermenting yeasts, such as the selected
stealtn & pubsfOFidnis VAE. b is TUM 34/'70, ane
described as being able to form bloflme "™ Stains of 5. cere
wisline that are used In rice wine femmentation are described as
being able to form bioflms & 3 monoculture, in 2 medinm
with metsbolic producs of some bt ackd bacterla, or in
direct cell-cell contact with those bacterts. These am ako
found in the vicinity of the brewing and filling aress (eg.,

Lauarnpstoc miesenteroids and Lactocoows [actis) are also
known for their bloflm-forming potentil "7 Balers
strains of this species were also reported to form bio flms. ™

Brewing strales of 5 cerevisiae are described a8 mrely
forming biofilms They cannot attach to inert surfaces, but
can attach in the presence of blopolymers from auxiliary fin-
ings."™ These can also be present in extracelular polymeric
substances (EPS) of biofilm-forming bacteria, such a8 many
straing of Peudomonns aeruginose (eg, aslginate and other
adhesing) P Starved cells of 5 cerevisige also tend to
attach to surfaces due to stronger Floll expresson, which is
one of the most described adhesion genes In yeasts*9 Also,
the effect of the bioflm formation of starved cells was
observed to be stronger under the influence of alginates ™
EPS-producing bacteda such as Pseudoronas sp., L. mesen-
teroides and L. Lactis can be found in the filling area in bio-
films "4 This makes contact with starved 5. cerevisiae
cells from the brewing process, or in the case of EPS of
environmental origin such as algimates, plausible. Therefore,
biofilms can potentlally be colonized by brewing yeasts.
Additionally the beer-spodling varlant of 5. cerevisiae, & cere-
visiae var. dinstaticus is described as a strong blofilm former
in beer and sucrose wort"*! W. anomalus was reported to
be the most important yeast specles in the context of bioflm
formation in breweries ™1 This specles is often found 2
an  ublguitous organism  throughout the brewing
area 43 Dalders anomals was reported to form bio-
films wsing beer and wort sucrose broth, with strain-depend-
ent blofilm production "1 It 1s one of the most commonly
found yeasts connected with product spollage, and it &
reststant to nu.bgz_;h.n-l.ng and disinfecting solutions, as well
as antibiotics 1 Rhodotorule spp. were found to colon-
ize binfilms in theﬂ.]]lng:rﬂ.,apech]]yh the conveyor sys-
tern near the fller!™*™ B mucfaginoss can form inital
biofilms on surfaces !

Due to thelr dominance In most breweries and their
relevance for yeast biofilms the sforementioned species D.
anomala, B. mucilaginea, 5. pastorianus var. carlsbergen-
sis TUM 34/70, 5. cerevidime TUM 68, 5. cerevisioe var.
diastaticus, and W. anomalus were selected a5 test organ-
isme for a novel method to detect veast biofilms in a com-
bination of enrichment culture and real-time polymerase
chaln reactlon (PCR) ldentification of the selected species.
In the beverage industry, swab samples are widely uwsed
for hyglenlc monitoring with samples taken from hyglen-
ically relevant positions on the equipment. For enrch-
ment, media are used that contain acld indicator dyes to
make it easier to detect acid-producing bacteria "1 Since
yeasts grow slower than bacteria, this results in a slower
detectable pH drop, in compadson to 2 bactera target-
ing medium

Resarurin is descibed 35 a highly sendtive redox indics-
tor of cell activity in culture media, and it can be measured
using elther colorimetry or Suorimetry, with the latter belng
the more senstive method. The oxidized resaudn (blue) i
reduced ercymatically by living cells, in two steps, to the
fluorescent active resorufin (pink, Auorescent) and to divy-
droresorufin. The reduction resction correlates strongly with
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the cell number and is already weed to detect microbiclogical
contamdration in millk Forther studies have wsed resanurin
i a growth indicator, and they did not show any negative
effect on cell growth, which enables the use of cultured cells
for further analyss ™! To improve the detection of yests in
the brewing environment, 3 medium based on MYPG was
developed. Tt indicates miceobial activity wsing the redox
indicator dye resarurin. In this manner, living veast cells can
be detected independently of pH with a shont incubation
time and high sensitivity, over the color change from blue
to pink/colorless. The modified medium was tested for cor-
relation between detection of cell mumber and incubation
time until the color dranged The results were validated in
the hboratory and in fleld sampling and were compared
with common hyglenk monitorng media wsing bacteris as
the main target fraction (eg, NBB-B-AM). To prove the
relevance of the sirains selected to determine the hyglenic
status of the brewery environment, the bioflm-forming
potential of each straln was tested in MYPG. The specific
detection of selected indicator species makes it possible to
validate the results of samples that were positive with yeast
growth acconding to the risk level, hyglenlc status, and prod-
uct relevance of the sampled position.

For the specific detection and identification of the
selected indicator yeasts, real-time PCR assays were wed as
published for W, anomalus, 5. cerevisiae TUM 68, 5. pas-
torignus TUM 3470959 D gnomala!™ and 5. cerevd-
sige var. diastaticus ™ TagMan™ based real-time PCR
systems were used as published by Hutder et al ™% The
real-time PCR systems for B mucilipmois was newly devel-
oped and validated for this study. The & mucilaginesa real-
time PCR systern was valldsted using a strain collection of
108 exemplary strmins of typical brewery species To better
interpret the detection results with the specified test species,
the initial biofilm -formation potentisl was tested for a repre-
sentative strain set of brewery isolates

The alm of this study was to design a fast detection
method for veasts and yeast biofilms vsing a combination
of mon-specific enrichment culture and specific real-time
PCR identification, for the in-depth hyglenic monitoring of
yeast biofilms on brewing equipment.

Ex perimental
Modified MYPG broth

The modified medium based on MYPG Universal Yeast
Medium was created a5 a solution of glucose monohydrate
(1058 mg mL™"), yeast extract (28%9mg mL™"), malt extract
(289mg mL~"), and meat-peptone (481 mg mL~" in dou-
ble-distilled water. To adjust the sohution to pH 62, 1.0 mL
HC1 (1mal ') was wed, after autodaving at 121°C for
15min  Tetracycline (0{MBpg mL™") and resaurin
[0019pg mL™") were added sterile membrane fltrated
(02 pm) amd presoluted in double distlled water afier

autoclaving.
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‘Growth control and biofilm-formation potential in
stationary phase in modified MYPG

For growth contrel and to test the bioflm-formation poten-
tial of the weed microorganisms (Table 1), an sdapted test
deslgn acconding to Bobd et al'™ and modified by Timke
et al™ in a 96-well microtiter format was used, adapied
from a previous study!® This test was selected as it Is
described as belng stralghtforward and wseful for guastifring
a broad range of microblal bioflms, with the exception of F.
aeruginos boflms ™) The test was carded out in sterlle,
black, flat-bottomed polystyrene microtiter 96-well plates
with polymeric optical bottoms for Auorescence applications
(Thermo Fisher Sclentific, Rochester, NY, US.A). Each well
was filled with 250 of MYPG broth (mealt-yesst-extract-
peptone-glicose-broth ) with 002 pg mL™" of ressrurin 2 a
redox indicator for growth. Resazurin i reduced in the pres-
ence of cell activity to plak Auorescent resorufin and can be
measured Auorometdcally at 530-nm extinction and 590-nm
emdsgdon Ovemight cultures of the test strains were washed,
by swspending and centrifuging them in sterle distilled
water and adjusted to 107 cells mL™". The Allad wells were
incubated with 25pL of the washed and adjusted cultures
with 107 cells mL™". Afterward, the microtiter plates were
sealed with gas-permeable foll and serobically incubated at
28°C, withowt disturbance, for 2dh The fuorescence was
measured at 530-nm extinction and 590-nm  emission
(Multi-Detection-Reader  Symergy 2,  BloTek, Bad
Friedrichshall, Germany) directly after sealing the plates
and after incubation, as an indirect growth contml. For
measudng the biofllm Damation potential, the plates wepe
emptied and rinsed afterwand, using stedle distlled water.
Crystal violet solutlon, 300 pL, ([4g L™ in 96% vol ethanal)
was added to stain redding cells (biofilm) for 5 min at room
temperture. All wells were empiied and rinsed 3 times
uging 400 pL of sterlle distilled water. The remaining crystal
violet, which was still bound to the cell, was disolved in
300 pL. 9% wol. ethanol at 10°C overnight and at Assenm
was measured using the Sypergy 2 Multl-detection reader.
Means were calculated usimg four independent measure-
meenits of four biclegical replicates per strain and normalized
against the mean of four independent messurements of four
blank samples. The ratings and categodzations of growth
and bofiln formation were modified according to Dis
et al™ [Table 1). All wells were counter-checked and docu-
mented microscoplcally for adherent cells and trub particles,
using a Mikon imverted research micrscope Eclipse Ti-E,
using a CFI § P-Fluer ELWD ADM &lx C ar immerdon

objective for phase contrast microsoopy.

