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Response of Saccharomyces cerevisiae to Stress-Free Acidification
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Genome-wide transcriptional analysis of a Saccharomyces cerevisiae batch culture revealed that more than
829 genes were regulated in response to an environmental shift from pH 6 to pH 3 by added sulfuric acid.
This shift in pH was not detrimental to the rate of growth compared to a control culture that was main-
tained at pH 6 and the transcriptional changes most strikingly implicated not up- but down-regulation of
stress responses. In addition, the transcriptional changes upon acid addition indicated remodeling of the
cell wall and central carbon metabolism. The overall trend of changes was similar for the pH-shift experi-
ment and the pH 6 control. However, the changes in the pH 6 control were much weaker and occurred
2.5 h later than in the pH-shift experiment. Thus, the reaction to the steep pH decrease was an immediate
response within the normal repertoire of adaptation shown in later stages of fermentation at pH 6.
Artificially preventing the yeast from acidifying the medium may be considered physiologically stressful

under the tested conditions.
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Saccharomyces cerevisiae is used in the food and biotech-
nology industries and naturally acidifies its environment
while maintaining the intracellular pH around neutral. Never-
theless, stress responses have been observed when yeast
were artificially exposed to weak organic acids like acetic,
lactic, succinic or citric acid (Causton et al., 2001; Lawrence
et al., 2004; Kawahata et al., 2006), food preservatives such
as sorbic acid (Schuller et al., 2004) or when the pH was
lowered by addition of hydrochloric acid (Kawahata et al.,
2006). Responses to acidification that were highlighted by
these authors included, for example, decreased growth, a
global Msn2/Msn4 induced transcriptional change that is
observed upon many environmental challenges, down-regula-
tion of ribosome synthesis, up-regulation of an ATP-depen-
dant efflux pump encoded by PDRI2, up-regulation of intra-
cellular metal metabolism genes under the control of Aftlp,
and cell wall remodelling. These studies help to understand
how yeast cells adapt to and survive stressful changes in the
environment.

Scientific studies and commercial bioprocesses are often
conducted under firmly controlled conditions including the
control of pH at a constant value. However, our group
found that the production of the biocatalyst pyruvate de-
carboxylase increased 2.7-fold when the pH control was
switched off after 13 h cultivation, allowing Candida utilis
to naturally acidify the fermentation broth from pH 6 to
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pH 2.9 (Chen et al, 2005). A similar result was obtained
when the pH was abruptly lowered from pH 6 to pH 3 by
the addition of sulfuric acid. In contrast, cultivation at con-
stant pH 3, 4, 5, or 6 did not result in such improved en-
zyme production. Thus, the transitional pH change rather
than the absolute pH value was responsible.

The effect of physiologically stressful acidification treat-
ments on yeast cells has been well characterised, particu-
larly for Saccharomyces cerevisiae (Causton et al, 2001,
Piper et al, 2001; Kawahata et al, 2006). In such studies,
treatment conditions are intended to be physiological chal-
lenges and usually result in impaired growth rates (e.g.
Kawahata et al., 2006). However, in both cases of acidifica-
tion for C. utilis described in our previous publication (Chen
et al., 2005), the rates of cellular growth and glucose consum-
ption remained mostly unaffected, as would be preferred
for many industrial bioproccesses. Thus, these acidification
conditions did not appear to be very stressful.

In order to better characterise the response of yeast to
acidification under favourable growth conditions, the present
study investigated the genome-wide transcriptional response
to a shift from pH 6 to pH 3. S. cerevisiae was chosen as
a model organism rather than C. utilis since it is used in
many commercial processes, and because of the availability
of extensive S. cerevisiae microarray resources and pub-
lished studies for comparison.

