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All pathogenic microorganisms have in common that they need to feed on nutrients available from their
host. Therefore, the specific interruption of metabolic pathways is a promising approach which could lead
to the discovery of new antimicrobial drugs. However, nutrient availability strongly varies in respect to
the infected host niche and pathogens may possess different strategies to acquire nutrients. This review
rotease focuses on the differences in regulation and use of key metabolic pathways during infection by pathogenic
fungi, especially in the filamentous fungus Aspergillus fumigatus and the dimorphic yeast Candida albicans.
Besides universal metabolic pathways, emphasis is given on pathways, which are absent in humans
and might, therefore, suit as antifungal drug targets. Niche-specific nutrient availability and different
physiological strategies complicate the identification of metabolic pathways, which are essential for all

the i
pathogens at each step of

ntroduction

Nutrition is an essential prerequisite for the onset and man-
festation of an infection by pathogenic microorganisms. Several
ungi with pathogenic potential, e.g. Aspergillus fumigatus, the main
auses of invasive aspergillosis (Denning et al., 2002), are free-living
icroorganisms and commonly found as saprophytes in soil. There-

ore, these fungi are trained to cope with competitors for nutrients,
nd they are well adapted to rapidly changing environmental con-
itions. Additionally, predators, such as amoeba and nematodes,
requently attack fungi in their natural environment, and strategies
o escape these predators have been assumed to represent ‘viru-
ence schools’ for human infections (Alvarez and Casadevall, 2006;
liska and Casadevall, 2009). In contrast, the dimorphic yeast Can-
ida albicans has never been isolated as free-living organism and
ay have adapted specifically to mammalian hosts. C. albicans is

requently found as a harmless commensal, which persists at differ-
nt mucosal surfaces (Soll, 2002; Hube, 2004). Therefore, C. albicans
ust possess efficient strategies for cell adhesion (Park et al., 2009;
alle et al., 2010), which may be more pronounced in this fun-
us than in others. Additionally, C. albicans may have specifically
dapted to the nutritional conditions provided by the host (Brock,
009).
Healthy humans are generally not affected by severe inva-
ive fungal infections, because the interplay of different immune
ffectors, especially from the innate immune system, success-
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fully combats fungal invaders. However, this situation may change
dramatically in immunocompromised patients, either suffering
from immunosuppressing diseases or chemotherapy (Shoham and
Marwaha, 2010). In these patients, the orchestrating of immune
effector cells becomes imbalanced, which may allow fungi colo-
nizing and invading human tissues. However, the residual immune
system in these patients still attacks fungal pathogens, which may,
e.g. cause hyperinflammatory responses (Lewis and Kontoyiannis,
2009). An example for such a response is given by the massive neu-
trophil recruitment to lung tissues under corticosteroid treatment
after pulmonary infection with A. fumigatus conidia. These neu-
trophils encircle outgrowing hyphae preventing the uncontrolled
and rapid spreading of mycelium through the tissue by the cost of
severe tissue damages (Ibrahim-Granet et al., 2010). Macrophages
and neutrophils may also phagocytose conidia or yeast cells causing
environments of acid pH, nutrient limitation, and oxidative stress
(Fernández-Arenas et al., 2007; Frohner et al., 2009). Therefore,
fungi require strategies to survive and propagate under these hos-
tile conditions. One strategy for escaping phagocytes is the rapid
elongation of hyphae, which can destroy the cell membrane of
macrophages by mechanical forces (Lorenz et al., 2004; Ghosh et
al., 2009) and subsequently allows invasive growth through tissues.
However, elongation of hyphae and growth are energy consuming
reactions and without nutrition an infection could not establish.

The numbers of antifungals available for combating life-
threatening fungal infections are rather limited, and they mainly

act on the integrity of the fungal cell membrane and cell wall
(Hoehamer et al., 2010). Species-specific resistance has been
observed leading to ineffective therapy (Chandrasekar, 2009;
Niimi et al., 2010). Therefore, the knowledge about the essential
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etabolic pathways used by pathogenic fungi during host infec-
ion may lead to the discovery of new drugs effective against a
road spectrum of fungi. A basic problem of this idea is the incom-
lete knowledge on the importance of metabolic pathways during
athogenesis (Brock, 2009). Different routes of infection such as
onidia inhalation, epithelial invasion or wound infection provide
ifferent host environments. Additionally, the presence or absence
f specific immune effector cells may influence the nutritional con-
itions. Last but not least, regulation and use of metabolic pathways
ay vary significantly between different fungal species. Therefore,

he investigation of a broad range of pathogenic fungi is needed
o obtain deeper insights into the essential metabolic pathways to
ombat fungal infections on the nutritional level.

