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Abstract: The fungal cell wall is the external and first layer that fungi use to interact with the
environment. Every stress signal, before being translated into an appropriate stress response, needs to
overtake this layer. Many signaling pathways are involved in translating stress signals, but the cell wall
integrity (CWI) signaling pathway is the one responsible for the maintenance and biosynthesis of the
fungal cell wall. In fungi, the CWI signal is composed of a mitogen-activated protein kinase (MAPK)
module. After the start of the phosphorylation cascade, the CWI signal induces the expression of
cell-wall-related genes. However, the function of the CWI signal is not merely the activation of cell wall
biosynthesis, but also the regulation of expression and production of specific molecules that are used
by fungi to better compete in the environment. These molecules are normally defined as secondary
metabolites or natural products. This review is focused on secondary metabolites affected by the
CWI signal pathway with a special focus on relevant natural products such as melanins, mycotoxins,
and antibacterial compounds.
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1. Fungal Secondary Metabolites

Fungi are organisms able to colonize every habitat across the world. Like plants, fungi do
not actively move, and they spread in the environment by producing small spores that can be
easily transported by atmospheric carriers (e.g., wind and water flows) and animals. As with every
organism on earth, during their life cycle, fungi are actively challenged by environmental changes,
e.g., parasites and predators, and they have evolved an incredible ability to adapt to different
ecological niches and compete with other organisms. In particular, fungi can produce a large arsenal of
compounds that are specifically synthetized to increase their fitness. Many of these active molecules are
produced in secondary metabolism and include a wide range of low-molecular-weight chemicals [1].
These chemicals are normally classified as natural products (NPs) and they belong to the class of
polyketides, small peptides, terpenoids, alkaloids, and phenols [1]. The different roles of NPs are vast
and they are likely produced not only to serve as defense compounds, but also as toxins, which can be
relevant for infection processes. Additionally, some NPs can act as metal chelators, and are produced
to reduce the fitness of competing organisms by subtracting relevant nutrients, making them more
available for the NP-producing organism [2].

Fungal NPs have been employed for diverse applications including antibiotics, antifungals,
insecticides, food preservatives, and so on, demonstrating how they are becoming extremely significant
for humankind. For this reason, NPs have been largely studied in the last century regarding their
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synthesis and production. As an example, we know that many fungal NP biosynthetic genes are
clustered in their respective genomes and usually entail large multidomain enzymes such as polyketide
synthases (PKSs) and/or nonribosomal peptide synthetases (NRPSs) [1,3].

A lot of effort has also been spent on understanding the regulation of NP biosynthesis. In particular,
these efforts were focused not only on promoting the increase of NP production, relevant for industrial
applications, but also on inducing the expression of silent biosynthesis gene clusters which can
potentially disclose new molecules with valuable functions [4]. Specifically, the induction of silent gene
clusters became very popular in the post-genomic era. The large and increasing availability of genome
data revealed that the knowledge about NPs is very limited if compared with that concerning the
computationally identified biosynthetic pathways. This is true even for those organisms that have been
extensively studied, which do not produce all their potential chemicals during lab fermenting conditions.

2. Translating Stress to Stress Response

Fungal cells are characterized by the presence of a rigid external layer denominated as the cell
wall. The fungal cell wall is a dynamic structure that changes during cellular growth, but, during these
changes, still conserves its rigidity. The fungal cell wall is principally composed of sugars, such as
glucans and chitins, and cell-wall-associated proteins. In many fungi, important components of
the cell wall are melanins, which are among the most mysterious secondary metabolites studied.
Many genes coding for melanin biosynthesis are well characterized, but the chemical structures of the
many different identified melanins are still missing [5,6]. Our knowledge is mainly based on melanin
precursors that have been isolated, but the last biosynthetic steps are, so far, unknown [5,6].

