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Abstract
The kingdom of fungi comprises a large and highly diverse group of organisms that thrive in diverse natural environments. One
factor to successfully confront challenges in their natural habitats is the capability to synthesize defensive secondary metabolites.
The genetic potential for the production of secondary metabolites in fungi is high and numerous potential secondary metabolite
gene clusters have been identified in sequenced fungal genomes. Their production may well be regulated by specific ecological
conditions, such as the presence of microbial competitors, symbionts or predators. Here we exemplarily summarize our current
knowledge on identified secondary metabolites of the pathogenic fungus Aspergillus fumigatus and their defensive function against
(microbial) predators.
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Introduction
To thrive in their natural habitats all organisms from bacteria
and fungi to plants and animals need access to sufficient nutri-
tional sources and have to defend themselves against both,
competitors and predators (Figure 1). Fungi are ubiquitous,
living a mostly saprophytic, parasitic or symbiotic lifestyle in
various habitats including soil, water, other organisms and even
salt-flats and arctic glaciers [1,2]. As fungi are not able to phys-

ically leave their habitats they must rely on mechanical barriers,
physiological adaptations and chemical defence mechanisms to
optimize their living conditions and resist competitors, para-
sites and predators [3-5]. These bioactive compounds are often
considered as secondary metabolites (SM) which are involved
in communication, symbiotic interactions, pathogenicity or
chemical defence, e.g., by toxin production [6]. With penicillin
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Figure 1: Schematic overview of fungal interactions in the environment. Fungi can be found in essentially all terrestrial habitats comprising sapro-
phytic, parasitic, symbiotic or predatory lifestyles [6]. Independent of their ecological niche, they have to protect themselves against abiotic stresses,
competitors and predators while also communicating with their host or partners during parasitic/pathogenic or symbiotic interactions. This figure was
created with biorender.com.

as the prime example fungal secondary metabolites have raised
scientific and pharmaceutical interests for nearly one century.
Today’s sequencing and bioinformatic analyses of fungal
genomes revealed that the genetic potential far exceeds the
number of known metabolites and the interest of scientists to
gain access to them remains high [7-9].

Genes associated with these bioactive compounds are often
organized in biosynthetic gene clusters (BGCs) which are phys-
ically linked, commonly regulated and often belong to a few
distinct classes of molecules like non-ribosomal peptides
(NRP), polyketides (PK), terpenes or indole alkaloids [10,11].
The vast majority of fungal BGCs is found in the genomes of
members of the Basidiomycota and Ascomycota including the
genus Penicillium in which the first BGC was identified in 1990
[12-14]. Penicillium species belong to the Pezizomycotina, a
subdivision within the Ascomycotina including several species
that are closely associated with humans at many different levels.
Aside from being a source of many medically relevant com-
pounds including antibiotics like penicillin they offer food
sources in the form of naturally grown truffles (e.g., Tuber
melanosporum) or recently cultivated meat alternatives like
Quorn® (Fusarium venenatum) [15-17]. Species of Aspergillus,
such as Aspergillus fumigatus, Aspergillus flavus and
Aspergillus niger can affect the health of humans, plants and

lifestock by acting as pathogens. It is firmly established that the
ability to produce mycotoxins contributes to the virulence
potential of these fungi, but as they all thrive in environmental
reservoirs they must also provide an ecological advantage to
their producer [18].

Indeed, many of these pathogenic fungi also produce com-
pounds with antibacterial, antifungal and insecticidal properties
to ward of both competitors and predators. The mycotoxins
aflatoxin B1 (1) from Aspergillus flavus and patulin (2), pro-
duced by Aspergillus and Penicillium species, exhibit insecti-
cidal activity against Drosophila melanogaster and might thus
prevent feeding competition [19-21] (Figure 2). But not only
mycotoxins protect from predation: A. flavus sclerotia are pro-
tected from sap beetles by asparasone and Neurospora crassa’s
neurosporin A prevents springtail grazing [22,23]. Grazing by
Folsomia candida springtails on Fusarium graminearum in-
duces several metabolites, of which especially the bisnaph-
thopyrone pigment aurofusarin (3) was shown to have
antifeedant effects not only on springtails but also on meal-
worm Tenebrio molitor and woodlouse Trichorhina tomentosa.
Not only Fusarium species produce bisnaphthopyrones like
aurofusarin but also Aspergillus and Penicilllium species
produce these metabolites which show antifeedant effects on a
wide variety of arthropods [24].
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Figure 2: Fungal derived bioactive natural compounds with ecological
and/or economic relevance.

