
Contents lists available at ScienceDirect 

BBA - Molecular Cell Research 

journal homepage: www.elsevier.com/locate/bbamcr 

Review 

Fungal iron homeostasis with a focus on Aspergillus fumigatus☆ 

Matthias Misslingera, Peter Hortschanskyb, Axel A. Brakhageb,c, Hubertus Haasa,⁎ 

a Institute of Molecular Biology - Biocenter, Medical University of Innsbruck, Innsbruck, Austria 
b Department of Molecular and Applied Microbiology, Leibniz Institute for Natural Product Research and Infection Biology-Hans Knöll Institute (HKI), Jena, Germany 
c Department Microbiology and Molecular Biology, Institute of Microbiology, Friedrich Schiller University Jena, Jena, Germany  

A R T I C L E  I N F O   

Keywords: 
Iron 
Siderophore 
Sensing 
bZIP HapX 
GATA SreA 
Glutaredoxin 

A B S T R A C T   

To maintain iron homeostasis, fungi have to balance iron acquisition, storage, and utilization to ensure sufficient 
supply and to avoid toxic excess of this essential trace element. As pathogens usually encounter iron limitation in 
the host niche, this metal plays a particular role during virulence. Siderophores are iron-chelators synthesized by 
most, but not all fungal species to sequester iron extra- and intracellularly. In recent years, the facultative human 
pathogen Aspergillus fumigatus has become a model for fungal iron homeostasis of siderophore-producing fungal 
species. This article summarizes the knowledge on fungal iron homeostasis and its links to virulence with a focus 
on A. fumigatus. It covers mechanisms for iron acquisition, storage, and detoxification, as well as the modes of 
transcriptional iron regulation and iron sensing in A. fumigatus in comparison to other fungal species. Moreover, 
potential translational applications of the peculiarities of fungal iron metabolism for treatment and diagnosis of 
fungal infections is addressed.   

1. Introduction 

Pathogenic fungi have a tremendous impact on humans, animals, 
plants, and ecosystem [1,2]. Plant pathogenic fungi impact global 
economy, e.g., a third of all cultivated food crops is destroyed by plant 
pathogenic fungi annually [1]. The majority of fungal infections in 
humans affect skin or mucosa, which is consequently not life-threa
tening; however, a considerable portion of these are invasive or chronic 
with high mortality [3]. The latter are often difficult to diagnose and to 
treat as limited antifungal drugs are available and resistance against 
these drugs is emerging. Therefore, still over one million people die due 
to a fungal infection each year, which are more deaths than caused by 
malaria or tuberculosis [4]. 

To cope with this fungal threat in agriculture and clinics, it is of 
importance to understand the mechanisms, which are used by patho
genic fungi to infect a host. These include evasion of the immune 
system and supply of nutrients, particular of those with limited avail
ability in the different host niches [5]. 

Iron is an essential trace element, which is usually limited for pa
thogens during infection and consequently adaptation to iron starvation 

is crucial for virulence [6–9]. On the other hand, excessive iron uptake 
is toxic as free iron causes the production of highly reactive hydroxyl 
radicals via the Haber Weiss/Fenton reaction [10,11]. Indisputably, 
characterization of iron homeostasis and metabolism in fungi is most 
advanced in Saccharomyces cerevisiae [12]. However, this yeast species 
lacks siderophore biosynthesis, which enables high-affinity iron acqui
sition and iron storage in most filamentous fungal species (see below). 
Moreover, baker's yeast employs rather unique iron regulatory me
chanisms (see below). 

This review focuses mainly on iron homeostasis maintaining me
chanisms of Aspergillus fumigatus, as this mold became a model system 
for iron metabolism of siderophore-producing fungal species. 

2. A. fumigatus - pathogen and valuable model organism 

The ascomycete A. fumigatus is a saprobic fungus ubiquitously 
dwelling on dead organic-matter. However, as an opportunistic pa
thogen it can cause life-threatening invasive diseases such as invasive 
pulmonary aspergillosis, mainly in immunocompromised patients [13]. 
The produced spores, also termed conidia, are plentifully distributed by 
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air and easily inhaled due to their small size (2.0–3.0 μm). The average 
adult inhales roughly more than hundred spores daily [14]. A. fumigatus 
is a thermotolerant fungus, which can grow at temperatures up to 52 °C 
[15], and with a fast growth rate at 37 °C it is perfectly adapted to grow 
inside a warm-blooded host. This and other characteristics discriminate 
A. fumigatus from its less pathogenic relatives [16] and make A. fumi
gatus a common airborne fungal pathogen. A. fumigatus infections have 
mortality rates between 15% and  >  90% and it is estimated that A. 
fumigatus is responsible for over half a million deaths per year world
wide [17]. A. fumigatus reproduces asexually and sexually and the 
haploid genomes of several isolates are sequenced [18,19]. It is a fast- 
growing organism, which can easily be cultivated in liquid and on solid 
medium (Fig. 1B). Meanwhile, an extensive toolbox of molecular 
methods has made A. fumigatus accessible to sophisticated molecular 
analyses [20,21]. 

3. Iron - an essential trace element 

The ability of iron to easily accept and release electrons to switch 
between two oxidation states (ferrous iron, Fe2+, and ferric iron, Fe3+) 
has made it a convenient cofactor in redox biochemistry. Numerous 
enzymes require iron or iron-containing cofactors to fulfil their specific 
function. These cofactors include mononuclear or dinuclear non
haem‑iron centers, iron‑sulfur (Fe-S) clusters, heme, and siroheme 
[22–25]. With few exceptions [26,27], iron is crucial for all forms of life 
as it is involved in vital pathways such as oxidative phosphorylation, 
the TCA cycle, oxidative stress detoxification, P450 enzymes, DNA re
pair and replication as well as the biosynthesis of amino acids, nu
cleotides, and sterols. Iron is also crucially involved in less conserved 
pathways such as secondary metabolism, e.g., biosynthesis of β-lactam 
antibiotics, penicillin, and cephalosporin, and several metabolites re
quiring P450 oxidoreductases [28,29]. 

4. Fungal iron acquisition strategies 

Iron is one of the most abundant elements on earth. However, its 
bioavailability is very low in most biological niches as it is easily oxi
dized by atmospheric oxygen into hardly soluble ferric complexes with 
the most common form of ferric iron in natural waters being ferric 
hydroxides [30]. Hence, fungi have developed sophisticated mechan
isms to facilitate iron acquisition, which can be divided into low-affinity 
and high-affinity iron uptake systems. Low-affinity iron uptake, which 
will not be further discussed in this review, includes direct uptake of 
ferrous iron ions, in S. cerevisiae involving the transporters Fet4 and 
Smf1 [31]. A. fumigatus mutants lacking high-affinity iron uptake sys
tems are able to grow in the presence of high amounts of ferrous iron 
demonstrating the presence of low-affinity uptake [32]. In line, A. fu
migatus encodes uncharacterized homologs of Fet4 and Smf1. Moreover, 
some fungal species have the ability to use heme as iron source, e.g., 
Candida albicans and Cryptococcus neoformans [33,34]. A. fumigatus 
appears to lack efficient use of heme as iron source [32]. High-affinity 
uptake systems include siderophore-mediated iron acquisition (SIA) 
and reductive iron assimilation (RIA). It is believed that control of iron 
uptake and storage is the major mechanism to maintain iron home
ostasis in fungi as no excretory mechanism for iron have been identified 
so far. In contrast, certain mammalian cells, enterocytes and macro
phages [35], and possibly bacteria [36] are able to export iron. The 
strategies for iron uptake and storage of A. fumigatus are summarized in  
Fig. 1 including growth phenotypes of mutants with respective defects 
that are described in detail below. 

4.1. Reductive iron assimilation (RIA) 

As mentioned above, ferric iron forms hardly soluble complexes 
under aerobic conditions. A highly conserved strategy to cope with the 
low bioavailability of iron is extracellular reduction of ferric to ferrous 

Fig. 1. Summary of iron acquisition and storage mechanisms of A. fumigatus. (A) For optimal adaptation to iron starvation, A. fumigatus employs several iron uptake 
systems. High-affinity iron uptake includes RIA (reduction of hardly soluble iron complexes to increase iron solubility) and SIA (siderophore-mediated iron ac
quisition); SIA involves uptake of endogenous siderophores such as ferric TAFC, which is hydrolyzed by EstB for intracellular iron release after uptake, and xeno
siderophores such as FOB. Moreover, the antifungal drug VL-2397 is taken up by the siderophore transporter Sit1. For intracellular transport and storage, iron is 
bound to the siderophore ferricrocin. Excess of cellular iron is mainly detoxified by its translocation into the vacuole via CccA. (B) Growth-phenotypes of A. fumigatus 
mutants under different iron-availability. Lack of SIA results in a growth defect during iron starvation (−); lack of both SIA and RIA blocks growth also during iron 
sufficiency (0.03 mM); lack of vacuolar iron detoxification impairs growth under high iron (10 mM) conditions. 
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iron. The reduction of ferric iron decreases ferric‑iron complex forma
tion and thereby increases the solubility and consequently bioavail
ability of iron. RIA has been mainly characterized in baker's yeast 
[31,37], but A. fumigatus was also shown to employ this strategy 
[32,38]. In this pathway, plasma membrane-localized metallor
eductases, in A. fumigatus mainly FreB (Fig. 1A; [38]), reduce ferric to 
ferrous iron which is thereby mobilized. Subsequently, the ferrous iron 
is re-oxidized to ferric iron by a multicopper-oxidoreductase, termed 
FetC in A. fumigatus, to enable its uptake via a ferric‑iron transporter, 
termed FtrA in A. fumigatus. These opposing reduction and oxidation 
steps appear to be counterintuitive at first sight and the reason is ac
tually not completely understood. The combined action of the ferrox
idase and the permease might be required to impart specificity to the 
high-affinity iron transport system and/or protect the organism from 
toxic effects of ferrous iron [39,40]. RIA is highly conserved in the 
fungal kingdom. A rare exception is Aspergillus nidulans, which lacks 
homologs of FtrA and FetC (Fig. 1A; [41]). 

4.2. Siderophore-mediated iron assimilation (SIA) 

In addition to RIA many fungal species employ SIA. In this system 
low-molecular mass, iron-chelating molecules, termed siderophores 
(from Greek: “sidero”, iron, and “phorein”, ‘carrier’), are excreted to 
bind ferric iron (detailed mechanisms are described in [42]). Iron- 
bound siderophores are then taken up to supply the fungus with iron. 
The first siderophore, coprogen, was described in 1952 as an essential 
growth factor of coprophilic (strictly dung inhabiting) fungi such as 
Pilobolus spp. [43]. In the same year, the iron-containing compound 
ferrichrome isolated from Ustilago sphaerogena was shown to have si
milar growth-promoting activity [44]. Later, it was shown that co
progen and ferrichrome act as iron-transporting agents in microbial 
metabolism. 

4.2.1. Siderophore biosynthesis 
Most fungal siderophores are of the hydroxamate-type, which can 

be grouped into four structural families: fusarinines, coprogens, ferri
chromes, and rhodotorulic acid; representatives of each family are 
shown in Fig. 2A. Detailed chemistry of siderophores has been reviewed 
previously [45,46]. The iron-chelating hydroxamate groups of these 
siderophores are synthesized from the same building blocks, namely the 
non-proteinogenic amino acid N5-hydroxyornithine and an acyl-CoA 
ester such as acetyl-CoA (e.g., ferricrocin, rhodotorulic acid), hydro
xymethylglutaryl-CoA (e.g., ferrichrome A), malonyl-CoA (e.g., mal
onichrome) or anhydromevalonyl-CoA (e.g. fusarinines), via transacy
lation of ornithine that is beforehand N5-hydroxylated by an enzyme 
termed SidA. The siderophore biosynthetic pathway of A. fumigatus, 
shown in Fig. 2B, is hence largely conserved in most siderophore-pro
ducing fungi; e.g., Talaromyces marneffei, Fusarium oxysporum, Co
chliobolus heterostrophus, and Ustilago maydis [47–50]. SIA of A. fumi
gatus has been extensively reviewed [51]. Hydroxamate groups are 
excellent ligands in coordination chemistry [46]. In siderophores, these 
groups strongly coordinate ferric iron via a bidentate structure [46]. 
Most fungal siderophores have three hydroxamate groups linked by 
ester- or peptide bonds to form hexadentate structures, which en
ormously increase the affinity for ferric iron. Both peptide and ester 
bond formation is catalyzed by non-ribosomal peptide synthetases 
(NRPSs), which are best known from biosynthetic pathways involved in 
secondary metabolism [52]. Fusarinine- and coprogen-type side
rophores are examples for products of NRPSs catalyzing the formation 
of ester bonds [51]. 

A. fumigatus produces four siderophores, extracellular fusarinine C 
and its derivative triacetylfusarinine C (TAFC) for iron acquisition as 
well as the ferrichrome-type siderophores ferricrocin and hydro
xyferricrocin for intracellular iron storage and handling (see below and  
Fig. 2A). Fusarinine- and coprogen-type siderophores are typically ex
creted, ferrichrome-type siderophores are often found strictly 

intracellularly as in A. fumigatus, but some fungi also secrete them, e.g., 
U. maydis, Aspergillus niger, and A. terreus [53–55]. Siderophores pro
duced by selected fungal species are summarized in Table 1. The types 
of siderophores produced can vary within the same genus, e.g., Asper
gillus spp.; on the other hand, A. nidulans and A. fumigatus, which are 
only distantly related, produce the same extracellular and hyphal 
siderophores. 

Most Ascomycota and Basidiomycota species produce hydroxamate- 
type siderophores [56,57]. However, there are famous exceptions of 
economic and/or medical relevance such as the entire Saccharomycotina 
clade, including S. cerevisiae and C. albicans, as well as the basidiomy
cete genus Cryptococcus spp. Interestingly, the majority of these ex
ceptions are yeast morphotypes. On the other hand, there are yeast 
species that produce siderophores such as Schizosaccharomyces pombe, 
Rhodotorula spp, and Aureobasidium melanogenum [58–60]. Moreover, 
Mucoromycota lack the ability to produce hydroxmate-type side
rophores but produce a carboxylate-type siderophore, termed rhizo
ferrin, originally isolated from Rhizopus microsporus [61,62]. Compared 
to most hydroxamate-type siderophores, rhizoferrin displays a sig
nificantly lower affinity to iron. Recently, rhizoferrin biosynthesis has 
been shown to depend on an NRPS-independent siderophore (NIS) 
enzyme in Rhizopus delemar [63]. 

Several Saccharomycotina species produce and/or are able to take up 
the iron-chelating compound pulcherrimin, which is composed of two 
cyclized and modified leucine molecules [64]. In contrast to classical 
siderophores, its production is not confined to iron starvation condi
tions. Pulcherrimin has been shown to mediate antagonistic interac
tions toward nonproducing yeast species. Consequently, pulcherrimin's 
role appears to be iron monopolizing rather than iron scavenging for 
iron supply. Also A. fumigatus produces an iron chelating hexapeptide, 
hexadehydroastechrome, which lacks classical siderophore activity; its 
artificial overexpression even causes iron starvation via cellular iron 
deprivation [65]. Taken together, not all low molecular-mass iron 
chelating metabolites serve as classical siderophores. 

Notably, most bacteria employ SIA, involving in addition to hy
droxamate-type siderophores also catecholate-, carboxylate-, and 
mixed-types [46,66]. In contrast, some plants utilize rather simple iron 
chelators including nicotianamine, mugineic acid family phytosider
ophores, and citrate for iron mobilization [67]. Remarkably, bio
synthesis of the hydroxamate groups of bacterial siderophores involves 
homologs of the fungal N5-ornithine hydroxylase SidA (Fig. 2B), e.g., for 
biosynthesis of pyoverdine by Pseudomonas spp., aerobactin by Escher
ichia coli, mycobactin by Mycobacterium spp., or feroxamines produced 
by Streptomycetes and distinct Enterobacteriaceae [68], which underlines 
the overlap of biosynthetic modules used in bacterial and fungal SIA. 

4.2.2. Siderophore uptake and intracellular release of iron 
Uptake of siderophore‑iron chelates in fungi is mediated by mem

bers of the siderophore iron transporter (SIT) family, which is a sub
family of the major facilitator superfamily. SIT proteins are exclusively 
found in the fungal kingdom and here in most species [57]. Notably, 
three SIT proteins appear to have siderophore-independent functions; S. 
cerevisiae Gex1 was found to act as a glutathione exchanger [69], S. 
pombe Str3 is required for low-affinity heme uptake [70], and the gene 
encoding A. fumigatus CrmC is localized in a secondary metabolite gene 
cluster and was shown to be regulated by copper and not by iron [71]. 

Despite the fact that there are fungal species lacking siderophore 
biosynthesis, the ability to utilize siderophore-chelated iron appears to 
be highly conserved in the fungal kingdom, i.e. most species from all 
fungal phyla (Ascomycota, Basidiomycota, Mucoromycota, and 
Chytridiomycota) possess SIT proteins [57]. However, there are excep
tions such as the Chytridiomycota species Batrachochytrium den
drobatidis. In line, Mucoromycota are able to take up hydroxamate 
siderophores despite the fact that they do not synthesize this side
rophore type [72,73]. As most fungal species appear to produce side
rophores, it is likely that the non-siderophore-producing species have 
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Fig. 2. Structures of hydroxamate siderophore representatives and siderophore biosynthetic pathway in A. fumigatus. (A) All shown siderophores share common 
building blocks, N5-hydroxyornithine (in blue) and acyl/acetyl groups (in green), which constitute the hydroxamate-groups (boxed in gray; middle panel). 
Hydroxamate groups are shaded in gray. In fusarinine C, TAFC and coprogen, the acyl group is anhydromevalonyl; in rhodotorulic acid and ferricrocin it is acetyl. 
The acetyl groups lacking in fusarinine C compared to TAFC are shown in black. Siderophore-Fe3+ formation constants (logKf) were taken from references 
[276–278]. (B) The first committed step in the biosynthesis of A. fumigatus siderophores is the N5-hydroxylation of ornithine catalyzed by SidA. Subsequently, the 
pathways for biosynthesis of extra- and intracellular siderophores split. For intracellular siderophores, acetyl is transferred to N5-hydroxyornithine by SidL and an 
unidentified transacetylase. For extracellular siderophores, the transacylase SidF transfers anhydromevalonyl to N5-hydroxyornithine. The required anhy
dromevalonyl-CoA moiety is derived from mevalonate by CoA-ligation and dehydration catalyzed by the enzymes SidI and SidH, respectively, thereby linking 
isoprenoide and siderophore biosynthetic pathways. Fusarinines and ferrichromes are then assembled by the non-ribosomal peptide synthetases SidD and SidC, 
respectively. TAFC is derived by triple N2-acetylation of fusarinine C catalyzed by SidG. For ferricrocin biosynthesis, two glycine residues and one serine residue are 
incorporated in addition to the three hydroxamate groups. Hydroxyferricrocin is derived from ferricrocin by a single hydroxylation step catalyzed by an unknown 
enzyme. SidI, SidF and SidH are localized in peroxisomes, while the other dedicated siderophore biosynthetic enzymes are believed to operate in the cytosol [279]. 
The targets of statins (HMG-CoA reductase, Hmg1), azoles (Cyp51A), and celastrol (SidA) are indicated. 
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lost the ability to synthesize siderophores due to the lack of selection 
pressure in their niche, while they have preserved the ability to utilize 
siderophores. The ability to utilize xenosiderophores (siderophores of 
non-self origin) can be explained by the fact that siderophore-chelated 
iron is highly valuable due to its solubility. Moreover, the utilization of 
xenosiderophores most likely plays a role in microbial competition and 
can thus be observed also in siderophore-producing fungi (see below). 
Uptake of xenosiderophores via SIT members has been demonstrated for 
example for S. cerevisiae, C. albicans, C. glabrata, C. neoformans, A. fu
migatus, and A. nidulans [74–80], whereby also bacterial siderophores 
have been shown to be utilized by fungi including the hydroxamate 
siderophore feroxamine B and the catecholate siderophore en
terobactin. A. fumigatus possesses five potential siderophore transpor
ters, which are induced by iron starvation [81]. MirB transports the 
endogenous siderophore TAFC [82], Sit1 and Sit2 transport ferri
chrome, whereby Sit1 transports additionally feroxamine B (Fig. 1A; 

[75]). The substrate specificity of MirC and MirD remains elusive 
whereby a function of MirC in ferricrocin biosynthesis was suggested 
[83]. 

The high affinity of siderophores to iron requires mechanisms to 
release the chelated iron from siderophores to make it available for 
metabolic processes after uptake. In Aspergillus spp., three esterases 
have been identified, which intracellularly hydrolyze siderophores with 
strict substrate specificity: A. fumigatus EstB for TAFC (Fig. 1A), A. fu
migatus SidJ for fusarinine C, and A. nidulans EstA for enterobactin 
[84–86]. Recently the X-ray crystal structures of all three enzymes have 
been resolved providing new insights on the mode of action and sub
strate specificity [86]. Noteworthy, EstA and EstB are homologs of 
bacterial esterases hydrolyzing enterobactin and salmochelines [87], 
which again underlines the overlap of modules used in bacterial and 
fungal SIA. 

Table 1 
Siderophores of selected species. Ferrichrome-type, coprogen-type, and fusarinine-type siderophores are shown in blue, green, and red, respectively; “?” marks 
species in which the conidial siderophore has not been analyzed; species that do not produce conidia or hydroxamate siderophores are marked by “na” (not 
applicable); * Epichloënin A is an atypical ferrichrome-type siderophore but with a cyclic structure consisting of eight amino acid residues. Detailed siderophore 
structures have been excellently reviewed by Hider and Kong [46]. Some references are exclusively found in this Table [261,262,264–267]. 

Species Extracellular
siderophore

Hyphal/yeast
siderophore

Conidial
siderophore Reference

Ascomycota
Schizosaccharomyces pombe Ferrichrome Ferrichrome na [59]
Saccharomyces cerevisiae - - na [57]
Candida glabrata - - na [57]
Candida albicans - - na [57]

Aspergillus fumigatus Fusarinine C
TAFC Ferricrocin Hydroxyferricrocin [100]

Aspergillus nidulans Fusarinine C
TAFC Ferricrocin Ferricrocin [261]

Aspergillus niger Coprogen B
Ferrichrome Ferrichrome ? [54]

Aspergillus terreus Coprogen
Ferrichrysin Ferrichrysin ? [55]

Penicillium chrysogenum Coprogen Ferrichrome Ferrichrome [261]

Neurospora crassa Coprogen Ferricrocin
Ferrichrome C Ferricrocin [262]

Fusarium oxysporum Fusarinine C
Malonychrome

Ferricrocin
Ferrichrome C 
Malonichrome

? [49]

Fusarium graminearum TAFC
Malonichrome Ferricrocin ? [228,263]

Cochliobolus heterostrophus
Coprogen

Neocoprogen I
Neocoprogen II

Ferricrocin ? [103,228]

Alternaria brassicicola Dimethylcoprogen [228]

Acremonium chrysogenum
Coprogen B,

Methylcoprogen B, 
Dimethylcoprogen

Ferricrocin ? [264]

Magnaporthe grisea
Coprogen, coprogen B

Methylcoprogen
Methylcoprogen B

Ferricrocin ? [265]

Colletotrichum graminicola
Coprogen

Coprogen B
Methylcoprogen B

Ferricrocin ? [230]

Aureobasidium melanogenum Fusarinine C Ferricrocin
Hydroxyferricrocin ? [58]

Metarhizium robertsii Metachelins Ferricrocin ? [266]

Epichloë festucae Epichloënin A* Epichloënin A*
Ferricrocin ? [243,267]

Basidiomycota
Cryptococcus neoformans - - na [57]
Microbotryum violaceum Rhodotorulic acid Rhodotorulic acid na [235]

Rhodutorula glutinins Rhodotorulic acid Rhodotorulic acid na [60]

Ustilago maydis Ferrichrome
Ferrichrome A

Ferrichrome
Ferrichrome A na [53]

Mucoromycota
Rhizopus delemar Rhizzoferrin rhizzoferrin na [63]
Mucor mucedo Rhizzoferrin rhizzoferrin na [61]
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5. Iron storage and detoxification 

Two different mechanisms for iron storage have been described in 
fungi, namely vacuolar and siderophore-mediated iron storage. 
Moreover, ferritin-like iron-containing proteins have been detected in 
Mucoromycota [88]. 

5.1. Vacuolar iron storage and detoxification 

The role of the vacuole in iron homeostasis has been extensively 
investigated in S. cerevisiae. In this yeast, iron is imported into the va
cuole by the transporter Ccc1 for iron storage, reuse, and detoxification 
as ferric polyphosphate [89]. Reuse of vacuolar-stored iron is mediated 
by paralogs of RIA components localized in the vacuolar membrane, 
i.e., by the metalloreductase Fre6 and a complex consisting of the fer
roxidase Fet5 and the iron permease Fth1 [90,91]. Moreover, the 
NRAMP transporter Smf3 appears to play a role in vacuolar iron export 
in S. cerevisiae [92]. As shown in S. cerevisiae and C. albicans, vacuolar 
iron management is linked to mitochondrial iron metabolism [93,94]. 
Similar to S. cerevisiae, inactivation of the Ccc1 homolog CccA highly 
decreases resistance to iron toxicity in A. fumigatus demonstrating the 
conservation of vacuolar iron detoxification via the Ccc1 homolog CccA 
(Fig. 1; [95]). However, it is not clear if vacuolar stored iron can be 
reused in A. fumigatus. In S. pombe, the Ccc1 homolog Pcl1 mediates 
vacuolar iron import and the ABC transporter Abc3 is involved in reuse 
of vacuolar stored iron [96,97]. 

5.2. Siderophore-mediated iron storage 

Siderophore-producing fungi use siderophores also for intracellular 
iron handling. The rationale for this strategy might be that siderophore- 
bound iron does not participate in Fenton chemistry. Intracellular 
siderophores might lower the labile iron pool to prevent formation of 
deleterious hydroxyl radicals [98,99]. 

