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Chapter 1 
 
General Introduction 
 
Successful industrial fermentations are the resultant of many process parameters 
that have generally been optimized by trial and error. At the very centre of the 
fermentation process are the microorganisms, whose consistent performance is 
essential for the quality of the final product. In the past, efforts on ‘what the cell does 
and how it does it’ were mainly focused on biochemical and physiological aspects. In 
recent years, molecular genetics and genomics have become an integral and 
essential part of strain improvement programmes. One of the ‘high-profile’ techniques 
used in present day genomics is DNA microarray analysis, which allows for the high-
information-density screening of the gene complement and transcriptional activity of 
microbial genomes.  
 
‘Googling’ Saccharomyces cerevisiae (the Latin name for bakers’ yeast) yields 
approximately 9 million hits. On top of the list is the Saccharomyces genome 
database (www.yeastgenome.org) (52). The complete yeast genome sequence has 
been available since 1996 (114) and consists of approximately 6300 open reading 
frames (ORFs) within 16 chromosomes. The number of ORFs is still a matter of 
debate and fluctuates from 5700 to 6300 genes (53, 161). With the availability of the 
genome sequence and with the help of advanced technologies for analysing gene 
function and gene expression (including transcriptome analysis via DNA 
microarrays), the proteins encoded by 4404 S. cerevisiae genes now have been 
assigned biochemical functions (June 2006), while 1376 ORFs still remain 
unclassified and as many as 824 ORFs are dubious.  
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1. Saccharomyces cerevisiae: past, present and future 
 
In 1680, the Delft-based Dutch scientist Antonie van Leeuwenhoek used his 
homemade microscopes to become the first human to observe individual cells of S. 
cerevisiae. It was not until the second half of the 19th century that Pasteur, the 
famous French scientist, realized that these cells were actually living organisms 
(307). 

S. cerevisiae plays an important role in the brewery and bakery industries, in 
which it is applied on a massive scale for food production. Throughout the ages, 
small households have been active as biotechnologists by brewing wine and beer, or 
making bread, in their own backyards. In this process, mankind’s taste and expertise 
has selected for the best yeast for each application. In wine and beer fermentations, 
this is a somewhat fashion-dependent balance of taste, aroma and clarity of the final 
brew (183). In bread making, yeast with high fermentative capacities are favoured, 
but storage stability of the yeast and its contribution to dough (in)stability are also 
important parameters (22). However, modern day large-scale fermentations no 
longer can rely on rules of thumb, as these fermentations rely on industrial standards 
for product quality. New technologies and yeast strains are constantly being 
developed to predict and control for desirable fermentation outputs (352). With the 
recent boom in genetic engineering, yeast itself is being studied at the molecular 
level, in search of knowledge on what, to a significant extent, is still a black box. It 
should be stressed here that this application of molecular techniques is not always 
focused on the eventual genetic engineering of this food organism, which might meet 
with serious issues in terms of consumer acceptance. Instead, molecular techniques 
are used to rationally improve process conditions and to guide classical strain 
improvement programmes. 

In its wine making, brewing and baking applications, S. cerevisiae is generally 
regarded as safe (GRAS). It has also a fairly simple nutritional requirement: it is able 
to grow on simple sugars like glucose or maltose and on ammonia or an amino acid 
(e.g. methionine or asparagine) as the sole nitrogen source (200). Its ease of use 
and its low propagation cost availability have made yeast one of the most prolific 
organisms to work with in the production of alcoholic beverages. In the down-stream 
processing, S. cerevisiae is easily separated from its broth via its inherent 
flocculation properties (294, 347), and its robustness allows for easy storage and 
recycling. However, nutritional and growth conditions in industrial fermentations are 
not always optimal. The nutritional value of the medium greatly depends on factors 
that are difficult to control. For instance, the nutritional value of wort (the substrate for 
beer fermentation) depends on the quality and pre-treatment of barley (244) while the 
ripeness of grapes is an important factor in determining growth and metabolic activity 
of wine yeasts (210, 220). Stuck fermentations or production of off flavours can be 
the consequence of suboptimal process conditions and may cause substantial 
economic losses. Application of novel analytical tools such as DNA microarrays may 
help us understand the physiological responses of yeasts to process conditions and 
thereby help to design robust processes and to select for strains with a stable 
performance. This subject is further discussed in chapter 1.3.   
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Rapid production of ethanol is not only central in the application of S. 
cerevisiae in classical food fermentations. Yeast-based ethanol production is also 
rapidly gaining attention as a means of producing fuel ethanol from renewable 
agricultural feedstocks.  Consequently, S. cerevisiae has been intensively 
engineered to ferment alternative carbon sources such as the pentose sugars xylose 
and arabinose (179). The experimental accessibility and wealth of biochemical 
knowledge on this organism has also engaged many new lines of interest, mainly as 
a model eukaryotic organism for molecular and cell biology studies. Possessing a 
fully annotated genome, S. cerevisiae is an ideal model system for other eukaryotic 
systems. For example, yeast has been applied for identifying genes related to human 
diseases (44, 109, 367) and for unravelling gene functions in bacteria, flies, worms 
and humans (311). All in all, S. cerevisiae possesses prominent useful features: the 
ease and low cost of cultivation, short generation times, comprehensive genetic and 
biochemical data and its excellent accessibility to (molecular) genetic techniques for 
functional studies and metabolic engineering. 

The future direction of yeast metabolic engineering is bright, with the current 
demand for better performing organisms to enable a switch from petrochemistry to 
industrial biotechnology. However, in the food industry the implementation of 
genetically modified organisms is still limited due to consumer-acceptance issues. 
There are presently some signs that public view may be slowly changing towards 
acceptation of the potential benefits of molecular science. A recent, interesting 
example is the recent market introduction of a genetically engineered malolactic wine 
yeast strain ML01 (143) that has obtained GRAS status from the FDA. Although 
engineered yeasts are only now (perhaps) gaining grounds in the food industry, there 
are already many commercialised genetically modified (GM) yeasts applied in the 
pharmaceutical and industrial bulk biochemical production (‘white biotechnology’). S. 
cerevisiae has been used as a recombinant organism in heterologous protein 
production, e.g. Hepatitis B vaccine (27, 222), human insulin (61, 81), chymosin 
(223) and metabolically engineered for improved and novel product formation, e.g. 
glycerol (253), ethanol (178), lactate (341). In general, metabolic engineering 
methods have been applied for strain improvement strategies to include: (i) utilization 
of a broader range of substrates (ii) introduction of new product formation pathways 
(iii) reduction of by-product formation (iv) improvement of productivity or yield and/or 
(v) improvement of cellular properties such as resistance to stresses in the industrial 
environment (242).   
 
 
1.1 S. cerevisiae meets transcriptomics  
 
1.1.1 From genome to expression analysis 
 
For S. cerevisiae, the ‘post-genomic era’ started in 1996. Since then, the study of the 
transcriptome (i.e., the full complement of messenger RNA’s in the cell) has become 
the most accessible tool for genome-wide analysis in yeast (89). DNA microarrays 
have been developed to explore the genome in a high-information-density fashion. 
The original goal of DNA microarray technology (199, 287) was to shed light on 
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changes of expression on the global transcriptome level when a designated 
perturbation/stimulus or genetic intervention was implemented.  Most microarray 
studies in yeast concentrate on analysing gene expression responses to for example 
a stress stimulus (49, 107, 165), in response to a change in culture condition over 
time (38, 129, 147, 251, 280) or in steady state conditions (137, 316) and in different 
nutritional sources (32, 70, 368).  

Alternatively, microarrays can be used to identify sequence (dis)similarity 
between S. cerevisiae strains. In the study of Winzeler et al. (365), a comparison of 
14 different yeast strains showed 11,115 single-feature polymorphisms (SFPs) 
compared to the sequenced strain S288C that was used as the template for the 
Affymetrix Genechip® platform. A study by Daran-Lapujade et al. (69) used the same 
platform to compare two laboratory strains of S. cerevisiae. The laboratory strain 
CEN.PK113-7D (the strain used in this PhD project) was shown to have as few as 
288 (4.5 %) genes with lower hybridisation signal and as many as 25 genes called 
absent compared to the sequenced strain S288C. In more recent developments of 
microarrays, a system to detect all single-nucleotide differences between genomes 
has been developed from a single hybridisation to a whole-genome DNA (tiling) 
microarray (Chapter 1.1.2) (116). 

In Delft, analytical tools have also moved beyond Van Leeuwenhoek’s 
microscopes. In recent years, the Industrial Microbiology Section of the Delft 
University of Technology have developed a platform that combines the Affymetrix 
Genechip® technology for DNA-microarray analysis with chemostat fermentation of S. 
cerevisiae (Figure 1). The central approach consists of the design of sets of 
chemostat experiments that enable the researcher to ‘isolate’ the transcriptional 
responses to individual process parameters or genetic interventions. Changes of 
cultivation conditions can be explored either in steady-state cultures or during 
controlled perturbations, which is always relative to one or more reference conditions.  
The next step, which is at the heart of transcriptome analysis, is sample preparation 
and detection. Strict working conditions and good laboratory practice need to be 
maintained in order to achieve high reproducibility and data quality. For instance, the 
aid of the Agilent 2100 Bioanalyser ensures that each step taken in preparing the 
RNA for hybridisation is of the utmost quality. Before any biological meaning can be 
distilled from the microarray data, statistical analysis and data visualization/clustering 
is performed in silico. Although detailed laboratory protocols have been published, 
the computational tools necessary to analyse the data are constantly evolving and no 
definitive consensus exists as to the best method for revealing patterns of gene 
expression (268). Finally, by associating the co-expression of genes, microarrays 
allow for the identification of new targets for functional analysis, for unravelling 
transcriptome regulation (possible eventual use for diagnostic purposes) and for 
metabolic engineering strategies.  
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Figure 1: Central approach for chemostat-based transcriptomics 
 
 
1.1.2 The Affymetrix Genechip® platform 
 
There are three main types of microarray platforms that are most widely used and 
they can be distinguished by methods by which the probes have been placed on the 
array surface, the size of the array probes and how the samples are labelled for 
analysis. The first type uses short oligonucleotide probes that are synthesized 
directly on a glass surface (28, 98, 140, 159, 306). The Affymetrix Genechip®, which 
is used throughout this thesis work, is based on this technology. The technology 
behind the Genechip® relies on the hybridisation of non-colour-coded fluorescent-
labelled fragmented RNA onto short unique 25-mer oligonucleotides probes attached 
directly to the gene chip. Each gene is generally represented by a probe set of 16 
distinct 25-mer, perfectly matching oligonucleotide. This feature is amplified with 
another 16 imperfect matches, which has the 13th oligonucleotide mismatches to the 
perfect matched oligonucleotide. By these standards, the Genechip® is able to 
distinguish any cross-hybridisation due of sequence similarities of the probe design 
and selects strongly for the amplification of the selected gene alone. 

The other types of microarray platforms are based on spotted long 
oligonucleotide and cDNA microarrays, in which the probe synthesis is separate from 
the array manufacture (93, 140, 162, 288). These microarrays rely on hybridising 
long cDNA probes (500-5000 bases long) or oligonucleotides (50-80 bases long) with 
two differentially labelled mRNA samples (labelling is generally based on the 
fluorescent dyes Cy3 and Cy5). In cDNA microarrays, these long probes have as a 
disadvantage that specific hybridisation becomes more difficult because of increased 
possibilities of cross-hybridisation. Because of these many disadvantages (Table 1), 
long oligonucleotide platforms will probably replace cDNA microarrays in the near 
future. Along side, long oligonucleotide platforms are becoming more popular for the 
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improved sensitivity and flexibility of the probe array design (15, 140, 159, 260, 375). 
Table 1 lists the pros and cons of these three different types of microarrays.  

Other types of microarray platforms may have a combination of the 
technologies across these platforms. For instance, Applied Biosystems uses long 
oligonucleotide probes but with a non-colour-coded fluorescent-labelling method 
(chemiluminescence). This platform has the combinatorial benefits of the above 
microarrays but the application span is still limited to only few organisms (305, 353).  
 
Table 1: Technical concerns over microarrays (adapted from (306)) 
Short oligonucleotide 
microarrays  
e.g. Affymetrix 
Genechip®  

Advantages 
• Synthesis of oligonucleotides directly onto glass surface 
• High-density spotting (1 million spots/cm2) 
• Short probes enhances reproducibility, measurements of 

absolute expression levels and detection of SNPs 
• Distinguish splice variants and members of gene families 
• Multiple probes to each gene 
• Comparison to multiple sample conditions by fluorescent dye 

staining method 
Disadvantages 
• Requires accurate sequence databases 
• Costly arrays and materials 

cDNA microarrays 
e.g. Incyte UniGEM V 
 
Long oligonucleotide 
microarrays 
e.g. Operon, Agilent 

Advantages 
• Cheap operating cost 
• Flexible design of array: custom made arrays 
• Ease of manufacture of array  
• Strong binding of probes (long oligonucleotide) 
Disadvantages 
• Probe generation separate from array synthesis: incorrect 

spotting 
• Only ∼10,000 spots/cm2 (cDNA arrays) 
• Long cDNA allows cross-hybridisation (cDNA arrays) 
• Unable to distinguish splice variants and member of gene 

families (cDNA arrays) 
• Choice of reference is crucial for data interpretation 
• Limited to pair-wise dye-swap analysis 

 
Conventional dye-swap (Cy3/Cy5) microarrays also have limited use as it has 

the capability of comparing only two conditions in each experimental context. A 
comparison with three or more conditions becomes cumbersome and costly as each 
experiment will need to be compared to one another (36). This inherently reduces the 
richness of the data obtained and limits the potential of microarrays. The Genechip® 
on the other hand is a photolithographic microarray which is based on fluorescently 
labelled nucleic acids.  Each experiment is treated individually with each expressed 
gene assigned with a signal intensity that can be converted to numerical values via 
the Affymetrix software GCOS (GeneChip® Operating Software). This method of 
scanning allows for greater mobility of data, i.e. any one array can be compared to 
any other. This diverges the traditional pair-wise comparisons to allow for more 
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dynamic analyses like time-course, parallel-comparison or multi-dimensional 
experiments. 

A recent further development of microarrays involves better detection of 
transcriptional changes. A new generation of microarrays has been developed with 
the whole genome sequence on an array (72, 116). This oligonucleotide array for S. 
cerevisiae contains 6.5 million probes and interrogates both strands of the full 
genomic sequence with 25-mer probes tiled at an average of eight nucleotide 
intervals on each strand. These arrays have already been used to identify all single-
nucleotide differences between genomes of two S. cerevisiae strains (116). More 
interestingly, because RNA expression on both strands of the complete genome is 
studied, this enabled the identification of the boundary, structure and level of coding 
and non-coding transcripts. Apart from the expected transcripts already known, new 
operon-like transcripts, transcripts from neighbouring genes not separated by 
intergenic regions, and genes with complex transcriptional architecture where 
different parts of the same gene are expressed at different levels were discovered 
(72, 116). 
 
1.2 Transcriptomics meet chemostats 
 
Many of the transcriptome data available for S. cerevisiae have been obtained in 
conventional shake-flask cultures. In such cultures, conditions are by necessity 
dynamic (e.g. shake flask) (262). In a dynamic fermentation, many culture and 
environmental parameters change over time. This means that the time a sample is 
taken for transcriptome analysis or for any other purposes is critical in comparisons 
between different environmental conditions or between different mutants. Figure 2 
shows the many advantages of using chemostats for transcriptome studies. First of 
all, chemostat-based fermentations are tightly defined and controlled steady states. 
In this manner, changes in transcriptional responses caused from a single 
stimuli/perturbation (e.g. oxygen availability, nutrient-limitation or temperature effects) 
can be singled out and studied while keeping the other parameters constant (e.g. pH, 
stirrer speed, non-limiting nutrients, etc.).  
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Figure 2: Advantages of chemostats over batch cultures in transcriptome analysis 
 

In chemostat cultivations, growth conditions and metabolic activity of the 
microorganism can, in principle, be kept constant in time. An important limitation to 
this rule is that prolonged cultivation can lead to evolutionary changes (42, 148, 359). 
Such evolutionary changes might tremendously complicate the interpretation of 
microarray data. Hence, sampling for RNA should always be done on relatively 
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have an important impact on the transcriptome (187), this makes it difficult to 
discriminate between direct and indirect effects of process or genetic interventions.  
In chemostats, the specific growth rate (μ h-1) is governed by the dilution rate (D, h-1) 
of the chemostat, which can be easily manipulated. Hence, the specific growth rate of 
a chemostat culture can be controlled and does not vary over time and between 
different culture conditions. 

The strict control of growth conditions in chemostats provides an ideal 
platform for reproducible transcriptome analysis (262). The combined use of the 
Genechip® and chemostats has contributed to an increase of data exchange 
between laboratories, because the low variations on data acquisition allowed inter 
laboratory comparisons without indications for significant laboratory bias (262). 
Current trends of study on the global level spanning from transcriptomics to 
proteomics to metabolomics has also called for a more reproducible, reliable and 
biologically homogeneous datasets (138, 139). Measurements in particular on the 
protein and metabolite levels require precision analysis and highly reproducible 
settings (219). Especially in the field of ‘systems biology’, which requires high-quality 
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and high-information-density analysis at different information levels (‘omes’), 
chemostat cultivation is now strongly in the ascendant (71, 167, 172, 263).  
 
1.3 Applications of microarrays 
 
1.3.1 As a diagnostic tool in industrial fermentation  
 
The performance of industrial fermentation processes can be influenced by a single 
parameter but, in practice, performance is likely to be the net result of a combination 
of many process parameters. Process parameters such as temperature, pH and 
dissolved oxygen concentration may be controlled easily with currently available tools 
for automated biochemical process control. However, this may still pose a problem 
when perturbations are localized in a large fermentor. Changes in the availability of 
nutrients may be even more difficult to control. Especially when complex fermentation 
media such as wort, must or molasses are used, it is not always evident from simple 
analyses which nutrient is limiting growth or which chemical compound in the 
complex medium has a (negative) effect on process performance and/or end-product 
quality. This is especially relevant in beer and wine fermentation, where the formation 
of minute amounts of metabolic by-products (e.g. sulphur-containing off flavours 
formed from the amino acids cysteine and methionine, (154) can have a tremendous 
impact of product quality). With the knowledge that yeast adjusts their transcriptional 
activity in response to their environment, measurements of global transcriptional 
activity may provide an information-rich and sensitive analytical tool to diagnose the 
quality of the yeast cell’s industrial environment (Figure 3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Microarrays as a tool for process diagnostics in yeast-based fermentation processes. A 
source of perturbation can be easily be identified and adjusted by analysing changes in transcript  levels 
on a custom-made microarray with ‘indicator genes’. 
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Routine use of microarrays in industrial fermentations for process optimisation 
has, to my knowledge, not yet been realized. Several reasons may contribute to this 
rather slow introduction of microarray technology in industrial environments. To start 
with, the processing of RNA and hybridisation procedures at present takes rather 
long (approximately 2-3 days for the Affymetrix platform). Furthermore, in order to 
utilize microarrays to identify various perturbations that can possibly decrease 
process efficiency, first and foremost, indicator or signature genes should be 
identified. Signature genes are genes that are consistently up- or down-regulated in 
response to a specific condition, regardless of the experimental background against 
which this response is recorded. Only when this information is available, cost 
effective custom arrays can be developed for routine process diagnostic purposes. 
This is in line with similar practices in the medical field where custom arrays are used 
for diagnostics of patients with diseases or for evaluation of pharmacological efficacy 
(198, 291, 298). 
 
1.3.2 Functional genomics: giving the genome’s parts a biological meaning 
 
Since the biochemical function of a large fraction of the yeast genes (approximately 
21 %) still remains unclassified, functional genomics remains one of the most exciting 
fields to explore. Functional genomics aspires to answer basic questions such as 
when is a gene expressed, where its product is localized and how gene products 
interact to produce a complex living system. There are several approaches in 
functional genomics, which the five core applications in yeast include (i) genome-
wide knock-outs (ii) genetic mapping studies (iii) gene expression studies (iv) protein 
structure studies and (v) protein interaction studies. Of all these, the most readily 
accessible, high-throughput and advanced in technology is gene expression profiling 
with microarray assays.  

Assigning gene function from the expression of mRNA levels is rather 
indirect. Most mRNA are not functional themselves; they are intermediates and 
transmitters of information from the genome to the proteome (306). The assumption 
that the expression of mRNA leads to a functional protein or is the reflection of the in 
vivo flux through a metabolic pathway (70) is not always true. Here, the limitation of 
microarrays needs to be realized to prevent meaningless speculation. If a function is 
to be annotated to a gene based on gene expression data, the following assumptions 
take place; that (i) a gene is expressed because it is required, (ii) no post-
translational changes occur that may reflect the abundance of mRNA and (iii) each 
gene is transcribed independent of another and there is no competition for resources 
(306). More frequently, the combination of two or more of the above mentioned 
approaches in functional genomics are essential to fully functionalise a coding gene.    

Microarrays have been used with other genome-wide techniques like random 
transposon mutagenesis to identify previously non-annotated genes in yeast (175, 
252). In the cited study, the authors described the discovery of 137 genes that were 
excluded previously because they were either a protein of <100 amino acids or 
because the ORF by which they were encoded was wholly contained within another 
larger ORF. RNA expression data have also been used in combination with the yeast 
deletion library. Here, single deletion mutants were grown competitively and their 
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fitness was scored proportional with the expression of its gene under the 
experimental context (26, 112). These studies concluded that only a small 
percentage of genes that exhibit a significant increase in expression would also 
exhibit a significant fitness defect when knocked out.  
  
1.3.3 Gene control and regulation: key for metabolic engineering 
 
The control of gene expression for the production of biologically active proteins in 
eukaryotic cells is more complex than in prokaryotic cells. A major difference is the 
presence of a nuclear membrane in eukaryotes, which prevents the simultaneous 
transcription and translation that occurs in prokaryotes. This compartmentalization of 
proteins leads to control of gene expression at several information levels, which are 
listed in Table 2. Of all these controls, mRNA transcription is still generally 
considered to be the most important mode of regulation for gene control. In a growing 
yeast culture, transcription factors are normally deployed to either up-regulate or 
repress the transcription of genes that share common function and/or promoter 
sequence elements in the upstream regions of these genes (190, 196). In terms of 
metabolic engineering, it is not always clear which genes are involved in the 
regulation of fluxes in the pathway. 
 
Table 2: Gene control in S. cerevisiae (adapted from http://web.indstate.edu/thcme/mwking/gene-

regulation.html) 

Level of interaction Description 
Chromatin structure DNA compacted to chromatin affects the ability of transcriptional 

factors and RNA polymerase to bind and initiate transcription. 
Presence of histones effects accessibility. 

mRNA transcription  Most important control. Influenced by the strength of promoter 
elements and the presence or absence of enhancer sequences (by 
binding specific transcription factors), and the interaction between 
multiple activator proteins and inhibitor proteins. 

Transcript processing 
and modification 

Capping and polyadenylating of mRNA and removal of introns.  

RNA transport mRNA must leave the nucleus in order to be translated into protein. 

Transcript stability mRNA can vary greatly in their stability. Unstable transcripts have 
sequences predominately, in the 3'-non-translated regions for rapid 
degradation. 

Translation initiation The ability of ribosomes to recognize and initiate synthesis from the 
correct AUG codon can affect the expression of a gene product. 

Post-translational 
modification 

Modifications include glycosylation, acetylation, fatty acylation, 
disulfide bond formations. 

Protein transport Proteins must be transported to their site of action to be biologically 
active. 

Control of protein 
stability 

Many proteins are rapidly degraded, whereas others are highly 
stable. Specific amino acid sequences in some proteins have been 
shown to bring about rapid degradation. 
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In modern molecular genetics, genetic intervention (metabolic engineering) is 
a strategy for changing fluxes through metabolic pathways. In practice, it is often 
exceedingly difficult to assess which (often multiple) enzymes control the flux. 
Consequently, it is often not possible to predict which (combination of) enzyme(s) 
needs to be overexpressed to achieve an increase of the flux. Indeed, in many 
cases, overproduction of individual enzymes is a fruitless strategy, as has been 
convincingly demonstrated in painstaking research (241, 285) on the glycolytic 
pathway. In these cases, because the link is not directly related to the pathway, 
engineering of the cell via an empirical approach is often too time consuming.  

In some cases, reverse metabolic engineering may provide a solution. In 
inverse engineering, the genotype of strains with interesting properties is studied to 
identify the molecular basis for an industrially relevant trait. Subsequently, the insight 
derived from such studies is applied in knowledge-based metabolic engineering. For 
example, the genome-wide expression profile of an optimised production strain may 
be compared to a parent strain. These transcriptional changes are then implemented 
back on the parent strain to see if the gain observed in the optimised strain can be 
reconstructed (284). Genome-wide protein-DNA binding interaction studies (known 
as location analysis) (121, 190) have also been used to interpret the genome’s 
regulatory code by binding tagged transcriptional regulators to promoter elements. By 
studying these interactions, complex network of global transcriptional response can 
be mapped and hence identify potential targets for metabolic engineering.  

In industry, optimised production strains have traditionally been obtained via 
years of selection. Changes in the genome are often random and may involve point 
mutations or changes in expression profiles of a group of genes. Currently, 
commercially available microarrays nonetheless have limited use in the analysis of 
point mutations in the genome, as these changes need to be on the region of the 
designed probes on the chip. The new generation of ‘tiled’ arrays that incorporate the 
whole genome sequence are likely to be a much more useful tool for such research 
(116). For now, microarrays serve as better tools for identifying changes of gene 
expression levels when comparing different strains. Because of the complexity of 
transcriptional regulation, one may discover an unlikely link that will influence the 
production of a certain pathway. Very often though, the knowledge of transcriptome 
data alone does not suffice for a successful implementation of metabolic engineering 
on a pathway. As listed in Table 2, the many possible gene control mechanisms both 
on the DNA and protein levels may have considerable effects on the regulation of 
fluxes in a pathway. For example, fluxes may be controlled by (by)product feedback 
inhibition/activation. Therefore, the integration of different ‘omics’ studies will 
eventually be needed to provide a basis for an effective, knowledge-based metabolic 
reprogramming of a cell.     
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1.4 Beer fermentation  
 
Barley, water, hops and yeast are the four ingredients needed to make beer. Before 
the fermentation step that converts sugars to alcohol, barley is first malted to break 
starch to more readily fermentable sugars (i.e. maltose, maltotriose etc). This malted 
barley is then milled (Figure 4) and steeped into hot water to produce a sweet and 
thick liquid called wort. The wort is boiled with hops in a brew kettle to give beer its 
characteristic bitterness and then yeast is introduced to convert the sugars to alcohol 
in a fermentation tank. The fermentation process is normally carried out at low 
temperature. In lager brewing the temperature is between 10 and 15 oC. After 
fermentation, the beer goes through various processes of carbonation, filtration and 
packaging. The quality of beer through this process is influenced by many factors. 
The flavour and aroma for instance are greatly dependent on the composition of wort, 
type of hops, characteristics of the brewing strain and the consistency of the 
fermentation process.   
 

 
Figure 4: Typical beer processing flowsheet. Picture from http://encarta.msn.com/ 
 

The composition of wort is generally low in free amino nitrogen (FAN) levels. 
In cases when FAN levels are dramatically low, a variety of fermentation problems 
including slow or incomplete fermentations have been reported (39, 95). The amino 
acid pool in wort is normally the limiting factor for growth. Carbon sources on the 
other hand are abundantly available in wort. However, not all sugars may be used for 
fermentation, e.g. dextrins (39), which constitute about 20 % of all sugars in wort, 
cannot be fermented by yeast. Likewise, the amino acid proline is also not utilized 
because of the absence of oxygen during the major part of a beer fermentation (320). 
Although beer fermentations are generally aerated in the beginning of the 
fermentation to enable the synthesis of sterols and unsaturated fatty acids, the 
quality of the final product is many determined in anaerobic fermentation thereafter. 
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The alcohol yield during the fermentation process is also enhanced by the low 
temperature culture condition. At lower temperatures, yeast growth is decreased and 
the duration of alcoholic fermentation is maximized (328). At lower temperatures, 
fewer higher alcohols and greater proportions of acetate and ethyl esters are also 
produced resulting in the formation of less off-flavour compounds (327).  

The two main types of beer, lager and ale, are fermented by strains of 
Saccharomyces carlsbergensis and Saccharomyces cerevisiae, respectively (307). 
The production of lager (bottom fermenting yeast) is the main beer produced by the 
major brewing industries. Brewing yeast are often tetraploid and consist of a hybrid of 
pure and mixed genetic lines of the Saccharomyces genus, mainly S. bayanus, S. 
uvarum, S. pastorianus and S. cerevisiae (270). However, because of the 
unavailability of genetic resources and the ambiguous taxonomic definition of lager 
yeast, S. cerevisiae has generally been utilized as a model for molecular studies on 
brewing-related subjects. It has recently been reported though that the sequencing of 
a lager strain has been completed and the DNA microarrays have been made – 
although, unfortunately, they are not available for researchers outside the company 
that commissioned the DNA sequencing (238). In the meantime, many studies on 
brewer’s yeast using S. cerevisiae as a model have proven to be a valuable 
reference and resource in the investigation of the impact of fermentation conditions 
on yeast performance (38, 129, 147, 251). In the present study, chemostat-based 
transcriptomics was used to investigate genome-wide gene expression profiles to 
establish how S. cerevisiae responds to several process parameters relevant to beer 
fermentation as well as to other industrial fermentation processes.  
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The scope of this thesis 
 
The PhD project described within this thesis is a part of a larger initiative to assess 
the applicability of chemostat-based microarray analysis for industrial and academic 
yeast research (Figure 5). Central to this research is a database of chemostat-
derived transcriptome experiments that is meant to serve as a tool for understanding 
the behaviour of S. cerevisiae in particular for diagnostic, gene regulation, metabolic 
engineering and functional genomics purposes. In addition, this platform may provide 
a basis for the development of new custom arrays that consist of indicator genes that 
respond towards process parameters that are of immediate industrial relevance. In 
this thesis alone, four main issues relevant to large-scale yeast fermentation were 
investigated. 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Chemostat-based transcriptomics at TU Delft, Industrial Microbiology. The categories 
shown are areas that have been studied so far. Grey boxes indicate are subjects addressed in this 
thesis.  
 

In Chapter 2, we set out to investigate combinatorial effects of macronutrient 
limitation (carbon, nitrogen, phosphorus and sulfur) and oxygen availability (aerobic 
versus anaerobic) on transcription. Previously, the impact of macronutrient limitation 
on transcript profiles had already been studied under aerobic growth conditions (32). 
The main question in this Chapter was to what extent the transcriptional response to 
oxygen availability is influenced by the growth-limiting nutrient and vice versa. This 
question is relevant for industrial application as it determines to which extent web-
based transcriptome databases can be applied to analyse transcriptional responses 
in industrial fermentations – which use completely different “background” conditions. 
From a fundamental science point of view, dissecting the combinatorial responses to 
different parameters can contribute to unravelling transcriptional regulation networks 
and guide functional analysis.  

In Chapter 3, the signature transcripts that were consistently up-regulated 
under anaerobiosis (irrespective of the macronutrient limitation) were further 
investigated. Here the objective was to investigate the significance of transcript 
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profiles for directing functional analysis. In a more general sense, this chapter 
addresses the question whether, under a given experimental condition, increased 
transcript levels can be used to infer biochemical function of the corresponding gene 
products.  To address this question, a set of the anaerobically up-regulated genes 
was deleted in tagged mutant strains.  These mutants were then grown 
simultaneously in competitive anaerobic chemostat cultures and the fitness of each 
deletion strain was compared to a reference strain over a period of ten days. qPCR 
was used to track the concentration of DNA at each time point. 

In laboratory experiments, the synthetic media are often based on a very 
limited set of preferred model substrates. For instance, ammonium salts are 
generally used as the sole nitrogen source and sulfate as the sole sulfur source. 
However, much industrial fermentation rely on organic substances such amino acids 
as the nitrogen and sulfur source. The question would then be how would the 
transcriptional response of these cultures be if an amino acid were supplied as the 
sole nitrogen source? Since amino acids are catabolized differently in pathways and 
in preference, we were interested in underlying a basis for understanding gene 
expression and control in these cultures. As part of the Delft transcriptome database 
project, Chapter 4 further explores the metabolism of a number of amino acids as the 
sole nitrogen source. Aerobic glucose-limited chemostat was used to examine 
transcriptional responses when ammonium, L-asparagine, L-phenylalanine, L-
leucine, L-methionine or L-proline was supplied as the sole nitrogen source. 
Transcriptional regulation and identification of signature transcripts were key issues 
in this chapter.    

Chapter 5 tackles transcriptional and physiological responses of S. cerevisiae 
to low temperature in chemostat cultivations limited for carbon and nitrogen. Low 
temperature is known to have drastic effects on the cell’s homeostasis for instance in 
reduction of maximum specific growth rates, slower protein folding, RNA stabilization 
and increased viscosity of cellular fluidity. Here we discuss the differences of low 
temperature gene expression at 12 oC compared to 30 oC to the respective 
limitations and also regardless of the limitation in the hope to paint a clearer picture 
from the transcriptome responses on temperature effects. We also compared our 
results to other studies that have either been studied in a dynamic culture or as a 
cold-shock treatment.  

As temperature change is a very profound change, it directly affects enzyme 
kinetics. In Chapter 6 we investigate how S. cerevisiae copes with low temperature 
effects on the in vivo fluxes through the glycolytic pathway. Chemostat cultures of 
glucose limitation grown at 12 oC were compared to cultures grown at the standard 
growth temperature of 30 oC. After exploring the transcriptional responses, focus was 
moved to the glycolytic in vitro enzyme activities, sugar transport and intracellular 
metabolite levels.  Via this integrated ‘systems’ approach, we investigated at which 
levels the yeast controls glycolytic flux at different growth temperatures.  
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Abstract  
 
Genome-wide analysis of transcriptional regulation is generally studied by determining 
sets of ‘signature transcripts’ that are up- or down-regulated relative to a reference 
situation when a single culture parameter or genetic modification is changed. This 
approach is especially relevant for defining small subsets of transcripts for use in high-
throughput, cost-effective diagnostic analyses. However, this approach may overlook 
the simultaneous control of transcription by more than one environmental parameter. 
This study represents the first quantitative assessment of the impact of transcriptional 
cross regulation by different environmental parameters. As a model, we compared the 
response of aerobic as well as anaerobic chemostat cultures of the yeast 
Saccharomyces cerevisiae to growth limitation by four different macronutrients (carbon, 
nitrogen, phosphorus and sulfur). The identity of the growth-limiting nutrient was shown 
to have a strong impact on the sets of transcripts that responded to oxygen availability 
and vice versa. We concluded that identification of reliable signature transcripts for 
specific environmental parameters can only be obtained by combining transcriptome 
datasets obtained under several sets of reference conditions. Furthermore, the 2-
dimensional approach to transcriptome analysis is a valuable new tool to study the 
interaction of different transcriptional regulation systems. 
 
 
Introduction 
 
Recent rapid developments in DNA-microarray technology have had a strong impact in 
research on the yeast Saccharomyces cerevisiae, an important industrial 
microorganism and model eukaryote. With the ability to study genome-wide 
transcriptome expression in a single microarray, large on-line transcriptome databases 
obtained from different mutants and under a wide range of cultivation conditions have 
become available as research tools  (Gene Expression Omnibus 
http://www.ncbi.nlm.nih.gov/geo/ (86), Yeast Microarray Global Viewer  (yMGV) 
http://www.transcriptome.ens.fr/ymgv/  (193)) . 

Transcript profiles contain a wealth of information that may be applied in several 
ways for fundamental and applied research. When clear correlations are established 
between cultivation conditions and transcription of subsets of genes, such correlations 
can be used to guide functional-analysis studies on genes with as yet unknown 
biological functions. Furthermore, correlation of expression data with sequences of 
upstream regulatory elements can be applied to unravel the intricate networks of 
transcriptional regulation (371). In industrial biotechnology, one of the key applications 
of DNA-microarrays lies in diagnosing industrial fermentation processes. If 
transcriptional responses can be directly correlated to important parameters such as 
nutritional status of industrial microorganisms, or to the stresses to which they are 
exposed in industrial processes, transcriptome analysis can provide invaluable 
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information for process optimization (32, 130). For such diagnostic purposes, it would 
be preferable to construct small, cost-effective microarrays that contain a limited 
number of ‘signature transcripts’. Such signature transcripts should respond uniquely to 
a single chemical or physical parameter that is relevant for the industrial process under 
study. This approach is analogous to the application of small diagnostic arrays used in 
clinical research for the rapid typing of tumors (291). 

