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Abstract Transition metals, particularly iron, zinc and cop-
per, have multiple biological roles and are essential elements
in biological processes. Among other micronutrients, these
metals are frequently available to cells in only limited
amounts, thus organisms have evolved highly regulated
mechanisms to cope and to compete with their scarcity.
The homeostasis of such metals within the animal hosts
requires the integration of multiple signals producing de-
pleted environments that restrict the growth of microorgan-
isms, acting as a barrier to infection. As the hosts sequester
the necessary transition metals from invading pathogens,
some, as is the case of fungi, have evolved elaborate mech-
anisms to allow their survival and development to establish
infection. Metalloregulatory factors allow fungal cells to
sense and to adapt to the scarce metal availability in the
environment, such as in host tissues. Here we review recent
advances in the identification and function of molecules that
drive the acquisition and homeostasis of iron, copper and
zinc in pathogenic fungi.
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Introduction

Metals such as iron, copper and zinc have numerous bio-
logical roles and play a central role at the host–pathogen
interface. Mammalian and microbial cells have an essential
demand for these metals, which act as both structural and
catalytic cofactors for proteins, and are therefore required
for biological processes. During infection, the competing
demands for these nutrients culminate in a struggle for metal
acquisition/utilization at the microbe–host interface [1•, 2•].
In the complex interactions between pathogens and their
mammalian hosts, metal homeostasis plays an essential role
in both virulence and host defense [3, 4].

Iron and copper participate in several oxidation–reduc-
tion reactions because of their ability to lose and gain
electrons. This same property permits iron and copper to
generate reactive oxygen species (ROS) [5, 6]. Zinc is also
an essential cofactor of many enzymes, but in excess, may
be toxic to cells [7]. For metal balance, cells usually regulate
uptake, storage and consumption. Our understanding of the
mechanisms involved in metal excretion is incomplete. This
review summarizes the current knowledge regarding the
most studied metals that contribute to virulence of fungal
pathogens: iron, copper and zinc. We focus on the fungal
pathogens Candida albicans, Histoplasma capsulatum, As-
pergillus fumigatus, Cryptococcus neoformans and Para-
coccidioides. Specifically we discuss the struggle for
control of transition metals during infection, the molecular
mechanisms involved in iron, copper and zinc uptake and
the regulation of metal homeostasis in those pathogens.
Additionally we review the preferential host iron sources
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and fungal genes related to iron acquisition/homeostasis
directly involved in infection.

Host Metal Homeostasis During Infectious Processes

Among metals involved in fungal infection, the functions of
iron are well characterized. Hosts have evolved mechanisms
to efficiently acquire iron and at the same time decrease its
availability to pathogens [2•]. Physiological conditions that
lead to metal overload contribute to increased infections. For
example, administration of exogenous iron results in exacer-
bation of cryptococcosis [8] and increases in free iron also
results in higher fungal load in mouse tissues infected with
Paracoccidioides [9]. At the interface between iron and im-
munity, macrophages appear as a cellular factory that manage
metal homeostasis [3]. Upon infection, the iron efflux from
macrophages is suppressed resulting in 70 % reduction in
plasma iron, thus restricting the amount of the metal available
to extracellular pathogens. Infected macrophages, conversely,
restrict the amount of iron available to intracellular microbes
by pumping out iron via the ferroportin transporter route.
Mutation-impaired ferroportin function compromises the abil-
ity of macrophages to clear pathogens [10].

