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Abstract

Background: Saccharomyces cerevisiae and Pichia pastoris are two of the most relevant microbial eukaryotic
platforms for the production of recombinant proteins. Their known genome sequences enabled several
transcriptomic profiling studies under many different environmental conditions, thus mimicking not only
perturbations and adaptations which occur in their natural surroundings, but also in industrial processes. Notably,
the majority of such transcriptome analyses were performed using non-engineered strains.

In this comparative study, the gene expression profiles of S. cerevisiae and P. pastoris, a Crabtree positive and
Crabtree negative yeast, respectively, were analyzed for three different oxygenation conditions (normoxic, oxygen-
limited and hypoxic) under recombinant protein producing conditions in chemostat cultivations.

Results: The major differences in the transcriptomes of S. cerevisiae and P. pastoris were observed between hypoxic
and normoxic conditions, where the availability of oxygen strongly affected ergosterol biosynthesis, central carbon
metabolism and stress responses, particularly the unfolded protein response. Steady state conditions under low
oxygen set-points seemed to perturb the transcriptome of S. cerevisiae to a much lesser extent than the one of P.
pastoris, reflecting the major tolerance of the baker’s yeast towards oxygen limitation, and a higher fermentative
capacity. Further important differences were related to Fab production, which was not significantly affected by
oxygen availability in S. cerevisiae, while a clear productivity increase had been previously reported for hypoxically

grown P. pastoris.

Conclusions: The effect of three different levels of oxygen availability on the physiology of P. pastoris and S.
cerevisiae revealed a very distinct remodelling of the transcriptional program, leading to novel insights into the
different adaptive responses of Crabtree negative and positive yeasts to oxygen availability. Moreover, the
application of such comparative genomic studies to recombinant hosts grown in different environments might
lead to the identification of key factors for efficient protein production.

Background

Yeasts are very well established host systems for the
production of a broad number of recombinant proteins,
and they are easy to manipulate and cultivate. During
the last decades, many efforts have been made to tap
their potential for improving foreign protein production
for both commercial and academic purposes (for recent
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reviews, see [1,2]). Although a great number of such
manipulations have been successful, these efforts were
essentially based on the existing knowledge and empiri-
cal methods [3,4]. The initiation of the genomics era
and the deciphering of the Saccharomyces cerevisiae
genome in 1996 have enabled a significant progress in
the identification of genes that were involved or acti-
vated in response to a wide range of different stresses
[5,6], but only a few studies took advantage of the new
systems biology tools to uncover novel helper genes to
enhance heterologous protein secretion [3,7-9]. Until
recently, even less effort has been made to combine
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such studies to investigate the impact of environmental
stress responses (ESR) on recombinant protein produc-
tion. Cells undergo continuous environmental fluctua-
tions during industrial processes, triggering physiological
responses and adaptations which are highly interrelated
with correct protein folding and secretion. It is thus
obvious that such studies - combining environmental
stress responses under protein production conditions -
would provide an important platform to identify targets
for a rational engineering of not only yeasts but also
other cellular protein factories.

The recently published sequence of the Pichia pastoris
genome [10,11] allowed the development of P. pastoris
specific microarrays [12] and the onset of genome-wide
studies in this yeast expression system, which has been
gaining high industrial relevance in the recent years. This
advance was of special importance because the lack of
host specific microarrays not only hindered research, but
also implicated a certain dependency of data interpreta-
tion on similarities to S. cerevisiae. Recently, Dragosits
and co-workers investigated the effects of temperature
[13] and osmolarity [14] on the proteome/fluoxome and
proteome/transcriptome, respectively, of a recombinant
P. pastoris strain. Notably, the application of different
levels of osmolarity to growing P. pastoris cells demon-
strated differences in the physiological response as com-
pared to published data for S. cerevisiae. Similarly,
important differences between these yeasts have also
been observed for the unfolded protein response (UPR)
upon dithiothreitol (DTT) treatment and in a strain
over-expressing the UPR transcription factor HACI [12].
These differences between data on P. pastoris and the
established literature of S. cerevisiae point to less uniform
regulatory systems in yeasts than believed until now.

The basis of this genome-wide comparative study were
the previously analyzed transcriptional responses of
recombinant S. cerevisiae (unpublished results) and
P. pastoris [15] to oxygen availability. The engineered
yeasts and their corresponding control (empty vector)
strains were grown in normoxic, oxygen-limited and
hypoxic conditions in glucose-limited chemostats. Both
recombinant strains secreted a human antibody Fab
fragment [16,17] under control of the constitutive glyco-
lytic promoters pGAP (glyceraldehyde-3 phosphate
dehydrogenase, for P. pastoris) and pTPI (triosepho-
sphate isomerase, for S. cerevisiae).

Together with the relevance for industrial processes,
where oxygen transfer is often described as important
issue in high cell density fermentations, oxygen is of
special interest in the comparison of two yeasts, both
facultative anaerobe but with different capacities to
ferment glucose (Crabtree effect). While S. cerevisiae is
a highly fermentative Crabtree positive yeast, able to
produce ethanol aerobically in the presence of high
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concentrations of glucose, P. pastoris is Crabtree nega-
tive and more sensitive to the availability of oxygen than
to variations in substrate concentration.

Also, it is well known that environmental conditions
have an effect on recombinant protein secretion, and
that the profile and severity of such effect is host depen-
dent. We are still far away from an ideal scenario of a
universal expression system, like proposed by Serensen
[18]. However, a genome-wide approach aiming at the
understanding of the global mechanisms connecting
protein production to environmental conditions, as pro-
posed in this study, could help to find strain or species
dependent target genes or target mechanisms for cell
engineering.

Results and Discussion

Physiological changes in yeasts under different levels of
oxygen availability

The Fab expressing and control strains of S. cerevisiae
and P. pastoris were grown in glucose-limited chemostat
cultivations under normoxic (N), oxygen-limited (L) and
hypoxic (H) conditions. Product yields of the secreted
antibody Fab fragment, biomass concentration, and by-
product concentrations during steady-state growth of all
strains are given in Table 1. The most outstanding result
was the different impact of hypoxic conditions on
recombinant Fab secretion. While oxygen deprivation
significantly increased the productivity of P. pastoris
(data taken from [19]), the Fab yield in S. cerevisiae was
not affected by oxygen.

