


ENCYCLOPEDIA OF MYCOLOGY

Volume 1

























































Next Generation Sequencing: Transcriptomics
Fabiano Sillo, National Research Council, Torino, Italy

r 2021 Elsevier Inc. All rights reserved.

The Rise of NGS Transcriptomics in Fungi

Genomics and its applications are some of the most advanced areas of current biological research. However, the genome
sequencing represents just the first step toward a broad knowledge of an organism. The integration of functional, structural and
cellular approaches that, all together, form the so-called post-genomic activities, is necessary for the deeply understanding of the role
and the network of genes/proteins, and to the assignment of functions to the whole gene dataset discovered into organisms.
Transcriptomics is one of the most developed fields in this current post-genomic era. By mirroring the differential gene expression
during development and different phases of organisms life cycle, as well as during their responses to biotic and abiotic factors, the
transcriptome constitutes the dynamic link between the static genome of an organism, a tissue or a cell, and its phenotype, at a
specific time point (Meijueiro et al., 2014; Stark et al., 2019). In fact, morphogenetic changes of organisms might often depend on
corresponding changes of activity of large numbers of genes. Several studies on single transcripts were carried out many years
before any transcriptomics approaches were available. Traditional techniques included cDNA Amplified Fragment Length Poly-
morphisms (cDNA-AFLP), low-throughput Sanger sequencing of random transcripts from complementary DNA (cDNA) libraries
[namely, expressed sequence tags (ESTs)], and PCR-based techniques, i.e. retro-transcriptase quantitative PCR (RT-qPCR)
(Bhadauria et al., 2007; Lowe et al., 2017). Nevertheless, only after the development and the improvement of higher-throughput
techniques it was possible to investigate how an organism transcriptome as a whole is finely regulated.

Fungal transcriptomics is a rising field which has gained more and more attention in the last two decades. The first fungal
transcriptome, based on serial analysis of gene expression (SAGE), was released in 1997 for yeast (Velculescu et al., 1997), and after
that, thanks to the development and the availability of modern large-scale molecular tools, an exponential increasing number of fungal
transcriptomes was published (Nowrousian, 2013; Meijueiro et al., 2014). Currently, even if some other recent promising techniques
has been proven to be useful in transcriptomics i.e., high throughput-SuperSAGE (HT-SuperSAGE) (Soanes et al., 2012), the two most
popular large-scale transcritptomic approaches applied in fungi remained microarrays (Nowrousian, 2007) and RNA sequencing (RNA-
seq) (Wang et al., 2010b). Microarrays refers to a collection of thousands of oligonucleotide spots, defined as probes, attached to a solid
surface, which can hybridize a cDNA, defined as target, under high-stringency conditions (Schulze and Downward, 2001). The cDNA
sequences, each of them representing a single transcript, are labeled and hybridize to the corresponding gene sequences on the array,
and relative abundance of cDNA in the target is quantified by fluorescence detection and quantification (Schulze and Downward,
2001). This technology allowed for the first time the simultaneous analysis of thousands of transcripts. Pioneering fungal microarray
studies were performed in yeast more than 20 years ago (DeRisi et al., 1997; Lashkari et al., 1997). Microarrays have been produced for
several species of filamentous fungi, mainly by using PCR amplicons from EST libraries (Breakspear and Momany, 2007). The
application of microarray technology to decipher transcriptomic profiles of fungi subjected to different conditions has proven to be
useful for extending the knowledge on how fungi face with their surrounding environment. For example, Cryphonectria parasitica cDNA
microarrays were used to monitor the changes in transcriptional profile when infected by a hypovirus (Allen et al., 2003). A significant
reprogramming of the C. parasitica transcriptome was observed and differentially expressed genes (DEGs) related to stress responses,
carbon metabolism, and transcriptional regulation were detected (Allen et al., 2003). Another classical example is represented by
microarrays for Aspergillus nidulans, fabricated by using PCR products from a EST libraries generated during conidial germination, and
used to assess the transcriptomic response of the fungus to different nutrient sources (Sims et al., 2004). In the symbiotic Ascomycete
Tuber melanosporum, microarrays allowed to track the transcriptomic changes occurring in its life cycle, in particular during the shift from
free living mycelium to the formation of ectomycorrhizas and fruit bodies (Martin et al., 2010).

However, it should be noted that microarray-based technology can be affected by some important limitations. First, for the
customization of arrays, a reference genome sequence or a comprehensive set of EST sequences must be available, and second,
non-specific or repeated cDNA sequences with high similarity hybridization to targets might strongly affect the dynamic range of
the recorded signal (Lowe et al., 2017). Moreover, not characterized transcripts (e.g., non-coding transcripts) and RNA species
missing in EST libraries or in genome annotations cannot be detected by using this technology which is based on the availability of
well-known sequences (Lowe et al., 2017).

Currently, the emergence and the democratization of high throughput next-generation sequencing (NGS) techniques as sub-
stitute to Sanger sequencing for large-scale genomic analysis provided an opportunity to further explore and understand the
differential gene expression at an exceptional resolution (Marconi et al., 2014). In contrast to traditional Sanger sequencing, NGS
allowed high throughput parallel sequencing of over millions of DNA nucleotides from multiple samples at reduced cost and time
(Metzker, 2010). International sequencing activities, such as the ongoing “1000-fungal genomes” project (see “Relevant Websites
section”) of the U.S. Department of Energy (DOE) Joint Genome Institute (JGI) (Grigoriev et al., 2014), are aimed at increasing the
dimension of fungal genome sequence databases by covering all fungal taxonomic units through sequence characterization of the
most representative isolates. Remarkably, for almost all genome projects currently finished or in progress, a related large scale gene
expression dataset is provided (Kuske et al., 2015). Dedicated databases containing manually annotated fungal transcript
sequences (e.g., see “Relevant Websites section”; Stajich et al., 2012) are also in ongoing development.
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Fig. 1 Results of a search on Scopus database (www.scopus.com) with the terms “microarray AND fungi” and “RNA-seq AND fungi”. Number of
publications and years were reported.

2 Next Generation Sequencing: Transcriptomics
In this line, RNA-Seq refers to the sequencing, through NGS, of transcripts converted into cDNA sequences, in which abun-
dance is directly proportional to the number of counts from each transcript (Stark et al., 2019). Compared to microarrays, RNA-seq
does not require a priori knowledge of the genome sequence and this method can potentially be used for the detection of
quantification of each RNA species present in samples, including non-coding or uncharacterized RNAs. RNA-seq overcomes
microarray technology because of its intrinsic potential to discover transcript variants, i.e., transcripts showing SNPs and mutations
(Stark et al., 2019). Comparative transcriptomics analyses using RNA-seq provided high accurate determination of quantitative
expression levels, the identification of tissue-specific transcript splicing variants and isoforms, and the detection of small and large
non-coding RNAs involved in gene expression regulation (Stark et al., 2019). For all these reasons, RNA-seq has become the gold
standard for whole-transcriptome gene expression quantification (Fig. 1).
Transcriptomics Through RNA-Seq

The first step of a RNA-seq, as for microarray, includes the isolation of RNA from the samples, either from single fungal isolates
and from environmental matrices. Commercial kits available for plant so far have started to be optimized also for fungal materials,
and some protocols for extraction of high-quality RNA with sequencing purposes have been published (Patyshakuliyeva et al.,
2014; Cortés-Maldonado et al., 2020). This step is crucial since fungal cells, in some cases even more than plant cells, may contain
nasty chemicals such as melanin and phenolic compounds as well as high levels of polysaccharides which can interfere with the
downstream analysis, especially those PCR-based. In addition, the yield of fungal RNA in some samples such as plant or food
samples is often very low (Argumedo-Delira et al., 2008). Optimal starting amount of RNA for RNA-seq may range from 100 ng to
1000 ng, but there are kits available for ultra-low RNA input such as 10 pg–10 ng (Tariq et al., 2011). Once RNA is isolated,
purified and its quality is checked, several NGS platforms are available. One of the first NGS technology serving transcriptomic
research was pyrosequencing, a method involving sequencing-by-synthesis followed by detection of pyrophosphate release during
the activity of DNA polymerase through chemiluminescent enzymes, such as luciferases (Ronaghi, 2001). Pyrosequencing was
licensed by 454 Life Sciences and allowed to obtain sequences of approximately 500 bp in size, but, as becoming noncompetitive
for costs, the platform was discontinued in 2013. Currently, the two most popular and established NGS platforms used for
RNA-seq in fungi are manufactured by Illumina (MiSeq and HiSeq) and Ion Torrent (Lahens et al., 2017). The two platforms
mainly differ for the basic sequencing technologies: while for Illumina amplified individual library DNA molecules were spotted
on a solid surface and a fluorescence-based system for reading the bases in a nucleotide sequence is used (sequencing by
synthesis), for Ion Torrent emulsion PCR libraries were used and detection is achieved by electronic sensors reading bases through
the H þ ion generated during nucleotide incorporation (Lahens et al., 2017). Despite these NGS methods, defined as of second
generation (the first included Sanger and Maxwell sequencing methods), proven to be powerful, they still retain some pitfalls,
including the generation of short reads, i.e., ranging from 100 to 500 bp, which often might hinder the correct reconstruction of



Fig. 2 Example of visualization of aligned reads from a RNA-seq experiment in IGV. In (A), the chromosome 1 of Aspergillus oryzae isolate
RIB40 is used as reference for the alignment and the pileup of reads embedded in a BAM file (SRR035603.bam) is showed. Coverage is
represented as gray histogram on the top of the alignment. Red and blue arrow-blocks represent first strand and complementary paired-end reads,
respectively. Black squared section is detailed in (B). In (B), structure of an intron is showed. The intronic region was not covered by reads from
the transcript, and reads over-spanning the exon boundaries. A cyan line, representing the intron, links the two exons. Data for this figure were
obtained from Nowrousian, M., 2013. Fungal gene expression levels do not display a common mode of distribution. BMC Research Notes 6, 55,
and freely available in SRA database.
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full-length transcripts (Lowe et al., 2017). Recently, the so called third-generation/long-read methods appeared on the market.
Third generation sequencing works by reading the nucleotide sequences at the single molecule level, in contrast to existing
methods which require breaking DNA strands into small fragments and the subsequent amplification (Van Dijk et al., 2014). In
this scenario, the company PacBio developed the sequencing platform of single molecule real time sequencing (SMRT), where
signals of fluorescent light emission from each nucleotide incorporated by a DNA polymerase bound to the bottom of a chip,
characterized by an optical waveguide (zero-mode waveguide), were detected and sequences were resolved (Roberts et al., 2013).

Whereas each platform requires specific protocols of library preparation and nucleotide detection, the second generation
sequencing platforms are characterized by the need to prepare amplified sequencing libraries before proceeding to the sequencing
of the amplified cDNA clones (Lowe et al., 2017). A standard RNA-seq protocol shared among all platforms include the cDNA
library preparation, which consists of nucleic acid fragmentation, cDNA synthesis from RNA using random or oligo (dT) primers,
adapter ligation, fragment size selection, and PCR amplification. By contrast, third generation sequencing platforms does not need





Fig. 3 Example of visualization output of RNA-seq data. In (A), example of a heatmap. Gene expression pattern of each sample/condition is represented
in columns, while rows represent expression of each specific gene. Transcript abundance is indicated by different color: high-expression (red), average
expression (white) and low or no expression (blue), e.g., expression of Gene_20 is high on Condition_2, and very low in Condition_3. Genes with similar
expression profiles can be hierarchical clustered. In (B), a volcano plot showing DEGs. Significant up-regulated genes were represented by red dots
(log2fold change 4 2, p-value o0.05), while down regulated genes were represented by blue dots (log2fold change o � 2, p-value o0.05). Black dots
represent genes slightly regulated and/or not significantly expressed. Both p-value and fold changes were log2-transformed, as usually carried out for this
type of data. Data for this figure were random generated.
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edgeR (Robinson et al., 2010), as well as the software Cuffdiff (Trapnell et al., 2010), which test for differential expression using
parametric approaches based on a negative binomial distribution model. The suite of tools Cufflinks embedded the algorithms for
assembling transcripts, estimating their abundances, and assessing for differential expression (Trapnell et al., 2012). The package
limma, intended to be used for microarray data, has recently upgraded in order to perform differential gene expression analysis
using RNA-seq data (Ritchie et al., 2015). Recently, other softwares, e.g., Salmon, were developed to quantitatively and statistically
assess DEGs by RNA-seq data (Patro et al., 2017).

The outcomes of comparative analysis of differences in gene expression are often visualized as heatmaps, in which a color gradient
for each gene represents its specific expression level in a determined condition/time/treatment (Fig. 3). Hierarchical clustering of
genes showing similar patterns of expression may also be performed, allowing at fast tracking transcriptional changes at cluster level
and at identifying gene co-expression patterns across different samples/conditions (Ben-Dor et al., 1999; Lowe et al., 2017). Volcano
plots representing the whole set of DEGs are also commonly utilized to show a broad picture of the transcritpomic data (Fig. 3).

The raw sequence data from RNA-seq analysis are mostly submitted to dedicated sequence databases such as the NCBI
Sequence Read Archive (SRA) database and the Gene Expression Omnibus and ArrayExpress, in order to obtain a database
accession number useful for tracking data in publications (Shumway et al., 2010). The number of accessions of RNA-seq studies in
fungi in SRA database is increasing day by day (Fig. 4).