Semi-quantitative vafdation of the modified MYPG
broth vaFdation as a hygienic monitoring medium

Real biofilms are diffieult to grow quantitatively and repro-
ducibly, therefore surface dried vital liguid cultures, with
defined cell counts per cm®, were used as biofilm equiva-
lents. For semiquantitative validation, yeast bioflm equiva-
lents, with defined cell counts, were crested by spreading
552 pl. (an empirically determined wolume to completely



Results (Thesis Publications)

0z Q B REDL ET AL
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coat the petd dish) of a dilution series from 10 cells o™ chamber (0lmm depthl the other swab was aeroblcally
to 107 cells cm™ of liguid cultures of the selected species  incubated at 28°C in tubes with the modified MYPG
The dilution series was created by wsing sterle Ringer's medium. This was performed three times per species and
solution with 0.67% (wiw) Tween 80&: Tween B0® was per dilution. All tubes were checked dally for indicator color
added to reduce the surface tension of the sample and to  change from blue to pink

enable a minimal liguid layer in the Petd dishes

The species and dilution steps are given in Figuee L Field Ffed ; ith
They were placed in Petri dishes with a diameter of 53cm et i e MYPG h

and dried for 24h at room temperature In a desiceator. The Comm o media wsed for brewery hygiene monitaring

experimental design is shown schematically in the supple- Swab amples (hygienlc monitoring) were taken & above
menital information online, Supporting I formation 1. with sterle swabs, moistened with sterile Ringer's solution,

Per dish, four swab samples were taken using sterle  from a sampling ares of approximately 1em® at critical
molstened swabs from a defined area of lem®™ at the mid- sampling polnts, in the vicnity of a bottde filler, in an
point of the plate rading One swab was transferred to sterile  industrial Germwan brewery. The bottling plant filled a bot-
Ringer’s solutlon and was swpended and homogenized tom-fermented, dark filiered, strong beer with a low rela-
using a Vartex Genle 11 (Scientific Industres, Boherda, New  tive attenuation (81%) at the time of sampling. The swabs
York, USA) for quantification using the Thoma counting were suspended in 8ml of sterile Ringer's solution with a
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vortexer | Vortex-Genle® 2 Scientific Industries, Bohemia,
NY, USA) A lmL aliguot of the sample suspension was
incubated in 8 mL of the modified MYPG, and another
lml aliguot was incubated in 10ml of the reference
medinm NBB-B-AM (Dohler, Darmstadt, Germany). NBB-
B-AM s typleally wsed for swab samples to monitor the
hygienic status in breweries. Both media were incubuated
aeroblcally at 28°C for 7days. All samples were checked
daily for indicator color change.

DWA extraction for real-time PCR

For DMA extraction, a modified protocd using the InstaGene
Matdx™ (Bio-Rad, Hercules, CA, USA) was used'™
Hence, Xpl. of a derse liquid endchment culture was
transferred into a 1.5ml Eppendof maction tube and centr-
fuged for 1min at 15,114 x g (Hettich MIERO 200, Andreas
Hettich GmbH & CoKG Tuttlingen, Germamy). The super-
natant was discarded and 200pL InstaGene ™ DNA isolation
buffer was added to the redding cell pellet and incubated st
56 °C for 30min (Eppendorf Themomix comfort). After a
10 s vortex siep, the tube was incubaied for another 8min at
%", then centrifuged for 1 min af 15114 x g The DNA
concentration was measured a N ND 2000
(Thermnmo Fisher Sclentific, Rochester, NY, US.A) For the
validation, the DNA concentratlon of the samples was
adjusted with PCR-cdean ddH, 0 to Sng pL~" The DMA
sample material and sample strain set were stored at —20°C.

Real-time PCR

Far the rapid detection of the target species Rhodotorula muci-
Lagiraosa, aT:.@cIan@‘ real-time PCR asay was desgned (for-
wand primer R fi%4 CCTATTCACTTATAAACACAA
AGTCTATGAATG, rewand peimer Remuc 246 ACKTA
TOGCATTTCGCTGE, peobe  Y58: 6 Fam-
CCACATTGGGACTGAGACACGGCC-BHQ-1). The target
sequenice i the TTS1-5.85-TT52 rRMA gene reghon To ldemtify
usable specific primer binding areas, the rRNA sequences of 99
straing of compeon brewery microrganismns, collacted from
the NCBI database (hitp//www.ncbinlmnihgov), were aligned
(DHASTAR, MegAlign, Lasergene, Vemsion 11). To achleve the
greatest possible specificity, primer target areas were selected
and probes were desgmed uwsing Primer Expres (Primer
Express 15 Applied Blosysterns, Thermo Fisher Sclenific,
Rochester, MY, US.A)L For intemal amplification control,
synthetic, random DNA sequence was generated and a specific
Taghan resl-time PCR systemn was designed with this
sequence as the trget area, as published in a previous
study P9 Al primers and probes were tested In slico using
BLAST (Bask Local Alignment Search Tool) for homologles
with ofther stes or The peal-time PCR Wk
designed by Brandl ™ Hutzder et o "9 and Ried] et o™
to be compatible with ofher systems for spolage organism
detection. As a result, the real-time PCR parameters used for
the design were:
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* Annealing temperature (Tm) primers: 60°C

# Anpealing temperature (Tm) probes: 10 °C above anpeal-
ing temperature primers

& Maximum amplicon length: 200bp.

Al nudeotides used are listed in detadl in the supplemen-
tal informeation, Supporting Information 1. Al nudeotides
with the exception of the TagMan® probe OG-MGB were
synthesized by blomesnet GembH (Ulm, Gemany). The
OG-MGE, a special TagMan® prmobe with minor groove
binder (MGB) was synthesdzed by Thermo Fiher Sclentific
(Waltham, MA, US.A). All PCR runs were carried out on a
LightCyeler®y 480 Imstrument II (Rodhe Disgnostics
Deutschland GmbH, Mannheim, Germany), wsing 10-pl

ler®) 480 Probes Master in a 20-pl volume assay
with a 5-pL sample. The real-time PCR was performed using
A amol 17 of forvard and reverse primer and 200nmol
17" TagMan probe of the main PCR system. The primers
were added in aliguots of Q8PL and 10 mol 177, the
probes were added in 04 pl aliguots of 107 mal 17°.

The intemal amplification control LAC135 was added
wing 250nM of the prmer palr TACI35-f (5-TGGAT
AGATTCGATGACCCTAGAAC-3) ™ and TACI3S-r

relative specificity

mﬂlbﬂ'nl;l" n\u’nﬂm@nﬁw resdts in bath methods

95°C was held for 10 min, then 40 cydes were performed
at 95°C for 10z and at 60°C for 30s. The fluorescence
was measured at the end of the 60°C step of each cyle
{mdlﬂed Im]l

Valfdation of real-time PCR

To validate the PCR specificity, a strain set of 10% represen-
tathe specles was selected. These species are kisown b ocour
in the brewing emvimnment All of the straims used are
listed in the supplemental information, Supporting
Information 3, and were grown & demse three-day liquid
culiures (MRS, anseroble for lactle scld bacteds; MIB for
strict amserobic gram-negative bacteria; MYPG, serobic for
yeasts, mutdent broth, aeroble for al other bacterka) DMA
was lsolated as described and adjusted to S5ng pl™'. As a
reference method, all tested straims used for quantitative
real-time PCR validation of the B mucilagines identifics-
tion system were identified by partial sequencing of the
ITS1-585ITS2 rRNA gene and squence BLAST with the
NCBI nudeotide database.

For validstion, the relative specificity, relative accuscy,
and relative sensitivity were calculated as olows ™

-+100

number of fale positive analysis st verus the efrence method+number of overall nepative reults in both methods

=m.u||5rr nfpn:ﬂ:fwmf}:i: results in both mﬁnﬂ.ﬁ+mhrqr mmﬂfngnﬁwnnnh in bath Mﬁlﬂi“]

relative acorracy

relative sensitivity

number of positive analysis results in both methods

overall analyss results

%

_m.urlbrr njl" paositive analpsis reults in both metods + monber q" l;ﬁlnr negative amalysis results versus the rrﬁrrm mﬂhlﬂ‘]m

{5 -TGAGTOCATTTTOGCAGATAACTT-¥) ™ and 200nM
of the TagMan probe LAC135-§ (5-BHQL-TGGGAGG
ATGCATTAGGAGCATTGTAAGAGAG-HEX-37** The
target DNA of the internal amplification control LACL35
{5- TGCTAGAGAATGGATAGATTCGATGACCCTAGAA
CTAGTGGGAGGATGCATTAGGAGCATTGTAAGAG A-
GTCGGAAGTTA-3) P and 1AC135-rev (5-TGOGACACC
TTGGGCGACCGTCAAT AGGCCACTOG AATGAGTCCA-
TTTTOGCAGATAACTTCOGACTCTCTTACAATGCT-Y) P4
was used at a concentration of 5%107*"mol 17, The pd-
men were added in aliguots of 05l and 10 *mol 174
The probes were added in 0.4-pL aliguots of 10~ mol 175
The intermal amplification control target DNA was added
in 0.1-pL aliquots of 10~ mel 17 The initial heating at