General overview of the transcriptional analysis

We performed a global analysis of microarray data from
recombinant and reference strains of S. cerevisiae and
P. pastoris grown under different oxygen availability
levels. For pair wise comparisons of the oxygen condi-
tions, the type of gene regulation (up- or downregu-
lated) always refers to the lower oxygen set-point. We
only used a data set of common genes (2891 genes, see
Methods section for a detailed description and addi-
tional file 1 for the gene list). From this selected data set
we identified 412 genes for P. pastoris and 196 genes for
S. cerevisiae with a significantly different expression
(log2 fold change threshold > 0.59; p-value < 0.05). The
numbers of up- and downregulated genes were very
equally distributed in both yeasts when comparing
hypoxic with normoxic conditions, but pointed to a gen-
erally stronger regulation in P. pastoris in the other
comparisons, with the exception of the control strain in
oxygen-limited vs. normoxic conditions (see Table 2).

Principal component analysis
In a first approach, the absolute (normalized) expression
data of the two yeast species were separately subjected



Table 1 Physiological parameters

YDM [g I"] Fab yield [MQrab3ns Gvom '] ethanol [g I'"] arabitol? or glycerol® [g I'"]
N L H N L H N L H N L H
ScFab3H6 901 + 024 869 + 0.19 588 + 0.23 0027 + 0005 0029+ 0005  0023+0004 nd  006+0017 364+036 nd nd nd
Sc control 9.14 + 052 859 + 0.28 513 + 031 - - - nd  005+0007 346+033 nd nd nd
PpFab3H6 2398 + 067 2254+ 106 1258+ 1.12 0.22 + 001 0.38 + 001 054 + 0,02 nd 0.89 + 0.09 685+019 nd  090+007  288+018
Pp control 2361 +077 2014 +059 1168 + 028 - - - nd 114 + 012 575+008 nd 121 + 021 219 + 026

Physiological characterization of the reference and recombinant strains of S. cerevisiae CEN.PK113 and P. pastoris X-33 in normoxic (N), oxygen-limited (L) and hypoxic (H) glucose-based chemostat cultivations.
YDM = yeast dry mass, nd = not detected, ¢ in P. pastoris and ° in S. cerevisiae.
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Table 2 Microarray statistics
HvsN HvsL LvsN
S. cerevisiae P. pastoris S. cerevisiae P. pastoris S. cerevisiae P. pastoris
Cont Fab Cont Fab Cont Fab Cont Fab Cont Fab Cont Fab
up 69 75 70 86 25 35 91 145 2 3 0 22
down 82 83 110 107 2 10 114 112 10 10 0 30
% regulated 522 547 6.23 6.68 093 1.56 7.09 8.89 042 045 0.00 1.80

Microarray statistics including the common genes (2891) of S. cerevisiae and P. pastoris. Numbers reflect the regulated genes derived from pair wise comparisons
between oxygen set-points, considering a p-value threshold < 0.05 and a log2 fold change cut-off of 0.59. HYN = hypoxic vs. normoxic; HvL = hypoxic vs.
oxygen-limited; LvN = oxygen-limited vs. normoxic; Cont = control strain; Fab = expressing strain.

to principal component analysis (PCA). The first and
second component, accounting for 97 % of the total
variability in the expression data, were plotted against
each other and revealed oxygen as the major discrimi-
nating factor in both data sets (Figure 1A and 1B).
Interestingly, the first principal component did not
reveal any key parameter for the internal structure in
our data. It was the second component that determined
a correlation between oxygen availability and data distri-
bution. We assume that this result is quite common in
highly dimensional data like it is the case for microarray
data since the first component represents a weighted
average and distinguishes genes by their average overall
expression [20]. PCA projection in the case of S. cerevi-
siae (Figure 1A) revealed a clear division between nor-
moxic and hypoxic gene expression, with no difference
regarding the strain genetic background (control or
expressing strain). The clusters for oxygen-limited con-
ditions were distributed along the PC2 axis, slightly
separating the producing from the reference strain. The
PCA for P. pastoris (Figure 1B) showed a similar beha-
vior, since the second component was defined predomi-
nantly by oxygen, tightly grouping together hypoxic and
oxygen-limited conditions. Only the producing strain in
hypoxic conditions diverged from this classification and
seemed to be the most influential variable. While the
low oxygen ‘environment’ (hypoxia and oxygen limita-
tion) in P. pastoris showed a positive correlation with
the PC2, this interaction was negative in S. cerevisiae
(and vice versa for the normoxic groups). Detailed ana-
lysis of the overlaps of regulated genes indicated that
only few genes were differentially expressed between
oxygen-limited and normoxic conditions in S. cerevisiae,
while most regulation was apparent between hypoxic
and normoxic conditions, almost fully overlapping with
the set of genes that was differentially expressed
between hypoxic and oxygen-limited conditions (Figure
1C). Differently, in P. pastoris the largest number of
regulated genes appeared to be in the hypoxic vs. oxy-
gen-limited comparison, overlapping with approximately
75 % of regulated genes between hypoxic and normoxic
conditions (Figure 1D). While the transcriptomes of the
P. pastoris control strain grown at limited and normal

oxygen supply did not differ, there were 48 regulated
genes in the Fab producing strain. The majority of dif-
ferential regulation in P. pastoris emerged between
hypoxic and oxygen-limited growth, while most regula-
tion in S. cerevisiae was observed between hypoxic and
normoxic growth (Figure 1E). These first results of the
comparative analysis already pointed to major differ-
ences between the transcriptome of P. pastoris and S.
cerevisiae in response to oxygen availability.

Gene ontology group representation

Overrepresentation of up- and downregulated genes in
gene ontology (GO) functional groups was evaluated by
a Fisher’s exact test (p-value < 0.05). These enriched
functional groups were analyzed with the fold change
values of the pair wise comparisons, i.e. hypoxic vs. nor-
moxic (HvsN), hypoxic vs. oxygen-limited (HvsL), and
oxygen-limited vs. normoxic conditions (LvsN). The
results are illustrated in Figure 2. While the comparison
of hypoxic and normoxic conditions yielded a more
extensive set of regulated genes, the number of enriched
groups in the intermediate set points was generally
more moderate, in particular for S. cerevisiae. While no
statistically enriched GO terms were found for the P.
pastoris reference strain comparing the lower oxygen
conditions (HvsL), the extent of responsive GO cate-
gories for LvsN was similar to that in HvsN. These
results were not only in good accordance with the PCA
and direct comparison of equally regulated genes, but
also with the different fermentative properties of the
yeasts. Even though P. pastoris is facultative anaerobe, it
has a higher propensity for respiratory growth than S.
cerevisiae. This might explain a less drastic reorganiza-
tion of the S. cerevisiae transcriptome after a shift to a
reduced oxygen environment.