A. fumigatus employs the ferrichrome-type siderophore ferricrocin 
for hyphal- and its hydroxylated version hydroxyferricrocin for conidial 
iron handling [100]. Conidial siderophore-mediated iron storage was 
shown to be important for germination of conidia in A. fumigatus, A. 
nidulans, Neurospora crassa, and Penicillium chrysogenum [57,101]. 
Moreover, several lines of evidence indicate that siderophores are also 
involved in iron trafficking within hyphae, i.e., (i) in A. fumigatus, A. 
nidulans, C. heterostrophus, and Giberella zeae lack of ferricrocin reduces 
sporulation and/or blocks sexual development, both of which depend 
on transport of nutrients from substrate to aerial hyphae [98,102,103], 
(ii) conidia produced by ferricrocin lacking mutants display an iron 
starvation signature at transcriptional and protein levels under iron 
replete conditions [102], (iii) lack of ferricrocin increases the hyphal 
iron content about 2-fold in A. fumigatus [100], and (iv) lack of ferri
crocin decreases the growth rate during iron starvation in A. fumigatus 
and A. nidulans [98,100]. 

6. Fungal iron regulatory systems to maintain iron homeostasis 

As described above, different fungal species evolved diverse, par
tially overlapping, mechanisms for iron acquisition and storage. To 
avoid both iron shortage and toxicity, these mechanisms require fine- 
tuned regulation based on cellular iron-sensing. The common conserved 
outcome of iron regulation in all species is upregulation of high-affinity 
iron acquisition and downregulation of iron consumption to spare iron 
during iron starvation as well induction of iron detoxification during 
iron excess. Dependent on the species, tightly regulated high-affinity 
iron acquisition systems include SIA, RIA and/or heme acquisition. 
Regulated iron-consuming pathways include respiration, TCA cycle, 
biosynthesis of heme, amino acids, and sterols. The major iron detox
ifying mechanism conserved in most species is vacuolar iron deposition. 
Notably, different fungal species evolved diverse iron-regulatory 

mechanisms. Examples of fungal iron-regulatory factors are summar
ized in Table 2. Remarkably, the model eukaryote S. cerevisiae displays 
a rather unique system as one of its iron-sensing transcription factors, 
Aft1/2, apart from Saccharomycetes, is not widespread. In contrast, the 
regulators employed by A. fumigatus, SreA and HapX, are largely con
served in the fungal kingdom. The differences are probably best un
derstood in the context of phylogeny and evolutionary events as dis
cussed below (Fig. 3). HapX homologs are found in Ascomycota and 
Basidiomycota. SreA appears to be the iron-regulatory protein with the 
highest phylogenetic conservation as it is found in Ascomycota, Basi
diomycota, and Mucoromycota. Despite the species-specific differences, 
certain iron-regulatory/sensing modules within transcription factors 
are highly conserved in all fungal species analyzed so far. Evolutionary 
conservation of the DNA-binding and iron-sensing domains of SreA 
homologs is displayed in Fig. 4; domain architecture of HapX homologs 
is illustrated in Fig. 5A and evolutionary conservation of the DNA- 
binding domain of HapX homologs is shown in Fig. 5B. Species-specific 
details are discussed below. 

6.1. Iron regulation in A. fumigatus 

6.1.1. Iron regulation via iron-sensing transcription factors 
A. fumigatus employs two iron-sensing transcription factors, termed 

SreA and HapX [51]. SreA harbors two Cys2Cys2 GATA-type zinc fin
gers, which recognize the consensus DNA sequence ATCWGATAA, se
parated by a cysteine-rich region (CRR), which mediates iron sensing 
(Fig. 4). HapX comprises several phylogenetically conserved domains 
(Fig. 5): (i) a bZIP-type DNA-binding domain, (ii) a Hap4-like domain 
(Hap4L) for physical interaction with the CCAAT-binding complex 
(CBC, termed Hap complex in S. cerevisiae; see below), and (iii) four 
CRR, whereby two CRR (CRR-A and CRR-B) have been shown to be 
involved in iron sensing, most likely via [2Fe-2S] cluster binding similar 
to SreA, while the other two (CRR-C and CRR-D) lack assigned func
tions. 

During iron sufficiency, SreA represses high-affinity iron uptake, 
including RIA and SIA, to avoid iron toxicity. During iron starvation, 
HapX represses iron-consuming pathways such as respiration, heme 
biosynthesis, TCA cycle, and vacuolar iron deposition to spare iron. 
Furthermore, HapX transcriptionally activates SIA but also iron-in
dependent functions such as ribotoxin AspF1 [104]. Remarkably, iron 
excess converts HapX into an activator of iron-dependent pathways, 
particularly vacuolar iron deposition, which appears to be the major 
mechanism of iron detoxification [105]. The functions of HapX during 
iron starvation and iron excess can be confined to specific protein do
mains, i.e., mutation of the CRR-B impairs adaptation of A. fumigatus to 
iron excess but not iron starvation; inversely, truncation of the C-ter
minus impairs adaptation to iron starvation but not iron excess. HapX 
executes all functions via physical interaction with the CBC [106]. The 
CBC has HapX-independent functions and is speculated to affect ex
pression of about 30% of all genes; i.e, the CBC-HapX regulon is a subset 
of the CBC regulon. Taken together, both SreA and HapX are important 
for adaptation to iron sufficiency, while only HapX is also crucial for 
adaptation to iron starvation. Inactivation of both HapX and SreA is 
synthetically lethal, underlining the critical role of iron homeostasis in 
cellular survival [104,107]. 

Most fungal species possess homologs to SreA and HapX. 
Saccharomycotina, Taphrinomycotina, Basidiomycota, and Mucoromycota 
are discussed below. Apart from these, SreA-like functions have been 
confirmed for homologs of the ascomycete species A. nidulans, A. ter
reus, A. niger, N. crassa, Histoplasma capsulatum, C. heterostrophus, A. 
melanogenum, Alternaria alternata, Epichloë festucae, Fusarium fujikuroi, 
and Blastomyces dermatitidis [54,55,108–116]; HapX-like functions have 
been confirmed for homologs of A. nidulans, A. terreus, Fusarium gra
minearum, F. oxysporum, Verticillium dahliae, and B. dermatitidis 
[49,55,107,114,117]. The mechanism of iron sensing by fungal tran
scription factors is discussed below. 
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6.1.2. Iron homeostasis is tightly interwoven with other metabolic pathways 
Due to the central metabolic role of iron, it is not surprising that a 

variety of regulatory circuits affect cellular iron handling. Most ob
vious, balance of iron, oxygen, and redox is intimately linked. On the 
one hand, oxidation of iron is the reason for the low iron availability. 
On the other hand, most redox reactions are catalyzed by proteins 
taking advantage of the electron carrying function of iron, often with 
oxygen as the final electron acceptor such as in oxidative phosphor
ylation. As byproduct of these reactions iron can generate reactive 
oxygen species (ROS) leading to oxidative stress. However, iron is re
quired to detoxify ROS as catalases and other peroxidases often contain 
heme‑iron as a cofactor. Moreover, upregulation of iron dependent 
pathways requires coordinated iron acquisition and siderophore bio
synthesis requires coordinated precursor supply. Noteworthy, RIA and 
SIA are both oxygen-dependent pathways due to oxygen consumption 
of the reactions mediated by SidA and FtrA. 

Regarding redox balance, it is fascinating that the CBC, the essential 
interaction partner of iron-sensing HapX, was found to sense ROS 
through oxidative modification of cysteine residues in order to mediate 
oxidative stress response [118], i.e., the CBC:HapX complex combines 
regulation of iron and redox balance. Recently, oxidative stress was 

found to be more deleterious during iron starvation and to overrule 
CBC:HapX complex-mediated repression during iron starvation [119]. 

Adaptation to oxygen limitation represents another link between 
oxygen and iron homeostasis. Hypoxic adaptation requires upregula
tion of glycolysis, the TCA-cycle, respiration, and ergosterol biosynth
esis, and as a consequence increased cellular iron and heme contents, 
which is coordinated by the transcription factor SrbA, a member of the 
sterol regulatory element binding protein (SREBP) family [120,121]. 
SrbA is proteolytically activated upon depletion of the cellular sterol 
pool, which appears to serve as “oxygen sensor” because ergosterol 
biosynthesis is highly oxygen consuming [122]. However, ergosterol 
biosynthesis is also highly dependent on iron-dependent enzymes (e.g., 
P450 enzymes such as Cyp51A). SrbA was found to be crucial not only 
for sterol-feedback regulation and consequently resistance against 
triazole drugs and hypoxic growth, but also for activation of high-af
finity iron acquisition including RIA and SIA [123]. This indicates that 
SrbA coordinates cellular oxygen and iron handling. Inversely, the iron- 
sensing CBC:HapX complex was recently identified as transcriptional 
repressor of the iron-dependent ergosterol biosynthetic enzyme Cyp51A 
and the cytochrome b5 CybE, which is required to fuel P450 enzymes 
including Cyp51A with electrons (Fig. 6A; [29,124]). Via this link, the 

Table 2 
Examples of conserved fungal regulators securing iron homeostasis. Proteins shaded in the same color are 
homologs or share at least conserved domains. 

Species Repression of 
iron acquisition 

during iron 
starvation

Repression of 
iron-consuming 

processes during 
iron starvation

Activation of iron 
acquisition during 

iron starvation

Activation of iron 
detoxification 

during iron 
excess

S. cerevisiae Cth1/21 Aft1/2 Yap5

C. glabrata Cth21 Aft1 Yap5

S. pombe Fep1 Php4

C. albicans Sfu1 Hap43

C. neoformans Cir12 HapX

A. fumigatus SreA HapX

1, In contrast to the other regulators, Cth1/2 do not act transcriptionally but posttranscriptionally. 
2, Cir1 has also activating functions, e.g., for siderophore uptake and virulence determinants.  

Fig. 3. Phylogeny of selected fungal species including their key iron regulators. The phylogenetic tree is schematically drawn according to Gabaldón et al. [147]. (+) 
marks regulators based solely on protein similarity (E-value < e-50). +* marks homologous regulators with functional differences in comparison to A. fumigatus 
HapX or SreA. 
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CBC:HapX complex also modulates azole resistance. Moreover, the 
dominating class of pan-azole resistance, characterized by the occur
rence of a tandem repeat of at least 34 bases within the promoter of the 
Cyp51A encoding gene, is linked to iron because the repeat increases 
transcriptional activation by SrbA and decreases transcriptional re
pression by the CBC:HapX complex [124]. Increased azole resistance 
caused by a mutation in one of the subunits of the CBC, HapEP88L, 
underlines CBC:HapX-mediated regulation of Cyp51A [125]. Notably, 
there is not only a SrbA-mediated regulatory link between sterol/iso
prenoid metabolism and SIA but also a direct enzymatic link because 

the sterol/isoprenoid biosynthetic intermediate mevalonic acid is a 
precursor of extracellular siderophore biosynthesis (Fig. 2B; [51]). The 
SREBP family is conserved in most eukaryotes but S. cerevisiae lacks 
SREBP-mediated adaptation to oxygen limitation, which underlines 
fundamental regulatory rewiring in this yeast as also shown for iron 
regulation as discussed below. 

Another example for the integration of an iron-dependent metabolic 
pathway into the regulation of iron acquisition is biosynthesis of the 
branched-chain amino acids isoleucine, leucine, and valine [126,127]. 
This biosynthetic pathway comprises the two Fe-S-dependent enzymes 

Fig. 4. Evolutionary conservation of the DNA-binding and iron-sensing domains of SreA homologs. (A) Domain architecture of GATA-type iron regulators from A. 
fumigatus (Afu), P. pastoris (Pp), C. albicans (Ca), S. pombe (Sp), U. maydis (Um), C. neoformans (Cn), R. delemar (Rd), and M. circinelloides (Mc). (B) Amino acid 
sequence alignment of the Cys2Cys2 GATA-type zinc finger (ZnF) and cysteine-rich regions (CRR) of fungal SreA orthologs. Residues that match the consensus 
sequence are colored according to their physico-chemical properties. Alignments were generated using MegAlign Pro 17 (DNASTAR, Inc.). 
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dihydroxyacid dehydratase (Ilv3A) and α-IPM isomerase (LeuA) pro
viding the rationale for downregulation of the encoding genes during 
iron starvation by the CBC:HapX complex [104]. Leucine shortage is 
sensed by the Zn2Cys6-type transcription factor LeuB, which is post
translationally activated by accumulation of the leucine pathway in
termediate α-IPM [127,128]. Recently, LeuB was shown to serve not 
only as transcriptional activator of leucine biosynthesis but also of 
HapX and several genes involved in high affinity iron acquisition; i.e., it 
cross-regulates leucine biosynthesis and iron acquisition [126]. In 
agreement with α-IPM as posttranslational activator of LeuB for this 
process, inactivation of LeuC, which blocks α-IPM synthesis, but not 
inactivation of LeuA, which causes accumulation of α-IPM, was shown 
to block adaptation to iron starvation [127]. A scheme of these reg
ulatory links is shown in Fig. 6B. 

Iron-starvation induces siderophore production and the amount of 
produced siderophores can reach up to 10% of the fungal biomass [51]. 
This accomplishment is achieved by coordinated upregulation of the 
siderophore biosynthetic pathway and precursor supply. A major pre
cursor of siderophores is the non-proteinogenic amino acid ornithine, 
which can be produced within the mitochondria, as intermediate of 

arginine biosynthesis, or within the cytosol via arginase-mediated hy
drolysis of arginine [129]; during iron starvation, both pathways are 
upregulated [51]. With glutamine as nitrogen source, ornithine is 
produced mainly via the mitochondrial pathway followed by export 
into the cytosol, where siderophore biosynthesis starts. In contrast, with 
arginine as nitrogen source, ornithine is produced mainly in the cytosol 
from arginine [129,130]. The first enzyme involved in siderophore 
biosynthesis, the ornithine monooxygenase SidA, has been demon
strated to be activated allosterically by arginine [131]. This regulation 
prevents excessive depletion of the cellular arginine pool, which is es
sential also for other purposes such as protein biosynthesis, for the sake 
of siderophore biosynthesis. 

Moreover, the gluconeogenesis activating transcription factors AcuK 
and AcuM [132,133], nitrogen metabolite repression-mediating tran
scription factor AreA [134], unfolded protein response-mediating pro
teins IreA and HacA [135], pH response regulator PacC [136], cross- 
pathway control regulator CpcA [137], protease activating factor PrtT 
[138], and the mitogen-activated protein kinase (MAPK) MpkA [139], 
which is involved in maintaining cell wall integrity and protection 
against ROS, have been implicated in the regulation of iron uptake. 

Fig. 5. Domain architecture of fungal Hap4-type and HapX/Yap5-type iron regulators that require the CBC as DNA-binding scaffold for their function. (A) The Hap4 
activators of respiratory gene expression in S. cerevisiae (Sc) and C. glabrata (Cg) contain the canonical 16 aa Hap4-like CBC-BD, but lack a bZIP domain. The same 
applies to Php4 in S. pombe (Sp). A. fumigatus (Afu) HapX and its homologs in P. pastoris (Pp), C. neoformans (Cn), and Hap43 in C. albicans (Ca) as well Yap1 in U. 
maydis, Yap5 in Lachancea thermotolerans (Lt), and K. lactis (Kl) are bZIP transcription factors that share the full 16 aa Hap4-like CBC-BD. In contrast, Yap5 bZIP-type 
proteins in C. glabrata and S. cerevisiae contain a degenerated Hap4-like domain. Full and rudimentary Hap4-like domains required for CBC-binding are shown in 
blue. Basic regions, coiled coil domains, and cysteine-rich regions are depicted in red, green and yellow, respectively. (B) Amino acid sequence alignment of the 
Hap4-like CBC-BD and basic region DNA-BD spanning regions in the N-Termini of regulatory CBC subunits shown in (A). Residues that match the consensus sequence 
are colored according to their physico-chemical properties. Alignments were generated using MegAlign Pro 17 (DNASTAR, Inc.). 
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Fig. 6. Iron-regulatory links of selected 
metabolic pathways. (A) The target of 
azoles, heme-dependent ergosterol biosyn
thetic Cyp51A, and the cytochrome b5 

CybE, which fuels Cyp51A with electrons, 
are both transcriptionally repressed by the 
CBC:HapX complex during iron starvation. 
Transcriptional activation of Cyp51A and 
iron acquisition is mediated by SrbA, which 
is activated by erosterol depletion caused 
for example by iron starvation due to iron 
dependence of ergosterol biosynthesis. With 
respect to SrbA-mediated regulation of iron 
acquisition, ergosterol depletion might 
serve as an indirect signal for iron starva
tion. (B) Iron availability is indirectly 
sensed via the iron-dependent activity of 
leucine biosynthesis. LeuB transcriptionally 
activates leucine biosynthesis and iron ac
quisition directly and indirectly via HapX. 
LeuB is activated by α-IPM, which accu
mulates during iron starvation due to the 
Fe-S dependency of Ilv3A and LeuA. In a 
feedback loop, Ilv3A and LeuA are tran
scriptionally repressed by the CBC:HapX 
complex during iron starvation. (C) MetR is 
a transcriptional activator of sulfate assim
ilation, which is required for biosynthesis of 
sulfur containing amino acids, Fe-S and 
GSH. Consequently, MetR is required for 
iron sensing by SreA and HapX. 
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6.2. Iron regulation in C. albicans and Pichia pastoris 

CTG clade species including P. pastoris and C. albicans employ SreA 
and HapX homologs. (Fig. 3). In C. albicans, these are called Sfu1 and 
Hap43, respectively. Sfu1 functions similarly to A. fumigatus SreA 
[140]. Despite high sequence similarity of Hap43 and A. fumigatus 
HapX, Hap43 is dispensable for growth in high iron conditions, i.e., for 
iron detoxification [141]. In other words, only its function during iron 
starvation is conserved in comparison to A. fumigatus. The regulatory 
feedback between Sfu1 and Hap43 includes a third regulator, Sef1, 
which is subject to posttranslational regulation via phosphorylation 
[142,143]. Sef1, is activated during iron starvation, and in turn, tran
scriptionally activates iron acquisition and Hap43. Sfu1 and Hap43 
possess domains for sensing of [2Fe-2S] availability and consequently 
the cellular iron status (Fig. 5). What might be the rationale for in
tegration of a third transcription factor? In this respect it is interesting 
to note that Sef1 displays considerable sequence similarity with S. 
cerevisiae Leu3, A. nidulans LeuB, and A. fumigatus LeuB, which all ac
tivate leucine biosynthesis in response to shortage of leucine, which is 
an iron-dependent metabolite [126,144]. A. fumigatus LeuB has been 
shown to transcriptionally activate HapX and several components of 
high-affinity iron acquisition (see above). Consequently, it is tempting 
to speculate that Sef1 senses iron starvation via shortage in iron-de
pendent leucine pathway intermediates similar to LeuB/Leu3 tran
scription factors. In P. pastoris, only the SreA homolog was functionally 
characterized and shown to function similar to A. fumigatus SreA [145]. 
Regulation of iron detoxification is not clarified in these species but lack 
of Sef1 was found to increase susceptibility to iron toxicity in C. albicans 
[141]. 

6.3. Iron regulation in S. cerevisiae and C. glabrata 

As shown in Fig. 3, Saccharomycetales split into the CTG clade (in
cluding C. albicans and Pichia spp), which exhibits non-canonical codon 
usage [146], and Saccharomycetaceae [147]. The latter can be divided 
into two clades, one of which conducted a whole genome duplication 
(WGD) followed by gene loss (Post-WGD, including S. cerevisiae and C. 
glabrata) and the other without this genome re-arrangement (Pre-WGD 
species including Kluyveromyces lactis and Ashbya gossypii). As discussed 
above, the CTG clade species employ homologs of A. fumigatus SreA and 
HapX. In contrast, the Saccharomycetaceae lost SreA, conserved only the 
iron detoxification function of HapX leading to Yap5 proteins, and 
evolved novel iron regulators, Aft1/2 and Cth1/2. As Pre-WGD and 
Post-WGD species employ largely the same iron regulators (Fig. 3), this 
transcriptional rewiring most likely occurred before the WGD. Conse
quently, S. cerevisiae, represents a rather unique system for iron reg
ulation despite the fact that it is the fungal system that has been 
characterized in most detail. In response to iron starvation, the two 
paralogous transcription factors Aft1 and Aft2 activate high-affinity 
iron acquisition, RIA and siderophore uptake, as well as the two para
logous proteins Cth1 and Cth2 [148]. Cth1/2 initiate degradation of 
mRNAs encoding iron consuming pathways and iron detoxification 
(e.g., Ccc1) by binding to AU-rich elements in their 3′-UTRs [149]. 
Moreover, Cth2 also represses the translation of these genes [150]. 
Taken together, Cth1/2 repress iron use posttranscriptionally, a func
tion that is carried out transcriptionally by species employing HapX. 
Iron detoxification via vacuolar iron deposition by Ccc1 is activated by 
Yap5, which shares several domains with A. fumigatus HapX (Fig. 5), 
but apparently lacks any function during iron starvation [148]. No
tably, neofunctionalization of the duplicated version of Yap5 upon 
WGD led to Yap7 proteins, which act as repressors of nitric oxide de
toxification [151]. 

C. glabrata uses a similar system as S. cerevisiae but employs only a 
single homolog of Aft1/2 and Cth1/2 [152,153]. Moreover, it includes 
a third regulator, Sef1, which is transcriptionally repressed by Cth2 and 
which activates TCA cycle enzymes and ISC assembly factors during 

iron starvation [153]. 
Interestingly, both C. albicans and P. pastoris possess a protein that 

contains a zinc finger DNA-binding domain that is homologous to that 
of S. cerevisiae Aft1/2 but lack the typical Aft1/2 iron-responsive motif 
(Cys-Asp-Cys); in these organisms lack of this transcription factor has 
only a very minor or no impact on iron metabolism [154,155]. Possibly, 
this protein was the ancestor of Aft1/2-mediated iron regulation in 
Saccharomycetaceae. 

6.4. Iron regulation in S. pombe 

For iron regulation S. pombe that belongs to the Taphrinomycotina, 
which split early from the other Ascomycota clades (Fig. 3), employs a 
classical SreA homolog, termed Fep1 (Fig. 4), and a protein termed 
Php4 [156]. Php4 only shares the Hap4-like domain with HapX 
homologs (Fig. 5), which is essential for interaction with the CBC. Si
milar to HapX homologs, in concert with the CBC, Php4 tran
scriptionally represses iron-consuming pathways, vacuolar iron detox
ification, and Fep1. In contrast to HapX homologs, Php4 is not involved 
in activation of iron detoxification, i.e., it lacks a function during iron 
excess similar to C. albicans Hap43. 

6.5. Iron regulation in basidiomycota: U. maydis and C. neoformans 

The prototype of iron regulatory GATA factors homologous to SreA 
was identified in U. maydis, termed Urbs1 (Fig. 4; [157]). Moreover, U. 
maydis possesses a protein showing significant similarity with HapX/ 
Yap5 proteins, termed UmYap1, which was found to regulate the oxi
dative stress response in this plant pathogen. Interestingly, UmYap1 
and HapX/Hap43/Php4 proteins share the full Hap4-like domain and 
two cysteine-rich regions, CRR-B and CRR-C (Fig. 5). Mutation of cy
steine residues within the CRR-B abolished the function of UmYap1 
during oxidative stress response. The presence of the CGFC motif con
taining CRR-B indicates that UmYap1 recognizes [2Fe-2S] clusters and 
might function also in iron regulation as putative HapX/Yap5 homolog. 

C. neoformans employs a SreA homolog displaying structural dif
ferences compared to other SreA homologs by lacking the N-terminal 
GATA-type zinc finger. Similar to the other SreA homologs, Cir1 re
presses RIA [158]. However, in contrast to SreA homologs, it functions 
not only as repressor but also as activator for several virulence de
terminants (e.g., for capsule formation) and uptake of siderophore- 
chelated iron, which is usually co-regulated with RIA. C. neoformans 
also possesses a classical HapX homolog, which represses Cir1 and iron 
consuming pathways but activates uptake of siderophore-chelated iron 
[159]. 

6.6. Iron regulation in Mucoromycota 

Iron regulation has not been investigated in detail in Mucoromycota 
so far. However, it is interesting to note that Mucoromycota, including 
Mucor circinelloides (EPB84775.1) and R. delemar (EIE82954.1) encode 
proteins containing two GATA-type zinc fingers and an intervening 
CRR, which is typical for SreA homologs (Fig. 4). These data underline 
the wide conservation of SreA homologous regulators. In contrast, these 
species seem to lack typical HapX/Yap5 homologs. 

7. Iron‑sulfur (Fe-S) cluster biosynthesis and iron sensing 

Fe-S clusters are essential cofactors in numerous proteins. Moreover, 
eukaryotes have been shown to sense iron mainly via intracellular Fe-S 
cluster availability rather than iron availability per se. Iron‑sulfur 
cluster biogenesis has been extensively reviewed [22] and is also cov
ered in detail by other articles in this issue. However, since Fe-S cluster 
biogenesis is inextricably connected to regulation of iron homeostasis, a 
brief overview about this pathway is provided here. 

Although the composition of Fe-S clusters is usually rather 
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unspectacular, their biosynthesis is, and the functions enabled by Fe-S 
clusters are plentiful. The production of Fe-S clusters can be roughly 
subdivided into two parts, the mitochondrial iron‑sulfur cluster ma
chinery (ISC), consisting of [2Fe-2S] cluster biosynthesis (core ISC) and 
build on [4Fe-4S] cluster biosynthesis (late ISC) machinery, and the 
[4Fe-4S] cluster producing cytosolic iron‑sulfur cluster assembly (CIA), 
which depends on an exported product of the core ISC. 

