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Abstract Ecology of siderophores, as described
in the present review, analyzes the factors that
allow the production and function of siderophores
under various environmental conditions. Micro-
organisms that excrete siderophores are able to
grow in natural low-iron environments by extract-
ing residual iron from insoluble iron hydroxides,
protein-bound iron or from other iron chelates.
Compared to the predominantly mobile bacteria,
the fungi represent mostly immobile microorgan-
isms that rely on local nutrient concentrations.
Feeding the immobile is a general strategy of
fungi and plants, which depend on the local
nutrient resources. This also applies to iron
nutrition, which can be improved by excretion
of siderophores. Most fungi produce a variety of
different siderophores, which cover a wide range
of physico-chemical properties in order to over-
come adverse local conditions of iron solubility.
Resource zones will be temporally and spatially
dynamic which eventually results in conidiospore
production, transport to new places and outgrow
of mycelia from conidiospores. Typically, extra-
cellular and intracellular siderophores exist in
fungi which function either in transport or storage
of ferric iron. Consequently, extracelluar and
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intracellular reduction of siderophores may occur
depending on the fungal strain, although in most
fungi transport of the intact siderophore iron
complex has been observed. Regulation of sid-
erophore biosynthesis is essential in fungi and
allows an economic use of siderophores and
metabolic resources. Finally, the chemical stabil-
ity of fungal siderophores is an important aspect
of microbial life in soil and in the rhizosphere.
Thus, insolubility of iron in the environment
is counteracted by dissolution and chelation
through organic acids and siderophores by
various fungi.
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Introduction

Ecology deals with both, organisms and environ-
ment and can be regarded as the studies of factors
that control the distribution and abundance of
organisms (MacArthur 2006). It simply summa-
rizes the properties that are required to survive in
a natural environment. The topic ecology of
siderophores is likewise an analysis of microor-
ganisms in their environment under iron-limiting
conditions and their siderophores produced. Since
the first observation of ferrichrome (Neilands
1952) and coprogen (Hesseltine et al. 1952) we
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know that low-molecular weight (<1500 Da) fer-
ric-specific chelates, collectively called sidero-
phores, are produced under iron limitation
which according to their iron-binding ligands are
classified either as hydroxamates, catecholates,
hydroxycarboxylates or mixed functional com-
pounds (Winkelmann 1986; Drechsel and Win-
kelmann 1997). Contrary to most other essential
metal ions entering microbial cells, iron(IIT)
needs to be solubilized by binding to siderophores
which then can enter microbial cells via specific
siderophore transport systems. This is a general
mechanism of aerobic microorganisms with only
few exceptions where iron is substituted by other
essential ions such as manganese in lactobacteria
and some pathogens which can mobilize ferric
iron directly from iron-containing eukaryotic host
proteins, like transferrin, lactoferrin, ferritin or
from heme using a heme oxigenase. Thus,
although iron is abundant, it is not easily available
and therefore ecology is a description of the
various factors that influence iron mobilization in
nature. This review will briefly discuss some
important ecological aspects of siderophores and
discuss their molecular design for the environ-
ment. While the general topic of metal ions in
fungi has been published previously (Winkel-
mann and Winge 1994; Winkelmann 2001, 2002),
the topic ecology of siderophores has only
recently been introduced (Winkelmann 2004)
with regard to various microbial communities in
a chapter of a previous book on Iron Transport in
Bacteria (Crosa et al. 2004). The present review
will focus in more detail on the fungal sidero-
phores which due to their wide-spread occurrence
in natural environments deserve special attention.

Main fungal siderophores

The number of structurally different fungal sid-
erophores has increased by now to about 100-150
with ferrichromes, coprogens, fusarinines and
polycarboxylates as the major siderophore clas-
ses. The ferrichrome family (Fig. 1) consists of at
least 20 structurally different hexapeptides includ-
ing several asperchromes and other derivatives
(Jalal and van der Helm 1981; Jalal et al. 1984)
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Besides ferrichromes, ester-containing coprogens
and fusarinines are produced so that one fungal
organisms may produce a set of siderophores
covering a wide range of physico-chemical prop-
erties. Ferrichromes show either variation in the
sequence of amino acids (glycine, serine, alanine)
in the peptide ring or in the hydroxamic acid
residues (acetic acid, cis- and trans-anhydromeva-
lonic acid, methylglutaconic acid or malonic acid).
The tripeptide sequence orn-orn-orn is always
present. Most of these ferrichromes have been
structurally elucidated during 1960-1970 by the
swiss group of Keller-Schierlein and Zéhner in
Ziirich and by Neilands and Emery in Berkeley
and Logan. Also crystal structures of ferrichrome
and ferrichrome A (van der Helm et al. 1980)
have subsequently been solved so that the ferri-
chromes were among the best known natural
compounds at that time.