In case of the comparison hypoxic vs. fully aerobic,
differences between the yeast species could be observed
for the GO terms cell cycle, chromosome segregation,
response to oxidative stress and translation. These four
groups were enriched with downregulated genes (green)
in S. cerevisiae and upregulated genes (red) in P. pas-
toris. For the functional categories cellular homeostasis,
amino acid metabolic process, protein catabolic process,
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Figure 1 Global comparison of differential gene regulation. The correlation matrix of 2191 common genes (absolute normalized expressions
levels) for (A) S. cerevisiae and (B) P. pastoris strains grown under normoxic (N), oxygen-limited (L) and hypoxic (H) conditions are visualized with
the principle component analysis (PCA) biplot. Lines pointing in the same direction correspond to strains and oxygen conditions which are
correlated. In both strains, the first and second components explain 97 % of the total variation. Overlapping sets of regulated genes in (C) S.
cerevisiae, (D) P. pastoris and (E) between both species are displayed by Venn diagrams. Fab = Fab producing strain, Cont = control strain. HvsL =
hypoxic vs. oxygen-limited, HvsN = hypoxic vs. normoxic, and LvsN = oxygen-limited vs. normoxic.

conjugation, mRNA metabolic process, peroxisome orga-
nization and biogenesis, response to stress and vitamin
metabolic process, a significant number of genes were
either downregulated in P. pastoris, and/or genes with a
positive fold change were overrepresented in S. cerevi-
siae. Patterns of similarly regulated GO groups in the
two yeast species could be observed for cofactor meta-
bolic process, protein transport and RNA metabolic pro-
cess, all of them comprising gene sets with both-side
directed regulation (orange). A strain-dependent beha-
vior (control vs. expressing) was recognized for the GO
categories chromosome organization and biogenesis,

DNA metabolic process, vesicle mediated transport and
tRNA metabolic process. While the first three groups
were upregulated in the expressing strains and bidirec-
tional in the reference strains, the tRNA metabolic pro-
cess was significantly downregulated in the control
strains. Additionally, for the categories cellular lipid
metabolic process, generation of precursor metabolites
and energy, mitochondrion organization and biogenesis
and ribosome biogenesis the behaviour of both S. cerevi-
siae strains (recombinant and control) and of the P. pas-
toris Fab-expressing strain was similar, but different in
the P. pastoris control strain.



Baumann et al. BMC Genomics 2011, 12:218
http://www.biomedcentral.com/1471-2164/12/218

Page 6 of 16

cellular.respiration
chromatin.modification

and.bi

chromosome.segregation
cofactor.metabolic.process

conjugation

cytokinesis

¢ ization.and.bi
DNA.metabolic.process

endocytosis

ER.organization.and.biogenesis
fungal.type.cell.wall.organization
generation.of.precursor.metabolites.and.energy
golgi.vesicle.transport
heterocycle.metabolic.process
histone.modification

ion.transport

meiosis

ion.organization.and.bi
mitochondrial.transport
MRNA.metabolic.process
nuclear.organization.and.biogenesis
nuclear.transport

other

HVN [ HvL [ LN | HN [ HvL LN

[ sc [ e [ sc T P [ sc [ pp Sc [ Pp [ sc [ Pp sc [ Pp |
GO Cont| Fab | Cont [ Fab | Cont[ Fab | Cont [ Fab | Cont [ Fab | Cont [Fab | |GO Cont [ Fab | Cont [ Fab [ Cont [ Fab [ Cont [ Fab | Cont [ Fab | Cont [ Fab
biological.process peroxisome.organization.and.biogenesis
cell.budding protein.amino.acid.acylation
cell.cycle | ] protein.amino.acid.glycosylation
cellular.amino.acid.and ic.process protein.amino.acid.phosphorylation
cellular.aromatic.compound.metabolic.process protein.complex.biogenesis
cellular.carbohydrate.metabolic.process protein.folding
cellular.component.morphogenesis protein.modification.process | ]
cellular.homeostasis | ] protein.transport
cellular.lipid.metabolic.process protein.ubiquitination
cellular.membrane.organization growth
cellular. protein.catabolic.process | ] response.to.chemical.stimulus [ ]

transposition
tRNA.metabolic.process
vacuolar.transport

response.to.cold
response.to.DNA.damage.stimulus
response.to.heat
response.to.osmotic.stress
response.to.oxidative.stress
response.to.starvation
response.to.stress
response.to.unfolded.protein
ribosome.biogenesis
RNA.metabolic.process
rRNA.metabolic.process
signal.transduction

sporulation

transcription

translation

transport

YN

vacuole.organization.and.biogenesis
vesicle.mediated.transport
vesicle.organization.and.biogenesis
vitamin.metabolic.process

" -

Figure 2 GO group enrichment as determined by Fisher’s exact test. Significantly enriched GO functional groups (computed with the
Fisher's exact test with a p-value < 0.05) are labeled in red (upregulated genes), green (downregulated genes) and orange (both up- and
downregulated genes). Pairwise comparisons in S. cerevisiae (Sc) and P. pastoris (Pp) are abbreviated as in figure 1.

Omics Expression Viewer

To obtain a general view of metabolic pathways
responding to oxygen availability, we overlapped the
fold change values obtained from the HvsN comparison
of the producing strains with the map of S. cerevisiae
core metabolism. Figure 3 shows the overview of the
entire schematized map, while detailed lists of all the
regulated pathways, together with their diagrams and
corresponding gene lists, are provided in additional file
2 (for S. cerevisiae) and additional file 3 (for P. pastoris).
All depicted pathways are indicated by numbers accord-
ing to the table shown in additional file 4. The most
striking differences were detected for the glycolytic path-
way, ergosterol and sphingolipid biosynthesis, and the
oxidative branch of the pentose phosphate pathway (Fig-
ure 3). The uniform upregulation of glycolytic genes,
enzymes and metabolic fluxes in P. pastoris chemostats
upon a shift to hypoxic growth conditions was recently
reported in our preceding study [15], indicating a tran-
scriptional control of the central carbon metabolism in
this yeast. In hypoxically grown S. cerevisiae this picture
was quite different, since glycolysis was not regulated at
the transcriptome level. These observations confirm pre-
vious chemostat studies, where a poor correlation
between the mRNA levels and the corresponding pro-
tein abundances or in vivo fluxes demonstrated a post-
transcriptional control of glycolysis in anaerobic S. cere-
visiae cultures [21-23]. De Groot [22] further estimated
the pool of glycolytic enzymes to account for 21 % of
the total protein in anaerobic conditions, thus occupying

a considerable fraction of the S. cerevisiae translation
machinery. This ‘occupation’ could somehow hamper or
limit the translation of other proteins, e.g. the recombi-
nant Fab antibody. Estimation of the corresponding per-
centage in P. pastoris might provide new insights on the
different production abilities of the two microorganisms.

