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Abstract

Sour beers produced by barrel-aging of conventionally fermented beers are becoming increasingly
popular. However, as the intricate interactions between the wood, the microbes and the beer are still
unclear, wood maturation often leads to inconsistent end products with undesired sensory properties.
Previous research on industrial barrel-aging of beer suggests that beer parameters like the ethanol
content and bitterness play an important role in the microbial community composition and beer
chemistry, but their exact impact still remains to be investigated. In this study, an experimentally
tractable lab-scale system based on an in-vitro community of four key bacteria (Acetobacter malorum,
Gluconobacter oxydans, Lactobacillus brevis and Pediococcus damnosus) and four key yeasts
(Brettanomyces bruxellensis, Candida friedrichii, Pichia membranifaciens and Saccharomyces
cerevisiae) that are consistently associated with barrel-aging of beer, was used to test the hypotheses
that beer ethanol and bitterness impact microbial community composition and beer chemistry.
Experiments were performed using different levels of ethanol (5.2 viv%, 8 v/iv% and 11 v/v%) and
bitterness (13 ppm, 35 ppm and 170 ppm iso-a-acids), and beers were matured for 60 days. Samples
were taken after 0, 10, 20, 30 and 60 days to monitor population densities and beer chemistry. Results
revealed that all treatments and the maturation time significantly affected the microbial community
composition and beer chemistry. More specifically, the ethanol treatments obstructed growth of L.
brevis and G. oxydans and delayed fungal growth. The iso-a-acid treatments hindered growth of L.
brevis and stimulated growth of P. membranifaciens, while the other strains remained unaffected. Beer
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chemistry was found to be affected by higher ethanol levels, which led to an increased extraction of
wood-derived compounds. Furthermore, the distinct microbial communities also induced changes in
the chemical composition of the beer samples, leading to concentration differences in beer- and wood-
derived compounds like 4-ethyl guaiacol, 4-ethyl phenol, cis-oak lactone, vanillin, furfural and 5-
methy| furfural. Altogether, our results indicate that wood-aging of beer is affected by biotic and abiotic
parameters, influencing the quality of the final product. Additionally, this work provides a new, cost-
effective approach to study the production of barrel-aged beers based on a simplified microbial
community model.
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1 Introduction

Sour beers produced by wood-aging of conventionally fermented beers are receiving an increased
interest in the (craft) beer community due to their noteworthy balance between sourness, aroma and
flavor complexity. Typically, following conventional fermentation these beers are aged for a long
period of time (often up to several months, a year, or more) in wooden barrels leading to beers with a
unique sour flavor palette (Bossaert et al., 2019). Besides the extraction of wood-derived compounds
into the beer, wood-aged sours owe their layered flavor profile to the metabolic activity of a variety of
‘wild” microorganisms that subside within the pores of wooden barrels or that originate from the
brewery environment (Bossaert et al., 2021a; 2021b; De Roos et al., 2019). These microorganisms
generally include conventional yeasts belonging to the genus of Saccharomyces and various ‘wild’
fungi belonging to the genera Brettanomyces, Candida, Debaryomyces, Pichia, and Wickerhamomyces
(Bossaert et al., 2021a; 2021b; Osburn et al., 2018), in addition to a number of lactic acid bacteria and
acetic acid bacteria (De Roos and De Vuyst, 2019). Whereas lactic acid and acetic acid are the main
contributors to the beer’s sourness (Bossaert et al., 2019; De Roos and De Vuyst, 2019), other common
microbial metabolites found in wood-aged sour beers include 4-vinyl guaiacol, 4-ethyl guaiacol and 4-
ethyl phenol that impart a spicy and barnyard aroma to the beer (De Roos and De Vuyst, 2019), while
higher alcohols and esters are mainly responsible for the floral and fruity flavor notes (Dzialo et al.,
2017). In general, the process of wood-aging and the final beer characteristics are determined by many
factors like wood species, geographic origin of the wood, toasting degree of the wood, wood history,
barrel dimensions, characteristics of the beer aging inside, characteristics of other beverages that were
previously matured inside the barrel, ambient conditions (e.g. temperature and humidity), brewing
environment, and duration of the maturation (Bossaert et al., 2021a; 2021b; Fan et al., 2006; Sterckx
etal., 2012a; 2012b). However, so far only little is known about the exact contribution of each of these
parameters to the final beer, particularly because their effects have not yet been studied systematically.
As a result, wood-aging of beer largely remains a black-box process to date, which often generates
undesirable sensory characteristics of the end product or inconsistency in quality, leading to economic
losses. Therefore, there is a clear need for a better understanding of the wood-aging process, including
the interactions that take place between the environment, the wood, the microorganisms and the
maturing beer.

Previous research performed on an industrial scale suggests that beer parameters like ethanol
content and beer bitterness play an important role in the composition of the microbial community and
the beer chemistry of sour beers produced via wood-aging (Bossaert et al., 2021a). More specifically,
Bossaert et al. (2021a) indicated that ethanol level affected the fungal community composition and the
extraction of wood compounds, while beer bitterness restrained the bacterial community composition.
However, to assess the true effects of these parameters, a more fundamental, in-depth study under
controlled conditions is required in which several levels of these parameters are assessed, while all
other factors remain constant. Nevertheless, performing such studies in a statistical meaningful manner
in industrial conditions is challenging as large quantities of wooden barrels need to be purchased and
filled with beer. Furthermore, the barrels should be stored under the same experimental conditions and
sampled over a long period of time. One way to overcome these challenges is to use a small scale,
experimentally tractable model system based on a number of key microorganisms that mimics
industrial wood-aging and that can be manipulated to assess the influence of the parameters of interest.
In recent years, similar model systems have been used to get a better understanding of the assembly
and function of microbial communities (Cosetta et al., 2020; Jia et al., 2020; Wolfe et al., 2014; Wolfe
and Dutton, 2015; Wolfe, 2018). For example, using an in-vitro microbial community of 11 key
microbes occurring on the surface of cheese during aging (also known as the ‘cheese rind’), Wolfe et
al. (2014) unambiguously showed that abiotic parameters like moisture strongly affect microbial
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94  community formation. Previous work has provided a detailed view on the dynamics of the microbial

95  community composition in the wood-aging of beer. Beers were found to undergo a shift from a diverse

96  microbial community to a number of core microorganisms, including lactic acid bacteria like

97 Lactobacillus and Pediococcus, acetic acid bacteria like Acetobacter, and wild yeasts like

98  Brettanomyces and Pichia (Bossaert et al., 2021a; 2021b). Here, we used an in-vitro ecosystem based

99  onanumber of these key members to test the hypotheses that beer ethanol content and bitterness (iso-
100  o-acid level) affect the density and composition of the microbial community in the maturing beer, the
101  beer chemistry, and the interactions between the microorganisms, the beer and the wood. To this end,
102  a commercially available beer was used and its ethanol and iso-a-acid levels were adjusted from a
103 ‘low’ level to a ‘medium’ and ‘high’ level. Microbial community dynamics were monitored at several
104  time points via specific quantitative real-time PCR (gPCR) assays for each strain in the synthetic
105 community, and beer chemistry was assessed at the same time points.

106 2 Materials and methods

107 2.1 Model system

108  To mimic the conditions of industrial-scale barrel-aging of beer, the model system displayed in Fig.1
109  was used. Briefly, the system was based on a 0.5-liter weck jar (diameter: 9.5 cm, height: 8.5 cm; Ikea,
110  Zaventem, Belgium) in which the lid was replaced by a 3.5 cm thick wooden disk. The wood used
111 represented new (unused) European oak (NIR category ‘Sweet”) from the cooperage ‘Garbellotto Spa’
112 (Pordenone, Italy) that would otherwise be used for barrel manufacturing. To mimic industrial
113 maturation, the ratio between the wood contact surface and the beer volume was set to the same ratio
114 as found in 225-liter barrels. Further, to ensure maximum contact between the beer and the wood, the
115  jar was put upside down, while a rubber sealing ring between the wood and the jar was used to prevent
116 leakage. Additionally, to ensure that oxygen ingress was not obstructed, jars were placed on a metal
117  grid. Further, a water lock (diameter of the opening at the bottom: 9 mm; Brouwland, Beverlo,
118  Belgium) was positioned through a 13-mm hole in the glass bottom of the jars using silicon plugs with
119 a 9-mm hole for the water lock (Brouwland, Beverlo, Belgium) to allow pressure equalization and
120  avoid pressure build-up inside the jar (Fig. 1). Before usage, the weck jars, rubber rings and water locks
121 were thoroughly cleaned and disinfected with 70% ethanol. To saturize the wood pores and to extract
122 the most pungent tannins, a pre-treatment was performed in which the jars were filled with a sterile
123 solution of 0.1% citric acid (Vinoferm, Brouwland, Beverlo, Belgium) followed by an upside down
124 incubation for five days at 20°C. The same pre-treatment is recommended when using new oak barrels
125 in industrial barrel-aging (Bossaert et al., 2021a; 2021b). Next, the jars were again disinfected with
126 70% ethanol, and filled with 500 ml filter-sterilized beer (see below).