Fungi in the environment

The complexity of a fungal organism is ilustrated
in Fig. 2, which represents an electron micro-
scopic view (magnification 25 000) of a thin
section of a hyphal tip of Neurospora crassa. This
multiple-compartment system shows vacuoles,
mitochondria, secretion vesicles, cell wall and
cell membranes which all are involved in iron
metabolism, siderophore excretion, storage and
transport. Fungi are generally immobile organ-
isms that need to exploit and explore their
environment. Finding suitable resources for
growth is the main goal of a mycelium that
spreads out by developing a branching system.
Foraging occures generally at the growing hyphal
tips, which show the highest metabolic acitivity.
This also applies to iron metabolism and transport
of siderophores. We therefore always used freshly
prepared germ tubes grown from conidiospores
for our kinetic studies of iron transport. In fungi
(Wiebe and Winkelmann 1975). Bacterial growth
may be sometimes similar to fungal growth when
colonies on surfaces or biofilms are produced.
However, as soon as nutrient limitation pro-
ceeds in a natural environment bacterium can
escape the immobile life of a colony and move as
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Fig. 1 Structures of fungal siderophores
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Fig. 2 Electron micrograph of a thin section of a hyphal
tip of Neurospora crassa grown under iron-deficient
conditions. In order to visualize the cell wall ferritin was
added. The hypa contains large vacuoles, secretion
vesicles, mitochondria and other compartments

free-living cells. Therefore, the feeding ecology of
fungi greatly differ from that of bacteria.

Siderophores in soil

The chemical stability of siderophores is a pre-
condition for their extracellular function. Among
the tris-hydroxamate siderophores the ferri-
chromes have received the highest level of struc-
tural development as they consist of cyclic
hexapeptides being largely resistant to environ-
mental degradation. It is interesting to note that
ferrichromes are the predominant siderophores of
Aspergillus and Penicillium strains living in decay-
ing organic materials. When discussing chemical
stability of siderophores, we should be aware that
decaying plant cells release a bunch of various
hydrolases and proteases, which may affect the
lifetime of certain siderophores. Also competing
bacteria of the genus Bacillus and Streptomyces
are well known for their exoenzymes, like ester-
ases, lipases and proteases. Although no systematic
studies exist on the enzymatic degradation of all
kinds of siderophores, it can be assumed that the
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ferrichromes are generally resistant to rapid enzy-
matic degradation, especially when present as
ferric complexes. Ferrichrome, ferricrocin, ferri-
chrysin and their N-acyl derivatives ferrirubin,
ferrirhodin and ferrichrome A are relatively per-
sistant in soil. Young fine roots or root hairs of
plants are rapidly colonized by various bacteria in
soil (Fig. 3), but preferentially by bacteria of the
genus Pseudomonas, which utilize all kinds of low-
molecular exudates from plant roots. As Psudo-
monads have their own efficient siderophore sys-
tem, competition for iron is generally not a
problem for both organisms, although certain
strains of bacteria may cause iron-deficiency
symptoms on plants growing under low-iron stress.
When growth proceeds the root of most plants
develop a mutualistic association with certain fungi
which is called mycorrhiza (Haselwandter and
Winkelmann 1998). For example, roots of nearly
all trees in temperate climates contain an ectomy-
corrhizal symbiosis (Fig. 4). This tight assossiation
between fungi and plants is an evolutionary old
symbiosis, which may have already been estab-
lished when plants started to colonize the land
surface. The siderophore of the ectendo-mycor-
rhizal fungus Wilcoxina rehmii and the ectomycor-
rhizal fungus Cenococcum geophilum have been
identified as ferricrocin (Prabhu et al. 1996;
Haselwandter and Winkelmann 2002). C. geophi-
lum belongs to the ascomycetes which may
explain the biosynthesis of ferricrocin as a major
siderophore. Most other ectomycorrhial fungi

