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Currently, the known factors associated with C. albicans pathogenesis include

environmental cues, nutrition, drug resistance, and virulence. Although extensive
researches have been devoted to individual factors, the global networking and the
coordination among those pathways contributing to the pathogenesis is not clear. Hence,
we employ the techniques of homologous replacement and DNA microarray to explore the
following: (1) the function of genes involved in the signaling/regulatory pathways
contributing to pathogenesis and (2) their roles in the network of pathogenesis.
We started with the functional study of CaEnol, under the pathways regulated by Efgl, the
key regulatory factor of several pathogenesis pathways. CaEnolp appeared in several
cellular locations yet there is no known localization signal. Hence, we have established a
reporter system in baker yeast to identify the sequences on CaENO1 responsible to various
locations, which are tightly connected to the pathogenesis and virulence of C. albicans.
After performing deletion analysis, we found that only the full-length CaEnol protein could
be secreted into media. Next, we have constructed Caenol/Caenol null mutants and found
them not able to grow on glucose or fructose, displaying the phenotype of glucose
suppression.  The null mutation also affected the susceptibility to amphotericin B,
miconazole, and NaCl stress.  In a mouse model of systemic infection, the CaENO1 null
mutant has diminished its virulence. Our next objective is the fabrication and application
of DNA microarray to study the global networking of pathogenesis and environmental
responses surrounding Cphlp and Efglp, the two major regulatory axis of the pathogenesis
in Candida albicans. We have identified genes whose expressions are influenced by drugs.
Among the six thousand strong genes tested, there were about 500 genes whose expression
showed more than 3 fold differences between wild type and cphl/cphl or efgl/efgl mutants.
Among them, the number of genes affected by 4-NQO in the efgl/efgl strain was 79, and
cphl/cphl 27. There were 9 genes appeared in both. The numbers for miconazole were
120, 28, and 13.

Keywords: Pathogenesis, Regulatory network, virulence, DNA microarray, Functional
genomics.
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The over-all long-term goal of this research is to elucidate the mechanisms of

pathogenesis of Candida albicans. For current study, we propose to employ molecular
genetics and functional genomics tools, particularly DNA microarray, to analyze and explore
the signaling/regulatory pathways contributing to the pathogenesis of C. albicans including
the sensing of host environmental changes, iron and nitrogen availability, anti-microbial
stresses, and morphogenesis/virulence. We are particularly interested in the connection
between those factors and the yeast to filament morphotypes transition and back, commonly
believed to be associated with the commensal to pathogen transition.  The first objective of
this study is to focus on the functional study of the Efgl pathway, known to involve in the
regulation of this transition and the second objective is to establish a microarray platform to
study the whole-genome profiling of the regulatory pathways and their global effects on
Candida albicans. We are particularly interested in the interactions among morphogenesis,
virulence, and drug resistance. In addition, this research may allow us to define particular
gene products or signal transduction pathways that can be used as targets to block the
transition or kill the fungal cells specifically. Therefore, the information obtained from this
study would help us to understand the molecular mechanisms of fungal
virulence/morphogenesis and in the next stage, to design and develop new antifungal drugs
and/or new antifungal strategies on the molecular level.

Our specific aims for this proposal are:

Specific Aim 1. DNA microarrays for gene expression profiling concerning
pathogenesis of C. albicans

a. Constructing DNA microarrays and optimizing them for analyzing gene expression profile
of C. albicans. Data pre-processing and normalization will be initiated shortly after the
construction of DNA microarrays such that it can be used to compare expression patterns
across different experimental conditions and different strains.

b. Revealing the connection between different environmental cues known to affect the
pathogenesis and the virulence/morphogenesis of C. albicans. We will employ the DNA
microarray to compare responses of C. albicans to different stresses and conditions
mimicing that of selected host and physical environments, including iron and nitrogen
availability, sera, and antimicrobial mediators.

c. Using DNA microarray to identify potential target genes and compare expression profiles
mediated by different environmental cue and stress-responsive transcriptional regulators.

Specific Aim 2. Unveiling the molecular involvement of Efgl and Cphl pathways in the
pathogenesis of C. albicans

Efgl and Cphl are known key transcriptional control points for virulence, morphogenesis,
ANHFERTIPHTF- SR Page 5



and drug resistance in C. albicans, which establishes their positions as the key players in the
pathogenesis of C. albicans. Therefore, we would like to determine the role of Efgl
pathway in the pathogenesis of C. albicans by investigating the functions of CaEnol, a
multi-functional glycolytic protein regulated by Efgl, which is also a major component of
cell wall as well as a secreted antigen in Candida infections. We are also interested in
studying the connection between Cph1 and drug resistance pathways since it is known that
CPH1 expression affecting drug resistance activities. We will approach these goals in the
following steps:

a. Understanding the molecular function of the Efgl-regulated CaEnol with genetics study.

(1). By constructing Caenol/Caenol homozygous mutant and to determine the effects on C.
albicans.

(2). By investigating the signals on CaEnol responsible for its various localities.
b. Identifying target genes of Efgl transcription factor by DNA microarray.

(1). By comparing the gene expression patterns between the wild-type cells and the
efgl/efgl mutant cells using microarray analyses.

(2). By identifying interested target genes involved in either virulence/morphological switch
or drug resistance, and/or both.

c. Identifying target genes of Cph1 transcription factors in the presence of drugs by DNA
microarray.

(1). By comparing the gene expression patterns between the wild-type cells and the
cphl/cphl mutant cells using microarray assay.

(2). By identifying interested target genes involved in drug response and morphogenesis.

Specific Aim 3. Functional characterization of genes of interest to map the gene
networks and regulatory/signaling pathways.

a. Construction of stains containing mutations on each selected gene to determine the effects
of mutations on host cells to elucidate the functions of the genes.

b. Elucidation of the signal transduction pathways regulating the control of pathogenesis,
especially those associated with virulence/morphological switch, environmental stress, or
drug resistance by mapping and correlating the functional of the selected genes.

2b. = )I;Jef;,z‘g.
Yeast infections in human have increased significantly in recent years. Among the
pathogens, Candida albicans is the most dominant one. Currently, the available antifungal
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drugs have undesirable issues such as side effects, ineffective against new or reemerging
fungi, and leading to the rapid development of resistance (White et al., 1998; Yang and Lo,
2001). Candida albicans is an opportunistic fungal pathogen, commensally colonizes
various anatomical sites in humans. In the immunocompromise individuals, such as the
ones with HIV infection, diabetes, organ transplantation and cancer chemotherapy, C.
albicans can become virulent and invasive (Edwards, 1990). Candida albicans not only
causes mucosal diseases (such as oropharyngeal/esophageal and vulvovaginal candidiasis),
but can also invade the bloodstream (candidaemia). It has emerged as the fourth most
common cause of nosocomial infection (Beck-Sague and Jarvis, 1993). The estimated cost
for treating this Candida nosocomial infection approaches 1 billion US Dollars per year in
the United States (Miller et al., 2001). Understanding the regulatory mechanisms and gene
functions of pathogenesis-related pathways may provide us the knowledge and drug targets
for anti-fungal application. Although several factors associated with pathogenesis, such as
environmental cues, nutrition availability, drug resistance, and virulence factors (for
examples, morphogenesis, extracellular hydrolytic activities, and phenotype switch) have
been identified in C. albicans, the picture of the global networking and coordination of those
regulations and signaling pathways contributing to pathogenesis in Candida albicans is still
lacking. Noteworthy, those pathways are intertwined and only numbered controlling points
are known to modulate the global activities. There are the well-known major controlling
points EFG1 and CPHL1, and the lesser candidate, TUP1. In this project, we will focus on
the relationship between environmental cues, stress, and morphogenesis, with emphasis on
the connection to the major pathogenesis control points, Efgl and Cphl pathways.

