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Sanitation of wooden barrels for ageing

beer — a review

The use of wooden barrels is a traditional technique for fermentation and maturation of beer, most prominently
present in the production of traditional sour beers like Belgian lambic beer and red-brown acidic ales. In recent
years, barrel ageing of beer is also gaining an increased interest to add notes of wood or aromas from the
previously matured beverage to the beer. However, insufficient cleaning and sanitation of barrels can result

in microbial spoilage which may have a detrimental impact on beer quality, e.g. caused by wild yeasts like
Brettanomyces, acetic acid bacteria and lactic acid bacteria. Therefore, in order to control the microbial load

of the barrel, it is important to properly clean and sanitise the barrels. To date, to our knowledge no systematic
review has been published on the available sanitation techniques for wooden beer barrels. Here, we provide

a comprehensive overview of various chemical and physical cleaning and sanitation methods that are
commonly applied in breweries like sulphur dioxide, steam and hot water. In addition, we discuss a number

of alternative methods that are gaining interest and popularity such as ozone and high-power ultrasound.

We address their advantages and drawbacks, emphasising their ability to eradicate spoilage microorganisms
and influences on the extraction of typical wood associated flavours from the barrels. Finally, limitations in
existing knowledge are discussed and areas that merit further study are identified, including combinations of

different treatments.
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1 Introduction

Wooden barrels hold an important place in the history of human
civilisation. As a predominant form of shipping container they
greatly facilitated the trade and logistical activities of all kinds of
bulk goods, including petroleum oils, nails, soap and glue [1]. Be-
sides being both durable and easy to handle, wooden barrels also
appeared to provide positive effects on the foods and beverages
that were transported, such as meat and fish, vegetables, olives,
syrups, beer and wine. In particular, the Greeks and Romans al-
ready bought wine in wooden barrels from the Gauls around 300
BC, as they preferred the wood-aged wine to their own wine [2].
Although oak (Quercus) has become the preferable wood for bar-
rel manufacturing, the first barrels were made of readily available
and relatively bendable wood species such as pine (Pinus), poplar
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(Populus) and palm (Arecaceae). To make the wood species used
more workable and less susceptible to fractures, heat was applied
over time, either by steam or through direct contact with fire [3].
Today, 2.5 million new barrels are annually produced worldwide
with wine and whisky industry as main purchasers [3]. However,
whereas the traditional wooden barrel has been drummed out of
service in the beer industry for practical reasons, in recent years
there is a revived interest in wood maturation of beer [4]. Ageing of
beer in wooden barrels may yield important organoleptic changes,
leading to complex, tasteful beers with notes of wood or aromas
from the previous beverage that has been matured in the barrel
[3, 5, 6]. The precise organoleptic effects of wood ageing depend
on many factors, including the type of wood, contact time, region
of origin, and method of wood treatment, i.e. drying process and
especially the degree of toasting applied during manufacture [7-9].
Furthermore, due to its porosity, the wood forms a semi-permeable
barrier between the beer and the environment, allowing a tailored
exchange of gases [10].

Oak is usually chosen by the barrel-maker as the preferable wood
species due to its mechanical properties, permeability, contribution
tocharacteristicaromas, and usage tradition [11]. To alesser extent
otherwoodtypes like chestnut (Castanea), cherry (Prunus), acacia
(Acacia) and walnut (Juglans) are used. Today, the beer industry
most of the time reuses barrels from wine and whisky industry,
where barrels may be used only once [3]. Furthermore, barrels
used for beer ageing are often reused for maturing the next batch
of beer [3]. Most of the time, barrels are reused until the barrel no
longer significantly contributes to the aroma and flavour profile of
successive batches [11, 12]. The practice of reusing barrels has
both advantages and disadvantages. Major advantages include
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lower purchase costs of used barrels, as well as the fact that
flavours from the beverage previously matured in the barrel can
be imparted into the beer [3]. One of the most important disad-
vantages of reusing barrels is potential microbial contamination
which can affect the quality of the end product through undesirable
souring and/or development of off-flavours, resulting in significant
economic losses. Wooden barrels represent a suitable habitat for
diverse microorganisms, including fungi and bacteria that have
developed and remained in the barrels after previous usage [13].
Indeed, while new barrels generally do not harbour many fungi and
bacteria [14], the interior surfaces of used barrels are often loaded
with several microbes, both at the surface and deeper in the wood,
especially in the joints, cracks and crevices of staves [15] (Fig. 1).
Itis known that throughout maturation certain microorganisms may
have penetrated the wood, sometimes even up to 1.2 cm depth
[16], which may contaminate the next maturing beverage. These
microbes are of great concern for the brewing industry, particularly
if they are associated with spoilage and contaminate new batches
of beer after refilling.

Theyeast Brettanomycesis one of the mostimportant undesirable
microorganisms that can survive and thrive inside wooden barrels.
Brettanomyces yeasts are generally associated with spoilage in
winemaking [17], although they also occur during barrel ageing of
beer [18]. Brettanomyces spp. produce acetic acid under aerobic
conditions, as well as the rancid-smelling isovaleric acid, and
acetyltetrahydropyridine (ATHP) and 2-ethyltetrahydropyridine
(ETHP), which are associated with mousiness in wine [19].
Furthermore, the yeast produces volatile phenols (4-ethylphenol
(4-EP) and 4-ethylguaiacol (4-EG)) that can negatively impact
wine and beer quality. Depending on their concentration the

Bilge hoop
Quarter hoop

Wooden barrel anatomy (A) with close captions onto the positions that are the most chal-
lenging to clean and disinfect. These positions are joints between the staves in the bar-
rel’s body (B) and the joint between the croze groove and the barrel’s head (C). As beer
penetrates the wood, it transfers along microbes which afterwards become inaccessible
for many physical or chemical agents while cleaning and sanitising the barrel

resulting flavours are described as
“phenolic”, “leather”, “horse sweat”,

“stable”, “smoked”, and “bacon”
[20—24]. Nevertheless, the same

Head hoop .
_ compounds are considered es-
Rivet sential contributors to the flavours
Croze of lambic [25], American coolship

ale [26] and various Belgian red-
brown acidic ale beers [27]. Other
microorganisms that often inhabit
wooden barrels include acetic acid
bacteria (AAB) [28, 29] and lactic
acid bacteria (LAB) [30]. Acetic acid
bacteria of the genera Acetobacter
and Gluconobacter are the most
frequent contaminants of barrel-
aged beer. They can spoil beer
through the oxidation of ethanol
to acetic acid, providing harsh
sourness, effectively transforming
beer into vinegar [31]. Lactic acid
bacteria, with Lactobacillus and
Pediococcus as the most com-
monly reported genera in finished
beer, produce lactic acid, and
show high degrees of ethanol and
hop tolerance, by which they can
thrive well during barrel ageing and
contribute to beer spoilage [32]. Pediococcus spp. are also known
to cause beer “ropiness”, a temporary flaw due to the production
of exopolysaccharides [33] leading to more viscous beer, char-
acterised by the formation of strands in extreme circumstances.
Nevertheless, despite their spoilage-causing capabilities, just
like Brettanomyces spp., AAB and LAB are generally desired in
traditional sour beers [30, 34]. In other beer production processes,
they can lead to major economic losses and inconsistent quality
of the final product [35].