Fig. 3 Scanning electron micrograph of young fine roots
from Pinus sylvestris containg attached bacteria
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Fig. 4 Scanning electron micrograph of an ectomycorrhi-
zal mantel of a rootlet. The root is completely covered
with hyphae, which may further extend beyond the roots
into the bulk soil

belong to the basidiomycetous fungi for which
siderophores have not been described so far.
However, a variety of ericoid mycorrhizal fungi
have also been shown to produce ferricrocin in
addition to fusigen (Haselwandter et al. 1992)
which underlines the wide spread occurrence of
ferricrocin in the rhizosphere of plants and in soil.
It confirms the ecological fitness of ferrichrome
compounds in a habitat where a variety of bacterial
decomposeres are present. A novel siderophore,
basidiochrome, (Fig. 5) has recently been isolated
from mycorrhizal fungi of orchid roots, which
belong to the genera Ceratobasidium and Rhizoc-
tonia (Haselwandter et al. 2006).

Observations in swedisch podzolic forrest soils
have revealed a siderophore concentration of
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Fig. 5 Basidiochrome, a novel trishydroxamate sidero-
phore from orchidaceous mycorrhizal fungi of Ceratoba-
sidium and Rhizoctonia spp

2-12 nM, identified as ferrichrome and ferricrocin
(Essén et al. 2006), although in earlier measure-
ments using a microbial assay (M. flavescens JG9)
somewhat higher amounts (28-279 nM) were
detected probably due to the presence of addi-
tional amounts of ferrioxamines produced by
streptomycetes (Powell et al. 1980, 1982; Szanis-
zlo et al. 1981). Soil ferrichrome and ferricrocin
may originate from mycorrhizal fungi at the root
surface of forrest trees which remain bound to
humic matrix and soil particles. We recently
showed that an ectomycorrhizal fungus Cenococ-
cum geophilum, having a global distribution and a
broad host range, produced ferricrocin as a major
siderophore (Haselwandter and Winkelmann
2002). Thus, ferricrocin is certainly a wide-spread
siderophore in forrest solis. On the other hand,
Aspergillus strains of the fumigatus group (Diek-
mann and Krezdorn 1975) and a variety of other
soil ascomycetes may occur in the upper layer of
soils when plant material is present as a substrate.
Therefore it seems questionable whether or not
the mycorrhiza fungi are the only hydroxamate
producers in the upper soil layer.

An important question is whether or not bacte-
rial and fungal siderophores can be utilized by
plants. Early reports suggested that iron from
hydroxamates (ferrioxamine B) is transferred to
the plant via solubilization and/or subsequent
reduction at the rhizosphere (Cline et al. 1984).
A similar conclusion was drawn from experiments
with  *Fe-siderophores from Pseudomonas
(Bar-ness et al. 1991) showing that dicots acquire
iron from pseudobactin by a reduction mechanism.
Later studies using rhizospere microorganisms
revealed that the bacterial siderophores like
pseudobactins and ferrioxamines were inefficient
as Fe sources. It was concluded that microorgan-
isms are involved in degradation processes of
microbial siderophores, as well as in competition
for Fe with higher plants (Bar-Ness et al. 1992).
Although rapid degradation of pseudobactin (now
collectively called pyoverdins) seem to be unlikely,
since alternate p- and L-configuration of amino
acids in the peptide chain make them very resistant
to proteases, ligand exchange mechanisms be-
tween pyoverdins and phytosiderophores seem to
be a more attractive explanation for iron nutrition
in gramineous plants (Yehuda et al. 1996). We
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have shown for example that coprogen, produced
by Penicillium chrysogenum, is easily split at the
ester bond under alkaline conditions or by ester-
ases to give dimerum acid and fusarinine which
both in their ferric forms supported growth of
dicots and monocots (Hordt et al. 2000). This
suggested that due to a lower reduction potential
mono- and dihydroxamates are better iron sources
for plants than trishydroxamates. This seemed to
be also true when ferric mono- and dihydroxamtes
were applied as an foliar iron supply to plants
(Fernandéz et al. 2004, 2005). The better iron
donation properties of mono- and dihydroxamates
compared to trishydroxamates may correlate well
with the role of plant (leaf)plasma membrane-
bound ferric-chelate reductase (Briiggemann et al.
1993) which reduces ferric citrate and Fe-EDTA in
a NADH-dependent mode.