Hitherto, most transcriptome studies with S. cerevisiae have been done in 
shake-flask cultures (76, 107). In such cultures, it is not possible to control a number of 
important cultivation conditions (dissolved oxygen concentration, metabolite 
concentrations, pH, etc). Therefore, shake-flask cultivation by definition involves a 
continuously changing environment. Consequently, interpretation of transcriptome data 
from shake-flask cultivation is likely to be complicated by differences in specific growth 
rate, carbon catabolite repression, nitrogen catabolite repression, product 
accumulation, acidification, etc.      

Chemostat cultivation offers a number of advantages for studies with DNA 
microarrays because it enables cultivation of microorganisms under tightly defined 
environmental conditions. In a chemostat, culture broth (including biomass) is 
continuously replaced by fresh medium, at a fixed and accurately determined dilution 
rate (D, h-1). When the dilution rate is lower than the maximum specific growth rate of 
the microorganism (µmax, h-1), a steady-state situation will be established in which the 
specific growth rate equals the dilution rate (µ = D). In such a steady-state chemostat 
culture, µ is controlled by the (low) residual concentration of a single growth-limiting 
nutrient. The option to accurately control and manipulate individual culture parameters 
(including medium composition, nature of the growth-limiting nutrient, pH, temperature 
and µ) under steady-state conditions makes chemostats excellent tools for studies on 
genome-wide transcriptional regulation. Indeed, a recent interlaboratory comparison of 
transcriptome data obtained in chemostat cultures demonstrated that the accuracy and 
reproducibility of this approach were superior to those obtained in previous studies with 
shake-flask cultures (262).  

Chemostat cultures have recently been applied to study genome-wide 
transcriptional responses of S. cerevisiae to carbon-limited growth on different carbon 
sources (70), nutrient limitation for carbon, nitrogen, phosphorus and sulfur (32) and 
starvation (368), to the presence and absence of oxygen (262, 316) and oxidative 
stress responses (165). In each of these studies, it was attempted to vary a single 
cultivation parameter, while keeping all other parameters constant. This ‘one-
dimensional’ approach resulted in sets of ‘signature transcripts’ that, within the 
experimental context, responded uniquely to a single cultivation parameter (e.g., 
uniquely up-regulated under nitrogen limitation, uniquely down-regulated during growth 
on ethanol). There is an important potential pitfall in this approach, as it does not 
include the possibility that expression of genes is simultaneously controlled by two or 
more environmental parameters. Such dual or multiple control would complicate the 
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identification of ‘signature transcripts’ and the interpretation of diagnostic transcriptome 
analysis. 

So far, there have been no dedicated studies to investigate and quantify the 
way in which different transcriptional regulation responses overlap and interact. The 
goal of this study was to study this interaction by analyzing genome-wide 
transcriptional responses to four different nutrient-limitation regimes under aerobic and 
anaerobic conditions in chemostat cultures of S. cerevisiae. This ‘two-dimensional’ 
approach resulted in a new, robust set of ‘anaerobic’ and ‘aerobic’ signature transcripts 
for S. cerevisiae, as well as to a refinement of previous reports on nutrient-responsive 
genes. Moreover, the identification of genes regulated both by nutrient and oxygen 
availability provided new insight in cross-regulated network and hierarchy in the control 
of gene expression. These newly defined sets of signature genes were subjected to in 
silico promoter analysis to identify consensus regulatory elements.  
 
 
Experimental Procedures 
 
Strain and Growth Conditions 
The prototrophic, haploid reference strain S. cerevisiae CEN.PK113-7D (MATa) (335) was grown at 30oC 
in 2-liter chemostats (Applikon) with a working volume of 1.0 liter as described in (333). Cultures were fed 
with a defined synthetic medium that limited growth by either carbon, nitrogen, phosphorus, or sulfur with 
all other growth requirements in excess and at a constant residual concentration (32). The dilution rate was 
set at 0.10 h-1. The pH was measured online and kept constant at 5.0 by the automatic addition of 2 M 
KOH with the use of an Applikon ADI 1030 biocontroller and the stirrer speed was set at 800 rpm. 
Anaerobic conditions were maintained by sparging the medium reservoir and the fermentor with pure 
nitrogen gas (0.5 liter.min-1). Furthermore, Norprene tubing and butyl septa were used to minimize oxygen 
diffusion into the anaerobic cultures (348). The off-gas was cooled by a condenser connected to a cryostat 
set at 2oC. Oxygen and carbon dioxide were measured offline with a NGA 2000 Rosemount gas analyzer. 
Steady-state samples were taken after approximately 10-14 volume changes to avoid strain adaptation 
due to long term cultivation (92, 148). Biomass dry weight, metabolite, dissolved oxygen and gas profiles 
were constant over at least 3 volume changes prior to sampling for RNA extraction. 
 
Growth media 
The synthetic medium composition was based on that described in (345). In all chemostats except for 
carbon, the residual glucose concentration was targeted to 17 g.liter-1 to sustain glucose repression at the 
same level. For anaerobic cultivations, the reservoir medium was supplemented with the anaerobic growth 
factors Tween-80 and ergosterol as described previously (344). These media contained the following 
components (per liter). For carbon limited cultivation: 5.0 g of (NH4)2SO4, 3.0 g of KH2PO4, 0.5 g of 
MgSO4.7H2O, and 25 g of glucose. For nitrogen-limited cultivation: 0.65 g of (NH4)2SO4, 5.75 g of K2SO4, 
3.0 g of KH2PO4, 0.5 g of MgSO4.7H2O and 46 g of glucose. For phosphorus-limited cultivation: 5.0 g of 
(NH4)2SO4, 1.9 g of K2SO4, 0.12 g KH2PO4, 0.5 g of MgSO4.7H2O, and 66 g of glucose. For sulfur-limited 
cultivation: 4.0 g of NH4Cl, 0.05 g of MgSO4.7H2O, 3.0 g of KH2PO4, 0.4 g of MgCl2 and 59 g of glucose. 
The medium composition for the aerobic chemostat cultures was as previously described in (32). 
 
Analytical Methods 
Culture supernatants were obtained after centrifugation of samples from the chemostats. For the purpose 
of glucose determination and carbon recovery, culture supernatants and media were analyzed by high 
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performance liquid chromatography fitted with an AMINEX HPX-87H ion exchange column using 5 mM 
H2SO4 as the mobile phase. Residual ammonium, phosphate and sulfate concentrations were determined 
with the use of cuvette tests from DRLANGE (Düsseldorf, Germany). Culture dry weights were determined 
via filtration as described by Postma et al (264).  
 
Microarray analysis 
Sampling of cells from chemostats, probe preparation and hybridization to Affymetrix Genechip® 
microarrays were performed as described in Chapter 1 and in Piper et al (262). The results for each growth 
condition were derived from three independently cultured replicates. 
 
Data acquisition and analysis 
Acquisition and quantification of array images and data filtering were performed using the Affymetrix 
software packages: Microarray Suite v5.0, MicroDB v3.0 and Data Mining Tool v3.0. 
Before comparison, all arrays were globally scaled to a target value of 150 using the average signal from 
all gene features using Microarray Suite v5.0. To eliminate insignificant variations, genes with values below 
were set to 12 according to (262). From the 9,335 transcript features on the YG-S98 arrays a filter was 
applied to extract 6,383 yeast open reading frames of which there were 6,084 different genes. This 
discrepancy was due to several genes being represented more than once when sub-optimal probe sets 
were used in the array design. 
To represent the variation in triplicate measurements, the coefficient of variation (C.V.; standard deviation 
divided by the mean) was calculated as previously described by Boer et al (32). 
For further statistical analyses Microsoft Excel running the Significant Analysis of Microarrays (SAM v1.12) 
add in was used (330) for pair wise comparisons. Genes were considered as being changed in expression 
if they were called significantly changed using SAM (expected median false-discovery rate (FDR) of 1%) 
by at least 2-fold from each other condition. Hierarchical clustering of the obtained sets of significantly 
changed expression levels was subsequently performed by Genespring v6.1 (Silicon Genetics). 
Promoter analysis was performed using web-based software Regulatory Sequence Analysis Tools (336). 
The promoters (from –800 to –1) of each set of co-regulated genes were analyzed for over-represented 
hexanucleotides. When hexanucleotide sequences shared largely common sequences, they were aligned 
to form longer conserved elements. All the individual promoter sequences contributing to these elements 
were then aligned, and the redundant elements were determined by counting the base representation at 
each position. The relative abundance of these redundant elements was then determined from a new 
enquiry of the co-regulated gene promoters and the entire set of yeast promoters in the genome. 
The gene annotation was made according to the Comprehensive Yeast Genome Database (CYGD) 
(http://mips.gsf.de/genre/proj/yeast/index.jsp) at Munich Information center for Protein Sequence (MIPS) 
(229), Saccharomyces Genome Database (http://www.yeastgenome.org/) (SGD) (84) and the Yeast 
Proteome Database (YPD) at Incyte (https://www.incyte.com/).  
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Results 
 
Experimental design and physiology of S. cerevisiae in aerobic and anaerobic 
macronutrient-limited chemostat cultures 
In order to investigate the impact of transcriptional cross-regulation on the identification 
of ‘signature transcripts’, we designed a two-dimensional experimental approach 
(Figure 1). Four nutrient-limitation regimes (carbon, nitrogen, sulfur and phosphorus 
limitation) were studied. In one set of experiments, the four nutrient limitation regimes 
were studied in aerobic chemostat cultures. A second set of experiments was 
performed under the same nutrient limitation regimes, but in anaerobic chemostat 
cultures. The resulting set of eight fermentation conditions, each analyzed in three 
independent replicate cultures, enabled the identification of genes with a specific 
transcriptional response to one parameter only (e.g. induced under anaerobic 
conditions irrespective of the macronutrient-limitation regime). Furthermore, genes that 
transcriptionally responded to multiple parameters were identified (e.g. only induced 
under anaerobic conditions when growth was limited by the carbon source).  

 
Figure 1: Two-dimensional experimental approach.  

 
The experimental design for two-dimensional transcriptome analysis is shown. 

Each corner of the cube represents a chemostat condition. The upper horizontal 
surface represents the four aerobic macronutrient limitation regimes (carbon, nitrogen, 
phosphorus and sulfur). The lower horizontal surface represents the same 
macronutrient limitation regimes analysed under anaerobic conditions. The arrows 
indicate the pairwise comparisons included in the present two-dimensional 
transcriptome analysis.  

To minimize experimental “noise”, the composition of growth media was 
designed such that residual concentrations of non-growth-limiting nutrients were 
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essentially the same in all chemostat cultures (Table 1). Control experiments confirmed 
that the concentrations of the growth-limiting nutrients were below the detection limit of 
the respective assay procedures (Table 1). The option to control the steady-state 
concentrations of limiting and excess nutrients concertedly is a unique feature of 
chemostat cultivations. 

The physiological parameters of the eight cultivation conditions are reported in 
Table 1. Under aerobic conditions, only the glucose-limited cultures exhibited a 
completely respiratory glucose metabolism, without production of ethanol. This resulted 
in a respiratory quotient close to unity (Table 1). Conversely, the aerobic cultures that 
were not limited by glucose exhibited a respiro-fermentative glucose metabolism, with 
simultaneous ethanol production and oxygen consumption (respiratory quotient > 1). In 
the anaerobic chemostat cultures, alcoholic fermentation was the sole mode of glucose 
dissimilation, as no oxygen was available for respiration. The ATP yield from alcoholic 
fermentation is much lower than that from respiratory glucose dissimilation (344), thus 
explaining the lower biomass yield on glucose of the anaerobic cultivations. The 
biomass yield on glucose in glucose-limited cultures was higher than in the non-
glucose-limited cultures (Table 1). Under aerobic conditions, this can be partially 
explained by the involvement of alcoholic fermentation in the latter cultures. However, a 
reduction of the biomass yield in non-glucose-limited cultures was also observed under 
anaerobic conditions (Table 1). This may be related to the induction of energy-
dependent transport systems during N-, P- and S- limited growth (187). 
 
Microarray reproducibility, global transcriptome responses and data analysis 
In order to obtain statistically robust, reproducible transcriptome datasets (262), 
independent triplicate chemostat cultivations and oligonucleotide DNA microarrays 
were carried out for each of the eight cultivation conditions. The average coefficient of 
variation for the triplicate transcriptome analyses (32, 262) for each of the eight 
conditions was below 0.21, except for the anaerobic glucose-limited chemostats 
(average coefficient of variation of 0.27). The level of the ACT1 transcript, a common 
loading standard for conventional Northern analysis, did vary by less than 13% over the 
eight growth conditions (see Supplementary Table 1 online). 

The eight different cultivation conditions would, in principle, allow for 56 different 
pair-wise comparisons. In the present study, we restricted analysis of the data to 
pairwise comparisons between cultivation conditions that differed in a single cultivation 
parameter only. Ultimately, this left 28 pair-wise comparisons. Four of these were pair-
wise comparisons between aerobic and anaerobic cultures grown under the same 
macronutrient-limitation regime (Figure1, vertical arrows). A further 24 pair-wise 
comparisons involved all possible combinations of the four macronutrient-limitation 
regimes under either aerobic or anaerobic conditions (Figure 1, horizontal surfaces). 
Each pair-wise comparison defined a set of genes that were significantly up- or down-
regulated (fold change > 2 with a false discovery rate of 1%, see Experimental 
procedures section). 



 

 

Table 1: Nutrient concentrations and physiological parameters of chemostat cultures used in this study.  
(Unless indicated otherwise, data represent the mean ± S.D. of data from three independent steady-state chemostat cultivations.) 
 

Residual nutrient measurements Physiological parameters Growth- 
limiting  
nutrient  

glucose 
(g/l) 

NH4
+ 

(mM) 
PO4

3- 
(mM) 

SO4
2- 

(mM) 
Ysx (g/g)a qglucose

b qethanol
c qO2

d qCO2
e RQf Carbon 

recovery (%) 

Aerobic            
Carbon BDh 58.2 ± 1.3 19.8 ± 0.6 38.6g 0.49 ± 0.01 1.1 ± 0.0 0.0 ± 0.0 2.8 ± 0.3 2.8 ± 0.3 1.0 ± 0.0 98 ± 3 
Nitrogen 16.7 ± 1.0 BD 18.6 ± 1.0i 40.7 ± 1.0 0.09 ± 0.00 5.8 ± 0.1 8.0 ± 0.1 2.7 ± 0.1 12.1 ± 0.2 5.8 ± 0.1 96 ± 1 
Phosphorus 18.1 ± 1.0 54.3 ± 0.3 BD 47.5 ± 1.0 0.09 ± 0.00 6.1 ± 0.2 7.8 ± 0.1 4.0 ± 0.1 13.5 ± 0.2 6.1 ± 0.2 95 ± 2 
Sulfur 17.4 ± 0.6 53.7 ± 2.4 18.4 ± 0.2 BD 0.14 ± 0.00 3.8 ± 0.1 4.4 ± 0.1 3.0 ± 0.0 8.0 ± 0.8 3.8 ± 0.1 96 ± 1 
Anaerobic            
Carbon BD 68.6 ± 2.8i 22.3 ± 0.6i 42.4 ± 1.6i 0.09 ± 0.0 6.0 ± 0.0 9.6 ± 0.1 NAj 10.3 ± 0.4 NA 101 ± 2 
Nitrogen 16.2 ± 0.6 BD 21.9 ± 0.4 39.1 ± 0.8 0.07 ± 0.0 8.4 ± 0.0 13.5 ± 0.6 NA 14.8 ± 0.3 NA 101 ± 2 
Phosphorus 19.1 ± 2.2 60.2 ± 2.6 BD 50.9 ± 0.9 0.06 ± 0.0 8.7 ± 0.2 13.9 ± 0.6 NA 15.8 ± 0.7 NA 101 ± 2 
Sulfur 21.2 ± 0.2 61.1 ± 1.3 21.5 ± 0.2 BD 0.07 ± 0.0 7.9 ± 0.2 11.9 ± 0.4 NA 13.6 ± 0.8 NA 98 ± 1 

 
a Yield of biomass (g/g of glucose consumed). 
b mmol of glucose consumed/g of biomass/h. 
c mmol of ethanol produced/g of biomass/h. 
d mmol of oxygen consumed/g of biomass/h. 
e mmol of carbon dioxide produced/g of biomass/h. 
f RQ, respiratory quotient (qCO2/qO2). 
g Single measurement. 
h BD, below detection. 
i Average of two measurements. 
j NA, not applicable. 

28 
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In total, 3169 genes (52 % of the genome) exhibited a significantly different transcript 
level in at least one of the 28 pair-wise comparisons.  2542 Genes (42 %) of the 
genome did not exhibit a significant difference in transcript level in any of the pair-wise 
comparisons. The remaining 373 transcripts (representing 6 % of the S. cerevisiae 
genome) remained below the detection limit under all eight conditions investigated 
(Figure 2) (see Supplementary Table 2 online).  

 

3169

373

2542

undetectable in all 
conditions

changed significantly in 
at least one condition

unchanged
regulatory profile genes changed
higher in anaerobic 65
lower in anaerobic 90
oxygen responsive genes 155
regulatory profile aerobic aerobic & anaerobic

onlly anaerobic only 
higher in C-lim 145 19 35
lower in C-lim 48 14 167
higher in N-lim 19 32 39
lower in N-lim 14 1 6
higher in P-lim 31 31 28
lower in P-lim 12 2 7
higher in S-lim 20 48 13
lower in S-lim 44 5 7
Nutrient specific genes 333 152 302  

 

Figure 2: Global transcriptional responses to growth in aerobic and anaerobic, macronutrient-
limited chemostats. The genome-wide transcript profiles of S. cerevisiae grown under different oxygen 
availability conditions and limitations (lim) for carbon, nitrogen, phosphorus, or sulfur are compared, and 
the classes of expression profiles were scored. About half of the predicted genome (48 %) was either 
unchanged or not measurable across all eight conditions. The remaining significantly changed genes 
(3169) were categorized into oxygen-responsive genes (155); genes that responded to macronutrient-
limitation under solely aerobic conditions (333), solely anaerobic conditions (302) and irrespective of the 
presence of oxygen (152); and genes with a more complex transcription profile. 

 

Transcripts that showed a consistent difference in the aerobic-anaerobic 
comparisons under all four macronutrient-limitation regimes were identified by 
combining the four relevant pair-wise comparisons (Figure 1, vertical arrows). This set 
of consistently oxygen-responsive genes contained 155 genes (2.6% of the genome; 
Figure 3A) (see Supplementary Table 3 online). 

To investigate transcriptional responses to macronutrient limitation, we first 
identified transcripts that responded to a single nutrient-limitation regime under either 
aerobic or anaerobic conditions (Figure 3B, sets I and V). Combination of sets I and V 
for each of the four macronutrient-limitation regimes yielded a subset of transcripts that 
showed a consistent response to macronutrient limitation, irrespective of oxygen 
availability (Figure 3B, set III, 152 genes) (see Supplementary Table 4 online). In 
addition, this comparison yielded two sets of genes that only showed a transcriptional 
response to one of the four nutrient limitation conditions under either aerobic conditions 
(Figure 3B, set II, 333 genes) (see Supplementary Table 5 online) or anaerobic 
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conditions (Figure 3B, set IV, 302 genes) (see Supplementary Table 6 online).  The 
data analysis approach described above enabled us to dissect the S. cerevisiae 
genome clusters of genes that either showed a consistent, robust response to oxygen 
availability or macronutrient limitation or, alternatively, showed a more complex dual-
parameter transcriptional regulation. 
 
Signature genes with a consistent transcriptional response to oxygen availability 
or macronutrient limitation 
Ten clusters of genes that were identified showed a specific and consistent response to 
anaerobiosis, glucose limitation, nitrogen limitation, phosphorus limitation or sulfur 
limitation (Figure 4). In five of these clusters, the transcriptional response was defined 
as ‘up-regulated’ under the conditions indicated, in the other five clusters the 
transcriptional response was defined as ‘down-regulated’. This terminology does not 
imply any mechanism of regulation. For example, down-regulation under nutrient 
limitation might, mechanistically, represent up-regulation under conditions of nutrient 
excess. In our discussion of these ‘consistent-response’ genes, we will restrict 
ourselves to a detailed analysis of the anaerobically up-regulated genes and some 
specific observations on the macronutrient-limitation-responsive genes. 
 
Anaerobically up-regulated genes 
Based on a statistically robust, two-laboratory transcriptome analysis of glucose-limited 
chemostat cultures of S. cerevisiae, Piper et al (262) identified 877 transcripts that 
were differentially expressed in anaerobic and aerobic cultures. These genes were 
distributed in 133 anaerobically up-regulated and 744 anaerobically down-regulated 
genes.  In our 2-dimensional approach, the transcriptional response to oxygen 
availability of 722 of these genes (82 %) depended on the macronutrient limitation 
regime and only 155 genes showed a consistent response to anaerobiosis under all 
four macronutrient limitation regimes (65 up-regulated, 90 down-regulated) (Figure 3A). 
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Figure 3: Data mining strategy: dissection of the transcriptome response with respect to nutrient 
limitation and oxygen availability. A) Venn diagram of signature anaerobic genes. Italic numeric and 
normal numeric represents up-regulation and down-regulation, respectively, under anaerobic conditions. 
Each of the four circles corresponds to a cluster of genes that showed a transcriptional response to oxygen 
availability under one of the four macronutrient limitation regimes. The overlap of the four clusters 
represents genes that show a consistent response to oxygen availability, irrespective of the nutrient 
limitation regime.  B) (opposing page) Venn diagram of macronutrient-limitation-responsive genes. The 
diagram shows pair-wise transcriptome comparisons (see Figure 1) of each macronutrient limitation 
regime against the other three macronutrient limitation regimes, for aerobic and anaerobic cultures. Each 
circle represents the cluster of genes up-regulated (italic numeric) or down-regulated (normal numeric) for 
the reference macronutrient limitation. Sets I and V contain the genes that showed a consistent response 
to each of the four macronutrient limitation regimes in the three pair-wise comparisons under aerobic and 
anaerobic conditions, respectively. Combination of Sets I and V yielded three new subsets of 
macronutrient-limitation responsive genes. Set III represents signature genes that showed a consistent 
response to each of the macronutrient limitation regimes under aerobic and anaerobic conditions. Sets II 
and IV represent genes whose transcriptional response to a single macronutrient limitation regime was 
specific for aerobic or anaerobic conditions, respectively. 
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Of the 65 anaerobically up-regulated genes, 20 have an as yet poorly defined or 
unknown biological function. The 45 genes with known function were distributed over 
the functional categories, metabolism and energy (21 genes), transport (4 genes), cell 
rescue and defense (11 genes), protein synthesis (3 genes) and cell wall and 
organization (6 genes) according to the MIPS database (Comprehensive Yeast 
Genome Database http://mips.gsf.de/genre/proj/yeast/index.jsp) (229) (Figure 4). A 
closer inspection reflected the biosynthetic role of molecular oxygen in S. cerevisiae 
(276). Under anaerobic conditions, S. cerevisiae is not capable of de novo biosynthesis 
of sterols and unsaturated fatty acids and therefore these compounds are required as 
growth factors under anaerobic conditions (8, 9).  

Although the anaerobic chemostat cultures were supplied with ergosterol and 
oleate, 22 of the consistently anaerobically up-regulated genes have been implicated in 
or associated with sterol or lipid metabolism. Of these genes, UPC2 and SUT1 are 
transcription factors for sterol uptake in yeast (272, 364) and PDR11 and AUS1 
(members of the ABC membrane transporters) have been shown to be involved in 
sterol uptake for anaerobic growth. 13 members of the seripauperin family of possible 
cell wall mannoproteins (DAN1, DAN2, DAN3, DAN4, TIR1, TIR2, TIR3, TIR4, PAU1, 
PAU3, PAU4, PAU5 and PAU6) that were consistently up-regulated in anaerobic 
cultures encode mannoproteins. These important determinants of cell wall permeability 
during anaerobiosis (3) may be involved in sterol uptake, as recently shown for DAN1 
(364). The MGA2 gene product regulates the transcription of OLE1, which is involved 
in the biosynthesis of unsaturated fatty acids (153). HES1, ARE1, YSR3 and PLB2, 
encode a putative oxysterol-binding protein, an acyl-CoA acetyl transferase, a putative 
regulator of sphingolipid metabolism and a phospholipase B2, respectively (104, 152, 
213, 283). In addition to genes involved in sterol and fatty-acid metabolism, COX5B 
and HEM13 displayed a consistent up-regulation in all anaerobic cultures. COX5B 
encodes the ‘anoxic subunit’ of cytochrome C oxidase, which is proposed to be 
involved in oxygen sensing (181). HEM13 encodes a cytosolic coproporphrinogen III 
oxidase and has been described as the first, molecular oxygen-dependent and rate-
controlling step of heme biosynthesis (276). 
 
 
 
 
 
 
 
 
 
 



Chapter 2 

 34 

specifically higher expression under anaerobiosis
transport (4) cell wall organization (6) 
AAC3, PDR11, AUS1, FET4 ECM34, DAN1, DAN2, DAN3, DAN4, SRO77
cell rescue and defense (11) metabolism and energy (21)
PAU1, PAU3, PAU4, PAU5, PAU6, TIR1, TIR2 TIR3, TIR4, BNA2, GSY1, ADH5, YDR541C, SER3, YOL002C, ATF2, HES1
YHL046C, YOL161C HEM13, PLB2, YSR3. SUT1, UPC2, MGA2, SML1, MUC1, 
unknown/ poorly defined (20) COX5B, ARE1 , YJL218W, YGL039W, YDR541C
SET4,, YML083C, YDR516C, YAL068C, YBR300C, protein synthesis (3)
YGL261C, YGR294W, YHL042W, YIL176C, YDR542W ANB1, PMT5 EUG1
YJR116W, YLL064C, YLR413W, YLR437C, YMR325W, 
YOL101C, YOR012W, YOR013W, YPL272C, YGR131W
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transport (9) transcription (4)
PUT4, AAC1, CRC1, MCH4, AQY2, YLL053C, CCC2, MOT3, ROX1, SOL4, PRP12
PDR12, ANT1
metabolism and energy (39) unknown/poorly defined (36)
YTP1, YKR016W, FAA1, HMX1, GRE2, YPC1, PUT2, MDG1, PEX21, ECM13, LSB6, YPR151C, YBR230C, 
HMG1, OSH7, PDR16, KGD2, MCR1, CBP4, RIP1, MBA1, YOR356W, YLR312C, YMR009W, PHM7, YPR061C, YNL100W, 
YML087C, YIL042C, YIR035C, YFL030W, YBL086C, ISU1, YNL274C, YGL196W, YGL101W, MDV1, YPL107W, YLR108C, 
CYC1, CYT1, NDI1, NDE1, COX5A, QCR2, COR1, COX6, YLR168C, YJL048C, YOR215C, YDL110C, YAL049C,
COX7, COX4, COX12, CYB2, SDH1, GUT2, ATP20, ATP7 YBL095W, YGR266W, YGR243W, YPL004C, YOL155C, 
cell rescue and defence (1) YCR061W, YCR062W, YHR080C, YGL057C, YIL040W,
SOD2 YDL086W, YBR047W, YOR161C, YMR002W
cell cycle (2)
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Anaerobic     Aerobic
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transport (8) transcription (1)
DUR3, DAL4, DAL5, GAP1, PUT4, MEP2, YMR088C, OPT2 DAL80 
metabolism and energy (13) cell and protein fate (2)
DAL1, DAL2, DAL3, DAL7,DUR1,2, PUT1, PUT2, SPS4, YBR139W
SDL1, ECM38, MLS1, ALD2, CPS1, DCG1
poorly defined/unknown (8)
YGR190C, YIL089W, YHR029C, YGK3, ADY3, YDR090C, YMR090W, YLR053C 
specifically lower expression under nitrogen limitation aerobic & anaerobic
transport (1)
GNP1

specifically higher expression under phosphorus limitation aerobic & anaerobic
transport (7) protein fate (1)
PHO84, PHO89, PHO86, ALR1, VTC3, VTC4, VTC1 MAF1
metabolism and energy (14) transcription (1)
PHO11, PHO3, PHO81, GIT1, KCS1, PLB3, INM1, HOR2, PYK2 SPL2 ZAP1
YPL110C, YNL217W, DDP1, PMU1 poorly defined/unknown (8)

FLO9,YAR069C, GFD2, ICY1, DML1 PHM6, PHM8,YJL118C
specifically lower expression under phosphorus limitation aerobic & anaerobic
transport (2)
SUL1, IPT1

specifically higher expression under sulfur limitation aerobic & anaerobic
transport (14) metabolism (14)
SUL2, MMP1, MUP1, MUP3, SAM3, HGT1, ATM1, YIL166C, YLL055W, SER33, MET1, MET8, MET2, MET3, MET10, YLL058W, 
ARN1, AGP3, YBR293W, YOR378W, YOL163W MET16, MHT1, CYS3, STR3, BNA3, PDC6, YHR176W
cell cycle and fate (3) transcription (3)
RAD59, SOH1, CHL4 MET28, MET32, TIS11
cell rescue and defense (3) cell wall organization (1)
GTT2, CTT1, YLL057C CWP1
poorly defined/unknown (10)
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specifically lower expression under sulfur limitation aerobic & anaerobic
transport (2) metabolism (2)
HXT6, SSU1 GPH1, SCS3
transcription (1)
SOL1

C N P S C N P S

specifically higher expression under carbon limitation aerobic & anaerobic
transport (3) metabolism and energy (6)
JEN1, MAL11, CSR2 HXK1, MAL32, SUC2, SUC4, ALD4, ISF1
transcription (2) poorly defined/unknown (7)
GAL4, SOL1 MRK1, YLR327C, YFR017C, YER067W, YGR243W, YIL057C

YMR206W
specifically lower expression under carbon limitation aerobic & anaerobic
transport (5) transcription (3)
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cell fate/cycle/rescue (3) poorly defined/unknown (3)
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Figure 4: Signature genes that responded to a single environmental parameter. The three independent 
transcriptome datasets for each condition were averaged and then compared. Green (relatively low 
expression) and red (relatively high expression) squares are used to represent the transcription 
profiles of genes deemed specifically changed. The signature genes were sorted by functional 
categories according to the Comprehensice Yeast Genome Database (229) and SGD (84) 
databases. The full dataset containing all transcript abundance measurements can be found at 
www.bt.tudelft.nl/2-Dtranscriptomics. 
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As a further approach to assess the biological significance of the consistent 
transcriptional responses identified via the two-dimensional approach, we analyzed the 
enrichment of regulatory motifs in promoter sequences of the oxygen-responsive genes 
(Figure 3A, Figure 4, Table 2). Four over-represented sequences were recovered from 
the 65 anaerobic up regulated genes promoter regions (Table 2). At least one of the 
two overlapping sequences TCGTwyAG or CCTCGTwy was recovered from 34 genes 
(52%) in the cluster. These sequences are similar to the previously described binding 
site for Upc2p (CGTTT (55)), a transcription factor whose structural gene itself was 
consistently up-regulated in the anaerobic cultures. 17 genes (26 %) shared the 
element ATTGTTC, which is the known binding site for the anaerobic transcription 
factor Rox1p (204)).  We also identified a new motif, AAGGCAC, within this cluster of 
genes, for which no DNA-binding protein has yet been identified. The Upc2p and 
AAGGCAC motifs showed a remarkable coincidence in the promoters of 12 genes of 
the cluster (Figure 5). In the upstream regions of these genes, the Upc2p binding site 
was present at –450 to –380 and the AAGGCAC element was present at –360 to –300 
(Figure 5). The conservation of both the distance to the coding region and the distance 
between the elements strongly suggest biological relevance. 70% of the promoter 
sequences of the genes that were consistently up-regulated in the anaerobic cultures 
contain at least one of the three elements discussed above. 
 
Transcriptional responses to macronutrient limitation: genes up-regulated under 
phosphate limitation 
The four clusters of genes that were consistently (under aerobic as well as anaerobic 
conditions) up-regulated in response to growth limitation by a single macronutrient 
shared some conserved features. These involved induction of high-affinity uptake 
systems for the limiting macronutrient, excretion of nutrient-scavenging enzymes to the 
extracellular medium, induction of systems for mobilization and utilization of 
intracellular reserves and induction of systems for transport and assimilation of 
alternative sources of the limiting nutrient (Figure 4). This is exemplified by the 
transcriptional response to phosphorus limitation.  

Previous comparison identified 62 up-regulated signature transcripts for aerobic 
phosphate limited growth (32). Introducing a second dimension (anaerobic phosphate 
limitation) resulted in a 50% decrease of the genes composing this cluster. Indeed, 31 
genes showed a consistent up-regulation relative to the other macronutrient-limitation 
regimes in aerobic and anaerobic phosphate-limited chemostat cultures.  Among these 
genes, seven are involved in transport, 14 in metabolism, one in protein fate, one in 
transcription and eight have an as yet unknown function according the MIPS database 
(229) and Saccharomyces Genome Database (84). 23 of these phosphate-limitation-
induced genes (74%) could be directly related to phosphorus metabolism. 



 

  

 
Table 2: Gene coverage of over-represented sequences retrieved from promoters of co-regulated genes  
(Unless stated otherwise, elements were counted present in a gene promoter only if they occurred at least twice). 
 
Regulatory cluster Promoter elementa Putative binding protein  Gene   Genome  

 forward Reverse   
coverage 
(%) 

 
coverageb 
(%) 

              Rangec 

Specifically higher  AAGGCACd GTGCCTT ?  38  8  0-3  
in anaerobiosis ATTGTTCd GAACAAT Rox1p  26  12  0-3  
 ddACGAGGd CCTCGThh Upc2p  40  18  0-2  
 TCGTwyAGd CTrwACGA Upc2p  38  7  0-3  
    Set IIe Set IIIf Set IVg  Set II Set III Set IV 

Specifically higher in C-lim dCCCCdh dhGGGGh Mig1p 43 65 25 28 0-5 0-6 0-5 
Specifically higher in N-lim rGATAAs sTTATCy Gln3p/Gat1p/Dal80p/Gzf3p 11 61 14 6 0-3 0-5 0-3 
 CAATGA TCATTG Dal82p 11 23 3 13 0-4 0-3 0-2 
Specifically higher in P-lim mACGTGs sCACGTk Pho4p 13 58 13 3 0-2 0-6 0-6 
Specifically higher in S-lim GCCACA TGTGGC Cbf1p/Met4p/Met28p 5 33 NSh 3 0-4 0-5 0-1 
 CACGTGA TCACGTG Met31p/Met32p NS 10 NS 2 0-1 0-3 0-1 
 
a Redundant nucleotides are given by: r = A or G, y = C or T, s = G or C, w = A or T, k = G or T, m = A or C, b = C, G or T, d = A, G, or T, h = A, C or T, n = A, C, G or T.  
b Relative to 6451 open reading frame upstream promoters in the yeast genome according to RSA Tools. 
c Range of motifs present in each promoter of the specific gene cluster. 
d Elements counted present in a gene promoter when occurring at least once. 
e Set I, containing aerobic-only nutrient-specific genes, as in Fig 3B. 
f Set II, containing aerobic and anaerobic nutrient-specific genes, as in Fig 3B. 
g Set III, containing anaerobic-only nutrient-specific genes, as in Fig 3B. 
h NS, no significant patterns retrieved by RSA Tools.  
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All seven genes classified in the transport category were associated to 
phosphate transport (PHO84; high-affinity inorganic phosphate/proton symporter, 
PHO89; high-affinity sodium-dependent phosphate transporter (259), PHO86; protein 
associated with phosphate transport complex with phosphate transport complex 
(188), GIT1; glycerophosphoinositol transporter (6) belonging to the major facilitator 
superfamily (MFS) , VTC1, VTC3 and VTC4; subunits of the vacuolar membrane 
polyphosphate transporter complex (249)).  