Lactoferrin is produced by neutrophils and epithelial cells
to chelate iron in extracellular compartments resulting in
impairment of proliferation of fungal invaders [11]. Induc-
tion of ferritin production to facilitate withholding of intra-
cellular iron diminishes the amount of the metal available to
intracellular pathogens [2•, 12]. Iron also influences im-
mune functions mediated by macrophages, and cytokines
affect systemic iron homeostasis and cellular iron efflux
[13]. Reduced iron levels have been found in macrophages
activated by exposure to interferon gamma (IFN-γ) or gran-
ulocyte macrophage colony-stimulating factor (GM-CSF)
[14]. Transferrin can be used by pathogens as an iron source
in host tissues. To counteract this process IFN-γ decreases
the expression of transferrin receptor in macrophages. More-
over, the production of the cellular iron storage molecule
ferritin can be regulated by proinflammatory signals [15].
So, in the complex host–pathogen interaction, the control of
iron homeostasis is a battlefield where the host must with-
draw the micronutrient from microbes and at the same time
uses iron to elaborate an efficient oxidative burst, since this
metal is required for generation of ROS.

Since copper is essential, it is not unexpected that both
humans and pathogens share the requirement for acquiring
sufficient levels of copper [6]. In response to fungal infec-
tion, macrophages phagocytose the fungal cells and initiate
cellular events that culminate in the oxidative burst [6].
Studies suggest that fungal pathogens must obtain copper
to develop an efficient survival mechanism in host tissues,
since genes related to copper acquisition/homeostasis are

upregulated during infection [16, 17]. C. neoformans fights
the host defenses to acquire copper, which promotes mela-
nin synthesis, a virulence factor for this fungus [18]. The
dependence of fungi upon copper for survival under the host
conditions can be related to their response to ROS genera-
tion by the host since superoxide dismutase is a copper-
dependent enzyme.

Zinc levels are modulated during infectious processes.
During inflammation, the liver sequesters zinc, likely limit-
ing zinc bioavailability to pathogenic microbes [19]. Neu-
trophils display an antimicrobial mechanism based on
competition for zinc. This zinc-chelating system, found in
neutrophil cytoplasm and abscess fluid, exerts fungistatic
activity based on the calcium- and zinc-binding protein
calprotectin [20]. Abscess fluid inhibits the growth of sev-
eral fungi and the addition of zinc results in fungal growth in
this fluid [7], reinforcing the view that zinc sequestration is a
strategy used by the host to combat fungal infections. A
metallomic study has demonstrated that GM-CSF-activated
macrophages reduce intracellular zinc concentrations upon
H. capsulatum infection in order to kill the pathogen [14].

Molecular Mechanisms of Iron, Copper and Zinc
Uptake

Iron uptake mechanisms are highly regulated in fungi since
excess iron is toxic and iron excretion systems have not yet
been described in fungi [21]. Fungi have evolved different
mechanisms for iron acquisition [21]. A low-affinity iron
uptake system characterized only in Saccharomyces cerevi-
siae involves permeases that transport not only iron, but also
other metals. In the reductive high-affinity ferrous uptake,
ferrireductases reduce ferric iron (Fe3+) to its soluble ferrous
form (Fe2+). Fe2+ is then reoxidized by plasma membrane
ferroxidases and Fe3+ is promptly internalized by a high-
affinity permease [5]. Another high-affinity mechanism for
iron uptake is mediated by siderophores, small molecules with
high affinity for Fe3+, that allow specific recognition and
uptake of iron at the cell surface [22]. Most fungi produce
and secrete hydroxamate-type siderophores under low-iron
growth conditions [23]. Some fungi, such as C. neoformans,
do not produce siderophores, but can transport molecules
produced by other organisms (xenosiderophores) [24].