Complexity of pathogenesis in C. albicans and Efgl as a major controlling point

Signaling pathways commonly sense and transfer environmental signals to downstream
regulators that lead to the expression of subsets of genes potentially related to Candida
pathogenesis. Those subsets of genes are known as virulence factors. Several virulence
factors of C. albicans have been proposed, including hyphal morphogenesis, extracellular
hydrolytic activities (e.g. secreted aspartyl proteinases and lipases) (Calderone and Fonzi,
2001; Gow et al., 2002; Naglik et al., 2004; Stehr et al., 2004; Sundstrom, 2002; Yang, 2003),
and phenotypic switching. In hyphal morphogenesis, cells transit from an ovoid yeast
shape to filament forms (pseudohyphae and hyphae); both filamentous forms are able to
produce yeast forms again (Lo et al., 1997). Hyphal morphogenesis can be induced by a
number of environmental cues, including the presence of serum, N-acetylglucosamine
(GIcNAC), proline, neutral pH and elevated temperature (Ernst, 2000). The secreted
aspartyl proteinases are encoded by a large SAP gene family of ten members, each
differentially regulated under a variety of conditions (e.g. pH, temperature and cell
morphology) (Naglik et al., 2004). Finally, C. albicans reversibly switches phenotypes
with a high frequency (Soll, 2002) known as the phenotypic switching. It occurs

spontaneously and is also induced by temperature and low doses of UV irradiation (Soll,
ANHFERTIPHTF- SR Page 7



1997). These cells that undergo the switch of phenotypes vary in morphology, physiology,
metabolism and pathogenicity (Lan et al., 2002; Soll, 1997).

But then how do these "factors" connect to the pathogenesis? In C. albicans
yeast-hyphae morphogenesis, the presence of serum activates adenylate cyclase (Cdc35),
and thus promotes cyclic adenosine monophosphate (CAMP) production. Cyclic AMP acts
as an intracellular regulator and in turn activates protein kinase A (PKA) that mediates its
downstream signal via Efgl. Expression of the C. albicans HMX1 gene, which encodes a
heme oxygenase required for utilization of exogenous heme and hemoglobin, is shown to be
strongly de-regulated in an EFG1-null mutant (Santos et al., 2003). In C. albicans, the pH
response is governed in part by the transcription factor Rim101. Rim101 promotes alkaline
responses by repressing expression of Nrgl, itself a transcriptional repressor (Bensen et al.,
2004). Rim101 and Nrgl are also shown to act in parallel pathways to control hyphae
morphogenesis. Interestingly, an alkaline pH condition induces expression of subsets of
genes, including several iron acquisition genes also mediated by Rim101 (Bensen et al.,
2004). Moreover, in the yeast model system, Saccharomyces cerevisiae, CAMP controls
the activity of ferrireductases, components of a high-affinity iron uptake system. Another
example is the Tpk2, a catalytic subunit of protein kinase A, whose expression negatively
regulates iron uptake genes (Lesuisse et al., 1991; Robertson et al., 2000). And the
complication does not stop here. Recently, we have reported that in addition to being a
virulence factor, Efgl is also involved in drug resistance (Lo et al., 2005). Together, these
studies implicate that the decision-making presides over the onset of pathogenesis is made of
a complex signaling and regulatory network, which includes multiple components and each
of them may controls subsets of gene expression. However, those studies also point out the
fact that situating among this complex network, there is the key regulator Efgl, which
through coordination of different components/pathways, regulates various cell functions (ie.
drug resistance, morphogenesis, and gene expression) in response to different environmental
cues (e.g. iron availability, serum, and temperature). Hence, we are interested in what is
the networking centering at Efgl.

Recently, we have reported that Efgl and its downstream target CaEnol have multiple
functions in C. calbicans (Lo et al., 2005; Yang et al., 2006). CaENOL encodes enolase
and is under the control of Efgl (Nantel et al., 2002). Enolase is a highly conserved
protein throughout the phylogenetic tree (Van der et al., 1991). In addition to the known
function in the glycolytic pathway, enolase is a major glucan-associated protein found in the
fungal cell wall. It also serves as a receptor for human plasmin/plasminogen (Jong et al.,
2003) and the major immunogen of Candida infection. In different cellular locations, its
function varies. Interestingly, the locality of enolase in cancer cells is associated with the
ability for metastasis. Since CaENOL1 is under the control of Efgl, which is known to
control morphogenesis, virulence, and drug susceptibility, we are interested to know whether
CaENOL1 is connected to those pathogenesis factors in addition to be involved in the
glucolytic pathway and cell growth in C. albicans. Therefore, it is our interest to known
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the function of CaEnol in connection to pathogenesis and the locality-function relationship.

The adaptation of C. albicans to the environments and its relation to the pathogenesis
factors.

The ability of C. albicans to sense and adapt to alterations in host environments is
integrated in its survival and pathogenicity (Soll, 2002). As it has been mentioned, several
environmental conditions are known to affect cellular growth and morphogenesis. In fact,
they can even have direct impact on pathogenicity. Those factors include various forms of
stress and the availability of nutrients, for example, iron.  The iron-free forms of host
lactoferrin and transferrin inhibit C. albicans growth and render it more susceptible to
damage by neutrophils (Okutomi et al., 1998). Iron deprivation affects the adhesive
properties and cell wall compositions of C. albicans (Paul et al., 1989; Sweet and Douglas,
1991) and studies on suspension cultures and biofilms indicate that drug resistance of C.
albicans is affected by iron availability (Baillie and Douglas, 1998; Paul et al., 1991). The
high-affinity iron permease (CaFtrl) is required for systemic infection in a mouse model
whereas the siderophore transporter (CaArnl) is required for epithelial invasion. Besides
the endothelial cell injury caused by C. albicans is iron-dependent (Fratti et al., 1998;
Heymann et al., 2002; Ramanan and Wang, 2000). Moreover, in the human host, iron is
mostly bound to high-affinity ligands (e.g. transferrin, hemoglobin, lactoferrin and ferritin),
and there is virtually no free iron available. This iron-withholding is an important defense
mechanism for the host; the availability of iron has shown to be a common signal to induce
the expression of virulence factors of pathogens (Paul et al., 1991). But how do the signals
from those environmental cues link to the pathogenesis pathway? Do they achieve this by
sending signal to one of the virulence factors? To study the molecular mechanism of
stimulus-responsive gene regulation in C. albicans using iron availability as the model, we
have identified iron-regulated genes and a potential DNA-binding protein, Sful, which
negatively regulates gene expression under iron-repletion conditions (Lan et al., 2004).
Recently, the cellular levels of iron are shown to be crucial for the mode of action of a
topical antifungal agent ciclopirox olamine, while the detail mechanism is most unknown
(Sigle et al., 2005). Therefore, we are interested in how does the iron availability affect the
pathogenesis of C. albicans, especially regarding to the Efgl pathway.

Another nutritional signal comes from the nitrogen related regulation. The Ras
superfamily of small GTPases exists ubiquitously in eukaryotes and has been implicated in
nearly all cellular processes (Aspuria and Tamanoi, 2004). Within the Ras branch of the
small GTPase family, Rheb (Ras homolog enriched in brain) is a novel and unique small G
protein that is conserved in a wide variety of organisms (Aspuria et al., 2007). Orthologs of
human Rheb have been identified in fungi recently. In Saccharomyces cerevisiae Rhb1 is
involved in controlling cell resistance to canavanine, a toxic analog of arginine, and the
uptake of arginine (Urano et al, 2000). In the fission yeast Schizosaccharomyces pombe,
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Rhb1 protein regulates amino acid uptake, mating, cell growth, cell cycle progression and
stress response (Mach et al., 2000; Urano et al., 2005; Urano et al., 2007; Uritani et al.,
2006). Mutations in S. pombe TSC2 cause defects in the uptake of arginine and leucine (van
Slegtenhorst et al., 2004; Weisman et al., 2005) and show a delayed response in nitrogen
starvation-mediated G1 arrest (Matsumoto et al., 2002; van Slegtenhorst et al., 2005). Hence,
we are interested to identify and characterize the function of RHB and TSC2 homologs in C.
albicans.

