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Summary

SUMMARY
The driving force of the cost-intensive and elaborate quality control (QC) in breweries is the
maintenance of beer quality to fulfill steadily increasing customer demands. The majority of
consumers are unaware of beer-spoiling (BS) bacteria and yeasts, which are one of the most
frequent causes of complaints. Possible consequences of microorganism contamination
include changes of the beer’s taste, smell, pH value, texture, and appearance, which in serious
cases, cause the consumer to reject a certain product. In addition to the loss of reputation,
these factors may lead to considerable monetary damage if spoiled batches cannot be sold
and need to be destroyed. Breweries need to take great care and suitable preventive measures
are required to ensure beer quality.
The microbiological QC in breweries aims to examine the single process steps for the
occurrence of beer-spoiling microorganisms (BSM). The diverse problems microbiological QC
need to specifically address include the detection of a small number of spoilage organisms
within a large volume, the processing of a variety of sample types that arise during beer
production and the slightly variable spectrum of BSM that requires the used methods to be
adapted. Thus, the BSM spectrum is limited to a few species as there are hurdles specific to
beer that render the growth of numerous microorganisms impossible. The greatest proportion
of microorganisms that are able to grow in beer, spoil it with their metabolic products, and form
turbidity is the gram-positive bacteria of the Lactobacillus and Pediococcus genera. In addition
to the specified lactic acid bacteria, a few gram-negative bacteria of the Pectinatus and
Megasphaera genera are characterized as beer spoilers.
Even though the group of beer-spoiling bacteria (BSB) is limited to few species, it is not a
closed one. Over time, some species were added to this group after being newly described or
having gained beer-spoilage ability. Other species were deleted, for example, after losing the
ability to grow in beer due to technological changes in beer production or after being
taxonomically re-classified as another species. For successful brewing-microbiological QC it
is essential to stay up to date with BSM and to adapt all used methods to this spectrum of
bacteria and yeasts.
It is worth mentioning that large-scale studies on the occurrence of the individual beer-spoiling
species are rare. Insights into BSM frequency are often based on low sample volumes from
few breweries or on empirical values. One target of the present work was to provide a current
overview on the percentage distribution of the individual bacterial species that do actually occur
in beer. For this purpose, more than 13,000 samples were examined for the presence of BSB
and their incidences were tracked over seven consecutive years. These samples were also
evaluated statistically using the χ2 test (chi-squared test) for two issues related to the brewing
industry: Whether single species are likely to grow in bottom-fermented or in top-fermented
beer types and whether they are likely to grow in early or late stages of the production process
(= primary or secondary area).
A brewing-microbiological problem derives from the fact that BSB from product samples
containing large quantities of yeast (example: propagated yeast samples) are very difficult to
detect; in most cases there is a delay and in some cases they are not detected at all. Bacterial
cells are morphologically smaller than yeast cells and usually present in considerably smaller
concentrations. Thus, they can hide within the yeast cells and the active yeast also restricts
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their reproduction. The current routine analysis in the brewing-microbiological laboratory
involves repeated incubation in concentrated nutrient media designed to suppress yeast cells
and promote bacteria, which often leads to enrichment periods of several weeks. Based on
those difficulties, a method was developed that rapidly kills 100 % of yeast cells by adding the
antimycoticum Natamax®, which contains natamycin and leaves bacterial cells unimpaired.
This increases the bacterial cell number to be detected and reduces the time taken to detect
bacterial contaminations.
If a contaminant is isolated that demonstrably causes damages to beer, but has not occurred
previously, it needs to be identified as part of microbiological QC. This guarantees that QC
stays current and can react to all possible occurring species. In 2013 and 2014, a total of three
isolates were obtained from different process steps in a brewery that could not be identified
using routine molecular biological methods. Phenotypic, chemotaxonomic and genotypic
characteristics of the isolates were determined and compared with known beer spoilers. These
comparisons ruled out classification as a known beer-spoiling species.
In a further multivariate analysis, a possible classification of those isolates into closely related,
but non-BS species was investigated. The differences established in this study did not conform
to the requirements for inclusion into one of the investigated species resulting in the new
species description of L. cerevisiae. In addition to determining the essential characteristics
necessary for new descriptions of a species of the Lactobacillus genus, beer-related properties
such as the presence of certain hop-resistance genes were determined.
L. rossiae is known as a species that occurs in sourdough and is regarded as phenotypically
and genotypically versatile. As this species has also played a role as a beer spoiler in the past
decade and because individual L. rossiae strains exhibit exopolysaccharide formation, 11
different strains obtained from routine analyses were examined. The specified strains were
used to determine if the described versatility could be confirmed, the characteristics that
demarcate beer isolates from sourdough isolates, and the extent of the beer-spoilage potential
of L. rossiae. The great differences between the analyzed strains, which in some cases expand
the limits of species description, and the serious possible effects on the beer medium
(increased viscosity to verging on becoming slimy) mean that L. rossiae must be considered
to be an exceptional species within the Lactobacillus genus and within the group of BSM.
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Zusammenfassung

ZUSAMMENFASSUNG
Triebfeder der kostenintensiven und aufwändigen Qualitätssicherung (QS) in Brauereien ist
der Erhalt der Bierqualität, um die stetig steigenden Verbrauchererwartungen erfüllen zu
können. Ein Großteil der Konsumenten ist sich nicht darüber im Klaren, dass bierschädliche
(BS) Bakterien oder Hefen eine der häufigsten Ursachen für Reklamationen sind.
Auswirkungen einer Kontamination mit diesen Mikroorganismen können Veränderungen der
Biere in Geschmack, Geruch, Säuregrad, Textur oder Aussehen sein, die im Ernstfall dafür
sorgen können, dass der Verbraucher sich gegen ein Produkt entscheidet. Neben dem
Imageverlust kann es zu erheblichen monetären Schäden kommen, wenn verdorbene
Chargen nicht in den Handel entlassen werden können und der Vernichtung zugeführt werden
müssen. Es bedarf daher großer Sorgfalt und geeigneter Präventionsmaßnahmen seitens der
Brauereien, um die Qualität ihrer Biere zu sichern.
Die mikrobiologische QS in Brauereien ist dafür zuständig, die einzelnen Prozessschritte auf
das Auftreten von bierschädlichen Mikroorganismen hin zu untersuchen. Diverse Probleme,
mit denen die mikrobiologische QS im Speziellen umzugehen hat, sind die Detektion einer
geringen Anzahl von Schadorganismen in einem großen zu untersuchenden Volumen, die
Verarbeitung verschiedener Probentypen, die während der Bierproduktion anfallen, und die
Veränderung des Spektrums bierschädlicher Mikroorganismen (BSM), an die die verwendeten
Methoden angepasst werden müssen. Dabei ist das Spektrum an BSM aufgrund spezifischer
biereigener „Hürden“, die ein Wachstum vieler Mikroorganismen unmöglich machen, auf
wenige Spezies beschränkt. Der größte Teil der Mikroorganismen, die in Bier wachsen und es
durch Stoffwechselprodukte und Trübungsbildung schädigen können, sind gram-positive
Bakterien der Genera Lactobacillus und Pediococcus. Zusätzlich zu den genannten
Milchsäurebakterien zählen einige wenige gram-negative Bakterien der Genera Pectinatus
und Megasphaera zu den BSM.
Die Gruppe der bierschädlichen Bakterien (BSB) ist zwar auf wenige Spezies limitiert, aber
keine geschlossene Gruppe. Im Laufe der Zeit wurden Spezies in die Gruppe aufgenommen,
die entweder neu beschrieben wurden oder die Fähigkeit zum Bierverderb erwarben, und
andere aus der Gruppe der BSB eliminiert, die z.B. aufgrund von technologischen
Veränderungen in Bier nicht mehr wachsen konnten oder taxonomisch einer anderen Spezies
zugeordnet wurden. Für eine erfolgreiche brauerei-mikrobiologische QS ist es unumgänglich,
im Hinblick auf die Gruppe der BSM auf dem Laufenden zu sein und alle verwendeten
Methoden auf dieses Panel an Bakterien und Hefen anzupassen.
Dabei sind großangelegte Studien über das Vorkommen der einzelnen bierschädlichen
Spezies selten. Oftmals ergeben sich mikrobiologische Erkenntnisse aus dem
Probenaufkommen einiger weniger Brauereien oder aus Erfahrungswerten. Ein Ziel der
vorliegenden Arbeit war es, einen aktuellen Überblick über die prozentuale Verteilung der
einzelnen bierschädlichen Bakterienspezies zu erstellen. Dabei wurden insgesamt über
13.000 Proben auf die Anwesenheit von bierschädlichen Bakterien hin untersucht und ihr
Vorkommen über sieben zusammenhängende Jahre verfolgt. Zusätzlich wurden diese Proben
mit Hilfe des χ2-Tests (Chi-Quadrat-Test) statistisch auf zwei brauereispezifische
Fragestellungen hin untersucht: Zum einen auf das bevorzugte Wachstum einzelner Spezies
im untergärigen oder obergärigen Sektor und zum anderen auf das bevorzugte Wachstum in
frühen oder späten Phasen des Produktionsprozesses (= Primär- oder Sekundärbereich).
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Eine weitere mikrobiologische Problemstellung ergibt sich aus der Tatsache, dass BSB in
Produktionsproben, die stark hefehaltig sind (Beispiel: Propagationshefe), verspätet oder
überhaupt nicht detektiert werden können. Die morphologisch kleineren und meist in
bedeutend geringeren Zellzahlen vorkommenden Bakterienzellen können sich zwischen den
Hefezellen versteckt halten und werden durch aktive Hefe zusätzlich in ihrer Vermehrung
eingeschränkt. Die bisher verwendete Routinemethode im brauerei-mikrobiologischen Labor
sieht die wiederholte Inkubation in konzentrierten Nährmedien vor, die Hefezellen
unterdrücken und Bakterien fördern sollen, was allerdings in vielen Fällen zu
Anreicherungszeiten von mehreren Wochen führt. Aus dieser Problemstellung heraus wurde
eine Methode entwickelt, die durch den Zusatz des Natamycin-enthaltenden Antimykotikums
Natamax® in kürzester Zeit 100 % der Hefezellen abtötet und gleichzeitig bakterielle Zellen
unbeeinträchtigt lässt. Auf diese Weise wird die nachzuweisende Bakterienzellzahl erhöht und
die Zeit bis zur Nachweisbarkeit bakterieller Kontaminationen verkürzt.
Im Fall, dass ein Keim isoliert wird, der nachweislich Schäden in Bier hervorruft und bisher
noch nicht in Erscheinung getreten ist, muss die mikrobiologische QS die Identifizierung
einleiten. Nur so kann gesichert werden, dass sie auf dem Laufenden bleibt und auf alle
eventuell vorkommenden Spezies reagieren kann. In den Jahren 2013 und 2014 wurden
insgesamt drei Isolate aus verschiedenen Prozessstufen einer Brauerei gewonnen, die mit den
routinemäßig eingesetzten molekularbiologischen Methoden nicht identifiziert werden
konnten. Nachfolgend wurden phänotypische, chemotaxonomische und genotypische
Charakteristika der Isolate bestimmt und mit bekannten Bierschädlingen verglichen. Basierend
auf diesem Vergleich wurde die Zuordnung zu einer bekannten bierschädlichen Art
ausgeschlossen.
In einer weiteren multivariaten Analyse wurde die Zuordnung dieser Isolate zu nah
verwandten, nicht-bierschädlichen Arten überprüft. Die Unterschiede, die in dieser Studie
herausgearbeitet wurden, entsprachen nicht den Anforderungen zur Inklusion in eine der
untersuchten Spezies, was folglich in der Neubeschreibung einer Spezies, L. cerevisiae,
resultierte. Zusätzlich zu den für die Neubeschreibung einer Spezies innerhalb des Genus
Lactobacillus unerlässlichen Merkmalen wurden bierspezifische Charakteristika wie die
Präsenz bestimmter Hopfenresistenzgene untersucht.
L. rossiae ist bekannt als in Sauerteig vorkommende Spezies und gilt als phäno- und
genotypisch besonders versatil. Da diese Art im letzten Jahrzehnt zusätzlich eine Rolle als
Bierschädling eingenommen hat, die sich insbesondere durch Exopolysaccharid-Bildung
einzelner Stämme auszeichnet, wurden elf aus der Routineanalytik gewonnene L. rossiaeStämme dahingehend untersucht, ob sich die beschriebene Versatilität bestätigen ließ, in
welchen Merkmalen sich Bier- und Sauerteig-Stämme unterscheiden und wie hoch der Grad
der Bierschädlichkeit von L. rossiae ist. Aufgrund der großen Differenzen zwischen den
begutachteten Stämmen, die teilweise die Grenzen der bestehenden Speziesbeschreibung
erweitern, und den gravierenden möglichen Auswirkungen auf das Biermedium
(Viskositätserhöhung bis hin zum Schleimigwerden der Biere), ist L. rossiae als Ausnahme
innerhalb des Genus Lactobacillus und innerhalb der Gruppe der BSM anzusehen.
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1. INTRODUCTION
The term ‘microorganism’ designates a microscopically small living organism consisting of a
single cell that is independent of other cells and is (occurring individually) invisible to the naked
eye. Microbiology deals with the study of those microorganisms that comprise a
heterogeneous group of organisms and can have both negative and positive effects on human
life (Brock and Madigan, 1991). With regard to the food industry, microorganisms play a
positive role if deployed purposefully in food production, such as yeast in the brewing or baking
industry or lactic acid bacteria (LAB) in the dairy industry. They can also play a negative role
as food spoilage organisms by adversely altering the sensory properties of food and
subsequently reducing the generated products’ quality.
Beer is regarded as a stable food from a microbiological point of view. But distinct yeast and
bacteria species can negatively affect the sensory and organoleptic beer properties to render
it inedible to the consumer. To counteract these issues, which can directly affect a brewery’s
sales, profit and reputation, it is useful to establish microbiological quality control (QC).
Whether QC is executed within the brewery itself or by external laboratories often depends on
the brewery size, the employees’ qualification and the management’s sensibility towards the
microbiological status of the brewery.
The aims of microbiological QC are, among other things, the detection of beer-spoiling
microorganisms (BSM), the identification of harmful germs and the subsequent initiation of
appropriate countermeasures such as the retention of batches prior to distribution. To achieve
those goals it is sufficient to focus on a small number of microorganisms since only a few yeast
and bacteria species can grow in beer and alter its sensory properties, i.e. spoil it. It is
particularly important for brewing microbiological QC to detect contaminating microorganisms
as quickly and reliably as possible and in small numbers. Once spoilage germs have been
detected using appropriate microbiological methods it can be necessary to identify the type of
contaminant present, in other words, the genus and species of the contaminating yeast and
bacteria. Identification can help to determine the ‘in-house flora’ and to trace the pathways of
contamination. Executed on a large scale and evaluated statistically, species identification can
also help to reveal changes within the BSM group and to draw relevant conclusions. It should
be noted that the BSM group is not closed but open to the addition of new microorganism
species at any time. Those included species are either newly described or have newly acquired
the potential for beer spoilage. The spectrum of detrimental germs can also be altered by
developments in brewing technologies such as beer production with nearly complete oxygen
exclusion. To keep microbiological QC up to date it is essential to be aware of all
microorganism species that are able to spoil beer and beer-like beverages and to achieve
deeper insights into their beer-spoilage potential and beer-specific characteristics. In
comparison with beer-spoiling yeast species, the frequency and degree of spoilage potential
are more pronounced with bacteria.
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This study focuses on beer-spoiling bacteria (BSB), with a special focus on LAB. In
subsections,
- the statistical frequency of individual beer-spoiling (BS) species is determined from brewery
samples from Germany and neighboring countries
- a method is proposed for the fast detection of beer-spoiling LAB in culture yeast
- one lactic acid bacterium isolated from spoiled beer is differentiated from known beer-spoiling
species
- this BS species is consequently newly described as Lactobacillus cerevisiae sp. nov.
- another LAB species, Lactobacillus rossiae, primarily isolated from sourdough and recently
included in the group of BSB is characterized by multivariate analysis and differentiated from
sourdough isolates.

1.1 The properties of beer
Beer is protected from microbially triggered spoilage by different intrinsic and extrinsic factors
(Menz and Vriesekoop, 2009). Intrinsic factors, called ‘hurdles’ according to LEISTNER (2000),
include ethanol content, hops addition, low pH value, carbon dioxide (CO2) content, low oxygen
(O2) level, and a low amount of fermentable nutrients (Menz and Vriesekoop, 2009, Suzuki et
al., 2006b). These intrinsic factors mean that pathogen microorganisms such as members of
the Bacillus or Staphylococcus genera are not able to grow in beer (Menz and Vriesekoop,
2009, Bunker, 1955). Beer wort does not yet possess most of the specified hurdles. Active
culture yeast has to be added immediately after wort production, since a small number of the
contaminants present can be suppressed by the yeast’s fermentational force (Campbell,
2003a). Beer types with intentionally reduced intrinsic factors like alcohol-free beer or wheat
beer are also more susceptible to microbial spoilage (Riedl et al., 2017).
Extrinsic factors are certain steps of the beer production process, e.g. mashing, wort boiling,
filtration, flash pasteurization or cold storage, that impede the insertion of contaminating germs
or devitalize germs that were already inserted in the beer or one of its primary stages
(Vriesekoop et al., 2012). The following is a description of the particular hurdles and their effect
on microorganisms, especially on bacteria.

