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Abstract: Metal nanoparticles used as antifungals have increased the occurrence of fungal–metal
interactions. However, there is a lack of knowledge about how these interactions cause genomic and
physiological changes, which can produce fungal superbugs. Despite interest in these interactions,
there is limited understanding of resistance mechanisms in most fungi studied until now. We
highlight the current knowledge of fungal homeostasis of zinc, copper, iron, manganese, and silver
to comprehensively examine associated mechanisms of resistance. Such mechanisms have been
widely studied in Saccharomyces cerevisiae, but limited reports exist in filamentous fungi, though they
are frequently the subject of nanoparticle biosynthesis and targets of antifungal metals. In most
cases, microarray analyses uncovered resistance mechanisms as a response to metal exposure. In
yeast, metal resistance is mainly due to the down-regulation of metal ion importers, utilization of
metallothionein and metallothionein-like structures, and ion sequestration to the vacuole. In contrast,
metal resistance in filamentous fungi heavily relies upon cellular ion export. However, there are
instances of resistance that utilized vacuole sequestration, ion metallothionein, and chelator binding,
deleting a metal ion importer, and ion storage in hyphal cell walls. In general, resistance to zinc,
copper, iron, and manganese is extensively reported in yeast and partially known in filamentous
fungi; and silver resistance lacks comprehensive understanding in both.
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1. Introduction

The increasing applications of fungal–metal interactions have led to the need for
research on their contributions to fungal resistance [1,2]. In nature, metals serve as mi-
cronutrients required for fungal growth, however, in excess they can influence homeostatic
systems. In agricultural and human medicine, there is an increasing occurrence of pathogen
resistance to traditional antifungal agents which has expanded the incidence of fungal
superbugs; this has led to increased research on metals as alternative fungistatic and fungi-
cidal agents [3,4]. Fungi are also being employed in the green biosynthesis of nanoparticles
due to their economic viability, high levels of natural metal resistance, and ease of mass pro-
duction as antimicrobial agents [5–7]. Both instances highlight contributions to increased
incidence of fungal-metal interactions, demonstrating the importance of further divulging
the intricacies of their relationship.

1.1. Fungal–Metal Interactions

Metals can exist in various forms such as salts, oxides, sulfates, and nanoparticles.
Fungi are able to utilize metal ions from these compounds after dissociation, which leaves
unbound ions available for uptake and transport. For example, in the presence of water,
copper sulfate (CuSO4) hydrates to copper (II) sulfate pentahydrate (CuSO4 5H2O) and
then dissociates into Cu2+ + SO4

2−. Upon dissociation, Cu2+ can then be reduced by fungal
proteins for uptake. More recently, metals in the form of nanoparticles have gained interest
for use as antifungals, which has fueled the escalation of nanoparticle production [8–10].
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Nanoparticles are particles that range from 1 to 100 nm in size and vary in shape, physio-
chemical, optical, and biological properties [11]. Ions dissociate from nanoparticles at a
much lower rate, but are also available to interact with homeostatic systems [12,13].

In general, most ions have dedicated homeostatic systems to control import, export,
storage, and transport within the cell (Table 1). Metal ion import and export often occurs
through transmembrane channels, which are proteins that span the entirety of the mem-
brane and protrude from both sides (e.g., transmembrane proteins Fet4, Zrt1, and Zrt2
in Figure 1) [14,15]. In some species, chelators, such as siderophores, also play a role in
uptake. These organic, low molecular weight compounds have a binding capacity for
certain metal ions, such as iron, and are imported into the cell through transmembrane
channels [16,17]. As a mechanism of ion storage or detoxification, metallothioneins (MTs),
cysteine-rich proteins that use metal ions as cofactors, bind free cytosolic ions which may
be released back into the cellular environment in metal deficient conditions [18,19]. For
the movement of ions to organelles for storage or as cofactors for protein functioning,
intracellular transporters, such as Zrc1 (Figure 1) or Pic2 (Figure 2), are utilized [20,21]. If
these systems are interfered with, homeostatic imbalance can cause toxicity.
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Figure 2. Yeast copper transport systems. In S. cerevisiae, cupric reductase, Fre1 reduces extracellular
cupric oxide for transport across high and low-affinity copper membrane transports Ctr1 and Fet4.
From the cytoplasm, Ccc2 shuttles Cu+ to Golgi bodies, and Pic2 shuttles Cu+ to the mitochondrial
matrix. During meiosis in S. pombe, Mfc1 transports Cu+ across the forespore membrane.

Table 1. Fungal proteins involved in metal transport.

Metal Transport Type Yeast
Transporters Reference Filamentous Fungi

Transporters Reference

Zinc
Import Zrt1, Zrt2 [15,22] zrfA/B/C, UmZRT1/2,

Zip1/2 [23–27]

Vacuolar Cot1, Zrc1 [20,28] - -

Vacuole to Cytosol Zrt3 [29] - -

Copper Import Ctr1, Ctr3, Fet4, Ctr4,
Ctr5, Mfc1 [30–36] CtrA2, CtrC, Ctr1,

PaCtr2 [37–39]

Cytosol to Golgi Atx1, Ccc2 [34,40–42] - -

Mitochondrial Pic2, Cox17 [21,43,44] - -

Cytosol to Sod1 Lys7, Pccs [45,46] - -

Mitochondrial Inner Membrane
Space to Cytochrome c oxidase Sco1, Sco2, Cox11 [42,47,48] - -

Export - - CrpA [49]

Iron Import
Fet4, Smf1, Fet3/Ftr1,
Fip1, Str3, Shu1, Str1,

Str2, Str3
[50–59] Fer2 [60]

Within the Nucleus Npb35, Nar1, Cfd1, Cia1 [61,62] - -

Vacuolar Pcl1, Ccc1 [63,64] - -

Mangan-ese Import Smf1, Smf2, Pho85 [52,65–67] PcPho84, PcSmfs [68]

Mitochondrial Mtm1 [69] PcMtm1 [68]

Cytosol to Golgi Lumen Pmr1, Gdt1 [70–72] - -

Cytosol to Endoplasmic
Reticulum Lumen Spf1 [73] - -

Vacuolar Ccc1, Ypk9 [64,74–76] PcCCC1 [68]

Export Pmr1, Hip1 [77–79] PcMnt [68]

Silver Import Ctr1 [80,81] - -

Mitochondrial Pic2 [21] - -
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1.2. Metal Toxicity and Resistance

Metal toxicity occurs via the oligodynamic effect, which was initially described in
1893 in algae Spirogyra nitida and Spirogyra dubia, as toxicity or death in organisms due to
exposure to trace amounts of metals, such as copper, lead, iron, or zinc [82]. In fungi, this
exposure can have effects ranging interference in ergosterol biosynthesis to reduced MT
activity (Table 2) [83,84].

Table 2. Mechanisms of toxicity in yeast and filamentous fungi.

Metal Mechanism of
Toxicity in Yeast Reference Mechanism of Toxicity in Filamentous Fungi Reference

Zinc Interference of synthesis of iron-sulfur clusters [85,86] increased chitin deposition within the cell wall,
preventing hyphal extension [87,88]

Interference in ergosterol biosynthesis [83] increased hyphal branching and apical swelling [88]

Cellular leakage, polarization, and increased
membrane potential [83] interruption of conidia and conidiophore development

(interference of reproduction) [87]

Reduced cell wall integrity [83] - -

Copper Reduced ergosterol biosynthesis [12,89] Generation of reactive oxygen species [90]

Reduced metallothionein activity [84] - -

Iron Interference of vacuolar transport encoding
gene CCC1 [91,92] Inability to acquire iron [60,93]

Manganese Down-regulation of HTB2, HTA1, HTA1, HTBI,
HHF [94,95] potentially associated to reduced functioning of

manganese peroxidase [96–98]

Silver Interference in ergosterol biosynthesis [80,99,100] - -

In an effort to counter metal toxicity, and toxicity in general, fungi develop methods of
resistance which can include the alteration of the target protein to inhibit substrate binding,
cellular antimicrobial efflux, antimicrobial inactivation or degradation, restricted uptake to
prevent cellular interference, overproduction of targeted proteins to prevent the complete
inhibition of biochemicals, and compensation for loss of function directly related to the
antimicrobial [101]. Some of these resistance mechanisms are relevant to excessive metal
exposure in fungi (Table 3). Presently, research utilizes yeast such as Saccharomyces cerevisiae
to investigate cellular and molecular impacts of fungal–metal interactions, but thorough
knowledge is lacking in filamentous fungi [102–104]. Due to the increase in fungal-metal
interactions, we should ensure that metal resistance mechanisms in multiple types of fungi
are well-understood. In this review, we summarize existing knowledge on fungal metal
homeostasis of zinc, copper, iron, manganese, and silver. Conclusions and indications are
presented to pave the way for further research.

Table 3. Mechanisms of metal resistance in yeast and filamentous fungi.

Metal Mechanism of Metal Resistance in
Yeast Reference Mechanism of Metal Resistance

in Filamentous Fungi Reference

Zinc Up-regulation of ZRC1 and COT1 [83,105–108] storage of excess zinc in vacuoles and cell walls of
spores and hyphae [109,110]

- - zinc efflux [111]

- - zinc metallothioneins [112]

Copper Up-regulation of CUP1 and CRS5 [113] Up-regulation of crpA [81,114–116]

Down-regulation of FRE1 and FRE7,
and CTR1 [113] increased production of chelator copper oxalate [117–119]

Iron Up-regulation of CCC1 [64,120] Unknown, but could associated with reduction of
siderophore biosynthesis [60,121]

Expression of plant ferritin genes [122–124] - -

Manganese Up-regulation of MNR1 [65,67,125,126] Deletion of PcPHO84 [68]

Down-regulation of PHO84, SMF1 [67,125,126] Expression of PcMNT [68]

Silver Expression of CUP1-1, CUP1-2 [81,115,116] Expression of crpA [90]

Down-regulation of PHO84 [116] - -
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2. Fungal–Metal Interactions

Metals play critical roles in fungal homeostasis. They are required for various biochem-
ical processes, usually as enzymatic cofactors. Metals most recognized for their importance
in fungi are copper, iron, zinc, and manganese. Pertaining to zinc, approximately 5% of
fungal proteomes correlate to zinc-binding proteins, and 8% of yeast genomes correlate to
zinc-binding proteins. In the model yeast S. cerevisiae, large portions of these zinc-binding
proteins are related to critical functions, including DNA binding (31% of zinc-binding
proteins), the regulation of transcription (25%), transcription factor activity (19%), and
response to chemical stimuli (15%) [105,107,108]. Fungal–copper interactions are necessary
for the activation of metalloproteins involved in biochemical processes. This includes the
activation of superoxide dismutase, which is responsible for cellular detoxification of reac-
tive oxygen species (ROS), virulence in pathogenic species, and activation of cytochrome
c oxidate, a catalyst within the electron transport chain [39,48]. Iron is also essential for
fungal virulence in pathogenic species, most importantly as an integral component of
iron-sulfur clusters which are required for the activation of nuclear proteins involved in
DNA repair [61]. Manganese also plays a critical role in fungi, in particular, in filamen-
tous species where it (or copper) is required for the activation of manganese peroxidase.
Dependent on nutrient availability, white-rot fungi utilize manganese peroxidase as a
secondary metabolite to depolymerize lignin for nutrients; others are manipulated for
increased manganese peroxidase production and extraction for use in the degradation of
organo-pollutants [96,98].

Very few metals that are not considered essential have also been identified in some
fungal–metal interactions; these include magnesium and molybdenum. Magnesium is a
well-known micronutrient in other eukaryotic organisms, however, its homeostasis in fungi
is undetermined. Only in recent years has magnesium been identified as a requirement
for virulence in the agriculturally relevant fungus Magnaporthe oryzae [127]. Molybdenum
is a metal that is discussed significantly less in eukaryotic homeostasis. It has only been
identified as a cofactor for four human proteins, and in fungi it has only been suggested that
it plays an unidentified role as a nitrate reductase and a xanthine dehydrogenase [128,129].
Other metals such as silver, gold, lead, nickel, and cadmium have only been implicated in
fungal–metal interactions related to toxicity, nanoparticle myco-synthesis, and heavy metal
myco-remediation, but information pertaining to homeostasis is limited [103,130,131].

2.1. Zinc

Zinc is a transition metal required for fungal survival and is necessary for various
functions, including the structuring of nucleic acids, physical growth and, most predom-
inately, protein folding [132,133]. In its role in DNA binding, zinc presents itself in class
III zinc finger proteins, also known as zinc cluster proteins (Zn(II)2Cys6), found only in
Ascomycetes (with the singular exception of Lentinus edodes) [107,134–136]. This protein
class binds DNA, which is critical for the transcriptional activation and regulation of gene
products [105,134].

In agriculture, fungal infections threaten food security by increasing global crop
loss [137,138]. Traditionally, antifungal azoles have been used to combat disease, but with
the emergence of azole-resistant pathogens, scientists have begun to develop possible
alternatives, such as zinc-containing compounds [138,139]. Reports have demonstrated
that zinc oxide nanoparticles (ZnO NPs) can control postharvest mold, plant wilts, and
grey mold disease caused by Aspergillus niger, Fusarium oxysporum, and Botrytis cinerea,
respectively [7,140–143]. It has also been demonstrated that ZnO NPs can significantly
reduce the production of the mycotoxin fusaric acid from F. oxysporum [144]. This is
significant because mycotoxins are common secondary metabolites of fungal pathogens
with high rates of toxicity against cereal crops that can result in crop loss, and if consumed
can result in a wide array of diseases in livestock [145,146]. Fusaric acid, in particular,
can inhibit the production of dopamine-beta-hydroxylase, which acts as a messenger of
signals within the nervous system and is responsible for altering the enzyme tyrosine
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hydrolase, which is involved in a rate-limiting step in catecholamine synthesis [147–149].
Zinc perchlorate Zn(ClO4)2 and zinc sulfate (ZnSO4) also inhibit mycelial growth that
produces mycotoxins and reduces the production of mycotoxins themselves [150,151].