Fe-S cluster biosynthesis starts with the import of iron into mi
tochondria, in S. cerevisiae by the paralogous transporters Mrs3/4; A. 
fumigatus employs a single homolog, termed MrsA [160,161]. Subse
quently, iron and sulfur, which is provided by desulfuration of cysteine, 
are complexed to a [2Fe-2S] cluster via a complex cascade of enzymes 
and chaperones [162]. This pathway provides the precursor for mi
tochondrial [4Fe-4S] cluster generation, but also for CIA via a com
pound that is exported into the cytosol by the mitochondrial ABC 
transporter Atm1 and that contains iron and sulfur [163]. Whether this 
compound is already a [2Fe-2S] cluster or a precursor thereof is a 
matter of debate [162,164,165]. The central role of Fe-S cluster bio
synthesis for cell homeostasis is reflected by the fact that almost all 
genes involved in this pathway are essential. The only exceptions in S. 
cerevisiae are Yfh1 (frataxin), Grx5, and Atm1 [166,167]. The non- 

essentiality of Atm1 is explained by partial substrate redundancy with 
the mitochondrial ABC transporter Mdl1 [168]. The non-essentiality of 
Atm1 has also been reported in S. pombe, F. graminearum, and C. neo
formans [134,169,170]; the non-essentiality of frataxin has been con
firmed for S. pombe, C. albicans and C. neoformans [171–173]. The es
sentiality of the core ISC component Nfs1 and the CIA component 
Nbp35 was recently confirmed in A. fumigatus [174]. 

In mammalian cells, the iron regulatory protein IRP1 senses [4Fe- 
4S] cluster availability, which originates from CIA [175], while IRP2 
was recently discovered to sense indirectly not only iron availability but 
also [2Fe-2S] cluster availability [176], which most likely originates 
from core ISC. In fungi, the crucial role of the core ISC for iron sensing 
has been demonstrated for S. cerevisiae, C. albicans, S. pombe, C. neo
formans, A. fumigatus, and F. graminearum [134,171,172,174,177,178], 
as deficiency for Mrs3/4, Nfs1, Yfh1, Grx5 or Atm1 caused an iron 
starvation response in the presence of iron. However, dispensability of 
CIA for iron sensing has only been demonstrated in S. cerevisiae and A. 
fumigatus [174,178], which emphasizes the conserved importance of 
mitochondrially produced [2Fe-2S]- rather than cytosolically produced 
[4Fe-4S] clusters for iron sensing in fungal species, particularly as there 
is no indication for de-novo cytosolic [2Fe-2S] cluster biosynthesis 
[22]. 

One of the few [2Fe-2S] cluster coordinating proteins in the cytosol 
of eukaryotes are monothiol glutaredoxins (GRX, non-mitochondrial 
monothiol glutaredoxins), which are homologs of the mitochondrial 
Grx5 that is involved in [2Fe-2S] biosynthesis [179]. S. cerevisiae pos
sesses two paralogs of GRX, namely Grx3 and Grx4. The [2Fe-2S] 
cluster is coordinated by four sulfur moieties originating from two 
glutathiones (GSH) and two monothiol glutaredoxins [180]. The sulfur 
group of GRX is the cysteine residue within the highly conserved CGFS 
motif. Grx3/4 has been shown to be crucial as [2Fe-2S] cluster cha
perone for the assembly of cytosolic Fe-S proteins [181–183]. Recently, 
several studies indicated that GRX from plants, mammals, and yeast are 
important for cytosolic [4Fe-4S] cluster biosynthesis, i.e., they link core 
ISC with CIA [162,184–186]. In line, the single GRX of A. fumigatus, 
termed GrxD, was found to physically interact with components of the 
CIA machinery [187]. In S. cerevisiae, lack of both GRX homologs is 
lethal depending on the genetic background [182]. Similarly, lack of 
GRX is lethal in A. fumigatus and C. neoformans [187,188], while S. 
pombe mutants lacking the GrxD homolog are viable only under mi
croaerophilic conditions [189]. In contrast, GRXs are not essential in F. 
graminearum and C. albicans [134,190]. In all fungal species analyzed, 
GRXs are additionally involved in iron sensing (see below). As partner 
of both Grx5 and GRX, GSH is required for coordination of [2Fe-2S] 
clusters [191]. Therefore, GSH is required for ISC and CIA and conse
quently also iron sensing. 

Taken together, iron sensing in A. fumigatus has been linked to 
MrsA-mediated mitochondrial iron import, core ISC, GSH, and GrxD 
[174,187]. Moreover, extreme sulfur starvation via inactivation of the 
transcriptional activator of sulfate assimilation, MetR, renders A. fu
migatus iron-blind due to derepression of high-affinity iron acquisition 
even in the presence of iron [192]. The most likely explanation is de
fective iron sensing due to the requirement of sulfur for [2Fe-2S] cluster 
biosynthesis and/or glutathione (Fig. 6C). 

7.1. Iron sensing by transcription factors 

A common theme in fungal iron homeostasis is the sensing of the 
cellular iron status via [2Fe-2S] cluster abundance by iron-regulatory 
transcription factors in concert with GRX. Besides GRX, a second [2Fe- 
2S] cluster chaperone, termed Bol2 (also termed Fra2) is involved in 
iron sensing by some transcription factors. However, there are sig
nificant mechanistic differences in iron sensing between species despite 
the use of similar components. Fungal iron sensing has recently been 
comprehensively reviewed by Gupta and Outten [193]. Iron sensing is 
best understood in S. cerevisiae, S. pombe, and A. fumigatus, which will 

Fig. 7. Schematic overview of iron sensing and regulatory mechanisms in S. 
cerevisiae, S. pombe, and A. fumigatus with a focus on the role of GRX. In all three 
species, GRX is essential for iron sensing, however with different roles. For S. 
cerevisiae Aft1/2 and S. pombe Php4 GRX it is important for [2Fe-2S] cluster 
transfer (sensing iron availability), while S. cerevisiae Yap5, S. pombe Fep1, A. 
fumigatus SreA, and A. fumigatus HapX appear to recognize [2Fe-2S] clusters 
independent of GRX. For S. pombe Fep1, A. fumigatus SreA, and A. fumigatus 
HapX, and potentially S. cerevisiae Yap5, GRX is crucial for sensing iron star
vation (potentially [2Fe-2S] cluster removal from transcription factors). 
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be compared in the following section (Fig. 7). 
During iron starvation (low [2Fe-2S] cluster abundance), S. cerevi

siae Aft1/2 binds to DNA to activate iron acquisition and iron sparing 
via Cth1/2. During iron availability (high [2Fe-2S] cluster abundance), 
a heterocomplex consisting of one GRX, one Bol2, and one glutathione 
transport [2Fe-2S] clusters to Aft1/2, which promotes DNA dissocia
tion, dimerization, and nuclear export [181,194–196]. [2Fe-2S] cluster 
recognition by Aft1/2 depends on a conserved Cys-Asp-Cys (CDC) motif 
located C-terminal of the DNA-binding domain [181,197]; replacement 
of one or both cysteine residues renders Aft1/2 constitutively active 
[198]. Importantly, Aft1/2 coordinates a [2Fe-2S] in cooperation with 
Grx3/4 and Bol2. Also the activity of Yap5, which orchestrates the re
sponse to iron excess is regulated by [2Fe-2S] recognition. However, in 
contrast to Aft1/2, [2Fe-2S] cluster binding activates Yap5 by inducing 
a conformational change. Yap5 dimers bind [2Fe-2S] clusters in vitro via 
two CRR [199]. One of these CRR, CGFCX5CXC, is well conserved 
among fungal Yap5 and HapX orthologs and activity of Yap5 depends 
mainly on this CRR (Fig. 5). Interestingly, the N-terminal CGFC motif of 
this CRR is reminiscent of the Grx3/4 [2Fe-2S] cluster binding site 
(CGFS) in Grx3/4 homologs. In contrast to Aft1/2, [2Fe-2S] cluster 
transfer to Yap5 appears to be independent of Grx3/4 and [2Fe-2S] 
cluster coordination by Yap5 appears to be independent of other pro
teins. Taken together, lack of Grx3/4 causes constitutive activation of 
Aft1/2, i.e., iron acquisition independent of iron availability (Fig. 7). 
The role of Grx3/4 in activity of Yap5 has not been studied, but due to 
the homology to A. fumigatus HapX (see below) it appears likely that 
lack of Grx3/4 results in constitutive activation of Yap5 (Fig. 7). As a 
result, apart from its function in Fe-S cluster biosynthesis, lack of Grx3/ 
4 causes iron-regulatory defects during iron sufficiency. 

In S. pombe, Php4 represses iron-consuming pathways unless the 
availability of iron is signaled. Iron availability is sensed by GRX, which 
inactivates Php4 function through bridging a [2Fe-2S] cluster with 
Php4 involving two cysteine residues within Php4 [200]. Repression of 
iron acquisition during iron availability by Fep1 depends on [2Fe-2S] 
cluster coordination via a conserved CRR [201–203] which appears to 
be independent of other proteins including Grx4 [204]. However, the 
inactivation of Fep1 under iron starvation depends on GRX (Grx4) and 
Bol2; the simplest explanation would be that these two proteins remove 
the [2Fe-2S] cluster from Fep1 to inactivate this transcription factor 
[189]. In summary, lack of Grx4 causes constitutive activation of both 
Php4 and Fep1 (Fig. 7), i.e., constitutive repression of iron consumption 
[205] with constitutive repression of iron acquisition [206]. Conse
quently, with respect to iron homeostasis, lack of Grx4 causes iron- 
regulatory defects during both iron starvation and sufficiency. 

In A. fumigatus, HapX represses iron consuming pathways. During 
iron excess, HapX is assumed to coordinate [2Fe-2S] clusters, most 
likely independent of other proteins including GRX (GrxD), which 
transforms HapX into an activator of iron consuming pathways and iron 
detoxification [187]. In vivo, the latter function has been shown to 
depend on two CRR, whereby the major role is played by CGFCX5CXC 
motif that is conserved in S. cerevisiae Yap5 [105]. Repression of iron 
acquisition during iron availability by SreA is assumed to depend on 
[2Fe-2S] cluster coordination via a conserved CRR (Fig. 4) in a GrxD 
independent manner similar to the homologous S. pombe Fep1. During 
iron starvation, GrxD appears to mediate [2Fe-2S] cluster removal of 
both SreA and HapX to inactivate SreA and to convert HapX from the 
“iron excess-” into the “iron starvation function” [187]. In contrast to S. 
pombe, [2Fe-2S] cluster removal from transcription factors appears to 
be independent of BolA as both BolA-like proteins of A. fumigatus pos
sess mitrochondrial targeting sequences; however, a dual localization 
cannot be excluded [187]. Taken together, lack of GrxD locks HapX and 
SreA in the “iron form” (Fig. 7), i.e., constitutive derepression of iron 
consumption paired with constitutive repression of iron acquisition. 
Consequently, lack of Grx4 causes iron-regulatory defects exclusively 
during iron starvation. 

In summary, GRXs are involved in iron sensing by all discussed 

transcription factors. However, for Aft1/2 and Php4 GRX is involved in 
[2Fe-2S] cluster trafficking and coordination together with the tran
scription factors. In contrast, for SreA/Fep1- and Yap5/HapX-type 
transcription factors, GRX appears to be required for [2Fe-2S] cluster 
removal. Alternative to [2Fe-2S] cluster removal, GRX might modify 
the coordination environment of [2Fe-2S] clusters to signal iron star
vation. BolA proteins have been shown to be involved in iron sensing by 
Aft1/2 and Fep1, while Yap5 and Php4 act independently of this Fe-S 
chaperone [193]. 

8. DNA recognition mode of HapX and homologous transcription 
factors 

Heterotrimeric CBCs (transcriptional regulators of the HAP/NF-Y 
family) consist of three subunits, initially identified as Hap2/Hap3/ 
Hap5 in yeast and as NF-YA/B/C in mammals and later as HapB/HapC/ 
HapE in A. nidulans and A. fumigatus. While heterotrimeric CBCs are 
found in all eukaryotes, an additional fourth regulatory subunit of this 
core complex is present only in the fungal kingdom of life [118]. The 
prototype of this subunit, Hap4, was found first in S. cerevisiae as the 
transcriptional activator and global regulator of respiratory gene ex
pression [207]. Recently, Hap4 was shown to be posttranslationally 
regulated by heme [208]. In line with the observation that fungal Hap5 
homologs feature a conserved domain that is important for recruitment 
of Hap4 into the Hap2/3/5 complex, Hap4-like proteins were identified 
subsequently in most fungal species, however with diverging functions. 
According to the current state of knowledge, Hap4 requires the pre
sence of CCAAT-containing DNA for formation of a stable Hap2/3/5/4 
tetrameric complex, but the question of why the interaction of Hap4 
with the Hap2/3/5 complex requires DNA-binding as a prerequisite 
remains unaddressed [209]. 

Hap4-like iron-sensing transcription factors of the HapX-type share 
only a small 16 amino acid (aa) stretch with Hap4 (termed Hap4-like 
domain), an indispensable part of Hap4 for association with the core 
Hap2/3/5 complex (Fig. 5). The incorporation of a Yeast activator 
protein 1 (Yap1) like basic region leucine zipper (bZIP)-type DNA- 
binding domain, which is C-terminal relative to its Hap4-like CBC- 
binding domain, represents a structural hallmark of all HapX-type 
regulators. This leads to the question of how HapX recognizes its target 
DNA sites. Initial studies in A. nidulans indicated that a HapX homo
dimer binds promoter sites cooperatively with the CBC. The conserved 
core CBC covers and bends a DNA double strand of 23 base pairs (bp) in 
length [210] and escorts HapX to the 3′-end of CBC covered DNA 
comprising the respective CBC consensus motif 5′-CCAAT-3′ (Fig. 8A; 
[211]). This multi-protein recognition mode is mediated via protein- 
protein interaction between the Hap4-like domain of HapX and the 
HapX recruitment domain present in the CBC subunit HapE [107]. 

A recent study in A. fumigatus revealed the mode of discrimination 
between the around 100 genome-wide promoter sites recognized co
operatively by the CBC:HapX complex and the about 2500 target sites 
bound solely by the CBC. Intriguingly, HapX and the CBC exert an ex
tremely flexible, but evolutionary conserved promoter-specific DNA 
recognition [106]. The minimal common bipartite CBC:HapX consensus 
DNA-binding motif 5′-CSAAT-N12-RWT-3′ comprises the pentameric 5′- 
C(C/G)AAT-3′ core sequence (recognized by the CBC) and a small 3 bp 
A/T-rich sequence motif (bound by HapX) with a fixed distance of 
12 bp between both submotifs. In addition, a second HapX binding site 
consisting of single, or less frequently, overlapping 5′-TKAN-3′ motifs is 
located downstream of the 5′-CSAAT-3′ sequence, however with high 
variability regarding its position (11 to 23 bp downstream), but with 
clear orientation and spacing preferences (Fig. 8B, C). The 5′-TKAN-3′ 
motifs represent half-sites which, as overlapping half sites, are generally 
preferred targets of Yap1-type (Yap1, Gcn4) bZIP homodimers. Thus, 
the astonishing plasticity of HapX DNA recognition in cooperation with 
the CBC cannot be explained with the well-defined bZIP core DNA 
binding sites (5′-TTACTAA-3′ and 5′-TGACTCA-3′). However, 
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transcriptional regulation often involves the assembly of multi-protein 
complexes on DNA and it has been reviewed that such complexes can 
exhibit novel DNA-binding specificities not predictable from those of 
the single transcription factors [212]. 

As mentioned above, S. cerevisiae and C. glabrata Yap5 and HapX 
have the same function in protecting the cell from toxic iron effects. 
Moreover, they share conserved domains: the bZIP domain and a ru
dimentary Hap4-like domain [151] and it was shown that CgYap5 re
quires the CBC for regulating its targets [213]. However, the DNA re
cognition modes of HapX and CgYap5/ScYap5 are obviously different. 
In contrast to Hap4, Php4 and HapX-type regulators, CgYap5/ScYap5 
lack the C-terminal pentapeptide of the canonical Hap4-like domain 
(47KPGRK51 in HapX, Fig. 5B). Nevertheless, CBC interaction of the 
truncated 11 aa Hap4-like domain of CgYap5 (32ISKKWKLPPLR42) and 
cooperative binding to CCAAT and Yap response element (YRE) motifs ( 
5′-TTACTAA-3′) spaced by 10–14 bp is sufficient to establish 
CBC:Yap5:DNA interaction [213,214]. Similar to Hap4 from S. cerevi
siae and C. glabrata, S. pombe Php4 lacks the bZIP basic region for DNA 
binding, again displaying a different mode of DNA recognition. 

Recent advances in elucidation of the HapX and Yap5 DNA binding 
modes shed new light on their DNA recognition modes and may suggest 
that the canonical 16 aa spanning Hap4-like domains of HapX- and 
Hap4-type transcription factors not only mediate CBC protein-protein 
interaction, but also have an intrinsic DNA-binding propensity for DNA 
target site discrimination. Several lines of evidence are in line with this 
scenario. First, HapX cooperates with the CBC to bind two different 
DNA motifs (a least one bZIP half-site and a short A/T-rich sequence). 

Second, A. fumigatus HapX bZIP-domain loss of function mutants re
tained a residual regulatory potential for activation of target genes 
under conditions of iron starvation (sidG) and overload (cccA). Third, 
the degenerated Hap4-like domain of CgYap5 was unable to function
ally replace the canonical one of HapX. Fourth, the CBC in C. glabrata 
has a dual role. It is involved in iron detoxification (cooperatively with 
Yap5) as well as in activation of respiratory genes in cooperation with 
Hap4. An intrinsic DNA-binding propensity of CgHap4 would be a lo
gical explanation for the discrimination of CBC:Yap5 and CBC:Hap4 
target promoter sites. And finally, direct DNA contact of Hap4, which 
means cooperative promoter recognition with the CBC, would explain 
that Hap4 requires the presence of CCAAT-containing DNA for forma
tion of a stable complex with Hap2/3/5 in S. cerevisiae. 

9. The role of iron and siderophores in biotic interactions 

Iron is an essential trace element for both pathogens and their hosts. 
Consequently, hosts contain iron. Nevertheless, pathogens typically 
encounter iron limitation during infection because the host iron is ty
pically tightly sequestered by proteins. In mammalian hosts, the ma
jority of iron is found as heme in hemoglobin, as ferric iron in the in
tracellular iron storage protein ferritin, as ferric iron in the iron- 
transporting serum protein transferrin and in enzymes as Fe-S clusters 
and heme. Furthermore, innate immunity effectively increases restric
tion of iron availability to fight infections, termed “nutritional im
munity”, leading to anemia of inflammation [215,216]. Consequently, 
pathogens evolved strategies to “steal” the iron from their hosts. Thus, 

Fig. 8. Proposed model for cooperative CBC:HapX DNA recognition based on the binary CBC:DNA structure and genome-wide ChIP-seq analyses. (A) The CBC with 
its two histone-like subunits HapC and HapE as well as the sequence-specific HapB subunit recognizes the CCAAT pentanucleotide by inserting the C-terminal anchor 
helix of HapB into the minor groove and DNA-bending in a nucleosome-like manner. (B) The minimal common CBC:HapX consensus DNA-binding motif has the 
bipartite structure 5′-CSAAT-N12-RWT-3′ but is not sufficient for tight and specific interaction. HapX high-affinity binding requires additional bZIP half-sites (5′- 
TKAN-3′, indicated by green triangles), which are located preferably 14 or 20 bp downstream of the CSAAT consensus motif either on the same or the opposite strand 
relative to the CCAAT box. How the bZIP domains of a HapX dimer target the DNA in this region and how the Hap4-like CBC-binding domain of HapX (not shown in 
the figure) interacts with the HapX recruitment domain of the CBC subunit HapE has to be clarified. (C) Phylogenetically conserved CBC:HapX target motifs in the 
cccA and sreA promoter regions from 20 Aspergillus spp. reflecting the promoter specificity of CBC:HapX complex binding and lack of HapX regulon-wide similarity in 
the region downstream of the 5′-RWT-3′ motif. 
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competition for iron is a critical battleground that determines the 
outcome of the host-pathogen relationship. Therefore, it is not sur
prising that iron overload due to frequent blood transfusions, in
effective erythropoiesis and/or defects in iron metabolism decreases 
resistance against infection including invasive aspergillosis [217]. For 
example, microhemorrhage-associated tissue iron enhances the risk for 
A. fumigatus invasion in a murine model of airway transplantation 
[218]. In healthy individuals, plasma iron accessible for cells is bound 
to the iron transporting protein transferrin, whereby transferrin is ty
pically only about 30% iron-saturated, i.e., serum transferrin has a high 
capacity to scavenge free iron. However, pathologic iron excess con
ditions can exceed the binding capacity of transferrin leading to non- 
transferrin bound iron (NTBI), also termed enhanced labile plasma iron 
(eLPI). Recently, eLPI was found to stimulate the in vitro growth of A. 
fumigatus in serum from hematopoietic stem cell transplanted patients 
[219]. The growth stimulation by eLPI could be neutralized by apo- 
transferrin (iron-free transferrin) and the therapeutically used iron 
chelator deferasirox but not by the therapeutically used iron chelator 
deferiprone. These results underline the importance of iron sequestra
tion by the host and might open treatment options. In line, by in
dependent studies deferasirox has been shown to have an activity 
against A. fumigatus in vitro and in vivo models [217,220]. However, 
application of deferasirox for mucormycosis in mice and humans 
yielded inconsistent outcomes with adverse events in humans, so that 
these data must be interpreted with caution [221]. 

The importance of siderophores in virulence of bacteria has been 
recognized early, e.g., in 1979, Williams [222] demonstrated the crucial 
role of the ferrichrome-type siderophore aerobactin in virulence of in
vasive E. coli strains using genetic techniques. About 10 years later, an 
association between the occurrence of infection with Mucoromycota 
species in dialysis patients and the use of deferoxamine treatment 
against aluminum overload and/or iron excess was reported; a link that 
could be confirmed in animal models [223]. Later on, deferoxamine 
was shown to serve as xenosiderophore for these species [224]. Char
acterization of the genetics of fungal siderophore biosynthesis began in 
the maize pathogen U. maydis, when in 1993 siderophore biosynthesis 
was shown to be dispensable for virulence of this maize pathogen 
[225]. This finding generally diminished the interest in fungal side
rophore metabolism, which changed significantly, when siderophore 
biosynthesis was found to be essential for virulence of A. fumigatus in 
murine models for invasive aspergillosis in 2004 [32]. Notably, also 
intracellular siderophore biosynthesis was found to be crucial for 
virulence as shown initially in A. fumigatus [100], which underlines its 
role in germination and intracellular iron handling. In contrast, RIA was 
found to be dispensable for virulence of A. fumigatus. Nevertheless, RIA 
might play a role in virulence as lack of exclusively extracellular or 
intracellular siderophore caused only attenuation of virulence [100]. 
Subsequently, siderophore biosynthesis was also found to be crucial for 
virulence of several plant pathogenic species such as F. graminearum, C. 
heterostrophus, Cochliobolus miyabeanus, A. alternata, and Alternaria 
brassicicola, which employ SIA for full virulence [226–229]. These 
fungal species are necrotrophs, i.e., they rapidly kill plant tissue after 
invasion to live saprobically on the dead remains; a virulence style si
milar to most fungal animal/human pathogens. In contrast, U. maydis is 
a biotrophic pathogen that establishes a long-term feeding relationship 
with its hosts without causing immediate damage. Hemibiotrophs have 
a short initial biotrophic phase followed by a necrotrophic phase. In the 
hemibiotrophic plant pathogen Colletotrichum graminicola, the side
rophore system was found to be repressed during biotrophic- and ac
tivated during necrotrophic growth [230]; in agreement, both SIA and 
RIA were found to be crucial for virulence of this pathogen. This and 
other studies indicated that the presence of siderophores modulates the 
plant immune response and that downregulation of siderophore bio
synthesis serves to evade the plant immune response stimulation to 
maintain biotrophy [231–233]. In agreement, exclusively RIA was 
shown to be important for virulence of the biotrophic plant pathogens 

U. maydis and Microbotryum violaceum [234,235]. In pathogenic fungal 
species lacking endogenous siderophore production such as C. albicans 
and C. neoformans, RIA and heme-mediated iron acquisition were found 
to be crucial for virulence [236–238]. In C. albicans, the adhesin and 
invasin Als3, was shown to mediate iron scavenging from host ferritin 
via RIA [239]. In Mucor circinelloides, ferroxidases representing RIA 
were shown to be crucial for virulence [240], while the role of the 
carboxylate-type siderophore rhizoferrin in virulence of Mucoromycota 
remains unresolved. A unique predisposition for mucormycosis is dia
betic ketoacidosis, which lowers the ability of host transferrin to chelate 
iron. The non-transferrin bound iron together with the elevated glucose 
level enhances fungal growth and attenuates host defense mechanisms 
[241]. The role of iron acquisition systems in virulence of different 
fungal species is summarized in Table 3. 

The importance of SIA and iron homeostasis for virulence of A. fu
migatus is underlined by the fact that metabolic pathways, which are 
not exclusively required for SIA or iron homeostasis, are crucial for 
virulence of A. fumigatus including mitochondrial production of the 
siderophore precursor ornithine [129], leucine biosynthetic enzymes 
that control posttranslational activation of LeuB and consequently af
fect iron regulation (Fig. 6B; [127]), biosynthesis of riboflavin that is 
essential for the first step of siderophore biosynthesis (SidA; Fig. 3; 
[242]), and biosynthesis of pantothenic acid that is essential for post
translational activation of the siderophore biosynthetic NRPS (SidD and 
SidC; Fig. 3; [242]). 

Besides iron acquisition, transcriptional adaptation to iron starva
tion; i.e., activation of iron acquisition and downregulation of iron 
consumption has been demonstrated to be crucial for virulence of an
imal and plant pathogenic fungal species as lack of HapX/Hap43 was 
proven to attenuate virulence of several species including A. fumigatus 
as summarized in Table 3. 

