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ABSTRACT Stationary-phase (SP) batch cultures of Saccharomyces cerevisiae,
in which growth has been arrested by carbon-source depletion, are widely
applied to study chronological lifespan, quiescence and SP-associated robust-
ness. Based on this type of experiments, typically performed under aerobic
conditions, several roles of oxygen in aging have been proposed. However, SP
in anaerobic yeast cultures has not been investigated in detail. Here, we use
the unique capability of S. cerevisiae to grow in the complete absence of oxy-
gen to directly compare SP in aerobic and anaerobic bioreactor cultures. This
comparison revealed strong positive effects of oxygen availability on adenyl-
ate energy charge, longevity and thermotolerance during SP. A low thermo-
tolerance of anaerobic batch cultures was already evident during the expo-
nential growth phase and, in contrast to the situation in aerobic cultures, was
not substantially increased during transition into SP. A combination of physio-
logical and transcriptome analysis showed that the slow post-diauxic growth
phase on ethanol, which precedes SP in aerobic, but not in anaerobic cultures,
endowed cells with the time and resources needed for inducing longevity and
thermotolerance. When combined with literature data on acquisition of lon-
gevity and thermotolerance in retentostat cultures, the present study indi-
cates that the fast transition from glucose excess to SP in anaerobic cultures
precludes acquisition of longevity and thermotolerance. Moreover, this study
demonstrates the importance of a preceding, calorie-restricted conditioning
phase in the acquisition of longevity and stress tolerance in SP yeast cultures,
irrespective of oxygen availability.
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INTRODUCTION

Just like other living organisms, Saccharomyces cerevisiae
cells age and have a finite chronological lifespan. The simi-
larity of cellular processes in S. cerevisiae to those in higher
eukaryotes and its accessibility to a wide range of experi-
mental techniques have made this yeast a popular model
for studying chronological aging of metazoan cells [1,2,3,4].
Chronological aging of S. cerevisiae is typically studied in
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aerobic batch cultures, in which growth arrest and quies-
cence are triggered by exhaustion of the available carbon
sources in the growth medium [5,6]. Survival of individual
yeast cells in such non-growing, stationary-phase (SP) cul-
tures is then taken as a measure for their chronological
lifespan (CLS). Over the past decade, studies on SP yeast
cultures have contributed to our understanding of cellular
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mechanisms involved in aging, and several underlying cel-
lular mechanisms were also found in higher eukaryotes [7].

Calorie restriction has been shown to extend lifespan in
organisms ranging from yeast to man, with studies on
many organisms pointing at an important role of nutrient-
signaling cascades [8]. Turn-over of damaged macromole-
cules, and in particular proteins, has similarly been identi-
fied as a key process in aging in many organisms [9]. A third
universal factor implicated in aging is respiration and, in
particular, the associated formation of reactive oxygen
species (ROS), which has been shown to enhance aging-
related cellular deterioration in many organisms [10].
However, ROS have also been implicated in beneficial ef-
fects. In particular, mild ROS stress has been proposed to
contribute to CLS extension by inducing stress-resistance
genes, a phenomenon known as hormesis [11,12]. Similarly,
increased mitochondrial respiration and ROS production
rates in calorie-restricted yeast cultures have been linked
to CLS extension [13,14,15].

ROS generation is not necessarily the only mechanism
by which respiration and oxygen can affect CLS. In aerobic,
glucose-grown batch cultures of S. cerevisiae, a fast and
predominantly fermentative growth phase on glucose is
followed by a second, respiratory growth phase in which
the fermentation products ethanol and acetate are con-
sumed [16]. This second growth phase, known as post-
diauxic phase, is characterized by slow growth. During the
post-diauxic phase, genes involved in SP are already ex-
pressed at an elevated level, as well as some features asso-
ciated with SP cultures, such as increased stress resistance
[6]. In anaerobic cultures of S. cerevisiae, the absence of
oxygen prevents a respiratory post-diauxic growth phase.
Instead, a phase of fast, fermentative exponential growth
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on glucose is immediately followed by SP, in which mainte-
nance of viability and cellular integrity depends on me-
tabolism of storage compounds. S. cerevisiae cells can con-
tain two types of storage polymers: the storage carbohy-
drates trehalose and glycogen, and fatty acids, which are
mostly stored in the form of di- and triacylglycerol esters
[17,18,19]. In the absence of oxygen, yeast cells cannot
catabolize fatty acids by B-oxidation and, moreover, con-
version of storage carbohydrates via alcoholic fermenta-
tion yields 5-8 fold less ATP than their respiratory dissimila-
tion [20].

Previous studies on the role of respiration in aging were
predominantly based on the use of respiration-deficient S.
cerevisige mutants (e.g. p° strains and other mutants)
[21,22,23,24,25] and respiratory inhibitors [14]. These ap-
proaches, however, have several drawbacks. Firstly, mito-
chondria are not only involved in respiration, but also in
essential anabolic reactions (e.g., assembly of iron-sulfur
complexes, amino acid biosynthesis and long-chain lipid
biosynthesis [26]). Studies on petite or p’ mutants may
therefore cause unwanted ‘side-effects’ resulting from the
absence or inefficiency of mitochondrial processes, rather
than from direct effects of oxygen or respiration on aging.
For example, the absence of mitochondrial DNA influences
crosstalk between these organelles and the nucleus [27].
Furthermore, inhibition of respiration may result in re-
duced ROS levels [14], but can also result in ROS accumula-
tion [28], depending on the intervention chosen. In addi-
tion, ROS may still be produced by other oxygen-
consuming processes in yeast, such as disulfide-bond for-
mation during oxidative protein folding [29].