Materials and Methods

Cultivation conditions and metabolite assays
Pre-seed cultures of Saccharomyces cerevisiae strain Y-156
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(ATCC 2389) were grown in an orbital shaker at 30°C and
250 rpm in 500 ml baffled Erlenmeyer flasks with 25 ml
defined medium containing 20 g/L glucose, 5 g/L ammo-
nium sulfate, 1.7 g/L yeast nitrogen base without amino
acids (YNB) (Difco) and 200 mM 2-[N-morpholino]ethane-
sulfonic acid (MES) at pH 6.0. Seed cultures were grown
as for the pre-seed culture, but in 50 ml defined medium.
Three hundred mililiters of the exponentially growing seed
culture was transferred to a 5 L bioreactor with a working
volume of 3 L. The bioreactor cultivation medium had higher
glucose, ammonium sulfate, and YNB concentrations (100
¢/L, 10 g/L, and 8.5 g/L, respectively) and was not buffered
with MES. Temperature, aeration, and stirrer speed were
maintained at 30°C, 0.1 vwvm and 300 rpm. The dissolved
oxygen concentration remained above 45% air saturation
throughout the cultivation. Since S. cerevisiae is a Crabtree-
effect positive yeast, the high glucose concentration would
have suppressed respiratory metabolism. The pH was con-
trolled by the addition of 5 M sodium hydroxide or 5 M
sulfuric acid. For the control experiment, the pH was main-
tained at 6.0. For the ‘pH 3 shift’ experiment, the pH was
maintained at 6.0 until approximately 20 g/L. glucose were
consumed (10 h). The culture pH was then decreased to 3.0.
Analysis of metabolites, dry cell mass (DCM) and prepara-
tion of cells for enzyme activity were carried out according
to Chen et al. (2005). Pyruvate decarboxylase activity of per-
meabilized cells was determined as the rate of phenylacetyl
carbinol formation from pyruvate and benzaldehyde, as de-
scribed in Rosche et al. (2002).

Cell harvesting and RNA extraction

Samples were harvested from both the constant pH 6 and
the pH 3 shift cultures after 10 h of growth (microarray
time point zero) and then at 20, 40, 60, 90, 115, 180, and
240 min after time point zero. Cells from 40 ml of culture
were collected by centrifugation, washed with sodium acetate
buffer (50 mM sodium acetate, 10 mM EDTA, pH 5.5) and
frozen at -80°C. Total RNA was extracted using the AE-
phenol procedure described in Schmitt et al. (1990). This
was followed by on-column DNase I digestion and clean-up
using an RNeasy kit from QIAGEN (Australia). RNA pu-
rity and integrity were checked by UV spectrophotometry
and denaturing agarose-gel electrophoresis.

cDNA labeling and microarray hybridization

Spotted oligonucleotide microarrays were obtained from the
Ramaciotti Centre for Gene Function Analysis (University
of New South Wales, Sydney, Australia). These carried
40-mer oligonucleotide probes to 6,250 S. cerevisiae open
reading frames (MWG Biotech, Germany) printed in dupli-
cate on epoxy-coated glass microarray slides (Eppendorf,
Germany). RNA labeling and hybridization were carried out
as described in Gelling et al. (2004). Two-colour labelling
was used, with all samples from each cultivation being co-
hybridised against one pooled time-zero reference sample
from the same cultivation. Each slide was prepared in at
least duplicate, using reciprocal or ‘dye-swap’ labeling.

Microarray data collection and analysis
The microarray slide image was obtained and processed using
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GenePix Pro 6.1 software (Axon Instruments). The signal
of a gene was deemed present if the signal intensity of the
spot was above the background and there was no artefact
associated with the spot. The processed data were then
normalized and statistically analysed using GeneSpring 7.1
software (Silicon Genetics, USA). Fluorescence intensities
were normalized by the LOWESS method and Welch’s analy-
sis of variance (with a Benjamini-Hochberg multiple testing
correction) was applied in order to determine which genes
showed significantly changed expression during either time
course (Supplementary data Table 1).

829 genes showed a significant change in expression rela-
tive to zero time in either or both of the cultivations with
an estimated 3% false discovery rate. The average expre-
ssion data for these genes was then hierarchically clustered
using the programme Cluster 3.0 (Eisen et al, 1998) using
single linkage clustering of the centered Pearson’s correla-
tion co-efficient. The output of a 6X6 self-organising map
was used to determine leaf order of the dendrogram.

In order to compare the data to two other studies (Causton
et al., 2001; Kawahata et al., 2006), the data sets were com-
bined in Genespring 7.1. Since replicate values were not
available for the data in Kawahata et al. (2006), expression
data from those genes that showed a change greater than
1.5-fold in any experiment were selected as representative
of statistically significant changes. Clustering was performed
as above, except an 8x8 self-organising map was used for
leaf order determination. Groups of co-expressed genes from
selected dendrogram nodes were analysed using the FunSpec
web server (Robinson et al., 2002), which uses the hypergeo-
metric distribution to determine whether any functional anno-
tations are statistically over-represented amongst a group of
genes. The reader should refer to the SGD database (www.
yeastgenome.org) for gene specific information when refer-
ences are not cited in the text. The microarray data asso-
ciated with this paper has been deposited with the EMBL/
EBI ArrayExpress database, under the accession E-MEXP-
1602 (http://www.ebi.ac.uk/microarray-as/ae).

