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List of abbreviations  

 

Table 1: The meaning of the abbreviations used throughout this thesis. 

Abbreviation Meaning 

AAB Acetic acid bacteria 

ACA American coolship ale 

AOB American Oud bruin 

BOB Belgian Oud bruin 

LAB Lactic acid bacteria 
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Abstract 

 

Oak barrels are used to ferment and age more traditional beers like Lambic, American coolship ale (ACA), 

red-brown acidic ale but also some specialty beers like for example stout, porter, sours, tripel and barley 

wine. The brewing process is discussed with a focus on the microbial aspect. Next, the fermentation process 

of the first three beers is described and the influence of oak wood on the sensorial properties of beer is 

tackled.  

 

First, a survey is conducted with 92 breweries in Belgium, the Netherlands, UK and USA. The results show 

that the use of oak barrels in the craft beer industry is popular and oak barrels are used for many different 

purposes. The purpose of the experimental part of this study was to provide a first look into the bacterial 

community during the aging and fermenting of beer in oak barrels because it was expected that the bacterial 

profile of these beers differs from regular beers. Samples were taken in 2 Belgian and 1 American brewery, 

after which the microbiome was analyzed using high-throughput 16S ribosomal RNA gene sequencing 

(Illumina). The results show indications that some typical gut bacteria are favored by high concentrations of 

potential prebiotic components like arabinoxylan, beta-glucan and Maillard products like melanoidins. Also a 

hypothesis is proposed that acetic acid bacteria are favored by a poor quality of the barrels which causes 

oxygen to leak into the liquid. 
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Summary in Dutch 

 

Eiken vaten worden gebruikt om meer traditionele bieren zoal Lambik, American coolship ale (ACA) en rood-

bruine zure bieren te fermentaren maar ook om sommige speciaalbieren zoals bijvoorbeeld stout, porter, 

zuur bier, tripel en barley wine te laten rijpen. Het brouwproces wordt besproken met een focus op het 

microbieel aspect waarna er ook dieper wordt ingegaan op de fermentatie van de drie eerstgenoemde bieren 

en de invloed van de eiken vaten op de sensorische kwaliteiten van het bier.  

Eerst werd een enquête afgenomen bij 92 brouwerijen in België, Nederland, het Verenigd Koninkrijk en de 

Verenigde Staten. Uit de resultaten blijkt dat het gebruik van eiken vaten in de craft bier industrie populair is 

en dat ze gebruikt worden voor veel verschillende toepassingen. De bedoeling van het experimenteel 

onderzoek was een eerste blik te werpen op de bacteriële gemeenschap tijdens het rijpen en fermenteren 

van bier op eiken vaten omdat verwacht werd dat dit zou verschillen van het bacterieel profiel van normale 

bieren. Er werden stalen genomen bij 2 Belgische en 1 Amerikaanse brouwerij, waarna het microbioom 

geanalyseerd werd aan de hand van high-throughput 16S ribosomaal RNA gen sequencing (Illumina). Er 

werden aanwijzingen gevonden dat bepaalde bacteriën die typisch in het spijverteringsstelsel voorkomen 

bevoordeeld worden door hogere concentraties aan potentiële prebiotische componenten zoals 

arabinoxylaan, beta-glucaan en Maillard producten zoals melanoidin. Er wordt ook een hypothese 

voorgesteld dat azijnzuurbacteriën bevoordeeld worden als de kwaliteit van de vaten niet hoog genoeg is en 

er zuurstof in het vat lekt.  
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A. Introduction 

 

In Belgium, wooden barrels have been used for a long time to ferment and store beers like for example in 

the case of Lambic (DeKeersmaecker, 1996) and especially in the United Kingdom, wooden barrels are still 

widely used to transport and store beer (Thomas, 2006). More recently, a trend emerged in the craft brewing 

industry to age different kinds of beers in wooden barrels to add flavor and complexity to their beers (Allan, 

2017).  

 

This thesis first discusses the history of beer brewing and its significance in society after which the emergence 

of the craft beer industry is explained. Next, the generic production process of beer and a deeper look into 

some barrel aged beers like coolship ales, red-brown acidic ales and others is taken. In the second part of 

this paper, the results of a small survey about the use of barrels in the craft beer industry are shown after 

which the microbiota profile of Lambic, American coolship ale (ACA), red-brown acidic ale and some other 

barrel aged specialty beers from two Belgian and one American breweries is investigated.  

 

Some research has been done already to investigate the microbiota profile and fermentation dynamics of 

Lambic, ACA and red-brown acidic ale. The results of this study add to the knowledge about the dynamics 

in the fermentation dynamics of these styles and the goal is to explore the potential impact of different factors 

on the bacterial microbiota. However, no research is done yet on the microbiota profile of other barrel aged 

beers like for example porters, stouts and barley wines. This project therefore reports the first description of 

the bacterial community of these styles when aged on barrels and provides some insights in the possible 

drivers for the development of certain genera, opening the door for further research.
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B. Literature review 

1. Historical perspective on craft brewing 

 

Beer is one of the oldest and most important alcoholic beverages in the world. In fact, it is the most consumed 

alcoholic beverage in the world (Statista, 2018a). Some authors even refer to beer as the cornerstone of the 

Neolithic Revolution, which is the transition of a lifestyle based on hunting and gathering to a sedentary 

lifestyle and the development of agriculture (Cabras and Higgins, 2016). 

 

The first evidences of fermentation processes date back to the Neolithic era and are found in China. These 

findings date back to the seventh millennium BC and consist of traces of a mixed fermented alcoholic 

beverage of rice, honey and fruit found on pieces of pottery (Meussdoerffer, 2009). Systematic beer brewing 

activities have been described in ancient Mesopotamia and date back to 6000 BC. Sumerian texts from 3200 

to 3000 BC state that ‘beer was no longer simply an agricultural product of the rural settlements, but rather 

belonged to the products subjected to the centralized economy of Sumerian states’ (Damerow, 2012). 

 

The production practices and beer itself evolved further over the ages and became a major part of Egyptian, 

Greek, Germanic and Celtic culture. Barley became the most important grain for beer production in ancient 

Egypt and is still the main grain used until today. In the Middle Ages, monks originally brewed beer for own 

consumption or to refresh travelers but because water was often polluted and was not really safe to drink, 

beer provided a safe alternative for everyone because the boiling step kills the pathogens and beer became 

a major part of the Medieval diet in Western Europe (Cabras and Higgins, 2016). 

 

Before hops were introduced in Germany around the year 1100 (De Schutter, 2017), monks flavored and 

preserved the beer using a mixture of herbs, called grut. The most important herb and also the bittering agent 

was Myrica gale. Grut is still used by some craft brewers but after the introduction of hops in the early Middle 

Ages, hops became more and more important and is now considered as one of the main ingredients of beer 

(Behre, 1999). 

 

Because of technological improvements in the nineteenth century, the brewing process became more 

standardized and breweries started to increase their capacity and sales. The increased standardization of 

the brewing practices also resulted into the isolation of specific yeast strains instead of spontaneous 

fermentation. By the end of the nineteenth century, beer really became a global product (Behre, 1999).  

 

In the US, the great depression and prohibition caused many smaller breweries to vanish. Also an interesting 

evolution happened in the US during this period that still has repercussions today.  
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Because of the great depression and a series of dust storms and severe drought in the 1930’s, the price of 

barley went up significantly and brewers started using more corn and rice during the brewing process of 

lagers. This caused a change in the preference in the American population that can still be noticed today in 

the large sales of for example Budweiser that uses a major portion of rice (Choi and Stack, 2005). 

 

In the period between the 2nd World War and 1980 larger breweries started taking over smaller ones and this 

caused a concentration of the brewing activities. The amount of breweries steadily declined during this period 

and large companies are still taking over smaller breweries to this day (Cabras and Higgins, 2016). In 2017, 

the top three beer producing companies in the world by sales volume were Anheuser-Busch Inbev (45.6 

billion US dollars), Heineken Holding (23 billion US dollars) and Kirin Holdings (19.5 billion US dollars) 

(Statista, 2018b). However since the 1980’s, there has also been a surge of micro and craft breweries with 

an even more noticeable increase in the last decade in response to consumers’ demand for locally produced 

and more diversified beer selection. (Cabras and Higgins, 2016). 

 

2. Brewing process from microbiological point of view 

 

In this chapter, an overview will be provided of the most common raw materials and most important brewing 

process steps from a microbiological point of view. For each step, a brief explanation of the process step will 

be given after which the most important microorganisms related with this raw material or process step will be 

discussed.  

 

2.1. Raw materials 
 

Although it would be expected that all of the microorganisms, present on raw materials, will die during the 

heating steps, and especially the boiling step, of the brewing process, it is shown that some are able to 

survive and may have an influence on the final product (Rodhouse, 2017). The basic raw materials are 

(malted) grains, hops, water and yeast. 

 

 

2.1.1. Grain 
 

Grains are used in beer as a source of fermentable and non-fermentable sugars and enzymes to produce 

these sugars. To set these enzymes free, the grain has to be malted and milled before it can be used to brew 

beer. This malting process consists of 3 main parts: steeping, germinating and kilning. During the first step, 

the grain is soaked with water to induce the germination pathways.  
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After this, the grains are kept moist and enzymes start to break down the starch inside the grain. These 

enzymes will also be important in the mashing step which will be discussed below. During the last step, the 

grains are dried, the enzymatic activity is stopped and the little root and leaf that were formed are removed.  

 

After this, the malted grains can be used in the brewery or can be roasted to obtain a darker color and a 

different aroma to produce dark beers (Jin et al., 2018). The most commonly used grain for malting is barley 

and to a lesser extent wheat, rye, millet, spelt and buckwheat. Also pre-malted grains are used by craft 

brewers besides rice and sorghum (Rodhouse, 2017). 

 

Microbiological load 

A wide variety of bacteria, filamentous fungi and yeasts can be present of barley. Rodhouse performed high 

throughput sequencing on several barley and wheat samples and found members of Proteobacteria, 

Actinobacteria, Bacteroidetes and Firmicutes. In the phylum of Proteobacteria, Pseudomonas, 

Stenotrophomonas, Xanthomonas and Methylobacterium bacteria were found where Arthrobacter, 

Brachybacterium, Corynebacterium, Microbacteriaceae and Sanguibacter DNA was observed for the 

Actinobacteria. The Bacteroidetes where represented by Bacteroides, Sphingobacterium, Prevotella, 

Wauteriella and Pedobacter species and from the phylum of Firmicutes, Weissela was observed (Rodhouse, 

2017). Besides these bacteria, also other LAB can be present on barley (Giusto et al., 2006), which can be 

quite important during the rest of the brewing process due to their possible resistance to antimicrobial 

compounds in hops (Sakamoto and Konings, 2003). 

 

Another important issue that requires some attention is potential contamination with mycotoxins, because 

they are thermostable and can end up in the final product when present on the grains. Also, these molecules 

remain on the grain, even when no fungi can be detected. However, a lot of mycotoxins metabolize into less 

toxic components during fermentation like for example zearalenone and patulin or are absorbed by the spent 

grain like aflatoxin B1 and B2, fusarium1 and ochratoxin A. These compounds have been shown to decrease 

in concentration by 80% during mashing (see below) and disappear during the rest of the brewing process 

(Inoue et al., 2013). There is one mycotoxin that remains in the wort and can end up in the finished product 

due to its high solubility in water and its thermostable properties and is called Fumonisin B1 observed (Pietri 

et al., 2010). So, farmers, malt producers and brewers have to be careful to store the grains in a dry place to 

prevent the growth of fungi and the contamination with mycotoxins. 
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2.1.2. Hops 
 

Hops were originally used in beer production because of their antimicrobial properties but also provide 

pleasant aromas which made it a main ingredient of beer over time. Also, the bitterness that the hops add to 

the beer counteracts the sweet flavor of malts and yields a balanced product (Barry et al., 2018). One of the 

most important compounds in hops are the alpha-acids. During the boiling step of the brewing process, they 

isomerize to form iso-alpha-acids, which give the bitter flavor to the beer. Alpha-acids and iso-alpha-acids 

are also the main compounds with antimicrobial properties but act against gram positive bacteria only (Van 

Staen et al., 2016, Rodhouse, 2017). 