Cant

Therefore, effective cleaning and sanitation of barrels are essential
when wooden barrels are reused to limit microbial contamination
[15] and avoid undesirable flavours in the final beer. Cleaning
involves the removal of organic and inorganic deposits from the
barrels, which may contain microbes or promote microbial pro-
liferation, and is usually performed with mechanical actions or
by chemical means [36]. Sanitation refers to the reduction of the
microbial load to acceptably low numbers [37], and efficacy can
depend on numerous parameters such as the sanitation method,
contact time, and the presence of remaining materials on the
wood surface to be treated. Additionally, sanitation efficacy is
affected by the age of the barrels, the contamination degree and
wood surface defects such as blisters or cracks [15]. Generally,
proper cleaning enhances the efficacy of subsequent sanitation.
Sanitation is especially important in the maturation of beverages
with a low to intermediate alcohol content (< 8 % ABV), as several
barrel-associated microorganisms are able to grow under these
conditions. Moreover, both LAB and AAB have been shown to be
tolerant against higher ethanol percentages (> 10 % ABV) [32,
38-40], while tolerance up to 15-16 % ABV has been reported
for some Brettanomyces strains [41].
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Table 1 Summary of physical and chemical cleaning and sanitation methods for wooden beer barrels
. . . Impact on wood
Method Mode ofa?:?ittl)r:lcroblal Affected microbes?® Pez:trtaht;on volatiles concen- | Cost and ease of use z::gs
P tration
Physical method
. Expenses for energy
. Interior surface .
hlighipress Thermal inactivation, Brettanomyces spp., and subsurface Decreases key prodgctlon,_water [15],
N mechanical removal RielE (TR 7 (upon longer volatiles rEEnllly ErEEls 6, [52-56]
water LABd) treatment times) safety measurements
needed
High investment costs
) (steam generator) and
Steaming Thermal inactivation Brettanomyces spp. ;ﬂglﬂ%ﬁﬂfgg Degslzzela:skey associated production [5[?5é2]
costs, safety meas-
urements needed
. Irreversible DNA dam- Co
L:g&?;/t'%ﬁt age (dimerisation of Brettan%rz}éies SPP-+ | nterior surface -e ik m't';l) ;rtg/estment [64-67]
adjacent thymines)
. R Surface and Increases in Lo
Thermal inactivation, h . Expensive instru-
Dry ice mechanical and expan- Brettanomyies SPp-s progre_sswely eugenol and cis ments, safety meas- [69-71]
L LAB deep into the and trans-oak
sive impact wood lactonest ures for ears needed
High power IOL”;EQ?:?; bgrgtigres Brettanomyces s Interior surface . Expensive equipment, | [60], [73],
ultrasound and pre sF;u re 4 PP- | and subsurface high investment costs [74-80]
Shaving and | Thermal inactivation, | Breftanomyces spp., | Interior surface | Decreases in 4-EP Inexpensive, ease [3],
re-toasting mechanical removal AABe, LAB¢ and subsurface and 4-EGg of use [82-85]
Chemical method
Unchanged,
Chemical reaction with prevents oxidation 7 [59],
Sulphur nucleic and fatty acids | Brettanomyces spp., | Interior surface | (gaseous SO,, can Lr;zxgir;:tlveﬁqggzﬁ rgt [86-92],
dioxide in the cell, causing cell AAB¢, LAB¢ and subsurface | diminish extraction r,nents):1eeded [94],
lysis of volatiles (aque- [96-99]
ous SO,)
Sodium . R(_)Sh formation )
percarbonate a':g‘lsit;)\ga;re;;ﬂ?/i?g:” Brettanomyces spp., | Interior surface I\?gl‘;rtﬁgzecsowczﬁ Inexpensive, ease [[11(?(])’_5%%;]]’
. . g )
and p;iggcetlc membrane, causing AABc, LAB and subsurface tration of use [107]
cell lysis
ROS" formation Expensive, spe-
inactivates enzymes - . H
. - Brettanomyces spp., ] Decreases gentisic | cialised equipment [50],
Ozone anmdem)ggﬁée'é‘:l;;ﬁe" AABe, LAB¢ liligier sz acid needed, safety meas- | [108-115]
cell I);sis 9 ures needed

a Affected microbes for which studies are available

¢ Acetic acid bacteria

¢ Not addressed

9 4-ethylphenol (4-EP) and 4-ethylguaiacol (4-EG)

d Lactic acid bacteria

fln wine

" Reactive oxygen species

® Interior surface (0-4 mm) and subsurface (4-8 mm)

The desired outcome of sanitation is cell death, an event whereby
normal cellular functions, including respiration, metabolism, cell
growth and proliferation are terminated [42]. To this end, high
temperatures and pH-lowering treatments are often applied. In
general, temperatures of 50 °C and above have profound effects
on the structural and physiological properties of microorganisms,
with membranes, RNA, DNA, ribosomes, proteins and enzymes
all being affected [43, 44]. Likewise, changes in pH can lead to cell
death through the disruption of pH homeostasis, cell membrane
integrity and fluidity, metabolic regulation, and macromolecule
repair [45—47]. Many methods applied, including several that are
discussed in this review, rely on lowering of the pH, which may
be particularly effective against yeasts and fungi [48, 49]. In bar-

rels, the joints between the staves in the barrel’s body and the
head are the most challenging positions to clean and disinfect
[50] (Fig. 1). Furthermore, the presence of precipitated deposits
on the inner surfaces of the barrels complicates cleaning and
sanitation. Numerous methods for barrel cleaning and sanitation
for wine production are available and have been recently reviewed
[15]. Thus far, and to the best of our knowledge, no systematic
overview exists that provides a comprehensive summary of barrel
sanitation methods for maturation of beer. In this review article, we
present an integrated list of physical and chemical cleaning and
sanitation methods and discuss their efficacies, advantages and
disadvantages (summarised in Table 1). Furthermore, we indicate
a number of areas that merit future research.
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2 Physical cleaning and sanitation methods
2.1 Hot water and high-pressure hot water treatment

The most common cleaning technique is rinsing with hot water
and high-pressure hot water (HPHW) treatment, since water is
readily available in the breweries. Furthermore, it dissolves the
beer stone (a precipitate of calcium oxalate and organic material
that deposits on the barrel surface) [51], while leaving behind no
chemical residues [52]. Nevertheless, from a safety perspective, it
has to be noted that its use necessitates great caution due to the
high temperatures involved. Furthermore, production of energy
to heat the water is relatively expensive, and often lengthy treat-
ments have to be employed. Barrels are filled with hot water either
by static or rotating spray heads under variable temperature and
pressure conditions, ranging from 60 to 90 °C and from 0.1 to 70
bars, respectively. Sanitation efficacy is dependent on the applied
temperature and pressure, in combination with the treatment time
and degree of contamination [15]. To prevent excessive growth
of spoilage organisms as well as drying out of the barrels which
would compromise their integrity [3], itis recommended to apply hot
water and HPHW treatment as soon as possible after the vessel
has been emptied. Both hot water treatment and HPHW treat-
ment have been shown to be effective for decreasing the number
of bacteria that occur on the wood surface, like AAB [53], when
hot water of 85 to 88 °C is applied for 20 minutes. In the case of
wood-penetrating microorganisms, like Brettanomyces yeasts,
however, its effectiveness seems to be dependent on the depth at
which the microorganisms occur and the sampling protocol used
to evaluate the treatment’s efficacy. Sampling can be performed at
the surface of the barrel only (non-destructive sampling) or deeper
in the wood (destructive sampling) [15]. A treatment with hot water
at 60 °C for 19 minutes was found to reduce presumptive Bret-
tanomyces populations in previously used barrels with more than 8
log units as determined after rinsing the barrel with sterile peptone
water and plating on Dekkera/Brettanomyces Differential Medium
(DBDM) [54]. A more recent study using a destructive sampling
method (sawing staves into cubes) in combination with plating on
DBDM [55] revealed that Brettanomyces bruxellensis could not be
recovered from cubes heated in water at 70 °C for 20 minutes, or
80 °C for 15 minutes when the yeast was present in oak at depths
of <4 mm. Longer heating times (70 °C for 30 minutes or 80 °C for
20 minutes) were required if B. bruxellensis was present at depths
of 5 to 9 mm within cubes made from staves [55]. A drawback of
these hot water based methods, however, is that they may exert
negative effects on the amount of volatile compounds released
from the wood after refilling the barrels. It has been found that
a hot water treatment at 82 °C as short as 5 minutes resulted in
a significant decrease of key oak volatile concentrations, mainly
furfural and 5-methylfurfural [56].

2.2 Steam treatment

Steam treatment is another frequently employed technique within
the beer industry to sanitise wooden barrels, as well as filters,
hoses and tanks. Steam is generated by a pressurised electric
generator, which significantly decreases water usage compared
to HPHW, although it is accompanied with higher costs, i.e. for
the hot water generator and associated electrical power. As with

hot water treatment, its handling needs to be taken with care. For
barrel sanitation, steam is generally blown through the bunghole
into the barrel for 10 to 30 minutes. Nevertheless, longer steaming
periods have been shown to provide improved sanitation [57]. In
order to have sufficient sanitation efficiency during steaming of the
barrels, it is important that the treatment time is long enough so
that the heat can penetrate deep enough into the wood to kill the
wood-inhabiting microbes. Wood has a low thermal conductivity,
which may protect the microorganisms from the heat[58], generat-
ing so-called “cold spots” where microbial cells are not completely
inactivated [55]. Steaming for 5 and 10 minutes resulted in a tem-
perature of 47.4 °C and 57.5 °C, respectively, at a depth of 8 mm,
which was found to be enough to kill B. bruxellensis, suggesting
that both protocols may be sufficient to sanitise wooden barrels
[59]. However, it has to be noted that barrel steaming generally
proves to be inadequate to eradicate cells from the sides of stave
surfaces, and the joints between staves [60]. This problem can
be avoided by dismantling the barrel into staves and steam them
as separate units. Nevertheless, this is a time-consuming and
labour-intensive procedure. Furthermore, it may compromise the
integrity of the barrel upon reassembly. Previous research has
shown that when staves are steamed, a temperature as high as
75 °C can be achieved after 8 to 9 minutes in the staves at a depth
of 9 mm, whereby Brettanomyces was successfully eradicated
[61]. Similarly to HPHW treatment, steaming generally lowers
the concentration of furfural, 5-methyfurfural and phenolic oak
volatiles [62]. Despite the availability of numerous studies, more
research is still needed to elucidate the efficacy of steaming, not
only for yeasts like Brettanomyces, but also for AAB and LAB.

2.3 Ultraviolet irradiation

Irradiation with ultraviolet (UV) is a disinfection technique with a
variety of applications, such as air disinfection, surface disinfection
and liquid sterilisation [63]. The most effective wavelength range
to kill off microorganisms is located between 200 and 280 nm,
so-called “short wavelength UV light” (UV-C), with a maximum
effect at 254 nm [63]. Microorganisms are inactivated by UV light
as a result of damage to nucleic acids by dimerisation of adjacent
thymine molecules [64]. As a result, the microorganisms are un-
able to perform vital cellular functions, including reproduction [65].
However, microorganisms differ in sensitivity to UV light, with yeasts
generally being more resistant to UV irradiation than bacteria [66].
Although this technique is already commonly used in diverse ap-
plications such as the food industry and medical facilities, creating
sterile workplaces or for sterilising waste and drinking water, so far,
only little is known about its efficacy for barrel sanitation. A study
by Guzzon and colleagues (2017) showed that UV irradiation was
the least effective sanitation treatment tested in barrels, including
treatments like steam and ozone. On average, only 35 % of the
plate-culturable Brettanomyces spp. and AAB present in the bar-
rels were eliminated after a 30 minute treatment with a 36 W UV
lamp. This is probably due to the porous nature of wood, which
shields cells from direct radiation. Therefore, UV radiation is most
probably only useful to kill surface-located microbes [67].

