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I. Introduction

The past century brought the availability of vaccines 
and antibiotics, leading to a dramatic fall in 
mortalities caused by infectious diseases. This led 
to the assumption that infectious disease has been 
defeated by medicine. In 1969 the United States Sur-
geon General actually claimed that “we can close 
the book on infectious diseases”. However, today 
we know that this assumption was naïve, not taking 
into account that evolution is a constant motor in 
adapting the existing organisms to changing envi-
ronmental conditions, including the adaptation 
of pathogens to changes in the host. Today nearly 
25% of the annual deaths world-wide are directly 
related to pathogens (Morens et al. 2004). This can 
be attributed to the appearance of new diseases, 
like HIV, SARS or West Nile Virus, but also to an 
increase of resistance to antibiotics in pathogens 
thought to be defeated, like Mycobacterium tuber-
culosis or Staphylococcus and Enterococcus strains. 
In addition the progress in medical care results in 
a large proportion of immune-deficient patients 
and consequently in an increase in opportunistic 
infections. Especially fungi have gained an infa-
mous reputation during recent decades as being 
highly detrimental to patients with haematologic–
oncologic diseases, neutropenia or after organ 
transplantation. A review of the current literature 
identified 1415 species as known to be pathogenic 
to humans, including 538 bacteria and 307 fungi 
(Cleaveland et al. 2001). The fungi are a large 
group of diverse eukaryotic organisms. Only about 
74 000 to 120 000 of the estimated 1.5×106 exist-
ing species of fungi have been described. Of the 
approximately 300 fungal species that are known 
to cause human infections, the most commonly 
observed live threatening systemic infections are 
caused by opportunistic infections of Candida 
species or Aspergilli. Therefore the major scientific 
interest with regard to fungal pathomechanisms 
has focused on these organisms in the past decade. 
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The early availability of the genome sequence 
of Candida albicans (the first assembly of the 
genome sequence was publicly available in 2000, at 
http://www-sequence.stanford.edu/group/cand-
ida), the availability of molecular tools and the use 
of Saccharomyces cerevisiae as a model for many 
characteristics of C. albicans relevant for patho-
genesis (including morphogenesis and signalling 
pathways involved in stress response) resulted in 
a major body of work concerning this opportun-
istic fungal pathogen (Berman and Sudbery 2002; 
Braun et al. 2005; Jones et al. 2004). Until 2004 
C. albicans was actually the only fungal pathogen on 
which genome-wide transcriptomics using arrays 
had been published. The sequences of other patho-
genic fungi or the tools required for genome-wide 
transcriptomics had not been available to the pub-
lic until then. However, a major body of molecular 
work has been performed on other opportunistic 
fungal pathogens, including C. glabrata, C. parap-
sylosis, C. tropicalis, Cryptococcus neoformans and 
Aspergillus species, where Aspergillus fumigatus 
is leading the clinically relevant species, as well as 
on the genera of primary fungal pathogens, includ-
ing Blastomyces, Coccidioides, Histoplasma and Para-
coccidioides. Due to the advancement of Candida 
albicans transcriptomics this chapter mainly 
focuses on this organism and only briefly touches 
the current work on other fungal pathogens.

A.  Prerequisite for Transcriptomics: 
Genomic Sequences

The availability of complete genomic sequences 
and new methods to use this knowledge was key 
for the development and use of genome-wide 
technologies, including array technologies. Within 
the past decade sequencing of entire genomes 
has been a major effort both in academic as well 
as in commercial research. The first sequenced 
eukaryotic genome was the genome of Sac. cerevisiae 
(the second completely sequenced genome at all) 
in 1996. Only five years later a first draft of the 
human genomic sequence was published (Lander 
et al. 2001; Venter et al. 2001). Now the genome 
sequences of significantly more than 1000 organ-
isms, including all kingdoms and viral genomes as 
well as the genomes of almost all the major patho-
genic microbes, can be found in various databases, 
e.g. at NCBI Entrez Genomes, in different stages 
of their emergence, e.g. as completed annotated 

sequences, sequences in assembly or progress 
(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?C
MD=Details&DB=genome). As a consequence, a 
new discipline has arisen, which has been named 
“pathogenomics.” As the name implies, pathog-
enomics is the analysis at the genomic level of 
the processes involved in pathogenesis caused by 
the interaction of pathogenic microbes and their 
hosts (for a review, see Pompe et al. 2005).

A recent review by Galagan summarizes all 
the fungal genome sequencing projects that are 
publicly available at any of the stages, from nomi-
nated candidates to fully assembled and annotated 
genomes (Galagan et al. 2005). Galagan focuses 
on comparative genomics. Currently 85 fungal 
genome sequences are listed at the NCBI of which 
nine are referenced as completed and 44 are at the 
assembly stage (as of 4 August 2006; Table 9.1). 
A total of 16 links to publications of fungal genomic 
sequences are given, including annotations of the 
respective genome (http://www.ncbi.nlm.nih.gov/
genomes/leuks.cgi). Besides model organism like 
Sac. cerevisiae or Schizosaccharomyces pombe, 
this list contains several of the human pathogenic 
fungi, including C. albicans, C. glabrata, C. tropi-
calis, Cryptococcus neoformans var. neoformans, 
A. fumigatus, Histoplasma capsulatum and Coc-
cidioides immitis among others (Dujon et al. 2004; 
Jones et al. 2004; Loftus et al. 2005; Nierman et al. 
2005). The availability of the increasing wealth 
of fungal sequences is largely due to initiatives 
for fungal genomics applying a kingdom-wide 
approach like the Fungal Genome Initiative of the 
Broad Institute (http://www.broad.mit.edu/anno-
tation/fungi/fgi/index.html) or the Genolevures 
consortium (http://cbi.labri.fr/Genolevures/). Both
initiatives selected a well defined collection of 
fungi (rather than choosing individual fungi in 
isolation) that maximizes the overall value for 
comparative genomics, evolutionary studies, 
eukaryotic biology and medical studies.

Based on these complete genomic sequences, 
DNA-microarray technology has been widely used 
for expression profiling, to monitor changes of 
transcriptional activity of every known or anno-
tated gene of the respective fungi in a single exper-
iment. For Sac. cerevisiae the first genome-wide 
transcriptional analyses appeared shortly after 
completion of the genomic sequence (DeRisi et al. 
1997; Hauser et al. 1998; Wodicka et al. 1997). This 
set the start for genome-wide analysis of an organism 
based on the knowledge of its genome. Thus Sac. 
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Table 9.1. Status of fungal genome sequencing projects as of August 2006

Organism name
Organism 
subgroup Size (Mb) Status Depth

Sequence 
release date 
(month/day/
year) Center/Consortium

Ajellomyces capsu-
latus G186AR

Ascomycetes 24.0 In progress 2× Washington 
University (WashU)

Aje. capsulatus 
G217B

Ascomycetes 24.0 In progress 8× Washington 
University (WashU)

Aje. capsulatus 
NAm1 NAm I

Ascomycetes 28.0 Assembly 4× 09/21/2005 Broad Institute

Aje. dermatitidis 
ATCC 26199

Ascomycetes 28.0 In progress 3× Washington 
University (WashU)

Antonospora 
locustae

Other Fungi 2.9 In progress 3× Marine Biological 
Laboratory

Ascosphaera apis 
USDA-ARSEF 
7405

Ascomycetes 24.0 Assembly 4× 07.06.2006 Baylor College of 
Medicine

Aspergillus clava-
tus NRRL 1

Ascomycetes 35.0 Assembly 11.4× 09.09.2005 TIGR

Asp. flavus 
NRRL3357

Ascomycetes 36.0 Assembly 5× 08.01.2005 TIGR

Asp. fumigatus 
Af293

Ascomycetes 30.0 Assembly 10× 06.01.2005 TIGR/Sanger 
Institute

Asp. nidulans
 FGSC A4

Ascomycetes 31.0 Assembly 13× 04.07.2003 Broad Institute

Asp. parasiticus Ascomycetes In progress University of 
Oklahoma

Asp. terreus ATCC 
20542

Ascomycetes 35.0 Assembly 01/22/2003 Microbia

Asp. terreus 
NIH2624

Ascomycetes 35.0 Assembly 11.05× 08/30/2005 Broad Institute

Batrachochytrium 
dendrobatidis

Other Fungi 20.0 In progress 10× Broad Institute

Botryotinia fuck-
eliana

Ascomycetes 38.0 In progress 10× Genoscope/Bayer 
CropScience

Bot. fuckeliana 
B05.10

Ascomycetes 38.0 Assembly 5.4× 10/20/2005 Syngenta Biotech., 
Inc./Broad Institute

Candida albicans 
1161

Ascomycetes In progress Welcome Trust Sanger 
Institute

Can. albicans 
SC5314

Ascomycetes 16.0 Assembly 02/24/2001 Stanford University

Can. albicans 
WO-1

Ascomycetes 14.0 Assembly 10× 03/28/2006 Broad Institute

Can. glabrata 
CBS 138

Ascomycetes 12.2 Complete 8× 07.02.2004 Genolevures 
Consortium

Can. tropicalis 
CBS 94

Ascomycetes 15.0 In progress 0.2× Genolevures 
Consortium

Can. tropicalis 
MYA-3404

Ascomycetes 15.0 Assembly 10× 03/16/2005 Broad Institute

Chaetomium 
globosum CBS 
148.51

Ascomycetes 36.0 Assembly 7× 03/14/2005 Broad Institute

Clavispora 
lusitaniae 
ATCC 42720

Ascomycetes 16.0 Assembly 9× 03/16/2005 Broad Institute

Coccidioides 
immitis H538.4

Ascomycetes 29.0 In progress 3× Broad Institute

Coc. immitis RS Ascomycetes 28.7 Assembly 10× 10.04.2004 Broad Institute

(continued)
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Table 9.1. (continued)

Organism name
Organism 
subgroup Size (Mb) Status Depth

Sequence 
release date 
(month/day/
year) Center/Consortium

Coc. posadasii 
C735

Ascomycetes 29.0 In progress TIGR

Coprinopsis cinerea 
okayama7#130

Basidiomycetes 37.5 Assembly 10× 07/30/2003 Broad Institute

Cryptococcus neo-
formans R265

Basidiomycetes 20.0 Assembly 6× 03/17/2005 Broad Institute

Cry. neoformans 
WM276

Basidiomycetes 18.3 In progress 6× Genome Sciences Cen-
tre/Univ. of British 
Columbia

Cry. neoformans 
var. grubii H99

Basidiomycetes 20.0 Assembly 11× 06/24/2003 Broad Institute/Duke 
University

Cry. neoformans 
var. neoformans 
B-3501A

Basidiomycetes 18.5 Assembly 07/13/2004 Stanford Univ.

Cry. neoformans 
var. neoformans 
JEC21

Basidiomycetes 19.1 Complete 12.5× 01.07.2005 TIGR/Stanford Uni-
versity

Debaryomyces 
hansenii CBS767

Ascomycetes 12.2 Complete 9.7× 07.02.2004 Genolevures Consor-
tium

Encephalitozoon 
cuniculi GB-M1

Other Fungi 2.5 Complete 11/24/2001 Genoscope|Universite 
Blaise Pascal

Eremothecium 
gossypii ATCC 
10895

Ascomycetes 8.74 Complete 03.06.2004 Zool. Institut der Univ. 
Basel, Switzerland

Gibberella monili-
formis 7600

Ascomycetes 46.0 Assembly 4.2× 10/20/2005 Syngenta Biotech., 
Inc./Broad Institute

G. zeae PH-1 Ascomycetes 40.0 Assembly 10× 05.09.2003 International 
Gibberella zeae 
Genomics 
Consortium/Broad 
Institute

Kazachstania 
exigua CBS 379

Ascomycetes 18.0 In progress 0.2× Genolevures 
Consortium

Kluyveromyces 
lactis NRRL 
Y-1140

Ascomycetes 10.7 Complete 11.4× 07.02.2004 Genolevures 
Consortium

Klu. marxianus 
CBS 712

Ascomycetes 14.0 In progress 0.2× Genolevures 
Consortium

Klu. thermotoler-
ans CBS 6340

Ascomycetes 10.6 In progress 0.2× Genolevures 
Consortium

Klu. waltii NCYC 
2644

Ascomycetes 10.9 Assembly 8× 03.09.2004 Broad Institute

Lodderomyces 
elongisporus 
NRLL YB-4239

Ascomycetes 16.0 In progress 8× Broad Institute

Magnaporthe 
grisea 70-15

Ascomycetes 40.0 Assembly 7× 10/31/2003 International Rice 
Blast Genome 
Consortium/Broad 
Institute/Fungal 
Genomics Lab., 
North Carolina 
State Univ.

M. grisea 70-15 Ascomycetes 40.0 Assembly 01/30/2006 North Carolina State 
University (NCSU)

(continued)
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Table 9.1. (continued)

Organism name
Organism 
subgroup Size (Mb) Status Depth

Sequence 
release date 
(month/day/
year) Center/Consortium

Nectria haemato-
cocca MPVI

Ascomycetes 40.0 In progress DOE Joint Genome 
Institute

Neosartorya 
fischeri NRRL 
181

Ascomycetes 35.0 Assembly 09.09.2005 TIGR

Neurospora crassa 
OR74A

Ascomycetes 43.0 Assembly 10× 04/25/2003 Broad Institute

Phaeosphaeria 
nodorum SN15

Ascomycetes Assembly 04.04.2005 Broad Institute

Phakopsora meibo-
miae

Basidiomycetes In progress 8× DOE Joint Genome 
Institute

Phk. pachyrhizi Basidiomycetes 50.0 In progress 8× DOE Joint Genome 
Institute

Phanerochaete 
chrysosporium 
RP-78

Basidiomycetes 30.0 Assembly 05.04.2004 DOE Joint Genome 
Institute

Pichia angusta 
CBS 4732

Ascomycetes In progress 0.5× Genolevures 
Consortium

Pic. angusta RB11 Ascomycetes 9.5 In progress 8× Qiagen
Pic. farinosa CBS 

7064
Ascomycetes 13.9 In progress 0.4× Genolevures 

Consortium
Pic. guilliermondii 

ATCC 6260
Ascomycetes 12.0 Assembly 12× 03/17/2005 Broad Institute

Pic. stipitis CBS 
6054

Ascomycetes 15.4 In progress DOE Joint Genome 
Inst./Stanford Univ.

Pneumocystis 
carinii

Ascomycetes 8.0 In progress University of Cincin-
nati

Podospora anse-
rina

Ascomycetes 34.0 In progress 7× Broad Institute

Pod. anserina S 
mat+

Ascomycetes 34.0 In progress 10× Genoscope/CGM at 
the CNRS/Orsay 
Univ./Univ. 
Bordeaux II/
Wageningen Univ.

Rhizopus oryzae 
RA 99–880

Other Fungi 40.0 Assembly 10× 03/17/2005 Broad Institute

Saccharomyces 
bayanus 623-6C

Ascomycetes 11.5 Assembly 2.9× 05/31/2003 Washington 
University (WashU)

Sac. bayanus 
MCYC 623

Ascomycetes 11.5 Assembly 6.4× 05/16/2003 Broad Institute

Sac. castellii NRRL 
Y-12630

Ascomycetes Assembly 3.9× 05/31/2003 Washington 
University (WashU)

Sac. cerevisiae 
S288c

Ascomycetes 12.1 Complete 10/25/1996 Sanger Institute/Euro-
pean Yeast Genome 
Sequencing 
Network (EYGSN)/
McGill Univ./Stan-
ford Univ./Tsukuba 
Life Science Center/
Washington Univ. 
(WashU)

Sac. cerevisiae 
RM11-1a

Ascomycetes 12.0 Assembly 10× 03/16/2005 Broad Institute

Sac. cerevisiae 
YJM789

Ascomycetes 16.0 Assembly 10× 01.06.2005 Stanford University

(continued)
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Table 9.1. (continued)

Organism name
Organism 
subgroup Size (Mb) Status Depth

Sequence 
release date 
(month/day/
year) Center/Consortium

Sac. kluyveri NRRL 
Y-12651

Ascomycetes 12.6 Assembly 3.6× 05/31/2003 Washington 
University (WashU)

Sac. kluyveri NRRL 
Y-12651

Ascomycetes In progress 0.2× Genolevures Consor-
tium

Sac. kudriavzevii 
IFO 1802

Ascomycetes Assembly 3.4× 05/31/2003 Washington 
University (WashU)

Sac. mikatae IFO 
1815

Ascomycetes 12.1 Assembly 5.9× 05/16/2003 Broad Institute

Sac. mikatae IFO 
1815

Ascomycetes 12.1 Assembly 2.8× 05/31/2003 Washington 
University (WashU)

Sac. paradoxus 
NRRL Y-17217

Ascomycetes 11.8 Assembly 7.7× 05/16/2003 Broad Institute

Sac. servazzii CBS 
4311

Ascomycetes 12.3 In progress 0.2× Genolevures 
Consortium

Sac. uvarum CLIB 
533

Ascomycetes In progress 0.4× Genolevures 
Consortium

Schizosaccharomy-
ces japonicus

Ascomycetes 14.0 In progress 7× Broad Institute

Sch. octosporus Ascomycetes 14.0 In progress 7× Broad Institute
Sch. pombe 972h− Ascomycetes 12.5 Complete 8× 02/21/2002 Sch. pombe European 

Sequencing 
Consortium 
(EUPOM)/Sanger 
Institute/Cold 
Spring Harbor Lab

Sclerotinia sclero-
tiorum 1980

Ascomycetes 38.0 Assembly 8× 09/20/2005 Broad Institute

Trichoderma reesei 
QM9414

Ascomycetes 33.0 Assembly 08.04.2005 DOE Joint Genome 
Institute/Los 
Alamos National 
Laboratory

Uncinocarpus 
reesii 1704

Ascomycetes 30.0 Assembly 5× 09/13/2005 Broad Institute

Ustilago maydis 
521

Basidiomycetes 20.0 Assembly 10× 07/29/2003 Broad Institute

Yarrowia lipolytica 
CLIB122

Ascomycetes 20.5 Complete 10× 07.02.2004 Genolevures 
Consortium

Zygosaccharomyces 
rouxii CBS 732

Ascomycetes 12.8 In progress 0.4× Genolevures 
Consortium

cerevisiae was also key in developing both the bio-
chemical and bioinformatic methods necessary 
for transcriptional profiling. Today thousands of 
transcription profiles have been generated from 
Sac. cerevisiae, which also can be of use for com-
parison to the biology of other fungi. At the Sac-
charomyces Genome Database (SGD, http://www.
yeastgenome.org/), links to publicly available data 
sets have been set and many results thereof were 
integrated into the functional descriptions of 
genes (see SGD at http://www.yeastgenome.org/). 

