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To save energy, space, and time, today’s breweries make use of high-gravity brewing in which concentrated
medium (wort) is fermented, resulting in a product with higher ethanol content. After fermentation, the
product is diluted to obtain beer with the desired alcohol content. While economically desirable, the use of wort
with an even higher sugar concentration is limited by the inability of brewer’s yeast (Saccharomyces pastorianus)
to efficiently ferment such concentrated medium. Here, we describe a successful strategy to obtain yeast
variants with significantly improved fermentation capacity under high-gravity conditions. We isolated better-
performing variants of the industrial lager strain CMBS33 by subjecting a pool of UV-induced variants to
consecutive rounds of fermentation in very-high-gravity wort (>22° Plato). Two variants (GT336 and GT344)
showing faster fermentation rates and/or more-complete attenuation as well as improved viability under high
ethanol conditions were identified. The variants displayed the same advantages in a pilot-scale stirred fer-
menter under high-gravity conditions at 11°C. Microarray analysis identified several genes whose altered
expression may be responsible for the superior performance of the variants. The role of some of these candidate
genes was confirmed by genetic transformation. Our study shows that proper selection conditions allow the
isolation of variants of commercial brewer’s yeast with superior fermentation characteristics. Moreover, it is
the first study to identify genes that affect fermentation performance under high-gravity conditions. The results
are of interest to the beer and bioethanol industries, where the use of more-concentrated medium is econom-

ically advantageous.

Today’s need to produce quality beers in a short time and in
the least-expensive way has led most breweries to switch to
high-gravity brewing. Traditionally, brewing worts of 12° Plato
(12°P) (i.e., 12 g extract per 100 g liquid) are fermented to
produce beers of 5% (vol/vol) ethanol. However, substantial
cost savings can be realized by increasing the wort density
(called “gravity”) from 12°P to 18°P and diluting the 7.5%
(vol/vol) ethanol-containing product in order to obtain beer
with regular ethanol content (5%). The use of this technology
increases the brewery capacity by 50% (for 18°P wort) without
the need for any investments, reduces the costs in energy and
labor (because liquid volumes are reduced), improves the sta-
bility of the beer, and enhances the recovery of ethanol per
unit of fermentable sugar (“extract”) (15, 44). However, the
technology is limited by the stress resistance and fermentation
performance of the brewer’s lager yeast Saccharomyces pasto-
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rianus. S. cerevisiae (used for ale and wine fermentations) can
cope much better with such stress conditions. Wine must typ-
ically contains up to 25% (wt/wt) sugar, but a major difference
from beer production is that the yeast is only used once in wine
fermentation whereas it is used multiple times in beer fermen-
tation. In addition, wine must is very different from wort in its
composition, and wine fermentation is carried out at higher
temperatures. By contrast, beer fermentation using initial wort
gravities above 18°P has a negative impact on yeast perfor-
mance and often results in sluggish and incomplete fermenta-
tions (31). In addition, the viability of the yeast in successive
rounds of fermentation drops significantly faster than that seen
with traditional brewing, thereby compromising recycling of
the yeast for successive rounds of fermentation (6, 7). Recy-
cling of yeast is general practice in beer brewing because of the
more reliable quality of the beer in the second and next fer-
mentation rounds and because of the cost savings compared to
the use of fresh yeast for every fermentation. In addition,
undesirable changes in flavor profile (2) and reduction in head
retention (9) have been reported for high-gravity brewing.
The frequent sluggish or stuck fermentations encountered in
high-gravity brewing are probably caused by several stress fac-
tors that are not present or are at least less pronounced com-
pared to traditional brewing results (19, 21, 29, 30). In partic-
ular, the high osmolarity at the beginning of the fermentation
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and the high ethanol content combined with nutrient starva-
tion at the end of the fermentation are thought to be the major
culprits. Moreover, the combination of high-gravity brewing
with other modern practices, such as the use of tall cylindro-
conical fermenters, results in increased hydrostatic pressure
and carbon dioxide levels and decreased oxygen levels. Re-
cently it was shown that fungal adenylate cyclases function as
CO, sensors (1, 3, 22, 24). Thus, different levels of CO, may
influence yeast fermentation, as there is a direct link between
adenylate cyclase activity and glycolysis (13, 26).

The disadvantages of brewing at higher density could be
overcome by using more robust yeast strains that are tolerant
of the associated stress conditions. Successful strains should be
able to ferment the high-gravity wort faster and to a greater
extent than the control strain. In addition, the viability of the
yeast crop at the end of the fermentation should remain high
in order for the yeast to be suitable for recycling. Other char-
acteristics important in brewing, such as flavor formation and
flocculation behavior, should remain the same as with the
control strain in regular gravity fermentations. When those
requirements are fulfilled the strain could be used successfully
to produce beer under high-gravity conditions that retains the
original brand character.

In this study, a pool of variants of the industrial lager brew-
ing yeast CMBS33 was generated by means of UV mutagenesis
or by spontaneous selection. Selection for better-performing
strains was then carried out under conditions closely matching
the industrial high-gravity conditions, in which the yeast is
exposed to a combination of several stress factors. Two vari-
ants with better fermentation characteristics under these strin-
gent conditions, GT336 and GT344, were identified. Genome-
wide gene expression analysis with these strains revealed genes
that are important for faster fermentation under high-gravity
brewing conditions.

MATERIALS AND METHODS

Microbial strains and plasmids. The industrial and laboratory yeast strains
used in this study are listed in Table 1. The variants derived from strain CMBS33
were stable over several generations. The strains were restreaked on fresh yeast
extract-peptone-dextrose (YEPD) plates at least 10 times without losing their
better fermentation capacity under high-gravity conditions.

The complete coding region of LEUI was PCR amplified using genomic DNA
of the laboratory strain BY4742, Expand High Fidelity polymerase, and 5’ and 3’
primers containing a BamHI and an Xmal site (lowercase), respectively (5’
primer, CGggatccATGGTTTACACTCCATCCAAG; 3’ primer, TCCcccgggCT
ACCAATCCTGGTGGAC).

The amplified gene was cloned into pYX012 KanMX (39), downstream of the
constitutive TPI1 promoter, by use of these sites. The construct was linearized
with Pacl for integration in the TPI/ genomic locus in the industrial strain
CMBS33. The corresponding empty plasmid was used as a control. Correct
insertion was checked by PCR analysis.

For all gene cloning experiments, standard techniques were used (35, 37).
Bacterial transformations were carried out by the CaCl, method (35). Yeast
transformations were carried out according to the LiAc-polyethylene glycol
method (14). Sequencing of the constructs was performed by the dideoxy-chain-
termination method with a 3100 Avant genetic analyzer (ABI) according to the
supplier’s instructions.

