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Abstract

Yeast preoxygenation can confer important advantages to brewery fermentations

by means of omitting the need to oxygenate the wort. However, the impact of yeast

preoxygenation on yeast metabolism has never been assessed systematically.

Therefore, expression analysis was performed of genes that are of importance in

oxygen-dependent pathways, oxidative stress response and general stress response

during 8 h of preoxygenation. The gene expressions of both the important

transcription factors Hap1 and Rox1, involved in oxygen sensing, were mainly

increased in the first 3 h, while YAP1 expression, which is involved in the oxidative

stress response, increased drastically only in the first 45 min. The results also show

that stress-responsive genes (HSP12, SSA3, PAU5, SOD1, SOD2, CTA1 and CTT1)

were induced during the process, together with the accumulation of trehalose. The

accumulation of ergosterol and unsaturated fatty acids was accompanied by the

expression of ERG1, ERG11 and OLE1. Genes involved in respiration (QCR9,

COX15, CYC1 and CYC7) also increased during preoxygenation. Yeast viability did

not decrease during the process, and the fermentation performance of the yeast

reached a maximum after 5 h of preoxygenation. These results suggest that yeast

cells acquire a stress response along the preoxygenation period, which makes them

more resistant against the stressful conditions of the preoxygenation process and

the subsequent fermentation.

Introduction

Oxygen plays a multifaceted role in yeast metabolism,

although one major role of dissolved oxygen in brewery

fermentations is to promote the biosynthesis of unsaturated

fatty acids (UFA) and ergosterol, which are required for

adequate anaerobic growth during fermentation. Normally,

yeast is cropped after fermentation and stored for reuse

during subsequent fermentations. Because yeast cells then

contain insufficient sterols and UFA, they undergo altera-

tions of the yeast membrane structure and as a consequence

many membrane-linked processes do not function opti-

mally. Therefore, the cells only resume growth when appro-

priate levels of these essential membrane compounds are

synthesized (David & Kirsop, 1973), for which oxygen is

essential. Oxygen is also taken up by the yeast cells and used

in other cellular processes, such as mitochondrial develop-

ment (O’Connor-Cox et al., 1993), although alternative

oxygen consumption pathways that are linked neither to

the respiratory chain nor to heme, sterol and UFA synthesis

should also exist (Rosenfeld et al., 2003). Furthermore, an

optimized oxygen supply is critical, because too much

oxygen is considered to cause yeast degeneration, due to

the toxic effect of reactive oxygen species (ROS).

Traditionally, oxygen is provided through wort oxygena-

tion, but this technique has several drawbacks such as low

oxygen solubility in high-density wort, foam formation and

limited oxygen transfer to the yeast cells (Devuyst et al.,

1991). Underaeration of the wort can lead to lower yeast

growth, reduced viability, less favorable lipid synthesis, stuck

fermentations and beer flavor changes (Kirsop, 1974). In

addition, the use of high-gravity worts and/or higher pitch-

ing rates (Verbelen et al., 2008) results in a decreased

availability of oxygen in the wort. In contrast, overaeration

could result in excessive biomass formation and a reduced

ethanol production, both resulting in inconsistent
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fermentations, although yeast cells can be directly exposed

to oxygen in a controlled process before fermentation,

known as preoxygenation, thereby removing the require-

ment for subsequent wort oxygenation. Several research

groups (Ohno & Takahashi, 1986; Devuyst et al., 1991;

Masschelein et al., 1995; Boulton et al., 2000; Depraetere

et al., 2008) have already described the preoxygenation

process, although industrial applications of this technique

are scarce. This is due to the inconsistent and limited

scientific studies and the lack of knowledge regarding the

biochemical background of the preoxygenation of yeast

cells.

Sterols and UFA regulate the membrane fluidity and

permeability (Van Der Rest et al., 1995). They also exert

other functions such as affecting the activity of membrane-

bound enzymes, influencing the general stress response

(Chatterjee et al., 2000) and protecting cells against oxida-

tive stress (Higgins et al., 2003). Sterol biosynthesis com-

prises an oxygen-independent isoprenoid and squalene

synthesis, followed by an oxygen-dependent cyclization of

squalene (ERG1) and subsequent anaerobic and aerobic

steps in the formation of the most important sterol,

ergosterol (ERG2-7, ERG11 and ERG24-ERG27) (Rosenfeld

& Beauvoit, 2003). The squalene content increases under

anaerobic conditions, and when oxygen becomes available,

the accumulated squalene is further metabolized to sterols.

If oxygen becomes limiting, the sterol content spreads out

over daughter cells, and below a threshold of 0.1% (w/w) no

further growth is possible (Aries & Kirsop, 1977).

The UFA content in yeast is generally three- to fourfold

higher than the ergosterol content. Regarding critical UFA

levels, Casey et al. (1984) and Ohno & Takahashi (1986)

found UFA levels between 4.8 and 7.6 mg g�1 at the end of

fermentation. Synthesis of UFA involves the formation of

saturated fatty acids, followed by an oxygen-dependent

desaturation reaction (OLE1).

In Saccharomyces cerevisiae, large numbers of genes are

differentially expressed in response to oxygen. Heme is

known to play a pivotal role in the expression of these genes,

acting as a positive modulator for the transcription of

aerobic genes, through the activation of the transcriptional

activators Hap1/2/3/4/5 and the transcriptional repressor of

hypoxic genes Rox1 (mediated by Hap1) (Kwast et al., 1998).

Because the biosynthesis of heme requires oxygen, it has

been proposed that heme acts as a gauge for oxygen

availability. Such a regulatory scheme requires the cellular

levels of Rox1 to be strictly controlled. This is achieved by

another regulatory loop, that is, repression by Rox1 of its

own synthesis. Moreover, a feedback regulation strictly

based on the Hap1/Rox1 balance has to take into account

the fact that heme, sterol and fatty acid synthesis are

required under aerobic conditions. Therefore, some anaero-

bic genes, such as HEM13, ERG11, CPR1, HMG1-2 and

OLE1, whose functions are required under aerobic condi-

tions, are only partially repressed by Rox1 in the presence of

oxygen (Rosenfeld & Beauvoit, 2003). On the other hand,

some genes containing Rox1-binding sites in their promo-

tors are not always upregulated in rox1 null mutants (Kwast

et al., 2002). Therefore, this differential regulation of anae-

robic genes requires a more complex regulatory circuit.