Surprisingly, while S. cerevisiae is unique among yeasts
and eukaryotes for its ability to grow fast under fully aero-
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FIGURE 1: Chronological life span and thermotolerance of stationary-phase cultures is much lower under anaerobic than under aerobic
conditions. Chronological life span (A): survival expressed as ratio of colony forming units divided by the number of cells plated, during
aerobic and anaerobic SP cultures. Time point zero indicates the onset of SP, which corresponds to exogenous glucose exhaustion in
anaerobic cultures and exhaustion of all exogenous carbon sources including ethanol and organic acids in aerobic cultures. Thermotolerance
(B): loss of viability after sudden exposure of cells from aerobic and anaerobic cultures during early SP to 53°C. Open symbols (0) represent
aerobic cultures, closed symbols (®) anaerobic cultures. Data represent the average and SEM of measurements on independent duplicate

cultures.
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bic as well as strictly anaerobic conditions [30], this ability
has not been used to systematically investigate the impact
of oxygen availability on entry into SP, on longevity and on
robustness. The goal of the present study was therefore to
investigate the impact of oxygen availability on yeast phys-
iology in SP cultures. More specifically, we investigated
whether the post-diauxic phase and respiratory mobiliza-
tion of storage compounds in aerobic cultures affects CLS
and thermotolerance during SP. To this end, aerobic and
anaerobic bioreactor batch cultures of S. cerevisiae were
grown into SP and subjected to detailed physiological and
transcriptome analyses.

RESULTS

Anaerobicity reduces chronological lifespan and stress
resistance in stationary phase cultures

To investigate the impact of oxygen availability on chrono-
logical lifespan in SP cultures of S. cerevisiae, survival kinet-
ics were analyzed during SP in aerobic and anaerobic, glu-
cose-grown bioreactor cultures. In aerobic cultures, the
percentage of cells capable of colony formation on com-
plex-medium agar plates typically decreased to ca. 2% in
the 8 days following onset of SP, i.e. after exhaustion of all
exogenous carbon sources including ethanol and organic
acids (Figure 1A). Viability of anaerobic cultures decreased
much faster, reaching values below 1% within 4.5 days

Anaerobiosis reduces yeast robustness

after the onset of SP, that is after all exogenous glucose
was consumed (Figure 1A).

Increased thermotolerance is a well-documented char-
acteristic of SP cultures of S. cerevisiae [31,32]. Indeed, half
of the cells in samples from aerobic, early-SP cultures sur-
vived a 60-min exposure to 53°C. Notably, up to 20
minutes incubation at 53°C hardly affected viability, sug-
gesting that cells were well capable of repairing heat-
induced damage during this period. In contrast, fewer than
20% of the cells from anaerobic early-SP cultures survived
a 10-min incubation at this temperature (Figure 1B). Im-
plementation of anaerobic conditions during sampling and
heat-shock assays did not significantly affect this difference,
indicating that heat-induced loss of viability was not influ-
enced by exposure of anaerobically grown cells to oxygen
during the assays (data not shown). Furthermore, washing
of cells prior to the heat-shock experiments did not influ-
ence heat-shock resistance, indicating that the presence of
low (< 1 g/L) ethanol concentrations in the assays did not
cause the low thermotolerance of cells from anaerobic SP
cultures.

Oxygen availability strongly affects the transcriptome of
SP cultures

In aerobic yeast cultures, entry into SP is accompanied by a
range of physiological changes that enhance survival in
harsh, nutrient-poor environments [31]. This adaptation

TABLE 1. Functional categories overrepresented among genes with different expression levels in aerobic and anaerobic stationary phase

cultures.

Category description

# of genes in dataset

574 genes with higher expression in aerobic stationary phase cultures

Genes induced in stationary phase [34]

Genes induced by environmental stress response [39]
Fatty acid metabolic process

Fatty acid beta-oxidation

Transmembrane transport

Glyoxylate cycle

878 genes with higher expression in anaerobic stationary phase cultures

Translation

Genes induced by environmental stress response [39]
Mitochondrial translation
Oxidation reduction

Metabolic process

Response to stress

Heme biosynthetic process
Methionine metabolic process
Sulfate assimilation

Porphyrin biosynthetic process
Carbohydrate metabolic process
Glycolysis

Methionine biosynthetic process

# of genes in category P-value®

53 122 1.2 1072
54 281 3.2°10°
13 29 5.4°10"
7 9 2.0 10°

52 303 3.8 10°
6 8 1.7 107

131 345 41 1078
78 281 1.7 10°%
36 81 1.9 10%
74 270 1.6 10°
93 389 2.6 10°
49 161 3.2°10°
10 12 1.6 10"
11 15 3.5 10"
9 11 1.0" 10

8 9 1.4 10°

28 93 4.2°107
14 32 4.6 107
14 32 4.6 107

*Bonferroni-corrected P-value cut-off of 0.05 was used and P-values indicate the probability of finding the same numbers of genes in a
random set of genes. Functional categories are obtained from the Gene Ontology set or, in italic font, directly from literature references.

Details can be found in supplemental table S2.
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coincides with a vast transcriptional reprogramming
[33,34,35] that includes up-regulation of genes involved in
resistance mechanisms to a wide array of stresses. Current-
ly, no transcriptome data are available in the literature on
anaerobic SP cultures of S. cerevisiae.

A transcriptome analysis, performed on culture sam-
ples taken 4 h after the onset of SP, revealed that a quarter
of the yeast genome (1452 genes, Supplemental Table S1)
was differentially expressed (fold-change cut-off of 2.0 and
adjusted P-value below 0.05) in aerobic and anaerobic SP
cultures. Among these genes were several genes known to
be regulated by the heme and oxygen dependent tran-
scription factors Hapl and Rox1 [36,37,38]. Approximately
40% of the differentially expressed genes (574 genes, Sup-
plemental Table S1) were transcribed at higher levels in the
aerobic SP cultures. This gene set showed a strong
overrepresentation of genes involved in fatty acid metabo-
lism and, in particular, in B-oxidation (Table 1). This set of
genes was also strongly enriched for genes that were up-
regulated during SP in previous studies performed in shake
flasks [34] (Table 1). Examples included the SP-genes SPG1,
SPG3, SPG4, SPG5, and SSA3, which encodes a stress-
induced ATPase. Furthermore, a significant number of
genes (54) induced by the environmental stress response
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[39] was expressed at higher levels in aerobic SP cultures
than in their anaerobic counterparts (Table 1).