Some fungal compounds can have deleterious effects on
humans, livestock or crops, like the ergot alkaloids, e.g., ergota-
mine (4) present in the sclerotia of the ergot fungus Claviceps
purpurea, which can contaminate grain products like flour. In
the middle ages these contaminations caused vast epidemics of
“St. Anthony’s fire”, a severe poisoning which could lead to
death and mutilation in humans. However, midwives already
knew the therapeutic potential of ergot alkaloids as early as
1582 and used it for abortion or to aid childbirth. The ecologi-
cal significance of ergot alkaloids remains unclear, but they are
assumed to be a feeding deterrent due to their toxicity and bad
taste [25-28].

To trigger the synthesis of new SMs a number of approaches
have been exploited so far, including co-cultivation with other
species [9]. Amoebae offer promising possibilities to not only
discover new SM but also to discover their ecological role as
amoeba often cohabitate with fungi in their natural environ-
ments, especially the soil. Some, like Protostelium aurantium,
were recently found to be exclusively fungivorous, feeding on
both yeasts and filamentous fungi alike [29]. Additionally,
amoeba closely resemble human phagocytic cells and the inter-
actions of fungi and amoeba often parallels interactions of fungi
and macrophages as was shown for Aspergillus fumigatus and
its interactions with Acanthamoeba castellanii [30]. Thus, the
adaptations that protect fungi against amoeba that were gained
in the ‘environmental school of virulence’ might also protect
fungi from the immune system [31]. Therefore, to study their
interactions with human pathogenic fungi like A. fumigatus, one
of the most common airborne fungal pathogens, might lead to
new insight in virulence mechanisms and the role of SMs
therein [32]. The aim of this review is to depict the fungal sec-
ondary metabolite potential and its role in an ecological context

using A. fumigatus as an example because of its high medical
importance and its diverse profile of secondary metabolites
which seems to fulfil dual roles: targeting innate immune cells
during virulence and protect from environmental predators in
natural habitats.

Review
Natural products of Aspergillus fumigatus
The genus Aspergillus comprises a large number of species that
are not only of scientific but also of pharmaceutical and com-
mercial interest. While the non-pathogenic A. niger is used as
industrial workhorse, for example in the production of citric
acid, other representatives contaminate food stocks with myco-
toxins (A. flavus) or can cause severe infections (A. fumigatus,
A. terreus). Despite their different role for humans, they com-
monly share a high potential for the production of secondary
metabolites, measured by the predicted number of secondary
metabolite gene clusters identified by numerous genome
sequencing projects. Due to its clinical importance as an oppor-
tunistic pathogen A. fumigatus is of great interest among them
[33,34].

As a saprophytic decomposer of organic material in the soil,
A. fumigatus encounters not only numerous competitors but also
fungivorous predators like amoebae (e.g., P. aurantium), nema-
todes (e.g., Aphelenchus avenae) or arthropods like insects,
mites and springtails (e.g., F. candida) [35-39]. However, the
fungus may also act as a pathogen causing often lethal infec-
tions in immune-compromised patients, and thus its secondary
metabolism was extensively studied in recent years [38,40,41].
Analysis of the A. fumigatus  genome sequence and
metabolomics revealed its potential to synthesize more than 200
compounds and the presence of over 30 secondary metabolite
associated gene clusters [7,42-44]. The products of many of
those gene clusters are already known and span the whole range
of secondary metabolite classes. Table 1 provides an overview
of the major secondary metabolites from A. fumigatus and lists
their ecological roles as well as their impact on virulence.

Gliotoxin
Gliotoxin (GT, 5) is the non-ribosomal peptide (NRP) derived
epipolythiodioxopiperazine (ETP’s) class toxin of several
fungal genera including Aspergillus, Penicillium, Trichoderma,
and Leptosphaera (Figure 3) [112]. Among the ascomycetes,
A. fumigatus may well be the major GT producer and the identi-
fication of its heterocyclic structure by Bell and colleagues in
1958 builds the foundation to understand its role in invasive
aspergillosis [113]. In A. fumigatus 13 genes form a 28 kb
biosynthetic cluster of gliotoxin, of which gliZ (a zinc-finger
transcription factor) and gliP (an NRPS) together with global
regulator LaeA regulate its expression at the genomic level
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Table 1: Overview of Aspergillus fumigatus secondary metabolites and their roles during virulence and in their ecological context.