 

Microbiological load 

Because alpha-acids only act against gram positive bacteria, gram negative bacteria will be able to grow on 

hop cones but also some LAB have adapted and developed resistance against these compounds. Thus, it is 

no surprise they are also detected on hop cones (Rodhouse, 2017). Also, alpha-acids show less antimicrobial 

activity then iso-alpha-acids, which are only significantly present after boiling (Van Staen et al., 2016), so 

some other gram positive bacteria are detected as well on the cones. Using high throughput sequencing, 

Rodhouse found members of Actinobacteria, Bacteroidetes, Firmicutes and Proteobacteria and, to a lesser 

extent, members of Acidobacteria, Chloroflexi and Fusobacteria. The phylum of Actinobacteria was 

represented by a wide variety of genera but Leucobacter was the predominant one (Rodhouse, 2017). In a 

study to map the main sources of the residential microbiota in different parts of the brewery, Bokulich et al. 

found that hops contribute the most to the residential microbiota of fermentation facilities and fermentation 

tanks and are a carrier of LAB which are possible beer contaminators (Bokulich et al., 2015). This can be 

explained by the use of hops in dry hopping, which consists of adding hops to the fermentation or maturation 

tanks (Carpenter, 2016). This is a widely used technique in the craft brewing industry and does not 

contaminate the beer so the bacteria present on hops can be seen as relatively harmless. 

 

2.1.3. Yeast 
 

Nowadays, most of the beers that are produced are fermented with monocultures of a chosen yeast strain. 

Yeast is the primordial agent in the production of beer because it converts sugar into alcohol, produces a 

variety of flavor components and normally eliminates off flavors. For the majority of beers, a distinction can 

be made between top and bottom fermented beers. For the former Saccharomyces cerevisiae is used to 

produce ales and for the latter Saccharomyces pastorianus is used to make lagers (Gallone et al., 2018, 

Basso et al., 2016). Besides ales and lagers, some wild yeasts can be used to produce sour beers. The most 

important one is Dekkera bruxellensis (Schifferdecker et al., 2014). Below, more information about these 

organisms will be provided as well as some other yeasts of interest for beer production. 
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Saccharomyces pastorianus 

Saccharomyces pastorianus, a hybrid of Saccharomyces cerevisiae and Saccharomyces eubayanus, is the 

main yeast used to produce lager beers (Gallone et al., 2018) and is also called bottom fermenting yeast. 

Because of their good flocculation properties, they sink to the bottom of the fermentation tank during 

fermentation. The fermentation temperature is in between 4 and 15 °C. Other important properties of 

Saccharomyces pastorianus and lager yeasts in general are the ability to efficiently ferment maltotriose and 

melibiose where Saccharomyces cerevisiae (see below) is less efficient in fermenting the former and cannot 

ferment the latter (Petruzzi et al., 2016). Besides lagers, Saccharomyces pastorianus is also found during 

the main fermentation stage in the fermentation of Lambic beers (see Section 3.2.1.) (Spitaels et al., 2014). 

 

Saccharomyces cerevisiae 

Saccharomyces cerevisiae encompasses the most commonly used yeast strains for industrial fermentations, 

including bread leavening, wine and beer fermentation (Gallone et al., 2018). In the beer brewing industry, it 

is used to produce ales or top fermented beers. In contrast to Saccharomyces pastorianus, the surface of 

Saccharomyces cerevisiae is more hydrophobic, causing it to adhere to CO2 bubbles and form a yeast head 

on top of the fermenting wort. Also the fermentation temperature is higher than with lagers and ranges from 

20 to 25 °C. Like mentioned above, Saccharomyces cerevisiae cannot ferment melibiose and only ferments 

a fraction of the maltotriose present in wort (Petruzzi et al., 2016). Saccharomyces cerevisiae is a part of the 

core microbiota for Lambic fermentation (Spitaels et al., 2015) and is also found in the main fermentation 

stage in American coolship ale fermentation (Bokulich et al., 2012). 

 

Dekkera bruxellensis 

Dekkera bruxellensis is the spore forming variant of the better known yeast Brettanomyces bruxellensis but 

these two genus names are used interchangeably since they indicate the same species (Steensels et al., 

2015). Also, Brettanomyces lambicus was first thought to be a different species but after mapping the genome 

of both organisms more thoroughly, it is stated that it is actually the same species as Brettanomyces 

bruxellensis (Spitaels et al., 2014). Dekkera bruxellensis is part of the core microbiota of Lambic and 

American coolship ale fermentation during the maturation stage (Spitaels et al., 2015, Bokulich et al., 2012). 

D. bruxellensis is used in mixed fermentation processes along with mainly LAB (Snauwaert et al., 2016). 

Besides these, more traditional beers, craft brewers also experiment with this organism to give a specific 

attenuated aroma to the beers by refermentation in oak barrels or in bottles.  

 

Notwithstanding its great value to the brewers that specifically aim to use this yeast, Dekkera bruxellensis 

can cause a lot of problems as a spoilage organism when it is unwanted and can be responsible for phenolic 

off-flavors; especially because it is very difficult to exclude it out of the brewery (Steensels et al., 2015). 
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Other yeasts 

Besides the yeasts mentioned above, three species are particularly interesting because of their ability to 

synthesize a wide range of esters that can give a floral, fruity aroma to the beer. These organisms belong to 

the genera Wicherhamomyces, Pichia and Torulaspora. Especially Torulaspora and more specific T. 

delbrueckii can be interesting because it produces a honey and pear-like flavor with high citric and floral 

notes. A drawback is the possible diacetyl production of this organism which causes a butter-like off flavor. 

From the Wickerhamomyces genus, W. anomalus is the most relevant organism because of its production 

of especially ethyl acetate which provides a fruity flavor (Basso et al., 2016). Both organisms can resist high 

osmotic pressure, are somewhat resistant to high iso-alpha acid concentration and can adapt to stress factors 

which makes them suitable for beer fermentation. Finally, because of recent trends in consumer behavior, it 

is important to note that T. delbrueckii could be used to produce low alcohol beers with a fruity flavor profile 

(Basso et al., 2016). 

 

2.2. Production process 
 

2.2.1. Mashing 
 

The amylases set free during malting (see above) convert the starch of the barley malt, and other starch 

sources that are used, into fermentable sugars. Various temperature schemes can be followed to sequentially 

reach the optimum temperatures of beta-amylase (exo-amylase) and alpha-amylase (endo-amylase) which 

are around 64 °C and 70 °C respectfully (Van Landschoot, 2013).  

 

The mash tun is most of the times only rinsed with hot water and can develop a resident group of 

microorganisms. Using high-throughput sequencing, Rodhouse detected members of for example the 

Arthrobacter,  Legionella, Carnobacterium, Novosphingobium genera and the Xanthomonadaceae family in 

mash tun swabs and members of Corynebacterium, Sanguibacter, Rhodococcus, Chryseobacterium and 

Pedobacter genera in mash samples (Rodhouse, 2017). 

 

2.2.2. Lautering 
 

Lautering is the process of separating the sugar extract, called wort, and the spent grains (Van Landschoot, 

2013). Not a lot of research has been done to investigate the microbial load during this process so this will 

not be discussed in this literature review. 
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2.2.3. Boiling 
 

After the wort is separated from the spent grains, it has to be boiled for around an hour in the presence of 

hops. During this step, the alpha-acids are isomerized to iso-alpha-acids and as a result a shift in microbiota 

occurs. Also DMS is evaporated, which otherwise would give a butter-like off-flavor to the final product (Van 

Landschoot, 2013). 

 

Rodhouse detected a decrease in the relative abundance of e.g. Enterobacteriaceae, Acinetobacter, 

Pseudomonas, Pantoea, Stenotrophomonas, Arthrobacter, Weissela, Ochrabactrum and Leuconostoc 

members and an increase of e.g. Bacteroides, Blautia, Paenibacillus, Tumebacillus, Clostridium XI, 

Lachnospiraceae, Ruminococcaceae, Porphyromonadaceae and Lactobacillus members (Rodhouse, 2017). 

 

2.2.4. Fermentation 
 

During the fermentation step, the fermentable sugars are converted to alcohol by yeast. The most common 

strains used for beer fermentation are discussed above. However, also some bacteria were observed during 

this step. Rodhouse found that Clostridiales, Lactococcus, Chryseobacterium and Betaproteobacteria 

increased in relative abundance during the fermentation. Arthrobacter, Paenibacillus, Bacillales decreased 

and Streptococcus was eliminated. These evolutions are likely due to the different extent of competition 

between these organsisms and the fermenting yeast for certain nutrients (Rodhouse, 2017). 

 

2.3. Influence of brewery environment 
 

The brewery is a complex environment with a lot of pipes, heating and cooling mechanisms, storage and 

production equipment. Not everything can be disinfected and cleaned all the time and a specific resident 

microbiota will be present in different areas of the facility. For example, thermotolerant organisms can survive 

and form biofilms in mashing and boiling kettles, microorganism containing aerosols can spread throughout 

the brewery during mashing and specific raw material associated microorganisms will contaminate specific 

places and equipment in the facility (Bokulich et al., 2015, Fielding et al., 2007, Priest and Campbell, 2003). 

For example, wort handling equipment clusters around Enterobacteriaceae, Leuconostocaceae, Candida, 

Pichia and Rhodotorula where the fermenter is more clustered around Bacillaceae. The microorganisms 

present in certain parts of the brewery also vary over the year (Bokulich et al., 2015). The residential brewery 

microbiota is especially important for breweries that produce coolship ales (Bokulich et al., 2012), and this 

will be described in more detail in the next section 
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3. Description of  the most common barrel aged beers 

 

In the next part of this literature review, an overview of the different beer styles that are typically aged in 

barrels will be given. For each kind of beer, the general characteristics will be described, on technical and 

microbiological level. But first, a paragraph will be dedicated to the influence of the oak wood on sensorial 

properties of the beer. Then, the spontaneous fermented coolship ales will be discussed. Here, a distinction 

has to be made between traditional Belgian Lambic ales and ACA, which are inspired by its much older 

Belgian cousin (Bokulich et al., 2012). These ACA however, cannot be called Lambic since this name is 

strictly related with the region around Brussels, Belgium, and more specifically the valley of the river Zenne 

(DeKeersmaecker, 1996, Commission, 2008). Next, the red-brown acidic ales will be discussed, which also 

originated in Belgium (Snauwaert et al., 2016) but are gaining popularity in other parts of the world due to the 

booming craft brewing industry. Finally, some other barrel aged beers will be described.  

 

3.1. Influence of oak barrels on beer 

 

The beers normally age in oak barrels between 6 months and 3 years, depending on the style and therefore 

the wood has an influence on the sensorial properties of the beer. Various compounds like furfural and 

coniferaldehyde migrate from the wood into the beer and may react with beer compounds or oxidize (Wyler 

et al., 2015). Also microorganisms are transferred from the wood into the beer and influence the final 

properties of the beer (Spitaels et al., 2014). 

 

3.1.1. Important oak-related chemicals in aged beers 

 

A lot of the volatile compounds like esters, alcohols, aldehydes, etc. are produced by the microorganisms 

during fermentation but when the beer ages in barrels or in the presence of oak, these compounds can 

undergo changes and new chemicals migrate into the beer, providing a unique flavor and aroma. In this 

section, the most important oak-related chemicals will be discussed. 

 

During the manufacturing process of oak barrels, they are put over a flame or oven. This is called toasting 

and influences significantly the flavor the barrel will give to the barrel-aged beer (Flor et al., 2017). During the 

toasting, wood constituents degrade which results in a variety of molecules that directly or indirectly provide 

flavor (Wyler et al., 2015).  
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When lignin is thermally degraded, one of the components released is coniferaldehyde which is oxidized to 

vanillin and give the typical vanilla flavor to oak aged products. Other compounds are sinapaldehyde and 

syringaldehyde which ultimately will oxidize to syringic acid (Wyler et al., 2015), which provides an astringent 

mouthfeel to the product (Saenz-Navajas et al., 2010). Besides lignin, wood also contains a major cellulose 

and hemicellulose fraction. Thermal degradation of these molecules yield some furanic aldehydes like 5-

HMF and furfural. These components are also formed by the Maillard reaction during the toasting of the 

barrel and contribute to the taste of beverages aged in wood barrels (Wyler et al., 2015). 

 

Other important oak-related components that influence the taste of the beverage inside the barrels are 

elagitannins which, like syringic acid, contribute to the astringent mouthfeel of oak aged beverages (Watrelot 

et al., 2018) and the cis and trans oak lactones and guaiacol which provide a wood-like aroma (Gonzalez-

Centeno et al., 2016). 