2.4 Dry ice blasting

Dry ice blasting is an innovative barrel sanitation technique that
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is already used in the food industry for the removal of residues
in food containers and metal ovens [68]. With this technique, dry
ice granules (CO,) at —-78.5 °C are used as a blasting medium to
remove solid residues from the barrels from which the lid has to
be disassembled. The process is based on a combination of three
effects, including thermal, mechanical and expansive effects. Upon
impact, the thermal effect shows up when the CO, pellets imme-
diately cool and embrittle the wood surface. Next, the mechanical
effect comes into play and is attributed to the kinetic energy of
the CO, pellets, and finally the expansive effect is based on the
sublimation of CO, [69]. The grains of dry ice sublimate during
impact, leaving only detached material behind, which has to be
removed from the barrel surface. This makes dry ice blasting an
environmentally friendly technique that creates very little waste
and no chemical residue. A study by Costantini and colleagues
(2016) showed that dry ice blasting of contaminated oak wood
surfaces resulted in a 97.8 to 100 % reduction in B. bruxellensis
and Lactobacillus brevis as determined by the contact plate method
[70]. However, contact plates are known to result in poor recovery
rates for porous materials like wood, and mainly sample surface
microbes. This study also showed that dry ice blasting has a posi-
tive influence on the organoleptic properties of wine matured in the
barrels after treatment. Specifically, dry ice blasting enhanced the
aromatic tones of wood and vanilla, attributed to higher eugenol
and cis- and trans-oak lactones concentrations [70]. This is most
probably due to the fact that the blasting also removes thin wood
layers (0.5—0.8 mm) which exposes the underlying toasted wood
to the barrel content [70]. As a downside, dry ice blasting requires
special emphasis on labour safety. For example, dry blasting gen-
erates sound pressure levels of 70 to 110 dB, thus ear protection
while handling the dry ice is needed [71]. Further, the generation
of the granules requires special equipment which represents high
initial investment.

2.5 High power ultrasonics

High power ultrasonics (HPU) is a technique in which electrical
energy is converted into ultrasonic sound waves (20 kHz to 10
MHz), which fall outside the range of human hearing (16 to 20 kHz)
[72]. When formed in liquid, HPU forms cavitation bubbles which
generate high localised temperatures (> 5000 °C) and pressure
(order of 50 MPa) upon collapse [73, 74]. The exact physicochemi-
cal mechanism by which microorganisms are inactivated by HPU
is not yet fully understood. However, it is generally believed that its
activity results from the cavitation that causes mechanical effects
leading to cell wall and membrane damage. Furthermore, cavitation
can lead to sonochemical reactions, which may give rise to the
production of antimicrobial hydrogen peroxide [75]. Several studies
have already demonstrated that HPU is effective for the killing of
differentmicroorganisms, especially yeasts[76, 77]. However, there
is a clear difference in effectiveness for different microorganisms. In
bacteria, the technique is especially effective againstgram-negative
bacteria and to a lesser extent against gram-positive bacteria. A
possible explanation is that gram-positive bacteria have a thicker
peptidoglycan layer, which makes them more resistantto HPU[78,
79]. The same could be said for yeasts, where the composition
of the cell wall may differ significantly between different species
[75]. In the study by Schmid and colleagues, complete removal of
culturable B. bruxellensis cells was shown in surface (0—2 mm) and

subsurface samples (2—4 mm), obtained after 12 minutes of HPU
exposure at 50 °C and 60 °C, respectively [80]. Additionally, it was
demonstrated that HPU impacts B. bruxellensis even up to a depth
of 9 mm in contaminated oak wood with processing parameters set
at 60 °C for 6 minutes at 3.8 kW [60]. With regard to wood proper-
ties, it was found that HPU does not have any adverse effects on
the extractable components of the wood [80]. However, despite
these promising results, additional research is required regarding
its efficacy as a sanitation method for the purpose of beer ageing.

2.6 Barrel shaving and/or re-toasting

Barrel shaving is a technique that entails the removal of approxi-
mately 5 to 6 mm of the barrel interior surface by shaving, plan-
ning or routering disassembled barrels [81]. It is a centuries-old
technique, which is currently receiving renewed attention in the
brewing industry and beyond it. Barrel shaving is mainly applied
when most of the aromatic components have already been ex-
tracted from the wood and one wants to expose the next batch of
beer to a new wood surface [3]. However, as the toasting effect
of toasted barrels reduces with wood depth, shaving often neces-
sitates re-toasting to re-establish the desired toasting degree [3].
Nevertheless, although this method may prolong the lifespan of
a barrel, the extractive characteristics are often not identical to
new barrels. Advantageously, the removal of affected wood also
removes microorganisms that occur on and in the scraped wood,
thereby reducing the risk of contamination [50]. The re-toasting also
contributes to the microbiological control of the vessel. Depend-
ing on the cooperage, during the process of toasting the vessel
reaches a temperature from 150 to 250 °C that will kill most of the
remaining microbes [82, 83]. This was also indirectly concluded
in the study of Pollnitz and colleagues (2000) where decreased
levels of 4-EP and 4-EG were observed after wood shaving and
re-toasting, which are the main volatiles produced by B. bruxel-
lensis [84]. However, there are also obstacles when applying this
technique. Wine, beer or other beverage residues that remain in
the barrel after the surface has been shaved, are toasted along with
it and can cause undesirable aromas and off-flavours afterwards
[85]. In addition, there is a danger that the integrity of the wood
structure may be destroyed or damaged which can cause leakage.

3 Chemical sanitation methods
3.1 Reducing agents — sulphur dioxide

Usage of sulphur dioxide (SO,) is probably the most widely applied
method in the brewing industry to protect and preserve wooden
barrels against microbial growth since it is inexpensive and easy
to use. There are two ways SO, is used, including burning of
elemental sulphur and direct gassing by pressurised SO,. Burn-
ing sulphur reacts with oxygen to form SO, until all oxygen in the
vessel has been consumed [86]. For dry storage of the barrels,
this sanitation method is commonly applied every 3 to 4 weeks
and the amount of sulphur burned ranges between 5 and 20 g per
225 L barrel [59, 87]. Sulphur dioxide is an antimicrobial agent and
has an inhibitory effect on diverse microorganisms, among which
are the most common beer spoilage organisms (Brettanomyces
spp.-, AAB and LAB) [88]. It exerts its microbiocidal activity by
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crossing the microbial membrane and disrupting the activity of
enzymes and other proteins in the cell by changing the pH of the
cytoplasm [89, 90]. Furthermore, it chemically reacts with nucleic
acids [91] as well as fatty acids [92] in the cell, thereby killing the
cell. Additionally, SO, initiates cell death processes by depleting
the intracellular pool of ATP, decreasing the cytoplasmic pH and
interacting with NAD*/NADP+ [93]. As an alternative, SO, can be
applied in solution during wet preservation of the barrels. In this
case, the barrels are filled with a (cold) water solution of 200 mg/L
of potassium metabisulphite (K,S,0,) acidulated with 3 g/L of citric
acid [17]. A major disadvantage of wet preservation of barrels is
that desirable wood aroma compounds are generally depleted [3,
94], which is not the case when SO, is used in the gaseous form
[62]. Sulphur dioxide can also react with oak wood constituents and
form lignosulphurous acid, from which hydrogen sulphide may be
released, reminiscent of rotten egg. The hydrogen sulphide in turn
can react with pyrazines in toasted wood to form musty smelling
thiopyrazines [95]. In addition to its antimicrobial action, SO, has
an antioxidant effect. In the presence of catalysts it binds with
dissolved oxygen and inhibits the action of oxidoreductases that
occur naturally in wood, such as tyrosinase and laccase, resulting
in decreased chemical oxidation of phenolic and certain aromatic
compounds [87, 96, 97]. On the other hand, in most beers the
antimicrobial capacity of SO, is weak. For a typical beer, having
a pH around 4 to 5 [98], most of the SO, occurs in a bound state
causing loss of antimicrobial effectiveness [99]. Finally, caution
should also be exercised when applying SO, since the gas is
irritant to the eyes, nose and throat. Its usage hence requires
adequate ventilation.