2.1.1. Zinc Transport and Homeostasis

Many fungi have mechanisms of zinc transport similar to that of other eukaryotes,
through the ZRT (zinc regulated transporter)-IRT (iron-regulated transporter)-like protein
(ZIP) family and the cation diffusor facilitator (CDF) protein family [152,153]. In S. cerevisiae,
zinc transport occurs through several protein groups; the ZIP protein family (via Zrt1, Zrt2,
and Zrt3), the CDF protein family (via Zrc1, Cot1, and Msc2), the ferrous transport protein
Fet4, and others (Figure 1) [105,107,108,133,154,155]. Zrt1 and Zrt2 are high and low-
affinity plasma membrane transporters, respectively; both ZRT1 and ZRT2 are upregulated
in zinc-deficient conditions and repressed when zinc conditions are favorable [15,22,156].
In an excess-zinc environment, Zrc1 and Cot1 mediate zinc transport from the cytosol into
the vacuole to prevent toxicity [20,28]. In a zinc-limiting environment, zinc is released back
into the cytosol from the vacuole via Zrt3 or is scavenged by zincophore Zps1 [106,157,158].
Zap1 regulates the transcription of ZPS1 and contains two activators, Ad1 and Ad2, either
independently activated or inactivated by the direct binding of zinc ions [105,108,159,160].
These mechanisms effectively control intracellular zinc uptake and help prevent excess
accumulation in S. cerevisiae.

In filamentous Ascomycota, such as Apergillus fumigatus, genes in the ZIP family
(zrfA, zrfB, zrfC, zrfD, zrfE and zrfH) also regulate zinc transport [23,27,161]. zrfA and
zrfB, orthologues of S. cerevisiae ZRT1 and ZRT2, respectively, encode zinc membrane
transporters that operate in acidic, low-zinc environments and are activated by transcription
factor ZafA [161,162]. Conversely, the zrfC gene product is an alkaline zinc transporter
activated in high pH, zinc-limiting conditions [23,27]. zrfD/E/H are not restricted by pH
and can function in either acidic or alkaline environments [23]. In F. oxysporum, zrfA and
zrfB are also zinc importers regulated by transcription factor ZafA [163]. During infection,
ZafA allows F. oxysporum to adapt to a zinc-limiting environment, such as if the host
enacts nutritional immunity to deprive it of this essential metal [163]. Basidiomycetes
have similar homology. Ustilago maydis UmZRT1 and UmZRT2 genes, and Cryptococcus
neoformans Zip1 and Zip2 are homologous to S. cerevisiae ZRT1 and ZRT2, respectively,
with similar transport function [20,24,26]. Similarities also exist in the prevention of zinc
over-accumulation. C. neoformans Zrc1 is homologous to S. cerevisiae Zrc1 and mediates
zinc transport into the vacuole to prevent toxicity and decrease zinc sensitivity [20].

Mechanisms of zinc uptake and transport in fungi are mostly conserved through S.
cerevisiae ZIP proteins and homologs. The next section will discuss how negative homeo-
static interventions can result in toxicity.

2.1.2. Zinc Toxicity

Zinc-based antifungal compounds have mechanisms of toxicity that vary between
species. Zinc pyrithione (ZPT), is a zinc ionophore often used to treat fungal dandruff
caused by Malassezia spp. and induces toxicity by increasing cellular zinc uptake [164,165].
ZPT also causes partial mitochondrial malfunction by inhibiting mitochondrial synthesis of
iron-sulfur clusters, which are integral in electron transport, respiration, and DNA repair
and replication [165,166]. In contrast to Malassezia spp., ZPT toxicity in S. cerevisiae is
not a result of increased zinc uptake, rather of increased copper uptake which overloads
homeostatic systems [164,167,168]. ZnO NPs are also being explored for their antifungal
properties. In S. cerevisiae, ZnO NPs reduce ergosterol biosynthesis which, in turn, increases
cellular leakage (up to 24%) and depolarization, reduces cell wall integrity, and increases
the occurrence of ROS [83]. In filamentous fungi, mechanisms of toxicity are not well-
studied. In ericoid fungi, zinc ions reduced hyphal growth by increasing chitin deposition
within the cell wall, preventing hyphal extension; zinc also increases hyphal branching and
apical swelling, resulting in atypical hyphal morphology [88]. In the molds, excessive zinc
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exposure reduces hyphal growth, alters hyphal morphology and interrupts conidia and
conidiophore development, limiting reproductive capabilities [87]. Zinc sensitivity can aid
in the reduction of fungal pests; however, the development of tolerance and resistance can
be an impedance.

2.1.3. Zinc Tolerance and Resistance

High-zinc environments can be detrimental to fungi; therefore they must possess
resistance mechanisms to overcome toxicity. In yeast, resistance relies on the upregulation
of Zrc1 and Cot1, which sequester Zn2+ to the vacuole (up to 100 mM) in S. cerevisiae, or the
endoplasmic reticulum in C. albicans (Zrc1) [105–108,169]. Khouja et al. also described a
resistance mechanism via OmFET in S. cerevisiae, though it is not yet fully understood [170].
They suggest that OmFET plays a role in Zn2+ uptake, and in that role increases tolerance
through interactions with Mg, where Mg competes with Zn2+ for uptake, increasing
intracellular Mg and restricting Zn [170]. In filamentous fungi, zinc resistance is not
only attributed to vacuolar sequestration, but also to storage in the cytoplasm, storage
in cell walls of spores and hyphae, and cellular efflux; and in ectomycorrhizal fungi, the
presence of metallothionein-like peptides confers Zn2+ resistance [110,171–173]. To further
investigate how fungi cope with toxic levels of other micronutrient metals, this review also
assessed cellular interactions with copper.

2.2. Copper

Copper is also a transition metal and presents itself in oxidation states copper(I), Cu+,
and copper(II), Cu2+ [32,48]. It is essential to agriculture and human medicine where it can
serve as a fungicidal or fungistatic agent, or be the determining factor for virulence [174,175].
Some fungal pathogens heavily rely on copper exporters to prevent host-enacted copper
toxicity or import machinery to maintain virulence. In both clinical and agricultural settings,
fungal exposure to excess copper can result in ionic imbalance. Therefore, homeostatic
mechanisms to maintain healthy intracellular copper levels are critical.

2.2.1. Copper Transport and Homeostasis

Generally, copper cannot permeate the plasma membrane and requires membrane
transporters for uptake [32,48]. Before internalization, copper must exist as Cu+ (cuprous
oxide); however, in the environment, it often exists as Cu2+ (cupric oxide) and must un-
dergo reduction. In S. cerevisiae, cupric reductase Fre1, transcribed by Mac1, reduces
Cu2+ to Cu+, making it readily available for uptake via high–affinity membrane trans-
porters of the copper transporter (Ctr) protein family, Ctr1 and Ctr3 or low-affinity copper
transporter Fet4 (Figure 2) [30–33,176]. Transcription of CTR1 and CTR3 is also regulated
by transcription factor Mac1, which regulates transcription based on copper availability;
copper depletion results in the upregulation of CTR1/3, and copper repletion results in
downregulation [30,177].

After uptake, Cu+ serves as enzymatic cofactors. Apoproteins within the secretory
pathway require copper for proper functioning, such as the multicopper oxidase Fet3,
which is necessary for ferrous iron, Fe(II), uptake, and oxidation [53,178–180]. FET3 is
regulated by transcription factor Aft1 (activator of ferrous transport) in iron-deficient
conditions and its gene product contains four Cu+ binding sites where copper serves as
a cofactor for enzyme activation [53,178,181]. Unmetalated Fet3 reduces cell growth in
iron-limiting conditions, demonstrating the importance of copper transport [44,182].

Another enzyme dependent on copper is the cytoplasmic Cu/Zn superoxide dismu-
tase (Sod1). This is an antioxidant for superoxide anions (O2

•−) [183,184]. O2
•− are ROS

that cause cellular damage and toxicity and must be effectively dismutated to prevent
stress; therefore, delivery of copper to Sod1 is critical [45,185,186]. In S. cerevisiae, the
cytosolic copper chaperone Lys7 acquires Cu+ and delivers it to Sod1, with high speci-
ficity [45]. Once Sod1 is metalated, it is then able to catalyze the dismutation reaction that
results in O2

•− being successfully detoxified to hydrogen peroxide (H2O2) and molecular



J. Fungi 2021, 7, 225 8 of 30

oxygen (O2); H2O2 is now readily available for further detoxification to water via catalyst
Cct1 [183,187,188]. Cu+ transport to MTs Cup1 (also known as Cup1-1 and Cup1-2) and
Crs5 is also integral to cellular detoxification [18,189]. Both MTs are regulated by transcrip-
tion factor Ace1 (also known as Cup2), which activates the transcription of CUP1 and CRS5
at elevated copper concentrations [167,189]. Cup1 and Crs5 contain 8 and 11-12 Cu+ bind-
ing sites, respectively, and are responsible for buffering cytosolic copper to maintain safe
intracellular copper concentrations [189–191]. Though Crs5 has a greater copper binding
capacity, it plays a much smaller role in detoxification due to its promoter region, which
only has one recognition sequence, compared to four in CUP1 [189–191].

S. pombe follows a pattern of copper transport similar to S. cerevisiae. Extracellular
Cu2+ is reduced to Cu+ by cell surface reductases before uptake [34,36]. Cu+ can then be
transported across the cell membrane, depending on the current cell cycle [34–36]. During
mitosis, an integral membrane complex composed of proteins Ctr4 and Ctr5 are responsible
for Cu+ uptake, and during meiosis, Mfc1 (localized in the forespore membrane) is respon-
sible [34–36]. Expression of ctr4+ and ctr5+ is regulated by transcription factor Cuf1, and
expression of mfc1+ is regulated by transcription factor Mca1, both of which are activated
or deactivated by the absence or presence of sufficient copper levels, respectively [34,36].
Once inside the cell, copper chaperones such as Cox17, Pccs, and Atx1 transport Cu+ to
respective organelles [46]. Pccs is a four domain, cytosolic chaperone. The first three
domains are responsible for transporting Cu+ to unmetalated Sod1 in a copper-limited
environment, activating Sod1 [46]. In high copper environments, the fourth domain acts as
a copper buffering system, sequestering Cu+ to prevent toxic cytosolic levels [46]. Atx1 in
S. pombe plays a similar role to Atx1 in S. cerevisiae. In S. pombe, Atx1 is also located in the
cytosol and responsible for carrying Cu+ to Ccc2 [34,42]. Peter et al. and Beaudoin et al.
described how Atx1 was also used for copper transport to copper amine oxidases (CAOs),
a group of catalysts not present in S. cerevisiae [34,42]. Atx1 shuttles Cu+ to an active site on
the CAO, where copper (and another required cofactor, 2, 4, 5-trihydroxyphenylalanine
quinone) activates it [34,42,192]. S. pombe‘s Cox17 is an orthologue to S. cerevisiae Cox17,
sharing 38% identity and is located in the mitochondrial intermembrane space [42,48].
Once Cox17 acquires Cu+ it is delivered to Sco1, Sco2, and Cox11 for copper loading to
cytochrome c oxidase subunits [42,47,48].

Filamentous fungi are also important in assessing copper homeostasis, as these organ-
isms depend on copper for growth and virulence in pathogenic species. In the pathogenic
Ascomycete Aspergillus fumigatus, studies have shown similarities to S. cerevisiae and
S. pombe in copper uptake. Cu2+ must also be reduced before uptake, however, there is
some ambiguity regarding the reductases responsible [39]. This reductase has been referred
to as unknown ferric reductase (“Fre?”), a general Fre reductase, and metallo-reductase
Afu8g01310 (homolog of S. cerevisiae FRE or FRE3) [39,193,194]. After reduction, CtrA2
and CtrC (both homologs of S. cerevisiae Ctr1) transport Cu+ into the cytosol and serve as
enzymatic cofactors [37,39]. CtrA2 and CtrC are regulated by transcription factor MacA
(also referred to as AfMac1) which senses low copper concentrations and activates CtrA2
and CtrC [39,49,195,196]. Conversely, in high copper concentrations, transcription factor
AceA activates P-type ATPase CrpA as a defense mechanism for copper export and is
responsible for extended life and virulence [39,49,195,196].

Limited knowledge exists on copper homeostasis in Basidiomycetes. Studies in two
Basidiomycetes, the brow-rot fungus Fibroporia radiculosa and the edible white-rot fungus
Pleurotus ostreatus, reported some details. In F. radiculosa, only the regulation of intracellular
Cu+ concentration has been unveiled, by three, unnamed copper ATPases and one gene
of unknown function, CutC, [197]. In P. ostreatus, membrane protein Ctr1 is involved in
copper uptake and shares homology with the low-affinity copper transporter PaCtr2 of the
Ascomycete Podospora anserine (20%) and the high-affinity S. cerevisiae copper transporter,
Ctr1 (20%) [38]. This review shows that copper homeostasis is well-studied in S. cerevisiae
and S. pombe; however, more research is needed in other Ascomycetes and Basidiomycetes.
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2.2.2. Copper Toxicity

Copper contains antifungals that have been investigated against various fungi. In
S. cerevisiae, cupric sulfate (CuSO4) and copper oxide nanoparticles (CuO NPs) significantly
reduce growth in a dose dependent manner, with the toxicity of both potentially related
to Cup2 [113,198,199]. Deletion of CUP2 increases copper sensitivity, suggesting that
a mechanism of toxicity could be reducing or inactivating its regulation, resulting in
decreased Cu+/MT binding and increased cytosolic Cu+ [200,201]. Giannousi et al. found
that CuO NPs cause DNA damage that interferes with replication and increases lipid
peroxidation, reducing membrane lipid content, resulting in porous cells [202]. In Candida
spp., CuO NPs have also shown toxic capabilities by inducing porous cell membranes [12].
Copper(II) complexes which have been shown to exhibit fungicidal and fungistatic activity
in species that have a history of azole resistance appear to have a similar mechanism
by reducing ergosterol content [203–207]. In filamentous fungi, copper also has dose-
dependent toxicity. In the agricultural pathogen Rhizoctonia solani, a copper (II)–lignin
hybrid had high efficacy and significantly reduced the number of plants attacked by
R. solani [84,208]. In some instances, fungi can overcome toxicity by increasing their
tolerance, which may be beneficial in the case of nanoparticle production, but can become
a nuisance in pathogenic species.