he host niches

Fungi can infect nearly every body site. However, the nutrient
omposition varies significantly. Fungi other than dermatophytes
arely infect the skin surface. The dry environment and the
xtremely limited nutrient supply in combination with immune
ffector cells in subcutaneous regions prohibit the establishment
f an infection unless the skin is harmed by trauma, irritation, or
aceration. Exceptions are the superficial infections caused by der-
atophytes. These fungi are able to efficiently use the insoluble

eratin present at the skin as nutrient even at low water availabil-
ty, providing them with carbon and nitrogen required for growth
Zaugg et al., 2009). Other fungi are either unable to grow or have
ery low growth rates on keratin at solid surfaces, which excludes
hem as pathogens at the skin surface (Scott and Untereiner, 2004).

In contrast, mucosal surfaces, as found in the oral region or
he gut, are rich in nutrients from food uptake, but reproduction
s limited by competing microorganisms (Basson, 2000), and tis-
ue invasion is restricted by the immune system. In this context,
t has been shown in an in vitro model that, e.g. epithelial cells

ere protected against C. albicans invasion and cell injury by a
LR4 response triggered by polymorphonuclear cells (Weindl et al.,
007). The mucosal surface of the lung, in contrast, may provide
more nutrient-limited condition, since it is not in direct contact
ith nutrients from food intake. Additionally, the surface is covered
ith a mucus layer, which contains large amounts of antimicrobial

actors (Travis et al., 1999). This allows the inactivation of inhaled
icroorganisms and their embedment for removal by ciliated

ells and subsequent coughing. Additionally, alveolar macrophages
apidly phagocytose inhaled microorganisms, and their function is
upported by neutrophils and dendritic cells (Behnsen et al., 2007;
ircescu et al., 2009; Bourgeois et al., 2010; Ibrahim-Granet et al.,

010). Therefore, nutrients are not easily available, and acquisition
ay require the disruption of host cells releasing cellular stor-

ge compounds. However, once penetrating the epithelial layers,
athogens may reach the bloodstream. Since blood is the major
arrier of nutrients, glucose, proteins, amino acids, and vitamins
re present in larger quantities. Therefore, it is essential for the host
rohibiting the entry of pathogens to the blood, which is realized by

arge quantities of immune effector cells keeping the bloodstream
irtually pathogen-free. In case of a systemic infection, pathogens
an reach different internal organs such as the liver, which is the
ain storage compartment of glucose in the form of glycogen. Like-
ise, the brain only contains low amounts of proteins but is rich

n glucose and vitamins, which are required for normal brain func-
ion. Contrarily, and as mentioned above, phagocytes are present
t nearly all body sites and may form extremely nutrient-limited

onditions causing severe starvation. This indicates that differ-
nt metabolic adaptations are required at different host sites, and
t remains questionable, whether targeting of a single metabolic
athway can prohibit fungal growth at all host niches.
ical Microbiology 301 (2011) 400–407 401

Glucose and glycolysis: fermentation or oxidation?

Most aerobic microorganisms prefer the use of glucose as carbon
source rather than using gluconeogenic nutrients. The explana-
tion for this phenomenon is simple: Glucose as carbon source
does not require gluconeogenesis for its synthesis and is easily
degraded via glycolysis or the pentose phosphate pathway. The
latter not only provides building blocks for nucleic acids and cofac-
tors, but also generates NADPH for biosynthetic processes and
for combating oxidative stresses (Thön et al., 2007). Addition-
ally, the use of glucose allows fermentation even under aerobic
conditions by gaining energy from glycolysis. Thereby, the use
of glucose as carbon source splits fungi into so-called Crabtree-
negative and -positive species. Filamentous fungi tend to group
with the Crabtree-negative species, showing a strong upregulation
of the pyruvate dehydrogenase complex in the presence of glucose
(Chambergo et al., 2002; Maeda et al., 2004; Xie et al., 2004). This
enables a high flux of acetyl-CoA through the TCA cycle and the
complete conversion into CO2. Analysis of the carbon balance of A.
nidulans grown on glucose as sole carbon and energy source showed
that the total C content was found within the biomass and CO2
(Brock and Buckel, 2004). In contrast, Crabtree-positive fungi, espe-
cially Saccharomyces cerevisiae, downregulate activity of the PDH
complex in the presence of high glucose concentrations. Pyruvate
is not converted to acetyl-CoA for oxidation via the TCA cycle, which
leads to the secretion of organic compounds, mainly ethanol, even
in the presence of the terminal electron acceptor oxygen (Klein
et al., 1998). One possible advantage of this strategy is the rapid
consumption of glucose from the medium, which might be ben-
eficial for competition in the environment. As a drawback, energy
and biomass yields from glucose are reduced, because some energy
and carbon remain fixed in the fermentation products (Merico et al.,
2007).