An interesting observation was the opposite regulation
of members of the ergosterol biosynthesis pathway.
Ergosterol is an essential component of membrane lipids
and regulates the fluidity and permeability of the plasma
membrane, where it is most abundant. It has a broad
function in cellular processes like plasma membrane
fusion, pheromone signaling or protein sorting [24-26].
Furthermore, ergosterol biosynthesis is an oxygen-
requiring process. In P. pastoris the majority of genes
whose products catalyze oxygen-dependent reactions of
this pathway (ERGI, ERGI1, ERG25 and ERG3) were
strongly upregulated in hypoxia, while ERG27, ERG6
and ERG4 were downregulated. In contrast, all the men-
tioned genes resulted to be downregulated in S. cerevi-
siae. We recently hypothesized that the upregulation of
the genes catalyzing oxygen-consuming reactions in the
ergosterol pathway of P. pastoris may be a reaction to
intermediate or end product deficit provoked by low
oxygen availability [15], since the ergosterol content was
shown to be reduced under hypoxic conditions in a par-
allel study [27]. A similar trend was described for S. cer-
evisiae [28,29]. It has been assumed that the anaerobic/
hypoxic induction of genes catalyzing oxygen-dependent
reactions in some cases could be an adjustment of cells
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Figure 3 Overlay of transcriptome data on the S. cerevisiae metabolic map. Fold change data of the pairwise comparison hypoxic vs.
normoxic (HvsN) of the recombinant S. cerevisiae (A) and P. pastoris (B) strain are overlapped with the metabolic map of S. cerevisiae (MetaCyc,
SGD database [66]). Each node in the diagram represents a single metabolite, and each line represents a single bioreaction. In the right part of
the diagram the small molecule metabolism is represented (for a complete description of the map see http://pathway.yeastgenome.org).
Reaction lines are colour-coded (three colour bins) according to the fold change value of the gene: red for data values that exceed a log2 fold
change threshold of 0.59, yellow for data values less than the inverse of the threshold, and blue for values in between. Detailed lists of all the
regulated pathways, together with their diagrams and corresponding gene lists are provided in additional file 2 (for S. cerevisiae) and 3 (for P.
pastoris). Depicted pathways are indicated by numbers, according to the table shown in additional file 4. The ergosterol pathway (n.20) and

glycolysis (n.69) are indicated by dashed boxes.
.
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to subsequent oxygenation of the cultivations. In the
case of S. cerevisiae, the ergosterol regulatory process
may depend on the sterol requirement for growth and
on the presence of other lipids, as postulated by Rosen-
feld and Beauvoit [30]. In this context we assume that
the sterol content in S. cerevisiae under hypoxic condi-
tions was still sufficient to maintain growth. Interest-
ingly, Rintala and co-workers [31] observed a similar
downregulation of ERG11, ERG25 and ERG6 with 2.8%
oxygen (in the inlet air) when compared to full aeration,
but unchanged levels of ERG1, ERG3 and ERG27. Unlike
in this work, however, their growth medium was supple-
mented throughout the study with ergosterol and unsa-
turated fatty acids, which are typically supplied only to
anaerobic S. cerevisiae cultivation media in order to sus-
tain growth [32,33]. Since endogenous or exogenous
sterols are regulators of ERG gene expression, the provi-
sion of exogenous ergosterol in such experiments might
have partially masked the “authentic” hypoxic response
of S. cerevisiae and could explain the observed dissimila-
rities. In addition, transcriptional regulation could be
directly influenced by oxygen concentration. Bunn and
Poyton [34] demonstrated that different genes respond-
ing to the presence of oxygen have different thresholds
for activation/deactivation of their transcription. In this
view, it could be possible to imagine that different
thresholds are sensed in the two yeasts, consistently
with their different fermentation capacities. Therefore, a
condition of oxygen limitation might be sensed by P.
pastoris as more extreme, eliciting a proper response.

In relation to protein secretion, there are some indica-
tions that lipid metabolism, especially with regard to
ergosterol biosynthesis and membrane remodeling, may
affect protein secretion. This pathway was discussed in
the recent work of our group as possible target for
strain engineering, since it encountered a very strong
reorganization during hypoxic conditions in which the
secretion of the antibody Fab fragment was significantly
improved [15]. Recent findings in our lab showed that
disequilibrium of the membrane properties by applying
non-ionic detergents or gene specific antifungal drugs
stimulated recombinant protein secretion in P. pastoris
shake flask cultures (Baumann et al., submitted). These
findings strongly support our hypothesis about a link
between changes in membrane fluidity and recombinant
protein secretion in P. pastoris. Nonetheless, although
an increased membrane fluidity was demonstrated for
erg mutants of S. cerevisiae with defective ergosterol bio-
synthesis [35], such kinds of mutants were reported to
be affected in the sorting of proteins to the plasma
membrane [36] and in protein internalization via endo-
cytosis [37] but not in protein secretion [36,37]. There-
fore, it might be that differences in the membrane
composition due to ergosterol limitation and/or
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compensation mechanisms do not have the same influ-
ence on protein secretion mechanisms in the two yeasts,
thus contributing to the different secretion capacity
observed in hypoxic conditions.

Transcription of the pentose phosphate pathway (PPP)
genes was significantly reduced in both yeasts, but to a
greater extent in S. cerevisiae. While in P. pastoris only
genes of the non-oxidative pathway were regulated
(RKI1, TKL1 and TALI), in S. cerevisiae this list was
supplemented by genes from the oxidative PPP branch
including SOL3, SOL4, GNDI1, GND2. It was previously
described that the distribution of carbon flux between
glycolysis and PPP seems to be associated with the abil-
ity of yeasts to perform aerobic fermentation (Crabtree
effect) [38,39]. S. cerevisiae as a Crabtree positive yeast
was shown to have rather low metabolic fluxes through
the pentose phosphate pathway [40] which is predomi-
nantly used for NADPH production and less directly for
intermediates production. The downregulation of the
pathway under hypoxic conditions may prevent an
imbalance in the cellular redox system, since reducing
equivalents like NADH or NADPH are accumulated in
anaerobic cultivations. While S. cerevisiae typically pro-
duces glycerol in order to re-oxidize excess NADH [41],
P. pastoris was recently shown to circumvent redox
imbalances by the production of arabitol [27]. This
observation could give reason for the different regula-
tion, since D-ribulose and D-xylulose from the upper
(oxidative) PPP are the main precursors for the forma-
tion of arabitol in many fungi [42,43].

