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Yeasts as postfermentation agentsin beer

Saccharomyces cerevisiae and non-Saccharomyces yeasts ar e used since a long time in Belgian speciality beersfor postfer-
mentation improvements of maturating and conditioned beer. Theuse of S. cerevisiae strainsisjustified by carbonation
effects and some oxygen removal. In contrast, the effects of non-Saccharomyces sp., which are present in sour beersmainly,
are effective regarding flavour evolution predominantly. This study reviews successively the physiology (ener gy) aspects of

the several yeasts species encountered in Belgian speciality beer and the potential of Saccharomyces cerevisiae strains by
flavour modification after beer conditioning. The more practical aspects regarding pitching and yeast preparation are
considered too. Further, several interesting featur es of Brettanomyces sp., Dekkera sp., Kloeckera sp., Candida sp., Crypto-
coccus sp. and Torulopsis sp. are studied. The influence of some enzymatic activity as alcohol dehydrogenase, aldehyde
dehydrogenase, B-glucosidase and alcohol oxidase under peculiar conditions can allow the development of some typical
flavours. The use of herbs, spicesor fruit together with these yeastswill accelerate, modify, improve and probably, some-
times, alter the “final touch” of the beer. Scientific research and projects are going on to under stand and control further

the production of speciality beers.

BC 40 General (brewery biology)

(Descriptors: Speciality beers, sour beers, wild yeasts, refermen-
tation, flavour.

Deskriptoren: Spezialbiere, saureBiere, wildeHefen, Nachvergé-
rung, Geschmack).

Saccharomyces sp.

For beer refermentation most often a pure culture of a Saccharo-
myces cerevisiae strainisused. Y east and fermentable sugars are
added beforethebottlefilling [10, 31, 40]. Thefermentablesugars
added to the beer are generaly glucose and sucrose, which are
commercialy available as granulated sugar or as syrups. The
glucose, fructose and sucrose are rapidly utilized. Sucrose is
hydrolysed at the outer surface of the cell to glucose and fructose
by a periplasmatic invertase. The monosaccharides are transpor-
ted into the cell by atransporter enzyme.

Energetic, redox and biomassbalanceof thepostfer mentation
Balance of the cell budding phase

When amicrobial population isinoculated into afresh medium,
growth usually does not begin immediately. Changes in the
physical nature of the environment induce a lag phase. Once
adaptation to the new conditions commences and sufficient re-
servesarebuilt up, therateof growthincreasesuntil thecellsenter
theexponential phase. During this phase of growth the popul ation
increases at a constant rate.
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Aerobic part

Oxygen dissolved in beer or molecular oxygen in the bottleneck
determines the fermentation rate since it is essential for the
synthesisof unsaturated fatty acidsand sterols, which areincorpo-
ratedinthecell membrane. Dissolved oxygenremoval isquitefast
(afew hoursfor the dissolved oxygen) by the yeast mainly while
the oxygen of the bottleneck isonly metabolised at arate of about
30%, the other 70% are removed by oxidation in beer [10]. The
fate of the dissolved oxygen in refermented beer is still not
completely clear. Infact, one could expect that the oxygen should
be taken up by the yeast but it is established that the dissolved
oxygen present at the beginning of the refermentation reacts also
with compounds involved in beer ageing. Indeed, it was demon-
strated by Derdelinckx et al. [ 10] by tastingsand by measurements
of the colour evolution that ageing occurs more quickly in beer
aerated beforebottling; such abeer ischaracterized by lessflavour
stability although the carbonation efficiency (CO, production/
time) by theyeast isbetter. Therefore yeast preoxygenation could
be advised. In the yeast cell itself, the oxygen must be further
assimilated both in thelipidic pathwaysinvolved in the unsaturat-
ed fatty acids and sterols necessary for the membrane and by
respiration. Indeed, even under fermentative conditions for S
cerevisiae(seeparagraph on: Regul ation of carbohydrate metabo-
lism), we cal culatethat by addition of 10000 mg/L of fermentable
sugar in order to produce 5 g of carbonic acid pro litre beer, 200
mg of these sugar can be metabolised by the Krebs cycle of the
respiratory pathway. The theoretical oxygen demand to carry out
the full respiration reactions is 214 mg O, pro liter of beer; this
value is much higher than the dissolved oxygen available at
maximum in flat beer (at maximum 10.0 mg pro liter). The
limiting factor for sugar respiration during beer refermentationis
thus the oxygen available; in consequence, less than 5% of the
sugar added can be metabolised by the respiration pathway.

Only low amounts of glucose and fructose taken up, are used in
anabolic pathways. Most of the sugar ismetabolised inthe cytosol
through the Embden-Meyerhof-Parnas route (also termed EMP,
glycolytic pathway or glycolysis). The monosaccharides are me-
tabolised totwo mol ecul es of thethree-carbon compound pyruvate
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yielding two molecules of ATP for each molecule of hexose
converted to pyruvate. At the sametime, two molecules of NAD*
are reduced to NADH.

Under aerobic conditions and in the absence of repressing levels
of glucose, acetyl coenzyme A is obtained from the oxidative
decarboxylation of pyruvate available from the glycolysis. The
decarboxylation of pyruvate is catalysed by a cluster of three
enzymes called the pyruvate dehydrogenase complex and is
located in the mitochondria. Acetyl-CoA entersthe tricarboxylic
acid (TCA) cycle by the transfer of its acetyl group to the four-
carbon acceptor oxaloacetate generating citrate. Through the
subsequent steps of the cycle, two molecules of CO,, 3 NADH,
1FADH, and 1 GTP are produced.

The final stage of glucose catabolism by respiring yeast aso
occurs within the mitochondria where the reduced cofactors
NADH and FADH,, formed by the complete oxidation from
glucose, are themselves oxidized to regenerate NAD* and FAD
respectively. The released electrons are shuttled along the respi-
ratory chain (including ubiquinone, iron-sul phur-containing car-
riers and cytochromes) to molecular oxygen. The oxidation by
electron transport of each molecule of NADH produced by the
citric acid cycle may generate up to 2.5 molecules of ATP,
whereas oxidation of a molecule of FADH, yields 1.5 ATP
molecules. A summary of the major routesfor the aerobic glucose
catabolism is presented in figure 1[19].