3.2 Oxidising agents-sodium percarbonate and per-
acetic acid

Insome cases, wooden barrels are sanitised using oxidising chemi-
cals such as sodium percarbonate and peracetic acid (PAA), both
belonging to the group of peroxide-based compounds. Properties
which have made PAA a preferable chemical for sanitation are
its broad antimicrobial spectrum, ease of implementation, and
its complete biodegradability into harmless products [100]. The
efficacy of PAA treatment depends on factors like concentration,
temperature, pH, and the amount of organic material [101]. A pH
below 8.2 (which correspondsto its isoelectric point (pK,)) will result
in increased disinfection efficacy [102, 103]. Disinfection in aque-
ous solutions is based on the formation of reactive oxygen species
(ROS), which cause a range of effects, such as the oxidation of
sulfhydryl (-SH), disulphide (S-S), and double bonds in proteins,
enzymes and other biomolecules. It also causes the disruption
of the chemiosmotic function of the cytoplasmic membrane and
transport through ruptured cell walls [103]. However, a major dis-
advantage associated with the use of PAAis an increased effluent
organic content with high chemical oxygen demand (COD) [100].
So far only few studies have investigated the applicability of PAA
to sanitise wooden barrels [104]. It was found that a 200 mg/L PAA
treatment for seven days resulted in no detectable Brettanomy-
ces cells by using plate cultivation. Although not investigated for
wooden barrels, in stainless steel tanks PAA was shown to also
have excellent sanitation efficacy against AAB and LAB, achieving
complete sanitation [105]. However, examining the effect on the
volatile composition of oak wood revealed that a 24-hour soak

with 200 mg/L PAA significantly reduced the concentrations of
key aroma compounds such as 5-hydroxymethylfurfural, 4-EG,
eugenol, cis- and trans-isoeugenol, and 4-methylsyringol. The
exact mechanism as to how PAA results in diminished volatile
concentrations remains unclear so far [62], but may be due to
enhanced volatile extraction due to lowered pH [6].

Perhydrate sodium percarbonate (2Na,CO,-3H,0,) is another
oxidising agent used for barrel treatment in both beer and wine
industry. Applied concentrations of commercial products range
from 1 to 1.5 g/L for undamaged normal barrels to a maximum
dosage of 3 g/L for problematic barrels, i.e. barrels described as
“gone-off” due to extensive use [106]. When dissolved in water, it
causes similar cellular damage as PAA [107]. Manufacturers rec-
ommend a 24-hour soak with sodium percarbonate in cold or hot
water to treat contaminated barrels. Hot water, however, causes
a faster dissipation of oxygen. The antimicrobial activity of sodium
percarbonate is dependent on the applied concentration, level of
contamination, pH, temperature, and exposure time [15]. Despite
its frequent application in wineries, surprisingly only very little
is known about the efficacy of sodium percarbonate as a barrel
biocide or a disinfectant in general. More research is needed in
order to elucidate its antimicrobial effectiveness and to determine
its influence on the wood structure and on the volatile compounds
released from the wood.

3.3 Ozone

Because of recent technological progress through the develop-
ment of ozone generators (based on dielectric barrier discharge
[108]), the use of ozone (O,) forms an attractive alternative to more
traditional techniques for the microbial control of wooden barrels.
Ozone is a triatomic oxygen molecule which is formed by the ad-
dition of free radical oxygen to molecular oxygen (O,). Ozone has
to be prepared on site and ozone generators that produce the free
radical oxygen necessitate a lot of energy, which can be achieved
using the corona discharge method which is rather expensive
for small scale brewery operations [109]. It is a broad spectrum
antimicrobial agent which is effective against a wide range of mi-
croorganisms, including bacteria, fungi, yeasts and viruses, as well
as bacterial and fungal spores. Ozone inactivates microorganisms
by the progressive oxidation of vital cellular components, caus-
ing irreparable damage to the fatty acids in the cell membrane,
proteins and DNA [109-111]. Ozone oxidises sulfhydryl groups
of amino acids of enzymes and polyunsaturated fatty acids to
hydroxyperoxides [110], which ultimately leads to cell inactivation
by cell lysis [109]. Ozone can be applied both as gas or in liquid
form (dissolved in water), and the treatment is relatively simple
and fast. Most importantly, as cell lysis is its main mechanism
of action, microorganisms cannot develop resistance towards it
[112]. However, due to its short half-life, ozone cannot be stored
and must be produced on site. The half-life of ozone in distilled
water at 20 °C is 20 to 30 minutes [113], and its degradation rate
is dependent on environmental factors such as temperature, pH
and organic matter in solution or COD [50, 111]. Gaseous o0zone
is more stable and has a half-life of approximately 12 hours in
atmospheric air [114]. The half-life of ozone decreases with in-
creasing temperature and pH. Nevertheless, previous research
showed that gaseous ozone at 17 °C still has relevant biological
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Box 1: Casestudy on synergestic effects of sanitation technqiues

We investigated the sanitation efficacy of the two sanitation tech-
niques that are most commonly used in the Belgian brewing industry
(unpublished survey), including pressurised hot water and the
combination of pressurised hot water and sulphur dioxide (Fig. 2A).
Experiments were performed using contaminated oak disks which
had been in contact with a light blond beer (5.4 % ABV and 19.85
ppm iso-a-acids) for 40 weeks, and which had been stored at 4
°C for 50 days prior to sanitation. Besides re-used oak disks, new
oak disks were included in the experiment, which were artificially
inoculated with a number of wood-associated bacteria (Acetobacter
sp., Bacillus sp., Brevibacillus sp., Gluconobacter sp.) and yeasts
(Brettanomyces bruxellensis, Debaryomyces hansenii, Saccharo-
myces cerevisiae, Saccharomyces pastorianus, Wickerhamomyces
anomalus) (Fig. 2A). To this end, the oak disks were soaked in a
cell suspension of the test microorganisms at a concentration of
108 CFU/ml for each individual microbial species for one week be-
fore treatment. Four out of five re-used disks and newly inoculated
disks were treated with pressurised hot water (80 °C, 3 bar, 30 s)
(Fig. 2A). After drying the treated disks overnight, two out of four
re-used and newly inoculated disks were submitted to an additional
sulphur treatment by burning sulphur wicks in a closed container
and leaving the wooden disks exposed to the sulphur gasses for
one night (Fig. 2A). As a control, one re-used and one newly in-
oculated disk were included without prior sanitation. Next, all ten
disks were mounted onto standard 60 L stainless steel vessels
which were filled with light blond beer (5.4 % ABV and 19.85 ppm
iso-a-acids, the same beer as was previously used for the re-used
disks), mimicking real maturation conditions (Fig. 2A). The efficacy
of each sanitation technique was evaluated by taking swab samples
of the disk surface immediately after treatment. Each swab sample
was then vortexed in 5 mL physiological water (0.85 % NaCl) for
30 seconds, followed by the plating of a 10-fold dilution series of
each cell suspension on two media, including (i) plate count agar
supplemented with 200 ppm cycloheximide, which was incubated
both aerobically and anaerobically at 25 °C, used to evaluate the
total number of aerobic and anaerobic bacteria, respectively, and (ii)
yeast extract peptone glucose agar supplemented with 100 ppm of
chloramphenicol, incubated aerobically at 25 °C, used to evaluate
the total number of yeasts. Further, after two weeks of maturation of
the beer, microbial growth was monitored by plating beer samples on
the same media. Following centrifugation (3500 x g for 15 minutes
at 4 °C), the cell pellet was dissolved in 5 mL physiological water
and a 10-fold dilution series was plated. A pairwise Tukey t-test was
performed to detect significant differences between treatments.

Results revealed that the microbial load after sanitation of the new
oak disks has significantly decreased in terms of culturable aerobic
bacteria, anaerobic bacteria and fungi for both sanitation methods
(Fig.2B). In contrast to the inoculated new disks, the overall microbial
load on the surface of the re-used disks was quite low at the start
of the experiment and remained low or became undetectable after
sanitation. The effect of both sanitation techniques on re-used disks
was only significant for culturable fungi. In this respect, it should be
noted that the re-used disks were stored at 4 °C for 50 days between
the two runs of beer maturation which may have had a substantial
impact on the initial microbial load. Whereas swab samples provide
a good indication of the microbial load on the surface of the wood,
it is known that throughout maturation certain microorganisms may
have penetrated the wood, sometimes even up to 1.2 cm depth [16],
which may contaminate the next maturing beer. For this reason, beer
samples were also analysed after two weeks of wood maturation,
since the microbial count of those samples is influenced by both the
microorganisms residing on the wood surface and the microorgan-
isms that inhabit the wood at a larger depth. As shown in figure 2C,
no significant differences were detected in the aerobic bacterial,
anaerobic bacterial and fungal cell counts of the inoculated new
disks. In contrast, the aerobic and anaerobic bacterial cell counts

of the re-used wooden disks were significantly lower for the disks
that were sanitised by pressurised hot water and the disks that
were treated with pressurised hot water and sulphur dioxide. Ad-
ditionally, these results indicate that even though no significant
differences in bacterial cell counts were found at the surface of
the treated and untreated re-used disks, the sanitation methods
seem to have influenced the bacteria that resided inside the pores
of the wood. Likewise, these results reinforce that swab samples
of wood do not necessarily provide an accurate measure of the
microbial load residing in the wood and caution should be taken
as to not disregard the microorganisms that have penetrated the
pores of the wood. Finally, these results indicate that there was
no significant difference between the applied sanitation methods.
No supplementary effect of sulphur dioxide was found on top of
the effect of the pressurised hot water.

