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Abstract 

Iron is an essential micronutrient for virtually all eukaryotic organisms that 

play a central role during microbial infections. Invasive fungal diseases are 

associated with strikingly high rates of mortality, but their impact on human 

health is usually underestimated. Upon a fungal infection, hosts restrict iron 

availability in order to limit the growth and virulence of the pathogen. Here, we 

use two model yeasts, Saccharomyces cerevisiae and Schizosaccharomyces 

pombe, to delve into the response to iron deficiency of the most significant 

human fungal pathogens, such as Candida glabrata, Candida albicans, 

Aspergillus fumigatus and Cryptococcus neoformans. Fungi possess common 

and species-specific mechanisms to acquire iron and to control the response to 

iron limitation. Upon iron scarcity, fungi activate a wide range of elegant 

strategies to capture and import exogenous iron, mobilize iron from intracellular 

stores, and modulate their metabolism to economize and prioritize iron 

utilization. Hence, iron homeostasis genes represent remarkable virulence 

factors that can be used as targets for the development of novel antifungal 

treatments. 
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1. Introduction 

 The importance of opportunistic pathogenic fungi as the cause of local 

and systemic human infections, especially in people with a debilitated immune 

system, is usually underappreciated relative to bacterial, viral and parasitic 

diseases. One fourth of worldwide individuals have suffered from non-fatal 

superficial fungal infections at least once in their lifetimes. Nonetheless, of 

particular concern are invasive fungal infections since they kill about one and a 

half million people every year [1]. The major fungal pathogens have 

independently evolved to adapt to environments with markedly different levels 

of micronutrient availability. Candida albicans and Candida glabrata are 

facultative pathogens able to survive in different host niches. They typically exist 

as harmless commensals in the mucosal surfaces of healthy people, such as 

the oropharynx, gastrointestinal or genital tract, and the skin. Conversely, under 

an impaired immune system or after antibiotic treatment they can shift to a 

pathogenic lifestyle, and cross the epithelial barrier causing diseases ranging 

from superficial mycosis to life-threatening systemic infections called 

candidemias with high mortality rates [2, 3]. Despite these similarities, both 

Candida differ in their lifestyle and invasive strategies, since they are 

phylogenetically distant. Whereas C. albicans belongs to the Candida CTG 

clade (now known as CUG-Ser clade because its members translate the CUG 

codon to serine, rather than to the usual leucine or to alanine as in the case of 

Pachysolen tannophilus), C. glabrata is part of the Nakaseomycetes clade and 

shares a common ancestor with the baker’s yeast S. cerevisiae, which 

underwent a whole genome duplication event [4, 5]. Another major human 

fungal pathogen is the saprophytic filamentous ascomycete Aspergillus 
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fumigatus, which normally inhabits soils and decaying vegetation. Effectively 

dispersed in the air as spores, it acts as an opportunistic human pathogen that 

can persist asymptomatically in the host for a considerable amount of time 

before causing a wide range of severe pulmonary and invasive diseases termed 

aspergilloses, which particularly affect immunocompromised individuals [6]. 

Finally, the basidiomycete Cryptococcus neoformans is another opportunistic 

pathogen that causes chronic pulmonary infections and cryptococcosis, the 

most common type of fungal meningoencephalitis, with severe impact in 

immunodeficient people especially HIV/AIDS patients from sub-Saharan Africa 

[7].  

 In addition to its role in oxygen transport, iron is an essential 

micronutrient that participates as a redox active cofactor (as Fe-S clusters, 

heme groups, mono or diiron centers) in many enzymes and electron transfer 

proteins required for central cellular processes, including the tricarboxylic acid 

(TCA) cycle, mitochondrial respiration, lipid and sterol metabolism, biotin and 

lipoic acid cofactor synthesis, amino acid biosynthesis, translation, chromatin 

remodeling, and DNA replication and repair. Aerobic environments drastically 

diminish iron bioavailability because of the extremely poor solubility of ferric iron 

at physiological pH. Therefore, living organisms possess multiple strategies to 

increase the solubility of iron, efficient high-affinity iron transport systems, and 

flexible metabolic networks that adapt to iron availability. However, the same 

redox properties that make iron an indispensable element are responsible for its 

cytotoxicity when present in excess due to its participation in Fenton and Haber 

Weiss reactions that exacerbate the production of reactive oxygen species, 

which harm biological membranes, proteins and nucleic acids. As 
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microorganisms lack iron excretory systems, they have developed specific 

regulatory factors that sense iron to finely modulate iron acquisition, storage 

and utilization. 

 Iron is an essential factor for survival, persistence and virulence during 

microbial infections. Therefore, the competition for iron established between the 

pathogen and the host is a major determinant of the fate of an infection. In a 

systemic response modulated by the proteic hormone hepcidin, mammalian 

hosts highly restrict free bloodstream iron to prevent the proliferation of the 

pathogen by blocking dietary iron absorption and its release from macrophages, 

but also sequestering serum iron into hemoglobin and transferrin, and 

intracellular iron into ferritin [8]. This process, denoted “nutritional immunity”, 

has been widely studied in bacteria but requires further insight during fungal 

pathogenesis [9]. Thus, people with iron overload diseases, such as 

hemochromatosis, have a higher risk of bloodstream microbial infections, 

whereas cells treated with iron chelators reduce fungal damage. Fungi have 

evolved sophisticated strategies to survive under the low iron environments that 

they face during infection, including a wide battery of iron acquisition systems to 

efficiently extract iron from the host and regulatory factors that modulate iron 

transport and associated metabolism. Here, we review the mechanisms for iron 

uptake and regulation in four major human pathogenic fungi, C. glabrata, C. 

albicans, A. fumigatus and C. neoformans, based on our knowledge of the 

widely studied yeasts S. cerevisiae and Schizosaccharomyces pombe. 
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2. Iron transport mechanisms in fungi 

 The principal ways of iron acquisition in fungi include the reductive iron 

assimilation (RIA) system, the synthesis and/or transport of siderophores, and 

the utilization of iron from heme, hemoglobin, transferrin or ferritin, especially in 

pathogenic fungi exposed to the iron-limiting mammalian host environment. 

 

2.1. Reductive iron assimilation and xenosiderophore uptake in fungi. 

 2.1.1. Reductive iron uptake in Saccharomycetaceae. 

 The mechanisms of iron uptake have been well studied in the budding 

yeast S. cerevisiae (reviewed in [10, 11]), which has served as a model for 

studies in other fungi. In S. cerevisiae both reductive and non-reductive iron 

acquisition systems coexist (Figure 1, Table 1). The RIA system involves, as a 

first step, the extracellular reduction of ferric iron to its more soluble ferrous 

form, mainly by the plasma membrane metalloreductases Fre1 and Fre2. These 

metalloreductases act on both free and siderophore-bound Fe3+, as well as on 

other metals such as copper. Fre3 and Fre4 reduce Fe3+ bound to hydroxamate 

siderophores and rhodotorulic acid, respectively. Once reduced, Fe2+ is 

released from the siderophore complex due to its low affinity and transported 

into the cell. The second step of RIA involves iron uptake by a high-affinity 

complex composed of the multicopper-ferroxidase Fet3, which re-oxidizes iron 

to its ferric form, and the permease Ftr1, which transports Fe3+ into the cytosol. 

Alternatively, Fe2+ can be transported through the low-affinity divalent-metal 

transporters Fet4 and Smf1 at the cell surface.  
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 Surprisingly, in C. glabrata (Figure 1, Table 1), the main pathogenic 

fungus in the Saccharomycetaceae clade, no ferric reductase activity has been 

described, and the potential ferric reductases in its genome are not required for 

iron-dependent growth [12]. Instead, the excretion of a low-molecular non-

proteic ferric reductant has been proposed as a substitute for this activity [12]. 

Nevertheless, C. glabrata relies heavily on the high-affinity RIA, composed of 

Fet3 and Ftr1, for growth and virulence [13, 14]. Actually, the expression of 

FTR1 is increased in macrophage-ingested C. glabrata cells, indicating the 

necessity of overcoming an in vivo iron-limiting milieu for infection [15]. A Fet4 

low-affinity transporter is also found in C. glabrata, although its role in iron 

uptake seems to be relatively minor [13]. 