This amount of data shows that, besides the knowl-
edge of the genome, ways to generate and analyse 
the data are a prerequisite for transcriptomics. 
Microarray fabrication and data analysis, however, 
are beyond the scope of this chapter and cannot be 
reviewed. For recent reviews, see Barbulovic-Nad 
et al. (2006) and Eisenstein (2006).

Transcriptomics can be used in several ways. 
The most straightforward way to use transcrip-
tomics is to use it as a screening tool to study gene 
function or to identify individual genes required 
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for adaptation to certain environmental conditions. 
This strategy mimics conventional mutational or 
promoter activation screens. Especially for patho-
genic fungi with cryptic or absent sexual cycles 
– excluding the use of classic genetics – this tech-
nology greatly facilitates research. DNA-microar-
rays have the advantage that the mRNA levels of all 
genes represented on the array can be monitored 
in a single experiment avoiding tedious screen-
ing procedures which may be developed using 
conventional methods if possible at all. However, 
genes which have not been included in the arrays, 
e.g. due to exclusion from annotation because of 
size (usually the limit is at 100 bp), sequencing 
and annotation problems or other reasons, are not 
included in the analysis. A more comprehensive 
approach is the analysis of large sets of transcrip-
tome data in order to create a picture of intercon-
nected networks of signalling pathways. This can 
take account of the fact that signalling pathways 
in general are not operating in an isolated fashion, 
but rather form an entangled web of numerous 
possible signalling avenues and feedback loops 
(Carter et al. 2006; Ihmels et al. 2005).

There are also pitfalls one should keep in mind 
if working on a genome-wide level. For many of 
the genes in a genome defined by an open reading 
frame and annotated by homology to a gene from 
another organism, still no experimental evidence 
has been generated for its function, localisation or 
other parameters. Although the predictive models 
for gene/protein function are getting better and 
better, they are based on present knowledge. This 
might lead to incorrect conclusions based on incor-
rect assignment of functionalities. Furthermore, 
completely new functionalities may not be rec-
ognized in transcriptional profiling experiments 
based on the predictions included in the gene 
annotations. In addition regulatory mechanisms 
which do not require changes in mRNA levels, e.g. 
activating of signalling molecules by post-trans-
lational modifications, can not be detected using 
transcriptomics. Although transcriptional profil-
ing is an excellent tool for unravelling complex 
interaction of cellular pathways, it should also be 
seen as a tool with certain limitations.

Nevertheless transcriptomics have been used to 
create a comprehensive picture of changes in gene 
expression of pathogenic fungi during host–pathogen 
interaction, stress response or other environmental 
challenges which ultimately will contribute to the 
better understanding of the mechanisms of infection 

and thus foster the development of new diagnos-
tics, therapeutics and vaccines.

II. Transcriptomics of Fungal Pathogens

A. Transcriptomics of Primary Fungal Pathogens

Primary fungal pathogens are able to cause dis-
ease in individuals who have no immune deficien-
cies and are in good health. Dermatophytes are the 
most important group causing primary infections 
in humans, including athletes foot, tinea and other 
skin infections. Responsible for these infections are 
dermatophytes of the genera Trichophyton, Micro-
sporum and Epidermophyton. Although these are 
probably the most common fungal infections 
worldwide, research on dermatophytes is under-
represented. Only one publicly available genome 
project for dermatophytes (T. rubum) is currently 
at the planning stage (http://www.broad.mit.edu/
annotation/fungi/fgi/nominated.html). Therefore 
no genome-wide transcriptional profiling experi-
ments have been published to date.

Another group of primary fungal patho-
gens has been investigated in more detail. These 
encompass genera of dimorphic fungi including 
Blastomyces, Coccidioides, Histoplasma and Para-
coccidioides. These fungi cause endemic mycoses 
in subtropical or tropical areas of the Americas or 
Africa. Sequencing projects for Coccoides imitis 
strains and Histoplasma capsulatum strains are 
well advanced (see Table 9.1). For H. capsulatum 
transcriptional studies using a shotgun array cov-
ering approximately one-third of the genome have 
been published already (Gebhart et al. 2006; Hwang 
et al. 2003b). For C. imitis a partial array contain-
ing 1000 putative ORFs has just been employed 
(Johannesson et al. 2006). Blastomyces dermatitidis 
and Paracoccidioides brasiliensis are on the list of 
nominated candidates for sequencing (http://www.
broad.mit.edu/annotation/fungi/fgi/nominated.
html). A significant body of work based on an EST-
based transcriptomic approach has been reported 
recently for P. brasiliensis (Andrade et al. 2005).

B.  Transcriptomics of Opportunistic Fungal 
Pathogens

Opportunistic fungal pathogens normally are not 
able to infect immunocompetent individuals. Some 
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of them, e.g. Candida species like C. albicans are 
even part of the normal microflora of a large part 
of the population. Other fungi like A. fumigatus are 
normally saprophytic and Cryptococcus neoform-
ans is associated with birds. These fungi may cause 
mycoses of various grades, including a high rate of 
fatal cases, in immunocompromised hosts like 
HIV, cancer and diabetes patients among others. 
For several of the opportunistic fungal pathogens 
the genomes have been completed, including suf-
ficient annotation to enable the design of genome-
wide arrays for transcriptional profiling.

Currently, genome-wide transcriptional profil-
ing experiments using arrays based on the genomic 
sequence of the organism have been published 
from four species of opportunistic fungi, Candida 
albicans, C. glabrata (Vermitsky et al. 2006), Cryp-
tococcus neoformans (Cramer et al. 2006; Kraus 
et al. 2004) and A. fumigatus (da Silva Ferreira et al. 
2006; Nierman et al. 2005). By far the largest body 
of data has been created from Candida albicans. 
The Candida Genome database (Arnaud et al. 2005; 
Costanzo et al. 2006) lists 81 hits for genome-wide 
analysis publications (August 2006; http://www.
candidagenome.org/cache/genome-wide-analysis.
html) of which 66 are using transcriptome analysis. 
For the other organisms in total less than ten are 
found in PubMed (as of August 2006). Therefore, 
this review focuses on the transcriptomics of 
C. albicans.

III. Transcriptomics of Candida albicans

C. albicans is mostly found as a commensal organ-
ism which colonizes the gastrointestinal/urogeni-
tal tract in a large part of the population without 
causing any symptoms. However, C. albicans is 
able to switch between a commensal and a path-
ogen. This is in contrast to other opportunistic 
fungal pathogens like Aspergilli which are in gen-
eral not part of the human microbial flora. Thus 
C. albicans has not only developed mechanisms to 
colonize, infect and invade into the host but must 
have developed mechanisms to persist in the host 
in large numbers without causing any damage. 
This switch between commensal and pathogen 
is central to C. albicans and has resulted in new 
definitions of pathogens (Casadevall and Pirofski 
2003). Currently, no appropriate model system for 
commensalisms of fungi exists which restricts the 

work performed to study pathogenesis to more or 
less artificial model systems. Therefore, the symp-
tom-free interplay between the host and a com-
mensal fungus, which often is a prerequisite for 
infection, so far cannot been studied. The major-
ity of the studies undertaken to date have been 
focusing on fundamental mechanisms generally 
thought to be required for pathogenesis, e.g. stress 
response, response to antimycotics, switching 
between different morphologies (yeast-to-hyphae 
transition) or the function of specific virulence 
genes by comparing mutant and wild-type or 
revertant strains in vitro. Furthermore, simple 
model systems mimicking host–pathogen interac-
tion, e.g. C. albicans encountering the host defense, 
like macrophages or neutrophils or adhering and 
penetrating into tissue using different reconsti-
tuted tissue models derived from cell lines or pri-
mary cells, have been used to shed light into early 
stages of candidiasis. Also first attempts to directly 
investigate gene expression profiles of C. albicans 
isolated from patients have been reported.

For the C. albicans genome, several sequenc-
ing projects have been carried out, mostly com-
mercially driven. A publicly available sequence of 
the genome was completed and assembled in 2000 
by the Stanford Technology Centre (http://www-
sequence.stanford.edu/group/candida). However, due 
to the diploid character of the organism, even a 
ten-fold coverage of the genomic sequence could 
only be assembled in more than 1200 contigs, indi-
cating significant ambiguities (assembly 4). The 
following assemblies were significantly improved. 
For the recent assembly 19, published in May 2002, 
the ploidy of the organism was taken into account 
and a diploid genome of C. albicans was assembled 
(266 contigs over eight chromosomes with a total 
of 14.88 Mb of sequence). Assembly 20 has been 
released recently; however, in this case two differ-
ent strain backgrounds have been inappropriately 
mixed to fill-in sequence gaps, resulting in small 
sequence stretches which might be inaccuarate 
(Arnaud et al. 2007; Nantel 2006). Nevertheless, even 
with the early preliminary assembled sequences 
and many uncertainties in gene annotation, several 
comprehensive databases were initiated, describing 
predicted genes with respect to homologies to other 
organisms, especially Sac. cerevisiae (e.g. http://
genolist.pasteur.fr/CandidaDB/, http://wwwsequence.
stanford.edu/group/candida or http://alces.med.umn.
edu:80/Candida.html). While early on over 9000 
ORFs were found in an automated ORF prediction 
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procedure at the Stanford Technology Centre, 
between 6000 and 7200 ORFs were annotated 
in non-redundant gene sets in databases of dif-
ferent groups. These efforts resulted in several 
recent publications of the diploid sequence of 
C. albicans, its annotated ORFs and functional 
assignments (Braun et al. 2005; Costanzo et al. 2006; 
d’Enfert et al. 2005; Jones et al. 2004).

The publicly available sequence of the C. albi-
cans genome by the Stanford Technology Cen-
tre was the basis for most of the transcriptome 
studies published to date. Early gene expression 
data, performed on DNA-arrays comprising sub-
sets of about 300 up to 2000 genes of the genome 
as well as arrays containing groups of function-
ally related genes, e.g. like genes encoding for 
cell wall proteins, have been published by several 
groups (Bensen et al. 2002; Braun et al. 2001; Lane 
et al. 2001; Lotz et al. 2004; Murad et al. 2001; Sohn 
et al. 2003). The first microarray data predicting to 
cover almost the complete genome, however, derived 
from a commercial source of about 6600 cDNA 
library sequences, investigating C. albicans response 
to drug treatment (De Backer et al. 2001). Since 
then several groups have been developing genome-
wide arrays based on the public available sequence. 
Arrays used for the studies described here include 
arrays generated by Incyte Genomics (De Backer et 
al. 2001), the high-density oligonucleotide GeneChip 
manufactured by Affymetrix (Santa Clara, Calif.; 
Lan et al. 2002), arrays based on spotted PCR prod-
ucts by the Biotechnology Research Institute (NRC, 
Montreal, Canada; http://www.irb-bri.cnrc.gc.ca/ 
microarraylab/; Nantel et al. 2002), by Eurogentec 
SA (Ivoz-Ramet, Belgium) in collaboration with the 
European Galar Fungail Consortium (www.pasteur.fr/
recherche/unites/Galar_Fungail/; Fradin et al. 2003) 
and by Fraunhofer-IGB (Stuttgart, Germany; Sohn 
et al. 2003, 2006) among others. A summary of the 
arrays including their characteristics is given in 
Table 9.2. These arrays have been used to study 
C. albicans with regard to response to antimycotics 
and development of resistance, environmental 
stresses, hyphal development, host–pathogen inter-
action, biofilm formation and cell wall biogenesis as 
well as switching and mating among other studies 
(Fig. 9.1). Some of the results found in these studies 
are reviewed below. For a comprehensive review of 
the biology of C. albicans, see Calderone (2002).

Although most of these arrays are derived 
from the same genomic sequence, significant 
differences both in early and late established 

arrays as well as in the definition of ORFs resulted 
in microarrays which differ in their extent of gene 
specific probes predicted to be detectable. Further-
more, the different array facilities have designed 
distinct oligo sets or PCR-products for detection 
of the individual transcripts, which may result in 
differences in the detection of these transcripts. 
This is certainly one of the reasons for differences 
in the expression level and even the presence of 
individual genes between the individual arrays, 
which in some cases are evident. Nevertheless, the 
general picture of transcriptional profiling in gen-
eral is comparable also when the different arrays 
developed in various laboratories have been used 
for similar experiments.

A. Resistance Mechanisms to Antimycotics

One of the most intensively studied topics in 
C. albicans is its defence mechanisms against 
antimycotics and the development of resistance. 
Several approaches to identify resistance mecha-
nisms using transcriptomics are reported in the 
literature. One way is to directly confront C. albi-
cans with the respective drug and monitor the 
change in gene expression. The first published tran-
scriptomics study for C. albicans used this approach 
(De Backer et al. 2001). Another approach is to 
look at changes of gene expression in resistant 
clinical isolates or series of isolates with increas-
ing resistance, e.g. (Rogers and Barker 2003). 
A third approach found in the literature is to follow 
adaptation of C. albicans in experimental microbial 
populations to (sub)-inhibitory concentrations 
of an antimicrobial drug. This experiment mim-
icked the evolution of drug resistance and identi-
fied genetic changes which were accompanied by 
changes in gene expression that persisted in the 
absence of the drug, resulting in new constitutive 
patterns of drug resistance (Cowen et al. 2002).