The C. albicans genome contains genes that encode
18 putative ferrireductases and five ferroxidase homo-
logues [1•, 25]. The ferroxidase Fet34 localizes to the
plasma membrane and possibly associates with the per-
mease Ftr1 early in the secretory pathway, promoting the
high-affinity iron uptake [26•]. C. albicans produces a
siderophore transporter [27] that displays broad substrate
specificity, transporting various hydroxamate-type side-
rophores [28].
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Under iron-limiting conditions, H. capsulatum produces
three different reductants: a secreted glutathione dependent
γ-glutamyltransferase (Ggt1) [29], non-enzymatic reduc-
tants with low molecular weight, and cell surface ferric
reducing agents [30]. The H. capsulatum genome contains
genes that encode seven putative ferrireductases [31]. Al-
though a high-affinity acquisition mechanism has not been
described for H. capsulatum, genomic analysis of the strain
G186AR revealed genes coding iron permease (ftr1) and
ferroxidase (Fet3) homologues [32]. H. capsulatum is also
able to produce multiple hydroxamate siderophores under
conditions of low iron availability [33]. In addition, H.
capsulatum can utilize xenosiderophores [34].

In A. fumigatus, the ferrireductase FreB has been
characterized. After reduction, iron is internalized by the
ferroxidase-permease complex FetC–FtrA [35]. A. fumigatus
synthesizes three types of siderophores, two of which are
responsible for iron storage [36–38]. The iron-loaded side-
rophore is internalized by specific transporters [39] and the
ester bonds of triacetylfusarinine C are then hydrolyzed by an
esterase [40]. The cleavage products (fusarinines) are excret-
ed, and the free iron can either be used in cell metabolism or
bind to intracellular siderophore desferri-ferricrocin for stor-
age [37, 38, 41•].

Uptake of iron is probably mediated by two large groups
of transporters in C. neoformans: high- and low-affinity
systems [42]. Cft1 is a high-affinity iron permease associat-
ed with the reductive system. On the other hand cft2 possi-
bly encodes for a low-affinity uptake system, since no clear
iron-related phenotypes could be detected in cft2 null
mutants [43]. Cfo1 and Cfo2 ferroxidases have also been
described in C. neoformans [44]. Cfo1 is required for high-
affinity and reductive iron transport, since mutants lacking
the coding gene show reduced growth under low iron con-
ditions and cannot use ferric iron for growth. Moreover,
under low iron conditions, Cfo1 expression is increased
and localized mainly in the cell surface [44]. Studies have
shown the inability of Cryptococcus species to produce
siderophores. This is supported by genomic analysis, which
has revealed the absence of genes involved in steps of side-
rophore biosynthesis [24, 45]. Despite the inability to syn-
thesize siderophores, Cryptococcus species are presumably
able to transport xenosiderophores [43].

Molecular mechanisms for reductive iron uptake in the
genus Paracoccidioides are coming to light. In silico anal-
ysis has revealed that the genome of this fungus contains
genes that encode redundant ferrireductase homologues
[45]. Experiments have demonstrated a significant increase
in the expression of genes coding the ferrireductases fre3,
fre7, frp1 and ggt1 upon iron restriction (Fig. 1a). Para-
coccidioides has glutathione-dependent ferrireductase activ-
ity [46], an aspect that is corroborated by the presence of a
ggt1 homologue in the fungus genome [45]. Since iron

permease homologues were not detected in the Paracocci-
dioides genome, it has been proposed that a zinc permease
could function additionally as an iron permease to acquire
this metal [45]. The importance of iron acquisition by side-
rophores in the Paracoccidioides genus have been noted
and studies on siderophore production and uptake are in