Another system we are interested to study is the response of Candida albicans to the
stimuli from the host.  In addition to growth and proliferation on mucosal surfaces,
ingestion by human immune cells exposes C. albicans to novel environments. The cells
respond to phagocytosis of neutrophils by inducing genes related to arginine and methionine
pathways, suggesting that the phagosome of the neutrophil is an amino acid-deficient
environment; however, neither pathway is induced upon phagocytosis by monocytes. An
analysis of its transcriptional response upon internalization by macrophages reveals that C.
albicans activates alternate metabolic pathways, represses translation and induces genes
related to the oxidative stress response, DNA damage repair, arginine biosynthesis and
peptide utilization (Lorenz et al., 2004). These results suggest that the environment of the
macrophage phagosome lacks usable nutrients (e.g. glucose) and contains reactive oxygen
and nitrogen species, as part of its antimicrobial burst (Fang, 2004). Moreover, C. albicans
encounters many antimicrobial proteins/peptides and innate defense molecules that act
synergistically to combat infections. For example, some host proteins secreted onto the
oral surface can directly inhibit Candida growth, morphogenesis, and adhesion through the
action of antimicrobial peptides, including calprotectin (Sweet and Douglas, 1991),
lysozyme (Laibe et al., 2003), low molecular weight salivary mucins (Satyanarayana et al.,
2000), secretory leukocyte protease inhibitor (Chattopadhyay et al., 2004), lactoferrin
(Samaranayake et al., 2001), and histatins (Lupetti et al., 2004).  Finally, in the treatment of
candidiasis, C. albicans also encounter various therapeutically antifungal drugs. All those
stresses or cues induce the response of C. albicans cells and eventually via drug resistance
and virulence/morphogenesis pathways send the signal to the controlling points of
pathogenesis. Do all those signals eventually go to the well-known Efgl? Or do some of
them go to other controlling points?  For example, there are two potential candidates, Cphl
and Tupl. Therefore, we are interested in knowing which of those pathways linked to Efgl
and if not, where do those responses send their signals.

In conclusion, this research is to study the Efgl and Cph1 pathways by using
genome-wide analysis to explore the networking and cross-talk between multiple
components/pathways.

2C. 3 22
1. DNA microarrays for gene expression profiling of C. albicans
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To construct DNA microarrays of C. albicans, the QIAGEN Operon 70mer probe sets
(Array-Ready Genome Oligo Set and Candida Genome AROS Upgrade Set) will be used. This
oligo set contains 7,925 optimized probes that represent the entire genome of C. albicans and 10
different controls. The oligo set has been successfully used in studies of C. albicans biology and
pathogenesis (Cao et al., 2006; Chen et al., 2004; Magee et al., 2003; Zhao et al., 2005).

a. RNAsolation, sample labeling and microarray hybridization.

Recognizing that one of the most important aspects of microarray analysis is the source and
quality of the RNA used in these experiments, we will use standardization of protocols for RNA
isolation as previously described (Lan et al., 2002; Lan et al., 2004). In general, cells grown at
different conditions will be collected throughout lag, log and stationary phases of growth. RNA
isolation, sample labeling and microarray hybridization will be performed using established
protocols (http://microarrays.org). Briefly, cells are harvested by centrifugation immediately
after sampling; pellets are either snap-frozen in dry ice/ethanol or extracted in the presence of
15% SDS and buffered phenol:chloroform (1:1). Total RNA is precipitated with absolute ETOH.
After centrifugation, the RNA pellet is air dried and suspended in DEPC-treated water. For
labeling, cDNA containing a T7 RNA polymerase recognition sequence are prepared from total
RNA amplified with T7 RNA polymerase.  After processing, blunt-ended cDNASs are used as
templates to produce antisense RNA using a T7 Ampliscribe kit from Epicentre Technologies
(Phillips and Eberwine, 1996). A second round of double-stranded cDNA synthesis is
performed in the presence of random hexamer primers, reverse transcriptase and
aminoallyl-dUTP. Cy3-/Cy5- dyes are incorporated into single-stranded cDNAs with
monofunctional NHS esters that bind to free amino groups. Un-incorporated dye is removed by
ultrafiltration using a Centricon 30 unit (Amicon). DNA microarrays will be analyzed using
GenePix 4000B scanner and GenePix Pro 6.0 software (Molecular Device).

b. _Experimental design and statistical analysis for expression profiling.

To derive accurate signals for the gene expression profiling, the first issue is the proper
experimental design. Since the main purpose of this proposal is to understand the
signaling/regulatory network involved in C. albicans response to environmental stimuli,
especially the host environments, the number of time points measured is crucial to the
characterization for the upstream and downstream components. For most studies, at least five
time points will be measured. Some effort will also be made in meta-analysis of the existing
data to understand the variation and to decide the number of replicates needed for the expected
significance level. At least five replicates are considered at this point and the number is
subjected to change. With the high cost of microarray experiments, properly arranging the
samples hybridized together with loop design in oligo spotted arrays can reduce the arrays needed
without loss of too much information (Churchill, 2002). If not enough samples or arrays are
available, pooling the samples is considered as a choice to get more reliable signals (Kendziorski
etal., 2005).

Microarray data are known to be very noisy and no single statistical method has been
AFHFERFIPHTF- 57 Page 11



recognized as standard approach for the normalization. The data derived will be analyzed with
several different statistically solid algorithms. Image segmentation results from GenePix™,
Spot (Jain et al., 2002), and model-based approaches will be compared and the one with the most
reproducibility of replicates will be chosen for the next step.  For the spotted oligo arrays
proposed in this proposal, we will use ANOVA model (Wolfinger et al., 2001) to adjust for
systematic noises. Also, global intensity-based patterns will be corrected with loess or quantile
normalization when needed.

Gene expression profiles will be compared across a variety of conditions. Comparisons
will include, for example, wild type and mutants strains, drug-treated and un-treated, and various
environmental conditions.  Since the experiment is designed according to the statistical
significance needed, we will follow the longitudinal model decided well ahead of the experiment
and to choose genes that show differential expression among the control and experimental group.
Given the large number of genes compared, care will also be exercised to avoid proportionately
large numbers of false positives. To properly assess differential gene expression, we will
employ at least two approaches: (1) Significance Assessment for Microarrays (SAM) (Tusher et
al., 2001) to control the false discovery rate (2) the one controls the family wise error rate, but
avoids the conservatism of Bonferroni correlation by utilizing a step-down method (Dudoit and
Speed, 2000).

Exploratory data analyses using cluster methods can allow us to find patterns embedded in
the data set and provide us some clues of the major targets. There exist a number of publicly
available programs that allow one to cluster genes on the basis of similarity of their expression
patterns across multiple experiments.  This type of analysis has proven a very useful predictor of
the function of unknown genes, and determined previously unknown linkages between different
signaling/regulatory pathways. Analysis of the promoter region of members of a cluster is
another criterion that has been used to strengthen a case for possible physiological connections
between its members (Bussemaker et al., 2001). Datasets from our microarray analysis will be
analyzed using various methods such as hierarchical cluster analysis (Eisen et al., 1998),
self-organizing maps (Tamayo et al., 1999), k-means clustering (Tavazoie et al., 1999) and
principal component analysis (Raychaudhuri et al., 2000).

2. Understanding the molecular involvement of Efgl-CaEnol pathway in the pathogenesis
of C. albicans

Studies of C. albicans and its potential mechanisms of pathogenesis have relied heavily on
the expression of various phenotypes induced by environmental changes or by its morphogenetic
transitions.  The relationship of these conditions/pathways to one another is complex. Here,
we propose to study the molecular mechanism of the Efgl-CaEnol pathway in drug resistance
and virulence using molecular genetic tools and to identify Efgl target genes using gene
expression profiling.

a. Construction of a Caenol/Caenol mutant
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Since there is no known plasmid of C. albicans, homology recombination will be the main
approach to generating knockout and knock-in mutations and other genetic manipulation. And
since C. albicans is a diploid organism without known sexual cycle, both alleles of a given gene
will have to be replaced at the same time to generate mutations. A homozygous Caenol/Caenol
mutant will be constructed by gene disruption method based on the homology recombination
strategy described previously (Gerami-Nejad et al., 2001; Wilson et al., 2000; Wilson et al., 1999).
The first copy of CaENO1 gene will be replaced by ARG4. A DNA fragment containing the
ARG4 construct flanked with short homology regions (70 bps) of CaENOL1 at two extremities will
be transformed into the C. albicans strain BWP17. The second copy of REP1 will be replaced
by the URA3-dpl200-based cassette (Wilson et al., 2000).