Most of the genes that were differentially expressed in
aerobic and anaerobic SP cultures (60%, 878 genes, Sup-
plemental Table S1) showed a higher transcript level under
anaerobic conditions. This gene set showed an overrepre-
sentation of genes that were previously shown to be ex-
pressed at high levels in anaerobic yeast cultures and
which were therefore not necessarily related to SP. This
subgroup included genes involved in heme synthesis [38]
and members of the multi-gene seripauperin family [40]
(Table 1 and Supplemental Table S2). Interestingly, a strong
overrepresentation (131 out of 345 genes) was found for
the GO category ‘translation’ (Table 1). This subset includ-
ed many genes encoding cytosolic and mitochondrial ribo-
somal proteins (65 and 24 genes respectively). Further-
more, several genes involved in carbohydrate metabolism,
including glycogen metabolism, were expressed at higher
levels in anaerobic SP cultures (Table 1). Finally, the set of
878 genes with higher expression in anaerobic SP cultures
showed a very strong overrepresentation of genes induced
by the environmental stress response [39].
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T
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05
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FIGURE 2: Utilization of carbohydrate and lipid storage
compounds in aerobic and anaerobic stationary-phase
cultures. Cellular contents of glycogen (A) and trehalose
(B) are shown for the SP of glucose-grown batch cultures
of S. cerevisiae, grown under aerobic (open symbols, o) or
anaerobic (closed symbols, @) conditions. Panel (C) shows
cellular contents of total fatty acids (closed circles, ®),
palmitoleic acid (open circles, 0) and palmitic acid (closed
squares, M) in aerobic SP cultures. Time point zero
indicates the onset of SP, which corresponds to exogenous
glucose exhaustion in anaerobic cultures and exhaustion
of all exogenous carbon sources including ethanol and
organic acids in aerobic cultures. Average and SD or SEM
are shown, calculated from either quadruplicate cultures
(glycogen and trehalose) or duplicate cultures (fatty acids),
respectively.
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Anaerobicity negatively affects the energy status of SP
cultures

Use of oxygen as an electron acceptor for respiration ena-
bles oxidative phosphorylation. As a consequence, ATP
yields on glucose, glycogen and trehalose in respiratory
cultures can be up to ca. 8-fold higher than in anaerobic,
fermentative cultures [20,41]. Furthermore, since anaero-
bic yeast cultures cannot catabolize fatty acids, their use as
energy reserves is restricted to aerobic cultures. To investi-
gate the impact of storage metabolism and energy status
on the short CLS of anaerobic SP cultures, cellular contents
of storage materials and adenylate energy charge (a meas-
ure for the energetic status of living cells [42]) were ana-
lysed in aerobic and anaerobic SP cultures.

In aerobic cultures, intracellular pools of trehalose and
glycogen were depleted within 1 day after entry into SP
(Figure 2A and 2B). Cellular contents of the fatty acids pal-
mitic and palmitoleic acid, also decreased during aerobic
SP, but at a much slower rate than the storage carbohy-
drates and approached 6% of the total fatty acids content.
This level is close to the membrane-associated fatty acid
content previously reported in S. cerevisiae [43], indicating
that yeast cells had exhausted most of their reserve lipids
after 2 days in SP (Figure 2C). Together with the increased
expression of genes involved in B-oxidation in aerobic SP
cultures (Table 1), this observation indicates that aerobic
SP cells use part of their fatty acids as an endogenous car-
bon and energy source. In aerobic cultures, the adenylate
energy charge was 0.70 (+ 0.08) and the intracellular ATP
concentration was 5.45 (+ 0.76) mM at the onset of SP.
These results are in good agreement with published data
[44,45]. In the days after the onset of SP, both parameters
gradually decreased. Two full days after the onset of SP,
the adenylate energy charge was still above 0.25 (Figure 3).

Trehalose and glycogen are the only known carbon and
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energy reserves in anaerobic S. cerevisiae cultures. The
initial trehalose content and utilization profile in anaerobic
SP cultures strongly resembled those observed in aerobic
cultures. The initial glycogen concentration in anaerobic SP
cultures was ca. four-fold higher than in aerobic SP cultures.
Nevertheless, intracellular glycogen was exhausted after 2
days in SP (Figure 2A and 2B). At the onset of SP, intracellu-
lar ATP concentration and adenylate energy charge of an-
aerobic SP cultures were already lower than in aerobic
cultures. Moreover, they decreased to very low levels with-
in half a day after the onset of SP (Figure 3).

Different entry trajectories into SP in aerobic and anaero-
bic cultures

The results described above reveal clear differences in
transcriptome, energy status, thermotolerance and CLS of
aerobic and anaerobic SP cultures. Some of these parame-
ters already differed at the onset of SP, indicating the im-
portance of different ‘entry trajectories’ of aerobic and
anaerobic cultures into SP. A major difference between
aerobic and anaerobic batch cultures is the absence, in the
latter, of a respiratory post-diauxic phase, in which ethanol
and minor fermentation products acetate and glycerol are
consumed. Growth in the post-diauxic phase, in which me-
tabolism is completely respiratory, is slower than during
the preceding glucose phase [46]. In this study, the maxi-
mum specific growth rate of anaerobic cultures (0.31 +
0.01 h™) during the glucose phase was lower than that of
aerobic cultures (0.39 + 0.02 h™, Figure 4). In aerobic cul-
tures, the specific growth rate during the post-diauxic
phase (0.10 + 0.01 h™") was ca. four-fold lower than during
the fast growth phase on glucose. As a consequence, the
specific growth rate in the hours preceding the onset of SP
was ca. three-fold lower in aerobic cultures than in anaer-
obic cultures. To investigate whether the post-diauxic

1.25+
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0.25+ EE s %
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Culture age (h)

FIGURE 3: Intracellular ATP concentration and adenylate energy charge in aerobic and anaerobic stationary-phase cultures. Cellular ATP
content (A) and adenylate energy charge (B) in aerobic (open symbols, o) and anaerobic (closed symbols, ®) cultures. The dashed vertical
line represents glucose exhaustion and the onset of anaerobic SP, the solid vertical line represents ethanol exhaustion and the onset of
aerobic SP. Values are shown as averages of duplicate cultures (+/- SEM).
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FIGURE 4: Growth phases in aerobic and anaerobic batch cultures. Biomass (closed circles, ®), glucose (open circles, o) and ethanol (closed
squares, W) concentration during the different growth phases of aerobic (A) and anaerobic (B) batch cultures of S. cerevisiae. The initial phase
of exponential growth on glucose (ExP), the following post-diauxic phase of slower growth on non-fermentable carbon sources (PD) and final
stationary phase (SP) are indicated. Values shown are from single representative batch cultures, independent replicate cultures yielded
essentially the same results. Vertical lines indicate depletion of glucose (dashed line) and of fermentation products (solid line). Asterisks (*)

indicate time points at which samples were taken for transcriptome analysis.

phase may have ‘conditioned’ aerobic cultures for entry
into SP, analysis of aerobic and anaerobic batch cultures
was extended to include the growth phases that precede
SP.