A Experimental set-up
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Fig. 2A  Overview of the experimental set-up
Fig. 2B  Aerobic bacterial cell count, anaerobic bacterial cell count
and fungal cell count from swab samples of the wooden
disks, which were taken for each treatment, including (i) no
sanitation, (ii) sanitation with pressurized hot water, and (iii)
sanitation with pressurized hot water and sulphur dioxide
Fig. 2C  Aerobic bacterial cell count, anaerobic bacterial cell count

and fungal cell count from beer samples after two weeks
of wood maturation using disks that were sanitized using
different methods, including (i) no sanitation, (ii) sanitation
with pressurized hot water, and (iii) sanitation with pres-
surized hot water and sulphur dioxide
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activity [67]. A study in which the effect of COD on the antimi-
crobial activity of ozone was investigated revealed that a COD
equal to or more than 9 mg/L led to the immediate degradation
of ozone after only 5 minutes, where it no longer had biological
significance. In contrast, at a COD value between 0.01 and 1
mg/L, the aqueous ozone concentration remained around 2 mg/L
after 20 minutes, assuring antimicrobial activity [115]. Therefore,
to guarantee antimicrobial activity of ozone, it must be ensured
that the water in which the ozone is dissolved has been stripped
of organic components as much as possible. Additionally, in the
same study the effect of ozone on extracted wood components
was investigated by comparing wines aged with the addition of
untreated wooden chips and gaseous ozone-treated wooden chips
[115]. Out of 29 tested phenols, a statistically significant decrease
was only observed for gentisic acid upon exposure to the ozone-
treated wood. Gentisic acid is an aromatic carboxylic acid that
is known for its anti-oxidising effect and is generally present in
trace amounts [87]. Ozone could therefore be an effective alter-
native for the disinfection of wooden barrels if the environmental
factors are taken into account. However, when handling ozone,
it is important to bear in mind that it is a toxic gas which primar-
ily affects the respiratory tract. The symptoms of ozone toxicity
include headache, dizziness, burning sensation in the eyes and
throat, and coughing [109].

4 Conclusions and future outlook

To conclude, in this review we presented an overview of diverse
methods employed for the cleaning and sanitation of wooden bar-
rels. Nevertheless, it remains difficult to answer the question which
method is the best to use, as there is still a lack of data regarding
the efficacy and economical aspects of several of the techniques
discussed. Moreover, sometimes even contradictory results regard-
ing efficacy are presented. A potential explanation of this stems
from different sampling methods and different analysis methods
applied. More general, there are numerous factors and variables
that can influence the outcome of efficacy studies, including test
organisms, natural or artificial wood contamination, destructive
or non-destructive sampling methods, and culture-dependent or
culture-independent analysis methods. The latter is particularly
important as many microorganisms, including Brettanomyces
spp., are known to enter a viable but non-culturable (VBNC)
state [116], especially when subjected to physical and chemical
stressors [117, 118]. The majority of the studies so far use culture-
dependent techniques to evaluate sanitation efficacy, often using
contact plates. However, contact plates are known to result in very
poor recovery rates for porous materials like wood [119]. Thus it is
predicted that they are not able to truly assess effects on microbes
that occur in the deeper wood layers. This can be circumvented by
using techniques that sample deeper in the wood, including wood
shaving. As several microbes are not amenable to cultivation in
laboratory conditions [120], culture-independent techniques may be
used to investigate microbial presence before and after sanitation.
However, it should be noted that DNA-based detection techniques
cannot differentiate between living and dead cells [121]. Instead,
methods targeting mRNA are better suited to measure living or
active cells [123]. Furthermore, instead of focusing on particular
microbial populations, deep sequencing methods enabling in-depth

characterisation of microbial communities [122] can be used to
evaluate effects on entire communities [14, 25, 124, 125].

Methods like ozone treatment are gaining increasing interest as
sanitation method, and seem to exhibit great potential. However,
high investment costs and the fact that there is still a lot of re-
search needed to gain more insight into their sanitation efficacy
might make brewers hesitant when it comes to implement ozone
for barrel sanitation. In the meantime, it is likely that HPHW and
SO, will remain the preferred option for brewers since they are
not as expensive and have been shown to be quite effective to
clean and sanitise barrels against main spoilage microbes like
Brettanomycesyeasts, LABand AAB. Although several techniques
are available and most of them have been tested separately, it
is reasonable to assume that they may exert synergistic effects
when applied in combinations. This approach has already been
shown to be useful in the food industry. For example, synergistic
effects in killing the food-borne pathogen Staphylococcus aureus
in oyster mushrooms were reported when pairing UV radiation
with sanitisers, including ethanol, hydrogen peroxide and sodium
hypochlorite [126]. Synergism was also observed between hydro-
gen peroxide and seventeen mineral and organic acids against
several food-borne bacterial strains [127]. Finally, similar effects
were seen for inactivation of free-living bacteria and treatments of
biofilms in municipal water, where UV radiation yielded synergistic
effects when paired with either hypochlorite, hydrogen peroxide, or
peracetic acid [128]. We recently evaluated the sanitation efficacy
of a combination of HWHP and SO, (Box 1), a combination which
is commonly applied by brewers to clean and sanitise wooden
barrels. Our results suggest that this approach is more effective
than each of the methods on its own, which reinforce the potential
of combining different methods to get synergistic effects.

Acknowledgements

The work that has led to this manuscript was supported by
VLAIO (Flanders Innovation and Entrepreneurship) [projects
HBC.2017.0031 and HBC.2019.2025] and the Flemish Research
Foundation (FWO) [project 1SC3220N].

5 References

1. Twede, D.: The cask age: The technology and history of wooden
barrels, Packaging Technology and Science, 18 (2005), no. 5, pp.
253-264.

2. Conison, A.: The organization of Rome’s wine trade, Ph.D. Disserta-
tion, University of Michigan, Ann Arbour, MI, 2012.

3.  Cantwell, D. and Bouckaert, P.: Wood and beer: a brewer’s guide.,
Brewers Publication, 2016.

4. Bossaert, S.; Crauwels, S.; Lievens, B. and De Rouck, G.: The power
of sour—Areview: Old traditions, new opportunities, BrewingScience,
72 (2019), no. 3-4, pp. 78-88.

5.  Sterckx, F.L.; Saison, D. and Delvaux, F.R.: Wood aging of beer. Part
I: Influence on beer flavor and monophenol concentrations, Journal
of the American Society of Brewing Chemists, 70 (2012), no. 1, pp.
55-61.

6.  Sterckx, F.L.; Saison, D. and Delvaux, F.R.: Wood aging of beer. Part
II: Influence of wood aging parameters on monophenol concentrations,




59

March / April 2021 (Vol. 74)

YEAST-SPECIAL BrewingScience

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Journal of the American Society of Brewing Chemists, 70 (2012), no.
1, pp. 62-69.

Garde-Cerdan, T.; Lorenzo, C.; Carot, J.M.; Jabaloyes, J.M.; Esteve,
M.D. and Salinas, M.R.: Statistical differentiation of wines of differ-
ent geographic origin and aged in barrel according to some volatile
components and ethylphenols, Food Chemistry, 111 (2008), no. 4,
pp. 1025-1031.

Cerdan, T.G. and Ancin-Azpilicueta, C.: Effect of oak barrel type on
the volatile composition of wine: Storage time optimization, LWT —
Food Science and Technology, 39 (2006), no. 3, pp. 199-205.
Chira, K. and Teissedre, P.L.: Extraction of oak volatiles and ellagi-
tannins compounds and sensory profile of wine aged with French
winewoods subjected to different toasting methods: Behaviour during
storage, Food Chemistry, 140 (2013), no. 1-2, pp. 168-177.
Stanga, M.: Sanitation: Cleaning and disinfection in the food industry,
Wiley-VCH, 2010.

Carpena, M.; Pereira, A.G.; Prieto, M.A. and Simal-Gandara, J.: Wine
aging technology: Fundamental role of wood barrels, Foods, 9 (2020),
no. 9., pp. 1-25

Margalit, Y.: Concepts in Wine Technology, 3" ed., Board and Bench
Publishing, 2012.

De Roos, J.; Vander Veken, D. and De Vuyst, L.: The interior surfaces
of wooden barrels are an additional microbial inoculation source for
lambic beer production, Applied and Environmental Microbiology, 85
(2019), no. 1, pp. 1-18.

Kioroglu, D.; Mas, A.; Portillo, M.C.: High-throughput sequencing
approach to analyze the effect of aging time and barrel usage on the
microbial community composition of red wines, Frontiers in Microbiol-
ogy, 11 (2020), p. 562560.

Stadler, E. and Fischer, U.: Sanitization of oak barrels for wine - A
review, Journal of Agricultural and Food Chemistry, 68 (2020), no.
19, pp. 5283-5295.

Swaffield, C.H. and Scott, J.A.: Existence and development of natural
microbial populations in wooden storage vats used for alcoholic cider
maturation, Journal of the American Society of Brewing Chemists, 53
(1995), no. 3, pp. 117-120.

Fugelsang, K.C.; Payette, T.J.; Osborne, J. and Butzke, C.: Winery
microbiology and sanitation, Winemaking Problems Solved, Elsevier
Ltd., 2010, pp. 257-289.

Vanderpoorten, K.: Microbial quality of barrel aged beers in the craft
brewing industry, Ph.D. Dissertation, University of Ghent, Belgium,
2018.

