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Abstract

Beer is generally considered a stable product due to its intrinsic “unfavourable” conditions
(hops, alcohol, low oxygen etc.) that inhibit the growth of pathogenic microorganisms.
However spoilage microorganism such as Lactobacillus brevis, Pediococcus damnosus,
Acetobacter aceti, Zymomonas mobilis, and various wild yeasts (e.g. Brettanomcyes spp.) can
have significant detrimental effects to the organoleptic properties of the final product. The
presence of essential vitamins such as thiamine and riboflavin can help to enhance the growth
of these microorganisms accelerating the rate of spoilage. The presence of thiamine had a
noticeable effect on the lactic acid productivity of L. brevis and P. damnosus; acetaldehyde
productivity in Z. mobilis; and acetic acid production in Brettanomyces spp. While riboflavin

enhanced the 2,3-pentadione production by P. damnosus and Brettanomyces spp.
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Introduction

Beer is typically considered a safe product to consume since no known pathogens can survive
in a typical full-strength beer &2, This appears to be due predominantly to a series of
intrinsic antimicrobial factors such as the inclusion of hops, a relatively low pH, and elevated
ethanol and carbon dioxide content . However, it is possible for spoilage bacteria such as
Lactobacillus brevis, Pediococcus damnosus, Acetobacter aceti, Zymomonas mobilis, and
wild yeasts (e.g. Brettanomcyes spp.) to still spoil beer through compromised hygiene
practices. These microorganisms may be non-pathogenic, but can be detrimental to the
quality of some styles of beer @ %, They produce a range of unwanted flavours, aromas and in
some instances cause turbidity. Specific spoilage characteristics include the accumulation of
lactic acid (L. brevis, P. damnosus), vicinal diketones (diacetyl and 2,3- pentanedione; P.
damnosus), acetaldehyde (Z. mobilis), acetic acid (Brettanomcyes spp, A. aceti), cresols,
ethylphenol and eugenol (Brettanomyces spp). In some styles of beer, such as Lambic,
gueuze, abbey style beers and sour ales, these same characteristics can be considered as
desirable. In general, though, in most lager and ale styles of beer these characteristics would

be considered a fault and would be rejected by the consumer.

The influence of the presence of thiamine and riboflavin on the growth of potential spoilage
microorganisms in beer is currently unknown. Since these vitamins are utilised in a number
of principle metabolic processes, it is likely that their presence or absence may aid or hinder
the growth of beer spoilage microorganisms. Spoilage microorganisms such as L. brevis, P.
damnosus, Z. mobilis, A. aceti, Brettanomcyes lambicus and Brettanomyces bruxellensis have
been noted to have thiamine and/or riboflavin requirements “-1%. This research investigated
the thiamine and riboflavin requirements of a variety of known beer-spoilage microorganisms

and determine whether the in the presence these vitamins aids in spoilage.

Methods and Materials
Microorganisms used in this research

Micromicroorganisms used in this research were sourced from various locations.
Lactobacillus brevis and Pediococcus damnosus were isolated by Menz et al. 2,
Zymomonas mobilis (ZM4 strain — ATCC 31821) was sourced from the University of
Melbourne (Melbourne, Victoria, Australia). Acetobacter aceti B450 was sourced from the

Australian Wine Research Institute (Waite, South Australia, Australia). Brettanomyces
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bruxellensis (5112) and Brettanomyces lambicus (5526) were sourced from Wyeast
Laboratories Inc (Odell, OR). L. brevis and P. damnosus cultures were stored on MRS agar
(Oxoid, Basingstoke, UK) containing 85% v/v full strength beer and 2 g/L maltose 2, Z.
mobilis was stored as per Vriesekoop et al., 3. A, aceti was stored on an artificial medium
containing 10 g/L calcium carbonate (Sigma-Aldrich, St Louis, MO), 3g/L glucose (Sigma-
Aldrich, St Louis, MO), 15 g/L agar (Oxoid, Basingstoke, UK), 10 g/L yeast extract (Oxoid,
Basingstoke, UK), 25 g/L mannitol (Sigma-Aldrich, St Louis, MO), 2 % v/v ethanol (Sigma-
Aldrich, St Louis, MO). Brettanomyces spp. strains were stored on Malt Extract Agar (Oxoid,
Basingstoke, UK).

