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As they are responsible for the fruity character of fermented beverages, volatile esters consti-
tute an important group of aromatic compounds in beer. In modern high-gravity fermentations,
which are performed in tall cylindroconical vessels, the beer ester balance is often sub-optimal,
resulting in a clear decrease in beer quality. Despite the intensive research aimed at unravelling
the precise mechanism and regulation of ester synthesis, our current knowledge remains far from
complete. However, a number of factors that influence flavor-active ester production have already
been described, including wort composition, wort aeration and fermentor design. A thoughtful
adaptation of these parameters allows brewers to steer ester concentrations and thus to control
the fruity character of their beers. This paper reviews the current knowledge of the biochemistry
behind yeast ester synthesis and discusses the different factors that allow ester formation to be
controlled during brewery fermentation.
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I. INTRODUCTION:
FLAVOR-ACTIVE ESTERS IN BEER

Volatile esters are only trace compounds in fermented
beverages such as beer and wine, but they are extremely
important for the flavor profile of these drinks (1–16). The
most important flavor-active esters in beer are ethyl ace-
tate (solvent-like aroma), isoamyl acetate (fruity, banana
aroma), ethyl caproate and ethyl caprylate (sour apple), and
phenyl ethyl acetate (flowery, roses, honey) (Fig. 1). Table 1
shows that in lager beers, only the concentration of iso-
amyl acetate reaches its threshold level (5, 17, 18). How-
ever, the presence of different esters can have a synergistic
effect on the individual flavors, which means that esters
can also affect beer flavor well below their individual
threshold concentrations (14). Moreover, the fact that most
esters are present in concentrations around the threshold
value implies that minor changes in concentration may have
dramatic effects on beer flavor (19). This problem has be-
come very clear with the introduction of modern brewing
practices, such as high-gravity brewing and the use of tall

cylindroconical fermentors. Indeed, it is well known that the
use of worts of high specific gravity results in a severe over-
production of acetate esters. The concentration of acetate
esters after dilution of beers produced through ultra-high
gravity fermentations (20 degrees Plato, �P) can be up to
75% higher than in beers produced with standard 12�P wort
(19–21). In contrast to high-gravity brewing, fermentations
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phone: +32-16-329627 fax: +32-16-321576 FIG. 1. Aroma-active esters in beer.



VOLATILE ESTER SYNTHESIS IN S. CEREVISIAEVOL. 96, 2003 111

in tall ‘Apollo’ fermentors result in a decreased formation
of esters, so that the produced beers lack desirable fruity
tones (21). In order to obtain more control over ester pro-
duction and counteract the negative consequences of high-
gravity brewing and tall fermentors, intensive research has
been carried out to elucidate the biochemical background of
yeast ester formation.

II. THE BIOCHEMICAL BACKGROUND
 OF YEAST ESTER PRODUCTION

Aroma-active esters are formed intracellularly by fer-
menting yeast cells. Being lipid-soluble, acetate esters rap-
idly diffuse through the cellular membrane into the ferment-
ing medium. Unlike acetate esters, the proportion of the
fatty acid ethyl esters transferred to the medium decreases
with incresasing chain length: 100% for ethyl caproate, 54–
68% for ethyl caprylate, and 8–17% for ethyl caprate.
Longer chain fatty acid ethyl esters all remain in the cell. It
also seems that the distribution of esters between medium
and cells is dependent on the yeast species used, with a
higher proportion of the esters formed remaining in the
cells of lager yeast (Saccharomyces carlsbergensis) (22,
23). Moreover, the distribution of fatty acid ethyl esters be-
tween cells and medium is temperature-dependent: more of
each ester is retained at lower temperatures (12).

Volatile esters are the product of an enzyme-catalyzed
condensation reaction between acyl-CoA and a higher alco-
hol (24, 25). Several different enzymes are involved in the
formation of esters (26), the best characterized ones being
the alcohol acetyl transferases I and II (AATase I and II; EC
2.3.1.84), which are encoded by the genes ATF1 and ATF2,
respectively (26–28). The enzymes Atf1p and Atf2p are at
least partially responsible for isoamyl acetate and ethyl ace-
tate production (28, 29). Other enzymes involved in ester
production are Lg-Atf1p, an AATase found in lager yeast
that is homologous to Atf1p (29), and Eht1p (ethanol hex-
anoyl transferase), an enzyme believed to catalyze the for-
mation of ethyl hexanoate (17, 30–32). Furthermore, it has
been shown that the balance between ester-synthesizing en-
zymes and esterases such as Iah1p, which hydrolyze esters,
might be important for the net rate of ester accumulation
(33). Residual esterase activity in final beer may also be re-
sponsible for the decrease in ester concentration as often
monitored during storage (34).

Basically, two factors are important for the rate of ester
formation: the concentration of the two substrates, acyl-
CoA and fusel alcohol, and the total activity of the enzymes
involved in the formation and breakdown of the respective
ester (Fig. 2). Hence, all parameters that affect substrate
concentrations or enzyme activity will influence ester pro-

duction. The first models for the rate of ester synthesis dur-
ing brewery fermentations focussed on the availability of
the co-substrate acetyl-CoA as the main limiting factor. Pa-
rameters such as temperature, fatty acid addition, nitrogen
and oxygen levels would exercise their influence on ester
synthesis by changing the levels of acetyl-CoA. In brief,
every factor that raises acetyl-CoA levels would also raise
ester production. Oxygen, wort solids and wort lipids pro-
mote yeast growth and thus the usage of acetyl-CoA, leav-
ing less acetyl-CoA available for ester production (24, 35,
36). However, this model fails to satisfactorily explain the
influence of glucose or nitrogen addition and the lowering
of top pressure, three factors that raise both yeast growth
and ester production. Furthermore, Yoshioka and Hashimoto
(37) found that the levels of acetyl-CoA were hardly af-
fected by modification of the fermentation conditions. Other
studies showed that the availability of the other co-sub-
strate, higher alcohols, may be the main limiting factor for
ester synthesis. It was found that supplementations of 3-
methyl butanol to both normal and high-gravity worts in-
creased the production of the corresponding acetate ester,
isoamyl acetate (38, 39). Furthermore, it has been shown
that mutants and transformants overproducing certain higher
alcohols, also show a clear increase in the synthesis of the
respective acetate ester (40, 41). For example, transformants
overexpressing the cytosolic branched-chain amino acid

TABLE 1. Threshold values, concentration range and average concentration of aroma-active esters in lager beer (5, 10, 16).