Of the remaining genes in this cluster, several are involved in phosphate 
mobililization: PHO11 and PHO3 encode phosphatases, HOR2 a glycerol-3-
phosphate phosphatase (230, 342), INM1 an inositol monophosphatase (245), 
YNL217W a putative  metallo-phosphatase (235), YPL110C a putative 
glycerophosphoryl diester phosphodiesterase, DDP1 a diadenosine hexaphosphate 
hydrolase (46), PLB3 a phospholipase B (224) and  PYK2 a glucose repressed 
pyruvate kinase (34). The proteins encoded by PHM6 and PHM8 are likely to encode 
proteins involved in phosphate metabolism (249) as well, and their promoter regions 
exhibit a Pho4p binding site. PHO81 and SPL2 are presumed inhibitors of the 
Pho80p-Pho85p cyclin-dependent protein-kinase complex and positive regulators of 
phosphate-related genes (96). Furthermore, KCS1 an inositol (1, 2, 3, 4, 5, 6) 
hexaphosphate kinase involved in inositol metabolism was up-regulated (281). The 
remaining eight genes in the cluster (25 %) could not be directly associated to 
phosphate metabolism. Interestingly, two of these genes are involved in 
transcriptional regulation: ZAP1 encodes a zinc-responsive transcriptional activator 
(374) and MAF1 a putative repressor of RNA polymerase III transcription and a 
common component of multiple signaling pathways in S. cerevisiae that sense 
changes in the cellular environment (331). 

In silico promoter analysis of the genes that were consistently up-regulated 
under phosphate limitation revealed an overrepresented mACGTGs motif (present in 
58% of the genes in the cluster as opposed to 3% in the S. cerevisiae genome). This 
sequence shows strong similarity to the CACGTG consensus for the binding site of 
Pho4p (94), the main transcription factor required for expression of the phosphate-
related genes (Table 2). 
 
Figure 5 (opposing page): Localization of consensus binding sites in promoter sequences of up-
regulated genes in the absence of oxygen irrespective of nutrient limitation. The promoter regions 
of genes from –800 to –1 were based on the sequences obtained from RSAT (336). ▲,Upc2p 
consensus sequence TCGTwyAG; ▼, Upc2 consensus sequence TCGTwyAG found on the Crick 
strand; +, Upc2 consensus sequence  CCTCGThh; █ , Rox1p consensus sequence ATTGTTC; � 
AAGGCAC consensus sequence. Consensus sequences on both strands are indicated. The open 
reading frames on the Watson strand and on the Crick strand are indicated by D and an R respectively. 
Redundant nucleotides are given by: y = C or T, w = A or T, h = A, C or T. 
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Transcriptional cross regulation identified from two-dimensional transcriptome 
analysis 
By combining the transcriptional responses to (an)aerobiosis in cultures subjected to 
four different macronutrient limitation regimes, it was possible to identify gene 
clusters that were subjected to transcriptional regulation by two environmental 
parameters. Identification of such clusters is not possible in conventional ‘one-
dimensional’ pair-wise comparisons between cultivation conditions. Eight such 
clusters (Figure 3B set II and IV) could be assigned. To explore the biological 
significance of defining these clusters, we will discuss one of these clusters in more 
detail. 

Of the 428 genes that showed a transcriptional response to carbon limitation 
in our analysis (Figure 3B set II, III, IV), only 33 genes showed a consistent response 
to carbon limitation irrespective of the availability of oxygen (Figure 3B set III). 193 
genes (Figure 3B set II) only showed a significant transcriptional response under 
aerobic conditions. Of the remaining 202 genes (Figure 3B set IV), which only 
responded to carbon limitation in the anaerobic cultures, 167 genes were down-
regulated in anaerobic, carbon-limited cultures and 35 genes up-regulated.  

Of the 35 genes that were, at the level of transcription, uniquely up-regulated in 
anaerobic, carbon-limited chemostat cultures, 21 genes were related to mitochondrial 
function (Figure 6A) – even though glucose dissimilation in these cultures was 
completely fermentative. 15 of these mitochondrial-function-related genes were 
involved in oxidative phosphorylation and respiration, QCR2, QCR6, QCR7 and RIP1 
as core subunits of ubiquinol cytochrome C reductase complex (complex III), COX4, 
COX5A, COX6, COX8, COX12 and COX13 as core subunits of cytochrome C 
oxidase (complex IV),  ATP4, ATP15 and ATP20 as core subunits of the FO subunit 
of the mitochondrial ATP-synthase,  INH1 as the inhibitory subunit of the 
mitochondrial ATP-synthase and finally CYC1 as the predominant aerobic isoform of 
cytochrome C. In addition, three of the four subunits of succinate dehydrogenase 
(SDH1, SDH2 and SDH4) were significantly up-regulated in the carbon-limited 
anaerobic cultures. DLD1 encodes mitochondrial D-lactate ferricytochrome-c-
oxidoreductase (203), MAM33 encoding a mitochondrial protein required for normal 
respiratory growth (295) and NDE1 a mitochondrial cytosolically directed NADH 
dehydrogenase (205). The remaining 14 genes out the 35 genes of the discussed 
cluster were composed of two hexose-transporter genes (HXT16 and HXT17), five 
genes encoding ribosomal proteins (RSP10A, RPS25A, RPP1B, RPL4A and 
RPL9A), and seven genes belonging to different metabolic routes (SUT1, OSH7, 
AGP1, IMD2, YLR089C, YAR075W and GPA1) (Figure 6B). 
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Figure 6: Hierarchical regulatory control of gene expression. Upper panel, normalized transcript 
profiles of mitochondrial function-related genes that clustered with a set of genes that showed a specific 
transcriptional up-regulation upon carbon limitation in anaerobic cultures. The transcript level across the 
four conditions for each gene was mean and variance normalized. The data represent the normalized 
abundance of all transcripts for each cultivation conditions, as well as the normalized average 
abundance of all transcript of the cluster, (thick black line).  Error bars represent S.D. Middle panel, 
normalized transcript profiles of genes belonging to the cluster described under A that do not have a 
(known) relation to mitochondrial function. The data are presented as described for the upper panel.  
Lower panel, transcript profiles of the structural genes for the components of the Hap2/3/4/5p complex. 
Error bars represent S.D. ■, HAP2; ○, HAP3; ●, HAP4; □, HAP5.   
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The low mRNA levels of these genes in anaerobic chemostat cultures that 
were limited by nitrogen, phosphorus or sulfur, and thus had a high residual glucose 
concentration, strongly suggests that glucose catabolite plays an important role in 
their transcriptional regulation. Conversely, under aerobic conditions, the identity of 
the growth-limiting nutrient did not significantly affect transcription. In fact, closer 
inspection indicated that, in the aerobic cultures, high transcript levels were observed 
under all four macronutrient limitation regimes (Figure 6A). Furthermore, also in the 
aerobic cultures, the combined expression patterns of these genes suggest a 
moderate induction (Figure 6A) under glucose-limited conditions. However, the 
statistical criteria used for the definition of the cluster did not identify this induction as 
significant. 
 A simple model to explain these observations is that, for this particular subset 
of S. cerevisiae genes, induction by oxygen supersedes glucose catabolite 
repression. It is beyond the scope of this paper to analyze the molecular basis for this 
apparent hierarchy in transcriptional regulation. However several genes of this cluster 
such as DLD1, QCR2, QCR7 and CYC1 are known targets of the Hap2/3/4/5p 
complex (31, 100, 203, 250) (Figure 6A). In silico promoter analysis of the 35 genes 
of this subset revealed a significant over-representation (3-fold) of the ACCAATnA 
sequence, which overlaps the CCAAT core of the Hap2/3/4/5p binding site. 
Furthermore, the transcript level of HAP4, known as the regulatory subunit of the 
Hap2/3/4/5p complex, correlated with the expression pattern within this subset of 
genes (Figure 6C). Interestingly, HAP4 expression is reported to be glucose 
repressible, being up-regulated after the diauxic shift and during growth on 
respiratory carbon sources (106). Further research is required to investigate which 
factors, in addition to regulation by the Hap2/3/4/5p complex, are involved in oxygen 
regulation of these genes and which factors determine the relative impact of glucose 
repression and oxygen induction. 
 
 
Discussion 
 
DNA microarrays as diagnostic tool for biotechnology 
A detailed understanding of the environmental stimuli to which microorganisms are 
exposed in industrial fermentation processes is invaluable for rational design and 
optimization of such processes. DNA microarrays provide an interface that, in 
principle, allows the use of the microorganisms themselves as the ultimate 
‘biosensor’. An unequivocal coupling between relevant environmental parameters 
and transcriptional responses is essential for this application of DNA microarrays. An 
important concept in this context is that of the ‘signature transcript’, which indicates a 
transcript of which the levels specifically increases (or decreases) in response to a 
single environmental stimulus.    
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This study indicates that, in general, robust signature transcripts cannot be 
identified by varying the process parameter of interest against a single, constant 
experimental background (‘one dimensional transcriptome analysis’). Instead, 
identification of robust signature transcripts requires that transcriptional responses to 
an environmental parameter be analyzed against multiple experimental backgrounds. 
For example, the sets of ‘signature transcripts’ for (an)aerobiosis and growth 
limitation by 4 macro-nutrients that were previously established in ‘one-dimensional’ 
transcriptome comparisons (32, 262, 316, 368) were considerably reduced in size by 
the two-dimensional approach followed in the present study. Chemostat cultivation is 
an indispensable tool for this combinatorial approach as, in contrast to batch 
cultivation, it allows the manipulation of individual culture parameters while keeping 
other relevant parameters, including the specific growth rate, constant (32, 165, 262, 
368). 

Although this study covers only a minute fraction of the staggering diversity of 
environmental conditions to which S. cerevisiae may be exposed in nature and in 
industry, it clearly demonstrates the complexity of transcriptional regulation. In real 
life, transcriptional responses of cells are influenced by hundreds of extracellullar 
signals. The interplay of these signals results in a multidimensional space in which 
each possible combination of signals results in a unique transcriptome. It is therefore 
to be anticipated that the number of robust signature transcripts will decrease further 
when, in addition to nutrient limitation and oxygen availability, other chemical or 
physical process parameters are included. 

The significance of the combinatorial nature of the regulation of gene 
expression extends beyond S. cerevisiae and industrial biotechnology. For example, 
in the medical field, it is to be expected that the transcriptional profiles coupled to a 
disease or pharmacological efficacy will be equally sensitive to other stimuli and 
variance received by the cells. While, in a statistical sense, such effects may be 
averaged out when the identification of disease-correlated signature transcripts is 
based on large numbers of healthy and ill individuals (1), this does not exclude a 
strong impact of transcriptional ‘cross talk’ in individual patients that have been 
exposed to special circumstances. 
 
Unraveling transcriptional regulation 
Despite the combinatorial nature of transcriptional regulation, identification of 
unequivocal ‘signature transcripts’ should be possible when mechanisms of 
transcriptional regulation are fully understood. Ideally, signature transcripts should be 
encoded by genes that respond to a single transcriptional regulator protein whose 
expression and activity are uniquely dependent on a single environmental stimulus. 
Identification of such genes and regulators requires detailed knowledge of the 
regulons and recognition sequences of all relevant transcriptional regulators. Such 
knowledge is also essential for rational and predictable reprogramming of 
transcriptional regulation to improve the performance of industrial microorganisms. 
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Even for well studied organisms like S. cerevisiae, the physiological role of 
many transcriptional regulators, as well as the sequence motifs they recognize, 
remain to be identified.  The two dimensional, chemostat-based approach proposed 
in this paper provides a powerful new tool for unraveling transcriptional regulation 
networks. This is exemplified by the enrichment of regulatory motifs in the 
consistently anaerobically induced transcripts (Table 2). Clearly, regulation by known 
transcriptional regulators (relief of ROX1 repression and transcriptional activation by 
UPC2 (20, 182, 364)) was not sufficient to account for the transcriptional response of 
all 65 genes that were consistently up-regulated under anaerobic conditions. Indeed, 
our study strongly suggests that at least a third factor, recognizing an AAGGCAC 
motif, is involved in transcriptional regulation by oxygen availability. This motif had 
gone unnoticed in a previous ‘one dimensional’ aerobic/anaerobic comparison (316). 
In general, a combinatorial analysis of the transcriptional responses to environmental 
stimuli is likely to increase enrichment of relevant regulatory elements and facilitate 
their identification.  

The approach used in this study also allows statements on the hierarchy of 
transcriptional regulation. This is exemplified by a subset of genes related to 
mitochondrial function. Under anaerobic conditions, these genes are regulated 
primarily by glucose repression-derepression. However, under aerobic conditions, a 
high transcript level was observed even under glucose-excess conditions. Together, 
these data indicate that, in the aerobic cultures, oxygen regulation supersedes 
glucose repression (Figure 6). By expanding datasets and combining them with an in 
silico analysis of promoter structure, combinatorial analysis of transcriptomes can 
accelerate the unraveling of transcriptional regulation networks.  
 
Functional analysis 
Assigning physiological functions to ‘unknown-function’ genes still poses a major 
challenge in the post-genomic era. By identifying groups of genes that appear to be 
co-expressed (269), DNA microarrays can guide functional analysis. Indeed, many 
studies have correlated mRNA levels to cultivation conditions. However, even when 
chemostat cultivation was used to change only a single environmental parameter, 
pairwise comparisons characteristically lead to large numbers of target genes, which 
complicates functional analysis (32, 70, 262, 316). Moreover, in a recent study on the 
genome-wide transcriptional responses to low temperature (137), a very poor 
correlation was observed between transcriptional responses of genes and the 
phenotype of the corresponding null mutants at low temperature.  

Compared to previous one-dimensional studies, the combinatorial approach 
followed in the present study led to a clear enrichment in our ‘robust-response sets’ 
of (i) genes with known function related to the environmental status under study 
(Figure4) and/or (ii) genes with relevant regulatory elements (Table 2). By 
implication, also the unknown-function genes found in the corresponding datasets 
are more likely to have a direct functional relationship to the corresponding 
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nutritional/environmental status.  We are currently testing this hypothesis for the 
subset of genes that showed a consistent upregulation under anaerobic conditions. 

Among the ‘robust response’ signature genes identified in this study, 38 % do 
not have a clearly established biological function (Figure 4). It is noteworthy that 
some of these (YJL118C, YAR069c and YGR190C) belong to a group of ORFs for 
which it has been recently been proposed that they should be discarded from the 
yeast genome directory, based on genomic comparison of S. cerevisiae, S. bayanus, 
S. mikatae and S. paradoxus (161). The observation that three of these genes 
showed a consistent response to phosphate limitation (YJL118C and YAR069C) or 
nitrogen limitation (YGR190C) strongly suggests they are bona fide, biologically 
relevant genes.  

Provided that yeast strain and cultivation procedures are standardized, DNA 
microarray analysis on chemostat cultures is well reproducible in different 
laboratories (262). We propose that a multi-laboratory effort to build an extensive, 
chemostat-based ‘multidimensional’ gene-expression database is an invaluable 
research tool for functional analysis of the S. cerevisiae genome and for yeast 
systems biology. Obviously, such a database should not necessarily be confined to 
transcriptome data, but could also cover other levels of information. 
 
 
Footnote:  
The complete dataset is available for download at Genome Expression Omnibus 
website (http://www.ncbi.nlm.nih.gov/geo/) as series with GEO accession number: 
GSE1723 and at our website www.bt.tudelft.nl/2-Dtranscriptomics where 
supplementary data can also be found. 
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Abstract 
 
The applicability of transcriptomics for functional genome analysis rests on the 
assumption that global information on gene function can be inferred from transcriptional 
regulation patterns. This study investigates whether S. cerevisiae genes that are 
consistently transcriptionally upregulated under anaerobic conditions do indeed 
contribute to fitness in the absence of oxygen. Tagged deletion mutants were 
constructed in 27 Saccharomyces cerevisiae genes that show a strong and consistent 
transcriptional upregulation under anaerobic conditions, irrespective of nature of the 
growth-limiting nutrient (glucose, ammonia, sulfate or phosphate). Competitive anaerobic 
chemostat cultivation showed that only 5 out of the 27 mutants (eug1Δ, izh2Δ, plb2Δ, 
ylr413wΔ and yor012wΔ) conferred a significant disadvantage relative to a tagged 
reference strain. Implications of this study are that: (i) transcriptome analysis has a very 
limited predictive value for the contribution of individual genes to fitness under specific 
environmental conditions, and (ii) competitive chemostat cultivation of tagged deletion 
strains offers an efficient approach for selecting relevant leads for functional analysis 
studies.  
 
Introduction 
 
While the number of completely sequenced microbial genomes continues to grow 
explosively, assignment of biochemical and physiological functions to the corresponding 
genes progresses at a much lower rate. A case in point is the extensively studied yeast 
Saccharomyces cerevisiae. Ten years after the completion of its genome sequence 
(114), 21 % of its genes neither have an experimentally confirmed function nor a function 
that can be predicted with a high degree of confidence based on similarity with genes 
from other organisms (Saccharomyces Genome Database, August 28, 2006 
(http://www.yeastgenome.org/cache/genomeSnapshot.html) (132). 

Accurate determination of gene function often requires sophisticated and costly 
experimental techniques. It is therefore worthwhile to select priority targets for functional 
analysis via high-throughput methods such as for synthetic-lethality screening (325, 
326), mapping of physical interaction (110, 173) or expression analysis. With respect to 
the latter, DNA microarrays have been extensively used to map genome-wide 
transcriptional responses to a multitude of environmental parameters (32, 49, 70, 107). 
This approach yields sets of genes that show common and specific transcriptional 
responses to individual environmental parameters. The resulting sets of transcriptionally 
responsive genes often show enrichment for genes with known functions that can be 
directly correlated with the environmental conditions under study. Additionally, they 
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invariably yield sets of transcripts that encode proteins with unknown function or with a 
known biochemical function that cannot be readily linked to the conditions studied.  

It is generally assumed that, in the case of upregulated transcripts, the 
biochemical functions of the encoded proteins contribute to the organism’s physiological 
adaptation to the environmental parameter under study. However, there are few 
published studies that systematically investigate the extent to which this concept of 
‘transcriptomics-inferred function’ is correct and applicable for guiding functional analysis 
research. Two large-scale comparisons suggest that the correlation between transcript 
profile and fitness of deletion strains may be far from perfect (26, 112, 113, 366). 

Saccharomyces cerevisiae is the only yeast that can rapidly grow under aerobic 
as well as anaerobic conditions (348). This unique ability plays a major role in various 
industrial applications of S. cerevisiae, including beer fermentation, wine fermentation 
and large-scale production of fuel ethanol. Still, the genetic basis for rapid anaerobic 
yeast growth remains unknown. In a recent chemostat-based study (313), we used 
transcriptome analysis to investigate the response of the yeast Saccharomyces 
cerevisiae to anaerobic conditions. 65 Genes (ca. 1 % of the genome) were found to be 
significantly upregulated under anaerobic conditions, irrespective of the nature of the 
growth-limiting nutrient (glucose, ammonium, phosphate or sulfate). In separate 
experiments with the yeast deletion library (299), 24 genes were shown to be essential 
for anaerobic (but not for aerobic). Surprisingly, when these two sets of genes, obtained 
from different experimental approaches, were compared, no overlap was found. 

In the present study, we investigate whether genes that are transcriptionally 
upregulated in anaerobic cultures of S. cerevisiae contribute to its fitness under 
anaerobic conditions. In order to be able to identify subtle effects on fitness, competitive 
cultivation of a reference strain and a set of null mutants, was performed in anaerobic 
chemostats.   

Experimental procedures 

 
Strains and growth conditions 
S. cerevisiae CEN.PK113-7D (MATa MAL2-8c SUC2) (335) was used as the prototrophic reference strain. 
All knockout strains (Supplemental Table 1 online) were constructed in this genetic background. Strains 
were constructed by using standard yeast media and genetic techniques (43). The kanamycin resistance 
cassette was amplified by PCR by using specific primers (Supplemental Table 1 online) and the pUG6 
vector as template (119). As part of the deletion process, each gene disruption was replaced with a KanMX 
module and uniquely tagged with two 20mer sequences (http://www-
sequence.stanford.edu/group/yeast_deletion_project/deletions3.htm) (Supplemental Table 1 online). The 
gene YGR059W was either tagged with a unique downtag sequence or an uptag sequence. The deletion of 
YOR012W carried along inactivation of neighbouring and overlapping ORF YOR013W. The double mutant 
strain yor012WΔ/yor013WΔ will be referred as yor012WΔ in the rest of the manuscript. Strains were 
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routinely grown at 30oC on complete media (YPD). Supplemental data can be obtained online on 
www.bt.tudelft.nl. 
 
Shake-flask cultivation was performed in 500 ml flasks containing 100 ml of medium, which were incubated 
at 30oC on an orbital shaker set at 200 rpm. The composition of the synthetic medium (SM) was as follows: 
20 g liter-1 glucose, 5 g liter-1 (NH4)2SO4, 6 g liter-1 KH2PO4, 0.5 g liter-1 MgSO4, trace elements and vitamin 
solutions (343). The pH of the medium was adjusted to 5.0 and sterilized by autoclaving. Glucose was 
autoclaved separately. Vitamins were filter-sterilized and added to the medium. Growth of the various strains 
was monitored by OD measurements at 660 nm. After growing all strains to mid-exponential phase, an 
equivalent amount of each mutant strain, corresponding to 0.02 OD660nm unit, was aseptically pooled to 
prepare a mixed inoculum (30 ml total volume) for the competition experiments.  
 
Chemostat cultivation was performed at 30 oC in 1-liter working volume laboratory fermenters (Applikon, 
Schiedam, The Netherlands) at stirrer speed of 800 rpm, pH 5.0, with a dilution rate (D) of 0.10 h-1 as 
described previously (333). The pH was kept constant, using an ADI 1030 biocontroller (Applikon, 
Schiedam, The Netherlands), via the automatic addition of 2 M KOH. The fermentors were flushed with pure 
nitrogen gas for anaerobic growth and air for aerobic growth at a flow rate of 0.5 liter min-1 using a Brooks 
5876 mass-flow controller (Brooks Instruments, Veenendaal, The Netherlands). The dissolved-oxygen 
concentration was continuously monitored with an Ingold model 34 100 3002 probe (Mettler-Toledo, 
Greifensee, Switzerland) and was 0 % for anaerobic growth and above 70 % for aerobic growth. To sustain 
anaerobiosis, the medium vessels were sparged with pure nitrogen gas and Norprene tubing was used to 
minimize oxygen diffusion into the fermentors. Anaerobic carbon-limited steady-state chemostat cultures of 
the reference strain S. cerevisiae ygr059wΔ::uptag (see Results section) were grown on a synthetic medium 
as described previously (345). Aerobic carbon-limited chemostat cultures contained the same medium but 
with 7.5 g liter-1 glucose and without the anaerobic growth factors Tween-80 and ergosterol. When steady 
state was achieved, the 30 ml competition mix was aseptically injected into the culture using a syringe. 
Samples were taken via the effluent line every 24 hours for a period of 216 hours. The samples were chilled 
on ice, spun down and frozen at -20oC for high-molecular-weight DNA extraction. 
 
High-molecular-weight DNA extraction 
DNA samples were purified using an adapted method described by (43). 40 ml of cell culture broth was spun 
down and resuspended in 1 ml of DNA extraction buffer (2 % Triton X-100, 1 % SDS, 100 mM NaCl, 10 mM 
Tris pH 8.0, 1 mM EDTA pH 8.0). 400 µl of the resuspended cells was added to an equal volume of 
phenol/chloroform/isoamyl alcohol (25/24/1) pH 8.0 and 0.3 g sterile glass beads. The Bio101 Fastprep 
(Qbiogene, CA) was used to break the cell walls with a speed setting of 4.5 for 15 s. After centrifugation, the 
supernatant was transferred to 500 µl phenol/chloroform/isoamyl alcohol (25/24/1) pH 8.0 and vortexed. 
Supernatant was transferred to 1 ml of absolute ethanol (-20oC) for precipitation of DNA and centrifuged for 
15 min (13,000 rpm) at room temperature. The DNA pellet was resuspended in 400 µl TE buffer (10 mM 
Tris-HCl pH 7.4, 1 mM EDTA pH 8.0), 15 µl RNAse cocktail (Ambion 2286) and placed at 37oC until fully 
dissolved. After centrifugation, the chromosomal DNA was re-precipitated with 5 µl 7.5 M ammonium acetate 
and 1 ml absolute ethanol (-20oC) and immediately centrifuged at 13,000 rpm for 15 min at room 
temperature. The air-dried DNA pellet was resuspended in 50 µl TE buffer. Quality of DNA was checked with 
1% TAE agarose gel. DNA quantity was analysed at OD260. 
 
Quantitative real-time PCR 
qrtPCR was run on an DNA engine Opticon I system  (BioRad, Hercules CA) with the following settings: 
94oC for 2 min. 94oC for 10 s, 55oC for 10 s, 72oC for 10 s and  plate reading. The denaturation, annealing, 
elongation and reading steps were repeated for 49 cycles. A melting curve from 55 to 94oC was performed 
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at the end of the reaction. The reaction mixture of 20 µl consisted of 10 µl SybrGreen TAG readymix (Sigma 
S1816), 0.2 mM forward primer, 0.2 mM reverse primer and 50 ng DNA. The C(t) value was calculated with 
the Opticon MonitorTM software version 1.08 (BioRad, Hercules CA) by setting the threshold for significant 
detection levels to 10-times the standard deviation over the cycle ranged from 1 to 15. Each time point was 
carried out in triplicate readings.  
 
Data and statistical analysis  
The C(t) values were converted to amounts of DNA concentration (XDNA) via the exponential relationship of 
XDNA and C(t): XDNA = a.exp-C(t), where a is a variable constant for each strain due to qrtPCR efficiency. For 
each strain, all XDNA values measured during the 216 hours competition experiment were normalized to the 
XDNA value at t = 0  to eliminate bias from PCR efficiency. Fitness was calculated by taking the slope of the 
best-fit linear trend line. The relative reduction of the fitness of mutant strains was calculated from the 
biomass balance [1]: 
[1]   Xt  =  Xo.exp(μ - D)t 
where t = time (hrs), Xt = biomass concentration at time t, Xo = initial biomass concentration, μ = growth rate 
and D = dilution rate.  Statistical analysis was done using the modified Z-score (144) to identify mutants that 
showed significant reduction in fitness (outliers). The modified Z-score was then subjected to a two tailed T-
distribution test with 2 degrees of freedom in accordance to the Grubbs’ test (18) to calculate the 
significance p-values for each mutant strain. Only mutants with q-value < 0.01 were deemed significantly 
reduced in fitness.  

 
Results 
 
Selection of target genes and construction of deletion strains  
A previous transcriptome analysis of S. cerevisiae chemostat cultures yielded 65 genes 
that showed a higher transcript level in anaerobic chemostat cultures than in aerobic 
cultures (we will refer to these genes as ‘anaerobically upregulated’), irrespective of the 
growth-limiting macronutrient (313). From these 65 genes, a set of 24 genes was 
selected for further analysis (Figure 1), based on the following criteria: 
  
1. High change in transcript level (> 3 fold). This led to the elimination of 3 genes whose 
transcript level varied between 2 and 3-fold. 
 
2. Unclear or unknown function. For example, 8 of the 65 genes are related to sterols 
and unsaturated fatty acids metabolisms. As these processes require molecular oxygen, 
their anaerobic upregulation is understood and we therefore eliminated these genes 
from the present study. 
 
3. Not part of a family of genes with high sequence similarity. For example, 21 of the 65 
anaerobically upregulated genes, belong to the seripauperin family (DAN, PAU and TIR 
genes). Since multiple members of this family were present in the set, redundancy might 
well obscure the interpretation of the competitive cultivation experiments carried out with 
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DAN1 (YJR150C) Cell wall mannoprotein induced during anaerobic growth 
UPC2 (YDR213W) regulatory protein involved in control of sterol uptake
ANB1 (YJR047C) anaerobically expressed form of translation initiation factor eIF-5A
MUC1 (YIR019C) cell surface flocculin that is required for invasive and pseudohyphal growth 
SML1 (YML058W) inhibitor of ribonucleotide reductase activity, negatively affects dNTP pools 
FET4 (YMR319C) Zinc and low-affinity Fe(II), copper transport protein
YLR413W unknown with strong similarity to YKL187c
AAC3 (YBR085W) mitochondrial ADP\/ATP translocator
PLB2 (YMR006C) Phospholipase B2, releases fatty acids from lysophospholipids
YJR116W Member of the DUF887 domain of unknown function family 
EUG1 (YDR518W) Protein disulfide isomerase homolog, displays chaperone activity
YGR131W unknown with strong similarity to Nce102p
YOR012W unkown with similarity to YDR391c
YHL042W similarity to subtelomeric encoded proteins
YOL101C Protein that may be involved in zinc homeostasis 
COX5B (YIL111W) Cytochrome-c oxidase chain Vb
YOR013W unknown with strong similarity to YDR391c
ECM34 (YHL043W) Protein possibly involved in cell wall structure or biosynthesis 
IZH2 (YOL002C) Regulation of lipid and phosphate metabolism, possible zinc transporter 
YLR437C protein of unknown function
SRO77 (YBL106C) Suppressor of rho3, functions together with Sec9p
SET4 (YJL105W) may be involved in chromatin-mediated transcriptional regulation 
YDL241W protein of unknown function
YPL272C protein of unknown function
GSY1 (YFR015C) Glycogen synthase (UDP-gluocse--starch glucosyltransferase)
YGL039W unknown with similarity to V. vinifera dihydroflavonol reductase
YSR3 (YKR053C) DHS-1-P phosphatase

Gene name and function
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p-value < 0.01 10 >200010 >2000p-value > 0.01
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Figure 1: Genes included in the competitive cultivation experiments. Transcript intensities are depicted 
with low intensities in black and high intensities in red. Biochemical functions of the encoded proteins are 
derived from the Yeast Proteome Database (www.proteome.com). P-values represent the significance of 
reduced fitness of the respective mutant strain during aerobic and anaerobic growth.   C (carbon), N 
(nitrogen), P (Phosphorus), S (sulfur), ANA (anaerobic), A (Aerobic) 

 
single deletion strains. We therefore decided to eliminate members of large gene    
families from this study.   

 
4.  No previously established clear relation with anaerobic growth. 
  

Five additional genes were selected for inclusion in the further experiments. 
YGR059w was selected as a physiologically neutral marker gene based on transcript 
data. YGR059w encodes a sporulation-specific septin that functions in cytokinesis, 
meiosis I, and sporulation, and was not expressed in the haploid CEN.PK113-7D strain 
in 20 different chemostat conditions (see supplemental data table 2 online). URA3, 
which is essential for uracil biosynthesis, was included as a negative control: in the 
absence of uracil, ura3Δ strains should not grow. Additionally DAN1, UPC2 and ANB1 
were included as extensively studied, anaerobically upregulated genes. DAN1 encodes 
for a cell wall mannoprotein induced during anaerobic growth, initially excluded as a 
member of the seripauperin (PAU) family (349). UPC2 (Uptake control 2) encodes a 
sterol regulatory element binding protein involved in the regulation of sterol biosynthetic 
gene expression and the uptake and intracellular esterification of sterols (364). Finally 
ANB1 encodes the translation initiation factor eIF5A, that displays a specific and strong 
anaerobic transcriptional upregulation (358). In total, 29 genes were further studied by 
mean of competitive cultivations. 
 
Competitive chemostat experimental design  
An outline of the experimental design is presented in Figure 2. All 29 genes were deleted 
from the start to stop codon in S. cerevisiae CEN.PK113-7D and replaced with the 
kanMX deletion cassette flanked by two gene-specific 20-nucleotide tag sequences 
((366) , see experimental procedure section). The kanMX cassette has previously been 
shown not to confer a selective (dis)advantage during prolonged chemostat cultivation of 
S. cerevisiae (14).  

In contrast to previous large-scale functional profiling studies (112, 113, 366) 
where auxotrophic mutant collections were screened, all mutants used in this study were 
generated in the prototrophic CEN.PK113-7D strain (335). The use of prototrophic 
strains (with the exception of the ura3 negative control strain) eliminates the risk that 
results are influenced by the nutritional requirements of auxotrophic strains (267).  
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Subsequently, steady-state chemostat cultures were grown with the neutral 
control mutant ygr059wΔ containing only the uptag (Figure 2). A second ygr059wΔ strain 
carrying a specific downtag sequence was also made and added to the mutant pool. 
This latter strain was used to normalize the population dynamics of the other mutants. 
The mix of deletion strains (see Methods section) was then injected into the steady-state 
chemostat culture. We prefer this approach over inclusion of the mutant pool during the 
start-up of the chemostat as previously reported by (14), where cultivation conditions are 
dynamic and the selective pressure may differ from that under steady-state conditions. 

The culture was then sampled daily over a period of nine days (216 h). This time 
frame was chosen to reduce the impact of evolutionary adaptation, which would render a 
comparison of the fitness of individual tagged mutants impossible (149, 247) (Figure 2). 
After DNA isolation, samples were then analysed by quantitative real-time PCR, using 
the molecular tags to monitor the abundance of each mutant. After normalization to the 
initial sample, the abundance of the deletion strains was normalised to that of the 
ygr059wΔ::downtag reference strain included in the mutant pool.  
 
Competitive anaerobic chemostat cultivation 
During the competitive anaerobic chemostat experiments, strains that did not grow (μ = 
0 hr-1) were expected to disappear from the culture via washout kinetics at the dilution 
rate of 0.10h-1. This is depicted by the washout line in Figure 3A. Indeed, the auxotrophic 
ura3∆ strain (negative control) closely followed this line (Figure 3A). After 96 h, the 
abundance of the ura3∆ strain did not decrease any further (Figure 3A). This abundance 
was taken to reflect the threshold for detection in the experimental set-up. The C(t) 
values measured for the  reference strain ygr059wΔ::downtag did not vary by more than 
3.6 % in the duplicate experiments over the period of 216 h. 

The anaerobic competitive cultivation experiment was performed in two 
independent chemostat runs. The fitness of the mutants in the anaerobically upregulated 
genes observed in these two runs were generally in good agreement (Figures 1and 3). 
The fitness data from each strain were statistically evaluated by means of a statistical 
test, revealing 5 outliers (p-value < 0.01) from the set of 27 mutants (Figure 1).  
Consequently we noticed that it was not possible to make reliable statements about 
decreases in fitness below 20 %. While prolonging the chemostat experiment might lead 
to increased sensitivity, we decided against this because of the high risk of interference 
by evolutionary processes (149, 247). 
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Figure 2: Experimental design 
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Figure 3: Results of anaerobic competitive chemostat cultures. (A) Strains with fitness reduction: Log 
ratio (ΔC{(t)mutant/ΔC(t)ref) as function of time. Graph areas (Roman numbers) indicate the following 
reductions of fitness (I): < 20 %; (II): 20-30 %; (III): 30-40 %; (IV): 40-50 %; (V): > 50 %. The dashed line 
denotes washout (zero specific growth rate). The graph only shows mutants that showed a > 20 % reduction 
of fitness. Symbols: ■ ura3∆, □ ylr413w∆, ● izh2∆, ○ yor012w∆, ▲eug1∆, ∆ plb2∆. Error bars indicate mean 
deviation of two independent chemostat cultures with triplicate measurements for each time point. (B) 
Strains without fitness reduction: Log ratio (ΔC{(t)mutant/ΔC(t)ref) as function of time. Error bars indicate mean 
deviation of two independent chemostat cultures with triplicate measurements for each time point. (C) Bar 
graph indicating fitness. Reduced fitness of each deletion strain was calculated from the slope of the best-fit 
linear line. Error bars indicate mean deviation of two independent chemostats.     

 
None of the three anaerobic markers knockout strains anb1Δ, dan1Δ and upc2Δ 

displayed a significant fitness loss compared to the control strain (ygr059wΔ::downtag). 
While such a result could be anticipated in the case of DAN1, which is part of a large 
gene family, this result was more unexpected in the case of ANB1 and UPC2 that 
participate in central pathways as transcription and translation. It may be relevant to note 
that a larger variation in fitness between the two experimental runs was observed for the 
upc2Δ strain than for the anb1Δ and dan1Δ strains. 