Fermentation experiments. (i) Wort production. All-malt wort was prepared
from blond malt extract powder (8.8 European Brewery Convention [EBC];
Pharma Import, Belgium). This wort contains 90% carbohydrates, of which 1%
to 2% is fructose, 5.5% to 10% is glucose, 1.5% to 2.5% is sucrose, 40% to 55%
is maltose, and 8% to 13% is maltotriose. The wort also contains 4.9% to 6.3%
proteins. The unit of gravity generally used in brewing is degree Plato. One
degree P corresponds to 1 g extract per 100 g liquid solution. Apart from
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TABLE 1. Industrial and laboratory yeast strains used in this study

Strain Description or genotype Source
CMBS33 Commercial lager strain KU Leuven
CMBS
collection”
GT336 Spontaneous variant derived ~ This study
from CMBS33
GT344 UV-induced variant derived = This study
from CMBS33
CMBS33/TPIp CMBS33/pYX012 KanMX This study
CMBS33/TPIp LEUI  CMBS33/pYX012 KanMX This study
(BY4742) LEUI (BY4742)

¢ KU, Katholieke Universiteit; CMBS, Centre for Malting and Brewing Science.

fermentable sugars this extract also contains nonfermentable carbon sources
such as dextrins, starch, and B-glucans. Zinc ions were added to the medium (0.1
ppm Zn, added as ZnSO,-7H,0). After autoclaving, the wort was oxygenated (at
12°P, 8 ppm; at between 12°P and 20°P, 10 ppm; above 20°P, 12.5 ppm) before
inoculation of the cells. The normal all-malt wort (12.9°P) was adjusted to
very-high-gravity wort by addition of sucrose (Grant Pont, Belgium).

(ii) Inoculation of yeast in wort. Early-stationary-phase cells grown on YPMal
(1% yeast extract, 2% peptone, 2% maltose) were collected by centrifugation (5
min, 1,300 X g) and counted with a hemocytometer. Yeast was inoculated in
oxygenated wort with a pitching rate of 10° cells/ml/°P. Fermentations were
carried out in unstirred 250-ml small tubes (height, 30 cm; diameter, 4 cm), tall
2-liter EBC tubes (height, 72 cm; diameter, 7.5 cm), or 3.5-liter stirred ferment-
ers (type Chemap [Heineken facility, Zoeterwoude, The Netherlands]; height, 21
cm; diameter, 14.5 cm) at the indicated temperature until the wort attenuated.

(iii) UV mutagenesis. For UV treatment, stationary-phase cells were spread on
several YEPD plates and a UV dose (5, 10, or 15 mJ per cm?) was applied (GS
Gene Linker from Bio-Rad) (254 nm). The plates were then incubated at 30°C
in the dark for 3 days to allow recovery and growth.

(iv) Selection experiment. To start the selection experiment, the pool of
variants and the control strain were inoculated in very-high-gravity wort (24.2°P)
in tall 2-liter tubes and the fermentation was carried out at 20°C. Density of the
wort was measured at regular time points. The starting densities of the worts in
the successive fermentations were 26.7°P, 25.19°P, 27.6°P, and 22.14°P. The yeast
was cropped at room temperature at the end of each fermentation round. At that
time point, the yeast that was left in suspension as well as the yeast at the top of
the sediment was harvested by centrifugation (5 min, 1,300 X g). The relatively
high temperature and high ethanol content caused some autolysis, which resulted
in a loose top of the yeast pellet. Approximately half of the total yeast in the tube
was used again. The yeast was washed twice with YEPD, and all the yeast was
used in the subsequent round except in the last round of the experiment, where
the same amount of viable cells (18 X 10°/ml) was inoculated. At the end of the
last fermentation round, samples were spread on yeast extract-peptone-maltose
plates for the isolation of individual colonies. Several hundred colonies were
screened for colony size, stress tolerance, and growth under normal and anaer-
obic conditions. Sixteen fast-growing colonies were then individually tested un-
der high-gravity conditions.

Determination of different parameters during the fermentation. (i) Viability
after methylene blue staining. Viability was determined using methylene blue
staining according to the EBC Analytica method (17) and a hemocytometer.

(ii) Wort density. The density of the wort was measured using an A. Paar
DMA 35 N apparatus and expressed in degrees Plato.

(iii) Attenuation limit of the wort. To determine the attenuation limit of the
wort corresponding to the unfermentable fraction, 12 g pressed yeast (Brugge-
man) was added to a 200-ml wort sample collected at the end of the fermenta-
tion. The flask with waterlock was placed on a stirring plate at room temperature.
Density of the wort was determined after 24 h and 48 h of stirring and named
“apparent extract after final attenuation.” The difference in apparent extract
(delta apparent extract) is calculated by subtracting “apparent extract after final
attenuation” from “apparent extract at the end of the fermentation”; this gives
an indication of how much of the fermentable sugars remained in the beer at the
end of the fermentation.

(iv) Ethanol content. Ethanol production was determined enzymatically with
an ethanol kit (Boehringer Mannheim).

(v) Trehalose and glycogen content of the cells. Trehalose and glycogen levels
and trehalase activity were determined as previously described (8, 10, 25).
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(vi) Headspace analysis of esters and higher alcohols. Five-milliliter samples
were collected in 15-ml precooled glass tubes, which were immediately closed
with a cap and stored at —20°C. The formation of the volatile compounds was
monitored using a calibrated Perkin-Elmer Headspace Sampler HS40 Autosys-
tem XL equipped with a Chrompack-Wax 52 CB column (length, 50 m; internal
diameter, 0.32 mm; layer thickness, 1.2 um). The injection block and flame
ionization detector temperatures were kept constant at 180°C and 250°C, respec-
tively, and helium was used as the carrier gas. Results were analyzed using
Perkin-Elmer Turbochrom Navigator software.

(vii) Genome-wide gene expression analysis. Samples were taken 22 h after the
beginning of a high-gravity fermentation in tall 2-liter tubes at 20°C and imme-
diately added to ice-cold water. Total RNA was extracted using RNApure
(GeneHunter Corporation) or TRIzol reagent (Invitrogen) according to the
instructions of the manufacturers. Those samples were handled by the VIB
microarray facility at Katholieke Universiteit Leuven (Belgium). cDNA was
made from the mRNA, the samples were fluorescently labeled with Cy3 or Cy5,
and hybridization took place on 70-mer oligochips representing 6,307 yeast open
reading frames. The oligonucleotides were spotted twice per array (for protocols,
see http://www.microarrays.be/service.htm). Fluorescence imaging of the arrays
was performed with a GenlII confocal laser scanner (Amersham Biosciences).
The data were normalized, and genes were judged differentially expressed with
a ratio of 1.8 or more.