1. Response of C. albicans to Antimycotics

The first publication on transcriptomics of 
C. albicans was on its response to itraconazole (De 
Backer et al. 2001). The microarray was generated 
by Incyte Genomics containing 6600 ORFs, which 
were identified from genomic DNA sequences 
and cDNA sequences. In this study CAI-4, a URA3 
deficient strain generally used in the community 
was used (Fonzi and Irwin, 1993). Among other 
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Table 9.2. Characteristics of genome-wide microarrays used for C. albicans transcriptomics reviewed in this chapter. The 
denotation within brackets in column 1 (Consortium/fabrication) is used within the text to identify the DNA-microarray 
used for the respective study

Consortium/fabrication Type References/links

Jansen Research Foundation/Incyte 
Genomics, USA (Incyte)

Spotted PCR-products: 6600 ORFs 
derived from genomic sequence 
and cDNA sequences

De Backer et al. (2001)

European Galar Fungail Consor-
tium/Eurogentec SA (Ivoz-Ramet, 
Belgium) (Eurogentec)

Spotted PCR-products: 6039 putative 
ORFs derived from assembly 6 of 
C. albicans genome ~300 bp 
PCR-product of each ORF

http://www.pasteur.fr/recherche/unites/
Galar_Fungail/

Biotechnology Research Institute, 
National Research Council, Mon-
treal, Canada (BRI)

Spotted PCR-products: several ver-
sions, starting with assembly 4 
(6580 ORFs greater 250 bp) up to 
assembly 19 (6002 ORFs). Latest 
version: 70mer oligonucleotide 
probes 6354 potential ORFs

http://www.irb-bri.cnrc.gc.ca/microarray-
lab/

Rupp Lab, Fraunhofer IGB, Stuttgart, 
Germany (IGB)

Spotted PCR-products: 7200 orfs 
(<100 base pairs). ORFs derived 
from assembly 6 of C. albicans 
genome, 300–600 bp PCR-product 
for each ORF

http://www.igb.fraunhofer.de/

Agabian Lab, UCSF/Affymetrix, USA 
(Affymetrix)

Custom high-density oligonucleotide 
Genechip: 13 025 probe sets; these 
probe sets reflect 7116 large ORFs 
(<100 amino acids), 247 structural 
RNA targets, 4208 unannotated 
small ORFs

Lan et al. (2002)

Fink and Johnson Labs, Whitehead 
Institute and UCSF, USA (UCSF/
WI)

Spotted PCR-products: Primer design 
and ORF amplification were per-
formed in collaboration between 
A. Johnson, UCSF and G. Fink, 
Whitehead Institute, giving 10 000 
PCR products representing ~6300 
ORFs, with many ORFs represented 
by more than one spot

Bennett et al. (2003)

Consortium for Candida DNA Micro-
array Facilities, USA (CCDMF)

Spotted PCR-products: PCR-products 
of 6175 unique C. albicans ORFs 
derived from assembly 6

Bensen et al. (2004)

Operon (Operon) 70mer oligonucleotide http://www.operon.com/arrays/oligosets_
yeasts_overview.php

genes, this study revealed a global up-regulation 
of the ERG genes, in agreement with studies show-
ing that the target of the azoles is the ergosterol 
biosynthetic pathway. In addition changes were 
observed in cell wall maintenance genes, lipid bio-
synthesis and gene products involved in vesicular 
transport. Interestingly induction of multi-drug 
transporters was not observed under the condi-
tions used (24 h incubation with 10 µM itraconazol 
in synthetic glucose medium). Over all, treatment 
of cells with 10 µM itraconazole resulted in 296 
responsive genes. For 116 genes transcript lev-
els were decreased at least 2.5-fold, while for 180 
genes transcript levels were similarly increased. 
The ERG genes ERG11 and ERG5 were found to be 

up-regulated approximately 12-fold. In addition, a 
significant up-regulation was observed for ERG6, 
ERG1, ERG3, ERG4, ERG10, ERG9, ERG26, ERG25, 
ERG2, IDI1, HMGS, NCP1 and FEN2, all of which 
are genes known to be involved in ergosterol bio-
synthesis.

Liu et al. (2005) examined changes in the 
gene expression profile of C. albicans following 
exposure to representatives of the four currently 
available classes of antifungal agents used in the 
treatment of systemic fungal infections, the azoles, 
polyenes, echinocandines and nucleotide analoga. 
The most remarkable finding of this study is that 
none of the differentially regulated genes found 
exhibited similar changes in expression for all 
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four drugs. Therefore, the response to the indi-
vidual drug seems to be highly specific. This result 
could give an explanation for the observed ben-
efit of combinatorial treatments due to the addi-
tive effect of multiple cellular defects induced by 
the combination of drugs. The experiments were 
conducted using microarrays manufactured by 
Eurogentec. SC5314 was grown in synthetic com-
plete dextrose medium at a drug concentration 
corresponding to the IC50. All genes deviating by 
a factor of at least 1.5-fold from SC5314 incubated 
without the respective drug were defined as dif-
ferentially expressed genes.

For each of the conditions used the authors 
identified a number of differentially regulated 
genes, ranging from 82 for incubation with ketoco-
nazole (KTZ), 256 for incubation with Amphoter-
icin B (AMB), 439 for incubation with 5-flucytosine 
(5-FC), up to 480 for incubation with Caspofungin 
(CPF). Only two of the genes responded similar 
to AMB, KTZ and CPF. These were DDR48, a gene 
known to be responsive to stress, and FET33 encod-
ing for a ferroxidase required for high affinity iron 
uptake.  Approximately 60 genes responded similar to 

AMB and CPF. This included the down-regulation of 
genes involved in iron regulation (CFL1, CFL2, FTR1, 
FTR2, CTR1, FTH1), chromatin/chromosome struc-
ture (HHF21, HHT21, HHF22, HTA1, HHT3, HTB1, 
NHP6A), and lipid, fatty acid and sterol metabolism 
(ERG25, ERG251, SAH1, ERG3, OPI3, ERG13, FAS1, 
ERG9). The authors speculated that these commonly 
differentially expressed genes reflect a response 
to a compromised cellular integrity, as both AMB 
and CPF are fungicidal agents. Other combinations 
found were marginal in number.

The response to the individual drugs was also 
described in detail. KTZ exposure increased the 
expression of genes involved in lipid, fatty acid and 
sterol metabolism, including NCP1, MCR1, CYB5, 
ERG2, ERG3, ERG10, ERG25, ERG251 and ERG11 
(the azole target). KTZ also increased expression 
of several genes associated with azole resistance, 
including CDR1, CDR2, IFD4 (CSH1), DDR48 and 
RTA3. In agreement with the study by De Backer 
et al. (2001) several genes were found in both stud-
ies including ERG2, ERG3, POT14 (ERG10), ERG11, 
ERG25, NCP1, CYB5, SAH1, DDR48, CWH8 and 
CTR1. Differences in the results of these studies were 

Fig. 9.1. Principle of transcriptomics. Cells are grown 
under two conditions of interest, e.g. yeast and hyphal 
growth conditions. RNA is isolated from cells grown under 
both conditions, labelled and co-hybridized to DNA-

microarrays (for Affymetrix GenChips each labeled mRNA 
population is hybridized separately). Data analysis can be 
performed using clustering algorithms, e.g. correspond-
ence analysis as shown here (Fellenberg et al. 2006)



198 Steffen Rupp 

explained by the authors by differences between 
the drugs used and the experimental designs 
employed (in the study by De Backer, C. albicans 
was exposed to itraconazole for 24 h). Interestingly, 
there seems to be no UPC2 regulon in C. albicans 
as observed in Sac. cerevisiae (Agarwal et al. 2003). 
In Sac. cerevisiae UPC2 is the transcriptional regu-
lator for sterol uptake under anaerobic conditions 
(Vik and Rine 2001).

AMB produced changes in the expression of 
genes involved in small-molecule transport, espe-
cially up-regulation of ion transporters, includ-
ing calcium (IPF11550, IPF11560), potassium 
(IPF9136), sodium (ENA21), zinc (ZRT2), and sul-
fate (SUL1) transport, indicative of ion loss across 
the plasma membrane. This is consistent with the 
role of AMB in disruption of the plasma membrane. 
Furthermore, genes involved in stress response 
were identified (YHB1, CTA1, AOX1, SOD2, GSH1), 
consistent with the role of AMP in causing oxidative 
stress (Sokol-Anderson et al. 1988). Also observed 
was a decreased expression of genes involved in 
ergosterol biosynthesis, including ERG26, ERG16, 
ERG11, ERG9, ERG25, ERG13, ERG251 and ERG3, 
the fatty acid biosynthesis genes FEN12, FAS1, FAS2 
and ACB1, and the phospholipid biosynthesis genes 
CHO2 and OPI3, indicative of the need of the cell 
to avoid the presence of ergosterol in the plasma 
membrane. In contrast to the study of Barker et al. 
(2004) who investigated in vitro generated strains 
resistant to AMB overexpression of ERG5, ERG6 
and ERG25 -a- ll facilitating the alternate produc-
tion of sterols – was not observed.

CPF targets the cell wall by inhibition of β-1,
3-glucan synthase. Therefore, consistent with its 
mechanism of action, it induced changes in expression 
of genes encoding cell wall maintenance proteins, 
including the β-1,3-glucan synthase subunit GSL22, 
as well as other cell wall maintenance genes includ-
ing PHR1, ECM21, ECM33 and FEN12. The genes 
responsive to both CPF and AMB have been men-
tioned above. As these also include genes involved 
in lipid, fatty acid and sterol metabolism additional 
modes of action for CPF might be possible.

5-FC increased the expression of genes 
involved in purine and pyrimidine biosynthesis, 
including YNK1, FUR1 and its target CDC21. The 
changes in gene expression observed in response 
to 5-FC exposure are consistent with a need for the 
cell to increase RNA, DNA, and protein synthesis, 
including uracil phosphoribosyltransferase and 
thymidylate synthetase.

The relationship between antimicrobial phar-
macodynamics and gene expression was examined 
by Lepak et al. (2006) in order to gain insight into 
the mechanism of persisting fluconazole (FCZ) 
effects following drug exposure. The authors 
examined a C. albicans culture at two time-points 
(1 h, 3 h) during drug exposure (4xMIC) and at two 
time-points after drug exposure (6 h, 9 h) using 
microarrays (BRI-Arrays). During FCZ exposure 
126 genes were found to be up-regulated and 148 
to be down-regulated (threshold 1.5-fold). Dur-
ing recovery from FCZ treatment, a much larger 
number of genes were up-regulated (1055) and 35 
were found to be down-regulated. Among the genes 
with known function that were up-regulated dur-
ing exposure, most were related to plasma mem-
brane/cell wall synthesis (18%) including nine 
genes of the ergosterol pathway, stress responses 
(7%), and metabolism (6%). The categories of 
down-regulated genes during exposure included 
protein synthesis (15%), DNA synthesis/repair 
(7%) and transport (7%) genes. The majority of 
genes identified at the postexposure time-points 
again were from the protein (17%) and DNA (7%) 
synthesis categories. Three genes (CDR1, CDR2, 
ERG11) were examined in greater detail follow-
ing FCZ exposure in vitro and in vivo using a 
neutropenic mouse model of disseminated candi-
diasis. Expression levels from the in vitro and in 
vivo studies for these three genes were congruent. 
CDR1 and CDR2 transcripts were reduced dur-
ing in vitro FCZ exposure and during supra-MIC 
exposure in vivo. In the post-exposure period, the 
mRNA abundance of both pumps increased. For 
ERG11 the opposite effect was observed, expres-
sion increased during exposure and fell in the 
post-exposure period. The expression of the three 
genes responded in a dose-dependent manner. 
Post-antifungal effects could be observed neither 
in vitro nor in vivo in this study, in contrast to pre-
vious studies (Andes and van Ogtrop 1999). This 
study may define targets to exceed the drug effects 
or block recovery from the drugs.

2.  Transcriptional Profiling of Clinical Isolates 
Resistant to Antimycotics

Rogers et al. (Rogers and Barker 2003) used a 
set of four isolates, selected from a set of 17 iso-
genic previously characterized clinical isolates, 
to investigate FCZ resistance (Lyons and White 
2000; Pfaller et al. 1994; Redding et al. 1994; White 
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1997a, b). In a preceding study two of the four iso-
lates were investigated using a DNA-Microarray 
prepared by Incyte Genomics (Rogers and Barker 
2002). In the second, more comprehensive study, a 
set of four matched clinical isolates (including the 
two previously studied) were investigated using a 
microarray manufactured by Eurogentec (Rogers 
and Barker 2003).

These studies identified groups of genes that 
are co-ordinately expressed with either CDR1 and 
CDR2 or MDR1, or with genetic changes in the 
ERG11 gene across the set of isolates. These find-
ings led to the suggestion that these sets of co-
ordinately regulated genes may be controlled by 
common regulatory systems. Indeed, Coste et al. 
(2004) could show in a later study that TAC1 is a 
transcription factor representing a common fac-
tor for CDR1 and CDR2 (see below). Rogers and 
Baker identified a total of 32 genes to be up-regulated 
and 14 genes to be down-regulated between isolates 
2–79 (sensitive to FCZ MIC 2 µg/ml) and 12–99 
(resistant ≥64 µg/ml). These included genes pre-
viously shown to be up-regulated (CDR1, CDR2, 
MDR1, ERG2, GPX1, RTA3, IFD5, IPF5987, CRD2) 
and down-regulated (FET34) in this series. Besides 
changes in membrane metabolism and efflux 
pumps, this study could confirm a connection of 
azole resistance to iron metabolism (via FET34) and 
to oxidative stress response [via SOD5 (IPF1222) 
and CRD2]. Genes coordinately regulated with 
MDR1 encompass 14 genes up-regulated and 10 
genes down-regulated, including the up-regulation 
of IFD1, IFD4, IFD5, IFD7, GRP2, DPP1, CRD2 and 
INO1 and the down-regulation of FET34, OPI3 and 
IPF1222. Interestingly, the expression of several of 
the ERG genes (ERG5, ERG13, ERG25) was not cor-
related with the expression of either CDR1 or CDR2 
nor with MDR1 in this set of clinical isolates.

The co-regulation of genes with respect to 
CDR1/2 or MDR1 expression as identified in clini-
cal isolates (see above; Rogers and Barker 2003) 
asks for identification of the respective regulons. 
In order to define the regulons of these efflux 
pumps Karababa and co-workers (2004) directly 
confronted C. albicans strains with drugs specifi-
cally up-regulating either CDR1/2 or MDR1 and 
comparing the results to expression profiles of 
clinical isolates overexpressing either CDR1/2 or 
MDR1. For this purpose they compared the tran-
script profiles (Eurogentec array) of a laboratory 
strain (CAF2-1) exposed to fluphenazine, resulting 
in specific up-regulation of CDR1 and CDR2 (de 

Micheli et al. 2002) or to benomyl, resulting in spe-
cific MDR1 up-regulation (Gupta et al. 1998), with 
those of two matched pairs of azole-susceptible and 
-resistant strains overexpressing CDR1 and CDR2 
(CDR isolates) or MDR1 (MDR isolates). The clini-
cal isolates were incubated without drugs (YPD at 
30 °C) and CAF2-1 was incubated without or with 
exposure either for 20 min to 10 mg/l of fluphen-
azine or for 30 min to 25 mg/l of benomyl (YPD, 
30 °C). In each of the four experiments between 
200 and 300 genes were differentially regulated 

by at least 2-fold. However, only a small portion 
of all genes was found to be commonly regulated, 
indicating that in vitro drug-induced gene expres-
sion only partially mimics expression profiles 
observed in azole-resistant clinical strains.

Between fluphenazine-exposed cells and CDR 
isolates 42 commonly regulated genes (8.6% of all 
regulated genes 2-fold; 19 genes 4-fold) could be 
identified. Most strongly induced besides CDR1 
and CDR2 were IFU5, RTA3 (encoding putative 
membrane proteins), HSP12 (encoding heat-
shock protein) and IPF4065 (potentially involved 
in stress response). Four of these six genes, but not 
HSP12 and IPF4065, contain a putative cis-acting 
drug responsive element (DRE) in their promot-
ers. Interestingly, five out of nine genes specifically 
induced by fluphenazine (4-fold) were potentially 
involved in stress response (CFL2, IPF6629, GRP2, 
IPF17282, SAS3), whereas three of the four genes 
specific for the clinical isolates were part of the 
ERG pathway (ERG3, ERG6, ERG 251).

Commonly regulated between benomyl-exposed 
cells and MDR isolates were 57 genes (11.5% of 
all regulated genes 2-fold; 23 genes 4-fold). The 
most up-regulated besides MDR1 were genes 
with oxido-reductive functions such as IFD 
genes, IPF5987, GRP2 (belonging to the aldo-keto 
reductase family), IPF7817 [NAD(P)H oxido-
reductase] and IPF17186. This study revealed that 
for the benomyl specific gene induction 21 of the 
29 genes identified (4-fold) contained a potential 
Cap1 binding site, a transcription factor known 
to be involved in oxidative stress response (Zhang 
et al. 2000). Seven of these genes (IPF2897, IPF11105, 
PST2, IPF3264, SOD1, TTR1, TRX1) are potentially 
implicated in oxidative stress response. Five other 
genes included in this cluster play a role in other stress 
responses. Among the 17 commonly regulated 
genes, nine are also involved in oxidative stress 
response (PYC2, GPX1, GRP2, IPF7817, IFD1, IFD4, 
IFD5, IFD7).
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Karababa et al. compared their results also to 
the studies from Rogers et al. (Rogers and Barker 
2003) and Cowen et al. (2002; see above). They 
found only very limited overlap between the individual 
results. Between the clinical isolates up-regulating 
the CDRs, five commonly identified genes were 
found CDR1, CDR2, RTA3, IFU5 and GPX1. 
These genes are also among those that are also 
commonly regulated between the fluphenazine 
and the CDR experiment of this study. Since four 
of these five commonly regulated genes contained 
a drug response element (DRE) in their promoter, 
these results strongly suggest the existence of a 
common transcriptional pathway important for 
their regulation. This transcription factor could 
later be identified as TAC1 (Coste et al. 2004).