Hierarchical clustering

Another approach towards a global overview of the yeast’s
transcriptome in response to oxygen provision included
cluster analysis (EBI Expression Profiler) with the fold
change data as input files. Figure 4 illustrates the result of
a clustering comparison, which linked the dendrogram of
a hierarchical clustering to a set of corresponding flat
(k-means) clusters (number of clusters = 10). The outcome
demonstrated 7 interesting clusters (see discussion below)
with notable differences between yeast species comparing
hypoxic and normoxic conditions, and 2 clusters (6 and 8)
with a very similar profile for the pair wise oxygen com-
parisons and yeast species. These clusters were also the
two largest in size, representing 1239 and 1247 genes,
respectively, on a small-scale y-axis (log2 values ranging
between * 1.3). Individual clusters were selected
for further analysis and are discussed below. A list of all
cluster members can be found in the additional file 5.
Clusters of interest

Cluster 2 comprised 4 mating related genes (FIGI,
KAR4, SST2 and STE2), which were strongly upregu-
lated in all pair wise comparisons in S. cerevisiae, and
downregulated in P. pastoris. This result may reflect the
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different life cycle of the yeasts, which alternates
between haplophase and diplophase in S. cerevisiae,
while P. pastoris is most stable in its vegetative haploid
state. In S. cerevisiae, mating occurs between two hap-
loid cells of opposite mating type MATa or MATa
(reviewed in [44]) after pheromone signalling, resulting
in a diploid nucleus. In P. pastoris mating occurs only
in conditions of severe nitrogen limitation [45].

The expression pattern in Cluster 3 (13 members)
showed a species dependent regulation and had its
strongest impact on the transcriptome of P. pastoris
comparing hypoxic vs. normoxic and oxygen-limited vs.
normoxic conditions. Among the most regulated genes
we found 4 peroxisomal genes (PCDI1, PEX11, PEX13
and the glyoxylate cycle involved gene MDH3) and 2
genes that are related to glycerol metabolism and trans-
port (GUT1, YFL0O54C). S. cerevisiae may have a higher
tolerance for oxygen deficiency by maintaining peroxiso-
mal activities and restoring biosynthetic intermediates
via anaplerotic reactions (e.g. glyoxylate cycle) [46].
On the other hand, carbon source may impact regula-
tion of peroxisomal genes in the methylotrophic yeast
P. pastoris. Since peroxisomes harbour the enzymes for
methanol assimilation, these organelles drastically
increase in size during growth on methanol, but degrade
rapidly upon a shift to glucose [47]. This would, how-
ever, only explain a general low transcriptional level of
peroxisome-related genes in P. pastoris grown on
glucose, but not a downregulation under hypoxic and
oxygen-limited conditions. We therefore assume an
implication of other oxygen-related processes, e.g. the
breakdown of fatty-acids, which is drastically reduced
when oxygen is scarce (see cluster 4). GUT1, whose
expression is induced on non-fermentable carbon
sources such as glycerol or ethanol, and YFL054C,
which encodes a putative channel-like protein that
mediates passive diffusion of glycerol in the presence of
ethanol, were slightly induced in S. cerevisiae at low
oxygen availability. Since glycerol is generated in anaero-
bic cultures for the purpose of re-establishing the
cell’s redox balance, the upregulation of these genes is
reasonable.

Further genes found in this cluster were two iron-
related genes (the transcription factor AFT1 and the
iron transporter SITI), the a-mating factor receptor
STE3, and a cell wall mannoprotein which is required
for growth under anaerobic conditions (71R3).

Cluster 4 contained 6 fatty acid f-oxidation pathway
related genes (ECI1, FAA2, FOX2, POXI1, SPS19 and
PXAI). The transcript pattern, with a similar trend in
both yeast species, indicated a strong downregulation in
the set-points with low oxygen availability, but a slight
upregulation in the comparison HvL, that is, showing
their lowest gene expression levels under oxygen-limited
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rather than hypoxic conditions. Interestingly, the tran-
script levels were generally lower in the Fab-producing
strains.

Cluster 5 included 175 genes with the majority of them
downregulated in P. pastoris under hypoxic and oxygen-
limited conditions. While the genes for S. cerevisiae were
marginally induced when comparing hypoxic with aerobic
conditions, the profile was rather unchanged for the other
pairwise comparisons. This cluster was enriched with
TCA cycle genes (KGD2, SDH4, LSC1, LSC2, CIT1 and
FUM1) and genes involved in amino acid biosynthetic
process (LYS21, GLT1, ILV2, SER2, HIS6, and ARO?). The
downregulation of the TCA cycle in hypoxic P. pastoris
chemostat cultivations on the transcriptome, proteome
and metabolome levels was recently reported by our
group [15]. While in S. cerevisiae, a similar repression of
TCA cycle transcripts was observed for anaerobic glucose-
limited chemostats [23,48,49], intermediate oxygen condi-
tions with 2.8 % oxygen in the inlet gas induced a moder-
ate upregulation of the transcripts for the main TCA cycle
enzymes [31], which is in accordance with the results in
this study. In this context, the similar regulation of the
amino acid biosynthetic genes may be partly interrelated,
since the TCA cycle provides biosynthetic precursors for
amino acids including lysine (LYS21), glutamine (GLTI)
and isoleucine (ILV2) [50].

A set of genes was associated with response to oxida-
tive (GRX3, DOTS, SRX1, CCP1) and DNA damage stress
(MSH3, HAM1, YNKI). Aerobically grown cells are
always exposed to some degree of oxidative stress, and
activate defence mechanisms in order to repair (or to
prevent further) damage. It thus seems plausible that
P. pastoris silences the oxidative stress defences in
hypoxic and oxygen-limited conditions as compared to
normoxia. Interestingly, the transcript levels of such stress
related genes in hypoxically grown S. cerevisiae were
slightly induced. It is very unlikely that a surplus of redu-
cing equivalents in low oxygen environments allows for the
generation of radicals. Krantz and co-workers [51] observed
a similar trend in S. cerevisiaze chemostats under anaerobic
osmo-stress conditions, and assumed a co-regulation with
general stress response genes (like CCT1), however, with-
out any evident requirement.