Metabolite Class Virulence
factor

Role in virulence Ecological role/
toxicity

Reference

DHN-melanin polyketide, phenolic
polymer, pigment

yes - prevents recognition by
the immune system
- prevents phagosomal
acidification

- protection against
UV-stress
- prevents
recognition by
predators (e.g.,
amoeba)
- prevents
phagolysosome
maturation

[45-50]

endocrocin polyketide, pigment – - inhibits chemotaxis of
neutrophils

- protection against
UV-stress

[47,51-53]

ferricrocin siderophore yes - iron homeostasis - iron homeostasis [54,55]
fumagillin mero-terpenoid – - inhibitor of phagocyte

activity
- damages epithelial cells
- inhibitor of methionine
aminopeptidase

- cilioinhibitory
- antimicrobial
- antiprotozoal

[56-62]

fumigaclavine ergot alkaloid – - reduces production of
TNF-α – toxic to
mammalian cells

- antibacterial
- insecticidal
- antifeedant

[63-67]

fumipyrrole non-ribosomal peptide – – - enhances growth
and sporulation

[68]

fumiquinozalines tryptophan derived peptidyl
alkaloid

– not determined - antibacterial
- antifungal

[69-72]

fumisoquin isoquinolone alkaloid – not determined - inhibits bacterial
replication

[73,74]

fumitremorgin indole diketo-piperazine
alkaloid

– - inhibitor of breast cancer
resistance protein

- antifungal
- antifeedant
- insecticidal

[72,75]

fusarinine C/
triacetylfusarinine C

siderophore yes - iron acquisition - iron acquisition [54,55,76]

fungisporin non-ribosomal peptide – not determined - antibacterial [41,77]
gliotoxin epipolythiopiperazine yes - inhibition of immune

response
- cilioinhibitory
- antimicrobial
- protects against
amoeba predation

[78-82]

helvolic acid/
protostadienol

fusidane-type steroid – - cilioinhibitory - antibacterial
- antiprotozoal
- antifungal

[72,83-88]

hexadehydro-
astechrome

non-ribosomal peptide,
tryptophan-derived iron(III)
complex

yes - iron homeostasis - iron homeostasis [89,90]

neosartoricin/
fumicycline

prenylated polyketide,
meroterpenoid

– - inhibition of immune
response

not determined [41,91,92]

nidulanin A tetracyclo-peptide/
isoprene

– not determined not determined [93]

pseurotin heterocyclic γ-lactam – - inhibition of IgE
production

- antibacterial [94-97]

pyripyropene A sesqui-terpenoid – - acetyltransferase inhibitor - nematicide
- insecticidal

[98-100]

sphingofungin A–D sphingosine-like compound not
determined

- inhibition of serine
palmitoyl transferase

- antifungal [101-104]

trypacidin polyketide, anthraquinone,
pigment

– - toxic to lung cells - antiprotozoal
- antiphagocytic

[53,105-107]

verruculogen indole diketo-piperazine
alkaloid

not
determined

- alters electrophysical
properties of human nasal
epithelial cells

- antifungal [72,108-110]
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Table 1: Overview of Aspergillus fumigatus secondary metabolites and their roles during virulence and in their ecological context. (continued)

xanthocillin tyrosine-derived isocyanide – - copper homeostasis - copper
homeostasis

[111]

Figure 3: Gliotoxin biosynthetic gene cluster and it major biosynthetic transformations: Gliotoxin (5) is the oxidized form of dithiol-gliotoxin (6) cata-
lysed by the gliotoxin oxidoreductase GliT. Dithiol-gliotoxin can be methylated to bis(methyl)gliotoxin (7) via the S-adenosyl-methionine (SAM) de-
pendent bisthiomethyltransferase GtmA which is not part of the gli-cluster.

[112,114-116] (Figure 3). Whereas GliT (a gliotoxin oxidore-
ductase) catalyses the oxidation of reactive dithiol gliotoxin (6)
to gliotoxin and a distantly localized S-adenosylmethionine-
dependent gliotoxin bisthiomethyltransferase (GtmA) is respon-
sible for the formation of bis(methyl)gliotoxin (7) to maintain
the GT concentration at sub-lethal levels via redox cycling
and S-methylation of active disulfides in GT, respectively
[117,118]. Furthermore, in terms of exogenous factors, not only
GT itself but several other biotic and abiotic factors, including
neutrophilic granulocytes, media composition, pH, temperature
and aeration, are known to regulate gliotoxin biosynthesis
[115,119,120].