Reproducibility of the results. All experiments described were repeated at
least two times. The results always showed consistent trends; i.e., differences
between the control strain and variants were highly reproducible. The tall-tube
fermentations were repeated at least six times with all strains. A paired ¢ test with
data obtained from the fermentations after 1 day resulted in a P of <0.005
between strain CMBS33 and both strains GT336 and GT344. On the other hand,
a P value of 0.25 was obtained when strains GT336 and GT344 were compared.
Representative results are shown for comparisons between collections of inter-
dependent datum points (e.g., time course measurements). The error bars shown
here indicate a standard deviation of at least two independent measurements
(e.g., fermentations at a 3.5-liter scale).

RESULTS

Isolation of better-performing variants under very-high-
gravity conditions. A commercial lager brewing strain, CMBS33,
was used as the starting strain for selection of better-performing
variants under very-high-gravity conditions. The strain was mu-
tagenized by UV irradiation to create a pool of variants. This
pool was subsequently used to inoculate ultra-high-gravity
wort. Since gravities up to 32.5°P were not high enough to
eliminate the weaker variants rapidly (results not shown), we
increased the stress applied on the yeast by adding 10% etha-
nol either 1 day or 8 days after the start of the fermentation.
Under these conditions there was very poor survival of the
yeast cells. From 107 cells/ml at the start of the fermentation,
we only recovered fewer than 1,000 colonies/ml after 9 days of
fermentation. Several hundred of the last-surviving variants
thus obtained were then tested individually for better growth
under high-gravity conditions. However, all variant isolates
actually performed worse than the starting wild-type strain.
Further analysis indicated that most of these isolates were
petite mutants. The modified procedure in which the pool of
UV-induced variants and the control strain were repitched
several times in ultra-high-gravity (between 22 and 28°P) wort
in tall 2-liter tubes at 20°C turned out the be more successful.
In the fifth fermentation round, the pools of UV mutagenized
as well as nonmutagenized cells and started to ferment the
high-gravity medium faster and more completely than the par-
ent CMBS33 strain in a parallel first fermentation round (data
not shown). This suggests that in the nonmutagenized culture
spontaneous variants were selected by the high-gravity condi-
tions. At the end of the last round of the selection experiment,
samples were spread on yeast extract-peptone-maltose plates
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FIG. 1. Fermentation profiles in tall 2-liter tubes under high-grav-
ity conditions at 20°C of different variants isolated from the repitching
screen and compared to the wild-type control strain. Control strain, @,
GT336, O; GT338, [I; GT344, m; GT343, A. Paired Student ¢ tests
were performed using data obtained from six independent fermenta-
tions. Comparisons at days 1, 2, 4, and 7 between CMBS33 and either
GT344 or GT336 gave P values of 0.005, 0.0005, 0.05, and 0.05, re-
spectively, in both cases.

for the isolation of individual colonies. In total, a few hundred
variants (either induced by UV or spontaneous) were isolated
for further characterization. These variants were initially
screened for large colony size, growth capacity under anaero-
bic conditions, and growth on plates containing high ethanol
concentrations in order to eliminate uninteresting slow-grow-
ing variants.

Characterization of the variants GT336 and GT344 and the
control strain under normal, high-gravity, and very-high-grav-
ity conditions in tall 2-liter tubes at 20°C. (i) Fermentation
behavior, viability, and ethanol production. Sixteen colonies (8
derived from the UV-mutagenized starting culture and 8 de-
rived from the wild-type inoculum) with a normal growth phe-
notype were tested individually for their fermentation charac-
teristics under high-gravity (between 18 and 20°P) conditions
in 2-liter fermentation tubes at 20°C. Fourteen variants dis-
played fermentation behavior similar to or worse than that
seen with the control strain under these conditions, but two
variants (GT336 and GT344) displayed better fermentation
characteristics than those seen with the control strain. Figure 1
shows the results obtained with the wild type, two poorly per-
forming variants (GT338 and GT343), and the two variants
with better fermentation characteristics (GT336 and GT344).

To test whether the better fermentation capacity of GT336
(variant enriched from the nonmutagenized cells) and GT344
(variant enriched from the UV-mutagenized cells) was specific
for high-gravity fermentations we compared them to the con-
trol strain in normal (13°P), high-gravity (17.1°P), and very-
high-gravity (23°P) wort in tall 2-liter tubes (Fig. 2A to C). The
improvement was more pronounced under the most stringent
conditions (Fig. 2C). The fermentations with these strains have
been repeated at least six times under very-high-gravity condi-
tions; on the basis of the results of a paired ¢ test, the fermen-
tation with the two variants was in all experiments much faster
than the fermentation with the wild-type strain (P < 0.005,
measured after 1 day of fermentation). While both strains
showed improved fermentation rates, under these conditions
only variant GT344 showed an improved final attenuation in
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FIG. 2. (A, B, and C) Fermentation profiles of the control strain CMBS33 (@), GT336 (O), and GT344 (m) during normal (A), high-gravity
(B), and very-high-gravity (C) fermentations in tall 2-liter tubes at 20°C. The initial wort densities are indicated. Yeast was pitched in wort with
a pitching rate of 10° cells/ml/°P. (D) Delta apparent extract of CMBS33 (white bar), GT336 (black bar), and GT344 (gray bar) in normal,
high-gravity, and very-high-gravity fermentations in tall 2-liter tubes at 20°C. (E and F) Glycogen (E) and trehalose (F) levels for the different

strains during very-high-gravity fermentation.

the three types of fermentations (Fig. 2D). Here also, this
difference was statistically significant for GT344 compared to
the wild-type strain results (P < 0.05; see Fig. 1 also). The delta
apparent extract for the differed very much (from close to 0°P
to 1.5°P) from experiment to experiment, depending on the
initial gravity. Use of pulsed-field gel electrophoresis for karyo-
typing of the variants did not reveal any difference in the
chromosomal banding pattern compared to that of the wild-
type strain (data not shown). The viability of all strains at the

end of the fermentation was higher than 90% (results not
shown). Ethanol production correlated very well with the fer-
mentation rate and was higher for the two variants. However,
at the end of the fermentation ethanol levels were varying from
one experiment to the other and especially in the variants
started to drop again (data not shown). The reason for the
variation at the end of the fermentation is not clear but may
indicate higher postdiauxic metabolism in the variants under
these conditions (see below).
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(i) Glycogen and trehalose. Glycogen and trehalose are
known to provide higher stress tolerance (4, 12), and we there-
fore investigated whether the variants were affected in the
levels of these metabolites. The trehalose and glycogen con-
tents of the control strain and the two variants (GT336 and
GT344) were determined during fermentation in tall 2-liter
tubes at 20°C in normal, high-gravity, and very-high-gravity
wort. All strains showed the same glycogen accumulation pat-
tern in the three types of fermentation (see, e.g., Fig. 2E for
23°P results), but the variants seemed to use the glycogen
somewhat faster than the wild-type control strain.