Three glycogen biosynthetic genes (GLG1, GSY2, and
GACI) were also present in cluster 5. Glycogen, a highly
abundant reserve compound in yeasts and composed of
glucose, is generally considered to provide both carbon
and energy during starvation periods (extensively reviewed
in [52]). P. pastoris’ glycogen content was shown pre-
viously to be higher in aerobic conditions than in condi-
tions of low oxygen provision [27], which coincided with
the observed downregulation of the related genes under
oxygen limitation. It seems plausible that P. pastoris cells
do not synthesize glycogen in glucose-limited hypoxic
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cultures, but rather mobilize stored glycogen for energy
purposes and the conservation of a high glycolytic flux.
The unchanged/slightly induced transcripts of glycogen-
synthetic genes in S. cerevisiae during hypoxia, in contrast,
remain unclear, but could be related to the involvement of
glycogen accumulation during spore formation in diploid
cells [53]. Evidence for increased spore formation in
hypoxically grown S. cerevisiae is given by the induced
genes associated with ascospore formation in cluster 9.

Another functional category that is enriched in cluster
5 consists of five transcription factors controlling var-
ious cellular functions, like mating (HMRAI1, STE12),
ethanol, glycerol and fatty acid utilization and peroxiso-
mal gene transcription (ADRI), nucleotide excision
repair (TFB3) and phospholipid biosynthesis (OPII). A
number of known targets of these transcription factors
were also present in the downregulated clusters.

Cluster 7 contained genes with a low level of expres-
sion in S. cerevisiae and with induced transcripts in
P. pastoris in hypoxic and oxygen-limited conditions, as
compared to normoxic conditions. This cluster was con-
siderably enriched with genes of the ergosterol pathway
(ERG3, ERG4, ERGS, ERG6, ERG24, ERG25, ERG26 and
ERG27). As discussed before (see Omics expression
viewer Section), there are some differences on ergosterol
regulation in S. cerevisiae under anaerobic or oxygen-
limited conditions [31]. Additionally, the usual supplement
of ergosterol to anaerobically grown S. cerevisiae hampers
a direct comparison with our data, since we did not add
ergosterol in any oxygen condition. The results of this
comparative analysis, however, clearly indicate remarkable
differences in the regulation of sterol pathways in the two
yeasts in a reduced oxygen environment.

Two trehalose metabolic genes (TPS2 and ATHI)
were also found in this cluster. Tps2p catalyzes the
synthesis of the reserve compound trehalose, which is
also known as stress protecting agent (reviewed in
[54]) that has an extraordinary capacity of stabilizing
proteins and preventing aggregation of denatured pro-
teins [55]. Chen et al. [56] observed that trehalose
accumulation in Drosophila protected the cells from
hypoxic injury. However, in a recent study on the
macromolecular and elemental composition of P. pas-
toris grown under the exactly same experimental con-
ditions [27], no trehalose accumulation could be
detected when varying the oxygenation degree or the
strain genetic background. Since ATHI is involved in
the catabolism of trehalose, it appears that the treha-
lose pool might have a higher turnover in hypoxic and
oxygen-limited P. pastoris cultivations. In agreement
with the transcriptional profiles, instead, the trehalose
content of S. cerevisiae decreased when reducing oxy-
gen supply (data not shown), as similarly reported else-
where [23].
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The regulation of genes encoding enzymes capable of
xylose reduction (GCY1 and YJR0O96W) appears to be
characteristic for P. pastoris. Xylose reduction is
most probably involved in the formation of arabitol in
P. pastoris hypoxic fermentations. Another gene of
special interest in this cluster was related to protein
secretion (NCE102) since it is involved in non-classical
protein export [57]. Similarly, we recently identified
NCEI103, encoding a substrate for the non-classical pro-
tein export pathway, to be hypoxically induced in
P. pastoris, with a significantly stronger upregulation in
the producing strain [15].

Cluster 9 (26 members) is primarily characterized by
strongly induced mRNA levels in S. cerevisiae and
unchanged or slightly downregulated genes in P. pastoris
hypoxic and oxygen-limited conditions, as compared to
fully aerobic conditions. Some exceptions showed a uni-
form upregulated pattern for all pairwise comparisons
(FSH1, GSA2, PHO84 and WSC4) or a strong upregula-
tion in the P. pastoris control strain (YCT1). OPT2, an
oligopeptide transporter with a role in vacuole assembly,
and CDA2, ascospore wall formation, showed a stronger
induction in the S. cerevisiae producing strain. The clus-
ter was predominantly composed of ascospore formation
genes (CDA2, GAS2, SPO75, SPRI1, SPR3 and SPS2) and
transmembrane transporter genes (DAL4, DALS, YCTI,
PHOS84, FET4 and OPT2). As already discussed before,
spore formation mainly derives from diploid cells, which
is a very uncommon state in the life cycle of P. pastoris.
Spore formation, however, is also known to be a strictly
aerobic process because it only takes place in the pre-
sence of a poor carbon source and in cells starved of
nitrogen ([58], and reviewed in [59]). Therefore, the
upregulation of some spore formation associated genes
might be related to other adaptive processes towards
low oxygen availability or rather alert the cells to pre-
pare them for more environmental extremes.

DAL4 and DALS are transporters of allantoin - an
intermediate of adenine and guanine degradation that
can serve as sole nitrogen source. The induction of
these genes in S. cerevisiae could be a hint to a higher
need of nitrogen under hypoxic conditions as compared
to P. pastoris. Also, the upregulation of some transmem-
brane transporters may indicate some extra demand in
S. cerevisiae for important building blocks like metals,
amino acids or oligopeptides.