When comparing the set of genes commonly 
regulated in isolates up-regulating MDR1 only 
eight genes were commonly up-regulated in the 
three studies: MDR1, GRP2, IFD1, IFD5, IPF5987, 
GDH3, ARO8 and SNZ1. Besides the antifungal 
drug resistance function of MDR1, the other genes 
have oxido-reductive functions (GRP2, GDH3, 
IFD1/5) or are potentially involved in pyridoxine 
(vitamin B6) synthesis (IPF5987, SNZ1).

Since MDR1 can be also induced by H2O2, 
Karababa and co-workers compared their MDR1-
related results with a study published by Enjalbert 
et al. (2003) investigating the response of C. albi-
cans to H2O2. They could show further parallels 
between MDR1 up-regulation, benomyl and oxi-
dative stress response. IFD1, GRP2, IFD5, IFD4 and 
IFD7 were induced more than 4-fold under these 
three conditions, whereas GRP4, IPF12303, IFR2, 
TTR1, IPF13081, PST2 and IPF20104 were found 
induced only in benomyl and H2O2 response. Again, 
most of these genes are implicated in response to 
stress or have oxido-reductive functions. Among 
these, GRP2, GRP4, IPF12303, TTR1, PST2 and 
IPF20104 contain a putative Cap1 binding site in 
their promoters. Therefore, a functional linkage 
involving Cap1 probably exists between benomyl 
and H2O2 exposure.

The transcription factor responsible for regu-
lation of the CDR1/2 regulon, TAC1, was identified 
by Coste and co-workers (2004) based on homology 
search in the genome for zinc-finger transcription 
factors. Tac1 was shown to bind to the DRE ele-
ment located upstream of CDR1 and CDR2 as well 
as other genes induced by antifungals. Both, strains 
deleted for TAC1 as well as clinical isolates con-
taining dominant alleles of TAC1 were investigated 

by DNA-microarrays (Eurogentec) in order to 
identify genes regulated by Tac1. The authors 
compared genes up-regulated in a clinical iso-
late (DSY296, azole-resistant) against its progeny 
(DSY294, azole-susceptible) as well as in a strain 
deleted for TAC1 carrying either an activated 
TAC1-2 allele (derived from DSY296) or TAC1. 
Furthermore, the response of the strain CAF2-1 
to fluphenazine was monitored in the presence or 
absence of TAC1. Only four genes were commonly 
regulated in the microarray experiments: CDR1, 
CDR2 and RTA3 (probable transmembrane protein 
similar to Sac. cerevisiae YOR049c), all containing 
a consensus DRE in their promoters, and HSP12 
(heat-shock protein). In addition IFU5, which was 
identified previously as a DRE-containing gene (de 
Micheli et al. 2002), was confirmed as regulated by 
TAC1 using Northern blotting in this study.

These results are in accordance with the stud-
ies by Karababa et al. (2004), Rogers et al. (Rogers 
and Barker 2003) and Cowen et al. (2002).

3. Experimental Induction of Resistance

Cowen et al. (2002) have used DNA-microarrays 
(BRI Array with 5,000 ORFs) to examine changes 
in gene expression during experimental acqui-
sition of resistance to FCZ. The changes in gene 
expression were followed in four replicate popula-
tions (D8, D9, D11, D12) during 330 generations 
of evolution characterized previously (Cowen 
et al. 2000). The MIC for FCZ could be induced 
from 0.25 µg/ml to 4 µg/ml (D8, D12) or 64 µg/
ml (D9, D11) respectively for two of the popula-
tions. Interestingly reversion from high resistance 
(64 µg/ml) at generation 260 to reduced resistance 
at generation 330 (4 µg/ml) was observed for one 
of the cultures (D12). The final culture (D12-330) 
showed a higher fitness in the presence of the drug 
than its ancestor. In the absence of the drug (YPD, 
30 °C) 301 genes whose expression was at last 1.5-
fold different over all populations were identified. 
Cluster analysis showed that in the final outcome 
three of the four populations (D9, 11, 12) grouped 
together whereas a forth population (D8) evolved 
differently. A third cluster reflected the early stage 
of adaptation. For D8 in total eight different ORFs 
could be identified as up-regulated, of which 
CDR2 is known to be implicated in drug resistance 
(CDR1 was not present on the array). For D9, D11 
and D12 at generation 330 a significantly larger 
number of genes were deregulated (up to 124 from 
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301 genes). All of them showed overexpession of 
MDR1. The nine genes showing the largest change 
in expression in the microarray experiments were 
ADH4, MDR1, YPL88, YPX98, YPR127W, GRE99, 
YNL229C, HYR1 and HSP12. The expression of 
these genes including CDR2 were screened in 30 
clinical samples with MICs of FCZ >4 µg/ml and 
could be clustered in the same three patterns of 
gene expression. More than half of the isolates 
(17 of 30) clustered with D8, nine clinical isolates 
clustered with the control population that evolved 
without the drug and four samples of which three 
derived from one patient are similar to the early- 
and late-stage pattern of D9, D11 and D12.

Besides MDR1 and CDR2, a set of genes (YPL88, 
YPX98, YPR127w, ADH4) implicated in oxidative 
stress was found. The authors speculate that they 
may contribute to drug resistance because the 
azoles sensitize fungal cells to oxidative metabo-
lites through inhibition of the target (a cytochrome 
P450 enzyme) in the ergosterol biosynthesis path-
way (White et al. 1998). In contrast to other studies 
in fungi (Bammert and Fostel 2000; De Backer et 
al. 2001), only a moderate transcriptional modu-
lation of the ERG pathway was observed in this 
study (for ERG1, ERG3, ERG11, ERG13).

Resistance of C. albicans to AMB was gener-
ated in a study by Barker et al. (2004) by growing 
SC5314 in the presence of increasing concentra-
tions of the drug. Interestingly, cross-resistance 
to FCZ in the resistant strains generated was 
observed, as reported previously for a clinical 
isolate (Kelly et al. 1997). The MICs for the resist-
ant isolate created were >32 mg/l for AMB and 
>256 mg/l FCZ. However, the doubling time for 
the resistant isolate SC5314-AR was 181±19 min 
as compared with 97±3 min for isolate SC5314, 
indicating a significant loss of fitness (as was 
confirmed by the loss of stability of the resist-
ance after 28 doublings growth in the absence 
of AMB). The changes in gene expression pro-
file associated with the experimentally induced 
resistance to AMB, were identified in microarray 
experiments (Eurogentec arrays). They identi-
fied 133 genes that were differentially expressed, 
by at least 2-fold in SC5314-AR, with 27 genes 
up-regulated and 106 genes down-regulated. 
These experiments revealed overexpression of 
ERG5, ERG6 and ERG25, all facilitating the alter-
nate production of sterols. Down-regulation of 
ERG genes was not observed. The sterol content 
of the resistant strain revealed that ergosterol 

was basically missing in the membrane fraction 
and replaced mainly by lanosterol and euburi-
col (24-methylene lanosterol), explaining the 
resistance against AMB. The synthetic pathway 
to lanosterol involves ERG1 and ERG7 but not 
ERG11, explaining the cross-resistance against 
Fluconazole. Again stress response genes like 
DDR48 and iron transporters like FTR1 and 
FET34 were found to be induced. The majority of 
genes down-regulated represent genes involved 
in protein synthesis, especially genes encoding 
for ribosomal proteins, which is in agreement 
with its slow-growth phenotype.

4. Antimycotics for Topical Applications

Besides antifungals used against systemic infec-
tions the reaction of C. albicans to ciclopirox 
olamine, a drug used for treatment of superficial 
mycoses was investigated by two groups using 
microarrays (both from Eurogentec). Ciclopirox is 
a topical antifungal agent of the hydroxypyridone 
class. Sigle et al. (2005) investigated the reponse 
of C. albicans in Sabouraud glucose medium 
at subinhibitory concentrations of ciclopirox 
(0.6 mg/l). Only 25 genes were found to be induced 
by more than 2-fold and 21 genes were repressed 
by more than 2-fold. The vast majority of the up-
regulated genes (15 genes) were involved in iron 
metabolism. These included known genes encod-
ing iron reductases (CFL1), iron permeases and 
transporters (FTR1, FTR2, FTH1) which were 
previously found (Niewerth et al. 2003) and genes 
possibly involved in iron metabolism that have not 
yet been described in C. albicans (CFL2, CFL12, 
FET5, FET32, FET33, FET34, FRE5, FRE31, FRE32). 
Furthermore, a number of genes were identified 
encoding proteins similar to the GPI protein Rbt5 
(RBT5, RBT2, IPF12101, CSA1) which has been 
reported to be involved in utilization of haemin 
and haemoglobin as iron sources (Weissman and 
Kornitzer 2004). These results in combination with 
microbiological assays led to the conclusion that 
ciclopirox acts as an iron chelator. Consequently, 
addition of iron ions strongly reduces the inhibi-
tory effect of ciclopirox. Additional experiments 
showed that cells with induced oxidative stress 
proteins or grown in the absence of glucose were 
less susceptible to ciclopirox. This study indicates 
that metabolic activity, oxygen accessibility and 
iron levels are critical parameters in the mode of 
action of ciclopirox olamine.
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A parallel study of Lee et al. (2005) came to 
similar conclusions. Lee et al. used the same strain, 
C. albicans SC5314, but a different medium (syn-
thetic dextrose) and ciclopirox olamine concentra-
tion were used [equivalent to the IC50 (0.24 mg/l) 
for 3 h]. A total of 49 genes were found to be responsive 
to ciclopirox olamine (cut off: 2-fold), including 36 
up-regulated and 13 down-regulated genes. These 
included genes involved in small molecule trans-
port (HGT11, HXT5, ENA22, PHO84, CDR4), iron 
uptake (FRE30, FET34, FTR1, FTR2, SIT1) and cell 
stress (SOD1, SOD22, CDR1, DDR48).

Comparing the induced genes found in both 
studies it is apparent that only nine of 25 or 36 up-
regulated genes have been found in both studies. 
These are RBT5, FET34.3eoc, FTR1, FTR2, FTH1, 
CCC2, CFL1, CSA1 and IPF12101. All of these genes 
are involved in iron metabolism or potential cell 
surface proteins. The differences between both 
studies may be explained by different conditions, 
especially since media composition has been 
reported to have a strong effect on the activity of 
ciclopirox against C. albicans (Sigle et al. 2005).

B. Stress Response

An appropriate stress response is thought to be one of 
the key elements for a pathogen to successfully colonize 
different niches of a host and to escape the host’s defence 
mechanisms. Several stresses have been imposed to
C. albicans in vitro in order to study the mechanisms 
of stress response and compare it with other non-
pathogenic fungi. These stresses include peroxides 
and nitric oxide, as these compounds are encountered 
by C. albicans during cellular defence mechanisms 
of the host. Furthermore, heat shock, NaCl/osmotic 
stress and heavy metal exposure have been analysed 
by transcriptional profiling. In addition, adaptation 
to different pH is a key feature for C. albicans inhabit-
ing environments like the gut, the skin and the vaginal 
tract with strongly differing pH values.

One of the main questions investigated was 
whether C. albicans, like Sac. cerevisiae and Sch. pombe, 
has a general stress response resulting in cross-protec-
tion to various stresses or whether the stress response 
is regulated by direct response to the individual stress.

1. General Stress Response in C. albicans

Two publications by Enjalbert et al. (2003, 2006) 
address this question. In total four different stresses 

were analysed. They include heat shock, oxidative 
stress, osmotic stress and heavy metal stress (cad-
mium). In the first publication heat-shock response 
was triggered by a temperature shift from 23 °C to 
37 °C, osmotic stress by adding 0.3 M NaCl and oxi-
dative stress by the addition of H2O2 to a final con-
centration of 0.4 mM. The second publication also 
triggered osmotic stress by 0.3 M NaCl, however 
they used 5 mM H2O2 to induce oxidative stress and 
0.5 mM CdSO4 for heavy metal stress. Furthermore, 
they focus more on the role of Hog1p, including 
profiling of mutants deficient in HOG1. The differ-
ent experiments conducted were analysed on two 
distinct arrays (BRI, Eurogentec). After analysis of 
the data from these experiments, conducted under 
partially different conditions, distinct conclusions 
were drawn with regard to the existence of a gen-
eral stress response in C. albicans. Whereas the first 
study (Enjalbert et al. 2003) clearly states that no 
general stress response is present in C. albicans, the 
second study (Enjalbert et al. 2006) comes to the 
conclusion that a limited core stress response exists 
as well in this organism. However, it was confirmed 
that C. albicans has diverged from corresponding 
stress response networks in other yeasts (the model 
yeasts Sac. cerevisiae and Sch. pombe) and that in 
C. albicans several pathways function in parallel 
to regulate the core transcriptional response to 
stress. One of the main reasons for this divergent 
conclusions in these two studies is that C. albicans 
seems to be rather resistant to some stresses in 
comparison to Sac. cerevisiae and Sch. pombe. The 
response to 5 mM and 0.4 mM H2O2 respectively 
are significantly different in C. albicans, indicating 
that 0.4 mM H2O2 may not be sufficient for trigger-
ing oxidative stress response. Whereas 347 genes 
showed expression that was modified specifically 
in response to 5 mM H2O2, only 265 genes show 
altered expression at 0.4 mM H2O2. Genes involved 
in the detoxification of peroxide stress were induced 
generally under both conditions (CAP1, CTA1, 
GPX1, GST3, TRR1, TRX1). However, other subsets 
of genes were differentially induced, for example, 
genes involved in carbohydrate metabolism were 
only induced in response to high levels of perox-
ide stress (ICL1, GPM2, GSY1, MLS1, NTH1, PCK1), 
whereas the DNA-damage response appeared to 
be evoked specifically at low levels of H2O2 (HNT2, 
IPF4708, IPF4356, RGA2).

Comparing the results from the high H2O2 
concentration, Cd stress, osmotic stress and heat-shock 
experiments from both studies, a set of nine induced 
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core stress response factors was identified in the data 
set (induced 1.5-fold or more). These include ECM41, 
GLK1, GRP2, HSP12, HXT61, HSP31, orf19.675, AHP1 
and orf19.7085. The proteins encoded by these genes 
have known or putative functions in carbohydrate 
metabolism (GLK1, HXT61), cell wall (ECM41, 
orf19.675), redox processes (GRP2, AHP1) and as 
chaperones (HSP12, HSP31).

There is considerably more overlap between the 
lists of stress-repressed genes in these experiments 
than within the stress-induced genes (34 vs 38 genes 
in both studies). This is not surprising because all 
the stresses have the common feature of reducing 
growth rates. The nature of the repressed common 
genes therefore reflects in general a reduction in 
growth. A significant proportion of these genes are 
involved in protein synthesis and RNA processing 
(e.g. IPF966, IPF3709, NOP4, NMD3, MRPL3, RCL1).

The role of HOG1 was investigated in more detail 
(Enjalbert et al. 2006). Inactivation of HOG1 signifi-
cantly attenuates transcriptional response to osmotic 
and Cd-induced stresses. However, a less dramatic 
effect on the transcriptional response to oxidative 
stress was observed (actually none of the 46 HOG1 
dependent genes also induced by H2O2 have a known 
antioxidant function). This is also reflected in the 
result showing that hog1 mutants are highly sensitive 
to osmotic stress but only sensitive to peroxides at 
high concentrations. In C. albicans CAP1 was shown 
already to be responsible for the resistance to oxida-
tive stress at significantly lower levels of H2O2 (Alarco 
and Raymond 1999; Zhang et al. 2000). Hence, CAP1 
is required for C. albicans to survive both low and 
high doses of peroxide stress, whereas HOG1 seems 
to be required only for the response to high levels 
of oxidative stress. This is consistent with previous 
reports that Hog1 is activated only in response to 
high levels of peroxide (Smith et al. 2004). In agree-
ment with these findings CAP1 was found to be 
crucial for regulating genes involved in oxidative 
stress response like CTA1, IPF20104 (both core stress 
response genes) and IFR2 (responding to osmotic 
and oxidative stress) independently of HOG1.

Considering only three stresses, Cd, oxidative 
and osmotic/NaCl stress, 24 genes were identified in 
C. albicans as core stress response genes. When com-
pared to the available transcriptional data on the 
response of Sac. cerevisiae and Sch. pombe to these 
stresses it was found that in Sac. cerevisiae 5-fold and 
in Sch. pombe 7-fold more genes constitute the core 
stress response. This is also reflected in cross-pro-
tection experiments. In C. albicans cross-protection 

experiments show a 2-fold increase of resistance 
after a mild heat stress followed by a strong oxida-
tive stress and no improvement in survival in the 
case of the mild oxidative stress or hyperosmotic 
stress followed by a strong heat shock (Enjalbert et 
al. 2003). Thus, the acquired resistance seems to be 
weak in C. albicans (maximum 2-fold) compared 
with the more than 100-fold increase in Sac. cerevi-
siae survival (Lewis et al. 1995).