127 To simulate the microbial community in the aging process, a synthetic microbial community
128  was assembled using eight key species that are consistently associated with barrel-aging of beer. The
129  strains used were isolated previously from maturing beer (Bossaert et al., 2021a) and represented
130 members of the bacteria Acetobacter malorum, Gluconobacter oxydans, Lactobacillus brevis and
131  Pediococcus damnosus (Table S1, Supplementary Information). Additionally, the community was
132  composed of four strains belonging to the yeast species Brettanomyces bruxellensis, Candida
133  friedrichii, Pichia membranifaciens and Saccharomyces cerevisiae (Table S1, Supplementary
134 Information). In contrast to G. oxydans and C. friedrichii which, amongst several others, occur mainly
135  atthe beginning of the process, all other species have been found to dominate the microbial community
136  over the course of maturation (Bossaert et al., 2021a; 2021b; De Roos et al., 2018). All strains were
137  stored in 25% glycerol at -80°C.
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138 To perform the experiments, strains were cultivated separately at 30°C on YPDF medium that
139  contained 1% yeast extract (Oxoid, Thermo Fisher Scientific, Waltham, USA), 2% bactopeptone (BD,
140  Franklin Lakes, USA), 1% D-glucose (Sigma-Aldrich, St. Louis, USA), 1% fructose (Acros Organics,
141 Thermo Fisher Scientific, Waltham, USA) and 2% agar (Agar bacteriological no. 1, Oxoid, Thermo
142  Fisher Scientific, Waltham, USA). All strains were incubated aerobically, with the exception of L.
143 brevis and P. damnosus, which were cultivated in anaerobic conditions. Next, cells were collected,
144 washed and resuspended in equal cell densities in sterile physiological water (0.85% NaCl; Merck,
145  Darmstadt, Germany). Subsequently, all strains were combined and pitched to the beer (1 ml) at a final
146 cell density of 10 colony forming units (CFU)/ml per strain in the beer. As a control, for every treatment
147  (see below) jars were included in which the beer was not inoculated, but which also contained the
148  wood. All jars were closed off by water locks filled with sterile water, and the weck jars were incubated
149  statically in the dark at 20.0°C = 1.1°C and a relative humidity of 52.7% * 4.4% (Table S2,
150  Supplementary Information). Under these conditions, preliminary experiments have shown that an
151  incubation of 60 days led to similar microbial community dynamics as those observed during 38 weeks
152 of industrial maturation (data not shown).

153 2.2 Treatments and sampling

154  The base beer used in this study (further called ‘reference beer’) was a Jupiler pilsner beer (Anheuser-
155  Busch Inbev, Leuven, Belgium) with ‘low’ alcohol level (5.2 v/v%) and ‘low’ iso-a-acid level (13
156  ppm, corresponding to a bitterness of 17 international bitter units (IBU)) from one brewing batch. To
157  assess the effect of ethanol, both a ‘medium’ and ‘high” ethanol beer were prepared by adding 100%
158  ethanol (Fisher Chemical, Thermo Fisher Scientific, Waltham, USA) to the reference beer to reach a
159  final concentration of 8.0 v/v% and 11.0 v/v%, respectively. To test the effects of different iso-a-acid
160 levels, 6% isomerized hop extract (Brewferm, Brouwland, Beverlo, Belgium) was added to the
161  reference beer to obtain ‘medium’ (35 ppm, 50 IBU) and ‘high’ iso-a-acid levels (170 ppm, 135 IBU).
162  Iso-o-acid concentrations were measured after filter sterilization by Ultra High Performance Liquid
163  Chromatography (UPLC; protocol specifications provided in Table S3, Supplementary Information;
164  theiso-a-acid composition of the beers is presented in Table S4, Supplementary Information). Samples
165  were taken immediately after filling and pitching the jars (i.e. at day 0), and at day 10, 20, 30 and 60,
166 by sacrificing three jars per treatment per time point (i.e. three biological replicates). The three negative
167  controls (without microbes) per treatment were analyzed at the end of the experiment, i.e. at day 60.
168  Sampling was performed by thoroughly shaking the beer, followed by removing the water lock and
169  draining the entire homogenized beer volume through the hole in the bottom of the jar. The collected
170  beer was then centrifuged at 3,500 x g for 15 minutes at 4°C, and obtained cell pellets and supernatants
171 were preserved at -20°C for microbiological and chemical analyses, respectively.

172 2.3 Microbiological analyses

173  For every treatment and at each time point, inoculated strains were monitored by gPCR. DNA
174  extraction was performed on 500 pl of the cell pellet (n = 2) according to the protocol described by
175  Lievens et al. (2003). After combining both DNA replicates, gPCR amplification was performed (in
176  duplicate) using species-specific primers and PrimeTime™ double-quenched 5° 6-FAM/ZEN/3’ IBFQ
177  probes (IDT, Leuven, Belgium) (Table S1, Supplementary Information). gPCR amplifications were
178  performed according to the manufacturer’s protocol supplied with the PrimeTime® Gene Expression
179  Master Mix (IDT, Leuven, Belgium) in a StepOnePlus Real-Time PCR system (Applied Biosystems,
180  Thermo Fisher Scientific, Waltham, USA) using an annealing temperature of 62°C for all assays. In
181  each gPCR run, a negative control in which template DNA was replaced by sterile DNA-free water
182  was included. In order to estimate strain population densities, bacterial 16S ribosomal RNA (rRNA)
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183  gene and fungal Internal Transcribed Spacer (ITS) copy numbers were determined using standard
184  curves based on a 10-fold amplicon dilution series for each strain. Further, to assess the total bacterial
185 and fungal density, g°PCR amplification was performed (in duplicate) using the bacterial 16S rRNA
186  gene primers 515F and 806R (Caporaso et al., 2011) and the fungal primers BITS and B58S3 (Bokulich
187 and Mills, 2013) in combination with the iTaq™ Universal SYBR® Green Supermix (Biorad
188  Laboratories, Hercules, USA), as described previously (Bossaert et al., 2021a). For these assays, gene
189  copy numbers were determined using a standard 10-fold dilution of A. malorum and S. cerevisiae
190 amplicons, respectively. The gPCR quantification cut-off was based on the obtained Ci-values of the
191 gPCR negative controls and was set for all assays to a Ci-value of 34. For further data-analysis, log
192  gene copy numbers were set to zero when the respective Ct-value was higher or equal to 34.

193 2.4 Chemical analyses

194  Chemical analyses were performed according to the methods described in Bossaert et al. (2021a). In
195 total, eighteen aroma compounds related to wood maturation were measured via Headspace — Solid
196 Phase Micro Extraction — Gas Chromatography — Mass Spectrometry (HS-SPME-GC-MS), and
197  eighteen fermentation products (mainly higher alcohols and esters) were quantified via Headspace —
198  Gas Chromatography — Flame lonization Detector (HS-GC-FID). Five carbohydrates, three organic
199 acids, pH, and total polyphenols were measured with a Gallery Plus Beermaster (Thermo Fisher
200  Scientific, Waltham, USA), and the ethanol content was assessed using an Alcolyzer beer ME (Anton
201  Paar GmbH, Graz, Austria). A detailed overview of the sample preparation protocols and appliance
202  settings can be found in Table S3 (Supplementary Information). Further, for one weck jar that contained
203  the inoculated reference beer, the concentration of dissolved oxygen in the beer was measured every
204 ten minutes (from the beginning until the end of the experiment) using a FireSting-GO2 pocket oxygen
205  meter with oxygen sensor spots applied to the jar (Pyro Science GmbH, Aachen, Germany).

206 2.5 Data visualization and statistical analyses

207  To test whether the microbial communities were significantly affected by the treatments and/or
208  maturation time, permutational multivariate analysis of variance (perMANOVA) was performed on
209 the gPCR data expressed as log gene copy numbers per pl DNA (Table S5, Supplementary
210 Information) with the adonis function (vegan package) in R (v3.6.1), using 1,000 permutations
211  (Oksanen et al., 2019). Additionally, a non-metric multidimensional scaling (NMDS) plot was created
212  with Bray-Curtis distances using the same data set to visualize differences in bacterial and fungal
213  communities between treatments and maturation times, using the MDS function in R (vegan package,
214  Oksanen et al., 2019). Further, dynamics in microbial density are shown per strain as the average of
215  the three biological replicates per treatment and time point. An additional perMANOVA with 1,000
216  permutations was performed with the adonis function of the vegan package in R (Oksanen et al., 2019)
217  to test for significant differences in beer chemistry across treatments and/or time points. In addition,
218  principal component analysis (PCA) was applied to the scaled chemical data (stats package in R; R
219  Core Team, 2019) to visualize differences in beer chemistry between all samples in a two-dimensional
220  space. Moreover, for the most important chemical compounds, line plots were created using averages
221  of the three biological replicates per treatment and time point. Finally, for each treatment and each
222  chemical parameter the ratio of the compound in the inoculated beer and respective negative control
223  beer at day 60 was calculated and visualized as a heatmap in MS Excel, while Welch t-tests were
224 performed using the stats package in R, to test, for each treatment separately, whether the microbial
225  community had a significant impact on the measured chemical parameters in comparison to the non-
226  inoculated beers at day 60 (R Core Team, 2019). In like manner, to show the change in chemical
227  parameters in the negative controls after 60 days of wood aging, ratios between the concentrations of
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228  chemical parameters in the negative controls at day 60 and the concentrations measured at day O were
229  calculated, visualized in a heatmap, and subjected to Welch t-tests.