Trehalose accumulation patterns of the two variants (GT336
and GT344) and the control strain during very-high-gravity
fermentations in tall 2-liter tubes at 20°C are shown in Fig. 2F.
The amounts of trehalose in the cells at the moment of inoc-
ulation were in most cases approximately the same. As soon as
the yeast was inoculated into fresh wort, trehalose was rapidly
dissimilated. This is a known consequence of the initial con-
centration of glucose and fructose, which activate the cyclic
AMP-protein kinase A pathway and trigger trehalose break-
down (42). Trehalose levels started to increase again after 24 h.
The amount of trehalose built up when the yeast was pitched in
very-high-gravity wort was higher the amounts seen with nor-
mal and high-gravity wort (data not shown). No differences in
maximum levels were observed for the different strains tested.
Trehalose levels declined gradually at the end of the fermen-
tation. Surprisingly, the variants GT336 and GT344 had a
smaller amount of trehalose than the CMBS33 control strain
towards the end of the fermentation. This effect was especially
pronounced in very-high-gravity wort (Fig. 2F) and was always
seen in the tall-tube fermentations under these conditions; the
latter observation could not be explained by corresponding
changes in intrinsic activity of the enzymes responsible for the
synthesis (Tpsl and Tps2) and hydrolysis of trehalose (Nthl)
as determined with cell extracts (results not shown). In com-
bination with the ethanol and glycogen level results, this seems
to indicate that in the tall-tube fermentations, the variants are
able to sustain their metabolism under conditions in which the
wild type cannot.

Characterization of the variants GT336 and GT344 under
high-gravity conditions in 3.5-liter fermenters at 11°C. (i) Fer-
mentation behavior, viability, and ethanol production. To fur-
ther evaluate the fermentation behavior of the two variants
under high-gravity conditions, we tested their fermentation
capacity in a 3.5-liter stirred fermenter at 11°C. Cells of the two
variants and the control strain were inoculated in 18°P wort,
and this experiment was performed in duplicate. The starting
temperature was 8°C, and the temperature was increased
within 48 h to 11°C. When all oxygen was consumed (after 8 h)
the stirring speed was increased from 50 rpm to 250 rpm.

In similarity to the fermentation results seen with tall 2-liter
tubes, the two variants GT336 and GT344 fermented faster
than the control strain (Fig. 3A). In addition, both variants
showed a lower apparent extract level at final attenuation than
the control strain, indicating that their fermentation was more
complete (more sugars converted into ethanol; Fig. 3G). This
is also reflected in the final ethanol levels obtained with the
respective variants and the wild type (Fig. 3F). The control
strain CMBS33 and the variants GT336 and GT344 produced
respectively 7.75% (vol/vol), 8.14% (vol/vol), and 8.10% (vol/
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vol) ethanol. This increase in ethanol corresponds to the lower
delta apparent extract (Fig. 3G).

The viability measured using methylene blue staining was in
all fermentations and with all strains higher than 99% (results
not shown). Hence, the yeast in suspension at the end of the
first fermentation was suitable for recycling in consecutive
rounds of fermentation. The biomass content and cell count
were increasing faster for variant GT336 than for GT344 and
the wild type (Fig. 3B and C). Under these conditions (11°C,
stirred fermentation), no differences in trehalose and glycogen
accumulation patterns between the different strains tested
could be observed (Fig. 3D and E).

(i) Flavor compound determination. Apart from the re-
duced viability and fermentation performance of the yeast in
very-high-gravity fermentations, another frequently encoun-
tered problem is a change in the flavor of the beer produced by
high-gravity brewing. More specifically, high-gravity brewing
can result in an undesirable increase in ester production (41).
This can also be seen in Table 2, where values are given for
flavor volatiles of the fermentation by the CMBS33 strain in
normal wort (12°P) and high-gravity wort (18°P). The volatile
amounts were determined in the green beer taken at the end of
the fermentation. The amounts of volatiles produced by each
of the two variants were more or less the same as that seen with
the control strain CMBS33. However, small differences could
be found in the results of the 18°P fermentation (Table 2).
Smaller amounts of acetaldehyde and ethyl acetate were
formed in the green beer obtained with the variants compared
to the control strain results at the end of the 18°P fermenta-
tion, and the level was close to that of the CMBS33 at 12°P.
Similar amounts of isoamyl acetate were formed by the vari-
ants and the control strain. However, larger amounts of iso-
butanol, iso-amylalcohol, diacetyl, and 2,3-pentanedione were
produced by the variants.

On the other hand, when we compare the volatiles of the
12°P fermentation and 18°P fermentation, which was diluted to
an alcohol content of 5%, greater differences were detected
(Table 2). It is clear that larger amounts of acetate esters and
acetaldehyde and smaller amounts of iso-amyl alcohol, diacetyl,
and 2,3-pentanedione were formed in high-gravity fermenta-
tion than in normal fermentation. This fits with the results of a
previous study (43), Only small differences were detected in
the amount of iso-butanol. Taking these results together, it is
most likely that after dilution the taste of the beer brewed
under high-gravity conditions will be different from that of the
original beer but that the differences will not be greater for the
variants GT344 and GT336.

(iii) Genome-wide gene expression analysis in the initial
phase of a high-gravity fermentation. In order to identify the
molecular determinants responsible for the improved fermen-
tation behavior in the variants, we used 70-mer oligonucleotide
DNA arrays representing 6,307 yeast open reading frames to
compare the global gene expression pattern seen under high-
gravity conditions with the control strain CMBS33 to those
seen with the two variants (GT336 and GT344). The global
gene expression patterns of these strains were compared 22 h
after the start of a tall-tube high-gravity fermentation (CMBS33,
11.2°P; GT336, 8.9°P; GT344, 9.3°P) (initial gravity = 19.1°P).
This experiment was repeated with samples taken at 13.5°P (27
h for the wild type and 24 h for the variants), and each time a
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FIG. 3. (A) Fermentation profiles of the control strain CMBS33 (@), GT336 (O), and GT344 (m) during 18°P stirred fermentation in 3.5-liter
fermenters at 11°C. Yeast was pitched in wort with a pitching rate of 10° cells/ml/°P. (B to F) Cell count (X 10° cells/ml) (B), biomass (grams per
liter) (C), glycogen (%) (D), trehalose (%) (E), and ethanol (%) (F) levels for the different strains (same symbols as described for panel A) during
high-gravity fermentation. (G) Delta apparent extract of CMBS33 (white bar), GT336 (black bar), and GT344 (gray bar) in high-gravity
fermentation in 3.5-liter fermenters at 11°C. The delta apparent extract was determined after 238 h of fermentation. All datum points represent
the means of two independent experiments. Error bars indicate standard deviations obtained from the two independent experiments.
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TABLE 2. Volatile analysis of samples taken from green beer at
the end of 12°P fermentation with the control strain CMBS33 and
at the end of 18°P fermentation with control strain CMBS33 and

strains GT336 and GT344 in 3.5-liter stirred fermenters at 11°C

Value for strain under indicated

conditions
Volatil 18°P, beer diluted  Threshold
olatile CMBS33 to 5% EtOH value(s)
(12°P, 5%
EtOH) GT GT
CMBS33 336 344
Acetaldehyde (mg/liter) 0.85 2.0 12 13 10
Ethyl acetate (mg/liter) 15.0 28.7 244 263 21-30
Isoamyl acetate (mg/liter) 2.0 3.0 3.0 3.0 1.4
Isobutanol (mg/liter) 22.6 18.6 223 20.8 200
Isoamylalcohol (mg/liter) 60.3 444 46.1 457 70
Diacetyl (ng/liter) 52.8 128 16.0 15.7 80

2,3-Pentanedione (pg/liter)  60.7 26.7 352 373 900

color flip hybridization, in which each of the RNA samples was
labeled with the dye previously used for the other sample, was
included.