The PCR product containing the URA3-dpl200 sequence flanking with the CaENOL1 short
homology regions (70 bps) at two extremities will be transformed into CaENO1/Caenol::ARG4
strain to generate the Caenol/Caenol homozygous mutant via homology recombination.  Since
CaEnol is required for cell growth in the presence of glucose (Yang et al., 2006), the
Caenol/Caenol homozygous mutant will be constructed by selecting for Ura+ transformants on
the selective medium using glycerol as the carbon source. Then, a DNA fragment containing
the wild-type CaENO1 will be transformed into the Caenol/Caenol homozygous mutant to
generate the Caenol/Caenol::CaENO1 strain.

b. Determining whether CaENOL1 is involved in morphogenesis, virulence, drug resistance in
Candida albicans and other characterization of the Caenol/Caenol mutant

To determine if CaENOL1 regulates the morphogenesis of C. albicans, we will compare the
wild-type and the Caenol/Caenol mutant about their morphology, germ tube formation, colony
formation, and cellular growth under filament-inducing condition including the addition of serum,
temperature, pH, and other environment cues.  Since the Efgl also involved in drug resistance,
we will also test the drug susceptibility of the Caenol/Caenol mutant by Etest and/or agar
dilution to unveil the connection between those pathways.

c. Characterization of new interested genes obtained by DNA microarray.

DNA microarray will be also employ to find out other genes regulated by Efgl. The
interested candidates will be subjected to mutagenesis by homologous replacement as described
in (1). Heterozygous and homozygous null mutants will be functional characterized by
comparing their phenotypes with that of the wild type strain.  The phenotypes to be studied
include cell growth, cell morphogenesis, susceptibility to antifungal drugs and sensitivity to
different stress conditions. Finally, the correlation of the genes of interest with virulence will be
assessed using a mouse model of systemic infection.

d. Elucidation of the relationship between CaENO1 and other genes

Making double mutations on two genes to assess whether they have related function is an
approach commonly used for studying gene functions (Lo et al., 1997). Thus, first of all, we

will construct Caenol/Caenol and new target gene double mutant. A PCR product containing
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the URA3-dpl200 sequence with the short homology regions (70 bps) flanking at the two
extremities of another interested gene (NEW) will be transformed into Caena/Caenol to generate
NEW/new::dpl200-URA3-dpl200 Caenol::ARG4/Caenol::dpl200 strain. The
NEW/new::dpl200 Caenol::ARG4/Caenol::dpl200 cells will be selected by growing the
NEW/new::dpl200-URA3-dpl200 Caenol::ARG4/Caenol::dpl200 cells into a medium containing
5FOA.

The presence of 5SFOA will select for the recombinants that have lost URA3. Again, the
same PCR product containing the URA3-dpl200 sequence with the NEW short homology regions
(70 bps) at two extremities will be transformed into NEW/new::dpl200
Caenol::ARG4/Caenol::dpl200cells to generate new::dpl200-URA3-dpl200/new::dpl200
Caenol::ARG4/Caenol::dpl200 double mutant by selecting for Ura+ transformants.

3. The response of C. albicans to the environmental stimuli

Since the relationship of conditions/pathways of pathogenesis to one another is complex, we
intend to study the possible cross-talk between the Efgl pathway and other pathways of our
interest.

a. Cell morphogenesis.

Efgl, Rim101, Nrgl have been indicated to control cell morphogenesis. As described
above, we will identify target genes of Efgl. To reveal genes that are commonly regulated by
all three transcriptional factors or subsets of genes that are specifically regulated by one of the
three factors, the target genes of Rim101 and Nrgl will be also studied. Experiments will be
performed by comparing expression profiles between wild-type and mutants lacking functions of
each transcriptional factor, and that between cell growth of yeast and hyphal forms. The mutant
strains will be generated using the SAT1-flipper method (as described below) or the methods
described above.

b. Iron-responsive gene requlation.

In the regulation of morphogenesis, Efgl receives its upstream signal via a CAMP/PKA
(protein kinase A)-dependent pathway (Ernst, 2000).  Although that has not been studied in C.
albicans, components of the CAMP/PKA pathway not only affect morphogenesis, but also affect
iron-acqusition gene expression in S. cerevisiae. To explore the possibility of the cCAMP/PKA
and Efgl pathway to control iron-responsive gene expression, we will also generate null mutant
of PKA. We will compare patterns of gene expression between wild-type and mutants lacking
functions of PKA and Efgl, and that between cell grown in iron-limiting and iron-repletion
conditions. In addition to cCAMP/PKA and Efgl pathway, other potential transcriptional factors
controlling gene expression in response to iron availability will also be examined. We are
generating deletion mutation of C. albicans Orf19.2272, which encodes a protein with a high
homology with S. cerevisiae Aftlp. In S. cerevisiae, Aftlp is an activator for iron acquisition and
many other iron-responsive genes. The media representing iron-limiting and iron repletion

conditions are used as previously described (Lan et al., 2004).
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c.  Other stress responses.

In the host, the survival of C. albicans is also dependent on evasion of the host’s immune
system, including the microbial killing mechanisms of phagocytosis. Macrophages and
neutrophils are the main components of the innate immune system and use reactive oxygen and
nitrogen species to protect the host (Nathan and Shiloh, 2000). Superoxide readily dismutates to
hydrogen peroxide or combines with nitric oxide to form strong oxidant peroxynitrite, which is
fungicidal (Vazquez-Torres and Balish, 1997). In the presence of transition metals such as iron,
hydrogen peroxide can even break down to form the highly reactive hydroxyl radical. ~Therefore,
the regulation of iron may be of great importance to C. albicans to deal with oxidative stress.

To study the cross-talk between cell responses to iron availability and to oxidative stress, C.
albicans will be treated with 0.4 mM H,0O, or 0.5 mM menadione (a superoxide generating agent)
that allows the organism to tolerate ordinarily lethal levels of these oxidants (Jamieson et al.,
1996). A comparison of S. cerevisiae and C. albicans indicate that the latter can adapt much
higher levels of reactive oxygen species (Jamieson et al., 1996). This analysis will be the
identification of genes that may functionally confer this ability. Revealing the overlap or
difference between cell responses to iron and oxidative stresses will be important for our
understanding to the survival/persistence of C. albicans in its host environment.

d. Functional characterization of genes of interest

It is the expectation that DNA microarray data obtained will allow us to identify
significantly expressed ORFs of both known and unknown functions. From these data, we will
be possible to identify a limited number of ORFs which are related to general functions of interest.
To analyze functions of these genes of interest (GOI), we will construct target gene disruptions
using the SAT1-flipper method (Reuss et al., 2004). This method relies on the use of a cassette
that contains a dominant nourseothricin-resistance marker (CaSAT1) for the selection of
integrative transformants and an inducible FLP recombinase system for subsequent excision of
the cassette (Reuss et al., 2004). Briefly, the flanking sequences of GOI are located at the both
sides of the cassette. Following integration of the marker cassette by homologous
recombination of the GOI flanking sequences, transformants were grown in a medium containing
10% BSA (bovine serum albumin) to induce the recombinase for marker construct excision. Cells
were plated at a low nourseothricin concentration (25ug/ml) to identify SAT1-negative colonies
which grew to a smaller size under these conditions than the colonies from SAT1-positive cells.
Selecting the small colonies and plating on the high drug concentration (100ug/ml) dish to make
sure it is SAT1-negative indeed. Two rounds of integration/excision result in the disruption of
both alleles of the GOI.

Heterozygous and homozygous null mutants will be functional characterized by comparing
their phenotypes with that of the wild type strain. The phenotypes to be studied include cell
growth, cell morphogenesis, and susceptibility to antifungal drugs and sensitivity to different
stress conditions.  Finally, the correlation of the genes of interest with virulence will be assessed

using a mouse model of systemic infection.
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1: Construction and application of DNA microarrays for gene expression profiling
concerning the pathogenesis of C. albicans

a. We have completed the construction of a set of DNA microarray of Candida albicans as
well as the tuning of noise and normalization of the background of the data obtained
from the array.

b. We have established a standard experimental procedure and operation platform for
employment of the DNA microarray.

c. We have applied the DNA microarray and completed the screening process to study the
interactions between morphogenesis, virulence and drug resistance under efgl/efgl and
cphl/cphl conditions.

d. We have applied the DNA microarray to analyze the response of C. albicans to iron
availability.