Component
Concentration range

(mg/l)
Average concentration

(mg/l)
Threshold level

(mg/l)
Flavor description

Ethyl acetate 8–32 18.4 21–30 Fruity, solvent-like
Isoamyl acetate 0.3–3.8 1.72 0.6–1.2 Banana, pear
Ethyl caproate 0.05–0.3 0.14 0.17–0.21 Apple, aniseed
Ethyl caprylate 0.04–0.53 0.17 0.3–0.9 Apple
Phenyl ethyl acetate 0.10–0.73 0.54 3.8 Roses, honey, sweet

FIG. 2. Biochemical background of yeast ester production. Esters
are synthesized from a fusel alcohol and an activated fatty acid (Acyl-
CoA or Acetyl-CoA). The reaction is catalyzed by an ester synthase.
The ester synthesis rate is determined by the concentration of available
substrates and the total enzymatic activity. The substrate availability
depends mainly on nitrogen, carbon and fatty acid metabolism, while
the enzymatic activity is mainly determined by the activity of the
corresponding genes. Thus, any factor that affects yeast metabolism
and/or ester synthase gene activity, will influence the ester synthesis
rate.
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aminotransferase-encoding gene, BAT2, produce about 1.3-
fold more isoamyl alcohol and 1.5 times more isoamyl ace-
tate (41). This indicates that the availability of fusel alco-
hols indeed influences the production of the derived esters.

However, it is clear that the effects of some parameters on
ester synthesis cannot be explained through higher alcohol
availability alone. For example, high oxygen and unsatur-
ated fatty acid levels are known to increase fusel alcohol
production, but to decrease ester levels (19, 42, 43). A third
model, which places the AATase enzyme in a central role,
was developed by Yoshioka et al. (37, 44) and further elabo-
rated by Malcorps et al. (45). It was shown that AATase
activity follows a pattern very similar to that of ester pro-
duction, and that the enzymatic activity is repressed by both
oxygen and the supplementation of linoleic acid to the me-
dium. After cloning of the AAT genes ATF1 and ATF2, it
was shown that ATF1 gene transcription is directly re-
pressed by unsaturated fatty acids and oxygen (46–48). It
has been suggested that this regulation is mediated by the
so-called Rox pathway (46, 47). However, recent work has
demonstrated that ATF1 and the �9 fatty acid desaturase-
encoding gene, OLE1, are co-regulated through a so-called
low-oxygen response element (LORE). This promoter ele-
ment is activated under hypoxic conditions and selectively
repressed by unsaturated fatty acids (49–55).

In addition, other studies have demonstrated that ATF1
activity is also regulated through the protein kinases Sch9p
and protein kinase A (PKA) (46, 56). These kinases play a
central role in the transcriptional regulation of genes in re-
sponse to changes in carbon, nitrogen and phosphate levels.
The main targets of Sch9p are genes involved in cell growth,
stress response and glycogen and trehalose metabolism (57–
63). Furthermore, Verstrepen et al. (56) have demonstrated
that genetically modified brewer’s yeast strains overexpres-
sing the ATF genes produce up to five times more isoamyl
acetate and ethyl acetate in standard wort fermentations.
This clearly demonstrates that ester synthesis in brewery
fermentations is not limited by the availability of substrates,
confirming the central role of AATase activity as proposed
by Yoshioka et al. and Malcorps et al. (37, 44, 45). More-
over, as the total AATase activity seems to be limited mainly
by ATF gene expression, the actual limiting parameter for
acetate ester synthesis in brewer’s yeast is the transcrip-
tional activity of the ATF genes. Of course, in addition to
ATF gene expression, the influence of substrate concentra-
tions on ester production should not be neglected (56).

The different parameters that influence ester production
provide several opportunities for brewers to exert a certain
influence on ester concentrations in beer. However, as so
many factors are involved in both the regulation of AATase
activity (including multiple regulation mechanisms at the
level of ATF expression) and in the regulation of substrate
availability (including carbon, nitrogen and fatty acid me-
tabolism), the control over ester formation is extremely
complex and difficult to predict.

III. GETTING A GRIP ON FRUITINESS:
HOW TO CONTROL ESTER PRODUCTION

Yeast strain One of the most important factors affect-

ing ester production is certainly the yeast strain. Not only
the average ester production, but also the relative propor-
tions of each individual ester produced, differs dramatically
from strain to strain. Furthermore, the influence of fermen-
tation parameters, such as oxygen and temperature, is high-
ly dependent on the strain background (19, 20, 22, 64–66).
Ramos-Jeunehomme et al. (67) suggested that the differenc-
es in ester production between distinct yeast strains are due
to differences in AATase activity. Ideally, the production
strain therefore should be selected from a pool of strains in
order to find the strain that performs best in the particular
circumstances of a certain production plant. However, in
most practical cases, the yeast strain is not considered as a
“variable”, so that the use of different yeast strains can hard-
ly be seen as a realistic manner to control ester synthesis,
except maybe when totally “new” beers are developed.

Apart from the difference in ester production between
distinct yeast strains, Watari et al. (68) have shown that the
ester production of a specific strain may also be variable
due to genetic drift during successive rounds of fermenta-
tion or cultivation on agar slants. These authors therefore
recommend a complete periodic examination of the pro-
duction strain, including genetic fingerprinting and standard
fermentation trials.

Wort specific gravity and sugar profile While most
of today’s lager beers are produced by high-gravity brew-
ing, it is well known that the fermentation of worts of high
specific gravity often leads to unbalanced flavor profiles.
The most common problem encountered when high-gravity
brewing is applied is the relative overproduction of acetate
esters. This results in over-fruity and solvent-like beers (19,
20, 65, 69, 70). Palmer and Rennie (71) observed a fourfold
increase in ethyl acetate and isoamyl acetate production
when the specific gravity was increased from 10.5�P to
20�P. Similarly, Anderson and Kirsop (20) found that the
acetate ester concentration increased four- to eightfold when
the specific gravity of the pitching wort doubled. This im-
plies that, after dilution to 5% (v/v) ethanol, beers produced
from high gravity worts still contain about two times more
esters than beers produced with standard worts. However,
the specific overproduction of acetate esters under high
gravity conditions differs from strain to strain (72).

Apart from the total sugar content of the medium, which
is reflected in the specific gravity, the relative amounts of
different assimilable sugars in wort also have an influence
on ester production. Generally, worts containing higher levels
of glucose and fructose produce more esters than worts with
high maltose contents (39, 69, 73–75). Compared to all-malt
worts, worts supplemented with maltose syrups (final worts
containing 30 vol% of syrups containing 70% maltose)
show a reduction of 10% in ethyl acetate concentrations,
and even up to 40% reduction in isoamyl acetate concen-
trations (75). Therefore, worts containing relatively high
amounts of maltose are suited for high-gravity brewing, as
the overproduction of acetate esters is diminished by the
high maltose content (39). The reason for the difference in
ester production between glucose- or maltose-grown cells is
still unclear. It has been suggested that the metabolism of
glucose produces higher amounts of acetyl-CoA, resulting
in enhanced ester production (74). Another possibility is
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that cells growing in glucose-containing media produce more
fusel alcohols. Although some minor differences in higher
alcohol formation have been found between glucose and
maltose fermentations, it seems unlikely that this would ex-
plain the observed differences in ester production (74, 76).
A third possibility is that glucose causes stronger expression
of the ester synthase genes ATF1 and/or ATF2, resulting in
elevated ester synthase activities (56).