1.1.1 Ethanol
As early as 1935, SHIMWELL described the antibacterial effect of ethanol after his assessment
of beers with higher ethanol content being less susceptible to Saccharobacillus pastorianus
(now: L. brevis) (Shimwell, 1935). Ethanol affects the bacterial cell in several ways. It inhibits
certain membrane functions, triggers cell membrane leakage, causes transcription and
translation errors, induces errors in protein synthesis, and increases membrane permeability
to small molecules such as protons and organic acids, which leads to the collapse of the
microorganisms’ pH homeostasis (Casey and Ingledew, 1986, Eaton et al., 1982, Barker and
Park, 2001, Daifas et al., 2003, Wray, 2015, Haft et al., 2014, Ingram, 1990). It is worth noting
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that ethanol kills bacteria more effectively if organic acids are present (synergistic effect) or at
lower pH values (Barker and Park, 2001). At typical beer ethanol contents (average content
approx. 3.5 – 5.0 % (v/v)), it has little antibacterial effect (Vriesekoop et al., 2012, Menz et al.,
2010, Wackerbauer and Emeis, 1969, Menz et al., 2011).

1.1.2 Low pH value
Due to the yeast’s sugar metabolism, ethanol, carbon dioxide and organic acids are released
from the cells resulting in the decrease in beer pH value (Menz and Vriesekoop, 2009). The
beer-typical pH value (average approx. 3.4 – 4.8) alone is not sufficient to hinder bacterial
growth, because it is only slightly below the optimum pH for most lactobacilli (Wackerbauer
and Emeis, 1969). But the average low pH value of beer results in the conversion of weak
organic acids to their undissociated forms which are able to penetrate the bacterial cell
membrane (Beales, 2004). Due to the higher intracellular pH value the organic acids dissociate
leading to the decrease in the intracellular pH and to cell acidification (Beales, 2004). In turn
this leads to the blocking of enzyme systems, to the cessation of synthesis of cellular
components, to the hampering of nutrient uptake, and finally to the inhibition of bacterial cell
growth and division (Booth and Kroll, 1989). The microorganism cell tries to maintain the
cellular pH gradient by pumping protons from the inside to the periphery at the expense of a
lot of energy. The ability for the maintenance of pH homeostasis, however, varies according to
the specific strain and species (Beales, 2004, Booth and Kroll, 1989, Booth, 1985). In addition
to the direct impact, the low beer pH value intensifies the antibacterial properties of certain hop
components (Simpson, 1993b, Simpson, 1993a, Simpson and Fernandez, 1992, Simpson and
Hammond, 1991, Wackerbauer and Emeis, 1969) and also results in the inability of pathogenic
strains to grow in beer (Wray, 2015).

1.1.3 Dissolved gases
The presence of CO2 as well as the absence of O2 (optimum  0.1 ppm, provided that beers
without pre-damage were produced on modern brewing equipment) are also beer-specific
hurdles that affect the growth of aerobic microorganisms, especially the growth of pathogens
(Vriesekoop et al., 2012). CO2 is formed by the yeast during the first (or second, if executed)
fermentation or is directly applied, if permitted by law, up to a final average content of 0.5 %
(w/v). CO2 reduces the pH value (Wray, 2015), but does not affect growth of the facultatively
anaerobic or microaerophilic lactobacilli in any way (Wackerbauer and Emeis, 1969, Holzapfel
and Wood, 2014). The presence of oxygen is generally associated with negative effects in LAB
(van de Guchte et al., 2002).

1.1.4 Lack of nutrients
The metabolism of the brewing yeast consumes nutrients such as fermentable carbohydrates,
amino acids and vitamins during fermentation resulting in a nutrient-poor milieu. As early as
1969, researchers questioned whether a beer‘s nutrient shortage had a great impact on
lactobacilli as most beers that do not reach final gravity contain enough fermentable sugar
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components to allow bacterial growth. Even beers reaching final gravity contain dextrins which
can be utilized by many bacteria for energy generation (Wackerbauer and Emeis, 1969).
DOLEZIL AND KIRSOP (1980) figured out that the metabolically most versatile LAB grew best in
beer. FERNANDEZ AND SIMPSON (1995) determined a positive correlation between the risk
potential of a certain beer for spoilage and its contents of free amino nitrogen, total soluble
nitrogen, some individual amino acids and maltotriose. As proposed by SUZUKI ET AL., the ADI
system, malolactic fermentation and citrate utilization play an important role for BS LAB (Suzuki
et al., 2005b).

1.1.5 Hops
In 1945, SHIMWELL discovered that hop bitter acids negatively affect gram-positive, but not
gram-negative bacteria. As a result, gram reaction became increasingly important in brewing
microbiology (Shimwell, 1945). Further studies showed that hops inhibit the growth of some
microorganisms, while they only retard the growth of others (Wackerbauer and Emeis, 1969).
It is now known that hop acids have antibacterial properties and, for beer-spoiling LAB, the
resistance towards hop acids is the crucial survival criterion (Vriesekoop et al., 2012,
Fernandez and Simpson, 1995, Fernandez and Simpson, 1993). Thus, the antibacterial effect
not only depends on the amount of bitter compounds (EBC bitter units), but on the composition
of the individual hop compounds (Back and Biendl, 2017a, Back and Biendl, 2017b).
Hop acids, especially undissociated iso-α-acids, affect bacterial cells by acting as proton
ionophores and consequently destructing their transmembrane pH gradient, which is important
for the absorption of vital components (Simpson, 1993a, Simpson, 1993b, Simpson and
Fernandez, 1994). Cell leakage induced by hop acids, for example, hampers nutrient uptake
as well as RNA and DNA synthesis systems (Vriesekoop et al., 2012). Entering protons lead
to internal acidification which reduces the activity of certain enzymes and damages proteins
and DNA (van de Guchte et al., 2002). Furthermore, BEHR AND VOGEL (2009) showed that isoα-acids cause oxidative stress in bacterial cells by participating in transmembrane redox
reactions.

1.2 Stress tolerance mechanisms
The multitude of stress factors exerted by the beer environment causes bacteria to react with
numerous defense mechanisms as illustrated in this chapter. The ability to adapt to a beer’s
hop content is considered to be the crucial characteristic for beer-spoiling bacteria. Bacterial
hop resistance consists of several active and passive defense mechanisms (Behr et al., 2006,
Vogel, 2010, Suzuki, 2015).

1.2.1 Active hop resistance mechanisms
Proton pumps such as HorA, a multidrug transporter of the ATP binding cassette (ABC) family,
and HorC, a proton-motive-force (pmf) -driven multidrug transporter, are active hop defense
mechanisms that extrude hop acids from the cell (Iijima et al., 2009, Iijima et al., 2006,
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Sakamoto et al., 2001). The corresponding horA and horC genes were found, irrespective of
the species, in 94 % (horA) and 96 % (horC) of beer-spoiling bacteria genomes (Suzuki, 2011)
and are rated as the most important species-independent marker genes related to beerspoilage potential (BSP) (Haakensen, 2009, Suzuki et al., 2006b). PREISSLER postulated that
the presence of the horA gene alone did not result in higher minimum inhibitory concentrations
(MIC), while the presence of either horC or hitA yielded significantly higher MICs (Preissler,
2011). Interestingly, TEICHERT discovered that half of BS strains contain only a defective horA
gene (Teichert, 2009), which reduces the significance of horA. However, it is important to note
that some bacteria harbor genes related to beer spoilage (such as the horA gene) and yet do
not demonstrate an ability to spoil beer (Sakamoto et al., 2001, Suzuki et al., 2004b). Further
hop resistance genes, bsrA and bsrB, coding for multidrug ABC transporters, were found in
Pediococcus strains (Haakensen et al., 2009b).
HitA is a potential divalent cation transporter counteracting the noxious effect of isohumulones
by binding Mn2+ ions (Hayashi et al., 2001, Yasui et al., 1997). The intracellular content of
divalent cations, especially of Mn2+ ions, plays a significant role for LAB in hop defense (Behr
et al., 2007).
It is assumed that those species-independent genetic markers are taken up by horizontal gene
transfer (HGT). This hypothesis is based on the fact that the nucleic acid sequences of those
markers are approx. 99 % homologous between different species and genera (Claisse and
Lonvaud-Funel, 2001b, Suzuki et al., 2005a, Suzuki et al., 2006b). In many species, horA,
horC and their flanking open reading frames (ORF) were found in conserved areas of the DNA
(Iijima et al., 2007, Suzuki et al., 2005a, Suzuki et al., 2006b). Species-independent genetic
markers were proven to be located on mobile DNA units such as plasmids and transposons
(Suzuki, 2011b). The markers can spread within a brewery by HGT and can be found in
different contaminating species. The uptake of such mobile species-independent marker
genes is a survival advantage for bacteria while fighting the hostile beer environment (Suzuki,
2015, Haakensen et al., 2007). The HGT theory was also postulated for the glycosyltransferase
(gtf) and glycerol dehydratase genes associated with the spoilage of wine and cidre (Claisse
and Lonvaud-Funel, 2001a, Dols-Lafargue et al., 2008, Werning et al., 2006). Fast adaptation
or fast evolution in a stressful and challenging environment are assumed to be results of HGT
events triggered by environmental stress (Dziewit and Bartosik, 2014). It is also worth noting
that the association with other bacteria in biofilms increases the possibility of genetic material
uptake through HGT (Kubota et al., 2008, Timke et al., 2005).
Active hop resistance mechanisms consume a high amount of energy in addition to the
impeding factors of beer containing low amounts of residual nutrients and the hampering of
nutrient uptake by the protonophoric activity of hop acids (Simpson, 1993b, Simpson, 1993a).
Some beer-spoiling strains were examined for their energy consumption under hop influence
and SUZUKI ET AL. established that strains from a beer environment were able to produce a
higher amount of ATP and to maintain a greater ATP pool inside the cells than non-spoiling
strains (Suzuki et al., 2005b). After inoculation into beer, energy was generated by the
consumption in particular of citrate, pyruvate, malate, and arginine. The metabolism of organic
acids and amino acids is directly or indirectly used for energy production and pmf generation,
particularly if nutrients are scarce (Suzuki et al., 2005b). Pmf is further used by LAB as an
energy source for numerous transmembrane processes (van de Guchte et al., 2002).
Furthermore, hop-resistant bacteria initially have a higher transmembrane pH gradient
(Simpson, 1993b).
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1.2.2 Passive hop resistance mechanisms
Defense mechanisms are regarded as passive if no energy is consumed after their build-up
and/or activation (Suzuki, 2011). One example of a passive hop resistance mechanism is the
insertion of saturated fatty acids such as C16:0 or lipoteichoic acids (LTA) into the membrane of
BSB. This results in the loss of membrane fluidity and consequently in the decrease of
membrane permeability for hop bitter acids to subsequently protect themselves from hop and
acid intrusion (Behr et al., 2006, Yasui and Yoda, 1997, Schurr et al., 2015). LTAs also serve
as a long-term reservoir for Mn2+ ions that could otherwise form a complex with hop acids to
achieve full antibacterial effectivity (Behr et al., 2006, Vogel, 2010).
BEHR ET AL. reported on the increase of Mn2+-dependent enzymes in L. brevis which take part
in energy generation and redox homeostasis (Behr et al., 2007). The removal of Mn2+ ions is
a useful tool to prevent hops conveying their full antimicrobial force (Geißler et al., 2017). As
proposed by GEIßLER ET AL. (2017), there is a magnesium uptake system CorA (Kehres et al.,
1998) in many beer-spoiling LAB that simultaneously releases manganese from the cell to
decrease its effects on hop acids. The exchange of divalent manganese cations with divalent
magnesium ions maintains cation homeostasis (Schurr et al., 2015, Preissler, 2011), but they
are not completely exchangeable with regard to their physiological functions (Geißler et al.,
2017).

1.2.3 Further stress tolerance mechanisms
As hop acids, in addition to their protonophoric activity, exhibit redox-reactive decoupling
activity, bacteria react with the upregulation of particular enzymes, such as proton-extruding
ATP-synthases, for the maintenance of redox homeostasis (Behr and Vogel, 2010, Vogel,
2010, Suzuki, 2015, de Angelis and Gobbetti, 2011). The arginine deiminase (ADI) pathway
that is used by several LAB species alkalizes the environment and the generated ATP enables
proton extrusion (van de Guchte et al., 2002, Cunin et al., 1986, Sanders et al., 1995).
Furthermore, the reduction in cell surface of the bacteria adapted to the beer environment and,
therefore, the area that is potentially endangered was observed (Asano et al., 2007, Zhao et
al., 2017). The resistance mechanisms can then be deployed more purposefully and effectively
on the reduced cell surface (Suzuki et al., 2006b).
To combat the effects of ethanol, LAB fortify their membrane by integrating long-chain fatty
acids (> 20 carbons) (Uchida, 1974) and GroES chaperone, heat-shock proteins and
glutathione reductase are upregulated (Fiocco et al., 2007, Silveira et al., 2004). Ethanol
tolerance is a species-specific characteristic unlike general beer-spoilage ability (Pittet et al.,
2011). The ability to adapt to low pH and ethanol is important for LAB, but it is not correlated
with the ability to adapt to hops or to spoil beer (Pittet et al., 2011, Menz et al., 2010,
Bergsveinson et al., 2015a, Bergsveinson et al., 2015b).
In a recent study, it was determined that dissolved CO2 and the headspace pressure of
packaged beer negatively affects LAB growth in beer. This results in cell wall and membrane
modifications and in modifications of the cellular transcriptional regulation (Bergsveinson et al.,
2015b).
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The lack of nutrients in common beer caused by the yeast’s metabolism is counteracted by
LAB via the use of ABC transporters (Konings et al., 1997). These transfer nutrients into the
cell by means of different passive transport systems along an electrochemical ion gradient and
via group translocation mechanisms such as the phosphotransferase system (Pittet et al.,
2013) that modify internalized molecules (White et al., 2012).
Upon exposure to one or more stress factors, non-spore-forming bacteria defend themselves
by entering a dormancy state that is called the ‘viable but not culturable’ (VBNC) state (Xu et
al., 1982, Suzuki et al., 2006a, Oliver, 2005). Some LAB that are linked to beer spoilage are
also known to use this survival strategy, while growth and beer-spoilage ability is restored after
resuscination (Deng et al., 2015). BS species that were associated with a VBNC state are L.
lindneri, L. paracollinoides, L. acetotolerans, L. casei, L. harbinensis and L. plantarum (Suzuki
et al., 2006a, Liu et al., 2018, Liu et al., 2017a, Liu et al., 2017b, Liu et al., 2017c, Deng et al.,
2015).
A detailed illustration of important defense mechanisms concerning the antibacterial hurdles
of beer is given by FRAUNHOFER (Fraunhofer, 2018).