 2.1.2. Xenosiderophore iron uptake in Saccharomycetaceae. 

In S. cerevisiae, the non-RIA pathway involves the capture of 

extracellular iron bound to siderophores, small organic molecules synthesized 

by different bacteria, fungi and some plants, which act as high-affinity chelators 

of ferric iron (reviewed in [11]). Saccharomycetaceae are not able to synthesize 

their own siderophores, but they can incorporate iron from external 

xenosiderophores by the action of specific siderophore-iron transporters of the 

Arn/SIT family (Figure 1). Under iron deficiency, four plasma membrane 

xenosiderophore receptors are expressed in S. cerevisiae, namely Arn1, 

Arn2/Taf1, Arn3/Sit1, and Arn4/Enb1, which show differential affinity for specific 

fungal (hydroxamate type, such as ferrichrome) and bacterial (enterobactin or 

triacetylfusarinine C) siderophores. In addition, the cell wall mannoproteins Fit1-

3, which are highly expressed under iron scarcity, also contribute to the 

retention, and probably transport of siderophores into the periplasmic space. 
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Then, Fe3+ bound to siderophores can be reduced to Fe2+ by the ferric 

reductases Fre1-4, or transported into the cytosol, siderophore-bound, by 

Arn/Sit proteins. The only xenosiderophore transporter found in C. glabrata is 

Sit1, which is required to incorporate iron from hydroxamate-type fungal 

siderophores [16]. Curiously, although C. glabrata has orthologs for most of S. 

cerevisiae iron homeostasis genes, it does not possess Fit1-3-like proteins. 

Although siderophore uptake increases the survival of C. glabrata to 

macrophage killing, experiments in mouse models suggest that it is not 

essential for host invasion [13, 16]. 

 2.1.3. Intracellular trafficking and storage of iron in Saccharomycetaceae. 

 Intracellular iron is predominantly present as low-molecular mass Fe2+ 

species, which have been called Fe2+
cyt [17]. The iron-loaded siderophore 

ferrichrome can also be found in the cytosol, suggesting that it could act as an 

intracellular iron storage system. The fate of other siderophores, such as 

ferroxiamine B, seems to be the vacuole; although little is known about the 

actual trafficking of siderophores [11, 18]. Elegant biochemical and genetic 

studies have revealed monothiol glutaredoxins Grx3 and Grx4, and BolA-like 

proteins as conserved iron chaperones that participate in iron trafficking and 

distribution within the cell (reviewed in [19, 20]). In S. cerevisiae, as generally in 

yeasts, the main iron storage site is the vacuole, where iron is accumulated as 

low-molecular mass Fe3+-polyphosphate complexes [21], and to a lesser extent 

mitochondria, where it is used mainly in Fe-S cluster and heme biosynthesis. 

Iron transport into the vacuole occurs through the conserved Ccc1 Fe2+ and 

Mn2+-transporter (Figure 1). Under iron deficiency, vacuolar iron is mobilized to 

the cytosol through a system paralogous to the plasma membrane RIA 
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machinery, composed by the ferric reductase Fre6 and the Fet5-Fth1 

ferroxidase-permease complex. A second iron vacuolar exporter is Smf3, a 

paralog of the Nramp cell surface transporter Smf1, which is regulated by iron 

and hypoxia (reviewed in [18, 22]). Mutants in C. glabrata FTH1 and FET5 

homolog genes show no growth defects under iron starvation, but C. glabrata 

FRE6 and FET5 have been shown to be important for virulence in a murine 

model of systemic candidiasis [13]. In S. cerevisiae, mitochondrial iron 

trafficking occurs through the Mrs3 and Mrs4 iron importers, and the Mmt1 and 

Mmt2 exporters, which have putative orthologs in C. glabrata, although their 

iron-related functions have not been yet fully characterized. 

 2.1.4. Reductive iron and xenosiderophore uptake in non-

Saccharomycetaceae.  

 The RIA system is highly conserved in fungi, and orthologs for both Fre 

proteins and the high-affinity Fet3-Ftr1 system are present in non-

Saccharomycetaceae pathogenic fungi, playing roles at different degrees in 

fungal infection (Figure 1; Table 1) (reviewed in [23, 24]). Thus, C. albicans 

genome harbors 17 genes encoding putative ferric reductases, five Fet3 and 

one Ftr1 orthologs. Iron-uptake related activities have been assigned to the 

reductases Cfl1, Fre7 and Fre10, the multicopper-ferroxidases Fet3 and Fet34, 

and the permease Ftr1 [24-26]. Interestingly, iron acquisition from transferrin, 

one of the main host sources of iron for C. albicans, depends on RIA via Ftr1 

and Fre10 [27]. In its hyphal, but not its yeast form, C. albicans can also acquire 

iron from ferritin, through the cell wall adhesin and invasin Als3 [28]. Although 

Fre7 and Fre10 show lower expression in C. albicans hyphae, Ftr1, and 

therefore the RIA system, is required for ferritin acquisition [28, 29]. 
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Experiments with C. albicans cfl1, fet34 and ftr1 mutants have demonstrated 

the requirement of RIA in mouse model pathogenesis [26, 27, 29, 30]. C. 

albicans does not produce siderophores, but can take up xenosiderophores 

through its Sit1/Arn1 transporter, which is required for epithelial invasion [31].  

 In the more distant ascomycetes A. fumigatus, RIA is also present 

through the FreB and FetC-FtrA proteins, orthologous to S. cerevisiae RIA 

(Figure 1; Table 1). However, the RIA system seems dispensable for A. 

fumigatus virulence, probably due to its ability to produce siderophores, which is 

lacking in other fungi (reviewed in [32, 33]). A low-affinity iron uptake system 

involving Fe2+ transport has also been proposed in A. fumigatus, accounting for 

Fe2+ assimilation in absence of RIA or siderophore synthesis, but it has not 

been genetically characterized. In addition, A. fumigatus uses an iron-regulated 

ortholog of Ccc1, called CccA, for vacuolar iron import, and does not possess 

paralogs to the proteins involved in reductive iron export from the vacuole, 

suggesting that iron might be exported by other mechanisms [34]. 

 In the basidiomycete C. neoformans, early studies suggested the 

presence of both low-affinity and high-affinity iron uptake systems, the latter 

depending on both RIA and siderophore uptake (Figure 1; Table 1) (reviewed in 

[35-37]). Interestingly, in addition to the plasma membrane ferric reductases, 

mainly Fre2 and Fre4, C. neoformans can also reduce ferric iron through the 

extracellular secretion of two molecules: 3-hydroxyanthranilic acid (3-HAA) and 

melanin. RIA depends on Cfo1 and Cft1, the orthologs of S. cerevisiae Fet3 and 

Ftr1, respectively. Their respective paralogs, Cfo2 and Cft2, have been 

hypothesized to be orthologs of the S. cerevisiae Fet5-Fth1 vacuolar export 

system [36], which, together with the presence of a Ccc1 ortholog suggests a 



	 12	

vacuolar iron storage function. During infection, C. neoformans can be found 

either in an intracellular environment, such as the acidic phagolysosomes of 

macrophages where lactoferrin is the main iron chelator, or in an extracellular 

ambient, where the main iron sources are transferrin or hemoglobin. Curiously, 

Cft1 is required for iron acquisition from transferrin, but not heme [38], while 

both Cfo1 and Fre2 are relevant to obtain iron from transferrin and heme. All the 

components of the RIA system seem to be essential for virulence in different 

host models of infection, such as mice brain or lung cells [38-40]. As other fungi, 

C. neoformans can also obtain iron from xenosiderophores, through its iron-

regulated siderophore transporter Sit1, but this uptake system is not relevant for 

infection in mouse models [41].  

 

2.2. Siderophore biosynthesis as a strategy for iron sequestration in A. 

fumigatus. 