Regarding the remaining 24 mutants in anaerobically upregulated genes, only 
five (eug1Δ, izh2Δ, plb2Δ, ylr413wΔ and yor012wΔ; Figure 3A) showed a significant (20 
– 60 %) reduction of fitness in independent replicate experiments (Figures 3A & 3C).  Of 
the 5 genes whose deletion resulted in a reduction of fitness under anaerobic condition, 
EUG1 is the most extensively documented. EUG1 encodes a non-essential protein 
disulfide isomerase (312). The S. cerevisiae genome contains four additional protein 
disulfide isomerases (PDI1, MPD1, MPD2 and EPS1) of which only PDI1 is essential 
(246). In addition to their catalytic role in protein folding, protein disulfide isomerases act 
as chaperones (163). IZH2/PHO36 has been proposed to be involved in metabolic 
pathways that regulate lipid and phosphate metabolism (160). Additionally, IZH2 is part 
of the ZAP1 regulon and proposed to play a role in zinc homeostasis along with IZH1, 
IZH3 and IZH4 (206). PLB2 encodes a  lysophospholipase B involved in phospholipid 
metabolism (104, 224). Two additional lysophospholipase B are also found in 
S.cereviisae genome, Plb1 (62 % similarity) (189)  and Plb3 (57 % similarity) (224) The 
two remaining genes are very poorly characterized. Several experiments indicate that 
Ylr413wp is localized at the cell surface ((80, 141) but, just like YOR012w, its function is 
totally unknown. 

 
Aerobic reference experiments  
To investigate whether the observed reduced of fitness of five mutant strains was 
specific for anaerobic conditions, aerobic competitive chemostat experiments were run. 
Over a period of five days, none of the 27 mutants displayed a significant fitness 
reduction when compared to the reference ygr059wΔ::downtag strain (Table 1 & Figure 
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1). As an additional control, the specific growth rates of the five mutant strains that 
showed a reduced fitness in the anaerobic cultures was measured in (semi-)aerobic 
shake-flask cultures and were found not to differ significantly from those of the isogenic 
reference strains CEN.PK113-7D and ygr059wΔ::downtag (Table 1). This implies that 
the reduction in fitness encountered in five of the mutant strains during anaerobic 
competitive growth was specific for anaerobiosis. 
 
Table 1: Aerobic growth in shake flask and fitness reduction in aerobic competitive 
chemostats of the five mutants that showed significant disadvantage in anaerobic 
competitive chemostats. Data are presented as average ± mean deviation of results 
from two independent cultures for each strain. n.a. not applicable 
 

Deletion mutant Shake flask 
hr-1 

Fitness 
reduction (%) 

plb2∆ 0.39 ± 0.00 7.0 ± 3.7 
ylr413w∆ 0.38 ± 0.02 11.6 ± 3.3 
izh2∆ 0.38 ± 0.01 15.8 ± 7.4 
eug1∆ 0.37 ± 0.02 8.6 ± 0.1 
yor012w∆ 0.34 ± 0.00 14.8 ± 5.6 
ygr059w∆ 0.40 ± 0.02 - 
CEN.PK 113-7D 0.39 ± 0.00 n.a. 

 
Discussion 
 
Previous systematic comparisons of transcript levels and fitness of yeast mutants in 
batch cultures (26, 112, 113, 366)) used the entire S. cerevisiae deletion library. The 
present study is the first to use transcriptome data for selecting target genes in 
chemostat-based competitive cultivation. We have reported a fitness profiling of 
knockout strains in genes that showed a significant upregulation under anaerobic 
conditions. Our experimental approach differs in several aspects from earlier S. 
cerevisiae (13, 14, 56) and Escherichia coli (50, 74, 75, 329) chemostat-based 
competition experiments by the injection of a mutant pool into a steady-state culture, use 
of qrtPCR for quantification and the selection of strains based on transcriptome studies. 
This novel setup was (i) sensitive (qrtPCR versus qPCR, colony plate count or 
AfymetrixTM tag3 array) (ii) cost-effective (goal orientated gene deletion selection) and 
(iii) yielded reproducible results (immediate fitness test from steady-state conditions and 
prototrophic strains).  
 

Our study has yielded five priority targets for further functional analysis of the 
molecular basis for anaerobic growth in S. cerevisiae. Further analysis will involve the 
use of multiple mutations to narrow down gene function in the study. The available 
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literature provides some interesting leads. Lyons et al. (206) reported that IZH2 is 
involved in coordinating both sterol and zinc metabolism under anoxia. The possibility 
that izh2 mutants may be impaired in uptake of sterols, which are essential for anaerobic 
growth of S. cerevisiae (8), merits further research. YLR413w encodes a protein with 
unknown function that has a 49 % sequence similarity to YKL187c, which is 
transcriptionally upregulated during growth on oleate (157). It is conceivable that these 
genes are implicated in the uptake of essential unsaturated fatty acids, which are 
essential for anaerobic growth.  It is relevant to note that, in the present study, oleate 
was provided as Tween-80 (polyoxyethylene sorbitan monooleate). Tween-80 was 
introduced as a complex form to compensate for the inability of S. cerevisiae to 
synthesize de novo unsaturated fatty acids under anaerobiosis. However for utilization, 
the acyl-ester bound that links the oleate chain to the polyoxyethylene sorbitan complex 
must be cleaved. This might be relevant for the loss of fitness recorded for the plb2Δ 
strain.  This gene might play an important role in cleaving Tween-80 as it would for 
lysophosphatidylcholine (104) at the single fatty acid ester bond to yield oleate. Besides, 
the incomplete functional complementation of PLB1 and PLB3 that were also expressed 
under anaerobic conditions might reflect difference in substrate affinity and specificity of 
all three yeast phospholipases B as already reported (225). 

EUG1 encodes a protein disulfide isomerase of the endoplasmic reticulum 
rumen. It has been previously suggested (317) that EUG1 might be involved in 
glycosylation and the isomerization of disulfide bonds during the folding of anaerobically 
synthesized Dan/Tir cell wall proteins, but this suggestion has not yet been 
experimentally followed up. The reason of the fitness loss of the yor012WΔ strain that 
actually corresponds to the double mutant yor012WΔ/yor013WΔ remained unknown.  As 
a consequence of the overlap between the ORFs, a more elaborated knock-out strategy 
should be elaborated to study each deletion individually and sort out which of the two 
genes contributes to the reduction of fitness observed. 

Of 24 S. cerevisiae genes that showed a strong and consistent transcriptional 
upregulation under anaerobic conditions but were not previously implicated in anaerobic 
metabolism based on other experimental approaches, only five were shown to contribute 
to fitness under anaerobic conditions via competitive cultivation of null mutants. At first 
glance, it might be argued that this low ‘hit rate’ is due to the low dilution rate in the 
chemostat cultures (0.1 h-1, which is 3-fold lower than the maximum specific growth rate 
µmax of S. cerevisiae CEN.PK113-7D under anaerobic conditions (180)). This 
interpretation is, however, not correct, as mutations that have a negative effect on the 
maximum specific growth rate will directly affect fitness because they lead to a lower 
affinity (µmax/Ks) for the growth-limiting nutrient (where Ks is the substrate saturation 
constant) (45, 232). 
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Even though we sought to enrich the set of target genes by only including genes 
that showed a strong and consistent transcriptional upregulation under anaerobic 
conditions, the low ‘hit rate’ observed in our study was consistent with two earlier 
genome scale comparisons between transcript profiles and fitness where S. cerevisiae 
was exposed to DNA damaging agents (26) and grown in various stressful and growth 
conditions (1 M NaCl, 1.5 M Sorbitol, pH 8 and galactose) (112). Our observations show 
that high transcript levels cannot be interpreted as evidence for a unique physiological 
relevance of the encoded protein under the experimental conditions. This conclusion 
does not, however, imply that the observed transcriptional upregulation under anaerobic 
conditions is without biological significance. 
Several mechanisms may explain why a transcriptional upregulation of a gene is not 
accompanied by a reduced fitness of the corresponding null mutant under the 
experimental conditions: 

1. Functional redundancy is an inherent problem in the analysis of (single) deletion 
mutants. While we have sought to reduce the impact of redundancy by 
eliminating members of highly related gene families from our study, several of the 
genes display sequence similarity with a single second yeast gene (Figure 1). 
For example, the role of the ‘anaerobic’ ATP/ADP translocase encoded by AAC3 
may well be taken over by its ‘aerobic’ counterparts Aac1p and/or Aac2p (83). 
AAC1 is the only aerobic counter part since it is only expressed under aerobic 
conditions, however AAC2/PET9 despite a higher expression in the presence of 
oxygen, is still expressed under anaerobic conditions (Table 2) (313). Similar 
functional complementation could occur for UPC2 and ANB1, since ECM22 and 
HYP2 their respective homologue, were expressed irrespective of the oxygen 
regime (Table 2) (313).  
FET4 is another anaerobic marker gene. It encodes a (FeII) low-affinity 
iron/zinc/copper transport system, and its expression is coregulated by iron and 
oxygen (150). Under aerobic conditions iron uptake is mainly achieved through 
the product of FET3 that encodes a (FeII) high affinity transport system (11). It is 
well conceivable that deletion of the gene FET4 is compensated for by 
overexpression of one or more high-affinity transport systems (Figure 4). A 
comparable mechanism of gene expression autoregulation has been already 
reported. Upon deletion of PDC1 that encodes the major pyruvate 
decarboxylase, growth on glucose is rescued by overexpression of PDC5 (135). 
Overall, in S.cerevisiae a quarter of those gene deletions that have no phenotype 
are compensated by duplicate genes (118). 



 

    

Table 2: Transcription intensities of genes with corresponding homologues in anaerobic (ANA) and aerobic (A) chemostat cultures with 
limitations in carbon (C), nitrogen (N), phosphorus (P) and sulfur (S). Mean ± deviations derived from three independent chemostat 
experiments. 
 
Gene name C-Lim ANA N-Lim ANA P-Lim ANA S-Lim ANA C-Lim A N-Lim A P-Lim A S-Lim A 
AAC3 355 ± 148 311 ± 71 588 ± 23 387 ± 105 12 ± 0 20 ± 3 21 ± 4 22 ± 7 

AAC1 60 ± 2 118 ± 15 72 ± 10 103 ± 22 529 ± 76 483 ± 67 440 ± 234 353 ± 26 
AAC2/PET9 803 ± 70 463 ± 34 396 ± 23 364 ± 21 1425 ± 122 1445 ± 47 1478 ± 145 1276 ± 98 
UPC2 36 ± 25 50 ± 22 90 ± 16 66 ± 15 15 ± 3 12 ± 0 14 ± 3 12 ± 0 
ECM22 182 ± 58 176 ± 30 164 ± 16 201 ± 33 138 ± 12 152 ± 21 165 ± 20 176 ± 6 
ANB1 3320 ± 457 2392 ± 254 3193 ± 444 2967 ± 299 25 ± 6 16 ± 3 25 ± 4 18 ± 3 
HYP2 2534 ± 625 3041 ± 384 3253 ± 505 2695 ± 170 2985 ± 1161 3547 ± 167 3572 ± 66 3699 ± 496 
FET4 157 ± 41 334 ± 88 293 ± 19 316 ± 28 12 ± 0 123 ± 30 55 ± 5  17 ± 3 
FET3 15 ± 4 15 ± 3 13 ± 1 46 ± 23 128 ± 43 29 ± 3 136 ± 19  110 ± 36 
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2. The impact of the upregulation of a gene on fitness may be context 
dependent. For example, ammonia-limited growth of S. cerevisiae leads to a 
coordinated upregulation of transporters and enzymes involved in the 
assimilation of alternative nitrogen sources, even if these are not available in 
the growth medium (32, 211, 319). Similar mechanisms may underly the 
transcriptional upregulation under anaerobic conditions of some of the genes 
included in this study. For example, the oxidoreductase encoded by 
YGL039w may provide an excellent, energy-efficient redox sink for anaerobic 
growth – but only in the presence of its unknown substrate. This would also 
mean that assessing the contribution of transcriptionally upregulated genes 
would imply testing strains carrying multiple combinatorial deletion of 
differentially expressed transcripts.  

3. The implied teleological relationship between transcript profiles and fitness 
does not necessarily have to exist for all genes that show a consistent 
transcriptional response to a given stimulus. For example, transcriptional 
regulation networks may have evolved to couple transcriptional responses to 
environmental stimuli that tend to coincide in the natural environment. When 
these stimuli are separated in the laboratory or in industry, not all 
transcriptional responses have a direct bearing on each individual stimulus.  

 
The present study underlines that, in S. cerevisiae, increased transcript levels 

cannot be interpreted as evidence for a contribution of the encoded protein to the 
cell’s fitness in the immediate experimental context. A similar conclusion has been 
drawn based on a comparison of metabolic fluxes and transcript levels of the 
corresponding genes, which showed that transcript levels cannot be used as ‘flux 
indicators’ (70). Rather than diminishing the value of transcriptome analysis, these  
observations underlines the need for integrated ‘systems’ approaches to understand 
functions of genes and genomes. 
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Abstract 
Aerobic, glucose-limited chemostat cultures of Saccharomyces cerevisiae grown with 
six different nitrogen sources were subjected to transcriptome analysis. The use of 
chemostats enabled an analysis of nitrogen-source-dependent transcriptional 
regulation at a fixed specific growth rate. A selection of preferred (ammonium and 
asparagine) and non-preferred (leucine, phenylalanine, methionine and proline) 
nitrogen sources was investigated. For each nitrogen source, distinct sets of genes 
were induced or repressed relative to the other five nitrogen sources. A total number 
of 131 of such ‘signature transcripts’ were identified in this study. In addition to 
signature transcripts, genes were identified that showed a transcriptional co-
response to two or more of the six nitrogen sources. For example, 33 genes were 
transcriptionally up-regulated in leucine-, phenylalanine- and methionine-grown 
cultures, which was partly attributed to the involvement of common enzymes in the 
dissimilation of these amino acids. In addition to specific transcriptional responses 
elicited by individual nitrogen sources, their impact on global regulatory mechanisms 
such as nitrogen catabolite repression (NCR) could be monitored. NCR-sensitive 
gene expression in the chemostat cultures showed that, ammonia and asparagine 
were ‘rich’ nitrogen sources. By this criterion, leucine, proline and methionine were 
‘poor’ nitrogen sources and phenylalanine showed an ‘intermediate’ NCR response.  
 
Introduction 
Its ability to use a broad range of nitrogen sources (16, 185, 319) has made 
Saccharomyces cerevisiae a popular model for studying nitrogen-source-dependent 
regulation. In S. cerevisiae, growth and gene expression strongly depend on the 
identity and concentration of the nitrogen source. Furthermore, carbon skeletons 
derived from several amino acids are converted to fusel alcohols (87), which are key 
contributors to flavor in beer and wine fermentation  (19, 126, 127, 221, 221).  

Based on the specific growth rate in glucose-containing media, nitrogen 
sources are classified as ‘good’ (‘rich’, ‘preferred’) or ‘poor’ (‘non-preferred’) (126, 
211, 357). Good nitrogen sources are generally easily converted into glutamate and 
glutamine (126, 134, 357), with glutamine, asparagine and ammonia as prominent 
examples (57, 357). Leucine and phenylalanine are considered ‘average’ nitrogen 
sources while proline, methionine, γ-aminobutyrate and allantoin exemplify typical 
poor nitrogen sources (57, 126, 134, 211, 357).  

In mixed-substrate cultures, S. cerevisiae exhibits a sequential use of good, 
average and poor nitrogen sources (126). This sequential use is controlled by a 
transcriptional regulation mechanism known as nitrogen catabolite repression (NCR) 
(58, 59, 211, 226). When a good nitrogen source is present, NCR shuts down 
pathways for the use of non-preferred nitrogen sources (57-59, 211). NCR is 
mediated by upstream activating sequences that contain the GATAA motif and a 
four-member family of GATA-binding transcription factors (Figure 1): Gln3p, Gat1p, 
Dal80p, and Gzf3p (30, 65, 66, 211, 304). In the presence of a rich nitrogen source, 
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Gln3p and Gat1p form cytosolic complexes with Ure2p, which prevents activation of 
NCR-sensitive transcription (Figure 1). In the absence or at limiting concentrations of 
a rich nitrogen source, Gln3p and Gat1p are dephosphorylated and targeted to the 
nucleus, where they activate transcription of NCR-sensitive genes. TOR kinases play 
a key role in the signal transduction pathway that couples nitrogen status to Gln3p 
and Gat1p phosphorylation (21, 25, 62-64, 174, 296).  
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Figure 1: Mechanism of nitrogen catabolite repression. Tor kinases directly and/or indirectly regulate the 
localization of the transcription factors Gln3p and Gat1p in response to glutamine and glutamate 
concentrations respectively (21, 25, 63). Black lines indicate processes active during preferred 
nitrogenous conditions, white lines during non-preferred conditions. Interactions in the nucleus indicate 
regulation of transcription, outside the nucleus allosteric regulation (picture adapted from (54)). 

 
With amino acids as the nitrogen source, NCR is complemented by specific 

regulation mechanisms.  Most extracellular amino acids are sensed via the trans-
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plasma-membrane SSY1-PTR3-SSY5 (SPS) complex (99). Metabolism of some 
amino acids is regulated by specific transcriptional regulators, such as Leu3p for 
leucine (102), Aro80p for aromatic amino acids (146) and the 
Arg80p/Arg81p/Arg82p/Mcm1p complex for arginine (227, 228).  

Research on nitrogen-source-dependent transcriptional regulation has mainly 
been performed in batch cultures (57, 126, 303, 357). In batch cultures, all nutrients 
are at least initially present in excess and parameters such as dissolved-oxygen 
concentration, metabolite concentrations and pH change over time. Furthermore, 
different nitrogen sources support different specific growth rates. Various 
physiological parameters, including e.g. amino acid pools (357) and protein and RNA 
levels (90), are strongly influenced by specific growth rate. It has been demonstrated 
that specific growth rate has a strong impact on transcriptional regulation (124). 
Consequently, shake flask cultures do not allow for a discrimination between direct 
effects of nitrogen sources on transcriptional regulation and indirect, growth-rate-
dependent phenomena.  

Chemostat cultivation is a useful tool for genome-wide transcription studies 
(32, 40, 262, 282, 302, 313), primarily because it allows the specific growth rate and 
other important culture parameters to be kept constant. This elimination of specific 
growth rate as an experimental variable should facilitate analysis of transcriptional 
responses to different nitrogen sources. For example, transcriptional analysis in 
chemostats should enable a separation of the role of TOR kinases in NCR (296) from 
their involvement in cell-growth control (156, 266, 290, 324).  

The present study aims to investigate unique and shared transcriptional 
responses of S. cerevisiae to different nitrogen sources and to establish whether the 
nitrogen-source dependence of NCR is preserved in cultures grown at a fixed 
specific growth rate. To this end, glucose-limited chemostat cultures of S. cerevisiae 
grown on six different nitrogen sources (ammonium, asparagine, phenylalanine, 
leucine, methionine or proline) were subjected to transcriptome analysis.  
 

Experimental Procedures 

 
Strain and growth conditions 
The prototrophic S. cerevisiae strain CEN.PK113-7D (MATa) (69, 335) was grown at 30°C in 1.0-liter 
working volume chemostats as described previously (333). Cultures were fed with a synthetic medium 
(345) that supported glucose-limited growth. The glucose concentration in the reservoir medium was 7.5 
g·l-1. Different nitrogen sources were used, at the following concentrations: (NH4)2SO4, 5.0 g·l-1; L-
asparagine, 5.0 g·l-1; L-phenylalanine, 5.0 g·l-1; L-leucine, 10.0 g·l-1; L-proline, 8.8 g·l-1; L-methionine, 
11.3 g·l-1. When an amino acid served as nitrogen source, the synthetic medium was supplemented with 
6.6 g·l-l K2SO4. The dilution rate was set at 0.10 h-1. The pH was measured online and kept constant at 
5.0 by the automatic addition of 2 M KOH with the use of an Applikon ADI 1030 biocontroller. Stirrer 
speed was 800 rpm and the airflow was 0.5 l.min-1. Dissolved oxygen tension was measured online with 
an Ingold model 34 100 3002 probe, and was above 50% air saturation. A condenser connected to a 
cryostat set at 2 °C cooled the off-gas, and oxygen and carbon dioxide were measured off-line. Steady-
state samples for arrays were taken after 10 to 14 volume changes to minimize the impact of 
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evolutionary adaptation that occurs after long term cultivation (70, 92). Dry weight, metabolite-, and gas 
profiles were constant over at least 3 volume changes prior to sampling for RNA extraction. 
 

Analytical methods 

Culture supernatants were obtained after centrifugation of chemostat samples and were analyzed by a 
high-performance liquid-chromatography set-up fitted with an AMINEX HPX-87H ion exclusion column 
using 5 mM H2SO4 as the eluent. Culture dry weights were determined via filtration as described by 
Postma et al (265). Total nitrogen and ammonium were determined with the use of DRLANGE cuvette 
tests (Düsseldorf, Germany). 
 

Microarray analysis 

Sampling of cells from chemostats, probe preparation and hybridization to Affymetrix GeneChip® 
Microarrays was performed as described by Piper et al (262). The results for each growth condition 
were derived from three independent chemostat cultures. 
 

Data acquisition and statistical analysis 

Acquisition and quantification of array images and data filtering were performed using the Affymetrix 
software packages: Microarray Suite v5.0, MicroDB v3.0 and Data Mining Tool v3.0. For comparison, all 
arrays were globally scaled to a target value of 150 using the average signal from all gene features 
using Microarray Suite v5.0. To eliminate insignificant fold changes, absent genes (value below 12) 
were set to 12. For the identification of changed transcripts between conditions, Microsoft Excel running 
the software package Significance Analysis of Microarrays (SAM; v1.12) (330) was used on all probe 
sets that were present in at least one condition. Statistical significance of observed differences was 
assessed by SAM using an expected false discovery rate (FDR) of 1% and a two-fold-change cut-off. 
For visualization of significantly changed genes, TreeView v1.60 was used. For clustering of genes with 
similar transcriptional profiles with NCR ‘marker’ genes, Genespring v6.02 was used. A confidence level 
of 0.80 was applied for all nine analyses (one analysis for each ‘marker’ gene) and genes were selected 
that met this criterion in at least five of the nine analyses. To calculate the significance of the differences 
in NCR-strength between conditions, a Students’ t-test was used with n-1 degrees of freedom to 
calculate the p values. To represent the variation in the triplicate measurements, the average coefficient 
of variation was calculated as described previously for all conditions (32). 

 
Results 
 
Physiology of S. cerevisiae during growth on ammonium or amino acids 
To verify our choice of good, intermediate and poor nitrogen sources, S. cerevisiae 
CEN.PK113-7D was grown in shake flasks on glucose with the six nitrogen sources 
selected for this study (Table 1). The specific growth rate was highest on asparagine, 
followed by ammonium. Phenylalanine and leucine gave significantly lower rates, 
while proline and methionine supported the lowest specific growth rates. These 
results are consistent with earlier studies in other S. cerevisiae strains (47, 57, 357).  

To study quantitative physiology and genome-wide transcriptional regulation, 
S. cerevisiae CEN.PK113-7D was grown in aerobic glucose-limited chemostat 
cultures with either ammonium sulfate or one of the five amino acids as the nitrogen 
source. Under all conditions, glucose metabolism was fully respiratory, as no ethanol 
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was detected. Consistent with the absence of alcoholic fermentation, all cultures 
except for those grown on asparagine as the nitrogen source showed a respiratory 
quotient (RQ) of 1.  

Despite the absence of alcoholic fermentation, the biomass yield on glucose 
was remarkably different for the six nitrogen sources (Table 1). On ammonium, the 
biomass yield was 0.49 g·(g glucose)-1, which is a well-established value for these 
conditions (205, 340, 345). During growth on proline and asparagine, the biomass 
yield on glucose was much higher (0.79 and 0.63 g·(g glucose)-1, respectively; Table 
1). This increased biomass yield is probably due to the assimilation of the carbon 
skeletons of these amino acids into biomass and/or their use as an additional energy 
source. The high RQ of the asparagine-grown cultures (Table 1) is consistent with 
the fact that complete oxidation of oxaloacetate, a degradation product from 
asparagine, requires only 2.5 O2  for the production of 4 CO2. Conversely, the 
biomass yields on glucose of cultures grown on phenylalanine, leucine and 
methionine were much lower than the biomass yield found in ammonium-grown 
cultures (Table 1). This reduced biomass yield, as well as the increased respiration 
rates in these cultures (Table 1), implies a high-energy requirement associated with 
the use of these compounds as nitrogen sources.  

In all cultures, the nitrogen source was present in excess (Table 1). In the 
ammonium- and asparagine-grown cultures free ammonium was detected in the 
culture supernatants (Table 1). In ammonium-grown cultures this is merely the 
excess ammonium due to the medium design. In asparagine-grown cultures, 
ammonium is formed due to a direct deamination reaction in the first step of 
asparagine degradation (297). Apparently, asparagine degradation leads to a surplus 
of ammonium, which is released from the cells.  



 

 

Table 1: Specific growth rates in batch cultures and physiological parameters of chemostat cultures used in this study. (Unless indicated 
otherwise, data represent the average and S.D. of data from two independent batch cultivations or three independent steady-state chemostat 
cultivations). 
 
 Batch Chemostat 
N-source 

μa Ysx
b qglucose

c qO2
d qCO2

e RQf 
Carbon 
recovery 

Residual N Residual 
NH4

+  
 hr-1      % mM mM 
Ammonium 0.37 ± 0.01 0.49 ± 0.01 1.1 ± 0.0 2.8 ± 0.3 2.8 ± 0.3 1.0 ± 0.0 98 ± 3 58 ± 1 58.2 ± 1.3 
Asparagine 0.45 ± 0.00 0.63 ± 0.02 0.9 ± 0.0 2.7 ± 0.0 3.3 ± 0.0 1.2 ± 0.0 100 ± 2 43 ± 2 15.7 ± 2.3 
Phenylalanine 0.28 ± 0.01 0.31 ± 0.03 1.7 ± 0.2 6.7 ± 0.7 6.7 ± 0.7 1.0 ± 0.0 101 ± 4 28 ± 2 < 1 
Leucine 0.26 ± 0.00 0.28 ± 0.03 2.0 ± 0.2 8.0 ± 1.0 7.7 ± 1.0 1.0 ± 0.0 93 ± 1 69 ± 0 BDg 
Methionine 0.20 ± 0.01 0.34 ± 0.01 1.6 ± 0.0 5.6 ± 0.1 5.5 ± 0.1 1.0 ± 0.0 95 ± 2 73 ± 2 BD 
Proline 0.20 ± 0.01 0.79 ± 0.01 0.7 ± 0.0 3.0 ± 0.2 3.0 ± 0.2 1.0 ± 0.1 97 ± 5 47 ± 1 BD 
a Specific growth rate. 
b Biomass yield on glucose (g biomass/g of glucose consumed). 
c mmol of glucose consumed/g of biomass/h. 
d mmol of oxygen consumed/g of biomass/h. 
e mmol of carbon dioxide produced/g of biomass/h. 
f RQ, respiratory quotient (qCO2/qO2). 
g BD, below detection. 
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Microarray reproducibility and global transcriptome responses 

To control reproducibility and data quality, three independent chemostat cultivations 
were performed for each growth condition. The average coefficient of variation (ACV) 
for the triplicates of the six nitrogen sources was 0.21 or lower (Table 2). As an 
additional check the transcript levels of ACT1 and PDA1, two commonly accepted 
Northern-blot loading standards (240, 360) were analysed. Levels of these transcripts 
were not notably different for cultures grown on the six different nitrogen sources 
(Table 2). 
  
Table 2: Summary of microarray experiment quality parameters for each growth 
condition. 
Nitrogen source ACVa ACT1b PDA1c 

Ammonium 0.18 2738 ± 392 352 ± 30 
Asparagine 0.14 2418 ± 122 317 ± 19 
Phenylalanine 0.21 2917 ± 575 441 ± 39 
Leucine 0.14 2149 ± 204 413 ± 64 
Methionine 0.11 2393 ± 143 490 ± 33 
Proline 0.12 2295 ± 128 469 ± 53 
a Represents the average of the coefficient of variation (S.D. divided by the mean) for all genes except 
the 900 genes with the lowest mean expression. 
b Encoding actin; average signal and standard deviation from probe set “5392_at” comprised of 16 
probe pairs found within 400 nucleotides of the 3’ end of the open reading frame.  
c Encoding pyruvate dehydrogenase; average signal and standard deviation from probe set “5526_at” 
comprised of 16 probe pairs found within 400 nucleotides of the 3’ end of the open reading frame. 

 
To analyse the transcriptome data, pair-wise comparisons were performed 

between the transcriptome data for the six nitrogen sources (Figure 2). In total, 30 
pair-wise comparisons were carried out (reciprocal pair-wise comparisons, e.g. 
‘ammonium-grown cultures vs. asparagine-grown cultures’ and ‘asparagine-grown 
cultures vs. ammonium-grown cultures’ were counted as two comparisons). 1445 
genes (24 % of the genome) showed a different transcript level in at least one 
comparison (threshold of 2 fold-change with a 1 % false discovery rate), while 434 
genes (representing 7 % of the genome) did not yield a detectable transcript level on 
any of the six nitrogen sources. The remaining 4205 transcripts differed by less than 
2-fold in all pair-wise comparisons (Figure 2).  
 
Figure 2: (opposing page). Pair-wise comparisons of transcriptome data used in this study (normal 
numeric denotes up-regulation and italic denotes down-regulation on the nitrogen source per column). a 
Transcripts that are consistently up- or down-regulated in each nitrogen source when compared with the 
other sources. 
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(NH4)2SO4 ASN PHE LEU MET PRO
(NH4)2SO4 198 / 56 143 / 184 321 / 227 225 / 218 124 / 19
Asparagine (ASN) 56 / 198 92 / 250 193 / 251 219 / 430 71 / 163
Phenylalanine (PHE) 184 / 143 250 / 92 98 / 39 174 / 129 254 / 91
Leucine (LEU) 227 / 321 251 / 193 39 / 98 131 / 147 252 / 177
Methionine (MET) 218 / 225 430 / 219 129 / 174 147 / 131 273 / 147
Proline (PRO) 19 / 124 163 / 71 91 / 254 177 / 252 147 / 273
Signature transcriptsa 2 / 3 12 / 10 2 / 3 5 / 17 17 / 34 26 / 0 
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Specific transcriptional response to growth on one out of the six nitrogen 
sources tested is extremely limited. 
Out of the 1445 genes that showed differential expression between at least two 
cultivation conditions, only 131 genes were identified that yielded a unique response 
to one of the six nitrogen sources tested. Each of the six nitrogen sources tested 
yielded discrete sets of signature transcripts, although the number of signature 
transcripts for each nitrogen source differed (Figures 2 and 3).   

During growth on ammonium as the sole nitrogen source, two genes were 
consistently up-regulated. RPL7B encodes a ribosomal protein and YLR211C a 
protein with unknown function. Three transcripts were lower in ammonium grown 
cultures than in cultures grown on the five amino acids (Figure 3). CAR1 encodes the



 

 

Significantly up-regulated in asparagine (12)
Metabolism: YHR033W                Transport: ALP1
Cell wall maintenance: CWH36 Cell fate and protein synthesis: OPT1, RPL41A
Unclassified: PRM3, YDR396W, YLR101C, YMR141C, YOL150C, YOL155C, YPR150W
Significantly down-regulated in asparagine (10)
Metabolism: DAL3, GDH3, PUT1 Transport: GAP1, MEP1, MEP2, PDR12
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Significantly up-regulated in phenylalanine (2)
Transcription: ARO80, MIP6

Significantly down-regulated in phenylalanine (3)
Metabolism and energy: GLY1, YPL088W Unclassified: YLR108C

Significantly up-regulated in leucine (5)
Metabolism: ECM40 Transport: OPC2
Cell cycle: CTF13 Unclassified: YOR135C, YOR203W
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Figure 3: Signature transcripts and the identities of the genes that were specifically up- or down-
regulated in each of the nitrogen sources. The three independent transcriptome datasets were 
averaged and then compared. The gene coverage of over-represented sequences from the promoters 
of co-regulated genes is also presented. Elements were counted present in a gene promoter if they 
occurred at least once. 
a Redundant nucleotides are given by: m = A or C; k = G or T. b Relative to 6451 ORF upstream 
promoters in the yeast genome according to RSAT. c NS = no significant enrichment of motifs were 
identified from RSAT).  

 
first enzyme in the arginine catabolic pathway, ABP1 encodes an actin-binding 
protein and DIP5 encodes an amino acid permease that transports Glu, Asp, Gln, 
Asn, Ser, Ala and Gly (271). The strongly elevated transcript level (average of 52-fold 
difference between ammonium and amino-acid grown cultures) suggests that DIP5 is 
induced by a wide range of amino acids, even when these are not substrates for 
Dip5p. Repression of DIP5 by ammonium ions is less likely in view of the high 
transcript levels in asparagine cultures, in which high concentrations of residual 
ammonium were observed. DIP5 has recently been shown to be regulated by Grr1p, 
which is also involved in the transcriptional regulation of genes encoding the SPS-
dependent permeases AGP1, BAP2, BAP3, GNP1 and TAT1 (85).  

The 12 genes that showed an elevated transcript level in asparagine-grown 
cultures were scattered over several functional categories, and most of them lacked 
a clearly established biochemical function. Of the 10 genes that yielded a reduced 
transcript level on asparagine, six (DAL3, GAP1, GDH3, PUT1, MEP1 and MEP2) 
are involved in nitrogen metabolism and have been demonstrated to be NCR-
sensitive. Indeed, a motif containing the GATAA sequence was over-represented in 
this set of genes (Figure 3).  

During growth on phenylalanine, two genes (ARO80 and MIP6) showed an 
elevated transcript level relative to cultures grown on the other five nitrogen sources: 
ARO80 encodes a positive regulator of ARO9 and ARO10, both involved in 
phenylalanine degradation (146). The three genes with a reduced transcript level 
could not be directly linked to phenylalanine metabolism.  

The five genes with specifically elevated transcript levels in leucine-grown 
cultures were scattered over several functional categories. Most of the 17 genes that 
were specifically down-regulated on leucine were related to either metabolism or cell 
rescue (Figure 3). Of these, LEU1 and LEU2 are directly linked to leucine metabolism 
and ISU2 is linked to the iron-sulfur assembly cluster on LEU1. In silico promoter 
analysis of these 17 genes showed a five-fold overrepresentation of a promoter 
element that harboured the CCCCT sequence known to be bound by the “general” 
stress-related transcription factors Msn2p and Msn4p.  

The 17 genes that yielded an increased transcript level with methionine as the 
nitrogen source belonged to a variety of functional categories and did not yield over-
represented promoter elements. Of these genes, SPE1, encoding ornithine 
decarboxylase and YFR055W could be linked to methionine metabolism. YFR055W 
exhibits a strong sequence similarity to genes encoding β-cystathionases. Of the 34 
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down-regulated transcripts, 21 were related to metabolism, 5 to transport, 4 to cell 
rescue and cell cycle, while 4 transcripts were from genes with unknown function.  Of 
the 21 genes involved in metabolism, 14 were directly related to methionine 
metabolism. In fact, all genes encoding enzymes involved in the synthesis of 
methionine from extracellular sulfate were down-regulated (MET3, MET14, MET16, 
MET5/ECM17, MET10, MET25/MET17, and MET6), as well as the transcriptional 
regulators of methionine and cysteine metabolism, MET28 and MET32. In addition, 
permeases involved in transport of sulfur-containing compounds (SUL1, SUL2 and 
MMP1) were down-regulated. In silico promoter analysis of the down-regulated 
genes showed an enrichment of two promoter elements corresponding to the binding 
sites for the Cbf1p/Met4p/Met28p complex and the Met31p/Met32p transcriptional 
regulators. Together, these transcriptional regulation complexes control sulfur fixation 
and biosynthesis of the sulfur-containing amino acids (324).   

Growth on proline yielded 26 genes with a specifically elevated transcript 
level (Figure 3). Remarkably, 17 of these were members of the 23-member 
seripauperin protein family, characterized by the lack of a serine-rich C-terminus. It 
has been postulated that seripauperins contribute to the make-up of cell wall 
mannoproteins and stress resistance (214, 274, 349). However, these results have to 
be interpreted with care as high degree of sequence similarity of the members of the 
seripauperin family may have led to some cross hybridization on the arrays. The 9 
remaining genes that responded uniquely to proline are mainly involved in transport 
and detoxification. Of the 26 genes specifically elevated during growth on proline, 
four over-represented promoter elements were found, all of which reside in half or 
more of the genes. The identity of possible binding proteins remains to be elucidated. 
 