The numbers in the aforementioned formulss were derived
fromy the test results of the reference method (partial sequenc-
ing of the ITS1-5.85-TT52 ANA gene) and the validated
real-time PCR swstem. The number of postive amalysis
results in both methods therefore means the number of spe-
cles positively tested for the species ldentity B mrucikigmosa.
The number of fale positive amalysis results versus the ref-
erence method is the number of stmins that tested positive
for the species identity B muclagines, but tested negative
with the reference method The number of overall negative
results in both methods is the number of species, which
tested megatively for the species identity B mruciliginosa,
with the validated real-time PCR system. The number of
false negative analysis results versus the reference method i
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the number of strains that tested negative for the strain
ddentity of R srucikipinoa with the validsted method, while
the test with the reference method was positive. The overall
analysis results are equal to the number of tested straims.
For quantitative validation, the B muciligineia identifica-
thon gystern was tested on a dilutlon serles of the test strain
R mucilaginesa TUM YP 120306011-715% in sterile double
distilled water and the Eficency (E= 107" — 1) was cal-
culsted of the resulting regression m/1*4

Combination of real-ime PCR identification and
modified MYPG routine swab samples from a 5-Fter
can filler

Swab saryples were taken from a S-liter semi-automatic can
filler, with sterile swabs modstened with sterlle Ringer's solu-
tion, at critical sampling points before and afier cold water
dnsing of the entire fller. This was carded out to check the
cdeaning efficiency by cold water rinsing on two different
sampling days The reason for the sampling was a previous
contamimation with D anomala and renovations in the Al-
ing hall to improve the hyglenic design. The product being
filled at that tisse was Alered lager beer on the flst day and
unfiltered wheat beer on the second day. Both products
were flash pasteurzed before filling. The swabs were incu-
bated serobically at 28°C for 7days and checked for color
change each day. Samples that changed color within 3days
were sworeenad with real-time PCR for the selected indicator

yeasts, a5 previously listed.

Gombination of real-time PCR identification and
modified MYPG swab samples to identify a
contamination source of 5. cerevisioe var. diastaticus

Swab sarples were taken from a bottle- fller with sterlle mols-
tened swabs, at critical sampling points, before and after clean-
ing and disinfection of the entire filler to check the deaning
efficiency against 5. cerevivice var. distaticus. The swabs wene
incubated st 28°C in modified MYPG for three days. All sam-
ples with a positive colar indicator change within three days
were screened for 8 cerevisioe var, dinstaticus.

Results

Growth control and biofilm-formation potential in the
stationary phase in modified MYPG

All of the test strains were able to grow in the modified
MYPG mediom and their growth could be measured by a
significant dse in fuorescence and micmscopic obsrvable
increase of cell materdal (Table 1).

The two applied stmins of 5 ereviite vae dasteticus
showed a low increase in flucrescence compared with the
other srains The contrel exhibited a high increase in cell
material when examined by microscope. The blue-colored
dye resazurin, in all biclogical replicates, was completely
reduced, suggesting cell growth not messurable by fluores-
cence emission of resorufin.
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With the exception of the two applied straims of D
aracriala, dll tested stradns showed significant bloflm forma-
tion in stationary phase in the %6-well microtiter plates, rep-
resented in crystal viclet stalrable material residing in the
microtiter wells. The microscopic analysis of each staimable
well confirmed the presence of adherent cells and that there
was o staining of noncellular material

Semiquantitative validation of the modified MYPG broth
validation as a hygienic monitoring medium

It was possible to detect all dilutions from the artificial bio-
filmn equivalents of two W. anomalus and £ cerevisiae var.
abiuw taxticus within two days via the observable indicator reac-
tion (Figure 1) & ruclaginess and D, anomals could be
detected within the 3-day threshold at & caloulated cell coi-
centration limit of 10* cells em™. The tested bottom-fer-
menting srain & pestorianus var. cadsbergensis TUM 3470
could not be detected below 107 cells e, the top-ferment-
ing 8. cerevisine culture yeast TUM 68 could not be detected
below 10F cells cm ™ within the 3-day threshold.

Field test to compare modified MYPG broth with

common media used for hygienic monitoring
in breweries

Baoth medis — NBB-B-AM and the modified MYPG broth -
dhowed a compamble detection pattern of critical samypling
polnis when there was insuficlent sanitation (Table 2.
With the exception of two swabs, swabs from all sample
points that showed an indicator color dange in NBB-B-AM
within three days, alo showed a color change within this
tirne period in MYPG.

Real-time PCR

For real-time PCR identification of the selected species in
further wod, the Mdestification systems already pulblished
and listed in the supplementa information, Supporting
Information 2, were used, with the exception of B mrucilagi-
nogr, for which a real-time PCR systemn was designed and
validated for this study. The detalled data of the qualitative
validation of the newly designed real-time PCR identifica-
ton system s listed in the supplemental information,
Supporting Information 3. In summary, all 18 applied
sirains of B ruclaginoss were detected with the system, as
well a3 one strin of B forulvides.

Therefore, the melative specificity, relative accuracy, and
relative sensitivity 1*9 ane:

, 19
relative !Pﬂfﬁlf]}' = mtlm =%

194193

relative
212

1005 = 1%

1%
relative senstivity = 1‘5"—_'_“1:1“1'!15 = 1%

The quantitstive validation data of the real-time PCR sys-
tem for B miwdlagines with strain TUM YP' 12030601 1-7159
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Table 2. Comparson of swab sampling in 2 brewesy with modified MYPG and NEBS-B-AM at a fller, filing 2 bottom-frmented, dadk Slkered strong beer with

low melative astermtion ™

Modified MPG
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hi positve indiaior cdor change (MYPG: biue-coloriess, NES-8- Akt mdydlow); 4~ inomplet cobr dange WPG: first reduction shep biue-pink; NBS-S- AW
meg@te mdrator oolor dange; bt mold; T: visble tb dity'sediment; G- wsible gas formaton.

mddizh yellow];
“Threshold of #ree days.

are given, with the resulting regresion line with m = —3.43
r-epadﬂnﬁ]hwlnganeﬂienq““af

E=10""_ 1 =107"* _ 1 =098

The regression curve, which results in the described val-
wes, is shown in the supplemental information, Supporting
Information 4.

Combination of real-time PR identification and
madified MYPG routine swab samples from a 5-liter
can filer

Table 3 shows the results of the hyglenic monitoring and
real-time PCR identification of two different sampling days,
before and after rinsing the fller. No direct product-spoilage
veasts could be found. It was posible to detect W anomalus

or B miucikigines in all saples with positive growth in the
misd ifled MYPG.

Combination of real-time-PCR identification and
modified MYPG swab samples to identify a
contamination source of §. cerevisiae var. diastaticus

As can be seen in Table 3, 5. cerevisige var. digstaticus could
be found at several sampling polnts, especially at the capper.
The contaminant microorganisms surived deaning and dis-
infection (using C10, foam dignfectant) st two saepling

points and could still be detected in the capper mechanics
after deaning and disinfecting with the CI0, foam.

Discussion

Growth control and biofim-formation potential in the
stationary phase in modified MYPG

The fluorescence methad for validating cell growth appears
to be too sensitive for higher cell densities or cell activity, as
seen in Table 1, in the eample of the two wed stralms of 5.
cerevisige var digstaticus. The colorimetric method | peduc-
ton of the blue ressrurn dye) appears to be applicable.
Simce this test can aleo be performed viswally, the modified
MYPG medium, with resarurin as a redox indicator for cell
activity, is highly applicable a5 am easy-to-use method for
detecting yeast growth.