 Unlike Saccharomycetaceae and the other pathogenic fungi described 

herein, A. fumigatus is able to synthesize four Fe3+-binding siderophores, all of 

them based on the hydroxomate-containing N5-acyl-N5-hydroxy-L-ornithine, 

which is derived from the non-proteic amino acid L-ornithine (reviewed in [32, 

33]). Of these, fusarinine C (FSC) and triacetylfusarinine C (TAFC) are secreted 

extracellularly, while ferrichrome-like ferricrocin (FC) and hydroxyferricrocin 

(HFC) remain mostly intracellular, being used for iron storage and distribution in 

hyphae and conidia, respectively. Fe3+-bound external siderophores, once 

internalized in the cytosol, are hydrolyzed by esterases, such as SidJ, and the 

released iron is either used in cellular metabolism or transferred to FC for 

storage [42-44]. This usage of internal siderophores for iron storage is 
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distinctive of fungi, and not found in siderophore-producing bacteria or plants. In 

any case, CccA represents the major iron detoxifying system under high iron 

conditions, whereas intracellular siderophores are more important in iron-

depleted conditions [34, 45]. 

 Both intracellular and extracellular siderophores of A. fumigatus are 

essential for virulence, as mutants in the enzyme L-ornithine N5-oxygenase, 

SidA, which catalyzes the first common step of siderophore synthesis, are 

completely avirulent on neutropenic mice (reviewed in [32, 33]). Strikingly, the 

abrogation of RIA had no effect on virulence. Siderophore production, mainly 

through the action of secreted siderophores, is important for interaction with 

alveolar macrophages, which constitute the first-line of the host immune 

defense against fumigatus in the lungs [46]. Internal siderophores are also 

important for infection, as, for instance, restoration of HFC levels in conidia sidA 

mutants partially restores their virulence [45]. Additionally, a recent study has 

shown that mutants in the biosynthesis of riboflavine, proposed to act as a 

cofactor for SidA, show attenuated virulence, a possible consequence of the 

observed reduction in siderophore production [47].  

 A. fumigatus genome encodes 7 putative Sit siderophore iron 

transporters, including MirA, MirB, MirC, Sit1 and Sit2 (Figure 1; Table 1) [48, 

49]. A recent study has demonstrated that the conserved orthologs of S. 

cerevisiae Sit1 and Sit2 are involved in FC and ferroxiamine B (FOB) uptake. 

Deletion of these mutants failed to affect virulence in a mouse model, but had 

an effect on a conidial killing assay, suggesting that Sit1 and Sit2 could still be 

potential factors for virulence [49]. MirB is important for FC, TAFC and coprogen 

uptake, and MirA enables uptake of the bacterial siderophore enterobactin, but 



	 14	

there are no reports on their incidence in virulence [48, 50]. Conversely, MirC is 

localized in the microsomal intracellular fraction, possibly in vacuole-like 

structures, and contributes to the maintenance of intracellular FC levels, as well 

as being important for virulence [44, 51].  

 Microbes not only compete for iron with their hosts, but also with other 

microbes with which they share common niches. This is the case for A. 

fumigatus and the bacterium Pseudomonas aeruginosa, which are common co-

infectors in cystic fibrosis patients and have developed siderophore-launching 

mechanisms to interact in both adverse and favorable conditions. Thus, the 

TAFC siderophore produced by A. fumigatus has been shown to boost its 

growth against P. aeruginosa competition [52]. Conversely, P. aeruginosa can 

inhibit A. fumigatus growth under iron-limiting conditions by chelating iron either 

via its siderophore pyoverdin or the Pseudomonas quinolone signal (PQS). 

Paradoxically, PQS can also promote A. fumigatus growth under iron-rich 

conditions [52, 53]. Thus, in the siderophore-mediated microbial war for iron, 

both the secretion of siderophores or the ability to re-capture either the 

microbe’s own siderophores or those produced by others, can be determinant 

for survival. 

 

2.3. Mechanisms of heme acquisition in C. albicans and C. neoformans. 

 Both C. albicans and C. neoformans possess specific mechanisms to 

acquire iron from hemin and hemoglobin (Figure 1; Table 1). A current model 

for C. albicans proposes a cascade of multiple common in fungal extracellular 

membrane (CFEM) proteins [54]. Briefly, the secreted hemophore protein Csa2 

captures, extracts and transfers heme from hemoglobin to the 



	 15	

glycosylphosphatidylinositol (GPI)-anchored outer cell wall protein Rbt5. Then, 

Rbt5 transfers heme to another GPI-anchored protein, Pga7, which is located 

more internally in the cell wall and on the plasma membrane. Finally, heme is 

internalized by endocytosis via endosomal sorting complexes required for 

transport (ESCRT) proteins up to the vacuole compartment, where heme is 

degraded to release the iron [55, 56]. The recently solved structure of Csa2 

shows that the CFEM domain adopts a novel helical-basket fold that has six α-

helices that are stabilized by disulfide bonds formed by its cysteines. Heme is 

bound to a flat hydrophobic platform located on top of the CFEM domain, which 

contains an aspartic acid that coordinates heme-iron [56]. Conversely, C. 

neoformans excretes Cig1, a mannoprotein with heme-binding activity but no 

CFEM domain [57]. This suggests that the mechanism of C. neoformans heme-

interaction is different to that of C. albicans. Moreover, Crytotococcus uses both 

ESCRT and clathrin-mediated endocytosis (CME) pathways for heme 

assimilation [58, 59]. C. albicans activates the transcription of HMX1, a heme 

oxygenase required to release iron from assimilated heme, in response to iron 

deficiency, hemin or host hemoglobin [60, 61]. Cells lacking HMX1 cannot grow 

under iron deprivation or in media with hemin as the sole iron source, and 

exhibit decreased virulence in murine disseminated candidiasis [60-62]. 

 A systematic analysis has shown that C. glabrata possesses a putative 

cell surface CFEM protein (CgCcw14) and a hemolysin-like protein (CgMam3) 

that are required for iron homeostasis and virulence [13]. However, previous 

studies showed that heme is an inefficient source of iron for C. glabrata since it 

requires 100-fold higher hemin concentrations than C. albicans to achieve the 

same level of growth and no uptake of the fluorescent zinc protoporphyrin is 
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observed [16]. These authors propose that C. glabrata depends predominantly 

on the solubilization of the circulating exchangeable iron pool. 

 

2.4. Fission yeast, a novel genetically tractable model for heme assimilation. 

 The fission yeast S. pombe uses multiple strategies for iron acquisition 

(reviewed in [63]), which are only derepressed upon iron deficiency in a process 

regulated by the GATA-type repressor Fep1 (see below). Similarly to S. 

cerevisiae, a reductive cell surface high-affinity iron uptake system composed of 

the ferrireductase Frp1 and the copper-dependent ferroxidase-permease 

complex Fio1-Fip1 is present (Figure 1; Table 1). As opposed to 

Saccharomycetaceae, S. pombe is also able to synthesize and excrete its own 

siderophores, specifically ferrichrome, which seems to be used as a carrier for 

extracellular iron assimilation but also as a storage compound. Consistent with 

this, fission yeast expresses Str1, a cell surface ferrichrome-bound iron 

transporter of the major facilitator superfamily (MFS), to which the SIT family 

also belongs [63]. 

 By genetically preventing endogenous heme synthesis, Labbé and 

coworkers have recently discovered that S. pombe is also able to take up 

exogenous heme by two different pathways (recently reviewed in [64]). In one 

mechanism, the GPI-anchored protein Shu1, which localizes to the plasma 

membrane under low iron conditions, captures extracellular hemin, through four 

conserved cysteines located in a partial CFEM cysteine-rich domain. Then, 

Shu1-hemin is internalized up to the vacuole through its association with the 

ubiquitinated intracellular receptor Nbr1, which is recognized by the ESCRT 
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machinery [65, 66]. Finally, the Abc3 exporter mobilizes heme from the vacuole 

to the cytosol [67]. A second pathway for heme acquisition depends on Str3, an 

MFS cell surface low-affinity transporter, previously suggested to be a 

siderophore transporter [63, 68]. Putative heme chaperones would distribute 

heme to different hemoproteins. As a saprophytic fungus, S. pombe may use 

these two transport systems to acquire heme from exogenous organic matter. 