230 3 Results

231 3.1 Bacterial and fungal communities

232  Pitched bacteria and fungi were found in all jars inoculated with the synthetic microbial community,
233  while they were not found in any of the negative controls, nor were other bacteria or fungi (as assessed
234 by the total bacterial and fungal qPCRs and by plating). PerMANOVA revealed that treatment and
235  maturation time significantly affected the bacterial and fungal community composition. Likewise, there
236  was a significant interaction effect between both factors (Table 1). Additionally, the bacterial and
237  fungal community composition in the three treatments with different ethanol levels was significantly
238  different from each other, except for the fungal communities of the reference beer and the beer with a
239  medium ethanol level. For the iso-a-acid treatments, microbial community composition differed
240  between the reference beer and the beer with medium or high iso-a-acid levels (Table 1). Also, NMDS
241  ordination of the qPCR data (stress bacteria = 0.067; stress fungi = 0.070) shows differences in the
242  bacterial and fungal communities, especially across the different time points (represented by the first
243  NMDS axis) (Fig. 2). Lactobacillus brevis, P. damnosus, and C. friedrichii were mainly associated
244 with samples from day 0, while samples taken at a later time point contained more A. malorum, G.
245  oxydans, B. bruxellensis, P. membranifaciens, and S. cerevisiae. Strongest effects on the bacteria can
246  be observed for the ethanol treatments, for which the samples were separated the furthest from the
247  samples of the reference beer, while the bacterial community composition in the iso-a-acid treatments
248  remained more similar to the reference beer (Fig. 2A). In contrast, fungal communities in the different
249  treatments converged to a similar community composition over the course of maturation, containing
250  high cell densities of S. cerevisiae, B. bruxellensis and P. membranifaciens (Fig. 2B).

251 Similar trends were observed when looking at the dynamics in cell densities of the total bacterial
252  or total fungal populations and the cell densities of each strain separately (Fig. 3 and 4; Fig. S1,
253  Supplementary Information). With the exception of the treatment with a high ethanol level, total
254  bacterial density converged to a similar level for all treatments after 10 days of maturation (Fig. 3A-
255  B). High ethanol treatment retarded bacterial growth, but total bacterial cell density converged to levels
256  similar to the other treatments after 30 days of maturation (Fig. 3A). When zooming in on the individual
257  strains, it becomes clear that not all strains contributed equally to the bacterial community structure.
258  More specifically, L. brevis reached 7.30 £ 0.06 log 16S rRNA gene copy numbers per pl DNA in the
259  reference beer after 60 days, while its growth was impeded by all ethanol and iso-a-acid treatments
260  (reaching an average of 1.09 £ 0.28 log gene copy numbers after 60 days of maturation) (Fig. 3C-D).
261  Pediococcus damnosus and A. malorum experienced a longer lag phase in the high ethanol treatment
262  compared to the other treatments, but grew to similar cell densities for all treatments after 60 days of
263  maturation, reaching 1.70 + 0.11 and 7.09 + 0.13 log 16S rRNA gene copy numbers per pl DNA,
264  respectively (Fig. 3E-H). Gluconobacter oxydans, on the other hand, was not able to reach high cell
265  densities in beers with a medium (2.58 + 0.49 log 16S rRNA gene copy numbers) or high ethanol
266  content (1.76 £ 0.09 log 16S rRNA gene copy numbers) in comparison to the reference beer (6.29 £
267  0.07 log 16S rRNA gene copy numbers), but remained unaffected in the iso-a-acid treatments (medium
268  level: 6.37 £ 0.13, high level: 5.77 £ 0.28 log 16S rRNA gene copy numbers) (Fig. 31-J). In contrast,
269  differences in cell densities between treatments were not as clear for the fungi (Fig. 4). Increasing the
270  beer’s ethanol level mainly caused a longer lag phase of the fungi (Fig. 4A, 4C, 4E, 4G). On the
271  contrary, addition of iso-a-acids did not affect fungal growth, except for P. membranifaciens (Fig. 4B,
272 4D, 4F, 4H, 4J). For the latter species, addition of iso-a-acids was found to stimulate fungal growth
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273  (upto 7.43 £0.56 log ITS copy numbers after 60 days of maturation in the high iso-a-acid treatment,
274  opposed to 3.24 + 1.94 log ITS copy numbers in the reference beer; Fig. 4H), and after 30 days of wood
275 aging, ITS copy numbers of P. membranifaciens were higher in the medium iso-a-acid treatment than
276 in the other treatments. Strikingly, C. friedrichii ITS copy numbers remained low and constant in all
277  treatments, suggesting that this strain could not or only barely grow in the media tested (Fig. 41-J).

278 3.2 Beer chemistry

279  Measuring the dissolved oxygen concentration in the reference beer revealed that the oxygen
280  concentration decreased within the first 59 hours from 1,806 ppb to 0 ppb, and remained 0 ppb until
281  the end of the experiment (Table S6, Supplementary Information). PerMANOVA indicated that beer
282  chemistry was significantly affected by the different treatments as well as by the maturation time. The
283 interaction between both factors was also significant (Table 2). Moreover, beer samples with low,
284  medium and high levels of either the ethanol or iso-a-acid treatments were significantly different from
285  one another (Table 2). Both factors are also clearly separated in the PCA plot (Fig. 5). Samples taken
286  at the different time points are distributed across the first diagonal (top left to bottom right corner),
287  while samples of the different treatments are spread across the other diagonal (bottom left to top right
288  corner) (Fig. 5). Furthermore, whereas samples from the ethanol treatments can be distinguished from
289  other treatments quite clearly, the reference beer samples overlapped to some degree with the samples
290  of the medium and high iso-a-acid treatments (Fig. 5), indicating that the chemical composition of the
291  samples of the iso-a-acid treatments was more similar to the reference beer’s chemistry than to samples
292  of the ethanol treatments. For all treatments, the pH decreased from 4.3 + 0.0 to 3.9 + 0.0, except for
293 the high ethanol treatment where a pH of 4.0 £ 0.0 was reached after 60 days of maturation (Fig. 6A).
294  For all treatments, a decrease in pH was accompanied by an increasing acetic acid concentration,
295 reaching an average concentration of 1.69 + 0.23 g/l (Fig. 6B). Furthermore, the L-lactic acid
296  concentration was found to increase in the reference beer, from 28.5 £ 1.3 mg/l at the start of the
297  experiment to 238.4 + 37.1 mg/l at the end of the experiment (Fig. 6C). Further, the total sugar
298  concentration (defined as the sum of D-glucose, D-fructose and sucrose) decreased to almost 0 mg/I,
299  with a slower decline in samples of the ethanol treatments (Fig. 6D; Table S7, Supplementary
300 Information). The concentration of 4-vinyl guaiacol decreased from 329.6 + 26.8 to 61.2 + 6.8 ppb on
301 average for all treatments, except for the high ethanol treatment where a concentration of 161.5 + 31.4
302 ppb was attained after 60 days of maturation (Fig. 6E). The concentrations of 4-ethyl guaiacol and 4-
303 ethyl phenol increased over time, and encountered a quicker and larger incline in samples of the
304  reference beer (from 0.5 £ 0.1 to 129.2 + 9.7 and from 0.3 + 0.0 to 77.4 £ 5.6, respectively) and the
305 iso-a-acid treatments (on average from 1.2 + 0.5 to 62.5 £ 7.5 and from 3.3 + 1.0 to 73.0 £ 3.9,
306  respectively) compared to the ethanol treatments (on average from 2.9 + 1.2 to 34.3 £ 9.7 and from 2.9
307 +0.8to 35.2 £ 6.7, respectively) (Fig. 6F-G). Moreover, remarkably, at day 30 substantially higher
308 concentrations of 4-ethyl guaiacol and 4-ethyl phenol were recorded in the medium iso-a-acid
309 treatment compared to the other treatments. Also for cis-3-methyl-4-octanolide the highest
310  concentration (171.4 + 23.9 ppb) was observed in the reference beer after 60 days of maturation,
311  whereas the lowest concentration was measured in the high ethanol treatment (16.1 £ 7.9 ppb) (Fig.
312 6H). In contrast, the concentrations of eugenol and total polyphenols at day 60 could not be
313  distinguished as clearly for all treatments (Fig. 61-J), while other wood-related compounds like
314  syringol, iso-eugenol, 4-vinyl guaiacol, 4-methyl guaiacol, guaiacol, methyl vanillate and vanillin were
315 found in higher concentrations in at least one of the ethanol treatments (Table S8, Supplementary
316 Information). In fact, the concentration of vanillin reached a maximum value in all treatments before
317  the end of the experiment. Highest maximum values were obtained for the ethanol treatments, reaching
318 amaximum level of 336.4 + 90.3 ppb after 10 days of maturation in the medium ethanol treatment and
319  amaximum level of 528.1+ 51.4 ppb after 30 days in the high ethanol treatment (Fig. 6K). A similar
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320 trend is observed for furfural and 5-methyl furfural, i.e. while concentrations at the beginning and at
321  the end of the experiment were similarly low (57.4 £ 5.3 and 8.2 + 1.7 ppb, respectively), highest
322  furfural (2747.1 £ 671.0 ppb) and 5-methyl furfural (606.8 £ 247.3 ppb) concentrations were obtained
323 inthe high ethanol treatment after 20 and 30 days of maturation, respectively (Fig. 6L-M). Finally, the
324 concentration of certain esters including ethyl acetate was found to increase over time, while other
325  esters like isoamyl acetate experienced a decrease (Fig. 6N-O) (Table S7, Supplementary Information).