2.2.3. Copper Tolerance and Resistance

Since copper is implicated as an antifungal agent, its ability to evade copper toxicity
must be continuously evaluated. In S. cerevisiae, short-term exposure to CuSO4 causes
significant regulation of open reading frames (ORFs) responsible for cellular detoxification
and Cu+ uptake [113]. Exposure results in the upregulation of CUP1 (~20-fold,) and CRS5
(~8-fold) and the downregulation of FRE1, FRE7, and CTR1 (0.07, 0.08, and 0.10-fold,
respectively) [113]. This fold change, and increased CuSO4 sensitivity in cup2∆ mutants
indicates MTs, coupled with decreased Cu2+ reduction and decreased Cu+ uptake, are
likely to be employed as mechanisms of copper resistance [113,200].

Less is known about copper resistance in filamentous fungi. In Aspergillus spp., P-type
ATPase CrpA has Cu+ exporting activity that aids in cellular detoxification, increasing
Cu+ resistance [90,193,209]. High-affinity copper importers, CtrA2 and CtrC, may be
involved in resistance, but are still under investigation [37,49]. In Fusarium graminearum,
copper exposure upregulates FgCrpA (ATPase exporter) and the MT FgCrdA as a means to
prevent over accumulation, with the predominate method being Cu+ export activity [14].
In F. oxysporum, upregulation of oxidoreductase activity may decrease susceptibility to
oxidative stress that can be induced by excessive copper exposure [210]. In Basidiomycetes,
some progress has been made in identifying resistance mechanisms in F. radiculosa, where
increased production of copper oxalate increases resistance [119]. However, this is the
extent of the knowledge.

2.3. Iron

Iron (Fe) is a transition metal belonging to group eight of the periodic table and
can exist as ferrous (Fe2+) or ferric (Fe3+) iron [211,212]. As an essential nutrient, Fe is
significant for the virulence of fungi that cause disease. In A. fumigatus and F. oxysporum,
survival depends on the ability to sequester iron from the host and a well-functioning
homeostatic system to maintain this delicate balance [213,214]. Incapacitating the ability
to do so reduces virulence and becomes a growth limiting factor, such as in the use of
excessive amounts of Fe to completely overrun homeostatic systems [215–217]. Thus,
homeostatic mechanisms are integral.

2.3.1. Iron Transport and Homeostasis

Generally, in S. cerevisiae, two iron uptake systems are described, the reductive and
nonreductive systems. The reductive system recognizes Fe2+ salts and chelates for uptake
through importers, while the nonreductive systems utilizes iron siderophores [218–221].
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In the reductive system, high-affinity (aerobic) and low-affinity (anaerobic) transporters
are responsible for ferric and ferrous iron transport, respectively [222,223]. For low-affinity
uptake, iron must be reduced by ferric reductases Fre1 or Fre2, initially described by
Lesuisse et al. in 1987 and later coined Fre1 and Fre2 by Georgatsou and Alexandrakin
in 1994 [221,224]. Since then, both metallo-reductases have also been found to reduce
both cupric and ferric ions, where FRE1 expression induces the reduction of Cu2+ when
transcription factor Mac1 is bound, and Fe3+ reduction occurs via binding of transcription
factor Aft1 [176,181,225]. After Fe3+ reduction, Fe2+ is then ready for uptake by a six domain,
transmembrane, metal transporter, Fet4 [54,55]. Fet4 can also import other metals, but is
mostly responsible for Fe2+ uptake in iron-restricted cells [223]. In anaerobic conditions,
transcription factor Aft1 is required for activation, and in aerobic conditions, expression of
FET4 is repressed by Rox1, which has two binding sites in the FET4 promoter region [223].
This repression is necessary to prevent the unintended uptake of toxic metals, such as
Cd, where it is demonstrated that rox1∆ mutants have increased sensitivity to Cd under
aerobic conditions [223,226]. A second, less utilized iron transporter in the low-affinity
uptake system is Smf1, responsible for the uptake of the Fe2+/H complex [51,52]. This
metal transporter is mostly known for the uptake of Cu, Mn, and Cd; however, in a
study completed by Cohen et al. in 2000, it was shown that overexpression of SMF1 also
results in significant iron uptake [52,65,227]. High-affinity iron uptake is also part of the
reductive system. In low-iron conditions, this system dissociates and reduces ferric iron,
via Fre1 and Fre2, from a wide array of Fe3+ substrates such as ferric chelates, salts, and
siderophores [218,219]. Fe2+ then transitions through the Fet3/Ftr1 complex [58]. Fet3
is activated by transcription factor Aft1 in iron-deficient conditions and contains four
Cu+ binding domains that must be metalated for activation [53,178,181]. Activated Fet3
goes through an aerobic reaction that oxidizes Fe2+ to Fe3+ for passage to the cytosol via
iron permease Ftr1 [58,178]. The final destination and the cell’s utilization of Fe3+ is not
fully elucidated.

The nonreductive system utilizes siderophores. S. cerevisiae is incapable of produc-
ing siderophores, but can sequester siderophores produced by other microorganisms via
siderophore iron plasma membrane transporters Arn1—Arn4 [16,224]. Arn1 transports
ferrichrome into the cell for iron acquisition; however, Arn1 is not always readily available
in the plasma membrane because it is localized to endosomes or is routed to vacuoles for
degradation when ferrichrome is unavailable [16,220,228]. When ferrichrome is present,
Arn1 is routed through the plasma membrane, where ferrichrome adheres to either the
low or high-affinity binding site and is transported to the cytosol [16,220,228]. It remains
intact in the cytosol and serves as an intracellular Fe3+ storage reservoir until the cell needs
iron; in this event, Fe3+ is reduced via metallo-reductases, or released via ferrichrome
degradation [16,220,228,229]. Arn2 (also known as Taf1) is the second siderophore trans-
porter in the ARN family, responsible for transporting tri-acetyl-fusarinine to the cytosol;
it is unclear if Arn2 is located anywhere else aside from the plasma membrane when
tri-acetyl-fusarinine is unavailable [220,230,231]. The literature is not very informative on
the functions of tri-acetyl-fusarinine, but it does appear to have a similar role to ferrichrome
as a store reservoir for ferric iron [230,231]. Arn3 (also known as Sit1) is a transporter for
ferrioxamine B and is situated within intracellular vesicles. It appears to have a similar
function to Arn1 and can progress to the plasma membrane when ferrioxamine B is avail-
able [229,232]. After ferrioxamine B is transported inside the cell, it is stored in the vacuole,
likely for subsequent dissociation [232]. The first three mentioned siderophores trans-
ported by Arn1–Arn3 belong to the hydroxamate class of siderophores. However, the final
transporter Arn4 (also known as Enb1) transports a siderophore of the catecholate class,
ferric entero-bactin [220,233]. Unlike the other siderophore transporters, Arn4 remains
at the plasma membrane regardless of the presence of its substrate [218]. Philpott and
Protchenko suggested the difference in plasma membrane cycling between hydroxamate
and catecholate transporters may be due to the possibility that there are toxins that can
adhere to the hydroxamate transporters and not the catecholate transporters [218]. In
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the act of self-preservation, those transporters remove themselves as a potential source
of toxicity [218]. Ferric entero-bactin is not well-studied in S. cerevisiae, but based on the
function of other siderophores it may be reasonable to conclude that, upon cellular entry,
ferric entero-bactin is also used as an Fe3+ storage system.

After Fe uptake, there are many intracellular destinations. Two briefly discussed
here are the cytosol and the nucleus [61,62]. In the cytosol, iron–sulfur assembly (CIA)
proteins Npb35 (binds two Fe–S clusters), Nar1, Cfd1 (binds one Fe–S cluster), and Cia1
form an iron–sulfur complex [61,62,234]. These complexes transfer Fe–S clusters to various
apoproteins for activation [61,62,234]. In the nucleus, CIA proteins deliver Fe–S clusters to
various nuclear proteins involved in DNA repair and replication [61,235].

Iron homeostasis in the fission yeast S. pombe is also well-studied and has three
mechanisms of iron uptake [236]. One involves cell surface ferric reduction, and the other, in
contrast to S. cerevisiae, involves the production of siderophores to capture extracellular iron
and heme [236]. The first iron uptake system described here is through use of siderophore
synthesis [237]. Under iron-deficient conditions, Sib2, a catalyst for ferrichrome synthesis,
hydroxylates ornithine to N5-hydroxyornithine, a newly formed hydroxy-mate group
molecule, and then undergoes processing by Sib1 [236,237]. This non-ribosomal peptide
synthase yields the desferri-form of ferrichrome [236,237]. Schrettl, Winkelmann, and Haas
suggested that the resulting ferrichrome is excreted from the cell to capture extracellular
Fe3+ from the surrounding environment [237]. In an iron-dependent response, transcription
factor Fep1 activates ferrichrome transporters Str1, Str2, and Str3, and the iron-loaded
ferrichrome re-enters the cell (predominately by way of Str1) [59,63]. S. pombe is also
able to import exogenous iron-loaded ferrioxamine B via Str2 [63]. In addition to the
previously mentioned siderophore functions, it had also been suggested that, as in S.
cerevisiae, imported siderophores also serve as iron storage vesicles [63,237].

The second iron uptake mechanism employed by S. pombe is the high-affinity, reductive
system that depends on cell surface ferric reductase Frp1. frp1+ shares 27% homology
with the S. cerevisiae Fe3+/Cu2+ reductase encoding gene, FRE1, and reduces extracellular
Fe3+ to Fe2+ [238]. Transcription of frp1+ may also have some functional relation to the
vacuole/cytoplasmic transporter Abc3 that transports iron from the vacuole to the cytosol
in iron-deficient conditions [238,239]. Pouliot et al. found that abc3∆ mutants resulted in
the activation of frp1+; however, a nucleotide-based transcription factor directly linked to
frp1+ has not yet been determined and it appears to be solely activated or repressed by the
absence or presence of iron, respectively [238,239]. After ferric reduction, Fe2+ enters an
oxidase-permease complex, similar to that of the S. cerevisiae Fet3/Ftr1 complex, composed
of proteins Fio1 and Fip1 [50]. Fio1 is a Fe2+ oxidase that shares 37% homology with the
S. cerevisiae Fet3, and in an iron deprived environment, oxidizes Fe2+ in preparation for
transfer across the plasma membrane via Fip1 [50]. fip1+ is a ferrous permease having 46%
homology with the S. cerevisiae Ftr1 [50,236].

Heme is an iron-containing compound and its acquisition and biosynthesis are the
finally discussed mechanisms of iron uptake in S. pombe. It is notable to state that while
S. cerevisiae does utilize heme in other processes such as respiration and ergosterol biosyn-
thesis, it has not been determined to be used to acquire iron [240,241]. S. pombe imports
exogenous heme for iron uptake through Str3 and Shu1 [56,57]. Shu1 is a plasma membrane
protein induced during iron deprivation, when heme biosynthesis is not attainable, or if
Fep1 is inactivated [56,57]. The second protein involved in heme uptake is Str3, previously
mentioned as a part of a ferrichrome transporter family (Str1, Str2, and Str3). Str3 shares
the lowest homology (25.1%) with Str1 when compared to Str2 (29%), and its substrate
specificity is undetermined [57,59,63]. Iron release and utilization from heme is not yet fully
understood in S. pombe; however, studies in C. albicans (and other fungi) show that heme
degradation is catalyzed upon cellular entry via heme oxygenase [56,57,242]. S. pombe also
biosynthesizes heme and is encoded by hem1+, hem2+, hem3+, hem12+, hem13+, hem14+,
hem15+, and ups1+ [56,57]. In iron-deficient conditions, a cascade of events between the mi-
tochondria and the cytoplasm occurs to synthesize heme for further utilization [56,57,243].
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In addition to iron acquisition in S. pombe, regulation mechanisms must be in place
to prevent over-accumulation. Mercier, Pelletier, and Labbé identified the gene pcl1+ to
play a role in vacuolar iron storage [244]. pcl1+ shares homology to S. cerevisiae Ccc1,
an iron vacuolar transporter, and it has been shown that pcl1∆ mutants have increased
sensitivity to iron; this together with the study of Mercier, Pelletier, and Labbé suggests
that Pcl1 might play a similar role in iron storage in S. pombe [63,239]. As mentioned, the
final destinations of heme are somewhat unclear, but based on research in other fungi,
heme may be degraded, and literature suggested that there may be a group of proteins
responsible for transporting those ions to the vacuole for degradation or storage [56,57,245].
Much is known about iron homeostasis in S. pombe; however, there are apparent gaps in
knowledge of specific processes.