Indeed, the repression by Rox1 is found to be mediated

through a general repression complex formed by other

regulatory proteins (e.g. Tup1 and Ssn6), whose complex

may modulate the affinity of Rox1 for its binding site on

target genes (Zitomer et al., 1997). Furthermore, only one-

third of the anaerobically induced genes are Rox1 regulated

(Kwast et al., 2002). In addition to the absolute heme

concentration, the heme redox state, as a component of a

hemoprotein, could also modulate the expression of oxy-

gen-sensitive genes (Burke et al., 1997; Rosenfeld & Beau-

voit, 2003).

Paradoxical to the need for oxygen for lipid biosynthesis,

oxygen can cause yeast degeneration through the formation

of highly ROS (O2
��, H2O2 and OH�). ROS can attack

cellular compounds (DNA, lipids, sugar and proteins) and

can lead to cell death. Clarkson et al. (1991) reported that

yeast viability decreases (5–7% in the first hour) when yeast

cells are transferred from anaerobic to aerobic conditions.

To protect against oxidative damage, cells possess defense

mechanisms, including enzymes, such as peroxidases, cata-

lases and superoxide dismutases, and antioxidants such as

gluthatione and thioredoxin and vitamins. Genes such as

SOD1, SOD2, CTT1, CTA1, GSH1, GLR1, GRX1 and GRX2

are involved in the oxidative stress response (Gibson et al.,

2008). It is the balance between ROS production and cell

defenses that determines the degree of oxidative stress.

Different transcription factors have been involved in the

regulation of gene expression under oxidative stress. Msn2/4

are transcription factors of the general stress response, which

bind with the STRE (CCCCT) sequence (Martinez-Pastor

et al., 1996). Msn2/4 is negatively regulated by the cAMP-

PKA pathway (Smith et al., 1998). STRE sequences have

been identified in promoter sections of many stress-induced

genes, such as heat shock protein (HSP) genes (e.g. HSP12

and HSP104), CTT1 and genes that contribute to the

synthesis (TPS1, TPS2, TPS3 and TSL1) and degradation

(NTH1, NTH2) of trehalose (Winderickx et al., 1996;

Zähringer et al., 1997). Furthermore, Yap1 is a specific

transcription factor that can bind to the antioxidant re-

sponse element (ARE) (TGACTCA) sequence. Under nor-

mal conditions, Yap1 is restricted to the cytoplasm, but it

becomes nuclear in response to oxidative stress (Estruch,

2000). Inside the nucleus, Yap1 then binds to the ARE

sequence. This element has been found in the promoter

region of several genes, including GLR1 and GSH1. Other

genes such as TRX1, TRX2, TRR1, SOD1, SOD2 and CTT1
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require both transcription factors Yap1 and Skn7 (Ikner &

Shiozaki, 2005).

It has already been proven in the literature that, during

the preoxygenation process, when oxygen is available, sterols

and UFA are built up (Boulton et al., 2000; Depraetere et al.,

2003). In addition, during preoxygenation, changes in the

reserve carbohydrate levels of glycogen and trehalose were

observed. No literature is available about the adaptation of

the yeast cells to oxygen availability during preoxygenation.

Moreover, it is interesting to further elucidate the role of

oxygen in the metabolism of brewer’s yeast. Therefore, the

preoxygenation process is an ideal research tool because

there is little or no interference of other nutrients. In this

study, the influence of oxygen on yeast metabolism during

8 h of preoxygenation was studied in order to learn more

about the molecular–biochemical background of the pro-

cess.

Materials and methods

Yeast strain

All experiments were carried out with an industrial top-

fermenting S. cerevisiae ale yeast strain CMBSSD11 (Centre

for Malting and Brewing Science, Katholieke Universiteit

Leuven). The yeast slurry was obtained from a commercial

brewery, after which the yeast underwent a prefermentation

of 16.61P wort (1P: g extract 100 g�1 medium) in a 2.5-hL

cylindroconical tank to ensure that the yeast slurry was

not exposed to oxygen during cropping at the end of

fermentation.

Preoxygenation

The yeast cells were stored for a maximum of 24 h at 0–4 1C

after harvesting in the brewery in an airtight container,

purged with CO2, before preoxygenation or fermentation.

Preoxygenation was performed at 20 1C in a membrane loop

reactor, based on Masschelein et al. (1995): yeast slurries

(3 L) (75–80% moisture) were circulated at 750 mL min�1

for 8 h. Oxygen was delivered to the slurry via a membrane

sparger to obtain an oxygen concentration of 8 mg L�1 in the

slurry. The extract level in the yeast slurry was o 0.11P. No

exogenous sugars were added to avoid effects on yeast

metabolism through the cAMP/PKA pathway, which affects

several cellular targets (e.g. cell growth, glycogen metabo-

lism and repression of stress response). Yeast samples were

taken for fatty acid and sterol analyses, glycogen and

trehalose analyses and for quantitative PCR (qPCR) analyses

at the start of preoxygenation (0 h) and after 15, 30, 45 min,

1, 2, 3, 4 and 5 h and 8 h. For fatty acids and glycogen and

trehalose, the yeast cells were centrifuged and washed with

ice-cold water, after which the pellet was stored at � 20 1C.

For qPCR, yeast cells were collected by centrifugation of the

yeast slurry (5 mL of yeast cells in 45 mL of ice-cold RNAse-

free water), washed with ice-cold RNAse-free water and

stored at � 80 1C for RNA isolation and further analysis.

Fermentation conditions

Fermentation of sterile all-malt hopped wort (121P) was

performed at 22 1C in tall tubes (75 cm tall, 8 cm internal

diameter) (2 L). CMBSSD11 was pitched at a level of

5� 106 viable cells mL�1. Six different fermentation condi-

tions were examined: deaerated wort (oxygen concentration

o 0.5 mg L�1) was pitched with control (0 h preox) and

preoxygenated yeast cells (1, 2, 3, 5 and 8 h preox). All

fermentations were carried out in duplicate with the same

yeast suspension and in the same wort medium. During

fermentation, samples were taken for parameter analysis.

Fermentation analyses

The density of the fermenting medium was measured using an

Anton Paar density and sound analyzer (DSA 48, Graz,

Austria). The number of suspended yeast cells was counted by

hemocytometry. Yeast viability was determined via methylene

blue staining according to Analytica EBC (European Brewing

Convention, 1998). All analyses were carried out at least in

duplicate. Except for the cell counts (maximal coefficient of

variance of 12%), the coefficients of variance were o 5%.