The biological activity of ETP’s like gliotoxin is mediated by
the active disulfide bridge that targets vulnerable thiols or catal-
yses oxidative burst formation via redox cycling [78]. In
previous studies, these cytotoxic activities of gliotoxin were
shown to be immunosuppressive in humans [79-81]. Sugui and
colleagues (2007) also demonstrated that a gliotoxin lacking
strain of A. fumigatus is avirulent in mice treated with cortisone
acetate [121]. Nevertheless, the fact that gliotoxin is not only
produced by pathogenic A. fumigatus suggests a role of
gliotoxin in natural microenvironments. In vitro studies have
also revealed the amoebicidal activities of gliotoxin on its
natural co-inhabitant Dictyostelium discoideum [82]. However,
these pathogenic activities sometimes prove to be beneficial for
other co-habitants, comparable to how Trichoderma virens

protects cotton seedlings from its pathogen Pythium ultimum
[122].

Trypacidin
The spore-born toxin trypacidin (8) is a polyketide that belongs
to an anthraquinone-derived class of secondary metabolites
(Figure 4) [107]. In A. fumigatus, the trypacidin biosynthetic
cluster (tpc) is comprised of 13 genes that spans over a 25 kb
sub-telomeric region on chromosome 4 [53,105]. It is one of the
conidial secondary metabolites that are regulated by global tran-
scriptional regulators LaeA and BrlA in A. fumigatus [51,123-
126]. Nevertheless, trypacidin production is also regulated by
cluster specific transcriptional regulators TpcD/E [53]. Though
the precise mechanism of action of trypacidin remains to be elu-
cidated, it was shown to exhibit antiprotozoal, antiphagocytic
and cytotoxic activities in vitro. Gauthier and colleagues (2012)
have shown that in lung cells trypacidin mediates in necrosis-
mediated death [107]. In another study, absence of trypacidin
was shown to be linked with increased phagocytic rates in
murine alveolar macrophages and phagocytic amoeba
D. discoideum. The authors further showed that trypacidin
reduced the viability of amoebae which signifies its role in coni-
dial protection in the environment [105].

Fumagillin
Fumagillin (9) belongs to the meroterpenoid class of secondary
metabolites. It was discovered in 1949 from A. fumigatus [127].
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Figure 5: Intermediates of the DHN-melanin biosynthesis in Aspergillus fumigatus.

Figure 4: Amoebicidal secondary metabolites trypacidin and fumag-
illin of Aspergillus fumigatus.

Strikingly, unlike other secondary metabolite synthesizing clus-
ters, the fumagillin biosynthetic cluster is intertwined with the
pseurotin gene cluster and designated as the fma cluster
[95,128]. Wiemann and colleagues (2013) have shown the exis-
tence of a similarly intertwined pattern in both close and distant
relatives of A. fumigatus, and therefore suggested a role of these
metabolites in survival. In A. fumigatus, the fma cluster is locat-
ed on the sub-telomeric region on chromosome 8 and is
comprised of 15 genes. At the cellular level fumagillin is regu-
lated by both cluster specific regulator FumR (FapR) and global
regulator LaeA [95].

Fumagillin consists of a cyclohexane ring and decatetraene-
dioic acid connected via an ester bond. There is also a methoxy
group, an epoxide and a terpene derived aliphatic chain that
contains another epoxide, linked to cyclohexane. These unstable
di-epoxides are responsible for the biological activity of fumag-
illin, which targets the active site of the methionine aminopepti-
dase type-2 (MetAP-2) enzyme [129]. MetAP-2 is involved in
cell proliferation, translation and post-translational modifica-
tions of nascent polypeptides and is therefore essential for cell
viability [130,131]. Additionally, fumagillin is also known to be
overproduced upon caspofungin treatment and damage to the
cell walls while fumagillin aids in immune evasion by reducing