The fungal cell wall is also the first layer that interacts with the environment. All the external
stimuli need to bypass the cell wall; these signals are then translated to specific responses. Consequently,
cell wall stress is potentially responsible for the induction of a series of stress-responsive factors,
including the production of secondary metabolites. After crossing the cell wall, stimuli are translated
through complex cellular signals, which normally engage phosphorylation cascades.

Signaling pathways are very well conserved in fungi. The most studied signaling pathways in
fungi are: the cAMP pathway, which exploits the formation of cyclic AMP to amplify the activity of
responsive kinases; the calcineurin pathway, which responds to intracellular calcium homeostasis;
the TOR pathway (target of rapamycin), which mainly regulates cellular nutrient and energy levels;
and the mitogen-activated protein kinase (MAPK) signaling pathways [7–9]. The cell wall integrity
(CWI) signaling is one of the MAPK signaling pathways. MAPK pathways are highly conserved
among eukaryotes, and are distinguished by a central module composed of three protein kinases.
All fungi usually contain three main MAPK pathways: the pheromone responsive pathway, the high
osmolarity glycerol (Hog) response pathway, and the CWI pathway. These pathways are strongly
connected to each other, and extensive cross-talk interactions are emerging [10–12].

3. The Cell Wall Integrity Pathway Affects the Production of Melanins

The CWI pathway was extensively studied in the model fungus Saccharomyces cerevisiae,
but computational analysis and experimental data revealed that this pathway is highly conserved in
fungi (Figure 1A) [8]. The phosphorylation cascade in the MAPK CWI pathway goes from a MAP
kinase kinase kinase (MAPKKK), which phosphorylates a MAP kinase kinase (MAPKK) that, at the
end, activates a MAPK (Figure 1A). After being phosphorylated, the MAPK moves to the nucleus to
activate transcriptional regulators. The majority of fungi contain one element for each kinase, but there
are few exceptions reported—in particular, among yeasts [8]. The phosphorylation of the three-kinase
module occurs through an additional kinase, a protein kinase C named as Pkc1 in yeast, which is also
much conserved. The lack of function of any Pkc1 orthologue results in a lethal phenotype, suggesting
that this kinase constitutes a hub for different signaling pathways. Oppositely, the lack of function of
any of the three kinases composing the MAPK module, when no paralogues are present, only blocks
the phosphorylation cascade and constitutively silences the CWI pathway.
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Figure 1. (A) Schematic representation of the cell wall integrity (CWI) signaling pathway in fungi. 
Stress signals from the cell wall are sensed by receptors (R), which are strongly associated with 
GTPases such as guanidine nucleotide exchange factors (GEFs) and Ras homologs (RHOs). The 
phosphorylation cascade begins through the protein kinase C (PKC) that activates by 
phosphorylation of the MAPK module. After being phosphorylated, the MAPK moves to the nucleus, 
promoting gene transcription through the activation of specific transcriptional regulators. (B) 
Secondary metabolites differentially regulated consequent to the inhibition of the CWI signaling. 1,8-
dihydroxynaphthalene (a), homogentisate (b), and dihydroxyindol (c) are known precursors of 1,8-
dihydroxynaphthalene (DHN)-melanin, L-Dopa melanin, and pyomelanin respectively. Other 
represented molecules are: gliotoxin (d), ACT toxin (e), beauvericin (f), fusaric acid (g), fumonisin B1 
(h), penicillin (i), triacetylfusarinine C (j), and ganoderic acid (k). 
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Figure 1. (A) Schematic representation of the cell wall integrity (CWI) signaling pathway in fungi. Stress
signals from the cell wall are sensed by receptors (R), which are strongly associated with GTPases such as
guanidine nucleotide exchange factors (GEFs) and Ras homologs (RHOs). The phosphorylation cascade
begins through the protein kinase C (PKC) that activates by phosphorylation of the MAPK module.
After being phosphorylated, the MAPK moves to the nucleus, promoting gene transcription through
the activation of specific transcriptional regulators. (B) Secondary metabolites differentially regulated
consequent to the inhibition of the CWI signaling. 1,8-dihydroxynaphthalene (a), homogentisate (b),
and dihydroxyindol (c) are known precursors of 1,8-dihydroxynaphthalene (DHN)-melanin, L-Dopa
melanin, and pyomelanin respectively. Other represented molecules are: gliotoxin (d), ACT toxin (e),
beauvericin (f), fusaric acid (g), fumonisin B1 (h), penicillin (i), triacetylfusarinine C (j), and ganoderic
acid (k).