 

Finally, it is also important to note that when wine barrels are used, the polyphenols content increases. 

Anthocyanins and other flavonoids coming from the grapes, migrate from the wood into the beer and provide 

color and antioxidant properties (Sanna and Pretti, 2015). 

 

3.2. Lambic and American coolship ales 

 

Lambic and American coolship ales (ACA) are both spontaneous fermented beers. The boiled wort is cooled 

overnight in an open shallow vessel, called the coolship. During this period, the wort gets inoculated by 

microorganisms that fall into the vessel (Bokulich et al., 2012). The brewing of these beers can only happen 

when it is sufficiently cold outside because the wort has to be cooled down to approximately 20 °C in one 

night. Therefore, these beers are generally brewed in the period between October and March. After the wort 

is cooled down, it is transferred into oak barrels and stored for a period between 1 and 3 years (Spitaels et 

al., 2014). Because the brewers do not really have a lot of control over the microorganisms that inoculate the 

wort, researchers have been trying to characterize the fermentation process in order to find a pattern and 

better understand the metabolic processes and microbial successions in the barrels. 
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3.2.1. Lambic 

 

What is Lambic? 

Lambic is the name of a spontaneaous fermented beer, brewed in the valley of the river Zenne in the region 

of Brussels, Belgium and is considered to be the oldest commercially brewed beer in the world because the 

production process has remained almost entirely the same since it was first brewed in the 15th century. It can 

be consumed as such but most of the times, Lambics of different years are blended to make a Gueuze. They 

can also be mixed or aged on fruit to make the typical fruit beers of Belgium (DeKeersmaecker, 1996). The 

name itself is protected by EU law and thus can only be used if the beer is brewed in this region and when 

certain practices are followed (European Commision, 2008).  

 

These practices consist of the use of a high amount of unmalted wheat (35-40%) with malted barley. Also, 

aged hop flowers are used because the aging causes the loss of alpha acids, which results in less bitterness 

in the final product. This practice thus contradicts the original purpose of hops, which is conservation. A lot 

was needed to obtain the desired concentration of compounds that inhibit the growth of unwanted organisms. 

If this amount of fresh hop was used, the beer would be too bitter. Next, a certain mashing procedure has to 

be followed, which is called turbid mashing. The first step of this procedure consists of mashing the wheat 

and barley with hot water (40-45 °C), adding boiling water until the mixture reaches 62 °C and decanting the 

fluid fraction in a cooker. After this, boiling water is again added to the grits which causes the temperature to 

settle at 72 °C. The fluid fraction is decanted again in the cooker after which a first cooking step of 20 minutes 

follows. Next, the fluid is once again transferred into the mashing tun and is filtered, using the grits as filterbed. 

The wort is then boiled for 3-4 hours with the aged hop flowers. The hops are removed after which the wort 

is cooled in a coolship like described above and transferred into oak barrels (DeKeersmaecker, 1996). 

 

Fermentation process 

The fermentation in the barrels is a complex process and researchers have tried to characterize this process 

using various identification methods. The goal of these studies was to find a core group of organisms that is 

present in all Lambic fermentations and has the most influence on the final beer.  

 

In 1996, De Keersmaecker described a four phase fermentation process, consisting of an 

Enterobacteriaceae phase, a main fermentation phase, acidification phase and maturation phase and the 

most important microorganisms involved in each phase were described using culture-dependent methods. 

Figure 1 shows the succession of the most important groups during spontaneous fermentation that 

characterize the different phases as will discussed in the following paragraphs. 
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Figure 1: The evolution of the different groups of microorganisms during the fermentation of Lambic. The different 
phases are the Enterobacteriaceae phase (1st month), main fermentation phase (month 1 to 7), acidification phase 

(month 4 to 10) and maturation phase (month 8 till end of fermentation). The different phases overlap during the 
fermentation as certain organisms gain importance (DeKeersmaecker, 1996). 

 

During the first 30-40 days, enteric bacteria and wild yeasts convert glucose into ethanol, carbondioxide, 

acetic acid and lactic acid. After 10-15 days, Saccharomyces spp. begin to grow faster and start to convert 

most of the sugars present in the wort to ethanol and carbon dioxide and produce numerous esters that give 

the final beer a specific ale-like taste. The enteric bacteria quickly disappear because of their inability to 

survive in high ethanol and acetic acid concentrations so the Saccharomyces spp. will dominate the main 

fermentation phase which lasts up to month 7 of the fermentation. In overlap with this phase, the acidification 

phase becomes important starting around month 3-4. During this phase AAB and LAB produce acetic acid 

and lactic acid respectively where lactic acid is by far the most important one for the taste of Lambic. When 

the barrel is damaged however and a lot of oxygen can enter the barrel, AAB can grow in higher numbers 

and make the Lambic ‘hard’. In normal circumstances, this is not the case and they only produce small 

amounts of acetic acid. After 8 months, the final stage in the fermentation process starts with the development 

of different wild yeasts which produce a wide variety of esters that give Lambic its typical ‘funky’ flavor 

(DeKeersmaecker, 1996). This final stage is called the maturation stage. 
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In recent years, new technological developments have made it possible to paint a more detailed picture of 

the fermentation process. Spitaels et al. (2015) compared the microbial composition of a traditional and an 

industrial Lambic brewery and deducted a core group of organisms, specific for Lambic beers. First of all, 

there is no Enterobacteriaceae phase detected in the industrial brewery so according to Spitaels et al. (2015), 

no member of this group is part of the core group of organisms. However, the enteric organisms will have 

some influence on the taste because they produce a sweet, fruity or vegetable-like aroma (DeKeersmaecker, 

1996). For the main fermentation, Saccharomyces cerevisiae and Saccharomyces pastorianus are part of 

the core microbiota. After 2 months, Pediococcus damnosus appears and stays in the wort until the end of 

the fermentation process. So this organism is the third member of the core group and is the most important 

bacteria for lactic acid production during the acidification phase. Finally, Dekkera bruxellensis is the main 

organism in the maturation phase. This yeast is already detected in month 6 of the fermentation but gains a 

permanent spot from the 12th month. These organisms originate from the inside of the barrels and can be 

seen as the core microbiota of Lambic fermentation (Spitaels et al., 2015).  

 

Finally, the role of AAB in the fermentation process also deserves some attention. AAB contribute to the final 

aromatic profile of the Lambic beer by production of acetic acid and ethyl acetate. However, when these 

organisms are able to grow too hard, the acetic acid aroma will dominate and this is not desirable. Since AAB 

are aerobic, they tend to grow harder at the liquid/air interface but they are found throughout the whole barrel 

because of microoxygenation of the liquid but the extent of microoxygenation depends on the porosity and 

diameter of the barrels. So, it is important that the barrels are of sufficiently high quality and do not let too 

much oxygen enter the barrel. Lastly, it is shown that Dekkera bruxellensis can form a pellicle that protects 

the liquid from oxygen so AAB cannot grow as fast (De Roos et al., 2018). 

 

To conclude, the fermentation of Lambic beers is a very complex process and a lot of variables like for 

example the brewhouse and barrel microbiota, weather, quality of the barrels, play a role in the organoleptic 

quality of the final product. A core microbiota in the Lambic fermentation has been suggested: 

Saccharomyces cerevisiae, Saccharomyces pastorianus, Pediococcus damnosus and Dekkera bruxellensis. 

However, other microorganisms will affect the final aroma and characteristics of the beer as well. 

 

3.2.2. American coolship ales 

 

What are American coolship ales? 

ACA are beers that are produced in the United States and where, most of the time, the same practices are 

followed as in the production of Lambic in Belgium because the brewers want to obtain a similar sour beer. 

Not a lot of work has been done to characterize the fermentation process of these beers.  



 

18 
 

One study by Bokulich et al. investigated this process and found a similar pattern as in Lambic beers, 

although the organisms that are found are not entirely the same (Bokulich et al., 2012). 

 

Fermentation process 

The same four stages are identified in the fermentation process of ACA as in traditional Lambic, although, 

Bokulich et al. (2012) found some organisms that were not found in Lambic beers. This is not really surprising 

because of the natural way the wort is inoculated and the completely different places in the world the 

inoculation takes place. The similarities between the two processes can be explained by the fact that the 

same process flow is followed for the two styles which creates a certain niche where certain organisms thrive 

(Bokulich et al., 2012). 

 

As mentioned before, there are some similarities between (traditional) Lambic and ACA with respect to the 

microorganisms that are present during fermentation. During the first week, the predominant group of bacteria 

is the Enterobacteriaceae after which LAB and Saccharomyces conduct the main fermentation and 

Brettanomyces dominates the maturation period.  

 

3.3. Red-brown acidic ales 

 

What are red-brown acidic ales? 

Just like Lambic beer is typically from the valley of the Zenne around Brussels, red-brown acidic ales are 

typically brewed in some breweries in East and West Flanders, Belgium. These beers are not spontaneously 

fermented but a mixed yeast-bacteria starter culture is used, mostly harvested from previous fermentations 

(Martens et al., 1997). Some breweries have been brewing this style for decades but with the rise of the craft 

beer industry, new, smaller breweries in Belgium also started to experiment with this style resulting in a 

diversification of red-brown acidic ales. Also in the Unites States, some craft brewers have started to adopt 

this style but very little research has been done about the microbiome of these beers. The actual brewing 

process of red-brown acidic ales before fermentation is quite standard and follows the steps discussed above. 

 

Fermentation process 

The fermentation process of these beers is more heterogeneous than for coolship ales because different 

practices are used in different breweries. Some breweries use a technique that is imported from Northern 

England around 1860 and was used to make old English porter. This technique starts with the separation of 

the wort in ‘heavy’ (about 13.5 °P) and ‘light’ (about 11 °P) wort. Both types are fermented separately using 

a yeast-LAB suspension that was harvested from a previous fermentation after the LAB concentration was 

brought down to less than 5%. This primary fermentation lasts about 7 days at temperatures between 16 and 

21 °C.  
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After this, the yeast is harvested and the wort is fermented again for 4 to 5 weeks at temperatures between 

15 and 21°C. After this secondary fermentation, the ‘light’ beer is cooled down to 0 °C and blended with old 

beer. This old beer is coming from the wooden barrels where the ‘heavy’ wort is fermented for a third time 

during the tertiary fermentation. This fermentation process lasts 20 to 24 months and the barrels are kept at 

temperatures between 15 and 21 °C (Martens et al., 1997). 

 

Other breweries, like the Belgian brewery studied in this thesis, use a less complicated fermentation protocol. 

The wort is not split into a ‘heavy’ and ‘light’ part, but is fermented during a primary fermentation as a whole. 

After this, a portion of this young beer is blended with old beer and the other part is transferred into barrels 

and pitched with a starter culture coming from old barrels for a secondary fermentation to become an old 

beer. In contrast to this, the American brewery, discussed in this thesis, does not use a primary fermentation 

but inoculates the wort in the barrel with a commercially available starter culture containing Lactobacillus and 

Saccharomyces. 

 

To the best of our knowledge, there has been no attempt to characterize the microbial succession in the 

brewing process of red-brown acidic ales. 

 

3.4. Other barrel aged beers 

 

Besides coolship ales and acidic red-brown ales, in pursuit of innovative products, brewers also age other 

beers in barrels. The most popular ones are dark beers like porters and stouts. These beers are considered 

to associate well with the wood-like and vanilla flavors released during oak aging. Besides these beers, 

brewers also experiment with other styles like tripels, saison and almost every other style imaginable, to add 

more complexity to the beer. This is also proven by the survey that is conducted in the context of this thesis 

and can be found in section C. Since these barrel-aged beers are produced in limited quantities and with 

considerable variation in production practices, there has been no previous study to characterize the microbial 

characteristics. 
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C. Survey  

1. Introduction 

 

A small survey was constructed with the purpose of gaining more understanding of how wide the use of oak 

barrels is spread in the craft brewing industry and what their most popular uses are. 