Results

Pyruvate decarboxylase activity and glucose consump-
tion increased following a shift from external pH 6 to
H 3
gwo S. cerevisiae cultivations were performed in parallel in
medium containing 100 g/L glucose. In the first experiment,
the pH was maintained at pH 6 throughout the experiment,
and in the second the pH was maintained at pH 6 for the
first 10 h of cultivation and was then adjusted to pH 3 with
sulfuric acid and maintained at that pH for the remainder of
the experiment (referred to as the pH 3 shift experiment).
Figure 1A~C shows the growth profile of the pH 6 experi-
ment, which reached final concentrations of 36.1 g/L ethanol,
13.1 g/L glycerol, and 7.0 g DCM/L biomass after 21 h. In
the pH 3 shift experiment (Fig. 1D~F), similar final con-
centrations were reached (37.4 g/L ethanol, 10.5 g/L glycerol,
and 6.6 g DCM/L biomass) some 3 h earlier. Accordingly,
the rates of glucose consumption, ethanol production and
increase in biomass over the 4 h following acid addition
were statistically significantly higher in the pH 3 shift ex-
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Fig. 1. S. cerevisiae cultivation profiles at pH 6 (A~C) and at pH 6 with a shift to pH 3 after 10 h (D~F). (A) and (D), Growth profile:
(o) glucose, (m) cell concentration, and (e) ethanol. (B) and (E), Fermentation by-products: (o) glycerol and (A) pyruvic acid. (C) and
(F), Pyruvate decarboxylase (PDC) production: (0) volumetric PDC activity, and (o) specific PDC activity. All data are the average of du-
plicate measurements.

periment than in the equivalent period of the pH 6 experi- the Figures by performing the biomass correction was too
ment (Table 1). The average specific rates of glucose con- high to draw firm conclusions from this. Thus it is not clear
sumption (i.e. per g biomass) were 1.9 g/g/h+0.58 at pH 6 whether the observed increase in cell growth in the pH 3
and 2.6 g/g/h+0.57 in the pH 3 shift experiment (£95% shift experiment was sufficient to explain the increased rate
confidence intervals), although the variance introduced into of volumetric glucose consumption.

Table 1. Rates of cell growth and product formation

pH 6 experiment” pH 3 shift experiment” P-value”
Biomass accumulation rate (g/L/h) 0.441 0.640 7.7%10*
Glucose consumption rate (g/L/h) 7.16 9.60 4.3x107
Ethanol accumulation rate (g/L/h) 2.63 3.64 8.8x10™
Glycerol accumulation rate (g/L/h) 0.933 0.930 0.94

* calculated by linear regression over the data points between 10 h and 14 h of the time-course
" estimated probability that the slopes of the regression lines obtained from the two experiments would differ by the observed amount by chance
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Fig. 2. Cluster analyses of gene expression following acidification of the growth medium. Color intensity is proportional to the log.
fold-change compared to the zero time sample or control. (A) Clustered expression data from cells maintained at pH 6 and those shifted
from pH 6 to pH 3. Only data for those genes with statistically significant expression changes are shown. (B) Clustered expression data
from experiments in (A) in combination with other published data. The succinic acid data is from Causton et al. (2001) and the hydro-
chloric, acetic, and lactic acid data are from Kawahata et al. (2006). ‘Early’ and ‘late’ refer to the experiments described as ‘shock’ and
‘adaptation’ in Kawahata et al. (2006). Only genes that changed by greater than 1.5 fold in at least one condition are shown. (C) Expression
data of selected genes. The first 15 are those connected with metal metabolism identified in Kawahata et al. (2006) as being induced by
longer-term acid treatment. The next four genes were identified in Causton et al. (2001) as having pH-modulated expression levels.
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In addition, after the shift to pH 3, there was a sharp in-
crease in the pyruvate decarboxylase (PDC) activity (Fig.
1F), as previously observed for Candida utilis (Chen et al.,
2005). Accordingly, the accumulation of extracellular pyruvic
acid ceased shortly after the pH shift, although the total ac-
cumulated under both conditions was low (Fig. 1B and E).
Even at pH 6 (Fig. 1B), S. cerevisize accumulated much less
pyruvate than C. utilis (less than 0.3 g/L versus 11 g/L re-
ported by Chen et al., 2005), but S. cerevisiae produced more
than 10 g/L glycerol which was not detected in the C. utilis
culture. However, it is important to note that different cul-
tivation media have been used for the two organisms.