Fungal iron homeostasis has also been shown to be crucial for 
symbiotic interactions, e.g., impairment of extracellular siderophore 
biosynthesis or SreA resulted in perturbation of the mutualistic inter
action of the endophyte E. festucae and its perennial ryegrass host 
[110,243]. Moreover, the SreA homolog Sfu1 has been shown to be 
dispensable for virulence but required to promote gastrointestinal 
commensalism [142]. The role of conserved components involved in 
iron acquisition and regulation of different fungal species is summar
ized in Table 3. 

The battle for iron significantly impacts also the interaction of mi
croorganisms leading to beneficial and antagonistic relationships. The 
interplay between A. fumigatus and the bacterium Pseudomonas aerugi
nosa is of particular interest as these two opportunistic pathogens fre
quently co-infect the airways of cystic fibrosis patients. Interestingly, P. 
aeruginosa can iron-starve A. fumigatus via secretion of the iron-che
lating 1-hydroxyphenazine [244] and iron sequestration by its major 
siderophore pyoverdine, which cannot be utilized as xenosiderophore 
by A. fumigatus [245]. In this competition for iron, siderophore pro
duction by A. fumigatus plays an important role in protection against P. 
aeruginosa [246]. The importance of the use of xenosiderophores for 
saving energy or avoiding competition is underlined by the fact that 
many bacteria possess specific transporters for utilization of ferri
chrome- and coprogen-type siderophores, which are produced ex
clusively by fungal species, e.g., E. coli FhuA and FhuE [247,248]. 
Moreover, some diatoms can use siderophore-bound iron via en
docytosis exhibiting a species-specific recognition for siderophore types 
[249]. Furthermore, there are natural siderophore-auxotrophic fungal 
species. In addition to the previously mentioned mucoromycete Pilo
bolus spp., that requires coprogen or ferrichrome as growth factor [43], 
the ascomycete Debaryomyces mycophilus, that lives as endosymbiont in 
the guts of woodlice, and the basidiomycete Tritirachium egenum, a 
mycosymbiont identified to grow in association with Penicillium rugu
losum, were found to lack independent high-affinity iron acquisition 
and to depend on xenosiderophore supply [250,251]. 
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10. Translational aspects of the fungal siderophore system 

The use of siderophores distinguishes fungal from plant and mam
malian cells, which might enable translational applications. Invasive 
fungal infections such as aspergillosis are rather rare but nevertheless 
life-threatening [13]. The diagnosis of fungal infections is difficult, 
lacking specificity and sensitivity. Recently, TAFC was reported to be an 
attractive novel biomarker for systemic A. fumigatus infection enabling 
non-invasive diagnosis in urine [252,253]. Furthermore, replacing iron 
in siderophores such as TAFC by the radionuclides gallium-68 allowed 
in vivo imaging of A. fumigatus infection by positron emission tomo
graphy (PET) due to specific uptake and accumulation of the side
rophore in fungal cells. However, this approach is so far limited to 
preclinical models of pulmonary infection in mouse and rat [73,254]. 
Moreover, the conjugation of siderophores and fluorescent dyes en
abled the generation of hybrid imaging compounds, allowing the 
combination of PET and optical imaging in preclinical aspergillosis 
models [255]. The latter indicated that SITs tolerate substantial deri
vatization of their substrate. This is particularly interesting as SITs re
present one of few protein families that are unique to the fungal 
kingdom, i.e., they are not present in prokaryotes or other eukaryotes. 
Consequently, this protein might allow fungal-specific drug delivery by 
a Trojan horse approach [256], in which toxic compounds are con
jugated to siderophores for selective import into fungal cells. Com
paratively, there are natural antibacterial siderophore-antibiotic con
jugates, termed sideromycins, and recently the first synthetic 
siderophore-antibiotic conjugate, cefiderocol, was FDA-approved to 
combat multidrug-resistant gram-negative bacteria [257]. Notably, the 
novel antifungal drug VL-2397 (previously termed ASP2397), which 
has a ferrichrome-type structure containing aluminum instead of iron, 
was recently shown to require the SIT Sit1 for uptake and activity 
against A. fumigatus (Fig. 1; [258]). Due to its crucial role in virulence, 
the siderophore biosynthetic pathway represents a promising target for 
selective therapeutic intervention. In this respect noteworthy, celastrol, 

a natural quinone methide, was identified as a noncompetitive inhibitor 
of SidA [259]. Moreover, treatment of fungal keratitis in a murine 
model by dual topical therapy with the iron chelator deferiprone and 
statins, which target biosynthesis of isoprenoids and extracellular 
siderophores (Fig. 2B), showed restriction of fungal growth [260]. 

11. Conclusion 

During the past decades, it has become clear that siderophore me
tabolism is a central constituent of iron handling and consequently 
virulence in numerous but not all pathogenic fungi. Recent work in 
various pathogenic fungi revealed a high plasticity in iron sensing 
mechanisms by different transcription factors and associated proteins. 
However, sensing of mitochondrial Fe-S cluster productivity was iden
tified to be a common feature in all investigated species. Moreover, the 
conserved role of GRX with a conserved CGFS motif has become evi
dent. In the present understanding, GRXs are required for trafficking 
and/or modulating Fe-S cluster signal to determine the activity of iron- 
responsive transcription factors. However, the detailed mechanism of 
how GRXs affect distinct transcription factors can be variable. These 
mechanistic differences in GRX-mediated iron sensing might reflect 
unique features of the respective transcription factor, e.g., some species 
employ repressors where others use activators. In this context, HapX 
homologs, which have both a repressing function under iron starvation 
and an activating function under iron excess, are of special interest. The 
recent characterization of the mode of target promoter recognition of 
the CBC:HapX complex revealed astonishing complexity. 

In summary, knowledge about fungal iron homeostasis in patho
genic fungi might be of importance to improve diagnosis of fungal in
fections and to develop antifungal strategies in agriculture and clinics. 
Since pathogens encounter iron-limited conditions during infection, 
perturbation of these fine-tuned systems could potentially be exploited 
for novel antifungal treatments due to significant mechanistic differ
ences to the iron homeostasis-maintaining machinery in host cells. 

Table 3 
Examples of the role of iron uptake and regulation in virulence, symbiosis, and commensalism. Requirement for full virulence is denoted by +, in case of siderophore 
biosynthesis (SB) by T+ for total, E+ for extracellular, or I+ for intracellular siderophore biosynthesis; proven dispensability for virulence is denoted by −; for RIA, 
(−) denotes that inactivation did not cause a virulence defect but that an assisting role cannot be excluded.          

Species Host HapX homologs SreA homologs RIA SB Heme uptake References  

Virulence in animal host 
Candida albicans Mouse +  +  + [236,237,268] 
Aspergillus fumigatus Mouse, insect + − (−) T+, E+,I+  [32,100,269,270] 
Histoplasma capsulatum Mouse    T+  [271] 
Cryptococcus neoformans Mouse + + +   [159,238] 
Metarhizium robertsii Insect  −  E-,I+  [272]  

Virulence in animal host and necrotrophic plant virulence 
Fusarium oxysporum Tomato, mouse +     [49]  

Necrotrophic plant virulence 
Fusarium graminearum Wheat   (−) T+, E+  [226,228] 
Cochliobolus heterostrophus Maize   + T+, E+, I+  [228,263,273] 
Cochliobolus miyabeanus Rice    E+  [228] 
Alternaria brassicicola Arabidopsis thaliana    E+  [228] 
Verticillium dahliae Smoke tree +     [117] 
Magnaporthe grisea Rice    I+  [274]  

Biotrophic plant virulence 
Ustilago maydis Maize   + T-  [225,234] 
Microbotyum violaceum     T-  [235]  

Hemibiotrophic plant virulence 
Colletotrichum graminicola Maize   + T+, E+  [230,275]  

Symbiosis 
Epichloë festucae Perennial ryegrass  +  E+  [110,243]  

Commensal fitness 
C. albicans Mouse  +    [142]    

M. Misslinger, et al.   BBA - Molecular Cell Research 1868 (2021) 118885

16



CRediT authorship contribution statement 

Matthias Misslinger: Writing - original draft, Writing - review & 
editing, Visualization. Peter Hortschansky: Writing - review & editing, 
Visualization. Axel A. Brakhage: Writing - review & editing. Hubertus 
Haas: Writing - original draft, Writing - review & editing, Visualization, 
Conceptualization. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influ
ence the work reported in this paper. 

Acknowledgements 

This work was partially funded by the Joint D-A-CH program ‘Novel 
molecular mechanisms of iron sensing and homeostasis in filamentous 
fungi’ (Austrian Science Fund (FWF) I1346-B22 to H.H.; Deutsche 
Forschungsgemeinschaft (DFG) BR 1130/14-1 to A.A.B., and DFG HO 
2596/1-1 to P.H.) and the Euregio Science Fund (SupErA IPN95) to HH. 
Moreover, this article is based upon work from COST Action ‘The 
Biogenesis of Iron‑sulfur Proteins: from Cellular Biology to Molecular 
Aspects (1513/FeSBioNet)’, supported by COST (European Cooperation 
in Science and Technology). We apologize to the authors whose work 
could not be cited because of space limitations. 

References 

[1] M.C. Fisher, D.A. Henk, C.J. Briggs, J.S. Brownstein, L.C. Madoff, S.L. McCraw, 
S.J. Gurr, Emerging fungal threats to animal, plant and ecosystem health, Nature 
484 (2012) 186–194, https://doi.org/10.1038/nature10947. 

[2] A. Fausto, M.L. Rodrigues, C. Coelho, The still underestimated problem of fungal 
diseases worldwide, Front. Microbiol. 10 (2019), https://doi.org/10.3389/fmicb. 
2019.00214. 

[3] D.W. Denning, M.J. Bromley, How to bolster the antifungal pipeline, Science (80-. 
) 347 (2015) 1414–1416, https://doi.org/10.1126/science.aaa6097. 

[4] Gaffi - Global Action Fund for Fungal Infections, (n.d.). https://www.gaffi.org/ 
(accessed June 26, 2020). 

[5] T. Heinekamp, H. Schmidt, K. Lapp, V. Pähtz, I. Shopova, N. Köster-Eiserfunke, 
T. Krüger, O. Kniemeyer, A.A. Brakhage, Interference of Aspergillus fumigatus with 
the immune response, Semin. Immunopathol. 37 (2015) 141–152, https://doi. 
org/10.1007/s00281-014-0465-1. 

[6] R. Coffey, T. Ganz, Iron homeostasis: an anthropocentric perspective, J. Biol. 
Chem. 292 (2017) 12727–12734, https://doi.org/10.1074/jbc.R117.781823. 

[7] M. Nairz, S. Dichtl, A. Schroll, D. Haschka, P. Tymoszuk, I. Theurl, G. Weiss, Iron 
and innate antimicrobial immunity—depriving the pathogen, defending the host, 
J. Trace Elem. Med. Biol. 48 (2018) 118–133, https://doi.org/10.1016/j.jtemb. 
2018.03.007. 

[8] E.D. Weinberg, Iron and susceptibility to infectious disease, Science (80-. ) 184 
(1974) 952–956, https://doi.org/10.1126/science.184.4140.952. 

[9] M. Schrettl, H. Haas, Iron homeostasis-Achilles’ heel of Aspergillus fumigatus? Curr. 
Opin. Microbiol. 14 (2011) 400–405, https://doi.org/10.1016/j.mib.2011.06.002. 

[10] F. Haber, J. Weiss, The catalytic decomposition of hydrogen peroxide by iron salts, 
Proc. R. Soc. A Math. Phys. Eng. Sci. 147 (1934) 332–351, https://doi.org/10. 
1098/rspa.1934.0221. 

[11] B. Halliwell, J.M. Gutteridge, Role of iron in oxygen radical reactions, Methods 
Enzymol. 105 (1984) 47–56 http://www.ncbi.nlm.nih.gov/pubmed/6203010. 

[12] C.C. Philpott, S. Leidgens, A.G. Frey, Metabolic remodeling in iron-deficient fungi, 
Biochim. Biophys. Acta 1823 (2012) 1509–1520, https://doi.org/10.1016/j. 
bbamcr.2012.01.012. 

[13] J.P. Latgé, G. Chamilos, Aspergillus fumigatus and aspergillosis in 2019, Clin. 
Microbiol. Rev. 33 (2020), https://doi.org/10.1128/CMR.00140-18. 

[14] K.J. Kwon-Chung, J.A. Sugui, Aspergillus fumigatus-what makes the species a ubi
quitous human fungal pathogen? PLoS Pathog. 9 (2013) e1003743, , https://doi. 
org/10.1371/journal.ppat.1003743. 

[15] T. Beffa, F. Staib, J. Lott Fischer, P.F. Lyon, P. Gumowski, O.E. Marfenina, 
S. Dunoyer-Geindre, F. Georgen, R. Roch-Susuki, L. Gallaz, J.P. Latgé, Mycological 
control and surveillance of biological waste and compost, Med. Mycol. 36 (1998) 
137–145 (http://www.ncbi.nlm.nih.gov/pubmed/9988502). 

[16] H. Boral, B. Metin, A. Döğen, S. Seyedmousavi, M. Ilkit, Overview of selected 
virulence attributes in Aspergillus fumigatus , Candida albicans , Cryptococcus neo
formans , Trichophyton rubrum , and Exophiala dermatitidis, Fungal Genet. Biol. 111 
(2018) 92–107, https://doi.org/10.1016/j.fgb.2017.10.008. 

[17] G.D. Brown, D.W. Denning, N.A.R. Gow, S.M. Levitz, M.G. Netea, T.C. White, 
Hidden killers: human fungal infections, Sci. Transl. Med. 4 (2012), https://doi. 

org/10.1126/scitranslmed.3004404. 
[18] R. Garcia-Rubio, S. Monzon, L. Alcazar-Fuoli, I. Cuesta, E. Mellado, Genome-wide 

comparative analysis of Aspergillus fumigatus strains: the reference genome as a 
matter of concern, Genes (Basel) 9 (2018), https://doi.org/10.3390/ 
genes9070363. 

[19] W.C. Nierman, A. Pain, M.J. Anderson, J.R. Wortman, S.H. Kim, J. Arroyo, 
M. Berriman, K. Abe, D.B. Archer, C. Bermejo, J. Bennett, P. Bowyer, D. Chen, 
M. Collins, R. Coulsen, R. Davies, P.S. Dyer, M. Farman, N. Fedorova, N. Fedorova, 
T.V. Feldblyum, R. Fischer, N. Fosker, A. Fraser, J.L. Garcia, M.J. Garcia, A. Goble, 
G.H. Goldman, K. Gomi, S. Griffith-Jones, R. Gwilliam, B. Haas, H. Haas, D. Harris, 
H. Horiuchi, J. Huang, S. Humphray, J. Jimenez, N. Keller, H. Khouri, K. Kitamoto, 
T. Kobayashi, S. Konzack, R. Kulkarni, T. Kumagai, A. Lafton, J.-P. Latge, W. Li, 
A. Lord, C. Lu, W.H. Majoros, G.S. May, B.L. Miller, Y. Mohamoud, M. Molina, 
M. Monod, I. Mouyna, S. Mulligan, L. Murphy, S. O’Neil, I. Paulsen, M.A. Penalva, 
M. Pertea, C. Price, B.L. Pritchard, M.A. Quail, E. Rabbinowitsch, N. Rawlins, M.- 
A. Rajandream, R. Utz, H. Renauld, G.D. Robson, S. Rodriguez de Cordoba, 
J. Rodrıguez-Pena, C.M. Ronning, S. Rutter, S.L. Salzberg, M. Sanchez, D. Sanchez- 
Ferrero, Juan C. Saunders, K. Seeger, R. Squares, S. Squares, M. Takeuchi, 
F. Tekaia, G. Turner, C.R. Vazquez de Aldana, J. Weidman, O. White, 
J. Woodward, J.-H. Yu, C. Fraser, J.E. Galagan, K. Asai, M. Machida, N. Hall, 
B. Barrell, D.W. Denning, Genomic sequence of the pathogenic and allergenic fi
lamentous fungus Aspergillus fumigatus, Nature 438 (2005) 1151–1156, https:// 
doi.org/10.1038/nature04332. 

[20] L. Birštonas, A. Dallemulle, M.S. López-Berges, I.D. Jacobsen, M. Offterdinger, 
B. Abt, M. Straßburger, I. Bauer, O. Schmidt, B. Sarg, H. Lindner, H. Haas, 
F. Gsaller, Multiplex genetic engineering exploiting pyrimidine salvage pathway- 
based endogenous counterselectable markers, MBio 11 (2020), https://doi.org/10. 
1128/mBio.00230-20. 

[21] S. Krappmann, Genetic surgery in fungi: employing site-specific recombinases for 
genome manipulation, Appl. Microbiol. Biotechnol. 98 (2014) 1971–1982, 
https://doi.org/10.1007/s00253-013-5480-y. 

[22] R. Lill, From the discovery to molecular understanding of cellular iron-sulfur 
protein biogenesis, Biol. Chem. 401 (2020), https://doi.org/10.1515/hsz-2020- 
0117. 

[23] C. He, Y. Mishina, Modeling non-heme iron proteins, Curr. Opin. Chem. Biol. 8 
(2004) 201–208, https://doi.org/10.1016/j.cbpa.2004.02.002. 

[24] D.A. Bryant, C.N. Hunter, M.J. Warren, Biosynthesis of the modified tetra
pyrroles—the pigments of life, J. Biol. Chem. 295 (2020) 6888–6925, https://doi. 
org/10.1074/jbc.REV120.006194. 

[25] A.M. Dietl, U. Binder, Y. Shadkchan, N. Osherov, H. Haas, Siroheme is essential for 
assimilation of nitrate and sulfate as well as detoxification of nitric oxide but 
dispensable for murine virulence of Aspergillus fumigatus, Front. Microbiol. 9 
(2018), https://doi.org/10.3389/fmicb.2018.02615. 

[26] J.E. Posey, F.C. Gherardini, Lack of a role for iron in the Lyme disease pathogen, 
Science (80-. ). 288 (2000) 1651–1653. doi:https://doi.org/10.1126/science.288. 
5471.1651. 

[27] E.D. Weinberg, The lactobacillus anomaly: Total iron abstinence, Perspect. Biol. 
Med. 40 (1997) 578–583, https://doi.org/10.1353/pbm.1997.0072. 

[28] L.A. McNeill, T.J.N. Brown, M. Sami, I.J. Clifton, N.I. Burzlaff, T.D.W. Claridge, 
R.M. Adlington, J.E. Baldwin, P.J. Rutledge, C.J. Schofield, Terminally truncated 
Isopenicillin N synthase generates a dithioester product: evidence for a thioalde
hyde intermediate during catalysis and a new mode of reaction for non-heme iron 
oxidases, Chem. - A Eur. J. 23 (2017) 12815–12824, https://doi.org/10.1002/ 
chem.201701592. 

[29] M. Misslinger, F. Gsaller, P. Hortschansky, C. Müller, F. Bracher, M.J. Bromley, 
H. Haas, The cytochrome B5 CybE is regulated by iron availability and is crucial 
for azole resistance in A. fumigatus, Metallomics 9 (2017), https://doi.org/10. 
1039/c7mt00110j. 

[30] J.D. Hem, W.H. Cropper, Survey of ferrous-ferric chemical equilibria and redox 
potentials, Chem. Iron Nat. Water 268 (1962), https://doi.org/10.1063/1. 
3035572. 

[31] C.D. Kaplan, J. Kaplan, Iron acquisition and transcriptional regulation, Chem. Rev. 
109 (2009) 4536–4552, https://doi.org/10.1021/cr9001676. 

[32] M. Schrettl, E. Bignell, C. Kragl, C. Joechl, T. Rogers, H.N. Arst, K. Haynes, 
H. Haas, Siderophore biosynthesis but not reductive iron assimilation is essential 
for Aspergillus fumigatus virulence, J. Exp. Med. 200 (2004) 1213–1219, https:// 
doi.org/10.1084/jem.20041242. 

[33] L.C. Horianopoulos, J.W. Kronstad, Connecting iron regulation and mitochondrial 
function in Cryptococcus neoformans, Curr. Opin. Microbiol. 52 (2019) 7–13, 
https://doi.org/10.1016/j.mib.2019.04.002. 

[34] U. Roy, D. Kornitzer, Heme-iron acquisition in fungi, Curr. Opin. Microbiol. 52 
(2019) 77–83, https://doi.org/10.1016/j.mib.2019.05.006. 

[35] L.L. Dunn, Y.S. Rahmanto, D.R. Richardson, Iron uptake and metabolism in the 
new millennium, Trends Cell Biol. 17 (2007) 93–100, https://doi.org/10.1016/j. 
tcb.2006.12.003. 

[36] G. Grass, M. Otto, B. Fricke, C.J. Haney, C. Rensing, D.H. Nies, D. Munkelt, FieF 
(YiiP) from Escherichia coli mediates decreased cellular accumulation of iron and 
relieves iron stress, Arch. Microbiol. 183 (2005) 9–18, https://doi.org/10.1007/ 
s00203-004-0739-4. 

[37] D.J. Kosman, Molecular mechanisms of iron uptake in fungi, Mol. Microbiol. 47 
(2003) 1185–1197, https://doi.org/10.1046/j.1365-2958.2003.03368.x. 

[38] M. Blatzer, U. Binder, H. Haas, The metalloreductase FreB is involved in adapta
tion of Aspergillus fumigatus to iron starvation, Fungal Genet. Biol. 48 (2011) 
1027–1033, https://doi.org/10.1016/j.fgb.2011.07.009. 

[39] D.J. Kosman, The teleos of metallo-reduction and metallo-oxidation in eukaryotic 
iron and copper trafficking, Metallomics 10 (2018) 370–377, https://doi.org/10. 

M. Misslinger, et al.   BBA - Molecular Cell Research 1868 (2021) 118885

17

https://doi.org/10.1038/nature10947
https://doi.org/10.3389/fmicb.2019.00214
https://doi.org/10.3389/fmicb.2019.00214
https://doi.org/10.1126/science.aaa6097
https://www.gaffi.org/
https://doi.org/10.1007/s00281-014-0465-1
https://doi.org/10.1007/s00281-014-0465-1
https://doi.org/10.1074/jbc.R117.781823
https://doi.org/10.1016/j.jtemb.2018.03.007
https://doi.org/10.1016/j.jtemb.2018.03.007
https://doi.org/10.1126/science.184.4140.952
https://doi.org/10.1016/j.mib.2011.06.002
https://doi.org/10.1098/rspa.1934.0221
https://doi.org/10.1098/rspa.1934.0221
http://www.ncbi.nlm.nih.gov/pubmed/6203010
https://doi.org/10.1016/j.bbamcr.2012.01.012
https://doi.org/10.1016/j.bbamcr.2012.01.012
https://doi.org/10.1128/CMR.00140-18
https://doi.org/10.1371/journal.ppat.1003743
https://doi.org/10.1371/journal.ppat.1003743
http://refhub.elsevier.com/S0167-4889(20)30243-3/rf0070
http://refhub.elsevier.com/S0167-4889(20)30243-3/rf0070
http://refhub.elsevier.com/S0167-4889(20)30243-3/rf0070
http://refhub.elsevier.com/S0167-4889(20)30243-3/rf0070
https://doi.org/10.1016/j.fgb.2017.10.008
https://doi.org/10.1126/scitranslmed.3004404
https://doi.org/10.1126/scitranslmed.3004404
https://doi.org/10.3390/genes9070363
https://doi.org/10.3390/genes9070363
https://doi.org/10.1038/nature04332
https://doi.org/10.1038/nature04332
https://doi.org/10.1128/mBio.00230-20
https://doi.org/10.1128/mBio.00230-20
https://doi.org/10.1007/s00253-013-5480-y
https://doi.org/10.1515/hsz-2020-0117
https://doi.org/10.1515/hsz-2020-0117
https://doi.org/10.1016/j.cbpa.2004.02.002
https://doi.org/10.1074/jbc.REV120.006194
https://doi.org/10.1074/jbc.REV120.006194
https://doi.org/10.3389/fmicb.2018.02615
https://doi.org/10.1126/science.288.5471.1651
https://doi.org/10.1126/science.288.5471.1651
https://doi.org/10.1353/pbm.1997.0072
https://doi.org/10.1002/chem.201701592
https://doi.org/10.1002/chem.201701592
https://doi.org/10.1039/c7mt00110j
https://doi.org/10.1039/c7mt00110j
https://doi.org/10.1063/1.3035572
https://doi.org/10.1063/1.3035572
https://doi.org/10.1021/cr9001676
https://doi.org/10.1084/jem.20041242
https://doi.org/10.1084/jem.20041242
https://doi.org/10.1016/j.mib.2019.04.002
https://doi.org/10.1016/j.mib.2019.05.006
https://doi.org/10.1016/j.tcb.2006.12.003
https://doi.org/10.1016/j.tcb.2006.12.003
https://doi.org/10.1007/s00203-004-0739-4
https://doi.org/10.1007/s00203-004-0739-4
https://doi.org/10.1046/j.1365-2958.2003.03368.x
https://doi.org/10.1016/j.fgb.2011.07.009
https://doi.org/10.1039/c8mt00015h


1039/c8mt00015h. 
[40] C. Askwith, J. Kaplan, Iron and copper transport in yeast and its relevance to 

human disease, Trends Biochem. Sci. 23 (1998) 135–138, https://doi.org/10. 
1016/S0968-0004(98)01192-X. 

[41] M. Eisendle, H. Oberegger, I. Zadra, H. Haas, The siderophore system is essential 
for viability of Aspergillus nidulans: functional analysis of two genes encoding L- 
ornithine N5-monooxygenase (sidA) and a non-ribosomal peptide synthetase 
(sidC), Mol. Microbiol. 49 (2003) 359–375, https://doi.org/10.1046/j.1365-2958. 
2003.03586.x. 

[42] S.M. Kraemer, Iron oxide dissolution and solubility in the presence of side
rophores, Aquat. Sci. 66 (2004) 3–18, https://doi.org/10.1007/s00027-003- 
0690-5. 

[43] C.W. Hesseltine, C. Pidacks, A.R. Whitehill, N. Bohonos, B.L. Hutchings, 
J.H. Williams, Coprogen, a new growth factor for coprophilic fungi, J. Am. Chem. 
Soc. 74 (1952) 1362, https://doi.org/10.1021/ja01125a525. 