Contrary to previows studies the tested stralms of D.
ansriake showed no observable bioflm formation in the sta-
tomary phase. Bioflm production has previoudy already
been described as being strain dependent for this species,
and both species may lack any blofilm-forming potential 1
As both strains were isolated from a brewing emvimmment
and the experiment settings indude a rather complex and
nutrlent-dch  medium, bloflm formation in a beerlike
matrix might be different. For Seccharomypes yeast, biofilm
formation is stronger with glucose-starved cells!™9 4
similar effect & possible with D. anomiele. It has also been
reported that multl-species biofilms with yeasts and bacterts
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are more stable than bioflms that consist of sngle species,
which may el o D anomials baving a steomnger o flo-
forming potential in the presence of bacteria!™ Swab sam-
ples of beverage production environments that test postive
for this species should be viewed very critically due to the
spodlage potential of this species in beer and other beverages
The weak initial biofilm-forming potential means that find-
ing this species in biofilms may indicate mature biofilms,
which have already been colonired by weaker or monbic-
filen-form ing organisms

R mucilyginesa shows the potential to form blofilms ind-
tially. This species is not considered to be a product-spoilage
organizm for nonalcoholic carbonated beverages and is con-
sidered to be 1]&35&1:‘&:] spoilage omganism br noncarbo-
nated beverages " The tested strains were collected in the
brewing environment from surfaces assochted with biofilm
formation. The detection of this species in bioflms is an
indicator of young biofilm formation and inefficient clean-
ing, as it can build bicfilms de mew given suffi-
clent mutdents

& cereviiige TUM 68 and & pestorianus var. carlsbergen-
sis TUM 3/ are exemplary brewing yeasts. Due to thelr
uge as starter cultures, these stmins are omnipresent in
brewerles and can spoll non-alcoholic beverages 2 strong
fermenters It is quite possible to find these yeasts during
hygienk monitoring in the lling department, since it is
possble for cells to dip thrugh fltestion of be lntroduced
to the filling department when filling unfiltered unpasteur-
tred beer. The weak initia] biofilm potential of both stmins
indicates that the detection of brewing yeast strains in the
filling area is a sign of mature bioflms that have already
been colonized by later-stage bioflm-colonizing organisms.
The tendency of starved 5. cerevisdae cells to build gmonger
bioflms under the influence of polysaccharides, such as algi-
mates, indicates a strong ability to colonize existing bacterial
or fungal blofilms and supports this theory. This would also
explain why Sacduromees veasts could not be found in
young biofilms in eadier studies'! As the test for biofilm
formation is conducted in a glucose-rich medium, the bio-
fllen formation of these stralns in a medium with minimal
gucose suggests a result in a stronger bioflm mation due
to a stronger expression of the Floll gena'm This might be
an dmportant ssse for brewerkes that A1 both beer and
other beverages using the same equipment.

The two tested stralms of £ ceraviine var disstaficus
showed biofilm formation in variows strengths. The detection

of this species in hyglenlc monltoring samples should be
regarded as highly criticsl. The high biofilm-forming poten-
tial and the high spoilage potential in beer represent a high
dsk to product safety if this yesst is found in the filling
department. Being able to initially form bioflms, this vadety
iy settle perdatently within the process As this specles can
also gpodl fermented beer with a high atensation, this species
has a high spollage potenitial for nearly all beer types.

W, anomhis has already been described as a biofilm-
forming species '™ and this was confirmed in this study. As

one of the most commaonly found yeast species in brewery
environments, together with its high initisl biofilm
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formation potential, the detection of this species can be seen
# an indicstor of bioflm formation and insuficlent dean-
ing. The sole detection of this species indicates young bio-
films, while in comblnstion with other species that ane
known to solely colonize biofilms, this finding might indi-
cate mature yeast blofllms. The risk of product spoilage is
low, as this species is described as a weak fermenter.

Generally, the test for blofllem formation potential i only
a short term test in a nutrent Ach medium and in station-
ary phase. As bioflm formation is also influenced ather
factors, such as sheer forces and nutrient shorages, ™ the
information gained about biofilm forming potential can only
provide orlentation

[ F ]
L
L
L
fLa.
[oF )
[ F ]
L
L

[ F |
na
na
na
FLa.
fa
[ F |
na
na

[ F 8
na
na
na
[oF 8
[oF 8
[ F 8
na
na

Semiquantitative validation of the modified MYPG broth
as a hygienic monitoring medium

The brewing yeast strains (£ ceredaae TUM 68 and 5 pas-
toriinus var, carsbergenss TUM 34/70), selected for this
study, grew much slower than the wild yeast strains applied
(Figure 1. Due to the dow growth of brewing yeasts a
e color indicator reaction within the three-day threshold can
dddd Ida 3 2 be linked either to the presence of non-Saccharontyces wild
vessts or to higher cell numbers of Sacdiarompoes brewing
vessts. A scheme s proposed that identifies risk levels that
correspond to the time until indicator change.

The data supports a high potential of the modifled
MYPG broth as a hyglenic indicator medium for yeast bio-
films in a brewing emvirnment. The polnt when the color
changes can be an estimate of the level of contamination on
the tested surface. The yeast physiology s not compromised
by the indicator dye and further analyses are possible, espe-
clally real-time PCR analyses as described liter.

na
na
na
na
na
na
na
na
na

na
na
na
na
na
na
na
na
na

(ot 053

ot
ra

gddg gdggz ¢ @
Field test to compare modified MYPG broth with

commaon media used for hygieni monitoring
in breweries

The most important sampling points are those with direct
contact to the product (eg, filling element, filler tulip, high
pressure injection [HPI), and filling valves). All of those
sampling polnts showed comparable low contamination lev-
els in both medi. The next important sample polnts ane
those without direct contact with the bottled product and
possible contact to product residues due to the production
process. These can be niches from which the product spoi-
ing organisms take oot and spread At some of those, dif-
ferences between the results of both media appear (eg. both
filler starwheels, the filler deflector plate, lifting elements,
filler infeed scroll, capper wash down). The modified MYPG
medinm detects mold growth at those sampling points that
are comsidered unproblematic while filling beer, or other
cabonated beverages. While filling noncartonated bever-
ages, molds may be problematic. The same can be observed
at sampling points without product contact, the bottle wash-
ing machine, and the bottle inspector.

In general, the modified MYPG seems to be comparable
to NBE-B-AM within a 72h incubstion peried (Table 2). Of
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the sampling points, 16 of the 26 showed positive growth in
the modified MYPG, while with NBB-B-AM 13 of 26 sam-
pling points showed positive growth. The differences in the
distibutions of sample points with positive milerobiologlcal
findings may be a result of the media composition and the
filled product. The modified MYPG contains tetracycline to
suppress bacterial growth. While NEB-B-AM favors bacterial
growth, MYPG promotes fungal growth, resulting in differ-
ent detection pattems.

Overall, MYPG proved to be a wseful medium for swab
samples in the brewery environment, egpecially when han-
dling beverages, sensitive for fungal spoilage.

Real-time PCR

The simultaneows detection of B torulvides, the only species
which was also detected with the real-time PCR system
developed for this study, does not prevent the use of the sys-
tem to validate hygienic monitoring samples. Both species B
miuciliginesy and B torulvides have the same significance
for brewerdes, resulting in the same interpretation if B foru-
Iides is wrongly detected a5 B muclaginess. The calculated
relative specificity, relative accumcy, and relative sensgtivity
and efficiency are comparable to real-time PCR

developed by Hutder et al™® and Brandl P The real-
time PCR system developed for detection of B mualagmosa

proved to be compatible to the systems developed by both
authors and were therefore used combined in this study.

Combination of real-time PR identification and
madified MYPG routine swab samples from a 5-liter
can filler

All findings were noncritical (no D anomale or 5. cerevisdae
var, digstaticus), and there was no imminent dsks to the
product. Mone of the tested species were detected at the
mist critical sampling positions (eg, with direct product
contact), especially the filling elements and the cans

Every investigated sampling point that showed a positive
detection of yeast had no direct product contact. However,
these spots were known to be locations where biofilms could
form due to thelr complex construction, deanability, and
possible product residuses. The results give am overview of
plant hyglene and the deanability of the tested sampling
polats The detectlon of W anomalus and B miudlagrn e
indicated young bofilm formation at the affected sampling
polnts The infeed table, for example, Is one of the most
common plices with microblological growth in the flling
environment. The constant product leakage from the filling
overflow, which remaing on the surfaces, creates a perfect
environment for microorganisms as b demonstrated by the
low ot values (Cyele threshold, firgt PCR cyvele with ssessue-
able sigral) of W. anomalus (Table 4). The increase in the ct
values [decrease of target microorganism load) after rinsing
indicates some deaning or dilution effect, but no perfect
sanltation. Detecting this pecles in this position b not prob-
lematic due to the low spoilage potential. Subsequently, the
machine parts of the sampled position are in no direct

contact with the filled product, which impedes contamin-
ation from machine equipsent. Mevertheless, mature bio-
films with product spoilers may indicate a sk, & biofilm
partides may be trangdferred indirectly by aercsols or
Spray water.

The effect of rinsing the fller between sampling can be
densonstrated by the analysis results (Table 4). On day one,
the sample positions with positive yeast detection were
reduced from four podtions before dnsing, to obe posithon
after rimsing. On day two, the number of positions with
detectable yeast growth was reduced from four to three At
the positions with positive yvesst growth, W anemtafus could
be detected at all positions and B muciliginess at one pos-
ithon. The cell mumbers, of the growth rate in the modified
MYPG, was reduced after rimsing, as can be seen in the
increasing cf values after dnsing and the complete dis-
appearance of B muciliginoa (Table 4).

Combination of real-time PCR identification and
modified MYPG swab samples to identify a
contamination source of 5. cerevisiae var. diastaticus

The capper sealer and starmps, which atill showed contamin-
ation with S cerevisdae var. dinstaticus, were ln direct oob-
tact with bottle openings and biofilm partices are easily
transferred by aerosols and spray water. The capper b
known to be critical for blofilm formation '™ The complex
mechanics are likely to have dead spaces and product aem-
sobs from high pressure lnjection and fdction dust from the
Cap COnveynrs can merge into a nutdent-rich sludge, which
settles in dead spaces. Some sampling polnts ako showed
findings with yveast after the dnsing step, but without detec-
thon of 5. wrevidee var diastaticus. This indicates transfer of
veast species, more mbust to the rimsing conditions from
other areas by the rnsing step.