In the model yeast S. cerevisiae, the central role in the fungal CWI is played by the MAPK Mpk1
(alias Slt2) [13]. This protein is activated by phosphorylation from two other MAPKKs, named Mkk1
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and Mkk2, which are also phosphorylated by the upstream kinase Bck1 (MAPKKK) [14]. The lack of
Mpk1 phosphorylation reveals a characteristic phenotype, with compact and delayed growth and high
sensitivity to a variety of cell-wall-acting compounds [14]. So far, the deletion of any mpk1 orthologue
in fungi has revealed phenotypes similar to the one reported in yeast, highlighting the conserved role
of the CWI pathway. Additionally, the severe physiological alterations due to CWI inhibition strongly
affect the virulence in both plant- and human-pathogenic fungi [8,15].

As already mentioned, many fungi produce melanins that are secondary metabolites strongly
associated with the cell wall. Melanins are dark pigments synthetized to defend organisms from
external hazards [6]. In particular, they play an important role in the defense against reactive oxygen
species and UV stress, but they are also important for pathogenesis [6,16]. The chemical structure
of these melanins is supposed to be very different [5]. So far, in fungi, three different kinds of
melanins have been identified: the most common, the 1,8-dihydroxynaphthalene (DHN) melanin,
is a polyketide derivative and its precursor is assembled by a PKS (Figure 1(Ba)); the second one,
L-3,4-dihydroxyphenylalanine (L-dopa), is derived by tyrosine degradation and is similar to that
produced by mammals (Figure 1(Bb)); finally, pyomelanin was also identified to be produced by some
fungi, and is also from tyrosine degradation (Figure 1(Bc)) [6,16]. It is noteworthy that mutants with
deleted melanin-related PKSs are normally characterized by the production of colorless spores [17–19].

The main studied signaling pathway connected to melanin production is the cAMP signaling
pathway [20,21]. However, the deletion of any genes related to the cAMP pathway did not result
in total suppression of melanin production [6,22]. This alone suggested that melanin regulation is
complex, and likely induced by different signals. Additionally, the involvement of the cAMP pathway
during cell wall stress was recently reported in S. cerevisiae, revealing a link between the cAMP and the
CWI signals [23].

A direct connection between the CWI pathway and melanin production has not been shown
thus far, but much experimental evidence has highlighted that this signaling pathway affects melanin
production. For example, in Aspergillus fumigatus, the deletion of the central CWI MAP kinase,
mpkA, strongly reduced the expression of melanin-related genes [11,24]. Additionally, the MAD box
transcription factor RlmA, the function of which is related to cell wall biosynthesis in different fungi,
specifically recognizes a DNA binding motif present in the promoter region of the PKS responsible for
DHN-melanin production (named as pksP) [25]. Furthermore, in A. fumigatus, RlmA affects MpkA
activation during cell wall stress, mirroring a conserved role already observed in S. cerevisiae [26,27].

Besides A. fumigatus, decreased melanin production was observed in other mutants affected in the
CWI pathway. In the plant pathogen Cochliobolus heterostrophus, deletion of mps1, a mpk1 orthologue,
strongly inhibited pigmentation by reducing the expression of DHN-melanin-biosynthetic genes [28].
Similar results were also observed in other plant-pathogenic fungi such as Botrytis cinerea, Alternaria alternata,
Cryphonectria parasitica, and even in the mutualistic endophyte Trichoderma virens [29–32].