Regulation of glycolysis

In order to favor glycolysis over gluconeogenesis, most fungi
seem to contain a carbon catabolite repressor system, which is
mainly represented by Mig1 in S. cerevisiae and C. albicans and by
CreA in filamentous fungi (Ruijter and Visser, 1997; Schüller, 2003).
In the absence of glucose, Mig1 becomes phosphorylated, leading
to its translocation from the nucleus to the cytosol (De Vit et al.,
1997). In S. cerevisiae, Mig1 also interacts with the glucose-sensing
hexokinase Hxk2p, which only exhibits regulatory functions in the
nucleus during the simultaneous presence of Mig1p (Ahuatzi et al.,
2004). Thereby, Hxk2p can inhibit the phosphorylation of Mig1p
by the Snf1 kinase (Ahuatzi et al., 2007). Active Mig1p targets the
global repressor complex Tup1p/Ssn6p to the promoters of glucose-
repressed genes, which leads to the inactivation of genes involved
in metabolism of alternative carbon sources (Elbing et al., 2004).
Although Mig1p is also present in C. albicans (CaMig1p), some dif-
ferences in their regulatory properties seem to exist. A disruption
mutant of mig1 in S. cerevisiae abolishes the glucose repression of
the genes responsible for galactose metabolism (Nehlin et al., 1991),
whereas a deletion of the mig1 homologue in C. albicans has no
effect on expression of the glucose-repressed gene CaGal1. More-
over, CaMig1 expression does not significantly change between
glucose or ethanol as carbon source, and CaMig1p possesses no
putative phosphorylation site for CaSnf1p. Therefore, additional
proteins may be involved in carbon catabolite repression in C.
albicans. Nevertheless, CaMig1 was able to complement the pheno-

types of a S. cerevisiae MIG1 deletion strain (Zaragoza et al., 2000).

In Aspergilli, carbon catabolite repression has not been fully
understood, but CreA seems the most important key player in
this mechanism (Ruijter and Visser, 1997). However, CreA appears
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o possess a broader function than simply repressing metabolism
f alternative carbon sources, since mutations in the zinc fin-
er domain result in severe morphological changes (Shroff et al.,
997). Furthermore, additional proteins (CreB, CreC, and CreD) are
resent, whereby mutations in creB and creC revealed that they
lso participate in regulation of carbon source utilization (Hynes
nd Kelly, 1977; Lockington and Kelly, 2002). Additionally, CreD
eems to influence the protein interaction between CreB and CreC
Boase and Kelly, 2004). In contrast to S. cerevisiae, the localization
f CreA is not influenced by the respective carbon source, and no
utoregulation in creA expression seems to exist (Roy et al., 2008).
herefore, it remains unclear, which specific signals trigger the acti-
ation or inactivation of the carbon catabolite repression system in
spergilli. However, it has been shown that CreA can directly inac-

ivate genes by promoter binding and genes become fully induced
n CreA mutants even in the presence of glucose. Other genes,
lthough negatively regulated by CreA, need an additional activator
n dependence of the available nutrient source. These genes are not
pregulated in CreA mutants in the presence of glucose, but when
hifted to the respective inducing carbon source (Mogensen et al.,
006).

Whether there are any additional specific regulatory proteins,
hich induce the expression of glycolytic genes in Aspergilli, has
ot been studied in detail. However, comparative studies between
. cerevisiae and C. albicans have shown that fundamental differ-
nces seem to exist, which also contributes to their classification
n Crabtree-positive and -negative fungi (Askew et al., 2009). In
. cerevisiae, Gcr1p and Gcrp2 represent two important activators
or glycolytic genes (Uemura and Fraenkel, 1990; Chambers et al.,
995). Gcr1p binds directly to the promoter region of glycolytic
enes, whereas Gcr2p supports Gcr1p action by complex formation
Uemura and Jigami, 1992; Uemura et al., 1997). Deletion mutants
n these genes displayed a strong growth defect on glucose, whereas
o altered phenotype was observed on non-fermentable carbon
ources. Transcription factors, such as Tye7p (=Sgc1p), Rap1p,
bf1p, and Reb1p additionally influence activation of glycolytic
enes, but their contribution appears less important than that of
cr1p and Gcr2p (Scott and Baker, 1993; Nishi et al., 1995). The
yruvate dehydrogenase complex, directing pyruvate to the TCA
ycle, seems constitutively expressed in S. cerevisiae, but is inhib-
ted on fermentable carbon sources by phosphorylation (James
t al., 1995). Therefore, glycolysis strongly increases in the presence
f glucose, but complete degradation via the TCA cycle is inhibited.