[44] J.B. Neilands, A crystalline Organo-Iron pigment from a rust fungus (Ustilago 
sphaerogena), J. Am. Chem. Soc. 74 (1952) 4846–4847, https://doi.org/10.1021/ 
ja01139a033. 

[45] J.C. Renshaw, G.D. Robson, A.P.J. Trinci, M.G. Wiebe, F.R. Livens, D. Collison, 
R.J. Taylor, Fungal siderophores: structures, functions and applications, Mycol. 
Res. 106 (2002) 1123–1142, https://doi.org/10.1017/S0953756202006548. 

[46] R.C. Hider, X. Kong, Chemistry and biology of siderophores, Nat. Prod. Rep. 27 
(2010) 637–657, https://doi.org/10.1039/b906679a. 

[47] S. Pasricha, L. Schafferer, H. Lindner, K. Joanne Boyce, H. Haas, A. 
Andrianopoulos, Differentially regulated high-affinity iron assimilation systems 
support growth of the various cell types in the dimorphic pathogen Talaromyces 
marneffei, Mol. Microbiol. 102 (2016) 715–737. doi:https://doi.org/10.1111/ 
mmi.13489. 

[48] K.E. Bushley, D.R. Ripoll, B.G. Turgeon, Module evolution and substrate specificity 
of fungal nonribosomal peptide synthetases involved in siderophore biosynthesis, 
BMC Evol. Biol. 8 (2008), https://doi.org/10.1186/1471-2148-8-328. 

[49] M.S. López-Berges, J. Capilla, D. Turra, L. Schafferer, S. Matthijs, C. Jochl, 
P. Cornelis, J. Guarro, H. Haas, A. Di Pietroa, HapX-mediated iron homeostasis is 
essential for rhizosphere competence and virulence of the soilborne pathogen 
Fusarium oxysporum, Plant Cell 24 (2012) 3805–3822, https://doi.org/10.1105/ 
tpc.112.098624. 

[50] B. Winterberg, S. Uhlmann, U. Linne, F. Lessing, M.A. Marahiel, H. Eichhorn, 
R. Kahmann, J. Schirawski, Elucidation of the complete ferrichrome A biosyn
thetic pathway in Ustilago maydis, Mol. Microbiol. 75 (2010) 1260–1271, https:// 
doi.org/10.1111/j.1365-2958.2010.07048.x. 

[51] H. Haas, Fungal siderophore metabolism with a focus on Aspergillus fumigatus, Nat. 
Prod. Rep. 31 (2014) 1266–1276, https://doi.org/10.1039/c4np00071d. 

[52] K.J. Weissman, The structural biology of biosynthetic megaenzymes, Nat. Chem. 
Biol. 11 (2015) 660–670, https://doi.org/10.1038/nchembio.1883. 

[53] A.D. Budde, S.A. Leong, Characterization of siderophores from Ustilago maydis, 
Mycopathologia. 108 (1989) 125–133, https://doi.org/10.1007/BF00436063. 

[54] A.C.W. Franken, B.E. Lechner, E.R. Werner, H. Haas, B.C. Lokman, A.F.J. Ram, 
C.A.M.J.J. van den Hondel, S. de Weert, P.J. Punt, Genome mining and functional 
genomics for siderophore production in Aspergillus niger, Brief. Funct. Genomics 13 
(2014) 482–492, https://doi.org/10.1093/bfgp/elu026. 

[55] M. Gressler, F. Meyer, D. Heine, P. Hortschansky, C. Hertweck, M. Brock, 
Phytotoxin production in Aspergillus terreus is regulated by independent environ
mental signals, Elife (4) (2015), https://doi.org/10.7554/eLife.07861. 

[56] E. Brandenburger, M. Gressler, R. Leonhardt, G. Lackner, A. Habel, C. Hertweck, 
M. Brock, D. Hoffmeister, A highly conserved basidiomycete peptide synthetase 
produces a trimeric hydroxamate siderophore, Appl. Environ. Microbiol. 83 
(2017), https://doi.org/10.1128/AEM.01478-17. 

[57] H. Haas, M. Eisendle, B.G. Turgeon, Siderophores in fungal physiology and viru
lence, Annu. Rev. Phytopathol. 46 (2008) 149–187, https://doi.org/10.1146/ 
annurev.phyto.45.062806.094338. 

[58] Y. Lu, H. Wang, Z. Wang, Y. Cong, P. Zhang, G. Liu, C. Liu, Z. Chi, Z. Chi, 
Metabolic rewiring improves the production of the fungal active targeting mole
cule fusarinine C, ACS Synth. Biol. 8 (2019) 1755–1765, https://doi.org/10.1021/ 
acssynbio.9b00026. 

[59] M. Schrettl, G. Winkelmann, H. Haas, Ferrichrome in Schizosaccharomyces pombe - 
An iron transport and iron storage compound, BioMetals 17 (2004) 647–654, 
https://doi.org/10.1007/s10534-004-1230-z. 

[60] T. Anke, H. Diekmann, Biosynthesis of sideramines in fungi. Rhodotorulic acid 
synthetase from extracts of Rhodotorula glutinis, FEBS Lett. 27 (1972) 259–262, 
https://doi.org/10.1016/0014-5793(72)80635-5. 

[61] A. Thieken, G. Winkelmann, Rhizoferrin: a complexone type siderophore of the 
mucorales and entomophthorales (Zygomycetes), FEMS Microbiol. Lett. 94 (1992) 
37–41, https://doi.org/10.1016/0378-1097(92)90579-D. 

[62] K. Haselwandter, H. Haas, G. Häninger, G. Winkelmann, Siderophores in plant 
root tissue: Tagetes patula nana colonized by the arbuscular mycorrhizal fungus 
Gigaspora margarita, BioMetals 33 (2020), https://doi.org/10.1007/s10534-020- 
00238-0. 

[63] C.S. Carroll, C.L. Grieve, I. Murugathasan, A.J. Bennet, C.M. Czekster, H. Lui, 
J. Naismith, M.M. Moore, The rhizoferrin biosynthetic gene in the fungal pathogen 
Rhizopus delemar is a novel member of the NIS gene family, Int. J. Biochem. Cell 
Biol. 89 (2017) 136–146, https://doi.org/10.1016/j.biocel.2017.06.005. 

[64] D.J. Krause, J. Kominek, D.A. Opulente, X.X. Shen, X. Zhou, Q.K. Langdon, 
J. DeVirgilio, A.B. Hulfachor, C.P. Kurtzman, A. Rokas, C.T. Hittinger, Functional 
and evolutionary characterization of a secondary metabolite gene cluster in bud
ding yeasts, Proc. Natl. Acad. Sci. U. S. A. 115 (2018) 11030–11035, https://doi. 
org/10.1073/pnas.1806268115. 

[65] P. Wiemann, B.E. Lechner, J.A. Baccile, T.A. Velk, W.B. Yin, J.W. Bok, S. Pakala, 
L. Losada, W.C. Nierman, F.C. Schroeder, H. Haas, N.P. Keller, Perturbations in 
small molecule synthesis uncovers an iron-responsive secondary metabolite net
work in Aspergillus fumigatus, Front. Microbiol. 5 (2014) 530, https://doi.org/10. 
3389/fmicb.2014.00530. 

[66] A. Khan, P. Singh, A. Srivastava, Synthesis, nature and utility of universal iron 
chelator – siderophore: a review, Microbiol. Res. 212–213 (2018) 103–111, 
https://doi.org/10.1016/j.micres.2017.10.012. 

[67] T. Kobayashi, T. Nozoye, N.K. Nishizawa, Iron transport and its regulation in 
plants, Free Radic. Biol. Med. 133 (2019) 11–20, https://doi.org/10.1016/j. 
freeradbiomed.2018.10.439. 

[68] J. Olucha, A.L. Lamb, Mechanistic and structural studies of the N-hydroxylating 
flavoprotein monooxygenases, Bioorg. Chem. 39 (2011) 171–177, https://doi.org/ 
10.1016/j.bioorg.2011.07.006. 

[69] M. Dhaoui, F. Auchère, P.L. Blaiseau, E. Lesuisse, A. Landoulsi, J.M. Camadroc, 
R. Haguenauer-Tsapisa, N. Belgareh-Touzéa, Gex1 is a yeast glutathione ex
changer that interferes with pH and redox homeostasis, Mol. Biol. Cell 22 (2011) 
2054–2067, https://doi.org/10.1091/mbc.E10-11-0906. 

[70] V. Normant, T. Mourer, S. Labbé, The major facilitator transporter Str3 is required 
for low-affinity heme acquisition in Schizosaccharomyces pombe, J. Biol. Chem. 293 
(2018) 6349–6362, https://doi.org/10.1074/jbc.RA118.002132. 

[71] F.Y. Lim, T.H. Won, N. Raffa, J.A. Baccile, J. Wisecaver, A. Rokas, F.C. Schroeder, 
N.P. Keller, Fungal isocyanide synthases and xanthocillin biosynthesis in 
Aspergillus fumigatus, MBio 9 (2018), https://doi.org/10.1128/mBio.00785-18. 

[72] M. Liu, L. Lin, T. Gebremariam, G. Luo, C.D. Skory, S.W. French, T.F. Chou, 
J.E. Edwards, A.S. Ibrahim, Fob1 and Fob2 proteins are virulence determinants of 
Rhizopus oryzae via facilitating iron uptake from ferrioxamine, PLoS Pathog. 11 
(2015), https://doi.org/10.1371/journal.ppat.1004842. 

[73] M. Petrik, H. Haas, P. Laverman, M. Schrettl, G.M. Franssen, M. Blatzer, 
C. Decristoforo, 68Ga-triacetylfusarinine C and 68Ga-ferrioxamine E for Aspergillus 
infection imaging: uptake specificity in various microorganisms, Mol. Imaging 
Biol. 16 (2014) 102–108, https://doi.org/10.1007/s11307-013-0654-7. 

[74] G. Bairwa, W. Hee Jung, J.W. Kronstad, Iron acquisition in fungal pathogens of 
humans, Metallomics 9 (2017) 215–227, https://doi.org/10.1039/C6MT00301J. 

[75] Y.-S.S. Park, J.-Y.Y. Kim, C.-W.W. Yun, Identification of ferrichrome- and fer
rioxamine B-mediated iron uptake by Aspergillus fumigatus, Biochem. J. 473 (2016) 
1203–1213, https://doi.org/10.1042/BCJ20160066. 

[76] C.C. Philpott, Iron uptake in fungi: a system for every source, Biochim. Biophys. 
Acta, Mol. Cell Res. 1763 (2006) 636–645, https://doi.org/10.1016/j.bbamcr. 
2006.05.008. 

[77] T. Nevitt, D.J. Thiele, Host iron withholding demands siderophore utilization for 
Candida glabrata to survive macrophage killing, PLoS Pathog. 7 (2011), https:// 
doi.org/10.1371/journal.ppat.1001322. 

[78] H. Haas, M. Schoeser, E. Lesuisse, J.F. Ernst, W. Parson, B. Abt, G. Winkelmann, 
H. Oberegger, Characterization of the Aspergillus nidulans transporters for the 
siderophores enterobactin and triacetylfusarinine C, Biochem. J. 371 (2003) 
505–513 http://biochemj.org/lookup/doi/10.1042/bj20021685. 

[79] P. Heymann, M. Gerads, M. Schaller, F. Dromer, G. Winkelmann, J.F. Ernst, The 
siderophore iron transporter of Candida albicans (Sit1p/Arn1p) mediates uptake of 
ferrichrome-type siderophores and is required for epithelial invasion, Infect. 
Immun. 70 (2002) 5246–5255, https://doi.org/10.1128/IAI.70.9.5246-5255. 
2002. 

[80] C.J. Hu, C. Bai, X. De Zheng, Y.M. Wang, Y. Wang, Characterization and functional 
analysis of the siderophore-iron transporter CaArn1p in Candida albicans, J. Biol. 
Chem. 277 (2002) 30598–30605, https://doi.org/10.1074/jbc.M204545200. 

[81] M. Schrettl, H.S. Kim, M. Eisendle, C. Kragl, W.C. Nierman, T. Heinekamp, E.R. 
Werner, I. Jacobsen, P. Illmer, H. Yi, A. a Brakhage, H. Haas, SreA-mediated iron 
regulation in Aspergillus fumigatus., Mol. Microbiol. 70 (2008) 27–43. doi:https:// 
doi.org/10.1111/j.1365-2958.2008.06376.x. 

[82] I. Raymond-Bouchard, C.S. Carroll, J.R. Nesbitt, K.A. Henry, L.J. Pinto, 
M. Moinzadeh, J.K. Scott, M.M. Moore, Structural requirements for the activity of 
the MirB ferrisiderophore transporter of Aspergillus fumigatus, Eukaryot. Cell 11 
(2012) 1333–1344, https://doi.org/10.1128/EC.00159-12. 

[83] E.D. Mulvihill, N.M. Moloney, R.A. Owens, S.K. Dolan, L. Russell, S. Doyle, 
Functional investigation of iron-responsive microsomal proteins, including MirC, 
in Aspergillus fumigatus, Front. Microbiol. 8 (2017) 418, https://doi.org/10.3389/ 
fmicb.2017.00418. 

[84] C. Kragl, M. Schrettl, B. Abt, B. Sarg, H.H. Lindner, H. Haas, EstB-mediated hy
drolysis of the siderophore triacetylfusarinine C optimizes iron uptake of 
Aspergillus fumigatus, Eukaryot. Cell 6 (2007) 1278–1285, https://doi.org/10. 
1128/EC.00066-07. 

[85] M. Gründlinger, F. Gsaller, M. Schrettl, H. Lindner, H. Haas, Aspergillus fumigatus 
SidJ mediates intracellular siderophore hydrolysis, Appl. Environ. Microbiol. 79 
(2013) 7534–7536, https://doi.org/10.1128/AEM.01285-13. 

[86] F. Ecker, H. Haas, M. Groll, E.M. Huber, Iron scavenging in Aspergillus species: 
structural and biochemical insights into fungal siderophore esterases, Angew. 
Chem. Int. Ed. 57 (2018) 14624–14629, https://doi.org/10.1002/anie. 
201807093. 

[87] H. Lin, M.A. Fischbach, D.R. Liu, C.T. Walsh, In vitro characterization of sal
mochelin and enterobactin trilactone hydrolases IroD, IroE, and Fes, J. Am. Chem. 
Soc. 127 (2005) 11075–11084. doi:https://doi.org/10.1021/ja0522027. 

[88] A.S. Ibrahim, B. Spellberg, J. Edwards, Iron acquisition: a novel perspective on 
mucormycosis pathogenesis and treatment, Curr. Opin. Infect. Dis. 21 (2008) 
620–625, https://doi.org/10.1097/QCO.0b013e3283165fd1. 

[89] T.Q. Nguyen, N. Dziuba, P.A. Lindahl, Isolated: Saccharomyces cerevisiae vacuoles 
contain low-molecular-mass transition-metal polyphosphate complexes, 

M. Misslinger, et al.   BBA - Molecular Cell Research 1868 (2021) 118885

18

https://doi.org/10.1039/c8mt00015h
https://doi.org/10.1016/S0968-0004(98)01192-X
https://doi.org/10.1016/S0968-0004(98)01192-X
https://doi.org/10.1046/j.1365-2958.2003.03586.x
https://doi.org/10.1046/j.1365-2958.2003.03586.x
https://doi.org/10.1007/s00027-003-0690-5
https://doi.org/10.1007/s00027-003-0690-5
https://doi.org/10.1021/ja01125a525
https://doi.org/10.1021/ja01139a033
https://doi.org/10.1021/ja01139a033
https://doi.org/10.1017/S0953756202006548
https://doi.org/10.1039/b906679a
https://doi.org/10.1111/mmi.13489
https://doi.org/10.1111/mmi.13489
https://doi.org/10.1186/1471-2148-8-328
https://doi.org/10.1105/tpc.112.098624
https://doi.org/10.1105/tpc.112.098624
https://doi.org/10.1111/j.1365-2958.2010.07048.x
https://doi.org/10.1111/j.1365-2958.2010.07048.x
https://doi.org/10.1039/c4np00071d
https://doi.org/10.1038/nchembio.1883
https://doi.org/10.1007/BF00436063
https://doi.org/10.1093/bfgp/elu026
https://doi.org/10.7554/eLife.07861
https://doi.org/10.1128/AEM.01478-17
https://doi.org/10.1146/annurev.phyto.45.062806.094338
https://doi.org/10.1146/annurev.phyto.45.062806.094338
https://doi.org/10.1021/acssynbio.9b00026
https://doi.org/10.1021/acssynbio.9b00026
https://doi.org/10.1007/s10534-004-1230-z
https://doi.org/10.1016/0014-5793(72)80635-5
https://doi.org/10.1016/0378-1097(92)90579-D
https://doi.org/10.1007/s10534-020-00238-0
https://doi.org/10.1007/s10534-020-00238-0
https://doi.org/10.1016/j.biocel.2017.06.005
https://doi.org/10.1073/pnas.1806268115
https://doi.org/10.1073/pnas.1806268115
https://doi.org/10.3389/fmicb.2014.00530
https://doi.org/10.3389/fmicb.2014.00530
https://doi.org/10.1016/j.micres.2017.10.012
https://doi.org/10.1016/j.freeradbiomed.2018.10.439
https://doi.org/10.1016/j.freeradbiomed.2018.10.439
https://doi.org/10.1016/j.bioorg.2011.07.006
https://doi.org/10.1016/j.bioorg.2011.07.006
https://doi.org/10.1091/mbc.E10-11-0906
https://doi.org/10.1074/jbc.RA118.002132
https://doi.org/10.1128/mBio.00785-18
https://doi.org/10.1371/journal.ppat.1004842
https://doi.org/10.1007/s11307-013-0654-7
https://doi.org/10.1039/C6MT00301J
https://doi.org/10.1042/BCJ20160066
https://doi.org/10.1016/j.bbamcr.2006.05.008
https://doi.org/10.1016/j.bbamcr.2006.05.008
https://doi.org/10.1371/journal.ppat.1001322
https://doi.org/10.1371/journal.ppat.1001322
http://biochemj.org/lookup/doi/10.1042/bj20021685
https://doi.org/10.1128/IAI.70.9.5246-5255.2002
https://doi.org/10.1128/IAI.70.9.5246-5255.2002
https://doi.org/10.1074/jbc.M204545200
https://doi.org/10.1111/j.1365-2958.2008.06376.x
https://doi.org/10.1111/j.1365-2958.2008.06376.x
https://doi.org/10.1128/EC.00159-12
https://doi.org/10.3389/fmicb.2017.00418
https://doi.org/10.3389/fmicb.2017.00418
https://doi.org/10.1128/EC.00066-07
https://doi.org/10.1128/EC.00066-07
https://doi.org/10.1128/AEM.01285-13
https://doi.org/10.1002/anie.201807093
https://doi.org/10.1002/anie.201807093
https://doi.org/10.1021/ja0522027
https://doi.org/10.1097/QCO.0b013e3283165fd1


Metallomics 11 (2019) 1298–1309, https://doi.org/10.1039/c9mt00104b. 
[90] J.L. Urbanowski, R.C. Piper, The iron transporter Fth1p forms a complex with the 

Fet5 iron oxidase and resides on the vacuolar membrane, J. Biol. Chem. 274 
(1999) 38061–38070, https://doi.org/10.1074/jbc.274.53.38061. 

[91] A. Singh, N. Kaur, D.J. Kosman, The metalloreductase Fre6p in Fe-efflux from the 
yeast vacuole, J. Biol. Chem. 282 (2007) 28619–28626, https://doi.org/10.1074/ 
jbc.M703398200. 

[92] M.E. Portnoy, X.F. Liu, V.C. Culotta, Saccharomyces cerevisiae expresses three 
functionally distinct homologues of the Nramp family of metal transporters, Mol. 
Cell. Biol. 20 (2000) 7893–7902, https://doi.org/10.1128/mcb.20.21.7893-7902. 
2000. 

[93] N. Xu, Y. Dong, X. Cheng, Q. Yu, K. Qian, J. Mao, C. Jia, X. Ding, B.B. Zhang, 
Y. Chen, B.B. Zhang, L. Xing, M. Li, Cellular iron homeostasis mediated by the 
Mrs4-Ccc1-Smf3 pathway is essential for mitochondrial function, morphogenesis 
and virulence in Candida albicans, Biochim. Biophys. Acta, Mol. Cell Res. 1843 
(2014) 629–639, https://doi.org/10.1016/j.bbamcr.2013.12.009. 

[94] L. Li, G. Murdock, D. Bagley, X. Jia, D.M.V. Ward, J. Kaplan, Genetic dissection of 
a mitochondria-vacuole signaling pathway in yeast reveals a link between chronic 
oxidative stress and vacuolar iron transport, J. Biol. Chem. 285 (2010) 
10232–10242, https://doi.org/10.1074/jbc.M109.096859. 

[95] F. Gsaller, M. Eisendle, B.E. Lechner, M. Schrettl, H. Lindner, D. Müller, S. Geley, 
H. Haas, The interplay between vacuolar and siderophore-mediated iron storage in 
Aspergillus fumigatus, Metallomics 4 (2012) 1262–1270, https://doi.org/10.1039/ 
c2mt20179h. 

[96] B. Pouliot, M. Jbel, A. Mercier, S. Labbé, Abc3+ encodes an iron-regulated va
cuolar ABC-type transporter in Schizosaccharomyces pombe, Eukaryot. Cell 9 
(2010) 59–73, https://doi.org/10.1128/EC.00262-09. 

[97] A. Mercier, B. Pelletier, S. Labbe, S. Labbé, A transcription factor cascade involving 
Fep1 and the CCAAT-binding factor Php4 regulates gene expression in response to 
iron deficiency in the fission yeast Schizosaccharomyces pombe, Eukaryot. Cell 5 
(2006) 1866–1881, https://doi.org/10.1128/EC.00199-06. 

[98] M. Eisendle, M. Schrettl, C. Kragl, D. Müller, P. Illmer, H. Haas, The intracellular 
siderophore ferricrocin is involved in Iron storage, oxidative-stress resistance, 
germination, and sexual development in Aspergillus nidulans, Eukaryot. Cell 5 
(2006) 1596–1603, https://doi.org/10.1128/EC.00057-06. 

[99] D.J. Kosman, Iron metabolism in aerobes: managing ferric iron hydrolysis and 
ferrous iron autoxidation, Coord. Chem. Rev. 257 (2013) 210–217, https://doi. 
org/10.1016/j.ccr.2012.06.030. 

[100] M. Schrettl, E. Bignell, C. Kragl, Y. Sabiha, O. Loss, M. Eisendle, A. Wallner, 
H.N. Arst, K. Haynes, H. Haas, Distinct roles for intra- and extracellular side
rophores during Aspergillus fumigatus infection, PLoS Pathog. 3 (2007) e128, 
https://doi.org/10.1371/journal.ppat.0030128. 

[101] M. Blatzer, M. Schrettl, B. Sarg, H.H. Lindner, K. Pfaller, H. Haas, SidL, an 
Aspergillus fumigatus transacetylase involved in biosynthesis of the siderophores 
ferricrocin and hydroxyferricrocin, Appl. Environ. Microbiol. 77 (2011) 
4959–4966, https://doi.org/10.1128/AEM.00182-11. 

[102] A. Wallner, M. Blatzer, M. Schrettl, B. Sarg, H. Lindner, H. Haas, Ferricrocin, a 
siderophore involved in intra- and transcellular iron distribution in Aspergillus 
fumigatus, Appl. Environ. Microbiol. 75 (2009) 4194–4196, https://doi.org/10. 
1128/AEM.00479-09. 

[103] S. Oide, S.B. Krasnoff, D.M. Gibson, B.G. Turgeon, Intracellular siderophores are 
essential for ascomycete sexual development in heterothallic Cochliobolus hetero
strophus and homothallic Gibberella zeae, Eukaryot. Cell 6 (2007) 1339–1353, 
https://doi.org/10.1128/EC.00111-07. 

[104] M. Schrettl, N. Beckmann, J. Varga, T. Heinekamp, I.D. Jacobsen, C. Jöchl, T. A 
Moussa, S. Wang, F. Gsaller, M. Blatzer, E.R. Werner, W.C. Niermann, A.A. 
Brakhage, H. Haas, HapX-mediated adaption to iron starvation is crucial for 
virulence of Aspergillus fumigatus, PLoS Pathog. 6 (2010) e1001124. doi:https:// 
doi.org/10.1371/journal.ppat.1001124. 

[105] F. Gsaller, P. Hortschansky, S.R. Beattie, V. Klammer, K. Tuppatsch, B.E. Lechner, 
N. Rietzschel, E.R. Werner, A.A. Vogan, D. Chung, M. Kato, R.A. Cramer, 
A.A. Brakhage, H. Haas, The Janus transcription factor HapX controls fungal 
adaptation to both iron starvation and iron excess, EMBO J. 33 (2014) 2261–2276, 
https://doi.org/10.15252/embj.201489468. 

[106] T. Furukawa, M.T. Scheven, M. Misslinger, C. Zhao, S. Hoefgen, F. Gsaller, J. Lau, 
C. Jöchl, I. Donaldson, V. Valiante, A.A. Brakhage, M.J. Bromley, H. Haas, 
P. Hortschansky, The fungal CCAAT-binding complex and HapX display highly 
variable but evolutionary conserved synergetic promoter-specific DNA recogni
tion, Nucleic Acids Res. 48 (2020) 3567–3590, https://doi.org/10.1093/nar/ 
gkaa109. 

[107] P. Hortschansky, M. Eisendle, Q. Al-Abdallah, A.D. Schmidt, S. Bergmann, M. 
Thön, O. Kniemeyer, B. Abt, B. Seeber, E.R. Werner, M. Kato, A. a Brakhage, H. 
Haas, Interaction of HapX with the CCAAT-binding complex - a novel mechanism 
of gene regulation by iron, EMBO J. 26 (2007) 3157–68. doi:https://doi.org/10. 
1038/sj.emboj.7601752. 