In filamentous fungi, iron homeostasis is less documented. It has been investigated
in U. maydis, a pathogenic fungus that causes corn smut disease and whose virulence
is associated with iron acquisition [60,121]. There are two iron uptake mechanisms, one
through hydroxamate siderophores, and the other an oxidase-permease system, similar
to S. pombe [60,233,246,247]. In the latter, exogenous ferric iron is reduced by a seemingly
unknown reductase (possibly Fer9) and then re-oxidized by ferroxidase Fer1 for uptake
through the high-affinity ferric iron permease Fer2 [60,121]. In the former, siderophore iron
uptake is mediated by siderophore biosynthesis encoding genes Sdi1 and Sid2, and both
are negatively regulated by transcription factor Urbs1 [60,121,246,247]. These siderophores
play a role in iron acquisition; however, deletion mutants showed they are not necessary
for virulence [121].

2.3.2. Iron Toxicity

Iron is involved in many biological processes, but can be toxic in excess. Studies have
shown its toxicity in S. cerevisiae and fungal pathogens, but they have also demonstrated
that targeting and interfering in iron acquisition mechanisms can also be detrimental.
Reports indicate that iron or iron compounds are fungistatic against F. oxysporum and its
mycotoxins in a dose dependent manner [216,217]. In discussing iron toxicity, it is also
important to note that the interference of homeostatic systems can result in the inhibition of
iron acquisition, which can also be toxic. Leal et al. demonstrated this with the utilization
of lactoferrin, an iron-binding glycoprotein, as a topical agent to obstruct iron uptake
mechanisms of A. fumigatus and F. oxysporum in mice [92,93]. Results indicated that,
during corneal fungal infection, these fungi acquired iron through siderophores and that
the iron-binding agent blocked the ability of the pathogen to acquire siderophore-bound
iron, highlighting the inability of the fungi to proliferate without access to iron [93]. In
S. cerevisiae, iron toxicity is related to the ability of the cell to transport cytosolic iron to
the vacuole via Ccc1 [91,248]. Lin et al. showed that ccc1∆ mutants could not transfer
cytosolic iron to the vacuole under anaerobic conditions, even with the overexpression
of iron mitochondrial transporter Mrs3, effectively inducing toxicity [248]. The ability to
alter and control homeostatic mechanisms are determinants of the fungal ability to resist
excessive iron concentrations.

2.3.3. Iron Tolerance and Resistance

S. cerevisiae achieves iron resistance through the downregulation of iron import sys-
tems via Aft1, or activation of vacuolar transporter Ccc1 [64,249]. Ccc1 is regulated by the
iron sensitive transcription factor Yap5; removal of YAP5 increases iron sensitivity, while
its overexpression dramatically reduces cytosolic iron [120]. It may be worth the effort
to investigate how the overexpression of CCC1 affects iron resistance and the vacuolar
ability to store excess iron in order to prevent toxicity. Another vacuolar gene, VMA13,
might also play a potentially novel role in iron tolerance [250]. Vma13 is commonly known
as a vacuolar H+-ATPase subunit that plays a role in vacuolar acidification; however, a
study involving vma13∆ mutants showed that they experienced increased sensitivity to
iron deprivation, suggesting Vma13 plays a role in iron import [250]. The function of
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VMA13 in iron homeostasis combined with its role in vacuolar acidification should be
studied to determine if mutants can also help increase iron resistance. Another method of
iron resistance in S. cerevisiae is the expression of ferritin related genes. Ferritin is an iron
storage protein found in many other eukaryotes, but is not native to fungi [122–124]. Its
effects on increased iron resistance and storage capacity in yeast has been investigated and
results indicate that the expression of human, soybean, and tadpole ferritin genes (HuFH,
SFerH1/SFerH2, and TFH, respectively) resulted in the increased ability of yeast to store
and carry higher concentration of iron [122–124]. Llanos et al. showed the ability of soy-
bean ferritin genes, SFerH1 and SFerH2, to increase iron resistance in ccc1∆ mutants [122].
This is significant because, even without the natural vacuolar detoxification system, yeast
cells with soybean ferritin were still able to store increased concentrations of iron and
evade toxicity.

Fewer studies report on iron resistance in other fungi, but several inferences can
be made based on knowledge of iron homeostasis. In S. pombe, ferrichome production,
excretion, and subsequent uptake are used to acquire extracellular Fe3+ in iron-deficient
conditions [59,63,236,237,251]. The engineering of cells to overexpress Sib2 and Sib1 could
potentially serve as extra storage vesicles for any excess cytosolic iron acquired by the
cell [59,63,236,237,251]. It is not clear how ferrichrome is excreted from the cell after
production, therefore this exact mechanism would first need to be identified and well-
studied to determine if inhibiting excretion would have any other adverse effects on cellular
health. U. maydis also biosynthesizes siderophores (hydroxamate) via sid1 for iron uptake
which could also be investigated for increased production for storage of excess iron [60,121].

2.4. Manganese

Manganese (Mn) is a transition metal and also an essential micronutrient in fungi.
In agriculture, Mn compounds reduce mycelial growth of fungal pathogens [252,253]. In
other pathogenic fungi, Mn2+ is required for virulence [254]. Some lignocellulose degrading
enzymes also require Mn2+, such as manganese-dependent peroxidase, which white-rot fungi
express during lignocellulose degradation, integral to nutrient uptake [255,256]. Many fungal
species rely on Mn2+ and homeostatic mechanisms must exist to ensure proliferation.

2.4.1. Manganese Transport and Homeostasis

Within S. cerevisiae, Mn2+ transporters Smf1 and Smf2 (part of the Nramp metal
transporter family) and phosphate transporter Pho84, have a diverging consensus on their
roles in Mn2+ homeostasis. In the case of Smf1, it was initially determined to be a high-
affinity plasma membrane transporter, which acquired extracellular Mn2+ in Mn2+ deficient
environments [65,66]. Smf2 is localized in golgi-like vesicles and shares approximately
50% identity with Smf1 (at the amino acid level), but does not share functionality and
is a low-affinity Mn2+ transporter [77,257]. Once inside the cell, the fate of Mn2+ is as a
cofactor for proteins such as Sod2 [126,258]. Sod2 is a mitochondrial manganese superoxide
dismutase that receives Mn2+ via Mtm1 for activation [69,126,258,259]. In smf2∆ mutants,
the Sod2 primary protein structure accumulates in the mitochondria; however, they were
mostly inactive due to inadequate Mn2+ transfer to the mitochondria, indicating that Smf2
is a requirement for S. cerevisiae Sod2 activity [126,258]. Smf1 and Smf2, unlike many other
metal ion transporters discussed in this review, are not regulated at the transcriptional
level, rather post-translationally by protein turnover and localization, which is directly
related to Mn2+ availability [260]. When Mn2+ concentrations are stable or in excess
(~100 nmol/(1 × 109 cells)), Smf1 and Smf2 are ubiquitinated via Rsp5 (a NEDD4 family
E3 ubiquitin ligase) with the aid of Bsd2 and transferrin receptor-like proteins (Tre1 and
Tre2) [260–262]. Smf1 and Smf2 are then trafficked to multivesicular bodies, which deliver
the proteins to the vacuole for degradation [260,263,264]. This mechanism of action is
supported by reports that tre1∆, tre2∆, and bsd2∆ mutants resulted in the accumulation
of Smf1 and Smf2 [260–262]. Conversely, when Mn2+ starvation occurs, Bsd2 is depleted,
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Smf1 is localized to the cell surface, Smf2 is localized to intracellular vesicles, and Smf1
and Smf2 resume their Mn2+ uptake functions [257,260,261].

The final transport system discussed here is the phosphate transporter Pho84. It
was initially characterized in S. cerevisiae as a high-affinity, six-domain, transmembrane,
inorganic phosphate transporter [265]. However, Pho84 is now also known as a low-
affinity Mn2+ transporter, along with other metals such as cobalt, zinc, and copper [67].
Through pho84∆ mutants, it was shown that Mn2+ uptake was the most commonly affected
(in relation to the other metals) when PHO84 was removed, further proving its Mn2+

transporter role [67]. PHO84 transcription is regulated by transcription factor Pho4, which
inhibits Pho84 activity when it is phosphorylated in the presence of excess phosphate; Pho4
resumes transcription when phosphate levels are low [265,266].

Once Mn2+ is inside the cell, there are an array of destinations. Pmr1 (high-affinity
Ca2+/Mn2+ P-type ATPase) and Gdt1 (calcium/manganese transporter) both transport cy-
tosolic Mn2+ to the Golgi lumen, where Mn2+ serves as a cofactor for mannosyl-transferases,
such as Mnn1, Mnn2, Mnn5, and Mnn9, which glycosylate proteins in the secretory path-
way [70–72,267–271]. This type of protein modification provides protein stability by pre-
venting degradation, protecting against oxidative damage, and increasing thermodynamic
equilibrium [272]. Concerning the ER, P-type ATPase Spf1 transports Mn2+ to the ER
lumen; this is supported by a study showing that spf1∆ mutants had decreased luminal
Mn2+; its overexpression had the opposite effect [73]. This same study also stated that
Mn2+ depletion observed in spf1∆ mutants negatively impacted luminal Mn2+ dependent
processes. On the contrary, it positively impacted Mn2+ associated cytosolic processes,
indicating that Spf1 is integral to S. cerevisiae manganese ER and cytosolic homeostasis [73].

Mn2+ accumulation can have severe consequences on cellular health, and systems
must be in place to prevent subsequent events. We will discuss two defense mechanisms
in S. cerevisiae, Mn2+ trafficking to vacuoles for storage and degradation and Mn2+ ex-
port. Pmr1, previously characterized as an Mn2+ Golgi lumen transporter, also serves
as a detoxifier. Presented with toxic Mn2+ levels, Mn2+ is still transported to the Golgi
lumen from the cytosol, but excess ions are delivered to secretory pathway vesicles, which
ultimately exit the cell, completely removing toxic Mn2+ (Figure 3) [77,273]. The HIP1 gene
product also expresses export activity. Hip1 was initially characterized as a high-affinity,
plasma membrane histidine permease, but has since been shown to play a role in Mn2+

resistance [78,274]. Farcasanu et al. investigated S. cerevisiae mutants having defects in
Mn2+transport and found that a mutation in the HIP1 gene was responsible [78]. This
mutation, originally a single base deletion, introduced a cascade of mutations that led to
the protein Hip1-272 (272 amino acids long). Subsequent experiments showed that hip1-272
mutants had significantly less cytosolic Mn2+ accumulation, increased Mn2+ efflux, and
increased resistance than null mutants and wild type strains [78]. Further studies into the
hip1-272 mutant could elucidate the exact mechanisms of action of Mn2+ transport, deter-
mining how ions are trafficked to Hip1-272 and expelled. The second defense mechanism
against Mn2+ toxicity in S. cerevisiae was Mn2+ trafficking to vacuoles through Ccc1 and
Ypk9. Ccc1 (and possibly Cos16) is localized in the vacuolar membrane and is responsible
for trafficking cytosolic Mn2+ to vacuoles; CCC1 overexpression results in reduced Mn2+

toxicity, lower concentrations of cytosolic Mn2+, and increased vacuolar concentrations
(Figure 3) [64,75,77]. Ypk9 is also localized in the vacuolar membrane and shuttles Mn2+

to the vacuole. Gitler et al. and Schmidt et al. both demonstrated that ypk9∆ mutants
expressed Mn2+ hypersensitivity when compared to wild type strains, further affirming
Ypk9 involvement in Mn2+ homeostasis [74,76].
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Figure 3. Mn2+ uptake and detoxification systems in S. cerevisiae. 
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Manganese homeostasis has not been well characterized in higher fungi, but Phane-
rochaete chrysosporium has received some attention. P. chrysosporium is a white-rot fungus
that produces lignin-degrading enzymes, which have been useful in the biodegrada-
tion of various plant biomass and an array of organo-pollutants [275–277]. Manganese
peroxidase is a common lignin depolymerizing peroxidase utilized by white-rot Basid-
iomycetes [278,279]. It acts in combination with other enzymes to convert various biomass
to useful bio-products of commerce and agricultural operations [255,280–283]. Homologs
of the S. cerevisiae Pho84 and Smf1/2 proteins have been found in P. chrysosporium, PcPho84
and PcSmfs, respectively. PcPho84 is a plasma membrane protein involved in Mn2+ uptake,
having a similar function to its S. cerevisiae homolog [68]. Smf1/2 are predicted to have
similar functions in P. chrysosporium to their S. cerevisiae homologs [68]. Intracellular Mn2+

transport has also been investigated. Yeast homolog PcAtx2, localized in the Golgi mem-
brane, was shown to function as an antioxidant through sod1∆ mutants [68]. When grown
on 600 µM paraquat (inducer of oxidative stress), sod1∆ mutants experienced almost no
growth; however, in mutants expressing PcATX2, growth was restored, indicating that
PcAtx2 exhibits similar antioxidant functionality as Sod1 [68]. In the case of mitochon-
drial transport, S. cerevisiae Mtm1 traffics Mn2+ to the mitochondria for Sod1 activation;
however, the function of the P. chrysosporium homolog, PcMtm1 (localized in the mito-
chondrial membrane), has yet to be identified, but predicted to have a similar antioxidant
activity [68]. PcMnt and PcCcc1 engage in Mn2+ storage and export in P. chrysosporium,
respectively. In Phanerochaete sordida, PsMnt was found to be a homolog of yeast Smf2
and plays a role in Mn2+ uptake, suggesting that it could have dual functionality, but
this is still unknown [77,284]. Limited information exists on Mn2+ homeostasis in other
fungi; however, due to the impact of Mn2+ on lignin-degrading enzymes in wood-rotting
fungi, more studies should be conducted. Overall, Mn2+ homeostasis is critical to cellular
functioning to prevent toxic Mn2+ accumulation, detoxify cells of free radicals, and provide
white-rot fungi with their capacity to degrade lignin. In the absence of such mechanisms,
toxicity can impede proper functioning and cause cellular damage.
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2.4.2. Manganese Toxicity

In the model yeast S. cerevisiae, excessive Mn2+ can overrun homeostatic systems
and create a toxic ionic imbalance that negatively impacts survival rate [104,285,286].
Expression profiles show that high levels of Mn2+ down-regulate genes associated to
histidine proteins (HTB2, HTA1, HTA2, HTB1, and HHF) that are compulsory in chromatin
assembly chromosome functioning, and interface in this functioning can end in cell cycle
arrest [94,95,114,287]. Filamentous fungi are often studied for their lignin degradation
properties which focus on how Mn2+ impacts manganese peroxidase activity, but there is a
lack of knowledge on how excess Mn2+ can be toxic towards this activity [96–98]. Due to
the reliability of much of the lignin degrading properties on manganese peroxidase in many
white-rot fungi, effects of Mn2+ over accumulation should be further investigated [96–98].
In some cases, toxicity can be avoided by resistance mechanisms.