Wort nitrogen content The influence of nitrogen
compounds on ester formation is very complex. Peddie (65)
suggested that, in all-malt wort, the C:N ratio is low and
oxygen is the main growth-limiting factor. While growth
ceases because of oxygen depletion, metabolites including
fusel alcohols and acetyl-CoA are still being formed, but
cannot be used, resulting in the formation of esters as over-
spill products. Adversely, when adjuncts are used to pro-
duce wort, the C:N ratio is high, so that nitrogen may be a
growth-limiting factor. When yeast growth ceases due to
nitrogen depletion, the formation of metabolites such as
acetyl-CoA may be reduced, resulting in a decreased over-
spill and thus lower ester production. However, as it has
been demonstrated that the availability of acetyl-CoA is not
the most important limiting factor, this theory cannot hold
(37, 45).

Another possible explanation for the influence of nitro-
gen compounds on ester formation is the link between nitro-
gen metabolism and the production of higher alcohols. It
has been shown that addition of valine, leucine and iso-
leucine strongly increased the production of the correspond-
ing fusel alcohols isobutanol, isoamyl alcohol and amyl al-
cohol (77–79). Of course, the higher levels of fusel alcohols
may in turn lead to enhanced ester production, as shown by
Calderbank and Hammond (38). Theoretically, this raises
the possibility of steering the production of specific esters
by manipulating the formation of the corresponding higher
alcohols through the concentration of the corresponding
amino acids in the pitching wort. Engan (79) showed that
the level of isoamyl acetate can indeed be changed by the
addition of certain amino acids, such as leucine and, to a
lesser extend, isoleucine.

In addition, it has been suggested that nitrogen and car-
bon compounds affect transcription of the ATF1 gene (46).
This hypothesis is supported by the fact that ATF1 transcrip-
tion is mediated through Sch9p, a protein kinase known to
be involved in glucose and nitrogen sensing (46, 56, 57, 59,
61, 80–82).

Wort oxygen and lipid content The formation of
volatile esters is repressed by dissolved oxygen in the fer-
menting medium (20, 25, 36, 43, 45–47, 70, 83–88). Some
researchers have suggested that oxygen exerts its influence
through its effect on yeast growth and thus acetyl-CoA
availability (20). However, more recent work provided
strong evidence that oxygen directly represses the expres-
sion of the AATase-encoding genes ATF1 and ATF2 (48).
This implies that no ester-synthesizing enzymes are formed
as long as oxygen is present in the growth medium. On the
other hand, when the oxygen content of the pitching wort
is extremely low (e.g., <1 mg/l), ester concentrations also
drop because of insufficient yeast growth. Therefore, ester
production is maximal at a certain oxygen level, and drops

when the initial oxygen content is higher or lower (38).
Hence, wort aeration or oxygenation is a powerful tool to
control ester production during brewery fermentations, al-
though in practice it is not always possible or desirable to
change the oxygen content of the pitching wort.

Unsaturated fatty acids in the fermenting medium also re-
press ester formation through direct repression of ATF gene
transcription (20, 45, 47, 48, 87, 89, 90). The lipid (includ-
ing unsaturated fatty acid) content of wort can be adapted
relatively easily through specific changes in the filtration
process. Cloudy worts containing relatively high lipid con-
centrations therefore offer a possible solution for ester over-
production in high-gravity fermentations, although the use
of cloudy worts may have a negative effect on beer flavor
and resistance to ageing (20, 89, 91).

An interesting way to increase ester production was de-
veloped by Moonjai et al. (92). These authors have shown
that it is possible to reduce the need for wort aeration by
supplementing cropped yeast with unsaturated fatty acids
prior to pitching. After washing (in order to remove excess
unsaturated fatty acids), the supplemented yeast cells can be
pitched in low-oxygen worts, which results in elevated ester
production without reducing fermentation kinetics.

Yeast growth factors It has been suggested that yeast
growth factors may influence ester production. For exam-
ple, high levels of pantothenate, which is required for CoA
synthesis, may lead to an increased ethyl acetate production
(19). Hodgson and Moir (93) showed that ester production
is also enhanced when zinc is added to the medium, due to
stimulation of higher alcohol formation. However, these ob-
servations have not yet been reported in full-scale brewing
practice.

Fermentation temperature Generally, increased fer-
mentation temperatures in the range of 10–25�C lead to in-
creased ester production (19, 65). For example, Engan and
Aubert (94) have shown that up to 75% more esters are
produced at 12�C than at 10�C. Similarly, Titica et al. (95)
found a 40% to 50% increase in ester formation when the
fermentation temperature was raised from 10�C to 16�C.
However, different esters may show different temperature
dependencies. Some studies show that ethyl acetate and
phenyl ethyl acetate are produced maximally at 20�C,
whereas maximal production of isoamyl acetate and ethyl
caprylate occurs at 15�C (19, 83). This temperature depen-
dency is not valid for all yeast strains, however, and some
strains may show different temperature dependencies for the
production of certain volatile esters (Verstrepen, unpub-
lished data). Interestingly, ester production is not only de-
pendent on the mean fermentation temperature, but is also
influenced by the temperature profile throughout fermenta-
tion. Sablayrolles and Ball (78) showed that more esters are
produced when fermentation is started at relatively high
temperatures, and subsequently decrease after the maximal
CO

2
 production rate occurs. The reason for the temperature-

dependence of ester synthesis is as yet unknown, although it
has been suggested that temperature affects AATase activity
and/or formation (32, 65). Furthermore, it is well known
that the formation of higher alcohols is also temperature de-
pendent (96), so that changes in temperature may cause
changes in the availability of fusel alcohols that are neces-
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sary for ester formation (38, 83). Another parameter that is
often neglected is the fact that aroma-active esters are vola-
tile, which implies that a certain amount of esters will in-
evitably evaporate from the fermenting medium. Obviously,
this process will occur more intensely at higher tempera-
tures. The effect of evaporation, of course, will be most im-
portant when ester concentrations are high and formation is
low, as for example towards the end of the fermentation
process.

Pitching rate and drauflassen Maule (97) observed
a reduction in ester synthesis when the pitching rate is
increased fourfold. For modest increases in pitching rate,
only slight differences, mainly in ethyl acetate production,
could be monitored. Accordingly, D’Amore et al. (98) sug-
gest that, for high gravity fermentations (25�P), the optimal
pitching rate is about 35.106 cells per ml, compared to
15.106 at 12�P. Wackerbauer et al. (99) observed that ester
synthesis is not only dependent on pitching rate, but is also
influenced by the use of the so-called ‘drauflassen’ tech-
nique, in which batches of fresh (mostly oxygen-free) wort
are added to actively fermenting yeast. This observation
was later confirmed by Malcorps et al. (45), who showed
that the higher ester production when drauflassen is applied
is due to higher and prolonged AATase enzymatic activity.