Yeast analyses

Frozen pellets for fatty acid, sterol and glycogen and

trehalose analyses were suspended in cold 0.8% NaCl to

obtain 0.1 g wet cells mL�1. For dry weight determination,

1 mL of the suspension was filtered over a preweighed 0.45-

mm membrane filter and the pellet and filter were dried at

105 1C for 24 h and weighed.

Fatty acid analysis

Total fatty acids [palmitic acid (C16 : 0), palmitoleic acid

(C16 : 1), stearic acid (C18 : 0), oleic acid (C18 : 1), linoleic

acid (C18 : 2) and linolenic acid (C18 : 3)] of a 0.1 g mL�1

yeast solution were extracted according to Moonjai et al.

(2002). Gas chromatography was carried out using a cali-

brated Varian 300 analyser (Varian, Palo Alto, CA) equipped

with an Alltech Heliflex AT-225 capillary column (Alltech

Associated Inc., Deerfield) 30 m in length, 0.32 mm in

internal diameter and 0.25 mm in film thickness, and a flame

ionization detector. The conditions were as follows: oven

temperature of 75 1C for 1 min, increase to 175 1C at a rate

of 24 1C min�1 and 2 min at 175 1C, increase to 200 1C at a

rate of 8 1C min�1 and holding at 200 1C for 4 min, with the

injection port at 250 1C and the detector at 230 1C. The

carrier gas was helium. Fatty acid concentrations were
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calculated as mg g�1 cell dry weight (CDW). The fatty acid

analysis of each fermentation sample was carried out in

duplicate.

Sterol analysis

Ergosterol analysis was performed by incubating 0.1 g mL�1

wet yeast cells, 2.0 g of KOH, 10.0 mL of alcohol solution

(700 mL methanol, 315 mL ethanol and 25 mL distilled water)

and 2.0 mL internal standard solution (1 mg of cholesterol per

mL of ethanol) for 65 min at 80 1C in a covered water bath

according to Rencken et al. (1995). After saponification, the

samples were cooled in an ice bath, followed by extraction

with n-pentane (once with 10 mL and twice with 5 mL). The

sterol extract was evaporated to dryness under a stream of

nitrogen. The dried extracts were then dissolved in 2.0 mL

ethanol for HPLC analysis. Before sterol analysis, the samples

were filtered through 0.45-mm polyvinylidenedifluoride filters.

HPLC analysis was performed using a Spectra System

P1000XR, AS3000, UV3000HR and SN4000 HPLC (Thermo

Separation Products, Thermo Finnigan, San Jose, CA). A

Nucleosil column (length: 25 cm; diameter: 4.6 mm; particle

diameter: 5mm; FilterService, Eupen, Belgium) was used and

the column temperature was 30 1C. The mobile phase was

water–ethanol–methanol (5 : 10 : 85) at a flow rate of

1 mL min�1. The UV detector measured at 210 and 282 nm.

Sterol levels were calculated as mg g�1 CDW. Sterol analysis

was carried out in triplicate.

Glycogen analysis

Determination of the intracellular glycogen content was

carried out according to Quain et al. (1981), with some

modifications. Alkali-soluble glycogen was extracted from

1 mL of the yeast solution (0.1 g wet weight) with 0.25 M

sodium carbonate (1.0 mL) at 100 1C for 15 min and rinsed

with distilled water (0.5 mL). Afterwards, the yeast sample

was extracted for acid-soluble glycogen with 0.5 M perchlo-

ric acid (1.0 mL) at 100 1C for 10 min, followed by re-

extraction with perchloric acid (1.0 mL). The pH of both

the extracts was adjusted to pH 5.0 with 0.5% (v/v)

ammonium hydroxide or 3 M acetic acid, respectively.

Amyloglucosidase buffer, containing 1 U amyloglucosidase

(500 U, Roche Diagnostics, Indianapolis, IN) per mL buffer

(0.2 M NaAc, pH 4.8), was added to the extracts. The

mixture was incubated at 37 1C for 2 h. After adding

buffered potassium hydroxide (1 M triethanolamine, 10 M

potassium hydroxide and 1 M acetic acid in the following

proportions: 3 : 0.8 : 0.2), the resulting glucose was measured

spectrophotometrically at 505 nm, using the GOD-PAP kit

(Dialab, Neudorf, Austria). The glycogen content was ex-

pressed as mg glucose g�1 CDW. Glycogen analysis was

carried out in duplicate.

Trehalose analysis

Trehalose was extracted by incubating 1 mL yeast solution

(0.1 g yeast cells) in 4.0 mL trichloroacetic acid (0.5 M,

Merck) according to Trevelyan & Harrison (1956). The

trehalose level was determined according to the anthrone

method (Herbert et al., 1971). Anthrone reagent (Merck)

was prepared by predissolving 200 mg of anthrone in 5 mL

pure ethanol and the final volume was brought to 100 mL

with 75% (v/v) sulfuric acid. This reagent was kept ice cold

before analysis. Trehalose extract (1.0 mL) was added to

5.0 mL anthrone reagent. The mixture was vortexed thor-

oughly until the white haze disappeared, incubated at 100 1C

for exactly 10 min and cooled down to room temperature.

Finally, the absorbance of the colored samples was measured

by spectrophotometry at 625 nm. A series of glucose stan-

dard solutions were assayed to establish a calibration line.

Trehalose content was calculated and expressed as

mg glucose g�1 CDW. Analysis was carried out in duplicate.

Quantitative-PCR (q-PCR)

The expression levels of specific genes (Table 1) were

determined using qPCR. RNA extraction of pelleted cells

was performed with Trizol (Invitrogen) according to the

manufacturer’s instructions. For each sample, 1 mg of total

RNA was subjected to reverse transcription using the

Reverse Transcription System (Promega A3500, Madison,

WI). Concentrations were measured and samples were

diluted to 100 ng mL�1. The 25-mL PCR reaction was com-

posed of 12.5 mL Power SYBR Green qPCR Master Mix

(Applied Biosystems, Warrington, UK) and 1.25 mL of each

primer (500 nM). Five microliters of cDNA were added to

each reaction mix. The PCR program was performed on an

ABI Prism 7500 instrument: an initial incubation of 10 min

at 95 1C, amplification by 40 cycles of 15 s at 95 1C and 1 min

at 60 1C. The PCR primers were all designed with the Primer

Express software (Applied Biosystems, Cheshire, UK) ac-

cording to the Applied Biosystems guidelines. The primer

sequences used for qPCR analysis (from 50 to 30) are listed in

Table 1. The specificity of the primers was tested using

conventional PCR and the melting curves of the amplified

product. The expression of different internal controls was

evaluated (glyceraldehyde-3-phosphate dehydrogenase

[GAPDH], actin and 18S rRNA gene) in order to select the

best one. If its expression was found to be unaffected by the

experimental conditions tested, it could be used (Bustin,

2002). The levels of GAPDH and actin were not stable

during preoxygenation. On the other hand, the expression

of RDN18-1 (18S rRNA gene) was found to be relatively

unaffected during preoxygenation. Therefore, this gene was

used as the reference gene. Furthermore, rRNA is an overall

accepted normalizer, because it makes up the bulk of the
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total RNA sample. The level of expression of the 18S rRNA