1.3 Lactic acid bacteria
Microorganisms are designated as LAB if they belong to the Lactobacillaceae family which
comprises only two genera, Lactobacillus (Beijerinck, 1901) and Pediococcus (Claussen,
1903). LAB constitute a heterogeneous group of bacteria (van de Guchte et al., 2002) whose
number of species has doubled in the last 12 years to over 200 species (see LPSN:
http://bacterio.net/lactobacillaceae.html) (Felis and Dellaglio, 2007). Cells are gram-staining
positive, catalase-negative, and non-mobile, and the primary end product of carbohydrate
fermentation is lactic acid (Klaenhammer and de Vos, 2011). Their metabolism is considered
to be strictly fermentative (Kandler and Weiss, 1984, Wood and Holzapfel, 1995), though
respiration has been reported for some species (Brooijmans et al., 2009). Another genus was
proposed within the Lactobacillaceae family, Paralactobacillus (Leisner et al., 2000), but the
single species Paralactobacillus selangorensis was reclassified as a member of the
Lactobacillus genus by HAAKENSEN ET AL. (2011). Most LAB species are susceptible to
common antibiotics and some species, such as strains of L. casei, have therefore acquired
‘generally recognized as safe’ (GRAS) status (https://www.accessdata.fda.gov/
scripts/fdcc/?set=GRASNotices&sort=GRN_No&order=DESC&startrow=1&type=basic&searc
h=Lactobacillus) (Katla et al., 2001, Teuber et al., 1999). The most closely related family from
a phylogenetic perspective is the Leuconostocaeae family (Felis and Dellaglio, 2007). A recent
study conducted by ZHENG ET AL. (2015) proposed the softening of the two Lactobacillus and
Pediococcus genera to form the Lactobacillus sensu lato complex comprising Lactobacillus
spp. and Pediococcus spp. in addition to strains of other genera such as Oenococcus spp.
(Salvetti et al., 2018).
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1.3.1 The Lactobacillus genus
Cells of the Lactobacillus genus (translated as small rod from milk), which is the most
hazardous genus for beer spoilage, varies widely from long and slender rods to short and
bended, or coryneform, coccoid cells. The lactobacilli’s size and shape depends, amongst
others, on the culture’s age, the composition of the medium and specific stress factors (Kandler
and Weiss, 1984). The tendency to form cell chains varies according to the species and, in
some cases, this variability is even strain specific. The Lactobacillus genus shows the need
for complex nutrient requirements in relation to amino acids, peptides, nucleic acid derivates,
vitamins, salts, fatty acids, and fatty acid esters (often species dependent).
Species are classified as homofermentative, facultatively heterofermentative or strictly
heterofermentative ones. The end product of homofermentative metabolism is almost
exclusively lactate (˃ 85 %). Hexoses are degraded via the Embden-Meyerhof-Parnas (EMP)
pathway (glycolysis); pentoses and gluconate are not degraded as they lack the
phosphoketolase enzyme (Mattarelli et al., 2014). Facultatively heterofermentative species
degrade hexoses via the EMP pathway; pentoses and gluconate are fermented as they
possess aldolase and phosphoketolase (Mattarelli et al., 2014). End products of
heterofermentative metabolism are lactate (min. 50 %), acetate or ethanol, CO2, formate and
succinate via 6-phosphogluconate pathway = pentosephosphate pathway (Hammes and
Hertel, 2009). Lactobacilli are, in general, aero-tolerant to facultatively anaerobic since they do
not possess a respiratory metabolism, but are not killed by moderate oxygen amounts (Priest,
2003). Cells generate energy by substrate-level phosphorylation and regenerate used NADH
by electron transfer on lactate (homofermentative) or via acetaldehyde on ethanol
(heterofermentative) to NAD+ (Priest, 2003).
Lactobacilli often contain plasmids which are considered to provide resistance towards drugs
(Ishiwa and Iwata, 1980) or to affect lactate metabolism (Chassy et al., 1976) (see also Section
1.2 Hop resistance).

1.3.2 The Pediococcus genus
Cells of the Pediococcus genus (translated as cocci growing in one plane) are
homofermentative, catalase-negative and of coccoid shape. They grow in pairs or, if growing
in two perpendicular directions, tetrads, but never in chains, and can be isolated from wort,
yeast or beer (Back, 1994a, Mattarelli et al., 2014). Growth of pediococci can be related to
slime production, depending on the composition of the residual sugars (Shimwell and
Kirkpatrick, 1939). The Pediococcus genus is attributed to CLAUSSEN (Claussen, 1903) with
the type species Pd. damnosus (Garvie, 1974) and 10 further species (Salvetti et al., 2018).
From a phylogenetic perspective, Pediococcus species cluster together on the basis of 16S
rRNA (Salvetti et al., 2012) and specific ribosomal protein and housekeeping gene sequences
using MLSA (Salvetti et al., 2018), but are intermixed with Lactobacillus clusters.
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1.3.3 The role of lactic acid bacteria in beer
1.3.2.1 Positive role of lactic acid bacteria
In some cases, lactic acid bacteria are purposefully added during beer production (Henneberg,
1903, Lowe et al., 2004, Back, 1994a). Lactobacillus strains can be added to wort or mash to
achieve certain positive characteristics such as improved biological availability of zinc ions
(Donhauser and Wagner, 1986), lauter performance (Lowe et al., 2004), taste stability, protein
precipitation (Back and Pittner, 1993, Back, 1994a), and the decrease in pH resulting in
antimicrobial effects against spoilage germs (see Section 1.1.2) (Vaughan et al., 2005). Strains
with the following properties were selected for this purpose: High hop sensitivity, highly
thermophilic nature, homofermentative metabolism, inability to produce diacetyl and biogenic
amines as well as a high lactic acid formation rate (Back and Bohak, 2005). One species that
is often used for wort acidification is L. amylolyticus (Bohak et al., 1998). Another method is to
add certain defined Lactobacillus species, e.g. L. brevis or L. casei, as starter cultures for
specific beer styles such as Berliner Weisse (Wackerbauer and Methner, 1988). Further
information is provided in reviews by LOWE AND ARENDT (2004) and VAUGHAN ET AL. (Vaughan
et al., 2005). LAB fermentations could pose an interesting possibility in terms of creating new
beer styles, and for the increasing numbers of craft beer breweries that are searching for new,
non-standard flavors (Bergsveinson and Ziola, 2017).
Other studies focus on the ability of lactobacilli to produce certain low-molecular weight and
heat-stable peptides (Ross et al., 2002). Those so-called bacteriocins can have a bacteriocidal
or bacteriostatic effect on other species, especially on closely related ones (Jack et al., 1995,
Vaughan et al., 2005). Approaches that involve the addition of nisin, the most widely
researched bacteriocin, showed positive results with regard to restricting the growth of beerspoiling bacteria without affecting the culture yeast or beer flavor (Ogden, 1986, Ogden et al.,
1988, Vaughan et al., 2005, Muller-Auffermann et al., 2015b, Muller-Auffermann et al., 2015a).
The disadvantages of nisin addition are high costs and the fact that the application of
bacteriocins is not permitted in accordance with the German beer purity law (Ogden et al.,
1988, Idler and Annemüller, 2001).

1.3.2.2 Negative role of lactic acid bacteria
LAB are ubiquitous in the brewery and can be detected in almost all starting, intermediate and
end products, from barley and wheat to the finished beer (Flannigan, 2003, Hollerova and
Kubizniakova, 2001, Vaughan et al., 2005). The contamination source is generally
characterized as primary or secondary.
The input of spoiling germs by raw or auxiliary materials, brewing water or air into the product
is considered to be a primary contamination source (Back, 1994a, Back, 1988). In the
production chain, the primary area extends from the brewhouse to the bright beer tanks (after
filtration until just before the bottling area). LAB are part of the natural barley flora ( 0.01 % of
all present bacteria) and can survive the malting and mashing process steps (O'Sullivan et al.,
1999). During steeping, they multiply enormously (Petters et al., 1988). Approximately
0.2–0.4 % of the cell number on green malt survive kilning, after which species such as L.
brevis, L. buchneri, L. fermentum, and L. plantarum in particular can be found (O'Sullivan et
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al., 1999, Flannigan, 2003). Contaminated brewing yeast is also considered to be a primary
contamination source (Wackerbauer and Emeis, 1969). If the contamination takes place within
the primary area of brewing production (= early production steps), the germs in question are
consequently called primary contaminants.
Contamination sources are referred to as secondary sources (and the contaminants therefore
as secondary contaminants), if the spoiling microorganisms are introduced in the later beer
production steps, during filling and bottling (Back, 1988, Back, 1994a, Back, 1994b). For
example, water of the filling process or air that is swirled during filling can act as germ
transmitters (Storgards, 2000, Wackerbauer and Emeis, 1969, Henriksson and Haikara, 1991,
Dürr, 1984, Paradh et al., 2011). Unsold beer that is brought back to the brewery or
contaminated returned empties are regarded as possible sources of secondary contamination.
Biofilm formation plays a major role in LAB contamination (Back, 1994b). Biofilms can establish
in hard-to-clean areas in the filling environment in particular. They can be populated with a
great number of different microorganisms and can provide a barrier against cleaning and
disinfection measures (Storgards et al., 2006b, Flemming and Wingender, 2010). Slimeforming bacteria such as acetic acid bacteria (AAB) and Enterobacteriaceae can settle in moist
spots that come into contact with the product and build a protective shield against cleaning
agents. In the next step, yeasts can accumulate which produce metabolites that serve as
nutrients for LAB (Storgards et al., 2006). Those hard-to-clean passages in a brewery can act
as a permanent contamination source, if not eliminated as soon as possible.
Thus, lactic acid bacteria occur frequently in breweries and have become increasingly
significant as spoiling germs. Species of the Lactobacillus and Pediococcus genera in
particular are known to be beer spoilers (Back, 1994a). Since bacteria are considered to be
potential beer-spoilage organisms (end of 19th century) (Pasteur, 1876), brewing microbiology
addresses virtually the same microorganism spectrum, besides numerous renamings (Priest,
2003). Possible effects of LAB growth in beer are turbidity, increased viscosity to slime
formation based on the synthesis of exopolysaccharides (EPS), increased acidity and the
formation of malodorous, atypical substances (Back, 1994a, Rainbow, 1981). The buttery
flavor of diacetyl that has a low odor threshold value of 0.15 ppm (Hough et al., 1982) is
especially associated with the growth of certain spoiling bacteria in beer. Furthermore, growth
of LAB can be accompanied by the production of biogenic amines (Kalac et al., 2002). In the
brewing industry, 60–90 % of spoilage incidents are considered to be triggered by beer-spoiling
LAB (Back, 1994a, Back, 1994b, Back, 2003). However, the tolerance towards hop
components is the crucial characteristic for the degree of spoilage hazard, as mentioned
above. It is also worth noting that the ability to spoil beer is not species specific but strain
specific, which is the case for LAB from other foods (Sanders et al., 2015).
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1.4 Beer-spoiling species
1.4.1 The history of beer-spoiling bacteria
In 1871, PASTEUR was the first to detect beer-spoiling bacteria via microscopic analysis
(Pasteur, 1876) classifying them at the beginning roughly as rods and cocci. Rods were initially
called Saccharobacillus pastorianus (van Lear, 1892) and later renamed Lactobacillus
pastorianus (Bergey et al., 1923). At that time, VAN LEAR determined that those bacteria could
not be cultivated on the usual media, but grew only on unhopped beer solidified with gelatine.
It is now known that L. pastorianus occurs much more often than initially supposed (Iijima et
al., 2007). After all beer-spoiling species were originally called L. pastorianus, SHIMWELL
supposed that there had to be greater species variability within the group of BSB (Shimwell,
1948). This claim was confirmed by detecting L. malefermentans and L. parvus (Russell and
Walker, 1953a, Russell and Walker, 1953b), L. frigidus (Bhandari and Walker, 1953) and L.
brevis (Moore and Rainbow, 1955) as spoilage germs in beer and by determining, for example,
that some heterofermentative species share more characteristics with L. brevis and some
homofermentative strains with L. plantarum (Sharpe, 1959, Davis, 1964, Rogosa and Sharpe,
1959, Carriere, 1959). Since the studies of ESCHENBECHER, many beer-spoiling species have
been named, described and even classified according to the frequency of appearance
(Eschenbecher, 1966, Eschenbecher, 1968a, Eschenbecher, 1968b, Eschenbecher, 1969).
Nowadays it is assumed that L. pastorianus is a synonym for L. paracollinoides since 16S
rRNA and protein encoding genes for 6-phosphogluconate dehydrogenase are virtually
identical (99.9 %) (Ehrmann and Vogel, 2005b, Suzuki et al., 2008a).
Coccoid bacteria were initially called Pediococcus cerevisiae (1844 by BLACKE) (Kitahara,
1974) which corresponds today to Pediococcus damnosus (Claussen, 1903). Further beerspoiling pediococci include Pd. claussenii (Dobson, 2002) and Pd. inopinatus (Back, 2005,
Iijima et al., 2007).

1.4.2 Beer-spoiling lactic acid bacteria
The beer-spoiling lactic acid bacteria consist of the Lactobacillus, Pediococcus, Leuconostoc
and Lactococcus genera, which form a 16S rRNA gene-based supercluster within the
Clostridium branch of gram-positive bacteria (Stackebrandt et al., 1983). In terms of their
frequency and spoilage potential, the latter two genera play a minor role in beer spoilage.

1.4.2.1 Frequently occurring beer-spoiling lactic acid bacteria
Lactobacillus backii (prior: L. backi) (Bohak et al., 2006, Tohno et al., 2013)
This homofermentative bacterium grows in beers with up to 32 bitter units (BU) resulting in the
build-up of turbidity, sediments and acidity. The ability to utilize a narrow carbohydrate
spectrum is characteristic of L. backii (= named after BACK). The BSP is increased since at
least one of the known hop resistance genes horA or horC can be found within any isolate
(Iijima et al., 2007). L. backii morphologically resembles L. coryniformis showing irregular, clubshaped cells. Even based on their genetics, both species resemble one another which could
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be the reason for past misidentifications (Suzuki, 2011). To date, L. backii has been exclusively
isolated from the brewing environment.
Lactobacillus brevis (Orla-Jensen, 1919)
Lactobacillus brevis (= short) is the most frequently occurring beer-spoiling species (Back,
1988, Back, 1994b, Hutzler et al., 2012a, Koob et al., 2014, Back, 1994a). This species
consists of strictly heterofermentative rods with rounded ends, growing singly or in short chains
(Kandler and Weiss, 1984). L. brevis was initially isolated from milk, cheese, sauerkraut,
sourdough, silage, cow dung, feces, and the intestinal tracts of humans and rats. The formerly
unique species L. diastaticus with the ability for super-attenuation and L. brevisimilis have been
classified as L. brevis in the past two decades since the distinguishing features of L. brevis
were regarded as being too minor (Priest, 2003, Back, 1987, Briggs et al., 2004).
L. brevis frequently also occurs outside the brewing environment and is, in general, considered
to be an extremely versatile bacterium. This versatility is reflected in the wide temperature
range and the ability to grow on many different culture media (Suzuki, 2015). The BSP varies
according to the strain and especially between beer isolates and isolates from different areas
of the food industry (Kern et al., 2014a, Back, 1994a, Suzuki et al., 2006b, Nakagawa, 1978,
Menz and Vriesekoop, 2009). L. brevis is considered to be a late biofilm colonizer and some
strains are able to produce exopolysaccharides (Back, 2003, Riedl et al., 2019).
Lactobacillus (para-)buchneri (Henneberg, 1903)
L. (para-)buchneri (= named after BUCHNER) is a bacterium that shows strictly
heterofermentative rods with rounded ends, occurring singly or in pairs, and is therefore
morphologically hard to differentiate from L. brevis. Differing criteria from L. brevis are the
ability to ferment melezitose and lactate dehydrogenase migration velocity. L. buchneri was
isolated from milk, cheese, fermented plant material, and the human oral cavity. The formerly
unique species L. frigidus and L. parvus were classified as L. (para-)buchneri (Back, 1981). L.
parabuchneri was initially isolated from beer and can be differentiated from L. buchneri by the
ability to ferment certain carbohydrates (Farrow et al., 1988). Both closely related species often
appear in different areas of the food industry as spoilage germs.
Lactobacillus (para-)casei (Orla-Jensen, 1916)
The facultatively heterofermentative species L. (para-)casei (= cheese) appears as rods, often
with angular ends and a strong tendency to form chains (Kandler and Weiss, 1984). The effects
of its growth in beer are turbidity, sediment formation and above all the production of diacetyl,
a buttery off-odor in German beer styles (Sakamoto and Konings, 2003). The natural habitats
of L. (para-)casei are milk, cheese, dairy products, sourdough, cow dung, silage, the human
intestinal tract, and sewage (Kandler and Weiss, 1984). The differing criterion between L. casei
and L. paracasei is the missing ribose utilization of L. casei (Collins et al., 1989). The
classification and differentiation of L. casei, L. paracasei and the closely related species L.
rhamnosus as well as their subspecies was controversially examined in numerous publications
(Collins et al., 1989, Dicks et al., 1996, Ward and Timmins, 1999, Kandler and Weiss, 1986).
L. (para-)casei grows only weakly in low-hopped beers with increased pH values, resulting in
its classification as a potential beer-spoiling bacterium (for classification see Section 1.4.4)
(Back, 1994a). In some years, it is the second most frequent beer-spoiling bacterial species
after L. brevis (e.g. 12.3 % of bacterial incidents in 2012) (Koob et al., 2014).
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Lactobacillus (para-)collinoides (Carr and Davies, 1972)
The strictly heterofermentative species L. collinoides (= hilly; relating to colony morphology)
and L. paracollinoides form rods with rounded ends that show the tendency to form filaments
and, thus, appear singly, in palisades or in unregular clots. L. collinoides was initially isolated
from apple juice and cider (Claisse and Lonvaud-Funel, 2000, Funahashi et al., 1998, Carr and
Davies, 1972) and so far lacks beer-spoiling potential, in contrast to the species L.
paracollinoides, which was primarily and exclusively isolated from brewery samples (Suzuki et
al., 2004a). Further discriminating characteristics are based on DNA-DNA hybridization values
and the ability to ferment D-fructose. L. paracollinoides is considered to be specific for
breweries and is very closely related to L. collinoides, which may have caused
misidentifications in the past (Suzuki, 2011).
Lactobacillus coryniformis (Aboelnaga and Kandler, 1965)
The cells of L. coryniformis (= club-shaped) are coccoid, short, often pear- or club-shaped rods.
L. coryniformis was initially isolated from silage, cow dung, the air of dairy plants, and sewage
(Kandler and Weiss, 1984). This species is facultatively heterofermentative and causes
sediments and diacetyl production during its growth in beer (Back, 1994a). The number of
fermentable sugars is limited for L. coryniformis.
Lactobacillus harbinensis (Miyamoto et al., 2005)
L. harbinensis (= named after Harbin, a Chinese city) is a facultatively heterofermentative, rodshaped bacterium that was isolated from vegetables, the brewing environment and spoiled soft
drinks. At the16S rRNA level, it is closely related to L. perolens (Miyamoto et al., 2005).
Differentiating criteria to L. perolens are the utilization of D- and L-arabinose and the GC
content. By-products of its carbohydrate metabolism are lactate, acetate and diacetyl. The
ability of L. harbinensis to grow in commercial lager beer shows the degree of its BSP (Liu et
al., 2018).
Lactobacillus lindneri (Henneberg, 1903, Lindner, 1909, Henneberg, 1926)
The cells of L. lindneri (= named after LINDNER) are strictly heterofermentative and
morphologically extremely versatile. They are able to change their shape depending on the
milieu from long and straight rods in a beer environment to pleomorphic, sharp-edged to
coccoid rods in some nutrient media (Back et al., 1996). Usually, growth of L. lindneri in beer
is associated with increased turbidity, sediment formation and slightly increased acidity, but
only with minor changes in taste or smell. It is possible to distinguish this from other beerspoiling species, for example on the basis of its extremely narrow carbohydrate spectrum
indicating L. lindneri’s high adaption to the adverse beer environment (Suzuki, 2015). L. lindneri
is estimated to cause approx. 4–25 % of spoilage incidents, although recent studies indicate a
rather small proportion  10 % of bacterial spoilage incidents (Back, 1988, Back, 1994b, Back,
2003, Back, 1994a, Hutzler et al., 2012a, Koob et al., 2014). Studies conducted by BACK
revealed high hop tolerance (Back, 1981) and high tolerance to heat (Back et al., 1992). In
1974, ROGOSA proposed L. lindneri to be a synonym of L. brevis, which was refuted by BACK
based on the sugar spectrum and on certain molecular characteristics (Rogosa, 1974, Back,
1981, Back, 1982). Thus, at the 16S rRNA level, there is a great similarity between L. lindneri
and L. brevis (Yasui et al., 1997). In contrast to L. brevis, L. lindneri grows poorly on common
culture media (Suzuki et al., 2008b) and was exclusively isolated from a brewing environment
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(Suzuki, 2015) with a few exceptions from a wine environment (Arevalo-Villena et al., 2010).
Additionally, no isolates without BSP were found to date (Storgards et al., 1998). During L.
lindneri’s growth in beer, very short rods are built that, under certain circumstances, can pass
sterile filtration (Asano et al., 2007).
Lactobacillus (para-)plantarum (Orla-Jensen, 1919, Curk et al., 1996)
L. (para-)plantarum (= of plants) consists of long and very straight rods with rounded ends that
appear singly, in pairs or short chains. The facultatively heterofermentative bacterium L.
plantarum was isolated from dairy products, silage, sauerkraut, pickled vegetables, sourdough,
cow dung, the human intestinal tract, and sewage (Kandler and Weiss, 1984). L.
paraplantarum was isolated from beer and the human intestinal tract (Curk et al., 1996). The
differentiation between L. plantarum and L. paraplantarum (as well as between the third very
closely related species L. pentosus) is morphologically or physiologically not possible (Bringel
et al., 1996). Thus, DNA-DNA hybridization provides a helpful tool to differentiate the
referenced species (Curk et al., 1996, Bringel et al., 2001).
Pediococcus damnosus (Claussen, 1903)
Pd. damnosus (= destructive, harmful) is the most frequently occurring coccoid species in the
brewery (McCaig, 1983, Priest, 2003). Beers contaminated with Pd. damnosus can exhibit high
amounts of acetoin and diacetyl (Priest, 2003). Slime formation produced by
exopolysaccharides is a strain-specific characteristic (Shimwell, 1948, Priest, 2003). Like L.
lindneri, Pd. damnosus often adheres to the culture yeast and hides itself this way (Storgards
et al., 1997). It grows preferably at low temperatures between 22 and 25 °C. In many cases,
Pd. damnosus‘s growth rate is slower than that of comparable beer-spoiling bacteria. This
species is exclusively found in the wine or beer environment (Back, 1994a). Pd. damnosus
was linked to 1.2–13.0 % of bacterial spoilage incidents in the period 2010 to 2013 (Hutzler et
al., 2012a, Koob et al., 2014).