In order to study the response of C. albicans to its host environments and the functions of
virulence factors of Candida albicans, we have set out to generate DNA microarrays
representative of the whole genome of this pathogen (an overview see Fig. 1). After application
of the microarray for expression profile studies, we have reached several goals in this study.

(1) C. albicans DNA microarrays. We have constructed spotter arrays for C. albicans using the
QIAGEN Operon C. albicans Array-Ready Oligo Set (AROS) (v. 1.2) containing 6,266 probes
and C. albicans AROS upgrade set (v. 1.1) containing 1,659 probes. These 70mer oligo sets
contain a total of 7,925 optimized probes that represent the entire genome of C. albicans and
more than 10 different controls. Briefly, the C. albicans oligos were spotted onto the UltraGAPS
coated slides (Corning, New York, NY) with the use of the OmniGrid 100 microarrayer
(Genomic Solutions, Ann Arbor, MI), according to the manufacturer’s instructions. At this stage,
we have generated about one hundred such C. albicans spotted arrays and optimized the
procedures for sample preparation and microarray processing.

(2) To study the responses of C. albicans to iron and nitrogen availability. The control of C.
albicans virulence gene expression is largely related to its responses to the environmental
changes. These environmental regulations are complex and require many transcriptional
regulators. We have focused on an important condition which is iron availability. Iron restriction
mimics the condition within the host cells and is reported to play an important role to induce
virulence gene expression in the pathogen. However, the gene regulation of C. albicans in
response to iron availability is largely unknown. As for the nitrogen signaling, the Ras
superfamily of small GTPases exists ubiquitously in eukaryotes and has been implicated in nearly
all cellular processes (Aspuria and Tamanoi, 2004). Within the Ras branch of the small GTPase

family, Rheb (Ras homolog enriched in brain) is a novel and unique small G protein that is
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conserved in a wide variety of organisms (Aspuria et al., 2007). Orthologs of human Rheb have
been identified in fungi recently. In Saccharomyces cerevisiae Rhb1 is involved in controlling
cell resistance to canavanine, a toxic analog of arginine, and the uptake of arginine (Urano et al,
2000). In the fission yeast Schizosaccharomyces pombe, Rhb1 protein regulates amino acid
uptake, mating, cell growth, cell cycle progression and stress response (Mach et al., 2000; Urano
et al., 2005; Urano et al., 2007; Uritani et al., 2006). Hence, we are interested to identify and
characterize the function of RHB and TSC2 homologs in C. albicans.

In our study, we have identified a gene that encodes a putative transcription factor, CaAftl. The S.
cerevisiae homologue of CaAftl controls the expression of genes related to iron acquisition. To
study the functions of C. albicans AFT1 gene, we have generated AFT1-deletion mutant C.
albicans strains using a sequential gene-targeted deletion method.  In addition, using DNA
microarray analysis, we compared the gene expression profiles between the wild-type and
C.albicans AFT1-deletion strains. The results indicated that 153 genes were differentially
expressed. C. albicans Aftl not only controls genes related to iron homeostasus, but also controls
genes with a wide variety functions, including cell metabolism and cell wall organization and
biogenesis. The summary of the results are shown in Fig. 2. Also, many of them may be related to
host-pathogen interactions (Fig. 3). These results laid the foundation of further detail analysis
and verification of the function for future studies.

In this study, we have identified Candida albicans homologs of Rheb (hamed as Rhb1) and
Tsc2. Deletion of the RHB1 gene showed enhanced sensitivity to rapamycin (an inhibitor of
TOR kinase), suggesting that Rhb1 is associated with the TOR signaling pathway in C. albicans.
Further analysis indicated RHB1 and TSC2 are involved in nitrogen starvation-induced
filamentation, likely by controlling the expression of MEP2 whose gene product is an ammonium
permease and a sensor for the nitrogen signal. Moreover, we have demonstrated that Rhbl is
also involved in cell wall integrity pathway, by transferring signals through the TOR kinase and
the Mkcl MAP kinase pathway. Together, this study brings new insights into the complex
interplay of signaling and regulatory pathways in C. albicans (Fig. 4; Tsao et al., 2009).
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Figure 1. An overview for working on the C. albicans oligo microarrays and data analysis.
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Fig. 4. Model of the Tsc2/Rhbl/TOR signaling pathway involved in nitrogen
starvation-induced morphogenesis and cell wall integrity of C. albicans.

2: Unveiling the molecular involvement of Efgl pathway in the pathogenesis of C.
albicans
a. We have constructed Caenol/Caenol homozygous mutant for the purpose of
understanding the effects of the null mutation on C. albicans.

b. We have conducted genetic and phenotypic analyses to determine the involvement of
Caenol in morphogenesis, virulence, and drug resistance along with other physiological
phenotypes.

c. We have performed deletion analysis on CaENO1 for the purpose of determination of
the signals on CaEnol responsible for its various localities and found that truncated Enol
products were not detectable outside the cells.

CaEnol is a multi-functional glycolytic protein regulated by Efgl and it is also a major
component of cell wall as well as a secreted antigen in Candida infection. Its location in the cell
is related to its function and subjected to the regulation of Efgl. Hence, understanding the signal
and mechanism will help to reveal the role of the Efgl pathway and the controlling mechanism of
pathogenesis. The approach we used is the mutagenesis analysis to unveil its functions.

We started by constructing the knockout mutation of CaENO1 to understand the role of
CaEnolp in morphogenesis/virulence. At the same time, we also fused various sequence
fragments of CaENO1 to reporter GFP to monitor the location of the GFP to determine the
sequences necessary for the various locations of CaEnolp, which may be in connection to the
virulence and pathogenesis of C. albicans.
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(1). Constructing Caenol/Caenol homozygous mutant and determining the effects on C.
albicans.

Due to the diploid-only nature of C. albicans and the lack of known plasmid, the homozygous
mutation on CaENOL1 is in fact a null mutation constructed by knock-out procedure based on
homologous replacement using an SAT1 expression cassette flanked by the 5” and 3’ sequences of
CaENOL1 (Fig. 5). The resultants were assessed by PCR and Southern analysis (Fig. 6). In
short, we have obtained the homozygous mutant strains. \We then proceeded to characterize the
Caenol/Caenol mull mutation strains focusing on the involvement in morphogenesis and
virulence.

When grown on agar media and allowed to form colonies, the wild-type cells formed colonies
with fuzzy edge with filamentous formation spreading out. However, with the Caenol/Caenol
mutants, the edge of colonies was smooth. Introduction of a wild-type copy of CaENO1 restore
the phenotype (Fig. 7).

Next, we tested the utilization of carbon source since enolases are known to be involved in the
glycolytic pathway. Various carbon sources and their combinations were tested. It was
observed that Caenol/Caenol mutants could not grow in the presence of glucose, but was able to
utilize carbon sources in non-fermentable pathway such as glycerol, ethanol. In addition, the
mutants could not grow on media supplemented with pyruvates (Fig. 8).

Since Efgl pathway is suggested to be involved in drug resistance, we then tested the effect of
mutations on the drug susceptibility. The null mutations enable the cells to become more
susceptible to amphotericin B, miconazole, and voriconazole (Fig. 9). The results are consistent
with the idea that EFG1 as well as CaENOL are involved in the regulation of drug resistance.

In addition, we have also observed that the null mutations also render the cells to become more
susceptible to NaCl stress.

Since enoll/enol is defective in filamentous growth, we have determined it’s virulence with a
mouse systemic infection model and found that indeed, it is avirulent (Fig. 10).
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Fig. 5. Genomic construction of ENO1 null mutation. Accl is used to treat genomic DNA
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for Southern analysis.
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Fig. 6. Southern Analysis of CaENOL1 locus in various strains.
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Fig. 8. Mutations on CaENOL affect the utilization of different carbon sources for growth.
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Fig. 9. Mutations on CaENOL1 affect susceptibility to antifungal drugs and NacCl.
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Fig. 11. Candida albicans defective in ENOL is avirulent in mice.