 

2. Materials and methods 

 

The survey was constructed using Qualtrics and can be found in Annex 2. An anonymous link was sent in 

an email to 731 breweries from Belgium, The Netherlands, United Kingdom and 4 states in the United States 

(Arkansas, Missouri, Tennessee and Louisiana). The email addresses were gathered on a website where 

breweries and beers are listed and rated (RateBeer, 2018) and the breweries were selected according to 

their label on the website (microbrewery or brewpub). The email was accompanied by an, explanatory text 

(Annex 1). This text was in English for the breweries in the United Kingdom and the United states, in Dutch 

for the breweries in the Netherlands and in both Dutch and French for the Belgian breweries. The 

demographic questions were based on the survey by Alonso et al. (Alonso et al., 2017) while the rest of the 

questions were designed to assess for which styles oak barrels are used and what disinfecting practices are 

commonly used in the craft brewing industry. The complete survey can be found in Annex 2. The results 

were analyzed using SPSS Statistics 25. 

 

3. Results and discussion 

 

Demographic data 

Out of the 731 contacted breweries, 92 responded and filled in the survey. The amount of responders per 

country is shown on Figure 2 and is quite evenly distributed. All the breweries can be classified as micro or 

small according to their employee count (EU), more than half of them produce less than 20000 liters per year 

and almost half of the breweries exist for less than 3 years. All the demographic data is summarized per 

country in Table 2. 
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Figure 2: The number of respondents to the survey per country. 
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Table 2: Results of the demographic questions in the survey, organized per country. Percentages are given per question per country. 

 Belgium  USA  The Netherlands UK  Totals  

 Frequency % Frequency % Frequency % Frequency % Frequency % 

Role           
Brewery owner 19 86,4 12 57,1 24 75,0 14 82,4 69 75,0 
Brewing master (not 
owner) 

2 9,1 3 14,3 4 12,5 1 5,9 10 10,9 

Other (director, employee) 1 4,5 6 28,6 4 12,5 2 11,8 13 14,1 

Total 22 100,0 21 100,0 32 100,0 17 100,0 92 100,0 

Annual production in litres          

Less than 20000 10 45,5 7 33,3 20 62,5 11 64,7 48 52,2 
Between 20000 and 
100000 

6 27,3 6 28,6 7 21,9 3 17,6 22 23,9 

Over 100000 6 27,3 8 38,1 5 15,6 3 17,6 22 23,9 

Total 22 100,0 21 100,0 32 100,0 17 100,0 92 100,0 

Years since the brewery exists         
3 years or less 5 22,7 14 66,7 17 53,1 9 52,9 45 48,9 

Between 4-20 years 13 59,1 7 33,3 15 46,9 8 47,1 43 46,7 

21 or more years 4 18,2 0 0,0 0 0,0 0 0,0 4 4,3 

Total 22 100,0 21 100,0 32 100,0 17 100,0 92 100,0 

Number of employees          
No employees 9 40,9 1 4,8 17 53,1 4 23,5 32 34,8 

Between 1-9 10 45,5 9 42,9 14 43,8 11 64,7 44 47,8 

Between 10-19 2 9,1 8 38,1 0 0,0 1 5,9 11 12,0 

20 or more 0 0,0 3 14,3 1 3,1 1 5,9 5 5,4 

Total 22 100,0 21 100,0 32 100,0 17 100,0 92 100,0 

Gender           
Male 21 95,5 20 95,2 32 100,0 14 82,4 87 94,6 

Female 1 4,5 1 4,8 0 0,0 2 11,8 4 4,3 

Total 22 100,0 21 100,0 32 100,0 16 94,1 91 98,9 

Exports           
Yes 19 86,4 2 9,5 8 25,0 3 17,6 32 34,8 

No 3 13,6 19 90,5 24 75,0 14 82,4 60 65,2 

Total 22 100,0 21 100,0 32 100,0 17 100,0 92 100,0 
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Analysis facilities and contaminations 

Overall, 46% of the breweries take samples for chemical analyses and 44 % take samples for microbiological 

analyses. The results of the survey show that the ability to take samples is significantly correlated with the 

amount of employees and the production quantity. The p-values of the Spearman correlation test are given 

in Table 3. 

 

Table 3: p-values of the Spearman correlation test between the amount of employees and the production quantity on 
one hand and the incidence of chemical and microbiological analyses on the other hand. 

 Employees Production quantity 

Chemical analysis < 0.001 0.008 

Microbiological analysis < 0.001 0.001 

 

 

In the UK and USA, more samples are taken for microbiological and chemical analyses when compared to 

Belgium and The Netherlands. The percentages per country are summarized in Table 4. 

 

Table 4: The percentages of breweries that perform chemical and biological analyses per country.  

 Belgium The Netherlands UK USA 

Chemical analysis 45 % 13 % 71 % 76 % 

Microbiological analysis 41 % 23 % 65 % 62 % 

 

48 % of the breweries already had a microbiological contamination and 30 % of those also knew which 

microorganism caused the contamination. The most common contaminations were caused by Lactobacillus 

or Brettanomyces but also Pediococcus, Candida and Saccharomyces cerevisiae var. diastaticus were 

reported. Finally, the use of barrels in the brewery and the incidence of a contamination is not significantly 

correlated. 
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Barrel use 

In Table 5 the different types of fermentation that happen in the barrels are summarized. Also the option of 

barrel aging without fermentation was added to the choices. This proved to be a widespread practice because 

71 % of the respondents that use barrels in their brewery use it for aging beer. However, this percentage is 

probably not completely representative for the whole craft brewing industry because the explanatory email, 

accompanying the link to the survey already mentioned that the survey covered the use of oak barrels. 

Brewers who do not use them, sometimes only replied the email and did not fill out the survey or just ignored 

the email. Although it might not be entirely correct, it still suggests that the use of barrels is not a rare 

phenomenon. 
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Table 5: The frequency of certain uses of wooden barrels organized per country. Percentages are given per country and per use of wooden barrels. 

 Belgium  USA  The Netherlands 

NeNetherlands 

 UK  Total  

 Frequency % Frequency % Frequency % Frequency % Frequency % 

Coolship ale 4 36 3 27 3 27 1 9 11 

 

0 

100 

% 24  15  23  17  20  

Mixed culture, previously 

fermented beer 

5 28 6 33 5 28 2 11 18 1000 

% 29  30  38  33  32  

Pure culture, previously 

fermented beer 

2 15 5 38 3 23 3 23 13 100 

% 12  25  23  50  23  

Mixed culture, not 

fermented wort 

1 8 6 46 4 31 2 15 13 100 

% 6  30  31  33  23  

Pure culture, not 

fermented wort 

2 20 4 40 3 30 1 10 10 100 

% 12  20  23  17  18  

Aging only 11 28 16 40 10 25 3 8 40 100 

% 65  80  77  50  71  

Total 17  20  13  6  56 100 
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Most of the time, brewers use barrels that used to be wine or bourbon barrels and to a lesser extent Irish and 

Scottish whiskey, port wine, sherry, rum or tequila. Only a few brewers use barrels that were previously used 

for brandy, cognac, calvados jenever, gin or aquavit.  

 

Most of the breweries do not sterilize the barrels before filling them. They only rinse them with mostly hot 

water. 3 breweries sterilize the barrels using steam, 1 brewery also combines it with burning a Sulphur wick 

inside the barrel to produce SO2, flush out the oxygen out of the barrel and kill spoilage organisms like 

Acetobacter and Brettanomyces (Du Toit et al., 2005). Another brewery combines this Sulphur wick with 

OxiClean, a soda based detergent, and soda crystals. These last techniques seem to be the most effective 

ones if the brewer wants to remove spoilage organisms from the barrels but some brewers want to mix the 

beer with some of the original beverage that was still inside the barrel and rinsing or sterilizing would remove 

this. Some also use the present organisms as a starter culture for fermentation inside the barrel. When 

organisms are added to the barrel, it mostly is a Lactobacillus, Pediococcus or Brettanomyces strain. 

 

4. Conclusion 

 

The use of barrels in the craft brewing industry is starting to really find its way into the craft brewing industry. 

Most of the times, wine or bourbon barrels are used and mostly to only age beers without any fermentation 

inside the barrel. However, 60 % of the brewers, included in this survey, also use barrels for primary or 

secondary fermentation.  
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D. Investigation of microbiological profile of barrel aged beers 

 

1. Materials and methods 

 

1.1. Sample collection 

 

The samples were directly taken from the barrels, where the opening was sealed with a nail. First, the opening 

and nail were sprayed with ethanol, after which the nail was removed and approximately 50 mL of beer was 

drained before taking the sample to make sure the sample only contained beer directly from the barrel. Then, 

two 50 mL samples were successively collected in 50 mL centrifuge tubes and stored on ice until further 

analysis later that day.  

 

1.2. Microbial DNA extraction 

 

The samples were centrifuged for 20 minutes at 4000 rpm at 4 °C. The supernatant were transferred in a 14 

mL tube and the centrifuge tubes containing the pellets were placed in a fume hood for 30 minutes to let the 

residual ethanol evaporate. After this, a different procedure was followed for the American and Belgian 

samples. The American samples were stored in the freezer at -20 °C until further analysis. In Belgium, the 

pellets were solubilized in TE buffer, transferred into 2 mL tubes, stored at -20 °C and shipped to the USA in 

dry ice.  

 

InhibitX buffer (Qiagen) was added to the tubes containing the pellet and this solution was transferred into a 

tube containing a sterile bead mixture consisting of 0.1 g of 0.1 mm diameter and 0.1 g of 0.5 mm diameter 

zirconia/silica beads. Next, the mixture was bead-beated using a FastPrep-24TM (MPBiomedicals, Santa Ana, 

CA) three times for 20 seconds each. For the following steps of the DNA extraction, the QIAamp Fast DNA 

Stool Mini Kit (Qiagen) was used following manufacturer’s instructions apart from the elution step. The DNA 

was eluted from the column using 50 µL of AE buffer instead of 200 µL of ATE buffer as recommended to 

maximize DNA yields (Rodhouse, 2017). 
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1.3. Quality check of DNA extraction 

 

To confirm the presence of bacteria in the samples, a universal bacterial PCR was performed, targeting 16S 

genes. A mastermix was prepared containing 0.5 µL of the forward primer 8F, 0.5 µL of the 10 µM reverse 

primer 1541R, 5.0 µL of GoTaq (Promega) and 2 µL of sterile, nuclease free water. For the PCR, 2 µL of 

DNA was added to obtain a 10 µL reaction. The PCR program consisted of 35 cycles of denaturation at 98 

°C for 30 seconds, annealing at 55 °C for 30 seconds and elongation at 72 °C for 1 minute using the 

Eppendorf thermocycler (Carbonero et al., 2014). 

 

After the PCR reaction, the DNA was separated using electrophoresis on an agarose gel. First, the gel was 

prepared using 1.2 g of agarose (Fisher BioReagents), 100 mL of TAE 1X buffer (50X from Amresco) and 1 

µL of SYBR safe (Invitrogen) for visualization under UV light. The gel was placed in a chamber surrounded 

by TAE 1X buffer and 5 µL of the PCR product were loaded on the gel. The electrophoresis was performed 

for 45 minutes while applying 120 Volts and 100 mAmps. 

 

1.4. Sequencing 

 

Index polymerase chain reaction 

Index PCR was performed, based on the protocol by Kozich et al. (2013). Each well contained a different 

combination of forward and reverse primers which all target the same amplicon but also contain a specific 

index. The mastermix was prepared using 20 µL of Accuprime (Invitrogen), 1 µL of each primer and 3 µL of 

DNA which results in a 25 µL reaction. The PCR program consisted of an initial denaturation at 94 °C and 

30 cycles of denaturation at 94 °C for 30 seconds, annealing at 55 °C for 30 seconds and elongation at 68 

°C for one minute, followed by a final extension at 72 °C for 10 minutes using the Eppendorf thermocycler 

(Kozich et al., 2013). 12 random PCR products along with the positive and negative control were chosen to 

perform a quality check. Gel electrophoresis was performed as described above in the section about quality 

check of DNA extraction. 

 

Amplicon library preparation and quality control 

The PCR product from the index PCR was purified and normalized using the SequalPrep Normalization Plate 

(96) Kit (Invitrogen) and by following the manufacturer’s protocol. The length of the amplicon fragments in 

the resulting bacterial pool was checked on a TapeStation (Agilent). The concentration of the pool was 

assessed using the PerfeCta NGS Library Quantification Kit for Illumina (Quanta Biosciences) according to 

manufacturer’s protocol. The qPCR reaction consisted of 35 cycles of denaturation at 95 °C for 15 seconds, 

annealing at 60 °C for 20 seconds and extension at 72 °C for 45 seconds.  
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When these cycles were completed, a melting curve was performed. For this qPCR reaction, five standards 

provided in the kit were used to create a standard curve. The efficiency was 85 %. 