The expression analysis revealed 13 genes with expression
levels that differed (at a ratio of 1.8 or higher) between the
control strain and both variants. Among those, 10 genes
showed lower and 3 genes showed higher expression in one or
both variants with improved fermentation behavior under
high-gravity conditions (Table 3 and Table 4). The most con-
spicuous genes were HXK2, whose expression under high-grav-
ity conditions was reduced twofold, and LEU! and ARGI,
whose expression was reduced two- to sixfold.

From previous experience with industrial baker’s yeast, we
know that it is extremely difficult to obtain deletion strains in
aneuploid industrial strains. Hence, we could not validate the
genes that were down regulated in the two variants in the
original strain background. We were able to use the corre-
sponding deletion mutants in a laboratory strain background
but only with YEPD instead of wort medium. We tested de-
letion mutants in RPL8A, RPL22A, PUTI1, YLRI164w, HMGI,
NDE], PDR16, ALD6, and HXK2, but a weak improvement of
the fermentation rate was observed only with the Axk2A strain
(data not shown).

Overexpression of LEU1 in the industrial strain CMBS33
improves fermentation rate in high-gravity conditions. Ge-
nome-wide gene expression analysis revealed that the genes
LEUI, ARG1, and ICY2 were expressed more strongly in one
or both variants compared to the control strain results in the
initial phase of high-gravity fermentation. The effect of over-
expression of these genes in the wild-type strain on the fer-
mentation behavior in high-gravity wort was tested in small
tubes (250 ml) at 20°C and, in cases in which the fermentation
rate improved subsequently, also in tall 2-liter tubes under the
same conditions. Overexpression of ARG1I and ICY2 did not
affect the fermentation behavior under high-gravity conditions
compared to results seen with the control strain with the empty
plasmid (results not shown). Overexpression of both genes
during the high-gravity fermentation was confirmed by real-
time PCR (results not shown). Hence, we conclude that these
genes are probably not involved in improvement of the fer-
mentation rate under high-gravity conditions.
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TABLE 3. Genes with lower expression (ratio of 1.8 or more; P < 0.01)
in one or both variants with better fermentation behavior under
high-gravity conditions compared to the control strain”

Variant gene (genotype or description), Ratio for variant:

collection date, and gravity value

GT336 GT344
HXK?2 (hexokinase II)
Day 1 —2.18 -1.70
13.5°P -1.72 1.05
RPL8A (ribosomal protein L8)
Day 1 -2.13 —1.55
13.5°P —2.24 —1.14
RPL22A (ribosomal protein 22A)
Day 1 -2.05 —1.52
13.5°P -2.22 -1.13
PUT]I (proline oxidase)
Day 1 1.28 —1.85
13.5°P —2.18 —2.70
YLR164w (member of the cytochrome
B small-subunit mitochondrial
precursor (CyB) family)
Day 1 —1.86 —1.59
13.5°P —1.49 —1.83
HMG]1 (3-hydroxyl-3-methylglutaryl-
coenzyme A reductase 1)
Day 1 —2.40 —2.30
13.5°P -1.41 —1.69
NDE]I (mitochondrial NADH
dehydrogenase)
Day 1 —2.16 —2.02
13.5°P —1.57 —1.90
PDRI6 (phosphatidylinositol transfer
protein)
Day 1 —2.64 —2.45
13.5°P -1.52 -1.77
ALDG (acetaldehyde dehydrogenase)
Dayl -5.03 —3.88
13.5° -1.25 —1.50
RPL5 (ribosomal protein L5)
Day 1 —1.96 —1.37
13.5°P —2.26 —1.14

“ Samples were taken in the beginning of the fermentation at a fixed time point
(day 1) or at a fixed density (13.5°P). The ratios were calculated based on the
fluorescence obtained from two independent hybridizations (using a color flip)
and from two independent spots using Student’s ¢ test.

Overexpression of LEU! did result in better fermentation
behavior under high-gravity conditions. The overexpression
strains fermented faster, but the final attenuation of all the
strains was the same. The effect was detected with both small-
scale 250-ml fermentations (results not shown) and tall 2-liter
tubes (Fig. 4). The viability measured after methylene blue
staining remained higher than 95% at the end of the fermen-
tation (results not shown). The overexpression of LEU! in the
transformant CMBS33 + TPIIp LEUI during this high-gravity
fermentation was confirmed by real-time PCR (data not
shown).
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TABLE 4. Genes with higher expression (ratio of 1.8 or more) in
one or both variants with better fermentation behavior under
high-gravity conditions compared to the control strain”

Variant gene (genotype or description), Ratio for variant:

collection date, and gravity value

GT336 GT344

LEUI (3-isopropyl malate isomerase)

Day 1 2.44 2.13

13.5°P 6.48 3.11
ARG] (argino-succinate synthetase)

Day 1 2.40 2.27

13.5°P 2.73 1.35
ICY?2 (unclassified protein)

Day 1 2.45 2.19

13.5°P 1.71 1.49

“ Samples were taken in the beginning of the fermentation at a fixed time point
(day 1) or a fixed density (13.5°P).

DISCUSSION

Selection of better-performing variants in an industrial la-
ger yeast strain. Our results show that it is possible to isolate
variants of industrial brewer’s yeast with better performance in
high-gravity fermentation conditions. This is not trivial, as fer-
mentation performance is a trait that is not readily selectable
(i.e., poorly fermenting cells may survive just as well as supe-
rior mutants). The direct isolation of variants of the industrial
strain (as opposed to studies with laboratory strains) enhances
the chance that the identified changes are also relevant for
large-scale industrial conditions. The use of laboratory strains
that are far from optimal with respect to industrial perfor-
mance increases the risk of identifying mutations that merely
reverse the effect of domestication of these laboratory strains
rather than further improving the already optimized perfor-
mance of industrial strains. Furthermore, selection directly in
brewer’s yeast and under conditions that closely mimic the
conditions of the industrial brewing process minimizes the risk
that other parameters important for brewing are negatively
affected. This was confirmed by further characterization of the
variants in tall 2-liter tube and pilot-scale (3.5-liter) fermenta-
tions. The growth rate was not affected, the ester profile was
quite similar to that seen with the control strain, and the level
of isoamylacetate, a flavor ester of major importance, was not
changed. A second important advantage of new strains created
in this way is that they are not genetically modified by recom-
binant DNA technology (i.e., they are not GMOs, or geneti-
cally modified organisms) and can therefore be introduced
immediately on the market without regulatory restrictions.