It should be mentioned that results from a large scale transcriptomic approach may be intrinsically prone to errors and attention
should be focused during characterization of absolute gene expression levels. Several researchers agree that data from RNA-seq
analysis have to be eventually validated using a target approach, such as the quantitative RT-PCR, by considering specific reference
genes for normalization of expression, by following the Minimum Information for Publication of Quantitative Real-Time PCR
Experiments (MIQE) guidelines, and by possibly using additional biological replicates (Bustin et al., 2009; Fang and Cui, 2011).
NGS Transcriptomics to Identify Changes During Development and Growth Under Different Environmental Conditions

Experiments performed in fungi by using RNA-seq techniques allowed primarily to expand the knowledge on their basic biology,
especially on shifts between the different phases of their life cycle. For instance, the cellular and molecular remodeling of mycelia
to form complex reproductive structures such as fruit bodies have been studied in the light of changes in transcriptional land-
scapes. Several Basidiomycetes producing macroscopic fruit bodies were used as models to elucidating the mechanisms of the
development of the reproductive structures. Through a comparative analysis of transcriptional patterns among six Agaricomycetes
species, it has been demonstrated that, in fungi, fruit bodies development involves a major reprogramming of gene expression
(Krizsán et al., 2019). In Schizophyllum commune, for example, approximately 60% of total genes were expressed during
specific developmental stage, including fruit body formation (Ohm et al., 2010), while in Auricularia polytricha, about 9% of
the total transcript catalogue were significantly differentially expressed during the shift from free living mycelium to fruit body



Fig. 4 Outcomes of a search on NCBI SRA database using the words “RNA-seq” and “organism: fungi” (search performed on March 2020). In
(A), distribution of the main fungal phyla in the whole dataset of SRA accessions. Percentage (%) for each phylum is reported. In (B), (C), (D),
(E) and (F) list of Ascomycota, Basidiomycota, Glomeromycota, Zygomycota, and Chitridiomycota species, respectively, with high number of
accessions in NCBI SRA database.
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(Zhou et al., 2014). Common families of DEGs detected among Basidiomycetes during fruit body production are represented by
genes coding for Carbohydrate Active Enzymes (CAZymes) affecting main components of the fungal cell wall, i.e., chitin and
glucans, glycoside hydrolases (GH), hydrophobins, expansin-like proteins, and cerato-platanins (Krizsán et al., 2019). The dis-
placement of genes encoding cell wall related proteins seem to be required during the transition from simple to complex
multicellular structures like macroscopic fruit bodies, which implied a dramatic cell wall remodeling. RNA-seq data also provide
evidence of the crucial role in sporulation of several conserved key multicellularity-related genes including transcription factors,
which are developmentally regulated in fruiting bodies (Pelkmans et al., 2017; Krizsán et al., 2019), and species-specific defense-
related genes, suggesting that also chemical defense might be a function involved in a fruiting body production (Krizsán et al.,
2019). In Morchella importuna, the gene expression profile detected by RNA-seq analysis showed that carbohydrate catabolism and
energy metabolism related pathways were finely regulated during fruit body formation, as well as genes encoding for heat shock
proteins, thus suggesting a role of environmental temperature in sporulation (Hao et al., 2019). From RNA-seq data, it was also
observed that antisense transcripts may play a role in the formation of reproductive structures of Coprinopsis cinerea (Muraguchi
et al., 2015). A comparative large-scale analysis among three related smut species, i.e., U. maydis (common smut of corn), Ustilago
hordei (covered smut of barley), and Sporisorium reilianum (head smut of corn), suggested that antisense RNAs could have a
genome-wide influence on gene expression in smut fungi (Donaldson et al., 2017). Antisense expression of genes appeared to have
a role in growth and development of Schizophyllum commune (Ohm et al., 2010), in Aspergillus nidulans (Sibthorp et al., 2013), in
the rice blast pathogen Magnaporthe grisea (Gowda et al., 2006), and in Neurospora crassa (Arthanari et al., 2014).

Sexual development transcriptional profiles were studied by high-throughput transcriptomic approach also in several Ascomy-
cetes. Using Botrytits cinerea as a model system, whole transcritpome of apothecia was obtained and results allowed at inferring a
possible priming role of gene involved in plant infection during fruit body generation (Rodenburg et al., 2018). Comparative analysis
of transcriptomic levels of orthologous gene repertoire between closely related species allowed at elucidating other ecological and
evolutionary aspects of fungal development. For example, by coupling morphological characterization with RNA-seq analyses, it was
possible to provide useful information on the ecological differences between two plant pathogenic fungi, Fusarium verticillioides and
F. graminearum (Sikhakolli et al., 2012). The comparison of the regulation of orthologous genes in a time-point experiment highlighted
the different role of fruiting bodies in the ecology and epidemiology of the two pathogenic species (Sikhakolli et al., 2012).
A comparative RNA-seq analysis of several different truffle species (Tuber spp.) demonstrated that volatile organic compounds of their
edible fruit bodies rely on the differential expression of a plethora of existing genes not strictly specific to Tuber species (Murat et al,
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Introduction

Thus far, an estimated 1.5 million fungal species have been classified, and 300 out of there affect human beings (Fisher et al.,
2020). Fungal infections are acquiring relevance in the last years because most of them affect individuals already with serious
underlying illnesses and are challenging to treat. The main risk factors for developing a fungal infection include anti-cancer,
immunosuppressive and antibiotic therapies, solid organ and hematopoietic stem cell transplantations, HIV infection, diabetes
mellitus, and the use of intravenous lines (Lanternier et al., 2013). Moreover, the socio-economic and geo-ecological characteristics
of a population can increase fungal disease risk factors, incidence, and prevalence (Bongomin et al., 2017).

The fungal cell wall (CW) is a key player in the pathogenic process, being important in the fungal adhesion to the host, and contains
pathogen-associated molecular patterns that can interact with the pattern recognition receptors of the host immune cells. The fungal CW
is located above the plasma membrane, acts as a permeability barrier, contributes to cell shape and protection from osmotic and
mechanic stresses, and is essential for cell integrity and viability (Díaz-Jiménez et al., 2012). The fungal cell growth can be radial or polar,
and this defines the final cell morphology of yeast and filamentous fungi, respectively. Molds grow by polarized and apical extension,
forming filamentous and vegetative cells known as hyphae, whose continued growth forms the hyphal network name as mycelium.
Thus, the hyphae’s biological traits, including the CW structure and organization are closer to that found in molds.
The Candida albicans Cell Wall

Candida albicans is a dimorphic and opportunistic organism, and one of the leading etiological agents of nosocomial fungal
infections (Brown et al., 2012). The C. albicans CW is likely the most thoroughly studied fungal structure from medically relevant
fungal species and will be used here as an example of CW composition, organization, and synthesis (Fig. 1). Its wall is a layered
structure, with a homogeneous inner layer of about 100 nm and the outermost layer of about 180 nm and composed of proteins
(Klis et al., 2001). The main components of the CW are carbohydrates, contributing to 80%–90% of the CW dry weight (Díaz-
Jiménez et al., 2012; Mora-Montes et al., 2009). These saccharides are chitin, b-1,3- and b-1,6-glucans, and mannose oligo-
saccharides (mannan) covalently associated with proteins (Mora-Montes et al., 2009). Proteins and lipids contribute to about
6%–25% and 1%–7% of the CW dry weight (Chaffin et al., 1998) (see Fig. 1).

Chitin and b-glucans are the main components of the wall inner layer, are covered by the outer layer components, except in the
budding scars and the hypha primary septum (Perez-Garcia et al., 2011), and are the wall skeleton that provides physical strength
(Chaffin et al., 1998). Chitin is a linear polymer and is arranged in an antiparallel fashion, associated with each other by hydrogen
Fig. 1 Representation of C. albicans cell wall. The inner layer of the cell wall (close to the cell membrane) is composed of antiparallel chitin
chains, followed by b-1,3- and b-1,6-glucans. The outermost cell wall layer is composed of a thick mannoproteins layer that contains N-linked and
O-linked mannans, and phospholipomannans.
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bonds (Shepherd, 1987); while b-1,3-glucans are aligned and kept together by hydrogen bonds (Klis et al., 2001). The
b-1,6-glucans can be of variable lengths and distribution and act as molecular linkers between wall proteins and b-1,3-glucans and
chitin (Klis et al., 2001; Garcia-Rubio et al., 2020). The outermost layer is composed of mannoproteins, which account for about
20%–30% of the total CW weight (Mora-Montes et al., 2009), and may contain glycosylphosphatidylinositol (GPI) anchors that
cross-link them to b-1,6-glucans (Garcia-Rubio et al., 2020). They also contain O-linked and N-linked oligosaccharides attached to
serine/threonine or asparagine residues, respectively (Fig. 1). The phospholipomannan is currently the main glycolipid char-
acterized in this CW and contains b-1,2-oligomannosides linked to phytoceramide associated with phytosphingosine and hydroxy
fatty acids (Trinel et al., 2002).
Chitin Synthesis

Chitin is the second most abundant organic compound on earth, after cellulose, and is synthesized by a wide variety of
organisms from different taxonomic groups, including pathogenic fungi (Merzendorfer, 2011). This is a homopolymer of N-
acetylglucosamine (GlcNAc) that is linked by b-1,4- glycosidic bonds and folds on itself to form antiparallel chains of about
twenty units. This arrangement allows compaction in strong microfibrils, more resistant than any other molecule in nature
(Lenardon et al., 2010).

A chitin proportion found in pathogenic fungi is deacetylated to chitosan by one or more chitin deacetylases (Klis et al., 2006).
In C. albicans, 5% of the chitin is deacetylated to chitosan, while in Cryptococcus neoformans more than 60% chitin is deacetylated
(Baker et al., 2007). Chitin synthesis is highly conserved in fungi and the process involves a defined number of enzymatic reactions
that convert different sugars into a GlcNAc polymer. The sugar main source is glucose or its storage compounds -glycogen or
trehalose (François and Parrou, 2001). The synthesis route is divided into three main reactions, the first leads to GlcNAc formation
(Fig. 2), the second one follows a variant of the Leloir route that gives rise to uridine diphosphate (UDP)-GlcNAc (Fig. 2), and the
last reaction involves chitin polymerization using UDP-GlcNAc as the activated sugar donor (Fig. 2). The first two reactions occur
in the cytoplasm; while the third step takes place in specialized microdomains of the plasma membrane (Merzendorfer, 2011).

The presence of glutamine-fructose-6-phosphate amidotransferase, UDP-GlcNAc, and chitin synthase (CHS) are determinants
for chitin synthesis. The CHS activity is specifically associated with chitin biosynthesis, and is divided into seven classes (I-VII);
although the functional importance and presence of all these classes seem to be species-specific (Niño-Vega et al., 2004) (Table 1).
Class I and II enzymes produce only a small chitin fraction but are essential for the primary septum formation (Munro et al.,
2001). Class IV, V, and VII enzymes often produce considerable chitin amounts and share sequence homology; whereas class V
and some class VII enzymes contain myosin-like domains (Niño-Vega et al., 2004). Class III, V, VI, and VII enzymes have only been
identified in filamentous fungi and are absent in C. albicans (Lenardon et al., 2010) (Table 1). The multiplicity of CHS enzymes in
various organisms suggests that they may have redundant functions in chitin synthesis.

The CHS are membrane proteins and the catalytic domain, which faces the cytoplasm, contains conserved saccharide- and
nucleotide-binding sites (Merzendorfer, 2011). For this reason, nascent chitin chains must translocate through the plasma membrane
before they assemble into microfibrils and are deposited on the cell surface. The chitin translocation process is thought to be a CHS
intrinsic property that involves transmembrane segments of the C-terminal region (Lenardon et al., 2010; Merzendorfer, 2011).
Fig. 2 Simplified chitin synthesis pathway in fungi, starting from glycogen. The acronyms in the figure refer to Glycogen phosphorylase (GP),
phosphoglucomutase (PGM), glucose-6-phosphate isomerase (GPI), glutamine-fructose-6-phosphate amidotransferase (GFAT), glucosamine-6-
phosphate-N-acetyltransferase (GNA1), phosphoacetylglucosamine mutase (AGM), UDP-N- GlcNAc pyrophosphorylase (UAP), chitin synthase (CHS)
and chitinase.



Table 1 Classification of chitin synthases in fungi of medical interest

CHS classes

Organism I II III IV V VI VII Function

C. albicans Chs2 Chs1 – Chs3 – – – Chs1: primary septum synthesis
Chs8 Chs2 and Chs8: protection of the nascent cell wall during polarized

growth
Chs3: synthesizes the majority of chitin found in the cell wall as well

as the chitin ring at division sites (Lenardon et al., 2010)

A. fumigatus ChsA ChsB ChsC ChsF CsmA ChsD CsmB ChsA and ChsC: cell wall chitin compensation
ChsG ChsB: function at polarized growth sites and forming septa during

hyphal growth and conidia development
CsmA and CsmB: these enzymes appear to localize themselves to

sites of polarized cell wall expansion in an actin-dependent manner
ChsD, ChsG, ChsF: unknown functions (Lenardon et al., 2010)

Fig. 3 Schematic representation of the GLS complex, which is involved in the b-1,3-glucan synthesis. The FKS subunit catalyzes the elongation
of growing b-glucan chains by the addition of UDP-glucose monomers. RHO is a GTP-dephosphorylase protein that regulates Fks1 and Fks2 by
GDP. ROM is a cell wall-associated GDP-GTP exchange protein responsible for the GTP regeneration.

14 The Cell Wall of Medically Relevant Yeasts and Molds
b-Glucans Synthesis

Most of the fungal b-glucans are made up of b-1,3-linked glucose units with varying amounts of b-1,6-linked branches. The
b-1,3-glucans are the most important and abundant polysaccharides in the fungal CW, reaching around 65%–90% of total glucan
content (Bowman and Free, 2006).

The initial step in the b-1,3-glucan synthesis is the cytoplasmic generation of the precursor UDP-glucose (UDP-Glc), used as a
sugar donor by glucan synthases. In fungi, the GLS membrane protein complex (UDP-Glc:1,3-b-D-glucan 3-b-D-glucosyl-
transferase), is in charge of catalyzing the reaction of b-1,3-glucan synthesis, using UDP-Glc as a substrate (Latgé, 2007). The
elongation continues with the addition of UDP-Glc monomers at the non-reducing end of the growing glucan chain, and each new
polymer is transported from the plasma membrane to the CW, through a channel of transmembrane domains. The GLS complex is
composed of two subunits, a catalytic FKS unit and a regulatory RHO unit with guanosine triphosphatase activity (Beauvais et al.,
2001) (Fig. 3). The gene encoding for Fks1 of the FKS subunit is expressed in vegetative growth under optimal conditions; while
FKS2 is induced by environmental stress or during sporulation. Various evidence indicates that Fks1 and Fks2 are the b-1,3-glucan
synthase catalytic subunits (Dijkgraaf et al., 2002; Nogami and Ohya, 2009).

It is known that RHO is a regulatory G protein, which fulfills the function of activating FKS by GTP dephosphorylation. A Rho1
post-translational modification is necessary for b-1,3-glucan synthesis, the C-terminal end of RHO-type GTPase is modified with a
geranylgeraline group by the type I geranylgeranyltransferase enzyme, this modification is required for binding and activation of
Fks1 (Ohya et al., 1993; Nogami and Ohya, 2009). The ROM protein is also involved in this process, since allows GDP-GTP
exchange in the wall and modulates RHO activity (Teparić and Mrsa, 2013). The cytosolic domains of FKS are responsible for
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Introduction

Chitin derives from the Greek word chiton (χιtώn) meaning garment, and constitutes one of the most abundant biopolymers in
nature. It consists of b-1–4 linked N-acetyl-D-glucosamine (GlcNAc) residues, forming a linear long chain and it is a structural
component in many organisms. Chitin is synthesized by chitin synthases, which are plasma membrane-associated enzymes
transferred by small vesicles called chitosomes (Bartnicki-Garcia, 1987). These enzymes are responsible for catalyzing the transfer
of GlcNAc from uridine (UDP)-N-acetylglucosamine to the growing chitin chain. The chitin chain then inserts into the cell wall
adjacent to plasma membrane, aided by hydrogen bonds (Bowman and Free, 2006).