Heresztyn, T.: Formation of substituted tetrahydropyridines by spe-
cies of Brettanomyces and Lactobacillus isolated from mousy wines.,
American Journal of Enology and Viticulture, 37 (1986), no. 2, pp.
127-132.

Crauwels, S.; Steensels, J.; Aerts, G.; Willems, K.A.; Verstrepen, K.J.
and Lievens, B.: Brettanomyces bruxellensis, essential contributor
in spontaneous beer fermentations providing novel opportunities for
the brewing industry, BrewingScience — Monatsschrift flr Brauwis-
senschaft, 68 (2015), no. 9-10, pp. 110-121.

Crauwels, S.; Van Opstaele, F.; Jaskula-Goiris, B.; Steensels, J.;
Verreth, C.; Bosmans, L.; Paulussen, C.; Herrera-Malaver, B.; de
Jonge, R.; De Clippeleer, J.; Marchal, K.; De Samblanx, G.; Willems,
K.A.; Verstrepen, K.J.; Aerts, G. and Lievens, B.: Fermentation as-
says reveal differences in sugar and (off-) flavor metabolism across
different Brettanomyces bruxellensis strains, FEMS Yeast Research,
17 (2017), no. 1, pp. 1-10.

Steensels, J. and Verstrepen, K.J.: Taming wild yeast: Potential of

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

conventional and nonconventional yeasts in industrial fermentations,
Annual Review of Microbiology, 68 (2014), pp. 61-80.

Steensels, J.; Daenen, L.; Malcorps, P.; Derdelinckx, G.; Verachtert,
H. and Verstrepen, K.J.: Brettanomycesyeasts - From spoilage organ-
isms to valuable contributors to industrial fermentations, International
Journal of Food Microbiology, 206 (2015), pp. 24-38.

Holt, S.; Mukherjee, V.; Lievens, B.; Verstrepen, K.J. and Thevelein,
J.M.: Bioflavoring by non-conventional yeasts in sequential beer
fermentations, Food Microbiology, 72 (2018), pp. 55-66.

De Roos, J.; Vandamme, P. and De Vuyst, L.: Wort substrate con-
sumption and metabolite production during lambic beer fermentation
and maturation explain the successive growth of specific bacterial
and yeast species, Frontiers in Microbiology, 9 (2018), no. Nov, pp.
1-20.

Bokulich, N.A.; Bamforth, C.W. and Mills, D.A.: Brewhouse-resident
microbiota are responsible for multi-stage fermentation of American
coolship ale, PLoS ONE, 7 (2012), no. 4, p. 35507.

Snauwaert, |.; Roels, S.P.; Van Nieuwerburg C D, F.; De Vuyst, L.
and Vandamme, P.: Microbial diversity and metabolite composition
of Belgian red-brown acidic ales, International Journal of Food Mi-
crobiology, 221 (2016), pp. 1-11.

De Roos, J.; Verce, M.; Aerts, M.; Vandamme, P. and De Vuyst, L.:
Temporal and spatial distribution of the acetic acid bacterium com-
munities throughout the wooden casks used for the fermentation and
maturation of lambic beer underlines their functional role, Applied and
Environmental Microbiology, 84 (2018), no. 7, pp. 1-15.

De Roos, J. and De Vuyst, L.: Acetic acid bacteria in fermented foods
and beverages, Current Opinion in Biotechnology, 49 (2018), pp.
115-119.

Spitaels, F.; Wieme, A.D.; Janssens, M.; Aerts, M.; Van Landschoot,
A.; De Vuyst, L. and Vandamme, P.: The microbial diversity of an
industrially produced lambic beer shares members of a traditionally
produced one and reveals a core microbiota for lambic beer fermenta-
tion, Food Microbiology, 49 (2015), pp. 23-32.

Bokulich, N.A. and Bamforth, C.W.: The microbiology of malting and
brewing, Microbiology and Molecular Biology Reviews, 77 (2013),
no. 2, pp. 157-172.

Pittet, V.; Morrow, K. and Ziola, B.: Ethanol tolerance of lactic acid
bacteria, including relevance of the exopolysaccharide gene gtf,
Journal of the American Society of Brewing Chemists, 69 (2011), no.
1, pp. 57-61.

Van Oevelen, D. and Verachtert, H.: Slime production by brewery
strains of Pediococcus cerevisiae, Journal of the American Society
of Brewing Chemists, 37 (1979), no. 1, pp. 34-37.

Spitaels, F.; Wieme, A.D.; Janssens, M.; Aerts, M.; Daniel, H.M.;
Van Landschoot, A.; De Vuyst, L. and Vandamme, P.: The microbial
diversity of traditional spontaneously fermented lambic beer, PLoS
ONE, 9 (2014), no. 4., pp. 1-13.

March, C.; Mancld, J.J.; Abad, A.; Navarro, A.; Montoya, A. and
Montoya, A.: Rapid detection and counting of viable beer-spoilage
lactic acid bacteria using a monoclonal chemiluminescence enzyme
immunoassay and a CCD camera, Journal of Immunological Methods,
303 (2005), pp. 92-104.

Troller, J.A.: Cleaning, Sanitation in Food Processing, Elsevier, 1993,
pp. 30-51.

Chauret, C.P.: Sanitization, Encyclopedia of Food Microbiology:
Second Edition, Elsevier Inc., 2014, pp. 360-364.

Gold, R.S.; Meagher, M.M.; Hutkins, R. and Conway, T.: Ethanol
tolerance and carbohydrate metabolism in lactobacilli, Journal of




BrewingScience

YEAST-SPECIAL

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

March / April 2021 (Vol. 74) 60

Industrial Microbiology, 10 (1992), no. 1, pp. 45-54.

Ashtavinayak, P. and Elizabeth, H.A.: Review: Gram negative bacteria
in brewing, Advances in Microbiology, 6 (2016), pp. 195-209.
Stewart, G.; Russel, |. and Anstruther, A.: Handbook of Brewing, 3
ed., CRC Press, 2006.

Sturm, M.E.; Arroyo-Lépez, F.N.; Garrido-Fernandez, A.; Querol, A;
Mercado, L.A.; Ramirez, M.L. and Combina, M.: Probabilistic model
for the spoilage wine yeast Dekkera bruxellensis as a function of pH,
ethanol and free SO2 using time as a dummy variable, International
Journal of Food Microbiology, 170 (2014), pp. 83-90.

Cooper, G.: The cell: Amolecular approach, 8th ed., Oxford Univeristy
Press, 2018.

Russell, A.D.: Lethal effects of heat on bacterial physiology and
structure, Science progress, 86 (2003), no. Pt 1-2, pp. 115-137.
Cebrian, G.; Condén, S. and Mafas, P.: Physiology of the Inactiva-
tion of vegetative bacteria by thermal treatments: mode of action,
influence of environmental factors and inactivation kinetics, Foods,
6 (2017), no. 12, p. 107.

Beales, N.: Adaptation of microorganisms to cold temperatures, weak
acid preservatives, low pH, and osmotic stress: A Review, Compre-
hensive Reviews in Food Science and Food Safety, 3 (2004), no. 1,
pp. 1-20.

Mendonca, A.F.;Amoroso, T.L. and Knabel, S.J.: Destruction of Gram-
negative food-borne pathogens by high pH involves disruption of the
cytoplasmic membrane, Applied and Environmental Microbiology, 60
(1994), no. 11, pp. 4009-4014.

Kim, C.; Bushlaibi, M.;Alrefaei, R.; Ndegwa, E.; Kaseloo, P.and Wynn,
C.: Influence of prior pH and thermal stresses on thermal tolerance
of foodborne pathogens, Food Science and Nutrition, 7 (2019), no.
6, pp. 2033-2042.

Barata, A.; Caldeira, J.; Botelheiro, R.; Pagliara, D.; Malfeito-Ferreira,
M. and Loureiro, V.: Survival patterns of Dekkera bruxellensis in wines
and inhibitory effect of sulphur dioxide, International Journal of Food
Microbiology, 121 (2008), no 2., pp. 201-207.

Blomqvist, J.; Eberhard, T.; Schndirer, J. and Passoth, V.: Fermenta-
tion characteristics of Dekkera bruxellensis strains, Applied Microbial
and Cell Physiology, 87 (2010), no. 4, pp. 1487-1497.

Barata, A.; Laureano, P.; D’Antuono, |.; Martorell, P.; Stender, H.;
Malfeito-Ferreira, M.; Querol, A. and Loureiro, V.: Enumeration and
identification of 4-ethylphenol producing yeasts recovered from the
wood of wine ageing barriques after different sanitation treatments,
Journal of Food Research, 2 (2013), no. 1, p. 140.

Johnson, D.: Removing Beerstone: A look at alternative cleaning
methods, Modern Brewery Age, 49 (1998), p. 37.

McComas, W.H. and Rieman, W.: The solubility of calcium oxalate
monohydrate in pure water and various neutral salt solutions at 25°,
Journal of the American Chemical Society, 64 (1942), no. 12, pp.
2946-2947.

Wilker, K.L. and Dharmadhikari, M.: Treatment of barrel wood infected
with acetic acid bacteria., American Journal of Enology and Viticulture,
48 (1997), no. 4, pp. 516-520.

Fabrizio, V.; Vigentini, |.; Parisi, N.; Picozzi, C.; Compagno, C. and
Foschino, R.: Heat inactivation of wine spoilage yeast Dekkera
bruxellensis by hot water treatment, Letters in Applied Microbiology,
61 (2015), no. 2, pp. 186-191.