Fig. 1 Expression profile of Paracoccidioides (Pb01) genes during
iron, copper and zinc starvation. Pb01 yeast cells were incubated in
chemically defined medium containing different concentrations of iron,
copper or zinc. Cells were harvested and total RNAwas extracted using
Trizol and mechanical cell rupture. After in vitro reverse transcription,
the cDNAs were submitted to quantitative RT-PCR. The expression
values were calculated using the transcripts alpha tubulin or l34 as
endogenous controls [9, 82]. Data are presented as fold change relative
to experimental controls. a Expression of ferrireductases encoding
transcripts fre3, fre7, frp1, and ggt1 evaluated in yeast cells in medium
containing 3.5 μM iron (experimental control) or no iron for 3 h, 15 h
and 24 h. b Expression of copper transporter encoding transcript ctr3
evaluated in yeast cells in medium containing 50 μM copper (experi-
mental control) or under conditions of copper starvation produced by
adding the copper chelator bathocuproine disulphonate (BCS) for 3 h,
6 h and 24 h. c Expression level of zinc transporters encoding tran-
scripts zrt1 and zrt2 evaluated in yeast cells in medium containing
30 μM zinc (experimental control) or under conditions of zinc deple-
tion produced by adding the zinc chelator N,N,N,N-tetrakis(2-pyridyl-
methyl)ethylenediamine (TPEN) at different pH values (4.5, 7.0 and
9.0) for 6 h. Data are presented as means ± SD from triplicate deter-
minations. *p≤0.05, t test, in relation to the data obtained from the
experimental controls
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progress. The major evidence of iron capture by side-
rophores is supported by the stimulation of fungal growth
in the presence of coprogen B and dimerum acid [47]. In
silico analysis ha revealed the presence of genes puta-
tively involved in hydroxamate-type siderophore biosyn-
thesis and transport [45]. Corroborating these data, it has
been demonstrated by chrome azurol S assays that Para-
coccidioides is a hydroxamate producer (Silva et al.,
personal communication).

In fungi, copper and iron homeostasis must be intrinsi-
cally linked since iron uptake requires ferroxidases, which
are members of the multicopper oxidase family. Copper is
first reduced by plasma membrane ferrireductases and then
Cu1+ is internalized via a high-affinity permease [48]. In C.
albicans, the ferrireductase cfl1/fre1 is transcriptionally reg-
ulated in response to both iron and copper availability [49],
indicating that this ferrireductase is also important in copper
uptake. Furthermore, the mutant for the ctr1 copper trans-
porter displays deficient growth in medium low in copper
and iron indicating that in C. albicans iron and copper
homeostasis are linked [50].

As observed for iron, copper plays fundamental roles in
several aspects of C. neoformans biology. For instance, the
production of melanin pigment is dependent on a copper
oxidase [51] and the copper-containing ferroxidases are
necessary for iron uptake [44]. Copper is probably reduced
in C. neoformans by the same enzymes that reduce iron at
the cell surface [52]. Two copper transporters have been
described in C. neoformans. The ctr1 null mutant shows
reduced growth in copper-depleted medium. Ctr4, by con-
trast, is not essential for cryptococcal development in low-
copper medium. However, mutant cells lacking both ctr1
and ctr4 transporters display severe growth defects in
copper-deprived environments [53•].

The Paracoccidioides genome contains genes that en-
code redundant ferrireductases [45] as cited above, suggest-
ing that these enzymes could function as iron and copper
reductases. Furthermore a high-affinity copper transporter,
ctr3, is present at increased levels during copper shortage
(Fig. 1b), reinforcing the view that Ctr3 could be involved in
copper uptake in Paracoccidioides [45].

The zinc uptake system in most fungi comprises just
high-affinity and low-affinity permeases belonging to the
ZIP family [54, 55], since this metal does not need to be
reduced before internalization. Eight genes encoding pro-
teins of the ZIP family of zinc transporters have been de-
scribed in A. fumigatus [56]. Expression of zrfA, zrfB and
zrfC is regulated by both zinc and pH [56, 57]. ZrfA and
ZrfB function under acidic, zinc-limiting conditions. It
seems that ZrfB is a high-affinity zinc permease, since a
zrfB transcript was downregulated under high zinc condi-
tions [58]. ZrfC participates in zinc uptake in a neutral or
alkaline, zinc-poor environment [56]. Aspf2 putatively

contributes to zinc uptake as a zinc-binding protein localized
in the fungal periplasm [56].