The fungal cell wall is a dynamic compartment, contributing to hyphal ability to cope with different environmental stresses. Its
composition is mostly b-1.3 and b-1.6 glucans, chitin and glycoproteins and differs from those in oomycetes and plants, where
chitin is absent or exists in very small amounts (Melida et al., 2013; Hinkel and Ospina-Giraldo, 2017). Chitin plays an important
role in fungal cell wall rigidity and plasticity, although the percentage of chitin in filamentous fungi does not exceed 10%–20% of
the total cell wall dry biomass (Specht et al., 1996; de Nobel et al., 2000), while in yeast-like fungi the proportion is even less
(1%–2%) (Klis et al., 2002). Chitin plays also a key role in fungal-plant interactions since it is recognized by plant receptors and
triggers basal plant defense mechanisms resulting in pattern-triggered immunity (PTI) (Boller and Felix, 2009). Except fungal cell
walls, chitin can be found in insects and nematodes (Hill et al., 1991; Merzendorfer and Zimoch, 2003), in crustacean and
mollusks shells (Peters, 1972; Kurita, 2006), in protozoa and algae (Mulisch, 1993; Kapaun and Reisser, 1995). However, it is
absent from vertebrates and plants, meaning that it can be an appropriate target for anti-fungal drugs (Chaudhary et al., 2013).

Chitinases (EC 3.2.1.52) are hydrolytic enzymes, responsible for chitin degradation. They cleave the b-1.4-bond releasing
oligomeric, dimeric (chitobiose), and polymeric GlcNAc products. Yeast-like fungi contain fewer chitinase genes than the fila-
mentous ones, and the number highly varies between species; from only one in the yeast Schizosaccharomyces pombe to 36 in
Trichoderma virens. Chitinases are categorized into two glycoside hydrolase (GH) families; 18 and 19. Chitinases from filamentous
fungi belong exclusively to GH18, while GH19 chitinases have been identified in the microsporidia phylum (Henrissat, 1991;
Rönnebäumer et al., 2006). Chitinases in GH18 and GH19 families display limited sequence similarity, differences in their three-
dimensional structures and in their catalytic mechanisms (Perrakis et al., 1994; Brameld et al., 1998). Fungal species also contain
hydrolytic enzymes that degrade chitobiose to monomers. These enzymes are called N-acetylhexosaminidases (NAGases) and
belong to the GH20 family (Cantarel et al., 2009).

Chitinases can be classified as endochitinases or exochitinases depending on their cleavage patterns (Fig. 1). Exochitinases can
cleave the chitin chain from the ends producing chitobiose, while endochitinases cleave the chitin chain at random positions
(Horn et al., 2006; Fig. 1). Endo- and exochitinases also show differences in their catalytic clefts; exochitinases have tunnel-shaped
clefts while the substrate cleft in endochitinases are open and shallow (van Aalten et al., 2001; Hurtado-Guerrero and van Aalten,
2007). Chitinase binding sites are long and contain at least five sugar units. All GH18 proteins contain a (a/b)8 barrel (TIM barrel)
fold and the substrate-binding amino acids are located in loops extending from the (a/b)8 barrel (Lienemann et al., 2009). Finally,
GH18 have been reported to be involved in transglycosylation process as well (Boer et al., 2004).
Fig. 1 The enzymatic activity of GH18s and GH20s in fungi. Endochitinases cleave the chitin chain randomly, exochitinases cleave from the open
ends producing chitobiose (dimers) further cleaved by GH20 enzymes. ENGases are responsible for the deglycosylation of N-glycoproteins, cleaving
the N, N’-diacetylchiotobiose moiety from high mannose N-linked glycans. Figure was created with BioRender.
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Fig. 2 The domain structure of fungal chitinases. Abbreviations: SP: signal peptide, GH18: glycoside hydrolases family 18, CBM-1: carbohydrate
binding module family 1; cellulose-binding, CBM-18: carbohydrate binding module family 18; chitin-binding, CBM-50: carbohydrate binding module
family 50; LysM, GPI: glycosylphosphatidylinositol structure. Figure was created with BioRender.
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Phylogenetic analyses of fungal GH18 enzymes show that they cluster in three distinct groups; A, B and C (Seidl et al., 2005;
Karlsson and Stenlid, 2008; Karlsson et al., 2016). These groups are further subdivided in several subgroups: Group A contains four
subgroups (A-II, A-III, A-IV, and A-V), group B contains six subgroups (B-I, B-II, B-III, B-IV, B-V, and B-VI) while group C is divided
into two subgroups (C-I and C-II). In certain fungal species, a chitinase of bacterial origin has been identified, probably as a result
from horizontal gene transfer (Ubhayasekera and Karlsson, 2012).

Chitinases in all three groups typically contain a GH18 module with the catalytic DxxDxDxE motif, necessary for chitinolytic
activity (van Aalten et al., 2001; Gruber et al., 2011a; Tzelepis et al., 2012). In addition to their catalytic module, many GH18
enzymes contain additional domains such as the carbohydrate binding module family 1 (CBM1) or CBM50 (peptidoglycan
binding LysM domain) (Seidl et al., 2005; Tzelepis et al., 2012; Fig. 2). These modules are not involved in the catalytic activity but
enhance the enzymes ability for binding to crystalline chitin (Suzuki et al., 1999).
Group A Chitinases

Most chitinases in this group are predicted to have exochitinase activity since they typically have a narrow substrate catalytic cleft.
Many members contain a signal peptide at their N-termini, indicating that they are targeted to the endoplasmic reticulum (ER) and
are possibly secreted (Fig. 2). In addition to the GH18 catalytic module, a WD40 domain has been found in chitinases from the
entomopathogenic fungus Beauveria bassiana (Agrawal et al., 2015) (Fig. 2). This domain is involved in a variety of cellular
processes, such as protein-protein or protein-DNA interactions (Xu and Min, 2011). Fungal genomes contain variable numbers of
genes encoding group A chitinases. For instance, the basidiomycete Ustilago maydis, which causes smut disease in maize, contains
only two genes (Kamper et al., 2006), while the soil-borne pathogen Fusarium oxysporum contains 12 genes. The well-studied
mycoparasitic Trichoderma species contain an average number of seven group A chitinase genes (Kubicek et al., 2011), while the
model species Neurospora crassa has five (Tzelepis et al., 2012).

One of the best studied group A chitinases is Ech42 from Trichoderma. Its enzymatic function has been characterized and is
atypical for group A as it is shown to possess endo-activity (Carsolio et al., 1994; Hayes et al., 1994). It contains at least seven subsites
and cleave the chitin chain preferably between the second and the third sugar from the reducing end and it can degrade chitohexose









Fig. 3 Proposed functions of fungal chitinases. (A) chitinases in filamentous species have a function in fungal-fungal interactions, degradation of
exogenous chitin for nutrient acquisition, autolysis and hyphal branching. Inactive fungal chitinases are involved in perturbation of chitin-triggered
immunity during fungal-plant interactions. (B) chitinases in yeast-like fungal species are involved in cytokinesis, such as separation of mother and
daughter cells during budding and separation and formation of spores. Figure was created with BioRender.
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In Trichoderma mycoparasitic species, functional studies are limited. It is possible that gene redundancy in these species prevents
observable phenotypes. The only study comes from deletion of a C group gene in T. atroviride, where deletion led to reduced
conidiation (Seidl-Seiboth et al., 2014). However, this gene carries mutations in the catalytic motif indicating that its chitinolytic
activity has been abolished (Gruber et al., 2011a). In contrast, deletion of the C. rosea C-II chitinase chiC2 gene resulted in mutants
with reduced in vitro antagonistic activity against B. cinerea and R. solani, but not against Fusarium graminearum (Tzelepis et al.,
2015). However, deletion of chiC2 did not affect the biocontrol ability of C. rosea against B. cinerea (Tzelepis et al., 2015).
Concluding Remarks

Chitinolytic enzymes are present in all fungal species and they are involved in degradation of chitin, an important structural
component of fungal cell walls. Fungal chitinases from filamentous fungi belong to GH18, while a single GH19 chitinase has been
described in the microsporidial species Encephalitozoon cuniculi (Rönnebäumer et al., 2006), a very basal fungal group. Based on
their catalytic activities, they can be categorized as exochitinases, which cleave the chitin chain from the ends, or as endochitinases,
which cleave the chitin at random positions. Exochitinases release chitobiose, which is further degraded by GH20 NAGases.
Phylogenetically, fungal GH18 genes are divided into three groups A, B, and C, further sub-divided in many subgroups. Since gene
redundancy is one of the main problems in chitinase functional studies, their precise roles in fungal biology still remain unclear.
From the available studies, data show that chitinases play roles in different aspects of fungal physiology, such as degradation of
exogenous chitin for nutrient release, in mycoparasitic interactions, during carbon starvation and autolysis, in cell wall remodeling
and hyphal growth (Fig. 3(A)). In yeast-like species, the number of chitinase genes is lower, typically between one and four, and
hence more functional data are available. In these species, chitinases are involved in cytokinesis, such as mother and daughter cell
separation during budding (Fig. 3(B)), and in sporulation, such as spore formation and separation (Fig. 3(B)). The killer toxin-like
chitinases in group C is an interesting case. They are present only in filamentous ascomycetes and contain multiple domains such
as CBM50 and CBM18, and all of them are predicted to be secreted (Fig. 2). In some of them, the Hce2 domain, homologous to
the Ecp2 effector, is present. Many aspects of these chitinases remain to be elucidated. Since transcriptional data show that
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Hyphal Growth in Filamentous Fungi

Filamentous fungi are an evolutionarily flourishing group of microorganisms of significant ecological importance (Evans and Hedger,
2001). They have a considerable impact on our economy and ecosystem because important enzymes derive from fungi with
applications in food, textile, recycling and other industries (Cairns et al., 2018). In addition, many fungi are human and plant
pathogens that pose a threat to public health and agriculture (Fisher et al., 2012). Among the filamentous fungi there are also the
mycorrhizal fungi, which bring countless benefits to the host plant (Smith and David, 2008), and edible fungi, such as truffle, one of
the most valuable foods (Hall et al., 2003). Last but not least, fungi are extremely important for understanding many functions of
eukaryotic cells in vastly researches and their secondary metabolism is of significant pharmaceutical relevance (Keller et al., 2005).

A better understanding of cytoplasmic organization and behavior can lead to higher and more diverse levels of insight to
biology of cells and their evolutionary histories.

The dominant cell type of filamentous fungi are hyphae, which are filamentous of elongated cells that expand at the apex of the
tip cell (Steele and Trinci, 1975). The processes involved in the growth of hyphae have affected many scientists for many years.
Thanks to the progress in efficient technological DNA sequencing and gene deletion methods, today there is a drastic increase in
the number of data. Despite these new resources, filamentous growth is a critical aspect of fungal biology that is not yet
comprehensively understood (Meyer et al., 2016). Hyphae exhibit a highly polarized form of cell growth that requires the
regulation of numerous processes including cell wall synthesis, polarized vesicle transport, exocytosis, endocytosis, cytoskeletal
function, turgor pressure, organelle positioning and bulk cytoplasmic flow. These actions result in apically growing tube-shaped
hyphae.
Cell Wall Synthesis

Hyphal growth is accompanied by the secretion of exoenzymes that participate in lysis of the substrate or are involved in the
synthesis of the fungal cell wall (Archer and Wood, 1995). The fungal cell wall plays a significant role in development and integrity
of the fundamental architecture required for survival and proliferation of the filamentous fungus. The structure of the cell wall is
composed typically of polysaccharides and glycoproteins, that can be considered as an extracellular gel-like matrix (Ruiz-Herrera
and Ortiz-Castellanos, 2019). The cell wall of most filamentous fungi containsb (1,3)- b (1,4)- b (1,6)- b (1,7)- glucans, a (1,3)-
glucans, chitin, galactomannoproteins, and other less well-characterized glucans. It has been seen that in the alkaline-insoluble
fraction are present fibrils of b (1,3)- and b (1,7)-glucans and chitin. Glycoproteins together with alkaline-soluble polysaccharides
form an amorphous matrix (Klis et al., 2006). These matrix glycoproteins are presynthesized and packaged into vesicles at the
Golgi and delivered along cytoskeleton to the specific points of wall growth. After exocytosis glycosylphosphatidylinositol (GPI)
anchors glycoproteins to the plasma membrane (Steinberg et al., 2017).

The polysaccharides are synthesized by enzymes chitin synthases (CHS) and glucan synthases (GS), which are transported on
the cell membrane in an inactive form within vesicles, where the enzymes are inserted to synthesize in situ the chitin and b (1,3)-
glucans (Sanchez-Leon et al., 2011). Chitin is thought to be the major polysaccharide found in the Neurospora crassa septae
(Potapova, 2014). Filamentous fungi generally contain several genes encoding CHSs and they are organized into seven different
groups or classes, as opposed to three classes of CHSs in yeast or dimorphic species, which correlates with the lowest chitin content
in their cell wall (Riquelme and Bartnicki-Garcìa, 2008). The 1–3-glucan synthase complex (GSC) synthesizes b (1,3)-glucans: it
contains a catalytic subunit (Fks) and a regulatory subunit (Rho1). Only one essential Fks gene has been identified in filamentous
fungi. While in Saccharomyces cerevisiae there are two Fsk genes and they haven’t distinct functions. Catalysis products operated by
Fsk transmembrane protein poured out of the plasma membrane. Rho1 is a GTPase which is synthesized in the endoplasmic
reticulum and inserted into plasma membrane by geranylgeranylation (Inoue et al., 1999).

Today the most accepted view proposes that cell wall-loosening enzymes, such as chitinases and glucanases, participate in the
breakage of polysaccharide chains, such as chitin and b (1,3)-glucans, allowing the addition of newly arrived material and
generating free ends, substrate for cross-linking enzymes, that rigidify the cell wall (Riquelme et al., 2018).
The Spitzenkörper and Vesicles Pathway

The apex of filamentous fungi is a highly dynamic region where cell growth and morphogenesis occur through the coordinated
events of exocytosis, cytoskeletal dynamics and cell wall synthesis. Spitzenkörper (Spk) is where secretory vesicles self‐assemble.
Using phase-contrast light microscopy, the Spk is observed as a phase-dark body, in most taxa, is partially or completely surrounded a
phase-bright central core (Roberson et al., 2010). The Spk is important for hyphal growth and its position in the growing hypha
determines the directionality of growth (Riquelme et al., 2000). At the ultrastructural levels the Spk contains vesicles of different sizes,
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Introduction

Membrane transport in fungi contributes to key aspects of their growth and development, and to their adaptation to multiple ever-
changing environments. These transport systems, consisting of one or more proteins embedded in the cell membranes, enable the
cell to ensure the uptake of essential nutrients and the efflux of toxic compounds, and play key roles in ion homeostasis and cell
signaling. Transport proteins can be simple channels or pores created in the membrane, that facilitate diffusion of compounds
down their concentration gradient, or active transporters that require metabolic energy to drive the transport of solutes against
their concentration gradient (Busch and Saier, 2004).