Interestingly, most Crabtree-negative fungi, including C. albi-
ans, lack homologues of Gcr1p and Gcr2p, and alternative
egulation mechanisms need to exist. For C. albicans, it has recently
een shown that Tye7p and Gal4p act as main regulators of glycoly-
is (Askew et al., 2009). Both proteins are required for full induction
f glycolytic genes, especially in the presence of a low oxygen par-
ial pressure. Under these conditions, Tye7p also regulates genes
nvolved in trehalose, glycogen, and glycerol metabolism, whereas
al4p is responsible for the regulation of the pyruvate dehydroge-
ase complex. Tye7p seems to act as the central key regulator of
arbohydrate metabolism, and Gal4p is responsible for the fine-
uning of gene expression (Askew et al., 2009). Therefore, the
pregulation of the PDH complex, as also described for several fil-
mentous fungi, directs pyruvate into the TCA cycle and prevents
he Crabtree effect.

mpact of glycolysis on virulence
The impact of glycolytic enzymes on virulence by the direct anal-
sis of glycolytic mutants has hardly been investigated. However,
xpression analyses from infected tissues, especially performed on
. albicans, imply that at least at certain time points glycolytic genes
ical Microbiology 301 (2011) 400–407

are strongly expressed. As mentioned above, the interaction of C.
albicans with immune effector cells, such as macrophages and neu-
trophils, seems to suppress high glycolytic activity, but, in turn,
favors induction of gluconeogenesis and (in case of C. albicans) the
glyoxylate cycle (Fradin et al., 2005). In contrast, once penetrat-
ing a tissue and establishing an infection, significant proportions of
cells seem to use, at least temporarily, the glycolytic path. Tran-
scriptome analyses on C. albicans reisolated after infection of a
haemoperfused liver, which served as an ex vivo model, showed
an upregulation of the phosphofructokinase (PFK2), genes from the
pyruvate dehydrogenase complex (PDA1; PDX1) and some genes
of the TCA cycle (KGD1; KGD2). However, a subpopulation of cells
also showed a strong upregulation of the phosphoenolpyruvate
carboxykinase (PCK1), which generates phosphoenolpyruvate from
oxaloacetate and is a key enzyme of gluconeogenesis (Thewes et al.,
2007). Additionally, a so-called single cell profiling of C. albicans
cells infecting the kidneys of mice showed a strong fluorescence of
cells expressing the GFP protein under the control of the PYK1 and
PFK2 promoters, indicating active growth and glycolysis. However,
also in this independent approach, at least a subpopulation of cells
showed isocitrate lyase (ICL1) and PCK1 expression, indicating that
some cells are either starving or utilizing non-fermentable carbon
sources (Barelle et al., 2006). Nevertheless, C. albicans TYE7/GAL4
mutants with disturbed regulation of glycolysis under low oxygen
supply revealed an attenuation of virulence in a murine model sys-
tem. This indicates that glycolysis and shunting of metabolites into
the TCA cycle possesses an important contribution to virulence of
this fungus (Askew et al., 2009). Therefore, glycolysis may be of
temporal importance during growth within host tissues, but may
not be essential for the general ability of fungi to cause an infection
at all host niches.

Regulation of glyoxylate cycle and gluconeogenesis in
yeasts and filamentous fungi

Gluconeogenesis is required on all non-fermentable carbon
sources to provide sugars for the synthesis of cell wall compo-
nents, storage compounds and for feeding the pentose phosphate
pathway for nucleotide and cofactor synthesis from ribose. In
addition, the glyoxylate cycle is required for the anaplerosis of
malate (oxaloacetate) during growth on non-fermentable car-
bon sources, which exclusively produce acetyl-CoA units such as
acetate, ethanol, and fatty acids. Therefore, a direct link between
gluconeogenesis and glyoxylate cycle exists. Regulation of the fun-
gal glyoxylate cycle has been studied best in the yeast S. cerevisiae
and the filamentous fungus A. nidulans. Although the basic princi-
ples of glyoxylate cycle regulation seem conserved among fungal
species, they differ in some important aspects. The main regula-
tory mechanisms presented here are summarized in a schematic
presentation in Fig. 1.