Fermentor design and top pressure As one of the
results of mergers, acquisitions and large-scale production,
it has become economically desirable to build larger fer-
mentors. However, depending on the shape of the fermen-
tor, serious problems are encountered when volumes reach
about 10,000–12,000 hectoliter (21). Larger fermentors lead
to poor yeast growth, poor diacetyl reduction and, most im-
portantly, poor ester production. A good example are the so-
called ‘Apollo’ fermentors, in which isoamyl acetate levels
decrease from 4 ppm at 1 m depth to 0.3 ppm at 18 m depth
(21). The influence of fermentor design on flavor produc-
tion is largely attributed to increased carbon dioxide due to
the higher hydrostatic pressure in tall fermentors. Excessive
dissolved carbon dioxide generally leads to an inhibition of
yeast growth and metabolism, presumably because of the
inhibition of vital decarboxylation reactions (21, 100–104).
As decarboxylation reactions are also necessary for the for-
mation of both fusel alcohols and acetyl-CoA, it is believed
that the influence of carbon dioxide on ester production is
due to the inhibition of substrate formation. The inhibitory
effect of carbon dioxide on ester production is found in most
strains, but it has been shown that the specific response
differs from strain to strain (105). While the inhibition of
ester formation is mostly unwanted, pressure can, in some
cases, be applied as an effective way of reducing excessive
ester production, for example in high-gravity brewing or
when higher fermentation temperatures are applied. A use-
ful empirical formula to estimate the appropriate pressure is
given by the equation P (in bar) � �C/10. For example, when
fermentation is performed at 19�C, pressure is allowed to
build up to 1.9 bar (0.9 bar overpressure). At 2 bar, dis-
solved carbon dioxide doubles and ester levels drop by 50%
or more when compared to non-pressurized fermentations
(21). Titica et al. (95) confirmed the effect of top pressure
and developed a more complex mathematical model to pre-
dict and control ester production based on carbon dioxide

emission.
Genetic modification ATF1 and ATF2 were first de-

leted and overexpressed by Fujii et al. (27, 29, 106) and
Nagasawa et al. (28), respectively. It was found that
deletion of ATF1 reduces isoamyl acetate production by
80% and ethyl acetate production by 30%. ATF2 deletion
has similar but smaller effects on ester production (28;
Verstrepen et al., unpublished results). Accordingly, over-
expression of these genes in sake yeast led to a tenfold in-
crease in ethyl acetate production and a thirtyfold increase
of isoamyl acetate formation. Similarly, Lilly et al. (107)
showed increased ester concentrations in wines produced
with genetically modified yeast overexpressing the ATF1
gene. Verstrepen et al. (56) have overexpressed ATF1 and
ATF2 in a commercial brewer’s strain. The pilot-scale beers
produced with an ATF1-overexpressing strain contained five
times more acetate esters than the beers produced with the
wild-type strain. Overexpression of ATF2 led to smaller
increases in isoamyl acetate formation and no significant
changes in ethyl acetate levels (56). These results indicate
that it is possible to use genetic modification in order to
create new yeast strains with desirable ester production
characteristics. In addition, the highly elevated ester levels
obtained with the overexpression strains clearly indicate that
ester synthesis during brewery fermentations is not strictly
limited by substrate availability. Indeed, it can be concluded
that not the substrate concentration, but rather the expres-
sion level of the ATF genes, is one of the main controlling
factor that affects ester synthesis during wort fermentations,
as first suggested by Yoshioka et al. (37, 44) and later elabo-
rated by Malcorps et al. (45).

CONCLUSIONS

Acetate ester formation in brewer’s yeast is controlled
mainly by the expression level of the AATase-encoding
genes. In addition, changes in the availability of the two
substrates for ester production, higher alcohols and acyl-
CoA, also influence ester synthesis rates. Thus, any factor
that influences the expression of the ester synthase genes
and/or the concentrations of substrates will affect ester pro-
duction accordingly. Brewers therefore have a broad range
of different ways at their disposal to control acetate ester
production. A thoughtful use of these techniques allows the
counteraction of the negative effects on ester production of
some modern brewing practices, such as high-gravity brew-
ing and the use of large fermentors. While the optimal tech-
nique is dependent on many factors and may therefore differ
from case to case, some parameters are more easily adapted
and allow a more selective control than others. Perhaps the
most convenient and selective way to reduce ester produc-
tion is by applying tank overpressure, if necessary in combi-
nation with (slightly) lower fermentation temperatures, low
wort free amino nitrogen (FAN) and glucose levels and ele-
vated wort aeration or wort lipid concentrations. However,
care has to be taken in order to avoid excessive yeast stress
due to low FAN concentrations or high dissolved carbon di-
oxide levels, as this may lead to decreased fermentation per-
formance. Enhancing ester production is slightly more com-
plicated. Of course, if it is possible to reduce overpressure or
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wort aeration, this may offer a good solution. In other cases,
worts rich in glucose and nitrogen combined with higher
fermentation temperatures and lower pitching rates or appli-
cation of the drauflassen technique may prove helpful. The
easiest way to get a grip on beer fruitiness is perhaps by
using genetically modified variants of the production strain.
Indeed, using strains with different expression profiles of
the ATF genes makes it possible to selectively enhance or de-
crease the production of aroma-active acetate esters. How-
ever, this requires both further research and a drastic change
in public perception concerning the use of genetically modi-
fied organisms in food production (for reviews on the use of
genetically modified yeasts for the production of fermented
beverages, see Ref. 108–114). In addition, it has to be noted
that currently almost nothing is known about the factors
influencing the synthesis of other esters, such as ethyl
caproate and caprylate, so that further research in this area
is certainly needed.

ACKNOWLEDGMENTS

Kevin Verstrepen is a Research Assistant of the Fund for
Scientific Research–Flanders (Belgium) (FWO-Vlaanderen). K.J.
Verstrepen greatly acknowledges the Fund for Scientific Re-
search–Flanders (FWO Vlaanderen) for the financial support of his
research. This work was supported by grants from the Fund for
Scientific Research–Flanders (FWO project G.0082.03), the Re-
search Fund of the KU Leuven (OT/03/40 and BIL02/34) to F.R.
Delvaux and J.M. Thevelein.

REFERENCES

1. Nykänen, I. and Suomalainen, H.: Aroma of beer, wine
and distilled alcoholic beverages. Reidel Publishing Com-
pany, Dordrecht (1983).

2. Cristiani, G. and Monnet, V.: Food micro-organisms and
aromatic ester synthesis. Sci. Aliments, 21, 211–230 (2001).

3. Drawert, F. and Tressl, L.: Beer aromatics and their origin.
MBAA Tech. Quart., 9, 72–76 (1972).

4. Lambrechts, M. G. and Pretorius, I. S.: Yeast and its
importance to wine aroma: a review. S. Afr. J. Enol. Vitic.,
21, 97–129 (2000).