1.4.2.2 Less frequently occurring beer-spoiling lactic acid bacteria
In the folIowing section, further lactic acid bacteria are listed that have less of an impact on the
brewing industry because they occur more rarely or have a reduced spoilage potential. In
individual cases, contamination with one of these bacteria may lead to serious product
damage. For the sake of completeness they are presented in the following in combination with
related literature for further information.
Lactobacillus acetotolerans (Deng et al., 2014, Entani et al., 1986, Qian, 2009)
Lactobacillus cerevisiae (Koob et al., 2017, Chapter C, sections 1 and 2, this study)
Lactobacillus curtus (Asakawa et al., 2017)
Lactobacillus curvatus (Klein et al., 1996, Dykes and Vonholy, 1994, Koort et al., 2004,
Torriani et al., 1996, Back, 1981)
Lactobacillus dextrinicus (prior: Pediococcus dextrinicus) (Back, 1978d, Haakensen et
al., 2009a, Coster and White, 1964, Garvie, 1984b)
- 18 -

Introduction
Lactobacillus malefermentans (Farrow et al., 1988, Jespersen and Jakobsen, 1996, Russell
and Walker, 1953a)
Lactobacillus paucivorans (Ehrmann et al., 2010)
Lactobacillus perolens (Back et al., 1999, Miyamoto et al., 2005)
Lactobacillus rossiae (Corsetti et al.,2005, Chapter D, this study)
Lactococcus lactis (Back, 1982, Back, 1994a, Smith et al., 1993, Schleifer et al., 1986)
Leuconostoc (para-)mesenteroides (Garvie, 1984a, Priest, 2003, Garvie, 1983, Farrow et
al., 1989, Back, 1994a, Schleifer, 2009b)
Kocuria kristinae (prior: Micrococcus kristinae) (Priest, 2003, Back, 1981, Stackebrandt et
al., 1995, Suzuki, 2015, Jespersen and Jakobsen, 1996, Kloos et al., 1974, Matoulkova and
Kubizniakova, 2018)
Pediococcus acidilactici (Kitahara, 1974, Barney et al., 2001, Lanthoen and Ingledew, 1996,
Rouse et al., 2007, Sakaguchi, 1960, Garvie, 1984b, Ahn et al., 2017)
Pediococcus claussenii (Claussen, 1903, Dobson, 2002, Suihko et al., 2003)
Pediococcus inopinatus (Back, 1978a, Back, 1978b, Back, 1978c, McCaig, 1983, Priest,
2003, Lawrence, 1988, Sakamoto and Konings, 2003, Iijima et al., 2007)
Pediococcus parvulus (Barney et al., 2001, Gunther et al., 1962, Werning et al., 2006,
Garvie, 1984b)
Pediococcus pentosaceus (Dobrogosz and Stone, 1962a, Dobrogosz and Stone, 1962b,
Plengvidhya et al., 2007, Vizoso Pinto et al., 2004, Skytta et al., 1993)

1.4.3 Further beer-spoiling microorganisms
1.4.3.1 The Pectinatus and Megasphaera genera
The beer-spoiling, anaerobic genera Pectinatus, Megasphaera, Selenomonas, and
Propionispira are of great interest since their cells constitute an intermediate between gramnegative and gram-positive eubacteria (Chaban et al., 2005). Although they possess a cell wall
that is typical of gram-negative bacteria, they also exhibit a very thick peptidoglycan layer as
well as a plasma membrane, which is characteristic of gram-positive bacteria (Helander et al.,
2004). Isolates of the specified genera cluster with gram-positive eubacteria at the 16S rRNA
level (Haikara et al., 1981, Schleifer et al., 1990, Paradh, 2015). In recent years, a new class
was created and established for this kind of bacteria (Firmicutes with gram-negative cell wall),
the Negativicutes (Marchandin et al., 2010).
The Pectinatus genus (= combed bacterium) was initially described by LEE ET AL. (Lee et al.,
1978, Lee et al., 1980). Cells are mobile due to peritrichous flagellation (Schleifer et al., 1990).
Within this genus there are three species known as beer-spoiling species: P. cerevisiiphilus
(= beer lover), P. frisingensis (= of Freising) and P. haikarae (= named after HAIKARA) (Schleifer
- 19 -

Introduction
et al., 1990, Juvonen and Suihko, 2006). One further species, P. portalensis, was described
as beer spoiling, but has not yet been isolated from the brewing environment. In addition, the
species description was questioned only a few years after its establishment (Gonzalez et al.,
2004, Juvonen, 2015, Vereecke and Arahal, 2008). The growth of Pectinatus in beer is
associated with the formation of pronounced turbidity as well as with the generation of foulsmelling flavor substances such as hydrogen sulfide, propionic acid and methyl mercaptan
resulting in a rotten-egg or fecal off-flavor (Back, 1994a, Back, 1979, Membré et al., 1994,
Suihko and Haikara, 1990, Paradh et al., 2011, Haikara et al., 1981, Lee et al., 1978, Lee et
al., 1980, Haikara, 1980, Haikara, 1985a). The effects caused by the P. haikarae species are
less severe than the effects of the other two mentioned germ types (Voetz et al., 2010).
Pectinatus can only grow in beers with pH values above 4.3–4.6 and moderate alcohol
contents (Lawrence, 1988, Seidel-Rüfer, 1990). Small to moderate amounts of solved oxygen
are tolerated, especially at low temperatures (Soberka et al., 1988, Juvonen, 2015). It is worth
mentioning that the oxygen tolerance of P. frisingensis exceeds that of P. cerevisiiphilus
(Haikara, 1985b). It has only recently been established that Pectinatus cells can be found in
all stages of beer production, although living cells are preferably isolated from the filling area
and from the finished beer (Juvonen, 2015, Matoulkova et al., 2012b). Pectinatus is particularly
found in difficult-to-access areas, e.g. in gaps in the floor area or in the irrigation system (Back,
1994a, Back, 1988, Matoulkova et al., 2012b). Despite its anaerobic nature, Pectinatus is often
transferred into the product by aerosols (Dürr, 1984) which represents a classic secondary
contamination according to BACK (see Section 1.3.2) (Back, 1994a). Pectinatus and
Megasphaera participate in biofilm formation together with other mixed populations (Back,
1994b). It is assumed that yeasts and further aerobic microorganisms exhaust the oxygen
present within the forming biofilm in such a way that an anaerobic environment is created.
These new conditions enable LAB to grow and produce lactate which can, in turn, be utilized
by Megasphaera and Pectinatus (Lee, 1994, Lee et al., 1981). A slimy sheath shields the
biofilm against cleaning agents and dehydration and permits the establishment of a specific
environment where strictly anaerobic germs can prosper (Back, 1994b).
In the 1990s, 28 % of bacterial incidents were attributed to contaminations with Pectinatus spp.
(Back, 1994b), but more recent studies propose a considerably smaller percentage (up to 8
%) (Hutzler et al., 2012a, Koob et al., 2014).
Despite its gram-negative outer envelope, the strictly anaerobic genus Megasphaera (= a big
sphere) belongs, like Pectinatus, to the phylum of gram-positive bacteria (Schleifer et al., 1990,
Stackebrandt et al., 1985). Initially, Megasphaera was isolated by W EISS ET AL. (Weiß, 1979)
and the type species M. cerevisiae (= of beer) was first described by ENGELMANN AND W EISS
(Engelmann and Weiss, 1985). Two further species, M. sueciensis (= of Swedish origin) and
M. paucivorans (= user of only few substrates) were described in 2006 (Juvonen and Suihko,
2006). Megasphaera cells grow primarily in low-alcohol beers ( 3.5 % ethanol) and generate
extreme off-odors, as is observed for Pectinatus (e.g. butyric acid, short-chain fatty acids,
hydrogen sulfide) (Back, 1994a, Seidel, 1979, Suihko and Haikara, 2001, Haikara, 1985a, Lee,
1994, Haikara and Lounatmaa, 1987). The cells of this anaerobic bacterium are coccoid and
arranged in the majority of cases in pairs and in a few cases like chains (Juvonen and Suihko,
2006, Back, 1994a). Like Pectinatus, which shares an ecological niche with Megasphaera, it
is found primarily in the filling surroundings and in finished beer (Haikara and Helander, 2006).
The percentage of spoilage incidents is lower than that of Pectinatus (between 0 and 7 %)
(Back, 1987, Back, 1994b, Hutzler et al., 2012a, Koob et al., 2014).
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1.4.3.2 Further gram-negative beer-spoiling bacteria
Due to their minor importance for beer spoilage, the species and germ groups listed below are
indicated only by name, former nomination and related literature.
Propionispira paucivorans (prior: Zymophilus paucivorans) (Schleifer et al., 1990, Ueki et
al., 2014, Juvonen, 2015)
Propionispira raffinosivorans (prior: Zymophilus raffinosivorans) (Seidel-Rüfer, 1990,
Van Vuuren and Priest, 2003, Schleifer et al., 1990, Ueki et al., 2014, Juvonen, 2015)
Selenomonas lacticifex (Seidel-Rüfer, 1990, Van Vuuren and Priest, 2003, Schleifer et al.,
1990, Juvonen, 2015)
Zymomonas mobilis (Seidel-Rüfer, 1990, Van Vuuren and Priest, 2003, Sakamoto and
Konings, 2003)
Acetic acid bacteria including the Acetobacter, Gluconobacter and, most recently,
Gluconacetobacter genera (Van Vuuren and Priest, 2003, Yamada et al., 1997, Lawrence,
1988). The aerobic acetic acid bacteria (AAB) can convert ethanol to acetic acid and, therefore,
generate an acidic off-taste. As a result of improved hygiene measurements and oxygen-free
production technology, AAB lost their significance for beer quality, but can still be isolated from
intermediate products of the brewing process. The most important role of AAB in the brewing
environment is as a starter culture in biofilm formation (Paradh, 2015).
Enterobacteriaceae
(Van
Vuuren
and
Priest,
2003)
This group of bacteria comprises numerous species (e.g. Obesumbacterium proteus
(previously: Hafnia protea) (Priest and Hough, 1974, Paradh, 2015), Rahnella aquatilis,
Citrobacter freundii (Priest et al., 1974, Priest and Hough, 1974), Enterobacter spp., Serratia
spp., Klebsiella spp. (Back, 1994a, Van Vuuren and Priest, 2003)). As with AAB,
Enterobacteriaceae now play a minor role in the beer production process due to improved
cleaning and disinfection measurements and oxygen-free technology. Enterobacteriaceae can
be primarily isolated from wort and yeast and their presence should be monitored, at least
sporadically, for quality purposes (Paradh, 2015). AAB and Enterobacteriaceae still have a
certain impact in the draught beer sector, especially if tap hygiene management is lacking or
insufficient, and as starter cultures in biofilm formation (Bokulich and Bamforth, 2013, Quain,
2015, Riedl et al., 2017).

1.4.3.3 Wild yeasts
Yeasts that are not intentionally used in the brewery (bottom or top-fermenting culture yeast),
but can cause spoilage if they find their way into beer or intermediates, are called wild yeasts
(Gilliland, 1971). They can be isolated from all steps of the beer production process and can
trigger problems. Growth of wild yeasts, especially during fermentation, can cause turbidity
and slight to severe off-flavors (Lawrence, 1988). Further effects can be problematic
fermentations as well as super-attenuation by the production and secretion of glucoamylases
in the finished product (Lawrence, 1988, Röcken and Schulte, 1986). Wild yeasts are a
heterogeneous group consisting of numerous genera which can be classified roughly as
Saccharomyces wild yeasts and non-Saccharomyces wild yeasts (Kuhle and Jespersen,
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1998). Often, wild yeast cells are easily distinguished from culture yeast cells by microscopic
analysis (Back, 1994a). Since wild yeasts are not the main target of this thesis, other literature
sources are indicated at this point (Bokulich and Bamforth, 2013, Campbell, 2003b, Kuhle and
Jespersen, 1998, Vaughan et al., 2005, Ingledew and Casey, 1982).