326 When zooming in on the chemical profiles obtained in the negative controls after 60 days of
327  wood maturation, the concentrations of many compounds were found to be significantly different from
328  the concentrations measured at day 0 (Fig. S2, Supplementary Information). Concentrations of D-
329  glucose, D-fructose and sucrose were significantly higher in the negative controls of most treatments
330 after 60 days of wood aging, whereas the concentrations of 4-vinyl guaiacol, and certain esters like
331 ethyl butyrate, ethyl hexanoate, ethyl octanoate and isoamyl acetate were significantly lower than the
332  concentrations measured at day O (Fig. S2, Supplementary Information). Further, although not
333  (consistently) significant, the concentrations of certain wood compounds including cis- and trans-3-
334  methyl-4-octanolide, vanillin, furfural and 5-methyl furfural were higher in the negative controls at
335 day 60 than at the start of the maturation (Fig. S2, Supplementary Information). Likewise, in
336  comparison with the negative controls at day 60, some compounds are found in substantially lower
337  concentrations at day 60 in jars where microorganisms were pitched (Fig. 7), indicating that these
338 compounds were utilized or converted by the microbes. More specifically, the concentrations of the
339  following compounds were at least ten times lower in the inoculated samples than in the negative
340  controls: D-glucose, D-fructose, sucrose, furfural, and 5-methyl furfural (Fig. 7). Additionally, for four
341  out of five treatments, the concentrations of vanillin at day 60 were more than 50% lower in samples
342  with a microbial community (Fig. 7). Further, concentrations of eugenol and iso-eugenol were also
343  lower ininoculated samples, although the differences in concentration were less outspoken. In contrast,
344 concentrations of acetic acid, 4-ethyl guaiacol, 4-ethyl phenol, cis-3-methyl-4-octanolide, ethyl acetate,
345 ethyl lactate, ethyl hexanoate, and phenethyl acetate were more than ten times higher in inoculated
346  samples of some of the treatments (Fig. 7). Overall, in the reference beer, 23 of the 42 chemical
347  compounds measured could be significantly linked to the microbial community, while in the medium
348  ethanol and high iso-a-acid treatments 19 compounds were significantly linked to the presence of
349  microbes, followed by 16 compounds in the medium iso-a-acid treatment, and 7 compounds in the
350  high ethanol (Fig. 7).

351 4 Discussion

352 Regardless of treatments, total bacterial and total fungal cell densities increased substantially
353  throughout maturation, up to densities corresponding to 7.4 and 7.7 log gene copy numbers,
354  respectively. These results were confirmed by plating subsamples on a number of cultivation media,
355  reinforcing the robustness of our results (Table S9; Fig. S3, Supplementary Information). Nevertheless,
356  densities of individual strains were largely dependent on the treatments applied, resulting in different
357  microbial community dynamics over the course of maturation among treatments, especially for
358  Dbacteria. For example, growth of L. brevis and G. oxydans was inhibited up until the end of the
359  experiment when ethanol concentrations were elevated, while the other bacterial strains could still
360  reach cell densities similar to those obtained in the reference beer (5.2 v/v% alcohol). Nevertheless,
361  although similar densities were obtained, growth of P. damnosus and A. malorum was substantially
362 delayed in the high ethanol beer (11 v/v%), suggesting a strong impact of ethanol on the lag phase
363  period. By contrast, fungal community composition at day 60 was more similar for all treatments, even
364  though ethanol affected fungal growth and increased the lag phase for all fungal strains. The lag phase
365  of B. bruxellensis and P. membranifaciens in the medium ethanol treatment was longer than in the
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366  reference beer, yet shorter than in the high ethanol treatment, while for S. cerevisiae the lag phases in
367  both the medium and high ethanol treatment were comparable, yet longer than in the reference beer.
368  These findings are in agreement with Chandra et al. (2014), showing an increase in the lag phase of
369  pure-culture Brettanomyces spp. in media with higher ethanol concentrations. Altogether, these results
370  suggest that P. damnosus and A. malorum might have the highest ethanol tolerance of all strains
371 included in the synthetic community, followed by B. bruxellensis, P. membranifaciens, and S.
372  cerevisiae, whereas L. brevis and G. oxydans are seemingly the most sensitive to ethanol. While it is
373  well known that ethanol can affect microbial strains directly as it is a common stress factor for
374 microbial growth (Haakensen et al., 2009; Kato et al., 2011), high ethanol concentrations can also
375  affect microorganisms indirectly by prolonging the lag phase and providing an opportunity to other
376  microbes to dominate the community (Barrajon et al., 2010; Garcia-Rios et al., 2014). In case the
377  growth of certain strains depends on the presence of other strains (e.g. when they rely on other strains
378  tosupply nutrients), a prolonged lag phase of a given strain may also induce a longer lag phase of other
379  strains that depend on the first strain (Morris et al., 2013; Seth and Taga, 2014). As a result, the
380 competition degree or fitness level of a strain may not only be affected by abiotic factors, but also by
381  biotic factors like the presence of other microorganisms or Killer toxins, which determine the capacity
382  of one strain to out-compete another (Ciani et al., 2016). More research focusing on the mechanisms
383  of microbial community assembly could provide more insight into this matter.

384 Likewise, the iso-a-acid treatments affected microbial growth, in particular that of L. brevis and
385 P. membranifaciens. Lactobacillus brevis was not able to grow to cell densities similar to those
386  obtained in the reference beer with a low bitterness (13 ppm iso-a-acids), and its growth was equally
387  restricted by both iso-a-acid concentrations tested (35 and 170 ppm). Indeed, it is generally known that
388  hop iso-a-acids are able to penetrate the cell membrane of gram-positive bacteria like lactic acid
389  bacteria, change the intracellular pH and disturb membrane-bound processes, leading to cell death
390 (Sakamoto and Konings, 2003; Zhao et al., 2017). Nevertheless, growth of the other lactic acid
391  bacterium included, P. damnosus, was not affected by the tested iso-a-acid concentrations, most
392  probably because the tested strain had better adapted to the beer environment, rendering it more
393  resistant to iso-a-acids (Sakamoto and Konings, 2003). In contrast, P. membranifaciens grew to higher
394  cell densities in the beers with elevated iso-a-acids concentrations in comparison to the reference beer.
395  While it has been described that Pichia spp. can be involved in the biotransformation of hop terpenes
396  (incl. geraniol) (Ponzoni et al., 2008), it remains unclear whether P. membranifaciens can use hop-
397  derived compounds from the iso-a-extracts as a substrate for growth.

398 In addition to the microbial community composition, beer chemistry was significantly affected
399 by all treatments and by maturation time. Specifically, several of the wood-related compounds
400 measured in this study (e.g. syringol, iso-eugenol, vanillin, methyl vanillate, guaiacol and 4-vinyl
401 guaiacol) were found in higher concentrations in the beers with higher ethanol levels. These findings
402 are in line with Sterckx et al. (2012b), demonstrating that a higher ethanol concentration induces a
403  higher extraction rate of wood compounds as they generally dissolve better in ethanol than in water.
404  Besides the chemical extraction of compounds from the wood, microbial activity may also strongly
405  affect beer chemistry. More specifically, it appears that the microbes pitched in the beer consumed
406  sugars at a rate that is proportional to their growth rate, and produced organic acids (causing a decrease
407  inpH) and a wide variety of other metabolites over the course of maturation. In fact, L-lactic acid only
408 reached high concentrations in the reference beer and was absent in the respective negative control,
409 indicating that it was the result of microbial activity. Furthermore, as L. brevis was the only
410  microorganism that was inhibited by the different ethanol and iso-a-acid treatments, the majority of
411  lactic acid was most probably produced by L. brevis. Further, the decrease in 4-vinyl guaiacol and
412  increase in 4-ethyl guaiacol suggests that a conversion reaction might have taken place, possibly due
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413  to the activity of microbial hydroxycinnamic acid decarboxylases (Dzialo et al., 2017; Saez et al.,
414 2011). Indeed, the concentration of 4-ethyl guaiacol was much higher in the jars with microbes than in
415  the negative controls, and is thus most probably linked to microbial activity. The latter observation is
416  also confirmed by the associated increase in 4-ethyl phenol in the jars spiked with microbes, which is
417  known to be produced from 4-vinyl phenol (Dzialo et al., 2017). Moreover, as the concentration of 4-
418 ethyl guaiacol in the reference beer at day 60 is considerably higher than in the other treatments, and
419  as L. brevis was the only organism that could not thrive well under the applied conditions except in the
420  reference beer, this may indicate that L. brevis has played a major role in the production of 4-ethyl
421  guaiacol. This hypothesis is in agreement with previous findings showing that L. brevis can produce
422  ethyl phenolic compounds from their vinyl phenolic precursors (Couto et al., 2006). Nevertheless, it
423  was also found that production of 4-ethyl guaiacol and 4-ethyl phenol depends largely on the
424 environmental conditions (pH, precursors available, etc.) (Silva et al., 2011). Furthermore, it was found
425  that an increase in Lactobacillus biomass resulted in a higher production of ethyl phenolic compounds
426  (Chandra et al., 2014; Silva et al., 2011), while Van Beek and Priest (2000) suggested that the
427  production of ethyl phenolics by Lactobacillus is enhanced in the presence of S. cerevisiae. Strikingly,
428  the concentrations of 4-ethyl guaiacol and 4-ethyl phenol at day 30 in the medium iso-a-acid treatment
429  were higher than in the other treatments, an observation that aligns well with the growth profiles of
430 some of the microbes included in the system, particularly P. membranifaciens, which is known to
431  produce ethyl phenolic compounds (Saez et al., 2011). Hence, this might be an indication that the P.
432  membranifaciens strain used in this study is also involved in the generation of 4-ethyl guaiacol and 4-
433  ethyl phenol. Nevertheless, also strains from other species used in this experiment may possess similar
434 enzyme activities, including B. bruxellensis and some Pediococcus strains (Couto et al., 2006;
435  Steensels et al., 2015).