In A. nidulans, and most likely also in several other filamentous
ascomycetes, induction of the glyoxylate cycle is strongly depen-
dent on the transcriptional activator FacB. This transcription factor
of the GAL4-type contains a Zn(II)2Cys6 binuclear cluster (Todd
et al., 1997b) and regulates the acetate-dependent induction of
acetyl-CoA synthase, isocitrate lyase, malate synthase, acetami-
dase, and NADP-isocitrate dehydrogenase (Todd et al., 1997a), but
not the pyruvate carboxykinase or other genes of the gluconeogenic
path (Hynes et al., 2002). Upregulation of the latter genes seems
mainly controlled by AcuM and AcuK (Hynes et al., 2007). Dele-
tion of the facB gene in A. nidulans prohibits growth on acetate,

ethanol, and fatty acids, but does not interfere with growth on other
gluconeogenic carbon sources such as glycerol, propionate, or sev-
eral amino acids. Transcription of facB is induced during growth
on acetate, but transcript levels are controlled by carbon catabolite
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Fig. 1. Simplified scheme for the global regulation of glyoxylate cycle, gluconeogenesis, and glycolysis in filamentous fungi (upper part) and yeasts (lower part). Some major
transcription factors are shown. Dead-end lines denote negative effects, whereas arrows represent stimulating effects. Substrates mediating induction or repression are
boxed. Ac-CoA source = acetyl-CoA generating carbon sources. In filamentous fungi, CreA is the major carbon catabolite repressor, which inhibits induction of genes required
for alternative carbon source utilization in the presence of glycolytic sugars. For glyoxylate cycle activation, the absence of glucose and the presence of an inducing carbon
source are required, whereby the transcriptional activator FacB does not induce genes of gluconeogenesis. Glycolysis is stimulated by a yet unknown transcription factor. In
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epression as shown by the addition of sucrose to acetate medium
nd investigations on a creA204 mutant strain (Katz and Hynes,
989). Therefore, induction of the glyoxylate cycle in A. nidulans not
nly requires the presence of an inducing carbon source, but also
he absence of repressing sugars, which activate CreA (Mogensen
t al., 2006).

In S. cerevisiae, the situation appears somewhat more com-
licated, but, as a simplified scheme, the key players seem to
onsist of the Snf1 kinase, Mig1, Cat8, Sip4, and Rds2 (Turcotte
t al., 2010). Snf1 kinase is activated under gluconeogenic con-
itions and inactivates the carbon catabolite repressor Mig1 by
hosphorylation. The Snf1 kinase also phosphorylates Cat8, Sip4,
nd Rds2, leading to their activation. Mig1 possesses its closest
omology with the carbon catabolite repressor protein CreA from
lamentous ascomycetes and negatively regulates Cat8. Due to the

nactivation of Mig1 by the Snf1 kinase and the additional acti-
ation of Cat8 by phosphorylation, Cat8 becomes highly active.
he DNA binding domain of Cat8 is highly identical to the bind-
ng domain of FacB from A. nidulans, and the glyoxylate cycle
enes in S. cerevisiae are under its control. However, Cat8 has a
uch broader and more general function than FacB in A. nidulans.

at8 also induces its coregulator Sip4, but a deletion of Sip4 only
onfers weak phenotypes on gluconeogenic carbon sources. Most
mportantly, a deletion of Cat8 leads to an inability to grow on

ll non-fermentable carbon sources (Hiesinger et al., 2001). This
s mainly due to the fact that Cat8 not only regulates genes of
he glyoxylate cycle (as described for FacB), but also several glu-
oneogenic enzymes (Schüller, 2003). The function of Cat8 and
ation by the Snf1 kinase (in S. cerevisiae) allows activation of Cat8, which stimulates
e the activators of glycolysis Gcr1 and Gcr2 in S. cerevisiae and Tye7 and Gal4 in C.