5. Meilgaard, M. C.: Flavor chemistry of beer. Flavor and
threshold of 239 aroma volatiles. MBAA Tech. Quart., 12,
151–168 (1975).

6. Pisarnitskii, A. F.: Formation of wine aroma: tones and
imperfections caused by minor components (review). Appl.
Biochem. Microbiol., 37, 552–560 (2001).

7. Debourg, A.: Yeast flavour metabolites. Eur. Brew. Conv.
Monograph, 28, 60–73 (2000).

8. Kruger, L.: Yeast metabolism and its effect on flavour: part
1. Brew. Guardian, 127 (April), 24–29 (1998).

9. Kruger, L.: Yeast metabolism and its effect on flavour: part
2. Brew. Guardian, 127 (May), 27–30 (1998).

10. Engan, S.: Esters in beer. Brew. Dig., 49, 40–48 (1974).
11. Engan, S.: Organoleptic threshold values of some alcohols

and esters in beer. J. Inst. Brew., 78, 33–36 (1972).
12. Suomalainen, H.: Yeast esterases and aroma esters in alco-

holic beverages. J. Inst. Brew., 87, 296–300 (1981).
13. Nykänen, L.: Formation and occurrence of flavor com-

pounds in wine and distilled alcoholic beverages. Am. J.
Enol. Vitic., 37, 84–96 (1986).

14. Meilgaard, M. C.: Flavor chemistry of beer. Flavor inter-
action between principal volatiles. MBAA Tech. Quart., 12,
107–117 (1975).

15. Meilgaard, M. C.: The flavor of beer. MBAA Tech. Quart.,
28, 132–141 (1991).

16. Dufour, J.-P., Verstrepen, K. J., and Derdelinckx, G.:
Brewing yeasts, p. 347–388. In Boekhout, T. and Robert, V.
(ed.), Yeasts in food. Behr’s Verlag Gmbh & Co., Hamburg,
Germany (2002).

17. Alvarez, P., Malcorps, P., Sa Almeida, A., Ferreira, A.,
Meyer, A. M., and Dufour, J. P.: Analysis of free fatty
acids, fusel alcohols and esters in beer: an alternative to CS

2

extraction. J. Am. Soc. Brew. Chem., 52, 127–134 (1994).
18. Dufour, J. P. and Malcorps, P.: Ester synthesis during fer-

mentation: enzymes characterization and modulation mech-
anisms, p. 137–151. In Campbell, I. and Priest, F. G. (ed.),
4th Aviemore conference on malting, brewing and distilling.
The Institute of Brewing, London, UK (1995).

19. Hammond, J. R. M.: Brewer’s yeast, p. 7–67. In Rose,
H. A. and Harrison, J. S. (ed.), The yeasts. Academic Press,
London (1993).

20. Anderson, R. G. and Kirsop, B. H.: The control of volatile
ester synthesis during the fermentation of wort of high spe-
cific gravity. J. Inst. Brew., 80, 48–55 (1974).

21. Meilgaard, M. C.: Effects on flavour of innovations in
brewery equipment and processing: a review. J. Inst. Brew.,
107, 271–286 (2001).

22. Nykänen, L., Nykänen, I., and Suomalainen, H.: Distribu-
tion of esters produced during sugar fermentation between
the yeast cell and the medium. J. Inst. Brew., 83, 32–34
(1977).

23. Dufour, J. P.: Higher alcohols, acids and ester secretion dur-
ing yeast growth, p. 1–40. In Proceedings of 6th Jean De
Clerck Chair, Academic Press, Leuven, Belgium (1994).

24. Nordström, K.: Formation of ethyl acetate in fermentation
with brewer’s yeast IV: metabolism of acetyl coenzyme A. J.
Inst. Brew., 69, 142–153 (1963).

25. Nordström, K.: Formation of esters from alcohols by
brewer’s yeast. J. Inst. Brew., 70, 328–336 (1964).

26. Malcorps, P. and Dufour, J.-P.: Short-chain and medium
chain aliphatic ester synthesis in Saccharomyces cerevisiae.
Eur. J. Biochem., 210, 1015–1022 (1992).

27. Fujii, T., Nagasawa, N., Iwamatsu, A., Bogaki, T., Tamai,
Y., and Hamachi, M.: Molecular cloning, sequence analy-
sis and expression of the yeast alcohol acetyltransferase
gene. Appl. Environ. Microbiol., 60, 2786–2792 (1994).

28. Nagasawa, N., Bogaki, T., Iwamatsu, A., Hamachi, M.,
and Kumagai, C.: Cloning and nucleotide sequence of the
alcohol acetyltransferase II gene (ATF2) from Saccharo-
myces cerevisiae kyokai no. 7. Biosci. Biotechnol. Bio-
chem., 62, 1852–1857 (1998).

29. Fujii, T., Yoshimoto, H., Nagasawa, N., Bogaki, T.,
Tamai, Y., and Hamachi, M.: Nucleotide sequence of
alcohol acetyltransferase genes from lager brewing yeast,
Saccharomyces carlsbergensis. Yeast, 12, 593–598 (1996).

30. Athenstaedt, K., Zweytick, D., Jandrositz, A., Kohlwein,
S. D., and Daum, G.: Identification and characterization of
major lipid particle proteins of the yeast Saccharomyces
cerevisiae. J. Bacteriol., 181, 6441–6448 (1999).

31. Dufour, J. P., Malcorps, P., and Silcock, P.: Control of
ester synthesis during brewery fermentation, p. 213–233. In
Smart, K. (ed.), Brewing yeast fermentation performance,
2nd ed. Blackwell Science, Oxford, UK (2003).

32. Mason, B. and Dufour, J.-P.: Alcohol acetyltransferases
and the significance of ester synthesis in yeast. Yeast, 16,
1287–1298 (2000).

33. Fukuda, K., Yamamoto, N., Kiyokawa, Y., Yanagiuchi,
T., Wakai, J., Kitamoto, K., Inoue, Y., and Kimura, A.:
Balance of activities of alcohol acetyltransferase and es-
terase in Saccharomyces cerevisiae is important for pro-
duction of isoamyl acetate. Appl. Environ. Microbiol., 64,
4076–4078 (1998).



VERSTREPEN ET AL. J. BIOSCI. BIOENG.,116

34. Neven, H., Delvaux, F. R., and Derdelinckx, G.: Flavor
evolution of top fermented beers. MBAA Tech. Quart., 34,
115–118 (1997).

35. Nordström, K.: Formation of ethyl acetate in fermentation
with brewer’s yeast III: participation of coenzyme A. J. Inst.
Brew., 68, 398–407 (1962).