 

3. Regulatory mechanisms to respond to iron deficiency 

Fungi have developed sophisticated iron-sensing and regulatory 

mechanisms to rapidly respond and adapt to iron deprivation. Although the 

specific regulatory factors that mediate the response to iron starvation differ 

among fungi (Table 2), they all share several common properties. Firstly, the 

transcription factors that respond to iron changes directly perceive an iron-

containing signal from the mitochondrial Fe-S cluster biogenesis pathway by 

direct interaction with monothiol glutaredoxins through a Cys-Gly-Phe-Ser 

(CGFS) binding site (reviewed in [69-72]). Secondly, the initial response to iron 

deficiency consists on the transcriptional up-regulation of genes encoding for 

the different high-affinity iron acquisition systems at the cell surface and the 

proteins responsible for iron mobilization from intracellular stores. And thirdly, 

cells promote a global metabolic remodeling aimed to economize cellular iron 

utilization. This iron-sparing response includes the replacement of iron-

dependent processes by alternative strategies, the recycling of iron, the down-

regulation of dispensable and highly iron-consuming pathways, and the 
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activation and prioritized utilization of iron in vital iron-requiring processes [22, 

73]. 

3.1. The Sacharomycetaceae regulators of iron homeostasis. 

3.1.1. The iron-sensing Aft1 and Aft2 transcription factors. 

The initial response of the budding yeast S. cerevisiae to iron limitation is 

mediated by the paralogous transcription factors Aft1 and Aft2 (Aft1/2). When 

iron bioavailability diminishes, Aft1 (and probably Aft2) accumulates in the 

nucleus, binds to specific iron regulatory elements (FeREs) with the consensus 

sequence PyPuCACCCPu (where Py is a pyrimidine and Pu a purine), and 

activates the transcription of a set of ∼30 genes, collectively designated the iron 

regulon, which participate in reductive and non-reductive uptake, intracellular 

transport, recycling and metabolic utilization of iron (Figure 2) (reviewed in [10, 

18, 22]). In broad terms, the predominant transcription factor Aft1 controls 

external iron acquisition, whereas Aft2 is mostly dedicated to intracellular iron 

transport. However, there are exceptions to this general rule, such as the Aft1-

dependent activation of the mitochondrial iron transporter genes MMT1 and 

MMT2 [74]. Aft1 activates the expression of HMX1, which encodes a heme 

oxygenase that promotes the reutilization of iron from heme in iron-deficient 

conditions [75]. A recent report has also uncovered that Aft1 promotes the 

transcription of RNR1, the catalytic subunit of the iron-dependent and 

indispensable ribonucleotide reductase (RNR) enzyme, which improves 

deoxyribonucleotide synthesis under iron-deficient conditions [76]. 

The solved structure of the Aft2 protein bound to DNA has unveiled that 

an amino-terminal Zn2+-containing WRKY-GCM1 domain, which harbors four β-
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strands, specifically and directly interacts with the FeRE [77]. Changes in a non-

conserved and structurally disordered region of the DNA-binding domain are 

responsible for the DNA-binding specificity displayed by the Aft1/2 proteins 

present in different yeast species [78]. The Aft1/2 carboxy-terminal region 

contains the transactivation domain. The Ssn6-Tup1 complex has been 

implicated in the Aft1-mediated regulation of a subset of members of the iron 

regulon, both positively and negatively [10]. Nonetheless, the molecular 

mechanism for Aft1-mediated transcription is poorly understood and requires 

further characterization. Remarkably, both Aft1 and Aft2 transcription factors 

perform other functions beyond iron homeostasis, which include genome 

maintenance and protection against selenite, respectively [79-83]. Curiously, 

additional studies suggest a cytosolic iron-related function for Aft1, where it 

physically binds to Arn3/Sit1, inhibiting its degradation and up-regulating uptake 

of the siderophore FOB [84, 85]. 

During the past decade, several studies have focused on deciphering the 

precise mechanisms for yeast iron sensing and regulation, leading to the 

following model (reviewed in [69-72, 86]). S. cerevisiae Aft1/2 factors do not 

directly sense cytoplasmic or extracellular iron levels, but a mitochondrial signal 

derived from Fe-S cluster biosynthesis [87-89]. Briefly, under iron replete 

conditions, an uncharacterized compound containing sulfur is exported from 

mitochondria by the conserved Atm1 ABC transporter. Then, this compound is 

transformed into a [2Fe-2S]2+ cluster that, coordinated with two glutathione 

molecules, is inserted between a homodimer composed of monothiol 

multidomain CGFS-type glutaredoxins Grx3 or Grx4. Finally, the BolA-like 

protein Bol2 (also known as Fra2) facilitates the transfer of the [2Fe-2S]2+ 
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cluster to the Aft1/2 transcription factors (Figure 2) [86]. The binding of the 

[2Fe–2S] cluster to Aft1/2 occurs through a Cys-Asp-Cys (CDC) motif and 

causes a homodimerization that decreases its affinity for DNA [77, 90]. Aft1/2 

factors are subsequently exported to the cytoplasm, leading to a constitutive 

shuttling under iron sufficiency conditions. Hog1 kinase limits the function of 

Aft1 by directly phosphorylating Aft1 at two particular serine residues, promoting 

its nuclear export [91]. Hog1 also negatively regulates genes involved in iron 

transport in C. albicans and C. neoformans [92-94] but, surprisingly, it positively 

influences iron uptake in C. glabrata [95]. Further studies have indicated that 

export to the cytoplasm is not essential for the inhibition of Aft1/2 activity, since 

most of the regulation seems to occur at the level of DNA binding [77, 96]. 

Consistent with these data, the iron regulon is constitutively active in mutants in 

the mitochondrial Fe-S cluster synthesis or export pathway, GRX3, GRX4, 

BOL2, and the Aft1/2 CDC motif (AFT1-1up and AFT2-1up alleles). Two very 

recent studies have revealed that the loss of vacuolar acidity, which provokes 

an age-related mitochondrial dysfunction, Fe-S cluster defects and DNA 

damage response, leads to the accumulation of Aft1 in the nucleus and the 

activation of the iron regulon [97-99]. The molecular reason for such Aft1 

activation seems to be the oxidative damage that the increased levels of non-

vacuolar cysteine cause to the intracellular iron pool, which can be rescued by 

iron supplementation [97, 98]. 

Genome-wide approaches have contributed to the characterization of the 

C. glabrata iron regulon [3, 13, 14, 100, 101]. In general, the C. glabrata 

transcriptional response to low iron is similar to S. cerevisiae, but specific 

features are present in C. glabrata, including the CgAft2-dependent activation of 
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autophagy genes and the ribosome dissociation factors CgDOM34 and 

CgHBS1,as well as the CgAft1 up-regulation of the mitophagy-dedicated gene 

CgATG32 [13, 100, 101]. The induction of mitophagy in iron-depleted C. 

glabrata cells has been proposed to contribute to longevity and pathogenicity 

through maintaining mitochondrial functions [100]. Moreover, a potential 

explanation for the up-regulation of CgDOM34 and CgHBS1 would be to 

compensate for the putative drop of activity that the iron-containing Rli1 

ribosome-recycling factor could experience under iron-deficient conditions [101]. 

More detailed studies are necessary to decipher the particular role of these 

genes upon iron deprivation. 

A bioinformatics approach has proposed that Aft1/2 have recently 

evolved from transposons to transcription factors [102]. In addition to 

Saccharomycetaceae, Aft-type transcription factors are also present in the 

CUG-Ser clade, which includes C. albicans [78, 103]. Nevertheless, only a 

single ortholog, denoted Aft2, is found in C. albicans since its genome did not 

suffer the whole duplication that S. cerevisiae and C. glabrata underwent. C. 

albicans Aft2 is implicated in iron homeostasis, transits to the nucleus upon iron 

limitation, and activates iron reduction and uptake [104, 105]. Conversely, C. 

albicans Aft2 lacks the CDC iron-responsive motif and no FeRE sequences are 

present in most of the iron regulon members, which is consistent with its minor 

role in C. albicans iron regulation [78]. In any case, the relevance of Aft2 is 

highlighted by its contribution to C. albicans virulence in mouse model assays 

as well as being required for invasive filamentation [104, 106]. 