Sip4 is furthermore enhanced by Rds2, which binds to promot-
ers of genes involved in gluconeogenesis and the glyoxylate shunt,
enhancing their expression. Additionally, Rds2 is a repressor of neg-
ative regulators of gluconeogenesis (Turcotte et al., 2010). Since
there seems no regulator present in S. cerevisiae, which only tar-
gets the genes of the glyoxylate bypass, upregulation of the key
enzymes isocitrate lyase and malate synthase may occur under
conditions of low glucose without the urgent need for the pres-
ence of inducing carbon sources requiring this anaplerotic path.
Since most of the transcriptional regulators involved in gluco-
neogenesis present in S. cerevisiae are also found in C. albicans
(especially Mig1, Cat8, and Rds2, which is called CWT1), simi-
lar regulatory mechanisms may exist in this pathogenic fungus.
In agreement, a fusion of the isocitrate lyase promoter of C. albi-
cans with the gene coding for eGFP reveals high fluorescence not
only after growth on acetate, but also on glycerol and peptone,
and starvation and activity determinations confirmed the presence
of active isocitrate lyase under these conditions (Brock, 2009). In
contrast, determination of A. fumigatus isocitrate lyase by West-
ern blot analysis showed that isocitrate lyase is not detectable
on the gluconeogenic carbon source glycerol. This confirms the
separation of regulation of the glyoxylate cycle and gluconeoge-
nesis in Aspergilli (Ebel et al., 2006). However, isocitrate lyase is
present in resting conidia of A. fumigatus (Ebel et al., 2006), but

conidia of A. fumigatus mutants with a deletion of the isocitrate
lyase showed no germination defect on glucose or glycerol (Schöbel
et al., 2007). Therefore, isocitrate lyase may belong to the metabolic
toolbox of conidia, which is required for being adapted to a broad
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ariety of nutrients, which may be found in the natural environ-
ent

he glyoxylate cycle: a specific marker for carbon sources or
general responder to glucose starvation?

Several independent studies have shown that genes coding for
lyoxylate cycle enzymes are upregulated in C. albicans cells after
hagocytosis by macrophages (Lorenz et al., 2004) and confronta-
ion with neutrophils (Fradin et al., 2005). Additionally, a deletion
f the gene coding for the key enzyme isocitrate lyase results in
ttenuated virulence (Lorenz and Fink, 2001; Barelle et al., 2006;
iekarska et al., 2006). Therefore, it was at first assumed that lipids
nd fatty acids, either deriving from the host or from internal
egradation of storage compounds, might provide an important
utrient for C. albicans during pathogenesis and especially after
hagocytosis by macrophages (Lorenz and Fink, 2002). However,
s mentioned above, further analyses of C. albicans isocitrate lyase
xpression and mutant phenotype analyses showed that nutri-
nt limitation is not essential to induce isocitrate lyase. Isocitrate
yase was shown to play also an important role on other non-
ermentable carbon sources such as lactate, citrate, glycerol, or
mino acids (Barelle et al., 2006; Piekarska et al., 2008; Brock, 2009)
nd, therefore, seems to provide the key pathway in this fungus for
he anaplerosis of oxaloacetate required for gluconeogenesis. This
ssumption coincides with the simultaneous regulation of glyoxy-
ate cycle genes and genes coding for enzymes of the gluconeogenic
ath, which are under the control of Cat8 in the yeast S. cerevisiae.
ssuming that the regulatory mechanisms are similar in C. albicans,

t can be concluded that induction of the glyoxylate cycle is not a
arker for lipid metabolism in C. albicans, but for non-fermentable

arbon sources and gluconeogenesis in general.
This assumption is in sharp contrast to observations on A. fumi-

atus. Although high levels of isocitrate lyase were detected in
erminating hyphae after confronting conidia with macrophages, a
eletion of the respective gene did not significantly alter virulence

n leukopenic or non-leukopenic animal models for bronchopul-
onary aspergillosis (Schöbel et al., 2007; Olivas et al., 2008).

he high levels of isocitrate lyase in germinating conidia may
ainly result from the fact that isocitrate lyase is already present

n resting conidia and is not degraded during germination within
acrophages due to the low amount of glucose present. Once dis-

upting the macrophage membrane and reaching the cell culture
edium, immunofluorescence specific for isocitrate lyase rapidly

isappeared in A. fumigatus hyphae (Ebel et al., 2006), which coin-
ides with degradation of glyoxysomes in the presence of glucose as
escribed for A. nidulans (Amor et al., 2000). In agreement with high

evels of isocitrate lyase inside macrophages, the confrontation of
. fumigatus conidia with neutrophils also increased the expression
f glyoxylate cycle genes and genes responsible for �-oxidation of
atty acids. This implies that under immune effector cell-mediated
tress carbon catabolite repression is negligible, and the presence
f phospholipids and lipids may induce glyoxylate cycle activ-
ty (Sugui et al., 2008). However, due to the unchanged virulence
n non-leukopenic infection models, alternative nutrient sources
uch as proteins and amino acids could make the anaplerosis of
xaloacetate by the glyoxylate cycle during infection unnecessary.
s mentioned above, starvation, glycerol, or peptone did not sig-
ificantly induce isocitrate lyase in A. fumigatus, and the growth
henotype of isocitrate lyase mutants under these conditions is
ot altered. In contrast, growth of the mutant on acetate, ethanol,