The function of the CWI pathway is also related to tyrosine degradation, which is the first step
for L-dopa melanin biosynthesis. In the human pathogen Cryptococcus neoformans, deletion of the
mkk2 gene results in the decrease of melanin formation, and a similar phenotype was observed in
Cryptococcus gattii after deletion of mpk1 [33,34]. In the latter case, the inhibition of the CWI pathway
affects the transcription of laccases involved in tyrosine degradation, and also influences capsule
formation, which is relevant for successful pathogenesis. However, the effect of the cell wall stress
on tyrosine degradation seems to be less conserved among fungi. As reported in the model fungus
Neurospora crassa, the deletion of mak-1 (mpk1 orthologue) increases the level of a tyrosinase precursor
promoting, in this case, the formation of L-dopa melanin [35]. Additionally, the mpkA deletion in
A. fumigatus positively affects tyrosine degradation by increasing the formation of homogentisate,
which is the known precursor of pyomelanin [36].

All these reported examples cannot clarify how melanin production is connected to the CWI. This is
mainly due to the lack of information concerning transcriptional regulators involved in the expression of
melanin-biosynthetic genes. For example, the deletion of the transcription factor Cmr1 led to a decrease of
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melanization in both C. heterostrophus and Colletotrichum lagenarium [28,37]. However, it is still unknown
if this factor interacts with any of the promoter regions of melanin-related genes. Two other global
regulators involved in DHN-melanin production in A. fumigatus were recently reported: the previously
mentioned MADS-box RlmA and the basic-helix-loop-helix (bHLH) transcription factor DevR [25].
Independent and combined deletion of the two genes coding for these transcription factors inhibited
sporulation and melanization. In A. fumigatus, both of these transcription factors cooperatively regulate
melanin-biosynthetic genes, and they both specifically bind to the pksP promoter region. Targeted DNA
mutagenesis of the pksP promoter demonstrated that both RlmA and DevR have dual activity depending
on the recognized DNA binding domain. In particular, DevR recognizes three different DNA motifs
of the pksP promoter; the one closer to the ATG start codon, when occupied, represses DHN-melanin
expression. However, while the involvement of the CWI pathway in DHN-melanin production is implied,
because of the interaction between MpkA and RlmA, the signal regulating DevR is still unknown.

4. Mycotoxins, Antibiotics, and Virulence Determinants Affected by the CWI Signaling

Cell wall impairment affects not only the production of fungal melanins, but also the production
of many other different secondary metabolites. The change in the metabolism of cell-wall-impaired
mutants is quite expected because of changes in the cell shape and misbalance of nutrient acquisition.
Moreover, the deletion of mpk1 in S. cerevisiae affects S-adenyl-methionine and S-adenyl-homocysteine
metabolism, which are both important substrates and products in DNA and histone methylation [38].
Histone acetylation, methylation, and phosphorylation potentially play a relevant role in chromatin
rearrangements, influencing the ability of transcriptional regulators to access DNA [39]. In filamentous
fungi, histone modification was associated with gene cluster activation and secondary metabolite
production [40]. Thus, it is conceivable that the CWI signaling pathway also plays a role in the
production of secondary metabolites.

Among the many secondary metabolites produced by fungi, mycotoxins are relevant in increasing
the environmental competition and in successful pathogenesis for the fungus. A. fumigatus produces
gliotoxin, a molecule belonging to the family of epidithiodioxopiperazines, which has also been
isolated from different fungal species (Figure 1(Bd)) [41]. Gliotoxin is able to kill the social amoeba
Dictyostelium discoideum, but its relevance during A. fumigatus infection is still debatable [42,43].
However, gliotoxin was detected in the lungs of mice and humans infected with A. fumigatus, and it is
able to inhibit phagocytosis in vitro, meaning that this compound plays a role during infection [44].
Impaired production of gliotoxin was detected in different A. fumigatus mutants, such as phosphatase
and G couple receptor mutant strains [45,46]. Oppositely, the deletion of the F-box domain protein
Fbx15, which is indispensable for oxidative stress response and virulence, determined an increase
of gliotoxin production [47]. Concerning the CWI signaling pathway, the deletion of the mpkA gene
in A. fumigatus almost suppresses gliotoxin production, suggesting that this molecule can be also
produced in response to cell wall stress [48].