All cultures were inoculated (102 cell/ml), and incubated at 24°C for five days. All tubes were

monitored for an increase in growth (increased turbidity).

Effect of thiamine and riboflavin on the growth of various beer spoilage microorganisms

in a non-stressed environment

L. brevis, P. damnosus, Z. mobilis, A. aceti, B. lambicus and B. bruxellensis were inoculated
into individual tubes containing (10 ml) of the artificial minimal media (Table 1) containing
either: [1] no added thiamine and riboflavin; [2] 50 pg/L of thiamine; [3] 50 ug/L of
riboflavin; or [4] 50 pg/L of thiamine and 50 pg/L riboflavin. This vitamin concentration
constituted a “low vitamin” beer environment as determined previously by Hucker et al. 4,

(T3

A simple hedonic scale (“— no growth; “+” minor growth; “++” medium growth; “+++”
heavy growth) was used to measure any increase in turbidity. It must be noted that 2 % v/v

ethanol was added to the A. aceti cultures to enable growth.

The effect of vitamins on the ability for spoilage microorganisms to proliferate in the

presence of hops and ethanol

The effect of thiamine and riboflavin on the ability for spoilage microorganisms to grow in
the presence of hops and ethanol were investigated. This was performed by inoculating the
cultures above into an artificial minimal media (Table 1) with added hops, ethanol and
vitamins. Cultures were inoculated into each flask (50 mL of media in cotton wool stoppered
100ml Erlenmeyer flasks) at 10° cfu/ml and were fermented for 20 days at 24 °C. An initial

and final sample were taken to determine whether the presence of vitamins influenced the



94  spoilage-potential of these known beer spoilage microorganisms through their ability to
95  produce off flavour indicators (lactic acid, diacetyl and acetic acid)
96

97  Sugar and organic acid analysis

98 Lactic and acetic acid production of the various spoilage microorganisms was analysed by
99  using a Varian high performance liquid chromatography (HPLC) system (Varian Inc,
100  Mulgrave, Australia) with the following conditions: a Varian 9010 pump at a flow rate of 0.6
101 ml/min of 0.0025 M sulphuric acid (H2SO4); Varian Prostar 410 autosampler (10 uL
102  injection); Alltech 300 column heater (65 °C); Rezex ROA organic acid H+ (8%) 300 x 7.8
103 mm column fitted with a SecurityGuard cartridge Carbo-H 4 x 3.0 mm (Phenomenex,
104  Torrance, CA) and a Varian 9040 Refractive Index detector (40 °C). All prepared standards
105  were made in 0.0025 M sulphuric acid and stored at 4°C for up to six months.
106
107  Analysis of acetaldehyde
108  Acetaldehyde was analysed via the method described by Hucker and Vriesekoop (2008) (19).
109

110  Analysis of vicinal diketones

111 The analysis of free vicinal diketones (VDK’s: 2, 3-butanedione (diacetyl) and 2, 3-

112  pentanedione) was performed using Head Space — Gas Chromatography (HS-GC) coupled
113 with electron capture detection and all procedures used for this analysis were based on

114  controlled in-house testing methods, which are described briefly below.

115

116  All standards and samples were analysed using a Varian CP 3800 gas chromatograph fitted
117  with a CTC CombiPal autosampler and equipped with head space sampling, utilising a

118 headspace needle at 95 °C (1 ml); incubation at 50 °C for 15 minutes; injector (spilt 15:1) at
119 150 °C; BP1, 25 m x 0.53 mm ID, 5.0 um film thickness, (SGE Analytical Science Pty Ltd,
120  Ringwood, Australia); the carrier gas utilised was high purity nitrogen (4 psi); column

121  temperature 100 °C; electron capture detector (ECD) at 240 °C.