Taken together, these data indicate that there is some
metabolic adjustment in response to the pH 3 shift and
that the decreased pH was not deleterious to yeast growth
under these conditions, but instead slightly beneficial.

The genome-wide transcriptional response to a shift
from pH 6 to pH 3 indicates remodelling of central
carbon metabolism and the cell wall

Samples were taken from the experiments described above
over a four-hour time-course following the tenth hour of the
cultivation (i.e. time zero of the pH shift) and two-colour
microarray analysis was performed. Each sample from the
two different pH regimes was compared to a time zero ref-
erence control from the corresponding time course. This al-
lowed the transcriptional changes occurring with time in the
pH 6 culture to be identified, as well as the effect of acid-
ification on these changes. 829 genes showed a statistically
significant expression change at any time-point relative to
the corresponding time zero sample. The expression data
from these genes were hierarchically clustered as depicted
in Fig. 2A. These data revealed that some progressive tran-
scriptional change did indeed occur with time in the pH 6
experiment. The most obvious difference between the two con-
ditions was largely the magnitude and timing of transcrip-
tional responses. That is, similar groups of genes were up-
or down-regulated with time for both pH regimes but the
magnitude of transcriptional responses was generally much
higher for the pH 3 shift than the pH 6 experiment and
highest at the beginning of the time-course rather than the
end. This indicates that the major transcriptional response to
acidification of the external pH was an amplification of the
basal transcriptional programme occurring during fermenta-
tion at a pH fixed at 6.

To examine the functions of the regulated genes, three
cluster nodes were selected that captured the major expre-
ssion patterns observed and the genes from these nodes
were analysed for significantly over-represented functional
annotations (Table 2). Cluster 1A contained mostly genes
that were down-regulated after time zero in both experi-
ments, and included an over-representation of gluconeo-
genic and TCA cycle genes. Cluster 1B contained mostly
genes that were up-regulated in the pH 6 experiment but in
the pH 3 shift experiment were initially down-regulated and
subsequently up-regulated. This cluster had an over-repre-
sentation of genes with functions required for RNA tran-
scription and processing. Cluster 1C contained mostly genes
that were up-regulated after time zero in both experiments.
It included several genes involved in cell wall biogenesis,
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including SEDI, a gene previously demonstrated to be in-
duced under acidic conditions but to impart acid resistance
when deleted (Kawahata et al, 2006) (Fig. 2C).

There were no indications from our data that the Aftlp-
regulated iron regulon was induced in the pH 3 shift ex-
periment, a phenomenon observed by Kawahata et al. (2006)
during longer-term but not short-term acid treatment (Fig.
2C). In fact, PCAI, a cadmium transporter gene identified in
that experiment as being co-induced with the iron regulon,
was strongly down-regulated in the pH 3 shift experiment.
Interestingly, the sodium/phosphate transporter gene PHO89,
which is directly upstream on the opposite strand to PCAI
(and which may therefore potentially share promoter ele-
ments) was also down-regulated in the pH 3 experiment
(Fig. 2C). PHOS89 expression has been shown to be pH-de-
pendent, being down-regulated at low pH and up-regulated
at high pH (Causton et al., 2001; Serrano et al., 2002).

These data also revealed that the increased PDC activity
that occurs after the shift to pH 3 is not the result of up-
regulation at the level of transcription. None of the three
genes encoding a pyruvate decarboxylase enzyme (PDCI,
PDC5, PDC6) showed overall expression changes that passed
the test for statistical significance (Fig. 2C).