1.4.4 Bacterial classification according to brewery-specific aspects
BACK established a method which is used for the most part to classify beer-spoiling bacteria
based on their spoilage potential (Back, 1994a). The spoiling germs that occur in a brewery
are therefore categorized into five groups:


Obligate beer-spoiling bacteria

Bacteria of this category are the most hazardous to beer quality. They can grow in beer without
an adaption period and spoil it. In the event of occurrence, immediate counteractive measures
must be taken. Example species: L. brevis


Potential beer-spoiling bacteria

They can only grow in beers with reduced selective properties (compare ‘hurdle theory’ in
Section 1.1) such as in beers with increased pH values or reduced hop acid concentrations.
Bacteria that grow only after a certain adaption period also count as potential beer-spoiling
bacteria. Example species: L. casei


Indirect beer-spoiling bacteria

Those beer-spoilers have, as the name suggests, no direct impact on beer quality. But in case
of adverse conditions in the early steps of beer production, they may cause preliminary
damage to intermediate products, which cannot be corrected in later steps. Example species:
Enterobacter agglomerans


Indicator germs

Those germs indicate that cleaning and disinfection management is incomplete or faulty. They
can also point to possible biofilm formation as they belong to the first microorganisms settling
in it (= biofilm starter cultures). Within these biofilms, indicator germs can, in later steps, be
associated with beer-spoiling bacteria. Example species: Acetobacter pasteurianus


Latent germs

Latent germs are described as those that are only temporarily found in beer and have no
impact on beer quality. They survive for a short period of time, but quickly become
undetectable. Example: molds
A clear and detailed presentation of these spoilage categories is given by BOHAK (Bohak,
2015). According to HUTZLER ET AL. (2012b, 2013), the individual beer-spoiling species can be
characterized on the basis of their beer-spoilage potential, hop tolerance, their tendency
towards primary or secondary contamination and their potential to form slime in beer as follows
(see Table 1):
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Table 1: Overview of beer-spoiling species and their brewery-specific properties (excerpted
from Hutzler et al. 2012b and Hutzler et al. 2013)
Species name

Rods /
Cocci

Gram
reaction

Beer-spoilage
potential

Hop
tolerance

Primary /
Potential for slime
Secondary
formation
contamination (brewery isolates)

L. acetotolerans
R
+
+
+/s>p
−
L. backii
R
+
++
++
p>s
−
L. brevis
R
+
++
++
s>p
+
L. (para-)buchneri
R
+
+
+
p>s
+
L. (para-)casei
R
+
+
+/s>p
−
L. coryniformis
R
+
+
+/s>p
−
L. (para-)collinoides
R
+
++
++
s>p
−
L. lindneri
R
+
++
++
p>s
−
L. perolens
R
+
+
+/s>p
−
L. paucivorans
R
+
++
++
p
−
L. plantarum
R
+
+
+/s>p
−
L. rossiae
R
+
+
+/s>p
+
Lac. lactis
C
+
-/+
-/+
s>p
−
Leuc. (para-)mesenteroides
C
+
-/+
-/+
s>p
+
M. cerevisiae
C
++
++
s
−
M. paucivorans
C
++
++
s
−
M. sueciensis
C
+
++
s
−
Micrococcus kristinae
C
+
-/+
+/s
−
Pd. damnosus
C
+
++
++
p>s
−
Pd. claussenii
C
+
+
+/p>s
v
Pd. inopinatus
C
+
+
+/p>s
−
P. cerevisiiphilus
R
++
++
s
−
P. frisingensis
R
++
++
s
−
P. haikarae
R
++
++
s
−
Zymomonas mobilis
R
-/+
++
p
−
L.= Lactobacillus, Lac.= Lactococcus, Leuc.= Leuconostoc, M.= Megasphaera, Pd.= Pediococcus, P.= Pectinatus
Indirect or potential beer-spoiling bacteria with minor importance: Bacillus spp., Citrobacter freundii, Enterobacter spp.,
Klebsiella spp., L. curvatus, L. malefermentans, Obesumbacterium proteus, Pantoea agglomerans, Pd. acidilactici, L.
dextrinicus, Pd. pentosaceus, Rahnella spp., Selenomonas lacticifex, Serratia spp., Zymophilus spp.
R= rod-shaped, C= coccoid, ++= very high / strong, += high / strong or positive, +/-= positive tendency or majority of strains
or adaption necessary, v= variabel, -/+= negative tendency or minority of strains or strong adaption necessary, − = low or
negative or no growth, p = primary contamination, s= secondary contamination, s>p= more cases of secondary contamination
observed, p>s = more cases of primary contaminations observed

Assessing Table 1, species with a very high BSP (‘++’) correspond more or less to the category
‘obligate beer-spoiling’. Species with a high potential (‘+’) and those tending towards a high
BSP (‘+/-’) correspond to the ‘potential beer-spoiling’ category and subsequently, species
tending towards a low BSP (‘-/+’) correspond to the ‘indirect beer-spoiling’ classification.
The above-mentioned brewery-specific classifications as well as the categorization as primary
and secondary contaminants are discussed in more detail later on. Additional, recently
described beer-spoilers will be inserted into this table and other species will be deleted due to
various factors.

- 23 -

Introduction

1.5 Detection and identification of beer-spoiling bacteria
1.5.1 Detection
A specific brewing microbiological task is the detection of a small number of contaminating
cells within a proportionally large volume. The first step of quality control is typically anaerobic
enrichment, with additional physical sample reduction where applicable (e.g. by centrifugation),
up to sufficient cell numbers in appropriate nutrient media. Simultaneously, non-spoilage LAB
have to be repressed while specific and hard-to-cultivate spoilage strains need to be supported
(Bergsveinson and Ziola, 2017). Enrichment should be effected anaerobically, since the most
hazardous BSB are of strictly anaerobic or facultatively anaerobic nature, and should take
place at temperatures of 25 to 28 °C, which is considered to be optimal for bacterial growth.
The specificity of the nutrient medium is of great importance, since numerous germ types can
be found within a brewery sample, even some that do not pose an immediate danger to beer
quality such as culture yeast or latent germs. Furthermore, the potential and obligate beerspoiling microorganisms to be detected are often very adapted to the inhospitable, but
unrivalled medium of beer and some even need the beer-specific stress factors for their growth
(example: L. lindneri). For instance, it was investigated that bacteria adapted to the brewing
environment exhibit a considerably lower optimum pH value than other LAB (Suzuki, 2011b).
It was also determined that certain gene sequences, enzymes or the preferred sugar spectrum
differ between beer-spoiling and non-spoiling strains (Nakakita et al., 2003, Takahashi et al.,
1999, Rainbow, 1981). In combination with the fact that some beer-spoiling species, e.g. L.
backii, were so far exclusively isolated from beer or its intermediates, a close relationship with
this very specific medium cannot be denied.
Another requirement in the brewery laboratory is the processing of different sample types
which arise in the course of beer production. The later a sample is drawn from the production
chain (for example, filling samples), the more reliable the detection has to be and the smaller
the microorganism number that has to be detected (Jespersen and Jakobsen, 1996).
Additionally, the different sample types of the different brewery sections such as the filtrate and
non-filtrate area (wort, highly concentrated yeast samples or finished beer, just to name a few)
require different process procedures for the qualitative or quantitative detection, but always a
preferably fast and secure detection of the contaminating microorganisms.
Over the decades numerous methods and nutrient media have been developed to detect lactic
acid bacteria with or without BSP (Priest, 2003, Casey and Ingledew, 1981, Holzapfel, 1992,
Jespersen and Jakobsen, 1996, Riedl et al., 2017). All those methods and media achieve the
main criteria of reliability, speed, recovery rate, easy handling, and selectivity more or less
satisfactorily. Many methods were developed for the brewing microbiological laboratory to
meet the requirements of decreasing time to results and more detection reliability, which could
not be established in most cases. Automated turbidimetry (Haikara et al., 1990), microcolony
method (Asano et al., 2009) and the application of monoclonal chemiluminescence enzyme
immunoassays in combination with a CCD camera (March et al., 2005) may serve as
examples.
Despite the comparably long cultivation time, specific nutrient media with subsequent
microscopic analysis have asserted themselves in the brewing microbiology laboratory due to
their low costs, easy handling and limited need for specialized staff (Novy et al., 2013). A few
- 24 -

Introduction
media that were developed for the detection of BSB are displayed in the following paragraph
in combination with related literature:
MRS (De Man et al., 1960), NBB (Back, 1994a, Bohak et al., 2012), modified NBB (Nishikawa,
1985), VLB-S7 (Emeis, 1969), UBA (Kozulis and Page, 1968), Raka-Ray (Matsuzuwa et al.,
1979), KOT (Taguchi et al., 1990), ABD medium (Suzuki et al., 2008b), BMB medium (Barney
et al., 1990), SAB medium (Hammes et al., 1992), TJA (Holzapfel, 1992) and wheat beer
medium (Riedl et al., 2017).
Pre-evacuated NBB medium (Henriksson and Haikara, 1991), pre-evacuated and/or modified
MRS medium (Gares et al., 1993, Watier et al., 1995, Matoulkova et al., 2012a) or SMMP
medium (Lee, 1994) are recommended media for the detection of the strictly anaerobic germs
Pectinatus and Megasphaera.
Given the broad variety of beer-spoiling microorganism flora and sample types in a brewery,
the method of choice is to combine different nutrient media and their preparations
(broth/agar/concentrated medium). No single medium is suitable for detecting all the different
kinds of beer-spoilage germs (Taskila et al., 2011, Taskila et al., 2010). It is important to
maintain the type and manufacturing method of the selected media to make the results
comparable and to be able to statistically analyze the occurrence of a certain germ spectrum,
though common isolates that grow fast and easy on routine media skew incident reports. In all
of the studies that form the basis of this thesis, MRS agar and broth were used for the nonselective enrichment of LAB, NBB agar and broth for the selective enrichment of beer-spoiling
LAB, and micro-inoculum agar and broth (MIB; DifcoTM, Germany) for the detection of the
gram-negative beer-spoiling Pectinatus und Megasphaera genera.
The search for easy-to-handle, selective, fast, and low-cost methods to detect the limited
spectrum of obligate and potential BSB is still ongoing in the brewing microbiology laboratory.
A new application that fulfills these specified requirements is the lateral-flow, 16S rRNA PCRbased Milenia Biotec dipstick method (Breitbach et al., 2015). This method also meets the need
for low cell count as a detection limit, low microbiological background knowledge and is able
to process all brewery samples.
Further brewery-related information about sampling techniques, microorganism enrichment,
nutrient media, their application and manufacturing is given elsewhere (Back, 1994a, Back,
2000, Bohak, 2015, Strachotta, 2003, Suzuki, 2011, Koob et al., 2015).

1.5.2 Identification
The term ‘identification’ designates the process of deciding whether an unknown organism
belongs to a certain, pre-defined group (Holzapfel and Wood, 2014). For a long time it was
assumed that every gram-positive, catalase-negative rod that was isolated from yeast, beer or
the brewing surrounding was of the Lactobacillus genus and further identification at the species
level was unnecessary since lactobacilli generally trigger beer spoilage (Priest, 2003). But for
some purposes it is useful to identify isolates at a species level, especially with the knowledge
now that not all species, or even all strains of one species, exhibit the same BSP (Priest, 2003,
Back, 1981). Thus, it is important to consider the difference between the academic
researchers’ interest and the brewers’ need for practical information on the spoilage germs
(Bergsveinson and Ziola, 2017).
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1.5.2.1 Phenotypic analysis methods
The differentiation of lactic acid bacteria was, in the past, achieved by a combination of different
phenotypic analysis methods (Mohania et al., 2008), some of which are very elaborate and not
always reliable. A selection of phenotypic differentiation methods is given here (Priest, 2003,
Back, 1994a, Dicks and Endo, 2009):


Cell and colony morphology

Due to the small variety of forms and the varying expression of cell and colony morphology
depending on culture age and cultivation conditions, those analyses are now of minor
importance.


Determination of sugar spectrum

A system of fifty sugars and sugar substitutes is needed to identify LAB (for example: API
CHL 50 system, bioMérieux). The determination of the ability to form acid from different
carbohydrates is still required for the new description of Lactobacillus species
(Stackebrandt et al., 2002, Back, 1994a, Back, 2000). However, the software (ApiwebTM)
that belongs to the specified API CHL 50 system is not suited to differentiate BSB species.






Gas formation from glucose and gluconate to determine fermentation pathway
Arginine hydrolysis
Lactate configuration
Growth tolerances with regard to temperature, alcohol content, NaCl content and pH
value
Voges-Proskauer test

1.5.2.2 Chemotaxonomic analysis methods
At present, phenotypic methods are not used exclusively because metabolic groupings are not
reliable (Mattarelli et al., 2014). It is also important to note that phenotypic classification does
not match rRNA-based phylogeny in the case of lactobacilli (Vandamme et al., 1996). Standard
practice is to combine phenotypic, chemotaxonomic and genotypic methods. This enables
multivariate or polyphasic analysis for species differentiation, the classification of unknown
isolates to an existing species, or the description of a new species or subspecies (Vandamme
et al., 1996, Schleifer, 2009a, Holzapfel and Wood, 2014, Mattarelli et al., 2014). Phenotypic
analyses become increasingly less important within these investigations, while
chemotaxonomic and, in particular, genotypic methods gain in significance.
Possible chemotaxonomic analyses in combination with related literature are listed here:






MALDI-TOF MS (Kern et al., 2013, Kern et al., 2014b, Wieme et al., 2014, Wenning et
al., 2014, Sandrin et al., 2013)
Whole cell fatty acid analysis (Beverly et al., 1997)
Fourier transform infrared spectroscopy (FTIR) (Curk et al., 1994, Wenning and
Scherer, 2013)
SDS page (Gancheva et al., 1999)
Determination of peptidoglycan type (Schleifer and Kandler, 1972)
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Determination of polar lipids (da Costa et al., 2011)
Electrophoretic mobility of enzymes (Scolari and Vescovo, 2004)

Some disadvantages of the methods listed above are high purchasing and maintenance costs,
the requirement of high initial cell concentrations, subsequently long enrichment periods and
the need for professional, specially trained staff to perform these procedures. Additionally,
some of the mentioned methods are not sufficiently specific to separate the beer-spoiling
species and are therefore unsuitable for identification or classification purposes.

1.5.2.3 Genotypic analysis methods
In the modern brewing microbiological laboratory, identifications at the species level are nearly
exclusively based on genotypic methods. The determination of evolutionary and phylogenetic
relations between single species was revolutionized by the comparison of specific nucleic acid
sequences (Woese, 1987) that were previously multiplied using the PCR (polymerase chain
reaction) method. The main principles of PCR are illustrated in detail, for instance, by SIEGRIST
ET AL. (2015). The sequence comparison of the small ribosomal subunit, called 16S rRNA,
which was first established in 1991 by COLLINS ET AL., is an especially useful tool for
determining the degree of relation (Collins et al., 1991). It is assumed that the greater the
number of different mutations between the specific sequences of two individuals, the more
time has elapsed since the separation from the common ancestor. In other words, the smaller
the difference between the same gene of two individuals, the closer the individuals are related
(Priest, 2003).
Figure 1 shows how LAB species are organized into subgroups according to 16S rRNA
sequence comparison and how beer-spoiling LAB species are distributed between these
subgroups. An example of genotypic analysis is the 16S rRNA phylogenetic tree conducted by
SALVETTI ET AL. (2012), which includes all the LAB species existing in 2012.
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Figure 1: Phylogenetic tree showing the relationship between Lactobacillus and Pediococcus
species based on 16S rRNA gene sequences (adopted from (Salvetti et al., 2012) and
extended by labelling groups harboring frequently and less frequently occurring beer-spoiling
LAB species from Section 1.4.2); bar = number of substitutions per site; subgroups containing
more than two species are condensed and marked with the name of the first species described;
= subgroup including BS species or single BS species.
Two segments, the 16S rRNA coding for the small ribosomal subunit in prokaryotes and the
18S rRNA coding for the same organelle in eukaryotes, are ideal for identification purposes
since they exhibit an advantageous sequence length, mutate at a constant rate, are universally
present in cells and do not excessively participate in horizontal gene transfer (Schleifer and
Ludwig, 1996, Priest, 2003, Ludwig and Schleifer, 1994). But in some cases, 16S rRNA
sequence comparison lacks sufficient discriminative power for closely related species. In those
cases, it is necessary to use sequencing of protein-coding genes such as housekeeping genes
or fingerprinting techniques (Stackebrandt and Ebers, 2006, Coenye et al., 2005). Hsp60,
recA, pheS, rpoA, rpoB, gyrB, tuf, and 16S-23S internally transcribed spacer (ITS) region may
serve as examples of phylogenetic marker genes that were established to predict a genome
relationship (Mattarelli et al., 2014, Tanigawa and Watanabe, 2011, Naser et al., 2007, Coenye
et al., 2005).
Further modern genotypic methods for the identification and differentiation of beer-spoiling
bacteria are listed below.

