After these fAndings the capper was completely disman-
ted and heavy bioflm formation was found within the
inner mechanics of the capper. After thorough cleaning and
sanitation of the caper mechanics, 5. cerevisiae var dinstati-
cus was no longer detected at the capper mechanics.

The comblmation of modified MYPG swab samples and
real-time PCR identification proved to be useful for micro-

blological stage-by-stage contml o the comtest of hyglenic
problems with yeasts in the filling area.

Condusions

The colorimetde method of resszurin as indicator dye for
yeast growth was tested successfully for the semdquantitative
detection of blofilm relevant yeasts in wire, Yeast species
classified with a high spolage potential in beer and other
non-Saccharontyces yeasts were easlly detected. A risk level
scheme depending on the tme of indicator color change
was postulsted The biofil relevance of the used stmin set
was confirmed by the results of blofilm forming potential.
The medium and colorimetric test was further combined
with selected, species specific real-time PCR detection

7
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systems and proven to be highly applicable for hyglenkc con-
tool and gpecific contamdnation tecing in bewerks.
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Figure 1: Publication 3, Supporting Information 1: Schematic of the experimental design for semi-
quantitative validation of the modified MYPG broth validation as a hygienic monitoring medium
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Table 5: Publication 3Supporting Information 2:, TagMan® based real-time PCR detection system for

selected indicator yeasts

Target organism | System Nucleotide Name Target Area Nucleotide sequences (5 -> 3’) Reference
Name
internal IAC135 forward primer | IAC135-f | IAC135 TGGATAGATTCGATGACCCTAGAAC [103]
amplification
control [103]
reward primer | IAC135-r | IAC135 TGAGTCCATTTTCGCAGATAACTT
TagMan®- IAC135- IAC135 HEX- [103]
probe S TGGGAGGATGCATTAGGAGCATTGT
AAGAGAG-BHQ-1
synthetic DNA | IAC135 - TGCTAGAGAATGGATAGATTCGATGA | [103]
forward CCCTAGAACTAGTGGGAGGATGCAT
sequence TAGGAGCATTGTAAGAGAGTCGGAA
GTTA
synthetic DNA | IAC135- - TGCGACACCTTGGGCGACCGTCAAT | [103]
reward rev AGGCCACTCGAATGAGTCCATTTTCG
sequence CAGATAACTTCCGACTCTCTTACAAT
GCT
Dekkera Dan forward primer | Da-f ITS1-5.8S-ITS2 ATTATAGGGAGAAATCCATATAAAAC | [13]
anomala rRNA gene ACG
reward primer | Da-r ITS1-5.8S-ITS2 CACATTAAGTATCGCAATTCGCTG [13]
rRNA gene
TagMan®- Y58 ITS1-5.8S-ITS2 6-Fam- [13]
probe rRNA gene CCACATTGGGACTGAGACACGGCC-
BHQ-1
Rhodotorula Rmuc_2 | forward primer | Rmuc_f1 | ITS1-5.8S-ITS2 CCTATTCACTTATAAACACAAAGTCTA | this study
mucilaginosa 46 94 rRNA gene TGAATG
reward primer | Rmuc_r2 | ITS1-5.8S-ITS2 ACKTATCGCATTTCGCTGC this study
46 rRNA gene
TagMan®- Y58 ITS1-5.8S-ITS2 6-Fam- [13]
probe rRNA gene CCACATTGGGACTGAGACACGGCC-
BHQ-1
Saccharomyces | OG- forward primer | OG-f CcoxXil TTCGTTGTAACAGCTGCTGATGST [53, 54]
cerevisiae CcoxXil reward primer | OG-r CcoxXil ACCAGGAGTAGCATCAACTTTAATAC | [53, 54]
C
TagMan®- OG-MGB | coxil Fam-ATGATTTTGCTATCCCAAGTT- [53, 54]
probe MGB-BHQ-1
Saccharomyces | Sdi forward primer | Sd-f STA1 TTCCAACTGCACTAGTTCCTAGAGG [13, 111]
cerevisiae var. reward primer | Sd-r STA1 GAGCTGAATGGAGTTGAAGATGG [13, 111]
diastaticus TagMan®- Sdia STA1 6-Fam- [13, 111]
probe CCTCCTCTAGCAACATCACTTCCTCC
G -BHQ-1
Saccharomyces | UG300 forward primer | UG300E random CTCCTTGGCTTGTCGAA [13, 111]
pastorianus/ subtractive
Saccharomyces hybridisation
bayanus sequence by

Scherer [111]
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reward primer | UG300M | random GGTTGTTGCTGAAGTTGAGA [13, 111]
subtractive
hybridisation
sequence by
Scherer [111]
TagMan®- uG random 6-Fam- [13]
probe subtractive TGCTCCACATTTGATCAGCGCCA -
hybridisation BHQ-1
sequence by
Scherer [111]
Wickerhamomyc | Pan forward primer | Pa-f ITS1-5.8S-ITS2 AATGTTAAAACCTTTAACCAATAGTCA | [13]
es anomalus rRNA gene TG
reward primer | Pa-r ITS1-5.8S-ITS2 ACGTATCGCATTTCGCTGC [13]
rRNA gene
TagMan®- Y58 ITS1-5.8S-ITS2 6-Fam- [13]
probe rRNA gene CCACATTGGGACTGAGACACGGCC -

BHQ-1
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Table 6: Publication 3, Supporting Information 3: Validation of real-time PCR identification system for

Rhodotorula mucilaginosa

Species Real-time PCR-
Strain
identification R

Acetobacter aceti TUM BP 000-1991 negative
Acetobacter pasteurianus TUM BP 000-1990 negative
Asaia lannensis TUM BP 000-0994 negative
Bacillus subtilis TUM BP 000-0980 negative
Candida boindinii TUM YP 000-6007 negative
Cryptococcus laurentii TUM YP 000-0011 negative
Debaryomyces hansenii TUM YP 000-0006 negative
Dekkera anomala TUM YP 000-3040 negative
Dekkera bruxellensis TUM YP 000-3096 negative
Enterobacter sp. TUM BP 000-6088 negative
Enterococcus sp. TUM BP 111206005-0075 negative
Escherichia coli TUM BP 000-0981 negative
Gli tobacter liquef: TUM BP 000-0105 (DSM 5603 (BS 279)) negative
Gluoconobacter oxydans TUM BP 000-0078 negative
Hafnia alvei TUM BP 000-0993 negative
Hanseniaspora uvarum TUM YP 000-0054 (CBS 5074) negative
Kazachstania exigua TUM YP 000-337 negative
Kluyvera ascorbata TUM BP 131213038-0099 negative
Kluyveromyces marxianus TUM YP 000-0005 negative
Kocuria kristinae TUM BP 000-0083 (DSMZ 22032) negative
Lactobacillus acetotolerans TUM BP 120706025-2967 negative
Lactobacillus acidophilus TUM BP 000-2081 (DSMZ 20079) negative
L bacillus ali ius TUM BP 000-2979 negative
Lactobacillus amylolyticus TUM BP 000-2969 negative
Lactobacillus amylophil TUM BP 000-2068 negative
Lactobacillus amylovorus TUM BP 000-2080 (DSMZ 20531) negative
Lactobacillus backi TUM BP 140407001-2242 negative
Lactobacillus bifer TUM BP 000-2014 (DSMZ 20003) negative
Lactobacillus brevis TUM BP 120711011-2578 negative
Lactobacillus brevis (formerly Lactobacillus .
brevisimilis) TUM BP 000-2976 negative
Lactobacillus buchneri TUM BP 000-2060 negative
Lactobacillus casei TUM BP 120509129-2360 negative
Lactobacillus collinoides TUM BP 000-2061 negative
Lactobacillus coryniformis TUM BP 000-2978 negative
Lactobacillus curvatus TUM BP 000-2977 (BS 218) negative
Lactobacillus delbrueckii ssp. delbrueckii TUM BP 000-2968 negative
Lactobacillus dextrinicus TUM BP 000-2987 negative
Lactobacillus fermentum TUM BP 000-2069 negative
L bacillus frising TUM BP 130919043-2789 negative
Lactobacillus fructivorans TUM BP 000-2038 negative
Lactobacillus gasseri TUM BP 000-2970 negative
Lactobacillus ghanensis TUM BP 000-2931 negative
Lactobacillus harbii i TUM BP 120906016-2993 negative
Lactobacillus helveticus TUM BP 000-2971 negative
Lactobacillus hilgardii TUM BP 000-2975 negative
Lactobacillus johnsonii TUM BP 000-2972 (BS 224) negative
Lactobacillus kefiri TUM BP 000-2037 negative
Lactobacillus lindneri TUM BP 121213056-2397 negative
Lactobacillus malefe TUM BP 000-2974 negative
Lactobacillus parabrevis T TUM BP 000-2080 (DSMZ 20531) negative
Lactobacillus parabuchneri TUM BP 121008043-2282 negative
Lactobacillus paracollinoides TUM BP 150113003-2371 negative
Lactobacillus perolens TUM BP 130000240-2596 negative
Lactobacillus plantarum TUM BP 121121170-2217 negative
Lactobacillus reuteri TUM BP 000-2055 (BS 227) negative
Lactobacillus rhamnosus TUM BP 000-2996 negative
Lactobacillus rossii TUM BP 130806019-2754 negative
Lactobacillus salivarius TUM BP 000-2997 negative
Lactobacillus sanft TUM BP 000-2982 negative
Lactococcus lactis TUM BP 000-8973 negative
L stoc teroides TUM BP 000-0983 negative
Megasphaera cerevisiae TUM BP 121011015-5986 negative
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Meyerozyma guilliermondii TUM YP 000-0041 negative
Micrococcus luteus TUM BP 000-0995 negative
Oenococcus oeni TUM BP 000-0013 negative
Pantoea dispersa TUM BP 000-0992 negative
Pecti cerevisiiphil TUM BP 120919033-4402 negative
Pectinatus frisingensis TUM BP 000-4327 negative
Pectinatus haikarae TUM BP 120919239-4404 negative
Pediococcus clausenii TUM BP 000-3986 negative
Pediococcus damnosus TUM BP 140313142-2243 negative
Pediococcus inopinatus TUM BP 000-3984 negative
Pediococcus pentosaceus TUM BP 000-3985 negative
Pichia membranifaciens TUM YP 000-2009 negative
Pseudomonas poae TUM BP 000-7057 negative
Pseudomons fluorescens DSM 50090 (BS236) negative