Genes with transcriptional co-responses to different nitrogen sources 
Because of the involvement of common genes in transport, assimilation and 
dissimilation of different nitrogen sources, some of the genes involved can be 
expected to exhibit transcriptional co-responses to different nitrogen sources. To 
identify co-responsive genes, transcriptomes of cultures grown on the five amino 
acids were subjected to pair-wise comparisons with those of ammonium-grown 
cultures. Ammonium-grown cultures were used as a reference because ammonium 
is the only non-amino acid nitrogen source used in the present study. The 1001 
genes (16 % of the genome) that were found to exhibit transcriptional co-responses 
were clustered based on nitrogen-source dependent expression patterns (Figure 4).  
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Up-regulated in 4 comparisons except with 
proline (13)
Metabolism (1)
HEM12
Transport (6)
AGP1, BAP3, GNP1, SIT1, TAT1, TAT2
Cell fate and cycle (2)
GIC2, RRD1
Unclassified (4)
FIT2, ISR1, GIS3, YER064C 

Up-regulated in 4 comparisons except with 
asparagine (23)
Metabolism (12)
ASN1, BAT2, CPS1, DAL1, DAL2, DCG1, DUR1,2,
GDH2, GDH3, IDP1, MLS1, THR1
Transport (7)
DAL5, DUR3, GAP1, MEP2, MEP3, OPT2, PTR2
Transcription (2)
DAL80, GAT1
Unclassified (2)
YLR257W, YNL134C 

Up-regulated in 3 comparisons except with 
proline and asparagine (33)
Metabolism and energy (13)
ACH1, ARG1, ARG8, ARO9, ARO10, CIT2, IDH1, 
ILV6, IMD2, IMG1, NUC1, OXA1, YAR075W 
Cell cycle (1)
CPD1
Protein synthesis (2)
MRP4, MRPL4
Transcription (2)
ARG80, MIG2
Transport (8)
ARN1, FET3, FTR1, PDR12, QDR1, TNA1,
YER053C, YMR088C
Unclassified (7)
EHT1, FIT3, PCL5, YCL065W, YDR010C,
YER188W, YML122C 

Down-regulated in 3 comparisons except with 
proline and asparagine (73)
Metabolism and energy (21)
ADY2, CYB5, ERG25, FBP1, FDH1, FDH2, FEN2,
GND2, GRE2, MDH2, POT1, REG2, SHC1, THI11, 
YJL045W, YJR096W, YGR043C, YLR164W, 
YML131W, YMR118C, YNL335W
Transport (5)
AGP3, CTR3, HXT5, PDR10, PMA2
Cell cycle and fate (3)
MSC1, HBT1, SPS100
Cell rescue and defence (6)
CTT1, GRE1, HSP26, PAU2, PAU7, SSA3
Protein fate and synthesis (4)
BAG7, PAI3, HEF3, YGR201C
Unclassified (34)
DAP1, FMP16, FMP45, FMP46, NRG2, PRM4, 
RTN2, SPG1, ZPS1, YAR066W, YDL110C, 
YDL218W, YDR034W, YDR222W, YDR223W,
YHR126C, YHR138C, YHR209W, YIR041W, 
YJL017W, YJL144W, YJR115W, YKL107W,
YKL187C, YKL224C, YLR346C, YMR034C,
YMR325W, YNL194C, YNL195C, YNR061C,
YOL155C, YOR161C, YPL257W

Up- or down regulated in 2 comparisons (238)

Up- or down regulated in 1 comparison (559)

A B

C

D

 
Figure 4: Overall Eisen diagram and identities of the genes grown on different nitrogen sources 
that were cooperatively up- or down-regulated compared to ammonium. The three independent 
transcriptome datasets were averaged and then compared. Red denotes a positive fold-change 
compared to ammonium while green squares denote a negative fold-change compared to ammonium 
grown cultures. List of all genes can be obtained on www.bt.tudelft.nl/nitrogen-source (Supplementary 
data Table 1). 
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Genes showing a similar upregulation on non preferred nitrogen sources 
(proline, phenylalanine, leucine and methionine) 
A group of 23 genes was up-regulated during growth on every amino acid except on 
asparagine when each condition was compared to ammonia condition (Figure 4, 
panel A). This matches the classification of phenylalanine, leucine, methionine and 
proline as non-preferred nitrogen sources and of asparagine and ammonium as 
preferred nitrogen sources. The release of ammonium by asparagine-grown cultures 
(Table 1) may also contribute to the similar transcriptional response of these genes in 
asparagine- and ammonium-grown cultures. Of these 23 genes, 6 are involved in 
metabolism of the non-preferred nitrogen sources allantoin and urea (DAL1, DAL2, 
DAL5, DUR1, DUR2, DUR3) and 5 genes encoding transporters for nitrogen-
containing compounds (GAP1, PTR2, MEP2, MEP3 and OPT2). This group also 
includes the GATA-factor encoding genes DAL80 and GAT1, and GDH2 and GDH3, 
which encode NAD-dependent and NADP-linked glutamate dehydrogenases, 
respectively. 14 genes are established NCR-targets. An over-representation of the 
GATAAG motif was found within these 23 transcripts. This motif was present in 39 % 
of this gene cluster (with an occurrence of at least twice on the promoter region) 
compared to 3 % in the whole genome (not shown).  

To analyse more in depth the NCR-mediated regulation in cultures grown at a 
fixed specific growth rate, two additional and complementary approaches were 
undertaken. First, a supervised approach, where the transcript levels of established 
GATA-factor regulated genes (as reported in Yeast Proteome Database (60)) were 
used to indicate NCR-strength (Table 3). To minimize secondary effects, genes from 
this list were excluded when (i) regulation by only one GATA factor was reported, (ii) 
interfering regulatory mechanisms (like Gcn4p or Put3p) could take effect, (iii) genes 
had a low expression (average below 80 units). This left us with nine NCR-sensitive 
‘marker’ genes (Table 3). The average normalized signals of these nine transcripts 
were used to illustrate the trend over the six conditions (Figure 5, black bars).  

In a second approach, we used the transcript levels of 32 ORFs previously 
identified to be specifically up-regulated by ammonium limitation (313) to indicate 
NCR-strength. Ammonium is regarded as a preferred nitrogen source, however when 
ammonium is limiting, this induces relief of NCR. The average normalized signals of 
these 32 transcripts were used to illustrate the trend over the six conditions (Figure 5, 
gray bars).  

The normalized transcript levels in the two comparisons described above 
were also subjected to a Students’ t-test to assess significant differences between 
the conditions. P-values below 0.01 were considered significant (Figure 5).  

The two approaches reveal the same trend of NCR-sensitive transcript 
abundance over the six conditions. The average transcript levels in both approaches 
indicate that during growth on ammonium and asparagine, NCR-sensitive transcript 
abundance is lower compared to the other conditions (p<0.01). Growth on 
phenylalanine causes a lower NCR-sensitive transcript abundance than growth on  
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Table 3. Established and newly identified NCR sensitive genes. References can be 
obtained from online supplementary data Table 2 at www.bt.tudelft.nl/nitrogen-source 
 

a Regulated by these GATA-factors as documented by YPD (www.incyte.com) on March 4, 2005.  
b Directly regulated by these transcription factors as given in YPD (www.incyte.com) on March 4, 2005. 
c N-lim signature transcript (32 genes) as given in (Tai et al). 

 GATA-Factor regulateda     

Gene Gln3p Gat1p Dal80p Gzf3p Additional documented 
transcriptional regulatorsb  

N-lim 
sig. 
trans.c  

similar 
NCR 
profiled 

 

CAN1e 9  9    9  
DAL2e 9  9  Dal82p 9 9  
DAL3e 9  9   9 9  
DAL80e 9 9 9 9  9 9  
DUR1,2e 9  9  Dal82p 9 9  
DUR3e 9  9  Dal82p 9   
ECM38e 9 9    9 9  
GAT1e 9  9    9  
GZF3e 9 9 9 9   9  
GDH2 9        
GLT1 9    Gcn4p    
MEP2 9     9 9  
PRB1 9    Rim101p    
UGA1   9  Dal82p, Uga3p    
UGA2   9  Uga3p    
ASP3-1f 9 9 9      
ASP3-2g 9 9 9      
ASP3-3g 9 9 9      
ASP3-4g 9 9 9      
PUT1 9 9 9  Put3p, Pho4p 9   
PUT2 9 9 9  Put3p, Pho4p 9   
PUT4 9  9  Gcn4p 9   
DAL4h 9  9  Dal82p 9   
DAL7h 9  9  Dal82p 9 9  
UGA4h 9  9 9 Uga3p    
DAL1 9  9  Gcn4p, Dal82p 9   
DAL5 9  9  Gcn4p 9 9  
GAP1 9 9 9 9 Gcn4p 9 9  
GDH1 9 9 9  Gcn4p, Hap2p, Leu3p, Spt3p    
GLN1 9 9   Gcn4p, Pho2p    

ENA1 9 9   Cin5p, Crz1p, Hal9p, Rim101p, 
Skn7p, Yap6p, Nrg1p    

N-lim upregulated signature transcripts not included above 
OPT2      9 9  
SDL1      9   
MLS1      9   
ALD2     Msn2p, Msn4p 9   
CPS1      9 9  
DCG1      9 9  
SPS4     Ime1p 9   
ADY3      9   
YGK3      9   
YMR088C      9   
YBR139W      9   
YGR190Ci      9   
YIL089W      9   
YHR029C      9   
YDR090C      9   
YMR090W      9   
YLR053C      9   
Genes with a similar transcript profile to the nine marker genes not included above 
MEP1       9  

ARG1     Gcn2p, Arg80p, Gal11p, Hfi1p, 
Spt3p  9  

AVT4       9  
BSC6       9  
CPA1     Gcn4p  9  
GDH3     Msn2p, Msn4p  9  
IDP1       9  
LAP3       9  
MEP3       9  
SDS23       9  
YBR285W       9  
YOR093C       9  
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d Genes were identified that displayed the same transcript profile as at least five of the marker genes 
over all conditions. Genes that contained at least two GATAAG sequences in their promoter were 
included in this table (27 genes). For statistical criteria see Experimental procedures. 
e These nine genes were selected as “marker genes” to analyse NCR-sensitive regulation. For criteria 
see text. 
f non unique probeset 
g not on array 
h low signal 
i below detection 
 
leucine and methionine, however cannot be called significantly different to proline on 
both criteria (Figure 5). Growth on methionine, leucine and proline gave the highest 
average levels, and hence the lowest NCR-strength. 

In order to find yet unidentified GATA-factor regulated genes, we used the 
transcript profile of the nine ‘marker’ genes to identify genes with a similar transcript 
profile (see Experimental procedures). Of the 76 genes thus identified, 27 genes (36 
%) contained a GATAAG sequence (65, 211) in their promoter (at least twice), in 
comparison to only 7 % genome-wide. The 27 genes are included in Table 3. 15 of 
these genes have not yet been reported to be regulated by GATA-factors. However, 
the promoters of five of these; ARG1, CPS1, DCG1, IDP1 and OPT2 have recently 
been identified in chromatin imunoprecipitation (ChIP) studies, to be bound (p<0.005) 
by Gln3p, Gat1p or both (121).  
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  0.5097 0.0016 <0.0001 <0.0001 0.0001 
ASN 0.9763   0.0007 <0.0001 <0.0001 <0.0001 
PHE <0.0001 0.0003   0.0039 0.0021 0.0897 
LEU <0.0001 <0.0001 0.0013   0.1439 0.1824 
MET <0.0001 <0.0001 <0.0001 0.0102   0.0425 
PRO <0.0001 <0.0001 0.0005 0.3021 0.2069   

  
Figure 5: Representation of the NCR-sensitive transcript levels. Black bars, average normalized 
levels of established GATA-factor regulated genes; gray bars, average normalized levels of N-limitation 
signature transcripts (see text for details). Numbers represent p-values obtained with a two-tailed, 
unequal variance Students’ t-test. Right of the diagonal gives the p-values of the Students’ t-test of 
established GATA-factor sensitive transcript levels between conditions, and left of the diagonal gives p-
values of the Students’ t-test of N-limitation signature transcripts between conditions (see text for 
details). 
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13 genes were up-regulated relative to ammonium-grown cultures in all amino 
acid-grown cultures except for those grown on proline (Figure 4, panel B). Six of 
these are involved in transport: AGP1, a broad-substrate specificity permease; 
GNP1, a high-affinity glutamine permease; BAP3, a branched-chain amino acid 
permease; TAT1, a tyrosine and tryptophan permease; TAT2, encoding a high 
affinity typtophan permease and SIT1 a heavy metal ion transporter. These genes, 
except SIT1, form a subset of related amino acid permeases (AAPs) that is induced 
by the availability of amino acids, except for proline and arginine (99, 239) and is 
dependent on the SPS (Ssy1p, Ptr3p, Ssy5p) sensor complex.  

Co-responsive in 3 conditions. In the cluster of genes with significant 
changes in three amino acid-grown cultures, 33 out of 69 genes showed a consistent 
up-regulation in leucine-, phenylalanine- and methionine-grown cultures but not in 
cultures grown on asparagine and proline (Figure 4, panel A). Of these genes, 
ARO9, encoding an aromatic amino-acid aminotransferase and ARO10, encoding a 
broad-substrate specificity 2-oxoacid decarboxylase, showed the strongest up-
regulation. Indeed, a functional analysis study based on these observations (350) 
demonstrated that the Aro10p-dependent decarboxylase activity also catalyses the 
decarboxylation of the 2-oxo acids derived from methionine and leucine. Further 
research is required to assess whether or not the ARO9-encoded transaminase has 
a similar broad substrate specificity. In silico promoter analysis of the 33 transcripts 
showed an over representation of a previously unidentified binding sequence 
GCACCC in 28 % of the transcripts, compared to 12 % in the whole genome (not 
shown).  

89 genes showed a common reduction of transcript levels in three amino 
acid-grown cultures. Again, a large subset (73) of these genes showed a co-
response in leucine-, phenylalanine-, and methionine-grown cultures (Figure 4, panel 
D). Promoter analysis of these 73 genes revealed that 33% contained the STRE 
motif CCCCT (Msn2p/Msn4p regulation) at least twice in their respective promoter 
regions, as compared to a 14 % coverage on a genome-wide basis. Several genes 
related to the seripauperin family (PAU2, PAU7, YIR041W, YMR325W, YKL224C), 
were also found in this category.  

 

Glutamate and glutamine metabolism 

Four reactions, catalysed by enzymes encoded by five genes make up the central 
nitrogen metabolism, that is the interconversion of α-ketoglutarate, ammonium, 
glutamate and glutamine. These are NADP-dependent glutamate dehydrogenase, 
encoded by GDH1 and GDH3, NAD-dependent glutamate dehydrogenase, encoded 
by GDH2, glutamine synthetase, encoded by GLN1, and glutamate synthase, 
encoded by GLT1. The activity of these enzymes is mainly regulated at the 
transcriptional level, depending on the kind and concentration of the nitrogen source 
present (24, 231, 318, 320).  
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 All genes except for GDH2 display the lowest average transcript abundance 
during growth on asparagine (Table 4), which reflects the richness of this nitrogen 
source. GDH2 is lowest under ammonium grown conditions, followed by asparagine 
grown conditions, which is in line with the function of Gdh2p in catalyzing the 
production of ammonium (231).   
 
Table 4: Average mRNA levels with standard deviations (Affymetrix signal units) of 
genes involved in central nitrogen metabolism. 
 Nitrogen source  
Gene NH4

+ ASN PHE LEU MET PRO 
GDH1 1374 ± 154 710 ± 94 1502 ± 220 1514 ± 215 1428 ± 23 1366 ± 28 
GDH3 222 ± 58 108 ± 11 1429 ± 262 1169 ± 116 1229 ± 102 531 ± 56 
GDH2 306 ± 9 494 ± 38 635 ± 162  615 ± 26 1101 ± 77 901 ± 54 
GLN1 1254 ± 185 698 ± 97 3578 ± 595 2490 ± 453 3053 ± 110 2430 ± 8 
GLT1 606 ± 104 336 ± 51 432 ± 52 592 ± 50 696 ± 12 765 ± 104 

 
It has been shown previously that conditions of low glutamate induces the 

activity of the transcriptional regulators Rtg1p and Rtg3p, by a mechanism referred to 
as retrograde regulation (151, 197, 201). These transcription factors induce 
transcription of target genes, particularly aimed at de novo synthesis of α-
ketoglutarate. To investigate retrograde regulation, we have monitored transcript 
levels of established targets, CIT2, DLD3, IDH1, IDH2, ACO1 and CIT1 (51, 197). As 
can be seen in Figure 6, CIT2 and DLD3, both exclusively regulated by Rtg1p and 
Rtg3p, are low in ammonium, asparagine and proline, all direct sources of 
ammonium or glutamate. CIT2 and DLD3 mRNA levels are much higher in 
phenylalanine, leucine and methionine, which all depend on dedicated 
transamination reactions to produce glutamate. The same profile of CIT2 and DLD3 
expression, albeit less pronounced, is observed for other targets of retrograde 
regulation, IDH1, IDH2, ACO1 and CIT1, which is in line with the relative retrograde-
dependent expression of these genes (201). 
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Figure 6: Retrograde sensitive gene expression. The average transcript level and standard deviation 
for each gene was average normalized over all conditions. 

 
Discussion 
 
Signature transcripts 
One of the proposed applications of DNA-microarrays in biotechnology is to diagnose 
large-scale industrial fermentations. It has been proposed that the identification of 
signature transcripts, i.e. transcripts that show a unique response to change in a 
single environmental or nutritional parameter, may contribute to the development of 
small, cost-effective diagnostic arrays (32, 313, 368). The signature transcripts 
described in this study complement other sets of chemostat-based signature 
transcripts (32, 70, 262, 313, 316) that may facilitate the interpretation of studies with 
complex industrial media and dynamic cultivation conditions, such as transcriptome 
analysis of wine fermentations (216, 277).  

Among the nitrogen sources analyzed in this study, methionine yielded the 
largest set of signature transcripts (Figure 3). This may be related to the fact that, in 
addition to functioning as a nitrogen source, methionine is a preferred sulfur source 
for S. cerevisiae as suggested by this study. The observed down-regulation of the 
entire biosynthetic pathway from extracellular sulfate (including sulfate transport) to 
intracellular methionine prevents the unnecessary expenditure of 2 ATP and 4 
NADPH per methionine (324). Binding sites for two established regulators of sulfur 
amino acid metabolism, Cbf1p/Met4p/Met28p and Met31p/Met32p (324), were over-
represented among the methionine-down-regulated genes. In contrast to the large 
set of signature transcripts identified for methionine, phenylalanine yielded only five 
signature transcripts. It is doubtful however whether any of these five ‘phenylalanine 
signature transcripts’ would retain this status when tyrosine or tryptophan were to be 
included in the analysis. Biosynthetic genes for phenylalanine, asparagine and 
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proline were not significantly repressed in the corresponding cultures, which may be 
attributed to cross-pathway control and shared biosynthetic pathways for amino acid 
families. Of the leucine biosynthesis pathway, only LEU1 and LEU2 were repressed 
in leucine-grown cultures, probably via the regulator of leucine biosynthesis, Leu3p 
(166). The other genes of the leucine biosynthetic pathway are predominantly 
controlled by other regulators under this condition, and hence not reduced (102, 
131).  

The present study illustrates that, in some respects, a ‘signature-transcript-
based approach’ may be too simplistic. Depending on the cell’s nutritional status and 
the identity of the amino acid, it may be used as nitrogen, carbon or, as illustrated by 
the methionine case, as sulfur source. Consequently, meaningful analysis of 
industrial fermentation with microarrays is likely to require interpretation of complex 
sets of genes, rather than simple ‘indicator’ genes for all relevant process parameters 
and nutrients. 

 

New insights in amino acid metabolism 

In addition to transcriptional responses that are unique for certain nitrogen sources, 
our study revealed co-responses to groups of nitrogen sources. The common up-
regulation of the group of SPS-dependent transporters during growth on asparagine, 
phenylalanine, leucine and methionine, but not on proline and ammonium (Figure 4), 
can be directly linked to known regulation pathways. Proline and arginine are known 
to differ from other amino acids by their inability to elicit SPS-dependent transcription. 
Instead, proline is taken up by a specific transporter, Put4p. Proline’s high specificity 
in transport may rely on the fact that proline is not required in large quantities in 
yeast, protein not utilized as nitrogen source under anaerobic conditions and that 
proline degradation increases the levels of reactive oxygen species which causes 
toxic effects to the cell (243). In addition, proline (like arginine) is a very abundant 
amino acid in must and wort (126, 127), and shared-signalling pathways could 
interfere with selective use of other amino acids. 
 A substantial number of genes exhibited transcriptional co-responses on 
phenylalanine, leucine and methionine. After these three amino acids are 
transaminated, the resulting two-oxo acids cannot be used for anabolic purposes 
(except to form the corresponding amino acids back), but are instead decarboxylated 
via the Ehrlich pathway, yielding fusel alcohols and acids (87, 350). Based on the 
common up-regulation of the ARO10 gene on phenylalanine, leucine and methionine, 
we recently performed a detailed analysis of the Aro10p-dependent decarboxylase 
activity (350). Indeed, Aro10p was shown to be responsible for a broad-substrate-
specificity decarboxylase activity involved in the catabolism of all three amino acids 
(350). This study provides a clear example of how transcriptome analysis can be 
used to guide functional analysis studies. The set of phenylalanine, leucine and 
methionine co-responsive genes provides additional leads for functional analysis. 
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The co-response of ARO9, encoding the aromatic amino acid transaminase, 
suggests that it may perhaps act as a broad-substrate transaminase. The up-
regulation of PDR12 on all three amino acids (Figure 4) has been recently correlated 
with ATP-driven transport (136) of fusel acids derived from catabolism of aromatic, 
branched chain amino acids and methionine (125). Together with passive diffusion of 
these compounds into the cells, this transport process is likely to contribute to 
uncoupling of the plasma membrane proton motive force, thus explaining the 
reduced biomass yields of cultures grown on methionine, leucine and phenylalanine 
as sole nitrogen sources (Table 1). 
  
Nitrogen-source dependent transcriptional regulation 
The conversion of α-ketoglutarate to glutamate is the link between carbon and 
nitrogen metabolism, and the biosynthesis of α-ketoglutarate is therefore also 
regulated by carbon- and nitrogen-specific factors. The genes encoding for the 
enzymes involved in the first three steps of the TCA-cycle, yielding α-ketoglutarate, 
are regulated by two principal regulators, heme activator protein complex 
Hap2,3,4,5p and retrograde regulator proteins Rtg1p/Rtg3p. Transcriptional induction 
by Rtg1p/Rtg3p is known to be triggered by low glutamate concentrations (201). For 
CIT2, which is directly regulated by Rtg1p/Rtg3p, and not by Hap2/3/4/5p or any 
other known regulatory regime, transcript levels are on average four-fold higher in 
phenylalanine, leucine and methionine grown cultures compared to ammonia, 
asparagine and proline. This implies a strong influence of retrograde regulation in 
these conditions. This also suggests that phenylalanine, leucine and methionine are 
poor sources of glutamate. Since Hap2/3/4/5p controlled genes are all up-regulated 
in glucose-limited aerobic chemostats (for review, see  (292)), this retrograde effect is 
less dramatic for CIT1, ACO1, IDH1 and IDH2. 

Rtg-dependent activation of transcription has been proposed, just like Gln3p 
and Gat1p, to be regulated by the Tor1/2p signal transduction pathway (64, 168). 
However, mechanisms independent of Tor, with an important role for glutamate or 
ammonia as a signal molecule have also been postulated (201, 314, 315). Recent 
work describes a mechanism which includes both Tor signalling and glutamate based 
signals, in which Mks1p, a negative regulator of Rtg1p/Rtg3p, plays a central role 
(82, 202). Based on the transcript levels over the six conditions of genes strongly 
influenced by retrograde regulation, like CIT2 and DLD3 (Figure 6), in comparison 
with transcript levels of genes strongly influenced by nitrogen catabolite repression 
(and thus Tor, Figure 5), it seems that glutamate based signals play the more 
important role in retrograde regulation in our conditions.  

The research described here provides the unique opportunity to quantify 
NCR-strength at a fixed growth rate, thus isolating GATA-factor regulated gene 
expression from growth rate dependent regulation (e.g. by TOR). Corroborating 
previous results obtained in shake flasks, asparagine and ammonium are found to 
elicit the strongest NCR. This can partly be explained by the presence of ammonium 
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in the medium, as ammonium has been described to be a strong effector of NCR 
regulation (318). However, other signals like glutamate and glutamine concentrations 
are likely to play important roles as well (21, 25, 304), which can be seen by the 
specifically lower transcript abundance of some GATA-factor regulated genes in 
asparagine grown cultures.   

The NCR-sensitive transcript levels for the six nitrogen sources, analysed at a 
fixed specific growth rate, shows a similar trend as the respective doubling times in 
shake flasks. Asparagine and ammonium have the lowest values, followed by 
phenylalanine. Although the doubling time on leucine was considerably lower 
compared to both methionine and proline, NCR-sensitive transcript levels were 
comparable. Methionine and proline show comparable (high) NCR sensitive 
transcript levels in the chemostat cultures, and the doubling time of S. cerevisiae on 
these two amino acids was also the highest. These observations indicate that the 
many previous studies in which NCR has been studied in batch cultures grown on 
different nitrogen sources, indeed primarily reflect direct responses to the nitrogen 
source rather than indirect ‘artefacts’ caused by different specific growth rates.  
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Abstract 
The global transcriptional response of Saccharomyces cerevisiae was investigated in low 
temperature chemostat cultures grown in carbon (glucose) or nitrogen (ammonium) 
limitation. During steady state chemostats, the growth rates and in vivo fluxes were kept 
constant however the growth limiting nutrient was significantly higher at 12 oC than at 30 oC 
and had significant effects on transcriptional responses. Growth at 12 oC resulted in a 
rearrangement of transporters for the limiting nutrient, where hexose transporters (HXTs) 
and ammonium permeases (MEPs) were differentially expressed in cultures grown at 30 oC 
in carbon and nitrogen limitations, respectively. In addition, we found repression of genes 
encoding proteins in reserve carbohydrate metabolism (trehalose and glycogen) and 
metabolism of alternative carbon or nitrogen sources other than glucose or ammonia. 
However, there were also similar responses when the transcriptional response was 
evaluated regardless of the growth limiting nutrient. In particular, induction of ribosome 
biogenesis genes emphasizes the significance of transcription and translational adaptation 
at low temperature. In contrast, genes encoding proteins during stress response were down-
regulated. This down-regulation of stress elements better known as environmental stress 
response (ESR) is in contradiction with previous low temperature transcriptome analyses. 
During continuous steady state low temperature cultivation, ESR no longer plays an integral 
role in S. cerevisiae’s response to temperature change. Similarly, trehalose accumulation, 
consistent with its gene expression, was not indispensable for growth at 12 oC. This 
response, however, does not exclude that ESR may be required for transition phase in low 
temperature growth when cells are transferred from one temperature to another.  
 

Introduction 

The yeast Saccharomyces cerevisiae exhibits an array of responses when encountered with 
conditions that are less than physiologically ideal. Since S. cerevisiae is a mesophilic 
microorganism, large deviation from moderate temperatures (25 – 40 oC) causes adverse 
effects primarily on the ability to growth fast. The response to low temperature varies from 
the changes in metabolic fluxes to changes in cellular factors like growth phase (361), 
respiratory mechanisms (195), lipid composition of the membrane (111) and accumulation of 
trehalose (194, 275, 334). A genome-wide transcriptome analysis may therefore provide a 
quick overall outlook on primary control of gene expression during cold adaptation due to 
possible changes to cellular homeostasis (137, 234). 

Several cold-inducible genes have previous been identified, mainly in transcriptome 
studies carried out with freeze-tolerance treatments and/or cold-cultivation in batch 
fermentations. These genes include NSR1, encoding a nucleolar protein required for pre-
rRNA processing and ribosome biogenesis (191, 192, 372) and TIP1 (temperature inducible 
protein) encoding a protein cell wall mannoprotein and lipase activity mainly induced during 
heat- and cold-shocks (103, 169). Along side these genes, the seripauperin family genes 
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also related to TIP1, TIR1 and TIR2 are also well known cold-inducible genes (55, 171). The 
fatty acid desaturase OLE1 is also induced upon cold treatment (237). This gene is thought 
to respond to the changes in membrane fluidity brought about by the increased viscosity 
caused by low temperatures. 

Reserve carbohydrates, trehalose and glycogen, accumulate upon cold-shock and 
reduced temperature treatments (158, 234). Trehalose has been long regarded as a 
hallmark for general stress response and has been regarded as a thermoregulator during 
heat- and cold-shocks (256, 258). It has been observed that trehalose synthesis enzymes 
are up-regulated even at 0 oC, which in yeast is considered a very undesirable growth 
condition (158). At this close to freezing temperatures, heat shock protein HSP104 was also 
induced, but it is only known to play a key role in cell survival at high temperatures (158). 
This cross-regulation of transcriptional control shows the complexity and the tightly 
interactive network of the stress responsive transcriptional regulation. It is generally known 
that transcriptional control during stress is activated by the (i) heat shock elements (HSE) (ii) 
stress response element (STREs) and (iii) AP-1-responsive elements (APEs) (279). 

Most transcriptome analysis done on low temperature has mainly been dealt with in 
batch fermentations. Since the maximum specific growth rates, μmax, is proportionally 
affected by the lowering of temperature, comparing transcriptome data with varying growth 
rates can lead to false interpretation of the results. Growth with varying specific growth rates, 
μ, (h-1) such as in dynamic batch cultivations are known to affect the reproducibility of RNA 
sampling for microarrays (117, 262). Therefore, chemostat cultures were used in this study 
to tackle the manifestation of growth rate issues by controlling it by means of controlling the 
dilution rate. The dilution rate, D is defined as the ratio of the ingoing flowrate (dV/dt) and the 
culture volume (V). When the culture volume, V is kept constant, the growth rate is then 
dependent on the ingoing flowrate, in which growth is limited by one substrate (e.g. carbon- 
or nitrogen-source) that the culture medium was specifically designed for. Therefore, the 
growth rate is equal to the dilution rate set by the user. In steady-state chemostat cultures 
where the cultures are relatively young to avoid evolution changes (10-14 generations), 
metabolite and substrate profiles, enzyme specificities and other growth-related 
dependencies stay constant over time. This is important during sampling of mRNA as these 
parameters that can easily influence the outcome of transcriptome studies. 

To this end, we describe, for the first time, the results of the transcriptome data 
analysis for changes in growth temperature from 12 oC to 30 oC in steady state carbon- or 
nitrogen-limited anaerobic chemostats. Since transcriptional responses is known to be highly 
context dependent (313), gene expression were analyzed in their respective limitations and 
also regardless of the growth limitation. Common functional classes and regulatory 
transcriptional control were sought after to identify clusters of genes that had significant 
presence during low temperature growth. Furthermore, since reserve carbohydrates 
glycogen and trehalose have been implicated with low temperature response, these 
compounds were also measured. Given that the change of temperature has many drastic 
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effects on the cell’s homeostasis, we also addressed the possible differences of batch 
growth cultures (23, 234, 280, 286, 313) versus chemostat grown ones. In particular we 
looked into the effects of the environmental stress response (ESR) that has been frequently 
associated with drop in growth temperature. 

Experimental procedures 

 
Strain and growth conditions  
The S. cerevisiae prototrophic haploid reference strain, CEN.PK113-7D (MATa) (335), was grown at a dilution 
rate (D) of 0.03 h-1 at both 12oC or 30oC in 2 .0 liter chemostats (Applikon, Schiedam, The Netherlands) with a 
working volume of 1.0 liter as described in (313, 333). A temperature probe connected to a cryostat controlled 
cultures grown at 12oC. Cultures were grown in a defined synthetic medium that was limited by carbon with all 
other growth requirements in excess as described by (313). The dilution rate was set at 0.03 hr-1 with pH 
measured online and kept constant at 5.0 by automatic addition of 2 M KOH using an Applikon ADI 1030 
Biocontroller. The stirrer speed was set to 600 rpm. Anaerobic growth and steady state conditions were 
maintained as described (313). Biomass dry weight, metabolite, dissolved oxygen, and gas profiles were 
constant for at least three volume changes prior to sampling. 
 
Analytical methods  
Culture supernatants were obtained with the method described in (218). For the purpose of glucose 
determination and carbon recovery, culture supernatants and media were analyzed by high performance liquid 
chromatography on an AMINEX HPX-87H ion exchange column using 5 mM H2SO4 as the mobile phase. 
Ethanol evaporation from cultures was determined as described in (177). Residual ammonium concentrations 
were determined using cuvette tests from DRLANGE (Dusseldorf, Germany). Culture dry weights were 
determined as described in (264) while whole cell protein determination was carried out as described in (344).  
 
Trehalose & glycogen 
Trehalose and glycogen measurements were adapted according to (257). Trehalose was determined in triplicate 
measurements for each chemostat. Glycogen was determined in duplicate for each chemostat. Glucose was 
determined using the UV-method based on Roche kit no. 0716251.  
 
Microarray analysis  
Sampling of cells from chemostats, probe preparation, and hybridization to Affymetrix Genechip® microarrays 
were preformed as described previously (262). RNA quality was determined using the Agilent 2100 Bioanalyser. 
The results for each growth condition were derived from three independently cultured replicates.  
Data acquisition, quantification of array images and data filtering were performed as described previously (313). 
For additional statistical analyses, Microsoft Excel running the significance analysis of microarrays (SAM Version 
1.12) (330) add-in was used for pairwise comparisons. Genes were considered changed in expression if they 
were called significantly different using SAM (median false discovery rate of 1%) by at least 2-fold from each 
other condition. 
Promoter analysis was performed using the web-based softwares Regulatory Sequence Analysis (RSA) Tools 
(336) as described in (313).  
For the statistical assessment of over-representation GO biological processes categories 
(http://www.geneontology.org/) (88) in the SAM-identified transcripts, Fisher’s Exact test employing 
hypergeometric distribution was used with a p-value cut-off of 0.01 with a Bonferroni correction. The probability 
was calculated as follows:  the p-value of observing z genes, belonging to the same functional category is: 
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of genes in the cluster (Upregulated clusters A,B, C and downregulated clusters D, E) and G is the total number 
of  gene features on the YG98S array (6383). 
The up and down regulated data inspection for overrepresentation of transcription factors as defined by ChIP on 
chip analysis  (http://jura.wi.mit.edu/fraenkel/download/release_v24/bound_by_factor/ORFs 
_bound_by_factor_v24.0.p005b_041213.txt) was also performed employing an in-house version of the 
hypergeometric distribution test (172).  Applying the same formula, the probability was calculated as follows: 
where N is the total number of genes where the TF can bind upstream (Harbison et al, 2004), M is the total 
number of genes in the cluster (Upregulated clusters A,B, C and downregulated clusters D, E) and G is the total 
number of  gene features on the YG98S array (6383). 
The gene annotation was made according to GO terms (88), the Saccharomyces Genome Database (available at 
www.yeastgenome.org) (84) and the Yeast Proteome Database (available at www.proteome.com). Data 
visualization was done using Treeview v1.60.  
 
Comparison with other S. cerevisiae low temperature data 
The expression datasets that were used for comparison in this study can be downloaded from (23) 
(http://biopuce.insa-toulouse.fr/jmflab/winegenomics), (234) (http://kasumi.nibh.jp/~iwahashi/), (280) 
(http://staff.aist.go.jp/t-sahara/), (286) (http://cbr-rbc.nrc-cnrc.gc.ca/genetics/cold/), (107) (http://genome-
www.standford.edu/yeast_stress/). For the following low temperature datasets (23, 234, 280), the complete 
datasets were downloaded and since only average ratios were provided, statistical test could not be carried out 
and therefore genes that had a fold change of 2 or more were denoted as significantly changed. This amounted 
to 2287 genes for (23), 1609 genes for (280) and 2339 genes for (234).  As for (286), only the statistically 
significant changed genes were provided and hence 634 genes were used. These resulting datasets were used 
as described in Figure 4. The characterized environmental stress response genes (107), were downloaded as 
provided from the website. Genome-wide transcriptome supplemental data can be obtained online on 
www.bt.tudelft.nl. 