2.4.3. Manganese Tolerance and Resistance

As with other metals, Mn2+ resistance is usually contingent upon homeostatic systems.
In S. cerevisiae, several genes involved in resistance emanate from mutations. MNR1
(also known as HUM1 and VCX1), encodes a vacuolar H+/Ca2+ antiporter, but has been
implicated in Mn2+ resistance [125,288,289]. A single nucleotide alteration may affect
Mnr1 function and result in increased Mn2+ sequestration to the vacuole [125,289,290]. A
mutation in PHO84 is also implicated in Mn2+ resistance, where pho84∆ mutants have
increased resistance, likely due to the acquired inability to import and accumulate excess
Mn2+ [67]. In filamentous fungi, Diss et al. elucidated potential resistance mechanisms
through P. chrysosporium, where it was demonstrated that PcPho84∆ mutants increase
Mn2+ resistance, as well as expression of PcMNT, which is likely to engage in Mn2+export
activity [68].

Up to this point, metals that serve as essential nutrients have been reviewed. In
recent years, there has been an increase in studies on the usage of metals with no nu-
tritional purpose, but which serve as antimicrobial agents, such as silver. This increase
gives cause for further investigation into how these metals are metabolized and their
intracellular functioning.

2.5. Silver

Silver (Ag) is a transition metal that shares similar properties to other transition met-
als in groups three through twelve, and closely resembles the properties of Cu and gold
(Au) [291,292]. In fungi, silver is implicated in the eradication of pathogens. As part of agri-
cultural research, silver nanoparticles (Ag NPs) and Ag ions (Ag+) have demonstrated their
ability to control plant pathogens [293–295]. As a feed additive, silver has a positive effect on
the intestinal microflora, aflatoxins, and mycotoxin absorption in farm animals and in the food
industry is used in food packaging for its antimicrobial properties [291,296,297]. Thus, the
development of silver as an antimicrobial agent should continue to be investigated, especially
on the development of fungal resistance and the impacts on non-target organisms.

2.5.1. Silver Transport and Homeostasis

Silver is a non-essential metal that has no designated cellular receptors or membrane
channels for ion uptake. Much of the literature has focused on silver as an antimicrobial
agent, but some studies have begun to clarify homeostatic mechanisms [81,114,116,298].
Silver has properties similar to copper, which has initiated the evaluation of copper
homeostatic systems to investigate how they may contribute to silver uptake and trans-
port [21,81,114,116,298].

In S. cerevisiae, Ctr1, high-affinity Cu+ transporter, has been identified as a Ag+ im-
porter. This is based on observed reduced Ag+ uptake in ctr1∆ mutants exposed to low sil-
ver concentrations, and transcriptional analysis that shows exposure to Ag NPs upregulates
CTR1 throughout the entire transcriptome [80,81]. The involvement of copper-related genes
in Ag+ homeostasis was also investigated by Hosiner et al. and Niazi et al.; both found
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that short-term exposure to silver resulted in increased expression of copper MTs Cup1-1
and Cup1-2, suggesting these MTs sequester Ag+ in response to silver stress [114,115]. The
competitiveness of Cu+ and Ag+ for Cup1-1 and Cup1-2 should be further investigated
to determine which ion the MTs have a higher affinity for. Other metal ion transporters
(Pho84, Fet3, and Smf1) have been investigated for their involvement in Ag+ uptake, but
results indicate they are not [81].

Once inside the cell, there are not many known Ag+ destinations. AgNO3 exposure
results in Ag+ accumulation in the mitochondria, which, in return, reduces Cu+ accu-
mulation in the mitochondrial matrix [21]. The direct result of this action is reduced
copper-dependent cytochrome c oxidase activity, suggesting that cytosolic Ag+ is trafficked
to the mitochondria via Cu+ mitochondrial transporter Pic2, potentially with a higher
affinity, which can be toxic to cells by reducing the rate of cellular respiration [21]. No
other intracellular destinations have been identified in yeast, and silver homeostasis in
filamentous fungi is still unknown.

2.5.2. Silver Toxicity

Efflux systems are integral to cellular homeostasis, preventing the accumulation
of toxic compounds within a cell. In S. cerevisiae, Ag+ uptake can affect these systems,
resulting in toxicity. Exposure to Ag+ can increase the efflux rate of potassium ions (K+)
from S. cerevisiae, resulting in almost complete K+ efflux from the cell. S. cerevisiae requires
a minimum 30mM K+, suggesting those events can be toxic if the ion concentration is
not restored [299,300]. Another mechanism of Ag+ toxicity is its ability to alter cellular
structure [100,103]. Ionic fluids can affect cell membrane integrity of yeast Yarrowia lipolytica,
reducing the amount of ergosterol, which fluidizes the membrane, and increases internal
lateral pressures [100]. Ag+ exposure can also deform the cell wall, which is a likely a
response to the down-regulation of genes involved in ergosterol synthesis (ERG3, ERG5,
ERG6, ERG11, ERG25, and ERG28) in S. cerevisiae [80,99]. In the aquatic fungus Articulospora
tetracladia, transcriptome analysis via RNAseq revealed toxicity of Ag+ and Ag NPs may
result from interrupted functioning of plasma/organelle membranes and downregulation
of genes associated with cellular redox [301]. Silver toxicity has also been studied in other
agriculturally relevant processes and it has been determined that AgNO3 and Ag NPs
can be useful in pathogen control of plant diseases [174,293,295]. It may be worthwhile to
investigate silver homeostasis in addressing long-term effects of exposure.

2.5.3. Silver Tolerance and Resistance

The worldwide increase of silver usage makes studies on mechanisms of silver re-
sistance important; presently, few studies have reported on this. CTR3 is implicated in
Ag+ resistance after an observed fold increase in its expression in a silver evolved strain
of S. cerevisiae [116]. Insight into the expression of the Ctr3 transcription factor MAC1 in
the presence of Ag+ may clarify its role in resistance. It is possible that MTs Cup1-1 and
Cup1-2 are also involved in resistance. It was previously described that exposure to AgNO3
and Ag NPs resulted in the increased expression of CUP1-1 and CUP1-2, proposing that
the encoded MTs may also bind Ag+ and decrease sensitivity [81,114,115]. Similar results
were observed in AgNO3 exposure, where yeast had increased expression of CUP1-1 and
CUP1-2 (4.79-fold and 4.71-fold, respectively) in an extended study that resulted in an
evolved yeast strain, confirming the potential role of copper MTs in silver resistance [116].
Other Ag+ transporters, Pho84, Fet3, and Smf1, were not implicated in Ag+ uptake; how-
ever, significant down regulation (68.56-fold) of PHO84 in silver evolved yeast has been
observed, which may indicate that Pho84 plays a role in Ag+ uptake, and may serve as a
mechanism of Ag+ resistance [81,116]. The effect of Ag+ on genes involved in ergosterol
biosynthesis was also investigated in a silver evolved yeast [116]. Results indicated down-
regulation of those genes, suggesting that one mechanism of action of resistance against
Ag+ toxicity could be the ability to inhibit their down regulation [116]. In the filamentous
fungus A. nidulans, silver induced expression of copper exporter crpA, indicating that it
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may play a role in silver export and resistance [90]. In A. tetracladia, resistance may be
due to increased vacuolar function [301]. Overall, there has been some progress made in
unveiling silver homeostasis in fungi, mostly by way of S. cerevisiae. Due to the increasing
silver and Ag NP usage in many aspects of human life, silver–fungal interactions should be
further investigated at the molecular level to decipher precise homeostatic and resistance
mechanisms.

3. Omics and Metal Homeostasis

As the potential for commercial use of antifungal metals increases, so does the need
to further investigate fungal homeostasis of essential and non-essential metals. Currently,
research in this area is heavily reliant on assay based methods, which can be subjective and
ambiguous. In this review, many of the discoveries of homeostatic mechanisms stemmed
from the use of deletion libraries, microarrays, and PCR-based methods. This can restrict
the scope of the research by only analyzing known genomic or transcriptiomic signatures.

The incorporation of an omics based approach is a resolution to this issue. The most
popular omics utilizes bioinformatics to analyze fungal–metal interactions at a nucleotide
and protein level, which can reveal novel genes and mutations. In genomics, the entirety of a
genome is assessed and compared to others for similarities and differences that can contribute
to an organism’s characteristics [302,303]. Transcriptomics relies on RNA sequencing to
survey gene expression through fold-changes in transcripts and proteomics assess fold-
change in subsequent proteins. In fungi, omics is already incorporated into the identification
of characteristics of multi-drug resistance, analysis of genomic divergence based on species
origination, some analysis of metal tolerance due to short term exposure, and the analysis of
the effects of exposure to non-metal selective pressures [210,301,304–306].

Bioinformatics analysis is used to translate omics results via computer programming
methods. In nucleotide based omics, DNA or RNA is fragmented into segments or reads
prior to sequencing. After sequencing, base calling assigns a nucleotide base to an intensity
signal linked to a chromatogram peak and quality control measures are taken to trim reads
of adapters used in the sequencing process and trim low quality bases [307]. Next, species
that have a reference genome or transcriptome are mapped or aligned to that reference
(resequencing). After genomic mapping, variant calling identifies distinctions between the
re-sequenced organism and the reference [307]. After transcriptomic mapping, transcripts
are quantified and analyzed for differential expression. Species that do not have a reference
undergo de novo assembly, which constructs a genome or transcriptome from scratch. De
novo assembly utilizes the fragmented reads by overlapping or matching them based on
areas of similarity until the entire -ome is constructed [308]. Genome or transcriptome
annotation can then be used for further interpretation of the sequencing data. In other
omics, molecules produced by an organism are also analyzed and compared to chosen
reference samples.

Steps within these bioinformatics pipelines require the use of computational tools
written into the command line. Multiple tools with varying parameters exist to complete
the same function; however, the user must decide which tools fit their scientific needs. This
can result in variation between datasets and across scientific disciplines, based on accepted
standards and norms. However, this limitation does not deduct from the vast amounts of
data received.

With the increasing affordability of high-throughput omics, organisms can be analyzed
at multiple omics levels. This is leading to a more comprehensive understanding of
characteristics, especially in fungi where there is limited knowledge of their complexity.
This type of research will also illuminate unique features of fungal metal homeostasis,
toxicity, and resistance, especially of non-essential metals that are becoming conventional
antimicrobial agents.
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4. Conclusions

Fungal–metal interactions such as the synthesis of nanoparticles and metal used as
antifungal agents are on the rise. Studies on metal toxicity and resistance have uncovered
preserved homeostatic mechanisms. This review discussed metal homeostasis in various
fungi types and has shown that essential metals have designated uptake and transport
systems that regulate metal ion balance, mostly through the model organism S. cerevisiae.
However, there was a significant lack of fundamental knowledge of such mechanisms in
filamentous fungi, which play critical roles in nanoparticle biosynthesis and are targets of
metal antifungals, further accentuating the need to investigate molecular systems involved
in metal homeostasis. Fungal homeostasis of the non-essential metal silver was also
highlighted. It showed that homeostatic mechanisms were reliant on existing copper
transport systems, but were largely unclear regarding overall cellular processing. There
is a need to further investigate other non-essential metals’ cellular homeostasis as their
commercial usage increases, due to the current lack of knowledge of future implications.

Author Contributions: J.R.R.; O.S.I.; F.N.A.; all authors contributed equally to this publication. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by a Title III HBGI Grant sponsored by The US Department
of Education.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ahmad, A.; Mukherjee, P.; Senapati, S.; Mandal, D.; Khan, M.I.; Kumar, R.; Sastry, M. Extracellular Biosynthesis of Silver

Nanoparticles Using the Fungus Fusarium oxysporum. Colloids Surf. B Biointerfaces 2003, 28, 313–318. [CrossRef]
2. Birla, S.S.; Gaikwad, S.C.; Gade, A.K.; Rai, M.K. Rapid Synthesis of Silver Nanoparticles from Fusarium oxysporum by Optimizing

Physicocultural Conditions. Sci. World J. 2013, 2013, 796018. [CrossRef] [PubMed]
3. Naureen, B.; Miana, G.A.; Shahid, K.; Asghar, M.; Tanveer, S.; Sarwar, A. Iron (III) and Zinc (II) Monodentate Schiff Base Metal

Complexes: Synthesis, Characterisation and Biological Activities. J. Mol. Struct. 2021, 1231, 129946. [CrossRef]
4. Mani Chandrika, K.V.S.; Sharma, S. Promising Antifungal Agents: A Minireview. Bioorganic Med. Chem. 2020, 28, 115398.