Rhodosporidium toruloides

TUM YP 000-0110 (DSMZ 70398)

positive (ct 27.45)

Rhodotorula mucilaginosa BLQ 16-D-2 positive (ct 28.34)
Rhodotorula mucilaginosa BLQ 16-F-2 positive (ct 28.22)
Rhodotorula mucilaginosa BLQ 16-L-2 positive (ct 29.04)
Rhodotorula mucilaginosa BLQ 17-A-3 positive (ct 27.81)
Rhodotorula mucilaginosa BLQ 17-H-9 positive (ct 29.62)
Rhodotorula mucilaginosa BLQ 17-J-9 positive (ct 28.83)
Rhodotorula mucilaginosa BLQ 15-F-6 positive (ct 28.89)
Rhodotorula mucilaginosa TUM YP 120306011-7159 positive (ct 27.77)
Rhodotorula sloffiae BLQ 17-F-2 negative
Saccharomyces bayanus TUM YP 000-1999 negative
Saccharomyces cerevisiae var. di TUM YP 000-1042 (DSM 70487) negative
Saccharomy cerevisiae TUM 184 TUM YP 000-1001 negative
Saccharomyces cerevisiae TUM 66/70 TUM YP 000-1044 negative
Saccharomyces cerevisiae TUM 68 TUM YP 000-1045 negative
Saccharomyces paradoxus TUM YP 000-1043 (BS 11 (WYSC 63)) negative
Saccharomyces pastorianus TUM YP 000-1010 negative
Saccharomyces pastorianus TUM 34/70 TUM YP 000-1008 negative
Saccharomyces pastorianus TUM 34/78 TUM YP 000-1010 negative
Saccharomyces uvarum TUM YP 000-1090 negative
Saccharomycodes ludwigii TUM YP 000-0046 (SL17) negative
Schizosaccharomyces pombe TUM YP 000-0039 negative
Selenomonas lacticifex TUM BP 000-0998 negative
Torulaspora delbrueckii TUM YP 000-0003 negative
Weissella par oides TUM BP 000-0988 negative
Weissella viridescens TUM BP 000-0989 (BS 198) negative
Wickerh y I TUM YP 000-2004 negative
Zygosaccharomyces bailii TUM YP 000-5094 negative
Zygosaccharomyces rouxii TUM YP 000-5092 negative
Zymomonas mobilis TUM BP 000-0036 (DSMZ 424) negative

TUM strains: strain collection of spoilage organisms of Research Center Weihenstephan for Brewing and Food Quality, TUM

BLAQ strains: strain-collection of Yeast Center, Research Center Weihenstephan for Brewing and Food Quality, TUM
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Quantitative real-time PCR validation of
Rhodutorula mucilaginosa TUM YP 120306011-7159
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Figure 2: Publication 3, Supporting Information 4: Quantitative validation of real-time PCR system for
Rhodotorula mucilaginosa
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Quantitative real-time PCR validation of
Rhodutorula mucilaginosa TUM YP 120306011-7159
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Figure 3: Publication 3, Supporting Information 4: Quantitative validation of real-time PCR system for

Rhodotorula mucilaginosa
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3. Discussion

Biofilms are a serious problem in breweries and are the main reason for secondary
microbial contaminations in the filling department. Biofilms present a habitat and
breeding ground for beer-spoiling bacteria [2, 3, 5, 6, 115, 117, 119].

The main goal of this dissertation was to develop a fast modular method for monitoring
brewery-bound biofilms using selected indicator species. The method is composed of a
classical swab culture method as already established in breweries with NBB-B-AM [2, 3,
5, 6], a species-specific Tag-Man® based real-time PCR detection. Species variation
within biofilms according to different products (e.g. low-hopped beer types, alcohol-free
beer or beer mix beverages) were considered by choosing different enrichment media
and choosing different indicator species for real-time PCR detection. The developed and
used media are designed to meet the growth requirements of species expected to grow
in the product and on equipment surfaces.

For this dissertation, two scenarios for products that were more sensitive to microbial
spoilage were selected. Acetic acid bacteria are reported as being a representative
group in young biofilms bound to brewing equipment [2, 3, 5, 6], subsequent studies
were not able to confirm these findings [115, 118, 130-132]. For this reason, the group of
acetic acid bacteria was not further considered as indicator organisms in this
dissertation.

The first scenario focuses on low-hopped beer types, represented by Bavarian Wheat
Beer (2.2). Due to the lower concentration of hop bitter acids and the richer substrate
(especially in unfiltered wheat beer), lactic acid bacteria, normally of no spoilage
relevance in beer and categorised as potential spoilers may be able to spoil the product
[2, 6, 55, 57]. Selected species for this scenario were Lactobacillus acetotolerans and
Lactobacillus rossiae as representatives of bacteria already reported to have specific
beer-spoilage potential in low-hopped beer and wheat beer [27, 55, 57, 58, 100].
Lactobacillus rossiae, originally isolated from sourdough [20] often appears in breweries
as a persistent biofilm and is considered to be relevant to biofilm due to its slime-forming
potential [57]. Lactococcus lactis and Leuconostoc mesenteroides, being described as
potential beer-spoiling bacteria and strongly biofilm-forming species [2, 6, 30, 78] with
spoilage incidents only reported in alcohol-free beer [2, 6], were selected as indicator
species for early lactic acid bacteria biofilms [2, 6, 30, 93]. An enrichment medium was
developed, providing comparable growth factors as Bavarian Wheat Beer may provide,
taking into account the specific oxygen quencher L-cysteine monohydrochloride to

overcome the viable, but putatively non-culturable state (VPNC) described in detail for
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Lactobacillus acetotolerans [27, 28, 100] (Wheat Beer media by Hutzler and Riedl
(WBM-HR)). The medium was validated successfully as broth for hygienic monitoring, as
well as agar plate medium, using a selection of isolates of target and non-target germs.
The developed TagMan® based real-time PCR systems proved to be highly specific and
worked compatibly with the developed medium. The relevance for biofilm monitoring of
the specified lactic acid bacteria species was confirmed by the biofilm-formation potential
in the nutrient-rich medium MRS, already described as a standard medium to investigate
the biofilm-forming potential of lactic acid bacteria [30]. Lactococcus lactis and
Leuconostoc mesenteroides proved they were capable of forming at least weak biofilms,
making them perfect indicator germs for lactic acid biofilms yet to spoil the product.
Given that a biofilm provides a habitat for other species, high cell counts of these
species on brewing equipment may indicate a serious hygienic problem in the build-up.
Lactobacillus acetotolerans did not show measurable biofilm formation, sustaining the
thesis that this species mostly originates from the brewery sections that contain yeast
such as fermentation tanks and vessels in the case of contamination cases as described
by Deng [27]. Lactobacillus rossiae showed high variances in its biofilm-formation
potential. The three tested isolates showed a heterogenic biofilm-formation potential,
ranging from no potential at all to moderate biofilm potential. Heterogenic phenotypes
with regard to biofilm-formation potential could be observed in different strains of this
species. Lactobacillus rossiae has already been described as having a wide intra-
species variation of biochemical properties and RAPD genotypes [29], which may also
include biofilm formation. The tested isolates were isolated from the brewery
environment, possibly leading to a different biofilm-formation potential using media more
similar to the substrate used in the brewery or leading to biofilm formation generated by
the interaction of different species as already observed [43, 72]. The same heterogeneity
of biofilm-formation potential was observed with the tested isolates of Lactobacillus
brevis, which were originally only used as a target germ for positive control with
expected high growth in the used medium. Lactobacillus brevis was not anticipated to be
an initial biofilm former, as this species was described as the sole biofilm coloniser in
earlier publications [2, 3, 5, 6].