Plant-pathogenic fungi also produce various mycotoxins. It was widely reported that the fungus
A. alternata produces the ACT toxin (Alternaria citri tangerine patho-type), a polyketide derivative
particularly harmful for grapefruits and tangerines (Figure 1(Be)) [49]. The deletion of the Aaslt2 gene
not only reduces the A. alternata virulence on the tested citruses, but also affects ACT toxin production.
These results suggested that, during infection, the cell wall of this plant pathogen is challenged, and
the activation of the signaling pathway is important for both invasion and toxin production [30].

The effect of cell wall impairment on plant pathogens’ secondary metabolism has been broadly
studied also in Fusarium sp. The phyto-pathogenic fungus Fusarium oxysporum produces two relevant
mycotoxins: beauvericin and fusaric acid [50]. Beauvericin is a cyclohexadepsipeptide with insecticidal
activity, also able to induce apoptosis in human cells, while fusaric acid is a mycotoxin with high
phytotoxic properties (Figure 1(Bf,g)) [51,52]. Both of the gene clusters responsible for the biosynthesis
of these toxins are strongly repressed after the deletion of the mpk1 orthologue, suggesting that the
production of these metabolites can be induced in response to cell wall stress.
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Mycotoxins are thought to be used as arming molecules during pathogenic processes, but can
also be employed as feeding deterrents. Consequently, mycotoxins are a relevant problem for food
production and storage, and understanding their regulation can be used to decrease food contamination
levels. A group of infamous mycotoxins produced by Fusarium sp. are fumonisins. Fumonisins
belong to the family of sphingolipid inhibitors, and they inhibit the activity of the ceramide synthase
responsible for the production of phytoceramides, which are sphongolipid precursors in eukaryotic
cells [53]. Fumonisins are ranked among the most dangerous known toxins, and their incidence of
contamination of post-harvest grain food ranges from 39% (in Europe) to 95% (in North and South
America) worldwide [54]. The plant pathogen Fusarium verticilloides produces fumonisin B1, which is
the most dangerous toxin among the fumonisins (Figure 1(Bh)) [55]. The expression of the fumonsin
biosynthetic genes is affected by different stimuli [56]. However, a recent work reported that the
deletion of the bck1 gene, the MAPKKK in the CWI MAP signaling, strongly decreases fumonisin B1
accumulation [57], and similar results were also obtained in the same species by deleting the mpk1
orthologue vmk1 [58].

The activation of the CWI pathway was also observed in response to insect grazing. A gene
expression study aimed at investigating the effects of Drosophila melanogaster on Aspergillus nidulans
highlighted that the expression of different signaling pathway genes increased during grazing, and this
also included mpkA [59]. The same group also reported that the soil arthropod Falsomia candida induces
the production of austinoids and emericellamides after grazing on A. nidulans [60]. Emericellamides
are mixed cyclic polyketide nonribosomal peptides that exhibit antibacterial activity [61]. On the other
hand, austinoids are meroterpenoids with selective species-specific insecticidal activity [62]. We still
do not know if these compounds are regulated by CWI signaling, but this data suggests that grazing
also induces cell wall stress, and the production of these molecules can be a specific response caused
by the interaction and physical contact between insects and fungi.

Besides emericellamides, A. nidulans produces the β-lactam antibiotic penicillin, one of the most
important antibiotics discovered so far (Figure 1(Bi)). By using RNA-interference, the expression of the
gene coding for the protein kinase C PkcA (Pkc1 orthologue), acting upstream of the MAPK module,
was silenced. The silencing of the CWI signaling partially inhibits the nuclear localization of the bHLH
transcription factor AnBH1, which is involved in penicillin regulation. Consequently, the penicillin
titer was strongly reduced during the inhibition of the CWI signaling [63].