36. Thurston, P. A., Quain, D. E., and Tubb, R. S.: Lipid
metabolism and the regulation of volatile synthesis in Sac-
charomyces cerevisiae. J. Inst. Brew., 88, 90–94 (1982).

37. Yoshioka, K. and Hashimoto, N.: Acetyl-CoA of brewer’s
yeast and formation of acetate esters. Agric. Biol. Chem.,
48, 207–209 (1984).

38. Calderbank, J. and Hammond, J. R. M.: Influence of
higher alcohol availability on ester formation by yeast. J.
Am. Soc. Brew. Chem., 52, 84–90 (1994).

39. Younis, O. S. and Stewart, G. G.: The effect of wort mal-
tose content on volatile production and fermentation perfor-
mance in brewing yeast, p. 170–176. In Smart, K. (ed.),
Brewing yeast fermentation performance, 1st ed. Blackwell
Science, Oxford, UK (2000).

40. Lee, S., Villa, K., and Patino, H.: Yeast strain development
for enhanced production of desirable alcohols/esters in beer.
J. Am. Soc. Brew. Chem., 53, 153–156 (1995).

41. Yoshimoto, H., Fukushige, T., Yonezawa, T., and Sone,
H.: Genetic and physiological analysis of branched-chain
alcohols and isoamyl acetate production in Saccharomyces
cerevisiae. Appl. Microbiol. Biotechnol., 59, 501–508 (2001).

42. Quain, D. E. and Duffield, M. L.: A metabolic function for
higher alcohol production in yeast, p. 307–314. In Proceed-
ings of the 20th European Brewery Convention Congress,
Helsinki. Oxford University Press, Oxford, UK (1985).

43. Taylor, G. T., Thurston, P. A., and Kirsop, B. H.: Influ-
ence of lipids derived from malt spent grains on yeast meta-
bolism and fermentation. J. Inst. Brew., 85, 219–227 (1979).

44. Yoshioka, K. and Hashimoto, N.: Ester formation by alco-
hol acetyl transferase from brewer’s yeast. Agric. Biol.
Chem., 45, 2183–2190 (1981).

45. Malcorps, P., Cheval, J. M., Jamil, S., and Dufour, J.-P.:
A new model for the regulation of ester synthesis by alcohol
acetyltransferase in Saccharomyces cerevisiae. J. Am. Soc.
Brew. Chem., 49, 47–53 (1991).

46. Fujiwara, D., Kobayashi, O., Yoshimoto, H., Harashima,
S., and Tamai, Y.: Molecular mechanisms of the multiple
regulation of the Saccharomyces cerevisiae ATF1 gene
encoding alcohol acetyltransferase. Yeast, 15, 1183–1197
(1999).

47. Fujiwara, D., Yoshimoto, H., Sone, H., Harashima, S.,
and Tamai, Y.: Transcriptional co-regulation of Saccharo-
myces cerevisiae alcohol acetyltransferase gene ATF1 and
D-9 fatty acid desaturase gene OLE1 by unsaturated fatty
acids. Yeast, 14, 711–721 (1998).

48. Fujii, T., Kobayashi, O., Yoshimoto, H., Furukawa, S.,
and Tamai, Y.: Effect of aeration and unsaturated fatty
acids on expression of the Saccharomyces cerevisiae alcohol
acetyltransferase gene. Appl. Environ. Microbiol., 63, 910–
915 (1997).

49. Chellappa, R., Kandasamy, P., Oh, C. S., Jiang, Y.,
Vemula, M., and Martin, C. E.: The membrane proteins,
Spt23p and Mga2p, play distinct roles in the activation of
Saccharomyces cerevisiae OLE1 gene expression — fatty
acid-mediated regulation of Mga2p activity is independent
of its proteolytic processing into a soluble transcription acti-
vator. J. Biol. Chem., 276, 43548–43556 (2001).

50. Dula, M. L. and Holmes, S. G.: MGA2 and SPT23 are
modifiers of transcriptional silencing in yeast. Genetics, 156,
933–941 (2000).

51. Jiang, Y., Vasconcelles, M. J., Wretzel, S., Light, A.,
Martin, C. E., and Goldberg, M. A.: MGA2 is involved
in the low-oxygen-response element hypoxic induction of

genes in Saccharomyces cerevisiae. Mol. Cell. Biol., 21,
751–762 (2001).

52. Jiang, Y. D., Vasconcelles, M. J., Wretzel, S., Light, A.,
Gilooly, L., McDaid, K., Oh, C. S., Martin, C. E., and
Goldberg, M. A.: Mga2p processing by hypoxia and un-
saturated fatty acids in Saccharomyces cerevisiae: impact on
LORE-dependent gene expression. Eukaryotic Cell, 1, 481–
490 (2002).

53. Nakagawa, Y., Sakumoto, N., Kaneko, Y., and Harashima,
S.: Mga2p is a putative sensor for low temperature and
oxygen to induce OLE1 transcription in Saccharomyces
cerevisiae. Biochem. Biophys. Res. Commun., 291, 707–
713 (2002).

54. Zhang, S. R., Burkett, T. J., Yamashita, I., and Garfinkel,
D. J.: Genetic redundancy between SPT23 and MGA2: regu-
lators of Ty-induced mutations and Ty1 transcription in
Saccharomyces cerevisiae. Mol. Cell. Biol., 17, 4718–4729
(1997).

55. Zhang, S. R., Skalsky, Y., and Garfinkel, D. J.: MGA2 or
SPT23 is required for transcription of the �9 fatty acid de-
saturase gene, OLE1, and nuclear membrane integrity in
Saccharomyces cerevisiae. Genetics, 151, 473–483 (1999).

56. Verstrepen, K. J., Moonjai, N., Derdelinckx, G., Dufour,
J.-P., Winderickx, J., Thevelein, J. M., Pretorius, I. S.,
and Delvaux, F. R.: Genetic regulation of ester synthesis in
brewer’s yeast: new facts, insights and implications for the
brewer, p. 234–248. In Smart, K. (ed.), Brewing yeast fer-
mentation performance, 2nd ed. Blackwell Science, Oxford,
UK (2003).

57. Crauwels, M., Donaton, M. C. V., Pernambuco, M. B.,
Winderickx, J., De Winde, J. H., and Thevelein, J. M.:
The Sch9 protein kinase in the yeast Saccharomyces cerevi-
siae controls cAPK activity and is required for activation of
the fermentable-growth-medium-induced (FGM) pathway.
Microbiology, 143, 2627–2637 (1997).

58. Rolland, F., Winderickx, J., and Thevelein, J. M.: Glu-
cose sensing and signalling mechanisms in yeast. FEMS
Yeast Res., 2, 183–201 (2002).

59. Thevelein, J. M.: Signal transduction in yeast. Yeast, 10,
1753–1790 (1994).

60. Thevelein, J. M. and Beulens, M.: Cyclic AMP and the
stimulation of trehalase activity in the yeast Saccharomyces
cerevisiae by carbon sources, nitrogen and inhibitors of pro-
tein synthesis. J. Gen. Microbiol., 131, 3199–3209 (1985).