[CrossRef] [PubMed]
5. Varshney, R.; Bhadauria, S.; Gaur, M.S. A Review: Biological Synthesis of Silver and Copper Nanoparticles. Nano Biomed. Eng.

2012, 4, 99–106. [CrossRef]
6. Gudikandula, K.; Charya Maringanti, S. Synthesis of Silver Nanoparticles by Chemical and Biological Methods and Their

Antimicrobial Properties. J. Exp. Nanosci. 2016, 11, 714–721. [CrossRef]
7. Jamdagni, P.; Khatri, P.; Rana, J.S. Green Synthesis of Zinc Oxide Nanoparticles Using Flower Extract of Nyctanthes Arbor-tristis

and Their Antifungal Activity. J. King Saud Univ. Sci. 2018, 30, 168–175. [CrossRef]
8. Bundschuh, M.; Filser, J.; Lüderwald, S.; McKee, M.S.; Metreveli, G.; Schaumann, G.E.; Schulz, R.; Wagner, S. Nanoparticles in the

Environment: Where Do We Come from, Where Do We Go to? Environ. Sci. Eur. 2018, 30, 1–17. [CrossRef] [PubMed]
9. Kittler, S.; Greulich, C.; Diendorf, J.; Koller, M.; Epple, M. Toxicity of Silver Nanoparticles Increases during Storage because of

Slow Dissolution under Release of Silver Ions. Chem. Mater. 2010, 22, 4548–4554. [CrossRef]
10. Mussin, J.E.; Roldán, M.V.; Rojas, F.; de los Ángeles Sosa, M.; Pellegri, N.; Giusiano, G. Antifungal Activity of Silver Nanoparticles

in Combination with Ketoconazole against Malassezia Furfur. AMB Express 2019, 9, 131. [CrossRef]
11. Khan, I.; Saeed, K.; Khan, I. Nanoparticles: Properties, Applications and Toxicities. Arab. J. Chem. 2019, 12, 908–931. [CrossRef]
12. Cheong, Y.-K.; Arce, M.P.; Benito, A.; Chen, D.; Luengo Crisóstomo, N.; Kerai, L.V.; Rodríguez, G.; Valverde, J.L.; Vadalia, M.;

Cerpa-Naranjo, A. Synergistic Antifungal Study of PEGylated Graphene Oxides and Copper Nanoparticles Against Candida
Albicans. Nanomaterials 2020, 10, 819. [CrossRef] [PubMed]

13. Mulenos, M.R.; Liu, J.; Lujan, H.; Guo, B.; Lichtfouse, E.; Sharma, V.K.; Sayes, C.M. Copper, Silver, and Titania Nanoparticles Do
not Release Ions under Anoxic Conditions and Release Only Minute Ion Levels Under Oxic Conditions in Water: Evidence for
the Low Toxicity of Nanoparticles. Environ. Chem. Lett. 2020, 18, 1319–1328. [CrossRef]

14. Liu, X.; Jiang, Y.; He, D.; Fang, X.; Xu, J.; Lee, Y.-W.; Keller, N.P.; Shi, J. Copper Tolerance Mediated by FgAceA and FgCrpA in
Fusarium graminearum. Front. Microbiol. 2020, 11, 1392. [CrossRef] [PubMed]

http://doi.org/10.1016/S0927-7765(02)00174-1
http://doi.org/10.1155/2013/796018
http://www.ncbi.nlm.nih.gov/pubmed/24222751
http://doi.org/10.1016/j.molstruc.2021.129946
http://doi.org/10.1016/j.bmc.2020.115398
http://www.ncbi.nlm.nih.gov/pubmed/32115335
http://doi.org/10.5101/nbe.v4i2.p99-106
http://doi.org/10.1080/17458080.2016.1139196
http://doi.org/10.1016/j.jksus.2016.10.002
http://doi.org/10.1186/s12302-018-0132-6
http://www.ncbi.nlm.nih.gov/pubmed/29456907
http://doi.org/10.1021/cm100023p
http://doi.org/10.1186/s13568-019-0857-7
http://doi.org/10.1016/j.arabjc.2017.05.011
http://doi.org/10.3390/nano10050819
http://www.ncbi.nlm.nih.gov/pubmed/32344901
http://doi.org/10.1007/s10311-020-00985-z
http://doi.org/10.3389/fmicb.2020.01392
http://www.ncbi.nlm.nih.gov/pubmed/32676062


J. Fungi 2021, 7, 225 20 of 30

15. Zhao, H.; Eide, D. The Yeast ZRT1 Gene Encodes the Zinc Transporter Protein of a High-affinity uptake System Induced by Zinc
Limitation. Proc. Natl. Acad. Sci. USA 1996, 93, 2454–2458. [CrossRef]

16. Moore, R.E.; Kim, Y.; Philpott, C.C. The Mechanism of Ferrichrome Transport through Arn1p and Its Metabolism in Saccharomyces
cerevisiae. Proc. Natl. Acad. Sci. USA 2003, 100, 5664–5669. [CrossRef]

17. Voß, B.; Kirschhöfer, F.; Brenner-Weiß, G.; Fischer, R. Alternaria alternata Uses Two Siderophore Systems for Iron Acquisition. Sci.
Rep. 2020, 10, 3587. [CrossRef] [PubMed]

18. Butt, T.R.; Sternberg, E.; Herd, J.; Crooke, S.T. Cloning and Expression of a Yeast Copper Metallothionein Gene. Gene 1984, 27,
23–33. [CrossRef]

19. Perinelli, M.; Tegoni, M.; Freisinger, E. Different Behavior of the Histidine Residue toward Cadmium and Zinc in a Cadmium-
Specific Metallothionein from an Aquatic Fungus. Inorg. Chem. 2020, 59, 16988–16997. [CrossRef]

20. Cho, M.; Hu, G.; Caza, M.; Horianopoulos, L.C.; Kronstad, J.W.; Jung, W.H. Vacuolar Zinc Transporter Zrc1 is Required for
Detoxification of Excess Intracellular Zinc in the Human Fungal Pathogen Cryptococcus neoformans. J. Microbiol. 2018, 56, 65–71.
[CrossRef]

21. Vest, K.E.; Leary, S.C.; Winge, D.R.; Cobine, P.A. Copper Import into the Mitochondrial Matrix in Saccharomyces cerevisiae is
Mediated by Pic2, a Mitochondrial Carrier Family Protein. J. Biol. Chem. 2013, 288, 23884–23892. [CrossRef]

22. Zhao, H.; Eide, D. The ZRT2 Gene Encodes the Low Affinity Zinc Transporter in Saccharomyces cerevisiae. J. Biol. Chem. 1996, 271,
23203–23210. [CrossRef]

23. Amich, J.; Vicentefranqueira, R.; Mellado, E.; Ruiz-Carmuega, A.; Leal, F.; Calera, J.A. The ZrfC Alkaline Zinc Transporter is
Required for Aspergillus fumigatus Virulence and Its Growth in the Presence of the Zn/Mn-chelating Protein Calprotectin. Cell.
Microbiol. 2014, 16, 548–564. [CrossRef]

24. Do, E.; Hu, G.; Caza, M.; Kronstad, J.W.; Jung, W.H. The ZIP Family Zinc Transporters Support the Virulence of Cryptococcus
neoformans. Med. Mycol. 2016, 54, 605–615. [CrossRef] [PubMed]

25. Dos Santos, F.M.; Piffer, A.C.; Schneider, R.O.; Ribeiro, N.S.; Garcia, A.W.A.; Schrank, A.; Kmetzsch, L.; Vainstein, M.H.; Staats,
C.C. Alterations of Zinc Homeostasis in Response to Cryptococcus neoformans in a Murine Macrophage Cell Line. Future Microbiol.
2017, 12, 491–504. [CrossRef]

26. Martha-Paz, A.M.; Eide, D.; Mendoza-Cózatl, D.; Castro-Guerrero, N.A.; Aréchiga-Carvajal, E.T. Zinc Uptake in the Basidiomycota:
Characterization of Zinc Transporters in Ustilago maydis. Mol. Membr. Biol. 2019, 35, 39–50. [CrossRef] [PubMed]

27. Vicentefranqueira, R.; Amich, J.; Laskaris, P.; Ibrahim-Granet, O.; Latgé, J.P.; Toledo, H.; Leal, F.; Calera, J.A. Targeting Zinc
Homeostasis to combat Aspergillus fumigatus Infections. Front. Microbiol. 2015, 6, 160. [CrossRef] [PubMed]

28. MacDiarmid, C.W.; Milanick, M.A.; Eide, D.J. Induction of the ZRC1 Metal Tolerance Gene in Zinc-limited Yeast Confers
Resistance to Zinc Shock. J. Biol. Chem. 2003, 278, 15065–15072. [CrossRef] [PubMed]

29. MacDiarmid, C.; Gaither, L.; Eide, D. Zinc Transporters That Regulate Vacuolar Zinc Storage in Saccharomyces cerevisiae. EMBO J.
2000, 19, 2845–2855. [CrossRef]

30. Gross, C.; Kelleher, M.; Iyer, V.R.; Brown, P.O.; Winge, D.R. Identification of the Copper Regulon in Saccharomyces cerevisiae by
DNA Microarrays. J. Biol. Chem. 2000, 275, 32310–32316. [CrossRef]

31. Hassett, R.; Dix, D.R.; Eide, D.J.; Kosman, D.J. The Fe(II) Permease Fet4p Functions as a Low Affinity Copper Transporter and
Supports Normal Copper Trafficking in Saccharomyces cerevisiae. Biochem. J. 2000, 351 Pt 2, 477–484. [CrossRef]

32. Pena, M.M.; Puig, S.; Thiele, D.J. Characterization of the Saccharomyces cerevisiae High Affinity Copper Transporter Ctr3. J. Biol.
Chem. 2000, 275, 33244–33251. [CrossRef]

33. Peña, M.M.O.; Koch, K.A.; Thiele, D.J. Dynamic Regulation of Copper Uptake and Detoxification Genes in Saccharomyces cerevisiae.
Mol. Cell. Biol. 1998, 18, 2514–2523. [CrossRef]

34. Beaudoin, J.; Ekici, S.; Daldal, F.; Ait-Mohand, S.; Guérin, B.; Labbé, S. Copper Transport and Regulation in Schizosaccharomyces
pombe. Biochem. Soc. Trans. 2013, 41, 1679–1686. [CrossRef] [PubMed]

35. Beaudoin, J.; Ioannoni, R.; Mailloux, S.; Plante, S.; Labbé, S. Transcriptional Regulation of the Copper Transporter Mfc1 in Meiotic
Cells. Eukaryot. Cell 2013, 12, 575–590. [CrossRef] [PubMed]

36. Zhou, H.; Thiele, D.J. Identification of a Novel High Affinity Copper Transport Complex in the Fission Yeast Schizosaccharomyces
pombe. J. Biol. Chem. 2001, 276, 20529–20535. [CrossRef]

37. Park, Y.-S.; Lian, H.; Chang, M.; Kang, C.-M.; Yun, C.-W. Identification of High-affinity Copper Transporters in Aspergillus
fumigatus. Fungal Genet. Biol. 2014, 73, 29–38. [CrossRef]

38. Peñas, M.M.; Azparren, G.; Domínguez, Á.; Sommer, H.; Ramírez, L.; Pisabarro, A.G. Identification and Functional Char-
acterisation of Ctr1, a Pleurotus ostreatus Gene Coding for a Copper Transporter. Mol. Genet. Genom. 2005, 274, 402–409.
[CrossRef]

39. Raffa, N.; Osherov, N.; Keller, N. Copper Utilization, Regulation, and Acquisition by Aspergillus fumigatus. Int. J. Mol. Sci. 2019,
20, 1980. [CrossRef] [PubMed]

40. Lin, S.-J.; Pufahl, R.A.; Dancis, A.; O’Halloran, T.V.; Culotta, V.C. A Role for the Saccharomyces cerevisiae ATX1 Gene in Copper
Trafficking and Iron Transport. J. Biol. Chem. 1997, 272, 9215–9220. [CrossRef]

41. Yuan, D.S.; Dancis, A.; Klausner, R.D. Restriction of Copper Export in Saccharomyces cerevisiae to a Late Golgi or Post-Golgi
Compartment in the Secretory Pathway. J. Biol. Chem. 1997, 272, 25787–25793. [CrossRef]

http://doi.org/10.1073/pnas.93.6.2454
http://doi.org/10.1073/pnas.1030323100
http://doi.org/10.1038/s41598-020-60468-7
http://www.ncbi.nlm.nih.gov/pubmed/32107432
http://doi.org/10.1016/0378-1119(84)90235-X
http://doi.org/10.1021/acs.inorgchem.0c02171
http://doi.org/10.1007/s12275-018-7475-y
http://doi.org/10.1074/jbc.M113.470674
http://doi.org/10.1074/jbc.271.38.23203
http://doi.org/10.1111/cmi.12238
http://doi.org/10.1093/mmy/myw013
http://www.ncbi.nlm.nih.gov/pubmed/27118799
http://doi.org/10.2217/fmb-2016-0160
http://doi.org/10.1080/09687688.2019.1667034
http://www.ncbi.nlm.nih.gov/pubmed/31617434
http://doi.org/10.3389/fmicb.2015.00160
http://www.ncbi.nlm.nih.gov/pubmed/25774155
http://doi.org/10.1074/jbc.M300568200
http://www.ncbi.nlm.nih.gov/pubmed/12556516
http://doi.org/10.1093/emboj/19.12.2845
http://doi.org/10.1074/jbc.M005946200
http://doi.org/10.1042/bj3510477
http://doi.org/10.1074/jbc.M005392200
http://doi.org/10.1128/MCB.18.5.2514
http://doi.org/10.1042/BST2013089
http://www.ncbi.nlm.nih.gov/pubmed/24256274
http://doi.org/10.1128/EC.00019-13
http://www.ncbi.nlm.nih.gov/pubmed/23397571
http://doi.org/10.1074/jbc.M102004200
http://doi.org/10.1016/j.fgb.2014.09.008
http://doi.org/10.1007/s00438-005-0033-4
http://doi.org/10.3390/ijms20081980
http://www.ncbi.nlm.nih.gov/pubmed/31018527
http://doi.org/10.1074/jbc.272.14.9215
http://doi.org/10.1074/jbc.272.41.25787