 

Sequencing 

Like described in the MiSeq System Guide, the amplicon pool was diluted to 6 pM with 0.2 N fresh NaOH 

and HT1 buffer. The denatured DNA was then combined with 20% PhiX control v3. The obtained 

concentration of the reagent and library was 6 pM. 

 

Sequence and statistical analysis 

After sequencing, the obtained reads were downloaded in Fastq format from the Illumina Basespace server. 

Next, the reads were demultiplexed in read 1 and 2 with roughly 250 bp. The analyses were performed using 

the SILVA database as reference for assigning OTU’s (operational taxonomic units) with 97 % of identity. 

The following analysis was carried out using a Mothur 1.35.1 pipeline (Schloss et al., 2009). In order to obtain 

non-metric multidimensional scaling (NMDS) plots, analysis of the contribution to the dissimilarity between 

groups (SIMPER) and analysis of similarity (ANOSIM) in PAST 3.15, the Bray-Curtis index was used. T-tests 

were carried out to find significant differences in bacterial taxa between samples (differences were 

considered significant when p<0,05). 

 

2. Results 

 

Samples were taken in three different breweries. Brewery 1 and 2 are situated in Belgium and brewery 3 is 

located in the North West Arkansas region in the Unites States. First, an overview will be provided of the 

diversity and most important groups of bacteria present in the samples on brewery level. After that, the three 

different breweries will be discussed separately and the relevant dynamics in these breweries will be shown. 

 

The amplicon sequencing resulted in high quality sequences for 74 of the 76 samples with a total of 286 897 

reads (3,877 ± 1,763)  
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2.1. General overview of microbiota profile 
 

 

As can be seen on the NMDS-plot of all the samples (Figure 3), the samples are graphically not perfectly 

divided in three clusters but according to the ANOSIM test, the microbiota profiles of the three breweries are 

significantly different (p-values < 0,001). The high beta-diversity of especially brewery 3 is also translated in 

a high Shannon’s diversity index and a very high amount of taxa in comparison with the other two breweries 

(Figure 3). The reasons for this will be clarified in the next sections when the breweries are discussed 

separately.  

 

Figure 3: NMDS plot of all the samples included in this thesis. Convex hulls are drawn per brewery. Green: brewery 1, 
blue: brewery 2, orange: brewery 3. 

 

The highest amount of taxa is observed in brewery 3 and it is more than double the amount of taxa in the 

samples of the other breweries. This makes sense because only 1 style is sampled in both of the Belgian 

breweries: Lambic in brewery 1 and BOB in brewery 2. In contrast to brewery 3 where 7 different styles were 

sampled. This also translates in a much higher Shannon’s diversity index for brewery 3. The higher 

Shannon’s diversity index of brewery 2 versus brewery 1 is likely due to the type of fermentation that is 

different for both styles as described in the literature study of this thesis. 
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Figure 4: Diversity indices and most important phyla in all samples.  a) Amount of taxa per brewery. b) Shannon’s 
diversity index per brewery. c) Relative abundances of the predominant phyla in all samples. d) Relative abundances of 
other important phyla in all samples. In c) and d), the letters indicate the significant differences between the breweries. 

 

In all three breweries, the predominant phyla are Bacteroidetes, Firmicutes and Proteobacteria. Firmicutes 

are the most abundant in especially brewery 2 and 3 but brewery 1 is also characterized by a high abundance 

of Proteobacteria, and Bacteroidetes are significantly more abundant in brewery 3. After looking at some 

other, less abundant phyla, it can be concluded that brewery 3 is also significantly more abundant in 

Synergistetes, Tenericutes and Verrucomicrobia. 

 

In the case of the Firmicutes, three main genera and one family are observed: Lactobacillus, Pediococcus 

and Lachnospiraceae. The relative abundance of Lactobacillus is significantly different in all three breweries 

with the highest abundance observed in brewery 2 and the lowest in brewery 1. Besides, Pediococcus is 

significantly higher in abundance in both brewery 1 and 2 when compared to brewery 3. The opposite is true 

when looked at the family of the Lachnospiraceae. After looking at the other Firmicutes, it is worth mentioning 

that the families of the Ruminococcaceae and Clostridiales and the genera Oscillibacter and Clostridium XIVa 

fare all significantly more abundant in brewery 3 when compared to the other 2. 



 

32 
 

 

 

 

Figure 5: The relative abundances of the most important genera and families present in all samples, organized per 
bacterial phylum. a) The relative abundances of the predominant Firmicutes. b) The relative abundances of other 

important Firmicutes. c) The relative abundances of the predominant Bacteroidetes. d) The relative abundances of the 
predominant Proteobacteria. e) The relative abundances of other important genera. The letters indicate significant 

differences in relative abundance of a genus/family between the breweries. 

 

The same trend can be noticed in the Bacteroidetes phylum where the samples, taken in brewery 3, are 

significantly more abundant in Alistipes, Bacteroides, Prevotella and Porphyromonadaceae. In the case of 

Proteobacteria, this trend is not entirely followed because of the high abundance of Acetobacter in the 

samples of brewery 1. They account for almost 40% of the bacteria found in these samples which is also the 

abundance of almost the entire Proteobacteria phylum. Finally, Akkermansia, Anaeroplasma and 

Cloacibacillus are significantly more abundant in brewery 3 when compared to the other 2. 
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2.2. Microbiota profiles per brewery 
 

In this section, each brewery will be discussed separately. Every time, an overview of the diversity of the 

samples will be given, after which a deeper look will be taken into some specific topics. The goal is to find 

how specific parameters like for example the origin of the barrel might influence the microbiota profile of 

aging beer in a barrel. 

 

2.2.1. Brewery 1  
 

 

Brewery 1 is located in the Zenne valley, close to Brussels, Belgium and focusses almost entirely on Lambic 

and Gueuze production. 4 barrels were sampled: 3 barrels containing Lambic brewed in 2017 and one from 

2016. All barrels used to be wine barrels except for 1 that used to contain Sherry. The diversity is pretty high, 

even in between the 2017 samples, as can be seen on Figure 6.  

 
Figure 6: NMDS plot of the samples taken in brewery 1. Convex hulls are drawn per brew year. Green: samples taken 
from a barrel filled in 2016. Black: samples taken from barrels filled in 2017. The two circled samples are taken from a 

barrel that used to contain Sherry, the other samples are taken from barrels that used to contain wine. 

 

In the samples of both years, a similar amount of taxa is observed but the 2016 barrel showed a much higher 

diversity when considering the Shannon’s diversity index (Figure 7). Firmicutes, Bacteroidetes and 

Proteobacteria where the predominant phyla in the samples of this brewery and besides these, also a 

significant amount of Tenericutes was observed. The relative abundance of Bacteroidetes and Tenericutes 

was significantly different in the samples of 2017 and 2016. 

LA17

LA16

Sherry barrels
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Figure 7: Diversity indices and most important phyla of the Lambic samples taken at brewery 1.  a) Amount of taxa per 

brew year. b) Shannon’s diversity index per brew year. c) Relative abundances of the predominant phyla in the 
samples taken in brewery 1. d) Relative abundances of other important phyla in the samples taken in brewery 1. In  c) 

and d), the letters indicate significant differences between the two brew years. 

 

 

In the phylum of the Firmicutes, Pediococcus was the most important genus in both breweries, followed by 

Lactobacillus in Lambic of 2017 and by the family of Lachnospiraceae in the Lambic of 2016.  In the phylum 

of Proteobacteria, Acetobacter is the predominant genus in the 2017 brews. In the 2016 barrel, the 

Proteobacteria phylum is not dominated by one specific genus. Alistipes is the most abundant member of the 

Bacteroidetes in the both the 2016 and 2017 barrels but is significantly more abundant in the 2016 barrel. 

The significant diversity in the 2016 barrel is clearly visible on Figure 8, where the 2017 Lambic is mostly 

dominated by Pediococcus, Lactobacillus and Acetobacter. However, the standard errors of these 

abundances are very high. Therefore, a closer look on the samples of this year will be taken below.  

 

63 64

0

10

20

30

40

50

60

70

A
m

o
u
n
t 

o
f 
ta

x
a

Amount of taxa per year of Lambic in brewery 1

LA17

LA16

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1

Bacteroidetes Firmicutes Proteobacteria

R
e
la

ti
ve

 
a
b
u
n
d
a
n
c
e

Phylum

Phyla brewery 1

LA17

LA16

a

b

a

a

a

a

0

0,005

0,01

0,015

0,02

0,025

0,03

0,035

Tenericutes

R
e
la

ti
ve

 
a
b
u
n
d
a
n
c
e

Phylum

Other phylum brewery 1

LA17

LA16

a

b

1,146

2,497

0

0,5

1

1,5

2

2,5

3

S
h
a
n
n
o
n
's

 d
iv

e
rs

it
y
 i

n
d
e
x

Shannon's index per year of Lambic in brewery 1

LA17

LA16

a) b)

c) d)



 

35 
 

 
 

 
Figure 8: The relative abundances of the most important genera and families present in the Lambic samples taken at     
brewery 1, organized per bacterial phylum. a) The relative abundances of the predominant Firmicutes. b) The relative 

abundances of other important Firmicutes. c) The relative abundances of the predominant Proteobacteria. d) The 
relative abundances of other important Proteobacteria. e) The relative abundances of the predominant Bacteroidetes. f) 
The relative abundances of another important genus. The letters indicate significant differences in relative abundance 

of a genus/family between brew years. 

 

 

In this section, the samples fermented in wine and Sherry barrels are compared. Like mentioned in the 

previous paragraph, the 2017 brews are dominated by two genera: Pediococcus and Acetobacter but no 

significant difference in relative abundance was observed due to the high standard error of the wine barrel 

samples. In these samples, one barrel was dominated by Pediococcus and Lactobacillus and one was 

dominated by Acetobacter, which differs from the normal succession of bacteria in Lambic beers as indicated 

in Section 3.2.1. of the literature review. This is why in Figure 9 the results for the 2017 barrels are shown 

separately.  
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While the wine barrels are mainly characterized by one to three genera, the Sherry barrel shows more 

diversity in especially the phylum of the Proteobacteria. In this phylum, some genera are observed in the 

Sherry barrel that are not found in wine barrels like Acinetobacter and Janthinobacterium. Also in the phylum 

of the Bacteroidetes, Flavobacterium is only found in Sherry barrels. Finally, Alistipes is found in all three 

barrels in fairly high abundance. 

 

 

 

Figure 9: The relative abundances of the most important genera and families present in the Lambic samples of brew 
year 2017 taken at brewery 1. a) Relative abundances of the predominant genera. b) Relative abundances of other 

important Firmicutes. c) Relative abundances of other important Proteobacteria. d) Relative abundances of the 
predominant Bacteroidetes. e) Relative abundances of another important genus. The letters indicate significant 

differences in relative abundance of a genus/family between brew years. 
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2.2.2. Brewery 2 
 

Brewery 2 is situated in Belgium and is specialized in the making of Oud bruin, which is a red-brown acidic 

ale (Section 3.3). For this thesis, samples were taken from barrels with beer that was brewed in 2015 

(BOB15), 2016 (BOB16) and 2017 (BOB17). Most of the barrels used to be wine barrels and one of them 

used to hold Scottish whiskey. On the NMDS-plot, this barrel clearly stands out. Besides this one, another 

barrel draws the attention. While brewing this batch, the brewers extended the boiling phase to last overnight 

and as can be seen on the NMDS-plot, also these samples stand out from the rest. The final notable thing is 

that one barrel from 2015 also stands apart from the rest and after discussion with the brewers, it was clear 

that this barrel showed a very pronounced acetic acid flavor. A possible reason for this will be given later in 

this thesis. 

 

 

Figure 10: NMDS plot of the samples taken in brewery 2. Green: samples taken from barrels filled in 2015. Orange: 
samples taken from a barrel filled in 2016. Black: samples taken from barrels filled in 2017.  

 

Apart from the special cases that are mentioned above, all the samples seem to cluster together. The 

diversity indices are given in Figure 11 and show the largest Shannon index for brew year 2015 which can 

be linked with the acetic off flavor mentioned above. It will become clear below that this off flavor is caused 

by an overgrowth of AAB alongside the LAB that normally occur in the mixed fermentation of these beers. 