The shift from pH 6 to pH 3 resulted in an allevia-
tion of the transcriptional stress response

Induction of stress-responsive genes after the shift to pH 3
was not evident from the data described above. This is in con-
trast to the previously observed acid activation of the Msn2/4p-
mediated stress response reported by others (Causton et al.,
2001; Serrano et al., 2002; Lawrence et al., 2004; Schuller et
al., 2004; Kawahata et al., 2006). In order to compare our
observations of the response to medium acidification with
other published acid responses, our complete dataset was
combined with the acid shock and adaptation datasets pub-
lished by Kawahata et al. (2006) and the organic acid treat-
ment experiment from Causton et al (2001). Hierarchical
clustering across all the experiments was performed on
those genes that showed a greater than 1.5-fold change in
any experiment (Fig. 2B). This revealed that few genes
were consistently up- or down-regulated across all three da-
tasets, but there was a clear inverse correlation between the
expression of 1062 genes in the pH 6 and pH 3 shift ex-
periments and the acid treatments described in Causton et
al. (2001) and Kawahata et al. (2006) (nodes 2A and 2B of
Fig. 2B). That is, a large group of genes that were up-regu-
lated in our experiments were down-regulated in the other
acid treatments and vice versa.

Analysis of the functions over-represented amongst this
group of co-regulated genes revealed that many are asso-
ciated with the response to stress (Table 2). For instance,
genes annotated as stress-responsive were down-regulated
in the pH 3 shift experiment and the later stages of the pH
6 experiment, but up-regulated in the other acid treatment
experiments. Genes involved in trehalose biosynthesis and
ubiquitination showed a similar expression pattern to the
‘stress-responsive’ genes and have previously been shown to
be up-regulated in response to a large number of environ-
mental stresses (Gasch et al., 2000; Causton et al, 2001).
Genes involved in ribosome biogenesis and assembly, RNA
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modification and processing, which are often observed to
be down-regulated in response to stress (Gasch et al., 2000;
Causton et al., 2001), were also down-regulated by the acid
treatments described in Causton et al. (2001) and Kawahata
et al. (2006) but were up-regulated in the present pH 3 shift
experiments.

In addition to changes in these stress-related genes, genes
involved in aspects of respiratory metabolism, including the
TCA cycle, the electron transport chain and mitochondrial
protein synthesis were down-regulated in the pH 3 shift ex-
periment and up-regulated in the other acid-treatment ex-
periments. Up-regulation of respiratory genes is not usually
considered a feature of the common environmental stress
response, but has been observed in response to several in-
dividual stresses, including heat shock (Gasch et al., 2000).
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In summary, these results have shown that a shift of cul-
ture pH from 6 to 3 that had increased the yield of pyruvate
decarboxylase in C. utilis, also increased the yield of pyr-
uvate decarboxylase in S. cerevisiae, and resulted in slightly
improved S§. cerevisiae growth and volumetric glucose con-
sumption rates compared to a culture maintained at pH 6.
The transcriptional changes occurring during this pH shift
indicated down-regulation of the environmental stress res-
ponse, some cell wall remodelling and a down-regulation of
genes involved in respiratory metabolism.

Discussion

Several previous studies have identified a large number of
genes that are similarly transcriptionally regulated in res-

Table 2. Over-represented functional categories amongst clustered genes (Nodes of dendrograms for clusters in Fig. 2)