The NADH generated by glycolysis in the cytosol cannot be
oxidized directly within the mitochondria since these organelles
do not contain atransport system for these reduced coenzymes.
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Figure 1 Aerobic metabolism of sugar [19]: effective for less
than 5.0% of the fermentable sugar added to the beer for
refermentation

Two shuttle systems, the glycerophosphate shuttle and the malate
shuttle, may beusedtoimport electronsfromthe cytosolicNADH
to the respiratory chain. In both systems, a cytosolic dehydroge-
naseutilizesNADH to reduceorganicmol ecul es, which may enter
the mitochondria whereupon a mitochondrial dehydrogenase
oxidizesthemtoyield reduced cofactors. Inthe glycerophosphate
shuttle system, dihydroxyacetone phosphate is reduced to glyce-
rol-3-phosphate, which enters the mitochondria where it is oxi-
dized by an FAD-dependent dehydrogenase. The FADH, produ-
ced reacts with the respiratory chain. In the second shuittle,
cytosolic NADH reduces oxal oacetate to malate, whichiscarried
across the inner membrane by a specific transporter. Inside the
mitochondria, the malate isre-oxidized to oxal oacetate, reducing
NAD* to NADH.

Anaerobic part

Under anaerobic conditions, the pyruvate produced by the EMP
pathway is decarboxylated by the enzyme pyruvate decarboxyla-
se with the formation of acetaldehyde and CO,. The formed
acetaldehyde acts, in the absence of molecular oxygen, as an
electron acceptor andisused to oxidize NADH with theformation
of ethanol. Thisreactionis carried out by an alcohol dehydroge-
nase. During the cell budding phase, removal of pyruvate for
biosynthesismay lead to abuild up of NADH and thustoahaltin
sugar catabolism. To prevent this, cellsreduce dihydroxyacetone
phosphateto glycerol phosphate. This, inturn, isdephosphorylat-
ed to produce glycerol, which is excreted [19].

Under anaerobic conditions, thelevels of the TCA cycleenzymes
in yeast are greatly lowered. Two mechanisms, an oxidative
pathway and areductive pathway, have been proposed by which
theyeast cell can synthesize organic acidsessential for biosynthe-
tic reactions and cell growth under these circumstances. In both
mechanisms pyruvate is converted either to acetyl-CoA by pyru-
vate dehydrogenase or to oxal oacetate by pyruvate carboxylase.
Inthe oxidative pathway, thereisalimited operation of the Krebs
cyclewith theformation of succinic acid. Thereductive pathway,
oxaloacetate to malate to succinate, leads to the formation of
succinic acid involving the synthesis of additional enzymes[19].
The major routes for glucose catabolism in anaerobic conditions
are shown in figure 2.

Theregulation of the carbohydrate metabolismisdescribed by the
Pasteur effect and the Crabtree effect.

Aerobic respiration leads to a greater release of energy per mole
glucose (+ 300 kcal/mole glucose) than fermentation (22 kcal/
moleglucose). Lesssubstrateisrequired for therelease of agiven
amount of energy and less substrate is metabolised for energy
production. This phenomenon is referred to as the “Pasteur ef-
fect”. Thiseffect arisesfrom thefeedback mechanismsassociated
with hexose transport, phosphofructokinase and isocitrate dehy-
drogenase as a result of which the fermentative catabolism of
glucose to ethanol, CO, and energy is blocked.

Glucose in excessis, even in the presence of molecular oxygen,
metabolised via the glycolytic pathway with the production of
ethanol and CQ, i.e. acoholic fermentation. Glucose in excess
causes changesin the enzymatic composition of theyeast cell and
influencesthe cell structure e.g. the structure of the mitochondria
asaresult of thelossof cytochromes. Thisprocessisknown asthe
Crabtree or glucose effect. Practically, even in the presence of
molecular dissolved oxygen, glucoseis partly metabolised by the
fermentative way oncethat its concentration is higher than 0.8%.
In fact, the ratio glucose fermented / glucose respired is 0.49 in
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Figure2 Anaerobicmetabolism of sugar [19]: effectivefor more
than 95.0% of the fermentable sugar added to the beer for
refermentation

case of S cerevisiae [9]; but we demonstrated earlier that the
limiting factor regarding the respiratory metabolism by bottle
refermentation and even by regular wort fermentation is the
concentration of oxygen availablein the liquid.

Balance of the stationary phase

Duetothelack of somegrowth conditions, accumulation of waste
products from the microbiological metabolism the budding will
stop and the fermentation goes further until all the fermentable
carbohydrates are metabolised, growth rate declinesand the yeast
entersthe stationary phase. In the stationary phase, thereisno net
increase or decrease in cell number. In unagitated cultures, the
biomass concentration in the medium may declineas cellsfloccu-
lateand, evenin shaken cultures, theconcentration of biomasswill
decline after a period of stationary phase, not because of the
change in cell number but because of the depletion of the stored
carbohydrate reserve [7].

CO,-production phase

The decarboxylation reaction of pyruvate with the formation of
acetal dehyde by pyruvate decarboxylase is the main reaction by
which CO, is formed. There is also some direct CO, production
through the glycolysis and the Krebs cycle.

Although glycolysis represents the major pathway for glucose
catabolism, some glucose is metabolised by an alternative route,
the hexose monophosphate (HM P) pathway. The major functions
of this pathway are the generation of NADPH for anabolic

reduction reactions and the supply of pentose sugars for biosyn-
thesis. This pathway, which only takes place in the stationary
phase, can consume up to 20% of theamount of glucoseandisalso
responsible for some direct CO, production.

Generally, the CO,-content changes from about 1.5 g/L till 7.5g/L.
The CO,-production speed is quite proportional to the quantity of
added yeast considering a same yeast quality and a same beer.
Values as high as 9.0 g/L can be reached but practically the best
resultsare obtained with CO, concentrations between 7.0 g/L and
7.5g/L [10].

Phase of inactivity
Phase of resting cells

The phase of resting cells gives no important changesin concen-
trations of metabolites. During thisphase, the exchanges between
theyeast cellsand the environment arerather limited presumably
and the survival of the yeast cells must be dependent on some
parametersof theyeast itself like glycogen content, trehal ose, and
the environment like alcohol content and eventual growth inhibi-
torsfromtheraw material likesomeMaillard compounds[28, 35].
It is clearly established that the source of the yeast used by
refermentation influences the further evolution of the cell during
the beer-ageing phase [2, 7, 24, 28]

Autolysis

After a prolonged period in the stationary phase cells die and
autolyse. Because of the absence of oxygen for membrane synthe-
sisyeast cellsfail to grow and loss of membrane integrity results
incell death. When all the storage carbohydrates are metabolised
rather completely, metabolicactivity stopsand the permesability of
the cell membrane alters. Cells burst open with the release of the
internal cellular pool and liberation of the hydrolytic enzymes of
the vacuole content [39].