DNA base composition (also known as determination of GC content; important for
genus and species description, apart from that not specific enough) (Tamaoka, 1994)
Randomly amplified polymorphic DNA (RAPD) method (Welsh and McClelland, 1990,
Williams et al., 1990)
Ribotyping (Koivula et al., 2006, Motoyama et al., 1998)
Fluorescence in-situ hybridization (FISH) (Amann et al., 1995, Bottari et al., 2006)
Repetitive element palindromic (rep) PCR technique (Gevers et al., 2001, Louws et al.,
1998, Versalovic et al., 1998, Versalovic et al., 1991, Versalovic et al., 1994, Lupski
and Weinstock, 1992)
Amplified fragment length polymorphism (AFLP) (Vos et al., 1995)
Restriction fragment length polymorphism (RFLP) (Gonzalez et al., 2005)
Terminal restriction fragment length polymorphism (TRFLP) (Liu et al., 1997)
Denaturing gradient gel electrophoresis (DGGE) (Lopez et al., 2003, Manzano et al.,
2005, Tsuchiya et al., 1994, Temmerman et al., 2004)
Multilocus sequence analysis/typing (MLSA / MLST) (Cooper and Feil, 2004)
Multiple locus variable number of tandem repeats analysis (MLVA) (van Belkum, 2007)
Intergenic spacer region (ISR)-PCR (Santos and Ochman, 2004)
Amplified rDNA restriction analysis (ARDRA) (Ventura et al., 2000)
Average nucleotide identity (ANI) (Konstantinidis and Tiedje, 2005, Konstantinidis et
al., 2006)
Chromosomal DNA-DNA hybridization (DDH) (Wayne et al., 1987, Stackebrandt and
Goebel, 1994, Tindall et al., 2010, Huss et al., 1983)

DDH was considered to be the gold standard of taxonomic analysis for many years as it
provides an objective threshold of 70 % DDH for species demarcation (Tindall et al., 2010,
Wayne et al., 1987, Rossello-Mora, 2006). 97 % (Stackebrandt and Goebel, 1994) and, more
recently, 98.65 % 16S rRNA sequence similarity (Kim et al., 2014a) were determined to
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correspond to 70 % DDH. 16S rRNA sequence comparison is widely used due to its simplicity,
cost-effectiveness and the availability of innumerable sequences in numerous databases. As
the discriminatory power of 16S rRNA comparisons is limited, as stated above, and DDH is
labor-intensive and prone to error, researchers are looking for a new genotype-based standard
for species delineation (Gevers et al., 2005). DDH is going to be replaced by whole-genome
sequencing (WGS) methods with the determination of ANI as a proposed new gold standard
(Richter and Rossello-Mora, 2009, Konstantinidis and Tiedje, 2005, Goris et al., 2007). 96 %
ANI corresponds to 70 % DDH (Richter and Rossello-Mora, 2009). In some cases, the
concatenation of multiple housekeeping gene comparisons is as accurate as whole-genome
sequence comparisons (Bohm et al., 2015).
Genotypic analysis methods that are currently used in the brewery microbiological lab for beerspoiling LAB are displayed by STORGARDS ET AL. (2006), BOKULICH ET AL. (2012) and BOKULICH
AND MILLS (2012). Methods for strictly anaerobic beer-spoiling bacteria can be investigated in
the thesis of JUVONEN (2009). Overviews of modern PCR-based methods in brewing
microbiology are given by BOHAK (2015) and SIEGRIST ET AL. (2015). The basic concept of
modern brewing microbiology is the assumption of and search for a genetic variation between
spoilage and non-spoilage isolates and between isolates derived from different isolation
sources (Bergsveinson and Ziola, 2017).

1.5.3 Determination of beer-spoilage potential
Besides the sole detection of germs, the main target of quality control is to quickly give
feedback on the beer-spoilage potential of the contaminants. The most reliable test for this
purpose is the inoculation of the relevant strains into beer and the subsequent assessment of
increasing turbidity which is very time-consuming (Suzuki et al., 2006b). Molecular biological
methods are useful in overcoming this disadvantage. In some cases, the beer-spoilage
property is species specific and, thus, identification at the species level is sufficient (e.g. L.
backii or Pectinatus spp.). However, if beer-spoiling and non-spoiling strains exist within a
single species (e.g. L. brevis (Nakagawa, 1978, Suzuki et al., 2006b)), species-independent
marker genes have to be applied. The species-independent marker genes are also useful for
the detection of beer-spoiling bacteria that have not been described or not yet been described
as beer-spoilers. Since hop resistance is suggested to be the key characteristic necessary for
growth in beer, the genes related to hop resistance were analyzed to find these marker genes.
The two marker genes that are the most important in terms of the predictability of BSP are
horA and horC (see Section 1.2.1) (Suzuki et al., 2006b, Haakensen, 2009). Further genes
associated with BSP are hitA (Hayashi et al., 2001), bsrA and bsrB (Haakensen et al., 2009b),
as well as ORF5 (Suzuki et al., 2004c). In search of novel diagnostic marker genes (DMG), it
was determined that the fabZ gene has shown a significant link to BSP (Behr et al., 2016). It
is part of a plasmid encoded complete fatty acid biosynthesis (FAS) cluster and necessary for
fatty acid chain elongation. Recent studies show that brewery-specific DNA is mainly found
within the plasmidome of the bacterial cell (Behr et al., 2016, Geißler, 2016). In the case of
fabZ, which plays a major role for Pediococcus damnosus, which lacks a complete
chromosomal fatty acid biosynthesis, the presence of this gene differentiates beer-spoiling and
non-spoiling strains.
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The significance of horA and horC is still undisputed. However, beer-spoiling isolates that
exhibit neither of these genes were discovered along with non-spoiling isolates that possess
at least one of them, creating the need for further marker genes (or a combination of genes)
to reliably differentiate beer-spoiling and non-spoiling strains (Munford et al., 2017, Haakensen
et al., 2009b, Suzuki et al., 2006b, Sakamoto et al., 2001). In a novel comprehensive work,
nine potential diagnostic marker genes were found for beer-spoiling bacteria, the reliability of
which has to be proven in the years ahead (Geißler, 2016).
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2. AIMS
The group of beer-spoiling bacteria is limited to a few species with the ability to tolerate the
adverse conditions of beer milieu, to grow in beer and to spoil it according to their beer-spoilage
potential by metabolic products. However, this group is subject to variation as some species
lose their significance as beer spoilers from time to time and others are added. Technological
changes in beer production can result in bacterial growth being inhibited and sensitive species
disappearing from the brewing environment. Some species are excluded from the spectrum of
beer-spoiling bacteria by taxonomic re-evaluation and subsequent classification as another
species (e.g. L. frigidus). The BSB spectrum may be extended if the alteration of technological
process parameters positively affects the growth of certain bacteria (e.g. oxygen reduction
during beer production leads to the increase of anaerobic species) or if the basic
microbiological hurdles change when new beer styles are created or specific aroma-active
compounds are added to the beer (ideally outside the scope of the German purity law). Thus,
the most considerable factors for BS group expansion are new descriptions of bacterial species
with BSP (e.g. L. paucivorans) and existing species acquiring BSP over time with subsequent
adaption to the beer milieu (e.g. L. rossiae). This last part is presumably attributed to the uptake
of mobile genetic elements, i.e. plasmids, via HGT whereupon certain resistance genes, in the
beer milieu preferred hop resistance genes, are encoded that ensure the bacteria’s survival
within an inhospitable environment (Bergsveinson et al., 2015a).
To establish microbiological QC and practical detection and identification methods in the
brewing microbiological laboratory, it is a basic requirement to be up to date with the spectrum
of microorganisms with BSP. It is equally significant to understand the brewery-related
characteristics of those germs in combination with their specific spoilage frequency and
preferences and to translate the acquired information about spoiling microorganisms into QC
detection and identification methods.
There are several overviews on the actual composition of the group of BSB (Back, 1981,
Bhandari et al., 1954, Hill, 2009, Lawrence, 1988, Nakagawa, 1978, Rainbow, 1973, Rainbow,
1981, Suzuki, 2011, Hutzler et al., 2012b, Ault, 1965, Campbell, 2003a). However, studies on
the frequency of spoilage incidents of the individual species are scarcer. Many researchers in
the field of brewing microbiology still refer to early studies conducted by BACK (1980, 1988,
1994b) as there are no large-scale studies. To provide current overviews, thousands of routine
samples from the brewing microbiological laboratory of the Research Center Weihenstephan
for Brewing and Food Quality (FZW BLQ) were evaluated for spoilage incidents triggered by
BSB species (Hutzler et al., 2012a, Koob et al., 2014). A study on the percentage frequency
of occurrence of the BS species from 2010 - 2016 is one component of this thesis. 13,000
samples were analyzed for this purpose using PCR-based methods with subsequent
identification via melting curve analysis for the presence of BSB. A detailed description of the
real-time PCR method and the melting curve analysis is given by HOMANN ET AL. (Homann et
al., 2002). Furthermore, the species-related spoilage incidents were evaluated statistically for
the production step of the brewing process and for the specific beer type from which the
contaminants were isolated. In this way, specific growth tendencies were assumed to be linked
to certain BS species.
Another part of this work focuses on an improved LAB-detection method in samples that
contain yeast, which pose difficulties in the brewing microbiological laboratory. The challenge
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is the required detection of a small number of contaminating bacteria within a considerably
higher number of yeast cells without the possibility to physically concentrate the target germs.
Additionally, active yeast cells suppress the growth of bacteria, which often results in the
contaminants being detected at a later stage, for example, in the culture yeast processing plant
or propagation tanks. Thus, the reliable and, simultaneously fast detection of contaminating
bacteria in any sample type is one of the main targets of microbiological QC, as stated above.
A method was developed that uses the yeast-inhibiting property of the natural antibiotic
natamycin to reduce the valuable time taken to detect contaminating LAB. It was developed in
order to be low cost, easy to handle and easy to integrate into the daily laboratory routine.
In several cases, routine analysis in the brewing microbiological laboratory, which consists of
culture-based enrichment of contaminants in suitable media and subsequent microscopic
analysis, is completed by species-level identification using molecular biological methods. One
often-used identification method is the PCR method for amplifying the 16S rRNA gene followed
by identification using melting curve analysis in real-time, in short, real-time PCR method.
There are different kinds of real-time PCR kits that cover the most prominent beer-spoiling
bacteria and which are more or less sufficient. Since microbiological QC and, consequently,
suitable identification methods must cover the whole range of BSM, it is rare if contaminants
identified as beer-spoiling bacteria in preliminary steps occur that cannot be identified via the
real-time PCR method. In 2013 and 2014, three isolates were obtained from a brewery that
could not be identified via the real-time PCR method. In the following steps, the three isolates
were phenotypically, chemotaxonomically and genotypically demarcated from closely related
beer-spoiling species. Thereafter, they were examined to determine if they could be assigned
to any existing LAB species.
On occasion, LAB species derived from other food acquire beer-spoilage ability and can be
isolated from spoiled beer or intermediate samples. To achieve one of the aims of brewing
microbiological QC to keep up to date with the spectrum of BSM, it is helpful to determine
frequency, the degree of BSP and several beer-related characteristics such as the presence
of prominent hop-resistance genes. In 2005, L. rossiae was isolated from sourdough and
described by CORSETTI ET AL. (Corsetti et al., 2005). As early as 2010, one L. rossiae beerspoilage incident was reported by HUTZLER ET AL. (2012a) followed by increasing numbers of
beer-spoilage incidents. As L. rossiae isolated from sourdough revealed to be an extremely
versatile species from a phenotypic and genotypic perspective (Di Cagno et al., 2007,
Scheirlinck et al., 2009), it was investigated if L. rossiae BS isolates matched this versatility
and if BS isolates could be demarcated from sourdough isolates.
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3. RESULTS (Thesis publications)

3.1 Paper Summaries
CHAPTER A Statistical evaluation of beer spoilage bacteria by real-time PCR analyses
from 2010 - 2016
Reproduced with permission from Schneiderbanger, J., Grammer, M., Jacob, F.
and Hutzler, M. 2018. Statistical evaluation of beer spoilage bacteria by realtime PCR analyses from 2010 – 2016. Journal of the Institute of Brewing 124
(2), 173 – 181.
Large-scale studies presenting the frequency of individual beer-spoiling species are rare as
few researchers have the opportunity to consult a high number of contaminated samples from
different breweries, companies and countries. The brewing microbiological laboratory of the
Research Center Weihenstephan for Brewing and Food Quality analyzes thousands of
samples annually for the presence of beer-spoiling microorganisms. The evaluation of the
analyses of seven consecutive years (2010 – 2016) considering contaminating species,
brewery, kind of contamination (primary or secondary), and kind of contaminated beer type
(bottom-fermented or top-fermented) provides a detailed overview of the spectrum of BSM and
the changes to these over time, which can provide useful information for brewers and
microbiological staff. The samples were either screened for obligate and potential beer-spoiling
germs or the contaminants were identified by melting curve analysis, depending on the
customers’ specification and irrespective of the degree of spoilage.
The individual beer-spoiling species and groups were evaluated for their absolute frequency
(findings) and for the percentage of spoilage incidents, which was defined as the occurrence
of one species in one brewery within a period of six months. Additionally, the samples were
analyzed using a χ2 test (chi-squared test) for the individual BS species‘ occurrence in early or
in late stages of the production process as well as for the occurrence in bottom or topfermented beer styles. It was thereby determined if the analyzed species and groups were
suspected as being primary or secondary contaminants or were more likely found in the top or
bottom-fermented sector (significance level of 0.1 and 0.05). The species and groups that
differed significantly from the normal distribution (level 0.05) were L. (para-)casei (primary
contaminant), L. lindneri, L. group, M. cerevisiae and P. group (secondary contaminants). At
the same level of significance, L. brevis (top-fermented sector), Pd. damnosus, P. group, M.
cerevisiae, L. perolens/harbinensis, and L. lindneri (bottom-fermented sector) deviated from
the normal distribution. The χ2 test provides an easy tool to substantiate empirical values with
statistical certainty at different significance levels. The results uncovered practical information
about the individual BS species’ growth preferences.
PARTICIPATION

Schneiderbanger, J.: Main author, literature research, statistical evaluation;
Grammer, M.: Supply of PCR data; Jacob, F.: Project supervision; Hutzler,
M.: Corresponding author, critical content review
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CHAPTER B

Enhanced cultivation of beer spoilage bacteria by enforced yeast suppression
Reproduced with permission from Schneiderbanger, J., Schneiderbanger, H.,
Jacob, F. and Hutzler, M. 2017. Enhanced cultivation of beer spoilage bacteria
by enforced yeast suppression. Brewing Science 70, 142 - 147.

One of the main problems of brewing microbiology is the requirement to detect a small number
of beer-spoiling bacteria in the different sample types that occur during beer production within
large volumes and as quickly as possible. Irrespective of the method used (culture based or
molecular biological), it is highly difficult to detect BSB in samples that contain yeast as the
small number of contaminants ‘hides’ within the high number of yeast cells (e.g. 102 cells per
mL bacteria in 108 cells per mL yeast). The fact that yeast, especially vital yeast, suppresses
the growth of bacteria is a further challenge for fast detection. It must also be noted that it is
unfeasible to mechanically concentrate spoiling germs as bacteria and yeast cells cannot be
separated in this way. The only possibility for microbiological QC is the repeated cultivation
and incubation in specific media, which can take weeks.
Natamycin, a molecule produced by Streptomyces natalensis, selectively kills yeast cells while
bacteria are unaffected. Though the mechanism of action is not fully understood, the efficiency
of natamycin, even to very high yeast cell numbers, is remarkable. Natamax®, which is
composed of natamycin and lactose, is a natural antimycotic used to kill yeast and molds
during the production of unsterile food. This study investigated if the adding of Natamax® killed
yeast concentrations typical of pitching yeast and the exposure time that would be needed to
entirely eliminate yeast. Furthermore, it was examined if adding 5 g/L Natamax® to samples
that contain yeast promotes the growth of six obligate and potential beer-spoiling species and
results in higher bacterial cell numbers (cultural approach) or in smaller Ct (threshold cycle)
values (molecular biological approach) compared with samples without Natamax®.
Within 24 h, 5 g/L Natamax® was able to kill 100 % yeast cells in a concentrated sample (108
cells per mL). The cultural approach showed that the growth was promoted of four out of six
BSB species whereas one species could not grow under the test conditions and one (the
strongest beer spoiler) was not affected by the suppressing force of the yeast. All six BSB
species were detected at higher concentrations using the molecular biological method when
Natamax® was added compared with samples without Natamax® addition. The developed
method is cost-effective, easy-to-handle and easily integrateable into daily laboratory routine,
simultaneously providing faster results.

PARTICIPATION

Schneiderbanger, J.: Main author, executing scientist, data analysis;
Schneiderbanger, H.: Literature research, data evaluation; Jacob, F.: Project
supervision; Hutzler, M.: Corresponding author, critical content review
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CHAPTER C

Detection of a new bacterial species with beer-spoilage potential

Section 1

Lactobacillus sp. brewery isolate: A new threat to the brewing industry?
Reproduced with permission from Koob, J., Jacob, F., Methner, F.-J. and
Hutzler, M. 2016. Lactobacillus sp. brewery isolate: A new threat to the brewing
industry? Brewing Science 69, 42 - 49.