J. Fungi 2021, 7, 225 21 of 30

42. Peter, C.; Laliberté, J.; Beaudoin, J.; Labbé, S. Copper Distributed by Atx1 is Available to Copper Amine Oxidase 1 in Schizosaccha-
romyces pombe. Eukaryot. Cell 2008, 7, 1781–1794. [CrossRef]

43. Beers, J.; Glerum, D.M.; Tzagoloff, A. Purification, Characterization, and Localization of Yeast Cox17p, a Mitochondrial Copper
Shuttle. J. Biol. Chem. 1997, 272, 33191–33196. [CrossRef]

44. Glerum, D.M.; Shtanko, A.; Tzagoloff, A. Characterization of COX17, a Yeast Gene Involved in Copper Metabolism and Assembly
of Cytochrome Oxidase. J. Biol. Chem. 1996, 271, 14504–14509. [CrossRef]

45. Culotta, V.C.; Klomp, L.W.J.; Strain, J.; Casareno, R.L.B.; Krems, B.; Gitlin, J.D. The Copper Chaperone for Superoxide Dismutase.
J. Biol. Chem. 1997, 272, 23469–23472. [CrossRef] [PubMed]

46. Laliberté, J.; Whitson, L.J.; Beaudoin, J.; Holloway, S.P.; Hart, P.J.; Labbé, S. The Schizosaccharomyces pombe Pccs Protein Functions
in Both Copper Trafficking and Metal Detoxification Pathways. J. Biol. Chem. 2004, 279, 28744–28755. [CrossRef] [PubMed]

47. Carr, H.S.; George, G.N.; Winge, D.R. Yeast Cox11, a Protein Essential for Cytochrome cOxidase Assembly, Is a Cu(I)-binding
Protein. J. Biol. Chem. 2002, 277, 31237–31242. [CrossRef] [PubMed]

48. Smith, A.D.; Logeman, B.L.; Thiele, D.J. Copper Acquisition and Utilization in Fungi. Annu. Rev. Microbiol. 2017, 71, 597–623.
[CrossRef] [PubMed]

49. Wiemann, P.; Perevitsky, A.; Lim, F.Y.; Shadkchan, Y.; Knox, B.P.; Landero Figueora, J.A.; Choera, T.; Niu, M.; Steinberger, A.J.;
Wüthrich, M.; et al. Aspergillus fumigatus Copper Export Machinery and Reactive Oxygen Intermediate Defense Counter Host
Copper-Mediated Oxidative Antimicrobial Offense. Cell Rep. 2017, 19, 1008–1021. [CrossRef] [PubMed]

50. Askwith, C.; Kaplan, J. An Oxidase-permease-based Iron Transport System in Schizosaccharomyces pombe and Its Expression in
Saccharomyces cerevisiae. J. Biol. Chem. 1997, 272, 401–405. [CrossRef]

51. Chen, X.-Z.; Peng, J.-B.; Cohen, A.; Nelson, H.; Nelson, N.; Hediger, M.A. Yeast SMF1 Mediates H+-coupled Iron Uptake with
Concomitant Uncoupled Cation Currents. J. Biol. Chem. 1999, 274, 35089–35094. [CrossRef] [PubMed]

52. Cohen, A.; Nelson, H.; Nelson, N. The Family of SMF Metal Ion Transporters in Yeast Cells. J. Biol. Chem. 2000, 275, 33388–33394.
[CrossRef] [PubMed]

53. De Silva, D.M.; Askwith, C.C.; Eide, D.; Kaplan, J. The FET3 Gene Product Required for High Affinity Iron Transport in Yeast Is a
Cell Surface Ferroxidase. J. Biol. Chem. 1995, 270, 1098–1101. [PubMed]

54. Dix, D.; Bridgham, J.; Broderius, M.; Eide, D. Characterization of the FET4 Protein of Yeast Evidence for a Direct Role in the
Transport of Iron. J. Biol. Chem. 1997, 272, 11770–11777. [CrossRef] [PubMed]

55. Dix, D.R.; Bridgham, J.T.; Broderius, M.A.; Byersdorfer, C.A.; Eide, D.J. The FET4 Gene Encodes the Low Affinity Fe(II) Transport
Protein of Saccharomyces cerevisiae. J. Biol. Chem. 1994, 269, 26092–26099. [CrossRef]

56. Mourer, T.; Jacques, J.-F.; Brault, A.; Bisaillon, M.; Labbé, S. Shu1 Is a Cell-surface Protein Involved in Iron Acquisition from Heme
in Schizosaccharomyces pombe. J. Biol. Chem. 2015, 290, 10176–10190. [CrossRef]

57. Normant, V.; Mourer, T.; Labbé, S. The Major Facilitator Transporter Str3 is Required for Low-affinity Heme Acquisition in
Schizosaccharomyces pombe. J. Biol. Chem. 2018, 293, 6349–6362. [CrossRef]

58. Stearman, R.; Yuan, D.S.; Yamaguchi-Iwai, Y.; Klausner, R.D.; Dancis, A. A Permease-Oxidase Complex Involved in High-Affinity
Iron Uptake in Yeast. Science 1996, 271, 1552–1557. [CrossRef]

59. Pelletier, B.; Beaudoin, J.; Philpott, C.C.; Labbé, S. Fep1 Represses Expression of the Fission Yeast Schizosaccharomyces pombe
Siderophore-iron Transport System. Nucleic Acids Res. 2003, 31, 4332–4344. [CrossRef]

60. Eichhorn, H.; Lessing, F.; Winterberg, B.; Schirawski, J.; Kämper, J.; Müller, P.; Kahmann, R. A Ferroxidation/permeation Iron
Uptake System is Required for Virulence in Ustilago maydis. Plant Cell 2006, 18, 3332–3345. [CrossRef]

61. Lindahl, P.A. A Comprehensive Mechanistic Model of Iron Metabolism in Saccharomyces cerevisiae. Met. Integr. Biometal Sci. 2019,
11, 1779–1799. [CrossRef]

62. Netz, D.; Pierik, A.; Stümpfig, M.; Muhlenhoff, U.; Lill, R. The Cfd1-Nbp35 Complex Acts as a Scaffold for Iron-sulfur Protein
Assembly in the Yeast Cytosol. Nat. Chem. Biol. 2007, 3, 278–286. [CrossRef] [PubMed]

63. Labbé, S.; Khan, M.G.M.; Jacques, J.-F. Iron Uptake and Regulation in Schizosaccharomyces pombe. Curr. Opin. Microbiol. 2013, 16,
669–676. [CrossRef] [PubMed]

64. Li, L.; Chen, O.S.; Ward, D.M.; Kaplan, J. CCC1 is a Transporter That Mediates Vacuolar Iron Storage in Yeast. J. Biol. Chem. 2001,
276, 29515–29519. [CrossRef]

65. Supek, F.; Supekova, L.; Nelson, H.; Nelson, N. A Yeast Manganese Transporter Related to the Macrophage Protein Involved in
Conferring Resistance to Mycobacteria. Proc. Natl. Acad. Sci. USA 1996, 93, 5105–5110. [CrossRef] [PubMed]

66. Supek, F.; Supekova, L.; Nelson, H.; Nelson, N. Function of Metal-ion Homeostasis in the Cell Division Cycle, Mitochondrial
Protein Processing, Sensitivity to Mycobacterial Infection and Brain Function. J. Exp. Biol. 1997, 200, 321–330. [PubMed]

67. Jensen, L.T.; Ajua-Alemanji, M.; Culotta, V.C. The Saccharomyces cerevisiae High Affinity Phosphate Transporter Encoded by
PHO84 also Functions in Manganese Homeostasis. J. Biol. Chem. 2003, 278, 42036–42040. [CrossRef]

68. Diss, L.; Blaudez, D.; Gelhaye, E.; Chalot, M. Genome-wide Analysis of Fungal Manganese Transporters, with an Emphasis on
Phanerochaete chrysosporium. Environ. Microbiol. Rep. 2011, 3, 367–382. [CrossRef]

69. Luk, E.; Carroll, M.; Baker, M.; Culotta, V.C. Manganese Activation of Superoxide Dismutase 2 in Saccharomyces cerevisiae Requires
MTM1, a Member of the Mitochondrial Carrier Family. Proc. Natl. Acad. Sci. USA 2003, 100, 10353–10357. [CrossRef] [PubMed]

http://doi.org/10.1128/EC.00230-08
http://doi.org/10.1074/jbc.272.52.33191
http://doi.org/10.1074/jbc.271.24.14504
http://doi.org/10.1074/jbc.272.38.23469
http://www.ncbi.nlm.nih.gov/pubmed/9295278
http://doi.org/10.1074/jbc.M403426200
http://www.ncbi.nlm.nih.gov/pubmed/15107426
http://doi.org/10.1074/jbc.M204854200
http://www.ncbi.nlm.nih.gov/pubmed/12063264
http://doi.org/10.1146/annurev-micro-030117-020444
http://www.ncbi.nlm.nih.gov/pubmed/28886682
http://doi.org/10.1016/j.celrep.2017.04.019
http://www.ncbi.nlm.nih.gov/pubmed/28467895
http://doi.org/10.1074/jbc.272.1.401
http://doi.org/10.1074/jbc.274.49.35089
http://www.ncbi.nlm.nih.gov/pubmed/10574989
http://doi.org/10.1074/jbc.M004611200
http://www.ncbi.nlm.nih.gov/pubmed/10930410
http://www.ncbi.nlm.nih.gov/pubmed/7836366
http://doi.org/10.1074/jbc.272.18.11770
http://www.ncbi.nlm.nih.gov/pubmed/9115232
http://doi.org/10.1016/S0021-9258(18)47163-3
http://doi.org/10.1074/jbc.M115.642058
http://doi.org/10.1074/jbc.RA118.002132
http://doi.org/10.1126/science.271.5255.1552
http://doi.org/10.1093/nar/gkg647
http://doi.org/10.1105/tpc.106.043588
http://doi.org/10.1039/C9MT00199A
http://doi.org/10.1038/nchembio872
http://www.ncbi.nlm.nih.gov/pubmed/17401378
http://doi.org/10.1016/j.mib.2013.07.007
http://www.ncbi.nlm.nih.gov/pubmed/23916750
http://doi.org/10.1074/jbc.M103944200
http://doi.org/10.1073/pnas.93.10.5105
http://www.ncbi.nlm.nih.gov/pubmed/8643535
http://www.ncbi.nlm.nih.gov/pubmed/9050240
http://doi.org/10.1074/jbc.M307413200
http://doi.org/10.1111/j.1758-2229.2010.00235.x
http://doi.org/10.1073/pnas.1632471100
http://www.ncbi.nlm.nih.gov/pubmed/12890866


J. Fungi 2021, 7, 225 22 of 30

70. Dulary, E.; Yu, S.-Y.; Houdou, M.; de Bettignies, G.; Decool, V.; Potelle, S.; Duvet, S.; Krzewinski-Recchi, M.-A.; Garat, A.; Matthijs,
G.; et al. Investigating the Function of Gdt1p in Yeast Golgi glycosylation. Biochim. Biophys. Acta Gen. Subj. 2018, 1862, 394–402.
[CrossRef]

71. Lapinskas, P.J.; Cunningham, K.W.; Liu, X.F.; Fink, G.R.; Culotta, V.C. Mutations in PMR1 Suppress Oxidative Damage in Yeast
Cells Lacking Superoxide Dismutase. Mol. Cell. Biol. 1995, 15, 1382–1388. [CrossRef]

72. Thines, L.; Deschamps, A.; Sengottaiyan, P.; Savel, O.; Stribny, J.; Morsomme, P. The Yeast Protein Gdt1p Transports Mn(2+) Ions
and Thereby Regulates Manganese Homeostasis in the Golgi. J. Biol. Chem. 2018, 293, 8048–8055. [CrossRef] [PubMed]

73. Cohen, Y.; Megyeri, M.; Chen, O.C.W.; Condomitti, G.; Riezman, I.; Loizides-Mangold, U.; Abdul-Sada, A.; Rimon, N.; Riezman,
H.; Platt, F.M.; et al. The Yeast P5 Type ATPase, Spf1, Regulates Manganese Transport into the Endoplasmic Reticulum. PLoS
ONE 2014, 8, e85519. [CrossRef] [PubMed]

74. Gitler, A.D.; Chesi, A.; Geddie, M.L.; Strathearn, K.E.; Hamamichi, S.; Hill, K.J.; Caldwell, K.A.; Caldwell, G.A.; Cooper, A.A.;
Rochet, J.-C.; et al. Alpha-synuclein is Part of a Diverse and Highly Conserved Interaction Network That Includes PARK9 and
Manganese Toxicity. Nat. Genet. 2009, 41, 308–315. [CrossRef] [PubMed]

75. Lapinskas, P.J.; Lin, S.-J.; Culotta, V.C. The Role of the Saccharomyces cerevisiae CCC1 Gene in the Homeostasis of Manganese Ions.
Mol. Microbiol. 1996, 21, 519–528. [CrossRef] [PubMed]