The largest amount of taxa is found in the 2017 barrels and the lowest in the 2016 ones which can be 

explained by the fact that only one barrel representing this year is sampled. 
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Figure 11: Diversity indices and most important phyla of BOB samples taken at brewery 2.  a) Amount of taxa per brew 
year. b) Shannon’s diversity index per brew year. c) Relative abundances of Firmicutes in the samples taken in brewery 
2.. d) Relative abundances of other important phyla in the samples taken in brewery 2. In c) and d), the letters indicate 

significant differences between the brew years. 

 

All samples were dominated by Firmicutes but the 2016 barrels contained significantly more than the 2017 

barrels. However, in the case of Proteobacteria, the opposite was true and the 2017 barrels were more 

abundant in Proteobacteria then the ones from 2016. Because of the high diversity in the 2015 samples, the 

relative abundance of Firmicutes, Bacteroidetes and Proteobacteria was not significantly different than other 

years. 

 

After taking a deeper look at the genera present in the samples, Lactobacillus and Pediococcus stand out 

from the rest. Next to these Firmicutes, also Acetobacter (Proteobacteria) and Alistipes (Bacteroidetes) were 

found. Although some 2015 samples had a distinct acetic taste, this does not translate into a significantly 

higher abundance of Acetobacter in the 2015 samples overall. In fact, the 2017 samples contained 

significantly more Acetobacter in comparison with the rest. The comparison between the two 2015 barrels 

will be drawn at the end of this section. 
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Figure 12: The relative abundances of the most important genera and families present in the BOB samples taken in     
brewery 2  a) The relative abundances of the predominant Firmicutes. b) The relative abundances of other important 

genera. The letters indicate significant differences in relative abundance of a genus/family between brew years. 

 

Next, a comparison can be made between the different types of brews in the 2017 samples. Like mentioned 

above, the different brews are the regular Oud bruin, an extended boil (boiled overnight) and Oud bruin aged 

on Scottish whiskey barrels. The most remarkable difference can be seen in the relative abundance of 

Lactobacillus and Pediococcus. The former is the most abundant genus in the Scottish whiskey barrel where 

the latter is the predominant one in the extended boil brews. After looking at the genera with lower relative 

abundance, no real conclusions can be drawn because of the high standard errors but the high abundance 

of Alistipes and Lachnospiraceae is intriguing because these are typically gut bacteria (Rodhouse, 2017). 
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Figure 13: The relative abundances of the most important genera and families present in the BOB samples of brew 
year 2017 and 2015 of brewery 2. a) Relative abundances of the predominant genera in BOB of brew year 2017. b) 

Relative abundances of other important genera and families in BOB of brew year 2017. c) Relative abundances of the 
predominant genera in BOB of brew year 2015. d) Relative abundances of other genera and families in BOB of brew 

year 2015. The letters indicate significant differences in relative abundance of a genus/family between barrels. 

 

Finally, the two 2015 barrels are compared since they show such high diversity on the NMDS-plot. BOB15A 

is mostly dominated by Firmicutes with the biggest role for Lactobacillus and Pediococcus. In the case of 

BOB15B, a higher diversity was observed. The Firmicutes phylum was dominated by Lactobacillus and 

Lachnospiraceae but besides these, also Acetobacter and Alistipes showed a high relative abundance. 

Acetobacter was not present in BOB15A. 

 

2.2.3. Brewery 3 
 

Brewery 3 is a craft brewery, situated in Northwest Arkansas, United States that more recently started to 

experiment with barrel-aging, and had a wide range of different types at different stages of aging.  

 

Like mentioned above, brewery 3 shows a lot of diversity in both the amount of taxa and the Shannon’s 

diversity index. This can be explained by the high amount of different styles that were sampled in this brewery. 

These are listed in Table 6 along with the fermentation type and some remarks. It is also important to note 

that brewery 3 only rinses the barrels with hot water and does not disinfect the barrels. This will influence the 

microbial community of the content of the barrels as will become clear below. 
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Table 6: Characteristics of the different styles sampled in brewery 3. The characteristics are the fermentation type in 
the barrel, indication of Saccharomyces fermentation prior to entering the barrel and the potentially added ingredients. 

Beer style Fermentation type in 

barrel 

Previously fermented 

with Saccharomyces? 

Ingredients added to 

the barrel? 

ACA Spontaneous 

fermentation 

No No 

AOB Mixed fermentation No No 

Dry hopped sour Mixed fermentation No Hops 

Tripel on peaches None Yes Peaches  

Stout None Yes Dehydrated peppers, 

smoked almonds, 

cocoa Porter None Yes No 

Barley wine None Yes No 

 

 

On the NMDS-plot of brewery 3, the clusters of all the styles are shown. In general, the styles do not separate 

in distinct clusters. Only the porter, stout and barley wine show somewhat distinct clustering, and the 

clustering should be taken with caution for the barley wine cluster, which is only represented by 3 samples.  

 
Figure 14: NMDS plot of the samples taken in brewery 3. Convex hulls are drawn per style. Orange: ACA samples. 
Black: AOB samples. Blue: Porter samples. Red: Stout samples. Purple: Tripel on peaches samples. Green: Dry 

hopped sour samples. Turquoise: Barley wine samples. 

 

The high diversity presented on the NMDS-plot is also confirmed by the diversity indices of the different 

styles. They all have quite high Shannon’s diversity indices except for AOB. This can be explained by the 

way it is fermented: a mixed culture, containing Lactobacillus and Saccharomyces, is added to the barrel. 
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Also the dry hopped sour is pitched with a commercial starter culture, containing Saccharomyces, 

Brettanomyces, Lactobacillus and Pediococcus. The highest amount of taxa was found in ACA which is not 

a surprise because the wort of this beer is inoculated during its time in the coolship. 

 

 
Figure 15: Diversity indices and most important phyla of samples taken at brewery 3.  a) Amount of taxa per beer style. 
b) Shannon’s diversity index per beer style. c) Relative abundances of the predominant phyla in the samples taken in 

brewery 3. d) Relative abundances of other important phyla in the samples taken in brewery 3. In  c) and d), the letters 
indicate the significant differences between the different styles. 

 

 

Overall, the styles are dominated by three phyla: Bacteroidetes, Firmicutes and Proteobacteria. Firmicutes 

is the predominant phylum in all the styles except for the porter and this is inconclusive for the stout. In both 

styles, a high amount of Bacteroidetes is found. A large fraction of the microbial load of these styles along 

with the tripel on peaches is occupied by Proteobacteria. The porter also shows a high relative abundance 

for other phyla like Actinobacteria, Synergistices and Verrucomicrobia. Tenericutes were significantly more 

abundant in barley wine than in any other style except for the stout. 

 

When the focus is switched from the phylum level to the family and genus level, a first thing that is worth 

mentioning is the high abundance of Lachnospiraceae, Ruminococcaceae, Oscillibacter, Alistipes, 

Porphyromonadaceae and Anaeroplasma in barley wine. Secondly, the high diversity index of the porter can 

be explained by a high abundance of especially Bacteroides but it also becomes clear which organisms are 

responsible for the high relative abundance of the phyla mentioned above. For example, Verrucomicrobia 

are represented by Akkermansia and the Synergistices by Cloacibacillus. A high abundance of Alistipes is 

found not only in the barley wine but in the ACA, dry hopped sour, stout and tripel on peaches as well. 
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The pitched cultures in the AOB and dry hopped sour evolved quite a bit. Firstly, a large variation in 

abundance of Lactobacillus is found in the AOB samples. Secondly, the abundance of Pediococcus in the 

dry hopped sour is very low, while it was present in the starter culture. Also a high standard error is found for 

Lactobacillus. So, this suggests that the conditions in the barrels have a lot of influence on the success of 

the pitched organisms. 

 

 

 
Figure 16: The relative abundances of the most important genera and families present in the samples of brewery 3. a) 
Relative abundances of the predominant Firmicutes. b) Relative abundances of other important Firmicutes. c) Relative 
abundances of the predominant Bacteroidetes. d) Relative abundances of other important Bacteroidetes. e) Relative 
abundances of the predominant Proteobacteria. f) Relative abundances of other important genera The letters indicate 

significant differences in relative abundance of a genus/family between styles. 
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Finally, a comparison can be made between ACA from 2016 and 2017. The diversity indices show that there 

are more than double the amount of taxa present in ACA17 then in ACA16 in contrast with the higher 

Shannon’s diversity index for ACA16. Both groups are dominated by Firmicutes, Bacteroidetes and 

Proteobacteria but also Actinobacteria, Synergistices, Tenericutes and Verrucomicrobia were observed. This 

follows the trend of all the samples in the context of this thesis. 

 

 
Figure 17: Diversity indices and most important phyla of ACA samples taken at brewery 3.  a) Amount of taxa per brew 

year. b) Shannon’s diversity index per brew year. c) Relative abundances of the predominant phyla in the samples 
taken in brewery 3. d) Relative abundances of other important phyla in the samples taken in brewery 3. In c) and d), the 

letters indicate the significant differences between the brew years. 

 

 

The only significant differences in relative abundance on the phylum level are observed for the Bacteroidetes 

and Synergistices. The latter is not present in ACA16. Not a lot of significant differences can be observed on 

the family and genus as well, except for the family of the Enterobacteriaceae that is more abundant in ACA17. 
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Figure 18: The relative abundances of the most important genera and families present in the ACA samples of brew 

years 2017 and 2016 at brewery 3. a) Relative abundances of the predominant genera in ACA.  b) Relative 
abundances of other Firmicutes in ACA. c) Relative abundances of the predominant Bacteroidetes in ACA. d) Relative 
abundances of the predominant Proteobacteria. e) Relative abundances of the most important other genera in ACA. 

The letters indicate significant differences in relative abundance of a genus/family between barrels. 
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3. Discussion 

 

In this section, some interesting topics that stood out in the previous section will be discussed and possible 

reasons for certain trends will be given. First, the relatively high abundance of gut bacteria in certain beer 

styles is discussed. Next, the occasional preferential outgrow of AAB is explored, after which the differences 

in microbial profile of the different BOB barrels is tackled.  

 

High abundance of gut bacteria in styles with high content of prebiotic compounds 

In many styles, certain genera/families were found that are considered resident bacteria of the human gut. 

The presence of enteric bacteria in coolship ales (ACA and Lambic) is already extensively investigated and 

described in the literature review of this thesis but the presence of these organisms in styles like stout, porter 

and barley wine aged in oak barrels is not yet documented.  

 

The biggest differences between a stout, porter and barley wine is found in the malt bill (amount and type of 

malt used in the mashing phase of the brewing process). According to the brewer, the amount of malt and 

grains in all three styles is high and specialty malts and grains are used for all three of them. However, the 

type of specialty malts and grains used is different. For the stout, unmalted, roasted barley, caramel malt and 

chocolate malt are added in combination with pilsner malt. Dehydrated peppers, smoked almonds and cocoa 

are added in the barrels as well. For the porter, only unmalted roasted barley is used next to pilsner malt so 

the concentration of Maillard products in the stout will be higher than in the porter (Van Landschoot, 2013). 

Also the alcohol percentage is higher in the stout. For the barley wine, no roasted barley or chocolate malt is 

used but instead a lot of caramel malt is used next to pilsner malt. 

 

In a study that investigated the influence of melanoidins on the gut microbiota, an increase of 

Ruminococcaceae, Lachnospiraceae and Oscillibacter was detected alongside a decrease of Lactobacillus. 

(ALJahdali, 2017). So, the significantly higher relative abundance of particularly Ruminococcaceae and 

Oscillibacter and the low abundance of Lactobacillus in the stout could suggest that the former genera can 

benefit from a high concentration of melanoidins. Akkermansia and Cloacibacillus are known mucin 

degraders in respectfully the human and swine gut (ALJahdali, 2017, Levine et al., 2013). The glycoproteins 

present in this mucin are similar to Maillard products so it can reasonably be hypothesized that these genera 

are favored by a higher concentration of these compounds and this can explain the higher relative abundance 

of these genera in the porter. 

 

The walls of the barley endosperm mainly consist of arabinoxylan and beta-glycans. The concentration of 

these compounds changes during the malting and brewing process. During malting and kilning, the 

arabinoxylan is partially degraded by high temperatures and enzymatic activity which yields water-extractable 

arabinoxylan.  
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These hydrolytic enzymes are most active at the end of germination and the amount of water-extractable 

arabinoxylan released by enzymatic and thermic degradation will be higher in roasted, chocolate and caramel 

malts compared to pilsner malt.  