One of the main changing extracellular conditions is nutrient availability. Adaptations to these conditions require nutrient-
sensing mechanisms in order to supply specific nutrients and to adapt cellular metabolism, growth and development accordingly.
One fundamental mechanism for this adaptation is regulated transport across cell membranes through the coordinated uptake or
efflux of nutrients across the plasma membrane and intracellular membranes. Recently, the identification of transceptors, membrane
proteins that act both as transporters and receptors, establishes a link between transport and signaling (Steyfkens et al., 2018).

Membrane transport has been a main topic of research during the last century and remains an active field of study. Among fungi,
most research has been performed in Saccharomyces cerevisiae. Even before the emergence of high-throughput genome sequencing
techniques, genes encoding transport proteins of this model yeast were cloned and characterized. Progression into the genomics era
led to rapid advances in the catalog of available fungal genomes for mining and in silico predictions of all membrane transporters of a
fungal species (De Hertogh et al., 2002; Grigoriev et al., 2014). It is now known that approximately 10% of a yeast genome
corresponds to membrane transporters (De Hertogh et al., 2006) and it is firmly established that many of these transport proteins
belong to protein families conserved in organisms ranging from bacteria to humans (André, 1995). The important transport
processes operating in several fungal species have been described (Benito et al., 2011; Hora’k, 2013; Dutta and Fliegel, 2018) and
excellent comprehensive reviews have summarized the yeast transport processes (Conrad et al., 2014; Ramos et al., 2016). For a
detailed description of the membrane transport proteins readers are referred to the Transporter Classification Database (TCDB)
webpage (See Relevant Websites Section). This chapter summarizes the general types of transport processes that enable translocation
of substrates across fungal membranes and provides an overview of the transport systems characterized so far in arbuscular
mycorrhizal (AM) fungi, the most ancient and widespread fungal plant symbionts (Smith and Read, 2008). AM fungi are obligate
biotrophs that enhance host plant nutrient acquisition in exchange for carbon compounds. This requires an efficient nutrient
transport system in which the transporters are key actors.
Types of Transport Processes

Transport of solutes across biological membranes may occur via simple diffusion, facilitated diffusion or active transport (Fig. 1).
Simple Diffusion

Simple diffusion is a passive mechanism that does not involve the input of energy by the fungus to accomplish the movement of
gases or uncharged small molecules, such as ethanol, across the membrane lipids. Simple diffusion can be affected the plasma
membrane composition and proton motive force, but specific transporters are not usually involved.
Facilitated Diffusion

In facilitated diffusion solutes are transported across the membrane along a concentration with the assistance from membrane
proteins, such as channels or transporters (also named facilitators, carriers, or permeases). No metabolic energy is expended since this
transport process is governed by the concentrations of the molecule of interest on either side of the membrane. If the concentration
on one side of the membrane barrier is higher than on the other side, the movement of molecules through the connecting channel or
facilitator will naturally occur, in order to balance the concentrations on both sides of the membrane (Eddy and Barnett, 2007).

Channels
Membrane channels are complexes of membrane proteins or peptides that mediate passive transport of solutes by forming an
aqueous diffusion pore. They can operate by different mechanisms, being the most common the gated channel, which requires a
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Fig. 1 Types of membrane transport processes. Passive transport processes do not require energy input. Lipid soluble solutes enter the cells via
simple diffusion. In facilitated diffusion solutes are transported along a concentration gradient through channels or carriers. Solutes moving against
a concentration gradient are transported at the expense of metabolic energy. Primary transporters couple ATP hydrolysis to the transport of a
solute against its concentration. The plasma membrane H þ -ATPase generates the proton motive force required for the activity of the secondary
transporters. Symporters transport two solutes in the same direction and antiporters in the opposite direction. X (anion or a solute moved against
its concentration), C (cation).
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trigger, such as a change in membrane potential in voltage-gated channels, to unlock or lock the pore opening. Ion channels play a
key role in cation homeostasis, being the best characterized the S. cerevisiae efflux voltage-gated K þ channel Tok1, which is
activated by membrane depolarization (Ketchum et al., 1995).

Aquaporins, belonging to the family of major intrinsic proteins, also form pores in the membrane facilitating mainly the
transport of water into and out of the cell. Aquaporins form tetramers in the cell membrane, with each of the four monomers
acting as a water channel. The driving force for water movement is the gradient of chemical potential of water (osmotic and/or
hydrostatic pressure) between both sides of the membrane and predicted to occur in either direction (Finkelstein, 1984). In the
fungal kingdom, there are five groups of fungal aquaporins, with two groups of classical aquaporins and three groups of
aquaglyceroporins. Although water is the main substrate transported by aquaporin, they can transport other substrates, such as
glycerol, H2O2, NH4

þ , boron, urea, and CO2 (Sabir et al., 2016).
Another important family of channels is the ammonium channel transporter (AMT) family. AMT proteins are homotrimers, in

which each subunit contains a narrow pore through which substrate transport occurs. As expected for a channel, NH3 uniport
appears to occur by energy-independent, non-concentrative, bidirectional diffusion (Loque et al., 2007), but NH4

þ may be the
true substrate requiring in this case metabolic energy (Fong et al., 2007). AMT proteins appear to function as channel/carrier
hybrids. S. cerevisiae has three AMT homologs named Mep1, Mep2, and Mep 3, that also transport methilammonium and present
different affinities for ammonium. Mep2 has been shown to function both as a transporter and as a sensor, generating a signal that
regulates filamentous growth in response to ammonium starvation (Lorenz and Heitman, 1998).

Copper (Cu þ ) transporters of the Ctr family also function by a channel mechanism that mediate Cu þ uptake by a passive,
membrane potential-dependent mechanism (Dumay et al., 2006). They function as trimmers forming a channel in the membrane.
Three homologs have been described in S. cerevisiae, two located in the plasma membrane (Ctr1 and Ctr3) and one in the vacuolar
membrane (Ctr2) (Puig and Thiele, 2002). However, multiple homologs have been identified in Schizosaccharomyces pombe
(Beaudoin et al., 2013).
Transporters or carriers
In contrast to a channel, a transporter is assumed to transfer the solute across the membrane by undergoing reversible con-
formational changes that expose its solute-binding site alternately on each side of the membrane. For example, in S. cerevisiae
hexoses are taken up by facilitated diffusion through hexose transporters. The high rates of phosphorylation of hexoses together
with its subsequent metabolism provide the driving force for continued translocation into the cell. The S. cerevisiae hexose
transporter family is comprised of 17 members, with different substrate affinities for glucose (Leandro et al., 2009). Given that
facilitated diffusion systems operate optimally around their substrate affinity value or Km, it is believed that the wide range of
substrate affinities of the S. cerevisiae hexose transporters (ranging from 1 to 100 mM) will enable uptake of glucose and other
hexoses across the wide range of hexose concentrations present in the yeast environment. However, in other organisms uptake of
hexoses requires metabolic energy, as it is presented below for the AM fungal hexose RiMST2 (Helber et al., 2011).
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membrane. In an energy-dependent process, these molecules are driven through a central region of the protein to emerge on the
opposite side of the membrane. The protein molecule remains stationary. Examples of symporters are the family of sulfate
transporters that mediate transport of SO4

–2 by using the electrochemical gradient of protons (Cherest et al., 1997) and the Pho
family of phosphate transporters that also use the proton gradient as a driven force for translocation of phosphate ions in a
symport manner (Bun-ya et al., 1991). The potassium transporters of the Trk family normally function also as H þ /K þ or Na þ /K þ

symporters and are thought to be driven by the membrane potential created by the plasma membrane H þ -ATPase. Fungi usually
have two Trk systems (Corratgé-Faillie et al., 2010). In S. cerevisiae, Trk1 and Trk2 strongly differ in their affinity for potassium,
being Trk1 and high-affinity K transporter and Trk2 a low-affinity one (Ko and Gaber, 1991).

Amino acid transport is also a primary example of a symport transport process since amino acids are generally present in the
natural environment at concentrations far lower than those found in the cytoplasm. Amino acids are, therefore, taken up against its
concentration gradient by members of the amino acid transporter (AAT) family (Gournas et al., 2018). Members of the proton-
dependent oligopeptide transporter (POT/PRT) family also function by a proton symport process (Hauser et al., 2001).

The mechanism of transport of several secondary transporters has not been determined yet. This is the case of the members of
the Zinc (Zn2 þ )-Iron (Fe2 þ ) permease (ZIP) family (Gaither and Eide, 2001). The energy source for metal translocation is not ATP
and several driving forces, including bicarbonate, pH dependence or phosphorylation, have been proposed.
Why Arbuscular Mycorrhizal Fungi?

Arbuscular Mycorrhizal (AM) fungi, belonging to the subphylum Glomeromycotina within the Mucoromycota (Spatafora et al.,
2016), are complex but extremely successful soil-borne microorganisms. They are obligate biotrophs that establish a compatible
interaction with plants, called arbuscular mycorrhiza, by either avoiding or suppressing plant defense reactions while redirecting host
metabolic flow to their benefit without being detrimental to their host (Gianinazzi-Pearson, 1996). AM fungi have accompanied land
plants through evolution and survived across periods of important environmental change to become ecologically and agriculturally
important symbionts that improve overall fitness of most land plants (Smith and Read, 2008). Substantial evidence supports their
use as natural biofertilizers and bioprotectors in agriculture (Gianinazzi et al., 2010; Berruti et al., 2016).

The main benefit for the plant is an improved mineral nutrition, especially of phosphorus, nitrogen, zinc and copper. The
fungus develops in the soil an extensive network of extraradical hyphae that overgrows the soil surrounding the plant roots and
functions as an additional absorptive surface area for the plant increasing its capacity to forage nutrients beyond their depletion
zone (Fig. 2(A) and (B)). In return, the plant provides to the fungus the carbon compounds, either in the form of carbohydrates or
lipids, required to complete its life cycle. This nutrient exchange between partners occurs in the arbuscules, specialized and highly
branched structures formed by the fungus in the root cortical cells (Fig. 2(C)). AM fungal nutrient uptake from the soil and
coordinated exchanges between the plant and the fungus at the symbiotic interface formed in the cortical cells colonized by
arbuscules is controlled by the coordinated regulation of specialized plant and fungal membrane transport systems. Despite
nutrient exchange between partners and nutrients themselves seem to be at the heart of the evolutionary success of this symbiosis,
the mechanisms underlying these processes are not yet fully understood. So far, molecular players controlling nutrient transport
processes in the symbiosis have been mainly identified and characterized on the plant side (Wipf et al., 2019). However, much less
is known on the fungal side.

AM fungi are obligate biotrophs incalcitrant to pure culture in the absence of a host plant, possess coenocytic hyphae and
multinucleated spores and so far no sexual reproduction has been described yet (Gianinazzi-Pearson et al., 2012). These
characteristics introduce inherent limitations in the application of standard techniques, such as genetic transformation and
mutant generation/characterization, for their study, which greatly hinders advances in the knowledge about gene function in
these crucial group of fungi. Nevertheless, significant progress has been made recently in our understanding of their biology
through the release and subsequent mining of genome sequences. Rhizophagus irregularis (formerly named Glomus intraradices)
Fig. 2 (A) In vitro culture of R. irregularis in association with carrot roots. (B) Extraradical mycelium of R. irregularis showing hyphae and
spores. (C) Arbuscule of R. irregularis detected by wheat germ agglutinin-FITC labeling on a root section.
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Introduction

Primary metabolism is referred to the biochemical reactions that lead to metabolites which are required for the growth and
maintenance of cellular functions. These natural compounds are the precursors for the formation of essential biomolecules such as
nucleic acids, proteins, carbohydrates and lipids. Vital primary metabolism is related with the phase of rapid microbial growth, the
so-called logarithmic growth phase. A maximum accumulation of primary metabolites is present at the end of that phase, while in
the following stationary phase the metabolites derived from primary metabolism may be further transformed to other products
including secondary metabolites (SMs).

SMs are low molecular-weight compounds derived from primary metabolites via specialized pathways. They are produced
mainly by microorganisms and plants, typically only by a limited range of species (Vinale et al., 2009).

The fungi produce a huge number and variety of SMs, many of which have interesting biological activities. They serve important
functions such as: (1) competitive weapons against bacteria, fungi, plants, insects and animals; (2) metal transporting agents;
(3) agents of symbiosis between microbes and plants, nematodes, insects, etc.; (4) sexual hormones (Demain and Fang, 2000).

SMs are not essential for vegetative growth in pure culture but are commonly obtained during the stationary phase, which is
often related to differentiation and sporulation. Batch rather than continuous culture usually favors secondary metabolite pro-
duction (Demain and Fang, 2000).

These natural compounds show an enormous variety of structures and biosynthetic origins, and there have been many
examples of SMs with chemical features previously unreported. Moreover, the production is limited to one or a few organisms,
which may not be closely related, and it differs significantly among diverse strains of the same species (Herbert, 1994).

Fungi have been exploited to yield various SMs useful for application and subsequent production of valuable supplies such as
antibiotics, vitamins, pharmaceutical compounds, fungicides, plant growth regulators, and hormones. Fungal SMs used in
medicine include the cyclosporines (immunosuppressants) from Tolypocladium inflatum, the cholesterol-reducing compound
lovastatin, produced by Aspergillus terreus and the antibiotic penicillin biosynthesized by Penicillium chrysogenum. Gibberella fujikuroi
releases gibberellins, that are plant hormones also known as virulence factor of this fungus on plants. Although interest in these
beneficial metabolites is significant to humankind (in medicine, industry and agriculture), fungi also produce deleterious SMs with
toxic effects (e.g., mycotoxins) (Demain and Fang, 2000). These include the cytotoxic and antiproliferative aspyridones from
Aspergillus nidulans, the aflatoxins produced by Aspergillus flavus, and gliotoxin produced by Aspergillus fumigatus, for which toxicity
has been ascribed to a disulfide bridge present in this metabolite (Brakhage, 2013).