Therefore, although there is a high degree of 
functional overlap in the global oxidative, osmotic 
and heavy metal stress response in the three yeasts, 
there has been significant divergence between the 
stress responses in these fungi. Especially with 
regard to a core stress response the available data 
indicate that it is rather limited in C. albicans and 
does not result in comparable cross-protection, 
as observed for Sac. cerevisisae. Interestingly, the 
functions of Msn2- and Msn4-related proteins, key 
elements of the core stress response in Sac. cerevi-
sisae (O’Rourke and Herskowitz 2004), also appear 
to have been reassigned in C. albicans (Nicholls 
et al. 2004), giving further evidence for the divergence 
of stress response mechanisms in these organisms.

Activation of Hog1 seems also to be distinct 
in C. albicans when compared to Sac. cerevisiae 
in which Hog1 is activated by the Ssk1 response 
regulator. Chauhan et al. (2003) found a divergent 
function for Ssk1 in C. albicans. Microarray studies 
showed that C. albicans utilizes the Ssk1 response 
regulator protein to adapt cells to oxidative stress, 
while its role in the adaptation to osmotic stress is 
less certain. Further, SSK1 appears to have a regu-
latory function in some aspects of cell wall bio-
synthesis. In C. albicans a deletion of SSK1 is not 
sensitive to osmotic stress imposed by the addition 
of sorbitol; however, significant sensitivity against 
oxidative stress was observed. Du and co-workers 
(2005) showed that an ssk1 mutant strain was 
more susceptible to killing by neutrophils than the 
wild type. Besides the high sensitivity to oxidative 
stress it was shown that the sensitivity of a ∆ssk1 
strain to human defensin-1, one of the non-oxi-
dative antimicrobial peptides of PMNs, was also 
greater than that of the wild type, demonstrating 
that non-oxidative killing in PMNs may contribute 
to the increased susceptibility of the ssk1 mutant.

2. Response to NO

Nitric oxide is a key antimicrobial compound pro-
duced by the innate immune system (Fang 2004). 



204 Steffen Rupp 

Hromatka et al. (2005) investigated the reaction 
of C. albicans to this compound. The transcrip-
tional response of C. albicans to 1.0 mM DPTA 
NONOate (a chemical agent that releases NO in 
a pH-dependent manner) in YPD was monitored 
in a time-course experiment over 120 min (UCSF/
WI array). They identified in total a number of 
131 genes differentially regulated by a factor of at 
least two. Most of these genes are only transiently 
induced. All of the ~65 repressed genes returned 
to normal levels of expression by the 40 min time-
point. Only a group of nine genes, mostly involved 
in ion transport or redox processes, remains highly 
expressed throughout the 2 h time-course, includ-
ing YHB1, AOX2, SSU1, YOL075c, YMR209c, CTR2, 
RBT5 and AOX1. YHB1, a flavohemoglobin, was 
most strongly induced by NO and its role in resist-
ance to NO in vitro could be confirmed by deletion 
studies (see also Ullmann et al. 2004). Furthermore, 
deletion of YHB1 resulted in prolonged induc-
tion of genes only transiently induced in the wild 
type and a set of additional genes involved par-
tially in DNA damage repair, indicative of a main 
protective role of YHB1 for detoxification of NO. 
In addition, it was shown that deletion of YHB1 
inappropriately activates parts of the filamentous 
growth pathway, as eight genes known to be hyphal 
specific were induced in YPD more than 6-fold, 
including HWP1, ALS3, RBT1 and ECE1. This is in 
agreement with the hyperfilamentous phenotype 
of the ∆yhb1 mutant strain. Interestingly, deletion 
of YHB1 resulted only in a moderate reduction of 
virulence in the tail-vein model of systemic infec-
tions in mice (Ullmann et al. 2004). More impor-
tantly it could be shown that mice lacking iNOS2, 
the main gene responsible for production of NO 
in the innate immune system, show no difference 
in susceptibility to C. albicans wild type or yhb1 
mutant strains, indicating that NO has no signifi-
cant role in host defence mechanisms in a tail vein 
model of systemic infection in mice (Hromatka et 
al. 2005). Thus, the observed virulence defect for 
∆yhb1 strains may not be attributed to increased 
sensitivity to NO.

Comparing the genes identified in this study 
as induced for at least 2 h in the presence of NO in 
wild type or ∆yhb1 strains with the genes defined 
as core stress-response genes by Enjalbert and 
co-workers (2006; ECM41, GLK1, GRP2, HSP12, 
HXT61, HSP31, orf19.675, AHP1, orf19.7085) it is 
apparent that none of the genes is part of the gene 
set describing the core stress response. However, 

the transcriptional response to DPTA NONOate 
of Sac. cerevisiae is reported to bear significant 
homologies to the response of C. albicans, includ-
ing the induction of YHB1 and SSU1 (Sarver and 
DeRisi 2005).

3. pH Regulation

C. albicans encounters a multitude of different 
pH ranges in the different host niches it colonizes, 
starting from the oral cavity (in which highly 
fluctuating pH values occur due to nutritional 
uptake), to extremely acidic in the stomach (pH 2), 
less acidic in the duodenum (pH 5), to alkaline 
in the intestine (pH 7.7) or acidic in the vaginal 
tract (pH 4). To counteract this pH stress, C. albi-
cans has developed a system in which Rim101, a 
pH-responsive transcription factor, plays a central 
role (Davis et al. 2000; Ramon et al. 1999). Bensen 
et al. (2004) investigated how Rim101 governs 
gene expression at pH 4 and pH 8 (M199 medium, 
37 °C) by comparing a rim101 deletion mutant 
with the wild type using whole genome microar-
rays (CCDMF). Comparing the transcriptome of 
the wild type at pH 4 and pH 8 identified differen-
tial regulation of 514 ORFs from 4715 detectable 
transcripts (<2-fold). About half were down-regulated 
and the other half up-regulated at pH 8/pH 4 
respectively. Besides the known Rim-regulated 
genes like PHR2, RIM8, PHR1, PRA1 and RIM101 
itself, a pH-dependent bias was found for genes 
involved in hyphal growth, ion transport, protein 
synthesis and electron transport. Hyphal growth-
specific genes were expected, since growth in 
M199 at 37 °C, pH 8, promotes hyphal cell growth 
and growth at 37 °C, pH 4, promotes yeast cell 
growth. The known hyphal-specific genes CSA1/
WAP1, ECE1, HWP1, HYR1, IHD1, RBT1, SAP4 
and SAP6 were expressed 2- to 31-fold higher at 
pH 8 compared with pH 4. Seventeen ORFs up-
regulated at pH 8 were classified as ion trans-
porters, of which ten are predicted to function in 
iron transport, indicating that alkaline pH induces iron 
starvation. These include two high-affinity iron per-
meases (FTR1/2, FTH1), one multicopper oxidase 
(FET34), five ferric reductases (CFL1, FRE2, FRE7, 
FRE9, FRP2), one vacuolar iron transporter 
(SMF3) and one iron-siderophore binding protein 
(ARN1/SIT1) as well as CTR1, a copper transporter 
required for iron assimilation.

The contribution of Rim101 to this pH-dependent 
gene regulation was determined by comparing the 
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transcriptional profile of a RIM101 deletion mutant 
with the wild type at pH 8 or pH 4 (M199 medium, 
37 °C). At pH 4 only eight genes showed a more than 
2-fold difference in the RIM101 deletion mutant, com-
pared with the wild type. This indicates that Rim101 
has no active role at pH 4 under the conditions tested, 
which is in agreement with its inactive state and low 
expression level (Davis et al. 2000; El Barkani et al. 
2000; Porta et al. 2001; Ramon et al. 1999). At pH 8, 
186 genes showed a more than 2-fold difference in 
the rim101 deletion mutant, compared with the wild 
type. Of these 186 genes 70 were not identified as pH 
regulated genes in wild type, 49 are alkaline repressed 
genes and 67 were alkaline induced genes. Thus, about 
a quarter of the genes deregulated in M199, 37 °C at pH 
8 by a rim101 deletion are not primarily pH-depend-
ent but may serve other functions at alkaline pH. 
Rim101 is responsible for both repression and activa-
tion of genes at alkaline pH. Rim101 dependent alka-
line induced genes include the hyphal-specific genes 
CSA1/WAP1, ECE1, HWP1, HYR1, IHD1 and RBT1, 
as well as genes required for ion transport, especially 
for iron metabolism (ARN1, CTR1, ENA2, FET34, 
FRE2, FRE5, FRP2). Consequently, rim101 mutants 
are defective in hyphal development at M199, pH 8, 37 
°C and show high sensitivity to iron starvation under 
these conditions. Thus the authors conclude that one 
important new aspect of the Rim101p-dependent 
alkaline pH response is to adapt to iron starvation 
conditions (for a more detailed study on iron metab-
olism, see Lan et al. 2004).

In Sac. cerevisiae it is known that Rim101 par-
tially acts through Nrg1 (Lamb and Mitchell 2003). 
Bensen and co-workers investigated the relation 
between Nrg1 and Rim101 in C. albicans. In epi-
static experiments strains deleted for RIM101, 
NRG1 or both were tested for hyphal growth on 
M199, pH 8 plates (5 days, 37 °C). The authors con-
clude from their results that Rim101 does not act 
through Nrg1 as the case of Sac. cerevisiae.

In a publication focusing on Rim101 bind-
ing sites Ramon et al. (Ramon and Fonzi 2003) 
described only 20 genes identified as deregulated 
in a rim101 mutant strain that was incubated in 
M199 medium (pH 7.5, 28 °C, OD600 = 0.6–0.7) and 
compared with the wild type using genome-wide 
microarray analysis (BRI arrays, Candida Chips 
5.2). The genes found overlap with the genes identi-
fied by Bensen et al. (2004). As described by Bensen 
et al., based on the microarray analysis performed, 
NRG1 expression was not influenced by RIM101 
under the conditions used in this study.

However, Lotz et al. (2004) found that that 
Rim101 and Nrg1 do interact. In their initial analysis 
a limited microarray focused on genes encoding for 
putative cell wall proteins was used to investigate the 
Rim101 mediated effect on the cell wall. Using both, 
a deletion mutant of rim101 as well as the dominant 
active allele RIM101-1426, it could be shown that the 
level of Rim101 activity inversely correlates with the 
level of NRG1 transcript (α-MEM medium, pH 4.5 or 
7.4, 25 °C or 37 °C). Dominant active Rim101 results 
in a strong decrease in NRG1 mRNA under all condi-
tions tested, most strongly at low temperatures and 
low pH values where NRG1 levels are high in the wild 
type. In contrast, deletion of RIM101 resulted in an 
increase in NRG1 transcript levels when compared 
with the wild type, most strongly at pH 7.4. In paral-
lel to Rim101 activity, transcript levels of HWP1 and 
RBT1 are induced. For RBR1/PGA20, RBR2/PGA21 
and RBR3 the opposite pattern was observed, namely 
activated Rim101 blocks their expression, whereas 
NRG1 is required for their expression. Thus Rim101-
activity, directly or indirectly, regulates NRG1 tran-
script levels under the conditions used in this study. 
Thus the balanced regulation of RIM101 and NRG1 
expression contributes to the control of the hyphal 
specific genes investigated.

Comparing the list of hyphal induced genes 
regulated by Rim101 with the genes identified as 
repressed by Nrg1 or Nrg1 and Tup1 (Kadosh and 
Johnson 2005) highlights the genes ECE1, HYR1, 
HWP1, IHD1 and RBT1 as co-regulated by these 
repressors and Rim101. In addition, PHR1 also was 
identified as repressed by Nrg1 and Tup1, as well as 
RNH1, PGA58, orf6.5146, DDR48, HIS1, PGA13 and 
ARG1 which are also regulated by Rim101. This 
indicates that for expression of hyphae-specific 
(cell wall) genes, there seems to be an interaction 
between Rim101 and Nrg1. For other functions 
described for Nrg1 and Rim101 this seems to be 
not the case. A direct comparison of the transcrip-
tomes of Rim101, Nrg1 and Rim101/Nrg1 deletion 
strains might further clarify the relation of these 
transcription factors in C. albicans.

C. Polymorphism of C. albicans

C. albicans is a polymorphic organism occurring 
in several distinct morphologies, including yeast-
form cells or blastospores, chlamydospores, pseu-
dohyphal growth forms and true hyphae (Sudbery 
et al. 2004). Depending on the environmental 
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conditions C. albicans is able to change from one 
to the other growth form. The regulation of mor-
phogenesis is governed by a multitude of signalling 
pathways, most of which have been reported to be 
of relevance for virulence (Liu 2001, 2002; White-
way and Oberholzer 2004). The polymorphism of 
C. albicans is one of the key features of this organ-
ism and has been shown to be critical for patho-
genesis. Mutants which are predominantly in the 
yeast form or in a pseudohyphal/hyphal morphol-
ogy have been show to be strongly attenuated in 
virulence (Braun and Johnson 1997; Lo et al. 1997). 
Therefore, the molecular mechanisms underly-
ing morphogenesis are of major interest. Several 
aspects have been selected for this review, focus-
ing on the basic transcriptional changes during 
the yeast-to-hyphal transition, some of the tran-
scription factors involved, the cAMP pathway and 
white–opaque switching and mating.

1. Yeast to Hyphae Transition

One of the first studies using microarrays contain-
ing an almost complete set of predicted ORFs (BRI, 
5668 ORFs, based on assembly 4) was presented 
by Nantel et al. (2002). A goal of this study was to 
determine the genes which are differentially regu-
lated during transition from the yeast to hyphal 
growth form and the contribution of Efg1p and 
Cph1p, two transcription factors relevant for mor-
phogenesis and virulence (Lo et al. 1997). Efg1 was 
shown to be a central regulator of virulence and 
morphogenesis, which is regulated via the cAMP 
pathway (Bockmuhl and Ernst 2001), whereas 
Cph1 was shown to be regulated by a MAPK path-
way involved in morphogenesis and mating (Lane 
et al. 2001; Liu 2002).

Hyphal induction was performed by the addi-
tion of serum to rich medium (YPD 30 °C, to YPD 
37 °C + fetal calf serum; FCS) and by a shift of 
Lee’s-medium from 25 °C to 37 °C. In addition, the 
effect of temperature induction alone (in YPD) or 
addition of serum at 25 °C (where no hyphal devel-
opment is observed) was monitored to exclude 
genes not involved in morphogenesis but respond-
ing to a shift in temperature or serum itself. Data 
analysis revealed that 18 genes were consistently 
induced by at least 2-fold (additional 56 genes by 
a factor of 1.5), whereas 46 genes were consistently 
down-regulated (1.5-fold) 6 h after the shift to the 
hyphal conditions employed. Besides previously 
identified hyphal specific genes, like HWP1, ECE1, 

SAP4-6 or RBT1 among others, this study identi-
fied genes connected to actin remodelling PFY1 
(profilin) and RDI1(inhibitor of Rho-GTPases) the 
secretory pathway (SEC24 and YBL060w), SOD5 
a previously undescribed superoxide dismutase 
(see also Fradin et al. 2005) as well as ORFs with-
out homologies to known proteins. Interestingly, 
RBT1 and ECE1 respond to serum at low tempera-
tures under conditions when C. albicans is not in a 
hyphal growth form, thus excluding them from the 
strictly morphogenesis-related genes.

The genes most strongly down-regulated were 
genes of unknown function (RHD1,2,3 repressed 
by hyphal development), cell surface proteins 
(FLO1, CSP27), a set of genes involved in lipid 
metabolism (YER73, YKR70, DAK2, SOU1, PLB1), 
DNA-binding proteins (NRG1, GIS2, CBF1, YDR73, 
TYE7, CUP9) as well as other functions: HSP12, 
CHT2, YHB1, RHR2, YLR63 and PCK1. For genes 
like CHT2 and RHD2, a down-regulation by a tem-
perature shift from 30 °C to 37 °C without addi-
tion of serum was observed, identifying them as 
temperature-regulated genes rather than morpho-
genetic genes.

In a time-course experiment looking at the 
time-points 30 min and 60 min additional genes 
were identified which were only transiently 
expressed and therefore potentially relevant for 
the initiation of germ tubes. In total 232 genes 
were reported to show significant variation at 
the time-points investigated. These include chap-
erones encoded by WOS2, RAD14, YNP115 and 
CYP2, as well as proteins like a BEM2 homolog, a 
Rho1-GAP involved in cell wall maintenance and 
Rho3p, a small GTPase involved in cell polarity. 
The majority of the genes transiently down-regulated 
encode proteins involved in translation.