122

123 Internal standard solution was prepared by adding 30 pL of 2,3-hexanedione (Sigma-Aldrich,
124 St, MO) to 30 ml of ethanol in a 50 ml volumetric flask. The solution was then made to

125 volume and 10 ml was transferred to a 250 ml volumetric flask and made to volume with
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ethanol. The solution was mixed well, placed in GC vials, crimped and stored in the freezer

for up to four months.

Samples (20 ml) were first degassed by swirling them for five minutes in a conical flask (100
ml). An aliquot (2 ml) of degassed sample was then transferred to a 20 ml GC vial that
contained 1 g (£ 0.2 g) sodium sulphate and the vials were sealed. 15 pL of internal standard
solution (fresh from freezer) was quickly added to the sealed vials and the samples were
analysed via HS-GC.

Results and Discussion

Effect of thiamine and riboflavin on the growth of various beer spoilage microorganisms

in a non-stressed environment

All microorganisms used in this study were able to grow in the basic artificial minimal
medium (Table 2). This indicates the presence of thiamine or riboflavin is not an essential
requirement for growth of these microorganisms, or at least the strains used in this study.
However, the addition of thiamine (50 pg/L) enhanced the growth of all beer spoilage micro-
microorganisms investigated here. The addition of riboflavin (50 /L) did not influence the
growth of L. brevis, P. damnosus, or Z. mobilis; however, A. aceti, B. lambicus and B.
bruxellensis did benefit from the sole addition of riboflavin (Table 1). The combined addition
of thiamine and riboflavin never produced an improved growth outcome beyond the most
beneficial sole-vitamin. Despite no microbial culture having an absolute requirement for
either vitamin it is apparent that the presence of particular vitamins can have a positive
influence on the growth of the cultures. The presence of thiamine aided an increase in growth
L. brevis, P. damnosus, and Z. mobilis; suggesting that beers with a higher level of this
vitamin could support growth and hence increase the risk of spoilage. Similarly, an increased
presence in riboflavin may increase the risk of spoilage in beer from aerobic bacteria such as

A. aceti.

Effect of thiamine and riboflavin on the ability of a variety of spoilage microorganisms to

grow and spoil beer in the presence of hops and ethanol

The exposure to hops (15 IBU) and ethanol (3% abv) caused no major change in the growth

intensity of L. brevis cultivated in the absence of either thiamine or riboflavin, however
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exposure to hops and ethanol caused a decrease in lactic acid production by 50 and 60%
respectively (Table 3). The addition of thiamine and riboflavin to either a non-stressed or
stressed L. brevis culture resulted in overall increases in lactic acid production. Thiamine
alone provided a greater increase in lactic acid production than the sole addition of riboflavin.
These results are similar to the previous findings © 6 which established that thiamine is

required by L. brevis to efficiently convert pyruvate to lactic acid and ethanol.