(2). Investigating the signals on CaEnol responsible for its various cellular localizations.
The attempt is to perform deletion analysis to narrow the sequences responsible for the locations
of CaENOL1 till the minimal sequences are defined. However, due to the difficulty of molecular
manipulation in C. albicans, our strategy is to perform the deletion analysis in the baker yeast
first, and then assess the result in C. albicans. Therefore, we have fused the sequence of
CaENOL1 to EFGP in a S. cerevisiae expression vector (Fig. 11) and then determined whether the
CaEnolp expressed in S. cerevisiae could still be retained in cytoplasm as well as secreted into
media. Plasmids carrying the secretion signal of o-factor fused to the 5’ of EGFP and plasmids
carrying the EGFP gene alone serve as controls. The cells transformed with plasmids carrying
the sequence of CaENO1-EGFP fusion can be seen to express EGFP (Fig. 12A), so does the
plasmids carrying EGFP (Fig. 12B). Hence, the fusion of EGFP and CaENOL can be expressed
and the EGFP can serve as the reporter.  In addition, cells transformed with plasmids carrying
o-factor secretion signal fused to the 5 of EGFP was also expressed but a lower intensity (Fig.
12C). One possible reason for the lower intensity is that the fusion proteins were indeed
secreted. Hence, we decided to collect the media from the culture and analyzed with Western
blot against EGFP.  As it is shown in figure 13, Western analysis was able to reveal a band with
the size of about 75 kD in the culture media of cells carrying the sequence of CaENO1-EGFP
fusion. Hence, the CaEnolp-EGFP is secreted into media as the wild-type CaEnolp shall have.
We have completed the construction of various truncated CaENO1 fused with EGFP to determine
whether different portions of the sequence can direct EGFP to different cellular location (Fig. 14).
However none of the truncated proteins were detected in media (data not shown), indicating the
possibility that the secretion required the whole protein.
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Fig. 11. Schematic representation of fusion construct of CaENO1 on baker yeast expression
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Fig. 12. Plasmid-based CaENO1-EGFP can express in S. cerevisiae. Cells carrying
different plasmids were observed under fluorescence microscope. A, cells contain plasmid
carrying CaENO1-EGFP; B, cells contain plasmid carrying EGFP alone; C, cells contain plasmid
carrying secretion signal-EGFP.
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Fig. 14. Schematic representation of constructs for deletion analysis.

(3) Investigation of drug-induced regulatory networks under Efgl or Cphl.

Among the six thousand strong genes tested, there were about 500 genes whose expression
showed more than 3 fold differences between wild type and cphl/cphl or efgl/efgl mutants.
Among them, the number of genes affected by 4-NQO in the efgl/efgl strain was 79, and
cphl/cphl 27. There were 9 genes appeared in both.  The numbers for miconazole were 120,
28, and 13 (Fig. 15.).
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Fig. 15. Results of microarray analyses for genes controlled by different conditions.
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1. Microarray analyses showed that about 2000 genes are involved in response to drugs, efgl,
or cphl mutations. Mutations of EFG1 and/or CPH1 affect morphogenesis, which
involving cell growth, cell cycle, cellular re-structure, and all biochemistry processing
associated with them. Adding of drugs further complicated the situation. Hence, to
reduce the complexity, we have tried to look for genes of which the expressions were
different in more than one conditions. Admittedly, certain interested genes are removed
from the lists, but this has reduced the number to a reasonable level (Fig. 15.).

2. Detection of Enol truncated proteins has yielded negative results. The research was set
out to search for secretion signal on the Enol protein by deletion analyses. The rationale
was that most secretion signals were embedded in the protein sequences. However, even
thought we could detect the EGFP signals inside the cells expression the truncated EGFP
fusion proteins, we were not able to detect them in the media. There were several
possibilities: 1) The signal for secretion requires the protein to be intact. 2) EGFP
affects the secretion of the truncated proteins. It may be necessary to replace EFGP with
other reporter genes.
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In the first year of this project, we have successfully generated spotted oligo microarrays
representative of the entire C. albicans genome. In the second year, we have optimized protocols
for RNA isolation, sample processing and hybridization. And we have used DNA microarrays to
study C. albicans gene regulation in response to environmental cues and stimulation, such as
depletion of iron, nitrogen, drugs either wild-type or mutant strains. Candidate genes were
chosen for mutagenesis construction. In the third year, microbiological and biochemical
analyses were applied to characterize the functions of the chosen ones. We have successfully
completed the construction of the knock-out strains and have assessed the mutants to our
satisfaction based on the result of PCR, Southern analyses, and physiological activities. We
have also completed the characterization of the phenotypes related to morphogenesis/virulence.
In sum, we have a good progress that matches well with the planned schedules with the part of
molecular genetics study of the genes involved in the pathogenesis. We have successfully studied
the involvement of CaENO1, CaAFT1, CaTSC2 and several other genes in Candida
pathogenesis.

On the other hand, the plan to identify the various localization signals of CaEnolp has run into
obstacles. Here we have successfully established the baker yeast system for our investigation of
Candida gene and the CaENO1-EGFP was able to express in the baker yeast as well as secreted
into the surround media. However, the recombinant truncated fusion proteins appeared to be
retained inside the cells and we were not able to define the signals response to various cellular
locations of CaENOL1.

Our results reveal the connection of the regulatory network upstream of EFG1/CPHZ1(the result
of TSC2) and downstream (the result of ENOL1), expand the current knowledge of the global
regulation of Candida pathogenesis. In addition, those genes and their products are potential
drug targets for future development.
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tance, we hawe identified a megative regulator of MDRT and named it Regulator of Effise Pump 1
(REPT). Dverexpression of REPT in Sacchammyces cerevisige increased susceptibility to fluconazole Fur-
thermore, null mutations on REPT decreased the susceptibility to antifungal drugs inC albicans resulting
from increased expression of MDRT mRENA. Hence, Replp is involved in drug resistance by negatively reg-
ulating MDRT in C alhicans
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1. Introduction

In the past decade, the prevalence of yeast infections has
increased dramatcally. Among the fungal pathogens infecting
human, Candida abicans is the most frequently isolated one and
has caused mortality in immunocompromised hosts (Hung et al.,
2005 Plaller et al., 2001; Yang et al., 2003, 2005). The ineased
use of antifungal agents has led to an incease in inddences of drug
resistance (White et al, 1998; Yang and Lo, 2001 ).

The predominant target enzyme of the azole drugs is lanoste rol
demethylase, a product of the ERGI 1 gene (Jose ph-Horne and Holl-
omon, 1997), Numerous publications have shown that mutations
on (Franz et al, 1998; Kelly et al, 1999; Lamb et al, 2000; Lee
et al, 2004; Marichal et al., 1999; Perea et al, 2001; Sanglard
et al, 1998; Xu et al, 2008) or overexpression of (Franez et al.,
19498; Lamb et al, 1997; Perea et al., 2001; White, 1997) Ergllp
contributing to drug resistance. Recently, a positive regulator of
ERGII, Up2p, has been reported (Dunkel et al, 2008b; Oliver
et al., 2007 Znaidi et al, 2008 ). Treatment of azoles resultsin accu-
mulating 14a-methylergosta-8,24-dien3,6 diol, the toxic product
from the sterol AS G-desaturase activity, encoded by the ERG3 gene
(Sanglard et al., 1998). Mutations on ERG3 can suppress the toxicity
by blocking the production of 14a-methylergosta-8, 24-dien3 6
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diol and cause resistance to azole (Lupetti et al, 2002; Sanglard
et al, 2003; Yan et al., 2008 ). Furthermore, in addition to virulenoe
(Lo et al, 1997), Efgl pis also involved in drug resistance in C. albi-
ans by negatively regulating ERG3 (Lo et al, 2005).

Overexpression of efflux pumps is another major mechanism
ntributing to drug resistance in Candida clinical isolates, At least
two types of efflux pumps are involved in drug resistance in C. albi-
azns (Yang and Lo, 2001} One consists of CORI and COR2, belong-
ing to the ATP binding cassette family and the other is MDR1 of the
major facilitator family. Recently, two transcription factors,
Camdt80p (Chen et al, 2004; Wang et al., 2006) and Taclp (Coste
et al., 2004), have been identified as positive regulators of (DRI
Owverex pression of (DR2 was observed in the dinical resistant iso-
lates from matched sets of susceptible and resistant ones (Mors-
chhiuser et al, 2007} Mevertheless, Cdrlp is the major
determinant of azole resistance, while Cdr2p plays a complemen-
tary role {Holmes et al., 2008; Sanglard et al, 1997; Teao et al,
2009).