 
Results 
 
Physiological and biochemical data of low temperature chemostat cultures 
The biomass yield on glucose (YGlu-X) and fluxes observed from the uptake of glucose (qGlu) 
to the ethanol production (qEtOH) rates were not significantly different at 12 oC and 30 oC in 
both anaerobic carbon- or nitrogen-limitation indicating that the growth energetics were not 
drastically affected by temperature and thus provided an unique platform for comparing 
transcriptome response at 12 oC and 30 oC (Table 1). The concentration of the limiting 
nutrient, however, was in both limiting situations higher at 12 oC than at 30 oC. The residual 
ammonium salt concentration was 7.5-fold higher while the glucose concentration was 
around ten-fold (Table 1).  

In carbon-limited cultures, the whole cell protein (WCP) was slightly lower at 12 oC 
than at 30 oC (0.40 g.g-1 vs 0.43 g.g-1), while in nitrogen-limitation one noticed an increase of 
approximately 38% of the WCP content at 12 oC (0.47 g.g-1 vs 0.34 g.g-1). In contrast to what 
happens at 30 oC, where the WCP of the cell was higher in carbon-limited cultures than in 
nitrogen-limited ones (187, 339), at 12 oC this ratio was reversed. On another note, reserve 
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carbohydrates (trehalose and glycogen), important markers for low temperature 
fermentation, were measured. In contrast to several previous reports on cold shock (105, 
158, 234, 248) trehalose did not accumulate at all at 12 oC. Glycogen, on the other hand, 
was only slightly higher at 12 oC during carbon limitation while under nitrogen limitation 
glycogen was found 2.5 fold lower compared to a 30 oC culture (Table 1). 
  
Table 1: Residual glucose/ammonia, whole cell protein and reserve carbohydrate 
concentrations. Unless state otherwise, values represent the mean ± standard deviation of 
data from three independent steady-state chemostat cultivations. DW: dry weight; C: Carbon 

Physiological parameters 
Limitation Culture 

temperature YGlu-X
b qGlu qEtOH qCO2 C- 

recovery 
 oC Gglucose.gDW-1 mmol.gDW

-1.h-1 % 
Carbon 12 0.07 ± 0.01 - 2.5 ± 0.2 3.8 ± 0.3 4.4 ± 0.3 100 ± 3 
Carbon 30 0.07 ± 0.00 - 2.3 ± 0.0 3.5 ± 0.0 3.8 ± 0.2 95 ± 1 
Nitrogen 12 0.05 ± 0.00 -3.6 ± 0.2 6.1 ± 0.3 6.0 ± 0.6 97 ± 4 
Nitrogen 30 0.04 ± 0.00 -4.0 ± 0.1 6.8 ± 0.2 7.4 ± 0.2 97 ± 2 

Residual concentration Reserve carbohydratea Limitation Culture 
temperature Glucose Ammonia 

Whole cell 
protein Trehalose Glycogen 

 oC g/liter mM gproteins.gDW
-1 gequivalent glucose.gDW

-1 

Carbon 12 0.5 ± 0.2 65.2 ± 2.2 0.40 ± 0.01 < 0.005 0.06 ± 0.01 
Carbon 30 <0.05 61.3 ± 4.5 0.43 ± 0.01 0.02 ± 0.00 0.04 ± 0.00 
Nitrogen 12 16.2 ± 3.0 1.5 ± 0.2 0.47 ± 0.03 < 0.005 0.02 ± 0.00 
Nitrogen 30 15.3 ± 1.3 0.2 ± 0.1 0.34 ± 0.01 0.04 ± 0.00 0.05 ± 0.01 
a trehalose and glycogen are expressed in units of glucose. See experimental procedures 
 for details 
b biomass yield on glucose (g of biomass/g glucose consumed) 
 
Global transcriptome data analysis and functional categorization 
Genome-wide transcriptome analysis was carried out on cells grown in anaerobic carbon 
and nitrogen limited chemostat cultures at both 12 oC and 30 oC. Each growth condition was 
performed in independent triplicates (262). To analyze the effects of the temperature on 
gene expression, DNA microarrays derived from carbon- and nitrogen-limited chemostats at 
12 oC were compared to those grown at 30 oC. In terms of reproducibility, the average 
coefficient of variation for the triplicate transcriptome analyses for each of the four growth 
conditions was below 0.20.  In addition, the level of the ACT1 transcript, a common loading 
standard for conventional Northern analysis, varied less than 12% over the four growth 
conditions. 

The two pair-wise comparisons of 12 oC against 30 oC in their respective limitations 
yielded a total of 1026 (representing 16 % of the S.cerevisiae genome) transcripts which 
were differentially expressed in at least one of the comparisons in accordance to the 
statistical evaluation described (fold change of > 2 with a false discovery rate of 1%, see 
experimental procedures) (330) (Figure 1A, Supplementary data Table 1 online). Meanwhile, 
422 transcripts (7 % of the genome) remained below the detection limits of all the four 
conditions investigated and about 75% of the genome (4935 genes) did not show significant 
changes in expression levels in any of the comparisons. 
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Under carbon-limitation, 221 transcripts showed a significantly higher expression 
level at 12 oC while 275 transcripts were significantly downregulated (Figure 1B). On the 
other hand, 762 transcripts showed significant changes under nitrogen-limited conditions. Of 
these, 261 transcripts were upregulated at 12 oC while 501 transcripts were downregulated. 
Further analysis of these data identified that a large portion of the transcriptional response 
related to the temperature change was still context dependent. Only 227 genes showed 
consistent up or downregulation under both nutrient-limitations. Eighty-eight transcripts were 
found upregulated while 139 transcripts were seen downregulated at lower cultivation 
temperatures (Figure 1B). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Global transcriptome responses to anaerobic growth at 12 oC and 30 oC under limitations of 
carbon- and nitrogen. A Pie chart of overall changes of carbon- and nitrogen- limited culture when 12 oC 
cultures were compared to 30 oC. B Pairwise comparisons of 12 oC versus 30 oC for cultures grown in carbon- 
and nitrogen-limitation. Up denotes induction of genes at 12 oC and Down denoted repression of genes at 12 oC 
compared to 30 oC.  

 
Temperature responsive transcript clusters (carbon, nitrogen and co-responsive 

genes) were subsequently analyzed to assess the enrichment of functional categories 
according to GO (2) directories (Table 2, Supplemental data Table 2 online). To identify the 
regulatory network acting at low temperature, the different clusters were also compared to 
the ‘location analysis’ dataset available for 102 Saccharomyces cerevisiae transcription 
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factors (TF) (121) (Table 3, Supplemental data Table 3 online).  To complete the analysis a 
systematic search for protein binding motives in promoter sequences was performed on the 
different clusters (Table 4).  
 
Temperature-dependent transcriptome response in C-limited chemostat cultures  
Only the GO category ‘ribosome biogenesis’ (GO: 0007046) was found enriched in the gene 
cluster exhibiting higher expression at 12 oC than at 30 oC (Table 2).  Out of the 221 genes 
of this clusters, 20 belonged to this GO category (Table 5). Nine of these genes (EBP2, IPI3, 
KRR1, MTR4, MND3, NOG1, NOG2, NOP4 and RPF2) were also associated to the nuclear 
Bud20p complex (133). In relation to this, the expression level of BUD20 (+2.3) was also 
higher at 12 oC than at 30 oC. Along with the latter mentioned changes, the expression level 
of RRN3 (+2.2), RRN6 (+2.2) and RRN7 (+2.7) genes that encode transcription factor 
subunits of the RNA polymerase I that participate in rRNA transcription was also higher at 12 
oC than at 30 oC.  With exception of ECM1, NOP6, NSR1 and UTP30, all the remaining 20 
genes exhibit lethal phenotype (Table 5).  A protein binding motif search in promoter 
sequences of the genes comprising this cluster revealed the significant presence of a cis-
regulatory PAC motif (GATGAG) characteristics of rRNA transcription (310) (Table 4). 

The transcript data also showed that the temperature influenced the expression of 
hexose transporter (HXT) genes. Out of the seven HXT genes that were significantly 
expressed in at least one condition, five were differentially expressed at 12 oC and 30 oC 
(Table 5). HXT2 (+2.6-fold), HXT3 (+3.7), and especially HXT4 (+33.5) were expressed at 
higher levels at 12 oC while HXT5 (-40.4) and HXT16 (-10.0) were repressed at 12 oC. 
Transcription of high affinity transporter genes, HXT6 and 7 (273) was not significantly 
affected by the culture temperature.  In addition, during carbon limitation, CCT7 (+2.4) 
encoding a cytoplasmic chaperonin that is essential for yeast growth was upregulated. CCT7 
is a known cold-shock protein in S. cerevisiae (300).   . 

Meanwhile, the group of 275 genes with lower expression in C-limited chemostat 
cultures at 12 oC than at 30 oC (Figure 1) exhibited enrichment in GO categories that could 
be separated into two groups: i) categories related to carbon metabolism (GO:0006091, 
GO:0015980) and ii) categories related to transport (Table 2).  Genes encoding enzymes 
participating in metabolism and utilization of alternative C-source like maltose (MAL11, 
MAL13, MAL31, MAL32, YGR287C), galactose (GAL10) and glycerol (GUT1, GUT2) 
displayed lower expression at 12 oC than at 30 oC. Furthermore, genes encoding enzymes of 
the glycolytic pathway, (GPM2, PYK2, PDC6, PFK26, PFK27), TCA cycle (CIT2, SDH1), 
pentose phosphate pathway (TKL2, GND2) and the electron transport chain (GO:0006118) 
(COX4, COX5A, COX5B, COX6, CYC3, CYC7, QCR2, QCR10) were also downregulated at 
12 oC (Table 6). MIG1, a transcriptional regulator that participates to glucose repression was 
downregulated (-2.2) at 12 oC while concomitantly its homologue MIG2 was inversely 2.9-
fold upregulated.    
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Table 2: Over-representation of GO term category in the genes in up- and down-regulated 
gene clusters at low temperature (LT) under limitations of carbon (C-Lim) and nitrogen (N-
Lim). 

GO term GO_complete category p-value ka fb 
LT C-lim UP     
GO:0007046 ribosome biogenesis 1.4E-05 20  198 
LT C-lim DWN     
GO:0006091 generation of precursor metabolites and energy 4.7E-06 26 229 
GO:0015980 energy derivation by oxidation of organic 

compounds 
1.1E-06 25 199 

GO:0000041 transition metal ion transport   4.6E-05 9 41 
GO:0015849 organic acid transport 2.8E-05 10 48 
GO:0046942 carboxylic acid transport 2.3E-05 10 47 
GO:0015837 amine transport 2.8E-05 10 48 
GO:0006118 electron transport 7.3E-05 8 34 
GO:0006865 amino acid transport 1.3E-06 10 35 
GO:0046688 response to copper ion 7.9E-05 3 3 
LT N-lim UP     
GO:0007582 physiological process 3.0E-05 203 4243 
GO:0008150 biological_process 5.8E-05 204 4299 
GO:0009987 cellular process 6.1E-06 203 4173 
GO:0016043 cell organization and biogenesis 1.6E-06 78 1158 
GO:0050875 cellular physiological process 4.1E-06 202 4130 
GO:0044249 cellular biosynthesis  4.4E-05 55 796 
GO:0006996 organelle organization and biogenesis 1.0E-06 71 1007 
GO:0006396 RNA processing  4.7E-11 41 325 
GO:0016070 RNA metabolism 4.3E-11 49 439 
GO:0009451 RNA modification  4.6E-06 14 82 
GO:0000027 ribosomal large subunit assembly and maintenance 3.4E-08 12 40 
GO:0006461 protein complex assembly 7.1E-06 19 147 
GO:0007028 cytoplasm organization and biogenesis  9.3E-29 56 236 
GO:0042254 ribosome biogenesis and assembly 9.3E-29 56 236 
GO:0042255 ribosome assembly  2.7E-10 17 63 
GO:0042257 ribosomal subunit assembly 1.2E-07 13 53 
GO:0006364 rRNA processing  4.3E-20 39 164 
GO:0006365 35S primary transcript processing 3.2E-08 14 56 
GO:0007046 ribosome biogenesis 5.5E-28 51 198 
GO:0016072 rRNA metabolism 1.7E-19 39 170 
GO:0030490 processing of 20S pre-rRNA 3.4E-11 17 56 
GO:0000154 rRNA modification 3.5E-07 8 19 
GO:0042273 ribosomal large subunit biogenesis 3.5E-07 8 19 
GO:0000054 ribosome export from nucleus  1.4E-06 7 16 
GO:0006183 GTP biosynthesis 2.7E-06 4 4 
GO:0046039 GTP metabolism 2.7E-06 4 4 
LT N-lim DWN     
GO:0050896 response to stimulus 1.1E-05 67 510 
GO:0009056 Catabolism 4.2E-06 54 370 
GO:0044248 cellular catabolism 7.1E-05 48 349 
GO:0016052 carbohydrate catabolism 6.0E-05 14 55 
GO:0044275 cellular carbohydrate catabolism 6.0E-05 14 55 
GO:0015837 amine transport 5.4E-05 13 48 
GO:0005984 disaccharide metabolism 5.5E-07 7 9 
GO:0046352 disaccharide catabolism 1.4E-06 6 7 
GO:0000255 allantoin metabolism 1.6E-05 5 6 
GO:0000256 allantoin catabolism  1.6E-05 5 6 
GO:0046700 heterocycle catabolism 1.6E-05 5 6 
LT C- & N-lim UP     
GO:0007046 ribosome biogenesis 7.6E-05 12 198 
GO:0000054 ribosome export from nucleus  5.4E-05 4 16 
 LT C- & N-lim DWN     
GO:0006950 response to stress 1.7E-05 9 70 

a Number of genes in category of cluster 
b Number of genes in category over genome 
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Table 3: Over-representation of transcription factors (TF) that can bind the upstream 
promoter elements of genes in up and down-regulated gene clusters (according to the ChiP 
on chip analysis (121)) at low temperature (LT) under limitations of carbon (C-Lim) and 
nitrogen (N-Lim). The probability (p-value) that the representation of each factor occurred by 
chance was assessed by hypergeometric distribution. The table displays significant factors 
that returned a p-value lower than 0.05.  

 T F p-value ka fb 
LT C-lim UP    
LT C-lim DOWN     

Gln3p 5.3E-04 12 92 
Hsf1p 8.2E-07 20 133 
Nrg1p 4.3E-07 20 128 
Phd1p 4.0E-06 16 99 
Rcs1p 1.0E-03 11 86 
Rox1p 1.6E-06 13 62 
Skn7p 1.0E-03 16 156 
Sok2p 2.7E-05 13 79 
Hap3-Hap1 7.9E-05 3 3 
Phd1-Nrg1 2.3E-06 10 37 
Rox1-Phd1 1.7E-05 7 21 
Sok2-Nrg1 6.4E-08 11 33 

LT N-lim UP     
Fhl1p 5.9E-04 19 203 

LT N-lim DOWN     
Aft2p 3.4E-05 25 134 
Cin5p 4.2E-05 29 169 
Dal82p 1.38E-03 14 73 
Gln3p 4.0E-09 26 92 

  Hsf1p 3.2E-06 27 133 
  Nrg1p 4.3E-07 28 128 
  Phd1p 6.5E-05 20 99 
  Sok2p 7.3E-06 19 79 
  Gln3-Dal82 1.7E-08 10 15 
  Hap2-Dal82 1.5E-05 6 9 
  Phd1-Nrg1 1.4E-05 12 37 
  Sok2-Nrg1 2.4E-05 11 33 
LT C- & N-lim UP      
  Dig1p 7.7E-04 8 144 
LT C- & N -lim DOWN     

Aft2p 6.3E-04 10 134 
Hsf1p 2.2E-08 16 133 
Nrg1p 5.8E-07 14 128 

  Phd1p 2.7E-03 9 99 
  Rcs1p 9.4E-05 9 86 
  Rox1p 5.1E-05 8 62 
  Sok2p 4.8E-05 9 79 
  Nrg1-Aft2 5.4E-05 5 20 
  Phd1-Nrg1 1.1E-05 7 37 
  Rox1-Phd1 7.0E-05 5 21 
  Sok2-Nrg1 3.6E-07 8 33 
a Number of genes in category of cluster, b Number of genes in category over genome 



Low temperature transcriptome analysis 
 

93 

Table 4: Gene coverage of over-represented sequences retrieved from promoters of co-
regulated genes using regulatory sequence analysis tools (http://rsat.scmbb.ulb.ac.be/rsat/) 
(336) during low temperature (LT) in anaerobic chemostats of carbon (C-Lim) and nitrogen 
(N-Lim) limitation 
 
Regulatory cluster Motif Putative-binding 

protein 
Promoter 
element 

occa expect 
occb 

occ Ec 

LT C-lim UP PAC CGATGAG 47 19.76 1.1E-03 
 PAC GATGAGC 40 15.57 1.4E-03 

LT C-lim DWN  TGACACA 44 19.03 5.7E-03 
LT N-lim UP  AAAAATTT 155 58.48 3.2E-21 

 PAC CGATGAG 53 12.47 4.7E-13 
  GTGAAAAA 66 32.16 3.7E-03 

LT N-lim DWN GATA Gln3/Gat1/Dal80/Gzf3 AAGATTAG 56 23.11 1.7E-04 
 STRE Msn2/Msn4 ACCCCTTA 29 8.73 1.6E-03 

LT C- & N-lim UP PAC CGATGAG 26 7.75 1.6E-03 
LT C- & N-lim DWN  CGTCCAC 13 2.85 7.8E-03 
a number of occurrence of promoter element in the regulatory cluster 
b expected number of occurrences of the promoter element in a randomly chosen cluster of genes of the same 
regulatory cluster size  
c the probability of finding the number of patterns with the same level of overrepresentation, which would be 
expected by chance alone  
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Table 5: List of genes with gene expression data during low temperature (LT) growth in 
anaerobic carbon- (C-Lim) and nitrogen- (N-Lim) limited chemostats at 12 oC and 30 oC. 
Genes marked with an asterisk (*) are essential for growth. 

Gene  Function Gene expression data (Intensities) 
  C-Lim 12 oC C-Lim 30 oC N-Lim 12 oC N-Lim 30 oC 
Up-regulated LT C-Lim 12 oC     
Ribosomal biogenesis (GO:0007046)     
CGR1* Processing of pre-RNA for the 60S  168 ± 40 69 ± 3 122 ± 75 60 ± 12 
EBP2* Maturation of 25S rRNA and 60S  255 ± 41 112 ± 20 230 ± 135 104 ± 19 
ECM1 Interacts with MTR2 in 60S 279 ± 22 85 ± 14 253 ± 38 56 ± 4 
EMG1* maturation of the 18S rRNA and for 40S   451 ± 83 190 ± 43 392 ± 51 135 ± 16 
IPI3* Possible in assembly of the ribosomal large subunit 68 ± 12 32 ± 5 56 ± 8 24 ± 4 
KRR1* synthesis of 18S rRNA and the assembly of 40S  170 ± 22 67 ± 0 164 ± 37 66 ± 15 
MAK16* constituent of 66S pre-ribosomal particles 87 ± 11 37 ± 13 69 ± 21 27 ± 3 
MTR4* Dead-box family ATP dependent helicase 80 ± 5 40 ± 5 71 ± 2 39 ± 3 
NMD3* nuclear export of the large ribosomal subunit 257 ± 79 127 ± 25 265 ± 47 89 ± 8 
NOG1* Putative GTPase  368 ± 85 182 ± 16 383 ± 50 128 ± 14 
NOG2* Putative GTPase  619 ± 57 263 ± 36 471 ± 68 88 ± 20 
NOP4* Nucleolar protein 117 ± 17 48 ± 4 61 ± 15 31 ± 3 
NOP6 Protein with similarity to hydrophilins 162 ± 42 79 ± 14 139 ± 39 73 ± 15 
NSR1 Nucleolar protein in processing 20S to 18S rRNA 757 ± 169 341 ± 91 843 ± 193 74 ± 1 
RNT1* RNAase III 134 ± 25 66 ± 9 93 ± 37 64 ± 7 
RPF2* processing of pre-rRNA and assembly of the 60S  522 ± 50 245 ± 61 458 ± 116 150 ± 27 
URB1* Nucleolar protein required for 25S and 5.8S rRNAs 80 ± 12 33 ± 6 51 ± 6 29 ± 5 
UTP13* Nucleolar protein involved in pre-18S rRNA 114 ± 19 51 ± 9 107 ± 14 30 ± 7 
UTP30 maturation of pre-18S rRNA 81 ± 16 38 ± 6 69 ± 14 48 ± 3 
YDR412W* Protein required for cell viability 68 ± 6 24 ± 4 44 ± 16 21 ± 4 
      
Down-regulated LT C-Lim and N-Lim 12 oC     
Heat shock response protein family     
AHA1 Co-chaperone that binds to Hsp82p 193 ± 22 621 ± 88 205 ± 22 527 ± 40 
APJ1 Putative chaperone of the HSP40 13 ± 1 39 ± 8 13 ± 1 44 ± 9 
HSF1* Trimeric heat shock transcription factor 47 ± 20 99 ± 8 62 ± 7 177 ± 13 
HSP26 Small heat shock protein 55 ± 11 1124 ± 78 113 ± 40 754 ± 14 
HSP30 negatively regulates the H(+)-ATPase Pma1p 26 ± 13 922 ± 172 61 ± 22 446 ± 71 
HSP42 Small cytosolic stress-induced chaperone 103 ± 25 246 ± 43 152 ± 47 529 ± 2 
HSP60* Tetradecameric mitochondrial chaperonin 725 ± 172 1661 ± 22 772 ± 43 1217 ± 105 
SSA3 Member of HSP70 family 30 ± 4 108 ± 28 24 ± 6 73 ± 6 
SSE2 Member of HSP70 family 123 ± 20 261 ± 13 106 ± 19 247 ± 62 
      
Down-regulated LT N-Lim 12oC     
Reserved carbohydrate metabolism     
ATH1 Acid trehalase 37 ± 2 84 ± 4 18 ± 3 58 ± 2 
NTH1 Neutral trehalase 93 ± 0 124 ± 17 91 ± 16 221 ± 29 
NTH2 Putative neutral trehalase 52 ± 14 111 ± 26 48 ± 10 169 ± 24 
TPS1 trehalose-6-phosphate synthase 437 ± 99 433 ± 48 287 ± 69 612 ± 54 
TPS2 trehalose-6-phosphate synthase 191 ± 64 232 ± 48 213 ± 69 434 ± 21 
TSL1 trehalose 6-phosphate synthase 215 ± 25 167 ± 25 96 ± 42 353 ± 33 
GSY1 Glycogen synthase 162 ± 20 122 ± 34 70 ± 13 212 ± 27 
GSY2 Glycogen synthase 105 ± 50 154 ± 39 105 ± 15 230 ± 20 
 

Consistent with previous reports that cited transport activities are influenced by 
temperature (41, 236, 362), four redundant GO categories (GO:0015849, GO0046942, 
GO:0015837 and GO:0006865) (Table 2) were overrepresented in the set of genes 
exhibiting a lower expression at 12 oC than at 30 oC. These categories were comprised of 10 
genes of which the function was associated with the transport of amino acids (MMP1, BTN2, 
MUP1, GNP1, BAP3, AGP1 BAP2, TAT1, DIP5, TAT2). Some genes on the other hand, did 
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not belong to any enriched GO categories, but a group of nine genes including AHA1 (-3.2), 
APJ1 (-2.9), HSF1 (-2.1), HSP26 (-20.6), HSP30 (-35.0), HSP42 (-2.4), HSP60 (-2.3), SSA3 
(-3.6) and SSE2 (-2.1) associated with thermal shock stress were found downregulated in 
contrast to several previous low temperature transcriptome studies (Table 5) (137, 158, 
234). The presence of these genes was consistent with the significant overrepresentation in 
this cluster of targets of Hsf1, the yeast heat shock transcription factor (363) (Table 4). To 
test the consistency of the transcriptional response to a downshift of the cultivation 
temperature, a comparison of the transcriptome response at 12 oC and 30 oC was also 
carried out on nitrogen-limited grown yeast cultures. 
 
Temperature-dependent transcriptome response in N-limited chemostat cultures  
The group of 261 genes that showed a higher expression at 12 oC than at 30 oC under 
nitrogen limitation (Figure 1) were substantially enriched in genes belonging to GO 
categories related to RNA metabolism and ribosome biogenesis (Table 2). As seen in C-
limited conditions, some gene transcripts encoding subunits of the polymerase I (RPA12, 
RPA34, RPA49, RPA135) exhibited higher hybridization signal at 12 oC than at 30 oC. Three 
subunits of the RNA polymerase III (RPC11, RPC31, RPC40) that participates in tRNA 
transcription were likewise induced at 12 oC. A total of 56 genes involved in 17 GO 
categories covering the complete ribosome biogenesis as ribosome assembly 
(GO:0042255), 35S primary transcript processes (GO:0006365), 20S pre-rRNA processing 
(GO:0030490), ribosome export from nucleus (GO:0000054) were upregulated at 12 oC 
(Tables 2, Supplementary data Table 2). The promoter search revealed the significant 
presence of a cis-regulatory PAC motif (GATGAG) characteristics of this rRNA transcription 
(310). In addition to the re-formatting ribosome biogenesis genes, the expression of 21 
ribosomal proteins was increased at 12 oC that further supports an increase of the whole 
translational machinery (Table 2). In good agreement with this upregulation, this cluster 
exhibited a significant enrichment of targets of Fhl1, a factor involved in ribosomal protein 
transcription (217, 278) (Table 3). 

Under nitrogen-limitation, a large set of 501 genes exhibited a lower expression 
signal at 12 oC than at 30 oC (Figure 1). This cluster exhibited an enrichment in GO 
categories related to response to environmental stimulus (GO:0050896) and catabolism of 
both carbon and nitrogen sources (GO:0009056, GO:0044248, GO:0016052, GO:0044275, 
GO:0015837, GO:0005984, GO:0046352, GO:0000255, GO:0000256, GO:0046700) (Table 
2, Supplementary data Table 2). This included genes encoding enzymes implicated in 
metabolism of arginine (ARG1, CAR1, CAR2), asparagine (ASP3), glutamate and glutamine 
(GDH3, GLN1, GLT1), proline (PUT1, PUT4), serine/threonine (CHA1, CHA4, YIL167w), 
aromatic amino acids (ARO10), sulfur amino acids (MET4, MUP1, SUL1, YFR055w), branch 
chain amino acids (BAT2, LAP4) and nitrogen source transporters (AGP1, CAN1, GAP1, 
DIP5, DUR3). The GO lists ‘allantoin metabolism’ and ‘catabolism’ (GO:0000255 and 
GO:0000256) found significantly enriched in the N-limited downregulated genes comprised 
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of five genes (DAL1, DAL2, DAL7, DAL3, DUR1,2), key genetic markers of the nitrogen-
catabolite-response (NCR). The products of these genes participate in nitrogen assimilation 
from allantoate, a product of purine catabolism specifically induced in nitrogen limitation 
conditions, and in the presence of a less favored nitrogen source (e.g. phenylalanine, 
leucine, proline, methionine).  The occurrence of downregulation of genes that are subjected 
to NCR was supported twice i) by enrichment of Gln3 and Dal82 targets in this set (Table 3) 
and ii) by overrepresentation of protein binding motifs (AAGATAAG) similar to the GATAAG 
factor binding motif involved in NCR (58, 65) (Table 4).  

In contrast to C-limitation where only ATH1 and NTH2 genes that encode an acidic 
and neutral trehalase, respectively, were expressed to a lower level at 12 oC, the genes 
encoding for the complete trehalose biosynthesis (TPS1, TPS2, TSL1) and degradation 
(ATH1, NTH1, NTH2) pathways were all downregulated at 12 oC (Table 5). Both the 
glycogen synthase genes (GSY1, GSY2) also exhibited lower expression level at 12 oC than 
at 30 oC (Table 5). These expression data were in strong agreement with the amount of 
reserve carbohydrate measured at 12 oC that was lower than at 30 oC (Table 1). Moreover, 
this cluster showed significant overrepresentation of STR (STRess) element known to be 
bound by Msn2/Msn4 (Table 4) which have been implicated in the regulation of the reserve 
carbohydrate metabolism (101).  In addition, as already shown in C-limited downregulated 
genes, a set of heat shock proteins including HSF1 that encodes the main heat shock 
transcription factor were repressed at 12 oC (Table 5). The presence of these genes was 
eventually supported by the enrichment in this cluster of Hsf1 targets as shown in Table 3.  
 
Low temperature co-responsive genes  
Out of the 1026 genes differentially expressed in at least one of the two pairwise 
comparisons, a subset of 227 genes exhibited a similar temperature dependent regulation 
irrespective of the nutrient that is in limitation (Figures 1 and 2).  Hypergeometric distribution 
analysis using Fisher’s Exact revealed overrepresentation of ‘ribosome biogenesis’ 
(GO:0007046) and ‘ribosome export from nucleus’ (GO0000054) categories in the 88 gene 
cluster that exhibited a higher expression at 12 oC than at 30 oC in both growth limitation 
conditions. Twelve out of the 88 genes were represented in these two GO categories (Table 
2, Figure 2).  As it was already true for the nutrient specific sets, the promoter sequence 
analysis revealed the overrepresentation of the PAC cis-regulatory sequence (Table 4). 
Close inspection of this set also revealed the presence of some genes previously described 
as cold temperature markers, in particular NSR1, a nucleolar protein involved in processing 
20S to 18S rRNA (170, 192). DBP2, an ATP-dependent RNA helicase of DEAD box family 
that might participate in increasing translation efficiency, by analogy with plants and bacteria 
(155, 323) was also co-induced.  However, several key genes considered as markers for low 
temperature showed a transcriptional profile in opposite expression as with all previously 
published yeast low temperature transcriptome studies. Among those, the genes related to 
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stress response (HSF1, HSP26, HSP30, HSP42, HSP60, SSA3, SSE2, AHA1, NTH2, 
ATH1) were consistently lower at 12 oC than at 30 oC.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Expression profiles of differentially expressed genes in both anaerobic carbon and nitrogen 
limited cultures of 12 oC compared to 30 oC. The three independent transcriptome datasets for each 
temperature condition were averaged and then compared. Green (relatively low expression) and red (relatively 
high expression) squares are used to represent the transcriptome profiles of genes deemed significantly 
changed. These genes were sorted by functional categories according to the GO Biological process functions.  
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Out of the downregulated genes in both limitations, six were encoding macronutrient 
transporters of sulfur (SUL1, MUP1), phosphorus (PHO84), nitrogen (DAL4) and carbon 
(HXT5, MAL31). The genes encoding for five metal carriers (FTR1, FET3, CRS5 CCC2, 
UTR3) were also consistently repressed at 12 oC and at least three (FET3, FTR1 and CRS5) 
are under the control of CUP2 that showed a similar downregulated profile. 
 
Low temperature literature comparison 
Several transcriptome reports dealing with the low temperature adaptation of 
Saccharomyces cerevisiae have already been published (23, 234, 280, 286). In contrast to 
the approach described here, these studies have been performed in batch (shake flask 
experiments) cultures.  The data set corresponding to four previously mentioned batch-
based transcriptome studies were downloaded from their respective websites (see 
experimental procedures for data processing) and compared with the data generated in this 
study (1026 genes). These systematic comparisons revealed that no global positive 
correlation between the chemostat and the batch data could be drawn. Conversely, a 
substantial fraction of the genes exhibiting either up or downregulation in this study was 
inversely regulated in most of the other batch studies (Figure 3). To point out the 
heterogeneity of the cold temperature transcriptome responses, we determined how many 
genes were found similarly regulated in all the studies (Figure 4A) by comparing the genes 
coregulated in C- and N-limitation cultures with the differentially expressed genes in the 
other studies (Figure 4B). Only 6 genes (DBP2, FCY2, HMT1, HSP26, MOH1 and NOG2) 
were over-represented.  This limited set was even more reduced as none of these genes 
showed consistent profiles over the studies. DBP2, NOG2 and HTM1 that exhibited a clear 
increased expression at 12 oC in C- and N-limited chemostat displayed a lower expression at 
10 or 13 oC in batch cultivations as reported by Sahara et al. (2002) and Beltran et al. (2006) 
(Figure 4C). HSP26 on the other hand which was strongly repressed in chemostat cultures 
but was highly induced notably in the final stages of all the batch cultivations (Figure 4C). 

It has generally been accepted from previous low temperature transcriptome 
experiments that the reduction in temperature leads to an induction of a set of genes 
commonly associated with environmental stress response (ESR) (158, 286). These genes 
are regulated by transcription factors Msn2p and/or Msn4p via STR elements in their 
promoter regions (37, 233). When the transcript levels of the characterized ESR genes (107, 
108) (Figure 3, Supplementary data Table 5) obtained in C-and N-limited cultures at 12 oC 
and 30 oC were compared with the three other sets (23, 234, 280), the response was 
surprisingly different. In low temperature chemostat only two genes, FAA1 encoding protein 
involved in fatty acid metabolism and GRE1 encoding a NADPH-dependent methylglyoxal 
reductase, were upregulated under carbon limitations (Figure 3, Supplementary data Table 
5). With exception of the two latter genes all ESR genes were significantly repressed during 
chemostat cultivations at 12 oC (compared to 30 oC).  



 

 

Figure 3: Fold change comparisons with other genome-wide low temperature studies. A Fold change of the 88 genes up-regulated and 139 genes down-
regulated (> 2-folds, 1 % False discovery rate (see methods)) in both carbon- (C-Lim) and nitrogen-limited (N-Lim) chemostat cultures at 12 oC compared to 30 oC. 
These genes were compared to expression data of Beltran et al. (23), Sahara et al. (280) and Murata et al. (234). B Fold change of characterized Environmental 
Stress Response (ESR) genes from Gasch et al (107). Genes denoted in grey were not available. IF: Initial fermentation, MF: Middle fermentation, FF: Final 
fermentation. 
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Figure 4 (previous page): A Venn diagrams comparing genes that showed at least two fold changes in 
each batch study (data obtained from online supplementary data. See Experimental procedures) with 
those found significantly changed in this study (1026 genes). The overlapping region is further broken 
down to the different clusters of genes found in this study. C-Lim represents the genes significantly up- 
and down-regulated in carbon-limited chemostats grown at 12 oC compared to 30 oC. N-Lim (nitrogen-
limited), C + N Lim (consistently in both carbon and nitrogen limited). % indicate the percentage of 
overlapping genes (batch study vs this study) in each cluster over the total number of genes in the 
cluster; C-Lim (496 genes), N-Lim (762 genes), C + N Lim (227 genes) (Figure 1). B Venn diagram of 
genes overlapping with the genes what were found in the comparison of the ‘batch vs this study’ with C 
+ N Lim in Figure 4A. C 6 genes that were found consistently different in all the comparisons of the 
batch studies against the C + N Lim set. Values shown are the fold changes of the expression 
intensities at low temperature compared to a reference temperature base.  C = Carbon limitation, N = 
Nitrogen limitation, IF = Initial fermentation, MF = Middle fermentation, FF = Final fermentation.  

 
Discussion 
In this study we have investigated how the genome wide expression of 
Saccharomyces cerevisiae was reprogrammed at the suboptimal temperature of 12 
oC.  Some of the key genes (TIP1, TIR1, TIR2, OLE1) purportedly induced during a 
shift to low temperature in S. cerevisiae where not changed persistently in 
chemostats as previously seen in batch and shake flask cultures (169, 171, 234, 
286). The transcript data discussed in this study were performed under anaerobic 
conditions, in which TIP1, TIR1, TIR2 and other seripauperin genes were already 
known to be upregulated (313). Consequently, no discrepancy between 30 and 12 oC 
could be recorded. To sustain growth in absence of oxygen, essential exogenous 
ergosterol and unsaturated fatty acid, oleate (in the form of Tween 80) (8, 9) were 
added to the culture medium to compensate repression of OLE1 a stearoyl-CoA 
desaturase (delta-9 fatty acid desaturase) that is required for synthesis of 
unsaturated fatty acids (309) under anaerobic conditions. Addition of Tween 80 
consequently resulted in repression of MGA2 positive regulator of the expression of 
OLE1 (153). 