The exposure of P. damnosus to hops caused a reduction of lactic acid productivity by
approximately 75%; while exposure to ethanol caused a decrease in lactic acid by about 82%
(Table 3). Furthermore, exposure to hops caused an increase in diacetyl productivity by
350%; while 2,3-pentadione productivity was reduced by about 25%. Exposure to ethanol
caused a reduction of 20% in both diacetyl and 2,3-pentadione. This decrease in lactic acid
production can be linked to a decrease in metabolism as the stresses such as hop and ethanol
are inhibitory to lactic acid bacteria %1724, The presence of thiamine resulted in a doubling
of diacetyl productivity in a non-stressed culture of P. damnosus; while riboflavin addition in
the absence of thiamine induced very little change in diacetyl productivity. The combined
addition of thiamine and riboflavin to non-stressed P. damnosus reiterates the observations
that thiamine has the greatest influence on diacetyl productivity (Table 3). The sole addition
of thiamine and riboflavin enhanced the production of both lactic acid and 2,3-pentadione to
non-stressed P. damnosus, however, there was no marked distinction between the influence
of thiamine or riboflavin — neither did the combined addition of thiamine and riboflavin
impose a greater productivity of either lactic acid or 2,3-pentadione. The sole and combined
addition of thiamine and riboflavin to hops stressed P. damnosus enhanced the production of
lactic acid by 22 — 29% (Table 3). This marked increase did by no means offset the large
decrease in lactic acid production due to the exposure to hops. While the exposure of P.
damnosus to hops caused a marked increase in diacetyl productivity, this increase in diacetyl
biosynthesis was further enhanced by the presence of thiamine and riboflavin. The combined
addition of these two vitamins caused a further synergistic increase in diacetyl productivity.
The exposure to hops caused a decrease in 2,3-pentadione production; while the addition of
thiamine and riboflavin to hops stressed P. damnosus induced an increase in 2,3-pentadione
production to roughly the non-stressed level. The combined addition of thiamine and
riboflavin had an additive stimulatory effect with regards to 2,3-pentadione biosynthesis
(Table 3).
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The observation that the presence of thiamine and riboflavin increased the lactic acid
concentration implies that these vitamins can aid in increasing the risk of spoilage in a beer.
The fact that the lactic acid concentration increased in conjunction with an increase in growth
in the presence of thiamine (Table 3) suggests that thiamine enhances the rate of
fermentation. In most LAB the pyruvic acid to lactic acid conversion facilitates the reduction
of NAD™ to NADH, which in turn is required to fuel ATP production during glycolysis in a
similar manner to how yeast growth can be stimulated by influencing the intracellular redox

balance through stimulation of its fermentation pathway @5 25),

The main spoilage characteristic of Z. mobilis is its ability to produce copious amounts of
acetaldehyde " 28, The exposure of Z. mobilis to hops (15 IBU) and ethanol (3% abv)
caused a decrease in acetaldehyde production by 7.4 and 27 % respectively. Z. mobilis
utilises the Entner-Doudoroff pathway to produce energy ?°-2) and thus relies on an active
pyruvate decarboxylase. This enzyme requires thiamine diphosphate to be present to function
correctly @9 3Y and therefore in the absence of this cofactor, metabolism of acetaldehyde and
subsequently ethanol production, could be hindered or stopped. The presence of thiamine in a
non-stressed culture of Z. mobilis enhanced growth and caused an increase in acetaldehyde
productivity by 100% (Table 4). However, the addition of riboflavin did not enhance growth
but caused a marked increase in acetaldehyde production (23%); while the combined addition
of thiamine and riboflavin did not improve growth or increase acetaldehyde productivity
beyond the sole influence of thiamine (Table 4). The addition of hops, in the absence of either
thiamine or riboflavin, to Z. mobilis resulted in an observed increase in growth when
compared to the non-stressed control. This might be due to the presence of both vitamins in
hops . The addition to either thiamine or riboflavin to a hops-exposed culture of Z. mobilis
did not enhance growth; however as was observed with the non-hops exposed cultures, the
acetaldehyde productivity increased by 86.5 % in the presence of added thiamine while
riboflavin addition only caused a very minor increase in acetaldehyde. The combined
addition of thiamine and riboflavin caused an increase in acetaldehyde productivity similar to
the sole addition of thiamine (Table 4).

The addition of ethanol (3 % abv) to Z. mobilis did not decrease the observed growth, but had
a negative effect (27 %) on the acetaldehyde production, which is in keeping with previous

reports ?7-34, The presence of thiamine and/or riboflavin enhanced the growth performance
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of ethanol-exposed Z. mobilis (Table 4). The addition of thiamine to ethanol-exposed Z.
mobilis enhanced the production of acetaldehyde by 21.3 %; while riboflavin alone had little
effect on the acetaldehyde production under ethanol stressed conditions (+3.8 %). Some
strains of Z. mobilis have been reported to have a requirement for riboflavin ¢” but it appears
that the strain used in this study does not. The combined presence of thiamine and riboflavin
in ethanol-exposed Z. mobilis showed a synergistic enhancement of acetaldehyde

accumulation.