436 Besides the consumption of carbohydrates from the beer and the production of common
437  microbial metabolites, our results suggest that there is a more intricate interaction taking place between
438  the microorganisms, the beer and the wood. Although low concentrations of sugars were measured in
439  the beers at the beginning of the experiment, and the negative controls indicated that small amounts of
440  sugars were directly extracted from the wood, enriching the beers with additional sugars, these
441  concentrations would most probably not be sufficient to support microbial growth to the cell densities
442  that were found at the end of the maturation (Gao et al., 2021; Greenman et al., 1981). This suggest
443  that other carbon sources may come into play or that the microorganisms involved can generate
444 accessible carbon sources from the wood. Indeed, besides the residual sugars in the beer, degradation
445  products of wood cellulose and hemicellulose can be used as carbon sources for microbial growth
446  (Gollihue et al., 2018). Microorganisms like B. bruxellensis and certain strains of P. membranifaciens
447  and Candida spp. exhibit B-glucosidase activity and can generate fermentable carbon sources from
448  cellobiose, a degradation product of cellulose (Crauwels et al., 2015; Genovés et al., 2003; Ldopez et
449  al., 2015). Furthermore, P. membranifaciens can produce 1,4-p-xylosidase that plays a role in the
450  hydrolysis of xylan, i.e. one of the major components of hemicelluloses found in the cell walls of
451  monocots and hard woods (Lopez et al., 2015; Romero et al., 2012). Additionally, specific wood
452  compounds can have a beneficial effect on the growth of certain microbes, as demonstrated by de Revel
453 et al. (2005). Although the mechanisms are still unclear, the authors showed that growth of the lactic
454 acid bacterium Enococcus ceni was enhanced in the presence of vanillin. Fungal species, on the other
455  hand, can be inhibited by high concentrations of vanillin (Fitzgerald et al., 2003), and possibly for that
456  reason, often possess the capability to convert vanillin into other phenolic derivatives like vanillyl
457  alcohol (Fitzgerald et al., 2003). In this study, vanillin was found to be extracted from the wood, as
458 shown by the relatively high vanillin concentrations in the negative controls, while vanillin
459  concentrations in the jars with the synthetic microbial community were much lower, suggesting a
460  microbial conversion of this compound. Both yeasts and bacteria have been found to convert vanillin
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461  into other monophenolic compounds, including some of the species used in our experiments (Delgenes
462 etal., 1996 ; De Wulf et al., 1987; Edlin et al., 1995). A similar trend was observed for furfural and 5-
463  methyl furfural, i.e. an extraction from the wood as shown by the negative controls, but a lower
464  concentration in samples that contained a microbial community. This trend may be explained by the
465  activity of P. membranifaciens, which shows a growth pattern in line with the dynamics in the furfural
466  concentration. Moreover, previous research has shown that xylose reductase produced by Pichia spp.
467  can reduce furfural and hydroxyl-methyl furfural concentrations (Almeida et al., 2008). Additionally,
468 lactic acid bacteria and G. oxydans have been associated with furfural degradation as well (Bastard et
469  al., 2016; Zhou et al., 2017), but the growth profiles of these bacteria did not align with the dynamics
470  in furfural concentration. Further, the concentration of the common wood-derived compound cis-3-
471  methyl-4-octanolide, also called ‘cis-oak lactone’, remained rather low in the samples without pitched
472  microorganisms, while much higher values were measured in the beer samples with microorganisms,
473  especially in the reference beer. This indicates that microbial activity is most likely responsible for the
474 increase in concentration of this compound. As L. brevis is the only species that is much more abundant
475  in the reference beer than in all other treatments, L. brevis is likely involved in this reaction. Likewise,
476  Bastard et al. (2016) have reported an increase in the extraction of oak lactones in the presence of lactic
477  acid bacteria.

478 Altogether, our results show that an intricate interaction takes place between the wood, the
479  microbes and the beer during wood-aging of beer. In fact, this is probably one of the main reasons why
480  wood-aging of conventionally fermented beer largely remains a trial-and-error process and why there
481 is often inconsistency and unpredictability in the product quality of wood-aged beverages. More
482  research focusing on the interactions between wood, microbes and the maturing beer could help unravel
483  the reactions that take place and could lead to the development of new strategies to improve process
484  control and predictability. The use of model systems like the one used in this study, is an indispensable
485 and cost-effective tool to study these interactions in-depth, one parameter at the time, and under
486  controlled conditions (Wolfe and Dutton, 2015; Wolfe 2018). Furthermore, it allows to study more
487  general ecological questions in-depth, including the study of microbial interactions and mechanisms of
488  microbial community assembly. Further, the system allows to screen for new unconventional yeasts
489  and bacteria that can be used to add additional flavors to wood-aged beers. Ultimately, the system may
490 yield plenty of opportunities for beer diversification opening the door to the production of new,
491  innovative beers with a variety of complex, wood-derived flavor profiles.
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499 8 Supplementary Material

500 Table S1: Microbial strains used in this study, including primer and probe sequences used for gPCR
501 analysis

502 Table S2: Data log of temperature, humidity and dew point over the course of the experiment
503 Table S3: Specifications of the chemical analysis protocols

504  Table S4: Composition of the iso-a-acid fraction in the different beer media tested

505 Table S5: gPCR data expressed as gene copy numbers per pl DNA (in log units)

506 Table S6: Data log of dissolved oxygen concentration in the reference beer inoculated with the
507  synthetic microbial community

508 Table S7: pH and concentration of carbohydrates, ethanol and fermentation products
509 Table S8: Concentrations of wood and hop compounds
510 Table S9: Composition of cultivation media and incubation conditions

511  Figure S1: Temporal dynamics in bacterial (left panels) and fungal (right panels) 16S rRNA gene and
512 ITS copy numbers, respectively, throughout the maturation process of the different treatments
513  investigated in this study: (A-B) reference beer (low ethanol level: 5.5 v/v% and low iso-a-acid level:
514 13 ppm and 17 IBU), (C-D) beer with medium ethanol level (8 v/v%), (E-F) beer with high ethanol
515  level (11 viv%), (G-H) beer with medium iso-a-acid level (35 ppm and 50 IBU), and (I-J) beer with
516  high iso-a-acid level (170 ppm and 135 IBU). Data are presented as the average of three biological
517  replicates (n = 3) and error bars represent the standard error of the mean.

518 Figure S2: Heatmap visualizing the ratio between the concentration of the different chemical
519  compounds in the negative controls (without microbial community) at day 60 and the concentrations
520 measured at the start (day 0) of the maturation, indicating whether compound concentrations in the
521  negative controls increased (red) or decreased (blue) throughout wood maturation. Results are
522  presented for the five different treatments (n = 3), including: reference beer (low ethanol level: 5.5
523  v/v% and low iso-a-acid level: 13 ppm and 17 IBU), beer with medium ethanol level (8 v/v%), beer
524 with high ethanol level (11 v/v%), beer with medium iso-a-acid level (35 ppm and 50 IBU), and beer
525  with high iso-a-acid level (170 ppm and 135 IBU). Welch t-tests were performed to test whether the
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526  changes in concentration throughout wood maturation of the negative controls were significant. P-
527  values obtained in the t-tests are presented in the cells: * p < 0.05, ** p < 0.01, *** p < 0.001.

528  Figure S3: Temporal dynamics in microbial community composition assessed via cultivation on
529  different media. For the composition of the media as well as the incubation conditions, the reader is
530 referred to Table S9 (Supplementary Information). Results are presented per treatment: (A) ethanol
531 treatments (low level: 5.2 v/v%, medium level: 8 v/iv%, high level: 11 v/v%) and (B) iso-a-acid
532  treatments (low level: 13 ppm and 17 IBU, medium level: 35 ppm and 50 IBU, high level: 170 ppm
533 and 135 IBU).