Paracoccidioides possesses two zinc permease homo-
logues (zrt1 and zrt2), indicating a specific zinc uptake
system [45]. The transcriptional response of zrt homo-
logues to zinc starvation has been demonstrated by quan-
titative RT-PCR (Fig. 1c). The zrt2 transcript, but not zrt1
transcript, is highly expressed at neutral to alkaline pH
during zinc depletion (Fig. 1c), as observed to A. fumi-
gatus ZrfC.

Host Iron Sources

A high proportion of circulating iron in humans exists as
heme in hemoglobin and hemin, iron-containing porphyrins.
C. albicans shows hemolytic activity, and membrane pro-
teins capable of binding hemin/hemoglobin have been iden-
tified [1•]. C. albicans Rbt5, a glycosylphosphatidylinositol-
anchored protein, is the major hemoglobin receptor [59].
hmx1 encodes an intracellular heme oxygenase that breaks
down iron-protoporphyrin IX to α-biliverdin and is required
for heme-iron utilization [60]. In silico analysis has revealed
that Paracoccidioides genome contains genes that encode
hmx1 and rbt5 homologues, suggesting effective hemoglo-
bin iron acquisition by this fungus [45].

Intracellular iron in humans is bound to ferritin. C.
albicans hyphae are able to obtain iron from ferritin
using Als3 protein as a receptor. Als3 is a multifunctional
protein since it can also function as an adhesin and an
invasin [1•]. Transferrin is a glycoprotein that transports
iron in serum. C. albicans is able to take up iron from
transferrin by the reductive pathway using the ferrous
permease Ftr1 and ferrireductase Fre10 [61]. In H. cap-
sulatum, ferrireductase activity is higher in the presence
of hemin and transferrin, suggesting that this fungus uses
the ferrireductases to obtain iron during infection [34].
Paracoccidioides is likely to be able to take up iron from
transferrin since the fungus has five genes encoding
ferrireductases in the genome [45].

Regulation of Iron, Copper and Zinc Homeostasis
in Pathogenic Fungi

Fungi have evolved sophisticated control mechanisms for
maintenance of optimal levels of iron, copper and zinc.
These mechanisms include the regulation of genes in-
volved in metal ion uptake, utilization and storage. In
fungi, metal ion homeostasis is mainly achieved by tran-
scriptional regulation of gene expression. A group of
iron-responsive GATA-type transcription factors mediates
repression of iron acquisition genes in response to iron
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sufficiency [62]. These regulators have a cysteine-rich
central domain located between two zinc fingers, which
directly interact with iron [63].

A range of genes and regulators involved in the response
of C. albicans to iron starvation have been described [64].
During iron sufficiency, the GATA-type regulator Sfu1
downregulates expression of arn1 and hap43 genes encod-
ing a siderophore transporter and a transcription factor,
respectively [64, 65]. Under iron-limited conditions, the
Cap2 protein represses the expression of Sfu1, activating
genes of iron uptake pathways [66•]. Sef1 and Rim101 were
also identified as positive regulators of iron acquisition in C.
albicans [67, 68].

A GATA-type factor, Sre1, has been described in H.
capsulatum. Sre1 acts as a negative regulator of siderophore
biosynthesis genes in response to iron excess [69]. Sre1 also
regulates cellular processes other than iron acquisition, such
as optimal filamentous growth [70]. The same occurs with
the Sre1 homologue SreB in Blastomyces dermatitidis. SreB
regulates siderophore biosynthesis and also governs phase
transition and cell growth at 22 °C in B. dermatitidis [71].

During iron sufficiency, high-affinity iron uptake sys-
tems (reductive pathway and siderophore production)
are repressed by SreA in A. fumigatus [72]. During iron
starvation, the A. fumigatus bZIP-type regulator HapX
represses iron-dependent pathways, such as respiration,
TCA cycle and heme biosynthesis, to save iron, and
activates iron uptake by siderophores [73•]. Thus the
transcription factors SreA and HapX act in opposite
ways within the cell depending on the environmental
iron status. During iron excess, SreA is activated and
represses HapX expression, while during iron paucity,
HapX represses the expression of SreA. In A. fumigatus
the transcription factor AcuM stimulates iron acquisition
via HapX induction and SreA repression [74].