Flavouring effects of the postfermentation

Beer postfermentation is a complex biochemical and chemical
event concerning much more than some oxygen removal and
carbonation by gas production alone. During refermentation,
thereisaclear evolutionin the flavour profile due to exchange of
compounds between the yeast and the beer. These exchanges can
vary fromthe uptake of amino acids by the activeyeast to thefinal
releaseof intracellular material, such asenzymes, during autolysis
[18].

Céll budding phase

During the growth phase yeast takes up all the oxygen presentin
beer. L ater on budding, the absorption of amino acidsand fermen-
table sugars starts. Amino acids are essential for the synthesis of
proteins and other biomolecules. The concentration of amino
acidsinbeer isonly 1/3to 1/5 of the concentrationinwort. During
thefermentation amino acidsare taken up sequentially. Consider-
ing the four classes of amino acids, a decrease varying between
12% (first group), 18% (second group) and 6% (third group) is
observed [30]. Transamination of surplus amino acids followed
by decarboxylation leadsto theformation of aldehydes. Thesecan
be reduced by a NADH-dependent alcohol dehydrogenase to the
corresponding higher al cohol swith one carbon atom lessthan the
original amino acid.
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Table 1 Important higher alcohols in beer derived from the corresponding amino acids through desamination and oxidative
decar boxylation [19]

amino acids 0Xxo acids aldehydes alcohols

aanine pyruvic acid acetaldehyde ethanol
o-aminobutyric acid o-ketobutyric acid propionaldehyde propanol

valine o-ketovaleric acid isobutyraldehyde isobutanol

leucine o-ketoisocaproic acid isova eraldehyde isoamy! alcohol
isoleucine o-keto-B-methyl valeric acid 2-methylbutanal 2-methyl-butanol
phenylaanine phenylpyruvic acid phenylpyruvaldehyde phenylethyl a cohol

Higher al cohol scan al so bederived from theanabolic or Genevois
pathways along which amino acids are synthesized. In these
pathways, pyruvate and acetyl-CoA act as precursors for amino
acid synthesis. Both pathwaysareactivein brewer’ syeast and can
account for the presence of higher alcohols in beer. The most
important higher acohols, derived from their respective amino
acids through desamination and oxidative decarboxylation are
presented in table 1.

Esters constitute one of the largest and most important groups of
compounds importing flavour to beer. Esters can be formed
through astrictly chemical condensation between an alcohol and
an organic acid. Since the rate of this uncatalysed reaction istoo
slow to account for the ester concentration present in beer, most of
the esters are formed biochemically. In these reactions involved
compoundsare: ethanol or higher alcohols, fatty acids, coenzyme
A and ester synthases. Activated acyl-CoA compounds acts as
acyl-CoA donors (figure 3).

Compared to higher alcohols, threshold values of esters are very
low whichimpliesthat small variationsin concentrationscan have
aprofound effect on the overall flavour and aromaof beer. When
expressedin concentration only littlechangesoccur, but duetothe
low threshold values of ethyl caproate, ethyl caprylate and iso-
amyl acetate the flavour potential of beer can increase by about
oneflavour unit[30]. (Flavour unit : absoluteconcentration of the
compound/ threshold). Two very interesting reviewscovering the
scope of thistopic in case of wine were published by Lambrechts
and Pretorius [23] and by Pretorius [34].

Stationary phase
Results for beer

Refermentation in the bottleis often regarded as a process, which
causes a favourable evolution of the beer’s flavour. However,
oncethe beer is saturated with carbon dioxide, yeast cellsrapidly
loose viability and inactive cellsremain present inthe bottle. This
presence has a negative impact on the evolution of the fruity
flavour and aroma during storage. The importance of yeast auto-
lysis should not be underestimated. The enzymatic autodegrada-
tion of the cells and the concomitant increase of free amino
nitrogen possibly influences the formation of specific lactones
and esters during storage [5].

During beer ageing, three zones can be considered: a zone of
unmaturity, a maturity phase where beer quality reaches its
maximum and finally a phase of ageing where beers presents
flavour deviations characterized as “Madere wine” or “old Port
wine” [5]. Thelossof viability isaccompanied by yeast autolysis,
which influences the flavour profile. The major consequence of
yeast autolysis is the liberation of hydrolytic enzymes of the
vacuole content in the beer. Thisinfluences the beer characteris-
tics as foam stability by hydrolysis of hydrophobic proteins and
flavour. Aromaisstrongly affected by anincrease of volatilefatty
acids with a low threshold value. Due to cell autolysis the con-
centration of isovaleric acid, caproic acid, caprylic acid and
capric acid increase enough to develop a negative effect on the
flavour [31].

Chemical synthesis
ROH + RCOOH - R'COOR+H,0

Biochemical synthesis
ROH + R'CO-SCoA - R COOR + CoASH

- activation of the acetyl part: production of acetyl CoA
(@ R'COCOOH +NAD*+ CoASH - R'CO-SCoA +NADH +H"+ CO,
() R COOH+ATP+ CoASH - R CO-SCoA + AMP + Ppi

ester synthase

- activation of the acyl part: production of acyl-CoA
(c) R’CO-SCoA + Maonyl-CoA + 2NADH +2H* -
R'CO-SCoA + CoASH + 2NAD*+ CO, + H,O

Figure 3 Chemical and biochemical formation of esters[19]
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Table2 Evolution of the concentration of higher alcohols (n-propanol, isobutanol, iso-amyl alcohol) and esters (ethyl acetate, iso-amyl
acetate, ethyl hexanoate, ethyl octanoate) (ppm) during bottler efer mentation and subsequent storage at 24°C of anon-pasteurized beer.
Results are expressed as the average of triplicate analyses. A changein flavor unitsis expressed as AFU (Neven, 1997).