gene is very stable and so high that small fluctuations will

not result in detectable fluctuations in the normalized

fluorescence signal of the target gene. Its use has been

validated by several studies (Bhatia et al., 1994; Zhong &

Simons, 1999; Lu et al., 2003). The expression levels were

determined using ABI Prism 7500 System Gene Quantifica-

tion Software (Applied Biosystems). A five-point standard

curve with genomic DNA of CMBSSD11 was constructed

for each gene. The expression levels of the different genes

were normalized with respect to 18S expression levels and

are means of two independent extracted samples, each

consisting of three replicates of the PCR reaction.

Results

Yeast metabolism was monitored during preoxygenation in

a membrane loop reactor, in which oxygen was added in a

controlled manner through a membrane sparger (8 mg L�1).

A normal-fermenting, moderately flocculating industrial ale

yeast strain (CMBSSD11), selected from a previous study

(Depraetere et al., 2003), was used throughout the study.

Yeast characteristics during preoxygenation and
fermentation performance

The buildup of ergosterol (sterols) and UFA and the

decrease of the sterol precursor squalene during preoxy-

genation are shown in Fig. 1. The ergosterol content

increased from 0.7 to 1.8 mg g�1 CDW after 5 h and

2.6 mg g�1 CDW after 8 h of preoxygenation, while the

squalene level decreased from 1.8 to 1.4 mg g�1 CDW after

8 h of preoxygenation. The level of UFA increased from 1.8

to 3.8 (5 h) or 4.9 mg g�1 CDW (8 h). A noticeable increase

in ergosterol and UFA contents was detected after 3 h of

preoxygenation. Buildup of the membrane compounds was

slower than described previously (Depraetere et al., 2003),

probably due to the absence of maltose addition during

preoxygenation. Still, a substantial increase in membrane

compounds was observed between 5 and 8 h, while the

buildup of membrane compounds is known to be com-

pleted after 5 h (Boulton et al., 2000; Depraetere et al., 2003).

Table 1. Genes, their products and primer sequences of those used for q-PCR analysis (from 50 to 30)

Gene Name Forward primer sequence Reverse primer sequence

RDN18 18S rRNA gene CGGCTACCACATCCAAGGAA GCTGGAATTACCGCGGCT

HAP1 Transcription factor responsible for heme-

dependent activation of many genes

CCTTCCAGTCTGGTAGAAGTTGTTG AACCGCGTCATTTCTTCCAA

ROX1 Heme-dependent repressor of hypoxic genes GGATCAGTACCAGCAGCTAAAGC CCTGGTGTGAGACAGTGGTTTG

YAP1 Transcription factor involved in the oxidative

stress response

CGATGGTTTATGTTCCGAGCTAA GCATTGATGACAACCCCTCTTT

QCR9 Ubiquinol–cytochrome c reductase GCAGGTGCCTTTGTTTTCCA TTTGTTGTGATTCTCGTACCATGA

COX15 Cytochrome c oxidase AGAAGGCCGTAATTCCAAGGA AACGACGCCCATCATAACATG

CYC1 Cytochrome c isoform 1 AAGGGTGGCCCACATAAGG CAGAGTGTCTGCCAAAGATACCA

CYC7 Cytochrome c isoform 2 TCAAACCAGGCTCTGCAAAA ATGACACTGCTGACACCTCGTT

SOD1 Cu/Zn superoxide dismutase TGATCAAGCTTATCGGTCCTACCT GCCGGCGTGGATAACG

SOD2 Mn superoxide dismutase GCAAGCTGGACGTTGTTCAA AGAGGAACTAGTGGGCCTGTGA

CTA1 Peroxisomic catalase A GGACAGCAAAAGAACTTGGCATA TGAGGACAGGCGCCTTCTA

CTT1 Cytosolic catalase T GTCAGGCTCCCACCCTGAT TTTTCGCCATTTTGCAATTG

HSP12 12 kDa heat shock protein AGGTAGAAAAGGATTCGGTGAAAA TGTATTCCTTACCTTGTTCAGCGTAT

SSA3 70 kDa heat shock proteins of the HSP70 family GAAACCATTGACTGGTTAGATGCA CCTTCCAACTCCTTTTGTCTATCC

PAU5 Member of the seripauperin multigene family TGCCCACCCAACTGAAACTT AAATCACCGTAGTTGAAAACAGCTT

ERG1 Squalene epoxidase TCCAAAGAGGTGGCGATTG CTTTGGCAAGACACCAGACAGA

ERG11 Lanosterol 14-a-demethylase CAAAGATTCTGCCTCCTCTTATTCC AAATGGCACCGAAACCGTAA

OLE1 D9 fatty acid desaturase TCAAATGCCGCTCAAAATGTC AGCAGAGTTCTTACTTTCCTTGATAACA

ARE2 Acyl-CoA : sterol acyltransferase, isozyme of Are1 TCATGAGGAACAGAACCATAATCG ATGACACTTGGTCCCATGCA

RPL33A Ribosomal protein L33 CCAAAGATCCAAGAGAGTCAACAA TGGAGTAGCGACACCTTCGA

ACT1 Actine CGTCTGGATTGGTGGTTCTA GTGGTGAACGATAGATGGAC

Fig. 1. Ergosterol (white bars), squalene (gray bars) and UFA (black bars)

contents (in mg g�1 CDW) of yeast cells during preoxygenation.
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The glycogen level in the yeast cells is also known to

decrease during preoxygenation (Boulton et al., 2000). It

decreased from 251 to 188 mg g�1 CDW after 5 h (25%) and

to 144 mg g�1 CDW after 8 h of preoxygenation (43%) (Fig.