Cluster 10 was mainly composed of glycolytic genes
(CDC19, ENOI, EXG1, GLKI1, GPM1, PFKI, PFK2,
PGKI, and TDH3) and stress-related genes (UGA2,
YDL124W, HSP12, TSAI and NCE103). Furthermore, it
included two important protein folding-associated genes
(EROI and HACI) and three ergosterol genes (ERGI,
ERGI1I and ERG28). The pattern in this cluster was pre-
dominantly characterized by a strong induction in HvN
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and LvN in P. pastoris strains. The transcriptional
induction of glycolysis and ergosterol synthesis in
P. pastoris under low oxygen conditions has already
been discussed in the “Omics expression viewer” section.
Among the stress related genes, NCEI03 is known to
have a protective role in the presence of H,O,, but also
a participation in a non conventional protein export, as
observed for NCE102, has been proposed [57]. UGA2, a
succinate semialdehyde dehydrogenase with a function
in gamma-aminobutyric acid (GABA) degradation, was
also reported to be induced by H,O, thus increasing
oxidative stress tolerance [60]. However, it is very unli-
kely that hypoxia triggered such antioxidant responses,
since no respiratory activity could be detected in the
case of P. pastoris. We rather propose some other func-
tion of their gene products, like the involvement of
NcelO3p in protein secretion as previously mentioned,
or the role of Uga2p in degrading the non-protein
amino acid GABA for nitrogen utilization. A further
“moonlighting” protein with multiple functions is the
gene product of TSAI, which plays a role as antioxidant
under normal conditions [61], but self-associates to
form a chaperone complex as a consequence of environ-
mental perturbations. In its chaperone state it targets
unfolded proteins in order to prevent their aggregation
[62]. HSP12, another chaperone-encoding gene that was
induced by hypoxia in P. pastoris, confers increased sta-
bility to membranes in the presence of ethanol.

Many chaperones are helper factors throughout the
protein folding process and assure the release of only
correctly folded polypeptides from the endoplasmic reti-
culum (ER). Environmental stresses or similar events
can easily provoke an overload of the ER folding
machine, resulting in the aggregation of unprocessed
proteins and consequently in the onset of the unfolded
protein response (UPR) (reviewed in [63]). Transcripts
of the transcription factor activating this cellular
mechanism, Haclp, were also significantly induced in
P. pastoris as compared to S. cerevisiae. Notably, unlike
in P. pastoris, S. cerevisiae HACI is not regulated at the
transcriptional level upon UPR, but only by splicing of
the transcript (HACIs). This means that comparing UPR
induction in both yeasts can be done only on a basis of
UPR target genes like KAR2, PDI1 and EROI. Since none
of these genes was upregulated in S. cerevisiae, we could
exclude any UPR activity in this yeast, which would
explain also why other chaperones like 7SAI and HSP12
were unchanged as well. In good consistency to the
overall results of this study, HACI regulation could also
reasonably be linked to changes in the lipid balance,
since UPR was also suggested to be activated upon lipid
deprivation in order to coordinate membrane synthesis,
with Hacl as important regulator [64]. Since we also
observed a drastic difference between the yeasts in the
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regulation of ergosterol biosynthesis, alterations in mem-
brane fluidity could have provoked the upregulation of
P. pastoris HACI.

In good agreement with these results, also EROI,
required for oxidative protein folding in the endoplasmic
reticulum, was activated upon hypoxia in P. pastoris.
Together with PDI1, another key player during UPR, it
catalyzes the transfer of oxidizing equivalents to folding
proteins [65]. It is likely that the differences in the regu-
lation of the protein folding machinery are reflected in
the different protein product yields in P. pastoris and
S. cerevisiae, since a number of studies have reported a
stimulatory effect of the overexpression of UPR related
genes (e.g. PDI1, HACIs and ERO1I) on recombinant
protein secretion [9].

It is apparent from this work that there are a number
of pathways that are not overlapping in their response
to oxygen availability in these two yeasts, thus reflecting
important differences in the regulation of their
metabolisms.

Conclusions

The effect of three different conditions of oxygen provi-
sion on the transcriptome of P. pastoris and S. cerevisiae
revealed a very distinct remodelling of the genomic
expression program, particularly in the case of hypoxia.
On one side, such observed differences point to a differ-
ent importance of transcriptional regulation mechanisms
in respect to metabolic remodelling following adaptation
to reduced oxygen availability, which probably reflect a
divergence in the evolution of control mechanisms pre-
ferred by the two yeasts. This might be related to differ-
ent strategies for cell survival in the competition with
other microorganisms: For example, a preference
towards post-transcriptional or post-translational regula-
tion mechanisms, as inferred for S. cerevisiae, gives the
possibility of a faster adaptation to changing conditions
and, therefore, more versatility. On the other side, clear
differences between the two yeasts were detected at the
transcriptome level for several cellular processes related
with protein secretion, namely the ergosterol biosynth-
esis pathway, the central carbon metabolism and the
stress and unfolded protein response. Such physiological
differences underlying the distinct impact of hypoxia on
protein secretion in the two yeasts give a strong indica-
tion on those pathways whose regulation/manipulation
might lead to improved phenotypes with respect to het-
erologous protein production under well defined envir-
onmental conditions.

Overall, the results of this study indicate that combi-
nation of systems biology approaches and biological
systems diversity is a useful tool to gain novel insights
into the physiology of biotechnologically important
microorganisms, from which new strategies for rational
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optimization of strains and cultivation conditions could
be derived.

Methods

Strains and chemostat cultivations

Pichia pastoris

The construction of the P. pastoris strains used in this
study as well as a detailed description of the chemostat
cultivations and sampling are reported elsewhere [15].
In brief, a recombinant P. pastoris X-33 (wild type phe-
notype) derived strain and its corresponding empty-
vector control strain were cultivated in a glucose-limited
chemostat at a dilution rate of 0.1 h™". The recombinant
strain secreted the light and heavy chain of a human
monoclonal antibody Fab (3H6) fragment under the
constitutive GAP promoter. Cultivations were performed
at 3 different oxygen concentrations in the inlet gas
stream, yielding normoxic (21 % O,), oxygen-limited (11
% O,) and hypoxic (8 % O,) conditions. Triplicate sam-
ples for the DNA microarray experiments were taken at
steady state conditions for each oxygen set-point.
Saccharomyces cerevisiae

The coding sequences for the 3H6 Fab heavy and light
chain were both integrated on a pYX integrative expres-
sion vector under control of the constitutive S. cerevisiae
TPI1 promoter. The S. cerevisiae o-factor leader
sequence was used to target the protein into the super-
natant, and a polyA sequence served as terminator. The
expression vectors were integrated into the genome of S.
cerevisiae CEN.PK strain with HIS3 and URA3 as selec-
tion markers. The control strain was transformed with
the empty pYX vectors.