534 9 Data Availability Statement

535 The data used in this study (QPCR and chemical data) are available in Supplementary Information.
536  Sequences of the 16S rRNA gene (bacteria), and the 28S rRNA gene or the ITS1-5.8S rRNA-ITS2
537  region (fungi) of the microbial strains investigated in this study have been deposited in GenBank under
538  the following accession numbers: OM432146 (A. malorum); OM432147 (G. oxydans); OM432145 (L.
539  brevis); OM432144 (P. damnosus); OMA432156 (S. cerevisiae); OM432150 (B. bruxellensis);
540 OMA432151 (P. membranifaciens); and OM432152 (C. friedrichii).
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698 11 Tables

699 Table 1: Results of permutational multivariate analysis of variance (perMANOVA)? comparing the bacterial and fungal community
700 composition across the different ethanol (low level: 5.2 v/iv%, medium level: 8 v/v%, high level: 11 v/v%) and iso-a-acid treatments (low
701 level: 13 ppmand 17 IBU, medium level: 35 ppm and 50 IBU, high level: 170 ppm and 135 IBU), and/or different time points throughout
702 a 60-day maturation® of beer in a model system pitched with four bacterial® and four fungal strainsd.

All treatments and time points combined

Bacteria Fungi
Factors df F p df F p
Treatment 4 61.084 <0.001 Fkk 4 13.181 <0.001 falaied
Time 4 67.390 <0.001 Fkk 4 77.058 <0.001 falaied
Treatment*time 16 16.420 <0.001 el 16 4.553 <0.001 el

Reference beer versus medium ethanol treatment

Bacteria Fungi
Factors df F p df F p
Treatment 1 62.815 <0.001 faleled 1 1.7154 0.164 n.s.
Time 4 41.954 <0.001 falaied 4 29.8046 <0.001 falaied
Treatment*time 4 5.463 0.002 ** 4 2.4695 0.047 *

Reference beer versus high ethanol treatment

Bacteria Fungi
Factors df F p df F p
Treatment 1 161.756 <0.001 falaied 1 17.150 <0.001 faladed
Time 4 39.652 <0.001 falaied 4 34.854 <0.001 faladed
Treatment*time 4 33.418 <0.001 el 4 8.514 <0.001 Hx

Medium ethanol treatment versus high ethanol treatment

Bacteria Fungi
Factors df F p df F p
Treatment 1 58.111 <0.001 falaied 1 12.8959 <0.001 falaied
Time 4 30.805 <0.001 falaied 4 29.6678 <0.001 falaied
Treatment*time 4 18.275 <0.001 ool 4 4.0563 0.003 **

Reference beer versus medium iso-a-acid treatment

Bacteria Fungi
Factors df F p df F p
Treatment 1 12.472 <0.001 falaied 1 5.161 0.018 *
Time 4 79.406 <0.001 falaied 4 40.034 <0.001 faladed
Treatment*time 4 3.806 0.008 ** 4 0.683 0.712 n.s.

Reference beer versus high iso-a-acid treatment

Bacteria Fungi
Factors df F p df F
Treatment 1 2.888 0.090 n.s. 1 12.011 <0.001 falekal
Time 4 46.459 <0.001 falaked 4 40.954 <0.001 faleie
Treatment*time 4 8.462 <0.001 ool 4 2.147 0.055 n.s.

Medium iso-a-acid treatment versus high iso-a-acid treatment

Bacteria Fungi
Factors df F p df F p
Treatment 1 0.871 0.379 n.s. 1 2.096 0.150 n.s.
Time 4 45.308 <0.001 falaked 4 40.709 <0.001 faleie
Treatment*time 4 2417 0.077 n.s. 4 1.095 0.433 n.s.

703 a df: degrees of freedom, F: F statistic, p: p-value based on 1,000 permutations (values are statistically significant when p < 0.05), n.s.:

704 notsignificant, * p < 0.05, ** p < 0.01, *** p < 0.001.

705 b Beer samples were taken at the start (day 0) and after 10, 20, 30, and 60 days of wood maturation in the model system.

706 ¢ Bacterial strains represented strains from Acetobacter malorum, Gluconobacter oxydans, Lactobacillus brevis, and Pediococcus

707  damnosus.

;88 4 Fungal strains represented strains from Brettanomyces bruxellensis, Candida friedrichii, Pichia membranifaciens, and Saccharomyces
cerevisiae.
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Table 2: Results of permutational multivariate analysis of variance (perMANOVA)? comparing beer chemistry across the different
ethanol (low level: 5.2 v/v%, medium level: 8 v/v%, high level: 11 v/v%) and iso-a-acid treatments (low level: 13 ppm and 17 IBU,
medium level: 35 ppm and 50 IBU, high level: 170 ppm and 135 IBU), and/or different time points throughout a 60-day maturation® of
beer in a model system pitched with four bacterial® and four fungal strainse.

All treatments and time points combined

Factors df F p
Treatment 4 16.0358 <0.001 Fxk
Time 4 18.7659 <0.001 falakad
Treatment*time 16 4.2046 <0.001 faleied
Reference beer versus medium ethanol treatment
Factors df F p
Treatment 1 8.8857 <0.001 faleiel
Time 4 18.8185 <0.001 falakad
Treatment*time 4 3.5766 <0.001 falaial
Reference beer versus high ethanol treatment
Factors df F p
Treatment 1 26.2434 <0.001 faleel
Time 4 9.0025 <0.001 faaked
Treatment*time 4 6.0169 <0.001 faleel
Medium ethanol treatment versus high ethanol treatment
Factors df F p
Treatment 1 18.7839 <0.001 faleel
Time 4 8.9067 <0.001 falake
Treatment*time 4 5.3771 <0.001 faleied
Reference beer versus medium iso-a-acid treatment
Factors df F p
Treatment 1 4.4242 0.006 **x
Time 4 14.4355 <0.001 Fkk
Treatment*time 4 2.5080 0.003 il
Reference beer versus high iso-a-acid treatment
Factors df F p
Treatment 1 6.3957 <0.001 faleled
Time 4 12.9780 <0.001 faaked
Treatment*time 4 2.9596 0.002 okl
Medium iso-a-acid treatment versus high iso-a-acid treatment
Factors df F p
Treatment 1 3.3800 0.020 *
Time 4 8.5526 <0.001 falaied
Treatment*time 4 1.9624 0.027 *

a df: degrees of freedom, F: F statistic, p: p-value based on 1,000 permutations (values are statistically significant when p < 0.05), n.s.:
not significant, * p < 0.05; ** p <0.01; *** p < 0.001.

b Beer samples were taken at the start (day 0) and after 10, 20, 30, and 60 days of wood maturation in the model system.

¢ Bacterial strains represented strains from Acetobacter malorum, Gluconobacter oxydans, Lactobacillus brevis, and Pediococcus
damnosus.

4 Fungal strains represented strains from Brettanomyces bruxellensis, Candida friedrichii, Pichia membranifaciens, and Saccharomyces
cerevisiae.
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721 12  Figure captions

722  Figure 1: lllustration of the in-vitro system mimicking industrial barrel-aging on a lab scale. The
723  design is based on a 0.5-liter weck jar in which the lid is replaced by a wooden disk made from wood
724 that would otherwise be used for barrel manufacturing, i.e. new (unused) European oak. To ensure that
725  the extraction of wood compounds and the ingress of oxygen is similar to industrial-scale barrel-aging,
726  the ratio between the beer volume and the wood surface area is the same as in 225-liter barrels. A water
727  lock is fitted through the hole in the bottom of the jar to avoid pressure build-up.

728  Figure 2: Non-metric multidimensional scaling (NMDS) ordination plots, based on Bray-Curtis
729  distances of gPCR data (log gene copy numbers per ul DNA), visualizing differences in (A) bacterial
730  (stress = 0.067) and (B) fungal (stress = 0.070) community composition of beer samples taken at
731  different time points (indicated by different symbols) throughout a 60-day maturation period of beer in
732  a model system in which a synthetic microbial community was pitched. The pitched community
733 included four bacterial strains belonging to Acetobacter malorum, Gluconobacter oxydans,
734  Lactobacillus brevis and Pediococcus damnosus, and four fungal strains belonging to Brettanomyces
735  Dbruxellensis, Candida friedrichii, Pichia membranifaciens and Saccharomyces cerevisiae. In total, five
736  treatments were investigated using three biological replicates (indicated by different colors): reference
737  Dbeer (low ethanol level: 5.5 v/v% and low iso-a-acid level: 13 ppm and 17 1BU), beer with medium
738  ethanol level (8 v/v%), beer with high ethanol level (11 v/v%), beer with medium iso-a-acid level (35
739  ppm and 50 IBU), and beer with high iso-a-acid level (170 ppm and 135 IBU). The smaller the
740  difference between two data points, the more similar the microbial communities. Microbial species are
741  displayed in the NMDS plots as black dots.