The role of EFG1 and CPH1 in morphogen-
esis was addressed by transcriptional profil-
ing of the respective mutants deleted for theses 
transcription factors. Transcriptional profiling 
of mutants in EFG1 and CPH1 revealed a change 
in the expression of 74 genes (30 genes induced, 
44 genes repressed) in YPD at 30 °C. Some of the 
repressed genes have been shown in Sac. cerevi-
siae to be involved in stress response, including 
HSP12, GLK1, SNO1, ECM4 and GRE2. The tran-
scriptional profiles of the efg1cph1 mutant strain 
indicate that most of the hyphal induced genes 
do not respond to induction with serum at 37 °C. 
Instead, the transcriptional profile resembles the 
profile of the wild type after adaptation to 37 °C 
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(without serum), indicating that Efg1p and Cph1p 
are responsible for initiating the transcriptional 
response to serum (including hyphal develop-
ment). In addition, it was found that Cph1p does 
not have a significant EFG1-independent role in 
yeast morphology under the conditions tested.

A similar result was found in a study investi-
gating specifically cell wall biogenesis during the 
yeast to hyphal transition in dependence of EFG1 
and CPH1. Sohn and co-workers (2003) used two 
hyphae-inducing conditions (YPD, 37 °C + serum, 
or α-MEM, 37 °C) and two yeast form induc-
ing conditions (YPD, 30 °C, or α-MEM, 25 °C) to 
investigate the transcriptional profile of 117 genes 
involved in cell wall biogenesis in SC5314 as well 
as in strains deleted for CPH1, EFG1, or both tran-
scription factors. As reported by Nantel et al. (2002) 
Cph1p did not have a significant EFG1-independ-
ent role. In addition it was found that Efg1p is a 
major regulator of cell wall biogenesis. This study 
revealed a high variability of the cell wall transcrip-
tome under the conditions tested and could iden-
tify both yeast-form-specific and hyphae-specific 
transcripts of potential cell wall genes. About 60% 
of all genes present on the array were changed by 
more than 2-fold under at least one of the condi-
tions investigated. As hyphal specific genes up-regulated 
under the hyphal inducing conditions used HWP1, 
RBT1, RBT4, HYR1, HWP2 (ORF6.2933), CHS4 
and ORF6.2071 were identified. Deletion of EFG1 
resulted both in the repression as well as in the 
induction of potential cell wall genes, indicating a 
dual function of Efg1 as repressor and activator of 
gene expression. This was shown in detail for the 
newly described genes HWP2 and YWP1, whose 
expression depended on the presence of EFG1 and 
for RBE1 which is only expressed significantly in 
the absence of Efg1. The major changes of the cell 
wall composition observed in an EFG1 mutant, as 
implicated from this study, is well in agreement 
with the reduced adhesion observed for strains 
deficient in Efg1 (Dieterich et al. 2002) and helps 
to rationalize the reduced pathogenicity of these 
strains observed in mouse models of systemic 
infections (Lo et al. 1997).

2.  The APSES Proteins Efg1 and Efh1 
in C. albicans

In C. albicans two genes encoding APSES pro-
teins (named after the members of the family all 
encoding fungal transcription factors involved in 

morphogenesis) are present: EFG1 and EFH1. The 
function of both genes was studied in detail using 
DNA-microarrays (Eurogentec) initially also focus-
ing on morphogenesis (Doedt et al. 2004). In contrast 
to Nantel et al. (2002) in this study the early stage of 
hyphal induction (30 min) and its dependence on 
the APSES proteins was investigated.

The function of EFG1 and EFH1 were inves-
tigated both in rich medium and under hyphae-
inducing conditions by comparing the respective 
deletion strains to the wild type. Genome-wide 
transcriptional profiling revealed that EFG1 and 
EFH1 regulate partially overlapping sets of genes 
associated with filament formation. Most interest-
ingly, Efg1p not only regulates genes involved in 
morphogenesis but also strongly influences the 
expression of metabolic genes, inducing glycolytic 
genes and repressing genes essential for oxidative 
metabolism. By using one- and two-hybrid assays, 
it was furthermore demonstrated that Efg1p acts 
as a repressor of transcription, whereas Efh1p acts 
as an activator of gene expression.

In rich medium (YPD, 30 °C) EFG1 was found 
to modulate the expression of 283 genes by a factor 
of at least 1.5, with 100 being up- and 183 down-
regulated. Most interestingly deletion of EFG1 
had a major impact on genes known to regulate 
carbon metabolism. From all genes deregulated 
in an efg1 mutant strain 27% could be assigned 
to metabolism. Almost all glycolytic enzymes, like 
the key regulators FBA1 or PFK1, as well as genes 
required for the accumulation of reserve carbohy-
drate (TPS2, TPS3 among others) were repressed 
in the absence of Efg1, whereas genes encoding 
for enzymes of the TCA cycle were induced. Thus, 
the presence of Efg1p favours fermentative and 
represses oxidative growth. Consequently, efg1 
mutant strains are more sensitive to antimycin A, 
a drug blocking ATP synthesis via the respiratory 
chain. This is also in agreement with results by 
Lan et al. (2002) who showed that white cells had 
enhanced expression of glycolytic genes compared 
with the opaque cells favouring oxidative metabo-
lism. Opaque cells require very low levels of Efg1p, 
whereas high expression levels of Efg1p induce 
white cells (Sonneborn et al. 1999; see below).

In contrast to EFG1, only nine genes (eight up- 
and one down-regulated) were found to be regu-
lated by EFH1 in YPD, 30 °C, indicating a minor role 
for Efh1 under these conditions. This is reflected 
in the low transcript level of EFH1 which is about 
10-fold less than the transcript level of EFG1.



208 Steffen Rupp 

The simultaneous deletion of EFG1 and EFH1 
showed a transcriptional pattern that only partially 
overlapped with that of the efg1 single mutant (49 
from 283 genes). The majority of the genes (233 
genes) were deregulated only by efg1 but not in the 
efg1 efh1 double mutant, however, a new subset of 
63 genes was affected in the efg1 efh1 double mutant 
that was not detected in the efg1 or efh1 single 
mutant. This result is indicative of synthetic inter-
actions between EFG1 and EFH1. Synthetic phe-
notypes of the efg1efh1 mutant were observed for 
embedding and microaerophilic conditions. Basi-
cally, additional deletion of efh1 in an efg1 mutant 
strain resulted in reversion of the phenotype back 
to the wild type, consistent with the results from 
the transcriptional profiling experiments.

The effect of EFG1 and EFH1 on morphogene-
sis was also investigated in this study. In contrast to 
Nantel et al. (2002) hyphal induction was initiated 
by adding cells to YP + 10% horse serum for 30 min 
without the addition of glucose to the medium. 
Under this regimen 243 genes were affected in the 
efg1 strain (factor 1.5) and 39 in the efh1 strain, 
again showing the predominat effect of Efg1p. In 
a similar way as in YPD, 30 °C, the double mutant 
efg1efh1 revealed an additional set of 58 genes but 
also only 47 which were affected by deletion of EFG1 
alone. Again glycolytic enzymes were expressed at a 
lower level in cells lacking Efg1, but in this case the 
TCA cycle was not up-regulated, most likely due to 
the fact that no glucose was present in the medium 
(10% serum only). The induction of hyphal associ-
ated cell wall genes was observed in a similar way 
as reported (Nantel et al. 2002; Sohn et al. 2003). 
Differences in these data to the data generated by 
Nantel and co-workers may be due to the different 
experimental conditions used.

The effect of overexpression of EFG1 and EFH1 
in C. albicans was also investigated. The use of the 
PCK1-promoter required the use of SSAC medium, 
a synthetic medium containing no glucose (Leuker 
et al. 1997). Overexpression of EFG1 resulted in the 
down-regulation of 53 and up-regulation of only 32 
genes, indicating that Efg1p predominantly acts as 
a repressor as indicated in a previous study (Sohn 
et al. 2003). Interestingly, only 14 genes identified 
in this experiment were also identified in strains 
deleted for EFG1 (as oppositely regulated). This 
may also be due to the significantly different growth 
conditions used for both experiments including the 
change of the main carbon source. Among these 14 
genes, cell wall genes associated with hyphal devel-

opment, HWP1, ALS10, RBT5, ECE1 and PHR1, as 
well as genes encoding stress-response proteins 
like DDR48 and SOD5 were identified. In contrast 
to EFG1 overexpression, EFH1 overexpression 
resulted in 53 up-regulated genes (including HWP1, 
ALS10, ECE1, DDR48) and 28 down-regulated genes, 
indicative of a transcriptional activator. EFH1 over-
expression, like EFG1 overexpression, results in the 
formation of pseudohyphae, blocks true hyphae 
formation and triggers opaque to white switching, 
both of which requires EFG1.

Promoter activation studies in C. albicans using 
LexA-Efg1 and LexA-Efh1 fusions confirmed these 
results. Interestingly, in Sac. cerevisiae using a Gal4 
DNA-binding domain, fusion to EFG1 did not result 
in repression of the corresponding promoter, indi-
cating that additional cofactors from C. albicans are 
required to exert the repressing function of Efg1.

These results indicate that Efh1 supports the 
regulatory functions of the primary regulator, 
Efg1, supporting a dual role for these APSES pro-
teins in the regulation of fungal morphogenesis 
and metabolism.

Cao et al. (2006) could show that FLO8 con-
trols a subset of the genes controlled by EFG1. The 
∆flo8 mutant was shown to be avirulent in a mouse 
model of systemic infection, similar to a ∆efg1 
mutant. Genome-wide transcription profiling of 
∆efg1 and ∆flo8 using a C. albicans DNA micro-
array (70mer set by QIAGEN Operon) suggested 
that Flo8 controls subsets of Efg1-regulated genes. 
Most of these genes are hyphae-specific, includ-
ing HWP1, HYR1, ALS3, ALS10, RBT1, HGC1 and 
IHD1. Most interestingly, all genes identified to be 
regulated by FLO8 are also regulated by EFG1 in 
a similar way but not vice versa. Consistent with 
this finding, it was shown by in vivo immune-pre-
cipitation that Flo8 interacts with Efg1 in yeast 
and hyphal cells. Similar to ∆efg1 and ∆cdc35 
(adenylate cyclase) strains, ∆flo8 strains shows 
enhanced hyphal growth under an embedded 
growth condition. These results suggest that Flo8 
may function downstream of the cAMP/PKA path-
way and together with Efg1 regulate the expression 
of hyphae-specific genes in C. albicans.

3. cAMP Signalling

cAMP is a signalling molecule activating one of the 
major protein kinases, PKA, in fungi. Harcus and 
co-workers (2004) investigated the consequences 
of the absence of adenylyl cyclase (CDC35), RAS1 



 Transcriptomics of the Fungal Pathogens, Focusing on Candida albicans 209

and EFG1 using transcription profiling (BRI array, 
6002 ORFs). Cdc35 is the only known enzyme 
responsible for cAMP production in C. albicans 
which is activated in part by Ras1 (Rocha et al. 
2001). Efg1, as describe above, has been proposed 
to be one of the key transcription factors regulated 
by the cAMP-PKA pathway (Bockmuhl and Ernst 
2001). To investigate conditions inducing yeast 
and hyphal growth forms the respective deletion 
mutants were grown in YPD, 30 °C, or YPD + serum, 
37 °C. Genes modulated by at least 1.4-fold were 
selected and data from Nantel et al. (2002) and Lee 
et al. (2004) were analysed together with the data 
generated in this study. A collection of 1168 genes 
was identified as significantly modulated (1.4-
fold) under at least one of the conditions used. 
Under all conditions examined, the profiles of the 
ras1 and cdc35 mutants were similar to each other 
(in the same dendrogram sub-branch), whereas 
the profile of the efg1 mutant was shown to be dif-
ferent. Morphologically, the three mutants were 
distinct: when growing in YPD, 37 °C + serum the 
efg1 and cdc35 mutants both remained nonhyphal 
whereas ras1 was still able to form hyphae. Thus, 
transcription profiling provides a different picture 
of the relationships among the elements than did 
the cellular morphology.

Comparison of the cdc35 mutant with the wild 
type resulted in the largest differences ( 600 tran-
scripts in yeast form, 800 transcripts in hyphal 
growth conditions). The profiles from yeast and 
hyphal growth conditions correlated significantly. 
The majority of genes encoding for ribosomal 
proteins or for subunits of the RNA polymerase 
holoenzymes were repressed in the cdc35 mutant. 
Similarly, the loss of CDC35 was associated with 
repression of metabolic pathways such as the TCA 
cycle, pyrimidine metabolism and the synthesis of 
heme and sterol. This reflects the reduced growth 
rate exhibited by the cdc35 mutant. Besides a large 
number of genes without known homologs, a 
notable group of the transcripts elevated in the 
absence of cAMP encode proteins involved in the 
formation and function of the cell wall. In accord-
ance with this finding the cdc35 mutant tends to 
aggregate and was shown to be significantly more 
resistant than wild type cells to calcofluor white, 
which binds to chitin, as well as to zymolyase, 
which is primarily a β-1,3-glucanase. In addition 
a significant correlation was observed between the 
cdc35 profile and the profile observed in osmoti-
cally shocked cells (Enjalbert et al. 2003). Cdc35 

cells also exhibited an increased sensitivity to 
osmotic stress. Further results showed that, dur-
ing the yeast-to-hyphal transition, almost all of 
the genes that were modulated in wild-type cells, 
including classic hyphae-induced genes such as 
ECE1, HWP1 and SAP4, are no longer responsive 
to the serum and heat signals in the cdc35 mutant. 
This suggests that most of the response to a shift 
from 30 °C to 37 °C + FCS in C. albicans is mediated 
by the cAMP pathway. However, a few transcripts, 
including CHA2, GAP4, HMO1, RHD1, RHD3, SNZ1 
and orf19.7531, still respond as they did in the wild 
type, suggesting that a cAMP-independent path-
way may contribute to morphogenesis.

The loss of Ras1p function was less severe than 
the loss of adenylyl cyclase. Only 72 transcripts 
were significantly more abundant in RAS1-deleted 
cells (YPD, 30 °C) than in the wild type, whereas 
four transcripts were less abundant ( 100 during 
hyphal induction conditions). The majority of the 
Ras1p-influenced transcripts are a subset of those 
that are modulated by cAMP (both for hyphal and 
yeast-form growth). Besides many of the genes of 
unknown function, a number of cell wall genes 
showed similar behaviour in ras1 and cdc35 cells. 
As observed for strains deleted for CDC35, ras1 
mutants showed increased resistance to zymo-
lyase and calcofluor white. However, the ras1 
mutant is not responsive to osmotic stress (both 
phenotypically and at the transcriptional level). 
The transcript levels of some of the hyphal-specific 
genes, such as ECE1, RBT1 and HWP1, were clearly 
reduced when ras1 was compared with the wild 
type in hyphal conditions. However, they were 
still partially responsive in the ras1 whereas in the 
cdc35 mutant they were totally unresponsive.

Interestingly, Harcus and co-workers found 
that the majority of EFG1-modulated genes were 
distinct from those modulated by RAS1or CDC35. 
Efg1 had the strongest effect on gene expression 
during the yeast to hyphal transition (200 genes 
modulated), whereas during yeast growth only 
85 genes were identified as modulated. Doedt et 
al. (2004) found a significantly larger number of 
genes modulated by Efg1, partially under the same 
conditions (283 genes in YPD, 30 °C; 243 genes in 
YP + serum, 37 °C, 30 min). Both studies identified 
the genes required for glycolysis and gluconeo-
genesis modulated by Efg1, as well as a correlation 
with profiles of the white to opaque switch (Lan 
et al. 2002). For hyphal growth conditions, the 
small number of modulated transcripts that were 



210 Steffen Rupp 

commonly influenced in the efg1, cdc35 and ras1 
mutants identified most of the highly modulated, 
hyphae-specific genes that were initially used to 
define this signalling pathway (e.g. HWP1, ECE1). 
The factors of induction or repression in this 
study, however, were in general lower than in other 
studies (e.g. Doedt et al. 2004; Kadosh and John-
son 2005). A reason for this has been proposed by 
Kadosh et al. (see below).

4.  Repression of Transcription 
as Key for Morphogenesis

Two publications described the global effect of 
transcriptional repressors on gene expression for 
the yeast to hyphal switch in C. albicans. Kadosh 
focused on the three transcriptional repressors 
Tup1, Nrg1 and Rfg1 (Kadosh and Johnson 2005), 
whereas Garcia-Sanchez focused on Ssn6, Tup1 
and Nrg1 (Garcia-Sanchez et al. 2005).

Kadosh and Johnson compared the transcrip-
tional changes of mutants deficient in Rfg1, Nrg1 
and Tup1 to the wild type in yeast and hyphal 
growth conditions (UCSF/WI array; YPD, 30 °C 
or 37 °C, YPD + serum, 30 °C or 37 °C, similar to 
Nantel et al. 2002). It was pointed out that the sta-
tus of the culture to inoculate the main culture was 
critical for the experiment. An overnight culture 
had to have OD600 >13 if a high rate (close to 100%) 
of filament formation was to be obtained. Other-
wise only partial filamentation was observed. Con-
sequently, analysis of these mixed cultures resulted 
in apparently reduced induction of filament-spe-
cific genes, whereas cultures with high levels of 
filamentation resulted in much higher induction 
rates of hyphae-specific gene expression.