Many examples of fungal metabolites with toxic effects (mycotoxicosis) on animal organisms have been reported in the veterinary
literature. Starting from 1970 several cases have been recorded and these findings made a major impact on the scientific community,
resulting in the present concern about the effects of mycotoxins on human health (Campbell and Stoloff, 1974; Marroquín-Cardona
et al., 2014). Aflatoxins, ochratoxins, fumonisins, deoxynivalenol, and zearalenone are the major mycotoxins in terms of public
health concern. These fungal metabolites can cause adverse effects in humans and due to the cosmopolitan nature of mycotoxigenic
fungi contribute to the worldwide incidence of mycotoxins in food and feed (Lee and Ryu, 2017).
Biochemistry and Biological Impact of Fungal Secondary Metabolites

Fungal SMs are formed as families of closely related compounds resulting from biosynthetic enzymes less specific to their substrate
than those of primary metabolism (Hanson, 2003). The yield of different family members can be modified by changing the
composition of the growth medium, the environmental conditions and by mimicking biotic interactions (i.e., co-cultures) (Vinale
et al., 2017; Pan et al., 2019). Different members of a family frequently demonstrate diverse biological activities (Hanson, 2003).

The majority of SMs belong to one of the following families: (1) Polyketides and fatty acids; (2) Terpenoids and steroids;
(3) Phenylpropanoids; (4) Alkaloids; (5) Specialized amino acids and peptides (Hanson, 2003).

Though not crucial for their survival, fungi bio-synthetize numerous SMs of the mentioned families with different chemical
structures and properties. Especially filamentous Asco- and Basidiomycota are rich sources of polyketides, non-ribosomal peptides,
terpenes and indole alkaloids that are biosynthesized via specialized pathways (Herbert, 1994).

Fungal secondary metabolism often is connected to specific stages of morphological differentiation such as asexual sporulation.
The produced SMs are incorporated into structural elements of the cell or released into the environment as volatiles or dissoluble
substances. They hence play important roles in regulating interactions between organisms. Examples of fungal compounds
involved in biotic interactions are phytotoxins, produced by fungal pathogens as virulence factors for plants, mycotoxins,
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Fig. 1 Biosynthetic relationship of fungal secondary metabolites. The main classes of fungal secondary metabolites are given in bold. Acetyl
Co-Enzyme A is the molecule from which the main metabolites are derived.
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SMs help fungi to be competitive in an ecological niche. In this context it is important to underline that the effects of natural
products are depending on the ecological concentrations and a single metabolite can function as a signal rather than as a toxin.
Gradient-dependent effects of phenazine from Pseudomonas aeruginosa on Aspergillus spp. have been demonstrated. A high con-
centration of this compound is antibiotic while a low to moderate concentration induces sporulation in the fungus. Many
examples of induction of fungal SMs when fungi are confronted by other microbes are reported in literature that represent a sort of
microbial ‘language’ (Keller, 2019).

Dose-effect responses of fungal metabolites on plant growth and development have also been recognized. This is the case for
some Trichoderma- derived SMs (i.e., 6-pentyl-a-pyrone, harzianolide, harzianic acid) that may act as auxin-like compounds.
Typically, these molecules have an optimum activity among 10–5 and 10–6 M while are inhibitory at higher concentrations (Vinale
et al., 2008; Vinale and Sivasithamparam, 2020).

SMs are further known as virulence factors in plant-fungal interactions and their role in the interaction with animals is also
recognized, although not completely elucidated. Moreover, fungal metabolites are involved in the interactions of symbiotic and
mycorrhizal or endophytic fungi with plants.

The communication with insects also elicits biosynthesis of SMs in fungi. This interaction is well described in entomo-
pathogenic fungi, especially in Metarhizium spp., Beauveria bassiana and Pochonia spp. Examples of such compounds are destruxins,
a cyclic depsipeptide from Metarhizium anisopliae with different modes of actions (i.e., inhibiting V-ATPase, changing ion transport
in gut and epithelial tissues, even making behavioral changes), tenellin, beauvericin, and bassianolide from B. bassiana.
Fungal Genes Involved in Secondary Metabolite Biosynthesis

Most of the core genes coding for enzymes that act in a discrete pathway for the biosynthesis of a specific secondary metabolite are
located in physical vicinity in the fungal genome. This grouping of functionally linked genes into biosynthetic gene clusters (BGC)
is a distinctive feature of fungal secondary metabolism.

The central part of a secondary BGC typically codes for a backbone-generating enzyme such as polyketide synthase (PKS), non-
ribosomal peptide synthetase (NRPS), hybrid NRPS-PKS, dimethylallyl tryptophan synthase, or terpene cyclase. PKS and NRPS
core enzymes consist of multiple domains that progressively assemble the metabolite backbone. Their genes show high diversity
and discontinuous distribution across fungal genomes, respectively, and evolve rapidly. In addition, accessory enzymes involved in
chemical modification of the generated product to generate the final compound, transporters for product export, and transcription
factors for cluster regulation may be encoded by cluster-resident genes (Fig. 3). Although secondary BGC often are self-contained
units for the biosynthesis of a specific substance, this is not necessarily always the case. There is no standard composition of these
gene clusters but diversity regarding structure, content and size even among different strains of the same fungal species. Some
clusters for example encode multiple backbone genes while others lack certain genes such as those coding for transcription factors
that regulate biosynthetic gene expression. The penicillin biosynthesis cluster of Penicillium chrysogenum exemplifies the latter case.



Fig. 2 Examples of fungal secondary metabolites belonging to the main groups of natural products. Polyketides: (1) Mellein from Aspergillus melleus;
(2) Griseofulvin from Penicillium griseofulvum; (3) Patulin from Penicillium spp.; (4) 6-pentyl-a-pyrone from Trichoderma spp.; (5) 1�hydroxy�3�methyl�
anthraquinone from Trichoderma harzianum; (6) Aflatoxin B1 from Aspergillus flavus. Terpenes and terpenoids: (7) T2 Toxin from Fusarium spp.;
(8) Gibberellin GA3 from Gibberella fujikuroi; (9) Deoxynivalenol from Fusarium spp. Non-ribosomal peptides: (10) Gliotoxin from Trichoderma and Gliocladium
spp.; (11) Alameticin, from Trichoderma viride. Indole alkaloids: (12) Ergotamine from Claviceps purpurea; (13) Fumitremorgin C from Aspergillus fumigatus.
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Fig. 3 Scheme of a prototypical secondary metabolism gene cluster and its subtelomeric localization on the chromosome.
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A pathway-specific regulator is absent from the gene cluster; instead, penicillin production is subject to regulation by a network of
global regulatory proteins that are responding to diverse nutritional and environmental cues and simultaneously govern various
cellular processes including metabolism and development. The biosynthesis of a given secondary metabolite may also involve
more than one gene cluster. This is the case for cephalosporin production by Acremonium chrysogenum, to which two clusters are
contributing (Martin et al., 2014; Zeilinger et al., 2015).

A further hallmark of many fungal secondary BGC is their enrichment near to the ends of chromosomes, at subtelomeric
regions. As the areas adjacent to the telomeres contain densely packed nucleosomes which renders them transcriptionally silent,
these secondary BGC are subject to chromatin-level control. Nucleosome repositioning as well as DNA and histone modifications
are involved in their transcriptional activation, which occurs in response to pleiotropic environmental triggers (Collemare and
Seidl, 2019).

Besides impacting their expression, the subtelomeric localization of secondary BGC is believed to affect evolution and horizontal gene
transfer as these regions usually are highly prone to recombination. While gene duplication had a prominent role in the evolution and
subsequent diversification of secondary metabolic genes, several BGC seem to have originated from the horizontal transfer of genes from
bacteria to fungi. The clustering of secondary metabolism genes then further facilitates their intra-kingdom horizontal transfer between
different fungal species and contributes to metabolic diversity (Osbourn, 2010).

The metabolic potential of a given fungus can be explored directly from its genome sequence by screening for backbone genes
and gene clusters using bioinformatics approaches. Among the different groups of fungi, filamentous ascomycetes are especially
rich in secondary metabolism BGC. In these organisms, which typically harbor dozens of these clusters, a significant portion of
their genome is devoted to secondary metabolite biosynthesis and its regulation. However, many gene clusters for secondary
metabolism pathways are unexpressed and hence no product is present under standard laboratory culture conditions, as these do
not mimic the required physiological triggers the producing fungus encounters in its natural habitat. The activation of these
unexpressed BGC is a promising avenue to further exploit fungi as a source of bioactive natural products, including novel drug
leads. Hitherto successful approaches tackled cluster composition and regulation by using genetic engineering, chromatin structure
modification by using epigenetic modifiers, as well as simulation of the natural habitat by using co-cultivation and synthetic
microbial communities (Keller, 2019).
Regulation of Fungal Secondary Metabolism

Fungal secondary metabolism is regulated by a complicated network of signals, some of them activated as a response to particular
nutritional or environmental conditions, and that usually affect in a wider form to the fungal metabolism, not specifically to the
secondary metabolism (Fig. 4) (Brakhage, 2013; Keller, 2019; Macheleidt et al., 2016; Yin and Keller, 2011).

The New Generation Sequencing and Bioinformatic techniques/tools currently available emphasize the potential of fungi to
produce an enormous variety of secondary metabolies. However, it has been also shown that for a particular growth and/or
environmental condition only a minimal fraction of the BGC identified on a fungal genome are expressed and their products
detected, remaining the rest in a cryptic or quasi-cryptic state.

Pathway-Specific Regulators

Pathway-specific regulator genes are usually located inside the BGC, or at least in one of the clusters of genes involved in its
biosynthesis. The most common transcription factors (TF) regulating fungal SMs production are those of the Zn2Cys6 (¼C6-Zn)
binuclear type, but Cys2His2 Zinc finger TFs are also common, even when they are less known (Fig. 4). Other, less frequent TFs in
fungi are basic region leucine zipper (bZIP) and winged helix proteins. bZIP are involved in stress response and regulation of SM
biosynthesis (Shaaban et al., 2010), and winged helix TFs, have been related to the production of cephalosporin C in A. chrysogenum
(Schmitt and Kück, 2000).



Fig. 4 Main Pathway specific (upper panel) and Global (lower panel) regulation protein-complexes involved in regulation of secondary metabolism.
Thick blue arrow in the upper panel corresponds to a gene encoding a pathway specific regulator inside the biosynthetic gene cluster (BGC). Red
arrow represents a gene encoding one of the key enzymes usually found in the secondary metabolite BGCs, i.e., PKS, NRPS, hybrid PKS-NRPS,
terpene synthase. In the upper panel, dashed lines indicate the possibility that one particular pathway specific regulator would have a more global
effect, regulating other secondary metabolite (SM) BGCs and also eventually some genes involved in primary metabolism. P ¼ Promoter region.
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C6-Zn TFs recognize palindromic motifs in BGC promoters (Fernandes et al., 1998). Nowadays, there are known many of these
regulators, being some of the most studied examples: AflR from Aspergillus species, which is involved in the biosynthesis of
sterigmatocystin/aflatoxin (AF/ST) (Chang et al., 1995); GliZ for regulation of gliotoxin biosynthesis in A. fumigatus (Bok et al.,
2006), LovE for lovastatin biosynthesis regulation in A. terreus, FUM21 for fumonisin biosynthesis regulation in Fusarium verti-
cilloides (Brown et al., 2007), and AfoA for regulation of asperfuranone in A. nidulans (Grau et al., 2018) (Fig. 4). These TFs are
usually required for expression of most, if not all, the other genes involved in the SM biosynthesis. For example, in the gliotoxin
biosynthesis, all the genes present in the BGC, except gliT, are regulated by GliZ. GliT, is a gliotoxin oxidase, which confers
resistance to gliotoxin (Schrettl et al., 2010).

A recently reported exception to these C6-Zn TFs is Tri21. Its encoding gene is present in one of the TRI BGCs in species
belonging to the Fusarium incarnatum-equiseti species complex (FIESC). Tri21 regulates only the late genes involved in the bio-
synthesis of the trichothecene deacetoxyscirpenol (Brown et al., 2020).

Cys2Hys2 Zn finger proteins constitute the other main type of fungal pathway-specific regulators. Some examples are: Tri6
(Proctor et al., 1995), involved in regulation of trichothecene mycotoxins biosynthesis; ToxE for production of HC-toxin, a
cyclic tetrapeptide, in Cochliobolus carbonum (Pedley and Walton, 2001), and ScpR, involved in synthesis of asperfuranone in
A. nidulans (Bergmann et al., 2010) (Fig. 4). Tri6 is an unusual zinc finger protein that regulates all genes involved in
trichothecene biosynthesis and transport. However, its effect is not restricted to genes belonging to trichothecene BGCs. In
F. graminearum Tri6 behaves, at least in some physiological conditions, more as a global regulator than as a pathway specific
TF. This conclusion was supported by the description that more than 20% of the genes in the genome of Trichoderma
arundinaceum were negatively regulated in a tri6-deletion background (Lindo et al., 2018). Furthermore, Tri6 also acts as an
autoinducer, and requires for wild-type expression of TRI genes a second regulator, Tri10, whose encoding gene is also located
in one of the trichothecene BGC.





Fig. 5 Regulation of secondary metabolite BGC expression mediated by chromatin modifications. Complexes/proteins involved in that regulation
are shown. Those marks and enzymes related to heterochromatin (non-expressed BGCs) or euchromatin (expressed BGCs) are written in red and
green, respectively. H3K9me¼ methylation of lysine 9 (K9) in histone 3 (H3); H3K4me, me2, me3¼ mono, di-, and tri-methylation of lysine 4 in
histone 3; H3K9ac and H3K14ac¼ acetylation of lysine 9 and lysine 14, respectively, in histone 3. Green arrow indicates induction of euchromatin
conformation by SAGA-ADA complex. Truncated red line points to the suppression of euchromatin conformation by histone deacetylase enzymes
(e.g., HdaA, HosA), and truncated green line points to the block of histone methylation carried out by LaeA. Heterochromatin and euchromatin are
represented in red and green colors, respectively. Note that HosA is involved in deacetylation of H4 and H3.
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histone methylation (Fig. 5). These data suggest that the expression of SM BGCs is under an epigenetic control by LaeA removing
the heterochromatin marks, and by HepA binding and the consequent histone methylation to establish a heterochromatin
structure. hepA encodes a putative heterochromatin protein, and its deletion leads to upregulation of SM biosynthetic genes, e.g.,
genes for aflatoxin, penicillin, terraquinone A biosynthesis in Aspergillus species (Reyes-Dominguez et al., 2010).
Histone acetylation
The SAGA/ADA (Spt-Ada-Gcn5-acetyltransferase) complex was initially described as involved in regulation of fungal response to
stress, e.g., oxidative stress and resistance to antimycotic compounds (Sellam et al., 2009). This role is exerted through histone
acetylation, which would have an opposite role to histone methylation in the regulation of the chromatin structural conformation
(Fig. 5). GcnE/Gcn5p, a histone acetyl transferase should be the complex-subunit responsible for those acetylations, but this
function should be carried out in interaction with Ada/Ada2p (Alteration/deficiency in activation), another component of the
SAGA/ADA complex (Sellam et al., 2009).