As Lactobacillus brevis is the most frequently found spoilage species in beer, the finding
that some isolates of this species displayed an initial biofilm-formation potential was
quite concerning. A more in-depth study was conducted (2.3) on the variance of this
species in biofilm-formation potential, beer spoilage (e.g. growth in different selective
media) and genetic rep-PCR Fingerprint ((GTG)s Primer set) [32, 140]. The rep-PCR
fingerprinting was considered to be a second level of identification within the modular

hygienic monitoring based in this dissertation. Therefore the rep-CR primer set (GTG)s
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was used, as this set is described as highly differentiating for a wide range of species
[23, 32, 45, 110, 126]. A set of isolates from the brewing environment, identified as
Lactobacillus brevis was differentiated, using the REP PCR primer set GTGs, as well as
phenotypes, represented by growth in different types of selective media (e.g. various
strong hopped beers) and biofilm formation in the same. It was not possible to make a
direct correlation between the fingerprint profile and the growth profile. Properties such
as antibiotic resistances and tolerances, especially to hop compounds that are partly
responsible for growth in beer, are plasmid encoded (horA [60, 125], horC [60, 61], hitA
[50]. The REP-PCR system used (GTG)s only amplifies genomic DNA and does not
represent genetic markers, which makes plasmid-located genetic markers virtually
invisible with this method. It was possible to differentiate stable genetic identities of
Lactobacillus brevis that can be monitored within the brewing process or between
different brewing sites. Non-target species were also tested and it was possible to clearly
differentiate those (e.g. Pediococcus damnosus, Lactobacillus caseilparacasei) from the
fingerprints of the tested isolates of Lactobacillus brevis. Interestingly, isolates recorded
as forming slime in bottled beer were not automatically strong biofilm formers. On the
contrary, most isolates described as having produced slime in the sample they were
isolated from were weak biofilm formers. Slime, a form of exopolymeric substance (EPS)
may be an essential part of biofilms and can enable higher resistances [121], but does
not necessarily enhance biofilm formation. It was also very interesting that four isolates
showed no measurable rise in optical density by cell material in any of the tested media,
while the biofilm test (adsorbed and spectral photometrically measured crystal violet)
was positive. The biofilm formation was confirmed by direct light microscopy. These
findings indicate that there was no measurable growth, but cells that were inoculated in
this experiment started adhering to the surface of the microtiter wells without growth.
This effect seems to be a reaction of the tested isolate to the applied medium. Biofilm
formation is also described as being a protective reaction to a hostile environment [38].

For this reason, the cell adherence may be a reaction to stress factors in the medium or
a lack of essential nutrients. This may be observed by hop compounds as well as by
osmotic stress, as this effect was not only seen in stronger hopped beer, but also in the
medium MRS. In beer, only one isolate grew significantly within 24 hours. Depending on
the beer attributes, what is known as the forcing test could take up to three months
[107]. In conclusion, a negative result for growth potential does not exclude absolute
beer-spoiling potential. In general, various Lactobacillus brevis isolates are able to
initially form biofilms in various media. Hence, depending on the isolate and substrate,
biofiims can build up in different areas of breweries. Their initial creation is not

necessarily dependent upon other species, a fact that has not been reported to date.
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Diluted beer, in particular, as it appears in between process cleaning steps and in the
filler environment, seems to be a good medium for biofilm formation. The generally
higher biofilm formation with higher nutrients as described by Sutherland et al [121]
could not be observed. Generating a growth potential and biofilm formation profile of
isolated Lactobacillus brevis isolates can help to identify points in the process that permit
persistent biofilm formation (depending on the distribution of diluted process media
throughout the process). It can also help to estimate the product spoilage potential.

Combined with genetic fingerprinting, identities can be tracked through the process,
isolating the most probable contamination source. To prove this, a field study was
conducted in a brewery with persistent contamination of Lactobacillus brevis. Tracking
fingerprint types, 11 stable clusters could be found, which were associated with specific
sampling points. Each cluster was tracked through the brewing process and the earliest
specific sampling point was identified as a potential contamination source. Most clusters,
while found throughout the process, did not appear in an unbroken line from a specific
sampling point in the process flow. There are various reasons for this phenomenon.
Firstly, single critical sampling point control provides only a snapshot of the dynamic
microbiological situation in the brewery. Secondly, it is very difficult to isolate mixed
strains from single samples. Some strains might originally be in the collected samples
but could not be isolated because they were overgrown by other species or strains in the
further sample processing. It is worth mentioning that the appearance of one fingerprint
type in the water treatment samples indicated a possible entry of microorganisms into
the process through process water. Further inspection of the water treatment equipment
showed shortcomings in construction, which could be resolved after the investigation. As
this fingerprint type could also be found in the beer directly before flash pasteurisation, it
is clearly possible for this fingerprint type to contaminate the product. The insufficient
water treatment is one possible contamination source. The diversity of the identified
fingerprint types indicates that the microbiological situation in the tested brewery is
clearly not the result of a single microbiological contamination event. It is more likely that
there are multiple sources of spoilage bacteria entering the process. In general, the
differentiation of Lactobacillus brevis proved to be a valuable tool in hygiene monitoring
and determining contamination sources. The high number of different genotypes and
therefore potentially variant physiologies that could be found proves the high diversity of
Lactobacillus brevis in brewery isolates. Depending on the physiological properties (e.g.
growth, slime formation and biofilm formation), it is essential to consider the spoilage
potential of this species in terms of the various contributing factors, as well as the

potential countermeasures.
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The second scenario of a more sensitive product includes alcohol-free and beer-mix
beverages (2.4). In addition to bacterial spoilage, these product groups are susceptible
to yeast spoilage. In brewery biofilms, yeasts are often described as late colonisers and
a relevant part of mature biofilms [2, 3, 5, 6, 115, 117, 133]. As they are not only able to
colonise existing fungal or bacterial biofilms, but can also form those initial biofilms [115,
117, 133] and also due to the high relevance of yeasts in the beverage industry [31, 59],
a yeast-specific hygiene monitoring was developed. This focused particularly on yeasts
that can form initial biofilms or are ubiquitous in the production process. Hygienic
monitoring media such as NBB-B-AM do contain pH indicator dyes to indicate the growth
of biofilm-relevant bacteria [2, 3, 5, 6]. Since yeasts grow slower than bacteria, this
results in a drop in pH that is slower to detect compared with a media that targets
bacteria. Resazurin is described as a highly sensitive redox indicator of cell activity in
culture media, and it can be measured using either colorimetry or fluorimetry, with the
latter being the more sensitive method. The oxidised resazurin (blue) is reduced
enzymatically by living cells, in two steps, to the fluorescent active resorufin (pink,
fluorescent) and to dihydroresorufin. The reduction reaction correlates strongly with the
cell number and is already used to detect microbiological contamination in milk. Further
studies have used resazurin as a growth indicator, and they did not show any negative
effect on cell growth, which enables the use of cultured cells for further analysis [89]. A
medium based on MYPG was therefore developed, using resazurin as an indicator dye
for hygienic monitoring in a similar way to NBB-B-AM. Tetracycline was added to
suppress uncontrolled bacterial growth. Using resazurin in a fluorescence assay proved
to be too sensitive with higher cell densities or cell activity, only the visually colorimetric
method (reduction of the blue resazurin dye) appeared to be an easy-to-use method for
detecting yeast growth. The medium was successfully tested as a medium for hygienic
monitoring using a setup that simulates biofilms with a defined cell density. The species
Wickerhamomyces anomalus, Rhodotorula mucilaginosa, Saccharomyces cerevisiae
TUM 68, Saccharomyces pastorianus var. carlsbergensis TUM 34/70, Dekkera anomala
and Saccharomyces cerevisiae var. diastaticus were selected as indicator species for
yeast biofilm. The reason for this selection was either omnipresence of the species in the
brewing process, already described initial biofilm formation or high spoilage potential.
Compared with NBB-B-AM, the medium was also able to semi-quantify the amount of
cells via the time needed for the indicator dye to change colour. The used culture yeast
strains (Saccharomyces cerevisiae TUM 68 and Saccharomyces pastorianus var.
carlsbergensis TUM 34/70) grew much slower than the wild yeast strains used. A colour
indicator reaction within the three-day threshold can therefore be linked either to the