Edwards, C.G. and Cartwright, Z.M.: Application of heated water to
reduce populations of Brettanomyces bruxellensis present in oak
barrel staves, South African Journal of Enology and Viticulture, 40
(2019), no. 1., pp. 1-8.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Marko, S.D.; Dormedy, E.S.; Fugelsang, K.C.; Dormedy, D.F.; Gump,
B.and Wample, R.L.:Analysis of oak volatiles by gas chromatography-
mass spectrometry after ozone sanitization, American Journal of
Enology and Viticulture, 56 (2005), no. 1, pp. 46-51.

Guzzon, R.; Widmann, G.; Malacarne, M.; Nardin, T.; Nicolini, G.
and Larcher, R.: Survey of the yeast population inside wine barrels
and the effects of certain techniques in preventing microbiological
spoilage, European Food Research Technology, 233 (2011), no. 2,
pp. 285-291.

Aguilar Solis, M.A.; Gerling, C. and Worobo, R.: Sanitation of wine
cooperage using five different treatment methods: an in vivo study,
Practical Winery and Vineyard, (2015), no. 4, p. 112.

Aguilar Solis, M.A.: Evaluation of common and novel sanitizers against
spoilage yeasts found in wine environments, Ph.D. Dissertation,
Cornell University, Ithaca, NY, 2014.

Breniaux, M.; Renault, P.; Meunier, F. and Ghidossi, R.: Study of high
power ultrasound for oak wood barrel regeneration: impact on wood
properties and sanitation effect, Beverages, 5 (2019), no. 1, p. 10.
Cartwright, Z.M.; Glawe, D.A. and Edwards, C.G.: Reduction of Bret-
tanomyces bruxellensis populations from oak barrel staves using
steam, American Journal of Enology and Viticulture, 69 (2018), no.
4, pp. 400-409.

Stadler, E.; Schmarr, H.G. and Fischer, U.: Influence of physical and
chemical barrel sanitization treatments on the volatile composition of
toasted oak wood, European Food Research and Technology, 246
(2020), no. 3, pp. 497-511.

Bintsis, T.; Litopoulou-Tzanetaki, E. and Robinson, R.K.: Existing and
potential applications of ultraviolet light in the food industry - A critical
review, Journal of the Science of Food and Agriculture, 80 (2000),
no. 6, pp. 637-645.

Douki, T.; Court, M.; Sauvaigo, S.; Odin, F. and Cadet, J.: Formation
of the main UV-induced thymine dimeric lesions within isolated and
cellular DNAas measured by high performance liquid chromatography-
tandem mass spectrometry, The Journal of Biological Chemistry, 275
(2000), no. 16, pp. 11678-11685.

Hijnen, W.A.M.; Beerendonk, E.F. and Medema, G.J.: Inactivation
credit of UV radiation for viruses, bacteria and protozoan (0o)cysts
in water: A review, Water Research, 40 (2005), no. 1, pp. 3-22.
Diesler, K.; Golombek, P.; Kromm, L.; Scharfenberger-Schmeer, M.;
Durner, D.; Schmarr, H.G.; Stahl, M.R.; Briviba, K. and Fischer, U.:
UV-C treatment of grape must: Microbial inactivation, toxicological
considerations and influence on chemical and sensory properties of
white wine, Innovative Food Science and Emerging Technologies,
52 (2019), no. 3, pp. 291-304.

Guzzon, R.; Bernard, M.; Barnaba, C.; Bertoldi, D.; Pixner, K. and
Larcher, R.: The impact of different barrel sanitation approaches on
the spoilage microflora and phenols composition of wine, Journal of
Food Science and Technology, 54 (2017), no. 3, pp. 810-821.
Stratford, S.: Dry ice blasting for paint stripping and surface prepara-
tion, Metal Finishing, 98 (2000), no. 6, pp. 493-499.

Uhlmann, E. and Mernissi, A.A. El: Pre-treatment by dry ice blasting
for adhesive bonding, Production Engineering, 2 (2008), no. 2, pp.
133-138.

Costantini, A.; Vaudano, E.; Cravero, M.C.; Petrozziello, M.; Piano, F;
Bernasconi, A. and Garcia-Moruno, E.: Dry ice blasting, a new tool for
barrel regeneration treatment, European Food Research Technology,
242 (2016), pp. 1673-1683.

Kohli, R. and Mittal, K.L.: Developments in surface contamination
and cleaning: Applications of cleaning techniques, 1% ed., Elsevier,




61

March / April 2021 (Vol. 74)

YEAST-SPECIAL BrewingScience

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.
87.

88.

89.

90.

2018.

Patist, A. and Bates, D.: Ultrasonic innovations in the food industry:
From the laboratory to commercial production, Innovative Food Sci-
ence & Emerging Technologies, 9 (2007), no. 2, pp. 147-154.
Kentish, S. and Feng, H.: Applications of power ultrasound in food
processing, Annual Review of Food Science and Technology, 5 (2014),
no. 1, pp. 263-284.

Leighton, T.G.: What is ultrasound?, Progress in Biophysics and
Molecular Biology, 93 (2007), no. 1-3, pp. 3-83.

Luo, H.; Schmid, F.; Grbin, P.R. and Jiranek, V.: Viability of common
wine spoilage organisms after exposure to high power ultrasonics,
Ultrasonics Sonochemistry, 19 (2012), no. 3, pp. 415-420.

Jiranek, V.; Grbin, P.; Yap, A.; Barnes, M. and Bates, D.: High power
ultrasonics as a novel tool offering new opportunities for managing
wine microbiology, Biotechnology Letters, 30 (2008), no. 1, pp. 1-6.
Piyasena, P.; Mohareb, E. and Mckellar, R.C.: Inactivation of microbes
using ultrasound: areview, International Journal of Food Microbiology,
87 (2003), no. 3, pp. 207-216.

Liao, X.; Li, J.; Suo, Y.; Chen, S.; Ye, X.; Liu, D. and Ding, T.: Multiple
action sites of ultrasound on Escherichia coli and Staphylococcus
aureus, Food Science and Human Wellness, 7 (2018), no. 1, pp.
102-109.

Gao, S.; Lewis, G.D.; Ashokkumar, M. and Hemar, Y.: Inactivation of
microorganisms by low-frequency high-power ultrasound: 1. Effect
of growth phase and capsule properties of the bacteria, Ultrasonics
Sonochemistry, 21 (2014), no. 1, pp. 446-453.

Schmid, F.; Grbin, P.; Yap, A. and Jiranek, V.: Relative efficacy of
high-pressure hot water and high-power ultrasonics for wine oak
barrel sanitization, American Journal of Enology and Viticulture, 62
(2011), no. 4, pp. 519-526.

Mosedale, J.R.: Effects of oak wood on the maturation of alcoholic
beverages with particular reference to whisky, Forestry, 68 (1995),
no. 3, pp. 203-230.

Wilkinson, K.; Li, S.; Grbin, P. and Warren, P.: Barrel reclamation:
everything that’s old can be new again, Australian and New Zealand
Grapegrower and Winemaker, (2013), no. 595, pp. 70-72.

Li, S.; Crump, A.M.; Grbin, P.R.; Cozzolino, D.; Warren, P.; Hayasaka,
Y. and Wilkinson, K.L.: Aroma potential of oak battens prepared
from cecommissioned oak barrels, Journal of Agricultural and Food
Chemistry, 63 (2015), no. 13, pp. 3419-3425.

Pollnitz, A.P.; Pardon, K.H. and Sefton, M.A.: Quantitative analysis
of 4-ethylphenol and 4-ethylguaiacol in red wine, Journal of Chroma-
tography A, 874 (2000), no. 1, pp. 101-109.

Vivas, N.: Pratique et recommandations sur la préparation, la mise
en service et la conservation de f(ts neufs et usagés, Revue des
Oenologues, 91 (1999), pp. 24-29.

Oae, S.: Organic Chemistry of sulfur, Springer US, 1977.
Ribéreau-Gayon, P.; Dubourdieu, D.; Donéche. B and Lonvaud,
A.: Handbook of enology, Volume 1: The microbiology of wine and
vinifications, 2™ ed., Wiley, 2006.

Gammon, D.W.; Moore, T.B. and O’Malley, M.A.: A toxicological as-
sessment of sulfur as a pesticide, Academic Press: New York, 2010.
Hayatsu, H.: Bisulfite modification of nucleic acids and their constitu-
ents, Progress in Nucleic Acid Research and Molecular Biology, 16
(1976), no. C, pp. 75-124.

Shapiro, R.; Braverman, B.; Louis, J.B. and Servis, R.E.: Nucleic
acid reactivity and conformation Il. reaction of cytosine and uracil
with sodium bislphite, Journal of Biological Chemistry, 248 (1973),
no. 11, pp. 4060-4064.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Gunnison, A.F.: Sulphite toxicity: a critical review of in vitro and in vivo
data, Food and Cosmetics Toxicology, 19 (1981), no. 5, pp. 667-682.
Southerland, W.M.; Akogyeram, C.O.; Toghrol, F.; Sloan, L. and Scher-
rer, R.: Interaction of bisulfite with unsaturated fatty acids, Journal of
Toxicology and Environmental Health, 10 (1982), no. 3, pp. 479-491.
Jackson, R.S.:Oak and cooperage in wine science, 3rd ed., Academic
Press: New York, 2008.