Although in general siderophores seem to be
very resistant in soil, bacteria of the genus
Azospirillum are able to degrade ferrioxamines
when present as iron-free compounds (desfer-
rioxmines) in pure culture (Winkelmann et al.
1996, 1999). This is surprising as accumulation of
desferrioxamines in soil is unlikely. However, the
rhizosphere is different and may contain various
producers of desferrioxamines, as for example
Erwinia herbicola species, so that local degrada-
tion of desferrioxamines by plant-associated Azo-
spirillum irakense may occur directly in the
neighbourhood of the roots where iron may be
largely absent. These few examples show that
siderophores of the ferrichrome family are chem-
ically relatively stable in soil and are with few
exceptions (Warren and Neilands 1965; Villavi-
cencio and Neilands 1965) not easily degraded by
microorganisms living in the same habitat. The
persistance of ferrichromes in soil has the advan-
tage that other microorganisms may profit from
their presence. This opens the possibility of a
succession of different bacteria and fungi to
rapidly overgrow the preceeding culture. Soil-
borne fungi like Botrytis cinerea (Konetschny-
Rapp et al. 1988), Gliocladium virens (Jalal et al.
1986), Trichoderma (Anke et al. 1992) and soil
yeasts of the Lipomycetaceae (van der Walt et al.
1990) have been shown to produce and utilize
ferrichromes. Also Escherichia coli, which is
unable to synthesize ferrichrome, possesses a
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FhuA receptor for uptake of ferrichromes. The
same applies for the related enterobacterial gen-
era Enterobacter, Erwinia, Pantoea and Yersinia.
Obviously, evolution has equiped many bacteria
to internalize the most common fungal sidero-
phores. The reverse is true for the uptake of
bacterial siderophores by fungi. Thus ferrioxam-
ines and enterobactin can be utilized by certain
fungi, like Saccharomyces and Aspergillus (Les-
uisse et al. 1998; Heymann et al. 2000a; Haas
2003), The evolution of siderophores is still
unknown but competition for iron is so essential
that the development of siderophores and their
cognate transport systems has influenced each
other in a sense that when structural novel
siderophores appeared, a subsequent utilization
by other competing microorganisms followed.

Properties of siderophores

Everybody working in the laboratory with agar
plates seeded with bacteria knows that fungal
contaminants like Aspergillus and Penicillium
strains may finally overgrow the bacterial colo-
nies. This is in part due to the rapid growth of
the mycelia especially at low water activity but
also due to the excretion of various siderophores
with all kinds of solubility properties. For exam-
ple the lipophilic ferrirubin and ferrirhodin are
often found together with ferrichrome, ferricro-
cin and ferrichrysin. as shown by a thin layer
chromatogram of different siderophores from
Aspergillus and Penicillium strains (Fig. 6). The
thin layer plate consisted of silica gel that was
run with a mixture of dichloromethane-metha-
nol-water (70:30:4) as an eluent. The three upper
spots on the right side show the lipophilic
triacetylfusarinine C, followed by a line of
ferrichromes (mainly ferrichrome or ferricrocin),
two big spots of coprogen and ferrirubin in the
middle and a variety of charged siderophores,
like fusarinines, ferrichrome A, near the bottom
at the start line. Modern HPLC separation
(Fig. 7) allows a more detailed analysis of the
various fungal siderophores. Thus the whole
spectrum of lipophilicity is covered by the
produced fungal siderophores. Also in the
Aspergillus fumigatus group ferricrocin is often
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Fig. 6 Thin layer chromatogram of fungal siderophores
isolated from low-iron cultures of Aspergillus, Penicillium,
Fusarium and Paecilomyces strains using a silicagel
plate and dichloromethane-methanol-water (70:30:4) as
an eluent

a3

accompanied by the more lipophilic triacetylfu-
sarinine C. Thus, producing siderophores with a
wider range of physico-chemical properties
seems to by adventageous. While most ferri-
chromes are uncharged molecules, some of them
like ferrichrome A have three negative charges
under neutral conditions, which might influence
the adsorption to positive charges at the cell
wall. Ferrichrome and ferrichrome A are both
produced by fungi of the Ustilaginales. Ustilago