After mycotoxins and antibacterial compounds, the CWI signaling was also related to the
production of siderophores, which are molecules considered as virulence determinants in many
fungi [64]. The ∆mpkA mutant in A. fumigatus showed an increase of intracellular polyamines, mainly
due to the dysregulation of polyamine biosynthetic genes in the mitochondria. Polyamines are important
cell components involved in many different cellular processes, such as development, cell transition,
and sporulation [65]. Polyamines are derived by L-ornithine, which is also the precursor for the
biosynthesis of triacetylfusarinine C, a siderophore produced and secreted by fungi to acquire iron from
the environment (Figure 1(Bj)) [2]. Indeed, coupled to polyamines, the inhibition of A. fumigatus CWI
signaling promotes siderophore accumulation [48]. In A. fumigatus, the production of siderophores is
strongly regulated by iron homeostasis, and tightly controlled by two transcriptional regulators—HapX
and SreA—that co-regulate iron-dependent genes, including those responsible for the biosynthesis of
triacetylfusarinine C [66,67]. However, siderophore accumulation in the ∆mpkA mutant is not connected
to the main iron-regulating complex, signifying that, during cell wall stress, siderophore production
occurs in a HapX-/SreA-independent manner [48]. This phenotype was also observed in F. oxysporum,
suggesting a quite conserved mechanism in filamentous fungi [50].

The effects of CWI signaling on secondary metabolite production were also reported in
basidiomycete fungi. The basidiomycete mushroom Ganoderma lucidum is a plant pathogen producing
many pharmacologically active secondary metabolites. G. lucidum produces the meroterpenoid
ganoderic acid (Figure 1(Bk)), which can be used as a cholesterol reducing compound [68].
The suppression of CWI signaling, by deleting the Glslt2 gene, provoked a strong reduction of lanosterol
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and squalene, which are important components of the cell membrane, but also affected the global
production of ganoderic acid [69].

5. Perspectives

In the last several years, scientists have been very inventive in developing growth conditions
that could activate silent gene clusters. In particular, they have tried to reproduce environmental
stress situations to stimulate stress responses and obtain potentially active molecules. For example,
fungi have been co-cultivated with different organisms to induce the expression of potential active
molecules [70].

The rational manipulation of signaling pathways can be a very straightforward strategy to activate
silent gene clusters. However, the works reported so far were mainly focused on investigating the effects
of gene deletion/disruption on secondary metabolite production. As shown in this review, in many
cases, the inhibition of the CWI signaling pathway negatively affected the production of relevant
molecules such as antibiotics and mycotoxins. The discovery of new mycotoxins can be very important
because these molecules can also be employed as therapeutics. For example, gliotoxin was found to
induce apoptosis in myeloma cell lines, proposing its possible use as a chemotherapeutic drug [41].
Moreover, sphingolipid inhibitors, such as fumonisins, can be potentially used to cure sphingolipid
disorders in humans; these disorders have been associated with various diseases, including diabetes and
schizophrenia [71]. Following this principle, we are still lacking studies on secondary metabolite cluster
expression occurring as a consequence of signaling pathway activation. With the advent of synthetic
biology, we are learning daily how to manipulate signaling on demand. The majority of these studies,
as usual, have been conducted on model organisms such as S. cerevisiae [72]. However, because the
signaling pathways are much conserved, it is possible that this knowledge can be transferred to
secondary-metabolite-producing fungi in order to discover hidden compounds. A synthetic activation
of CWI signaling in S. cerevisiae has already been performed by mutating the pkc1 gene. This change of
the arginine in position 398 with an alanine residue induces a constitutively higher activation of the
CWI signaling [73]. Similarly, the same mutation in A. nidulans was also able to increase the MpkA
phosphorylation status [74].

Taken together, all the data presented so far suggests that the manipulation of the CWI signaling
pathway could be a useful tool to activate defense mechanisms in fungi, including the production of
still-unknown active molecules that could have clinical and industrial applications.
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