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Zusammenfassung  

Biofilme sind in der Umwelt allgegenwärtig. Ein Großteil des mikrobiologischen Lebens auf 

der Erde existiert in als Biofilm gebundenen Lebensgemeinschaften. Die Zusammensetzung 

von Biofilmen ist hoch variabel und abhängig vom umgebenden Medium. Austausch 

zwischen den besiedelten Spezies und die schützende Matrix des Biofilms machen die 

Lebensgemeinschaften hochgradig anpassungsfähig gegenüber wechselnden 

Umwelteinflüssen und Nähstoffangeboten und stellen damit einen echten Überlebensvorteil 

im Vergleich zu planktonisch vorkommenden Mikroorganismen dar. 

Auch in Brauereien ist ein Großteil der vorkommenden Mikroorganismen in Biofilmen 

gebunden vor. Diese Biofilme sind Lebensraum und Brutstätte für Mikroorganismen, die für 

das Endprodukt als unbedenklich gelten, als auch bierverderbender Mikroorganismen. Der 

Aufbau und die Entwicklung von brauereigebundenen Biofilmen wurden insbesondere im 

Abfüllbereich in der Vergangenheit eingehend untersucht. Als Biofilm-startende 

Mikroorganismen gelten dabei zunächst ubiquitär vorkommende Bakterien, die Oberflächen 

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. benötigen ein sauerstoffreies Umfeld und im freien Medium nicht 

vorhandene Nährstoffe 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 für die biozid wirkenden Hopfenbittersäuren in Bier 

verantwortlichen Resistenzgene HorA, HorB, HorC und HitA in Laktobazillen ebenfalls 

plasmidcodiert. Da Bakterien in der Lage sind Plasmide über Ihre eigene Spezies hinaus 

auszutauschen, können auch die Resistenzen zwischen verschiedenen Spezies übertragen 

werden. Im räumlich engen Lebensraum des Biofilms ist ein solcher Austausch deutlich 

begünstigt. Durch diese Faktoren sind Biofilme in Brauereien ein großes Risiko für die 

mikrobiologische Stabilität des Bieres. 

In der betrieblichen Laborpraxis werden Biofilme über Indikatororganismen über 

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 

Erhöhung der nachgewiesenen Keimzahlen äußert, oder semiquantitativ durch 

Farbumschlag von Indikatorfarbstoffen und Veränderung des Testmediums in einer 

vorgegebenen Zeit. Beide Methoden haben den Nachteil durch die notwendige 

Bebrütungszeit zeitaufwendig zu sein. Eine Veränderung des Produktes in seiner 

Zusammensetzung kann zu einer Verschiebung in der Zusammensetzung des Biofilms 

führen und damit den Nachweis der Monitoring Systeme negativ beeinflussen. Ein in dieser 
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Arbeit behandeltes Beispiel für eine solche Verschiebung stellt der Trend zu hopfenarmen 

Bieren, sowie alkoholfreien Bieren und Biermischgetränken dar. PCR-basierte Methoden 

sind in der Lage durch verkürzte Anreicherungszeiten den Nachweisprozess zu verkürzen 

und können durch quantitative real-time PCR Methoden auch aussagen über die quantitative 

Verteilung einzelner Spezies liefern. Der quantitative Nachweis risikoorientiert ausgewählter 

Spezies hilft dabei den Reifegrad eines Biofilms und damit das Produktrisiko besser 

einzuschätzen. 

Der erste Teil der vorliegenden Arbeit behandelt deshalb den Nachweis, Identifizierung von 

als potentiell bierschädlichen Milchsäurebakterien, 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 Stämme der genannten Spezies untersucht. Anhand 

des initialen Biofilmbildungspotentials und Bierschädlichkeit wurde eine risikoorientierte 

Einteilung für den Herstellungsprozess von Weizenbier und Biofilmreifung vorgenommen. 

Dabei wurde ein Nährmedium entwickelt und validiert, welches den spezifischen, schnellen 

Nachweis der genannten Spezies ermöglicht, sowie real-time PCR basierte Nachweissyteme 

der Einzelspezies entwickelt und validiert. 

Ausgehend von der hohen Variabilität des Biofilmbildungspotentials von Lactobacillus 

rossiae und Lactobacillus brevis untersucht der zweite Teil die Varianz von Lactobacillus 

brevis in seinen Genotypen, als auch in seinen Phänotypen, repräsentiert in (GTG)5 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 über den kompletten 

Produktionsprozess beobachtet werten. Die verwendeten stammdifferenzierenden Methoden 

erwiesen sich dabei als wertvolles Werkzeug um Kontaminationen bis zu ihrem Ursprung 

zurückzuverfolgen. 

Der dritte Teil behandelt Hefespezies, die als Bierschädlinge bekannt sind, als auch Hefen, 

die bereits als biofilmbildend beschrieben wurden oder ubiquitär 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, für R. mucilaginosa wurde diese de novo entwickelt und 

validiert. Anhand Wachstum in verschiedenen selektiven Medien, Produktschädlichkeit und 
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Biofilmbildungspotential wurden die genannten Spezies in Produktschädlichkeit und 

Biofilmreifestadium kategorisiert. 
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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)5 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 ñcities of microbesò [40, 146] with the 

surrounding matrix being the ñhouse of biofilm cellsò [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 biofilm 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 óextrapolymer saccharidesô 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 Ca2+, 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 óropesô [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 

donôt 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 bakerôs 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. Biofi lms 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 biofilms 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- -hacids) and ethanol (0.5-10 % w/w), the anaerobic 

atmosphere (less than 0.3 ppm oxygen) and high carbon dioxide content (approx. 0.5 % w/v, 

low pH (3.8-4.7) and lack of nutritive substances, pathogenic microorganisms cannot survive 

in beer. Diminishing one or more of these ómicrobial hurdlesô 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 

Mn2+ [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]. 



Introduction  and motivation 

26 
 

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 I. 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]. Förster 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 Å). 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 TaqMan® probes, dual-labelled 

probes with 5ô-quencher and 3ô-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 filling 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)  

2.1. 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, m ajor objective, applied 

method and main findings  

Publication Title  

Publication 1 

Bavarian Wheat Beer, an example of a 

special microbe habitat ï 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 ï 

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  

TaqMan® 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)5 primer, 

capillary gel-electrophoresis (Bioanalyzer 

2100 expert, Agilent), Bionumerics 7.6 

fingerprint data analysis, real-time PCR 

species identification, colorimetric 

microtiter culture 

TaqMan® 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/ conclu sion  

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 ï 

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. 
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