In 2013 and 2014, three bacterial isolates were found in spoiled beer samples that were not
identifiable with the conventional real-time PCR methods executed at FZW BLQ. 16S rRNA
gene sequence comparison revealed the nearest neighbors to be L. brevis and four species
not related to the brewing industry, one of them being L. parabrevis which was reclassified
from L. brevis in 2005. A multivariate analysis was conducted with two type strains (L. brevis
and L. parabrevis) and one highly beer-spoiling L. brevis isolate to determine if the unknown
isolates belonged to one of the specified species or if it differed significantly from them.
For this purpose, genotypic (16S rRNA gene sequence, rpoA and pheS housekeeping gene
comparisons, DNA-DNA hybridization) and phenotypic analyses (carbohydrate fermentation
pattern, temperature, acid, salt and alcohol tolerance) were carried out. To determine beerspoilage ability, the isolates were incubated in five different beer types with subsequent
physico-chemical analysis of the contaminated beers and the presence of three prominent
genes proposed to impart hop resistance (horA, horC, hitA) was examined.
The three unknown isolates could not be distinguished from L. brevis or L. parabrevis based
on 16S rRNA gene similarity, but showed sufficient similarity between each other to consider
them to be strains of the same species with one as the working strain (strain 2301). The
sequences of the housekeeping genes rpoA and pheS and DNA-DNA hybridization results
showed less similarity than necessary for classification into the same species. The
carbohydrate fermentation pattern and further physiological properties did not provide any
justification for assignment to or exclusion from the species in question.
The examined isolate grew in four of the five tested beer types degrading alanine,
acetaldehyde and the organic acids pyruvate and citric acid in significant amount and
increasing the concentrations of acetic acid and lactic acid. Only the lager beer which displayed
the highest antimicrobial hurdles of the tested beers was not spoiled by the unknown isolate,
though two out of three hop resistance genes were detected using a real-time PCR method
specifically established in this study.

PARTICIPATION

Koob, J.: Main author, executing scientist, data evaluation; Jacob, F.: Project
supervision; Methner, F.-J.: Taxonomy expertise, critical content review;
Hutzler, M.: Corresponding author, critical content review
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CHAPTER C

Detection of a new bacterial species with beer-spoilage potential

Section 2

Lactobacillus cerevisiae sp. nov., isolated from a spoiled brewery sample
Reproduced with permission from Koob, J., Jacob, F., Wenning, M. and Hutzler,
M. 2017. Lactobacillus cerevisiae sp. nov., isolated from a spoiled brewery
sample. International Journal of Systematic and Evolutionary Microbiology 67,
3452 - 3457.

After exclusion from the species L. brevis and L. parabrevis, another multivariate analysis was
carried out to investigate the unidentified strain 2301 obtained from a turbid and slightly
acidified bright beer tank sample to determine if it could be assigned to two closely related
species with no connection to the brewing environment, L. yonginensis and L. koreensis (99.2
% and 99.5 % 16S rRNA gene sequence similarity, respectively).
The evaluation of the housekeeping gene sequences (rpoA and pheS) of strain 2301, L.
yonginensis THK-V8T and L. koreensis DCY50T had a higher resolution potential than 16S
rRNA gene sequence comparisons as was proposed for the Enterococcus and Lactobacillus
genera. Very low DNA-DNA hybridization values (30.5 % and 19.4 %, with  70 % species
threshold postulated by Wayne et al. (1987)) were decisive for the postulation of a new species,
L. cerevisiae, in terms of its isolation from beer.
Numerous phenotypic, chemotaxonomic and genotypic properties had to be determined to
describe a new species of the Lactobacillus genus (Mattarelli et al., 2014), which were outlined
along with the properties of closely related species. In addition to the genotypic differences
outlined above, L. cerevisiae can be distinguished from the three nearest neighbors (L.
parabrevis, L. yonginensis and L. koreensis) from a phenotypic perspective by the
development of two different colony forms (circular with either smooth or fringed edges) and
by the fermentation of D-mannitol and the non-fermentation of D-arabitol. From a
chemotaxonomic perspective, the fatty acid profile and the difficulty of determining the cell-wall
composition are differential features.
The type strain of the newly described species L. cerevisiae is deposited at the Research
Center Weihenstephan for Brewing and Food Quality as culture collection number TUM BP
140423000-2250T, at the DSMZ as DSM 100836T and at the Belgian Coordinated Collection
of Microorganisms (BCCM) as LMG 29073T.
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CHAPTER D

Genotypic and phenotypic diversity of Lactobacillus rossiae from beer
Reproduced with permission from Schneiderbanger, J., Jacob, F. and Hutzler,
M. 2019. Genotypic and phenotypic diversity of Lactobacillus rossiae from beer.
Journal of Applied Microbiology 126, 1187-1197.

The species Lactobacillus rossiae was described in 2005 as a participant in sourdough
fermentations and was soon recognized as phenotypically and genotypically diverse (Corsetti
et al., 2005, Scheirlinck et al., 2009, Di Cagno et al., 2007). A few years after its description,
L. rossiae appeared occasionally in beer, which is unsurprising as sourdough and beer
resemble one another in their sugar composition. Due to the ability of some L. rossiae strains
to increase a beer’s viscosity by exopolysaccharide production, in extreme cases resulting in
an oily consistency, it must be perceived as a dangerous BSB and should be further
characterized. In the process it should be noted if the general variability of this species was
also apparent with isolates obtained from beer.
From 2010 to 2016, 1.52 % of all samples that were identified as being positive for the presence
of BSB, were attributed to contaminations by L. rossiae (see Chapter A). Eleven strains of
seven breweries from different spoilage incidents were chosen to uncover phenotypic and
genotypic diversity. Results and gene sequences from different studies conducted with
sourdough isolates were included to compare the beer isolates to sourdough isolates.
In summary, the eleven beer isolates showed great variability in gas production from gluconate
and simultaneously in NH3 production from arginine, in temperature and NaCl tolerance. The
evaluation of the carbohydrate fermentation pattern confirmed the broad capability attributed
to this species. Comparison of the 16S rRNA gene and rpoA housekeeping gene sequences
showed no discriminatory power, either between the beer isolates or between beer and
sourdough isolates. However, (GTG)5 rep fingerprints, pheS housekeeping gene sequence
comparison and DNA-DNA hybridization executed with three isolates from three different main
clusters, revealed large discrepancies between beer isolates. Consequently, it should be
considered that certain thresholds relating to the LAB species definition and proposed for the
used genotypic methods must be adapted to match this species or the isolates of L. rossiae
need to be split into several subspecies, which need to be established.
Uniform distinguishing features between beer and sourdough isolates were exclusively
determined as the ribose utilization and the non-utilization of lactose. A comparison of further
L. rossiae isolates from the beer environment with L. rossiae strains from different areas of the
food industry and using a modern WGS method will be an interesting field of research as the
observed versatility reflects the capabilities of lactobacilli in general.
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4. DISCUSSION
Microbiological QC is a very important part of a brewery in terms of quality maintenance. Beer
as a niche environment is rather hostile to microorganisms. But a few bacteria and yeast
species have adapted to it and have gained the ability to spoil beer to some extent. LAB, which
are ubiquitous in food production and mostly considered to be positive microorganisms (van
de Guchte et al., 2002, Suzuki, 2011), constitute the largest group within beer-spoiling bacteria.
To overcome the antimicrobial hurdles present in beer, a multifactorial stress response is
required (Suzuki, 2009). An important prerequisite for growth in beer is the microorganism’s
tolerance to hop acids (Fernandez and Simpson, 1993, Suzuki et al., 2006b, Preissler, 2011),
which correlates highly with BSP (see Table 1) for BS species. GEIßLER described that the
characteristics necessary to spoil the hostile niche environment of beer comprise speciesspecific, chromosomally encoded traits and a species-independent mobile genetic pool, which
encodes hop tolerance and different traits such as oxidative stress response or metabolism
(Geißler, 2016).
The term ‘beer-spoilage potential’ is not clearly defined. In some cases brewing microbiologists
refer to BSP as a species-specific property that characterizes a species that includes BS
strains. In other cases, BSP is described by the effective ability of a single strain to grow in
beer types with specified microbiological hurdles such as lager beer or Pilsener beer (see
Section 1.5.3). Both approaches deserve attention as any information about the possible
damages BSB could cause is helpful. In order to provide practical assistance for brewing
microbiologists and information that can be directly implemented in their daily routine, a
species-specific approach was pursued in this work. Thus, it is important to note that, in some
cases, identification at the species level provides a precise statement about BSP, e.g. if a
certain species has been exclusively isolated from the brewing environment and no strains
without BSP have been found. In other cases, as with L. brevis, a species comprises beerspoiling and non-spoiling strains. But again, for practical purposes, it was considered more
important to establish all the endangering species and to be able to react accordingly, if such
isolates are obtained from beer, instead of clarifying the effective strain-specific BSP and, more
importantly, to rely on this analysis and resulting consequences. Differentiation at the strain
level can be a useful tool, for example, to track down contamination routes in a brewery (as
conducted by RIEDL ET AL. (2019)) or in other food industries (Hyytia-Trees et al., 2007), but
this should not be the first measurement in case of contamination.
The group of BSB is likely to continue to change. Technological advances in beer production,
changes to the raw materials and additives used and novel beer types (e.g. low-alcohol beers,
non-alcohol beers, beers containing other herbs and spices in addition to or instead of hops)
generate varying selective beer properties and, consequently, produce a slightly varying
microorganism spectrum. Furthermore, the possible uptake of mobile genetic elements by
HGT may cause species that are foreign to the brewery environment to transform into beerspoiling ones (Suzuki, 2015). In this context, biofilms play an important role as many different
species (i.e. AAB, Enterobacteriaceae, brewing yeasts, wild yeasts, lactobacilli, anaerobic
bacteria) participate in its establishment and the pool of plasmids that impart tolerance to
overcome the beer hurdles are present in high amounts. Finally, it should be noted that over
time, a brewery and its specific microflora may ‘evolve’ its own species that is perfectly adapted
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to the present conditions. One newly described species that is likely to fit this scheme is L.
paucivorans. This species was described in 2010 and has not yet been found in any other
sample outside the brewery from which it was isolated (Ehrmann et al., 2010).
Routine analysis in the brewing microbiological lab has changed in recent decades by the
increasing use of molecular biological methods. One reason for this is that these methods are
getting more affordable over time. Another reason is the ever-increasing quality requirements
sought after by many breweries and also implemented in microbiological QC. It is easy for
experienced staff to determine the genus of a bacterial contaminant using selective enrichment
methods and microscopic analysis, but it is the species determination that helps to track
contamination routes within a brewery and, ideally, provides information on the ‘in-house’ flora
and the possible expected damage. It is very difficult to determine the exact species by cell
morphology, even for technicians with many years of experience.
To provide brewing microbiologists with the knowledge they need for success, literature,
empirical and statistical data must be combined. Table 1, which is an excerpt from HUTZLER
ET AL. (2012b, 2013), gives practical information on the spectrum of BSB, physiological
characteristics that are useful to narrow down present contaminants, the BSP related to the
whole species (not related to single strains), the degree of hop tolerance, the literature and
empirical data about the preferred growth of individual species in the primary or secondary
area of the brewing process, and the ability to form exopolysaccharides. In the following
sections this overview is supported with data acquired in the past few years and altered in
several ways to meet modern brewing microbiology requirements.
The ‘Rods / Cocci’ and ‘Gram reaction’ columns were deleted as they do not provide
information about the hazard potential. The species Lac. lactis, Leuc. (para-)mesenteroides,
Micrococcus kristinae (now: Kocuria kristinae), and Zymomonas mobilis were not considered
further as their weak BSP means they pose little threat to the brewing industry. L. perolens
was isolated from soft drinks and the brewing environment, but did not show any considerable
beer-spoilage potential (Back et al., 1999). It is likely, due to its close genotypic relationship to
L. harbinensis with notedly higher BSP, that there were many misidentifications in the past.
Therefore, L. perolens was also removed and L. harbinensis was included.
Two newly described species were additionally included in the overview in Table 3: L.
cerevisiae and L. curtus (Koob et al., 2017, Asakawa et al., 2017). Both have been to date
exclusively isolated from the brewing environment. L. cerevisiae shows only moderate BSP
and it was most recently found outside of the brewery it was originally isolated from for the first
time (unpublished data FZW BLQ). The L. curtus type strain was stored as L. rossiae in a
culture collection, before it was genotypically re-classified and newly described as L. curtus.
Only the presence of horA and horC indicates a possible potential to spoil beer, but there is no
practical evidence to date. Further studies need to be conducted to reveal the extent of its
BSP.
From Table 1, it is remarkable that the degree of BSP and hop tolerance correlates with nearly
all listed bacterial species. There are only three cases where hop tolerance exceeds BSP: M.
sueciensis, Kocuria kristinae (previously: Micrococcus kristinae) and Zymomonas mobilis. All
three species have little impact on brewing microbiology. Thus, the ‘hop tolerance’ column was
eliminated in Table 3. As previously described, the ‘beer-spoilage potential’ characteristic
relates to the ability of a species to spoil beer and to the probability of an isolate to be beer
spoiling. In other words, this column combines information on the effects that can occur if the
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specified species is isolated from beer and information on the probability of a strain to be beer
spoiling. For example, L. backii was exclusively isolated from the brewing environment. This
means that all L. backii isolates are considered to be beer spoilers. Combined with the effects
caused during its growth in beer (slight acidity, turbidity, sediment formation, slight changes in
smell and taste), L. backii has a high BSP (‘++’, see Table 1) (Bohak et al., 2006, Tohno et al.,
2013).
The trend of identifying BSM allows external laboratories like the lab at the FZW BLQ to
establish large databases of useful information for brewing microbiologists. A large volume of
identified isolates is essential, especially in terms of determining actual frequencies of
individual BS species. As mentioned earlier, studies on the frequencies of individual BS
species were mainly conducted by BACK (Back, 1988, Back, 1994a, Back, 1994b, Back, 2003,
Back and Bohak, 2005). A detailed overview about BACK’s findings was provided by SUZUKI
(Suzuki, 2011) (see Table 2). The first studies were conducted in the early 1980s and even at
that time, L. brevis was already the most frequent BS species by far. Contaminations with L.
lindneri, P. damnosus and Pectinatus also occurred frequently.
Table 2: Percentages of beer-spoiling microorganisms in incident reports during the period
1980 – 2002 a (Table adopted from (Suzuki, 2011))

The percentage of incidents caused by the individual BS species from 2010 – 2016 were
included in Table 3. The percentage graduation was selected as follows:
↑↑↑

=  15 % of bacterial incidents

↑↑

= 5 - 15 % of bacterial incidents

↑

= 1 - 5 % of bacterial incidents

→

= 0 - 1 % of bacterial incidents

In addition to the percentage frequency, it is also important to understand the tendency of a
spoilage species to grow in the primary or secondary area of the brewing process and its
tendency to grow in bottom-fermented or top-fermented beer types. When the χ2 test showed
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high (significance level of 0.1) or very high (significance level of 0.05) probability with respect
to the two specified brewing-related issues, it was included in Table 3. As some species were
not included in the underlying study (this study, Chapter A), literature and empirical data were
consulted and labelled as such (•). Bold letters indicate the characteristics of individual species
that disagree with literature and outdated empirical values.
A rather small change was made for the ‘Potential for slime formation (brewery)’ characteristic.
Table 1 described three BS species as positive for slime formation and one species, Pd.
claussenii, as variable. ‘Variable’ implies that some strains of a species produce slime and
some do not, which is the case for all the listed species. In Table 3, all four species are labelled
as positive for slime formation, though it should be noted that the production of
exopolysaccharides is a strain-specific trait that was proven for individual BS species in several
studies (Fraunhofer, 2018, Riedl et al., 2019, Pittet et al., 2011, Schneiderbanger et al., 2019).
L. lindneri is a frequent contaminant of the primary area, but it is difficult to detect with routine
enrichment media due to its special nutrient requirements and its oxygen sensitivity (Back,
1994a). These facts and the tendency of L. lindneri to slip through filtration mean that it is often
only discovered in the finished product, which is confirmed by statistical analysis. Enrichment
methods and media adapted to this sensitive species would adjust its growth preferences.
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Table 2: Revised overview of beer-spoiling species and brewery-specific properties (compare
to Table 1, Section 1.4.4)
Species name

Beer-spoilage Occurrence
potential •
frequency

Primary /
secondary
contamination

L. acetotolerans
+
ND
s•
L. backii
++
↑↑
p*
L. brevis
p/s
++
↑↑↑
L. (para-)buchneri
s
+
↑↑
L. (para-)casei
p **
+
↑↑
L. cerevisiae
+
ND
p•
L. (para-)collinoides
p*
++
↑
L. coryniformis a
+
↑↑
s **
L. curtus
ND
ND
ND
L. harbinensis
p/s
+
↑↑
L. lindneri
s **
++
↑↑
L. paucivorans
++
ND
p•
L. plantarum a
+
↑↑
s **
L. rossiae
p/s
+
↑
M. cerevisiae
++
↑
s **
M. paucivorans
++
ND
s•
M. sueciensis
+
ND
s•
Pd. damnosus
++
↑↑
p
Pd. claussenii b
+
→
p
b
Pd. inopinatus
+
→
p
P. cerevisiiphilus c
++
↑
s **
P. frisingensis c
++
↑
s **
P. haikarae c
++
↑
s **
a Species combined in a group by real-time PCR method (L. group)
b Species

combined in a group by real-time PCR method (Pd. group)

c Species

combined in a group by real-time PCR method (P. group)