The main spoilage characteristic of A. aceti is through its ability to oxidize ethanol to acetic
acid, producing vinegary off-flavours and aromas . High levels of acetic acid will cause a
drop in the pH, which has been shown to be detrimental towards yeast during the secondary
fermentation . The presence of thiamine and/or riboflavin had no marked influence on the
growth performance of A. aceti (Table 4). Similarly, the presence of thiamine to a non-
stressed A. aceti culture had no significant impact on the accumulation of acetic acid; while
the presence of riboflavin to a non-stressed culture caused a minor but noticeable rise in
acetic acid production The exposure of A. aceti to hops did not affect growth, but caused a
decrease in acetic acid production by 25%; while the exposure to a higher level of ethanol
caused an increase in growth, and a ten-fold increase in acetic acid production (Table 4). The
increase in growth and acetic acid production is highly likely due to the fact that ethanol is
the preferred growth substrate and main metabolic by-product related to energy production
for A. aceti 6-38),

The presence of thiamine to either hops or ethanol exposed A. aceti induces a small increase
in acetic acid produced when compared to the control treatment; while the presence of
riboflavin to the A. aceti cultures provided a slightly greater improvement in acetic acid
production. In all treatments 3 % v/v ethanol was added to all cultures to allow for growth.
Therefore the ethanol stressed treatments had a further 3 % v/v ethanol applied to stress the
cultures in a similar fashion to the other cultures. This increase in acetic acid in the ethanol
stressed cultures is most likely due to this increase in available substrate, as the other
treatments recorded similar concentrations, and the fact that all ethanol treatments recorded
an increase of almost two times that of the hop and non-stressed treatments. So despite the
presence of the different applied stresses, the overall effect of the addition of thiamine and
riboflavin is similar for A. aceti. The increase in the growth of the ethanol stressed cultures
when compared to the other treatments, reiterates that this is most likely due to the increased

availability of the substrate.
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Apart from spoilage bacteria in beer, there are also a number of yeasts that can cause
significant spoilage issues in beers ®). Brettanomyces spp. are most commonly associated
with beer production as a cause of spoilage * 4% but can be beneficial in case of Belgium
Lambic beers and the modern cool ship ales “* 42, In this study the presence thiamine or
riboflavin to both non-exposed Brettanomyces cultures stimulated growth from medium to
heavy growth (Table 5). Thiamine alone caused a marked increase in acetic acid
accumulation of 43.5 and 78.2 % in B. lambicus and B. bruxellensis respectively; while
riboflavin alone caused less pronounced increase in acetic acid production of 19.3 and 11.7 %
by B. lambicus and B. bruxellensis respectively. However, the combined presence of thiamine
and riboflavin in non-exposed B. bruxellensis resulted in an increase in acetic acid similar to
that of thiamine alone (+74.4 %); whereas the combined presence of the vitamins in non-
exposed B. lambicus caused an increase in acetic acid production markedly lower than the
sole presence of thiamine and similar to that of the sole presence of riboflavin (Table 5). The
exposure to hops and ethanol did not impose a noticeable effect with regard to growth;
however, the exposure caused a decrease in acetic acid production by 5-8% and 17-31%
respectively. The presence of thiamine and/or riboflavin caused an improvement in growth to
heavy growth in all instances for both Brettanomyces spp. (Table 5), which indicates that
Brettanomyces nascent vitamin synthesis is sufficient for reasonable growth but benefits from
exogenous supplied vitamins. When exposed to hops (15 IBU) both B. lambicus and B.
bruxellensis increase acetic acid production the most when thiamine is present; while the
presence of riboflavin causes only a minor increase in acetic acid accumulation in B.
bruxellensis with B. lambicus benefiting more with regards to acetic acid production from the
presence of riboflavin when exposed to hops. Interestingly, both Brettanomyces spp. produce
higher levels of acetic acid when exposed to ethanol in the presence of riboflavin compared
to the presence of thiamine. The combined presence of thiamine and riboflavin provides an
acetic acid productivity similar to the sole presence of thiamine, undoing the additional
benefit from the sole addition of riboflavin.