2a). This strong decline was probably caused by omitting

maltose addition during preoxygenation. Indeed, Devuyst

et al. (1991) also found that the degradation of glycogen in

the yeast cells could be reduced by the addition of glucose.

Boulton et al. (1991) also supplemented maltose to avoid

extensive glycogen breakdown.

The trehalose content, on the other hand, increased

during preoxygenation by 39% from 22.4 to 31.1 mg g�1

CDW after 5 h of preoxygenation and by 70% after 8 h

of preoxygenation (Fig. 2b). Callaerts et al. (1993) as

well as Boulton et al. (2000) found that the level of

trehalose increased during preoxygenation. One may sup-

pose that the yeast cells were stressed by the exposure to

oxygen.

Yeast viability measurements showed no major changes in

viability during preoxygenation (average of measurements

taken at 0, 1, 2, 3, 5 and 8 h: 96.8� 0.4%). Even a prolonged

preoxygenation process (8 h) did not reduce cell viability.

Previous preoxygenation experiments have also shown no or

only minor decreases of yeast viability (3–5%) during

preoxygenation (results not published), which is in agree-

ment with Boulton et al. (2000). However, Clarkson et al.

(1991) reported that yeast viability decreased when yeast

cells were transferred from anaerobic to aerobic conditions

in a semi-defined wort, containing maltose, sucrose and

glucose.

Fermentation profiles of the yeast cells, which were

preoxygenated for a certain period and pitched in de-aerated

wort, are shown in Fig. 3. Fermentation performance

increased with an increase in the preoxygenation time, with

an optimum after 5 h of preoxygenation. Prolonged preox-

ygenation (8 h) did not lead to an additional improvement

of the fermentation performance of the yeast cells. These

results are in accordance with the data of Boulton et al.

(2000). Yeast growth also increased with the preoxygenation

time (maximal yeast count after 0 h preoxygenation:

17.4� 106 cells mL�1, after 1 h: 29.7� 106 cells mL�1, after

2 h: 34.5� 106 cells mL�1 after 3 h: 37.5� 106 cells mL�1 and

after 5 h: 46.9� 106 cells mL�1) as expected. Nevertheless, no

differences in yeast growth between 5 and 8 h of preoxygena-

tion could be found (maximal yeast count after 8 h:

42.0� 106 cells mL�1).

Preoxygenation during 8 h thus showed no additional

benefits in terms of fermentation performance, although the

sterol and UFA contents in these yeast cells were clearly

higher than in the yeast cells after 5 h of preoxygenation. On

the other hand, the glycogen level was lower and the

trehalose level was higher after 8 h of preoxygenation.

Fig. 2. (a) Glycogen (b) and trehalose contents (mg g�1 CDW) of the yeast populations during preoxygenation.

Fig. 3. Fermentation profiles (ale yeast, 22 1C, 121Pl, 5� 106 cells mL�1)

of fermentations of untreated yeast cells, pitched in de-aerated wort (0 h

preoxygenation: �), and of yeast cells preoxygenated for a certain period,

pitched in de-aerated wort (1 h: �, 2 h: m, 3 h: n, 5 h: ’ and 8 h

preoxygenation: &) (CVo 5%).
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Gene expression profiles during preoxygenation

Figure 4 shows the expression profiles of the monitored

genes during preoxygenation. These data include genes that

encode important transcription factors (YAP1, HAP1 and

ROX1) (Fig. 4a), genes involved in respiration processes

(QCR9, CYC1, CYC7 and COX15) (Fig. 4b), genes involved

in oxidative stress response (SOD1, SOD2, CTT1 and CTA1)

(Fig. 4c) and general stress response (HSP12 and SSA3) (Fig.

4d), and genes that are involved in lipid metabolism (ERG1,

ERG11, OLE1 and ARE2) (Fig. 4e). In preliminary experi-

ments (results not shown), the synthesis of ribosomal

Fig. 4. Gene expression profiles of (a) HAP1, ROX1 and YAP1; (b) QCR9, COX15, CYC1 and CYC7; (c) SOD1, SOD2, CTA1 and CTT1; (d) HSP12, SSA3

and PAU5; (e) ERG1, ERG11, OLE1 and ARE2; and (f) RPL33A and ACT1 were determined using qPCR during preoxygenation. All expression levels were

normalized with respect to 18S rRNA gene expression levels. The expression levels of ROX1 and OLE1 have been divided by 10. The level of PAU5 has

been divided by 5. Those of HSP12, ARE2 and CTT1 have been multiplied by 5, 10 and 100, respectively.
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proteins seemed to be influenced by yeast preoxygenation.

Therefore, the expression of the RPL33A and ACT1 was

studied (Fig. 4f). Finally, PAU5 gene expression (Fig. 4d) was

checked because the PAU gene family seemed to be impor-

tant during fermentation processes, as indicated by James

et al. (2003), Luo & van Vuuren (2008) and Rachidi et al.

(1999), although the precise biological function of these

genes is still unknown.

Several different oxygen-responsive transcription factors

have been found (Rox1, Mga2, Mot3, Hap1 and Hap2/3/4).

The activity of the transcription factors Hap1 and Rox1 is

controlled by heme (Zitomer & Lowry, 1992; Hon et al.,

2003).

Examination of the expression patterns of the transcrip-

tion factors Hap1 and Rox1, involved in oxygen sensing,

showed that the expression levels of the aerobic gene HAP1

increased during 4 h of preoxygenation (Fig. 4a): an initial

increase during 45 min, a small decline in expression,

followed by a second increase was observed, after which the

expression decreased. ROX1 (aerobic gene) expression in-

creased drastically during the first 2 h, but later its expres-

sion stabilized till 5 h and declined after 8 h. Thus, the ROX1

level decreased only after the HAP1 expression declined.

Consequently, these results are in accordance with the

literature data (Zitomer et al., 1997; Kwast et al., 1998).

Respiration processes

A first group of genes that are heme-activated are those

encoding respiratory functions, for example QCR9, CYC1

and COX15. They all showed similar expression profiles:

their expression peaked after 45 min (a small peak for CYC1)

and then declined after 1 h. Afterwards, the expression

increased again to reach a second peak after 4 h and then

slightly declined. CYC7 expression increased during 5 h of

preoxygenation and then its expression level decreased (a

small peak was also observed after 45 min).