61. Thevelein, J. M., Cauwenberg, L., Colombo, S., De
Winde, J. H., Donaton, M., Dumortier, F., Kraakman, L.,
Lemaire, K., Ma, P., Nauwelaers, D., Rolland, F., Teunissen,
A., Van Dijck, P., Versele, M., Wera, S., and Winderickx,
J.: Nutrient-induced signalling transduction through the pro-
tein kinase A pathway and its role in the control of metabo-
lism, stress resistance and growth in yeast. Enzyme Microb.
Technol., 26, 819–825 (2000).

62. Thevelein, J. M. and De Winde, J. H.: Novel signalling
mechanisms and targets for the cAMP-protein kinase A
pathway in the yeast Saccharomyces cerevisiae. Mol. Micro-
biol., 33, 904–918 (1999).

63. Winderickx, J., Holsbeeks, I., Lagatie, O., Giots, F.,
Thevelein, J. M., and De Winde, J. H.: From feast to
famine: adaptation to nutrient availability in yeast, p. 305–
386. In Hohmann, S. and Mager, P. W. H. (ed.), Topics in
current genetics, vol. 1: yeast stress respones. Springer-
Verlag, Berlin (2003).

64. Narziss, L., Miedaner, H., and Gresser, A.: Yeast strain
and beer quality — the formation of esters during fermenta-
tion. Brauwelt, 123, 2024–2034 (1983).

65. Peddie, H. A. B.: Ester formation in brewery fermentations.
J. Inst. Brew., 96, 327–331 (1990).

66. Nykänen, L. and Nykänen, I.: Production of esters by dif-
ferent yeast strains in sugar fermentations. J. Inst. Brew., 83,



VOLATILE ESTER SYNTHESIS IN S. CEREVISIAEVOL. 96, 2003 117

30–31 (1977).
67. Ramos-Jeunehomme, C., Laub, R., and Masschelein,

C. A.: Why is ester formation in brewery fermentations
yeast strain dependent?, p. 257–264. In Proceedings of the
23rd European Brewery Convention Congress, Lisbon. Ox-
ford University Press, Oxford, UK (1991).

68. Watari, J., Sato, M., Ogawa, M., and Shinotsuka, K.:
Genetic and physiological instability of brewing yeast,
p. 148–158. In Yeast physiology: a new era of opportunity.
Fachverlag Hans Carl, Nürnberg (2000).

69. Pfisterer, E. and Stewart, G. G.: Some aspects on the
fermentation of high gravity worts, p. 255–267. In Proceed-
ings of the 15th European Brewery Convention Congress,
Nice. Elsevier Scientific Publishing Company, Amsterdam,
The Netherlands (1975).

70. White, F. H. and Portno, A. D.: The influence of wort com-
position on beer ester levels, p. 447–460. In Proceedings of
the 17th European Brewery Convention Congress, Berlin.
DSW, Dordrecht, The Netherlands (1979).

71. Palmer, A. K. and Rennie, H.: Ester control in high gravity
brewing. J. Inst. Brew., 80, 447–454 (1974).

72. Borthwick, R., Stewart, G. G., Rees, E. M. R., Jones,
H. L., and Hodgson, J. A.: Very high gravity fermentations
with ale and lager yeast strains, p. 493–500. In Proceedings
of the 26th European Brewery Convention Congress, Maas-
tricht. Oxford University Press, Oxford, UK (1997).

73. Engan, S.: Wort composition and beer flavour II: the in-
fluence of different carbohydrates on the formation of some
flavour components during fermentation. J. Inst. Brew., 78,
169–173 (1972).

74. Younis, O. S. and Stewart, G. G.: Sugar uptake and subse-
quent ester and higher alcohol production by Saccharomyces
cerevisiae. J. Inst. Brew., 104, 255–264 (1998).

75. Younis, O. S. and Stewart, G. G.: The effect of malt wort,
very high gravity malt wort and very high gravity adjunct
wort on volatile production in Saccharomyces cerevisiae. J.
Am. Soc. Brew. Chem., 57, 39–45 (1999).

76. Szlavko, C. M.: The influence of wort glucose levels on the
formation of aromatic higher alcohols. J. Inst. Brew., 80,
534–539 (1974).

77. Äyräpää, T.: Biosynthetic formation of higher alcohols by
yeast. Dependence on the nitrogen nutrient level of the me-
dium. J. Inst. Brew., 77, 266–276 (1971).

78. Sablayrolles, J. M. and Ball, C. B.: Fermentation kinetics
and the production of volatiles during alcoholic fermenta-
tion. J. Am. Soc. Brew. Chem., 53, 71–78 (1995).

79. Engan, S.: Wort composition and beer flavour I: the in-
fluence of some amino acids on the formation of higher
aliphatic alcohols and esters. J. Inst. Brew., 76, 254–261
(1970).

80. Fabrizio, P., Pozza, F., Pletcher, S. D., Gendron, C. M.,
and Longo, V. D.: Regulation of longevity and stress resis-
tance by Sch9 in yeast. Science, 292, 288–290 (2001).

81. Toda, T., Cameron, S., Sass, P., and Wigler, M.: SCH9, a
gene of Saccharomyces cerevisiae that encodes a protein
distinct from, but functionally and structurally related to,
cAMP-dependent protein kinase catalytic subunits. Genes
Dev., 2, 517–527 (1988).

82. Griffioen, G., Branduardi, P., Ballarini, A., Norbeck, J.,
Baroni, M., Ruis, H., and Thevelein, J. M.: Stress-induced
cytoplasmic localisation of the protein kinase A (PKA) regu-
latory subunit Bcy1 requires Sch9 and Yak1. Yeast, 18, S174
(2001).

83. Norstedt, C., Bengtsson, A., Bennet, P., Lindström, I.,
and Äyräpää, T.: Technical measures to control the forma-
tion of esters during beer fermentation, p. 581–600. In Pro-
ceedings of the 15th European Brewery Convention Con-
gress, Nice. Elsevier Scientific Publishing Company, Am-
sterdam, The Netherlands (1975).

84. Anderson, R. G. and Kirsop, B. H.: Oxygen as a regulator
of ester accumulation during the fermentation of worts of
high specific gravity. J. Inst. Brew., 81, 111–115 (1975).

85. Anderson, R. G. and Kirsop, B. H.: Quantitative aspects of
the control by oxygenation of acetate ester formation of
worts of high specific gravity. J. Inst. Brew., 81, 296–301
(1975).

86. Anderson, R. G., Kirsop, B. H., Rennie, H., and Wilson,
R. J. H.: The practical use of oxygenation during fermen-
tation for the control of volatile acetate ester concentration
in beer, p. 243–253. In Proceedings of the 14th European
Brewery Convention Congress, Salzburg. Elsevier Scientific
Publishing Company, Amsterdam, The Netherlands (1973).