ROS levels, degranulation and actin filamentation in neutrophils
[60,132]. In nature, several fungal species are known to produce
caspofungin which could trigger fumagillin production in
natural environments [132,133]. A. fumigatus possesses an addi-
tional MetAP-2 gene in the fma cluster that protects itself
against its own toxin [134]. Fumagillin has therapeutic poten-
tial for the treatment of intestinal microsporidiosis and nosemi-
asis in honey bees [58,135]. Overall, antibiotic, immunosup-
pressive, antitumor and antiangiogenic properties have been at-
tributed to fumagillin [129,136-140]. Specific antibiotic activi-
ties were demonstrated against the pathogen Entamoeba
histolytica and later against eukaryotic parasites such as
Trypanosoma and Plasmodium the causative agent of malaria
[141,142]. In comparison to gliotoxin, we found only minor
cytotoxic activities of fumagillin against the model amoebae
D. discoideum [82]. It could still be conceivable that other
amoeba could reveal higher sensitivity, but tests against the
fungivorous amoeba P. aurantium were not yet conducted.

DHN-melanin
Melanins are a heterogenous group of hydrophobic phenolic
polymers that are found in a range of organisms including
bacteria, plants, fungi and even animals. The melanin pigments
are of mostly dark colours like black or brown and are associat-
ed with virulence in plant- and animal-pathogenic fungi [143-
145]. Three types of melanins are known to be produced by
fungi of which A. fumigatus is able to produce two – pyome-
lanin and dihydroxynaphthalene melanin (DHN-melanin).
While the water-soluble pyomelanin is synthesized via the tyro-
sine degradation pathway, the DHN-melanin synthesis relies on
its own SM-gene-cluster [146-148]. The DHN-melanin of
A. fumigatus is a heteropolymer formed through the polymeri-
zation of 1,8-dihydroxynaphtalene (1,8-DHN) monomers (10)
and is responsible for the unique greyish-green colour of
A. fumigatus conidia (Figure 5).
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Figure 6: Intermediates and products of the fumigaclavine C biosynthesis.

The genetics and biochemistry of its biosynthesis are well
established: the 19 kb gene cluster contains 6 genes and lies
downstream of the conidiation pathway. The polyketide
synthase PksP combines the starter units acetyl-CoA and
malonyl-CoA into the heptaketide naphthopyrone YWA1 (11).
The hydrolytic activity of Ayg1 shortens the heptaketide to the
pentaketide 1,3,6,8-tetrahydroxynaphthalene (1,3,6,8-THN)
(12) and is further reduced by reductase Arp2 to scytalone (13),
which in turn is dehydrated by Arp1 to 1,3,8-trihydroxynaph-
thalene (1,3,8-THN) (14). Again, Arp2 reduces 1,3,8-THN to
vermelone (15) before it is dehydrated to 1,8-dihydroxynaph-
thalene (1,8-DHN) (10) by Abr1, a multi-copper reductase. In a
last step polymerization of 1,8-DHN monomers is facilitated by
the laccase Abr2 [45,149-152]. Knock out mutants of either
ayg1, arp2, or abr2 lead to different coloured conidia while loss
of pksP aborts DHN-melanin synthesis completely which leads
to white spores [45]. DHN-melanin is a heterogeneous polymer,
as such it does not have a unique structure. Its insolubility
aggravates any structural analyses of the deciphering of repeti-
tive motives. However, there were studies doing either compu-
tational predictions or artificial oxidative polymerization studies
of 1,8-DHN monomers [144,153].

Next to offering the conidia protection from UV radiation,
DHN-melanin was shown to be a key factor to survival during
both predation and virulence. When preyed upon by fungivo-
rous amoeba like P. aurantium melanised conidia where not
only internalized less than ΔpksP conidia but were also able to
prevent maturation of phagolysosomes [50,147]. During infec-
tion DHN-melanin masks the pathogen-associated molecular
patterns on the spore-surface and is thus less likely to be recog-
nized by the immune system. The ΔpksP strain lacks this
protection and is more easily recognized by the immune system,
thus triggering a stronger immune response, including a higher
pro-inflammatory response and increased recognition and inges-
tion by phagocytes rendering the ΔpksP strain less virulent. Ad-
ditionally, melanised conidia are more likely to survive internal-
ization by lung epithelial cells [147,154,155]. Although DHN-
melanin is generally associated with immune evasion it was
recently found to be recognized in higher animals via the C-type

lectin receptor (MelLec) which interacts with the naphthalene-
diol domain of DHN-melanin. Additionally, the surfactant pro-
tein D (SP-D), a soluble C-type lectin receptor (CLR), is also
able to recognise DHN-melanin and opsonize it to increase the
immune response. However, MelLec receptors are only present
on some endothelial and myeloid cells [156,157].