100

min

Fig. 7 HPLC chromatogram of selected fungal sidero-
phores separated on a reversed phase (C18) column using
an acetonitrile-water (0.1% TFA) gradient and a detector
wavelength of 435 nm. Peak numbers are as follows: 1 Fe-
dimerum acid, 2 neocoprogen II, 3 fusigen (linear), 4
fusigen (cyclic), 5 neocoprogen I, 6 coprogen, 7 triacetylfu-
sarinine C (linear), 8 triacetylfusarinine C (cyclic)

maydis is a plant pathogen, which may cause
serious losses in maize production. Emery and
coworkers studied uptake of ferrichrome and
ferrichrome A in U.spaerogena by using spectro-
scopic (EPR) techniques and concluded that
uptake of ferrichrome A is dependent on a
reduction process. Thus besides uptake of ferri-
chrome as an intact molecule, there was uptake
of iron from ferrichrome A via reduction at the
cell membrane (Ecker et al. 1982). This shows
that besides solubility the mode of action for iron
delivery to the cells may be affected by structural
changes of siderophores. Emery also found
uptake of the non-reducible gallium-desferrichrome
A complex, suggesting that a certain but smaller
amount of the intact ferrichrome A is trans-
ported into the cells of U. sphaerogena. He
concluded that the slow uptake of ferrichrome A
was superimposed by a massive reduction at the
membrane surface. Although these results were
confusing and were not fully understood, Emery
(1987) suggested that a reductive iron uptake
may be more effective in distributing iron to
various cellular compartments than uptake of
intact ferrichrome molecules with subsequent
intracellular reduction. Shanzer and coworkers
used fluorescence-labelled ferrichrome to analyze
the entrance and distribution of ferrichrome in
Ustilago and found that after intracellular reduc-
tion the desferri-ligand accumulates in the vacu-
ole which prevents from intracellular reforming
of the ferrichrome complex (Ardon et al. 1998).
As observed earlier by Emery the desferri-ligand
is excreted and can be used for another round of
iron uptake. We now know that iron complexes
can be reduced either intracelllarly or extracel-
lularly depending on the fungal strain studied.
An example is the extracelluar reductase in
S. cerevisiae, first observed by Lesuisse et al.
(1987) and later shown to occur also when
ferrioxamines are reduced by an Frel encoded
gene (Dancis et al. 1992; Yun et al. 2001).

Extracellular and intracellular siderophores
Another aspect that has not often been discussed

with siderophore production in fungi is the
classification of extracellular and intracellular

@ Springer



386

Biometals (2007) 20:379-392

siderophores. The distinction between intracellu-
lar and extracellular siderophores were already
introduced by the group of Horowitz who showed
that Penicillium strains contain different classes
of siderophores which are partly intra and extra-
cellular (Charlang et al. 1981). Early reports from
our group showed that in Neurospora crassa two
siderophores are produced, coprogen and ferri-
crocin. While coprogen is the major siderophore
ecreted into the surrounding medium, ferricrocin
remains largely inside the fungal cells, suggesting
two different functions. Using Moessbauier spec-
troscopy we were able to assign ferricrocin a
storage function in N. crassa and A. ochraceous
(Matzanke et al. 1987). Moreover, intracellular
ferricrocin is necessary during sporulation.
When L-ornithine was omitted as a supplement
in an ornithine-deficient arg-5,0ota,aga mutant of
Neurospora crassa sporulation was inhibited. The
same conclusion was drawn from ferricrocin-
negative mutants of Aspergillus nidulans (Haas
2003). Thus package of siderophores into spores
is an essential process for spore production. We
therefore believe that intracellular siderophores
have at least two functions, storage and sporula-
tion. The group of Horowitz had already shown
that ferricrocin is also a germination factor for
spores of N. crassa suggesting that ferricrocin
stored into spores can finally be re-utilized during
germination (Horowitz et al. 1976).

The transfer of iron inside the cell from an
extracellular to an intracellular siderophore is
kinetically feasible as Fe-hydroxamate complexes
are all kinetically labile. Although in vitro
exchange kinetics showed that the transfer is
slow, the biological significans of a transfer of iron
from exogenous coprogen to endogenous desf-
erricrocin in N. crassa followed by Moessbauer
spectroscopy was clearly shown (Matzanke et al.
1988). We recently found that Schizosaccharomy-
ces pombe produces ferrichrome being mainly
present intracellularly, but minor amounts could
be detected in low-iron culture fluids (Schrettl
et al. 2004a). This is surprising and points to a
major intracellular role of ferrichrome in fission
yeasts. Bakers yeast, Saccharomyces cerevisiae,
has no siderophores at all, but still utilizes
ferrichromes via a major facilitator transporter,
Arnlp, which recognizes various ferrichrome-type
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siderophores (Heymann et al. 2000b). A similar
transporter (Sidlp/Arnlp) mediates ferrichrome
transport in in Candida albicans, which was
proven by heterologous expression in the yeast
S. cerevisiae (Heymann et al. 2002). In this
investigation it was also shown that ferrichrome
was required for epithelial invasion of C. albicans
in a reconstituted human epithelium as a model of
human oral mucosa, indicating that siderophores
play an important role for pathogenic fungi.
Although in this case the pathogen seems not to
produce any siderophores, the growth promoting
activity of siderophores could be clearly docu-
mented. It may be interesting to know if the
transporter has other transport functions in
C. albicans. Ferrichrome has also been detected
in the human pathogenic dermatophytic fungi,
Microsporum and Trichophyton (Mor et al. 1992)
suggesting an iron sequestering activity during
growth in epithelial layers.