Conclusion

The presence of either thiamine or riboflavin is capable of enhancing the spoilage potential of

all spoilage micro-microorganisms investigated here. In many instances this was regardless of
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the presence of hops or ethanol. Very noticeable, the presence of thiamine has the ability to
markedly enhance the productivity of: lactic acid in ethanol-exposed L. brevis and P.
damnosus; diacetyl in hops and ethanol exposed P. damnosus; acetaldehyde in hops and
ethanol exposed Z. mobilis; and acetic acid in hops and ethanol exposed Brettanomyces spp.
While the addition of riboflavin always enhanced the spoilage potential of all micro-
microorganisms investigated here; the most noticeable enhancement by riboflavin was
observed in hops and ethanol exposed P. damnosus with regards to 2,3-pentadione
production, and ethanol exposed Brettanomyces spp.

While this study did not investigate the influence of thiamine and riboflavin in actual beer; it
does show that the thiamine and riboflavin present in beer has the potential to provide many

spoilage micro-microorganisms with spoilage-stimulants that are intrinsic to beer itself.
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Table 1. Artificial minimal media used in spoilage culture experiments.

Composition based on research by Moore and Rainbow (1955), Carr (1958), Shankman et al.,
(1947), Russell et al., (1954), Dunn et al., (1947), Liu et al., (1995), Hammes and Hertel
(2009) and Sievers and Swings (2005).

Nitrogen source Supplier g/L Vitamins Supplier ug/L
(NH4)2SO, Chem Supply? 5 Biotin Sigma-Aldrich 100
Carbohydrate
source g/L Pantothenic acid Sigma-Aldrich 100
Maltose Sigma-Aldrich® 2.5 Folic acid Sigma-Aldrich 100
Glucose Sigma-Aldrich 2.5 Inisitol Sigma-Aldrich 2000
Niacin (nicotinic
Amino Acids Supplier mg/L acid) Sigma-Aldrich 100
p-aminobenzoic
Alanine Ajax Chemicals® 200 acid Merck! 100
Pyridoxine
Asparagine Sigma-Aldrich 200 hydrochloride Sigma-Aldrich 100
Aspartic acid Sigma-Aldrich 200 Choline chloride Sigma-Aldrich 100
Arginine Sigma-Aldrich 200 Cobalamin (B12) Sigma-Aldrich 100
Cysteine Sigma-Aldrich 200 Thiamine” Sigma-Aldrich 50
Glutamic acid BDH chemical Ltd® 200 Riboflavin® Sigma-Aldrich 50
Glutamine Sigma-Aldrich 200 Trace Elements Supplier ug/L
Glycine Sigma-Aldrich 200 H3;BOs Ajax Chemicals 500
L-Histidine Sigma-Aldrich 200 CuSOq4 Ajax Chemicals 40
Isoleucine Sigma-Aldrich 200 Kl Ajax Chemicals 100
BDH Chemical
Leucine Sigma-Aldrich 200 FeCls Ltd 200
Lysine.HCI Sigma-Aldrich 200 MnSO, Ajax Chemicals 400
DL-Methionine Sigma-Aldrich 200 Na;MoO4 Ajax Chemicals 200
Phenylalanine Sigma-Aldrich 200 ZnS04 Chem Supply 400
Proline Research Organic Inc® 200 Salts Supplier g/L
Serine Sigma-Aldrich 200 KH2PO4 Sigma-Aldrich 1.0
Threonine Research Organic Inc 200 K>HPO4 Sigma-Aldrich 1.0
BDH Chemical
LD-Tryptophan | Research Organic Inc 200 MgSO, Ltd 0.5
Tyrosine Sigma-Aldrich 200 NaCl Chem Supply 0.1
Valine Research Organic Inc 200 CaCOs Chem Supply 0.1
Stress Treatments”
Ellerslie Hop
Hops 9 (mg/L) Estate Pty Ltd 750
Ethanol " (v/v) CSR Distilleries 3%

a Beverly, Australia; ® St Louis, USA, ¢ Sydney, Australia; ¢ Poole, England; € Clevland, USA; fKilsyth,
Australia; 9 Myrrhee, Australia; " Yarraville, Australia; * Applied where required
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Table 2. Thiamine and riboflavin requirements of various beer spoilage microorganisms.