Fumigaclavines
Fumigaclavine C (19) is a tryptophan-derived indole alkaloid
which was so far only shown to be produced by A. fumigatus
while other fumigaclavines can for example also be found in
Penicillium ssp. (fumigaclavine A (18) and B (17)) [66,158]. In
all fungi, alkaloid biosynthetic pathways share a common basis,
starting with the prenylation of ʟ-tryptophan to dimethylallyl-
tryptophan (DMAT). During several steps DMAT is converted
to chanoclavine-I aldehyde, the last mutual intermediate.
Branching into different pathways after this intermediate is
mainly due to differences in the function of EasA, the enzyme
catalysing the next biosynthetic step. In A. fumigatus EasA acts
as a reductase and after additional steps chanoclavine-I alde-
hyde is converted into festuclavine (16) (Figure 6). Festu-
clavine is then oxidized to fumigaclavine B (17) which in turn
is acetylated to fumigaclavine A (18). Finally a reverse prenyl-
ation of fumigaclavine A leads to fumigaclavine C (19), the
final product of fumigaclavine biosynthesis [159]. Biosynthesis
of the intermediate festuclavine as well as fumigaclavines A–C
is dependent on LaeA regulation [124].

Its numerous bioactive effects hold the potential for a pharma-
ceutical use since it was shown to be an effective inhibitor of
tumor necrosis factor-alpha (TNF-α) production by preventing
the activation of TLR4 by lipopolysaccharide (LPS) and was
thus proposed for potential use against atherosclerosis [67].
Furthermore fumigaclavine C has also proven effective against
MCF-7 breast cancer cells by arresting the cell cycle and
promoting apoptosis while showing no cytotoxicity against
RAW 264.7 cells, thus demonstrating their selectivity [65,67].
Further, fumigaclavine was shown to exhibit antibacterial prop-
erties and to contribute to virulence in the model insect Galleria
mellonella [66].
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Figure 7: Bioactive secondary metabolites of Aspergillus fumigatus.

Fumitremorgins
The class of fumitremorgins comprises several diketopiper-
azine alkaloids which are tremorgenic mycotoxins. However,
there are several fumitremorgin-like indole alkaloids including
tryprostatins, spiro- and cyclotryprostatins and verruculogen
besides fumitremorgins themselves. They occur most often in
Aspergillus and Penicillium species [160]. Fumitremorgin A
(20), B (21) and C (22) can all be found in A. fumigatus
(Figure 7). They are based on the precursers ʟ-tryptophan and
ʟ-proline and are further derived from breviamide F, propos-
edly via tryprostatin B which is hydroxylated and methylated to
tryprostatin A. Oxidative closure of the ringstructure then
results in fumitremorgin C. Further modification of the struc-
ture leads to fumitremorgin B and verruculogen, which shares
the same pathway [97,160-162]. Which enzyme is responsible
for the conversion of verruculogen to fumitremorgin A remains
to be elucidated. Like several other clusters, the biosynthesis of
fumitremorgins is dependent on LaeA [124].

Fumitremorgin B was shown to have antifungal properties
against phytopathogenic fungi, antifeedant properties against
army-worm larvae and toxic on brine shrimp [72]. It was further
shown to be cytotoxic and inhibiting cell cycle progression at
G2/M phase [163]. Fumitremorgin C was shown to effect
mammalian cells and inhibit the breast cancer resistance pro-

tein which imparts multidrug resistance and thus resistance to
chemotherapeutics in breast cancer treatment [75,164].