3.1.2. Metabolic remodeling by the Cth2 post-transcriptional factor. 
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During the adaptation to iron starvation, S. cerevisiae Aft1/2 transcription 

factors activate the expression of two mRNA-binding proteins known as Cth1 

and Cth2 (Cth1/2), which are fundamental for an adequate adaptation to iron 

deficiency since they coordinate a widespread metabolic reprograming that 

optimizes cellular iron utilization [107, 108]. Cth1/2 proteins belong to the 

conserved tristetraprolin family of proteins, containing two Cx8Cx5Cx3H tandem 

zinc fingers that specifically bind to adenosine and uridine-rich elements (AREs) 

within the 3' untranslated region (3’UTR) of many transcripts, and post-

transcriptionally inhibit their expression (Figure 2) [109]. Cth1/2 mRNA and 

protein levels are tightly controlled, since their deregulated overexpression is 

cytotoxic. Whereas Cth2 is not expressed under glucose and iron replete 

media, Cth1 exhibits basal expression. Upon iron limitation, CTH2 expression 

rises, while Cth1 abundance remains low [108]. Moreover, Cth1 and Cth2 

proteins associate to AREs within their own 3’UTRs in an auto- and cross-

regulated mechanism that limits their abundance [110]. A recent study has 

revealed that Cth2 is a highly unstable protein because of particular 

phosphorylation events [111]. Cth2 protein post-transcriptionally limits gene 

expression through several complementary mechanisms (reviewed in [112]). 

First, Cth2 enters the nucleus, where it co-transcriptionally binds ARE-

containing transcripts and stimulates an alternative 3' end processing that 

enhances turnover [113, 114]. Second, Cth2 is exported to the cytoplasm bound 

to its transcript targets, where it promotes degradation via the 5' to 3' 

exonuclease Xrn1 [115]. And third, recent results have demonstrated that Cth2 

also limits expression by inhibiting the translation of its mRNA targets [116, 

117]. 
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In response to iron scarcity, Cth2 limits the expression of mRNAs 

encoding for iron-containing proteins or proteins that participate in iron-using 

processes (reviewed in [22, 70, 73]. Cth2 main targets include members of the 

TCA cycle, such as aconitase and succinate dehydrogenase, and many 

components of the mitochondrial electron transport chain, which are highly iron-

consuming processes [107]. In fact, recent studies have demonstrated that 

CTH2 expression limits oxygen consumption [118, 119]. Cth2 also targets 

transcripts implicated in additional iron-requiring metabolic pathways, such as 

the biosynthesis of unsaturated fatty acids, ergosterol, sphingolipids, and 

numerous amino acids and cofactors. On the other hand, Cth1 mainly regulates 

mRNAs implicated in mitochondrial respiration. Thus, cth2Δ cells display an 

important growth defect under low iron conditions, whereas the deletion of 

CTH1 slightly exacerbates the phenotype displayed by the cth2Δ mutant [108]. 

In addition to limiting iron utilization in non-essential pathways, such as 

respiration, Cth1/2 activate vital iron-using enzymes including RNR activity, 

which is indispensable for DNA synthesis and repair, by post-transcriptionally 

limiting the expression of inhibitors of enzyme assembly, such as the nuclear 

anchoring protein Wtm1 [120]. C. glabrata contains a single Cth2 protein that is 

induced by Aft1 in response to iron depletion to down-regulate mRNAs 

implicated in iron-consuming  processes and, surprisingly, also in iron 

acquisition [14]. Although the single C. albicans Cth2 homolog gene, denoted 

Zfs1, is not regulated by iron, it down-regulates multiple genes implicated in the 

TCA cycle and mitochondrial respiration [121]. Cth2-type proteins are present in 

all eukaryotes but, beyond Sacharomycetacea, its role in iron homeostasis has 

only been demonstrated in mammalian cells. Human tristetraprolin, in addition 
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to its main anti-inflammatory function, is up-regulated in response to iron 

limitation to control iron homeostasis and mitochondrial respiration by promoting 

the turnover of mRNAs of iron-requiring proteins, such as the transferrin 

receptor or components of the TCA cycle and the mitochondrial electron 

transport chain, and improve cell survival [119, 122]. 

3.1.3. Other mechanisms for the reorganization of iron-dependent 

processes. 

 Multiple studies have revealed that many S. cerevisiae metabolic 

pathways including glucose metabolism, amino acid biosynthesis, lipid 

biogenesis, mitochondrial respiration and DNA synthesis are altered due to 

deficiencies in particular iron-requiring enzymes when iron availability falls 

(reviewed in [22, 69, 73]). In addition to the iron-sensing Aft1/2 transcription 

factors and its targets Cth1/2, the low availability of iron indirectly increases or 

limits the activity of additional regulatory factors that contribute to the adaptation 

to iron depletion. For instance, the decrease in the abundance of particular iron-

responsive metabolites limits the activity of specific transcription factors. Under 

iron starvation, the drop in the catalytic activity of the iron-dependent enzymes 

Ilv3 and Leu1, within the S. cerevisiae branched-chain amino acid biosynthesis 

pathway, causes the depletion of the metabolic intermediate α-isopropylmalate, 

which serves as a coactivator of the Leu3 transcription factor, leading to a 

decrease in the expression of multiple genes from this pathway [123]. Similarly, 

the reduction in heme levels caused by iron deficiency limits the activity of the 

Hap1 transcription factor, contributing to the decline in mitochondrial respiration 

caused by iron starvation [123]. More recent studies have shown that the drop 

in activity of the iron-requiring Δ9 fatty acid desaturase Ole1 during iron 
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deprivation leads to a decrease in the levels of unsaturated fatty acids that 

promotes its transcription via the Mga2 transcription factor [124]. Many lines of 

evidence have also demonstrated that the nutrient signaling pathway TORC1 is 

inhibited during the progress of iron starvation [125]. As a consequence, and 

through multiple overlapping regulatory pathways, the transcriptional activity of 

all RNA polymerases diminishes, and the mitochondrial retrograde response is 

activated [125]. Altogether with the Gcn2-eIF2α pathway, iron deficiency leads 

to the inhibition of bulk translation [126]. Iron limitation or impaired mitochondrial 

Fe-S cluster biogenesis also activate the DNA damage checkpoint cascade to 

promote RNR activity [127-129]. Importantly, the signals that inhibit the TORC1 

complex and activate the DNA damage response upon iron depletion have not 

been deciphered. Finally, the substitution of iron-requiring processes by 

alternative strategies has also been described in the case of biotin and nitrogen 

assimilation, although the molecular regulatory mechanisms have not been fully 

elucidated [130]. 

3.2. Iron sensing and regulation in non-Saccharomycetaceae fungi. 

Most fungi do not use Aft1/2 and Cth1/2-type regulatory proteins to 

respond to low iron availability; instead iron homeostasis is primarily modulated 

by GATA and CCAAT-type transcription factors (reviewed in [23, 72, 131]). 

GATA-type factors contain two Cx2Cx17Cx2C zinc finger motifs, separated by a 

domain that harbors four invariant cysteines, that allow binding to 

(A/T)GATA(A/T) promoter sequences to repress the expression of genes 

implicated in iron acquisition during iron sufficiency. CCAAT-type transcription 

factors are composed of a heterotrimeric CCAAT-binding complex (CBC), which 

associates to CCAAT-consensus promoter sequences, and a Hap-like CBC 
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regulatory subunit. All fungal CBC regulatory subunits contain a conserved 

Hap4-like (Hap4L) domain responsible for its interaction with the CBC, and a 

basic leucine zipper (bZIP) domain that also allows its direct binding to DNA, 

with the exception of some fungal species, such as S. pombe and C. 

neoformans, which lack the bZIP motif. S. cerevisiae and C. glabrata lost their 

GATA repressor, and specialized their Hap2-Hap3-Hap5 CBC and Hap4 CBC 

regulatory subunit in the positive control of respiratory pathway genes. 