The yeast transcriptome response at 12 oC was recorded on both C- and N-
limitation. This comparison illustrated how the experimental setup, in which an 
environmental parameter (e.g. the temperature) is studied, may influence the 
genome wide expression response. Although, chemostat cultures allowed for 
controlling and maintaining of the cultured cells in a steady state where all 
physiological characteristics (growth rate, consumption and production rates) 
remained constant, a complete homogeneity between the environmental conditions 
could not be achieved between 12 oC and 30 oC. This resulted in a transcriptional 
response specific to the environmental conditions used. Consistently, the residual 
concentrations of the limiting nutrient were higher at 12 oC than at 30 oC. This 
increase is likely to participate to a higher degree of substrate saturation of the 
limiting nutrient transport system (glucose or ammonium) and thereby compensate 
for a reduced capacity of the transporters at low temperature. In the case of C-
limitation, the residual glucose concentration was accompanied by a differential 
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regulation of five HXT genes. Whether these differential expressions are the direct 
consequence of the increased extracellular glucose or vice versa, remain unsolved.  

Intuitively, the increase of the extracellular ammonium concentration at 12 oC 
was accompanied by the differential expression of the ammonia permease genes 
(MEP1, MEP2 and MEP3). Both high affinity permeases MEP1 (Km=5-10 μM) and 
MEP2 (Km1-2 μM) were downregulated  -2.8-fold and –4.0-fold respectively at 12 oC. 
Meanwhile MEP3, the low affinity permease (Km=1.4-2.1 mM) exhibited higher 
expression (+ 1.8) at 12 oC at 30 oC (215). In contrast to what happened on glucose 
transport, the changes affecting the ammonia transport seems to be in good 
agreement with the literature (215). Besides, the downregulation of Nitrogen 
Catabolite Repression (NCR) responsive genes in N-limitation, the increased residual 
ammonium concentration in the fermentation broth is likely to reflect this response as 
well.   

Furthermore, cells grown in N-limitation showed a reliable correlation between 
the whole cell protein content and the transcription of large sets of genes involved in 
the biogenesis and assembly of the translational machinery. According to Warner 
(1999) (356) ribosomal proteins represent around 50% of the translated mRNA pool 
in yeast. Up to now, there is no estimation of the ribosomal protein representation 
over the whole cell, however it would be tempting to translate the increase in whole 
cell protein with an increase in ribosomal protein as 21 ribosomal protein genes were 
upregulated at 12 oC under nitrogen limitation (Supplemental data Table 1).  

In both nutrient limitations, 55 to 70% of the transcriptome response was the 
result of combinatorial effects indirectly related to the culture temperature. The 
integrity of the transcription and translation processes is shown to be essential for the 
cell survival, as the concentration of genes involved in ribosome biogenesis exhibited 
a higher expression at 12 oC than at 30 oC. In particular, temperature decrease 
affects RNA secondary structures stability leading to a rate-limiting step of translation 
initiation (91, 155). Consistent with a previous phenotypic characterization and low 
temperature transcriptome study (286), NSR1 that encodes a nucleolar protein 
required for pre-rRNA processing and ribosome biogenesis, and DED1 (73) and 
DBP2 that encode ATP-dependent RNA helicases of DEAD box family were induced 
at 12 oC irrespective of the limitation applied.  RNA helicases are known to respond 
to abiotic stresses (254) and in particular to temperature by unwinding cold-stabilized 
mRNA secondary structures to increase translation efficiency in bacteria (155, 323). 
Cold-inducible RNA helicases have been reported in plants as well (293) broadening 
the essential role of RNA helicases in cold adaptation. 

On the other hand, genes with function related to response to stimulus 
(stress) were clearly downregulated at 12 oC in both limitation conditions.  Among 
them, a subset of HSP genes and their transcription factor HSF1 were exhibiting a 
consistent lower expression at 12 oC than at 30 oC. Hsp proteins (e.g. Hsp42 and 
Hsp26) have been implicated in chaperone activities participating to cytosolic protein 
folding and suppress the aggregation of cytosolic proteins under heat shock 
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conditions (122, 123). This mechanism seems to play a less crucial role at low than 
at high temperatures.  However, so far these genes (HSP42 and HSP26) have been 
systematically shown to be upregulated at low temperature (137, 286).  Increased 
expression of HSP genes is often accompanied by higher expression of genes 
encoding reserve carbohydrate pathways followed by concomitant augmentation of 
their intracellular concentrations. This remains in total contrast to what has been 
measured in cells grown at a constant growth rate. So what then could explain such 
a difference in expression regulation?  

The presence of STR elements (115) in the gene cluster exhibiting a lower 
expression at 12 oC than at 30 oC under N-limitation, suggested overrepresentation 
of Msn/Msn4 targets (Table 4). Msn2/Msn4 regulatory complex have been shown to 
govern to some extent the expression of reserve carbohydrates metabolism genes 
(37, 101, 373)} and in cooperation with Hsf1 the expression of HSP genes (e.g. 
HSP26, HSp104) (7). In more general terms, Msn2/Msn4 complex have been 
assigned to a broader response named Environmental Stress response (ESR) (107).  
No ESR genes (with exception of two genes (FAA1, GRE2)) showed higher 
expression at 12 oC than at 30 oC as already claimed (286).  The undetectable 
intracellular trehalose concentration was also a supporting evidence of the absence 
of participation of Msn2/Msn4 regulation in long-term adaptation at low temperature.  

The expression of the ESR genes is also tightly related to the specific growth 
rate of the yeast cell. ESR genes increase as specific growth rate decreases (117). 
Most of the conditions that induce ESR inhibit cellular growth as well. Thus, we can 
speculate that growth rate, more than the nature of the stress applied, is sensed and 
serves as a transduction signal. This would be very similar to what have been 
reported in E.coli, where the specific growth rate is known to control the general 
stress response, that is mediated by the concentration of the RNA polymerase 
subunit RpoS (145). This would explain to some extent the differences between the 
batch and chemostat low temperature transcriptome studies. The application of 
chemostat cultures allowed the identification of a temperature dependent 
transcriptional response by neglecting the effects of growth rate that remains 
constant between the fermentation conditions tested. However, the data presented 
here could not rule out the role of the ESR response in transition phase where the 
cells are transferred from one temperature to the other. But they strongly support that 
ESR does not contribute to cellular growth of low temperature adapted yeast cells. 
Similarly, trehalose is not indispensable to yeast cell to grow at 12 oC.  

In summary, the transcriptional response to prolonged cold cultivation at 12 
oC of S. cerevisiae in chemostat culture showed that in contrast to many cold-shock 
batch-based related studies, the response to low temperature is not mediated by 
stress signals and subsequently allowed the identification of unbiased sets of genes. 
Among the changes recorded, transcription and translational functions seemed to be 
the most important of all. 
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Abstract  
Growth temperature has a profound impact on the kinetic properties of enzymes in 
microbial metabolic networks. Activities of glycolytic enzymes in Saccharomyces 
cerevisiae were up to 7.5-fold lower when assayed at 12 oC than at 30 oC.  
Nevertheless, the in vivo glycolytic flux in chemostat cultures (dilution rate; 0.03 h-1) 
grown at these two temperatures was essentially the same. To investigate how the 
yeast maintained a constant glycolytic flux despite the kinetic challenge imposed by a 
lower growth temperature, a systems approach was applied that involved metabolic 
flux analysis, transcript analysis, enzyme activity assays and metabolite analysis.  
Expression of hexose-transporter genes was affected by the growth temperature, as 
indicated by differential transcription of five HXT genes and changed zero-trans-influx 
kinetics of 14C glucose transport. No such significant changes in gene expression 
were observed for any of the glycolytic enzymes. Fermentative capacity (assayed off-
line at 30 oC), which was two-fold higher in cells grown at 12 oC, was therefore 
probably controlled predominantly by glucose transport. Massive differences in the 
intracellular concentrations of nucleotides (resulting in an increased adenylate energy 
charge at low temperature) and glycolytic intermediates indicated a dominant role of 
metabolic control as opposed to gene expression in the adaptation of glycolytic 
enzyme activity to different temperatures. In evolutionary terms, this predominant 
reliance on metabolic control of a central pathway, which represents a significant 
fraction of the organism’s cellular protein, may be advantageous to limit the need for 
protein synthesis and degradation during adaptation to diurnal temperature cycles. 
 

Introduction 

Changing ambient temperature, for example as a result of diurnal temperature 
cycling, is among the most common environmental changes that micro-organisms 
have to contend with in nature. Temperature effects on microbial physiology are also 
relevant for the industrial exploitation of micro-organisms. For example, the 
temperature in industrial processes for production of alcoholic beverages with the 
yeast Saccharomyces cerevisiae (commonly 8 oC to 20 oC) is much lower than the 
optimum temperature range for growth (25 – 30 oC) (17). 

Much of the current knowledge on adaptation of the model eukaryote S. 
cerevisiae to suboptimal temperatures has been derived from studies on cold shock. 
These studies have identified cold-induced changes in membrane lipid composition 
(23, 142), transport functions, translational efficiency, protein folding and nucleic acid 
structure (for a review see (5)). Transcriptome analysis of cold adaptation in S. 
cerevisiae has revealed several types of responses that depend on the temperature 
range applied, namely “cold shock” (between 20 and 10 oC) (286) and “near freezing” 
(< 10 oC) (137, 234, 280) conditions. Responses to low temperature are also affected 
by the exposure period to low temperature (early phase and late phase responses, 
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(23, 137, 286). The early response in cold shock experiments encompasses 
upregulation of low-temperature marker genes such as NSR1 (170), TIR1, TIR2 
(171), and TIP1 (169), which are involved in de novo ribosome biogenesis, 
transcription and translation. The late phase is characterized by upregulation of 
genes involved in protein folding, trehalose synthesis and stress responses (e.g. 
HSP12 and HSP26 (158, 234)), which suggests involvement of MSN2 and MSN4 in 
the regulatory circuit for cold adaptation (158, 286). Recent reports have implicated 
the HOG pathway in the transduction of the low temperature signal, resulting in the 
production of glycerol and trehalose required for resistance to freezing but not for 
growth at 12 oC (255). 

Temperature also has a drastic effect on the catalytic properties of enzymes. 
The temperature dependency of enzyme kinetics on the catalytic rate constant, kcat of 
a reaction is partially governed by the Arrhenius equation [1] 

[1] 
aE

RT
catk Ae

−⎛ ⎞
⎜ ⎟
⎝ ⎠= . This equation dictates that increasing the temperature or 

decreasing the activation energy (for instance through the use of a catalyst) will result 
in an increase of kcat (10). Each enzyme has unique catalytic properties, including 
temperature optimum and specific binding to allosteric effectors that contribute to 
regulation of its in vivo activity (these effects are not taken into consideration by the 
equation [1]). 

In natural environments, both specific growth rate and the fermentation rate 
are key parameters in determining evolutionary fitness of microorganisms. To 
optimize rates at lower temperatures, micro-organisms can, in principle, resort to 
different strategies. Firstly, the synthesis of rate controlling enzymes may be 
increased. This ‘vertical’ regulation may be effected at the level of transcription, 
mRNA degradation, protein synthesis and degradation and/or post-translational 
modification. Alternatively or additionally, temperature-compensatory shifts of in vivo 
enzyme activity may be accomplished by metabolic regulation altering intracellular 
and extracellular concentrations of metabolites and effectors. The impact of 
metabolic control may also result from the temperature-dependent expression of 
(iso)enzymes with different kinetic properties (301). 

The aim of the present study is to assess the contribution of vertical and 
metabolic regulation in the physiological adaptation of S. cerevisiae to lower 
temperature. In batch cultures, the tight coupling of temperature and specific growth 
rate makes it exceedingly difficult to dissect effects of these two parameters. For 
example, it is well documented that, even at a fixed growth temperature, different 
specific growth rates result in different gene expression patterns (117) as well as 
different intracellular metabolite concentrations (172, 370). In the present study, we 
circumvent this problem by comparing growth of S. cerevisiae at 12 and 30 oC in 
glucose-limited chemostat cultures. Since, in chemostat cultures, the specific growth 
rate is equal to the dilution rate, this cultivation technique enables investigation of the 
impact of temperature at a fixed specific growth rate. Our study is focused on 
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glycolysis and alcoholic fermentation, a pathway that plays a central role in anaerobic 
growth and represents a substantial fraction of the yeast’s cellular protein (337). To 
dissect the regulation of in vivo glycolytic flux, data from physiological studies are 
integrated with in silico metabolic flux analysis, transcriptome analysis, enzyme-
activity assays and intracellular metabolite analyses.   
 
Experimental procedures 
 
Strain and growth conditions  
The S. cerevisiae prototrophic haploid reference strain CEN.PK113-7D (MATa) (335) was grown at a 
dilution rate (D) of 0.03 h-1 at both 12 oC or 30 oC in 2-liter chemostats (Applikon, Schiedam, The 
Netherlands) with a working volume of 1.0 liter as described in (313, 333). A temperature probe 
connected to a cryostat controlled cultures grown at 12 oC. Cultures were grown in a defined synthetic 
medium that was limited by carbon with all other growth requirements in excess as described by (313). 
The dilution rate was set at 0.03 hr-1 with pH measured online and kept constant at 5.0 by automatic 
addition of 2 M KOH using an Applikon ADI 1030 Biocontroller. The stirrer speed was set to 600 rpm. 
Anaerobic growth and steady state conditions were maintained as described (313). Biomass dry weight, 
metabolite, dissolved oxygen, and gas profiles were constant at least three volume changes prior to 
sampling. 
 
Analytical methods 
Culture supernatants were obtained with the method described in (218). For the purpose of glucose 
determination and carbon recovery, culture supernatants and media were analyzed by high performance 
liquid chromatography on an AMINEX HPX-87H ion exchange column using 5 mM H2SO4 as the mobile 
phase. Ethanol evaporation from cultures was determined as described in (177). Residual ammonium 
concentrations were determined using cuvette tests from DRLANGE (Dusseldorf, Germany). Culture dry 
weights were determined as described in (264) while whole cell protein determination was carried out as 
described in (344).  
 
Trehalose & glycogen  
Trehalose and glycogen concentrations measurement were as according to Parrou et al. (1997) (257). 
Trehalose was determined in triplicate measurements for each chemostat. Glycogen was determined in 
duplicate for each chemostat. Glucose was determined using the UV-method based on Roche kit no. 
0716251.  
 
Fermentative capacity assay  
Fermentative capacity assays were as previously described in (149). 
 
Microarray analysis  
Sampling of cells from chemostats, probe preparation, and hybridization to Affymetrix Genechip® 
microarrays were preformed as described previously in (262). RNA quality was determined using the 
Agilent 2100 Bioanalyser. The results for each growth condition were derived from three independently 
cultured replicates. Data acquisition and analysis as well as statistical analysis were performed as 
described previously in (313). The transcriptome have been deposited at Genome Expression Omnibus 
database (http://www.ncbi.nlm.nih.gov/geo/) under the serie number GSE6190. 
 
In vitro enzyme assays 
Each in-vitro enzyme assays for the glycolytic pathway were performed as previously described in (149).  
All enzyme assays were performed at 12 and 30 oC (with exception of enolase that has not been 
measured).  Protein determinations of cell extracts were as previously described in (344). 
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Metabolic flux distribution  
Intracellular metabolic fluxes were calculated through metabolic flux balancing using compartmented 
stoichiometric model derived from the model developed in (184). The setup for the model was 
performed using the dedicated software (SPAD it, Nijmegen, The Netherlands). For both 12 and 30oC 
chemostats, the specific rates of growth, substrate consumption, carbon dioxide and ethanol production 
during steady-state cultivation were calculated from the measured concentrations and flow rates from 
three independent chemostats. Assumptions and the theory of the model were previously described in 
(70).  
 
Zero trans-influx uptake assays with labeled 14C-glucose 
For both cultures from different temperatures, cells were harvested from duplicate fermentations by 
centrifugation at 4oC (5 min at 5000 rpm) and zero trans-influx uptake of labeled 14C-glucose was 
determined at 30oC according to (355). The parameters of sugar transport were derived according to 
single component Michaelis-Menten kinetics. 
 
Intracellular metabolite determination 
The procedure and equipment for rapid sampling of intracellular metabolites were based on (218) using 
the cold methanol quenching method. Two independent chemostats for each culture temperature was 
ran and metabolite measurements were done in triplicate for each chemostat. Glycolytic intracellular 
metabolites were analyzed by ESI-LC-MS/MS according to (332) and the quantification was preformed 
following the IDMS concept (369). Nucleotide concentration in the cell extract was analyzed by an ion 
pairing ESI-LC-MS/MS method and quantified following the IDMS concept (369). The adenylate charge 
(AC) was calculated as shown in equation [2]: 
 
[2] AC= 
 

 
 
Results 
 
Physiological and biochemical analysis of chemostat cultures grown at 
different temperatures  
Biomass yields, as well as specific rates of glucose consumption, ethanol and 
carbon-dioxide production in anaerobic, glucose-limited chemostat cultures of 
S.cerevisiae differed by less than 15% at 12 oC and 30 oC (Table 1a), indicating that 
growth energetics were not drastically affected by temperature. The only 
physiological characteristic that clearly distinguished the cultures was a 10-fold 
higher residual glucose concentration at 12 oC compared to 30 oC (Table 1a).  

While trehalose accumulation is a commonly observed phenomenon in 
studies on transient cold stress (5, 158), the trehalose concentration during steady-
state growth at 12 oC was much lower than at 30 oC. This is consistent with previous 
studies indicating that trehalose is essential for freezing tolerance, but not for growth 
at temperatures above 10 oC (255, 286). The cellular glycogen content was 1.5-fold 
higher at 12 oC than at 30 oC (Table1a). 

In vivo fluxes in glycolysis were calculated via flux balancing using a 
stoichiometric model (Table 1b) (70, 184). To calculate in vivo fluxes, the model was 
fed with quantitative data on the biomass composition of S. cerevisiae (308) and with 

([ATP] + 1/2[ADP])

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

([ATP] + 1/2[ADP])

([ATP] + [ADP] + [AMP])
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the substrate consumption and product formation rates measured in the carbon-
limited chemostat cultures (Table 1a). Consistent with the similar culture kinetics 
(Table 1a), the glycolytic flux was not substantially different in cultures grown at 12 
and 30 oC (Table 1b). Conversely, off-line measurements of the fermentative capacity 
in glucose-rich medium at 30 oC yielded values that were 70% higher for cells grown 
at 12 oC than for cells grown at 30 oC (Table 1a, Supplemental Table S1). 

The increased fermentative capacity of cells grown at 12 oC suggested that 
an upregulation of key rate-controlling enzymes involved in fermentative glucose 
metabolism and/or glucose transport is part of the mechanism by which S.cerevisiae 
maintained a constant glycolytic flux in the chemostat cultures grown at 12 oC and 30 
oC. We subsequently analyzed the contribution of different levels of cellular control to 
the regulation of glycolytic flux in more detail.  



 

 

Table 1: A-Physiological and biochemical characteristics of glucose-limited anaerobic chemostats grown at 12 oC and 30 oC 
Values represent the mean ± S.D. of data from three independent steady-state chemostat cultures. B- In silico glycolytic fluxes 
 
A 

 
 
 
 
 
 
 

B 
Reaction  In silico fluxes 

analysis 
(mmol.g-1.h-1) 

number Enzymes 12oC 30oC 

12 oC vs 

30 oC 

1 Hexokinase 2.4±0.1 2.1 ±0.1 1.1 

2 Glucose-6P isomerase 2.3±0.1 2.0 ±0.1 1.1 

3 Phosphofructokinase 2.3±0.1 2.0 ±0.1 1.1 

4 Fructose –1,6 P aldolase 2.3±0.1 2.0 ±0.1 1.1 

5 Triose-P isomerase 1.9±0.1 1.7 ±0.1 1.1 

6 G3P dehydrogenase 4.3±0.2 3.8 ±0.1 1.1 

7 3P-glycerate kinase 4.3±0.2 3.8 ±0.1 1.1 

8 3P-glycerate mutase 4.3±0.2 3.8 ±0.1 1.1 

9 Enolase 4.3±0.2 3.8 ±0.1 1.1 

10 Pyruvate kinase 4.3±0.2 3.8 ±0.1 1.1 

11 Pyruvate decarboxylase 4.1±0.2 3.6±0.1 1.1 

12 Alcohol dehydrganase 4.1±0.2 3.6 ±0.1 1.1 

Physiological data  Biochemical data Culture 
temp (oC) YGlc-X 

 
qGlu qethanol qCO2 Carbon 

recovery 
Residual 
glucose 

Fermentative 
capacity 

Trehalose Glycogen Whole cell 
proteins 

oC gglucose.gDW
-1 mmol.gDW

-1.h-1 % g/l mmol.gDW
-1.h-1 gequivalent glucose.gDW

-1 gproteins.gDW
-1 

12 0.07 ± 0.01 - 2.5 ± 0.2 3.8 ± 0.3 4.4 ± 0.3 100 ± 3 0.5 ± 0.2 19.3 ± 1.6i < 0.005 0.06 ± 0.0 0.40 ± 0.0 

30 0.07 ± 0.00 - 2.3 ± 0.0 3.5 ± 0.0 3.8 ± 0.2 95 ± 1  0.05 11.4 ± 0.6i 0.02 ± 0.0 0.04 ± 0.0 0.43 ± 0.0 
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Transcriptome reprogramming at low temperature cultivation 
DNA-microarrays were used for a genome-wide comparison of transcript levels in 
anaerobic, glucose-limited chemostat cultures grown at 12 oC and 30 oC. A full 
analysis of the data (also including data on nitrogen-limited cultures) was presented 
in Chapter 5. Here, we focus on transcripts that encode key enzymes involved in 
glucose transport, glycolysis and alcoholic fermentation (Figure 1). 

The most striking differences were observed in the expression of several 
hexose-transporter (HXT) genes. Out of the seven HXT genes that were significantly 
expressed in at least one condition, five were differentially expressed at 12 oC and 30 
oC (Table 2). HXT2 (+2.6-fold), HXT3 (+3.7), and especially HXT4 (+33.5) were 
expressed at higher levels at 12 oC while HXT5 (-40.4) and HXT16 (-10.0) were 
expressed at a lower level at 12 oC. Interestingly, these changes did not seem to 
follow a simple logic that could be deduced from previous classification of the 
encoded hexose tranporters as either low (HXT3), high (HXT2) or moderate affinity 
carriers (HXT4) (212) were coordinately changed. Transcription of high affinity 
transporter genes, HXT6 and 7 (273) was not significantly affected by the culture 
temperature. 

Only four genes encoding enzymes of the glycolytic pathway were 
differentially expressed at 12 oC compared to 30 oC (Table 2). Three were 
downregulated (GPM2, PYK2, PDC6) while PDC5 was upregulated. Despite their 
significant change in expression, all four genes encode minor isoforms of the 
corresponding enzyme activities and were transcribed at low level compared to the 
genes encoding the main isoforms (GPM1, PYK1 and PDC1) (Table 2). 
 
Glucose uptake assay and glycolytic enzyme activities in low temperature 
chemostat cultivations 
To investigate whether the different transcript levels of the five HXT genes were 
reflected in glucose transport kinetics, zero trans-influx uptake assays with 14C-
glucose were performed at 30 oC. Cells grown at 12 oC and 30 oC exhibited high-
affinity transport with substrate-saturation constants (Km) of 1.1 mM and 0.8 mM, 
respectively (Figure 2a). The maximum transport capacity (Vmax) was 60% higher at 
low temperature (Figure 2a), probably as a consequence of the increased transcript 
levels of several HXT genes (Table 2). 

In anaerobic carbon-limited chemostat cultures, substrate-level 
phosphorylation via glycolysis is the main metabolic route for ATP supply. One 
mechanism to compensate for the decreased turnover numbers of glycolytic 
enzymes at low temperature might be an increased abundance (expression) of 
glycolytic enzymes. Hence, in vitro assays of the glycolytic and fermentative 
enzymes were carried out with cell extracts from chemostats cultures at 12 oC and 30 
oC (Table 2). To gain insight in the effect of the temperature on enzymes, the assays 
were performed at both 12 oC and 30 oC. 
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Figure 1: Central carbon metabolism in S. cerevisiae from external glucose to the production of ethanol  
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Table 2: Hexose transporters and glycolytic pathway transcript levels in S. cerevisiae grown 
in glucose-limited anaerobic chemostat cultivations at 12 oC and 30 oC. 
Values represent the mean ± S.D. of data from three independent steady-state chemostat 
cultivations. Numbers at the last column correspond to the glycolytic pathway displayed in 
Figure 1.  
a Fold change of transcription intensities of 12 oC over 30 oC.   
b ORF not available on Affymetrix Genechip® YG-S98  
n/a not applicable 

 

 

 

 Gene Expression levels  
Culture temperature 

FCa Reaction 
number 

Activity .      12 oC        30 oC   
Glucose transport HXT1 

HXT2 
HXT3 
HXT4 
HXT5 
HXT6 
HXT7 
HXT8 
HXT9 
HXT10 
HXT11b 
HXT12 
HXT13b 
HXT14 
HXT15b

HXT16 
HXT17b 
SLT1 
GAL2 
VSP73 

17 ± 8 
557 ± 160 
840 ± 240 

1022 ± 290 
12 ± 0 

3317 ± 513 
2593 ± 313 

19 ± 8 
23 ± 2 
12 ± 0 

n/a 
43 ± 22 

n/a 
12 ± 0 

n/a 
34 ± 8 

n/a 
25 ± 6 
15 ± 3 

82 ± 31 

12 ± 0 
214 ± 29 
230 ± 27 

31 ± 2 
485 ± 104 

3028 ± 485 
2097 ± 361 

13 ± 1 
12 ± 0 
19 ±6 
n/a 

45 ± 10 
n/a 

22 ± 3 
n/a 

337 ± 96 
n/a 

28 ± 4 
12 ± 0 
52 ± 2 

1.4 
2.6 
3.7 

33.5 
-40.4 
1.1 
1.2 
1.4 
1.9 
-1.6 

- 
1.0 
- 

-1.8 
- 

-10.0 
- 

-1.1 
1.3 
1.6 

13 

Hexokinase HXK1 
HXK2 
GLK1 

2052 ± 473 
1662 ± 183 
1281 ± 37 

2968 ± 237 
979 ± 132 

1704 ± 174 

-1.4 
1.7 
-1.3 

1 

Phosphoglucomutase PGI1 3123 ± 180 2846 ± 283 1.1 2 
Phosphofructo-kinase PFK1 

PFK2 
1271 ± 145 
1353 ± 40 

1098 ± 94 
1232 ± 91 

1.2 
1.1 

3 

Fructose-bispho- aldolase FBA1 3482 ± 844 2704 ± 411 1.3 4 
Triose-p isomerase TPI1 4181 ± 537 3702 ± 379 1.1 5 
Glyceraldehyde 3P 
Dehydrogenase 

TDH1 
TDH2 
TDH3 

2528 ± 118 
3673 ± 166 
4189 ± 868 

1812 ± 297 
2758 ± 385 

5412 ± 1219 

1.4 
1.3 
-1.3 

6 

Phosphoglycerate kinase PGK1 4310 ± 240 3753 ± 356 1.1 7 
Phosphoglycerate mutase GPM1 

GPM2 
GPM3 

3358 ± 100 
91 ± 24 
127 ± 2 

3055 ± 232 
196 ± 35 

87 ± 8 

1.1 
-2.1 
1.5 

8 

Enolase ENO1 
ENO2 

3427 ± 377 
3499 ± 760 

2888 ± 290 
2848 ± 429 

1.2 
1.2 

9 

Pyruvate kinase PYK1 
PYK2 

2828 ± 217 
47 ± 24 

2045 ± 157 
133 ± 34 

1.4 
-2.8 

10 

Pyruvate decarboxylase PDC1 
PDC5 
PDC6 

2196 ± 45 
130 ± 12 

15 ± 2 

1410 ± 198 
56 ± 8 

66 ± 13 

1.6 
2.3 
-4.4 

11 

Alcohol dehydrogenase ADH1 
ADH2 
ADH3 
ADH4 
ADH5 

4743 ± 183 
40 ± 7 

749 ± 55 
237 ± 80 
937 ± 184 

3983 ± 595 
57 ± 17 

871 ± 113 
252 ± 35 
830 ± 137 

1.2 
-1.4 
-1.2 
-1.1 
1.1 

12 
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Figure 2A: Zero trans-influx uptake kinetics of labeled 14C-glucose of strain CEN.PK 113-7D 
measured at 30 oC with chemostat cultures grown at 12 oC (▲) and 30 oC (■). Data and mean ± 
S.D. result from single component Michaelis-Menten kits of the averaged triplicates of two independent 
chemostat cultures, with Km in mM and Vmax in mmol.(g dwt)-1.hr-1. The dotted lines indicate the 95 % 
confidence interval. 

 
Irrespective of the culture temperature, activities measured in cell extracts at 

12 oC were strongly reduced (2.1 to 7.5-fold) when comparing with in vitro 
measurements at 30 oC,  (Figure 2b, Supplemental table S2). Fructose-1,6P aldolase 
(FBA) was most significantly affected by temperature with a seven-fold reduction for 
both growth temperatures. Hexokinase (HXK), Glucose-6P isomerase (PGI), G3P 
dehydrogenase (TDH) and 3P-glycerate kinase (PGK) showed a two to three-fold 
lower activity when measured at 12 oC. Meanwhile phosphofructokinase (PFK), 
Triose-P isomerase (TPI), P-glycerate mutase (PGM), pyruvate kinase (PYK) and 
pyruvate decarboxylase (PDC) activities were three to seven-fold lower (Fig 2b). 
These observations show that the glycolytic enzymes have different 
temperature/activity relationships. To our surprise, the alcohol dehydrogenase 
activity did not show any difference in activity when assayed at 12 oC and 30 oC and 
this irrespective of the cultivation temperature. Addition of Zn2+, Cu2+ or concentration 
of the cell extract by filtration on membrane with a cut-off of 10kDa did not yield any 
significant differences higher than 20% between 12 oC and 30 oC in vitro ADH 
activity. 

A comparison of the in vitro enzymatic activities done at the same 
temperature revealed only minor differences between yeast cultures grown at 12 oC 
and 30 oC. Only the pyruvate decarboxylase activity was significantly higher (p-
value<0.01) after growth at 12 oC than after growth at 30 oC (Figure 2b). Surprisingly, 
four activities were significantly lower at the low cultivation temperature (HXK, PGI, 
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PFK and PGK) (Figure 2b), irrespective of the assay temperature.  The capacity of 
the glycolytic and fermentative enzymes was thus generally kept constant or even 
decreased at low temperature. The observations are in good agreement with the 
transcript levels (Table 2).  

 

 
Figure 2B: In vitro enzyme assays in S. cerevisiae grown in glucose-limited anaerobic chemostat 
cultivations at 12 oC and 30 oC. Assay conditions were carried out at both 12 oC and 30 oC. Mean ± 
S.D. of data represented are from duplicate measurements from three independent chemostat cultures.  

 
The glycolytic enzyme activities of yeast cultures grown at 12 oC and assayed 

at 12 oC were much lower than those of cultures grown at 30 oC and assayed at 30 
oC (Figure 2b). A comparison of estimated in vivo fluxes (Table1b) with the in vitro 
enzyme activities (Figure 2b) showed that for all reactions, except PFK, the enzyme 
capacity exceeded the in vivo fluxes (2 to 1000-fold, Figure 3). The degree of in vivo 
saturation of PFK was well above 100 % (Figure 3), indicating that this enzyme 
activity measured in vitro could not account for the estimated in vivo fluxes.  

Since mRNA and enzyme activity measurements did not provide an indication 
for regulation of the in vivo activity of glycolytic enzymes at the level of enzyme 
synthesis (Vertical control), we subsequently analyzed the intracellular concentration 
of metabolites of central carbon metabolism. 
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Figure 3: Degree of in vivo saturation of glycolytic enzymes, calculated from estimated in vivo 
fluxes and enzyme-capacity estimates from enzyme assays in cell extracts. �) 12 oC - ■) 30 oC. In 
vitro enzyme activities were expressed in g per dry weight by assuming a soluble protein content of 33 
% in dry biomass (345).  
 
Intracellular Metabolite concentrations at 12 oC and 30 oC  
The activities of glycolytic and fermentative enzymes are affected by their substrate 
and product concentrations and moreover regulated by allosteric effectors such as 
adenosine nucleotides (e.g. ATP, ADP and AMP), glycolytic intermediates (e.g. 
fructose-1,6 biphosphate, PEP) and pyridine nucleotide cofactors. The intracellular 
concentrations of most of the measured compounds were significantly and markedly 
different in the glucose-limited chemostat grown at 12 oC and 30 oC. The 
concentrations of the intermediates of both upper and lower glycolysis were 
concertedly increased by 1.5 to 5.7-fold (G6P, F6P, FBP, G3P, 2PG/3PG, PEP, 
PYR) (Table 3). 

Adenine nucleotides act as allosteric effectors on several glycolytic enzymes 
(PFK (48), PYK (120, 128)) but are also involved as substrates and products of 
glycolytic reactions (HXK, PFK, PGK, PYK). The intracellular ATP concentration was 
2-fold higher at 12 oC, while ADP and AMP levels were much lower (2.3 and 6.9-fold 
respectively), resulting in a higher adenylate (∑AXP) and adenylate charge (AC)  at 
12 oC than at 30 oC (Table 3).  

The concentration of trehalose-6-phosphate (T6P) dropped 5.7-fold at 12 oC, 
concomitantly with the concentration of intracellular trehalose (Table 3). Besides it 
role in trehalose biosynthesis, T6P is a potent inhibitor of the hexokinase activity (29, 
105). Its lower concentration may participate in controlling the glucose 
phosphorylation and consequently the glycolytic flux (321, 322). The increased in 
UTP and glucose-1-phosphate (G1P) concentrations were consistent with the 
coordinated increased concentration of glycogen at 12 oC (Table 3) (67, 68). 
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Table 3: Intracellular metabolite concentrations. Values represent the mean ± S.D. of 
data from two independent steady-state chemostat cultivations measured in 
triplicates. 

 
 
 
 

a Fold change of metabolite concentrations of 12oC over 30oC 
b UMP, CXP and GXP were also measured, however the concentration were too low to be accurately 
quantify 
c Adenylate charge of the cell (ATP + 0.5ADP)/(ATP + ADP + AMP) 

 
Discussion 
 
This study investigates how S. cerevisiae deals with the strong temperature 
dependence of key enzymes in glycolysis and alcoholic fermentation when it is grown 
at a sub-optimal temperature of 12 oC. The activity assays of glycolytic enzymes, 
performed at 12 oC and 30 oC (Figure 2B, Supplemental table S2), indicate that this 
temperature dependence is very strong. It should be realised that these assays were 
performed at a single concentration of substrates and effectors. Consequently, 
effects of temperature on the affinity for substrates and effectors may further increase 
the kinetic challenges posed by a low cultivation temperature (4, 207, 209). 