742  Figure 3: Temporal dynamics in 16S rRNA gene copy numbers for (A-B) the total bacterial
743  community, (C-D) Lactobacillus brevis, (E-F) Pediococcus damnosus, (G-H) Acetobacter malorum,
744 and (I-J) Gluconobacter oxydans throughout a 60-day maturation period of beer in a model system in
745  which four bacteria (different panels) and four fungi (Brettanomyces bruxellensis, Candida friedrichii,
746  Pichia membranifaciens, and Saccharomyces cerevisiae) were pitched. In total, five treatments were
747  investigated (indicated by different colors): reference beer (low ethanol level: 5.5 v/v% and low iso-a-
748  acid level: 13 ppm and 17 IBU), beer with medium ethanol level (8 v/v%), beer with high ethanol level
749 (11 viv%), beer with medium iso-a-acid level (35 ppm and 50 IBU), and beer with high iso-a-acid
750 level (170 ppm and 135 IBU). Data are presented as the average of three biological replicates and the
751  error bars represent the associated standard error of the mean.

752  Figure 4: Temporal dynamics in ITS gene copy numbers for (A-B) the total fungal community, (C-D)
753  Saccharomyces cerevisiae, (E-F) Brettanomyces bruxellensis, (G-H) Pichia membranifaciens, and (I-
754 J) Candida friedrichii throughout a 60-day maturation period of beer in a model system in which four
755  bacteria (Acetobacter malorum, Gluconobacter oxydans, Lactobacillus brevis, and Pediococcus
756  damnosus) and four fungi (different panels) were pitched. In total, five treatments were investigated
757  (indicated by different colors): reference beer (low ethanol level: 5.5 v/v% and low iso-a-acid level:
758 13 ppmand 17 IBU), beer with medium ethanol level (8 v/iv%), beer with high ethanol level (11 v/iv%),
759  Dbeer with medium iso-a-acid level (35 ppm and 50 IBU), and beer with high iso-a-acid level (170 ppm
760 and 135 IBU). Data are presented as the average of three biological replicates and the error bars
761  represent the associated standard error of the mean.

762  Figure 5: Principal component analysis (PCA) visualizing the differences in chemical composition of

763  beer samples taken at different time points (indicated by different symbols) throughout a 60-day
764  maturation period of beer in a model system in which a synthetic microbial community was pitched.
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765  The pitched community included four bacterial strains belonging to Acetobacter malorum,
766  Gluconobacter oxydans, Lactobacillus brevis and Pediococcus damnosus, and four fungal strains
767  belonging to Brettanomyces bruxellensis, Candida friedrichii, Pichia membranifaciens and
768  Saccharomyces cerevisiae. In total, five treatments were investigated using three biological replicates
769  (indicated by different colors): reference beer (low ethanol level: 5.5 v/v% and low iso-a-acid level:
770 13 ppmand 17 IBU), beer with medium ethanol level (8 v/v%), beer with high ethanol level (11 v/v%),
771  beer with medium iso-a-acid level (35 ppm and 50 IBU), and beer with high iso-a-acid level (170 ppm
772  and 135 IBU). Negative controls with wood, but without microbial community, were analyzed after 60
773  days of maturation and are plotted as open circles for each treatment. The chemical variables are
774  presented as vectors. The smaller the difference between two data points, the more similar the chemical
775  composition.

776  Figure 6: Temporal changes in beer chemistry throughout a 60-day maturation period of beer in a
777  model system in which a synthetic microbial community was pitched. The pitched community included
778  four bacterial strains belonging to Acetobacter malorum, Gluconobacter oxydans, Lactobacillus brevis
779  and Pediococcus damnosus, and four fungal strains belonging to Brettanomyces bruxellensis, Candida
780 friedrichii, Pichia membranifaciens and Saccharomyces cerevisiae. In total, five treatments were
781  investigated (indicated by different colors): reference beer (low ethanol level: 5.5 v/v% and low iso-a-
782  acid level: 13 ppm and 17 IBU), beer with medium ethanol level (8 v/v%), beer with high ethanol level
783 (11 viv%), beer with medium iso-a-acid level (35 ppm and 50 IBU), and beer with high iso-a-acid
784  level (170 ppm and 135 IBU). Data are presented as the average of three biological controls and the
785  error bars represent the associated standard error of the mean. Displayed parameters: (A) pH, (B) acetic
786  acid, (C) L-lactic acid, (D) total sugars (defined as the sum of D-glucose, D-fructose and sucrose), (E)
787  4-vinyl guaiacol, (F) 4-ethyl guaiacol, (G) 4-ethyl phenol, (H) cis-3-methyl-4-octanolide (cis-oak
788  lactone), (1) eugenol, (J) total polyphenols, (K) vanillin, (L) ethyl acetate, (M) isoamyl acetate, (N)
789  furfural, and (O) 5-methyl furfural. For a detailed overview of the different chemical parameters
790  measured in this study, the reader is referred to Tables S7 and S8 (Supplementary Information).

791  Figure 7: Heatmap visualizing the ratio between the concentration of the different chemical
792  compounds in the jars spiked with a synthetic microbial community and the negative controls without
793  microbes, indicating whether compound concentrations were higher (red) or lower (blue) in the
794  inoculated jars compared to the respective negative controls. The pitched community included four
795  bacterial strains belonging to Acetobacter malorum, Gluconobacter oxydans, Lactobacillus brevis and
796  Pediococcus damnosus, and four fungal strains belonging to Brettanomyces bruxellensis, Candida
797  friedrichii, Pichia membranifaciens and Saccharomyces cerevisiae. Results are presented for the five
798  different treatments (n = 3), including: reference beer (low ethanol level: 5.5 v/v% and low iso-a-acid
799  level: 13 ppm and 17 IBU), beer with medium ethanol level (8 v/v%), beer with high ethanol level (11
800  v/V%), beer with medium iso-a-acid level (35 ppm and 50 IBU), and beer with high iso-a-acid level
801 (170 ppm and 135 IBU). Welch t-tests were performed to test whether the effect of the microbial
802 community on the chemical parameters measured was significant. P-values obtained in the t-tests are
803  presented in the cells: * p < 0.05, ** p <0.01, *** p < 0.001.

22


https://doi.org/10.1101/2022.03.07.483260
http://creativecommons.org/licenses/by-nc-nd/4.0/

Waterlock

Silicon plug

Hole in glass



https://doi.org/10.1101/2022.03.07.483260
http://creativecommons.org/licenses/by-nc-nd/4.0/

A Bacteria B Fungi
0.4 ] <
L 0.4 P
2 [ J
0.2 A o 0.2 S o *
2 24 * .
\ malo?u m.. \ * %; S. cerevisiae P. @em, ran/fa::lens
I . o * ™ ]
190] ® 0 4
g 0 G oxyd.ans g oo &Aw o
z .tg& 20.2 1 ** * m B t|>jruxellensis
~0.2 Y P. damnosus 8 * * =
“7 i -0.4 e
* ¥ C. frie.drichii
L] —_ -
—0.4 1 L. brevis 0.6
T T T T T T T
-0.5 0 0.5 -1 -0.5 0.5 1
NMDS1 NMDS1
Treatments @ @ @
@ Reference beer @
Medium ethanol level ¥ ¥ Day0
High ethanol level 8 : : gzy ;8
@ Medium iso-a-acid level A A A Daz 30
(0) (@ High iso-a-acid level o [ | H Day60



https://doi.org/10.1101/2022.03.07.483260
http://creativecommons.org/licenses/by-nc-nd/4.0/

Number of gene copies Number of gene copies Number of gene copies Number of gene copies

Number of gene copies

per pl DNA (log scale) per pl DNA (log scale) per pl DNA (log scale) per pl DNA (log scale)

per pl DNA (log scale)

Ethanol treatments

Reference beer @
Medium ethanol level
—e— High ethanol level

A Total bacteria

9 -
8
7 A
6 4
5
4
3 4
2
1
0 a 4 T ,
0 10 20 30 60
Maturation time (days)
C Lactobacillus brevis
9
8
7
6
5
4
3
2
1 i
0l . .
0 10 20 30 60
Maturation time (days)
E Pediococcus damnosus
9 -
8 4
7 4
6
5 4
4 4
3 4
2
1 -\\/‘
0 T - + .
0 10 20 30 60
Maturation time (days)
G Acetobacter malorum
9 -
8 4
7 4
6
5 4
4 4
34
2
14
0 T T T ,
0 10 20 30 60
Maturation time (days)
I Gluconobacter oxydans
9 -
8 4
7 4
6
5 4
4 4
3
2
1 \
0 » v T .
0 10 20 30 60

Maturation time (days)

Number of gene copies Number of gene copies Number of gene copies Number of gene copies

Number of gene copies

per pl DNA (log scale) per pl DNA (log scale) per pl DNA (log scale) per pl DNA (log scale)

per pl DNA (log scale)

Iso-

O-_2NWhoIOON®O O-_2NWhoIOON®O O=-_2NWPHhOTON®©O
o

O-_2NWhoIOON®O

O-_2NWhoIOON®O

a-acid treatments

Reference beer @
Medium iso-a-acid level (])

—e— High iso-a-acid level @ @
B Total bacteria

10 20 30 60

Maturation time (days)

D Lactobacillus brevis

1 T

0 10 20 30 60
Maturation time (days)

F  Pediococcus damnosus

0 10 20 30 60
Maturation time (days)