[108] L.W. Zhou, H. Haas, G.A. Marzluf, Isolation and characterization of a new gene, 
sre, which encodes a GATA-type regulatory protein that controls iron transport in 
Neurospora crassa, Mol. Gen. Genet. 259 (1998) 532–540, https://doi.org/10. 
1007/s004380050845. 

[109] H. Oberegger, M. Schoeser, I. Zadra, B. Abt, H. Haas, SREA is involved in reg
ulation of siderophore biosynthesis, utilization and uptake in Aspergillus nidulans, 
Mol. Microbiol. 41 (2001) 1077–1089, https://doi.org/10.1046/j.1365-2958. 
2001.02586.x. 

[110] N.T. Forester, G.A. Lane, C.M. McKenzie, I.L. Lamont, L.J. Johnson, The role of 
SreA-mediated iron regulation in maintaining Epichloë festucae–Lolium perenne 
symbioses, Mol. Plant-Microbe Interact. 32 (2019) 1324–1335, https://doi.org/ 

10.1094/MPMI-03-19-0060-R. 
[111] Z. Chi, X.X. Wang, Q. Geng, Z.M. Chi, Role of a GATA-type transcriptional re

pressor Sre1 in regulation of siderophore biosynthesis in the marine-derived 
Aureobasidium pullulans HN6.2, BioMetals 26 (2013) 955–967, https://doi.org/10. 
1007/s10534-013-9672-9. 

[112] N. Zhang, N.A.I. MohdZainudin, K. Scher, B.J. Condon, B.A. Horwitz, 
B.G. Turgeon, Iron, oxidative stress, and virulence: roles of iron-sensitive tran
scription factor Sre1 and the redox sensor ChAp1 in the maize pathogen 
Cochliobolus heterostrophus, Mol. Plant-Microbe Interact. 26 (2013) 1473–1485, 
https://doi.org/10.1094/MPMI-02-13-0055-R. 

[113] L.Y. Chao, M.A. Marletta, J. Rine, Sre1, an iron-modulated GATA DNA-binding 
protein of iron-uptake genes in the fungal pathogen Histoplasma capsulatum, 
Biochemistry 47 (2008) 7274–7283, https://doi.org/10.1021/bi800066s. 

[114] A.J. Marty, A.T. Broman, R. Zarnowski, T.G. Dwyer, L.M. Bond, A. Lounes-Hadj 
Sahraoui, J. Fontaine, J.M. Ntambi, S. Keleş, C. Kendziorski, G.M. Gauthier, Fungal 
morphology, Iron homeostasis, and lipid metabolism regulated by a GATA tran
scription factor in Blastomyces dermatitidis, PLoS Pathog. 11 (2015), https://doi. 
org/10.1371/journal.ppat.1004959. 

[115] K.R. Chung, P.C. Wu, Y.K. Chen, J.I. Yago, The siderophore repressor SreA 
maintains growth, hydrogen peroxide resistance, and cell wall integrity in the 
phytopathogenic fungus Alternaria alternata, Fungal Genet. Biol. 139 (2020), 
https://doi.org/10.1016/j.fgb.2020.103384. 

[116] P. Wiemann, S. Albermann, E.M. Niehaus, L. Studt, K.W. von Bargen, N.L. Brock, 
H.U. Humpf, J.S. Dickschat, B. Tudzynski, The Sfp-type 4′-phosphopantetheinyl 
transferase Ppt1 of Fusarium fujikuroi controls development, secondary metabolism 
and pathogenicity, PLoS One 7 (2012), https://doi.org/10.1371/journal.pone. 
0037519. 

[117] Y. Wang, C. Deng, L. Tian, D. Xiong, C. Tian, S.J. Klosterman, The transcription 
factor VdHapX controls Iron homeostasis and is crucial for virulence in the vas
cular pathogen Verticillium dahliae, MSphere 3 (2018), https://doi.org/10.1128/ 
msphere.00400-18. 

[118] P. Hortschansky, H. Haas, E.M. Huber, M. Groll, A.A. Brakhage, The CCAAT- 
binding complex (CBC) in Aspergillus species, Biochim. Biophys. Acta - Gene Regul. 
Mech. 1860 (2017) 560–570, https://doi.org/10.1016/j.bbagrm.2016.11.008. 

[119] V. Kurucz, T. Krüger, K. Antal, A.M. Dietl, H. Haas, I. Pócsi, O. Kniemeyer, T. Emri, 
Additional oxidative stress reroutes the global response of Aspergillus fumigatus to 
iron depletion, BMC Genomics 19 (2018), https://doi.org/10.1186/s12864-018- 
4730-x. 

[120] N. Grahl, K.M. Shepardson, D. Chung, R.A. Cramer, Hypoxia and fungal patho
genesis: to air or not to air? Eukaryot. Cell 11 (2012) 560–570, https://doi.org/10. 
1128/EC.00031-12. 

[121] S. Dhingra, C.H. Kowlaski, A. Thammahong, S.R. Beattie, K.M. Bultman, 
R.A. Cramer, RbdB, a rhomboid protease critical for SREBP activation and viru
lence in Aspergillus fumigatus, MSphere 1 (2016) e00035-16, , https://doi.org/10. 
1128/mSphere.00035-16. 

[122] R. Burr, P.J. Espenshade, Oxygen-responsive transcriptional regulation of lipid 
homeostasis in fungi: implications for anti-fungal drug development, Semin. Cell 
Dev. Biol. 81 (2018) 110–120, https://doi.org/10.1016/j.semcdb.2017.08.043. 

[123] M. Blatzer, B.M. Barker, S.D. Willger, N. Beckmann, S.J. Blosser, E.J. Cornish, A. 
Mazurie, N. Grahl, H. Haas, R. A Cramer, SREBP coordinates iron and ergosterol 
homeostasis to mediate triazole drug and hypoxia responses in the human fungal 
pathogen Aspergillus fumigatus, PLoS Genet. 7 (2011) e1002374. doi:https://doi. 
org/10.1371/journal.pgen.1002374. 

[124] F. Gsaller, P. Hortschansky, T. Furukawa, P.D. Carr, B. Rash, J. Capilla, C. Müller, 
F. Bracher, P. Bowyer, H. Haas, A.A. Brakhage, M.J. Bromley, Sterol biosynthesis 
and azole tolerance is governed by the opposing actions of SrbA and the CCAAT 
binding complex, PLoS Pathog. 12 (2016) e1005775, , https://doi.org/10.1371/ 
journal.ppat.1005775. 

[125] P. Hortschansky, M. Misslinger, J. Mörl, F. Gsaller, M.J. Bromley, A.A. Brakhage, 
M. Groll, H. Haas, E.M. Huber, Structural basis of HapEP88L-linked antifungal 
triazole resistance in Aspergillus fumigatus, Life Sci. Alliance. 3 (2020). doi:10. 
26508/lsa.202000729. 

[126] N. Long, T. Orasch, S. Zhang, L. Gao, X. Xu, P. Hortschansky, J. Ye, F. Zhang, 
K. Xu, F. Gsaller, M. Straßburger, U. Binder, T. Heinekamp, A.A. Brakhage, 
H. Haas, L. Lu, The Zn2Cys6-type transcription factor LeuB cross-links regulation 
of leucine biosynthesis and iron acquisition in Aspergillus fumigatus, PLoS Genet. 14 
(2018), https://doi.org/10.1371/journal.pgen.1007762. 

[127] T. Orasch, A.M. Dietl, Y. Shadkchan, U. Binder, I. Bauer, C. Lass-Flörl, N. Osherov, 
H. Haas, The leucine biosynthetic pathway is crucial for adaptation to iron star
vation and virulence in Aspergillus fumigatus, Virulence 10 (2019) 925–934, 
https://doi.org/10.1080/21505594.2019.1682760. 

[128] G.B. Kohlhaw, Leucine biosynthesis in fungi: entering metabolism through the 
back door, Microbiol. Mol. Biol. Rev. 67 (2003) 1–15, https://doi.org/10.1128/ 
mmbr.67.1.1-15.2003. 

[129] A.M. Dietl, U. Binder, I. Bauer, Y. Shadkchan, N. Osherov, H. Haas, Arginine 
auxotrophy affects siderophore biosynthesis and attenuates virulence of Aspergillus 
fumigatus, Genes (Basel) 11 (2020), https://doi.org/10.3390/genes11040423. 

[130] L. Schafferer, N. Beckmann, U. Binder, G. Brosch, H. Haas, AmcA, a putative 
mitochondrial ornithine transporter supporting fungal siderophore biosynthesis, 
Front. Microbiol. 6 (2015) 1–12, https://doi.org/10.3389/fmicb.2015.00252. 

[131] R.E. Frederick, J.A. Mayfield, J.L. Dubois, Regulated O2 activation in flavin-de
pendent monooxygenases, J. Am. Chem. Soc. 133 (2011) 12338–12341, https:// 
doi.org/10.1021/ja203397s. 

[132] M. Pongpom, H. Liu, W. Xu, B.D. Snarr, D.C. Sheppard, A.P. Mitchell, S.G. Filler, 
Divergent targets of Aspergillus fumigatus AcuK and AcuM transcription factors 
during growth in vitro versus invasive disease, Infect. Immun. 83 (2015) 923–933, 

M. Misslinger, et al.   BBA - Molecular Cell Research 1868 (2021) 118885

19

https://doi.org/10.1039/c9mt00104b
https://doi.org/10.1074/jbc.274.53.38061
https://doi.org/10.1074/jbc.M703398200
https://doi.org/10.1074/jbc.M703398200
https://doi.org/10.1128/mcb.20.21.7893-7902.2000
https://doi.org/10.1128/mcb.20.21.7893-7902.2000
https://doi.org/10.1016/j.bbamcr.2013.12.009
https://doi.org/10.1074/jbc.M109.096859
https://doi.org/10.1039/c2mt20179h
https://doi.org/10.1039/c2mt20179h
https://doi.org/10.1128/EC.00262-09
https://doi.org/10.1128/EC.00199-06
https://doi.org/10.1128/EC.00057-06
https://doi.org/10.1016/j.ccr.2012.06.030
https://doi.org/10.1016/j.ccr.2012.06.030
https://doi.org/10.1371/journal.ppat.0030128
https://doi.org/10.1128/AEM.00182-11
https://doi.org/10.1128/AEM.00479-09
https://doi.org/10.1128/AEM.00479-09
https://doi.org/10.1128/EC.00111-07
https://doi.org/10.1371/journal.ppat.1001124
https://doi.org/10.1371/journal.ppat.1001124
https://doi.org/10.15252/embj.201489468
https://doi.org/10.1093/nar/gkaa109
https://doi.org/10.1093/nar/gkaa109
https://doi.org/10.1038/sj.emboj.7601752
https://doi.org/10.1038/sj.emboj.7601752
https://doi.org/10.1007/s004380050845
https://doi.org/10.1007/s004380050845
https://doi.org/10.1046/j.1365-2958.2001.02586.x
https://doi.org/10.1046/j.1365-2958.2001.02586.x
https://doi.org/10.1094/MPMI-03-19-0060-R
https://doi.org/10.1094/MPMI-03-19-0060-R
https://doi.org/10.1007/s10534-013-9672-9
https://doi.org/10.1007/s10534-013-9672-9
https://doi.org/10.1094/MPMI-02-13-0055-R
https://doi.org/10.1021/bi800066s
https://doi.org/10.1371/journal.ppat.1004959
https://doi.org/10.1371/journal.ppat.1004959
https://doi.org/10.1016/j.fgb.2020.103384
https://doi.org/10.1371/journal.pone.0037519
https://doi.org/10.1371/journal.pone.0037519
https://doi.org/10.1128/msphere.00400-18
https://doi.org/10.1128/msphere.00400-18
https://doi.org/10.1016/j.bbagrm.2016.11.008
https://doi.org/10.1186/s12864-018-4730-x
https://doi.org/10.1186/s12864-018-4730-x
https://doi.org/10.1128/EC.00031-12
https://doi.org/10.1128/EC.00031-12
https://doi.org/10.1128/mSphere.00035-16
https://doi.org/10.1128/mSphere.00035-16
https://doi.org/10.1016/j.semcdb.2017.08.043
https://doi.org/10.1371/journal.pgen.1002374
https://doi.org/10.1371/journal.pgen.1002374
https://doi.org/10.1371/journal.ppat.1005775
https://doi.org/10.1371/journal.ppat.1005775
https://doi.org/10.26508/lsa.202000729
https://doi.org/10.26508/lsa.202000729
https://doi.org/10.1371/journal.pgen.1007762
https://doi.org/10.1080/21505594.2019.1682760
https://doi.org/10.1128/mmbr.67.1.1-15.2003
https://doi.org/10.1128/mmbr.67.1.1-15.2003
https://doi.org/10.3390/genes11040423
https://doi.org/10.3389/fmicb.2015.00252
https://doi.org/10.1021/ja203397s
https://doi.org/10.1021/ja203397s


https://doi.org/10.1128/IAI.02685-14. 
[133] H. Liu, F.N. Gravelat, L.Y. Chiang, D. Chen, G. Vanier, D.E. Ejzykowicz, 

A.S. Ibrahim, W.C. Nierman, D.C. Sheppard, S.G. Filler, Aspergillus fumigatus AcuM 
regulates both iron acquisition and gluconeogenesis, Mol. Microbiol. 78 (2010) 
1038–1054, https://doi.org/10.1111/j.1365-2958.2010.07389.x. 

[134] Z. Wang, T. Ma, Y. Huang, J. Wang, Y. Chen, H.C. Kistler, Z. Ma, Y. Yin, C.K. Id, 
Z.M. Id, Y.Y. Id, A fungal ABC transporter FgAtm1 regulates iron homeostasis via 
the transcription factor cascade FgAreA-HapX, PLoS Pathog. 15 (2019) e1007791, 
, https://doi.org/10.1371/journal.ppat.1007791. 

[135] X. Feng, K. Krishnan, D.L. Richie, V. Aimanianda, L. Hartl, N. Grahl, M.V. Powers- 
Fletcher, M. Zhang, K.K. Fuller, W.C. Nierman, L.J. Lu, J.P. Latgé, L. Woollett, 
S.L. Newman, R.A. Cramer, J.C. Rhodes, D.S. Askew, Haca-independent functions 
of the ER stress sensor irea synergize with the canonical UPR to influence viru
lence traits in Aspergillus fumigatus, PLoS Pathog. 7 (2011), https://doi.org/10. 
1371/journal.ppat.1002330. 

[136] M. Eisendle, H. Oberegger, R. Buttinger, P. Illmer, H. Haas, Biosynthesis and up
take of siderophores is controlled by the PacC-mediated ambient-pH regulatory 
system in Aspergillus nidulans, Eukaryot. Cell 3 (2004) 561–563, https://doi.org/ 
10.1128/EC.3.2.561-563.2004. 

[137] N. Beckmann, L. Schafferer, M. Schrettl, U. Binder, H. Talasz, H. Lindner, H. Haas, 
Characterization of the link between ornithine, arginine, polyamine and side
rophore metabolism in Aspergillus fumigatus, PLoS One 8 (2013). doi:https://doi. 
org/10.1371/journal.pone.0067426. 

[138] S. Hagag, P. Kubitschek-Barreira, G.W.P. Neves, D. Amar, W. Nierman, I. Shalit, 
R. Shamir, L. Lopes-Bezerra, N. Osherov, Transcriptional and proteomic analysis of 
the Aspergillus fumigatus Pprtt protease-deficient mutant, PLoS One 7 (2012), 
https://doi.org/10.1371/journal.pone.0033604. 

[139] R. Jain, V. Valiante, N. Remme, T. Docimo, T. Heinekamp, C. Hertweck, J. 
Gershenzon, H. Haas, A.A. Brakhage, The MAP kinase MpkA controls cell wall 
integrity, oxidative stress response, gliotoxin production and iron adaptation in 
Aspergillus fumigatus, Mol. Microbiol. 82 (2011) 39–53. doi:https://doi.org/10. 
1111/j.1365-2958.2011.07778.x. 

[140] F. Gerwien, V. Skrahina, L. Kasper, B. Hube, S. Brunke, Metals in fungal virulence, 
FEMS Microbiol. Rev. 42 (2018), https://doi.org/10.1093/femsre/fux050. 

[141] V. Skrahina, M. Brock, B. Hube, S. Brunke, Candida albicans Hap43 domains are 
required under iron starvation but not excess, Front. Microbiol. 8 (2017), https:// 
doi.org/10.3389/fmicb.2017.02388. 

[142] C. Chen, K. Pande, S.D. French, B.B. Tuch, S.M. Noble, An iron homeostasis reg
ulatory circuit with reciprocal roles in candida albicans commensalism and pa
thogenesis, Cell Host Microbe 10 (2011) 118–135, https://doi.org/10.1016/j. 
chom.2011.07.005. 

[143] C. Chen, S.M. Noble, Post-transcriptional regulation of the Sef1 transcription 
factor controls the virulence of Candida albicans in its mammalian host, PLoS 
Pathog. 8 (2012), https://doi.org/10.1371/journal.ppat.1002956. 

[144] D.J. Downes, M.A. Davis, S.D. Kreutzberger, B.L. Taig, R.B. Todd, Regulation of 
the NADP-glutamate dehydrogenase gene gdhA in Aspergillus nidulans by the Zn(II) 
2Cys6 transcription factor LeuB, Microbiol. (United Kingdom). 159 (2013) 
2467–2480, https://doi.org/10.1099/mic.0.071514-0. 

[145] R. Miele, D. Barra, M.C. Bonaccorsi di Patti, A GATA-type transcription factor 
regulates expression of the high-affinity iron uptake system in the methylotrophic 
yeast Pichia pastoris, Arch. Biochem. Biophys. 465 (2007) 172–179, https://doi. 
org/10.1016/j.abb.2007.05.020. 

[146] S.A. Turner, G. Butler, The Candida pathogenic species complex, Cold Spring Harb. 
Perspect. Med. 4 (2014). doi:https://doi.org/10.1101/cshperspect.a019778. 

[147] T. Gabaldón, T. Martin, M. Marcet-Houben, P. Durrens, M. Bolotin-Fukuhara, O. 
Lespinet, S. Arnaise, S. Boisnard, G. Aguileta, R. Atanasova, C. Bouchier, A. 
Couloux, S. Creno, J. Almeida Cruz, H. Devillers, A. Enache-Angoulvant, J. 
Guitard, L. Jaouen, L. Ma, C. Marck, C. Neuvéglise, E. Pelletier, A. Pinard, J. 
Poulain, J. Recoquillay, E. Westhof, P. Wincker, B. Dujon, C. Hennequin, C. 
Fairhead, Comparative genomics of emerging pathogens in the Candida glabrata 
clade, BMC Genomics 14 (2013). doi:https://doi.org/10.1186/1471-2164-14-623. 

[148] M.T. Martínez-Pastor, A. Perea-García, S. Puig, Mechanisms of iron sensing and 
regulation in the yeast Saccharomyces cerevisiae, World J. Microbiol. Biotechnol. 
33 (2017) 75, https://doi.org/10.1007/s11274-017-2215-8. 

[149] M.T. Martínez-Pastor, R. de Llanos, A.M. Romero, S. Puig, Post-transcriptional 
regulation of iron homeostasis in Saccharomyces cerevisiae, Int. J. Mol. Sci. 14 
(2013) 15785–15809, https://doi.org/10.3390/ijms140815785. 

[150] L. Ramos-Alonso, A.M. Romero, M.À. Soler, A. Perea-García, P. Alepuz, S. Puig, 
M.T. Martínez-Pastor, Yeast Cth2 protein represses the translation of ARE-con
taining mRNAs in response to iron deficiency, PLoS Genet. 14 (2018) e1007476, , 
https://doi.org/10.1371/journal.pgen.1007476. 

[151] J. Merhej, T. Delaveau, J. Guitard, B. Palancade, C. Hennequin, M. Garcia, G. 
Lelandais, F. Devaux, Yap7 is a transcriptional repressor of nitric oxide oxidase in 
yeasts, which arose from neofunctionalization after whole genome duplication, 
Mol. Microbiol. 96 (2015) 951–972. doi:https://doi.org/10.1111/mmi.12983. 

[152] J. Merhej, A. Thiebaut, C. Blugeon, J. Pouch, M.E.A. Ali Chaouche, J.M. Camadro, 
S. Le Crom, G. Lelandais, F. Devaux, A network of paralogous stress response 
transcription factors in the human pathogen Candida glabrata, Front. Microbiol. 7 
(2016), https://doi.org/10.3389/fmicb.2016.00645. 

[153] F. Gerwien, A. Safyan, S. Wisgott, F. Hille, P. Kaemmer, J. Linde, S. Brunke, L. 
Kasper, B. Hube, A novel hybrid iron regulation network combines features from 
pathogenic and nonpathogenic yeasts, MBio 7 (2016). doi:https://doi.org/10. 
1128/mBio.01782-16. 

[154] C. Ruth, M. Buchetics, V. Vidimce, D. Kotz, S. Naschberger, D. Mattanovich, 
H. Pichler, B. Gasser, Pichia pastoris Aft1 - a novel transcription factor, enhancing 
recombinant protein secretion, Microb. Cell Factories 13 (2014), https://doi.org/ 

10.1186/s12934-014-0120-5. 
[155] N. Xu, X. Cheng, Q. Yu, K. Qian, X. Ding, R. Liu, B. Zhang, L. Xing, M. Li, Aft2, a 

novel transcription regulator, is required for Iron metabolism, oxidative stress, 
surface adhesion and hyphal development in Candida albicans, PLoS One 8 (2013), 
https://doi.org/10.1371/journal.pone.0062367. 

[156] A. Brault, T. Mourer, S. Labbé, Molecular basis of the regulation of iron home
ostasis in fission and filamentous yeasts, IUBMB Life 67 (2015) 801–815, https:// 
doi.org/10.1002/iub.1441. 

[157] C. Voisard, J. Wang, J.L. McEvoy, P. Xu, S.A. Leong, urbs1, a gene regulating 
siderophore biosynthesis in Ustilago maydis, encodes a protein similar to the ery
throid transcription factor GATA-1., 13 (1993). doi:https://doi.org/10.1128/mcb. 
13.11.7091. 

[158] W.H. Jung, A. Sham, R. White, J.W. Kronstad, H.J. Won, A. Sham, R. White, 
J.W. Kronstad, Iron regulation of the major virulence factors in the AIDS-asso
ciated pathogen Cryptococcus neoformans, PLoS Biol. 4 (2006) e410, https://doi. 
org/10.1371/journal.pbio.0040410. 

[159] W.H. Jung, S. Saikia, G. Hu, J. Wang, C.K. Fung, C. D’Souza, R. White, 
J.W. Kronstad, C.D. Souza, R. White, J.W. Kronstad, HapX positively and nega
tively regulates the transcriptional response to iron deprivation in Cryptococcus 
neoformans, PLoS Pathog. 6 (2010) e1001209, , https://doi.org/10.1371/journal. 
ppat.1001209. 

[160] N. Long, X. Xu, H. Qian, S. Zhang, L. Lu, A Putative Mitochondrial Iron transporter 
MrsA in Aspergillus fumigatus plays important roles in azole-oxidative stress re
sponses and virulence, Front. Microbiol. 7 (2016) 716. doi:https://doi.org/10. 
3389/fmicb.2016.00716. 

[161] U. Mühlenhoff, J.A. Stadler, N. Richhardt, A. Seubert, T. Eickhorst, R.J. Schweyen, 
R. Lill, G. Wiesenberger, A specific role of the yeast mitochondrial carriers Mrs3/ 
4p in mitochondrial Iron acquisition under Iron-limiting conditions, J. Biol. Chem. 
278 (2003) 40612–40620, https://doi.org/10.1074/jbc.M307847200. 

[162] R. Lill, R. Dutkiewicz, S.A. Freibert, T. Heidenreich, J. Mascarenhas, D.J. Netz, 
D. Paul, A.J. Pierik, N. Richter, M. Stümpfig, V. Srinivasan, O. Stehling, 
U. Mühlenhoff, The role of mitochondria and the CIA machinery in the maturation 
of cytosolic and nuclear iron-sulfur proteins, Eur. J. Cell Biol. 94 (2015) 280–291, 
https://doi.org/10.1016/j.ejcb.2015.05.002. 

[163] A.K. Pandey, J. Pain, A. Dancis, D. Pain, Mitochondria export iron-sulfur (Fe-S) 
and sulfur intermediates to the cytoplasm for Fe-S cluster assembly and tRNA 
thiolation in yeast, J. Biol. Chem. (2019) jbc.RA119.008600. doi:https://doi.org/ 
10.1074/jbc.RA119.008600. 

[164] J. Li, J.A. Cowan, Glutathione-coordinated [2Fe–2S] cluster: a viable physiological 
substrate for mitochondrial ABCB7 transport, Chem. Commun. 51 (2015) 
2253–2255, https://doi.org/10.1039/C4CC09175B. 

[165] S. Pearson, C. Wachnowsky, J.A. Cowan, Defining the mechanism of a mi
tochondrial ABCB7 [2Fe-2S] cluster exporter, Metallomics (2020), https://doi. 
org/10.1039/c9mt00286c. 

[166] M.T. Rodríguez-Manzaneque, J. Tamarit, G. Bellí, J. Ros, E. Herrero, Grx5 is a 
mitochondrial glutaredoxin required for the activity of iron/sulfur enzymes, Mol. 
Biol. Cell 13 (2002) 1109–1121, https://doi.org/10.1091/mbc.01-10-0517. 

[167] G. Kispal, P. Csere, B. Guiard, R. Lill, The ABC transport Atm1p is required for 
mitochondrial iron homeostasis, FEBS Lett. 418 (1997) 346–350, https://doi.org/ 
10.1016/S0014-5793(97)01414-2. 

[168] M. Chloupková, L.S. LeBard, D.M. Koeller, MDL1 is a high copy suppressor of 
ATM1: evidence for a role in resistance to oxidative stress, J. Mol. Biol. 331 (2003) 
155–165, https://doi.org/10.1016/S0022-2836(03)00666-1. 