C. neoformans Cir1 possesses a cysteine-rich domain,
but unlike other fungal GATA-type iron regulators, it has
only a zinc finger motif [75]. Cir1 is a global transcription
factor which senses iron levels and regulates positively and
negatively the transcriptional response [75, 76]. The expres-
sion of C. neoformans virulence attributes, such as capsule
formation, growth at host temperature and melanin produc-
tion, are also controlled by Cir1 [75]. A post-translational
mechanism for the control of the amount of Cir1 suggests
that under conditions of iron starvation Cir1 protein levels
decrease. In contrast, iron availability promotes Cir1 stabi-
lization and consequent repression of iron acquisition genes
[77]. The transcriptional response to iron in C. neoformans
is also regulated by HapX. As well as Cir1, HapX has both a
positive and negative influence in the regulation of gene
expression. However, unlike Cir1, HapX plays a modest
role during infection and probably is important during en-
vironmental iron acquisition [78].

Proteomic analysis has revealed that during iron starva-
tion the metabolic status of the pathogenic fungus Para-
coccidioides is altered. Glycolysis is upregulated while iron-
consuming pathways, such as tricarboxylic and glyoxylate
cycles, are repressed. It has been demonstrated that under
iron-limited conditions the transcript level of the HapX
increases [9]. However, the regulatory mechanisms that
orchestrate the global changes in response to iron availabil-
ity in this fungus have not been described and are the subject
of current investigation.

Regulatory mechanisms that respond to copper avail-
ability among pathogenic fungi have been best studied in
C. neoformans. The copper-dependent transcription factor,
Cuf1, has a cysteine-rich sequence, which contains a
putative copper binding motif [79]. Under conditions of
copper limitation, Cuf1 induces the expression of the
copper transporter encoding genes ctr1 and ctr4. During
copper excess, the metallothionein (copper binding and
detoxifying protein) genes cmt1 and cmt2 are induced by
Cuf1 [53•]. A copper-dependent transcriptional regulator,
Mac1, found in C. albicans, is transcriptionally autoregu-
lated and activates the expression of ctr1 and fre7 genes
during copper paucity [80].

Although regulation of copper homeostasis has not yet
been described in Paracoccidioides, studies have revealed
that the high-affinity copper transporter, Ctr3, is upregulated
under infection conditions [16, 81] and is also a potential
adhesin [82]. Analysis of genes potentially involved in
copper regulation has demonstrated the presence of a copper
metalloregulatory transcription factor, Mac1, in Paracocci-
dioides [45], thus prompting further investigation.

As for copper, the regulation of zinc homeostasis in
pathogenic fungi is poorly understood. A zinc-responsive
transcription factor has been described in C. albicans [83].
The Zap1/Csr1 factor induces expression of the plasma
membrane zinc transporters, Zrt1 and Zrt2, and is also
involved in the control of efficient hyphae and biofilm
matrix formation and production of quorum sensing mole-
cules [83–86].

In A. fumigatus the expression of zrfA and zrfB is
induced by the ZafA zinc-responsive transcriptional ac-
tivator under zinc-limited conditions [87]. However, un-
der neutral zinc-limited conditions, the expression of
these transporters is repressed by the transcriptional
regulator PacC [57]. Additionally, the expression of zrfC
is upregulated by ZafA under zinc-limited conditions
regardless of the environmental pH and downregulated
by PacC under acidic growth conditions [56].

Although zinc metabolism regulation is not well under-
stood in Paracoccidioides and Cryptococcus pathogens, a
homologue of Zap1 zinc-regulated transcription factor has
been found in their genomes [45]. Studies focusing on this
potential transcriptional regulator are in progress.
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Virulence

Despite the close correlation between metal availability and
virulence, the fungal genes related to iron acquisition/ho-
meostasis directly involved in host infection are poorly
described [88, 89]. Table 1 lists metal acquisition/homeo-
stasis genes and provides information on their role in
virulence.