A much higher thermotolerance in aerobic cultures was
already evident in the exponential growth phase and fur-
ther increased during the post-diauxic phase, to reach a

maximum upon entry into SP (Figure 5). Conversely, ther-
motolerance of anaerobic cultures did not increase during
entry into SP and, consequently, remained much lower
than that of aerobic cultures (Figure 5).

To further compare the different ‘entry trajectories’ in-
to SP of aerobic and anaerobic batch cultures, transcrip-
tome analyses were performed at different time points
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FIGURE 5: Thermotolerance of aerobic and anaerobic cultures during different growth phases. Thermotolerance of cells during different
growth phases of aerobic (black bars) and anaerobic (hatched bars) batch cultures of S. cerevisiae (Figure 4). The white bar depicts the
thermotolerance of S. cerevisiae grown for 8 days in anaerobic retentostats [20]. Thermotolerance was assayed by monitoring viability during
incubation at 53°C and is shown as the incubation time resulting in a 50% decrease in viability (tso) (see Materials and Methods for more
details). The number of independent culture replicates for each of the growth phases is denoted on the x-axis labels.
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during exponential phase, post-diauxic phase (aerobic cul-
tures only) and SP. Genes were grouped in 9 clusters,
based on their time-dependent expression profiles in aero-
bic and anaerobic cultures (Figure 6). A full dataset is avail-
able in Supplemental Data (Tables S3 and S4).

Less than one tenth (126 of 1452) of the genes that
were differentially expressed in aerobic and anaerobic SP
cultures (Table 1) already showed corresponding differ-
ences during the mid-exponential growth phase in aerobic
and anaerobic cultures. For over half (834 of 1452) of the
differentially expressed genes in SP cultures, the differ-
ences rose after glucose exhaustion, i.e. during the post-
diauxic phase in aerobic cultures (Figure 6A, clusters 1-3).
Cluster 1 comprises genes whose expression increased
during the aerobic and anaerobic exponential growth
phases, with a further increase during the aerobic post-
diauxic phase (Figure 6A). Genes involved in fatty acid ca-
tabolism were overrepresented in this cluster, as well as
genes that were previously shown to be induced in aerobic
SP (including SPG1, SPG3, SPG4, SPG5 and Hsp70-family-
member SSA3 [34]) (Figures 6A and 7). Genes in cluster 2
showed similar transcript levels during the aerobic and
anaerobic exponential growth phases on glucose. However,
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FIGURE 6A. See next page for figure 6B and figure legend.
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due to a pronounced decrease in expression during the
post-diauxic phase in aerobic cultures, expression levels
were higher in anaerobic SP cultures than in aerobic SP
cultures. This cluster was markedly enriched for genes in-
volved in amino acid synthesis and translation (Figure 6A),
suggesting that a down-regulation of protein synthesis
occurred during the post-diauxic phase. Cluster 3 com-
prised of genes whose transcript levels increased during
the exponential phase of both aerobic and anaerobic cul-
tures but, subsequently, only decreased in aerobic SP cul-
tures. Cluster 3 showed an overrepresentation of genes
involved in mitochondrial translation and respiration (Fig-
ure 6A).

For 595 of the ‘oxygen-responsive in SP’ genes listed in
Table 1, differences in expression occurred already upon
glucose exhaustion (Figure 6B, cluster 4-8). Genes in Clus-
ter 5, characterized by a specific up-regulation upon entry
into anaerobic SP, showed an overrepresentation of stress-
responsive genes (Figure 6B, cluster 5). Several of these are
known to be specifically expressed under anaerobic condi-
tions (e.g., the cell-wall mannoprotein-encoding gene
DAN4 and members of the seripauperin family [40]), but

Cluster 1 (316 genes)

Functional category #in #in P-value?
cluster category

Fatty acid metabolism 10 29 1.8-10°3

SP-genes [34] 46 122 21107

ESR-induced genes [39] 51 281 17101

Cluster 2 (306 genes)

Functional category #in #in P-value?
cluster category

Translation 89 345 32-10%

rRNA export from nucleus 17 48 92108

Cellular amino acid 22 101 47108

biosynthetic process

ESR-repressed genes 86 563 96102

Cluster 3 (212 genes)

Functional category #in #in P-value?
cluster category

Mitachondrial translation 34 81 25 107

Translation 40 345 49 10*

tRNA aminoacylation for 10 3% 41 107

protein translation

Aerobic respiration 12 71 10 102
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FIGURE 6: Clustering of genes differentially expressed between aerobic and anaerobic SP cultures according to their expression profiles
during the growth phases preceding SP. Genes whose differential expression between aerobic and anaerobic SP cultures originated from
changes after glucose depletion (A). Clusters of genes whose differential expression between aerobic and anaerobic stationary phase
cultures from changes upon glucose exhaustion (B). Each graph presents the expression profiles of genes from aerobic culture (blue lines)
and anaerobic cultures (red lines) in a particular gene cluster. The solid lines represent the average of the mean-normalized expression of all
genes in the cluster. The dashed lines represent the first and third quartile of these mean-normalized expression values, giving information
on the scatter in the expression of genes in the cluster. Asterisks (*) indicate the SP samples from anaerobic and aerobic batches. Vertical
lines indicate glucose exhaustion (dashed line) and carbon exhaustion (solid line, for aerobic cultures only). For each cluster a table reports
the overrepresentation of functional categories, including the number of genes in the cluster belonging to a specific functional category (# in
cluster), the total number of genes in this functional category (# in category), and the *Bonferroni-corrected P-values that indicate the
likelihood of obtaining such enrichment in a random set of genes. Only categories with *Bonferroni-corrected P-value below 0.05 were
deemed significant and presented in the tables. More details can be found in Supplemental Table S3.
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cluster 5 also included heat-shock genes whose expression
is not specifically linked to anoxic conditions (e.g. HSP30
and SSA4). Genes that showed a specific downregulation
during anaerobic SP, but a constant (Figure 6B, cluster 6) or
increased expression in aerobic SP (Figure 6B, clusters 7
and 8) showed an overrepresentation of genes involved in
transcription-related processes and carboxylic acid metab-
olism. The latter of which plays a role in the respiration of
exogenous carboxylic acids during the post-diauxic phase
(Figure 6B, cluster 8). All 23 genes whose transcript levels
were higher under anaerobic conditions, irrespective of the
growth phase (Supplemental Table S4), were previously
described to be upregulated under anaerobic conditions.
The majority (14) of these genes belonged to the seripau-
perin family [40].