H Acetobacter malorum

0 10 20 30 60
Maturation time (days)

J  Gluconobacter oxydans

l 44— 3

4

0 10 20 30 60

Maturation time (days)


https://doi.org/10.1101/2022.03.07.483260
http://creativecommons.org/licenses/by-nc-nd/4.0/

Number of gene copies Number of gene copies Number of gene copies Number of gene copies

Number of gene copies

per ul DNA (log scale) per ul DNA (log scale) per ul DNA (log scale) per ul DNA (log scale)

per ul DNA (log scale)

Ethanol treatments Reference beer

O®

Medium ethanol level

—e— High ethanol level

A Total fungi
9
8
7
6
5
4
3
2 4
14
04 . . . .
0 10 20 30 60
Maturation time (days)
C Saccharomyces cerevisiae
9
8
7
6
5
4
3
2
1
o .
0 10 20 30 60
Maturation time (days)
E Brettanomyces bruxellensis
9
8
7
6
5
4
3
2
(1) — # . s
0 10 20 30 60
Maturation time (days)
G  Pichia membranifaciens
9 -
8 4
7 4
6 4
54
4
3 4
2 4
1
0 * ¢ T ,
0 10 20 30 60
Maturation time (days)
| Candida friedrichii
9 -
8 4
7 4
6 4
54
4
3 4
2 4
14 5 P z
o E——F—"\— —
0 10 20 30 60

Maturation time (days)

Number of gene copies Number of gene copies Number of gene copies Number of gene copies

Number of gene copies

Iso-a-acid treatments

per ul DNA (log scale) per ul DNA (log scale) per ul DNA (log scale) per ul DNA (log scale)

per ul DNA (log scale)

Reference beer @
Medium iso-a-acid level ()

—e— High iso-a-acid level @ @

B Total fungi
9
8
7
6
5
4
3
2 -
14
0/ : : : :
0 10 20 30 60
Maturation time (days)
D Saccharomyces cerevisiae
9
8
7
6
5
4
3
2
1
o .
0 10 20 30 60
Maturation time (days)
F  Brettanomyces bruxellensis
9 -
8 A
7 4
6 -
5 4 _
4 4
3 4
2
14
0 - T T T ,
0 10 20 30 60
Maturation time (days)
H Pichia membranifaciens
9 -
8 4
7 A
6 A
54
4 4
3 4
2
1 4
0 T T T ,
0 10 20 30 60

Maturation time (days)

J  Candida friedrichii

n

O=_2NWhrhOOONO
L

i‘\"/J\?r /
10 20 30 60
Maturation time (days)

o -


https://doi.org/10.1101/2022.03.07.483260
http://creativecommons.org/licenses/by-nc-nd/4.0/

0.2 1

o
N
1
@
o
K
/”’
~
~

®O6
G)

’00
‘%:.D
o@mpoo

Day 0

Day 10

Day 20

Day 30

Day 60

Day 60 negative control

=R IXX T ICIC)
©0O
Dupeek@O

Treatments
Reference beer

Vanillin
(23) M-thymol

Medium ethanol level
High ethanol level
Medium iso-a-acid level
(@) High iso-a-acid level

(22) Ethyl butyrate

Hexyl acetate
1-hexanol

9
~ £ ,‘/ 1
5 SN\
< 09 S N » 14
8 LA — I\
Bl N
o 35 // [ MO 0O®
01- e {6 7
S M 21 %5 Sk 2044 ®
31/ !
324 /30 K @)
-0.24
29 ©,
T T T T
-0.3 -0.2 -0.1 0 0.1
PC1 (25.00%)
(1) Syringol (13) Furfural (25) Ethyl decanoate
(2) 4-methyl guaiacol (14) Glycerol (26) O-thymol
(3) Trans-3-methyl-4-octanolide (15) D-lactic acid (27) Isobutyl acetate
(4) Ethyl vanillate (16) 4-vinyl guaiacol (28) Ethyl isovalerate
(5) Salicyl aldehyde (17) Sucrose (29) Isoamyl alcohol
(6) Ethanol (18) D-glucose (30) 1-propanol
(7) Phenethyl alcohol (19) D-fructose (31) Butanol
(8) Guaiacol (20) pH (32) Isobutanol
(9) Iso-eugenol (21) Isoamyl acetate (33) B-glucan
( (34)
( (35)
( (36)

10)
11) 5-methyl furfural
12) Methyl vanillate

(24) Propionic acid

Ethyl octanoate

(37) Ethyl hexanoate
(38) Total polyphenols
(39) Ethyl acetate

(40) 4-ethyl phenol
(41) Acetic acid

(42) Cis-3-methyl-4-octanolide
(43) 4-ethyl guaiacol
(44) Ethyl lactate

(45) L-lactic acid

(46) Phenethyl acetate
(47) Eugenol


https://doi.org/10.1101/2022.03.07.483260
http://creativecommons.org/licenses/by-nc-nd/4.0/

4-ethyl phenol (ppb) Total sugars (mg/l) pH

Total polyphenols (mg/l)

5-methyl furfural (ppm)

A pH
5 -
4_’—%- —%
34
2
14
0 T T T ,
0 10 20 30 60
Maturation time (days)
D Total sugars
160
120 -
80
I
40
O 10 20 30 60
Maturation time (days)
G 4-ethyl phenol
80 I
60
40
20
04 ¢ . ? ,
0 10 20 30 60
Maturation time (days)
J Total polyphenols
500
400]’21/./»//'
o= -
300
200
100
0+ T T T ,
0 10 20 30 60

Maturation time (days)

M 5-methyl furfural
900

600 4

300

0 10 20 30 60
Maturation time (days)

Treatments:

—e— High ethanol level

B Acetic acid C L-lactic acid
3.5 __ 300+
= 31 2 250
2 2.5 S
5 ) 3 200 -
® ® 150
g 19 200
3 19 1 -
< 051 - 504 — .
0 2 . . : 0 . . . :
0 10 20 30 60 0 10 20 30 60
Maturation time (days) Maturation time (days)
E 4-vinyl guaiacol F 4-ethyl guaiacol
. 600 —~ 160 -
) 5001 g
e 2 120
g 4001\ g
‘s 300 ' 80+
=} =]
o 9 \\x 4 o))
> * > 40
104 Bl Le—
= . <0 = .
10 20 30 60 0 10 20 30 60
Maturation time (days) Maturation time (days)
’_(5; H Cis-3-methyl-4-octanolide 1 Eugenol
£ 200 80 -
(O]
k) ~
9 150+ S 60+
il e
3 100 S 40
I 5
= o
£ 50 T 20
© / L
£ —
s 0 o = : . 0 v : : )
2 0 10 20 30 60 0 10 20 30 60
© Maturation time (days) Maturation time (days)
K Vanillin L Furfural
600 4,000+
5% £ 3,000
o 3 .
@ 400 g
£ 300 S 2,000
% 2001 § 1,000
= 1001’/37—"\ e
" P
T T T T 1 0 T v - v
0 10 20 30 60 0 10 20 30 60
Maturation time (days) Maturation time (days)
N Ethyl acetate o Isoamyl acetate
200 - — 1
£ .
\% 160 - T & 0.8+
Q
L 120 4 T 06
& ©
S 80 _i 0.4-
£ 404 E 02-
e e L8 | - E———
0 10 20 30 60 0 10 20 30 60
Maturation time (days) Maturation time (days)
Reference beer @
Medium ethanol level Medium iso-a-acid level @

—e— High iso-a-acid level

QW


https://doi.org/10.1101/2022.03.07.483260
http://creativecommons.org/licenses/by-nc-nd/4.0/

pH

Acetic acid
L-lactic acid
D-lactic acid
Propionic acid
D-glucose
D-fructose
Sucrose
B-glucan
Glycerol

4-vinyl guaiacol
4-ethyl guaiacol
4-ethyl phenol
4-methyl guaiacol
Guaiacol
Cis-3-methyl-4-octanolide
Trans-3-methyl-4-octanolide
Eugenol
Iso-eugenol
Total polyphenols
Vanillin

Methy! vanillate
Ethyl vanillate
Furfural
5-methyl furfural
Salicyl aldehyde
Syringol
M-thymol
O-thymol

Ethyl acetate
Ethyl butyrate
Ethyl lactate
Ethyl hexanoate
Ethyl Isovalerate
Ethyl octanoate
Ethyl decanoate
Hexyl acetate
Isobutyl acetate
Isoamyl acetate
Phenetyl acetate
1-propanol
Butanol
Isobutanol
Isoamyl alcohol
1-hexanol
Phenetyl alcohol

Concentration in jars with microbes

Ratio: — -
Concentration in negative control
>100
>10 Parameter is
>5 higher in samples
>9 with microbial community
>1.25
Between 1/1.25 - 1.25
<1/1.25
<12 Parameter is
<1/5 lower in samples
<1/10 with microbial community
<1/100

©
®
)
)

G

Parameter is zero in negative controls

Treatments

Reference beer
Medium ethanol level
High ethanol level
Medium iso-a-acid level

(@ High iso-a-acid level


https://doi.org/10.1101/2022.03.07.483260
http://creativecommons.org/licenses/by-nc-nd/4.0/