Active compound After After bottle After 6 AFU
(Threshold; flavor) maturation conditioning months

n-Propanol 24 24 24 0

(800 ppm, alcohol)

I sobutanol 22 22 22 0

(200 ppm, alcohol)

Iso-amyl Alcohols 122 123 125 0

(70 ppm; banana)

Ethyl Acetate 54 53 52 0

(30 ppm; fruity, solvent)

I so-amyl Acetate 5.9 5.9 4.4 -1

(1.6 ppm; pear, banana)

Ethyl Hexanoate 0.3 0.2 0.2 0

(0.23 ppm; fruity)

Ethyl Octanoate 0.4 0.2 0.2 0

(0.9 ppm; fruity, apple)

Besides a dow chemica hydrolysis, a biochemica hydrolysis
plays an important role in the evolution of esters throughout
storage. Enzymes that hydrolyze esters are synthesized during
fermentation and maturation by Saccharomyces cerevisiae. An
important esterase activity is observed towards iso-amy! acetate,
ethyl hexanoate (caproate) and ethyl octanoate (caprylate). The
optimal pH for this activity is situated near 7.5. However at
common beer pH conditionsthisenzymaticactivity isstill present.
As a consequence the consumer will experience a diminution of
the fruity flavour when tasting aged beer (table 2).

The production of sulphur dioxide during refermentation is an-
other factor which will influence the flavour profile. It is an
intermediate in the metabolism of the amino acids cysteine and
methionine and is excreted when yeast growth is limited and
excesssulphiteispresent intracellular. Sincerefermentation takes
place in a closed container it cannot escape and combines with
aldehydes. Since aldehydes have positive or negative flavour
properties, reaction with sulphite can thus be considered positive
or negative [30, 31].

Results for wine

Theterm“ méthode champenoise” refersto asecond fermentation
of whitewineinthebottle. During bottling the“ tiragedeliqueur”

(a mixture of wine, sugar and yeast cells) is added to primary
fermented white wine. To insure secondary fermentation, amini-
mum of 2 million cellsper milliliter should beaddedto each bottle

[49]. Following sealing, sparkling wines are stored for the “prise
demousse” . The secondary fermentation, during which the yeast
cellsconvert theadded sugarsto ethanol, takesoneto two months.
During the subsequent storage of the bottles in cool cellars, the
Champagne, still in contact with the yeast cells, continuesto age
during 9 monthsto 5 years.

During this ageing process, which isresponsible for the devel op-
ment of the typical “méthode champenoise bouquet” , excretion
and autolysis of yeast cells occur. Cytoplasmatic compounds are
degraded due to the release of enzymes, such as proteases and
hydrolases, from the vacuole content. The result of this “storage
sur lig” isan enrichment with amino acids [5]. Thisdifferencein
amino acid constituents between the cuvée and the fina wine
contribute to the character and complexity of “méthode champe-
noise” wines and explains the sensory difference between “mé-
thode champenoise” and charmat-produced sparkling wines.
Amides, fatty acids and terpenoids are all shown to increase
during autolysis [26, 39].

Furthermore, aged winesarerich in estersand certain compounds
which can be considered very specific e.g. methyl-2-ethoxy-
furan. This compound originatesfrom the dehydratation reaction
between ethanol and alcohols produced in the Maillard reaction
pathway [50]. Not only the flavour of sparkling winesis affected
by refermentation, also bubble size and foam properties change.
Fermentation conditions, indigenousyeast popul ations[14], con-
centration of nitrogen compounds in the original wine and yeast
autolysis (figure 4) are important for these effects.
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Figure4 Reported impact of yeast
autolysis on various attributes of
sparkling wine quality [39]
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Practical Aspects

The easiest way to perform refermentation is by using the same
yesast strain asthe strain used for themain fermentation. Practical-
ly, normal production wort after two daysfermentation isused as
pitching solution. It isalso possible to use the yeast of a previous
main fermentation. The collected yeast slurry hasto be stored at
4 °Cand stirred for 5 minutes twice aday to prevent temperature
increaseand lossof cell viability [10]. But thismanner of working
can lead to colloidal haze in the conditioned beer since the wort
used isn't stabilized and that the cell concentration in fermenting
wort is rather low versus the quantities obtainable using other
ways.

Since circumstances during the secondary fermentation are very
different from the primary fermentation (low pH, high alcohol
content, low oxygen content, presence of CO,, small amounts of
nutrients), some breweries use strains of Saccharomyces cerevi-
siaevar. cerevisiae selected especially for refermentation. Inthis
case, a separate propagation in sterilized hopped wort is neces-
sary. The propagation medium has to be oxygenated just before
pitching to allow an optimal fatty acid synthesis and a maximum
yield. The yeast propagation system in the brewery must be
designed to a high standard to limit the possibility of the culture
becoming contaminated with wild yeasts or bacteria. Especially
attention should be paid during the transfer from the laboratory
culture to the propagator [9, 11].

Thethird possibility istheuseof acommercially availablebakers
yeast strain Saccharomyces cerevisiae var. pastorianus. It's an
easy technology but et us keep in mind that the flavour obtained
using bakers' yeast can’t bethe same asthe one obtained using an
aromatic brewers' yeast since the activity regarding fermentable
sugars can vary amongst them.

Another manner to performtherefermentationistheuseof freeze-
dried or spray-dried-yeast. There are several advantagesin using
dried brewing yeast. Dried yeast hasless bulk, it may be stored at
ambient temperatures for several months and is readily reconsti-
tuted by dispersioninwater. Thequality of thedried brewingyeast

Table 3 Non-Saccharomyces yeast isolated from acid Belgian
ales (Van Oevelen et al. [42] , Martens et al. [27], Derdelinckx et
al. [11], Shanta Kumara [37] and Verachtert [44])

Fermentation | Anaerobic
growth

Respiration

Brettanomyces clausenii

Brettanomyces custersianus
Brettanomyces intermedius yes yes yes
Brettanomyces lambicus

Candida sp
Candida guillermondii
Candida datilla yes yes no
Torulopsis sp.
Cryptococcus sp.
Dekkera bruxellensis yes no no
Kloeckera apiculata yes yes yes
Pichia sp. yes anaerobic in

pregrown cells no
Rhodotorula sp. yes no no

Table4 Effectiveness of the Crabtree effect in some yeasts[9]
Y east Ratio glucose fermented Crabtree effect
/glucose respired

S cerevisiae 49.0 +
Brettanomyces lambicus 23.0 +
Candida utilis 0 —
Cryptococcus sp. nd nd
Dekkera bruxellensis 23.0 +
Hansenula anomala 0 -
Kloeckera apiculata nd nd
Pichia fermentans 0.16 —
Rhodotorula sp. 0 -
Torulopsis sake 0 -

available on the market has improved considerably in recent
years. Also the long term capital investment and labour costs
associated with the propagation plant are replaced by the short
term costsfor purchasing dried yeast [40]. The process of drying
yeast cell smakesthem moreresi stant agai nst mutationssincenon-
growing cells areless prone to copying errors during the replica-
tion from its genetic material than dividing cells. A disadvantage
of using dried yeast ishigh mortality of someyeast strainsduring
the drying process. Different strains are affected differently and
higher viability is generally obtained if the process is carefully
controlled; further, research to isolate a novel yeast factor that
allows an increasing of the yeast brewing performances must be
helpful too [13, 40].