Two clusters (Figure 6, cluster 1 and 5) comprised
genes whose transcript levels increased in aerobic as well
as in anaerobic batch cultivation, but to different final lev-
els. These clusters were enriched for genes induced by the
environmental stress response [39]. The extreme differ-
ences in thermotolerance of aerobic and anaerobic SP cul-
tures (Figure 5) were therefore only partially mirrored at
the transcript level, indicating that factors other than tran-
scriptional reprogramming contribute to these differences.

DISCUSSION

This study demonstrates a strong impact of oxygen availa-
bility on chronological lifespan and stress tolerance in SP
batch cultures of S. cerevisiae and, thereby, confirms and
extends earlier observations on its physiology in aerobic
and anaerobic cultures [13,19,47]. The CLS of anaerobically
grown SP cultures was much shorter than that of their aer-
obic counterparts and an even more dramatic difference
was observed for thermotolerance. As will be discussed
below, these differences involved a different conditioning
of aerobic and aerobic cultures during the growth phases
preceding SP, as well as energetic constraints imposed on
yeast cells in anaerobic SP cultures.

The post-diauxic growth phase enables transcriptional
conditioning of aerobic yeast cultures for stationary
phase

Our transcriptome data revealed that 57% of the transcrip-
tional differences between aerobic and anaerobic SP cul-
tures originated from transcriptional reprogramming dur-
ing the aerobic post-diauxic growth phase. Although sever-
al well-known hallmark transcripts of SP cultures, previous-
ly identified in (semi-) aerobic shake-flask cultures, such as
SPG4, SPG5 and SSA3 [34], showed increased levels in an-
aerobic SP cultures, their levels did not reach those ob-
served in aerobic cultures (Figure 7). Moreover, many
genes involved in biosynthesis were strongly down-
regulated during the aerobic post-diauxic phase and SP,
but retained expression levels close to those in the expo-
nential growth phase in anaerobic cultures (Figure 6).
These transcriptome data are consistent with the hypothe-
sis that the post-diauxic phase in aerobic cultures condi-
tions cells for entry into SP and that, conversely, absence
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FIGURE 7: Expression levels of the SP-associated genes SSA3,
SPG4 and SPG5 during different growth phases in aerobic and
anaerobic batch cultures. The mean-normalized expression
values during exponential growth on glucose phase (ExP), post-
diauxic growth phase (PD, only aerobic cultures) and stationary
phase (SP, i.e. 4 hours after exhaustion of exogenous consumable
carbon-sources) in aerobic (black bars) and anaerobic (white
bars) cultures of S. cerevisiae of the genes SSA3, SPG4 and SPG5.
Average values of duplicate cultures are shown (£ SEM).

of a post-diauxic phase prevents anaerobic batch cultures
from adequately adapting to SP and starvation.

Hormesis could potentially explain the difference in ro-
bustness between aerobic and anaerobic cultures. Indeed
respiration can generate low levels of ROS and thereby
induce stress tolerance via increased expression of stress
tolerance genes [13,21]. However, among a set of 22 genes
encoding enzymes involved in ROS-protective mechanisms
[48], including the superoxide dismutase genes SOD1 and
S0D2, whose expression is strongly upregulated during
exposure to ROS [13,39], only the peroxisomal catalase
CTA1 was higher expressed in aerobic SP cultures. These
findings argue against a dominant role of ROS-based
hormesis in the acquisition of increased robustness by aer-
obic SP cultures.

Caloric restriction: a key factor in conditioning yeast cells
for stationary phase and starvation

Thermotolerance is negatively correlated with specific
growth rate in S. cerevisiae as Lu et al. (2009) demonstrat-
ed in nutrient-limited chemostat cultures [49]. Although
these authors did not evaluate the impact of specific
growth rate on CLS nor investigate anaerobic growth, they
showed that the negative correlation between thermotol-
erance and growth rate also held in a respiratory-deficient
S. cerevisiae strain [49]. Our data are fully consistent with
the hypothesis that the strong reduction of specific growth
rate (from 0.39 to 0.10 h™) during transition from fast ex-
ponential growth on glucose to the post-diauxic phase in
aerobic batch cultures could similarly trigger increased
thermotolerance and extended CLS during the starvation
phase. We have also recently shown that a gradual de-
crease of the specific growth rate to near-zero values in
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glucose-limited retentostats [50] yielded yeast cells with a
thermotolerance that is as high as that of aerobic SP cul-
tures (Figure 5), and with an even longer CLS during subse-
quent starvation [20]. The transcriptional reprogramming
observed in these anaerobic severely calorie-restricted
cultures [51] strongly resembled the transcriptome chang-
es observed in the present study for aerobic cultures enter-
ing SP and proteome analysis showed increased levels of
proteins involved in stress resistance [52]. Deletion of
Rim15, a kinase under control of several nutrient signaling
pathways [53], strongly reduced the acquisition of robust-
ness in both anaerobic and aerobic calorie-restricted cul-
tures [54,55], suggesting a strong role for nutrient signaling
independent of oxygen availability.