In A. nidulans, GcnE was shown to induce acetylation of histone 3 lysine 14 in orsellinic BGC, but interestingly only in
interaction with Streptomyces rapamycinicus (Netzker et al., 2015). Thus, this interaction induces the expression of the cryptic
orsellinic acid BGC by promoting a change in the histone acetylation profile. Furthermore, acetylation of histone 3 in lysine 9 had
a wider effect on the A. nidulans secondary metabolism, upregulating genes belonging both to the orsellinic acid and to the
sterigmatocistin BGCs (Nützmann et al., 2011).

Histone deacetylases would be involved in the removal of acetyl groups from the amino-terminal tail of core histones (Tribus
et al., 2005). Thus, their function will enhance the heterochromatin conformation, and eventually will negatively affect the
expression of SM BGCs. Several enzymes with this function have been characterized, e.g., HdaA (histone 3 deacetylase) and HosA
(histone 3, histone 4 deacetylase). Furthermore, deletion of hosA gene in A. nidulans resulted in an induction of expression of BGC
involved in orsellinic acid and derivatives, and also in cichorine and aspercryptin biosynthesis (Pidroni et al., 2018).
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Introduction

Molds are microscopic filamentous fungi, which cause food and feed spoilage. Moldy foods and feeds may pose a serious risk to the
health of consumers due to fungal toxic metabolites produced in the course of spoilage, referred to as mycotoxins. Mycotoxins are by
definition “fungal metabolites which when ingested, inhaled or absorbed through the skin cause lowered performance, sickness or
death in man or domestic animals, including birds” (Pitt, 1996). By convention, the mushroom toxins and compounds that are toxic
only to lower animals, such as invertebrates, are not regarded as mycotoxins. Toxigenic molds may act as plant parasites that colonize
living plants in the field and/or may grow saprophytically on the products after harvest and throughout the entire production chain if
environmental conditions, particularly temperature and moisture, are conducive to molding. Mycotoxins can be synthesized during
either one or both of these invasive processes, as products of secondary metabolism of molds. Mycotoxins in food and feed may be
fatal or cause severe illness at very small concentrations, often measured in parts per million (ppm) or parts per billion (ppb). Besides
acute toxicoses due to high-dose mycotoxin exposure, the prolonged exposure to low and sub-lethal doses of mycotoxin results in
chronic toxicosis, that is cumulative damages to specific tissues, organs or systems, sometimes associated to development of cancer
(International Agency for Research on Cancer IARC, 2012a,b). Chemically, mycotoxins are structurally diverse compounds of low
molecular weight that are synthesized from few precursors generated within the primary metabolism (Zeilinger et al., 2015). The
Food and Agriculture Organization (FAO) has estimated that 25% of the global food and feed output is contaminated by mycotoxins
each year, with estimated losses of around 1 billion metric tons of foods and food products. Locally, these figures may increase, even
considerably, in particular years when climatic conditions favorable to crop disease outbreak occur.

Contamination of foods and feeds with mycotoxins has been recognized as a matter of global concern since the early 1960s when a
severe outbreak in poultry, the Turkey “X” disease, which killed 100,000 turkeys in the UK was discovered to be caused by consumption of
moldy feedstuff contaminated with aflatoxin. However, the association between consumption of moldy grains and some human and
animal diseases has been recognized since historical times (Pitt and Miller, 2017). Just to cite a few examples, the ergotism, a human disease
resulting from the infection of rye by the fungus Claviceps purpurea is mentioned in the Old Testament and is recognized as an important
cause of human mortality in Europe during the middle age. Also the trichothecenes, a group of mycotoxins produced by Fusarium species
that infect wheat and other cereal grains, are thought to be linked to middle age plague epidemics. A human toxicosis (a pathology caused
by exposure to a toxin) from consumption of Fusarium-infected grains occurred in southern Japan at the end of 1800; symptoms consisted
in nausea, vomiting, diarrhea, abdominal pain, fever, and throat irritation. Similar toxicoses in humans, associated to the ingestion of
moldy grains infected by Fusarium species, were also reported at the beginning of 1900 in China, Korea and Russia. The heart-attacking
paralysis known as “acute cardiac beriberi”, was reported in Japan and in a number of other Asian areas from the 17th century on. Beriberi
was correlated epidemiologically to the consumption of moldy rice contaminated with the Penicillium mycotoxin citreoviridin. More
recently, serious human toxicoses occurred in Kenya in the years 2004, 2005 and 2006, with hundreds of affected people and almost
200 fatalities recorded as a consequence of aflatoxin poisoning from contaminated maize (Schmale and Munkvold, 2014a).

This chapter offers an overview on the main mycotoxins and the relevant producing molds, including their economic and
health impact, epidemiology, biosynthesis and genetics, regulation and management. The methods for the analysis of mycotoxins
are out the scope of this chapter; comprehensive reviews and up to date information on that topic can be found in Maragos and
Busman (2010) and Tittlemier et al. (2019).
Social and Economic Impact of Mycotoxins

Aside from the obvious social implications for public health (see the toxic effects of individual mycotoxins, later on in this
chapter), the occurrence of mycotoxigenic fungi and mycotoxins in food and feed chains has also major economic impacts to
human society. These include (1) reduction of crop output due to plant diseases and from the removal of infected and/or damaged
product (sorting), (2) reduced quality and commercial value of produce, (3) reduced animal productivity due to health problems
associated with consumption of mycotoxin-contaminated feed, and (4) costs for humans and animals health care (Schmale and
Munkvold, 2014b). The extra production expenses for the control of mycotoxigenic fungi outbreaks, such as the use of selected
resistant cultivars and fungicides spraying or for the adoption of specific measures of prevention (e.g., biological control) have also
to be taken into account. At post-harvest, the multiple control strategies that have been developed to mitigate the mycotoxin risks
in the course of storage, transportation or processing and the cost for the organization and functioning of a surveillance network
are all additional burdens for farmers, handlers, processors and, ultimately, for consumers.

Estimations of the costs of mycotoxins are not available for all the world regions. In the USA, the total cost has been estimated
0.5–1.5 billion USD per year; Council for Agricultural Science and Technology CAST (2003) reports a yearly cost of 0.9 billion for
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Fig. 1 Schematic rendition of mycotoxin biosynthetic clusters. Lengths of genes and intergenic regions are not drawn to scale; gray blocks
represent regulatory genes. (A) aflatoxin cluster in A. flavus; (B) trichotecene cluster in F. graminearum; (C) fumonisin cluster in F. oxysporum, F.
proliferatum and F. verticillioides. A; (D) ochratoxin A cluster in A. carbonarius.
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terpenoids, a key gene encoding for a polyketide synthase (PKS), a non-ribosomal peptidase (NRPS) or a terpene synthase, is
present in the cluster. Synthases or synthetases establish the molecular backbone of mycotoxin which is then modified by a variety
of tailoring enzymes such as (de)hydratases, oxygenases, hydrolases, methylases, and others to form the final complex structure.
The same biosynthetic pathway may give origin to the structural diversity of mycotoxins belonging to the same mycotoxins family,
as a result of the absence or the non-functioning of a gene within a biosynthetic cluster, or the variation of enzymatic activity
(Hoffmeister and Keller, 2007; Keller, 2019).

Other genes encoding metabolite transport proteins and transcription factors are generally present in the mycotoxin clusters.
In particular, one or occasionally more transcription factors are required to regulate the expression of the other biosynthesis
genes in the cluster (Osbourn, 2010; Brakhage, 2013). The most common type of cluster pathway regulators belongs to the class
of C-6 zinc finger proteins that recognize palindrome motifs in cluster gene promoters. In addition to pathway-specific ele-
ments, the regulatory mechanism of mycotoxins is also composed of broad domain transcription factors and multiprotein
complexes that transmit biotic and abiotic cues to biosynthesis mechanism; these regulatory processes are often interconnected
and overlapping. Environmental parameters such as carbon and nitrogen sources, temperature, light, and pH, exert their
influence on mycotoxin production through the mediation of global transcription factors such as CreA for carbon signaling,
AreA for nitrogen signaling, and PacC for pH signaling (Brakhage, 2013). Several studies have reported both negative and
positive regulation of biosynthetic genes by global regulators, turning off and on the energetically costly process of secondary
metabolite production as an advantage to the producing fungus under certain environmental conditions. One of the most
important multiprotein complexes of the regulatory mechanism is the Velvet complex. This heterotrimeric complex formed by
VelB, VeA and LaeA, links sexual development with secondary metabolism in fungi in response to light, through a regulated
spatial compartmentalization of the three proteins (Bayram et al., 2008). Other regulation mechanisms could be responsible of
the activation of biosynthetic genes that are based on signaling pathways or epigenetic control, the latter linked to chromatin
remodeling proteins (Pfannenstiel and Keller, 2019).

The study of mycotoxin biosynthetic gene clusters is essential to gain a better comprehension of the regulatory process behind
mycotoxin biosynthesis and the factors involved in mycotoxin production. Also, a thorough examination of the toxigenicity of
fungal populations depending on the presence or the absence, in whole or in part, of the biosynthetic gene cluster has led to the
development of successful biocontrol strategies based on the use of non-mycotoxigenic strains and is essential for the assessment
of events of horizontal transmission of mycotoxin- producing capability among different populations. Finally, these studies have
allowed the development of sensitive, specific, and high-throughput molecular diagnostic assays for mycotoxigenic fungi. The
clusters of important mycotoxins, such as AfTs, trichothecenes, FUMs and ochratoxins, have been identified, even though the
characterization of some of them is to be completed. The significant advance in fungal genome sequencing and bioinformatic
analyses for metabolite mining have remarkably facilitated the characterization of gene clusters involved in the biosynthetic
pathway, often starting from the identification of key synthase genes.
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The Discovery of RNA Interference

RNA interference (RNAi) is a biological process, almost universally presents in eukaryotes, involved in the repression of gene
expression (gene silencing) at transcription and/or post-transcription levels. In this process, specific RNA or DNA target molecules
are recognized by short non-coding RNA molecules (20–30 nucleotides), known as small RNAs (sRNAs), and silenced by a
multiple protein complex.

The first reported observations of RNAi date back to the early 1990s when two independent research groups, that were working
on the over-expression of genes involved in pigment production in a plant (Napoli et al., 1990) and a fungus (Romano and
Macino, 1992), obtained unexpected results. In particular, they observed that a number of transformants, instead of being
characterized by a more intense pigmentation, showed albino or variegated phenotypes. The peculiar feature was that those
phenotypes were often transient and not always transmitted to the progeny; they called this phenomenon as “co-suppression” and
“quelling”, respectively. The molecular basis of this mechanism remained unclear until 1998 when Fire and colleagues understood
that the nature of the silencing trigger was double-stranded RNA (dsRNA, Fire et al., 1998). Their work brilliantly highlighted that,
in nematodes, dsRNAs activate the sequence-specific silencing of endogenous genes, producing a much stronger effect compared to
sense or antisense sequence-specific single-stranded RNAs (Fire et al., 1998). During the following years, the molecular details of
RNAi were elucidated giving rise to a number of biotechnological applications, from medicine to agriculture. For the impact of this
discovery, in 2006 Fire and Mello were awarded the Nobel Prize in Physiology or Medicine.
The Core of RNAi Machinery: DCL, AGO and RdRp

In a simplified model valid for almost all eukaryotes, the general RNAi pathway can be described as a process involving three
classes of proteins (Fig. 1): Dicer (or Dicer-like; DCL), Argonaute (AGO) and RNA-dependent RNA polymerase (RdRp; Ipsaro and
Joshua-Tor, 2015).

DCL are enzymes that process dsRNAs or single-stranded hairpin RNAs into small RNA (sRNA) duplexes, typically 21–25
nucleotide(nt)-long (Bernstein et al., 2001). The cleavage activity of DCL is provided by a pair of Ribonuclease III (RNase III)
domains which act, together with a PAZ domain (primarily responsible for the recognition of the dsRNAs to be cleaved), as a
molecular ruler to produce sRNA duplexes of the appropriate size, characterized by 2-nt overhangs at the 3’-ends and by a
monophosphate group at the 5’-ends (MacRae and Doudna, 2007; Zhang et al., 2004). The sRNA duplexes are then loaded onto
AGO, the silencing effector proteins, which retain only one sRNA strand to become the minimal constituents of the (1) RNA-
induced silencing complex (RISC; Cenik and Zamore, 2011), involved in post-transcriptional gene silencing (PTGS), or the
(2) RNA-induced transcriptional silencing complex (RITS; Moazed, 2009), a nuclear form of RISC involved in transcriptional gene
silencing (TGS). The sRNAs let the RISC or RITS to recognize, by sequence complementarity, their target nucleic acid molecules
(RNA or DNA, respectively) that can therefore be silenced in different ways: (1) through mRNA cleavage or destabilization, or
translation inhibition (Ipsaro and Joshua-Tor, 2015; Verdel et al., 2004); or (2) through histone and/or RNA-directed DNA
methylation (Moazed, 2009; Fig. 1).

AGO have a bilobal structure: one lobe is composed by a PAZ (the same found in DCL) and a N-terminal domains, the other
by a MID and a PIWI domains (Kuhn and Joshua-Tor, 2013). The PAZ/N-terminal lobe recognizes the DCL-derived sRNA
duplexes, thanks to their typical 2-nt 3’-overhangs, and binds only one strand of the sRNA duplex (the sRNA guide) at its 3’-end,
discarding the other one. The second lobe, MID, is responsible for securing the sRNA guide to the protein by the aspecific binding
of its 5’ monophosphate, while the PIWI domain, which possesses an RNAse-H fold, provides the RISC complex with the
endonuclease catalytic effect directed against the target transcripts. Three paralogous classes of AGO are present in eukaryotes: the
widespread AGO-like, the Piwi-like (only found in animals) and the Caenorhabditis elegans-specific group 3 AGO (Hutvagner and
Simard, 2008; Wilson and Doudna, 2013). AGO are considered as the minimal and necessary determinant of RNAi; indeed, unlike
DCL and RdRp, no AGO-independent RNAi pathways have been described so far (Ipsaro and Joshua-Tor, 2015).