MDR 1 was originally identified by its ability to confer both ben-
omyl and methotrexate resistance when transformed into Seccha-
romyces cerevisioe (Fling et al., 1991) The expression of MDR] is
not activated by stresses such as pH and temperature, Instead, it
is induced by drugs, such as benomyl, methotrexate, $-nitrogquino-
line-M-axide {4-NQ0), o-phenanthroline and sufomethuron methy |
(Gupta et al, 1998). Recently, Mrrlp has been identified as an acti-
vator of MDRD and null mutations on MRRE] increased susceptibil-
ities to several drugs, induding Muconazole (Morschhiuser et al,
2007). Furthe rmore, gain-of-function mutations in Mrrlp followed
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Two Closely Related Fluconazole-Resistant Candida
tropicalis Clones Circulating in Taiwan from 1999 to 2006

Shu-Ying Li! Yun-Liang Yang 22 Yu-Hsin Lin} Hui-Ching Ko? An-Huel Wang*
Kuo-Wei Chen! Chih-Wei Wang,* Hsin Chi® Hsiu-Jung Lo* and TSARY Hospitals

Recently, we reported that diploid sequence type (DST) 14C was a predominant type of Candida tropicalis among
isolates with fluconazole minimum inhibitory concentrations (MICs} >64 ug/ml collected in the Taiwan Sur-
veillance of Antimicrobial Resistance of Yeasts (TSARY) in 1999. To determine if DST140 persists in Taiwan, we
have used multilocus sequence typing to characterize the genetic profiles of 31 resistant isolates (MICs
264 pg/ml), together with 19 susceptible isolates (MICs <16 ug/ml) collected in TSARY 2006. Among the 50
isolates, 33 distinct DSTs were detected. Of the 31 resistant isolates, 11 (35.5%) belonged to two closely related
DSTs (140 and 98), whereas none of the 19 susceptible isolates did {p = 0.004). The isolates belonging to DST140
and 98 were from different geographic regions instead of a restricted area. Thus, our data show temporal and

spatial transmission of C. tropicalis clones with high flucenazole MICs in Taiwan from 1999 to 2006.

Introduction

UE TO THE INCREASED NUMBER OF POPULATIONS at risk,

the prevalence of invasive fungal infections has in-
creased significantly. Candida species are prevalent and im-
portant pathogens in hospitalized patients and in nosocomial
infections. Although Candida albicans is the most prevalent
species in hospitalized individuals and in nosocomial infec-
tions, %1% there has been a shift toward the more treatment-
resistant nonalbicans Crndida species, especially Candida
glabrata and Candida tropicalis.”®"* Further, studies from
other tropical and subtropical regions also showed a rela-
tively high proportion of C. tropicalis.

In 1999, we initiated a nationwide survey, the Taiwan
Surveillance of Antimicrobial Resistance of Yeasts (TSARY),
to investigate the species distribution and drug susceptibil-
ity of Candida species.5!! TSARY was again conducted in 2002
and 2006.1*" In all three TSARY surveys, C. tropicalis was
the most frequently isolated nonalbicans Candida species.** "
Among the C. fropicalis isolates collected, 23 of 162 (14,2%) in
1999, 0 of 244 in 2002, and 132 of 246 (53.7%) in 2006 dis-
played fluconazole minimum inhibitory concentrations
(MICs) of >64 ug/ml.

Clindcally, the increase in the prevalence of fluconazole
resistance in C. fropicalis is considered to be important since it
is one of the most commonly isolated nonalbicans Candida

species.*1% In addition, flucytosine nonsusceptible C. tro-

picalis has been increasingly reported.’ Hence, information
regarding the genetic background of the resistant and sus-
ceptible isolates may provide additional information about
the distribution pattern and origin of the resistance. Recenily,
we reported an association between fluconazole susceptibil-
ity and genetic relatedness among C. tropicalis isolates from
TSARY 1999.21° The results showed that diploid sequence
type (DST) 140 was predominant among C. tropicalis isolates
with fluconazole MICs >64 yig/ml. In this study, we would
like to determine whether any DSTs predominated among
the fluconazole-resistant C. fropicalis isolates collected in
2006. Distribution of the DSTs among hospitals and with
regard to anatomical origin was also analyzed to further
pinpoint the crigins of antimicrobial-resistant strains. Finally,
we also compared the DSTs of isolates collected in 2006 to
those from the isolates collected in 1599,

Materials and Methods
Organisms

Among the 162 and 246 C. tropicalis isolates collected in
the TSARY in 1999 and 2006, there were, respectively, 23
(14.2%) and 132 (53.7%) isolates with fluconazole MICs
264 ug/ml.P*° The DSTs of 35 C. tropicalis collected in 1999
had been determined by multilocus sequence typing (MLST)

1My'c(}i:ic Biseases Laboratory, Research and Diagnostic Center, Centers for Disease Control, Taipei, Taiwan.
*Department of Biological Science and Technology; *Institute of Molecular Medicine and Bioengineering; National Chiao Tung University,

Hsinchu, Taiwan.

“Division of Infectious Diseases, National Health Research Institutes, Miaol County, Taitung, Taiwan.
SSection of Infection Diseases, Mackay Memorial Hospital Taitng Branch, Taifung, Taiwan.
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A small G protein Rhb1 and a GTPase-activating protein Tsc2 involved
in nitrogen starvation-induced morphogenesis and cell wall integrity

of Candida albicans
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Eheb iz a new member of the small G proteins of the Ras superfamily in eukaryotic organisms and con-
traks various physiclogical processes. Activity of Rheb is regulated by Tsc2, a GTPase-activating protain
(GAP). In this study, we have identified Candida albicans homalegs of Rheb (named as Bhb1) and Tsc2
Deletion of the RHET gene showed enhanced sensitivity to rapamycin (an inhibitor of TOR knase), sug-
gesting that Rhb1 is associated with the TOR signaling pathway in C abicans. Further analysis indicaved

Keywords: RHET and TS(2 are involved in nitrogen starvation-induced filamentation, likely by contmolling the
E;'::_:ﬁ“:m expression of MEPZ whose gene product is an ammonium permease and a sensor for the nitrogen signal
Cell integrity Maoreover, we have demonstrated that Rhbl is also involeed in cell wall integrity pathway, by transfer-
RHE{ ring signals through the TOR kinase and the Mhkc1 MAP kinase pathway. Together, this study brings new
™o insights into the complex interplay of signaling and regulatory pathways in C. albicans

TOR & 2008 Elsevier Inc. All rights reserved.
1. Introduction hy phae (Odds, 1988). Morphogenesis is induced by a number of

The abilities of microorganisms to sense and adapt to the sur-
rounding environments are important for their survival and path-
ogenicity in the mammalian host Candida ebicans, the major
fungal pathogen of humans, commensally colonizes in virtually
every anatomical site of the hosts with diverse environmental con-
ditions (0dds, 1988). In immunommpromised individuals indud-
ing those undergoing bone marrow and organ transplantaton,
cancer chemotherapy and those with primary or acquired immu-
nodeficgency, C albicans can cause life-threatening infections
(Odds, 1988). One of the features that allow for C abicans transi-
tions from a commensal organism to a successful pathogen is its
ability to sense complex environmental signals and to respond
by controlling cell growth/proliferation and expression of associ-
ated virulence determinants {Calderone, 2002 )

Knowledge of environmental signaling and response in C albi-
cans is largely obtained from studies investigating cell morphogen-
esis that is important for O albicans virulence (Lo et al, 1997,
C. albicans transit from a single-celled ovoid yeast form (blasto-
spore] o filamentous forms, induding pseudohyphae and true

= Corresponding author. Address: Institute of Molecular and Cellular Biology,
National Tsing Hua University, 101, Ssction 2, Kuang-Fu Rasd, Heinchu 30013,
Taiwan ROC. Fax: +886 3 571 5954,
E-muil address oyl an@ life nthu sdutw (C-Y. Lan)
! These suthors contributed squally to this wark.