Non-Saccharomyces sp.

Non-Saccharomyces sp. can play an important role on beer
flavour since some peculiar metabolisms distinguish these yeasts
from S. cerevisiae sp. The carbon and energy metabolism aswell
as the nitrogen metabolism, the phosphorus and phenol metabo-
lism and some specialized metabolisms can be considered. Their
influence depends on the physiological characteristics of the
considered yeast strains and on the environmental conditions
developed by the production process.

The typical non-Saccharomyces micro-organisms isolated by
Van Oevelenet al. [42] , Shanta Kumara [37], Martenset al. [27]
arelisted below (table 3); they arelisted according to their growth
characteristics and their ability to survive without oxygen. The
major difference regarding the carbohydrates metabolism con-
cernsthe use of sugarsand the regulatory phenomena. The yeasts
isolated from bottle conditioned Belgian acid aes can be listed
according to their sugar catabolism pathway (table 4).

Carbohydrate metabolism and regulatory phenomena

Theregulatory phenomenain the sugar metabolism of yeasts are
also adistinguishing feature in some cases.

In the case of Brettanomyces p., Dekkera sp. and Candida sp. the
Custerseffect occurs, while S cerevisiae and other Saccharomyces
sp. are characterised by amore or less effectiveness of both Pasteur
effect and Crabtree effect (also termed catabolite repression).
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Table5 Biopolymer degradation/utilisation by yeasts [46]

(Saccharomyces diastaticus)
Brettanomyces naardenensis

Biopolymer Micro-organisms Enzymesinvolved
Starch Candida sp. Extracellular a-amylases and sometimes
Pichia sp. gluco-amylase and cyclodextrinase activity

Hemicellulose Cryptococcus sp.

Xylanase activity

Pectin Candida sp.

Polygal acturonase activit

The Custerseffect isdefined asthetransient inhibition of fermen-
tation by anaerobiosis and is observed when small levels of
oxygen or organic hydrogen-acceptors (e.g. acetoin) abolish this
anaerobic inhibition of fermentation. Thus, oxygen stimulates
ethanol production. The Custerseffect iseffectivein Brettanomy-
cessp. and Dekkera sp. andisdueto alack of NAD* caused by the
secretion of acetate by the cells, provoking a“crucial deficiency”
on the potential hydrogen-acceptor acetaldehyde, which isn’t
formed sufficiently. The NAD*/NADH ratio is altered and this
results in an unfavourable redox balance in the cell. NADH re-
oxydation can occur only very slowly under anaerobic conditions
in Brettanomyces sp. and Dekkera sp.

CH,O, + 4NAD* + 2HO - 2CH,COOH + 2CO,
+ 4NADH +4H"

(as comparison: anaerobic catabolism in S cerevisiae:
CH,O0, - 2CHOH + 2CO)

6 1276

TheKluyver effect explainsthefact that someyeastslike Candida
sp. which can ferment glucose anaerobically are ableto aerobical -
ly assimilate but not ferment other sugars like certain disaccha-
rides. It was demonstrated by Weusthuis et al. [48] that ethanol
causes a suppression of the maltose utilisation by Candida utilis.

Since someliving yeasts are isolated after 24 months of bottling,
the biopolymer metabolism can be considered as important too.
Some of theyeasts possessapeculiar biopolymer activity (Table5).

The metabolism of lower aliphatic alcohols in some strains like
these studied by Van den Brent et al. [41] showed attractive
resultstoo. These authors demonstrated that the alcohol oxidase,
which allows the oxidation of methanol to formaldehyde in
Candida methanolovescens, is also suitable to transform even
cyclic acohols like salicyl alcohal into salicyl aldehyde. This
moleculeistyped by apleasant amond note of which the thresh-
old is 10° lower than the one of the corresponding al cohol [20].

Table6 Yeastsand bacteriaisolated after 6 monthsin acid ales

Y easts Bacteria

Brettanomyces lambicus Pediococcus cerevisiae (= damnosus)

Brettanomyces custersianus

Candida sp.

Cryptococcus sp.

Dekkera bruxellensis

Pichia sp.

Rhodotorula sp.

Torulopsis sp.

Therefore, the study of the metabolisms of yeasts leading to
aldehydes, esters, fatty acids, and some phenols and lactones and
afew higher al coholsisof major importance sincethey aremainly
responsible for the bioflavour found in these beers.

In contrast to S. cerevisiae, some yeasts isolated from the micro-
florapresent during the secondary al coholic fermentation (after 6
— 8 months) have an oxidative metabolisms. Although strains as
Candida utilis anomala, Pichia fermentans and Torulopsis sake
are strictly aerobic yeasts, it needs to be mentioned that some
species of these generawereisolated from acid Belgian ales after
6 to 24 months of storage (table 6).

Methylotrophic yeasts play a very important role regarding the
flavour that they import. Indeed, their alcohol oxidase, necessary
to metabolise methanol, isalso ableto convert other acoholsinto
aldehydes [32].

Even some simple unbranched aldehydes have a fresh, fruity
flavour (table 7). They can be grouped according to their chain
length. Aldehydeswith achainlength of 2to 5 carbon atomshave
generally agreen flavour while aldehydes with a chain length of
6 to 11 carbon atoms are often characterised by a bitter, orange
peel flavour. The threshold of these compounds decreases with
increasing chain length, for example, 1 ppm for n-butanal (fla-
vour: melon, green leaves, varnish) to 6 ppb for n-decanal (fla-
vour: bitter, aldehyde, orange peel). Additionally, when these
unbranched aldehydes have a mono-unsaturated function, an
extra pleasant fruity flavour is obtained [36]. Their influence on
the beer flavour can not be neglected.

Furthermore, studies by Shennan and Levi [38] and by Cartledge
[6] concerning the hydrocarbon metabolism of Candida sp.,
Pichia sp., Rhodotorula sp. and Torulopsis sp., indicated that
these micro-organisms have the enzymatic capability of transfor-
ming linear long chain a cohols (C10-C20) to their corresponding
aldehyde by an NAD*-linked long chain alcohol dehydrogenase
andfurther by the corresponding NAD*-linked long chain aldehy-
de dehydrogenase.