DNA-microarray analysis identified 61 genes 
that are significantly induced (≥2-fold) during the 
yeast-to-hyphae transition [YPD + serum, 37 °C, 
compared with the same time-points (1, 2, 3, 5 h 
time-points) in YPD, 30 °C]. Approximately one-
third of these genes are induced ≥10-fold after 1 h 
(including ECE1, HYR1, ALS10, ALS3, HWP1, SAP5, 
SAP4, PRY4, orf19.3698, POP4, IHD1, PHR1, USO6, 
orf19.1120, SOD5). Of the 61 genes identified in 
this study, ten correspond to the 18 genes (induced 
≥2-fold) identified by Nantel et al. (ECE1, SAP4,5, 
HWP1, SOD5, RBT1, DDR48, PHR1, YBL060w, IHD1). 
Most of them are part of the genes induced ≥10-
fold. Approximately half of the 61 genes are tran-
scriptionally repressed in the yeast-form state by 
at least one of the three transcriptional repressors: 

Rfg1, Nrg1, and Tup1. From these results, the 
authors conclude that the relief of transcriptional 
repression plays a key role in activating the C. albi-
cans filamentous growth programme. Intriguingly, 
several of the highly induced genes found in this 
study, including ALS10, HWP1, ECE1, RBT1, SOD5, 
DDR48 and PHR1, are among the genes induced by 
overexpression of Efg1p (Doedt et al. 2004).

Garcia-Sanchez and co-workers (2005) charac-
terized the regulons of the transcriptional repres-
sors Ssn6, Nrg1, and Tup1 (Eurogentec Array). In 
Sac. cerevisiae Tup1-Ssn6 constitute a well defined 
co-repressor which is conserved from yeast to 
man (Redd et al. 1997). Overlapping sets of genes 
are a sign for co-regulation and therefore would 
indicate interaction between these factors. In con-
trast to Sac. cerevisiae, transcriptional profiling in 
C. albicans revealed only a small overlap between 
Tup1 and Ssn6. This is in agreement with the dis-
tinct phenotypes of a deletion in TUP1 or SSN6. 
Deletion of SSN6 promotes morphological events 
reminiscent of morphological switching rather 
than filamentous growth, whereas deletion of 
TUP1, as well as deletion of NRG1, results in con-
stitutive filamentation. Of 224 genes which were 
up-regulated in a ∆tup1 strain, only 38 genes were 
coregulated in the ∆ssn6 strain, indicating that 
for the repression of 186 Tup1-regulated genes 
SSN6 is not necessary. Looking at down-regulated 
genes the discrepancy is even larger (only five of 
117 TUP1-regulated genes are co-regulated with 
SSN6). The overlap with ∆nrg1 strain was similar, 
with a higher proportion of Nrg1 and Tup1 co-regu-
lation than Nrg1 and Ssn1 co-regulation. Consist-
ent with the study of Kadosh and Johnson (2005) 
the hyphae-specific genes HWP1, ECE1, RBT1 and 
RBT5, as well as genes like DDR48 and ALS10 were 
identified as regulated both by NRG1 and TUP1. 
Other hyphae-specific genes like HYR1 were iden-
tified as TUP1-regulated. All of these genes were 
not found to be derepressed in the ∆ssn6 strain 
under the conditions used (YPD, 30 °C). [Hwang 
reported partial derepression of HWP1 and ECE1 
in YPD, 37 °C (Hwang et al. 2003a).] Genes co-
regulated by Tup1 and Ssn6 were related to amino 
acid or carbon metabolism, like the key gluconeo-
genetic genes PCK1 and FBP1 as well as the gly-
oxalate cycle gene MLS1. Phenotypic switching is 
also associated with changes in carbon metabo-
lism and has been shown to depend on Efg1 (see 
above and Doedt et al. 2004; Lan et al. 2002). In 
addition the white-phase-specific gene WH11 was 
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shown (by Northern blot) to be repressed by Ssn6 
but not by Tup1 or Nrg1.

These results show that Ssn6 and Tup1 in gen-
eral play distinct roles in C. albicans. Neverthe-
less, both Ssn6 and Tup1 were required for Nrg1 
mediated repression of an artificial NRE (Nrg1 
Response Element) promoter, indicating that in 
some cases a Tup1-Ssn6 co-repressor exists, as in 
Sac. cerevisiae.

5. Phenotypic Switching and Mating

White–opaque switching in the human fungal 
pathogen C. albicans is an alternation between 
two quasi-stable, heritable transcriptional states 
observed in a few clinical isolates. This has been 
most extensively described in the patient iso-
late WO-1 (Slutsky et al. 1987). WO-1 alternates 
between white hemispherical colonies, desig-
nated white (W), and grey flat colonies, designated 
opaque (O). W/O phenotypic switching affects the 
shape and size of cells, their ability to form hyphae, 
their surface properties (e.g. adhesion, permeabil-
ity), membrane composition, range of secretory 
products, sensitivity to neutrophils and oxidants, 
antigenicity and drug susceptibility (Soll 1997). 
Recently, it was shown that white–opaque switch-
ing and mating are both controlled by the mating 
type locus homeodomain proteins (Miller and 
Johnson 2002). The majority of C. albicans strains 
are heterozygous for the mating type locus MTL 
(a/α) and cannot undergo white–opaque switching 
(Lockhart et al. 2002). However, when these cells 
undergo homozygosis at the mating type locus (i.e. 
become a/a or α/α), they can switch, and they have 
to switch in order to mate efficiently (WO-1 is MTL 
α/α). Opaque cells were shown to mate approxi-
mately 106 times more efficiently than white cells. 
These results showed that opaque cells are a mating-com-
petent form of C. albicans and that this pathogen 
may undergo a white-to-opaque switch as a critical 
step in the mating process. As white cells are gener-
ally more robust than are opaque cells, this strategy 
may allow C. albicans to survive the harsh environ-
ments within a mammalian host, but still retain the 
ability to generate mating-competent cells.

For the analysis of switching Lan and co-work-
ers (2002) analysed the transcriptome of both cell 
types (in WO-1) at four time-points (12 h, 18 h, 24 h, 
48 h; Lee’s medium; Affymetrix GeneChip). A total 
of 373 ORFs demonstrated a greater than 2-fold 
difference in expression level between the switch 

phenotypes (in at least three time points); 221 
ORFs were expressed at a higher level in opaque 
cells than in white cells; and 152 were more highly 
expressed in white cells. Affected genes represent 
functions as diverse as metabolism, adhesion, 
cell surface composition, stress response, signal-
ling, mating type and virulence. Approximately 
one-third of the differences between cell types 
were shown to be related to metabolic pathways. 
Most interestingly, opaque cells were expressing 
a transcriptional profile consistent with oxida-
tive metabolism and white cells were expressing a 
fermentative metabolism. This bias was obtained 
regardless of carbon source, suggesting a connec-
tion between phenotypic switching and meta-
bolic flexibility. Efg1 seems to be involved in these 
events as it was shown previously that the expres-
sion level of Efg1 determines the phase of the cells 
(high Efg1 levels induce white cells; Sonneborn 
et al. 1999) and regulate metabolism (Doedt et al. 
2004). EFG1 is primarily expressed in white cells 
which accordingly have a fermentative metabolism. 
In addition it was found that W and O cells dif-
ferentially express genes presumed to function in 
mating-type differentiation and cell-type control. 
The α-pheromone encoded by ORF6.4306, a homo-
logue of the Sac. cerevisiae a-factor pheromone 
receptor (STE3) and a putative mating-type reg-
ulatory protein encoded by MTLα1 are all more 
highly expressed in O cells, consistent with WO-1 
being equivalent to MTLα/α.

In contrast to mating in Sac. cerevisiae (Her-
skowitz 1989), Tsong and co-workers could show 
that in C. albicans each of the two mating type 
alleles (a, α) contributes a positive regulator of its 
respective mating type (a2, α1; Tsong et al. 2003). 
Additionally, each allele contributes one-half of 
a heterodimer that negatively regulates mating 
competency (a1, α2). Each half of the heterodimer 
– on its own – has no regulatory activity. To iden-
tify genes regulated by the C. albicans a1, a2, α1 
and α2 proteins strains carrying the 16 possible 
combinations of the four MTL genes described 
above were compared by transcriptional profiling 
(UCSF/WI array). All 16 strains were analyzed in 
the white phase (in SC or YPD media); for the 12 
strains competent to switch from white to opaque, 
also the transcriptional profiles of the opaque 
forms were analyzed. In all experiments, a repro-
ducible 2-fold change was considered significant.

For the 16 white strains of each MTL configu-
ration, seven genes were found that were reproducibly 
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repressed under multiple conditions 2- to 8-fold by 
a1 and α2 working together in the white phase (in 
Sac. cerevisiae 20–30 genes are repressed by a1-α2; 
Galitski et al. 1999). This gene cluster is comprised 
of CAG1 (homologous to Sac. cerevisiae GPA1), 
FUS3, FAR1, STE2, YEL003w and two ORFS with 
no homology to any known genes. These seven 
genes are controlled by the a1-α2 heterodimer, 
independent of the white-to-opaque transition. 
No significant differences between the expression 
patterns of a and α white cells were observed.

In addition white and opaque versions of 
strains carrying the 12 MTL configurations per-
missive for white-opaque switching were com-
pared to a white control strain carrying an intact 
MTL. Irrespective of the MTL configuration, 237 
genes were identified that are up-regulated and 
197 genes that are down-regulated in the opaque 
phase. Transcripts up-regulated in the opaque 
phase included some likely to be involved in mat-
ing in both a and α cells, such as STE4 and FUS3. 
This set of white and opaque-specific transcripts 
overlaps with genes identified in a comparison of 
the white and opaque phases of the genetically dif-
ferent strain WO-1 (Lan et al. 2002).

From the combination of strains investigated 
two α-specific genes were identified. STE3 and 
MFα1 are highly induced in opaque strains relative 
to white strains (300- and 1000-fold, respectively), 
but only in those that carry an intact MTLα1 gene 
(which are able to mate as α-cells). In this data 
set no a-specific genes were identified in opaque-
phase a-type cells. However, addition of α-factor 
to cells containing a2 (in the absence of MTLα) 
resulted in the induction of 12 genes, including 
STE6, RAM2, ECE1, HWP1, FIG1, RBT1 and CEK1. 
These genes of course could also be pheromone-
induced genes rather than a-specific genes (a pub-
lication describing a-factor in C. albicans has been 
just been accepted during finalisation of this arti-
cle; Dignard et al. 2007).

By comparing the mating circuits of Sac. cer-
evisiae and C. albicans several major differences 
were identified. One major example of divergence 
between C. albicans and Sac. cerevisiae in mating 
type regulation is that C. albicans has retained a 
positive regulator of a-type mating from a com-
mon ancestor, while Sac. cerevisiae has lost this 
regulator. The second major example of diver-
gence is the interposition of an additional layer 
of transcriptional control in the C. albicans mat-
ing type circuit. As described above C. albicans a 

and α cells must undergo a “phenotypic switch” 
from the white phase to the opaque phase before 
they are competent to mate (Lockhart et al. 2002; 
Miller and Johnson 2002). This switch is governed 
by the mating type locus: two homeodomain pro-
teins (a1, α2) – one from the a locus and one from 
the α locus – co-operate to repress the switching, 
thereby assuring that a/a and α/α, but not a/α cells, 
can mate. C. albicans a1 and α2 proteins repress 
a few genes directly, but control many more indi-
rectly by governing white-opaque switching. This 
indirect regulation of mating competency by a1-
α2 in C. albicans constitutes an additional layer of 
transcriptional regulation, absent in Sac. cerevisiae, 
which ensures that mating only occurs in specific 
environments. Recently, a transcriptional regulator, 
WOR1/TOS9, acting as a master switch regulator, 
was identified by several groups which is required 
for establishment of the opaque phase (Huang et al. 
2006; Srikantha et al. 2006; Zordan et al. 2006).

D. Host–Pathogen Interaction

One of the most interesting events in C. albicans 
biology is the direct interaction with the host. The 
switch between commensalisms and pathogen 
until now could not be studied due to the lack of 
appropriate models. Experiments focusing on vag-
inal candidosis have been performed using human 
volunteers, however, not on a genome-wide plat-
form (Fidel 2007). Mouse models of systemic infec-
tion have been used frequently and first attempts 
to isolate C. albicans for genome-wide profiling 
have been reported (Andes et al. 2005; Fradin 
et al. 2003). Currently, simple model systems mim-
icking host-pathogen interaction, e.g. C. albicans 
encountering the host defence, like macrophages 
and neutrophils or adhering and penetrating into 
tissue using different reconstituted tissue models 
derived from cell lines or primary cells, have been 
used to shed light into C. albicans pathogenesis.

1. Neutrophils

Rubin-Bejerano et al. (2003) compared the tran-
scriptional response of Sac. cerevisiae and C. albicans 
engulfed by neutrophils (UCSF/WI array). In addi-
tion the uptake of Sac. cerevisiae in monocytes was 
investigated. After phagocytosis by neutrophils, 
both Sac. cerevisiae and C. albicans respond by 
inducing genes of the methionine and arginine 
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pathways. Neither of these pathways is induced 
upon phagocytosis by monocytes. Both fungi 
show a similar induction of these pathways when 
transferred from amino acid-rich medium to 
amino acid-deficient medium. From these data the 
authors conclude that the internal phagosome of 
the neutrophil is an amino acid-deficient environ-
ment. In contrast to engulfment by macrophages, 
Sac. cerevisiae and C. albicans were killed 3 h after 
phagocytosis in neutrophils. For Sac. cerevisiae 
induction of the methionine genes by deprivation 
was found to be independent of Gcn4, whereas 
induction of the arginine genes was dependent 
on Gcn4. In C. albicans GCN4 and PCL5, encod-
ing a Gcn4-stabilizing protein, were induced upon 
exposure to neutrophils. A stronger oxidative 
stress response of C. albicans than of Sac. cerevi-
siae to neutrophils was observed. SOD1, CCP1-1, 
CTA1-1, CTA1-2, GPX3-1 and GPX3-2 were induced 
between 10- and 40-fold. Interestingly, in contrast 
to monocytes/macrophages, C. albicans is not able 
to form filaments within neutrophils.

2. Macrophages

Lorenz and co-workers (2004) analysed the glo-
bal transcriptional response of C. albicans upon 
internalization by mouse macrophage line J774A 
(UCSF/WI array). They could show that phago-
cytosis stimulates an immediate transcriptional 
response (1 h time-point). The early pattern is 
characterized by a dramatic up-regulation of the 
gluconeogenesis/glyoxylate pathways and down-
regulation of glycolysis and the genes encoding 
the translation apparatus. Genes of the TCA cycle 
which are not part of the glyoxalate cycle are not 
affected by macrophages. Isocitrate lyase (ICL1) 
and malate synthase (MLS1) have been found in 
a previous study to be up-regulated in Sac. cerevi-
siae and C. albicans (Lorenz and Fink 2001). Con-
sequently, C. albicans mutants lacking ICL1 are 
markedly less virulent in mice than the wild type. 
The glyoxalate cycle is also up-regulated in other 
pathogens like Cryptococcus neoformans, however, 
deletion of ICL1 does not affect pathogenesis in 
this organism. In addition to gluconeogenesis and 
the glyoxylate pathway, β-oxidation is activated in 
Candida albicans, indicating a flow of carbon from 
fatty acids to glucose. Almost all the genes encod-
ing for ribosomal proteins as well as many genes 
required for the translation apparatus are strongly 
down-regulated. Mitochondrial translation, how-

ever, is reported to be unaffected by phagocytosis 
(both the glyoxalate cycle and β-oxidation require 
mitochondria). A specific nonmetabolic response 
distinct from filamentation embedded in the early 
pattern that responds to stresses presented by 
macrophage contact was also identified, including 
machinery for DNA damage repair, oxidative stress 
responses, peptide uptake systems and arginine 
biosynthesis. Filamentation-specific genes have 
not been identified since the control cultures in 
RPMI + serum induced hyphae at the same rate 
as in the presence of macrophages. Thus macro-
phages seem to not specific induce a filamentation 
response. This early transcription profile switches 
to a later profile which is highly similar to the pro-
file of the cells grown without macrophages. This 
basically reflects the observation that C. albicans 
has escaped form the macrophages and grows now 
in tissue culture medium (RPMI + serum), like the 
control culture. The non-filamentous cph1 efg1 
mutant (Lo et al. 1997), which is internalized but 
cannot escape, remains frozen in the early pattern. 
Interestingly, the avirulent cph1efg1 mutant is not 
killed within the macrophages (J774A cell line), 
it actually is able to double within the 6 h time-
course experiment conducted, indicating that 
the macrophages used in this study do not play 
a role in the host’s defence mechanism against 
C. albicans (J774A is able to kill Sac. cerevisiae).