QCR9 is a nuclear gene encoding for subunit 9 of the

ubiquinol–cytochrome c oxidoreductase complex, which is a

component of the mitochondrial inner membrane electron

transport chain. It is required for electron transfer from

ubiquinol to cytochrome c (Phillips et al., 1990). CYC1 and

CYC7 encode, respectively, the iso-1 form and iso-2 forms of

the electron carrier protein cytochrome c. Cytochrome c

facilitates the second to last step of the mitochondrial

respiratory chain: electron transfer from respiratory com-

plex III to respiratory complex IV during cellular respira-

tion. CYC1 transcription is induced by oxygen, heme and

lactate, and repressed by glucose (Hortner et al., 1982).

CYC7 is repressed under aerobic conditions, mediated by

Rox1 (Lowry & Zitomer, 1988). Cytochrome c oxidase

(COX) is the terminal complex (complex IV) of the mito-

chondrial respiratory chain and is composed of 12 different

polypeptides. Cox15 is part of a three-component heme-

dependent monooxygenase, involved in the hydroxylation of

heme O, producing an intermediate that is converted to

heme A needed for the assembly of cytochrome c oxidase

(Barrientos et al., 2002).

These genes are clearly induced during preoxygenation.

Induction of QCR9, COX15 and CYC1 followed similar

profiles and the expression levels of all genes presumably

stabilized at the end of preoxygenation. Moreover, their

induction followed HAP1 expression, which is in accordance

with the results of Zitomer & Lowry (1992). Pfeifer et al.

(1987) also found that CYC1 induction by oxygen occurred

through binding of the transcription factor Hap1.

Surprisingly, expression of CYC7, known as a hypoxic

gene, was also induced during preoxygenation. However,

literature data show similar results. On shifting cells from

anaerobic to aerobic conditions in a galactose-containing

semi-synthetic medium, Burke et al. (1997) discovered that

the mRNA level for the aerobic gene CYC1 increased

immediately after the shift. The CYC1 gene expression

peaked after 30 min and then declined to its aerobic level.

CYC7 expression also increased immediately after the shift,

remained high for about 30 min and then declined. This

increase resulted in CYC7-mRNA levels that were sixfold

higher than those in anaerobic cells.

(Oxidative) stress response

Another group of heme-regulated genes are those encoding

oxidative damage repair functions, such as SOD1, SOD2,

CTA1 and CTT1. These genes provide enzymatic cell de-

fenses by encoding the enzymes superoxide dismutase and

catalase. Superoxide dismutase catalyzes the conversion of

the superoxide anion to oxygen and hydrogen peroxide.

Yeast cells possess two superoxide dismutases: the cytoplas-

mic Cu/ZnSod (SOD1) and the mitochondrial MnSod

(SOD2) (Van Loon et al., 1986; Clarkson et al., 1991).

MnSOD contributes to the natural protection of cells

against oxygen toxicity (Van Loon et al., 1986). Catalase

catalyzes the breakdown of hydrogen peroxide to oxygen

and water. Saccharomyces cerevisiae has two such enzymes,

catalase A (CTA1) and catalase T (CTT1), found in the

peroxisome and the cytosol, respectively (Pereira et al.,

2003).

In our experiment, SOD1, SOD2 and CTT1 acted simi-

larly and their expression level increased during 5 h of

preoxygenation (with a small intermediate peak after

45 min); after that; a small decrease in expression was

observed. In contrast, CTA1 levels increased during 45 min

and declined after 1 h, after which the expression levels

remained somewhat constant. Moreover, CTT1 gene expres-

sion was much lower than CTA1. Although the gene pair for

catalase consists of two heme-activated genes (Zitomer &

FEMS Yeast Res 9 (2009) 226–239 c� 2009 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

233The impact of preoxygenation on yeast metabolism

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

syr/article/9/2/226/568736 by guest on 18 M
ay 2023



Lowry, 1992), in our case CTA1 expression was not similar

to CTT1 expression.

Different transcription factors regulate the adaptive re-

sponse to oxidative stress conditions: the general stress

response is mediated by the Msn2/4 transcription factor,

whereas specific responses are mediated by Yap1, Skn7 and

Hsf1 (Costa & Moradas-Ferreira, 2001; Demasi et al., 2006).

The Msn2/4 transcriptional regulator seems to play a

significant role in tolerance to H2O2, which appears to be

very distinct from that of Yap1 (Hasan et al., 2002). Only

one antioxidant, Ctt1, and several proteases, chaperones,

HSPs and metabolic enzymes are activated by Msn2/4 in

response to oxidative stress (Hasan et al., 2002). Msn2/4

might therefore be more important during the period of

recovery from oxidative stress, whereas Yap1 is important to

prevent this stress.

During preoxygenation, YAP1 expression drastically in-

creased during the first 45 min, but then sharply declined to

roughly its initial level during the next 7 h (Fig. 1a), which

was similar to the profile of CTA1. This expression profile

differed from the observed patterns of SOD1, SOD2 and

CTT1 expression. However, for the induction of SOD1,

SOD2, CTT1, TRX1, TRX2 and TRR1, the two transcription

factors Yap1 and Skn7 are required (Lee et al., 1999; Estruch,

2000). Furthermore, the subcellular localization of Yap1

determines its regulation (Kuge et al., 1997), so that the

increase of YAP1 expression has only an indirect effect on

SOD1, SOD2 and CTT1.

Genes involved in yeast stress responses (HSP12, SSA3

and PAU5) were also examined. Genes belonging to the PAU

family are all induced by anaerobiosis and repressed by

heme (and oxygen) (Kwast et al., 2002; Luo & van Vuuren,

2008). This repression is mediated by an unknown, heme-

dependent pathway, which does not involve the Rox1

anaerobic repressor, but requires the general repressor Tup1

(Rachidi et al., 2000). Increases in cellular stress are reflected

in the induction of HSP12, a gene that is known to respond

to several stresses such as heat stress, osmotic stress and

nutrient starvation (Varela et al., 1995). Furthermore, SSA1,

SSA2, SSA3 and SSA4 encode chaperone proteins that

comprise the S. cerevisiae SSA subfamily of cytosolic HSP70

proteins. SSA3 expression is not detectable under normal

growth conditions, but is induced after nutrient limitation

or upon heat shock (Werner-Washburne et al., 1989; Ped-

ruzzi et al., 2000) and is therefore also considered to be a

stress marker.