76. Schmidt, K.; Wolfe, D.M.; Stiller, B.; Pearce, D.A. Cd2+, Mn2+, Ni2+ and Se2+ Toxicity to Saccharomyces cerevisiae Lacking YPK9p
the Orthologue of Human ATP13A2. Biochem. Biophys. Res. Commun. 2009, 383, 198–202. [CrossRef] [PubMed]

77. Culotta, V.C.; Yang, M.; Hall, M.D. Manganese Transport and Trafficking: Lessons Learned from Saccharomyces cerevisiae. Eukaryot.
Cell 2005, 4, 1159–1165. [CrossRef]

78. Farcasanu, I.; Mizunuma, M.; Hirata, D.; Miyakawa, T. Involvement of Histidine Permease (Hip1p) in Manganese Transport in
Saccharomyces cerevisiae. Mol. Gen. Genetics MGG 1998, 259, 541–548. [CrossRef]

79. Ton, V.-K.; Mandal, D.; Vahadji, C.; Rao, R. Functional Expression in Yeast of the Human Secretory Pathway Ca2+, Mn2+-ATPase
Defective in Hailey-Hailey Disease. J. Biol. Chem. 2002, 277, 6422–6427. [CrossRef]

80. Horstmann, C.; Campbell, C.; Kim, D.S.; Kim, K. Transcriptome Profile with 20 nm Silver Nanoparticles in Yeast. FEMS Yeast Res.
2019, 19. [CrossRef]

81. Ruta, L.L.; Banu, M.A.; Neagoe, A.D.; Kissen, R.; Bones, A.M.; Farcasanu, I.C. Accumulation of Ag(I) by Saccharomyces cerevisiae
Cells Expressing Plant Metallothioneins. Cells 2018, 7, 266. [CrossRef] [PubMed]

82. B, A.W. Oligodynamic Phenomena of Living Cells. Nature 1893, 48, 331. [CrossRef]
83. Galván Márquez, I.; Ghiyasvand, M.; Massarsky, A.; Babu, M.; Samanfar, B.; Omidi, K.; Moon, T.W.; Smith, M.L.; Golshani,

A. Zinc Oxide and Silver Nanoparticles Toxicity in the Baker’s Yeast, Saccharomyces cerevisiae. PLoS ONE 2018, 13, e0193111.
[CrossRef] [PubMed]

84. Sinisi, V.; Pelagatti, P.; Carcelli, M.; Migliori, A.; Mantovani, L.; Righi, L.; Leonardi, G.; Pietarinen, S.; Hubsch, C.; Rogolino, D. A
Green Approach to Copper-Containing Pesticides: Antimicrobial and Antifungal Activity of Brochantite Supported on Lignin for
the Development of Biobased Plant Protection Products. ACS Sustain. Chem. Eng. 2019, 7, 3213–3221. [CrossRef]

85. Pasquet, J.; Chevalier, Y.; Pelletier, J.; Couval, E.; Bouvier, D.; Bolzinger, M.A. The Contribution of Zinc Ions to the Antimicrobial
Activity of Zinc Oxide. Colloids Surf. A Physicochem. Eng. Asp. 2014, 457, 263–274. [CrossRef]

86. Xue, J.; Moyer, A.; Peng, B.; Wu, J.; Hannafon, B.N.; Ding, W.-Q. Chloroquine is a Zinc Ionophore. PLoS ONE 2014, 9, e109180.
[CrossRef] [PubMed]

87. He, L.; Liu, Y.; Mustapha, A.; Lin, M. Antifungal Activity of Zinc Oxide Nanoparticles against Botrytis cinerea and Penicillium
expansum. Microbiol. Res. 2011, 166, 207–215. [CrossRef]

88. Lanfranco, L.; Balsamo, R.; Martino, E.; Perotto, S.; Bonfante, P. Zinc Ions Alter Morphology and Chitin Deposition in an Ericoid
Fungus. Eur. J. Histochem. 2002, 46, 341–350. [CrossRef] [PubMed]

89. Noor, S.; Shah, Z.; Javed, A.; Ali, A.; Hussain, S.B.; Zafar, S.; Ali, H.; Muhammad, S.A. A Fungal Based Synthesis Method for
Copper Nanoparticles with the Determination of Anticancer, Antidiabetic and Antibacterial Activities. J. Microbiol. Methods 2020,
174, 105966. [CrossRef] [PubMed]

90. Antsotegi-Uskola, M.; Markina-Iñarrairaegui, A.; Ugalde, U. Copper Resistance in Aspergillus nidulans Relies on the PI-Type
ATPase CrpA, Regulated by the Transcription Factor AceA. Front. Microbiol. 2017, 8, 912. [CrossRef]

91. Li, L.; Ward, D.M. Iron Toxicity in Yeast: Transcriptional Regulation of the Vacuolar Iron Importer Ccc1. Curr. Genet. 2018, 64,
413–416. [CrossRef]

92. Ward, P.P.; Conneely, O.M. Lactoferrin: Role in Iron Homeostasis and Host Defense against Microbial Infection. Biometals 2004, 17,
203–208. [CrossRef]

93. Leal, S.M., Jr.; Roy, S.; Vareechon, C.; Carrion, S.D.; Clark, H.; Lopez-Berges, M.S.; diPietro, A.; Schrettl, M.; Beckmann, N.; Redl,
B.; et al. Targeting Iron Acquisition Blocks Infection with the Fungal Pathogens Aspergillus fumigatus and Fusarium oxysporum.
PLoS Pathog. 2013, 9, e1003436. [CrossRef]

94. Dollard, C.; Ricupero-Hovasse, S.L.; Natsoulis, G.; Boeke, J.D.; Winston, F. SPT10 and SPT21 are Required for Transcription of
Particular Histone Genes in Saccharomyces cerevisiae. Mol. Cell. Biol. 1994, 14, 5223–5228. [CrossRef]

95. Norris, D.; Osley, M.A. The Two Gene Pairs Encoding H2A and H2B Play Different Roles in the Saccharomyces cerevisiae Life Cycle.
Mol. Cell. Biol. 1987, 7, 3473–3481. [CrossRef]

http://doi.org/10.1016/j.bbagen.2017.11.006
http://doi.org/10.1128/MCB.15.3.1382
http://doi.org/10.1074/jbc.RA118.002324
http://www.ncbi.nlm.nih.gov/pubmed/29632074
http://doi.org/10.1371/journal.pone.0085519
http://www.ncbi.nlm.nih.gov/pubmed/24392018
http://doi.org/10.1038/ng.300
http://www.ncbi.nlm.nih.gov/pubmed/19182805
http://doi.org/10.1111/j.1365-2958.1996.tb02561.x
http://www.ncbi.nlm.nih.gov/pubmed/8866476
http://doi.org/10.1016/j.bbrc.2009.03.151
http://www.ncbi.nlm.nih.gov/pubmed/19345671
http://doi.org/10.1128/EC.4.7.1159-1165.2005
http://doi.org/10.1007/s004380050846
http://doi.org/10.1074/jbc.M110612200
http://doi.org/10.1093/femsyr/foz003
http://doi.org/10.3390/cells7120266
http://www.ncbi.nlm.nih.gov/pubmed/30545005
http://doi.org/10.1038/048331a0
http://doi.org/10.1371/journal.pone.0193111
http://www.ncbi.nlm.nih.gov/pubmed/29554091
http://doi.org/10.1021/acssuschemeng.8b05135
http://doi.org/10.1016/j.colsurfa.2014.05.057
http://doi.org/10.1371/journal.pone.0109180
http://www.ncbi.nlm.nih.gov/pubmed/25271834
http://doi.org/10.1016/j.micres.2010.03.003
http://doi.org/10.4081/1746
http://www.ncbi.nlm.nih.gov/pubmed/12597619
http://doi.org/10.1016/j.mimet.2020.105966
http://www.ncbi.nlm.nih.gov/pubmed/32474053
http://doi.org/10.3389/fmicb.2017.00912
http://doi.org/10.1007/s00294-017-0767-7
http://doi.org/10.1023/B:BIOM.0000027693.60932.26
http://doi.org/10.1371/annotation/4f388450-90fe-4c65-9b9b-71a2b7935ac0
http://doi.org/10.1128/MCB.14.8.5223
http://doi.org/10.1128/MCB.7.10.3473


J. Fungi 2021, 7, 225 23 of 30

96. Janusz, G.; Kucharzyk, K.H.; Pawlik, A.; Staszczak, M.; Paszczynski, A.J. Fungal Laccase, Manganese Peroxidase and Lignin
Peroxidase: Gene Expression and Regulation. Enzym. Microb. Technol. 2013, 52, 1–12. [CrossRef]

97. Manavalan, T.; Manavalan, A.; Heese, K. Characterization of Lignocellulolytic Enzymes from White-rot Fungi. Curr. Microbiol.
2015, 70, 485–498. [CrossRef]

98. Xu, H.; Guo, M.-Y.; Gao, Y.-H.; Bai, X.-H.; Zhou, X.-W. Expression and Characteristics of Manganese Peroxidase from Ganoderma
lucidum in Pichia pastoris and Its Application in the Degradation of Four Dyes and Phenol. BMC Biotechnol. 2017, 17, 19. [CrossRef]
[PubMed]

99. Das, D.; Ahmed, G. Silver Nanoparticles Damage Yeast Cell Wall. J. Biotechnol. 2012, 3, 36–39.
100. Walker, C.; Ryu, S.; Trinh, C. Exceptional Solvent Tolerance in Yarrowia lipolytica Is Enhanced by Sterols. bioRxiv 2018, 324681.

[CrossRef] [PubMed]
101. Ghannoum, M.A.; Rice, L.B. Antifungal Agents: Mode of Action, Mechanisms of Resistance, and Correlation of These Mechanisms

with Bacterial Resistance. Clin. Microbiol. Rev. 1999, 12, 501–517. [CrossRef]
102. Avery, S.V.; Howlett, N.G.; Radice, S. Copper Toxicity towards Saccharomyces cerevisiae: Dependence on Plasma Membrane Fatty

Acid Composition. Appl. Environ. Microbiol. 1996, 62, 3960. [CrossRef] [PubMed]
103. Babele, P.K.; Singh, A.K.; Srivastava, A. Bio-Inspired Silver Nanoparticles Impose Metabolic and Epigenetic Toxicity to Saccha-

romyces cerevisiae. Front. Pharmacol. 2019, 10, 1016. [CrossRef] [PubMed]
104. Blackwell, K.J.; Tobin, J.M.; Avery, S.V. Manganese Toxicity towards Saccharomyces cerevisiae: Dependence on Intracellular and

Extracellular Magnesium Concentrations. Appl. Microbiol. Biotechnol. 1998, 49, 751–757. [CrossRef] [PubMed]
105. Gerwien, F.; Skrahina, V.; Kasper, L.; Hube, B.; Brunke, S. Metals in Fungal Virulence. FEMS Microbiol. Rev. 2017, 42. [CrossRef]

[PubMed]
106. Simm, C.; Lahner, B.; Salt, D.; LeFurgey, A.; Ingram, P.; Yandell, B.; Eide, D.J. Saccharomyces cerevisiae Vacuole in Zinc Storage and

Intracellular Zinc Distribution. Eukaryot. Cell 2007, 6, 1166. [CrossRef]
107. Staats, C.; Kmetzsch, L.; Schrank, A.; Vainstein, M. Fungal Zinc Metabolism and Its Connections to Virulence. Front. Cell. Infect.

Microbiol. 2013, 3, 65. [CrossRef]
108. Wilson, D.; Citiulo, F.; Hube, B. Zinc Exploitation by Pathogenic Fungi. PLoS Pathog. 2012, 8, e1003034. [CrossRef]
109. González Matute, R.; Serra, A.; Figlas, D.; Curvetto, N. Copper and Zinc Bioaccumulation and Bioavailability of Ganoderma

lucidum. J. Med. Food 2011, 14, 1273–1279. [CrossRef]
110. Ruytinx, J.; Nguyen, H.; Van Hees, M.; Op De Beeck, M.; Vangronsveld, J.; Carleer, R.; Colpaert, J.V.; Adriaensen, K. Zinc

Export Results in Adaptive Zinc Tolerance in the Ectomycorrhizal Basidiomycete Suillus bovinus. Metallomics 2013, 5, 1225–1233.
[CrossRef] [PubMed]

111. Kalsotra, T.; Khullar, S.; Agnihotri, R.; Reddy, M.S. Metal Induction of Two Metallothionein Genes in the Ectomycorrhizal Fungus
Suillus himalayensis and Their Role in Metal Tolerance. Microbiology 2018, 164, 868–876. [CrossRef]

112. Tucker, S.L.; Thornton, C.R.; Tasker, K.; Jacob, C.; Giles, G.; Egan, M.; Talbot, N.J. A Fungal Metallothionein is Required for
Pathogenicity of Magnaporthe grisea. Plant Cell 2004, 16, 1575–1588. [CrossRef] [PubMed]

113. Yasokawa, D.; Murata, S.; Kitagawa, E.; Iwahashi, Y.; Nakagawa, R.; Hashido, T.; Iwahashi, H. Mechanisms of Copper Toxicity in
Saccharomyces cerevisiae Determined by Microarray Analysis. Environ. Toxicol. 2008, 23, 599–606. [CrossRef]

114. Hosiner, D.; Gerber, S.; Lichtenberg-Frate, H.; Glaser, W.; Schüller, C.; Klipp, E. Impact of Acute Metal Stress in Saccharomyces
cerevisiae. PLoS ONE 2014, 9, e83330. [CrossRef]

115. Niazi, J.H.; Sang, B.-I.; Kim, Y.S.; Gu, M.B. Global Gene Response in Saccharomyces cerevisiae Exposed to Silver Nanoparticles.
Appl. Biochem. Biotechnol. 2011, 164, 1278–1291. [CrossRef]
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