Bottom- / topPotential for slime
fermented beer formation (brewery)
types
isolates) •
TF •
BF/TF
TF **
BF *
BF *
BF •
BF
TF **
ND
BF/TF
BF **
ND
TF **
BF/TF
BF **
ND
ND
BF **
TF *
TF *
BF **
BF **
BF **

−
−
+
+
−
−
−
−
−
−
−
−
−
+
−
−
−
−
+
−
−
−
−

++= very high / strong, += high / strong or positive, − = negative
ND = not determined
↑↑↑ = mean percentage of incidents  15 %; ↑↑ = mean percentage of incidents 5 - 15 %, ↑ = mean percentage
of incidents 1 – 5 %, → = mean percentage of incidents  1 %
p = more primary contamination observed, s= more secondary contamination observed, p/s=nearly identical
( 5 % deviation from mean value) distribution between primary and secondary contamination
BF = Preferred growth in bottom-fermented beer, TF = Preferred growth in top-fermented beer, BT/TF= nearly
identical ( 5 % deviation from mean value) distribution between bottom and top-fermented beer types
* = based on significance level of 0.1, ** = based on significance level of 0.05
• based on literature and empirical values
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The factors of beer-spoilage potential and occurrence frequency determine the effective
hazard potential a species poses for the brewing environment. From Table 3 it can be seen
that the combination of BSP and occurrence frequency attributes a very high beer-spoilage
hazard (++/↑↑↑) to
˃ L. brevis.
A high hazard potential (++/↑↑) is attributed to the species
˃ L. backii
˃ L. lindneri
˃ Pd. damnosus.
A moderate hazard potential (++/↑ and +/↑↑) is attributed to the species
˃ L. (para-)buchneri
˃ L. (para-)casei
˃ L. (para-)collinoides
˃ L. group (L. coryniformis, L. plantarum)
˃ L. harbinensis
˃ M. cerevisiae
˃ P. group (P. cerevisiiphilus, P. frisingensis, P. haikarae).
All other species listed in Table 3 pose no acute danger for the brewing industry to date due
to low BSP, rare occurrence or a lack of empirical data. As the percentage of BSB incidents
are subject to annual fluctuations (see, for example, Figure 2), the individual hazard potential
has to be revised periodically. Reasons for the annual fluctuations are difficult to find as the
underlying data is based on beer-related samples that are sent to the FZW BLQ for analysis,
mostly with little background information. Evaluating incidents instead of findings, assessing a
large volume of samples and recording incidents of consecutive years as well as the mean
values for each individual species are all valuable tools to diminish this handicap.
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Figure 2: Percentage of samples found to be positive for L. lindneri from 2010 – 2016
including 7-year mean value (see CHAPTER A, Supplementary Material Figure S2)
Very useful information could be obtained from contaminated samples concerning the effects
generated by the contaminating species, especially if the spoiling germ is still in its original
substrate instead of the nutrient medium. The individual spoiling species may therefore be
characterized by recording the degrees of turbidity, of sediment formation, of pH decrease,
and aroma deviation in relation to the effective cell count per mL and in relation to chemical
beer parameters such as pH, alcohol content, bitter units and residual carbohydrate quantities.
This could reveal intraspecies differences in BSP and hazard potential.
One main problem of microbiological QC is the need to detect a small number of contaminants
in a large volume (Suzuki, 2011, Back, 2019, Bohak, 2015, Bohak et al., 2012). Many
strategies and several enrichment media have been developed to address this problem and to
reliably detect spoilage germs in the finished beer and samples from the production process.
NOVY ET AL. conducted a survey in 2013 of the routine analysis methods used by 32 German
breweries with varying production quantities (Novy et al., 2013). By far the most breweries (94
%) relied on the incubation of product samples on selective nutrient media and the mechanical
concentration of large beer and bright intermediate product volumes using the membrane
filtration technique. The next most frequent microbiological routine analysis methods were
optical ones, i.e. the examination of samples by microscope. These methods are still
indispensable in the brewing microbiological laboratory. Enrichment is also necessary to
achieve detection limits for rapid molecular biological methods (Taskila et al., 2010, Kruska
and Schneegans, 2010). The advantages and disadvantages of culture-dependent methods
were discussed earlier (see Section 1.5.1).
The most problematic sample types in a brewery are those that contain yeast and are therefore
unsuitable for mechanical concentration. The possibility that a few bacteria are ‘hiding’ within
a large volume of yeast cells and the suppressing force of the yeast render it almost impossible
to reliably detect contaminating bacteria. Thus, detecting those contaminants, for example, in
a propagation tank often provides very useful information for QC. The currently used method
of adding concentrated nutrient broth to the sample and repeatedly incubating it for up to
several weeks, is unfavorable due to its duration. As brewing microbiologists demand reduced
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analysis time and increased detection certainty (Novy et al., 2013), it seemed reasonable to
improve this method.
The method was improved by adding Natamax®, which kills yeast cells and leaves bacterial
cells unaffected. The decreased suppressing force of the dead yeast cells increases the
bacterial cell quantity and, consequently, the decreased time to detection. These positive
effects were observed using the culture-dependent and the real-time PCR method.
Further studies using more BS species, several strains of individual species and varying
common yeast species (e.g. Saccharomyces (S.) cerevisiae, S. pastorianus var.
carlsbergensis) and strains (e.g. S. cerevisiae TUM 68, S. pastorianus TUM 66/70) may
strengthen the results obtained in this study. As the developed method is low priced, simple
and does not require specially trained staff, it is expected to be easy to integrate in daily
analysis where routine samples could be prepared in parallel, with and without Natamax®
addition, generating a lot of data for evaluation.
Modern biological methods are characterized by their rapidness and by their ability to assign
contaminating germs to a specified range of organisms, in most cases by probes matching the
target 16S rRNA gene. One disadvantage of these methods is that new species or subspecies
are not identified and are recorded as false-negative, if there are no culture-dependent or
microscopic results (Temmerman et al., 2004). But the detection of new beer spoilers is vital
for brewing microbiology to be up to date and provide useful advice for affected customers or
QC staff.
Identification using 16S rRNA sequencing and comparison with a suitable database are
necessary in the event that culture-dependent or microscopic analyses and PCR method
deviate from each other. In 2013 and 2014, three isolates from a German brewery were
processed this way yielding inconclusive results. The three isolates obtained from bottomfermented samples from different process steps were characterized by their turbidity and slight
changes in acidity and aroma. After demarcation from beer-related neighbor species (Koob et
al., 2016) and from genotypically related species (Koob et al., 2017) a new species,
L. cerevisiae, was described. L. cerevisiae could grow in alcohol-free wheat and lager beer as
well as in wheat beer and filtered wheat beer with normal alcohol contents (5.64 and 5.53 %
v/v, respectively), but not in lager beer with normal alcohol content (5.10 % v/v) and 19.9 bitter
units. Using the classification established by BACK (Back, 1994a) (see Section 1.4.4),
L. cerevisiae is a potential BS species. Its sensitivity to salt ( 4.0 % w/w NaCl) could be an
indicator of its high adaptation to the low-salt medium of beer. All three obtained L. cerevisiae
isolates possess two genes related to hop resistance, horA and horC. During its growth in
beer, the organic acids pyruvate and citric acid are degraded and acetic and lactic acid are
produced, which results in a slightly acidic, but balanced beer character suitable for the
production of special sour beer types such as Berliner Weisse (personal correspondence M.
Hutzler). Diacetyl was not recorded above the odor and taste threshold.
According to a study conducted by SCHLEIFER AND LUDWIG (1996), L. cerevisiae
phylogenetically belongs to the L. buchneri group. But a more recent study characterizes
L. cerevisiae as a member of the L. brevis group (see Figure 1) (Salvetti et al., 2012). The
carbohydrate fermentation pattern determined using an API CHL 50 test kit and the respective
software (https://apiweb.biomerieux.com/) gave the species L. brevis as its nearest neighbor
(99 %, data not shown). Until recently, the three obtained isolates were the only known isolates
of the newly described species, which was therefore assumed to be a contaminant specifically
for the brewery it was originally isolated from and therefore locally limited. In 2019, another
brewery with no relationship of any kind to the brewery of origin, reported a contamination
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incident with L. cerevisiae in collective samples from different beer types (personal
correspondence, current lab results FZW BLQ). This lead to the assumptions that (1) the new
species may be more wider distributed than originally thought, (2) L. cerevisiae did not ‘evolve’
within the brewery it was isolated from, and (3) the assumed hazard potential for L. cerevisiae
is increasing.
It was assumed that no correlation could be observed between phylogenetic relationship and
physiological properties within the Lactobacillus genus (Vandamme et al., 1996, Canchaya et
al., 2006). The taxonomy of this genus is confusing due to its exceptional size and diversity
(Holzapfel and Wood, 2014). In earlier times, physiological characteristics such as the
carbohydrate fermentation pattern were used to discriminate the individual species (OrlaJensen, 1919). Recently, it was proposed by ZHENG ET AL. (2015) that metabolic properties
are, after all, associated with ecotype and phylogenetic position. An ecotype is defined by
COHAN as a population of cells that share an ecological niche and species-independent
properties (Cohan, 2001). The adaptation to niche environments is accompanied by gene loss
and genome size reduction (van de Guchte et al., 2006), while harboring plasmids, which is
common for many LAB, is essential for growth in specific (mostly adverse) environments
(McKay and Baldwin, 1990).
The species L. rossiae, a common participant in sourdough fermentations, is known for its
broad genotypic and phenotypic diversity (Di Cagno et al., 2007, Scheirlinck et al., 2009) which
was also determined previously for L. plantarum (Siezen et al., 2010, Siezen and Vlieg, 2011).
Since the first incidents in 2010, L. rossiae has occasionally occured as a beer spoiler. Its most
noticeable property is the potential to form exopolysaccharides as exhibited by some strains
(Dertli et al., 2016, Hutzler et al., 2012a, Hutzler et al., 2013, Fraunhofer, 2018). The mean
percentage from 2010 to 2016 was determined as 1.52 % of all samples that tested positive
for BSB with increasing tendency (see Figure 3) (this study, Chapter A). The species L. rossiae
was classified as a member of the L. reuteri group (De Vuyst and Vancanneyt, 2007), but a
more recent study determined that L. rossiae forms a couple with L. siliginis outside the L.
reuteri group (Salvetti et al., 2012). The newly described beer spoiler L. curtus is supposed to
be the third species of this exceptional group from a phylogenetical perspective (Asakawa et
al., 2017).
The most abundant carbohydrate in sourdough and beer is maltose and the occupation of both
ecological niches is therefore not surprising. The following questions arose:
(1) What is the BSP of L. rossiae beer isolates? (2) Was the proposed genotypic and
phenotypic diversity also apparent in L. rossiae beer isolates? (3) Are there any genotypic or
phenotypic differences between sourdough and beer isolates?
The degree of BSP was determined by beer passage and by determining three genes related
to hop resistance, horA, horC and hitA. The BSP of L. rossiae was determined as weak as only
four strains were able to grow in wheat beer. The role of horC as a prominent marker gene for
the ability to spoil beer was confirmed as those four strains were the only ones to harbor it.
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Figure 3: Percentage of samples positive for L. rossiae from 2010 – 2016 including 7-year
mean value (see CHAPTER A, Supplementary Material Figure S8)
The proposed phenotypic variability was apparent in L. rossiae, especially considering
carbohydrate fermentation pattern, gas production from gluconate which was accompanied by
NH3 production from arginine, and temperature and salt tolerance. The genotypic variability of
this species was confirmed by (GTG)5 rep-PCR, pheS housekeeping gene sequence
comparisons including sourdough isolates, and DNA-DNA hybridization method. Interestingly,
the L. rossiae isolates stretched the threshold values for species delineation of all three
analyses (specified as 50 % for (GTG)5 rep-PCR (Scheirlinck et al., 2007, Scheirlinck et al.,
2008),  10 % for pheS gene sequence (Naser et al., 2007) and  70 % for DNA-DNA
hybridization (Wayne et al., 1987)). In our view, the broad genotypic variety of L. rossiae
isolates must result in the description of different subspecies or in the extension of threshold
values for species delineation. It is worth noting that the pheS housekeeping gene comparison
resulted in the demarcation of three distinct clusters with one cluster harboring only beer
isolates, including the four isolates showing (weak) beer-spoilage potential. This relationship
needs to be confirmed by examining a larger number of isolates from a beer and sourdough
environment. Additionally, all L. rossiae beer isolates need to be checked for growth in lager
and Pilsener beer to determine strains with a higher BSP.
The only differential phenotypic characteristic between beer and sourdough isolates was the
utilization of ribose and the non-usage of lactose by beer-related isolates. The pheS gene
sequence comparison was successful in demarcating isolates with BSP from isolates without
BSP, but was unable to provide ecotype-specific clusters.
Brewing microbiology is currently focused on a few microorganisms with compositions that is
still changing. The new description of L. cerevisiae and L. curtus and the determination of L.
acetotolerans and L. rossiae as beer spoilers support this hypothesis. Different strategies
should be considered in future to keep microbiological QC up to date and provide helpful
information.
(1) The search for DMGs has proven to be of great interest for brewing microbiology. DMGs
are genes that are proposed to be shared by all bacteria with the ability to grow in beer as a
consequence of their adaption to this environment (Geißler, 2016, Geißler et al., 2017, Behr
et al., 2015, Behr et al., 2016). The determination of DMGs that have the potential to
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differentiate between BS and non-BS strains could be useful for microbiological QC as a
selective, reliable and fast detection method for LAB with BSP. As no genes were detected in
the core genome of BS strains that were unique to this group of bacteria and that could be the
source of the beer-spoiling ability, the search for DMGs focused on the mobile genetic pool,
i.e. on the plasmidome (Geißler et al., 2017, Bergsveinson et al., 2015a). The comparison of
brewery-specific plasmidomes revealed the following relevant functions: cation homeostasis,
oxidative stress tolerance, cell envelope mechanisms and acid reduction by producing nonacidic end products (Geißler et al., 2017). The ultimate solution would therefore be to establish
a species-independent method to quickly and reliably identify LAB strains with beer-spoilage
potential, but until that is possible, it is important to ensure identification at the species level
(Geißler et al., 2017).
(2) The phenotypic and physiological variability of L. plantarum (Siezen et al., 2010, Siezen
and Vlieg, 2011), L. brevis (Riedl et al., 2019) and L. rossiae (see Chapter D) indicate that BS
species are versatile microorganisms, probably due to their adaptation to the adverse beer
environment. To explore the specific core characteristics of all species with moderate to very
high hazard potential, more studies are needed on the indicated variability. It may become
necessary to re-evaluate the taxonomic position of deviating subgroups, as was needed for L.
rossiae.
(3) As mentioned earlier, the identification of BSB at the species level is not always sufficient.
Strain differentiation can be useful if there are variations in the effective spoilage potential
within a species (as determined for L. brevis and Pd. damnosus (Geißler, 2016)) or if strainspecific contamination routes need to be reconstructed within a brewery that harbor several
contaminating germs (Riedl et al., 2019). Many studies have been conducted to discover the
strain and reveal intra-species variations. The differentiation between beer-spoiling and nonspoiling strains has been of special interest and the main focus has been on the most
dangerous species of L. brevis (Kern et al., 2014a, Nakakita et al., 2003, Preissler, 2011, Riedl
et al., 2019, Takahashi et al., 1999, Behr et al., 2015, Zhao et al., 2017). One modern method
which is gaining in importance in the brewing-microbiological laboratory is the MALDI-TOF MS
method (Ghyselinck et al., 2011, Homann and Kühle, 2017, Kern et al., 2014a, Kern et al.,
2014b, Lay, 2001, Sandrin et al., 2013, Wenning et al., 2014, Wieme et al., 2014). This method
is said to be fast, the sample preparation to be easy and the through-put capacity to be high
(Kern et al., 2014a). Identification at the species level is unaffected by changes in the culture
conditions of media, stable spectra are created as the majority of spectrum peaks are
generated from ribosomal and cell structure proteins and all bacterial isolates are identifiable
without the need to pre-select the targeted organism group (Kern et al., 2013, Welker and
Moore, 2011, Kruska and Schneegans, 2010). The final goal in implementing this method in
routine brewing-microbiological laboratory is the establishment of a database based on a
multitude of generated spectra linked to information about species, strain, isolation source,
brewery and hazard potential.
(4) The determination of the percentage distribution of spoilage bacteria species from routine
microbiological analyses and the statistical evaluation thereof needs to be continued as the
multitude of BS isolates can only be provided by external laboratories. This way, changes in
the spectrum of BSB are recorded over a period of years which is exceptionally useful for all
microbiologists and microbiological staff in the brewing industry.
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