Glucose transport across the plasma membrane was shown to be regulated 
at different levels. The higher residual glucose concentration at low temperature 
(Table 1) is likely to contribute to a higher degree of substrate saturation of hexose 
transporters and thereby compensate for a reduced capacity of transporters at 12 oC. 
An additional level of regulation was observed by an analysis of mRNA levels for the 
HXT (hexose transporter) genes. While levels of the dominant HXT transcripts HXT6 
and HXT7 (which encode transporters that, at 30 oC, catalyse high-affinity glucose 
transport (212, 273)) were not affected by temperature, other HXT genes, which 
exhibit lower affinities and as such would be less sensitive to an increased 

Metabolite concentration 
μmol (g dwt)-1 

Culture temp 

Student –
test FCa  

12oC 30 oC p value 
Glycolysis 
G6P 21.6 ± 0.6 9.6 ± 0.2 1.1E-07 2.3
F6P 2.5 ± 0.4 1.1 ± 0.1 1.8E-04 2.3
FBP 69.8 ± 5.5 30.3 ± 1.5 1.5E-06 2.3
G3P 3.9 ± 0.1 1.0 ± 0.1 1.5E-10 3.8
2PG/3PG 1.1 ± 0.1 0.4 ± 0.0 1.9E-06 2.5
PEP 0.6 ± 0.1 0.1 ± 0.0 2.9E-06 5.7
PYR 3.0 ± 0.1 2.1 ± 0.2 6.8E-06 1.5
Reserve carbohydrate   
T6P 0.1 ± 0.0 0.4 ± 0.0 2.8E-09 -5.7
G1P 2.6 ± 0.1 1.2 ± 0.0 3.7E-09 2.2
Nucleotidesb   
ATP 51.0 ± 1.1 26.7 ± 1.5 1.1E-10 1.9
ADP 4.6 ± 0.7 10.4 ± 2.5 4.6E-04 -2.3
AMP 0.9 ± 0.2 6.5 ± 1.3 1.0E-04 -6.9
ACc 0.94 0.73 - 1.3
UTP 10.3 ± 0.5 4.1 ± 0.1 3.7E-05 2.5
UDP 0.5 ± 0.1 1.4 ± 0.6 9.4E-03 -2.7
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intracellular glucose concentration, showed clear transcriptional regulation. Since no 
kinetic data are available for the individual Hxt transporters at low temperature, it is 
not possible to interpret the significance of these changed transport levels. In addition 
to adjusting the overall capacity and/or affinity of hexose transport, this altered 
expression of HXT genes may represent an adjustment to temperature-dependent 
changes in membrane composition and/or fluidity (23, 327). Kinetic analysis of 
glucose transport by cells pre-grown at 12 oC and 30 oC in chemostat cultures 
showed a clear increase of the capacity of transport. A plausible explanation for this 
increased capacity can be found in the differential expression of transcription of 
HXT2, 3, 4, 5 and 16. The fact that the maximum specific rates of glucose 
consumption (measured at 30 oC) for cells pre-grown at 12 oC and 30 oC closely 
corresponded to the fermentative capacity of the same cultures (Table 1, Figure 2a 
and Supplemental Table S1) would support this hypothesis. However, the possibility 
cannot be excluded that glucose-transport activity was increased as a result of 
changes outside the hexose transporters, such as membrane composition. The 
change in glucose transport capacity, together with the minor changes in the levels of 
glycolytic enzymes (see below), strongly suggests that glucose transport also 
controls fermentative capacity in these slowly growing chemostat cultures as well as 
at 30 oC. 

In contrast to sugar transport, there was virtually no evidence that regulation 
of glycolysis and alcoholic fermentation at the enzyme synthesis level (vertical 
regulation) contributed to the maintenance of in vivo glycolytic flux at low 
temperature. Indeed, the few glycolytic enzymes that did show a clear change at 
transcript levels and/or enzyme-activity level appear to show a lower level at low 
temperature, thus augmenting the effect of temperature on enzyme activity rather 
than compensating for it. The absence of a clear upregulation of the synthesis of 
glycolytic enzymes at low temperature is perhaps less surprising when it is taken into 
account that, in fermenting yeast cultures grown at 30 oC, glycolytic enzymes already 
make up a significant fraction of the total cell protein (up to 21 % estimation 
extrapolated from (337)). It would take very significant increases in the 
concentrations of these glycolytic enzymes resulting in a significantly increased 
energetic demand to counteract the effects of the reduction in temperature.  

The minor role of vertical control in the regulation of glycolytic flux at low 
temperature was in marked contrast to drastic differences in the intracellular 
concentrations of glycolytic intermediates and effectors. Several of the observed 
changes may contribute to a higher degree of saturation of the glycolytic capacity in 
the low-temperature cultures, thus compensating for the reduction of enzyme activity 
at low temperature. The lower intracellular concentration of T6P may have a similar 
effect, as this compound is a well-documented inhibitor of the S. cerevisiae 
hexokinases (97, 105, 261) that prevents “glucose-accelerated death” (29, 101). The 
lower intracellular T6P concentration, an intermediate in trehalose biosynthesis, is 
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also consistent with the lower trehalose concentrations in the cultures grown at 12 
oC.  

Extreme changes were observed in the intracellular concentrations of adenine 
nucleotides. While the ATP and ADP concentrations were higher at low temperature, 
the AMP concentration was much lower, thus leading to an adenylate charge (AC) 
(see methods section equation [2]) of 0.94 in the chemostat cultures grown at 12 oC. 
This change seems counter-intuitive in a situation where the in vivo activity of 
glycolytic enzymes has to be boosted to compensate for low-temperature-induced 
reduction of their turnover numbers. An increased AC is generally correlated with a 
decrease of the activity of enzymes and/or pathways involved in ATP production (12, 
354) and in S. cerevisiae, intracellular ATP concentration is negatively correlated with 
glycolytic flux (186). This unexpected relation between growth temperature and AC 
may be related to strong changes of the kinetic and/or allosteric properties of 
enzymes at low temperature and to the changes of other relevant metabolites. For 
example, inhibition of PYK by the increased intracellular ATP concentration at 12 oC 
may be compensated by the strongly increased intracellular concentration of its 
activator F1,6P (33, 35, 48) (Table 3). Similarly, a negative effect of increased ATP 
and decreased AMP on PFK activity (48) may be compensated for by changes of the 
positive allosteric regulator F2,6P (164, 172), which could not be accurately 
measured in our experimental set-up.  

An important factor in the interpretation of the intracellular metabolite data is 
that the kinetics of glycolytic enzymes and, in particular, the impact of low-molecular-
weight effectors, has been extensively studied at 30 oC, but not at 12 oC. For 
example, if the kinetics of allosteric regulation are strongly temperature dependent, 
this may affect the impact of the AC on glycolytic flux by removing or reducing 
bottlenecks at the lower temperature. Indeed, several studies show that the affinity 
for allosteric effectors is reduced at low temperature (i.e. inhibition and activation 
constants are increased) (4, 207-209). The apparent discrepancy between in vivo 
and in vitro PFK activities 12 oC represents a case in point (Figure 3). In previous 
studies at 30 oC, the maximum capacity of PFK estimated in cell extracts was close 
to the in vivo flux through this enzyme (338). The difference between these 
parameters in cultures grown at 12 oC may reflect suboptimal conditions in the 
enzyme assays due to temperature dependent changes in the complex allosteric 
regulation of this enzyme (176, 289). A deeper understanding of the in vivo kinetics 
of glycolysis at low temperature, involving the application of kinetic modelling, will 
require quantitative data on the impact of temperature on the kinetics and allosteric 
regulation of the entire glycolytic pathway in S. cerevisiae.  
In addition to providing ATP for anaerobic growth, glycolysis also is a key cellular 
supply line for biosynthesis. The temperature-dependent changes of the intracellular 
concentrations of glycolytic intermediates are therefore also likely to affect 
biosynthetic pathways. Clearly the relative demands placed on anaerobic glycolysis 
in terms of energetics and biosynthetic supply are not the same at 12 oC and 30 oC. 
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In addition to vital biomass components, the products derived from these biosynthetic 
pathways include important flavour compounds (77-79, 350, 351). Therefore, a 
further analysis of the mechanisms by which the entire yeast metabolic network 
adapts to temperature is highly relevant for yeast-based industrial fermentations that 
are performed at low temperature. Further insights will be gained from a similar study 
to this one using an industrial yeast strain, which is adapted to the low temperature 
conditions as opposed to a lab strain, which is probably adapted to the higher 
temperature conditions, 

The present study demonstrates that, at low specific growth rate, the in vivo 
glycolytic flux at low temperature is maintained by a combination of vertical and 
metabolic regulation. Glucose transport represents the clearest case of vertical 
(transcriptional) regulation through the synthesis of additional hexose transporters. 
However, the increased extracellular glucose concentration at low temperature is 
likely to be just as decisive in maintaining a constant rate of glucose import into the 
cell. Vertical regulation did not appear to contribute to compensating for sub-optimal 
kinetics of glycolytic enzymes at low temperature. Instead, metabolic control, 
reflected by massive changes of intracellular concentrations of glycolytic metabolites 
and effectors, was dominant.  

From an evolutionary perspective, a dominant role of metabolic regulation 
seems logical for a pathway that represents a substantial fraction of the cellular 
protein, in an organism that is subjected to circadian temperature cycles. In nature, 
S. cerevisiae is likely to encounter relatively exposed, and sugar-rich niches such as 
fruits and nectar. Moreover, growth is probably slow due to the low availability of 
nitrogen. In such environments, a preliminary vertical regulation of glycolytic activity 
would require wasteful cycles of massive synthesis (as temperature decreases in the 
evening) and degradation (in the morning) of glycolytic enzymes. This interpretation 
suggests that the high fermentative capacity of wild-type S. cerevisiae strains 
(assayed at 30 oC) may – at least in part – reflect an evolutionary adaptation to 
fluctuating temperatures in its natural environment.  
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Supplemental Table S1: Fermentative capacity assays. Samples containing exactly 
200 mg dry weight of biomass were harvested from a steady-state chemostat culture 
by centrifugation (5000 g, 3 min), and resuspended in 10 ml fivefold-concentrated 
synthetic medium (pH 5.6). Subsequently, these cell suspensions were introduced 
into a thermostat-controlled (30 oC) vessel. The volume was adjusted to 40 ml with 
demineralized water. 
After 10 min incubation, 10 ml glucose solution (100 g.l-1) was added, and samples (1 
ml) were taken at appropriate time intervals for 30 min. The 10 ml headspace was 
continuously flushed with water-saturated CO2 at a flow rate of approximately 30 ml 
min-1. 
The ethanol concentration in the supernatant was analyzed using a colorimetric 
assay (346). Fermentative capacity can be calculated from the linear increase in 
ethanol concentration and is expressed as mmol ethanol produced (g dry yeast 
biomass)-1 h-1 (338). Glucose, pyruvate and acetate concentrations were measured 
by HPLC and as calculated for ethanol, consumption and production specific 
consumption and production rates (mmol/g/h) were measured. Growth during these 
assays can be neglected, as no significant change in biomass concentration was 
observed. 
 
Temp. Fermentative 

capacity 
qGluc qGly qPyr qAce 

 mmol/g/h     
30 oC 11.37 ± 0.63  7.29 ± 0.00  1.91 ±  0.07 0.11 ±  0.00 0.39 ±  0.03  
12 oC 19.29 ± 1.6  11.63 ± 1.1  2.15 ±0.22 0.13 ± 0.00  0.36 ± 0.07  
 
 



 

 

Supplemental Table S2: In vitro enzyme assays 
In vitro enzyme assays in S. cerevisiae grown in glucose-limited anaerobic chemostat cultivations at 12oC and 30oC. Assay conditions were 
carried out at both 12oC and 30oC. Mean ± S.D. of data represented are from duplicate measurements from three independent chemostat 
cultures. Fold change (FC) of glycolytic enzymes with enzyme assays measured at 12 oC and 30 oC. FC shown, are the ratios of enzyme 
activities (experiment vs base) in the respective culture and assay temperature. p-values shown are from standard student T-test. In vitro 
enzyme activity of enolase was not measured. Numbers at the last column correspond to the glycolytic pathway displayed in Figure 1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

    
 P<0.01  P<0.05 

 
 

 Enzyme activities (umol/mg protein/min) A vs B  C vs D  B vs D  A vs C   

Culture T 12 oC 12 oC 30 oC 30 oC 12 12  30 30  12 30  12 30   
Assay T 12 oC 30 oC 12 oC 30 oC 12 30  12 30  30 30  12 12   
Enzyme A B C D FC p-value FC p-value FC p-value FC p-value  
HXK 0.7 ± 0.0 2.1 ± 0.0 2.0 ± 0.0 5.7 ± 0.1 -2.9 1.5E-05 -2.8 1.6E-04 -2.7 1.6E-04 -2.7 3.5E-05 1 
PGI 1.7 ± 0.1 3.9 ± 0.3 2.2 ± 0.1 5.3 ± 0.1 -2.3 1.4E-03 -2.4 1.1E-05 -1.4 3.5E-03 -1.3 5.1E-03 2 
PFK 0.1 ± 0.0 0.3 ± 0.0 0.1 ± 0.0 0.5 ± 0.0 -4.3 2.3E-03 -3.7 3.5E-04 -1.4 2.1E-03 -1.7 8.1E-03 3 
FBA 0.3 ± 0.0 2.4 ± 0.2 0.3 ± 0.0 1.9 ± 0.0 -7.3 1.6E-03 -7.4 1.4E-05 1.2 2.9E-02 1.3 9.5E-03 4 
TPI 37.6 ± 5.7 168.4 ± 16.0 29.3 ± 3.8 115.9 ± 3.5 -4.5 1.1E-03 -4.0 4.5E-06 1.5 1.2E-02 1.3 5.6E-02 5 
TDH 4.2 ± 0.4 9.4 ± 2.0 3.6 ± 0.2 10.1 ± 1.8 -2.2 1.9E-02 -2.8 1.2E-02 -1.1 3.5E-01 1.2 6.7E-02 6 
PGK 6.3 ± 0.4 13.2 ± 0.8 9.9 ± 0.4 20.9 ± 1.8 -2.1 3.3E-04 -2.1 3.6E-03 -1.6 4.7E-03 -1.6 2.5E-04 7 
GMP 2.9 ± 0.8 14.5 ± 1.8 3.9 ± 0.3 15.5 ± 1.4 -5.0 1.6E-03 -4.0 1.7E-03 -1.1 2.4E-01 -1.3 7.2E-02 8 
PYK 1.9 ± 0.3 9.1 ± 1.4 0.9 ± 0.1 7.0 ± 0.8 -4.9 4.6E-03 -7.5 3.0E-03 1.3 5.2E-02 2.0 1.8E-02 10 
PDC 0.4 ± 0.0 1.5 ± 0.1 0.3 ± 0.0 0.8 ± 0.1 -3.8 2.2E-03 -2.4 3.7E-03 1.9 2.1E-03 1.2 9.5E-03 11 
ADH 2.3 ± 0.1 2.2 ± 0.7 2.3 ± 0.1 2.4 ± 0.2 1.1 4.0E-01 1.0 2.5E-01 1.1 3.2E-01 1.0 4.1E-01 12 
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Summary 
 
The genome-wide transcriptome analysis of the eukaryotic cell Saccharomyces 
cerevisiae is no longer a tool that is within the reach of just the very few. The rapid 
expansion of microarray technology has paved a highway in molecular biology to 
obtain and analyze high-density information on the DNA level on what is actually 
happening in a cell’s response to perturbations. This thesis deals primarily with this 
technology to further understand the intrinsic control of gene expression regulation. 
This knowledge is invaluable especially for industrial fermentation processes as gene 
expression data in principle allows for the use of the microorganisms themselves as 
the ultimate biosensor. DNA microarray identifies transcripts that may serve for 
diagnostic purposes or for rational design and optimization of such processes. 
However, a potential pitfall in transcriptome responses is that many assumptions 
have been made to underlay an explanation towards the changes seen on the gene 
expression. When a gene changes its expression levels in reaction to a perturbation, 
it is generally accepted that the response is a direct reply to the perturbation to 
counteract the disturbances for cell survival. This statement is of course debatable.  

S. cerevisiae can strive for growth under anaerobic conditions with relative 
ease compared to other microorganisms. There is not yet a clear understanding of 
the main features of S. cerevisiae that underlie this phenotype. The genome-wide 
transcriptome response to anaerobiosis was therefore analyzed in Chapter 2 under 
four different limitations of carbon, nitrogen, phosphorus and sulfur to further dive into 
this enigma. It was noted that the two-dimensional analysis yielded 155 genes that 
were specific to anaerobiosis regardless of the limitation it was grown on. In previous 
studies of oxygen availability related transcriptome response in carbon-limited 
cultures, the changes were close to 900 genes. This mark filtering of responsive 
genes to anaerobiosis has allowed us to decipher more clearly gene regulation to 
oxygen availability and also to set a mold for indicator ‘signature’ genes that could be 
used for diagnostic purposes in custom array designs. Accompanying these 
signature genes however were also genes with context-dependency to the growth 
limitations. This is indicative that the transcriptome response forms a multi-
dimensional space in which a unique response to a perturbation can only be found by 
comparing gene responses to a plethora of backgrounds. If the 155 genes were 
further analyzed to for example a gradient of pH or growth rates, we would further 
breakdown these set of genes to a handful that can truly be identified as anaerobic 
responsive genes.    
 Of the 155 transcripts that had changed expression under anaerobiosis, 65 
were up-regulated. In these 65 transcripts, were genes whose functions could be 
clearly related to a benefit for anaerobic growth, for instance those involved in sterol 
uptake and unsaturated fatty acid metabolism.  However, many of these genes were 
also still unknown in function or have previously not been identified to be biologically 
meaningful to anaerobiosis. A very important question regarding the assumptions on 
transcriptome response is, would an up-regulation of a gene infer a beneficial 
function for fitness of a cell? We set out in chapter 3 by analyzing 27 single null 
mutant strains selected from the 65 genes found up-regulated under anaerobiosis in 
an anaerobic competitive chemostat fermentation. Only 5 mutant strains showed a 
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significant reduction in fitness when compared to a reference ‘wild-type’ strain. When 
grown in an aerobic competitive chemostat, none of the mutant strains showed 
significant reduction in fitness. The low hit rate found from this experiment could be 
explained by the genetic robustness of S. cerevisiae. Backup genes and homolog 
genes that are constitutively expressed can probably compensate for the lost of 
function when these genes are deleted individually. Alternatively, an up-regulation of 
a gene under anaerobiosis may not necessarily have a beneficial impact on the 
fitness of the cell. This up-regulation may be a coordinated response of family genes 
for instance in the up-regulation of genes related to alternative nitrogen sources even 
when they are not present in the medium. So why does S. cerevisiae then invest 
such amount of energy to up-regulate these genes? Most likely, many of these genes 
do play an integral role under anaerobiosis but a single deletion would probably not 
have affected the fitness of the cells enough to show an apparent disadvantage. 
Clearly, multiple gene deletion is vital for further answers and experiments like 
synthetic lethality screening could lead to identify ‘partner’ genes that coordinate in 
cell survival.  
 Where Chapter 2 deals with the transcriptome response to anaerobiosis and 
macronutrient limitations, Chapter 4 investigates gene expression on the 
consumption of different amino acids as the sole nitrogen source. In aerobic carbon-
limited cultures, we grew yeast on a sole nitrogen source of ammonium or one of five 
amino acids, namely asparagine, proline, methionine, leucine and phenylalanine. 
Synonymous to Chapter 2, signature transcripts were sorted according to each 
nitrogenous source present in the medium. Here we found sets of genes that were 
uniquely responsive however care should be taken on the uniqueness of these gene 
responses. Since only 5 of the 20 amino acids have been tested in this study, an 
extension on this work would definitely further disintegrate the distinctive response. 
Since amino acids share many properties (e.g. polarity, structure, acidity, pathway), 
instead of relying on simple ‘indicator’ genes, complex sets of genes are more likely 
meaningful analysis for industrial fermentations. This was readily seen within this 
dataset when we compared similar transcriptome response patterns across these 5 
amino acids. We identified a large simultaneous change in gene expression in 
particular to methionine, leucine and phenylalanine. From this response we were 
able to shade more light on the catabolism of these compounds via the Ehrlich 
pathway in nitrogen utilization and fusel alcohol/acid formation. The result was that 
two genes, ARO10 and PDR12 have been extensively categorized and implicated 
with this catabolic pathway. These findings have been published elsewhere (see List 
of publications).        
 In the beverage industry, fermentations are normally carried out at 
temperatures that are less than favorable for S. cerevisiae growth. At these lower 
temperatures (10-18 oC), favorable flavor and aroma compounds are prized but the 
adverse effects accompanying the reduction in temperature like reduced growth rates 
and enzyme kinetics, slow protein folding, increased stability of RNA and increased 
cellular viscosity cannot be circumvented. Chapter 5 was set out to identify the 
effects of low temperature on gene expression. In carbon- and nitrogen-limited 
anaerobic fermentations at 12 oC, we found that the background of the growth 
limiting substrate had significant effects on the transcriptome and in particular related 
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to the corresponding transport and metabolism routes. What was particularly 
surprising to notice was the large discrepancy seen with already published low 
temperature transcriptome analyses that were mainly analyzed in dynamic batch 
conditions. The characteristic accumulation of trehalose and up-regulation of the 
environmental stress response (ESR) did not occur. Instead we saw the total 
opposite effects of low temperature cultivation at 12 oC in chemostats. One likely 
explanation for this would be the response of reduced growth rates that are normally 
accompanied with the reduction of temperature. ESR and the stress response 
element (STRE) have also been implicated with changes in growth rates and since 
growth rates are kept constant in chemostat cultures these effects were decoupled. 
Based on the transcriptome response alone, we found that growth at 12 oC is not as 
detrimental as previously thought.  

The interesting results obtained in Chapter 5 however did not answer many 
questions on the physiology and homeostasis of cell adaptation to low temperature.  
From the fluxes obtained from Chapter 5, we observed that even with the reduction in 
temperature from 30 oC to 12 oC, the glycolytic flux was maintained at similar levels 
in both cultivating temperatures. Hence, in Chapter 6, we aimed to understand the 
behaviour of this flux via a systems biology approach on the glycolytic pathway in 
carbon-limited cultures. The results demonstrated that there were two main 
mechanisms for control of in vivo glycolytic fluxes.  The glucose uptake assays 
suggested that there was large reprogramming of the glucose-transport capacities 
with temperature change. The changes in gene expression of the hexose 
transporters had allowed for a higher glucose-transport capacity and this is in 
agreement with the higher measured fermentative capacity for low temperatures. The 
other mechanism that influenced the glycolytic flux was on the metabolite level, 
where intracellular concentrations of ATP and glycolytic intermediates were 
unanimously increased while ADP, AMP and trehalose intermediate T6P were 
decreased in concentrations at 12 oC. Although these metabolites have been 
implicated as activators and inhibitors to the glycolytic enzymes, the pattern of 
change was puzzling and was difficult to show a consistent correlation to those 
already found in literature. However, all these changes that were seen altered the 
homeostasis of S. cerevisiae to allow growth at low temperature at the same growth 
rate with little changes to the glycolytic fluxes, biomass yield and biomass 
composition. In evolutionary terms, these changes may be advantageous to maintain 
an adequate pool of metabolites and proteins for adaptation to diurnal temperature 
cycles. In conclusion we see that transcriptome studies alone cannot provide all the 
answers for the regulation of in vivo glycolytic fluxes. In fact the regulation as 
previously seen in other systems biology approaches on the glycolytic pathway 
seems to be mainly demonstrated on the metabolite level. Other than the vertical 
control of the glucose transport, metabolic control plays a dominant role in 
maintaining a sustainable glycolytic flux.     
 This thesis has covered a plethora of conditions that are interesting for 
industrial fermentations. We discovered that transcriptomics is an indispensable tool 
for a genome-wide analysis as it is the most widely available tool to date. However, 
the limitations of microarrays have also been addressed, but new technologies are 
constantly updating the many problems especially in terms of sensitivity and 



Summary/Samenvatting 

 144

accuracy. Transcriptomics can nonetheless cover only a small dissection of what is a 
vast complex network of communication and regulation in the cell. New insights in 
proteomics and metabolomics are paving a new direction for yeast molecular biology 
with integration of different levels of information that make up the whole metabolic 
circuit control. But in order to fully understand changes that are implicated to the 
molecular basis of the cell, fundamental research as demonstrated in this thesis is 
needed to cement a strong foundation for other exciting work to go on. 
 
Samenvatting 
 
De techniek om de transcriptie van een heel genoom te analyseren, zoals voor het 
eukaryote micro-organisme Saccharomyces cerevisiae, is inmiddels wijdverspreid. 
De snelle introductie van microarray technologie heeft het voor moleculair biologen 
mogelijk gemaakt om informatiestromen op het niveau van het DNA te meten en te 
analyseren. Zo kan achterhaald worden wat er in de cel gebeurd wanneer deze zich 
aanpast aan veranderingen in zijn milieu. In dit proefschrift ligt de nadruk op het 
gebruik van deze techniek om meer begrip te krijgen van de intrinsieke controle op 
de regulatie van genexpressie. Deze kennis kan van onschatbare waarde zijn. Bij 
industriële fermentatie processen zou het micro-organisme zelf gebruikt kunnen 
worden als ultieme biosensor door het meten van de expressie van zijn genen. Met 
DNA microarrays kunnen transcripten worden geselecteerd die geschikt zijn voor de 
diagnostische doeleinden of voor het rationeel ontwerpen en optimaliseren van zulke 
fermentatie processen. Voorzichtigheid is echter geboden bij het zoeken naar 
verklaringen voor gemeten veranderingen in genexpressie wanneer er grote 
aannames worden gemaakt. Veranderingen in genexpressie na een verstoring in het 
milieu van een organisme worden in het algemeen opgevat als een direct antwoord 
van de cel om de effecten die de verstoring teweeg brengt te compenseren. De 
juistheid van deze aanname is natuurlijk te betwisten. 

S. cerevisiae heeft relatief weinig moeite om zich te vermenigvuldigen in de 
afwezigheid van zuurstof. Het is nog niet duidelijk waarin S. cerevisiae afwijkt ten 
opzichte van andere micro-organismes dat dit verschil in fenotype verklaart. Om 
hiervan meer begrip te ontwikkelen is het transcriptoom van S. cerevisiae onder 
zowel aerobe en anaerobe condities geanalyseerd onder vier verschillende limitaties: 
koolstof, stikstof, fosfor en zwavel (Hoofdstuk 2). Een twee-dimensionale analyse 
leverde 155 genen op met een verschil in expressie tussen anaerobe en aerobe 
condities onder alle vier de limitaties. In eerdere studies naar de respons van het 
transcriptoom op zuurstofbeschikbaarheid in koolstofgelimiteerde cultures werden 
bijna 900 genen geïdentificeerd. Het gebruik van meerdere limitaties zorgt voor een 
meer beperkte selectie van genen waarvan met een hogere betrouwbaarheid gesteld 
kan worden dat hun expressie specifiek reageert op verandering in 
zuurstofbeschikbaarheid. De genen binnen deze selectie kunnen gebruikt worden om 
maatwerk arrays te maken voor het testen op de aanwezigheid van zuurstof. De 
expressie van een andere groep genen reageert contextgevoelig op de verschillende 
groeilimitaties. Het is belangrijk om te beseffen dat de keuze voor de verschillende 
contexten bepalend is voor de groep genen die geïdentificeerd worden als genen 
waarvan de expressie specifiek veranderd door de aan- of afwezigheid van zuurstof. 
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Het gebruik van andere, extra contexten, zoals het groeien van S. cerevisiae bij 
verschillende pH-waardes of groeisnelheden, zal leiden tot een verdere selectie 
binnen deze groep genen.   

Binnen de groep van 155 transcripten waarvan de expressie verschilde onder 
anaerobe condities waren er 65 opgereguleerd. Sommige van deze genen hadden 
functies die gerelateerd kunnen worden aan een voordeel bij anaerobe groei, zoals 
sterol-opname en vetzuurmetabolisme. Daarnaast waren er veel genen met een nog 
onbekende functie. Ten slotte zijn er genen, waaraan al wel functies zijn toegekend, 
maar waarvan opregulatie geen duidelijk voordeel biedt onder anaerobe condities. 
Hieruit vloeit de vraag voort of een toename in genexpressie betekent dat de functie 
van dat gen een positief effect heeft op de fitheid van de cel. In Hoofdstuk 3 is de 
analyse beschreven van een selectie van 27 stammen waarin steeds één van de 65 
genen was uitgeschakeld. Deze stammen zijn getest onder anaerobe condities in 
een competitieve chemostaat fermentatie. Slechts 5 mutant-stammen vertoonden 
een verminderde fitheid ten opzichte van de referentie ‘wild-type’ stam. In een aerobe 
competieve chemostaat fermentatie vertoonden geen van de mutanten een 
significante afname in fitheid. Deze uitkomsten kunnen verklaard worden vanuit de 
genetische robustheid van S. cerevisiae. De aanwezigheid van ‘backup genes’ en 
van genen met homologe functies die constitutief tot expressie komen, zorgt 
waarschijnlijk voor compensatie in het geval van verlies van de functionaliteit van één 
van deze genen. Daarnaast is het mogelijk dat opregulatie van een gen onder 
anaerobe condities geen positief effect heeft op de fitheid van de cel. Hele families 
van genen kunnen worden opgereguleerd, zoals in het geval van genen met een 
functie in de opname van alternatieve stikstofbronnen, terwijl deze bronnen niet 
aanwezig hoeven te zijn in het medium. Maar waarom zou S. cerevisiae dan grote 
hoeveelheden energie investeren om deze genen tot overexpressie te brengen? 
Waarschijnlijk spelen veel van deze genen een integrale rol onder anaerobe 
condities waarbij een enkele deletie geen duidelijk meetbare invloed heeft op de 
fitheid van de cel. Deze hypothese kan getest worden door het tegelijk uitschakelen 
van meerdere genen. Daarnaast kunnen door het uitvoeren van experimenten zoals 
‘synthetic lethality screenings’ genen worden geïdentificeerd die samen 
gecoördineerd invloed hebben op het overleven van de cel. 
 Waar Hoofdstuk 2 de respons van het transcriptoom op anaerobe condities 
en groeilimitaties behandeld, richt Hoofdstuk 4 zich op de verschillen in genexpressie 
bij de consumptie van een aantal aminozuren die als enige stikstofbron zijn 
toegevoegd. In aerobe koolstofgelimiteerde cultures hebben we gist laten groeien. 
Als stikstofbron werd ammonium toegevoegd, of een aminozuur (asparagine, proline, 
methionine, leucine of fenylalanine). Net als in Hoofdstuk 2 zijn transcripten 
geordend op basis van hun expressie bij de verschillende stikstofbronnen. Een set 
met genen was gevonden die bij slechts één specifieke stikstofbron van expressie 
veranderden. Hierbij moet worden benadrukt dat veel van deze genen waarschijnlijk 
niet aan deze eis voldoen wanneer het experiment met alle 20 aminozuren wordt 
herhaald. Aangezien aminozuren in veel eigenschappen overeenkomsten vertonen 
(b.v. in polariteit, structuur, zuursterkte, metabole routes), is het waarschijnlijk dat 
meerdere genen gebruikt moeten worden als ‘indicator’ om voldoende onderscheid 
te kunnen maken bij analyses van industriële fermentaties. Wij kwamen snel tot deze 



Summary/Samenvatting 

 146

conclusie bij het vergelijken van de respons in het transcriptoom op de aanwezigheid 
van de 5 aminozuren. Met name bij methionine, leucine en phenylalaninen werden 
grotendeels vergelijkbare veranderingen in genexpressie waargenomen. Deze 
uitkomst scheen meer licht op het catabolisme van deze stoffen via de Ehrlich route 
voor stikstof gebruik en de productie van fusel-alcoholen en -zuren. Twee genen, 
ARO10 en PDR12 zijn op basis van deze resultaten uitgebreid onderzocht en 
geïmpliceerd in deze catabole route. Deze vindingen zijn elders gepubliceerd (zie 
List of publications). 
 In de drankenindustrie worden fermentaties meestal uitgevoerd bij te lage  
temperaturen (10-18 oC) voor goede groei van S. cerevisiae. Deze temperaturen 
bevorderen de productie van smaakstoffen en aroma’s, maar zorgen onvermijdelijk 
voor lage groeisnelheden, langzamere enzymkinetiek en eiwitvouwing en een 
verhoging van de stabiliteit van RNA en van viscositeit in de cel. In Hoofdstuk 5 zijn 
de effecten een lagere temperatuur op de genexpressie onderzocht. In koolstof- en 
stikstofgelimiteerde anaerobe fermentaties bij 12 oC kwam naar voren dat de keuze 
van het groeilimiterende substraat grote invloed had op het transcriptoom, met name 
dat deel dat correspondeert met transportroutes en routes binnen het metabolisme. 
Het meest verrassend waren de grote verschillen met eerder bij lage temperatuur 
uitgevoerde transcriptoom analyses, waarbij de experimenten hoofdzakelijk in 
dynamische batch condities waren verricht. De karakteristieke ophoping van 
trehalose en de opregulatie van de ‘environmental stress response’ (ESR) werden 
niet waargenomen. In plaats hiervan zagen we totaal tegenovergestelde effecten bij 
het cultiveren van S. cerevisiae bij lage temparaturen (12 oC) in chemostaten. Een 
mogelijke uitleg hiervoor is dat lage temperaturen normaliter zorgen voor een afname 
in de groeisnelheid. Er zijn aanwijzingen dat veranderingen in groeisnelheden invloed 
hebben op de ESR en het ‘stress reponse element’ (STRE). Het constant houden 
van de groeisnelheid in een chemostat bij een afname in temperatuur leidt tot een 
ontkoppeling van deze effecten. Op basis van alleen de transcriptoom respons 
concludeerden we dat groei bij 12 oC niet zo nadelig is als eerder gedacht. 
 De interessante resultaten die in Hoofdstuk 5 zijn verkregen gaven echter 
geen antwoord op vragen over veranderingen in fysiology en homeostase van de cel 
bij het aanpassen aan lage temperaturen. Gemeten fluxes (Hoofdstuk 5) lieten zien 
dat bij een temperatuurafname van 30 oC naar 12 oC de flux door de glycolyse op 
een vergelijkbaar niveau bleef. Om het bedrag van deze flux beter te begrijpen is een 
systeembiologie-aanpak toegepast op de glycolytische route in koolstof-gelimiteerde 
cultures (Hoofdstuk 6). De resultaten lieten zien dat er twee belangrijke 
mechanismes waren voor de controle van de in vivo glycolytische fluxen. De 
metingen aan glucoseopname suggereerden dat er veel herprogrammering 
plaatsvond van de capaciteiten van glucosetransport bij een verandering in de 
temperatuur. De veranderingen in genexpressie van de hexose transporters maakten 
een verhoging van glucosetransportcapaciteit mogelijk en dit is in overeenstemming 
met de toename in de gemeten fermentatieve capaciteit bij lage temperaturen. Het 
andere mechanisme met een invloed op de glycolytische flux lag op het 
metabolietniveau, waar de intracellulaire concentraties van ATP en alle glycolytische 
tussenproducten waren toegenomen, terwijl die van ADP, AMP en het tussenproduct 
naar trehalose, T6P, waren afgenomen bij 12 oC. Hoewel aan deze metabolieten 
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rollen zijn toegewezen als activatoren en inhibitoren van glycolytische enzymen, 
stelde het patroon van concentratieveranderingen ons voor raadsels en dit patroon 
kwam niet eenduidig overeen met eerder in literatuur beschreven resultaten. Echter, 
al deze waargenomen veranderingen veranderden de homeostase van S. cerevisiae 
zodanig om groei bij lage temperatuur mogelijk te maken met weinig veranderingen 
in glycolytische fluxes en de opbrengst en samenstelling van biomassa. Geschreven 
in evolutionaire termen lijken deze veranderingen voordelig in het handhaven van 
voldoende voorraden van metabolieten en eiwitten in de cel zodat deze zich kan 
aanpassen aan de temperatuurverschillen die optreden tijdens de dag en nacht. 
Concluderend zien we dat onderzoek naar alleen het transcriptoom niet alle 
antwoorden kan geven op hoe in vivo glycolytische fluxen worden gereguleerd. In 
studies met een andere systeembiologie-aanpak naar de regulatie van de 
glycolytisch route lijkt deze regulatie zich voornamelijk te bevinden op het 
metabolietniveau. Op de verticale controle van glucose transport na, speelt metabole 
controle een dominante rol in het onderhouden van een constante glycolytische flux. 

Dit proefschrift heeft een groot aantal condities beschreven die interessant 
zijn voor industriële fermentaties. We hebben gezien dat transcriptomics een 
onmisbaar gereedschap is voor genoomonderzoek vanwege zijn brede 
beschikbaarheid. Daarnaast zijn ook de beperkingen van microarrays besproken, 
alhoewel deze nieuwe techniek constant vernieuwd wordt om met name de 
problemen met gevoeligheid en nauwkeurigheid te verminderen. Toch beslaat 
transcriptomics slechts een klein deel van het complexe netwerk van communicatie 
en regulatie binnen de cel. Nieuwe inzichten in proteomics en metabolomics leggen 
het grondwerk voor een nieuwe tak binnen het onderzoek naar de moleculaire 
biology van gist waarbij verschillende niveaus van informatie worden geintegreerd 
om een completer model te maken van de controle van metabole routes. Maar om 
volledig inzicht te krijgen in cellulaire veranderingen en hun relatie met de 
moleculaire opbouw van de cel is meer fundamenteel onderzoek, zoals beschreven 
in dit proefschrift, noodzakelijk. Alleen zo kan een basis gelegd worden voor ander 
boeiend werk. 
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