In C. albicans, mutants lacking the iron permease coding
gene ftr1 lose virulence [90]. The involvement of genes
related to siderophore uptake in virulence was not observed
[27, 28]. Moreover virulence attenuation was observed in C.
albicans mutants lacking the iron-responsive transcriptional
regulators hap43, aft2, sef1 and cap2 and the heme oxygen-
ase coding gene hmx1 [65, 66•, 91, 92, 93•], indicating that
all these genes are important during C. albicans infection.

Table 1 Roles of genes involved in metal homeostasis and virulence of pathogenic fungi

Gene Protein function Role in virulence Reference

Candida albicans

ftr1 High-affinity iron permease The ftr1Δ mutatation results in complete loss of the capacity to
damage epithelial cells in vitro. Moreover mutants lacking ftr1
are avirulent in mice infected with C. albicans during the early
stationary phase

[90]

hap43 Transcriptional regulator Deletion of hap43 attenuates the virulence of C. albicans in a
mouse model of disseminated infection

[65]

cap2 Transcriptional regulator The cap2Δ mutant shows delayed virulence in a mouse model
of C. albicans infection

[66•]

aft2 Transcriptional regulator The aft2Δ/aft2Δ strain shows attenuated virulence in mice with
disseminated infection

[91]

hmx1 Heme oxygenase The homozygous mutant hmx1Δ/hmx1Δ shows reduced virulence
in mice with disseminated infection

[93•]

sef1 Transcriptional regulator The sef1Δ mutant shows significantly decreased virulence compared
to wild-type strain in BALB/c mice with disseminated infection

[92]

Aspergillus

sidA Involved in siderophore biosynthesis The sidAΔ mutant shows completely attenuated virulence in mice [37, 94]

sidD Involved in siderophore biosynthesis The sidDΔ mutant shows severely attenuated virulence in
neutropenic mice

[95]

sidF Involved in siderophore biosynthesis The sidFΔ mutant shows attenuated virulence in neutropenic mice
infected intranasally

[95]

hapX Transcriptional regulator The hapXΔ mutant shows attenuated virulence in
immunosuppressed mice

[73•]

acuM Transcriptional regulator The acuMΔ mutant shows attenuated virulence in neutropenic mice
with disseminated infection and invasive pulmonary aspergillosis,
resulting in significantly delayed mortality

[74]

zafA Transcriptional regulator The zafAΔ mutant shows reduced virulence in immunosuppressed
mice infected intranasally

[87]

pacC Transcriptional regulator The Aspergillus nidulans pacCΔ mutant shows attenuated virulence
in immunosuppressed mice

[99]

Histoplasma capsulatum

sid1 Involved in siderophore biosynthesis The sid1Δ strain shows a significant defect in pulmonary colonization
compared to wild-type cells in mice infected intranasally

[31]

Cryptococcus neoformans

cft1 High-affinity iron permease The cft1Δ mutant shows attenuated virulence and reduced fungal burden [43]

cfo1 Ferroxidase The cfo1Δ mutant shows significantly attenuated virulence in mice [44]

cir1 Transcriptional regulator The cir1Δ mutant is avirulent in mice [75]

ctr4 Copper transporter The ctr4Δ null mutant shows reduced spread to tissues and is
completely avirulent in infected mice

[79]

ctr1 Copper transporter ctr1Δ mutant presented reduced melanization, reduced capsule
and enhanced phagocytosis index

[97]

clc Chloride channel The clc-A mutant shows attenuated virulence in a mouse
cryptococcosis model, since clc-A plays a role in capsule
and laccase expression, important virulence factors

[98]

ccc2 Copper transporter ccc2 mutation results in absence of melanization, an
important virulence factor