The use of exogenous siderophores or xenos-
iderophores is an important aspect in microbiol-
ogy, as some microorganisms do not produce
siderophores but still utilize siderophores synthe-
sized by other microorganisms. The feeding with
siderophores is widely used in bioassays in order
to demonstrate their growth promoting activity.
Cross feeding has been observed with a variety of
bacteria. In fungi utilization of bacterial sidero-
phores has also been observed. Thus enterobac-
tin, the predominant enterobacterial siderophore
can be utilized by Saccharomyces which is a
siderophore non-producer. A transporter for
enterobactin (ENB1) in S. cerevisiae has been
identified as a memberof the major facilitator
superfamily (Heymann et al. 2000a), indicating
that yeasts may profit from the presence of
enterobacteria in low-iron habitats. The natural
habitat of yeasts are sugar containing fruits and
flowers of plants which are also colonized by a
variety of bacteria which may support growth of
the yeasts by excreting siderophores under iron
limitation. The coexistence of bacteria and yeasts
is seen in the milk product kefir being mixed
cultures, which acidify milk and give it a pleasant
flavour. A mutualistic relationship with regard to
iron or siderophores may be a possible explana-
tion as the habitat milk has a very low free iron
content due to iron binding to lactoferrin. Despite
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of its low iron availability in milk, cheese is often
a preferred substrate for fungi. Thus P. camem-
berti and P. roquefortii are well known fungi for
cheese production. Although a variety of Penicil-
lium strains had been studied earlier for sidero-
phore production, resulting in ferrichrome and
coprogen production (Zihner et al. 1963), there
was also a report on the extraction and identifi-
cation of ferrichrome and coprogen fom blue
cheese (Ong and Neilands 1979) which confirmed
the capability of these fungi to grow in cheese by
producing siderophores in order to extract iron
from milk constituents.

Transport systems

Although the biosynthesis of siderophores has
been studied in fungi to some extent by several
groups (Wang et al. 1989; Mei et al. 1993; Haas
2003; Eisendle et al. 2003), the analysis of sidero-
phore transport systems has been the main focus of
many laboratories (Leong and Winkelmann 1998).
Due to the fact that the whole genome of Saccha-
romyces cerevisiae is known, containing about 6000
genes, and gene disruption techniques and mutant
strain collections are available, the mineral nutri-
ent and trace element homeostasis has been
characterized as the yeast ionome (Eide et al.
2005). Based on the knowledge of the genome of
S. cerevisiae, we have identified three siderophore
transport genes (TAFI, ENBI and ARNI) as
members of the major facilitator family by deletion
of the transporter genes (Heymann et al. 1999,
2000a, b). These siderophore transporters show
substrate specificity in terms of recognition of
different siderophore classes and as facilitators
depend on a proton gradient. The siderophore
transporter genes, designated ARNI-4, were also
identified through cDNA microarrays and were
found to be regulated by the major iron-dependent
AFT1 transcription factor (Yun et al. 2000).
Although S. cerevisiae is unable to synthesize its
own siderophores, it turned out to be a general tool
for the study of fungal siderophore transport. Thus,
heterologous expression of transport proteins in
disrupted S. cerevisiae mutant strains allowed to
study the function of transport proteins from other
tungi like Schizosaccharomyces pombe (Pelletier

et al. 2003) or Candida albicans (Hu et al. 2002;
Heymann et al. 2002). Even cell wall material is
actively involved in iron transport in fungi, as
shown by the recently detected cell wall manno-
proteins (Fit proteins, facilitators of iron transport)
in S. cerevisiae (Protchenko et al. 2001). In mycelial
fungi of the Ascomycetes and Basidiomycetes
certain biosynthetic genes have been identified of
which the L-ornithine-N°-monooxygenase is the
first committed step in the biosynthesis of hydroxa-
mate siderophores (Mei et al. 1993). Major contri-
butions to the molecular genetics of siderophore in
filamentous fungi have recently been made by the
group of Haas (2003) on Aspergillus nidulans and
A. fumigatus strains respectively (Schrettl et al.
2004Db).