Van den Bremt et a. [41] mentioned also a very interesting
approach using a methylotrophic yeast, Candida methanolove-
scens characterised by a3-glucosidase activity. These yeasts are
able to hydrolyse the link between the sugar structure and the
aglycon part. Thisaglycon part undergoes abiological oxidation
producing an aldehyde characterised by alow threshold.

Since some S. cerevisiae strains, some species of Torulopsis
molinschiana and Hansenula wickerhamii possess these enzy-
matic features, these phenomena will play an important role for
theflavour evolution of speciality beers. Thisisespecially truefor
beers characterised by the use of hop cones, dry hopping, herbs,
spices or fruits due to the liberation of aglycons. In some cases,
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Table7 Role played by oxidative yeast metabolisms on beer flavour: redox steps from alcoholic till acidic stage

(decanoic acid)

Concentration rangein beer Threshold Flavour of the
(ppm) (ppm) aldehydic form
C5
Isoamy! alcohol 30-70 70
(3-methyl butanol)
I soval eraldehyde 0.01-0.3 0.6 Unripe banana, apple,
Isovaleric acid 0.1-2 15 cherry, cheese
C6
n-Hexanol 0.05-0.33 4.0
Hexanal 0.003-0.007 0.35 Vinous, bitter
Caproic acid 1-5 8
(hexanoic acid)
Cc8
Octanol 0,02 0.9
Octanal 0.001-0.02 0.04 Orange pesel, vinous, bitter
Caprylic acid 2-12 13-15
(octanoic acid)
Phenylethanol 8-35 125
Phenylacetaldehyde 0.005 16 Hyacinth, lilac, flowery
Phenylacetic acid 0.93 25
C10
n-Decanol 0.01 0.18
Decanal 0-0.003 0.006 Orange peel, bitter
Capric acid 0.1-4 10

Table8 Small length acids and corresponding ethyl esters synthesis by non-Saccharomyces yeast [42]. Concentrationsarein ppm

Brettanomyces Dekkera Kloeckera S.
lambicus bruxellensis apiculata cerevisiae

Acetic acid 922 366 360 190
Isobutyric acid 16.8 311 2.4 2.7
Lactic acid 297 508 8.1 14.0
Ethyl acetate 62.5 15.5 <05 <05
Ethyl isobutyrate — — — —
Ethyl lactate <05 <05 <05 <05

these aglycons (i.e. (+)-catechin) have reducing properties [47].
Their importance in the production of carbohydrate-flavour con-
jugates in wine by the microflora present in the mouth was
revealed by Hemingway et al. [17].

The results of Van den Brent et al. associated to those described
by Shennan and Levi [38] and by Cartledge [6] makes clear that
research isnecessary out to check out the cascade flavour synthe-
sis presented hereafter (see table 7). Some of the molecules are
already described and their rolein flavour generation is of major
importance.

Studies of Licker et al. [25] in wine showed the role of Brettano-
myces sp. in giving a peculiar flavour known as “Brett” flavour.
The analysis by gas chromatography olfactometry revealed two
predominant odour active compounds: isovaleric acid and a
second unknown compound; but other mol eculesare odour active
too (see ester metabolism and phenol metabolism).

Ester synthesis

Due to their metabolism one can expect that Brettanomyces
lambicusand Dekkerabruxellensisproducein pureculturesahigh
quantity of acetic acid, lactic acid and isobutyric acid, resultingin
the synthesis of their corresponding ethyl esters (seetable8). The
results reveal that chemical synthesis of the esters hardly occurs
andthat biochemical synthesismainly occurswhenthecorrespon-
ding coenzyme A derivative of the acid is produced by the yeast.

Taken in account the acid fractions produced by the metabolisms
of Candida sp., Cryptocuccussp., Pichia sp., Rhodotorulasp. and
Torulopsis sp. one can expect a significant presence of their
corresponding ester. Theestersplay amajor rolein speciality beer
flavour due to their low threshold (see table 9).

Moreover, the conjugate presence of someyeastsunder coculture
conditions will influence the fatty acid pattern and the flavour
profile due to ester synthesis. Fugelsang et al. [15] confirmed a
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Table 9 Concentration range of some important higher alcohols, organic acids and their corresponding ester found in Belgian
refermented speciality ales, their respective threshold and flavour
Concentration Threshold Flavour

Rangein beer (ppm) (ppm)
C7
ethanol 4500 14000
isovaleric acid 0.02-0.06 15
Ethyl isovalerate 0.02 0.018-0.2 Fruity, grapes, sweat
C8
caproic acid 1-5 8
ethanol 4500 1400
Ethylcaproate 0.2 0.17-0.21 Apple, fruity, anise
C10
isovaleric acid 15 15
isoamyl alcohol 50-55 70
Isoamyl isovalerate 0.1 0.019 Fat, fruity, solvent, perfume
acetic acid 1350 175
2-phenylethanol 40 125
2-phenylethylacetate 34 38 Roses, honey, apple, sweetish
C12
capric acid 10 13
ethanol 4500 1400
Ethyl caprate 15 0.11-0.21 Apple, fruity, sweetish, aniseed
C13
caproic acid 3 8
isoamylal cohol 50-55 70
| soamyl caproate 0.5-1 0.9 Fatty acids, fruity, solvent, perfume

Table 10 Comparison of fatty acid levelsin pure and cocultur e fermentations

Y east Acetic acid Caprylic acid Capric acid
(ppm) (ppm) (ppm)

Saccharomyces 82 18 7
Sacch. + Brett. 249 93 16
Sacch. + Dekk. 672 93 11
Table 11 Physico-chemical character of the beersstudied

Strong pale ale Belgian wheat beer Kriek
Orig. extract (°P) 18 12 115
Alcohol (v/v) 75 4.9 4.2
Att. Rate (%) 85 82 89
CO, (g/l) 8 5.2 45
Bitterness (BU) 25 17 15
pH 41 4.0 3.85
Total acidity 20 20 33
Total polyphenols 180 180 120
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strong production of fatty acids in cocultures of S. cerevisiae
together with Brettanomyces sp. and Dekkera sp.. They assumed
that the large amounts of acetic acid produced, results from the
oxidation of ethanol rather than coming from pyruvate. In the
sameway, theinfluenceof themetabolitesproduced, aslacticacid
and acetic acid, on the yeast physiology cannot be neglected too
[29] (seetable 10).