87. Thurston, P. A., Taylor, R., and Avhenainen, J.: Effects of
linoleic acid supplements on the synthesis by yeast of lipids
and acetate esters. J. Inst. Brew., 87, 92–95 (1981).

88. Avhenainen, J. and Mäkinen, V.: The effect of pitching
yeast aeration on fermentation and beer flavor, p. 517–519.
In Proceedings of the 22nd European Brewery Convention
Congress, Zürich. Oxford University Press, Oxford, UK
(1989).

89. Äyräpää, T. and Lindström, I.: Influence of long-chain
fatty acids on the formation of esters by brewer’s yeast,
p. 272–282. In Proceedings of the 14th European Brewery
Convention Congress, Salzburg. Elsevier Scientific Publish-
ing Company, Amsterdam, The Netherlands (1973).

90. Äyräpää, T. and Lindström, I.: Aspects of the influence of
exogenous fatty acids on the fatty acid metabolism of yeast,
p. 272–282. In Proceedings of the 16th European Brewery
Convention Congress, Amsterdam. DSW, Dordrecht, The
Netherlands (1977).

91. Schisler, D. O., Ruocco, J. J., and Mabee, M. S.: Wort trub
content and its effects on fermentation and beer flavor. J.
Am. Soc. Brew. Chem., 40, 57–61 (1982).

92. Moonjai, N., Verstrepen, K. J., Delvaux, F. R., Derdelinckx,
G., and Verachtert, H.: The effects of linoleic acid supple-
mentation of cropped yeast on its subsequent fermentation
performance and acetate ester synthesis. J. Inst. Brew., 108,
227–235 (2002).

93. Hodgson, J. A. and Moir, M.: Control of esters in brewing,
p. 266–269. In Proceedings of 3rd Aviemore Conf. Malt.
Brew. Distill. Institute of Brewing, Aviemore, UK (1990).

94. Engan, S. and Aubert, O.: Relations between fermentation
temperature and the formation of some flavour components,
p. 591–607. In Proceedings of the 16th European Brewery
Convention Congress, Amsterdam. DSW, Dordrecht, The
Netherlands (1977).

95. Titica, M., Landaud, S., Trelea, I. C., Latrille, E., Corrieu,

G., and Cheruy, A.: Modelling of the kinetics of higher
alcohol and ester production based on CO

2
 emission with a

view to control of beer flavor by temperature and top pres-
sure. J. Am. Soc. Brew. Chem., 58, 167–174 (2000).

96. Äyräpää, T.: Der Einfluss der Temperatur auf die Bildung
höherer Alkohole durch Kulturhefen. Brauwissenschaft, 23,
48–53 (1970).

97. Maule, D. R. J.: Rapid gas chromatographic examination of
beer flavour. J. Inst. Brew., 73, 351–361 (1967).

98. D’Amore, T., Celotto, G., and Stewart, G. G.: Advances in
the fermentation of high gravity wort, p. 337–344. In Pro-
ceedings of the 23rd European Brewery Convention Con-
gress, Lisbon. Oxford University Press, Oxford, UK (1991).

99. Wackerbauer, K., Krämer, P., and Toussaint, H. J.: Tech-
nologische Parameter der Esterbildung. Monatsschr. Brau-
wiss., 3, 91–99 (1980).

100. Rice, J. F., Chicoye, E., and Helbert, J. R.: Inhibition of
beer volatiles formation by carbon dioxide pressure. J. Am.
Soc. Brew. Chem., 35, 35–40 (1977).

101. Knatchbull, F. B. and Slaughter, J. C.: The effect of low
CO

2
 pressure on the absorption of amino acids and produc-



VERSTREPEN ET AL. J. BIOSCI. BIOENG.,118

tion of flavour-active volatiles by yeast. J. Inst. Brew., 93,
420–424 (1987).

102. Renger, R. S., Van Hateren, S. H., and Luyben,
K. C. A. M.: The formation of esters and higher alcohols
during brewery fermentation — the effect of carbon dioxide
pressure. J. Inst. Brew., 98, 509–513 (1992).

103. Shanta Kumara, H. M. C., Fukui, N., Kojima, K., and
Nakatani, K.: Regulation mechanism of ester formation by
dissolved carbon dioxide during beer fermentation. MBAA
Tech. Quart., 32, 159–162 (1995).

104. Landaud, S., Latrille, E., and Corrieu, G.: Top pressure
and fermentation control the fusel alcohol/ester ratio through
yeast growth in beer fermentation. J. Inst. Brew., 107, 107–
117 (2001).

105. Kruger, L., Pickerell, A. T. W., and Axcell, B.: The sensi-
tivity of different brewing yeast strains to carbon dioxide
inhibition: fermentation and production of flavor-active vol-
atile compounds. J. Inst. Brew., 98, 133–138 (1992).

106. Fujii, T., Yoshimoto, H., and Tamai, T.: Acetate ester pro-
duction by Saccharomyces cerevisiae lacking the ATF1 gene
encoding the alcohol acetyltransferase. J. Ferment. Bioeng.,
81, 538–542 (1996).

107. Lilly, M., Lambrechts, M. G., and Pretorius, I. S.: Effect
of increased yeast alcohol acetyltransferase activity on fla-
vor profiles of wine and distillates. Appl. Environ. Micro-
biol., 66, 744–753 (2000).

108. Hammond, J. R. M.: Genetically-modified brewing yeast
for the 21st century. Progress to date. Yeast, 11, 1613–1627
(1995).

109. Hammond, J. R. M.: The development of brewing po-
cesses: the impact of European biotechnology regulations,
p. 393–400. In Proceedings of the 23rd European Brewery
Convention Congress, Lisbon. Oxford University Press, Ox-
ford, UK (1991).

110. Pretorius, I. S.: Tailoring wine yeast for the new millen-
nium: novel approaches to the ancient art of winemaking.
Yeast, 16, 675–729 (2000).

111. Pretorius, I. S. and Van der Westhuizen, T. J.: The impact
of yeast genetics and recombinant DNA technology on the
wine industry — a review. S. Afr. J. Enol. Vitic., 12, 3–31
(1991).

112. Rainieri, S. and Pretorius, I. S.: Selection and improve-
ment of wine yeasts. Anal. Microbiol., 50, 15–31 (2000).

113. Verstrepen, K. J., Bauer, F. F., Winderickx, J., Derdelinckx,
G., Dufour, J.-P., Thevelein, J. M., Pretorius, I. S., and
Delvaux, F. R.: Genetic modification of Saccharomyces
cerevisiae: fitting the modern brewer’s needs. Cerevisia, 26,
89–97 (2001).

114. Dequin, S.: The potential of genetic engineering for improv-
ing brewing, wine-making and baking yeasts. Appl. Micro-
biol. Biotechnol., 56, 577–588 (2001).