In order to confirm that the metabolic repro-
gramming after phagocytosis is due to lack of 
nutrients, similar starvation conditions were mim-
icked in vitro by omitting C-, or N-sources or both 
in synthetic growth media. From these data it was 
concluded that the similarities between phago-
cytosed cells and starvation were only to cells 
deprived of a carbon source. Nitrogen-depleted 
cells show a significantly different pattern of gene 
expression, with little to no overlap with ingested 
cells. A cluster of 227 genes specific for response 
to macrophages could be identified from the data. 
Only one metabolic pathway specific to macrophage 
phagocytosis was found by comparison with the in 
vitro starvation conditions. This was the arginine 
biosynthetic pathway with all but one of the ten 
genes strongly up-regulated. The reason for this is 
unknown. In addition a set of 117 genes including 
transporters required mostly for N-source uptake 
and vacuolar proteases have been identified. Only 
a few genes responsible for oxidative stress defence 
(including YHB1, GPX3 and CCP1) or metal home-
ostasis (including FRE3, FRE7 and CTR1 required 
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for iron homeostasis) and DNA repair were men-
tioned as macrophage-specific.

Most interestingly the early response described 
in this study is basically absent in the Sac. cer-
evisiae. In contrast to C. albicans where 545 genes 
respond to internalisation, only 53 respond in Sac. 
cerevisiae (Lorenz and Fink 2001), underscor-
ing the pathogen/non-pathogen differences and 
revealing a highly co-ordinated system in C. albi-
cans for immune evasion.

3. Blood

In two studies, Fradin et al. (2003, 2005) focused on 
the transcriptional response of C. albicans to human 
blood and the individual components of blood 
(Eurogentec array). This environment is interest-
ing because survival in blood and escape from 
blood vessels into tissues are essential steps for the 
pathogen to cause systemic infections. Whole blood 
induced genes that are involved in general and 
oxidative stress response, the glyoxylate cycle and 
protein biosynthesis. Subsets of these genes were 
also detected from C. albicans isolated after tail-
vein infection of mice (Fradin et al. 2003). To deter-
mine how different blood components affect the 
C. albicans gene expression profile, the blood was 
separated into five fractions: enriched in erythro-
cytes (EC), polymorphonuclear leukocytes (PMN) 
and mononuclear leukocytes (MNC) or depleted 
of neutrophils or all blood cells (i.e. plasma; Fradin 
et al. 2005). C. albicans exposed to PMNs rapidly 
loses viability, whereas exposure to MNCs, plasma 
or erythrocytes has no effect on its viability. These 
fractions were inoculated for 30 min with C. albicans 
(5×106 cells/ml) and compared with C. albicans cells 
incubated with erythrocytes. Of the ORFs repre-
sented on the microarray, 25% (1518 genes) were 
shown to be modulated (1.5-fold changes) under at 
least one of the five conditions tested. These studies 
revealed that the transcript profiles of C. albicans 
exposed to EC, MNC and plasma are highly similar, 
whereas the transcriptional profiles of PMN and 
whole blood are similar to each other, indicating 
that PMN, consisting (to 90%) of neutrophils, are 
the cellular component responsible for the strong 
reaction of C. albicans to blood. This was con-
firmed by depleting whole blood from neutrophils 
using an antibody directed against CD15 (present 
on neutrophils and eosinophils). Upon exposure to 
EC, MNC, plasma or blood lacking neutrophils C. 
albicans rapidly switched to filamentous growth. 
The presence of neutrophils blocked hyphal devel-
opment and resulted in growth arrest (see also 

Rubin-Bejerano et al. 2003). Consequently, most of 
the known hyphae-specific genes, such as SAP4–
SAP6, HYR1, ECE1 and ALS3, were repressed in the 
PMN fractions. Growth inhibition is reflected in the 
dramatic transcript reduction of genes involved in 
protein synthesis, including genes coding for ribos-
omal proteins (RPS10, RPL12), translation elonga-
tion factors (EFB1, EFT3), or translation initiators 
(GCD7, GCN3). This is paralleled by the induction 
of genes required for the response to nitrogen and 
carbohydrate starvation, like genes involved in the 
arginine, leucine, lysine and methionine biosyn-
thesis pathways, GCN4 (transcriptional activator of 
amino acid biosynthesis), several genes encoding 
amino acid transporters involved in general nitro-
gen metabolism and the ammonium permeases 
Mep2 and Mep3. In addition genes encoding the 
vacuolar proteases Prb1, Prb2, Apr1, Prc1/Cpy1 
and Prc2 were also expressed at higher levels in the 
presence of neutrophils. The availability of carbo-
hydrates to C. albicans also seemed to be reduced in 
the presence of neutrophils, as the genes encoding 
the key enzymes of the glyoxylate cycle (MLS1, ICL1, 
ACS1) were strongly up-regulated (not reported by 
Rubin-Bejerano et al. 2003).Thus, growth inhibi-
tion by PMNs might be due to nutrient starvation. 
Fungal cells incubated with MNC also expressed to 
higher level genes involved in nitrogen metabolism, 
the glyoxylate cycle and the antioxidative response. 
However, the expression of these genes was reported 
to be significantly lower than for C. albicans cells 
exposed to neutrophils (see also Lorenz et al. 2004).

C. albicans genes encoding the cytoplasmic and 
the surface superoxide dismutase (SOD1, SOD5), 
the catalase (CTA1), the glutathione peroxidase/
glutathione reductase complex and the thiore-
doxin peroxidase/thioredoxin reductase complex 
were up-regulated strongly in the presence of neu-
trophils. Three out of the 18 antioxidant genes iden-
tified in this study were also found to be induced 
by C. albicans in response to neutrophils by Rubin-
Bejerano et al. (2003): SOD1, CTA1 and GPX3. In 
addition, several of these genes (including TTR1, 
TRX1, CTA1, CAP1) were identified by Enjalbert et 
al. (2003) who investigated the transcriptional pro-
file of C. albicans exposed to oxidative stress.

Most interestingly, only 38% of all fungal cells 
were phagocytosed by and 57.5% attached to neu-
trophils in the PMN fraction, suggesting that the 
observed effects resulted from both intra- and 
extracellular activities of neutrophils. Most of 
these cells showed SOD5 expression (as monitored 
by GFP fluorescence) and were arrested in the yeast 
form. Studies by Urban et al. (2006) indeed showed 
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that neutophils are able to act not only by phagocy-
tosis. The supernatant of PMNs does not result in 
inhibition of hyphal growth, suggesting that con-
tact between C. albicans and neutrophils is crucial 
for inhibition of the yeast to hyphal transition.

4. Epithelial Surfaces

Adhesion to mammalian epithelia is one of the 
prerequisites for colonisation and invasion of 
C. albicans in the host. C. albicans is able to adhere 

to a plethora of different host niches consist-
ing of different cell types providing individual 
micro-environments for colonization (Fig. 9.2).

Sandovsky-Losica investigated the transcrip-
tional response of C. albicans to HEp2 epithelial 
cells (Sandovsky-Losica et al. 2006). Changes in gene 
transcription of C. albicans were determined follow-
ing infection of HEp2 cells compared to control cul-
tures grown in the absence of HEp2 cells. Among the 
approximately 300 genes which were identified as 
differentially regulated for at least 2-fold following 

Fig. 9.2. Scanning electron microscopy of in vitro-infected 
epithelia. The human colorectal adenocarcinoma cell line 
Caco-2 (A) and the human epidermoid cell line A-431(B) 
are used as model systems for early events of adhesion 
and invasion (Sohn 2006). C. albicans was incubated for 

2 h on Caco-2 (C) or A-431 cells (D). The different surface 
structure of each epithelia influences the interaction between 
C. albicans and the epithelial surface (e.g. see interaction 
between C. albicans and microvilli-like structures on the 
Caco-2 cells in (C))
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3 h incubation with HEp2 ALS2 and ALS5 were iden-
tified as up-regulated. Both genes encode proteins 
that provide an adherence function for C. albicans.

To study the early response of C. albicans 
adhering to different surfaces on the transcrip-
tional level Sohn et al. (2006) have established 
an in vitro adhesion assay exploiting confluent 
monolayers of the human colorectal carcinoma 
cell line Caco-2 or epidermoid vulvo-vaginal A-
431 cells. C. albicans very efficiently adheres to 
these epithelia growing as hyphae within 1–3 h. 
Transcriptional profiles (IGB array) of C. albicans 
adhering to Caco-2 or to A-431 cells, although very 
similar, still significantly differ from those of Can-
dida cells adhering to plastic surfaces or grown in 
suspension. Correspondingly from the 260 genes 
differentially regulated, several cell surface genes 
were identified, including PRA1, PGA23, PGA7 
and HWP1, showing either a cell-type or adhe-
sion-dependent induction of transcription. Espe-
cially the kinetics of hyphal induction were much 
faster when C. albicans was grown on a surface, 
plastic or epithelia, as shown morphologically and 
molecularly by a more rapid and stronger induc-
tion of hyphae-specific genes like HWP1. Obvi-
ously, C. albicans is able to respond specifically to 
very subtle differences in the environment during 
adhesion to various growth substrates.

E. Biofilm Formation

Biofilm formation by C. albicans is a complex 
process with significant consequences for human 
health. It contributes to implanted medical device-
associated infections and results in resistance, 
especially to azoles. Initial studies of C. albicans 
biofilm visualized yeast cells, pseudohyphae and 
hyphae embedded in an extracellular matrix using 
scanning electron microscopy. This and subse-
quent studies (Hawser and Douglas 1994; Baillie 
and Douglas 1999; Chandra et al. 2001; Ramage 
et al. 2001; Douglas 2003) showed that biofilm for-
mation in vitro can be broken down into three 
basic stages: (a) attachment and colonization of 
yeast cells to a surface, (b) growth and proliferation 
of yeast cells to allow the formation of a basal layer 
of anchoring cells and (c) growth of pseudohyphae 
and extensive hyphae together with the production 
of extracellular matrix material. For recent reviews, 
see Nett and Andes (2006) and Nobile and Mitchell 
(2006). Several models for biofilm formation have 

been developed and transcriptional profiling has 
been performed on early and late stages of biofilm 
formation as well as on the impact of farnesol on 
biofilm formation (Cao et al. 2005; Garcia-Sanchez 
et al. 2004; Murillo et al. 2005).

Garcia-Sanchez and co-workers (2004) com-
pared biofilm and planktonic cultures produced 
under different conditions of nutrient flow, aero-
biosis or glucose concentration by overall gene 
expression correlation (partial macroarray con-
taining 2002 ORFs). Correlation was much higher 
between biofilms than planktonic populations irre-
spective of the growth conditions, indicating that 
biofilm populations formed in different environ-
ments display very similar and specific transcript 
profiles. The authors found over-representation of 
amino acid biosynthesis genes in biofilms. Conse-
quently, Gcn4p, a regulator of amino acid metabo-
lism, was shown to be required for normal biofilm 
growth. Hyphal formation has been thought to 
be required for biofilm formation; however, a biofilm-
like structure formed by the efg1cph1 mutant 
strain locked in the yeast/pseudohyphal growth 
forms lacks hyphae entirely (Garcia-Sanchez 
et al. 2004). Still the majority of genes discovered to 
be involved in biofilm formation are also required 
for hyphal formation indicating the importance of 
hyphae for biofilm formation (Richard et al. 2005). 
Consequently, farnesol, a quorum-sensing mole-
cule which inhibits hyphal morphogenesis results 
in inhibition of biofilm formation (Ramage et al. 
2002b). Addition of farnesol alters the expression 
of 274 genes in a biofilm, including a significant 
number of hyphal-associated gene expression in 
biofilms (Cao et al. 2005). This again suggested 
that hyphal formation is a key factor for biofilm 
formation.

Cell surface contact is a key requirement for 
biofilm formation. At just 30 min after C. albicans 
yeast cells contact a polystyrene surface, a gene 
expression programme is initiated that is distinct 
from that of planktonic cells grown under other-
wise similar conditions (Murillo et al. 2005; Sohn 
et al. 2006). This includes the development of drug 
resistance. Mateus et al. (2004) have observed that 
CDR1 and MDR1 promoter activities increase 
within 15–30 min after the adherence of cells to 
a glass slide, using promoter fusions to a GFP 
reporter gene (not observed in profiling studies 
by Murillo et al. 2005). The importance of CDR1/2 
and MDR1 in resistance of a biofilm to FCZ was 
confirmed by mutational studies (Mateus et al. 
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2004). Interestingly at later time-points during bio-
film formation the efflux pumps have no further 
effect on drug resistance in a biofilm (Mukherjee 
et al. 2003), suggesting additional mechanisms for 
resistance.

Noteworthy is the up-regulation of several 
methionine and cysteine biosynthetic genes, 
whose transcript levels remain elevated for 
many hours (Garcia-Sanchez et al. 2004; Murillo 
et al. 2005). The methionine and cysteine gene 
set is up-regulated during biofilm develop-
ment under diverse conditions, even in the bio-
film formed by the efg1cph1 mutant that lacks 
hyphae (Garcia-Sanchez et al. 2004). Although 
the functional role of methionine and cysteine 
biosynthetic genes in biofilm development has 
yet to be determined, the rapid up-regulation of 
these and other genes suggests that C. albicans 
may sense cell surface contact or perhaps the 
presence of neighbouring cells.

One of the key regulators required specifically 
for biofilm formation (and not for hyphal develop-
ment in general) is Bcr1, which in turn is regulated 
by TEC1 (Nobile and Mitchell 2005). Comparison 
of transcriptional profiling (Operon array) of a 
brc1 mutant with its complemented strain (∆brc1 
+ pBRC1; in suspension culture, Spider medium, 
37 °C) revealed among the 22 most severely altered 
genes, 11 specifying cell surface- or cell wall-
modifiying proteins, including HYR1, ECE1, RBT5, 
ECM331, HWP1, ALS1, ALS3 and ALS9. Using the 
brc1 mutant strain made it possible to separate the 
circuits required for hyphal morphogenesis and 
biofilm formation. The failure of the brc1 mutant 
to create a biofilm indicates that the hyphal sur-
face proteins are required for biofilm formation. 
Recent mutational approaches focusing on ALS1, 
ALS3, HWP1 and ECE1 could confirm their impor-
tance for biofilm formation (Nobile et al. 2006a, b; 
Zhao et al. 2006).

IV. Conclusions

Transcriptomics has been used to create a compre-
hensive picture of changes in gene expression of 
C. albicans during host–pathogen interaction, 
stress response or other environmental challenges. 
Individual genes could be identified as central 
components in several pathways, making them espe-
cially important for understanding pathogenesis. 

In addition these studies also reveal that besides 
individual virulence factors, the appropriate 
regulation of metabolic pathways are essential 
to adapt to the host and survive in it. Indeed the 
expression of virulence factors and metabolic 
pathways are tightly coupled, e.g. via Efg1. This 
manifests the complexity and interaction between 
different pathways reflecting a dense biological 
network rather than linear pathways.

This review also shows that similar experi-
ments using microarrays based on the same 
genome sequence might result in only very limited 
overlap with regard to the genes found to be dif-
ferentially regulated. One of the reasons certainly 
is that apparently slightly different conditions in 
the experimental setup might lead to significant 
changes in the transcriptome. Furthermore, sig-
nificant differences both in early and late estab-
lished arrays, the definition of ORFs and the 
design of various distinct oligo sets or PCR-products 
for detection of the individual transcripts result 
in differences in the detection of the individual 
transcripts. However, verification of the quality 
of transcriptome data as well as their analysis is 
crucial for their interpretation. Especially, select-
ing the “good” signals from the “bad” in a complex 
series of experiments, including all necessary con-
trols, is still a field with a lot of opportunities for 
advancement. Therefore, results from transcrip-
tome studies should in general not be considered 
as complete genome-wide datasets but rather a 
dataset of significantly expressed genes which are 
modulated under the specific conditions applied. 
Although there are differences in the present stud-
ies, the general concusion drawn is usually iden-
tical. This reflects the huge benefits which can be 
gained from this technology.

The availability of the genome sequence 
was key for the realisation of genome-wide 
arrays as tools to perform these studies. The 
increasing wealth of genomic sequences from 
both pathogenic and non-pathogenic fungi will 
lead to increasing numbers of genome-wide 
transcriptional data from multiple species. 
As a result, we will be able to compare patho-
genic fungi not only on the genome level, but 
on a transcriptional level and thereby further 
advance our understanding of pathogenesis. 
This will ultimately contribute to the better 
understanding of the mechanisms of infection 
and thus foster the development of new diag-
nostics, therapeutics and vaccines.
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