The present study, combined with our previous reten-
tostat studies, therefore clearly demonstrates that prior
conditioning by a period of caloric restriction (e.g. by slow
growth during the aerobic post-diauxic phase or in ex-
tremely glucose-limited cultures) is a prerequisite for ac-
quisition of a prolonged CLS by non-growing, starving cul-
tures of S. cerevisiae. This conclusion, which supports ear-
lier proposals based on starvation experiments by Thoms-
son et al. [47,56], has important implications for the design
and interpretation of yeast studies on chronological aging,
for example when such studies involve mutants that are
impeded in energy metabolism.

The low thermotolerance of exponentially growing an-
aerobic cultures does not correlate with expression of
heat shock genes

Although both aerobic and anaerobic, non-growing yeast
cultures can acquire a similar thermotolerance by an ap-
propriate preceding conditioning phase, a drastic differ-
ence was observed in the thermotolerance of exponential-
ly growing aerobic and anaerobic cultures (Figure 5). The
similar adenylate energy charge and intracellular ATP con-
centrations of aerobic and anaerobic cultures during expo-
nential growth on glucose appear to rule out cellular ener-
gy status as a major cause of this difference. Since the high
temperature (53°C) during the thermotolerance assays
precludes de novo synthesis of mRNA or protein synthesis
[57], this difference must already be expressed in the batch
cultures themselves. Transcript levels of genes that were
previously implicated in heat-shock resistance (including
HSP genes [58] such as HSP104 [59], HSP26 [60], HSP12
[61], SSA3 [62]) were similar during the exponential growth
phase on glucose in aerobic and anaerobic cultures. More-
over, of 59 genes identified as essential for heat-shock
survival by Gibney and coworkers [57], only one gene was
differentially expressed, LIA1, and showed a higher tran-
script level in anaerobic cultures.

Oxygen availability strongly influences sterol and un-
saturated fatty acid composition of yeast cells [19], espe-
cially because these compounds have to be added to
growth media as anaerobic growth factors [43]. These dif-
ferences in membrane composition might partially explain
the observed differences in thermotolerance between aer-
obically and anaerobically grown S. cerevisiae cells. The
hypothesis that membrane composition is a key determi-
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nant in thermotolerance of S. cerevisiae [63,64] is con-
sistent with a recent study, in which the acquisition of in-
creased thermotolerance by laboratory-evolved strains
was shown to be caused by changes in their sterol compo-
sition [65].

A low energy status of anaerobic SP cultures limits meta-
bolic flexibility

Consistent with earlier reports [19,66], anaerobic batch
cultures of S. cerevisiae displayed a substantially higher
glycogen content than aerobic cultures. However, after the
onset of SP, anaerobic cultures showed a much faster de-
crease of the adenylate energy charge. This difference can
be attributed to several factors. Firstly, since S. cerevisiae
cannot derive metabolic energy from lipids and amino ac-
ids in the absence of oxygen [67], anaerobic cultures are
entirely dependent on glycogen and trehalose as energy
storage compounds and anaerobic catabolism of these
storage carbohydrates yields less ATP than respiration. The
estimated ATP synthesis rate from anaerobic glycogen dis-
similation of ca. 5 umol per g biomass dry weight per hour
during the first day in SP (based on a maximum ATP yield of
3 ATP per glucose residue [20]), was two orders of magni-
tude lower than the cellular ATP demand for maintenance
estimated from chemostat and retentostat cultures (mum =
1 mmol ATP per g biomass dry weight per hour [50]). A
similar extreme reduction of ATP turnover rates was ob-
served when anaerobic retentostat cultures were switched
to carbon starvation [20]. Together, these observations
indicate that an extremely low ATP turnover is an intrinsic
feature of anaerobic, starving yeast cultures. In addition to
this extreme low ATP-turnover, it is even conceivable that
the apparent inability of anaerobic batch cultures to effi-
ciently down-regulate energy-consuming processes, includ-
ing protein synthesis, the single most expensive biosyn-
thetic process in living cells [68,69], may have exacerbated
the fast decline of their energy status after entry into SP
(Figure 3).

The low energy status of cells may at the same time
have put strong constraints on these energy consuming
processes. Proteome analyses should reveal whether the
increased transcription of HSP genes, implicated in thermo-
tolerance, which took place late in the exponential growth
phase (Figure 6), was too late to enable synthesis of the
corresponding proteins before the decline in cellular ener-
gy status in anaerobic SP cultures. Such a scenario would
explain the discrepancy between the oxygen-independent
upregulation of these genes (with notable exception of
SSA3) and the absence of increased thermotolerance in
anaerobic SP cultures.

Taken together, the results from the present study in-
dicate that, in the short time lapse between the moment at
which anaerobic cultures sense that glucose reaches criti-
cally low levels and the actual exhaustion of glucose, they
lack the time and resources to perform the energy-
intensive remodeling of their transcriptome and proteome
required to robustly face starvation. Our data are therefore
entirely consistent with the notion that the low CLS and
thermotolerance of anaerobic SP cultures, in comparison
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with aerobic cultures, is due to the absence of a proper
conditioning phase and a limited metabolic flexibility due
to a lower cellular energy status.

Outlook

Many studies in which SP yeast cultures are used as a
model system to investigate aspects of aging, still rely on
shake-flask cultures. Due to their low and poorly controlled
oxygen-transfer capacity, the aeration status of shake-flask
cultures is generally unclear. The strong impact of oxygen
availability on aging-related characteristics [14] underlines
the value of controlled cultivation techniques, e.g. in bio-
reactors, including batch, chemostat and retentostat cul-
tures [50,70,71,72] or flow-through cells [73], in yeast-
based aging studies. In particular, the use of anaerobic
cultures as a model offers interesting possibilities to clarify
the role of respiration and ROS in aging, apoptosis and
longevity.

The short life span and low robustness of anaerobic SP
cultures of S. cerevisiae is directly relevant for industrial
applications. Robustness of SP cultures is especially im-
portant for processes in which biomass from anaerobic
batch cultures is recycled, e.g. in industrial bioethanol pro-
duction and beer brewing [74,75]. Clearly, results from
(semi-)aerobic shake-flask cultures cannot be used to pre-
dict the performance of such anaerobic processes and im-
provement of robustness in these industrial processes will
have to be based on studies in anaerobic systems.