The third class of proteins, the RdRP, is responsible for the “cascade effect”: a fundamental property of RNAi through which a
weak initial silencing signal can be drastically amplified in a positive feedback process (Baulcombe, 2015). In this way, few
silencing RNA molecules can produce a massive silencing response, resulting sometimes in a huge reprogramming of the cell
transcriptome. RdRp are commonly present in fungi and plants but absent, with the exception of nematodes, in the majority of
animals. The RdRp-mediated silencing amplification can be accomplished in different ways: (1) RdRp can interact with AGO-
cleaved mRNAs to synthesize their antisense fragments (in a sRNA primer-independent or -dependent manner), producing
dsRNAs that are then recruited in the DCL circuit; or (2) they can directly produce sRNAs using an mRNA as a template. In plants
RdRp are fundamental for defense against viral infections (Ghildiyal and Zamore, 2009). In addition to the amplification of
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Fig. 1 Simplified model of the RNAi pathway. DCL (Dicer-like) enzymes process dsRNAs or single-stranded hairpin RNAs with different origins
into small RNA (sRNA) duplexes. Only one sRNA strand (indicated in red) is then loaded onto AGO (Argonaute), the silencing effector proteins, to
become the minimal constituents of the RNA-induced silencing complex (RISC) involved in post-transcriptional gene silencing (PTGS) which
triggers the cleavage or the translation inhibition of target transcripts (right). AGO can be part of the RNA-induced transcriptional silencing complex
(RITS) involved in transcriptional gene silencing (TGS) through DNA methylation and histone modifications of specific target DNA sequences (left).
RdRp (RNA-dependent RNA polymerases) are responsible for the production of dsRNAs by the synthesis of antisense fragments from AGO-cleaved
transcripts (amplification of silencing signal) or from non-degraded mRNA (de novo dsRNA production). Some classes of RdRp show a dual DNA/
RNA-dependent RNA polymerase activity: they can recognize repetitive DNA elements (typical of transposable elements), synthetize ssRNA
molecules and turn them into dsRNAs.
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silencing signals, the RdRp may play a major role also in the activation of RNAi pathway by producing de novo dsRNAs from non-
cleaved single-stranded (ss) RNA precursors but also, in fungi, in producing ssRNA precursors from DNA templates (Calo et al.,
2012; Lee et al., 2010a).









Fig. 2 Fungal sRNAs can act as pathogen effectors. Plants recognize the presence of fungal pathogens and activate the defense responses (left).
Some fungal species can secrete sRNAs into the plant host cells, such as the case of transposon-derived B. cinerea sRNAs (Wang et al., 2017;
Weiberg et al., 2013), silencing the host defense-related genes (right). These fungal sRNAs act as pathogen effectors by binding the plant AGO
proteins. Adapted from Baulcombe, D., 2013. Small RNA – The secret of noble rot. Science 342, 45 with permission.
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associated to the evolutionary advantage of having an increased genome mutation rate (due to the uncontrolled retrotransposons
replication activity) and, consequently, a higher genetic variability that can be exploited by the pathogen as a counter-defense
strategy (Feretzaki et al., 2016).
The Role of sRNAs and RNAi in Inter-kingdom Interactions

In recent years it has been discovered that sRNAs play a role, beside endogenous gene regulation and genome protection, also in
interspecies communication, in a process known as cross-kingdom RNAi (reviewed in Chaloner et al., 2016; Huang et al., 2019).
Cross-kingdom RNAi was firstly observed in the pathogenic interaction between Arabidopsis thaliana and the necrotrophic fungus
Botrytis cinerea (Weiberg et al., 2013). In this work, the authors brilliantly demonstrated that, during infection, some 21–22 nt-long
B. cinerea sRNAs, produced in a DCL-dependent way from long-terminal repeat retrotransposons, are transferred into the host
cells (Fig. 2). Once in the plant cells, the fungal sRNAs are loaded onto plant AGO1 which silences, in a PTGS manner, specific
defense-related genes, such as mitogen activated protein kinases (MAPKs), cell-wall-associated kinases, and genes involved in the
accumulation of reactive oxygen species (ROS); in other words, the pathogen “hijacks” the host RNAi system at its own advantage.

Since this first discovery, cross-kingdom RNAi has been reported in several other pathogenic/parasitic interactions, in which
sRNAs can behave both as “attack” and as “defense” molecules (i.e., can be transferred from the pathogen/parasite to the host or
vice versa). For examples the fungal pathogens Verticillium dahliae (Wang et al., 2016) and Puccinia striiformis f. sp. tritici (Wang
et al., 2017) and the parasitic plant Cuscuta campestris (Shahid et al., 2018) exploit cross-kingdom RNAi to attack their host plants.
On the other hand, plants can defend themselves by delivering sRNAs that target virulence genes in the pathogens, as it has been
observed in plant interactions involving the fungi V. dahliae (Zhang et al., 2016), B. cinerea (Cai et al., 2018) or Fusarium
graminearum (Zhang et al., 2016; Jiao and Peng, 2018; Zhang et al., 2016) or the oomycete Phytophthora capsici (Hou et al., 2019).

The occurrence of cross-kingdom RNAi-like mechanisms is not limited to plants. The movement of sRNAs able to interfere with
host gene expression has been also reported in the interactions between gastrointestinal nematodes (Buck et al., 2014; Chow et al.,
2019) and mammals and between endobacteria (genus Wolbachia; Mayoral et al., 2014) or the fungal pathogen Beauveria bassiana
(Cui et al., 2019) and insects. Furthermore, it has been shown that mobile sRNAs can also regulate gene expression in organism
not provided with a functional RNAi machinery, such as the case of the movement of sRNAs from human cells to the malaria agent
Plasmodium falciparum (Lamonte et al., 2012) or gut bacteria (Liu et al., 2016). Interestingly, gut microbiome is also influenced by
dietary-derived plant sRNAs (Teng et al., 2018). Recently, for the first time it has been demonstrated the involvement of cross-
kingdom RNAi also in mutualistic interactions (Ren et al., 2019), as bacteria of genus Bradyrhizobium secrete transfer RNA-derived
sRNAs into cells of the host legume plant; these sRNAs, by binding plant AGO1, regulate the expression of nodulation-related
host genes.

In 2018, Cai et al. (2018) clarified the mechanism through which plants send sRNAs into interacting fungi. In this work, it was
shown that, at the Arabidopsis-B. cinerea contact interface, specific plant exosomes containing sRNAs are secreted into the apoplastic
space and are then taken up by fungal cells. The plant knock-out mutants impaired in the production of exosomes were no longer
able to defend themselves from the pathogen by means of sRNAs. Similarly, this exosome-mediated transfer mechanism has been
reported also in a plant-oomycete interaction (Hou et al., 2019) and in animal systems (Buck et al., 2014; Chow et al., 2019). In
particular, the latter discovered that the nematode Heligmosomoides baker uses extracellular vesicles (EVs) to deliver, into the host
cells, sRNAs together with AGO proteins; in this way, it is possible that few transferred sRNA molecules can have a very efficient
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All living organisms, from the simplest to the more complex, respond to external environmental changes through adaptive
mechanisms. These mechanisms acquire special relevance in those microbes whose perpetuation depends on the establishment of
an intimate relation with a host and that leads to a tight regulation of microbial genes that promote growth and survival (Biswas
et al., 2007; Cottier and Muhlschlegel, 2009; Alonso-Monge et al., 2009b). Signal transduction cascades are essential molecular
mechanisms that mediate this adaptation, and those involving mitogen activated protein kinases (MAPKs) are very relevant among
eukaryotes. In fungi, they were first described in the Saccharomyces cerevisiae mating pathway, but gradually identified and char-
acterized in many other fungi. In the case of pathogenic fungi, these signaling pathways play a key role in the adaptation of the
microorganisms to the host environment and for the development of disease. This topic has been largely investigated in one of the
main pathogenic yeasts, Candida albicans and, for this reason, it will be the main focus of the present chapter.

C. albicans is a pathogenic fungus of special significance to humans. Its first descriptions date from the first half of the 19th
century, where several physicians described the presence of fungus in newborns oral thrush. C. albicans is frequently isolated in
nosocomial blood-borne infections and is responsible for a wide range of diseases, collectively called candidiasis, which arise as a
consequence of the inability of the host immune response to control fungal proliferation. This microorganism does not have a
significant life cycle outside the host, and it is a frequent colonizer of humans, inhabiting the mucosa and especially the
gastrointestinal and genitourinary tract of 30–70% of healthy individuals. C. albicans therefore behaves as an opportunistic
pathogen, accounting for approximately 400,000 life-threatening infections per year (with a mortality rate exceeding 30%) and a
far greater number of mucosal infections (Brown et al., 2012). Clinical manifestations associated with candidiasis range from
superficial (and relatively easy to handle through drug therapy) to mucosal and/or deep infections (oropharyngeal, vulvovaginal
and invasive candidiasis) that may be of extreme severity among compromised individuals.

Despite the existence of some effective antifungals (polyenes, azoles and echinocandins), they all suffer problems related to
cost, toxicity, pharmacokinetics or emergence of resistance (Kontoyiannis and Lewis, 2002; Akins, 2005) that severely limit its
usefulness or may do it in a future. In addition, the eukaryotic nature of the fungus is another essential feature that limits the
development of new antifungals. All these reasons support that fungal infections constitute a health problem yet to be solved; they
also represent a challenge for basic and applied research where the identification of novel antifungal targets is extremely relevant.
Understanding the mechanisms by which this fungus colonizes and causes disease is an important medical challenge and may
provide ways to control its infections.

We intend here to highlight the main signaling pathways involving MAPKs in this organism. We will introduce, first, features
related to the biology of this fungus regarding the recognition and immune response elicited by the host, and second, describe the
main MAPK pathways characterized in this fungus and their connections with processes relevant in its biology, such as mor-
phogenesis, cell wall construction and pathogenicity, as these processes represent an attractive target for the development of
antifungal therapies. We refer the readers to other reviews which have outlined the role of these routes in other fungal models, not
only C. albicans (Alonso-Monge et al., 2009b; Román et al., 2007; Qi and Elion, 2005; Chauhan et al., 2006; Ikner and Shiozaki,
2005).
Introduction to Candida albicans Biology

Morphological Transitions

C. albicans was long considered to be a dimorphic fungus, that is, an organism that displays two different morphologies under
different environmental conditions. The term dimorphic transition was coined to refer to the environmentally triggered conversion
of yeast to hypha, which received substantial attention given its involvement in virulence (Mitchell, 1998; Whiteway and Ober-
holzer, 2004). However, it is a polymorphic fungus that can grow as yeast (unicellular), hyphae, pseudohyphae and chlamy-
dospores (Fig. 1). Yeasts (also named blastopores) are ovoid cells, 3 to 6 mm in size, that reproduce in an asexual way by budding.
Upon yeasts apical extension, germ tubes are formed which elongate in time originating cellular units separated by chitin septa, the
hypha. In turn, hyphae can form yeasts by lateral budding (Odds, 1988). Pseudohyphal growth involves elongated cells that by a
series of budding and separation remain attached to each other forming a chain (Gow, 1997). Under certain environmental
conditions, as the absence of light, glucose limitation, low temperature and microaerophilia, thick-walled asexual structures,
named chlamydospores, can be formed (Dujardin et al., 1980; Montazeri and Hedrick, 1984). Although their biological function is
unknown, they have been proposed to play a role in persistence (survival under unfavorable conditions) rather than
dissemination.
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Fig. 1 Distinct morphological states of Candida albicans. The picture shows the microscopic appearance of several morphologies present in C.
albicans. The blastopore or yeast is the unicellular morphology of C. albicans, characterized by its elliptical form and asexual reproduction through
budding. By bud elongation a pseudohypha or a germ tube (which eventually develops into a hypha) can be formed. While hyphae present cellular
units separated by septa (with no constrictions) and with parallel cell walls, pseudohyphae are formed by elongated cells with constrictions at the
position of septa and show regular branching. Chlamydospores are round or oval refractive cells with a thicker cell wall and are larger than
blastopores.
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The dimorphic transition (ie, the transition between yeast and hypha morphologies) can be induced by a range of environ-
mental cues. High temperature (371C over 301C) has been shown to facilitate this conversion (Lee et al., 1975). The pH of the
medium also influences morphogenesis and at low pH (o6) C. albicans cells predominantly grow in the yeast form, while at a
high pH (47), hyphal growth is induced (Soll, 1986). Nutritional factors such as N-acetylglucosamine (Simonetti et al., 1974),
proline (Dabrowa and Howard, 1981) or serum (Gow and Gooday, 1982) have been revealed to influence yeast-to-hypha
conversion. Morphogenesis has also been shown to be regulated by quorum sensing, a mechanism of microbial communication
that is also present in this fungus (Albuquerque and Casadevall, 2012). Farnesol (Hornby et al., 2001), tyrosol (Chen et al., 2004)
and dodecanol (Hogan et al., 2004) have been all described as quorum sensing molecules acting via different modes of action in
this transition (Hall et al., 2011) and may explain why high cell densities impair hyphal formation.

The morphological diversity of C. albicans has special relevance in the biology of this fungus due to its implication in virulence
and pathogenicity (Lo et al., 1997). It is believed that the distinct morphological presentations are required to enable the fungal
adaptation to the new environmental conditions found within the human host, and the rapid colonization of its tissues as well as
to facilitate the development of the infection to the entire host organism (Romani et al., 2003; Saville et al., 2003).

In addition to dimorphism, C. albicans is able to display great morphological variability. This observation on C. albicans
colonies stored on agar at room temperature or in cold rooms for extended periods of time, led to the definition, in 1985 (Slutsky
et al., 1985), of the term “phenotypic switching,” different from the yeast-to-hypha transition. This process is spontaneous and
reversible and occurs only between two phases easily distinguishable by cellular morphology and staining with the dye phloxine B
(Slutsky et al., 1987). The white–opaque transition occurs at a relatively low frequency (approximately every 103

–104 generations);
however, it can be induced by certain environmental conditions (Morschhauser, 2010) such as the presence of CO2 (Huang et al.,
2009), N-acetylglucosamine (Huang et al., 2010), in anaerobic conditions (Ramirez-Zavala et al., 2008) or by genotoxic and
oxidative stress (Alby and Bennett, 2009). Although opaque cells had already been observed in 1987 (Slutsky et al., 1987), only
after the discovery of a mating-type locus (MTL) in C. albicans (Hull and Johnson, 1999) and the demonstration of its ability to
mate (Hull et al., 2000; Magee and Magee, 2000), the role of these cells in the fungal basic biology and pathogenesis, as well as the
molecular mechanisms that regulate the white–opaque transition, became uncovered (reviewed in Soll, 2014).