The method we developed for the isolation of these variants
has since been applied successfully in our laboratory, with
different strain backgrounds demonstrating the general appli-
cability of this methodology. Two industrial strains were UV
mutagenized and used in successive rounds in very-high-gravity
fermentations (25.5°P, 16 ppm O,, 3 X107 cells/ml, and 20°C).
After the first fermentation a survival rate of about 65% was
measured; after the second fermentation, this had already
dropped to 15% survival. After four fermentations, individual
colonies were checked and a percentage of variants similar to
that seen in our original experiment showed improved fermenta-
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tion behavior (F. Dumortier, P. Van Dijck, and J. M. Thevelein,
unpublished data). This indicates that repeated challenge by
the combined stress factors present during a high-gravity fer-
mentation, in combination with a high temperature, is enough
to enrich for better-fermenting cells. During normal fermen-
tations, the viability is very high and the yeast only divides two
to three times during one fermentation round. Under these
conditions, it would be impossible to obtain better-fermenting
variants in five rounds of fermentations. Under the conditions
we used (high temperature and very-high-gravity wort), the
survival rate of the yeast cells is much lower. As mentioned
above, in similar experiments using the same conditions we
obtained a viability rate of 65% after the first round, with the
rate going down to about 35% in the second round and drop-
ping further in the third round. In the fourth round, this was
increasing again to above 10%, probably because of enrich-
ment of more-tolerant strains. The high degree of mortality is
probably caused by the fact that the cells stay in the tall tubes
under very-high-ethanol conditions for prolonged times. The
result is that after pitching, the cells that survived the previous
fermentation must bud many more times in order to complete
the fermentation. In this way, a very strong enrichment for
strains that ferment better under very-high-gravity conditions
may occur during the five successive rounds of fermentation.
This is probably the reason that of 16 individual colonies tested
at the end of the fifth fermentation, 2 showed consistently
better fermentation capacity.

Characterization of the better-performing variants GT336
and GT344. As we have noticed in the past for baker’s yeast
(40), the behavior characteristics of variants can be quite dif-
ferent under laboratory and pilot-scale conditions. Under lab-
oratory conditions, variant GT344 seemed most suitable for
high-gravity brewing, as it showed the best final attenuation of
all the strains. However, in pilot-scale conditions at the Hei-
neken facility (using completely different parameters), GT336
seemed to be the best variant. The fact that this variant fer-
ments faster and more completely under high-gravity condi-
tions and has high crop viability at the end of the fermentation
provides a significant economical benefit for the brewer. It is
important to note that, while the absolute differences between
the variants and the control strain may seem small to nonspe-

50 100 150 200
Time (hours)

FIG. 4. Fermentation behavior of CMBS33/TPIp (A), CMBS33/
TPIp LEUI (), and CMBS33/TPIp YOR387c (m) in 17°P wort in tall
2-liter tubes at 17°C. Yeast was inoculated in wort with a pitching rate
of 10° cells/ml/1°P.

NSAN Aq STOZ ‘ST aunr uo /610’ wse’wae//:dny Woiy papeojumoq


http://aem.asm.org/

VoL. 73, 2007

cialists, they are in fact quite important for the brewer. Sup-
pose we can finish a fermentation with 0.5°P-lower apparent
extract using such a strain. When we start a fermentation with
a gravity of 20°P and end up with an apparent final attenuation
with the wild type of 5.9 and with the variant of 5.4, the benefit
is (14.6 — 14.1)/14.1 X 100% = 3.54%. A fermentation vessel
with a content of 3,000 hl produces 3,106 hl of beer, which is
106 hl more with the superior variant. Hence, a better atten-
uation of 0.5°P results in an increase of about 32,000 beer
bottles of 33 cl each per fermentation tank. It is interesting that
variants of already optimized industrial strains showing a fur-
ther increase in attenuation and in fermentation rate could be
isolated. Due to the large-scale production of today’s fermen-
tation industry, even a 1% improvement in production effi-
ciency represents a highly significant advantage.

Trehalose and glycogen levels are important parameters in
brewer’s yeast usage. Glycogen provides energy for cellular
maintenance during storage (34). Trehalose functions not only
as a storage carbohydrate but also as a stress protectant (4). Its
protective effect against osmostress (18, 38) and ethanol stress
(27, 36) has been well documented. In the pilot-scale fermen-
tations, the levels of trehalose and glycogen were very similar
in all strains, but in the tall tubes the levels were considerably
lower in the variants toward the end of the fermentation. The
reason for this difference is unclear, but the explanation can
probably be found in the conditions (temperature, stirring,
oxygen availability) that differ between the two types of fer-
mentations. Apparently, metabolism in the variants is still on-
going at the end of the tall-tube fermentation, whereas this is
no longer the case in the fermenter. Whether the lower ex-
pression of Hxk2 in the variants has something to do with this
phenotype is not clear, as no glucose is present in the final
stages of the fermentation and therefore a reduction in glucose
repression possibly caused by the reduced expression of Hxk2
should normally have no relevance.

Genome-wide expression analysis in the beginning of a high-
gravity fermentation. To date no genes have been identified
that are relevant for high-gravity brewing. Also, little is known
about the stress response during high-gravity brewing, in which
the yeast encounters multiple stress conditions at the same
time. Genome-wide expression analysis has previously shown
that there is a strong response of genes involved in the biosyn-
thesis of ergosterol and oxidative stress protection during the
first stages of the industrial lager fermentation (16, 20, 28). In
addition, it has been noticed that all heat shock genes are
repressed as the fermentation continues (5, 20). Much more
information has been accumulated on general and specific
stress response mechanisms in laboratory yeast strains of S.
cerevisiae (11).

In this study, genome-wide gene expression analysis was
performed at the beginning of high-gravity fermentation of the
control strain CMBS33 and two variants (GT336 and GT344)
in order to get better insight into the molecular determinants
important for good performance under high-gravity condi-
tions.

Of the 10 differentially expressed genes that showed lower
expression in the variants, deletion of only one gene, HXK2,
from a laboratory strain had a weak positive effect on the
fermentation rate in high-glucose YEPD medium. We hypoth-
esize that the lower expression of this gene may result in
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weaker catabolite repression and an increase in the transport
and fermentation of maltose and maltotriose.