Helvolic acid
Helvolic acid (HA) (23) is a fusidane-type antibiotic that
belongs to the triterpenoid class of secondary metabolites. Orig-
inally, it was discovered from A. fumigatus but later several
other members of the sub phylum Pezizomycotina were also
found to be HA producers [165-168]. In A. fumigatus, the
biosynthetic cluster of HA is comprised of 9 genes that spans
over a 16.3 kb region on chromosome 4 (Figure 8). The cluster
contains an oxidosqualine cyclase (helA), three Cytochrome
P450 (helB1, helB2, helB3), a short-chain dehydrogenase/reduc-
tase (helC) and two acetyltransferases (helD1, helD2) and a
3-ketosteroid-Δ1-dehydrogenase [83,169]. Helvolic acid is a
tetracyclic compound containing two keto groups, two acetates
and one carboxyl group which do not equally contribute to
function [169]. Lv and colleagues have shown that the presence
of both the C-20 carboxyl group and the 3-keto group are
crucial for its antibacterial activity whereas, acetylation of the
C-6 hydroxy group reduces the activity of HA [169]. Previous
studies have also shown the antitrypanosomal, antifungal and
cilioinhibitory properties of HA [72,83,86-88]. For these prop-
erties and little cross-resistance helvolic acid is of great pharma-
ceutical importance. On the other hand, these antibiotic activi-
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Figure 8: Helvolic acid gene cluster of A. fumigatus.

ties of HA could alter the soil microflora in natural habitats, an
ecological role of HA that requires further investigation.

Pyripyropene A
Pyripyropene A (PPPA) (24) belongs to the meroterpenoid class
of secondary metabolites. It was originally isolated from
A. fumigatus, but later several other pyripyropene A producing
members of Aspergillus and Penicillium ssp. were identified
[98,99,170,171]. In A. fumigatus 9 genes form a pyripyropene
A (pyr) biosynthetic cluster that spans a 23 kb region on chro-
mosome 6 [172]. Chemically, pyripyropene (PP) analogs are
meroterpenoids containing a fused pyridyl α-pyrone moiety and
eight contiguous stereocenters [170]. Metabolically, PPPA non-
covalently binds within the fifth transmembrane domain of
acyl-coenzyme A (CoA):cholesterol acyltransferase ACAT2
and renders it inactive [173]. In vivo, PPPA-mediated ACAT2
inhibition was shown to protect the mice from atherosclerosis,
ACAT2 enzyme mediates in lipid metabolism and is localized
in the liver and intestines [174]. Furthermore, PPPA was also
shown to exhibit insecticidal properties against aphids [100].

Conclusion
Increasing access to sequenced microbial genomes offers a
glimpse at the untapped potential we have yet to gain access to.
Fungi in particular harbor great potential to produce novel sec-
ondary metabolites with ecological and pathogenic importance.
As a medically relevant fungal pathogen A. fumigatus is the
subject of much research and since sequencing of its genome in
2005 its potential for the production of secondary metabolites
was scrutinized frequently [7,43,175]. In recent years many of
its BGCs could be matched with either long known or newly
discovered bioactive compounds and while the bioactive poten-
tial and the ecological role of many well studied metabolites
like DHN-melanin or gliotoxin is well known, newer metabo-
lites often cannot be associated with a biological function. Due
to its clinical significance, the highest interest in secondary
metabolites of A. fumigatus was driven by its pathobiology, e.g.,
a role in cytotoxicity, immunosuppression or antifungal drug
resistance. In natural habitats these molecules may fulfill analo-
gous functions, such as the defense against phagocytic preda-
tors by gliotoxin [78-82]. Indeed, the need for survival is the

driving force of evolution and fungi like A. fumigatus were able
to cultivate an impressive arsenal of protective mechanism from
DHN-melanin which offers mostly passive protection to more
active compounds like fumigaclavines or helvolic acid with
their antibacterial and antifungal activities, respectively
[50,63,72,147]. Since SM activities are most often closely
related to ecological conditions mimicking of more natural
cultivation conditions might lead to the discovery of new com-
pounds and their ecological role.

In the past few years, protists like D. discoideum and Acan-
thamoeba castellani have been widely used for the identifica-
tion of virulence attributes of pathogenic fungi, including
Aspergillus spp., for their similarity with human phagocytic
cells [32]. Nevertheless, the precise identity of amoeboid,
nematode and arthropod predators that target filamentous fungi
in their environmental niches remained elusive and has been
limited by their biological complexity. It was thus surprising to
find that the environmentally abundant, fungivorous amoeba
P. aurantium does not only graze on yeast but can specifically
target filamentous fungi such as A. fumigatus. The mechanism
of action was coined ruphocytosis and involved a locally
distinct disruption of the cell wall of the fungal hyphae to feed
on the fungal cytoplasm [29]. It is well conceivable that this
amoeba will target a range of different filamentous fungi, and
that this biotic cell wall stress can be exploited as an ecological
trigger for the production and identification of new bioactive
compounds in the future.
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