Saccharomyces yeasts have the capability, rare among
eukaryotes, to grow fast in the complete absence of oxy-
gen and it is often assumed that they are well adapted to
anaerobic environments [30,76,77]. While the natural hab-
itat of S. cerevisiae is still a matter of debate [77], lower
biomass concentrations frequently encountered in natural
environments combined with the low affinity of yeast
glucose transporters [78] may lead to a transition into SP
that is sufficiently slow to enable acquisition of longevity
and robustness under anaerobic conditions. Further re-
search is therefore needed to investigate the ecological
relevance of this laboratory study.

MATERIALS AND METHODS
Strains and cultivation
The prototrophic Saccharomyces cerevisiae strain CEN.PK113-
7D (MATa MAL2-8c SUC2) used in this study is a congenic
member of the CEN.PK family [79,80]. Stock cultures were
grown at 30°C in shake flasks containing yeast extract (1%
w/v), peptone (2% w/v) and dextrose (2% w/v) (YPD) medium.
Glycerol, final concentration 20% (v/v), was added to over-
night cultures and 1 mL aliquots were stored at -80°C.
Previously described synthetic medium [81] was used with
20 g/L glucose as sole carbon-source and 0.2 g/L antifoam
Emulsion C (Sigma, St. Louise, USA). In case of anaerobic culti-
vations, the medium was supplemented with anaerobic
growth factors ergosterol (10 mg/L) and Tween 80 (420 mg/L)
dissolved in ethanol. Inocula for batch fermentations consist-
ed of 100 mL yeast culture grown overnight to an ODgg, of 4 in
synthetic medium with 20 g/L glucose. Aerobic and anaerobic
batch fermentations were carried out at 30°C in 2 L bioreac-
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tors (Applikon, Schiedam, The Netherlands), with a working
volume of 1.4 L. Cultures were stirred at 800 rpm and sparged
at a flow-rate of 700 mL/min with either dried air or nitrogen
gas (< 10 ppm oxygen, Linde Gas Benelux, The Netherlands).
The bioreactors were equipped with Norprene tubing (Saint-
Gobain Performance Plastics, Courbevoie, France) and Viton
O-rings (Eriks, Alkmaar, The Netherlands) to minimize diffu-
sion of oxygen. During aerobic cultivations, dissolved oxygen
levels remained above 40% of the initial saturation level as
measured by Clark electrodes (Mettler Toledo, Greifensee,
Switzerland). The culture pH was maintained at 5.0 by auto-
matic addition of 2 M KOH and 2 M H,SO,.

Analysis of biomass, metabolites, substrate and exhaust gas
Biomass concentration as culture dry weight was determined
as described previously [82].

For substrate and extracellular metabolite concentration
determination, culture supernatants were obtained by cen-
trifugation of culture samples (3 min at 20.000 g) and analysed
by high-performance liquid chromatograph (HPLC) analysis on
a Waters Alliance 2690 HPLC (Waters, Milford, MA) equipped
with a Bio-Rad HPX 87H ion exchange column (BioRad,
Veenendaal, The Netherlands), operated at 60°C with 5 mM
H,S0, as the mobile phase at a flow rate of 0.6 ml/min. Detec-
tion was by means of a dual-wavelength absorbance detector
(Waters 2487) and a refractive index detector (Waters 2410).

The exhaust gas from batch cultures was cooled with a
condenser (2°C) and dried with a PermaPure Dryer (model MD
110-8P-4; Inacom Instruments, Veenendaal, the Netherlands)
prior to online analysis of carbon dioxide and oxygen with a
Rosemount NGA 2000 Analyser (Baar, Switzerland).

Colony forming units

To determine culture viability, small aliquots of culture broth
were taken from the reactor and cells were counted on a 72
Coulter Counter (Beckman Coulter, Woerden, Netherlands)
equipped with a 50 um orifice (Multisizer I, Beckman Coulter,
Woerden, Netherlands). Cells were diluted in 0.1% peptone
and 100 pL suspensions containing approximately 30, 300 and
3000 cells were plated on yeast extract (1% w/v), peptone (2%
w/v) and dextrose (0.5% w/v)) (YPD) agar plates and incubated
at 30°C for at least 3 days before counting the colonies. CFU
was calculated as the number of colonies formed divided by
the number of plated cells.

Thermotolerance assay

Cells from culture broth were counted with a Z2 Coulter Coun-
ter and diluted in pre-warmed (53°C) isotone diluent Il (Beck-
man Coulter, Woerden, Netherlands) to yield 50 mL cell sus-
pensions with a density of 1-10” cells/mL. Cell suspensions
were incubated in a waterbath at 53°C and 4 mL aliquots were
sampled in 10 min intervals. Samples were cooled on ice and
assayed for viability using the Fungalight 5-CFDA, AM (ace-
toxymethyl ester 5-carboxyfluorescein diacetate)/propidum
iodide (Pl) yeast viability kit (Invitrogen, Carlsbrad, CA) by
counting 10,000 cells on a Cell Lab Quanta SC MPL flow cy-
tometer (Beckman Coulter, Woerden, Netherlands) as de-
scribed previously [20]. 5-CFDA, AM is a cell-permeant sub-
strate for intracellular non-specific esterase activity. Hydrolytic
cleavage of the lipophilic blocking acetoxymethyl and diace-
tate groups of 5-CFDA, AM results in a green fluorescent signal
in metabolically active cells. Propidium iodide intercalates
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with DNA in cells with a compromised cell membrane, which
results in red fluorescence. Cells stained with PI were consid-
ered dead cells. For each independent sample, the ts, value
(the time after which 50% of the initial viable population was
dead) was estimated by fitting the viability data with a sig-
moidal dose-response curve in Graphpad Prism 4.03. Both
measurements of viability, i.e. metabolic activity based on 5-
CFDA, AM and membrane integrity based on Pl gave similar
tso-values, therefore only results based on Pl are shown.

Storage carbohydrate measurements

1.2 mL culture broth was quenched in 5 mL of cold methanol
(-40°C) using a rapid sampling setup described previously [83],
mixed and subsequently pelleted (4,400 g, 5 min) at -19°C.
Cells were washed with 5 mL of cold methanol (-40°C) and
pellets stored at -80°C. Pellets were resuspended in Na,CO3
(0.25 M) and further processed according to a previously
described procedure [84].