[169] T. Iwaki, Y. Fujita, N. Tanaka, Y. Giga-Hama, K. Takegawa, Mitochondrial ABC 
transporter Atm1p is required for protection against oxidative stress and vacuolar 
functions in Schizosaccharomyces pombe, Biosci. Biotechnol. Biochem. 69 (2005) 
2109–2116, https://doi.org/10.1271/bbb.69.2109. 

[170] E. Do, S. Park, M.-H. Li, J.-M. Wang, C. Ding, J.W. Kronstad, W.H. Jung, The 
mitochondrial ABC transporter Atm1 plays a role in iron metabolism and virulence 
in the human fungal pathogen Cryptococcus neoformans, Med. Mycol. 56 (2018) 
458–468, https://doi.org/10.1093/mmy/myx073. 

[171] E.S. Jacobson, A.J. Troy, K.J. Nyhus, Mitochondrial functioning of constitutive 
iron uptake mutations in Cryptococcus neoformans, Mycopathologia (2005), 
https://doi.org/10.1007/s11046-004-2223-8. 

[172] N. Gabrielli, J. Ayté, E. Hidalgo, Cells lacking pfh1, a fission yeast homolog of 
mammalian frataxin protein, display constitutive activation of the iron starvation 
response, J. Biol. Chem. 287 (2012) 43042–43051, https://doi.org/10.1074/jbc. 
M112.421735. 

[173] R. Santos, N. Buisson, S.A.B.B. Knight, A. Dancis, J.M. Camadro, E. Lesuisse, 
Candida albicans lacking the frataxin homologue: a relevant yeast model for 
studying the role of frataxin, Mol. Microbiol. 54 (2004) 507–519, https://doi.org/ 
10.1111/j.1365-2958.2004.04281.x. 

[174] M. Misslinger, B.E. Lechner, K. Bacher, H. Haas, Iron-sensing is governed by mi
tochondrial, not by cytosolic iron-sulfur cluster biogenesis in Aspergillus fumigatus, 
Metallomics 10 (2018) 1687–1700, https://doi.org/10.1039/c8mt00263k. 

[175] M.U. Muckenthaler, S. Rivella, M.W. Hentze, B. Galy, A red carpet for Iron me
tabolism, Cell. 168 (2017) 344–361, https://doi.org/10.1016/j.cell.2016.12.034. 

[176] H. Wang, H. Shi, M. Rajan, E.R. Canarie, S. Hong, D. Simoneschi, M. Pagano, M.F. 
Bush, S. Stoll, E.A. Leibold, N. Zheng, FBXL5 Regulates IRP2 Stability in Iron 
Homeostasis via an Oxygen-Responsive [2Fe2S] Cluster, Mol. Cell. 78 (2020) 
31–41.e5. doi:https://doi.org/10.1016/j.molcel.2020.02.011. 

[177] S. Ror, S.L. Panwar, Sef1-regulated iron regulon responds to mitochondria-de
pendent iron–sulfur cluster biosynthesis in Candida albicans, Front. Microbiol. 10 
(2019) 1528, https://doi.org/10.3389/fmicb.2019.01528. 

[178] J.C. Rutherford, L. Ojeda, J. Balk, U. Mühlenhoff, R. Lill, D.R. Winge, Activation of 
the iron regulon by the yeast Aft1/Aft2 transcription factors depends on 

M. Misslinger, et al.   BBA - Molecular Cell Research 1868 (2021) 118885

20

https://doi.org/10.1128/IAI.02685-14
https://doi.org/10.1111/j.1365-2958.2010.07389.x
https://doi.org/10.1371/journal.ppat.1007791
https://doi.org/10.1371/journal.ppat.1002330
https://doi.org/10.1371/journal.ppat.1002330
https://doi.org/10.1128/EC.3.2.561-563.2004
https://doi.org/10.1128/EC.3.2.561-563.2004
https://doi.org/10.1371/journal.pone.0067426
https://doi.org/10.1371/journal.pone.0067426
https://doi.org/10.1371/journal.pone.0033604
https://doi.org/10.1111/j.1365-2958.2011.07778.x
https://doi.org/10.1111/j.1365-2958.2011.07778.x
https://doi.org/10.1093/femsre/fux050
https://doi.org/10.3389/fmicb.2017.02388
https://doi.org/10.3389/fmicb.2017.02388
https://doi.org/10.1016/j.chom.2011.07.005
https://doi.org/10.1016/j.chom.2011.07.005
https://doi.org/10.1371/journal.ppat.1002956
https://doi.org/10.1099/mic.0.071514-0
https://doi.org/10.1016/j.abb.2007.05.020
https://doi.org/10.1016/j.abb.2007.05.020
https://doi.org/10.1101/cshperspect.a019778
https://doi.org/10.1186/1471-2164-14-623
https://doi.org/10.1007/s11274-017-2215-8
https://doi.org/10.3390/ijms140815785
https://doi.org/10.1371/journal.pgen.1007476
https://doi.org/10.1111/mmi.12983
https://doi.org/10.3389/fmicb.2016.00645
https://doi.org/10.1128/mBio.01782-16
https://doi.org/10.1128/mBio.01782-16
https://doi.org/10.1186/s12934-014-0120-5
https://doi.org/10.1186/s12934-014-0120-5
https://doi.org/10.1371/journal.pone.0062367
https://doi.org/10.1002/iub.1441
https://doi.org/10.1002/iub.1441
https://doi.org/10.1128/mcb.13.11.7091
https://doi.org/10.1128/mcb.13.11.7091
https://doi.org/10.1371/journal.pbio.0040410
https://doi.org/10.1371/journal.pbio.0040410
https://doi.org/10.1371/journal.ppat.1001209
https://doi.org/10.1371/journal.ppat.1001209
https://doi.org/10.3389/fmicb.2016.00716
https://doi.org/10.3389/fmicb.2016.00716
https://doi.org/10.1074/jbc.M307847200
https://doi.org/10.1016/j.ejcb.2015.05.002
https://doi.org/10.1074/jbc.RA119.008600
https://doi.org/10.1074/jbc.RA119.008600
https://doi.org/10.1039/C4CC09175B
https://doi.org/10.1039/c9mt00286c
https://doi.org/10.1039/c9mt00286c
https://doi.org/10.1091/mbc.01-10-0517
https://doi.org/10.1016/S0014-5793(97)01414-2
https://doi.org/10.1016/S0014-5793(97)01414-2
https://doi.org/10.1016/S0022-2836(03)00666-1
https://doi.org/10.1271/bbb.69.2109
https://doi.org/10.1093/mmy/myx073
https://doi.org/10.1007/s11046-004-2223-8
https://doi.org/10.1074/jbc.M112.421735
https://doi.org/10.1074/jbc.M112.421735
https://doi.org/10.1111/j.1365-2958.2004.04281.x
https://doi.org/10.1111/j.1365-2958.2004.04281.x
https://doi.org/10.1039/c8mt00263k
https://doi.org/10.1016/j.cell.2016.12.034
https://doi.org/10.1016/j.molcel.2020.02.011
https://doi.org/10.3389/fmicb.2019.01528


mitochondrial but not cytosolic iron-sulfur protein biogenesis, J. Biol. Chem. 280 
(2005) 10135–10140, https://doi.org/10.1074/jbc.M413731200. 

[179] D.J.A. Netz, J. Mascarenhas, O. Stehling, A.J. Pierik, R. Lill, Maturation of cyto
solic and nuclear iron-sulfur proteins, Trends Cell Biol. 24 (2014) 303–312, 
https://doi.org/10.1016/j.tcb.2013.11.005. 

[180] T. Iwema, A. Picciocchi, D.A.K. Traore, J.L. Ferrer, F. Chauvat, L. Jacquamet, 
Structural basis for delivery of the intact [Fe2S2] cluster by monothiol glutar
edoxin, Biochemistry 48 (2009) 6041–6043, https://doi.org/10.1021/ 
bi900440m. 

[181] C.B. Poor, S.V. Wegner, H. Li, A.C. Dlouhy, J.P. Schuermann, R. Sanishvili, 
J.R. Hinshaw, P.J. Riggs-Gelasco, C.E. Outten, C. He, Molecular mechanism and 
structure of the Saccharomyces cerevisiae iron regulator Aft2, Proc. Natl. Acad. Sci. 
U. S. A. 111 (2014) 4043–4048, https://doi.org/10.1073/pnas.1318869111. 

[182] U. Mühlenhoff, S. Molik, J.R. Godoy, M. a. Uzarska, N. Richter, A. Seubert, Y. 
Zhang, J. Stubbe, F. Pierrel, E. Herrero, C.H. Lillig, R. Lill, Cytosolic monothiol 
glutaredoxins function in intracellular iron sensing and trafficking via their bound 
iron-sulfur cluster, Cell Metab. 12 (2010) 373–385. doi:https://doi.org/10.1016/j. 
cmet.2010.08.001. 

[183] H. Li, M. Stümpfig, C. Zhang, X. An, J.A. Stubbe, R. Lill, M. Huang, The diferric- 
tyrosyl radical cluster of ribonucleotide reductase and cytosolic iron-sulfur clusters 
have distinct and similar biogenesis requirements, J. Biol. Chem. 292 (2017) 
11445–11451, https://doi.org/10.1074/jbc.M117.786178. 

[184] S.J. Patel, A.G. Frey, D.J. Palenchar, S. Achar, K.Z. Bullough, A. Vashisht, 
J.A. Wohlschlegel, C.C. Philpott, A PCBP1–BolA2 chaperone complex delivers iron 
for cytosolic [2Fe–2S] cluster assembly, Nat. Chem. Biol. 15 (2019) 872–881, 
https://doi.org/10.1038/s41589-019-0330-6. 

[185] S. Inigo, A. Nagels Durand, A. Ritter, S. Le Gall, M. Termathe, R. Klassen, T. Tohge, 
B. De Coninck, J. Van Leene, R. De Clercq, B. Cammue, A.R. Fernie, K. Gevaert, G. 
De Jaeger, S.A. Leidel, R. Schaffrath, M. Van Lijsebettens, L. Pauwels, A. Goossens, 
Glutaredoxin GRXS17 associates with the cytosolic iron-sulfur cluster assembly 
pathway, Plant Physiol. 172 (2016) 858–873. doi:https://doi.org/10.1104/pp.16. 
00261. 

[186] F. Camponeschi, N.R. Prusty, S.A.E. Heider, S. Ciofi-Baffoni, L. Banci, GLRX3 acts 
as a [2Fe–2S] cluster chaperone in the cytosolic iron–sulfur assembly machinery 
transferring [2Fe–2S] clusters to NUBP1, J. Am. Chem. Soc. 142 (2020). 
doi:https://doi.org/10.1021/jacs.0c02266. 

[187] M. Misslinger, M.T. Scheven, P. Hortschansky, M.S. López-Berges, K. Heiss, 
N. Beckmann, T. Heigl, M. Hermann, T. Krüger, O. Kniemeyer, A.A. Brakhage, 
H. Haas, The monothiol glutaredoxin GrxD is essential for sensing iron starvation 
in Aspergillus fumigatus, PLoS Genet. 15 (2019) e1008379, , https://doi.org/10. 
1371/journal.pgen.1008379. 

[188] R. Attarian, G. Hu, E. Sánchez-León, M. Caza, D. Croll, E. Do, H. Bach, T. Missall, 
J. Lodge, W.H. Jung, J.W. Kronstad, The monothiol glutaredoxin Grx4 regulates 
iron homeostasis and virulence in Cryptococcus neoformans, MBio 9 (2018) 
e02377-18, , https://doi.org/10.1128/mBio.02377-18. 

[189] J. Encinar del Dedo, N. Gabrielli, M. Carmona, J. Ayté, E. Hidalgo, A cascade of 
iron-containing proteins governs the genetic iron starvation response to promote 
iron uptake and inhibit Iron storage in fission yeast, PLoS Genet. 11 (2015) 
e1005106, , https://doi.org/10.1371/journal.pgen.1005106. 

[190] D. Zhang, Y. Dong, Q. Yu, Z. Kai, M. Zhang, C. Jia, C. Xiao, B. Zhang, B. Zhang, 
M. Li, Function of glutaredoxin 3 (Grx3) in oxidative stress response caused by 
iron homeostasis disorder in Candida albicans, Future Microbiol. 12 (2017) 
1397–1412, https://doi.org/10.2217/fmb-2017-0098. 

[191] C. Berndt, C.H. Lillig, Glutathione, glutaredoxins, and iron, Antioxid. Redox 
Signal. 27 (2017) 1235–1251, https://doi.org/10.1089/ars.2017.7132. 

[192] J. Amich, L. Schafferer, H. Haas, S. Krappmann, Regulation of Sulphur assimilation 
is essential for virulence and affects iron homeostasis of the human-pathogenic 
mould Aspergillus fumigatus, PLoS Pathog. 9 (2013) e1003573, , https://doi.org/ 
10.1371/journal.ppat.1003573. 

[193] M. Gupta, C.E. Outten, Iron–sulfur cluster signaling: the common thread in fungal 
iron regulation, Curr. Opin. Chem. Biol. 55 (2020) 189–201, https://doi.org/10. 
1016/j.cbpa.2020.02.008. 

[194] H. Li, C.E. Outten, Monothiol CGFS glutaredoxins and BolA-like proteins: [2Fe-2S] 
binding partners in iron homeostasis, Biochemistry 51 (2012) 4377–4389, https:// 
doi.org/10.1021/bi300393z. 

[195] N. Pujol-Carrion, G. Belli, E. Herrero, A. Nogues, M.A. de la Torre-Ruiz, 
Glutaredoxins Grx3 and Grx4 regulate nuclear localisation of Aft1 and the oxi
dative stress response in Saccharomyces cerevisiae, J. Cell Sci. 119 (2006) 
4554–4564, https://doi.org/10.1242/jcs.03229. 

[196] L. Ojeda, G. Keller, U. Muhlenhoff, J.C. Rutherford, R. Lill, D.R. Winge, Role of 
glutaredoxin-3 and glutaredoxin-4 in the iron regulation of the Aft1 transcrip
tional activator in Saccharomyces cerevisiae, J. Biol. Chem. 281 (2006) 
17661–17669, https://doi.org/10.1074/jbc.M602165200. 

[197] H. Li, C.E. Outten, The conserved CDC motif in the yeast iron regulator Aft2 
mediates iron–sulfur cluster exchange and protein–protein interactions with Grx3 
and Bol2, J. Biol. Inorg. Chem. 24 (2019) 809–815, https://doi.org/10.1007/ 
s00775-019-01705-x. 

[198] Y. Yamaguchi-Iwai, A. Dancis, R.D. Klausner, AFT1: a mediator of iron regulated 
transcriptional control in Saccharomyces cerevisiae, EMBO J. 14 (1995) 1231–1239, 
https://doi.org/10.1002/j.1460-2075.1995.tb07106.x. 

[199] N. Rietzschel, A.J. Pierik, E. Bill, R. Lill, U. Mühlenhoff, The basic leucine zipper 
stress response regulator Yap5 senses high-iron conditions by coordination of 
[2Fe-2S] clusters, Mol. Cell. Biol. 35 (2015) 370–378, https://doi.org/10.1128/ 
MCB.01033-14. 

[200] A.C. Dlouhy, J. Beaudoin, S. Labbé, C.E. Outten, Schizosaccharomyces pombe Grx4 
regulates the transcriptional repressor Php4 via [2Fe–2S] cluster binding, 

Metallomics 9 (2017) 1096–1105, https://doi.org/10.1039/C7MT00144D. 
[201] M.C.B. di Patti, A. Cutone, G. Musci, Mutational analysis of the cysteine-rich re

gion of the iron-responsive GATA factor Fep1. Role of individual cysteines as 
[2Fe–2S] cluster ligands, Cell Biochem. Biophys. 76 (2018) 339–344, https://doi. 
org/10.1007/s12013-018-0842-9. 

[202] A. Cutone, B.D. Howes, A.E. Miele, R. Miele, A. Giorgi, A. Battistoni, G. Smulevich, 
G. Musci, M.C.B. Di Patti, Pichia pastoris Fep1 is a [2Fe-2S] protein with a Zn 
finger that displays an unusual oxygen-dependent role in cluster binding, Sci. Rep. 
6 (2016) 31872, https://doi.org/10.1038/srep31872. 

[203] H.-J. Kim, K.-L. Lee, K.-D. Kim, J.-H. Roe, The iron uptake repressor Fep1 in the 
fission yeast binds Fe-S cluster through conserved cysteines, Biochem. Biophys. 
Res. Commun. 478 (2016) 187–192, https://doi.org/10.1016/j.bbrc.2016.07.070. 

[204] K.-D. Kim, H.-J. Kim, K.-C. Lee, J.-H. Roe, Multi-domain CGFS-type glutaredoxin 
Grx4 regulates iron homeostasis via direct interaction with a repressor Fep1 in 
fission yeast, Biochem. Biophys. Res. Commun. 408 (2011) 609–614, https://doi. 
org/10.1016/j.bbrc.2011.04.069. 

[205] P. Vachon, A. Mercier, M. Jbel, S. Labbé, The monothiol glutaredoxin Grx4 exerts 
an iron-dependent inhibitory effect on Php4 function, Eukaryot. Cell 11 (2012) 
806–819, https://doi.org/10.1128/EC.00060-12. 

[206] M. Jbel, A. Mercier, S. Labbé, Grx4 monothiol glutaredoxin is required for iron 
limitation-dependent inhibition of fep1, Eukaryot. Cell 10 (2011) 629–645, 
https://doi.org/10.1128/EC.00015-11. 

[207] S.L. Forsburg, L. Guarente, Identification and characterization of HAP4: a third 
component of the CCAAT-bound HAP2/HAP3 heteromer, Genes Dev. 3 (1989) 
1166–1178, https://doi.org/10.1101/gad.3.8.1166. 

[208] C.L. Bouchez, E.D. Yoboue, L.E. De La Rosa Vargas, B. Salin, S. Cuvellier, 
M. Rigoulet, S. Duvezin-Caubet, A. Devin, “Labile” heme critically regulates mi
tochondrial biogenesis through the transcriptional co-activator Hap4p in 
Saccharomyces cerevisiae, J. Biol. Chem. 295 (2020) 5095–5109, https://doi.org/ 
10.1074/jbc.RA120.012739. 

[209] D.S. McNabb, I. Pinto, Assembly of the Hap2p/Hap3p/Hap4p/Hap5p-DNA com
plex in Saccharomyces cerevisiae, Eukaryot. Cell 4 (2005) 1829–1839, https://doi. 
org/10.1128/EC.4.11.1829-1839.2005. 

[210] E.M. Huber, D.H. Scharf, P. Hortschansky, M. Groll, A.a. Brakhage, DNA minor 
groove sensing and widening by the ccaat-binding complex, Structure 20 (2012) 
1757–1768, https://doi.org/10.1016/j.str.2012.07.012. 

[211] P. Hortschansky, E. Ando, K. Tuppatsch, H. Arikawa, T. Kobayashi, M. Kato, 
H. Haas, A.A. Brakhage, Deciphering the combinatorial DNA-binding code of the 
CCAAT-binding complex and the iron-regulatory basic region leucine zipper 
(bZIP) transcription factor HapX, J. Biol. Chem. 290 (2015) 6058–6070, https:// 
doi.org/10.1074/jbc.M114.628677. 

[212] T. Siggers, R. Gordân, Protein–DNA binding: complexities and multi-protein codes, 
Nucleic Acids Res. 42 (2013) 2099–2111, https://doi.org/10.1093/nar/gkt1112. 

[213] A. Thiébaut, T. Delaveau, M. Benchouaia, J. Boeri, M. Garcia, G. Lelandais, 
F. Devaux, The CCAAT-binding complex controls respiratory gene expression and 
iron homeostasis in Candida glabrata, Sci. Rep. 7 (2017) 1–10, https://doi.org/10. 
1038/s41598-017-03750-5. 

[214] F. Devaux, A. Thiébaut, The regulation of iron homeostasis in the fungal human 
pathogen Candida glabrata, Microbiol. (United Kingdom). 165 (2019) 1041–1060, 
https://doi.org/10.1099/mic.0.000807. 

[215] T. Ganz, Iron in innate immunity: starve the invaders, Curr. Opin. Immunol. 21 
(2009) 63–67, https://doi.org/10.1016/j.coi.2009.01.011. 

[216] M. Nairz, G. Weiss, Iron in infection and immunity, Mol. Asp. Med. (2020), 
https://doi.org/10.1016/j.mam.2020.100864. 

[217] E.I. Matthaiou, G. Sass, D.A. Stevens, J.L. Hsu, Iron: An essential nutrient for 
Aspergillus fumigatus and a fulcrum for pathogenesis, Curr. Opin. Infect. Dis. 31 
(2018) 506–511, https://doi.org/10.1097/QCO.0000000000000487. 

[218] J.L. Hsu, O.V. Manouvakhova, K.V. Clemons, M. Inayathullah, A.B. Tu, R.A. Sobel, 
A. Tian, H. Nazik, V.R. Pothineni, S. Pasupneti, X. Jiang, G.S. Dhillon, H. Bedi, 
J. Rajadas, H. Haas, L. Aurelian, D.A. Stevens, M.R. Nicolls, Microhemorrhage- 
associated tissue iron enhances the risk for Aspergillus fumigatus invasion in a 
mouse model of airway transplantation, Sci. Transl. Med. 10 (2018) 2616, https:// 
doi.org/10.1126/scitranslmed.aag2616. 

[219] V. Petzer, M. Wermke, P. Tymoszuk, D. Wolf, M. Seifert, R. Ovaçin, S. Berger, 
D. Orth-Höller, L. Loacker, G. Weiss, H. Haas, U. Platzbecker, I. Theurl, Enhanced 
labile plasma iron in hematopoietic stem cell transplanted patients promotes 
Aspergillus outgrowth, Blood Adv. 3 (2019) 1695–1700, https://doi.org/10.1182/ 
bloodadvances.2019000043. 

[220] A.S. Ibrahim, T. Gebremariam, G. Luo, Y. Fu, S.W. French, J.E. Edwards, 
B. Spellberg, Combination therapy of murine mucormycosis or aspergillosis with 
iron chelation, polyenes, and echinocandins, Antimicrob. Agents Chemother. 55 
(2011) 1768–1770, https://doi.org/10.1128/AAC.01577-10. 

[221] B. Spellberg, A.S. Ibrahim, P.V. Chin-Hong, D.P. Kontoyiannis, M.I. Morris, 
J.R. Perfect, D. Fredricks, E.P. Brass, The Deferasirox–AmBisome Therapy for 
Mucormycosis (DEFEAT Mucor) study: a randomized, double-blinded, placebo- 
controlled trial, J. Antimicrob. Chemother. 67 (2011) 715–722, https://doi.org/ 
10.1093/jac/dkr375. 

[222] P.H. Williams, Novel iron uptake system specified by ColV plasmids: an important 
component in the virulence of invasive strains of Escherichia coli, Infect. Immun. 26 
(1979) 925–932 http://www.ncbi.nlm.nih.gov/pubmed/160892 (accessed May 
27, 2020). 

[223] J. Van Cutsem, J.R. Boelaert, Effects of deferoxamine, feroxamine and iron on 
experimental mucormycosis (zygomycosis), Kidney Int. 36 (1989) 1061–1068, 
https://doi.org/10.1038/ki.1989.301. 

[224] J.R. Boelaert, M. De Locht, J. Van Cutsem, V. Kerrels, B. Cantinieaux, A. Verdonck, 
H.W. Van Landuyt, Y.J. Schneider, Mucormycosis during deferoxamine therapy is 

M. Misslinger, et al.   BBA - Molecular Cell Research 1868 (2021) 118885

21

https://doi.org/10.1074/jbc.M413731200
https://doi.org/10.1016/j.tcb.2013.11.005
https://doi.org/10.1021/bi900440m
https://doi.org/10.1021/bi900440m
https://doi.org/10.1073/pnas.1318869111
https://doi.org/10.1016/j.cmet.2010.08.001
https://doi.org/10.1016/j.cmet.2010.08.001
https://doi.org/10.1074/jbc.M117.786178
https://doi.org/10.1038/s41589-019-0330-6
https://doi.org/10.1104/pp.16.00261
https://doi.org/10.1104/pp.16.00261
https://doi.org/10.1021/jacs.0c02266
https://doi.org/10.1371/journal.pgen.1008379
https://doi.org/10.1371/journal.pgen.1008379
https://doi.org/10.1128/mBio.02377-18
https://doi.org/10.1371/journal.pgen.1005106
https://doi.org/10.2217/fmb-2017-0098
https://doi.org/10.1089/ars.2017.7132
https://doi.org/10.1371/journal.ppat.1003573
https://doi.org/10.1371/journal.ppat.1003573
https://doi.org/10.1016/j.cbpa.2020.02.008
https://doi.org/10.1016/j.cbpa.2020.02.008
https://doi.org/10.1021/bi300393z
https://doi.org/10.1021/bi300393z
https://doi.org/10.1242/jcs.03229
https://doi.org/10.1074/jbc.M602165200
https://doi.org/10.1007/s00775-019-01705-x
https://doi.org/10.1007/s00775-019-01705-x
https://doi.org/10.1002/j.1460-2075.1995.tb07106.x
https://doi.org/10.1128/MCB.01033-14
https://doi.org/10.1128/MCB.01033-14
https://doi.org/10.1039/C7MT00144D
https://doi.org/10.1007/s12013-018-0842-9
https://doi.org/10.1007/s12013-018-0842-9
https://doi.org/10.1038/srep31872
https://doi.org/10.1016/j.bbrc.2016.07.070
https://doi.org/10.1016/j.bbrc.2011.04.069
https://doi.org/10.1016/j.bbrc.2011.04.069
https://doi.org/10.1128/EC.00060-12
https://doi.org/10.1128/EC.00015-11
https://doi.org/10.1101/gad.3.8.1166
https://doi.org/10.1074/jbc.RA120.012739
https://doi.org/10.1074/jbc.RA120.012739
https://doi.org/10.1128/EC.4.11.1829-1839.2005
https://doi.org/10.1128/EC.4.11.1829-1839.2005
https://doi.org/10.1016/j.str.2012.07.012
https://doi.org/10.1074/jbc.M114.628677
https://doi.org/10.1074/jbc.M114.628677
https://doi.org/10.1093/nar/gkt1112
https://doi.org/10.1038/s41598-017-03750-5
https://doi.org/10.1038/s41598-017-03750-5
https://doi.org/10.1099/mic.0.000807
https://doi.org/10.1016/j.coi.2009.01.011
https://doi.org/10.1016/j.mam.2020.100864
https://doi.org/10.1097/QCO.0000000000000487
https://doi.org/10.1126/scitranslmed.aag2616
https://doi.org/10.1126/scitranslmed.aag2616
https://doi.org/10.1182/bloodadvances.2019000043
https://doi.org/10.1182/bloodadvances.2019000043
https://doi.org/10.1128/AAC.01577-10
https://doi.org/10.1093/jac/dkr375
https://doi.org/10.1093/jac/dkr375
http://www.ncbi.nlm.nih.gov/pubmed/160892
https://doi.org/10.1038/ki.1989.301


a siderophore-mediated infection: in vitro and in vivo animal studies, J. Clin. 
Invest. 91 (1993) 1979–1986, https://doi.org/10.1172/JCI116419. 