r olive oil is completely abolished (Schöbel et al., 2007). There-
ore, it can be concluded that in A. fumigatus, unlike C. albicans, the
nduction of isocitrate lyase in vegetative mycelium indeed acts as a

arker for nutrient sources providing acetyl-CoA units, but cannot
ical Microbiology 301 (2011) 400–407

serve as a marker for non-fermentable carbon sources per se. These
differences in regulation and use of the glyoxylate cycle in the two
pathogenic fungi might explain why one of the species is strongly
dependent on a functional glyoxylate cycle during pathogenesis,
whereas the other is not. However, despite a lack of evidence for
the impact of gluconeogenesis in virulence of A. fumigatus, it can
be assumed that after phagocytosis or within necrotic tissues glu-
cose concentration may become limited. Therefore, although the
glyoxylate cycle itself is not of major importance for A. fumigatus
virulence, disruption of the gluconeogenic path might affect the
ability of fungi to persist within infected tissues.

Nitrogen acquisition from proteins and amino acids

Besides the importance of an adequate carbon source, uptake
of nitrogen is an essential prerequisite for biomass formation. An
elegant way combining the simultaneous uptake of suitable carbon
and nitrogen sources is the intake of amino acids. However, the
largest proportion of amino acids is fixed in host proteins, requiring
the production of proteolytic enzymes.

C. albicans produces several secreted proteases all belonging
to the secreted aspartyl proteinases (SAP). Interestingly, produc-
tion of different proteases seems dependent on fungal morphology
and the nutritional status of the cells. The most studied aspartic
proteases concerning their contribution to virulence are Sap1–6.
Thereby, Sap1, 2, and 3 are mainly associated with the yeast form,
whereas Sap4, 5, and 6 are produced in hyphae. Several inves-
tigations have shown that the protease Sap2p is secreted in the
presence of proteins as sole nitrogen source (Hube et al., 1994;
Dabas and Morschhäuser, 2008). Both, the yeast-associated as well
as the hyphae-associated proteases contribute to virulence (Hube
et al., 1997; Sanglard et al., 1997). However, invasion of epithe-
lial cells and manifestation of vaginal candidiasis seem mainly
attributable to Sap1–3 (De Bernardis et al., 1999; Schaller et al.,
2000), whereas Sap4–6 appeared more important for murine dis-
seminated and peritoneal infections (Kretschmar et al., 1999). This
difference may be due to the different pH optima of the pro-
teases (Hube et al., 1994; White and Agabian, 1995) and the fact
that hyphal formation is required for tissue invasion (Felk et al.,
2002), whereby Sap5 seems to be the major protease responsi-
ble for tissue destruction (Naglik et al., 2008). However, it remains
unclear, whether the production of proteases is due to the need of
amino acid uptake for nitrogen acquisition, required for the defense
against immune effectors, e.g. the degradation of components of
the complement system (Gropp et al., 2009), or for facilitating the
invasion of cells by weakening the connecting barriers of the host
tissues. Probably, all three tasks are of importance, and Sap pro-
teins may specifically contribute to the adaptiveness of C. albicans
to the human host. Therefore, inhibitors of C. albicans proteases
might provide suitable antifungals against this pathogen (Stewart
and Abad-Zapatero, 2001; Mastrolorenzo et al., 2007; Yordanov et
al., 2008).

The role of proteases in the virulence of A. fumigatus appears
somewhat more difficult to assess, but at least under some condi-
tions, amino acids seem to serve as nutrients during infection. This
assumption is supported by different investigations such as: (i) a
methylcitrate synthase mutant, which is unable to remove toxic
propionyl-CoA deriving from the degradation of isoleucine, valine,
and methionine, is attenuated in virulence (Ibrahim-Granet et al.,
2008) and (ii) a lysine auxotrophic homocitrate synthase mutant
displays normal virulence in a model for disseminated aspergillo-