T3

no growth; “+” minor growth; “++” medium growth; “+++” heavy growth.

Added vitamins

Spoilage microorganism None | Thiamine | Riboflavin | Thiamine and
only only Riboflavin
(50 pg/L) | (50 pg/L) | (50 pg/L of each)
Lactobacillus brevis + ++ + ++
Pediococcus damnosus + ++ + ++
Zymomonas mobilis + ++ + ++
Acetobacter aceti® + ++ ++ ++
Brettanomyces lambicus ++ +++ +++ +++
Brettanomyces bruxellensis ++ +++ +++ +++

@2 % vlv ethanol added to media to improve growth




460 Table 3. Effect of hop and ethanol stresses on a spoilage potential of L. brevis and P.

461  damnosus.

462  The percentage change (A%) determined by comparing the vitamin treatment to the control
463  treatment where all vitamins were absent. All data is calculated from an average of

464  quadruplicate flasks analysed that has been analysed in duplicate (n = 8).

L. brevis P. damnosus
Lactic Lactic 2,3-
Growth acid A % | Growth acid A% | Diacetyl | A% | pentanedione | A %
Treatment (mg/L) (mg/L) (ng/L) (ng/L)
Non Stressed +2 108.0 + + 112.9 - -
Control 6.4° +4.2 40.7+9.8 11.0+2.2
Non Stressed ++ ++
Control + 216.0 = 1415+
thiamine 2.1 100.0 3.4 253 | 82.4+9.8 | 1024 13.1+1.3 19.4
Non Stressed + +
Control + 1374 £ 129.7 £
riboflavin 4.9 27.2 3.7 148 | 433%+34 | 6.3 142+ 3.3 30.1
Non Stressed ++ ++
Control +
thiamine & 2226 131.4 +
riboflavin 3.4 106.0 5.5 164 |91.0+7.7 | 1235 13.2+7.6 20.7
Hops 15 IBU Lactic Lactic 2,3-
Growth acid A % | Growth acid A% Diacetyl | A % | pentanedione | A %

(mg/L) (mg/L) (pg/L) (pg/L)
Hop (control) - 50.1+ + 299+ 1434
Hops + 55.2 38.0% 180.6 =
thiamine + 1.3 10.1 + 5.2 27.0 9.9 25.9 114+6.4 40.0
Hops + 54.2 + 36.6 = 181.8 =
riboflavin + 6.7 8.2 + 7.1 22.3 3.8 26.8 11.4+39 40.2
Hops +
thiamine & 55.7 38.6 1955+
riboflavin + 5.9 11.2 + 6.1 29.1 5.4 36.3 17.3+8.9 113.6
Ethanol 3% Lactic Lactic 2,3-
abv Growth acid A % | Growth acid A% | Diacetyl | A% | pentanedione | A %

(mg/L) (mg/L) (ng/L) (ng/L)
Ethanol + 43.2 + + 20.2 +
Ethanol + ++ 3.7+ ++ 26.7 +
thiamine 7.7 24.3 4.4 321 | 53.0+65 | 64.1 126 +1.6 34.7
Ethanol + ++ 53.2+ ++ 216 +
riboflavin 9.3 23.1 7.7 6.9 42.6(6.3) | 31.8 13.8 + 8.6 47.3
Ethanol + ++ ++
thiamine & 55.3+ 26.1+

_riboflavin 8.2 28.1 5.8 29.2 | 485(8.4) | 50.1 10.2+5.2 9.5

465 2 Growth was determined on the following hedonic scale “-“ no growth; “+” minor growth; “++” medium
466 growth; “+++” heavy growth

467  ° Standard deviation of the data

468  cvisually no growth present

469
470
471
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Table 4. Effect of hop and ethanol stresses on a spoilage potential of Z. mobilis and A. aceti.