Chemostat cultivations were performed in a bench-
top bioreactor (Biostat B, Braun Biotech International
GmbH) at a working volume of 1.25 L. After a batch
period of approximately 24 hours, chemostat cultiva-
tion was initiated at a dilution rate of D = 0.1 h™'. The
parameters were set to 1000 rpm and 26°C, and the
pH was controlled at 5.0. The total gas flow was kept
constant for all experiments at 1 vvm (volume gas per
volume medium and minute). While normoxic cultiva-
tions were run with pure air in the inlet gas, the oxy-
gen concentration was reduced to 5 % and 2 % for the
oxygen-limited and hypoxic conditions, respectively,
by partially replacing the air with nitrogen. Samples
were taken from three independent experiments after
reaching steady state conditions, i.e. after at least 5
residence times T.

Microarray experiments

The P. pastoris specific DNA microarrays used in this
study were produced on the Agilent platform (Agilent
Technologies) and established by Graf et al. [12]. The
transcriptome analysis for S. cerevisiae was carried out
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with Agilent Yeast Gene Expression Microarrays, 4 x
44K. For both yeast species, RNA extraction, cDNA
synthesis and labeling, as well as the microarray hybridi-
zations and data analysis were performed as reported in
previous studies [12,14]. All samples were labeled in a
dye-swap manner and hybridized against a reference
c¢DNA, which was generated from a pool of cells (either
P. pastoris or S. cerevisiae) grown under different cul-
ture conditions. Microarray data are available in the
ArrayExpress database http://www.ebi.ac.uk/arrayexpress
under accession number E-MEXP-2742 for P. pastoris
and E-MEXP-3134 for S. cerevisiae.

Data analysis

The common gene list between P. pastoris and S. cerevi-
siae contains orthologs of the two species. Orthology was
determined using a reciprocal best hit strategy based on
protein BLASTS of P. pastoris proteins against S. cerevisiae
proteins and vice versa. The protein BLAST was per-
formed with an E-value cut-off < 10 and the BLAST
reports were filtered for hits that had at least one high
scoring segment > 50 amino acids with a similarity > 40 %.
Of the resulting list, 388 gene IDs had to be excluded
since they were either missing on the S. cerevisiae or the
P. pastoris microarray. Additional file 1 contains the final
list of orthologs (2891 gene IDs) with an indication of the
number of S. cerevisiae proteins for which the respective
P. pastoris protein was the best hit. A complete account of
the annotation of P. pastoris can be found in De Schutter
et al. [10] and Mattanovich et al. [11].

Principal Component Analysis (PCA) and Fisher’s
exact test for identification of significantly regulated
gene groups based on gene ontology classes (GO
groups) were carried our using the R platform http://
www.r-project.org. The selection of GO groups was
based on the GOSlim terms with some very large classes
being resolved in more detail. The absolute (normalized)
expression values of each yeast species were applied in
both analyses.

Fold change expression data were subjected to the
‘Expression Omics Viewer’ tool from the SGD Saccharo-
myces genome database http://www.yeastgenome.org for
visualization of the metabolic gene regulation when
comparing hypoxic with normoxic conditions. A three
color display with a specified threshold was applied,
with red for data values that exceed the threshold of
0.59 (log2 fold change, equivalent to a fold change of
1.5), yellow for data values less than the inverse of that
threshold, and blue for values in between.

Data clustering and visualization were performed with
the open source tool Expression Profiler from EBI
http://www.ebi.ac.uk/expressionprofiler. A cluster com-
parison was run between hierarchical clustering (correla-
tion-based distance, average linkage) and k-means
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clustering (Euclidean distance, k = 10). Main clusters
were manually analyzed for the most relevant discrimi-
natory GO groups and genes for each organism, strain
or oxygen comparison.

Additional material

Additional file 1: List of orthologues. List of the orthologues (2891
gene IDs) between S. cerevisiae and P. pastoris used for the direct
comparison of the results of the transcriptional analysis. Orthology was
determined using a reciprocal best hit strategy based on protein BLASTs
(E-value cut-off < 10° and filtering for at least one high scoring segment
> 50 amino acids with a similarity > 40%). 388 gene IDs passing the
filters were excluded since they were missing either on the S. cerevisiae
or on the P. pastoris microarrays.Column A, P. pastoris gene IDs used in
microarrays; column B, S. cerevisiae systematic names; column C, S.
cerevisiae short gene names (corresponding to the protein names);
column D, number of S. cerevisiae genes for which the P. pastoris protein
was the best hit.

Additional file 2: MetaCyc Data Saccharomyces cerevisiae. Regulated
S. cerevisiae pathways in hypoxia vs. normoxia. Individual S. cerevisiae
(recombinant strain) pathways that were transcriptionally regulated (i e.
exceeding the log2 FC threshold of 0.59) in the comparison hypoxic vs.
normoxic conditions, as resulting from the MetaCyc analysis presented in
Figure 3 http://pathway.yeastgenome.org. Pathway numbers in the first
column are referred to Figure 3. Pathway diagrams show all the
intermediates of each pathways; reaction lines and the corresponding
genes are colour-coded (three colour bins) according to the fold change
threshold: red for upregulated, yellow for downregulated and blue for
unregulated; log2 FC for each gene are also shown in colour. Last
column contains the extended enzyme names corresponding to each
gene of the pathway.

Additional file 3: MetaCyc data Pichia pastoris. Regulated P. pastoris
pathways in hypoxia vs. normoxia. Individual P. pastoris (recombinant
strain) pathways that were transcriptionally requlated (i e. exceeding the
log2 FC threshold of 0.59) in the comparison hypoxic vs. normoxic
conditions, as resulting from the MetaCyc analysis presented in Figure 3
http://pathway.yeastgenome.org. Pathway numbers in the first column
are referred to Figure 3. Pathway diagrams show all the intermediates of
each pathways; reaction lines and the corresponding genes are colour-
coded (three colour bins) according to the fold change threshold: red for
upregulated, yellow for downregulated and blue for unregulated; log2
FC for each gene are also shown in colour. Last column contains the
extended enzyme names corresponding to each gene of the pathway.

Additional file 4: Metabolic pathways. List of metabolic pathways that
correspond to the numbers indicated on the cellular overview chart
depicted in Figure 3.

Additional file 5: Gene list of single clusters. Lists of genes
corresponding to each of the cluster resulting from the k-means
clustering (k = 10) depicted in Figure 4B (obtained by Expression Profiler
analysis; http://www.ebi.ac.uk/expressionprofiler). Each column contains a
single cluster. Column names indicate cluster number and, in brackets,
the total number of genes present in each cluster.
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