Most of the flavours arising in Belgian speciality beers are
described and one needsto mention that the combination of esters
together with volatile acids and aldehydes deliver some typical
flavours to well known Belgian speciality beers[33].

Phenol metabolism

The phenol metabolism of somenon-Saccharomycesyeastsplays
also an important role regarding the flavour pattern of certain
specidity alesinasimilar way asin wines[8].

Due to their resistance to severe stress constraints and to their
ability to metabolise some typical molecules as phenols, some
yeasts, like Brettanomyces sp. and Dekkera sp., devel op acharac-
teristic aroma[16, 25].

Fugelsang et al. [15] proposed a pathway for the formation of
volatile phenols by Brettanomyces sp. and by Dekkera sp. invol-
ving two enzymatic steps: first acinnamate decarboxylasefollow-
ed by the action of avinyl-phenol reductase and by transforming
p-coumaric and ferulic acid in 4-ethyl-phenol and 4-ethyl-guaia-
col. Theroleplayed by someyeastsregarding thetypical phenolic
flavour of most German Wei ssbeersisdescribed by Wacker bauer
and Methner [45].

Amino acid metabolism

Beside the production of higher alcohols as described by Van
Oevelen [42] and Martens [43], Heresztyn [18] mentions the
production of “mousey” flavour developed in some wines in-
fected by Brettanomyces sp. The offensive compoundsarereport-
edtobeamino acid derivatives, asthe heterocyclic bases 2-acetyl -
1,4,5,6 tetrahydropyridine and 2-acetyl-3,4,5,6 tetrahydropyridi-
ne. Their synthesisby Brettanomycesintermediusand B. lambicus
requires lysine and ethanol. Another aspect regarding health, the
eventual production of some polyamines and biogene amines, is
known but this feature is linked to some peculiar species. Let us
only mention that Saccharomyces strains and non-Saccharomy-
ces strains can be considered exceptionally. Some environmental
conditions like co-cultures can be critical. The values stated can
eventually exceed legal limits but the process adaptations needed
to prevent this problem are known.

Case studies of refermented speciality beers

Several speciality beers have in their process the use of herbs,
spices and even fruits. The acohol dehydrogenase activity, the
aldehyde dehydrogenase activity, the glucosidase activity and the
alcohol oxidase activity of some yeasts influence the flavour
pattern of those beer types. To explain the potential of non-
Saccharomyces yeasts as flavouring agents in practice, we will
illustrate the flavour evolution of three different speciality beers:
a strong speciality beer, a Belgian wheat beer containing spices
and a sour fruity beer named Kriek (table 11).

Table12 Flavour modification of theester profileof atraditional
strong ale by maturation in casksin the presence of Brettano-
myces lambicus.

Concentration variation FU
(ppm) (Flavour Unit)
Ethyl acetate +15 +05
|soamyl acetate -7 -4.4
n-propyl acetate +0.010 + 0.00033
i-butyl acetate - 0.035 - 0.047
Ethyl isobutyrate +0.020 + 0.004

The evolution of higher alcohols and esters present in the strong
pale aefollowsaflavour cascade as previously described (tables
8 and 9). Thekineticsis dependent on the environmental conditi-
ons (temperature, pH) and on the micro-organismsinvolved. The
influence of oxidative yeast on the esters pattern is aready well
described [42, 44] (table 12).

Concerning white beer, one needs to mention the major constitu-
ents of the spices used i.e. coriander and bitter orange peels. A
compound found in both spices is linalool (fig. 5), typed by a
floral, bergamot, lavender flavour and by athreshold of 6 ppb[1].

Due to its chemical structure, linalool (formerly named cori-
androl) cannot be oxidised to the aldehyde and acid form. It was
demonstrated that linalool reacts with acetate to form linalyl
acetate; the presence of this compound is mentioned, but the
threshold is not available [21].

Geraniol (citral) isamajor compound of bitter orange peels and
thereactivity of itsstructureregarding a cohol dehydrogenaseand
ester synthesi s (the description of the oxidation of geraniol intoits
acid form, geranic acid or citronellic acid was not found by our
literature study) is not described.

Starting from geranial, geraniol and geranyl propionate, gerany!
acetateand geranyl isobutyrateareproduced potentialy. Analysis
are achieved actually to elucidate the sequence (table 13)

An analogous scheme can be shown in case of nera (citral B)
which is an isomer of citral with a sweeter lemon odour and a
higher threshold.

In the sour speciality beer of Brussels called Kriek and produced
with mature fresh cherries containing the kernel (if processed in
the traditional way), 3-glucosidase and alcohol oxidase can play

HC

Figure5 Structure of linalool, a terpene molecule that repre-
sentsabout 80% of theessential oil of coriander but alsoappears
in bitter orange peel and hops
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Table 13 Putative evolution of geranial (citral A) under the
influence of biochemical and chemical reactionsarisingin Belgi-
an white beer and sour beer

Threshold Flavour
Geranial 30 ppb Refreshing, intensive lemon, bitter
Geraniol 40 — 75 ppb Floral
Geranyl acetate 9 ppb Floral fruity
Geranyl lactate unknown
Geranyl propionate 10 ppb
Geranyl isobutyrate 13 ppb

an important role due to the presence of prunasin. Prunasin is a
glucoside consisting of D(-)-mandelonitril-D-glucoside (Phar-
macopeial drugs). We compared Kriek beers processed by two
different ways, one by addition of whole cherries and maturation
of 4 months in oak casks, the other one used pasteurised cherry
juice. The chromatogram of the beer containing the whole cherry
fruit doesn’t show thetypical aldehydearising from hydrolysisof
the glucosidei.e. benzaldehyde while this moleculeis present in
the beer produced with the juice. The conclusion of this experi-
ment | et us presume that there is no glucosidase activity from the
yeasts present in the sour beer (lambic) during maturation (pro-
bably due to the peculiar environment conditions in sour beer).
The presence of benzaldehyde in beer with juice is presumably
duetothermal stabilisation of thejuiceand consecutivehydrolysis
of the molecule to benzaldehyde, hydrocyanic acid and glucose.
The absence of benzaldehyde could be a method to eventually
distinguish both production types (see figure 6).