During preoxygenation, HSP12, SSA3 as well as PAU5

expression peaked after 45 min and then it reverted to lower

levels. In comparison with the expression at 0 h, the PAU5

gene increased only slightly. These results seem to indicate

that yeast cells do not experience excessive stress during

preoxygenation, except perhaps for the first 45 min. Further-

more, the precise biological function of PAU genes is still

unknown. They are thought to play a role in the stress

response of the yeast cells (Rachidi et al., 2000; Luo & van

Vuuren, 2008). Our results seem to confirm this assump-

tion, because the PAU5 expression pattern is similar to the

profiles of HSP12 and SSA3.

Lipid metabolism

Sterols (ergosterol) and UFA are essential membrane com-

pounds and are the main reason why yeast preoxygenation

or wort aeration before brewery fermentation should occur.

Their formation during preoxygenation is depicted in Fig. 1.

Sterols can occur as free sterols or in the esterified form

linked to long-chain fatty acids. Steryl esters are considered

to serve as a storage form of sterols in the cell (Zweytick

et al., 2000). The examined genes involved in lipid metabo-

lism were ERG1, ERG11, OLE1 and ARE2.

ERG1 (squalene epoxidase) catalyzes the epoxidation of

squalene to 2,3-oxidosqualene and plays an essential role in

the ergosterol-biosynthesis pathway. ERG11 (lanosterol

14-alpha-demethylase) catalyzes the C-14 demethylation of

lanosterol. In S. cerevisiae it is shown that ERG2, ERG3 and

ERG6 are not required, while ERG11 (C-14 demethylation)

and ERG24 (C-14 reduction) are each required for aerobic

viability (Bard et al., 1993). OLE1, a fatty acid desaturase, is

required for monounsaturated fatty acid synthesis. Finally,

two yeast acylCoA : sterol acyltransferases (Are1 and Are2)

are involved in sterol esterification activity (Valachovic et al.,

2001).

In our experiment, ERG1 expression increased rapidly

during the first 2 h, then stabilized during the next 3 h and

declined after 8 h. ERG11 expression, on the other hand,

peaked after 45 min, then its level declined and increased

again till 4 h and finally declined slightly after 5 h and

stabilized at that level. Remarkably, the relative OLE1

expression was very high throughout the whole experiment.

OLE1 expression remained constant until 1 h, then increased

marginally during 5 h and finally roughly declined to its

initial level. ARE2 expression strongly increased during 4 h

(with an intermediate peak after 45 min) and then decreased

during the next 4 h.

Ergosterol and UFA accumulation was minimal during

the first 3 h of preoxygenation and then increased gradually

(Fig. 1). This observation corresponds with the expression

patterns of ERG1, ERG11 and OLE1: there was no synthesis

before the genes were expressed, while the increase in

expression was followed by an increase in lipid synthesis

(Fig. 4).

Jahnke & Klein (1983) and M’Baya & Karst (1987) found

that ERG1 is upregulated upon sterol limitation and is also

activated by increasing oxygen availability during batch

cultivation on glucose medium, suggesting that squalene

monooxygenase may be involved in regulating sterol
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biosynthesis. Therefore, the expression pattern of ERG1 was

in line with the expectations.

The ERG11 and OLE1 expression profiles, on the other

hand, were not expected, because it is known that both genes

are hypoxic. Normally, OLE1, ERG11, CPR1, HEM13 and

SUT1 encode enzymes expressed at low levels under aerobic

conditions, but expression levels increase as oxygen becomes

limiting, to allow more-efficient use of limiting oxygen

(Zitomer et al., 1997; Kwast et al., 1999). The well-estab-

lished oxygen-responsive repressor Rox1 is believed to

repress OLE1 transcription under aerobic conditions be-

cause putative Rox1-binding sequences are present in the

OLE1 promoter (Zitomer & Lowry, 1992). In contrast,

Nakagawa et al. (2001) showed that the oxygen repression

of OLE1 is mediated by a Rox1-independent mechanism via

the O2R regulatory element. Kwast et al. (1999) also found

that the expression OLE1, CYC7 and COX5b hypoxic genes

is independent of Rox1, but cytochrome c oxidase might be

involved. In addition, Rox1 is believed to regulate ERG11

expression (Kwast et al., 1999). Perhaps, a transient increase

in their expression was observed during this particular

preoxygenation process, as was determined previously for

CYC7. Besides, it is normal that ERG11 and OLE1 are

expressed because several lanosterol and fatty acids are

available for C-14 demethylation and desaturation, respec-

tively.

Finally, the induction of ARE2 indicated that esterifica-

tion of sterols took place during preoxygenation. This is in

accordance with the observation that the ARE2 gene tran-

script is more abundant in aerobic cells competent for heme

synthesis. This was demonstrated by the presence of heme-

regulated elements (Hap elements) in the promoter region

of ARE2 (Valachovic et al., 2002). Bailey & Parks (1975), in

an aerobic adaptation experiment, found that under condi-

tions when the cell could not divide, both sterol synthesis

and esterification increased rapidly. Are2 has a significant

preference for ergosterol as a substrate (Zweytick et al.,

2000).

Ribosome biogenesis and cellular import

The expression of RPL33A, involved in ribosome biogenesis

(ribosomal protein L33A of the large 60S subunit), and

ACT1, a gene involved in cytoskeletal functions, was exam-

ined. RPL33A expression slightly increased to reach a max-

imum after 45 min and then declined to lower levels, with an

intermediate tiny peak after 4 h. Finally, ACT1 levels were

also studied and these remained constant during the first

hour. Subsequently, ACT1 expression increased till 5 h and

drastically declined after 8 h below its initial level.

The ribosomal proteins of a yeast cell are encoded by 137

genes that are among the most transcriptionally active in the

genome (Li et al., 1999). Yeast cells regulate ribosome

synthesis and content according to their estimate of the

potential for growth (Ju & Warner, 1994). As yeast cells did

not proliferate during the preoxygenation process (results

not shown), it is evident that expression of RPL33A changed

only slightly during preoxygenation. Indeed, ribosome bio-

genesis gene expressions respond rapidly to changes in the

environment, but they are repressed under conditions of

slow growth (e.g. nonoptimal temperatures, nonfermenta-

ble carbon source or stationary phase) (Levy et al., 2007).

Actin is a structural protein involved in cell polarization,

endocytosis and other cytoskeletal functions. Moreover, the

actin cytoskeleton guides the growth of the yeast cells

(Pruyne & Bretscher, 2000). As for RPL33A, a decrease in

ACT1 expression was expected, although ACT1 transcript

levels increased from 1 till 5 h of preoxygenation and

decreased drastically after 5 h.