 

The water-extractable arabinoxylan concentration in beer typically varies between 600 and 1200 mg/L and 

the beta-glycan concentration typically varies between 150 and 400 mg/L (Li et al., 2005). Akkermansia is 

reported to appear in significantly higher abundance in the gut of mice after administration of arabinoxylan 

(Van den Abbeele et al., 2011). The results in this thesis are not completely in line with this research because 

this genus is found in lower relative abundance in for example the barley wine samples, which are expected 

to contain higher concentrations of arabinoxylan. As mentioned before, the results for this style should be 

interpreted carefully because of the low amount of samples. Bacteroides is found on plants and in the human 

gut and is known to degrade plant polysaccharides (Thomas et al., 2011), this could explain the high relative 

abundance in the porter samples. However, this genus is also present in significantly lower abundance in for 

example the barley wine but the same concerns as above apply again.  

 

Another study looked at the influence of ethanol on the gut microbiota and found a significant increase of 

Alistipes (Peterson et al., 2017) which could explain the significantly higher abundance of this genus in barley 

wine and the high abundance in the stout.  

 

Finally, Oscillibacter and Clostridium XIVa were significantly more abundant in brewery 3 compared to the 

other two. The beer styles with a high arabinoxylan content are all brewed in brewery three and both bacteria 

are known fiber degraders in the human gut (Brahma et al., 2017). This is an indication as well that certain 

gut bacteria are favored by high arabinoxylan content. 

 

Outgrow of AAB possibly linked with barrel quality 

Acetobacter is found in very high abundance (70-98 %) in some barrels containing ACA, Lambic and tripel 

on peaches and this is not consistent for these styles, causing a high standard error and the inability to 

identify a trend. Therefore, the cause of the occasional preferential outgrow of these organisms cannot be 

related with the style of the beer. In Section 3.2.1. of the literature review, a possible cause is mentioned: the 

quality and dimensions of the barrel has an influence on the microoxygenation of the liquid in the barrel which 

gives the aerobic AAB more chances to grow. Since the dimensions of the barrels per style were the same, 

the quality of the barrel will be the driving factor for the preferential outgrow of AAB and more specifically 

Acetobacter in certain barrels. Besides this, pellicle formation by Dekkera can reduce the microoxygenation 

of the liquid. When the concentration of Dekkera in the liquid is low, AAB will also have more chances to 

grow. Unfortunately, these hypotheses could not be checked in the context of this thesis.  
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Finally, the concentration of Acetobacter does not have to be very high to have a significant impact on the 

taste of the product. In one barrel of BOB, the relative abundance of Acetobacter was merely 1 % but the 

brewers reported a strong acetic taste. So, it is possible that even low concentrations of Acetobacter can 

have a major impact on the taste. However, in this barrel, Lactobacillus was also more abundant at the 

expense of Pediococcus and some Lactobacillus species like for example L. brevis were also reported to 

produce acetic acid in beer (Menz et al., 2010, Gobbetti et al., 2000). Also Alistipes was significantly more 

abundant in this barrel and this genus is also reported to produce acetic acid in minor amounts and could 

also have contributed to the acetic off-flavor (Rautio et al., 2003).  

 

In the case of the tripel on peaches, Acetobacter was possibly introduced with the peaches (Grande Burgos 

et al., 2016) and in the case of the ACA and Lambic it may have been inoculated in the coolship. 

 

Difference in microbiota profile of BOB per brewing year 

For brewing year 2017, 3 different types of BOB samples were present: normally produced beer aged in wine 

barrels, normally produced beer aged in a Scottish whiskey barrel and a beer produced with an extended 

boiling phase aged in a wine barrel. The only significant differences in relative abundance were found for the 

genera Lactobacillus and Pediococcus. Although the dimensions of the barrels are different (400 L for the 

whiskey barrel versus 220 L for the wine barrel), the microoxygenation of the liquid is not determining for the 

preferable outgrow of these genera because Pediococcus is microaerophilic or anaerobic and Lactobacillus 

is microaerophilic (Papagianni and Anastasiadou, 2009, Hill et al., 2014). It is not really possible to draw 

conclusions about the influence of brewing conditions on the dynamics of these genera because the barrels 

where inoculated with a starter culture harvested from different barrels. However, in the case of the tripel on 

peaches, two different barrels were used as well: wine and bourbon barrels. Lactobacillus was also 

significantly more abundant in the bourbon barrels then in the wine barrels and this indicates a possibility 

that this genus is generally more abundant in beer aged in bourbon/whiskey barrels then in wine barrels. The 

influence of different brewing conditions and barrel origin on the fermentation of acidic red-brown ale and 

aging of beers in general may be an interesting topic for further research. 

 

In the case of the 2015 barrel samples, three significant differences where observed between the two barrels.  

In BOB15B, Lactobacillus and Alistipes were significantly more abundant where Pediococcus was 

significantly more abundant in the BOB15A samples. Acetobacter was only detected in the former. The 

brewers also reported a distinct acetic acid taste in this barrel which leads to the conclusion of the previous 

section that even a small relative abundance of this genus can cause an acetic off flavor. 
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The results of the 2015 and 2016 barrel samples can be compared with the results obtained by Snauwaert 

et al. (2015) because they only took samples at the end of the maturation period, which is after 20 to 24 

months (Martens et al., 1997). The samples of Snauwaert et al. (2015) were mostly dominated by 

Pediococcus and low abundances of Lactobacillus or Acetobacteriaceae but in 2 of their 9 samples, 

Acetobacteriaceae and Lactobacillus was more abundant at the expense of Pediococcus. One 2015 sample 

was also very abundant but also showed a high relative abundance for Lactobacillus, while the other one 

was almost completely dominated by Lactobacillus and also contained Acetobacter and Pediococcus but to 

a lesser extent and showed a high relative abundance for Lachnospiraceae and Alistipes as well. The 2016 

samples were also dominated by Lactobacillus and Pediococcus. So next to the most important bacteria 

according to Snauwaert et al. (2015): Pediococcus and Acetobacter, the results obtained in this thesis also 

justify the addition of Lactobacillus to this group. However, the abundance of certain organisms is also 

dependent on the used starter culture.  

 

 

Comparison of results for coolship ales to literature 

Spitaels et al. (2014) investigated the microbial diversity of traditional Lambic using and after 2 months, they 

only found Pediococcus. This was also the most abundant organism in one of the 2017 barrels, investigated 

in the context of this thesis, besides a significant amount of Lactobacillus some other bacteria in minor 

amounts. The other barrels showed different profiles with an important role for Acetobacter but such high 

abundances of this organism could be assigned to a poorer quality of the barrel as discussed above and is 

not considered normal for Lambic fermentation.  

 

Bokulich et al. (2012) studied the bacterial succession during the fermentation of ACA and also these 

samples were dominated by Pediococcus after one year. Before that, more diversity was observed with a 

leading role for Lactobacillus. The results in this thesis differ quite a bit from this pattern and a higher diversity 

is observed. Lactobacillus is still the most important organism, next to Lachnospiraceae and several 

Bacteroidetes genera like Alistipes, Prevotella and Bacteroides. Acetobacter was the most important 

Proteobacterium. This higher beta-diversity could be due to more exposure to the environment in the case 

of this ACA. In general, the higher beta-diversity could also be due to more sensitive identification techniques. 
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4. Conclusions 
 

Possible prebiotic components like arabinoxylan, beta-glucan and Maillard products like melanoidins are 

likely to favor some typical gut microbiota like Ruminococcaceae, Lachnospiraceae, Oscillibacter, 

Bacteroides, Alistipes, Akkermansia and Cloacibacillus in beer styles that contain a relatively high 

concentration of these compounds like for example porter, stout and barley wine. 

 

Acetic acid bacteria and more specifically Acetobacter is more than likely favored when the quality of the 

barrel is not sufficient and oxygen can leak into the barrel, causing microoxygenation of the liquid. This can 

sometimes cause an overgrowth of Acetobacter which produces a strong acetic acid off-flavor. Dekkera could 

howerver counteract the outgrow of Acetobacter by pellicle formation but this could not be checked in practice 

in the context of this thesis. 

 

It is reasonable to hypothesize that Lactobacillus is also one of the core bacteria in the maturation phase 

during the fermentation of BOB next to Pediococcus and Acetobacter. 

 

The microbiota profile of coolship ales, sampled in the context of this thesis resembles the results of previous 

studies but a higher diversity is found in the samples of both breweries compared to literature. This could be 

due to more exposure to the environment during inoculation or more sensitive identification techniques. 

 

Some indications are found for an influence of the origin of the barrel on the microbiota profile of the beer 

inside it. Not enough evidence could be gathered to support this hypothesis but this could provide a basis for 

further research. 
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E. Suggestions for future research 
 

The results obtained in this thesis open the door to some new possible projects. First of all, the microbiota 

profile and evolution in barrel aged beers can be further investigated to better understand the dynamics and 

production of aroma active components. This thesis provided a general overview of the microbiota profile of 

certain beers at a certain time point but to better understand the microbial successions and dynamics, 

multiple samples should be taken over a longer time period like in the studies about the Lambic fermentation. 

Besides taking samples at a brewery from beer they regularly produce, a collaboration could be started 

between the research facility and the brewery to adjust certain parameters like boiling time, ingredients (malt 

bill, hops, other ingredients) and look at the possible influence of these parameters on the microbiota profile 

and evolution. Ingredients that could be focused on are for example the arabinoxylan, beta-glucan and 

melanoidin content of the beers.  

These components are also proven to be potential prebiotics so also the prebiotic potency of certain beer 

styles containing high concentrations of these compounds like for example porters, stouts and barley wines 

can be investigated using in vitro, animal or human studies. The focus could also be on the prebiotic potency 

of low-alcohol beers that have a high concentration in previously mentioned components because of the 

increasing scientific proof of the hazardous effects of ethanol. Also the origin of the barrel could possibly 

influence the microbiota profile of the aging beer and also on this topic, studies can be done to investigate 

the specific drivers for these differences. 
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G. Annexes 
 

1. Annex 1: Explanatory email accompanying survey 
 

English 

 

Dear Mr/Ms, 

 

 

My name is Klaas Vanderpoorten and I am currently enrolled as a senior master’s student in Bio-science 

engineering at Ghent University (Belgium). I am working on my thesis that aims to investigate the 

microbiome of beers that age in oak wood barrels. I am performing the final part of this research at the 

University of Arkansas in Fayetteville, AR, USA. 

 

To get an idea of how widely spread the use of barrels in the craft beer industry is, I have created a survey. 

I would like to ask you to make a bit of time to complete this survey. This would help me a great deal in 

completing my master’s thesis. 

 

https://qsharingeu.eu.qualtrics.com/... 

 

 

Thank you in advance, 

 

Kind regards, 

 

Klaas Vanderpoorten 

 

Dutch and French 

 

 

Defilez vers le bas pour explication française 

 

Beste, 

  

Mijn naam is Klaas Vanderpoorten en ik ben een 2e masterstudent Bio-ingenieurswetenschappen aan de 

universiteit van Gent. Momenteel werk ik aan mijn masterthesis met als doel het microbioom van op eiken 

vaten gerijpte bieren in de 'craft beer' industrie te onderzoeken. Dit doe ik aan de universiteit van Arkansas 

in Fayetteville, AR, USA. 

  

Om een beeld te schetsen van hoe ingeburgerd eiken vaten zijn in deze industrie, heb ik een enquête 

opgesteld. Ik zou u willen vragen om een beetje van u tijd vrij te maken en deze enquête in te vullen. Dit 

zou mij een heel eind op weg helpen om mijn masterproef tot een goed eind te brengen. 

  

https://qsharingeu.eu.qualtrics.com/... 

  

Alvast heel erg bedankt, 

  

Met vriendelijke groeten, 
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Klaas Vanderpoorten 

  

 

Bonjour, 

 

Je m’appelle Klaas Vanderpoorten. Je suis un étudiant de dernière année de master en bio-sciences de 

l’ingénieur à l’université de Ghent. 

Mon sujet de master se focalise sur l’étude du microbiome des bières qui mûrissent en fûts de chêne. 

  

J’ai créé un questionnaire afin d’avoir une idée du nombre de brasseries artisanales qui utilisent des fûts 

de chênes pour la maturation de leur bières. C’est pourquoi j’aimerai vous demander de bien vouloir 

prendre un peu de votre temps pour répondre à mon questionnaire. Votre aide me serait extrêmement 

précieuse dans l’accomplissement de mes recherches. 