Remarkably, a recent study has revealed that the C. glabrata Hap2-Hap3-Hap5 

CBC also interacts with the bZIP transcription factor Yap5 to administrate the 

adaptive response to excess iron [132]. A similar interaction could exist in S. 

cerevisiae, which bZIP Yap5 transcription factor directly senses elevated 

concentrations of iron to activate the transcription of the vacuolar iron 

transporter Ccc1 to detoxify cytosolic iron [133-135].  

3.2.1. S. pombe as a model for non-Saccharomycetaceae fungal iron 

homeostasis. 

Pioneering studies in the fission yeast S. pombe have established a 

model for the detection and transcriptional response to iron starvation that, in 

general terms, can be applied to non-Saccharomycetaceae fungi [131]. Under 

iron replete conditions, GATA-type factors repress the transcription of genes 

implicated in iron uptake and mobilization, whereas their expression is 

derepressed in response to iron scarcity (Figure 2). When iron levels are high, 

the direct binding of iron to the conserved cysteine residues of the GATA 

repressor protein (GRP, Fep1 in the case of S. pombe) promotes its association 

to GATA cis-acting elements present in the promoter of genes implicated in iron 

acquisition and mobilization from the vacuole (Figure 2). In S. pombe, 
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transcription is subsequently repressed by the direct recruitment of the Tup11 

and Tup12 corepressors by Fep1 [136, 137]. Various studies have unveiled that 

Fep1 conserved serine residues specifically coordinate iron, but no consensus 

has been established regarding the nature of this molecule. While initial 

stoichiometric studies concluded that Fep1 cofactor does not contain inorganic 

sulfide, a more recent electron paramagnetic resonance spectroscopy work 

suggests the presence of mixed Fe-S clusters [138, 139]. Similarly to S. 

cerevisiae, Grx4 Bol2/Fra2 proteins play a relevant role in the regulation of S. 

pombe iron homeostasis [139-141]. In this case, a Fe-S cluster-containing 

Grx4-Fra2 heterodimer constitutively bind to the amino-terminal region of the 

GRP Fep1. Upon iron limitation, the disassembly of the Fe-S cluster between 

Grx4 and Fra2 promotes the transfer of iron from Fep1 to apo-Grx4-Fra2, 

leading to the dissociation of the GRP from chromatin and the derepression of 

the iron uptake genes (Figure 2) [139]. 

Similarly to Saccharomycetaceae, other fungi also limit the expression of 

many genes that participate in iron-using processes in response to iron 

deficiency. Nonetheless, in this case, instead of a post-transcriptional factor, the 

regulatory components are CCAAT-type transcription factors. In the case of S. 

pombe, the heterotrimeric Php2-Php3-Php5 CBC interacts with a Hap 

regulatory subunit called Php4 (reviewed in [10, 63, 73]). The S. pombe Cth2 

counterpart, Zfs1, controls cell-cell interactions and is not regulated by iron 

[142]. Under low iron conditions the Php4-CBC represses the transcription of 

genes that contribute to iron consumption. Interestingly, a mutual regulation 

between Php4 and Fep1 factors has been described. Whereas Fep1 represses 

the expression of php4+ under iron replete conditions to allow iron-requiring 
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processes to proceed, Php4 turns off fep1+ transcription when iron is scarce to 

facilitate the expression of the iron import machinery [143]. Again, the Grx4 

monothiol glutaredoxin plays a central role in iron sensing, subcellular 

localization and regulation of Php4 function. Php4 (Hap in Figure 2) strongly 

and constitutively interacts with the thioredoxin (TRX) domain of Grx4, whereas 

the interaction between the glutaredoxin (GRX) domain of Grx4 and Php4 is 

iron-dependent [139, 144]. Under high iron supply conditions, a glutathione-

containing [2Fe-2S] cluster bridges between Grx4 GRX domain and two 

conserved cysteine residues of the Php4 carboxy-terminal region, causing the 

release of Php4 from the CBC and Php4 export to the cytoplasm (Figure 2) 

[139, 145, 146]. Upon iron starvation, the disassembly of the [2Fe-2S] cluster 

causes the dissociation of the GRX domain of Grx4 from Php4. Consequently, 

Php4 is transported into the nucleus, associates to the CBC and represses the 

transcription of iron-consuming genes (Figure 2) [147]. 

 

 

3.2.2. A role for sterol and branch-chain amino acid regulated 

transcription factors in A. fumigatus iron homeostasis. 

Similarly to other non-Saccharomycetaceae fungi, A. fumigatus 

expresses a GRP, known as SreA, that represses high-affinity iron import via 

both the reductive and the siderophore-mediated systems under iron-replete 

conditions. Additionally, SreA limits the expression of the CCAAT-binding factor 

HapX that, in conjunction with the HapB-HapC-HapE CBC, represses iron-

utilizing processes such as respiration, heme biosynthesis and amino acid 
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metabolism in response to iron deprivation (reviewed in [32, 33, 73]). Both 

transcription factors are interconnected by a negative feedback regulatory loop, 

and its simultaneous inactivation is lethal [148]. During iron limitation, HapX is 

also implicated in promoting the biosynthesis of diverse siderophores [149]. A 

recent study has suggested that Tor kinase could be involved in HapX-mediated 

regulation of both SreA and siderophore biosynthesis, thus implicating the Tor 

pathway in iron homeostasis, as described for S. cerevisiae [150]. Surprisingly, 

in addition to its task in iron deprivation, HapX is also necessary for iron 

resistance, since it directly associates to the promoter of the vacuolar CccA iron 

importer and activates its transcription in response to iron excess to detoxify 

excess iron [151]. A recent study has determined that the interaction of HapX 

with CBC is necessary for both its functions in iron limitation and excess [152]. 

Therefore, depending on the environmental iron levels, HapX exhibits opposite 

activities that rely on separate domains, sharing properties of both S. pombe 

Php4 and S. cerevisiae Yap5 [151].  

A. fumigatus also senses low iron availability from mitochondrial Fe-S 

cluster synthesis via a monothiol glutaredoxin denoted GrxD [153, 154]. Under 

high iron conditions, SreA represses grxD transcription, whereas its expression 

is up-regulated in response to iron deprivation, leading to a predominantly 

nuclear GrxD protein [154]. GrxD interacts with both HapX and GRP SreA 

transcription factors and components of the cytoplasmic Fe-S cluster assembly 

pathway (Figure 2). GrxD is necessary to activate HapX and inactivate SreA 

repressor functions during iron depletion [154]. Curiously, HapX senses high 

iron by coordinating a [2Fe-2S] cluster in a GrxD-independent manner. 
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Fungal iron and sterol metabolisms are linked at multiple levels. 

Additionally to some iron-using enzymes within the late ergosterol biosynthetic 

pathway, mevalonate is a precursor of both ergosterol and the 

triacetylfusarinine C (TAFC) siderophore in A. fumigatus [155]. Interestingly, 

besides activating ergosterol biosynthesis, the SREBP transcription factor SrbA 

also promotes siderophore production and siderophore-mediated iron uptake in 

response to iron limitation partially via HapX up-regulation. SrbA expression is 

activated in a HapX and SreA independent manner by the sterol depletion that 

iron deficiency causes [156]. Hence, SrbA is a central coordinator of iron and 

sterol metabolisms that importantly modulates hypoxia adaptation, antifungal 

drug resistance and fungal virulence. A similar regulation seems to be present 

in S. pombe and C. neoformans, but not in S. cerevisiae [32]. Another iron-

using metabolic pathway is branch-chain amino acid biosynthesis. The A. 

fumigatus Zn2-Cys6-type transcription factor LeuB binds to the promoters and 

activates the expression of genes implicated not only in leucine biosynthesis 

and nitrogen metabolism but also in siderophore iron acquisition, as well as 

hapX, when iron availability is low [157]. Additionally, an active leucine 

biosynthesis pathway (through LeuC) has been shown to be important on its 

own for growth under iron starvation, siderophore production and virulence 

[158]. Both SrbA and LeuB are examples of transcription factors that 

simultaneously activate the biosynthesis of iron-dependent metabolites and 

promote iron assimilation. 