Node Gene ontology category P-value Genes in node from functional category
1A Tricarboxylic acid cycle [GO:0006099] 2.45x10°  KGD2 ACOI IDHI CIT3
Gluconeogenesis [G0O:0006094] 8.90x10°  PYC2 ENO2 SIP4 FBP26
1B Transcription, DNA-dependent [GO:0006351] 1.58x10°  NHP6B RAIl CBF5 TAF4 RPC31 DIS3 ESAI
1C  Cell wall organization and biogenesis 1.63x10° ECM8 KTR3 LREI SEDI ECMI2 CAP2 SDPI CIS3 PIRI
[GO:0007047] ROTI GAS1 ECM3
2A Response to stress [GO:0006950] 2.70x10°  PIMI UBC4 IST2 TPSI YCL033C GRXI TRX3 GPDI YPDI
NTHI1 TPS2 SAC6 HSP42 HSP78 DPLI TTRI SSA4 HSPI2
HACI CPR2 GRE3 CAPI MSN4 MYO3 MCRI HSP104 UBI4
TSL1 MSN2 TPS3 YKU70 YGPI CRS5 GCYI1 YDCI HSP82
Electron transport [GO:0006118] 2.33x10°  SDH4 RIPI CYC7 QCR8 CYCI SDHI MCRI NDII CYTI
Alpha, alpha-trehalose-phosphate synthase complex ~ 6.31x10°  TPSI TPS2 TSLI TPS3
(UDP-forming) [GO:0005946]
Mitochondrial ribosome [GO:0005761] 8.38x10°  MRPS9 IMGI MRPLII MRPL28 RSM23 MRPL25 RSM27
MRPL9 MRPL6 RSM7 MRPI7 MRPL38 YMRIS88C MRPLI9
MRPLI0 MRP51 MRPL40
Proton-transporting ATP synthase complex, 2.93x10*  ATPI ATP3 ATPI6 ATP2
catalytic core F(1) [GO:0045261]
Tricarboxylic acid cycle [GO:0006099] 1.22x10°  KGD2 SDH4 LSC2 MDHI SDHI CITI
Polyubiquitination [GO:0000209] 8.38x10°  UBC4 PIBI UBC8 RSP5 HULS5 UBI4
2B RNA processing [GO:0006396] 3.19x10"  PRP6 TRM7 MUDI MAKS PRP5 PTC1 DBPI0 PRPII TRMS
NHP2 CWC2 CTHI SNUI3 PRP22 SPB4 CEGI PRP31 MTR3
PUS6 NAMS IMP3 UTP9 MRSI GCDI4 LSMS ISY1 UTP1I
CFT2 DUS1 UTPI15 STOl1 CTL1 RLP7 NOP2 GCDI0 PRP2
SMM1 RATI FHLI1
Ribosome biogenesis [GO:0007046] 5.61x10°  MAKI6 MAK5 KRRI DBP10 NHP2 SNUI13 SPB4 NOP7 MTR3
IMP3 UTP9 MAKI1 UTP11 UTPI5 RLP7 NOP2 RIAI RATI
FHL1
Nucleus [GO:0005634] 243x10°  MAKI6 REBI PRP6 RDH54 MUDI MAK5 RPB5 PRP5 ENPI

DPB3 KRRI TAF2 HCM1 MED2 CDC7 DBPI0 PRPII TSRI
UGA3 LYS20 NHP2 CWC2 HO MSH6 INO2 CTHI EBSI
MET32 MSN5 SNU13 PRP22 MOT2 SPB4 NIC96 NAB2 CEGI1
RAD54 NMA2 PRP31 NOP7 SRB5 MTR3 BRFI NAMS8 SETI
IMP3 UTP9 SKN7 MET30 METIS8 SSL2 CTK2 RRN7 NUP192
NUPS2 ARP4 HPR5 GCD14 LSMS8 POL32 ISY] MOGI RGTI
NUPI00 UTP11 SLD2 RPC25 DBRI MLP1 NSEI POM34 RIC1
CFT2 ACE2 SLX4 SEC13 NBPI FPR3 GTRI MCM1 UTPI5
STO1 NUP53 CTL1 HAS1 RLP7 NOP2 GCDI0 NIS1 NOPI3
PRP2 GALI11 HIR2 DBP5 RATI NUP1 RPB8 SNF2 REVI
ULPI NAB3 SPO69 FHLI RPC40
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ponse to many different kinds of stresses, a phenomenon
variously referred to as the common environmental res-
ponse or the environmental stress response (Gasch et al.,
2000; Causton et al., 2001). The fact that following the shift
to pH 3 many genes from the environmental stress response
were regulated in the opposite direction to that seen under
stressful acidification conditions indicates that this response
was in an activated state before the pH shift (i.e. before
time zero).

This in turn indicates that some form of environmental
stress was acting upon the cells during cultivation at pH 6,
and that the subsequent decrease in the pH relieved this
stress. Because most of the changes observed following the
pH shift also occurred in the later time-points of the cul-
ture maintained at pH 6, it seems that the cells were even-
tually able to adapt to the stress, but that acidification in-
creased the speed of this process. Since activation of the
environmental stress response is common to most stresses,
these data do not reveal the precise nature of the stress ex-
perienced by the cells when the pH was maintained at pH
6. However, it is possible to speculate that perhaps some
form of impaired nutrient uptake is involved since the up-
take of many nutrients and ions is driven by the plasma
membrane proton gradient (Sigler and Hofer, 1991). Another
possibility is that at the high glucose concentrations used in
these experiments, and in other industrial settings, yeast
may be subjected to a degree of osmotic stress. This would
be consistent with the slight relief of the stress response in
the later time-points of the pH 6 experiment, which oc-
curred despite increasing ethanol concentrations. It would
be interesting to investigate whether osmotic stress may be
relieved by alterations to ion fluxes induced by external
acidification.