Regulation

Iron acquisition via siderophores means a
considerable investment of biosynthetic energy.
Moreover, as siderophores are made for external
iron sequestering purposes, many of the sidero-
phores get lost during excretion and only few will
return as iron-loaded molecules to support
growth of the producing microorganism. There-
fore, the production and excretion of sidero-
phores is regulated by regulatory proteins that
respond to the availability of external iron. In
many gram-negative and gram-positive bacteria
ferric uptake regulation proteins (Fur) are pres-
ent. Since the first observation of a constitutive
siderophore mutant in Salmonella, named fur
(Ernst et al. 1978), the fur gene has been cloned
(Hantke 1984) and the transcriptional repression
by iron in fur+ strains has been shown to control a
large number of genes in iron acquisition systems
(de Lorenzo et al. 2004). The model of repression
requires binding of internal ferrous iron to the
Fur protein, which then binds to the target DNA
(Fur Box) and inhibits RN A polymerase access to
the promoters of iron-regulated genes. Under low
ferrous iron conditions the Fur protein dissociates
from the Fur box and the genes for biosynthesis
of siderophores and their transport systems are
activated. In high G + C gram-positive bacteria
like Corynebacterium, Mycobacterium and Strep-
tomyces a protein named DtxR (diphteria toxin
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regulator) is prevailing which acts in a similar way
as the Fur protein.

The corresponding transcriptional repressor
proteins in fungi are the GATA factor proteins
(Scazzocchio 2000), which contain the GATA
type zinc fingers that bind to promoters of
siderophore biosynthetic genes (An et al. 1997).
So far URBSI in Ustilago maydis (Voisard et al.
1993; An et al. 1997), SRE in N. crassa (Zhou
et al. 1998), SREP in P. chrysogenum (Haas et al.
1997), SREA in A. nidulans (Haas et al. 1999;
Oberegger et al. 2001) and GAF2p in Schizosac-
charomyces pombe (Hoe et al.1996; Pelletier et al.
2003) have been identified as GATA factors
which negatively regulate the biosynthesis and
transport of siderophores in most fungi. However,
in S. cerevisiae and C. albicans the transcription
factor Aftl binds to the promotors of these genes
and positively activates gene expression in the
absence of iron. (Yamaguchi-Iwai et al. 1995,
1996) Thus, sensing of the external iron concen-
tration is needed to regulate intracellular biosyn-
thesis of siderophores and transport proteins in
bacteria and fungi. Therefore, regulation of
siderophore production may be regarded as one
of the most important cellular function in sidero-
phore ecology. Although the impact of sidero-
phore regulation has been shown genetically by
introduction of various genes into disrupted
strains (C. cerevisiae fet3A, arn1-4A) the ecology
behind these regulons have not been emphasized.
Sensing of iron in a natural environment means
surviving and helps outcompeting other microor-
ganisms that are unable to adapt their iron
metabolism. Thus, every microorganism that has
a highly sensitive iron regulation will be superior
to other colonizing species. That means ecological
niches having a low iron content will be first
colonized by aerobic microorganisms that can
rapidly up-regulate genes for the biosynthesis of
siderophores and their cognate transport systems.
The question is, however, where are the low iron
habitats in natural ecosystems? The marine eco-
system is well known for its low iron content,
especially the open oceans where iron leveln in
surface water range from 0.02-1 nM (Butler
2005) In addition many fresh water lakes and
calcerous soils possess a low iron content which
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may inhibit bacterial and planctonic as well as
plant growth. The most strict low iron conditions
prevail in animals and humans, where free iron is
virtually absent and any iron is bound to host
proteins like ferritin, transferrin or lactoferrin.
Only certain pathogens can multiply in this low
iron environment by sequestering iron directly
from the host proteins by the use of transferrin
binding proteins (Tbp) and ferric binding proteins
(Fbp A and B) in the periplasm-to-cytosol
transport as found in Neisseria (Cornelissen and
Sparling 2004). Cell lysis by toxins and degradation
of proteins by proteases with subsequent iron
scavenging by excretion of siderophores is also a
method of iron acquisition in Pseudomonas
aeruginosa. There are many ways by which patho-
gens can utilize iron from their hosts, and also
heme uptake is wide-spread, but the most perfect
system seems to be the siderophore system.