Overexpression of LEUI also resulted in fermentation be-
havior faster than that seen with the control strain CMBS33
under high-gravity conditions, but in this case no difference in
attenuation was found. LEU! encodes isopropylmalate isomer-
ase and catalyzes the second step in the leucine biosynthesis
pathway. At present, there is no obvious explanation for the
positive effect of overexpression of LEUI. Leucine belongs to
the group of amino acids that are taken up gradually during
fermentation (32). It has been shown that under normal gravity
conditions, addition of leucine to the wort or overexpression of
BAP2, a leucine transporter, results in faster assimilation of
this amino acid by the yeast cells (23). Whether the result is
similar in very-high-gravity fermentations is not known. It has
also been shown that yeast strains with a wild-type copy of
LEU2 grow faster than yeast cells with a leu2 mutation in the
presence of extracellular leucine (33), This indicates that up-
take of leucine requires more energy than biosynthesis of this
amino acid. Therefore, under high-gravity fermentations, stim-
ulation of leucine biosynthesis could relieve bottlenecks in
amino acid metabolism or protein synthesis. However, the
possibility of an additional function of Leul beyond its classical
function also cannot be excluded at present.

In summary, our report is the first to identify variants of a
brewer’s yeast strain that allow faster and more complete fer-
mentation (“attenuation”) under high-gravity brewing condi-
tions. A recent meeting report also mentions a new selection
procedure for brewer’s yeast mutants suitable for very-high-
gravity fermentation (A. Huuskonen and J. Londesborough,
Abstr. 30th European Brewery Convention Congress, Prague,
Czech Republic, abstr. 35, 2005).

Many parameters important for beer brewing seem to be
unaltered in the two isolated variants. As these variants were
isolated directly from an industrial strain, they can be used to
produce beer in industrial high-gravity brewing. Moreover, our
study also serves as an example for the development of meth-
odologies to isolate yeast strains with improved performance in
other fermentation processes where the stress resistance of the
yeast is a limiting factor, such as the production of bioethanol.

ACKNOWLEDGMENTS

We thank Ilse Bastiaens for excellent technical assistance and Nico
Vangoethem for the preparation of the figures. We also thank the
European Community high-gravity-stress consortium for stimulating
discussions and the different reviewers for valuable comments.

This work was supported by the European Commission (contract
QLK1-CT-2001-01066).

REFERENCES

1. Aguilera, J., T. Petit, J. H. de Winde, and J. T. Pronk. 2005. Physiological and
genome-wide transcriptional responses of Saccharomyces cerevisiae to high
carbon dioxide pressure. FEMS Yeast Res. 5:579-593.

2. Anderson, R. G., and B. H. Kirsop. 1974. The control of volatile ester
synthesis during the fermentation of wort of high specific gravity. J. Inst.
Brew. 80:48-55.

3. Bahn, Y. S., G. M. Cox, J. R. Perfect, and J. Heitman. 2005. Carbonic
anhydrase and CO2 sensing during Cryptococcus neoformans growth, differ-
entiation, and virulence. Curr. Biol. 15:2013-2020.

4. Bonini, B. M., P. Van Dijck, and J. M. Thevelein. 2004. Trehalose metabo-
lism: enzymatic pathways and physiological functions, p. 291-332. In K. Esser
and P. A. Lemke (ed.), The mycota: a treatise on the biology of fungi with
emphasis on systems for fundamental and applied research, 2nd ed., vol. III.
Springer Verlag, Berlin, Germany. (In German.)

5. Brosnan, M. P., D. Donnelly, T. C. James, and U. Bond. 2000. The stress

NSAN Aq STOZ ‘ST aunr uo /610’ wse’wae//:dny Woiy papeojumoq


http://aem.asm.org/

824

11.

12.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

BLIECK ET AL.

response is repressed during fermentation in brewery strains of yeast.
J. Appl. Microbiol. 88:746-755.

. Cahill, G., D. M. Murray, P. K. Walsh, and D. Donnelly. 2000. Effect of the

concentration of propagation wort on yeast vell volume and fermentation
performance. J. Am. Soc. Brew. Chem. 58:14-20.

. Casey, G. P., and W. M. Ingledew. 1983. High-gravity brewing: influence of

pitching rate and wort gravity on early yeast viability. J. Am. Soc. Brew.
Chem. 41:148-152.

. Colombo, S., P. Ma, L. Cauwenberg, J. Winderickx, M. Crauwels, A. Teunissen,

D. Nauwelears, J. H. de Winde, M. F. Gorwa, M. F. Colavizza, and J. M.
Thevelein. 1998. Involvement of distinct G-proteins, Gpa2 and Ras, in glu-
cose- and intracellular acidification-induced cAMP signalling in the yeast
Saccharomyces cerevisiae. EMBO J. 17:3326-3341.

. Cooper, D. J., G. G. Stewart, and J. H. Bryce. 1998. Some reasons why high

gravity brewing has a negative effect on head retention. J. Inst. Brew. 104:
83-87.

. Donaton, M. C., I. Holsbeeks, O. Lagatie, G. Van Zeebroeck, M. Crauwels,

J. Winderickx, and J. M. Thevelein. 2003. The Gapl general amino acid
permease acts as an amino acid sensor for activation of protein kinase A
targets in the yeast Saccharomyces cerevisiae. Mol. Microbiol. 50:911-929.
Estruch, F. 2000. Stress-controlled transcription factors, stress-induced
genes and stress tolerance in budding yeast. FEMS Microbiol. Rev. 24:469—
486.

Francois, J. M., and J. L. Parrou. 2001. Reserve carbohydrates metabolism
in the yeast Saccharomyces cerevisiae. FEMS Microbiol. Rev. 25:125-145.

. Francois, J. M., E. Van Schaftingen, and H. G. Hers. 1984. The mechanism

by which glucose increases fructose 2,6-bisphosphate concentration in Sac-
charomyces cerevisiae. A cyclic-:AMP-dependent activation of phosphofructo-
kinase 2. Eur. J. Biochem. 145:187-193.

Gietz, R. D., R. H. Schietsl, A. R. Willems, and R. A. Woods. 1995. Studies
on the transformation of intact yeast cells by the LiAc/ss-DNA-PEG proce-
dure. Yeast 11:355-360.

Hackstaff, B. W. 1978. Various aspects of high gravity brewing. Master Brew.
Assoc. Am. Tech. Q. 15:1-7.

. Higgins, V. J., A. G. Bechkhouse, S. G. Oliver, P. J. Rogers, and I. W. Dawes.

2003. Yeast genome-wide expression analysis identifies a strong ergosterol
and oxidative stress response during the initial stages of an industrial lager
fermentation. Appl. Environ. Microbiol. 69:4777-4787.