presence of non-Saccharomyces wild yeasts or to higher cell numbers of
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Saccharomyces brewing yeasts. A scheme is proposed that identifies risk levels that
correspond to the time until indicator change. The data supports a high potential of the
modified MYPG broth as a hygienic indicator medium for yeast biofilms in a brewing
environment. The time at which the colour changes can help to estimate the level of
contamination on the tested surface. The yeast physiology is not compromised by the
indicator dye and further analyses are possible, especially real-time PCR analyses as
described later. For the specific detection and identification of the selected indicator
yeasts, real-time PCR assays were used as published for Wickerhamomyces anomalus,
Saccharomyces cerevisiae TUM 68 [53, 54], Saccharomyces pastorianus var.
carlsbergensis TUM 34/70, [13, 53, 54] D. anomala [13] and Saccharomyces cerevisiae
var. diastaticus [13, 111] TagManTM-based real-time PCR systems were used as
published by Hutzler and Brandl. [13, 53, 54] The real-time PCR system for Rhodotorula
mucilaginosa was newly developed and validated for this dissertation. The validation of
the real-time PCR system for Rhodotorula mucilaginosa showed the simultaneous
detection of Rhodotorula toruloides. This does not prevent the use of the system to
validate hygienic monitoring samples, since the interpretation of the hygienic monitoring
results is the same for both species. The calculated relative specificity, relative accuracy,
and relative sensitivity and efficiency are comparable to real-time PCR systems
developed by Hutzler [53, 54] and Brandl [13]. The developed real-time PCR system for
the detection of Rhodotorula mucilaginosa proved to be compatible to the systems
developed by both authors and are therefore used in combination in this study.

To confirm biofilm relevance, isolate sets of these species were tested for biofilm
formation in MYPG in the stationary phase. Contrary to previous studies, the tested
strains of Dekkera anomala show no observable biofilm formation in the stationary
phase. Biofilm production is already described as being strain dependent for this
species; both species might lack any biofilm-forming potential [115]. As both strains were
isolated from a brewing environment and the experiment settings include a rather
complex and nutrient-rich medium, biofilm formation in a beer-like matrix might be
different. For Saccharomyces yeast, biofilm formation is stronger with glucose-starved
cells [33, 101]. A similar effect is possible with Dekkera anomala. It is also reported that
multi-species biofilms with yeasts and bacteria are more stable than biofilms that consist
of single species, which may result in Dekkera anomala having a stronger biofilm-
forming potential in the presence of bacteria [43, 72]. Swab samples of beverage
production environment that tested positive for this species should be viewed very
critically due to the spoilage potential of this species in beer and other beverages. The
weak initial biofilm-forming potential means that finding this species in biofiims may

indicate mature biofilms that have already been colonised by weaker or non-biofilm-
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forming organisms. Rhodotorula mucilaginosa shows the potential to form biofilms
initially. This species is not considered to be a product-spoilage organism for non-
alcoholic carbonated beverages and is considered to be a potential spoilage organism
for non-carbonated beverages [2, 3, 6, 59]. The tested strains were collected in the
brewing environment from surfaces associated with biofilm formation. The detection of
this species in biofilms is an indicator of young biofilm formation and inefficient cleaning,
as it can build biofilms de novo given sufficient nutrients. Saccharomyces cerevisiae
TUM 68 and Saccharomyces pastorianus var. carlsbergensis TUM 34/70 are exemplary
brewing yeasts. Due to their use as starter cultures, these strains are omnipresent in
breweries and can spoil non-alcoholic beverages as strong fermenters. It is quite
possible to find these yeasts during hygienic monitoring in the filling department, since it
is possible for cells to slip through filtration or be introduced to the filling department
when filling unfiltered, unpasteurised beer. The weak initial biofilm potential of both
strains indicates that the detection of brewing yeast strains in the filling area is a sign of
mature biofilms that have already been colonised by later-stage biofilm-colonising
organisms. The tendency of starved Saccharomyces cerevisiae cells to build stronger
biofilms under the influence of polysaccharides such as alginates indicates a strong
ability to colonise existing bacterial or fungal biofilms and supports this theory. This
would also explain why Saccharomyces yeasts could not be found in young biofilms in
earlier studies [116]. As the test for biofilm formation is conducted in a glucose-rich
medium, the biofilm formation of these strains in a medium with minimal glucose would
result in a stronger biofilm formation due to a stronger expression of the Flo11 gene [33].
This might be a real issue for breweries that fill both beer and other beverages using the
same equipment. The two tested strains of Saccharomyces cerevisiae var. diastaticus
show biofilm formation in various strengths. The detection of this species in hygienic
monitoring samples should be regarded as highly critical. The high biofilm-forming
potential and spoilage potential represent a high risk to product safety if this yeast is
found in the filling department. Being able to initially form biofilms, this variety may settle
persistently within the process. As this species can also spoil fermented beer with a high
attenuation, this species is also relevant to regular beer types. Wickerhamomyces
anomalus has already been described as a biofilm-forming species [134], which was
confirmed in this study. As one of the most commonly found yeast species in the
brewery environment, together with its high initial biofilm-formation potential, the
detection of this species can be seen as an indicator of biofilm formation and insufficient
cleaning. The sole detection of this species indicates young biofilms, while in

combination with other species that are known to solely colonise biofilms, this finding

93



Discussion

might indicate mature yeast biofilms. The risk of product spoilage is low, as this species
is described as a weak fermenter.

Three field studies were conducted applying the described yeast hygienic monitoring.
The first compared swab samples in MYPG with resazurin and the common medium
NBB-B-AM on a bottle filler that filled strong German beer. MYPG with resazurin was
able to detect comparable biofilm maturation levels. In general, the modified MYPG
seems to be more sensitive than NBB-B-A. The differences in the distributions of sample
points with positive microbiological findings may be a result of the media composition
and the filled product. The modified MYPG contains tetracycline to suppress bacterial
growth, while NBB-B-AM contains a yeast inhibitor, not described in the following. While
NBB-B-AM favours bacterial growth, MYPG promotes fungal growth. Overall, MYPG
proved to be a useful medium for swab samples in the brewery environment, especially
when handling beverages that are sensitive to fungal spoilage. Adapting the yeast
hygienic monitoring with real-time PCR detection of the selected indicator species on a
51 can filler, it was possible to detect yeast biofilms in the filling environment. The
biofilms were found at locations with no direct product contact, but were typical sites with
complex construction, cleanability and possible product residues. The results give an
overview of plant hygiene and the cleanability of the tested sampling points. The
detection of Wickerhamomyces anomalus and Rhodotorula mucilaginosa indicated
young biofilm formation at the affected sampling points. Positions with constant product
leakage from the filling overflow showed low ct, meaning high cell numbers. This
demonstrates the correlation between real-time PCR findings and the suspected perfect
environment for biofilm build-up. After the rinsing step, the reduction of samples with
positive findings and the increase in the ct at the locations still giving positive findings,
mirrors the decrease in cells at the same time, attesting a thinning but not completely
cleansing effect through this step. Detecting Wickerhamomyces anomalus in this
position is not problematic due to the low spoilage potential, as well as the fact that it is
not in direct contact with the product. Nevertheless, mature biofilms with product spoilers
may indicate a risk, as biofilm particles may be transferred by aerosols or spray water.
The third field study combined the proposed hygienic monitoring using the MYPG with
resazurin and tetracycline with the specific detection using real-time PCR in a brewery
that had an actual problem with contamination of Saccharomyces cerevisiae var.
diastaticus. It was possible to isolate the capper, sealer and stamps as possible
contamination sources of this species. The capper is known to be critical to biofilm
formation [5]. The complex mechanics are likely to have dead spaces and product
aerosols from HPI (high pressure injection) and friction dust from the cap conveyors can

merge into a nutrient-rich sludge, which settles in dead spaces. Some sampling points
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also showed findings with yeast after the rinsing step, but without detection of
Saccharomyces cerevisiae var. diastaticus. This indicates a transfer of yeast species
that are more robust to the rinsing conditions from other areas by the rinsing step.

After these findings, the capper was completely dismantled and heavy biofilm formation
was found within the inner mechanics of the capper. After thorough cleaning and
sanitisation of the caper mechanics, it was no longer possible to detect Saccharomyces
cerevisiae var. diastaticus. The combination of modified MYPG swab samples and real-
time PCR identification proved to be useful for the microbiological stage-by-stage control
in the context of hygienic problems with yeasts in the filling area.

In summary, the combination swab samples, further incubated on biofilm microorganism-
specific media, and specific, semi-quantitative real-time PCR for selected indicator
species was successful as detailed hygienic monitoring in breweries. The selected
species are not a complete list of biofilm-relevant species and additions to this list may
be made. The real-time PCR methods used in this dissertation are designed to be
compatible with those of Hutzler [53, 54] and Brandl [12], enabling the addition of
spoilage-relevant species at any time and to run the new setup in the same real-time
PCR assay. Differentiation of the detected species at a deeper than species level proved
to be a very useful and powerful tool to identify the spoilage source within the production
process.

For further research it might be interesting to include screenings for biofilm-relevant
genes such as the biofilm-relevant version of FLO11 in Saccharomyces cerevisiae var.

diastaticus to obtain information on biofilm potential faster and more easily.
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