sis (Schöbel et al., 2010), which indicates that, at least, a sufficient
intake of free lysine from the blood is possible. However, this latter
mutant is strongly attenuated in a model for murine bronchopul-
monary aspergillosis, implying that the free lysine content within
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ung tissues is limited. Further investigations showed that resting
onidia are not able to release lysine from proteins due to insuffi-
ient protease activity. However, once germinated, the mutant was
ble to grow on proteins, which seems mainly due to the secretion
f proteases from hyphae. The main secreted protease produced
y A. fumigatus is the alkaline serine protease Alp1, which was
ound to be highly abundant in infected lung tissues (Reichard
t al., 1990; Monod et al., 1991; Frosco et al., 1992; Larcher et
l., 1992; Kolattukudy et al., 1993) and able to degrade the com-
lement components C3b, C4b, and C5 (Behnsen et al., 2010;
ambach et al., 2010). However, Alp1-deficient strains still show
lastinolytic activity, which led to the identification of the metallo-
rotease Mep1, which is also produced under infectious conditions
Monod et al., 1993). As a third protease, probably important for
irulence, a secreted aspartic protease was identified (Reichard
t al., 1994, 1995). Additionally, A. fumigatus produces several
ipeptidyl-peptidases and sedolisins, which may also contribute to
he degradation of proteins under different environmental condi-
ions (Beauvais et al., 1997; Reichard et al., 2006). Further proteases
ave been detected, but will not be listed here (Monod et al., 2009).
owever, the contribution of all these proteases in virulence is
nclear. Several studies showed that the knockout of one or the
ombination of two proteases is not sufficient to attenuate vir-
lence (Jaton-Ogay et al., 1994; Reichard et al., 1997). However,
more detailed analysis of these studies showed that in most

ases animals were used, which were either immunosuppressed by
orticosteroid treatment or remained immunocompetent prior to
nfection. In contrast, investigations on a mutant A. fumigatus strain

ith strongly reduced elastinolytic activity as well as two environ-
ental isolates with a low elastinolytic index showed a strongly

educed virulence in a neutropenic infection model (Kolattukudy
t al., 1993; García et al., 2006), but successive inoculations of the
nvironmental strains in neutropenic mice strongly increased their
lastinolytic activity (García et al., 2006). Contrarily, mutants car-
ying a deletion of the major regulator for protease production
nd secretion, PrtT, did not attenuate virulence when tested in
urine infection models regardless of the use of leukopenic or

on-leukopenic infection models (Bergmann et al., 2009; Sharon
t al., 2009). Although both studies showed that production of all
ajor proteases was significantly reduced under several in vitro

onditions in prtT deletion strains, it remained unclear, whether
roteolytic activity might be induced in a PrtT-independent man-
er under in vivo infectious conditions.

However, at least in non-leukopenic mice, a reduced impact of
. fumigatus-secreted proteases is well conceivable. The immuno-
uppression regimens with corticosteroids increase the number of
irculating neutrophils (Schleimer, 2004), and these are recruited
o the site of infection. Although attenuated in their antimicrobial
ctivity, these neutrophils cause severe tissue damage by oxidative
ursts and degranulation (Brock et al., 2008; Ibrahim-Granet et al.,
010). Therefore, degranulating neutrophils may substitute for the
rotease deficiency of the A. fumigatus strains. Contrarily, in neu-
ropenic models or patients, the proteolytic activity for destroying
onnecting tissues, complement evasion, and for feeding off nitro-
en from proteins needs to derive from the pathogen, although it
emains to be confirmed that these actions are indeed required for
stablishment of invasive aspergillosis. However, it can be assumed
hat the immunosuppression regimen might affect the outcome of
irulence studies and should be taken into account, when metabolic
utants are investigated.
onclusions

Taken together, fungi possess different regulatory mechanisms
or the induction of key metabolic pathways, resulting in subtle
ical Microbiology 301 (2011) 400–407 405

differences in metabolic strategies. This may reason, why disrup-
tion of key enzymes of metabolic pathways, such as the isocitrate
lyase from the glyoxylate cycle, displays different impacts on
virulence in dependence on the investigated species. Addition-
ally, the site of infection requires versatile metabolic adaptations
due to vital differences in the nutritional constitution. Further-
more, the immunosuppression regimen influences the composition
of immune effector cells, and their attack on fungal pathogens
strongly influences the metabolic requirements. Lots of efforts have
been made to understand the metabolic needs of C. albicans during
infection, but additional studies are required to draw a complete
picture on metabolism during host infection. For other pathogenic
fungi including A. fumigatus, the number of investigations is much
more limited and the ‘metabolic picture’ appears rather incom-
plete. In order to identify common essential metabolic pathways,
suitable for the development of new broad-spectrum antifungals, a
systematic investigation of metabolic mutants in different infection
models seems required.
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