Commercial Winemaking Production Series: Wine Barrel Maintenance,
https://mdc.itap.purdue.edu/item.asp?ltem_Number=FS-57-W, ac-
cessed 21 December 2020.

Jackson, R.S.: Chemical constituents of grapes and wine, Wine Sci-
ence, Elsevier, 2008, pp. 270-331.

Claus, H.; Sabel, A. and Konig, H.: Wine phenols and laccase: An
ambivalent relationship, Wine: Phenolic Composition, Classification
and Health Benefits, Nova Publishers, 2014, pp. 155-185.

Kuijpers, T.F.M.; Gruppen, H.; Sforza, S.; Van Berkel, W.J.H. and
Vincken, J.P.: The antibrowning agent sulfite inactivates Agaricus
bisporus tyrosinase through covalent modification of the copper-B
site, FEBS Journal, 280 (2013), no. 23, pp. 6184-6195.

Kaneda, H.; Takashio, M.; Tamaki, T. and Osawa, T.: Influence of
pH on flavour staling during beer storage, Journal of the Institute of
Brewing, 103 (1997), no. 1, pp. 21-23.

Hough, J.S.; Briggs, D.E.; Stevens, R. and Yound, T.W.: Malting
and Brewing Science - Volume Il Hopped Wort and Beer, Springer,
Springer US, 1982.

Kitis, M.: Disinfection of wastewater with peracetic acid: A review,
Environment International, 30 (2004), no. 1, pp. 47-55.

Luukkonen, T. and Pehkonen, S.O.: Peracids in water treatment: A
critical review, Critical Reviews in Environmental Science and Tech-
nology, 47 (2017), no. 1, pp. 1-39.

Wagner, M.; Brumelis, D. and Gehr, R.: Disinfection of wastewater
by hydrogen peroxide or peracetic acid: Development of procedures
for measurement of residual disinfectant and application to a phys-
icochemically treated municipal effluent, Water and Environment
Research, 74 (2002), no. 1, pp. 33-50.

Liberti, L.; Lopez, A. and Notarnicola, M.: Disinfection with peracetic
acid for domestic sewage re-use in agriculture, Water and Environ-
ment Journal, 13 (1999), no. 4, pp. 262-269.

Solis, M. de L.A.A.; Gadoury, D.M. and Worobo, R.W.: An in vitro and
in vivo evaluation of peroxyacetic acid as an alternative sanitizer for
wine barrels, Ciéncia e Técnica Vitivinicola, 31 (2016), no. 1, pp.
41-50.

Duarte, F.L.; Lopez, A.; Aleméo, M.F.; Santos, R. and Canas, S.:
Commercial sanitizers efficacy-a winery trial, Ciéncia e Técnica
Vitivinicola, 26 (2011), no. 1, pp. 45-52.

Builders, B.: ProxyClean Uses in the Winery, https://barrelbuilders.
com/wp-content/uploads/2014/08/ProxyClean-Uses-in-the-Winery.
pdf, accessed 21 December 2020.

Tomlinson, A. and Carnali, J.: Areview of key ingredients used in past
and present auto-dishwashing formulations and the physico-chemical
processes they facilitate, Handbook for Cleaning/Decontamination of
Surfaces, Elsevier, 2007, pp. 197-255.

Haverkamp, R.G.; Miller, B.B. and Free, K.W.: Ozone production in a
high frequency dielectric barrier discharge generator, Ozone: Science
and Engineering, 24 (2002), no. 5, pp. 321-328.

Guzel-Seydim, Z.B.; Greene, A.K. and Seydim, A.C.: Use of ozone
in the food industry, LWT - Food Science and Technology, 37 (2004),
no. 4, pp. 453-460.

Victorin, K.: Review of the genotoxicity of ozone, Mutation Research,




BrewingScience

YEAST-SPECIAL

March / April 2021 (Vol. 74) 62

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

277 (1992), no. 3, p. 221.

Khadre, M.A.; Yousef, A.E. and Kim, J.G.: Microbiological aspects
of ozone applications in food: A review, Journal of Food Science, 66
(2001), no. 9, pp. 1242-1252.

Pascual, A.; Llorca, I. and Canut, A.: Use of ozone in food industries
for reducing the environmental impact of cleaning and disinfection
activities, Trends in Food Science & Technology, 18 (2007), Supple-
ment 1, pp. S29-S35.

Rice, R.G.; Robson, C.M.; Miller, G.W. and Hill, A.G.: Uses of ozone
in drinking water treatment, Journal American Water Works Associa-
tion, 73 (1981), no. 1, pp. 44-57.

Graham, D.M.: Use of ozone for food processing, Food Technology,
51 (1997), pp. 72-75.

Guzzon, R.; Nardin, T.; Micheletti, O.; Nicolini, G. and Larcher, R.:
Antimicrobial activity of ozone. Effectiveness against the main wine
spoilage microorganisms and evaluation of impact on simple phenols
in wine, Australian Journal of Grape and Wine Research, 19 (2013),
no. 2, pp. 180-188.

Agnolucci, M.; Rea, F.; Sbrana, C.; Cristani, C.; Fracassetti, D.; Tirelli,
A. and Nuti, M.: Sulphur dioxide affects culturability and volatile phe-
nol production by Brettanomyces/ Dekkera bruxellensis, International
Journal of Food Microbiology, 143 (2010), pp. 76-80.

Divol, B. and Lonvaud-Funel, A.: Evidence for viable but nonculturable
yeasts in botrytis-affected wine, Journal of Applied Microbiology, 99
(2005), no. 1, pp. 85-93.

Oliver, J.D.: Recent findings on the viable but nonculturable state in
pathogenic bacteria, FEMS Microbiology Reviews, 34 (2010), no. 4,
pp. 415-425.

Sandle, T.: Study of contact plates recovery from pharmaceutical
cleanroom surfaces across three-time ranges, European Journal of
Parenteral and Pharmaceutical Sciences, 25 (2020), no. 3, pp. 1-15.
Epstein, S.S.: The phenomenon of microbial uncultivability Introduc-
tion to the problem, Current Opinion in Microbiology, 16 (2013), no.
5, pp. 636-642.

Cangelosi, G.A. and Meschke, J.S.: Dead or Alive: molecular assess-
ment of microbial viability, Applied and Environmental Microbiology,
80 (2014), no. 19, pp. 5884-5891.

122.

123.

124.

125.

126.

127.

128.

Ercolini, D.: High-throughput sequencing and metagenomics: Moving
forward in the culture-independent analysis of food microbial ecol-
ogy, Applied and Environmental Microbiology, 79 (2013), no. 10, pp.
3148-3155.

Emerson, J.B.; Adams, R.l.; Betancourt Roman, C.M.; Brooks, B.;
Coil, D.A.; Dahlhausen, K.; Ganz, H.H.; Hartmann, E.M.; Hsu, T.;
Justice, N.B.; Paulino-Lima, I.G.; Luongo, J.C.; Lymperopoulou, D.S.;
Gomez-Silvan, C.; Rothschild-Mancinelli, B.; Balk, M.; Huttenhower,
C.; Nocker, A.; Vaishampayan, P. and Rothschild, L.J.: Schrédinger’s
microbes: Tools for distinguishing the living from the dead in microbial
ecosystems, Microbiome, 5 (2017), no. 86., pp 1-23.

Bossaert, S.; Winne, V.; Van Opstaele, F.; Buyse, J.; Verreth, C.;
Herrera-Malaver, B.; Van Geel, M.; Verstrepen, K.J.; Crauwels, S.;
De Rouck, G. and Lievens, B.: Description of the temporal dynamics
in microbial community composition and beer chemistry in sour beer
production via barrel ageing of finished beers, International Journal
of Food Microbiology, 339 (2021), p. 109030.

Tyakht, A.; Kopeliovich, A.; Klimenko, N.; Efimova, D.; Dovidchenko,
N.; Odintsova, V.; Kleimenov, M.; Toshchakov, S.; Popova, A.; Kho-
myakova, M. and Merkel, A.: Characteristics of bacterial and yeast
microbiomes in spontaneous and mixed-fermentation beer and cider,
Food Microbiology, 94 (2021), p. 103658.

Ha, J.H.; Jeong, S.H. and Ha, S. Do: Synergistic effects of combined
disinfection using sanitizers and UV to reduce the levels of Staphy-
lococcus aureus in oyster mushrooms, Journal of Applied Biological
Chemistry, 54 (2011), no. 3, pp. 447-453.

Martin, H. and Maris, P.: Synergism between hydrogen peroxide
and seventeen acids against six bacterial strains, Journal of Applied
Microbiology, 113 (2012), no. 3, pp. 578-590.

Vankerckhoven, E.; Verbessem, B.; Crauwels, S.; Declerck, P,;
Muylaert, K.; Willems, K.A. and Rediers, H.: Exploring the potential
synergistic effects of chemical disinfectants and UV on the inactivation
of free-living bacteria and treatment of biofilms in a pilot-scale system,
Water Science and Technology, 64 (2011), no. 6, pp. 1247-1253.

Received 14 January 2021, accepted 22 March 2021