 

https://qsharingeu.eu.qualtrics.com/... 

 

Je vous remercie d’avance pour votre aide. 

 

Cordialement, 

 

Klaas Vanderpoorten 
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2. Annex 2: Survey 

 

 

 

 

Barrel aged beers in the craft brewing industry 
 

 

Start of Block: Introduction 

 

Intro Dear participant, 

 

Thank you for taking the time to go through this survey.  

 

All of your answers will be kept strictly confidential and never associated with your name. 

Click on the next button to continue. 

 

 

Page Break  
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End of Block: Introduction 
 

Start of Block: Demographic characteristics 

 
 

Q1 In what country is the brewery located? 

o Belgium  (1)  

o USA, state:  (2) ________________________________________________ 

o The Netherlands  (3)  

o UK  (4)  

o Other  (5) ________________________________________________ 
 

 

 

Q2 What is your role in the brewery? 

o Brewery owner  (1)  

o Brewing master (not owner)  (2)  

o Other (director, employee)  (3) ________________________________________________ 
 

 

 

Q3 What is the annual production in litres? 

o Less than 20000  (1)  

o Between 20000 and 100000  (2)  

o Over 100000  (3)  
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Q4 How long does the brewery exist? 

o Three years or less  (1)  

o Between 4-20 years  (2)  

o 21 or more years  (3)  
 

 

 

Q5 How many employees does the brewery employ? 

o No employees  (1)  

o Between 1-9  (2)  

o Between 10-19  (3)  

o 20 or more  (4)  
 

 

 
 

Q6 What is your gender? 

o Male  (1)  

o Female  (2)  

o Other  (3)  
 

 

 

Q7 Does the brewery export to other countries? 

o Yes  (1)  

o No  (2)  
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End of Block: Demographic characteristics 
 

Start of Block: Chemical and microbiological analyses 

 

Q8 Do you take samples for chemical analyses? 

o Yes  (4)  

o No  (5)  
 

 

 

Q9 Do you take samples for microbiological analyses? 

o Yes  (4)  

o No  (5)  
 

 

 

Q10 Have you ever had a microbiological contamination? 

o Yes  (4)  

o No  (5)  
 

 

Display This Question: 

If Have you ever had a microbiological contamination? = Yes 

 

Q11 Do you know which organism caused the contamination? 

o Yes  (1) ________________________________________________ 

o No  (2)  
 

End of Block: Chemical and microbiological analyses 
 

Start of Block: Use of barrels in the brewery? 
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Q12 Do you use wooden barrels in the brewery? 

o Yes  (17)  

o No  (18)  
 

Skip To: End of Block If Do you use wooden barrels in the brewery? = Yes 

 

 

Q13 Would you like to start using wooden barrels in the brewery in the future? 

o Yes  (1)  

o No  (2)  
 

 

 

Q14 Do you plan on start using wooden barrels in the brewery in the near future? 

o Yes  (1)  

o No  (2)  
 

Skip To: End of Survey If Do you plan on start using wooden barrels in the brewery in the near future?(Yes) Is 
Displayed 

End of Block: Use of barrels in the brewery? 
 

Start of Block: Beers in barrels 

 



 

65 
 

Q15 How do the beers ferment in the barrels? 

▢ Coolship ale (spontaneous fermentation)  (1)  

▢ Mixed culture added to previously fermented beer  (2)  

▢ Pure culture added to previously fermented beer  (3)  

▢ Mixed culture added to non fermented wort  (4)  

▢ Pure culture added to non fermented wort  (5)  

▢ Nothing is added, beer only ages in the barrel  (6)  
 

 

Page Break  
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End of Block: Beers in barrels 
 

Start of Block: Mixted culture 

Display This Question: 

If How do the beers ferment in the barrels? = Mixed culture added to previously fermented beer 

And How do the beers ferment in the barrels? = Mixed culture added to non fermented wort 

 

Q16 Do you use a commercial available mixted culture or do you repitch the barrels with cultures from 

previous barrels? 

o Commercial culture  (1)  

o Repitch with cultures from previous barrels  (2)  
 

 

Display This Question: 

If Do you use a commercial available mixted culture or do you repitch the barrels with cultures from... = 
Commercial culture 

 

Q17 Which commercial available mixted cultures do you use? 

________________________________________________________________ 
 

 

Display This Question: 

If Do you use a commercial available mixted culture or do you repitch the barrels with cultures from... = Repitch 
with cultures from previous barrels 

 

Q18 What are the predominant organisms in the repitched cultures? (if known) 

▢ LAB  (1)  

▢ AAB  (2)  

▢ Wild yeasts  (3)  

▢ Other  (4) ________________________________________________ 

▢ I do not know  (5)  
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Display This Question: 

If How do the beers ferment in the barrels? = Mixed culture added to previously fermented beer 

Or How do the beers ferment in the barrels? = Mixed culture added to non fermented wort 

 

Q19 Do you add certain ingredients to the barrels except for beer/wort and microorganisms? 

o Yes  (5)  

o No  (6)  
 

 

Display This Question: 

If How do the beers ferment in the barrels? = Mixed culture added to previously fermented beer 

Or How do the beers ferment in the barrels? = Mixed culture added to non fermented wort 

 

Q20 What was de original use of the barrels used for these beers? (multiple answers are possible) 

▢ Wine  (1)  

▢ Bourbon  (2)  

▢ Irish whiskey  (3)  

▢ Scottish whisky  (4)  

▢ Port wine  (5)  

▢ Sherry  (6)  

▢ Other  (7) ________________________________________________ 

▢ Rum  (8)  

▢ Aquavit  (9)  

▢ Tequila  (10)  
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Display This Question: 

If How do the beers ferment in the barrels? = Mixed culture added to previously fermented beer 

Or How do the beers ferment in the barrels? = Mixed culture added to non fermented wort 

 

Q21 How do you treat the barrels before adding the beer? (please also mention the temperature of the 

used medium) 

o Sterilize with  (1) ________________________________________________ 

o Rinse with  (2) ________________________________________________ 

o No treatment  (3)  
 

 

Display This Question: 

If How do the beers ferment in the barrels? = Mixed culture added to previously fermented beer 

Or How do the beers ferment in the barrels? = Mixed culture added to non fermented wort 

 

Q22 How would you describe the style of this beer in a few words? 

________________________________________________________________ 
 

 

Page Break  
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End of Block: Mixted culture 
 

Start of Block: Pure culture 

Display This Question: 

If How do the beers ferment in the barrels? = Pure culture added to previously fermented beer 

Or How do the beers ferment in the barrels? = Pure culture added to non fermented wort 

 

Q23 Do you use a commercial available pure culture or do you have your own strain? 

o Commercial available pure culture  (1)  

o Own strain  (2)  
 

 

Display This Question: 

If Do you use a commercial available pure culture or do you have your own strain? = Commercial available pure 
culture 

 

Q24 Which commercial available pure cultures do you use? 

________________________________________________________________ 
 

 

Display This Question: 

If Do you use a commercial available pure culture or do you have your own strain? = Own strain 

 

Q25 Which organisms do you add to the barrel? 

o LAB  (1)  

o AAB  (2)  

o Brettanomyces  (3)  

o Saccharomyces  (4)  

o Other  (5) ________________________________________________ 

o I do not know  (6)  
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Display This Question: 

If How do the beers ferment in the barrels? = Pure culture added to previously fermented beer 

Or How do the beers ferment in the barrels? = Pure culture added to non fermented wort 

 

Q26 Do you add any ingredients to the barrels except for beer/wort and microorganisms? 

o Yes  (1) ________________________________________________ 

o No  (2)  
 

 

Display This Question: 

If How do the beers ferment in the barrels? = Pure culture added to previously fermented beer 

Or How do the beers ferment in the barrels? = Pure culture added to non fermented wort 

 

Q27 What was the original use of the barrels used for these beers? (multiple answers are possible) 

▢ Wine  (1)  

▢ Bourbon  (2)  

▢ Irish whiskey  (3)  

▢ Scottish whisky  (4)  

▢ Port wine  (5)  

▢ Sherry  (6)  

▢ Other  (7) ________________________________________________ 

▢ Rum  (8)  

▢ Aquavit  (9)  

▢ Tequila  (10)  
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Display This Question: 

If How do the beers ferment in the barrels? = Pure culture added to previously fermented beer 

Or How do the beers ferment in the barrels? = Pure culture added to non fermented wort 

 

Q28 How do you treat the barrels before adding the beer? (please also mention the temperature of the 

used medium) 

o Sterilize with  (1) ________________________________________________ 

o Rinse with  (2) ________________________________________________ 

o No treatment  (3)  
 

 

Display This Question: 

If How do the beers ferment in the barrels? = Pure culture added to previously fermented beer 

Or How do the beers ferment in the barrels? = Pure culture added to non fermented wort 

 

Q29 How would you describe the style of this beer in a few words? 

________________________________________________________________ 
 

 

Page Break  
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End of Block: Pure culture 
 

Start of Block: Coolship ale 

Display This Question: 

If How do the beers ferment in the barrels? = Coolship ale (spontaneous fermentation) 

 

Q30 Is your brewery almost only focusing on coolship ales? 

o Yes  (1)  

o No  (2)  
 

 

Display This Question: 

If How do the beers ferment in the barrels? = Coolship ale (spontaneous fermentation) 

 

Q31 What was the original use of the barrels used for these beers? (multiple answers are possible) 

▢ Wine  (1)  

▢ Bourbon  (2)  

▢ Irish whiskey  (3)  

▢ Scottish whisky  (4)  

▢ Port  (5)  

▢ Sherry  (6)  

▢ Other  (7) ________________________________________________ 

▢ Rum  (8)  

▢ Aquavit  (9)  

▢ Tequila  (10)  
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Display This Question: 

If How do the beers ferment in the barrels? = Coolship ale (spontaneous fermentation) 

 

Q32 How do you treat the barrels before adding the beer? (please also mention the temperature of the 

used medium) 

o Sterilize with  (1) ________________________________________________ 

o Rinse with  (2) ________________________________________________ 

o No treatment  (3)  
 

 

Display This Question: 

If How do the beers ferment in the barrels? = Coolship ale (spontaneous fermentation) 

 

Q33 How would you describe the style of this beer in a few words? 

________________________________________________________________ 
 

End of Block: Coolship ale 
 

Start of Block: Barrel aging 

Display This Question: 

If How do the beers ferment in the barrels? = Nothing is added, beer only ages in the barrel 

 

Q34 Which beers do you age on barrels? (no fermentation in barrels) 

o Stout  (1)  

o Porter  (2)  

o Tripel  (3)  

o Dubbel  (4)  

o Other  (5) ________________________________________________ 
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Display This Question: 

If How do the beers ferment in the barrels? = Nothing is added, beer only ages in the barrel 

 

Q35 Do you add extra ingredients to the barrels except for beer? If so, please list them below. 

o Yes  (4) ________________________________________________ 

o No  (5)  
 

 

Display This Question: 

If How do the beers ferment in the barrels? = Nothing is added, beer only ages in the barrel 

 

Q36 What was the original use of the barrels used for these beers? (multiple answers are possible) 

▢ Wine  (1)  

▢ Bourbon  (2)  

▢ Irish whiskey  (3)  

▢ Scottish whisky  (4)  

▢ Port wine  (5)  

▢ Sherry  (6)  

▢ Other  (7) ________________________________________________ 

▢ Rum  (8)  

▢ Aquavit  (9)  

▢ Tequila  (10)  
 

 

Display This Question: 

If How do the beers ferment in the barrels? = Nothing is added, beer only ages in the barrel 
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Q37 How do you treat the barrels before adding the beer? (please also mention the temperature of the 

used medium) 

o Sterilize with  (1) ________________________________________________ 

o Rinse with  (2) ________________________________________________ 

o No treatment  (3)  
 

 

Display This Question: 

If How do the beers ferment in the barrels? = Nothing is added, beer only ages in the barrel 

 

Q38 How would you describe the style of this/these beer(s) in a few words? 

________________________________________________________________ 
 

End of Block: Barrel aging 
 

Start of Block: Comments 

 

Q39 Do you have any comments or remarks? 

________________________________________________________________ 
 

End of Block: Comments 
 

 

 

 

 