3.2.3. An additional transcriptional regulator facilitates C. albicans 

adaptation to changing iron conditions. 
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SFU1, which encodes for the C. albicans GRP, represses the 

transcription of iron uptake genes that participate in RIA, siderophore-mediated 

transport and hemoglobin acquisition when cells are iron replete to avoid iron 

toxicity [2, 159]. Interestingly, during iron sufficiency, Sfu1 hampers the 

transcriptional function of a Zn2Cys6 zinc-finger DNA-binding protein, Sef1, 

which enhances the transcription of genes required for all the three modes of 

iron import when iron is scarce or upon defects in mitochondrial Fe-S cluster 

biogenesis [103, 160]. Sfu1 utilizes two overlapping mechanisms to inhibit Sef1 

expression under iron-replete conditions. First, Sfu1 interacts with the SEF1 

promoter and represses its transcription; and second, Sfu1 associates to Sef1 

protein in the cytoplasm and enhances its degradation [161]. Upon iron 

depletion (or defects in Fe-S biosynthesis), Sef1 is phosphorylated by the Ssn3 

kinase and transported to the nucleus, where it activates transcription [160, 

161]. Sef1 is required for C. albicans growth under iron-depleted media and its 

activity promotes virulence in murine infection models [103, 161]. However, 

sfu1Δ mutants are hypervirulent, probably due to an increase in iron import 

[103, 161]. It has been proposed that Sfu1 promotes C. albicans commensalism 

in iron-replete environments such as the oral cavity or the gastrointestinal tract 

by protecting them from iron toxicity, whereas Sef1 would favor disseminated 

infection by facilitating iron import in iron-deficient environments such as the 

bloodstream [2]. Therefore, Sef1 transcriptional regulator improves the 

adaptation of C. albicans to niches with different iron availability. In addition to 

the CUG-Ser clade, homologs to SEF1 have been found in 

Saccharomycetaceae. S. cerevisiae SEF1 is neither regulated by iron nor 

necessary for growth under low iron conditions [14, 103]. Nonetheless, C. 
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glabrata cells lacking SEF1 display an altered expression of components of the 

TCA cycle and a growth defect under iron starvation [14]. These observations 

suggest a moderate role for SEF1 in C. glabrata iron homeostasis, which has 

prompted to place C. glabrata iron regulatory mechanisms at a midpoint 

between S. cerevisiae and other invading fungi [14]. 

In response to low iron environments, Sef1 activates the expression of 

Hap43, the regulatory component of C. albicans Hap2-Hap3-Hap5 CBC, which 

represses the expression of genes encoding for non-essential iron-utilizing 

processes, such as mitochondrial respiration, and SFU1 to spare iron [103]. 

Remarkably, Hap43 also plays a positive effect on the expression of genes 

implicated in siderophore, heme and RIA when iron is scarce (Figure 2) [162]. 

Apparently opposite to previous findings, a recent metabolic and proteomic 

study suggests that iron-depleted C. albicans remodels cellular metabolism 

towards bioenergetic pathways, including an increase of some TCA enzymes, 

numerous mitochondrial respiratory chain complexes and ATP synthase, which 

requires further investigation [163]. 

3.2.4. Dual roles for the C. neoformans iron-regulated transcription 

factors.  

The fungal pathogen C. neoformans also utilizes both a GRP, denoted 

Cir1, which only contains a Cx2Cx17Cx2C zinc finger, and a CCAAT transcription 

factor, known as HapX, to modulate the response to iron depletion  (reviewed in 

[36, 37]). Remarkably, both factors display negative but also positive regulatory 

functions. Cir1 negatively regulates the expression of components of the RIA 

system but, upon iron starvation, it also promotes siderophore transporter gene 
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expression [164]. Cir1 also governs the regulation of virulence factors, playing 

an important role in virulence [164]. Furthermore, HapX limits the expression of 

genes encoding for mitochondrial respiratory and TCA cycle components, but 

exerts a positive regulatory role on siderophore transporter and CIR1 

expression in response to low iron [165]. Similarly to other fungi, the CFGS 

monothiol glutaredoxin Grx4 serves as a sensor of C. neoformans iron 

availability by interacting with the Cir1 regulatory factor (Figure 2) [37, 166]. 

Both Cir1 and Grx4 are necessary to provoke cryptococcosis in mouse models 

[164, 166]. Additional regulatory factors including the pH-responsive factor 

Rim101 and the zinc-finger protein Mig1 contribute to the response of C. 

neoformans to iron limitation. Cir1 up-regulates the expression of RIM101, 

which activates heme uptake and HAPX expression [36, 37]. Furthermore, in 

the absence of iron, Mig1 transcription factor limits the expression of genes 

implicated in multiple iron-using metabolic processes including heme 

metabolism and cellular respiration [167]. Mig1 and HapX regulate each other, 

with HapX limiting MIG1 expression, and Mig1 promoting HAPX expression in 

response to iron depletion [167]. 

 

4. Conclusions and perspectives 

 During the past decades, an enormous number of studies in the model 

yeasts S. cerevisiae and S. pombe have unveiled the general rules that govern 

iron transport, sensing and regulation in response to changes in iron 

bioavailability. Together with more recent studies in other fungi, these data 

indicate that fungi exhibit two differentiated strategies to adapt to iron deprived 
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environments. On one side, there is the response displayed by 

Saccharomycetaceae yeasts, including S. cerevisiae and the virulent C. 

glabrata; and, on the other side, we have non-Saccharomycetaceae, which 

includes important fungal pathogens. However, in addition to these general 

behaviors, many fungi have developed species-specific elegant strategies to 

properly adapt to their particular habitats. For instance, the widely spread A. 

fumigatus relies mainly on its siderophore production and uptake system for 

infection, whereas RIA is dispensable. Instead, C. neoformans, which is also a 

saprophytic fungus, has adapted to acquire iron from heme and transferrin, as 

well as lactoferrin inside the neutrophil phagosome, underscoring the 

importance of its co-evolution with human hosts. C. albicans is able to obtain 

iron from almost every possible human source (heme, transferrin or ferritin), but 

also relies on xenosiderophore uptake. It seems striking that the C. albicans 

Sit1/Arn1 transporter is fundamental for epithelial invasion, but not for blood 

stream infections, in which case the RIA system seems more relevant [31]. 

Nonetheless, it is important to remind that C. albicans, as well as C. glabrata, as 

part of the human mucosal microbiota coexist with polymicrobial communities. 

This feature would explain its use of xenosiderophores, even in systemic 

coinfections with bacteria [168, 169], as iron associated to siderophores can 

also be incorporated through the reductive uptake system [170]. Coinfections 

are also common for other fungi, such as C. neoformans [171], and the fact that 

the deletion of its Sit1 transporter does not attenuate virulence in a mouse 

model could imply that pathogenic fungi adjust their acquisition strategies to the 

route of infection and host niches [16]. As to why is iron so important for 

infection, it emerges that, beyond the iron requirement for basic biological 
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processes, iron homeostasis is involved in very specific pathogenic aspects of 

these fungi, such as hyphae formation in C. albicans, which is important for 

tissue invasion [26], or polysaccharide capsule formation in C. neoformans, 

which is its major virulence factor during infection [164, 172]. It is now time to 

thoroughly investigate the details and the conservation of these newly identified 

regulatory mechanisms, in order to develop novel and efficient antifungal 

therapies for these human pathogenic species, such as the use of iron 

chelators, which are already being explored [173]. These studies will allow the 

development of more efficient antifungal treatments for emerging multidrug-

resistant pathogens, such as Candida auris [174], whose iron homeostasis 

network has not been characterized. 

 Regarding iron acquisition, recent studies have unveiled that the model 

yeast S. pombe acquires exogenous iron in the form of heme, a discovery that 

could tremendously help to understand how pathogenic fungi assimilate heme 

[64]. Moreover, the now well-established relevance of siderophore production 

and uptake for A. fumigatus infection is making this process not only an 

emerging target for antifungal therapies, but also the base for possible 

diagnostic methods for invasive fungal diseases, such as the use of radioactive 

gallium-bound siderophores to obtain molecular images of fungal infected 

tissues [175-177]. 