1087-18455 - see front matter & 2008 Bsevier Inc. All rights reserved.
dai: 101016 fj b 20081 1.008
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factors, induding pH, temperature, nutrient availability and phys-
ical conditions such as attachment to and embedded in agar (Ernst,
2000; Biswas et al., 2007; Whiteway and Bachewich, 2007 ). Multi-
ple sigraling pathways have been suggested to control morpholog-
ical transitions, including mitogen-activated protein { MAP) kinase
cascade, cAMP-dependent protein kinase A (PKA) pathway, a pH-
sensing pathway and a two-component signaling pathway (Ernst,
2000; Biswas et al, 2007, Whiteway and Bachewich, 2007)
Although these signaling pathways are essential for morphogene-
sis, the understanding of other signaling molecules (eg small
GTPase) and their relevance in cellular functions of C. albicens is
incomplete.

The Ras superfamily of small GTPases exists ubiquitously in
cukaryotes and has been implicated in nearly all cellular processes
(Aspuria and Tamanoi, 2004 ). Based on their structure and func-
tion, the members of Ras superfamily ame classified into at least five
families: Ras, Rho, Rab, Arf and Ran (Aspuria and Tamanoi, 2004 )
Within the Ras branch of the small GTPase family, Rheb (Ras
homolog enriched in brain) is a novel and unique small G protein
that is conserved in a wide variety of organisms (Aspuria et al,
2007). In humans, Rheb plays critical roles in activatdon of mTOR
(mammalian arget of rapamycin), a serine/threonine protein ki-
nase, and is involved in the activation of protein synthesis and oell
growth (Basso et al., 2005; Long et al, 2005). In addition, Tscl
(hamartin) and Tsc2 (tuberin) proteins interact to form a complex
that negatively controls the intrinsic GTPase activity of Rheb
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Report for Attending the 17 Congress of the International Society for
Human and Animal Mycology (ISHAM)
By Yun-Liang Yang

The 17" ISHAM was hold at Keio Plaza Hotel at Tokyo in May25-29, 2009. There
were more than 900 participants from more than 50 countries. In all, there were
more than 450 posters, 5 keynote lectures, 16 sponsored Seminars, and about 150
Symposia presentations provided by speakers in the rank of principal investigator.
There were also four social events: welcome reception, poster evening, Japan night
and Gala dinner.

Among the keynote lectures, | was particularly impressed by the one by Dr. Neil
Gow of University of Aberdeen, UK. He presented a comprehensive review on the
current research status of the biosynthesis, immune recognition and adaptation to
stress of the fungal Candida cell wall. The emphasis was on that the components of
cell wall were dynamic, responding to environment and host immune system. A
further aim was to focus participants onto targeting research on fungal cell wall
biology so as to use it as drug targets. One of the major reasons is that humans do
not have cell wall. There was also a JSMM (Japanese Society of Medical Mycology)
Award Lecture by Dr. Masakazu Niimi of National Institute of Infectious Diseases
Tokyo, Japan. Dr. Niimi has developed a protein hyper-expression system using
Saccharomyces cerevisiae as host cells to express seven major ABC transporters (a
major component in drug resistance) of pathogenic fungi. This system then allowed
the discovery and development of new modulators for fungal chemotherapy as well
as basic research of the molecular mechanisms of drug resistance. This is such a
wonderful demonstration that basic research and application do not necessarily in
conflict to each other. Another impressive presentation was by Judith Berman of
University of Minnesota, USA. She talked about the tools and the types of studies
exploiting the genome sequence information to understand Candida ablicans since
its genomic sequence has been available almost 10 years. The major emphasis was
that different tools solved different questions, and not one tool or one type of study
was good enough for everything. | think this is an idea that everyone know but is
consistently required reminding.  Finally, it was one of my favor speakers in fungal
research, Dr. Frank Odds of University of Aberdeen, UK. He talked about molecular
epidemiology and pathogenesis of Candida infections in his usual précised and
humorous ways yet remained to be critical about the data in literatures. There
were two themes. One was that the genome typing with microsatellite typing and
multi-locus sequence typing provided a powerful ways of studying epidemiology of
Candida albicans and other fungi. The second was that the studies of pathogenesis

of Candida infections have moved from defining gene associated with virulence to



the fungus-host crosstalk in vivo and ex vivo.

In addition to be an audience, | was also invited to present in one of the symposia
section in the morning on May 27 about the identification and functional study on
REP1, a negative regulator of Candida albicans MDR1. This project was a
cooperation effort with Dr. Hsiu-jung Lo of NHRI.  All major research groups in
related fields have at least one Pl attending the talk. It is very nice to know that the
result of this research is highly regarded by the global community. But there are
more challenges ahead. Some well-respect persons in the field pointed out in
private that we have reached critical mass in Taiwan to support this kind of discovery
but it is yet to be seen whether we can continue in-depth study. | think this is a fair
comment and will require the efforts of the community, university and government
to work together to continue the performance.

| was also impressed by the order and precision of Japanese society. The streets
were always clean and people well-dressed. People were polite and quiet and tried
their best not to disturb others. Even the homeless were clean and well-behaved.
The subway and trains were always on time. Punctuality is essential to them,
regardless the status of a person. It is no wonder they can become a major
economic power. And it was very green in Tokyo, a lot of trees and parks even
though it was highly populated. Of course, there are problem ahead of them. For
example, the sign of an aging society is showing as most labor workers were aged

persons and limited space and resource continue to be issues.



Report for attending the 21" International Union of Biochemistry and
Molecular Biology (IUBMB), Shanghai, China
By Yun-Liang Yang

The 21* IUBMB took place at Shanghai from August 2 to August 7, 2009. It was
hold at Shanghai International Conference Center located at the newly developed
area of Pu-Dong. Four graduate students from my laboratory also attended this
meeting in addition to me. This is the largest gathering of biochemists and
molecular biologists internationally. This year, it joined event with 12" FAOBMB.
In fact, it also covered the 8™ Cross Strait Symposium on Biomedical and
Bioengineering Research and Symposium for 10th-anniversary of Shanghai Institutes
for Biological Sciences at the same time. Hence, it truly was a grand event.

The major theme this year was “Biomolecules for quality of life.” There were
four “Themes”: 1. Genome dynamics and Gene regulation. 2. Protein structure,
dynamics and proteomics. 3. Cell signaling and network. 4. Molecular basis of
diseases. Unfortunately, they ran side by side with each other. Besides, there
were also 6 separate symposia, each emphasizing a specific area of interest, such as
glycoprotein, lipid...etc. Totally, there were twelve plenary lectures and each
elaborated on one major research directions in the field. Although they discussed
the future directions in their individual areas of research, all emphasized a lot on the
history background of those topics and the link to the present time. It was a very
enlightening experience for me since | did not have too much opportunity to engage
on the history of the landmark events in the past. | was particularly impressed by
the lecture delivered by Dr. Kurt Wuthrich, who gave personal stories about every
person contributing to a breakthrough in the development of structural biology to
illustrate his topic: NMR with proteins-from structural biology to structural genomics.
And for each “Theme”, there were totally nine sections, each with 4 to 6 speakers.
All in all, the major themes for protein research is to explain the functionality of
proteins from the angle of structure, especially on the detail of protein-target
interaction, as more and more equipments and techniques appear. Whereas the
major issue for molecular biology is the functions of non-coding RNAs, especially the
regulatory role of micro-RNAs and the mechanisms of catalytic RNAs.

In addition to scientific front, | also have the opportunity to experience the city of
Shanghai, a metropolitan area the size of more than 6000 square kilometers (about
one sixth of Taiwan) with at least 20 million people. All over the metropolitan, old
buildings were torn down and new ones put into place. High-rise replaced
traditional housing complex and hid among the high-rise were express ways and
super highway systems shadowing the pedestrians. It is a great city locating in an

economically booming region and the end of development is nowhere near. It tries



very hard to demonstrate its will and determination to be an international city once
again. And, this time, it wants to be a great city with not only economical

importance but also scientific achievement, and | suscept, cultural splendid.