Hjortshdj, B., J. Avis, A. D. Haukeli, J. Kempers, J. Olimans, R. van den
Berg, and K. Wacerbauer. 1992. Methylene blue staining, p. 6-7. EBC
Analytica Microbiologica, vol. I, section 3. Fachverlag Hans Carl Postfach,
Nuremberg, Germany.

Hounsa, C. G., E. V. Brandt, J. M. Thevelein, S. Hohmann, and B. A. Prior.
1998. Role of trehalose in survival of Saccharomyces cerevisiae under osmotic
stress. Microbiology 144:671-680.

Jacobsen, M., and J. U. Piper. 1989. Performance and osmotolerance of
different strains of lager yeast in high-gravity fermentations. M.B.A.A. Tech.
Quart. 26:56-61.

James, T. C., S. Campbell, D. Donnelly, and U. Bond. 2003. Transcription
profile of brewery yeast under fermentation conditions. J. Appl. Microbiol.
94:432-448.

Jones, R. P., and P. F. Greenfield. 1987. Specific and non-specific inhibitory
effects of ethanol on yeast growth. Enzyme Microb. Technol. 9:334-338.
Klengel, T., W. J. Liang, J. Chaloupka, C. Ruoff, K. Schroppel, J. R. Naglik,
S. E. Eckert, E. G. Mogensen, K. Haynes, M. F. Tuite, L. R. Levin, J. Buck,
and F. A. Muhlschlegel. 2005. Fungal adenylyl cyclase integrates CO, sensing
with cAMP signaling and virulence. Curr. Biol. 15:2021-2026.

Kodama, Y., N. Fukui, T. Ashikari, Y. Shibano, K. Moroika-Fujimoto, and
K. Nakatani. 1995. Improvement of maltose fermentation efficiency: consti-
tutive expression of MAL genes in brewing yeasts. J. Am. Soc. Brew. Chem.
53:24-29.

Mogensen, E. G., G. Janbon, J. Chaloupka, C. Steegborn, M. S. Fu, F.
Moyrand, T. Klengel, D. S. Pearson, M. A. Geeves, J. Buck, L. R. Levin, and

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

APPL. ENVIRON. MICROBIOL.

F. A. Muhlschlegel. 2006. Cryptococcus neoformans senses CO, through the
carbonic anhydrase Can2 and the adenylyl cyclase Cacl. Eukaryot. Cell
5:103-111.

Neves, M. J., J. A. Jorge, J. M. Francois, and H. F. Terenzi. 1991. Effects of
heat shock on the level of trehalose and glycogen, and on the induction of
thermotolerance in Neurospora crassa. FEBS Lett. 283:19-22.

Oehlen, L. J., M. E. Scholte, W. de Koning, and K. Van Dam. 1994. Decrease
in glycolytic flux in Saccharomyces cerevisiae cdc35-1 cells at restrictive tem-
perature correlates with a decrease in glucose transport. Microbiology 140:
1891-1898.

Ogawa, Y., A. Nitta, H. Uchiyama, T. Imamura, H. Shimoi, and K. Ito. 2000.
Tolerance mechanism of the ethanol-tolerant mutant of sake yeast. J. Biosci.
Bioeng. 90:13-20.

Olesen, K., T. Felding, C. Gjermansen, and J. Hansen. 2002. The dynamics
of the Saccharomyces carlsbergensis brewing yeast transcriptome during a
production-scale lager beer fermentation. FEMS Yeast Res. 2:563-573.
Owades, J. L. 1981. The role of osmotic pressure in high and low gravity
fermentations. M.B.A.A. Tech. Quart. 18:163-165.

Panchal, C. J., and G. G. Stewart. 1980. The effect of osmotic pressure on the
production and excretion of ethanol and glycerol by brewing yeast strain.
J. Inst. Brew. 86:207-210.

Patkova, J., D. Smogrovicova, P. Bafrncova, and Z. Démény. 2000. Changes
in the yeast metabolism at very high-gravity wort fermentation. Folia Micro-
biol. 45:335-338.

Perpete, P., G. Santos, E. Bodart, and S. Collin. 2005. Uptake of amino acids
during beer production: the concept of a critical time value. J. Am. Soc.
Brew. Chem. 63:23-27.

Pronk, J. T. 2002. Auxotrophic yeast strains in fundamental and applied
research. Appl. Environ. Microbiol. 68:2095-2100.

Quain, D. E. 1981. The determination of glycogen in yeasts. J. Inst. Brew.
87:289-291.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning, a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, NY.

Sharma, S. C. 1997. A possible role of trehalose in osmotolerance and
ethanol tolerance in Saccharomyces cerevisiae. FEMS Microbiol. Lett. 152:
11-15.

Sherman, F., G. R. Fink, and J. B. Hicks. 1992. Methods in yeast genetics.
Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y.

Tamas, M. J., and S. Hohmann. 2003. The osmotic stress response of Sac-
charomyces cerevisiae, p. 121-177. In S. Hohmann and W. H. Mager (ed.),
Topics in current genetics: yeast stress responses. Springer-Verlag, New
York, NY.

Tanghe, A., P. Van Dijck, F. Dumortier, A. Teunissen, S. Hohmann, and
J. M. Thevelein. 2002. Aquaporin expression correlates with freeze tolerance
in yeast and overexpression improves freeze tolerance in industrial yeast.
Appl. Environ. Microbiol. 68:5981-5989.

Teunissen, A., F. Dumortier, M. F. Gorwa, J. Bauer, A. Tanghe, A. Loiez, P.
Smet, P. Van Dijck, and J. M. Thevelein. 2002. Isolation and characterization
of a freeze-tolerant diploid derivative of an industrial baker’s yeast strain and
its use in frozen doughs. Appl. Environ. Microbiol. 68:4780-4787.
Verstrepen, K. J., G. Derdelinckx, J. P. Dufour, J. Winderickx, J. M.
Thevelein, I. S. Pretorius, and F. R. Delvaux. 2003. Flavor-active esters:
adding fruitiness to beer. J. Biosci. Bioeng. 96:110-118.

Verstrepen, K. J., D. Iserentant, P. Malcorps, G. Derdelinckx, P. Van Dijck,
J. Winderickx, 1. S. Pretorius, J. M. Thevelein, and F. R. Delvaux. 2004.
Glucose and sucrose: hazardous fast-food for industrial yeast? Trends Bio-
technol. 22:531-537.

Whitworth, C. 1978. Technological advantages in high gravity fermentation,
p. 155-167. Proc. Eur. Brew. Conv. Symp., monograph V. Brauwelt-Verlag,
Nuremberg, Germany.

Withear, A. I, and D. Crabb. 1977. High gravity brewing—concepts and
economics. Brewer 63:60-63.

NSAN Aq STOZ ‘ST aunr uo /610’ wse’wae//:dny Woiy papeojumoq


http://aem.asm.org/