[225] B. Mei, A.D. Budde, S.A. Leong, sid1, a gene initiating siderophore biosynthesis in 
Ustilago maydis: molecular characterization, regulation by iron, and role in phy
topathogenicity, Proc. Natl. Acad. Sci. U. S. A. 90 (1993) 903–907, https://doi. 
org/10.1073/pnas.90.3.903. 

[226] D.L. Greenshields, G. Liu, J. Feng, G. Selvaraj, Y. Wei, The siderophore biosyn
thetic gene SID1, but not the ferroxidase gene FET3, is required for full Fusarium 
graminearum virulence, Mol. Plant Pathol. 8 (2007) 411–421, https://doi.org/10. 
1111/j.1364-3703.2007.00401.x. 

[227] Y.S. Park, I.D. Choi, C.M. Kang, M.S. Ham, J.H. Kim, T.H. Kim, S.H. Yun, Y.W. Lee, 
H.I. Chang, H.C. Sung, C.W. Yun, Functional identification of high-affinity iron 
permeases from Fusarium graminearum, Fungal Genet. Biol. 43 (2006) 273–282, 
https://doi.org/10.1016/j.fgb.2005.12.005. 

[228] S. Oide, W. Moeder, S. Krasnoff, D. Gibson, H. Haas, K. Yoshioka, B.G. Turgeon, 
NPS6, encoding a nonribosomal peptide synthetase involved in siderophore- 
mediated iron metabolism, is a conserved virulence determinant of plant patho
genic ascomycetes, Plant Cell 18 (2006) 2836–2853, https://doi.org/10.1105/tpc. 
106.045633. 

[229] B. Voß, F. Kirschhöfer, G. Brenner-Weiß, R. Fischer, Alternaria alternata uses two 
siderophore systems for iron acquisition, Sci. Rep. 10 (2020), https://doi.org/10. 
1038/s41598-020-60468-7. 

[230] E. Albarouki, L. Schafferer, F. Ye, N. von Wirén, H. Haas, H.B. Deising, Biotrophy- 
specific downregulation of siderophore biosynthesis in Colletotrichum graminicola 
is required for modulation of immune responses of maize, Mol. Microbiol. 92 
(2014) 338–355, https://doi.org/10.1111/mmi.12561. 

[231] A. Aznar, A. Dellagi, New insights into the role of siderophores as triggers of plant 
immunity: what can we learn from animals? J. Exp. Bot. 66 (2015) 3001–3010, 
https://doi.org/10.1093/jxb/erv155. 

[232] A. Boughammoura, T. Franza, A. Dellagi, C. Roux, B. Matzanke-Markstein, 
D. Expert, Ferritins, Bacterial Virulence and Plant Defence, BioMetals, Biometals 
(2007), pp. 347–353, https://doi.org/10.1007/s10534-006-9069-0. 

[233] D. Expert, Genetic regulation of iron in Erwinia chrysanthemi as pertains to bac
terial virulence, Iron Nutr. Plants Rhizospheric Microorg, Springer, Netherlands, 
2006, pp. 215–227, , https://doi.org/10.1007/1-4020-4743-6_10. 

[234] H. Eichhorn, F. Lessing, B. Winterberg, J. Schirawski, J. Kämper, P. Müller, 
R. Kahmann, A ferroxidation/permeation iron uptake system is required for 
virulence in Ustilago maydis, Plant Cell 18 (2006) 3332–3345, https://doi.org/10. 
1105/tpc.106.043588. 

[235] L.E. Birch, M. Ruddat, Siderophore accumulation and phytopathogenicity in 
Microbotryum violaceum, Fungal Genet. Biol. 42 (2005) 579–589, https://doi.org/ 
10.1016/j.fgb.2004.11.001. 

[236] G. Kuznets, E. Vigonsky, Z. Weissman, D. Lalli, T. Gildor, S.J. Kauffman, P. Turano, 
J. Becker, O. Lewinson, D. Kornitzer, A relay network of extracellular Heme- 
binding proteins drives C. albicans Iron acquisition from hemoglobin, PLoS Pathog. 
10 (2014), https://doi.org/10.1371/journal.ppat.1004407. 

[237] N. Ramanan, Y. Wang, A high-affinity iron permease essential for Candida albicans 
virulence, Science (80-. ). 288 (2000) 1062–1064, https://doi.org/10.1126/ 
science.288.5468.1062. 

[238] J.W. Kronstad, G. Hu, W.H. Jung, An encapsulation of iron homeostasis and 
virulence in Cryptococcus neoformans, Trends Microbiol. 21 (2013) 457–465, 
https://doi.org/10.1016/j.tim.2013.05.007. 

[239] R.S. Almeida, S. Brunke, A. Albrecht, S. Thewes, M. Laue, J.E. Edwards, S.G. Filler, 
B. Hube, The hyphal-associated adhesin and invasin Als3 of Candida albicans 
mediates iron acquisition from host ferritin, PLoS Pathog. 4 (2008), https://doi. 
org/10.1371/journal.ppat.1000217. 

[240] M.I. Navarro-Mendoza, C. Pérez-Arques, L. Murcia, P. Martínez-García, C. Lax, 
M. Sanchis, J. Capilla, F.E. Nicolás, V. Garre, Components of a new gene family of 
ferroxidases involved in virulence are functionally specialized in fungal di
morphism, Sci. Rep. 8 (2018), https://doi.org/10.1038/s41598-018-26051-x. 

[241] T. Gebremariam, L. Lin, M. Liu, D.P. Kontoyiannis, S. French, J.E. Edwards, 
S.G. Filler, A.S. Ibrahim, Bicarbonate correction of ketoacidosis alters host-pa
thogen interactions and alleviates mucormycosis, J. Clin. Invest. 126 (2016) 
2280–2294, https://doi.org/10.1172/JCI82744. 

[242] A.M. Dietl, Z. Meir, Y. Shadkchan, N. Osherov, H. Haas, Riboflavin and pan
tothenic acid biosynthesis are crucial for iron homeostasis and virulence in the 
pathogenic mold Aspergillus fumigatus, Virulence 9 (2018) 1036–1049, https://doi. 
org/10.1080/21505594.2018.1482181. 

[243] L.J. Johnson, A. Koulman, M. Christensen, G.A. Lane, K. Fraser, N. Forester, 
R.D. Johnson, G.T. Bryan, S. Rasmussen, An extracellular siderophore is required 
to maintain the mutualistic interaction of Epichloë festucae with Lolium perenne, 
PLoS Pathog. 9 (2013), https://doi.org/10.1371/journal.ppat.1003332. 

[244] B. Briard, P. Bomme, B.E. Lechner, G.L.A. Mislin, V. Lair, M.C. Prévost, J.P. Latgé, 
H. Haas, A. Beauvais, Pseudomonas aeruginosa manipulates redox and iron home
ostasis of its microbiota partner Aspergillus fumigatus via phenazines, Sci. Rep. 5 
(2015), https://doi.org/10.1038/srep08220. 

[245] G. Sass, H. Nazik, J. Penner, H. Shah, S.R. Ansari, K.V. Clemons, M.C. Groleau, 
A.M. Dietl, P. Visca, H. Haas, E. Déziel, D.A. Stevens, Studies of Pseudomonas 
aeruginosa mutants indicate pyoverdine as the central factor in inhibition of 
Aspergillus fumigatus biofilm, J. Bacteriol. 200 (2018), https://doi.org/10.1128/JB. 
00345-17. 

[246] G. Sass, S.R. Ansari, A.M. Dietl, E. Déziel, H. Haas, D.A. Stevens, Intermicrobial 
interaction: Aspergillus fumigatus siderophores protect against competition by 
Pseudomonas aeruginosa, PLoS One 14 (2019), https://doi.org/10.1371/journal. 
pone.0216085. 

[247] V. Braun, K. Günter, K. Hantke, Transport of iron across the outer membrane, Biol. 

Met. 4 (1991) 14–22, https://doi.org/10.1007/BF01135552. 
[248] R. Grinter, T. Lithgow, Determination of the molecular basis for coprogen import 

by Gram-negative bacteria, IUCrJ 6 (2019) 401–411, https://doi.org/10.1107/ 
S2052252519002926. 

[249] E. Kazamia, R. Sutak, J. Paz-Yepes, R.G. Dorrell, F.R.J. Vieira, J. Mach, 
J. Morrissey, S. Leon, F. Lam, E. Pelletier, J.-M.M. Camadro, J.-M. Camadro, 
C. Bowler, E. Lesuisse, Endocytosis-mediated siderophore uptake as a strategy for 
Fe acquisition in diatoms, Sci. Adv. 4 (2018) 1–14, https://doi.org/10.1126/ 
sciadv.aar4536. 

[250] V.N. Thanh, M.S. Dyk, M.J. Wingfield, Debaryomyces mycophilus sp. nov., a side
rophore-dependent yeast isolated from woodlice, FEMS Yeast Res. 2 (2002) 
415–427, https://doi.org/10.1111/j.1567-1364.2002.tb00112.x. 

[251] H. Beguin, Tritirachium egenum, a thiamine- and siderophore-auxotrophic fungal 
species isolated from a Penicillium rugulosum, FEMS Microbiol. Ecol. 74 (2010) 
165–173, https://doi.org/10.1111/j.1574-6941.2010.00929.x. 

[252] M. Hoenigl, T. Orasch, K. Faserl, J. Prattes, J. Loeffler, J. Springer, F. Gsaller, 
F. Reischies, W. Duettmann, R.B. Raggam, H. Lindner, H. Haas, Triacetylfusarinine 
C: a urine biomarker for diagnosis of invasive aspergillosis, J. Inf. Secur. 78 (2019) 
150–157, https://doi.org/10.1016/j.jinf.2018.09.006. 

[253] S. Pahlow, T. Orasch, O. Žukovskaja, T. Bocklitz, H. Haas, K. Weber, Rapid de
tection of the aspergillosis biomarker triacetylfusarinine C using interference-en
hanced Raman spectroscopy, Anal. Bioanal. Chem. (2020), https://doi.org/10. 
1007/s00216-020-02571-2. 

[254] M. Petrik, J. Pfister, M. Misslinger, C. Decristoforo, H. Haas, Siderophore-based 
molecular imaging of fungal and bacterial infections—current status and future 
perspectives, J. Fungi 6 (2020), https://doi.org/10.3390/jof6020073. 

[255] D. Summer, M. Petrik, S. Mayr, M. Hermann, P. Kaeopookum, J. Pfister, 
M. Klingler, C. Rangger, H. Haas, C. Decristoforo, Hybrid imaging agents for 
pretargeting applications based on fusarinine c-proof of concept, Molecules 25 
(2020), https://doi.org/10.3390/molecules25092123. 

[256] M.J. Miller, H. Zhu, Y. Xu, C. Wu, A.J. Walz, A. Vergne, J.M. Roosenberg, 
G. Moraski, A.A. Minnick, J. McKee-Dolence, J. Hu, K. Fennell, E. Kurt Dolence, 
L. Dong, S. Franzblau, F. Malouin, U. Möllmann, Utilization of microbial iron 
assimilation processes for the development of new antibiotics and inspiration for 
the design of new anticancer agents, BioMetals, Biometals (2009) 61–75, https:// 
doi.org/10.1007/s10534-008-9185-0. 

[257] K.H. Negash, J.K.S. Norris, J.T. Hodgkinson, Siderophore-antibiotic conjugate 
design: new drugs for bad bugs? Molecules 24 (2019), https://doi.org/10.3390/ 
molecules24183314. 

[258] A.M. Dietl, M. Misslinger, M.M. Aguiar, V. Ivashov, D. Teis, J. Pfister, 
C. Decristoforo, M. Hermann, S.M. Sullivan, L.R. Smith, H. Haas, The siderophore 
transporter Sit1 determines susceptibility to the antifungal VL-2397, Antimicrob. 
Agents Chemother. 63 (2019), https://doi.org/10.1128/AAC.00807-19. 

[259] J.S. Martín Del Campo, N. Vogelaar, K. Tolani, K. Kizjakina, K. Harich, P. Sobrado, 
Inhibition of the flavin-dependent monooxygenase siderophore A (SidA) blocks 
siderophore biosynthesis and Aspergillus fumigatus growth, ACS Chem. Biol. 11 
(2016) 3035–3042, https://doi.org/10.1021/acschembio.6b00666. 

[260] S.M. Leal, S. Roy, C. Vareechon, S. deJesus Carrion, H. Clark, M.S. Lopez-Berges, 
A. diPietro, M. Schrettl, N. Beckmann, B. Redl, H. Haas, E. Pearlman, Targeting 
iron acquisition blocks infection with the fungal pathogens Aspergillus fumigatus 
and Fusarium oxysporum, PLoS Pathog. 9 (2013) e1003436, , https://doi.org/10. 
1371/journal.ppat.1003436. 

[261] G. Charlang, B. Ng, N.H. Horowitz, R.M. Horowitz, Cellular and extracellular 
siderophores of Aspergillus nidulans and Penicillium chrysogenum, Mol. Cell. Biol. 1 
(1981) 94–100, https://doi.org/10.1128/mcb.1.2.94. 

[262] B.F. Matzanke, E. Bill, A.X. Trautwein, G. Winkelmann, Ferricrocin functions as 
the main intracellular iron-storage compound in mycelia of Neurospora crassa, 
Biol. Met. 1 (1988) 18–25, https://doi.org/10.1007/BF01128013. 

[263] S. Oide, F. Berthiller, G. Wiesenberger, G. Adam, B.G. Turgeon, Individual and 
combined roles of malonichrome, ferricrocin, and TAFC siderophores in Fusarium 
graminearum pathogenic and sexual development, Front. Microbiol. 5 (2014), 
https://doi.org/10.3389/fmicb.2014.00759. 

[264] F. Gsaller, M. Blatzer, B. Abt, M. Schrettl, H. Lindner, H. Haas, The first promoter 
for conditional gene expression in Acremonium chrysogenum: Iron starvation-in
ducible mir1P, J. Biotechnol. 163 (2013) 77–80, https://doi.org/10.1016/j. 
jbiotec.2012.10.008. 

[265] L. Antelo, C. Hof, K. Welzel, K. Eisfeld, O. Sterner, H. Anke, Siderophores produced 
by Magnaporthe grisea in the presence and absence of iron, Zeitschrift Fur 
Naturforsch. - Sect. C J. Biosci. 61 (2006) 461–464, https://doi.org/10.1515/znc- 
2006-5-626. 

[266] S.B. Krasnoff, I. Keresztes, B.G.G. Donzelli, D.M. Gibson, Metachelins, mannosy
lated and N-oxidized coprogen-type siderophores from Metarhizium robertsii, J. 
Nat. Prod. 77 (2014) 1685–1692, https://doi.org/10.1021/np500300s. 

[267] N.T. Forester, G.A. Lane, M. Steringa, I.L. Lamont, L.J. Johnson, Contrasting roles 
of fungal siderophores in maintaining iron homeostasis in Epichloë festucae, Fungal 
Genet. Biol. 111 (2018) 60–72, https://doi.org/10.1016/j.fgb.2017.11.003. 

[268] P.C. Hsu, C.Y. Yang, C.Y. Lan, Candida albicans Hap43 is a repressor induced under 
low-iron conditions and is essential for iron-responsive transcriptional regulation 
and virulence, Eukaryot. Cell 10 (2011) 207–225, https://doi.org/10.1128/EC. 
00158-10. 

[269] J.L. Slater, L. Gregson, D.W. Denning, P.A. Warn, Pathogenicity of Aspergillus fu
migatus mutants assessed in Galleria mellonella matches that in mice, Med. Mycol. 
(2011), https://doi.org/10.3109/13693786.2010.523852 Med Mycol. 

[270] G. Chamilos, E.M. Bignell, M. Schrettl, R.E. Lewis, K. Leventakos, G.S. May, 
H. Haas, D.P. Kontoyiannis, Exploring the concordance of Aspergillus fumigatus 
pathogenicity in mice and Toll-deficient flies, Med. Mycol. 48 (2010) 506–510, 

M. Misslinger, et al.   BBA - Molecular Cell Research 1868 (2021) 118885

22

https://doi.org/10.1172/JCI116419
https://doi.org/10.1073/pnas.90.3.903
https://doi.org/10.1073/pnas.90.3.903
https://doi.org/10.1111/j.1364-3703.2007.00401.x
https://doi.org/10.1111/j.1364-3703.2007.00401.x
https://doi.org/10.1016/j.fgb.2005.12.005
https://doi.org/10.1105/tpc.106.045633
https://doi.org/10.1105/tpc.106.045633
https://doi.org/10.1038/s41598-020-60468-7
https://doi.org/10.1038/s41598-020-60468-7
https://doi.org/10.1111/mmi.12561
https://doi.org/10.1093/jxb/erv155
https://doi.org/10.1007/s10534-006-9069-0
https://doi.org/10.1007/1-4020-4743-6_10
https://doi.org/10.1105/tpc.106.043588
https://doi.org/10.1105/tpc.106.043588
https://doi.org/10.1016/j.fgb.2004.11.001
https://doi.org/10.1016/j.fgb.2004.11.001
https://doi.org/10.1371/journal.ppat.1004407
https://doi.org/10.1126/science.288.5468.1062
https://doi.org/10.1126/science.288.5468.1062
https://doi.org/10.1016/j.tim.2013.05.007
https://doi.org/10.1371/journal.ppat.1000217
https://doi.org/10.1371/journal.ppat.1000217
https://doi.org/10.1038/s41598-018-26051-x
https://doi.org/10.1172/JCI82744
https://doi.org/10.1080/21505594.2018.1482181
https://doi.org/10.1080/21505594.2018.1482181
https://doi.org/10.1371/journal.ppat.1003332
https://doi.org/10.1038/srep08220
https://doi.org/10.1128/JB.00345-17
https://doi.org/10.1128/JB.00345-17
https://doi.org/10.1371/journal.pone.0216085
https://doi.org/10.1371/journal.pone.0216085
https://doi.org/10.1007/BF01135552
https://doi.org/10.1107/S2052252519002926
https://doi.org/10.1107/S2052252519002926
https://doi.org/10.1126/sciadv.aar4536
https://doi.org/10.1126/sciadv.aar4536
https://doi.org/10.1111/j.1567-1364.2002.tb00112.x
https://doi.org/10.1111/j.1574-6941.2010.00929.x
https://doi.org/10.1016/j.jinf.2018.09.006
https://doi.org/10.1007/s00216-020-02571-2
https://doi.org/10.1007/s00216-020-02571-2
https://doi.org/10.3390/jof6020073
https://doi.org/10.3390/molecules25092123
https://doi.org/10.1007/s10534-008-9185-0
https://doi.org/10.1007/s10534-008-9185-0
https://doi.org/10.3390/molecules24183314
https://doi.org/10.3390/molecules24183314
https://doi.org/10.1128/AAC.00807-19
https://doi.org/10.1021/acschembio.6b00666
https://doi.org/10.1371/journal.ppat.1003436
https://doi.org/10.1371/journal.ppat.1003436
https://doi.org/10.1128/mcb.1.2.94
https://doi.org/10.1007/BF01128013
https://doi.org/10.3389/fmicb.2014.00759
https://doi.org/10.1016/j.jbiotec.2012.10.008
https://doi.org/10.1016/j.jbiotec.2012.10.008
https://doi.org/10.1515/znc-2006-5-626
https://doi.org/10.1515/znc-2006-5-626
https://doi.org/10.1021/np500300s
https://doi.org/10.1016/j.fgb.2017.11.003
https://doi.org/10.1128/EC.00158-10
https://doi.org/10.1128/EC.00158-10
https://doi.org/10.3109/13693786.2010.523852


https://doi.org/10.3109/13693780903225813. 
[271] L.H. Hwang, J.A. Mayfield, J. Rine, A. Sil, Histoplasma requires SID1, a member of 

an iron-regulated siderophore gene cluster, for host colonization, PLoS Pathog. 4 
(2008), https://doi.org/10.1371/journal.ppat.1000044. 

[272] B. Giuliano Garisto Donzelli, D.M. Gibson, S.B. Krasnoff, Intracellular siderophore 
but not extracellular siderophore is required for full virulence in Metarhizium ro
bertsii, Fungal Genet. Biol. 82 (2015) 56–68, https://doi.org/10.1016/j.fgb.2015. 
06.008. 

[273] B.J. Condon, S. Oide, D.M. Gibson, S.B. Krasnoff, B.G. Turgeon, Reductive iron 
assimilation and intracellular siderophores assist extracellular siderophore-driven 
iron homeostasis and virulence, Mol. Plant-Microbe Interact. 27 (2014) 793–808, 
https://doi.org/10.1094/MPMI-11-13-0328-R. 

[274] C. Hof, K. Eisfeld, K. Welzel, L. Antelo, A.J. Foster, H. Anke, Ferricrocin synthesis 
in Magnaporthe grisea and its role in pathogenicity in rice, Mol. Plant Pathol. 8 
(2007) 163–172, https://doi.org/10.1111/j.1364-3703.2007.00380.x. 

[275] E. Albarouki, H.B. Deising, Infection structure-specific reductive iron assimilation 

is required for cell wall integrity and full virulence of the maize pathogen 
Colletotrichum graminicola, Mol. Plant-Microbe Interact. 26 (2013) 695–708, 
https://doi.org/10.1094/MPMI-01-13-0003-R. 

[276] K.N. Raymond, B.E. Allred, A.K. Sia, Coordination chemistry of microbial Iron 
transport, Acc. Chem. Res. 48 (2015) 2496–2505, https://doi.org/10.1021/acs. 
accounts.5b00301. 

[277] G.B. Wong, M.J. Kappel, K.N. Raymond, B. Matzanke, G. Winkelmann, 
Coordination chemistry of microbial iron transport compounds. 24. 
Characterization of coprogen and ferricrocin, two ferric hydroxamate side
rophores, J. Am. Chem. Soc. 105 (1983) 810–815, https://doi.org/10.1021/ 
ja00342a027. 

[278] J.P. Adjimani, T. Emery, Iron uptake in mycelia sterilia EP-76, J. Bacteriol. 169 
(1987) 3664–3668, https://doi.org/10.1128/jb.169.8.3664-3668.1987. 

[279] M. Gründlinger, S. Yasmin, B.E. Lechner, S. Geley, M. Schrettl, M. Hynes, H. Haas, 
Fungal siderophore biosynthesis is partially localized in peroxisomes, Mol. 
Microbiol. 88 (2013) 862–875, https://doi.org/10.1111/mmi.12225.  

M. Misslinger, et al.   BBA - Molecular Cell Research 1868 (2021) 118885

23

https://doi.org/10.3109/13693780903225813
https://doi.org/10.1371/journal.ppat.1000044
https://doi.org/10.1016/j.fgb.2015.06.008
https://doi.org/10.1016/j.fgb.2015.06.008
https://doi.org/10.1094/MPMI-11-13-0328-R
https://doi.org/10.1111/j.1364-3703.2007.00380.x
https://doi.org/10.1094/MPMI-01-13-0003-R
https://doi.org/10.1021/acs.accounts.5b00301
https://doi.org/10.1021/acs.accounts.5b00301
https://doi.org/10.1021/ja00342a027
https://doi.org/10.1021/ja00342a027
https://doi.org/10.1128/jb.169.8.3664-3668.1987
https://doi.org/10.1111/mmi.12225

	Fungal iron homeostasis with a focus on Aspergillus fumigatus
	1 Introduction
	2 A. fumigatus - pathogen and valuable model organism
	3 Iron - an essential trace element
	4 Fungal iron acquisition strategies
	4.1 Reductive iron assimilation (RIA)
	4.2 Siderophore-mediated iron assimilation (SIA)
	4.2.1 Siderophore biosynthesis
	4.2.2 Siderophore uptake and intracellular release of iron


	5 Iron storage and detoxification
	5.1 Vacuolar iron storage and detoxification
	5.2 Siderophore-mediated iron storage

	6 Fungal iron regulatory systems to maintain iron homeostasis
	6.1 Iron regulation in A. fumigatus
	6.1.1 Iron regulation via iron-sensing transcription factors
	6.1.2 Iron homeostasis is tightly interwoven with other metabolic pathways

	6.2 Iron regulation in C. albicans and Pichia pastoris
	6.3 Iron regulation in S. cerevisiae and C. glabrata
	6.4 Iron regulation in S. pombe
	6.5 Iron regulation in basidiomycota: U. maydis and C. neoformans
	6.6 Iron regulation in Mucoromycota

	7 Iron‑sulfur (Fe-S) cluster biosynthesis and iron sensing
	7.1 Iron sensing by transcription factors

	8 DNA recognition mode of HapX and homologous transcription factors
	9 The role of iron and siderophores in biotic interactions
	10 Translational aspects of the fungal siderophore system
	11 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References