[18]

cuf1 Transcriptional regulator The deletion of cuf1 results in attenuated virulence in
a mouse model of cryptococcosis

[79]

Curr Fungal Infect Rep



In Aspergillus, mutants lacking genes involved in side-
rophore biosynthesis (sid) have pointed to the relevance of
this iron uptake pathway to virulence. sidA deletion in A.
fumigatus abolishes siderophore biosynthesis and complete-
ly attenuates virulence [37, 94]. A similar effect was ob-
served in mutants lacking the sidA homologue, sid1, in H.
capsulatum [31]. Genes related to fusarinine C and triace-
tylfusarinine C production, sidD and sidF, significantly af-
fect A. fumigatus virulence [95]. Furthermore, the deletion
of the transcriptional regulators hapX and acuM causes
significant attenuation of virulence in a murine model of
infection [73•, 74].

The role of iron acquisition in Cryptococcus virulence
has been extensively studied in recent years. Almost all C.
neoformans genes involved in iron homeostasis that have
been analyzed are related to cryptococcal virulence, as eval-
uated in murine models of cryptococcosis using null gene
mutants [44, 75–78]. When considering the iron permeases
Cft1 and Cft2, virulence attenuation and reduced fungal
burden are observed in the cft1 gene null mutant and in
the cft1/cft2 double mutant, but not in the cft2 knockout
strain [76]. The ferroxidase Cfo1 also plays a role in viru-
lence, since null mutants are also attenuated in virulence
[44]. In addition, C. neoformans cir1 null mutants are com-
pletely avirulent in murine models of cryptococcosis, which
is consistent with the hypocapsular phenotype and its re-
duced ability to proliferate at 37 °C [75].

Regarding copper, a pivotal biological role of this metal
has been already described for C. neoformans, since two
proteins involved in virulence, Cu/Zn-Sod1 and laccase,
require copper as a cofactor for activity [51, 96]. The ctr4
gene is expressed during infection and is directly associated
with virulence, since null mutants show reduced spread to
tissues and are completely avirulent in infected mice [79].
The ctr1 gene also is associated with virulence, as mutants
show reduced melanization, a reduced capsule, and an en-
hanced phagocytosis index [97]. Moreover, C. neoformans
strains with mutation in genes encoding copper distribution
transporters, such as the clc chloride channel and the ccc2
secretory transporter, show reduced virulence or reduced
expression of virulence factors [18, 98]. Furthermore, in a
mouse model of cryptococcosis, transcriptional regulator
cuf1 null mutants display disruption of several virulence-
linked characteristics, such as reduced laccase activity, se-
vere growth defects in low-copper medium, and reduced
virulence [79]. Cuf1 is required for infection of the brain
but not of the lung in mouse models of cryptococcosis,
suggesting that copper is limiting in neurological infections
[79].

Studies investigating the role of zinc during pathogenesis
are sparse. Investigations are restricted to the importance of
zinc-responsive transcription factors during pathogenesis, such
as zafA. In A. fumigatus, ZafA regulates zinc homeostasis, and

mutants lacking this gene show reduced virulence in mice [87].
A similar result was found for the pH-responsive transcriptional
factor pacC, that plays an essential role in pulmonary infection
by A. fumigatus [56, 99].

Conclusions

Iron, copper and zinc acquisition is a critical determinant in
fungal pathogenesis. To circumvent metal sequestration by
the host during infection, pathogenic fungi have evolved
mechanisms of metal acquisition. Understanding of the roles
of iron, copper and zinc in fungal pathogenicity has ad-
vanced in recent years. As discussed above, fungi demon-
strate remarkable flexibility in gaining access to and utilizing
the transition metals iron, copper and zinc. The sophisticated
acquisition and regulation of homeostasis of these metals are
surely an efficient weapon facilitating fungal survival within
the human host, and represent an important component of
virulence.
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