The percentage change (A%) determined by comparing the vitamin treatment to the control

treatment where all vitamins were absent. All data is calculated from an average of

quadruplicate flasks analysed that has been analysed in duplicate (n = 8).

Z. mobilis A. aceti

Treatment Growth Ace(ﬁ;%yde A % | Growth AC?SfL‘;lC'd A%
Non Stressed Control +8 107:05 [N+ 16+57 [N
Non Stressed Control + ++ ++

thiamine 21.4+11 | 100.0 1.6 +3.4 1.5
Non Stressed Control + + ++

riboflavin 13.2+3.2 23.6 1.7+54 6.1
Non Stressed Control + ++ ++

thiamine & riboflavin 21.6 £0.3 101.8 1.7+£6.2 5.3
Hops 15 IBU Growth Ace(tr";‘]'gfl’_*;yde A% | Growth ACEE;'/CL‘%)‘C"’ A%
Hop (control) ++ 9900 T ~ | 12:60 N
Hops + thiamine ++ 185+5.1 86.8 ++ 12+34 2.5
Hops + riboflavin ++ 10.5+ 0.6 4.1 ++ 1.3+5.1 7.2
Hops + thiamine & ++ ++

riboflavin 18.1+26 82.8 1.3+6.2 6.9
Ethanol 3% abv Growth Ace(trilgd/elz_t;yde A % | Growth ACEES/CL?C'd A%
Ethanol (control) + 78+x61 [ | 17522 |
Ethanol + thiamine ++ 95+2.6 21.3 et 183+32 | 45
Ethanol + riboflavin ++ 81+17 3.8 +H+ 19.7+25 | 128
Ethanol + thiamine & ++ +++

riboflavin 10.3+3.4 31.7 19.4+5.2 11.1

8 Growth was determined on the following hedonic scale
growth; “+++” heavy growth
b Standard deviation of the data

“-“no growth; “+” minor growth; “++” medium
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Table 5. Effect of hop and ethanol stresses on a spoilage potential of B. lambicus and B.
bruxellensis.
The percentage change (A%) determined by comparing the vitamin treatment to the control
treatment where all vitamins were absent. All data is calculated from an average of
quadruplicate flasks analysed that has been analysed in duplicate (n = 8).
B. lambicus B. bruxellensis
Growth Acetic acid Growth Acetic acid
Treatment (mg/L) A % (mg/L) A %
Non Stressed Control ++° s01:61° [N+ 14:23 [N
Non Stressed Control + +++ +++
thiamine 847.2+9.8 43.57% 804.2£5.8 78.2%
Non Stressed Control + +++ +++
riboflavin 706.1 £ 2.3 19.66% 504419 11.7%
Non Stressed Control + +++ +++
thiamine & riboflavin 724.3+2.6 22.74% 787.3+£9.2 74.4%
Hops 15 IBU Growth |  Acetic acid Growth |  Acetic acid
(mg/L) A % (mg/L) A %
Hop (control) ++ 561.0 + 3.3 ++ 413.1£5.9
Hops + thiamine o+ 845.0+83 | 50.6% | ttt 751.3+4.2 | 81.9%
Hops + riboflavin o+ 7624+85 | 35.9% o+ 423.0 5.6 2.4%
Hops + thiamine & +++ +++
riboflavin 882.3+2.7 57.3% 688.4 £ 6.9 66.6%
Ethanol 3% abv Growth Acetic acid Growth Acetic acid
(mg/L) A % (mg/L) A %
Ethanol (control) ++ a01:17 N+ 376781 [N
Ethanol + thiamine o+ 603.4+56 | 47.5% | *tt 438.3+7.4 | 16.4%
Ethanol + riboflavin ++t 629.3+ 3.4 53.8% +++ 467.4+9.9 24.1%
Ethanol + thiamine & +++ +++
riboflavin 600.1£9.5 46.7% 4432+1.1 17.7%

8 Growth was determined on the following hedonic scale

growth; “+++” heavy growth
b Standard deviation of the data

e

no growth; “+” minor growth; “++” medium
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