 Especially interesting are fungal Hap-like CBC regulatory subunits, which 

exhibit both positive and negative effects on gene expression. Apart from 

repressing iron utilization, in C. albicans and C. neoformans, Hap-like factors 

promote the expression of genes implicated in iron acquisition during iron 

starvation conditions [162, 165]. More striking is the case of A. fumigatus HapX, 
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which also protects from excess iron by activating the transcription of the 

vacuolar cccA importer in iron-replete conditions [151]. Moreover, C. glabrata 

bZIP transcription factor Yap5 unexpectedly associates to the Hap2-Hap3-Hap5 

CBC to administrate the response to high iron [132]. Further investigation is 

indispensable to elucidate whether these extended regulatory functions of Hap-

like factors are conserved in other fungi. 

 Recent studies in S. cerevisiae have unveiled that the response to iron 

deficiency is not only governed by regulatory factors that directly bind iron to 

modulate iron acquisition, detoxification and metabolism. Low iron availability 

also diminishes the activity of many iron-dependent enzymes and metabolic 

pathways, leading to a decrease in the abundance of specific metabolites and 

the activation of particular signals. Yeast cells respond to these changes by 

altering cellular processes, such as for instance branched-chain amino acid 

synthesis (α-isopropylmalate depletion), respiration (decrease in heme levels) 

and unsaturated fatty acid biosynthesis (low Ole1 activity and UFA levels), via 

specific transcription factors, which in these cases include Leu3, Hap1 and 

Mga2, respectively [123, 124]. Little is known about the role played by these 

transcription factors on the adaptation of pathogenic fungi to iron-limited niches. 

Moreover, biochemical processes as important as translation and 

deoxyribonucleotide synthesis, which depend on iron, are tightly regulated at 

multiple levels in budding yeast by conserved signaling pathways such as TOR 

and the DNA-damage cascade [125, 178]. However, the signals that iron 

depletion initiates, which trigger these cellular responses, have not been 

elucidated. Further studies are necessary to obtain an entire picture of the 

metabolic changes that fungi suffer when iron availability is limited, as well as 



	 37	

how the regulatory factors that mediate these responses finally perceive iron 

depletion. 
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Tables 

 

Table 1: Proteins implicated in fungal cell surface and vacuolar iron transport. 
 

Species Reductive Siderophore Heme Vacuolar 
importer 

Vacuolar 
exporter 

S. cerevisiae Fre1, Fre2 
Fet3-Ftr1 

Arn1 
Arn2/Taf1 
Arn3/Sit1 

Arn4/Enb1 

 
- 

Ccc1 Fth1-Fet5 

C. glabrata Fet3-Ftr1 Sit1 - Ccc1 Fth1-Fet5 
S. pombe* Frp1 

Fio1-Fip1 
Str1 

 
Shu1 

ESCRT 
Str3 

Pcl1 n. d. 

A. fumigatus* FreB 
FetC-FtrA 

Sit1 
Sit2 
MirA 

 
- 

CccA n. d. 
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MirB 
MirC 

C. albicans Fre7, Fre10, 
Cfl1 

Fet34-Ftr1 

Arn1/Sit1 Csa2 
Rbt5 
Pga7 

ESCRT 

Ccc1 Fet33-Ftr2 

C. 
neoformans 

Fre2, Fre4 
Cfo1-Cft1 

Sit1 Cig1  
ESCRT 

CME 

Ccc1 Cfo2-Cft2 

*Fungi with siderophore biosynthesis pathways. CME, clathrin-mediated 
endocytosis; ESCRT, endosomal sorting complexes required for transport. n.d., 

not determined. 

 

Table 2: Regulatory factors implicated in the adaptation of fungi to iron 
deficiency. 
Description Sc Cg* Sp Ca* Af* Cn* 
WRKY-GCM1 zinc finger 
transcription factor 

Aft1 
Aft2 

Aft1* 
Aft2 

- Aft2* - - 

Cx8Cx5Cx3H TZF post-
transcriptional factor 

Cth1 
Cth2 

Cth2 (Zfs1) (Zfs1) n.d. n.d. 

GATA repressor protein 
(GRP) 

- - Fep1 Sfu1 SreA Cir1* 

CBC regulatory subunit 
(Hap) 

(Hap4) Yap5 Php4 Hap43* HapX* HapX* 

CGFS-type monothiol 
glutaredoxin 

Grx3 
Grx4 

Grx3 
Grx4 

Grx4 Grx3* GrxD* Grx4* 

Sef1 zinc finger 
transcription factor 

(Sef1) Sef1 - Sef1* - - 

Sc: Saccharomyces cerevisiae; Cg: Candida glabrata; Ca: Candida albicans; 

Cn: Cryptococcus neoformans; Af: Aspergillus fumigatus. Hyphen: no homolog 

present. Parentheses: proteins with conserved domains but not involvement in 

iron regulation. *Implicated in fungal virulence. n.d., not determined.  
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Figure legends 

 

Figure 1. Iron transport systems in different fungal species. (A) S. 

cerevisiae, (B) C. glabrata, (C) S. pombe, (D) C. albicans, (E) A. fumigatus, and 

(F) C. neoformans. Different colors are used to illustrate metalloreductases 

(light blue), multicopper ferroxidase-permease complex (orange), iron 

siderophore transporters (green), vacuolar iron importer (red), Abc3 vacuolar 

heme exporter (dark blue), hemophores (yellow) and other proteins implicated 

in heme acquisition (brown). 3-HAA, 3-hydroxyanthranilic acid; ABC, ATP-

binding cassette; CFEM, common in fungal extracellular membrane; CME, 

clathrin-mediated endocytosis; EB, enterobactin; ESCRT, endosomal sorting 

complexes required for transport; FC, ferricrocin; TAFC, triacetylfusarinine C. 

 

Figure 2. Model for the regulation of fungal iron-sensing transcription 

factors. (A) During iron-sufficient conditions (+Fe), the S. cerevisiae and C. 

glabrata Grx-[2Fe–2S]-Fra complex associates to Aft1 protein causing its 

dissociation from the DNA, dimerization, and export to the cytosol. 

Consequently, the iron regulon genes are not expressed. Upon iron deficiency 

(-Fe), Aft1 binds to FeREs within the promoter of iron regulon genes, including 

CTH2, and activates their transcription. Cth2 associates to ARE-containing 

mRNAs implicated in iron-consuming processes and inhibits their expression by 

promoting targeted turnover and translation inhibition. (B) Under iron-sufficient 

conditions (+Fe), the S. pombe, C. albicans, A. fumigatus and C. neoformans 

Grx-[2Fe–2S]-Fra complex associates to the Fe-S cluster-containing GATA-
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repressor protein (GRP), which binds to GATA elements with the promoter of 

the iron regulon genes and inhibits their transcription via Tup protein 

recruitment. Moreover, a [2Fe-2S] cluster bridges between the GRX domain of 

a monothiol glutaredoxin (Grx) and the CCAAT-binding complex (CBC) 

regulatory subunit (Hap), causing its release from the CBC and its export to the 

cytosol. The CBC remains associated to the CCAAT promoter element of iron-

utilizing genes, which are actively expressed. In response to iron limitation (-

Fe), the disassembly of the [2Fe–2S] cluster between Grx and Fra facilitates the 

transfer of iron from the GRP to apo-Grx-Fra, causing the dissociation of the 

GRP from the DNA and the derepression of the iron regulon genes. The 

disassembly of the Grx-Hap [2Fe-2S] cluster causes the dissociation of the 

GRX domain of Grx from Hap, which enters the nucleus, associates to the CBC 

and represses the transcription of iron-using genes. In addition to its repressor 

function, C. albicans Hap43, and C. neoformans HapX, can also directly bind to 

DNA and facilitate by an unknown mechanism the expression of different iron 

uptake systems when iron is scarce.  
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