Fatty acids measurements

Culture volumes corresponding to 50 mg biomass were sam-
pled on ice, centrifuged (10,000 g, 10 min at 4°C), washed
twice, resuspended in 5 ml ice-cold water and stored at -20°C.
Lipid extraction was performed as described previously [85].
Aliquots of 0.15 mL were added to 15 mL tubes and 1.5 mL of
a mixture of concentrated HCl and 1-propanol (1:4) and 1.5 mL
of dichlorethane were added. 400 pg of myristic acid (a 15:0
fatty acid) was included as internal standard. Samples were
incubated at 100°C for 2 h. Subsequently, 3 mL of water was
added to cooled samples. 1 mL of the organic phase was fil-
tered over water-free sodium sulfate into GC vials. The fatty
acid propyl esters in the organic phase were analyzed by gas
chromatography (model 6890N, Agilent, U.S.A.) using a DB-
wax column (length, 30 m; inside diameter, 0.25 mm; film
thickness, 0.25 um; J&W Scientific, Folsom, CA) and helium as
the carrier gas. The sample volume was 1 pL, and the split was
set to 1:20. The injection temperature was 230°C, and the
following temperature gradient was used: 120°C at the start,
increasing at a rate of 10°C/min up to 240°C, and then 240°C
for 8 min. The fatty acid propyl esters were detected using a
flame ionization detector at 250°C.

Analysis of intracellular adenosine-phosphate concentrations
Samples for internal metabolite analysis were obtained by
rapid sampling [83]. 1.2 mL of culture broth was rapidly
quenched into 5 mL of 100% methanol, pre-cooled to -40°C.
Samples were washed with cold methanol and extracted with
boiling ethanol. Intracellular AMP and ADP were determined
enzymatically, using a previously described assay based on
myokinase, pyruvate kinase and lactate dehydrogenase reac-
tions [86]. Assays were performed in white, flat bottom 96-
well microtiter plates (Corning Inc., USA). NADH fluorescence
was measured in a TECAN GENios Pro microtiterplate reader
(Tecan, Ménnedorf, Switzerland) as previously described [83].
Intracellular ATP was also assessed enzymatically. The assay
contained 115 mM triethanolamine (pH 7.6), 11.5 mM
MgSO,x7H,0, 1.15 mM NADP" per well including sample ex-
tract, total volume was 205 pL per well. The reaction to meas-
ure ATP was initiated by adding 12 mM glucose and 30 U
hexokinase (Sigma-Aldrich Chemie B.V, Zwijndrecht, The
Netherlands). Assays were performed in black, flat bottom 96-
well microtiter plates (Corning Inc., USA). NADPH fluorescence

OPEN ACCESS | www.microbialcell.com 440

Anaerobiosis reduces yeast robustness

was measured in a TECAN GENios Pro microtiterplate reader.
The adenylate energy charge was calculated according to the
previously described [42] equation:

([ATP] + 0.5[ADP])
([ATP] + [ADP] + [AMP])

EC=

Transcriptome analysis

Independent duplicate aerobic and anaerobic batch cultures
were sampled at six and four different time points respectively
(see Figure 4A and 4B) for microarray analysis, resulting in a
total dataset of 20 microarrays. Sampling from batch cultures
for transcriptome analysis was performed using liquid nitro-
gen for rapid quenching of mRNA turnover [87]. Prior to RNA
extraction, samples were stored in a mixture of phe-
nol/chloroform and TEA buffer at -80°C. Total RNA extraction,
isolation of mMRNA, cDNA synthesis, cRNA synthesis, labelling
and array hybridization was performed as previously de-
scribed [88]. The quality of total RNA, cDNA, aRNA and frag-
mented aRNA was checked using an Agilent Bioanalyzer 2100
(Agilent Technologies, Santa Clara, CA). Hybridization of la-
belled fragmented aRNA to the microarrays and staining,
washing and scanning of the microarrays was performed ac-
cording to Affymetrix instructions (EukGE_WS2v5).

The 6383 yeast open reading frames were extracted from
the 9335 transcript features on the YG-S98 microarrays. To
allow comparison, all expression data were normalized to a
target value of 240 using the average signal from all gene fea-
tures [89]. The microarray data used in this study are available
via GEO series accession number GSE69485. To eliminate vari-
ation in genes that are not expressed, genes with expression
values below 12 were set to 12 and the gene features for
which the maximum expression was below 20 for all 20 arrays
were discarded [51]. The average deviation of the mean tran-
script data of replicate batches was ca. 11%, similar to the
reproducibility usually observed in replicate steady state che-
mostat cultures [90]. The expression of housekeeping genes
ACT1, PDA1, TFC1, ALGSY, TAF10 and UBC6 [91] remained sta-
ble for both conditions and all sample points (average coeffi-
cient of variation 17% + 5%).

To identify genes that were differentially expressed be-
tween aerobic and anaerobic SP cultures, a pairwise compari-
son was performed between aerobic samples taken at time
point 6 (Figure 4A) and anaerobic samples taken at time point
4 (Figure 4B) as previously described [89]. Similarly, genes
differently expressed during growth on glucose under aerobic
or anaerobic conditions were identified through a pairwise
comparison of aerobic and anaerobic samples taken at time
point 1 (Figure 4A and 4B). Differences with adjusted P-values
lower than 0.05 and a fold difference of 2 or higher were con-
sidered statistically significant. Time-dependent expression
profiles of selected genes were clustered according to optimal
k-means clustering using positive correlation as distance met-
ric (Expressionist Pro version 3.1, Genedata, Basel, Switzer-
land) resulting in an optimal number of 9 clusters. For display
of time-dependent transcript levels, expression values were
normalized per gene by dividing single expression values by
the average expression value of both conditions and all time
points. Mean values of these average-normalized values for all
genes in each cluster are shown, as well as the first and third
quartile of average-normalized values.
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Gene expression clusters were analysed for overrepresen-
tation of functional annotation categories of the Gene Ontolo-
gy (GO) database (http://www.geneontology.org/), based on a
hypergeometric distribution analysis tool [92]. Additional cat-
egories describing genes expressed in SP cultures [34], genes
commonly induced by several environmental stresses [39] or
essential for heat-shock survival [57] were extracted from the
respective references.
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