There was a small increase in growth rate following the
shift to pH 3, compared to the equivalent period in the pH
6 experiment. This observation is entirely consistent with
the more rapid up-regulation of genes involved in ribosome
function in the pH 3 shift conditions, since increased growth
rates are associated with the transcriptional induction of ri-
bosome production (Warner, 1999). That the shift to pH 3
did not result in environmental stress is not surprising, since
the conditions were deliberately chosen to optimise pro-
duction of PDC, and stressful acidification would be likely
to reduce final yields. Indeed the acidification experiments to
which our data are compared in Fig. 2B used more severe
conditions, with treatments either at pH lower than 3 or
with weak organic acids (Causton et al., 2001; Kawahata et
al., 2006). Treatment with weak organic acids has physio-
logical effects that are distinct from simply altering external
pH, since the undissociated acid can diffuse across the cell
membrane and then dissociate and accumulate in the rela-
tively neutral cytosol, thereby disproportionately decreasing
the intracellular pH (Piper et al., 2001). Because the weak
acid response transcription factor Warlp senses only mod-
erately lipophilic organic acids (Hatzixanthis et al., 2003),
induction of the Warlp regulon, including Pdr12p was not
observed in the pH 3 shift experiment.

It should be appreciated that it is not our contention that
the transcriptional stress response observed by both Causton
et al. (2001) and Kawahata et al. (2006) was in error. Rather,

Response to stress-free acidification 7

because the specific conditions studied here were less se-
vere than those used by Causton et al. (2001) and Kawahata
et al. (2006), and did not result in growth inhibition it is
likely that both ‘stressful’ and ‘stress-free’ acidification is
possible. Experimental conditions other than the nature of
the acid and the pH were also different between the com-
pared datasets, including glucose and nitrogen concentra-
tions, aeration, strain backgrounds, and treatment duration,
which in this study were chosen for their relevance to an
industrial, rather than a laboratory setting.

Aside from relief of the stress-response, another likely
effect of lowering the pH in this experiment was remodel-
ling of the cell wall, as indicated by the up-regulation of
certain genes involved in cell wall biogenesis. Re-modelling
of the cell wall and up-regulation of some genes encoding
cell wall biogenesis and cell wall-located proteins is known to
occur in response to low pH (Kapteyn et al., 2001; Kawahata
et al., 2006). However, any adjustment to cell wall composi-
tion under these conditions was unlikely to be stimulated
by cell wall damage, since this would have in turn stimu-
lated the transcriptional stress response (Boorsma et al.,
2004). Instead, some genes (such as SEDI) may be regulated
by another signal of external acidification, rather than in
response to acid-induced damage. Changes in transcription of
the members of the Aftl/2p iron regulon were not observed
under these conditions, however, this phenomenon appears
to be specific for acid ‘adaptation’ conditions (Kawahata et
al., 2006), which were not used here.

In the present experiments, the down-regulation of genes
involved in various aspects of respiration (the TCA cycle,
the ETC, and mitochondrial protein synthesis), as well as
genes involved in gluconeogenesis, was inverse to the two
other acid treatment data sets (Causton et al., 2001; Kawahata
et al., 2006). This down-regulation may also be related to
the observed relief of the transcriptional stress response in
our experiment. For instance, environmental challenges that
slow growth and glucose uptake have been correlated with
TCA cycle up-regulation even in the presence of extracel-
lular glucose (Blank and Sauer, 2004). It is thus possible
that the slower growth and glucose consumption and the
slower down-regulation of respiratory genes in the pH 6
compared to the pH 3 shift experiment also reflect that the
maintained pH 6 presents an environmental challenge.

Acidification of the medium is the inevitable result of
fermentation by yeast, and may partly contribute to its eco-
logical strategy of competitive exclusion of other micro-
organisms. Hence, yeast carry extensive physiological adapta-
tions to acidic environments. Artificially preventing the
yeast from acidifying the medium may become physiologi-
cally stressful under some conditions and therefore, the
fixed pH conditions frequently used in bioreactors may not
be optimal for bioprocesses using yeast.
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