Discussion

Yeast oxygenation before fermentation can solve problems

in the brewery, such as fermentation consistency, and

problems with reduced yeast growth during high-gravity

fermentations (i.e. high initial sugar concentrations). In

addition, the yeast preoxygenation process is an excellent

tool to investigate the yeast response to oxygen, because the

interference of other nutrients is very low. Therefore, the

purpose of this study was to determine the impact of

preoxygenation on yeast metabolism and on the oxidative

stress response.

Analysis of the expression profiles of the different genes

showed that the 45 min time-point is important during

preoxygenation. Expression of genes involved in ribosome

biogenesis (RPL33A) and in the stress response showed a

peak at this point; subsequently, transcript levels declined.

From this point, glycogen was also degraded and trehalose

was built up. Furthermore, expression of genes involved in

respiration processes and detoxification processes also

showed a (small) peak and a subsequent decrease, but then

the expression levels increased again, which could point to a

certain adaptation of the yeast cells after 45 min–1 h.

Patterns of gene transcripts demonstrated that transcrip-

tional control was exerted via HAP1, ROX1 and YAP1. In a

study performed by Lai et al. (2006), reoxygenation of

anaerobic cells under nonrepressing conditions (galactose

fermentation) also caused induction of Yap1, Hap1 and

Msn2/4 networks.

Furthermore, the observed accumulation of ergosterol

and UFA during preoxygenation was accompanied by the

expression of ERG1, ERG11 and OLE1.

Despite the literature, OLE1, ERG11, CYC7 and PAU5,

which are known to be repressed in the presence of oxygen

(Pedruzzi et al., 2000; Kwast et al., 2002), were induced

during preoxygenation in this work. In glucose-limited

FEMS Yeast Res 9 (2009) 226–239 c� 2009 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

235The impact of preoxygenation on yeast metabolism

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

syr/article/9/2/226/568736 by guest on 18 M
ay 2023



chemostat cultures, Ter Linde et al. (1999) showed that

ERG11, OLE1 and CYC7 were not upregulated under

anaerobic conditions. As previously suggested by Rosenfeld

& Beauvoit (2003), the regulation of these genes by oxygen

could also interact with other factors, such as carbon source

or cultivation mode. On the other hand, this particular

preoxygenation setup could cause a slow transient adapta-

tion to oxygen, which could explain the induction of these

hypoxic genes.

Interestingly, during preoxygenation, the yeast cells seem

to acquire stress resistance as they accumulate the stress-

protectant trehalose and induce the expression of genes

involved in detoxification processes and stress-responsive

genes. The latter include genes that contain postdiauxic shift

elements in their promoter, such as SSA3, allowing tran-

scriptional control by the transcription factor Gis1, and

genes that contain STRE elements in their promoter, such as

HSP12, which constitute the binding sites for the transcrip-

tion factors Msn2 and Msn4 (Varela et al., 1995; Estruch,

2000; Pedruzzi et al., 2000). Monitoring the expression of

oxidative stress-related genes SOD1, SOD2, CTT1 and CTA1

showed that SOD1, SOD2 and CTT1 gradually increased

during preoxygenation, but CTA1 was only induced during

the first hour. Gibson et al. (2008) stated that the increased

transcription of antioxidant-encoding genes is part of a

concerted increase in stress resistance in stationary-phase

cells, rather than a response to changes in the cell’s oxygen

environment during brewery handling. STRE-regulated

genes (such as HSP12 and CTT1) are also known to be

induced in case of nutrient limitation and ethanol toxicity.

In addition, Yap1 is observed to accumulate in the nucleus

when transferred from a glucose-rich medium to one

containing no carbon source (Wiatrowski & Carlson,

2003). It has also been demonstrated that the increased

tolerance to oxidative stress coincides with a change from a

fermentable to a nonfermentable carbon source (Maris

et al., 2001). Therefore, it remains unclear whether the

induction of stress-related genes during preoxygenation is

due to the addition of oxygen. During the preoxygenation

process, the yeast slurry is also exposed to elevated levels of

ethanol and no fermentable sugars or adequate levels of

assimilable nitrogen are present, and shear stress could

occur as well.

These results and the marginal reduction in viability

during preoxygenation indicate that yeast cells are protect-

ing themselves against the potential (oxidative) stress. Anti-

oxidants, such as superoxide dismutases and catalases, thus

seem to play a role in maintaining cell viability and vitality

in the presence of oxygen. Moreover, the fermentation

performance of preoxygenated yeast cells increases with the

oxygenation time, with a maximum after 5 h of preoxygena-

tion. Ivorra et al. (1999) stated that stress resistance and

fermentation performance are related, and Gibson et al.

(2006) found evidence to suggest a causal link between the

antioxidant potential of brewing yeast strains and fermenta-

tion performance. This would imply that yeast cells do not

experience oxidative stress during preoxygenation or the

balance between ROS production and cell defenses, which

determines the degree of oxidative stress, seems to be in

favor of the cell defense mechanism. Gibson et al. (2008)

stated that stationary-phase cells were less sensitive to stress

than exponential-phase cells. This could explain why yeast

cells during preoxygenation, when yeast cells do not grow,

appear not to be very sensitive to oxygen or other stresses.

On the other hand, it should be noted that preoxygenated

yeast tends to be more sensitive to storage conditions than

untreated cells, but this is probably caused by the decreased

content of the reserve carbohydrate glycogen after preox-

ygenation (Boulton et al., 2000).

Taken together, it can be suggested that yeast populations

during preoxygenation are more resistant to a potential

(oxidative) stress than nonpreoxygenated yeast cells, which

are suddenly exposed to high levels of oxygen in the normal

wort oxygenation process. Indeed, in the latter case, yeast

cells are not only exposed to oxygen but also to high levels of

sugars (e.g. glucose and maltose), which triggers signal

pathways, such as the glucose repression pathway and the

cAMP–PKA pathway. These pathways, in turn, are known to

affect a whole range of different cellular targets (Verstrepen

et al., 2004). High PKA levels (in presence of glucose)

strongly repress the general stress response and also cause

mobilization of trehalose, making yeast cells vulnerable to a

potential exposure to stress.

In conclusion, this study provides evidence that during

preoxygenation, yeast cells seem to acquire stress resistance

as they accumulate the stress-protectant trehalose and

induce the expression of genes involved in detoxification

processes and stress-responsive genes. Moreover, the expo-

sure of yeast cells to oxygen during preoxygenation does not

exert a negative effect on yeast fermentation performance.
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