General conclusion

Sincematurationin bottleor in casksisapplied for the production
of speciality beers, one needs to consider the different aspects of
thisprocess. Initially, refermentation was often used to carbonate
beer essentially and, mostly erroneous, to improve beer flavour
stability. Dueto research performedin Belgian brewing institutes
essentially, the major step of microbiology and of technical
knowledge of bottle refermentation is now known and the essen-
tial difficulties of production methods involving the use of S
cerevisiae are described scientifically. Further research is now
carried out to study the influence of S. cerevisiae physiology on

beer flavour stability distinguishing the three important phases
linked to the yeast activity in the bottle (budding, fermentation,
resting cells and autolysis).

Inasecond step, regarding flavours, it wasdemonstrated that non-
Saccharomyces yeasts can be used eventually and that in some
cases, theresultsobtained are surprising. For example, inthecase
of fruity beerswhereit wasshowed that the sour beer environment
didn’t allow -glucosidase activity and in consequence liberation
of benzaldehyde while the latter molecule is present in beer
produced with pasteurised cherry juice. In conclusion the poten-
tial of S. cerevisiaeand non-Saccharomycesyeastsregarding their
use as postfermentation agents are far from understood and
exploited fully. A lot of beer improvements and flavours will be
obtained if serious research is carried out further in thisfield.

Zusammenfassung

Vander haegen, B., Coghe, S,, Vanbeneden, N., Van Landschoot, A.,
Vanderhast, B., und Derddinckx, G.: Hefen als Hilfsmittel zur Nach-
garung von Bier — Monatsschrift fir Brauwissenschaft 55, Nr. 11/12,
218 — 232, 2002

BC 40 Allgemeines (Brauer eibiologie)

Saccharomyces cerevisiae und Nicht-Saccharomyceshefen werden in
Belgien schon seit Langem in Spezialbieren zur Verbesserung der Nach-
garung bei Lagerkeller- und konditioniertem Bier (Flaschen- bzw. Fass-
gérung) verwendet. Der Einsatz von S, Cerevisiae Stémmenist durchdie
Aufkarbonisierung und eine gewisse Sauerstoffreduzierung gerechtfer-
tigt. Im Gegenteil dazu gelten die Auswirkungen von Nicht- Saccharo-
myces Spezies, wel che hauptséchlich in mit Sdure bildenden Mikroorga-
nismen vergorenen Bieren vorkommen, Uberwiegend der Geschmacks-
bildung. Diese Studie gibt einen Uberblick (iber die physiologischen
Aspekte mehrerer in belgischen Spezialbieren vorkommender Hefespe-
zies, sowie Uber das Potential von Saccharomyces cerevisiae Stadmmen
bel der Modifikation des Geschmacks nach der Bierkonditionierung.
Auch werden die eher praktischen Gesichtspunkte beziiglich des Anstel-
lens und der Hefevorbereitung besprochen. Darliber hinaus werden
einige interessante Eigenschaften von Brettanomyces sp., Dekkera sp.,
Kloeckera sp., Candida sp., Cryptococcus sp. und Torulopsis sp. unter-
sucht. Der Einflussder enzymatischen Aktivitét von Alkoholdehydroge-
nase, Aldehyddehydrogenase, 3-Glucosidase und Alkohol oxidase unter
ungewdhnlichen Bedingungen kann die Entwicklung typischer Ge-
schmacksrichtungen erméglichen. Die Verwendung von Kréautern, Ge-
wrzen oder Friichten wird zusammen mit diesen Hefen eingesetzt, um
die endguiltige Geschmacksrichtung des Bieres zu verstérken, zu modifi-
zieren, zu verbessern und manchmal vielleicht sogar zu verandern.
Wissenschaftliche Forschung und Projekte werden durchgefiihrt, um die
Produktion von Spezialbieren tiefgreifender zu verstehen und gezielt zu
beeinflussen.

— H amygdalase
C ORR -
H,O
CN
Amygdalin

(where ORR' = gentiobiose)

by sour fruit beer

H prunase Benzaldehyde
—GCG—0OR ——— +HCN

N H.O + Glucose
Prunasin

{where OR = glucose)

Figure 6 Enzymic hydrolysis of amygdalin (glycoside found in cherries (Prunus sp.)) to benzaldehyde. This hydrolysis can occur
chemically by thermal treatments as pasteurising but was not detected under the cold acid/ethanol/water extraction of the cherriesas
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Vanderhaegen, B., Coghe, S., Vanbeneden, N., Van Landschoot, A.,
Vanderhassdlt, B., et Derdelinckx, G.: Saccharomyces et non-Saccha-
romyces sp.: agentsde maturation et de conditionnement delabiére
— Monatsschrift fir Brauwissenschaft 55, No 11/12, 218 — 232, 2002

BC 40 Généralités (Biologie brassicole)

Plusieurs bieres spéciales belges se caractérisent par la présence de
souches delevures Saccharomyces et non-Saccharomyces; e but recher-
ché est I'amélioration du produit apres |a phase de fermentation ¢’ est-&
direaucourantdelagardeet apréssoutirage. L’ utilisationdeS. cerevisiae
sejustifie essentiellement pour des raisons de saturation (production de
CO,) et d'élimination de I'oxygeéne dissous. Par contre, les souches
sauvages (non-Saccharomyces cerevisiae et non-Saccharomyces sp.)
essentiellement présentes dans les biéres de type acide sont surtout
utilisées pour leurs caractéristiques aromatiques. Ce travail passe en
revue les aspects métaboliques (energétiques) caractérisant les différen-
tes souches de levures rencontrées dans | es bieres spéciales belges ainsi
que les effets des souches de S. cerevisiae en ce qui concernent la
modification de la saveur de la biére aprés conditionnement. Différents
aspectspratiquesrel atifsau conditionnement delalevureet al’ innocul ation
sont mentionnés. D’ intéressantes propriétés de Brettanomyces sp., Dek-
kera sp., Kloeckera sp., Candida sp., Cryptococcus sp. et Torulopsis sp.
sont décrites. L’ activitéd’ enzymestypiquestelleslesal cool déshydrogé-
nases, al déhyde déhydrogénases, al pha-glucosidases et alcool oxydases
permet sous certaines conditions |e dével oppement des aromestypiques.
L’ utilisation d'épices, d’ herbes ou de fruit en combinaison avec ces
levures modifiera voire améliorera et méme parfois atérera la saveur
finale de la biére. C'est pourquoi, ces phénomenes jusqu’a présent
incompris font I’ objet de la poursuite de notre recherche scientifique.
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