A further important aspect of siderophore
ecology is energy saving. The biosynthesis of
siderophores needs energy in form of carbon
sources and ATP. Although this sounds trivial,
energy and growth rates determine the kind of
population that will colonize a low-iron habitat.
Microorganisms that continuously produce sid-
erophores are unknown in nature but can be
constructed in the laboratory as for example fur
mutant bacteria. A fur mutant may not survive for
longer times in ecosystems containing a low
nutrient content and is probably outcompeted
by bacteria that can down-regulate siderophore
biosynthesis and rather invest energy for metab-
olism and growth. The same is true for regulating
siderophore biosynthesis in fungi. Siderophore
production in fungi starts just after germination
from conidiospores. Most conidiospores still con-
tain a certain amount of siderophores packed into
the spore wall material, which is released during
germination (Matzanke et al. 1988). In previous
studies Horowitz et al. coined the name germi-
nation factor for ferricrocin (Horowitz et al. 1976)
at a time where ferricrocin was already known as
a siderophore in Neurospora crassa (Winkelmann
and Zihner 1973; Winkelmann 1974). Indeed
sporulation cannot proceed in strains where genes
of siderophores are knocked out (Eisendle et al.
2003).
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Siderophores and pH

An important ecological factor for siderophore
biosynhesis is the external pH. In A. nidulans pH
regulation of gene expression is mediated by the
wide-domain zinc finger transcription factor PacC,
which controls biosynthesis and uptake of sidero-
phores (Eisendle et al. 2004). Using acidity- and
alkalinity-mimicking mutants is was shown that
siderophore production was down-regulated at low
pH and up-regulated at high pH. Siderophore
production of the wild type increased 35.7-fold
as the culture was raised from 4.2 to 7.0. Thus,
activated PacC acts as both, an activator of alkaline
expressed genes and a repressor of acid-expressed
genes. The rational behind this regulation may be
that under alkaline conditions it is more difficult to
aquire insoluble iron whereas at acid pH ferriciron
is to a certain extent soluble (~1 uM at pH3).
However, as is well known fungi excrete a variety
of organic acids that acidify the surrounding of the
mycelia. We have shown earlier that iron defi-
ciency enhance acid production (succinate, malate
and citrate) by comparing wild type N. crassa 74A
with with an ornithine-deficient mutant (arg-5, ota,
aga) which is unable to sythesize hydroxamate
siderophores (Winkelmann 1979). Siderophores
and organic acids are both suitable as iron oxide
dissolution agents (Kraemer 2004), which in com-
bination increase the amount of iron available
from the environment. The presence of acid anions
may also catalyze interligand iron exchange
between different siderophores or between sid-
erophores and other chelating compounds involv-
ing a ternary complex as a transition state (Monzyk
and Crumbliss 1983; Mies et al. 2006). Most ferric
hydroxamates are stable down to pH 1 without
loosing the complexed iron atom and a simulta-
neous excretion of both, acids and siderophores
seems advantageous. This has recently been con-
firmed by studies on oxalate and ferricrocin exu-
dation by the extramatrical mycelium of an
ectomycorrhizal fungus, Hebeloma crustulini-
forme, in symbiosis with Pinus sylvestris (van Hees
et al. 2006). Both, oxalate (uM range) and ferri-
crocin (nM range) act synergistically as iron
dissolution agents. However, although their role
in iron supply for the fungus is obvious, the role in
iron nutrition of the plant root remains unsolved.

We have recently reported on an analogous
pH-dependence of siderophore biosynthesis in an
E. coli strain Nissle 1917, where environmental
factors influence the production of enterobactin,
salmochelin, aerobactin, and yersiniabactin (Vald-
ebenito et al. 2006). Yersiniabactin and salmoch-
elin were maximally produced under neutral to
alkaline conditions, whereas aerobactin was max-
imally produced at a more acidic pH (pH 5.6).
Although E. coli Nissle 1917 is a non-pathogenic
organism, related uropathogenic E. coli strains
(UPEC) are known for the production of essen-
tially the same collection of siderophores (Vald-
ebenito et al. 2005). As an explanation we think
that uropathogenic E. coli strains may need to
adapt to the pH of the urine, which varies between
pH 4.6 and 8.0. This further underlines the signif-
icance of the biosynthesis of a set of different
siderophores in one microorganism.
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