Mating in C. albicans differs from other fungi. First, it requires that naturally frequent heterozygous cells at the MTL (a/a)
become a/a or a/a. Second, MTL-homozygous cells must undergo an epigenetic switch from the predominant white to opaque
phase, each cell type is heritable for many generations and switching occurs without a change in the DNA sequence of the genome





Fig. 2 MAP kinase mediated signaling in Candida albicans. A stimulus is perceived through specific sensors or receptors at the plasma
membrane and transferred through an adaptor module to the MAPKs central core. By sequential phosphorylation the signal is transmitted to the
MAP kinase that is finally translocated to the nucleus where it phosphorylates a transcription factor or a transcription factor complex which in turn
allows the expression of target genes. The different stimuli known to trigger C. albicans MAPKs are shown as well as the main processes in which
each pathway is involved. However, this figure should be considered as general scheme and only the main response is outlined for each pathway.
As indicated in the text, some pathways participate through direct or indirect mechanisms in the processes here indicated as well as others.
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will be generated upon the microorganism invasion. Recently, the Th17 adaptive immunity (characterized by the production of IL-
17 and several other cytokines, including IL-22 and IL-23) has been identified and it appears to be primarily responsible for
protection against fungal infections at the mucosa (reviewed in Hernandez-Santos and Gaffen, 2012).
Fungal Adaptation Through MAPKs-Mediated Signaling

MAPK pathways are highly conserved among eukaryotic organisms (Widmann et al., 1999). They consist of a central module of
three protein kinases that become sequentially activated by phosphorylation (Kultz, 1998): activated MAP kinase kinase kinases
(MAPKKKs) phosphorylate MAP kinase kinases (MAPKKs), which in turn phosphorylate MAP kinases (MAPKs). These cascades
mediate the transduction of signals perceived at the plasma membrane to the nucleus, where target genes are eventually regulated
to allow the adaptive response (Fig. 2). The activating stimuli are first perceived by receptors (G-protein coupled receptors,
histidine-aspartic phosphorylation sensors (two-component systems), integral membrane proteins or tyrosine kinase receptors)
which transmit the signal to the MAPKs central core through upstream modules of intermediate proteins or adaptor molecules.
The MAPKKKs, which are serine/threonine protein kinases become therefore, activated leading to the phosphorylation and
activation of a MAPKK, which in turn stimulate MAPK activity. Each MAPKK can be activated by more than one MAPKKK, which is
partially responsible for the interconnection or crosstalk among different routes (Cargnello and Roux, 2011). MAPKs (also called
Extracellular-signal Regulated Kinases, ERKs) are dually phosphorylated on threonine and tyrosine residues within a conserved
TXY motif (in which X represents glutamic acid, proline or glycine, depending on the MAPK) located in the activation loop of the
catalytic subdomain VIII (Hanks et al., 1988). Upon activation, the MAPK usually translocates to the nucleus where the activation
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Interaction of Fungi With the host

Mycorrhizal interactions with plants is described elsewhere, therefore this chapter will focus on the communication between plants
and fungal pathogens. Fungal plant pathogens can be classified as biotrophs, necrotrophs or hemibiotrophs based on their lifestyle and
interaction with the host (Bais et al., 2006). Hemibiotrophic fungi represent the most interesting group of pathogens since they use
sequential biotrophic and necrotrophic infection strategies to invade and colonize host plants. Transition from the asymptomatic
biotrophic phase, characterized by intercellular thick primary hyphae, to the destructive necrotrophic phase, characterized by thin
filamentous secondary hyphae, is referred to as the biotrophy-necrotrophy switch. The host can tailor the defense response
according to the changing phases of the pathogen by several mechanism. It can be observed a change at transcriptional level, and
also in the phytohormone signaling involving JA, ET or SA (Battilani et al., 2018; Beccaccioli et al., 2019). They represent an
integral component of host-defense system against several fungal pathogens. The lifestyle of a pathogen often dictates the host’s
defense strategy, and the pathogen may even manipulate hormonal crosstalk for successful colonization. Plants adopt timely
activation of suitable phytohormone signaling depending on the pathogen’s lifestyle to restrict the infection process. Necro-
trophism involved the action of lytic enzymes and phytotoxins secreted by the pathogen, and is opposed to that of biotrophic
fungi that feed on the live host, generally without the action of degradative enzymes or phytotoxins, developing a form of
parasitism which does not lead to tissue death. However, it is important to highlight that during the infection process pathogenic
fungi activate a first biotrophic phase necessary for the success of the infection, although in the case of necrotrophs this phase is
very short and is associated with the very early stages of the interaction. Process of infection of hemibiotrophic fungi is char-
acterized by a first biotrophic phase of variable duration, and by a subsequent necrotrophic colonization. These two strategies
show crucial differences in the cycle of the disease, in the morphology of the infection, in the mode of acquisition of nutrients, in
the manifestation of symptoms, in the range of susceptible hosts and in the plant defense responses.
Necrotrophic Fungi

Necrotrophic fungi infect plant tissues by killing host cells and feeding by dead plant tissues. When the host plant fails to
counteract the initial events of the infectious process, these fungal pathogens cause the formation of necrotic areas that culminate
in the death of the affected organ or the entire plant. This occurs thanks to their ability to secrete a variety of hydrolytic enzymes
and phytotoxic compounds before and during the colonization of the host. Due to the high secretion of cell wall degradative
enzymes (CWDE), some necrotrophic fungi cause typical symptoms of extensive and soft rot. Necrotrophic fungi can be classified
as optional parasites for the method of feeding, in fact they can live saprophytically and overwinter in the absence of the host even
on dead plant substrates (Berkey et al., 2012).

Necrotroph infection process includes the conidia germination, host penetration through the formation of appressorium and
secretion of pathogenetic enzymes, such as CWDE, or the entering through wounds, stomata or lenticels. The penetration
determines the formation of a primary lesion, which expanding will trigger the necrosis of the host tissues and fungal sporulation.
After penetration, the plant tissues are further attacked by many pivotal molecules named Reactive Oxygen Species (ROS) and by
low molecular weight metabolites produced by necrotrophic fungi during the infectious process. These metabolites can be specific
and characteristic only of plant-fungus associations, or they can consist of phytotoxic metabolites with a broad spectrum of action.
Necrotrophic fungi are also able to manipulate the plant's immune system by suppressing its resistance mechanisms and influ-
encing hormone levels through the biosynthesis of its own hormones, disrupting the network of molecular signals necessary for
the activation of defense. The multiple virulence factors and the wide diversity of necrotrophic fungal species, in turn, determine
variations in host resistance strategies, often linked to the activation of many resistance genes, hormones, secondary metabolites
and PR proteins (pathogenesis -related). Infection and nutrient acquisition strategies by necrotrophic fungi differs greatly from that
of biotrophs. In fact, many defense mechanisms specific for the biotrophs, such as the HR, are instead generally considered
susceptibility mechanisms, which promote infection and colonization by necrotrophic fungi. Necrotrophic plant resistance is
controlled by numerous genes. The symptoms of necrotrophic infection consist of extensive necrosis, rot and death of the plant,
for biotrophs instead they manifest themselves as a slow and gradual deterioration of the host, without compromising its survival.
Necrotrophic fungi can be distinguished in two groups based on the specificity of interaction with the host: (1) host-specific
necrotrophs or HSN (Host Specific Necrotrophs) with a very limited range of hosts and (2) Broad-range Host Necrotrophs (BHNs)
with a wide range of hosts. HSN necrotrophic fungi develop the infection and produce host-specific toxins which function as
strain-specific effectors, essential for their virulence and infection process. An example of this grouping is Cochliobolus carbonum
(anamorph: Helminthosporium carbonum) which produces the HC toxin and is capable of developing the disease known as “leaf
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Fig. 1 Plant-pathogen interaction model. The fungal hyphae grow towards plant cells following the perception of peroxidase (first signal) which is
perceived by specific receptors capable of activating the phosphorylative cascade in which the Mpk1 kinase is involved. Hyphae are stimulated to
grow directionally in virtue of the oxidizing environment that is generated following the release of reactive oxygen species (ROS). Additional
compounds released into the environment such as oxylipins, nutrients and hormones can act as a secondary stimulus of directional growth of the
fungal hypha.
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plant have evolved the ability to secrete molecules, enzymes and proteins known as effectors that alter the physiological processes
and subvert the immune defenses of the plant. host plant, contributing to virulence. For example, the rice phytopathogen
Magnaporthe oryzae produces a preserved glutathione peroxidase that neutralizes the hydrogen peroxide produced by plants. Fungal
mutants, devoid of glutathione peroxidase, are more sensitive to reactive oxygen species, such as hydrogen peroxide, and are also
altered in virulence. These enzymes are very conserved in filamentous fungi therefore it will be interesting to determine if
F. oxysporum has a similar detoxification system. Another pathogen advancement mechanism that interferes with peroxidase has
evolved in Ustilago maydis. An effector protein, called Pep1, secreted by U. maydis was found capable of inhibiting the activity of
type III peroxidases and suppressing the oxidative burst during the first moments of the immune response. Like peroxidases, Pep1
also appears to be conserved in all carbon-causing biotrophic pathogens such as U. maydis.

In conclusion, the host-pathogen interface appears to be an area rich in interactions and signals conveyed by the environment,
therefore understanding the chemotropic mechanisms underlying the recognition and progression of pathogenesis is essential for
determining the fate of the coexistence of different organisms.
How Plants and Fungi Communicate

By-Passing Plant Defenses

Once recognized the host, fungi can enter the host only if able to bypass its defenses. In fact, beside the features of the pathogenic
fungi discussed below, they can express or secrete molecules that trigger immune regulatory mechanisms; indeed, fungi can
produce effectors that can modulate the plant immune system to their own advantage. To be pathogenic, fungi must access inside
the plant, either directly through the leaf or root surface or through natural wounds or openings such as stomata. The first barrier
for the infection is represented by preformed structural (i.e., cell wall of the plant) and biochemical defenses (i.e., phytoalexins).
Furthermore, plant cells can quickly recognize a potentially dangerous microorganism and activate a wide range of responses
aimed at killing it and limiting its spread in the host. Plants do not have circulating immune cells and do not have an adaptive
immune system as in vertebrates; instead, each cell is able to recognize the presence of a pathogen, through autonomous
biochemical mechanisms that resemble the innate immune system of animals. For this reason, we often talk about the innate
immunity of plants to describe the complex of defense responses that are rapidly induced at the site of infection (Hogenhout et al.,
2009). Subsequently, longer-term responses may be observed not only in tissues directly in contact with the pathogen, but also in
the rest of the plant, and acquired resistance to subsequent infections may occur. The immune response in plants consists of a
general response triggered by pathogen-associated molecular pattern (PAMP) and a specific response triggered by effectors. The
first type of response is known as PAMP triggered immunity (PTI) and the second as effector triggered immunity (ETI). Jones and
Dangl (2006), developed a simplified model to explain the evolution of PTI and ETI in plants, known as the “zigzag model”. This
model is based on the results of previous studies carried out on plant interactions with biotrophic pathogens. According to the
model, the first defense response is the PTI activated by PAMPs released by pathogens. Successful (hemi)biotrophic pathogens
secrete effectors within the host cell, some of which can suppress PTI while others reprogram the physiology of the plant to
promote host colonization. The host may possess resistance proteins (encoded by R genes) that can detect specific effectors or







Fig. 2 Fusarium verticillioides produces 8-HpODE from LDS1. This fungal 8-oxylipin, likely by mimicking maize oxylipins, repress the
JA-producing ZmLOX12 whilst activating the 9-oxylypin producing ZmLOX3. 9-oxylipins may induce FB synthesis. Thus, F. verticillioides infects
maize and produces fumonisins (FBs). FBs disrupt sphingolipid biosynthesis in the host (A. thaliana) by inhibiting the enzyme ceramide synthase.
In maize, this disruption increases the concentration of LCFA ceramides and decreases the concentration of VLCFA ceramides that, in turn, may
activate Mitogen-activated Protein Kinase 6 (MPK6) a molecular controller of salicylic acid (SA) synthesis. SA turns on defense and programmed
cell death (PCD) responses in the maize cell such as PR1 and McaII (type II metacaspase). This cell landscape may support the necrotrophic
growth of F. verticillioides into maize tissues. Reproduced from Saucedo‐García, M., Guevara‐García, A., González‐Solís, A., et al., 2011. MPK6,
sphinganine and the LCB2a gene from serine palmitoyltransferase are required in the signaling pathway that mediates cell death induced by long
chain bases in Arabidopsis. New Phytologist 191, 943–957.
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upon necrotrophic pathogen insults. After avoiding host defenses through 8-HpODE, F. verticillioides induces the host to produce
9-oxylipins (Mengiste, 2012).

It has been recently discussed the role of oxylipins as signal molecules: fungi – i.e., Aspergillus spp.- recognize host 9-H(P)ODE
through a GPCR mediated cascade pathway (Niu et al., 2020). Downstream this, the global regulon of secondary metabolism (i.e.,
by acting through LaeA) is switched on. In F. verticillioides, 9-H(P)ODE trigger the synthesis of fumonisins (Rispail et al., 2009) that
as stated above can – acting, differentially, on ceramide synthases (notably activating LOH2 and repressing LOH1–3) –re-shape
the sphingolipids of maize kernels by enhancing S-LCFA and depressing S-VLCFA: these perturbations enhance SA biosynthesis
that in conditions of JA-repression could lead to the PCD observed during necrotrophic colonization of host tissues (Fig. 2).

Fungi such as Parastagonospora nodorum use effectors such as SnToxA for eliciting PCD in wheat leaves which likely aid the
switch from an epiphytic to endonecrotrophic growth. Here we suggest FBs as factors supporting F. verticillioides virulence allowing
it to switch from an endophytic to a necrotrophic lifestyle. This probably is needed for infection of adult plant tissues
(e.g., roots) and possibly for the movement of the fungus through the plant into kernels.
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Introduction to Filamentous Plant Pathogens

The importance of fungi is well acknowledged, since they play important ecological roles, as recycling carbon and mobilizing
nitrogen, phosphorus and other bio-elements, support (endophytes, mycorrhizal fungi) or threaten (plant pathogens) plant life
(Naranjo-Ortiz and Gabaldón, 2019). Besides the paramount importance of ecological features of fungi, the negative impact of
many fungal species on cultivated plants has been recognized starting from the ancient centuries until recent period, when fungal
epidemics have had significant social and economic impact. Fungal taxonomy has deeply evolved since the first classification of
Linnaeus as belonging to the “Regnum Vegetabile”. Phylogenetic relationships of the Kingdom Fungi can be inferred by means of
several characters (fossils, comparative morphology, and biochemistry), although most modern phylogenetic trees (evolutionary
trees, or cladograms) depend on molecular data coupled with these traditional forms of data. The main and most accepted features
defining the Kingdom Fungi are represented by chitin as the major component of fungal walls; ergosterol in cell membranes;
synthesis of lysine by a unique pathway and others reviewed in Webster and Weber (2007), Gould (2017). Based on these
assumptions, recently the Oomycota are no more recognized as true fungi (Fry and Grünwald, 2010). Oomycetes grow fila-
mentously and feed osmotrophically, so they look and behave like fungi and for these reasons have been thought to be part of the
Kingdom Fungi. However, phylogenetic analysis has shown that they are part of the Chromista (Stramenopile) phylum, which
includes a range of different forms such as diatoms and kelps. The class Oomycota encompasses a wide diversity of microbial
forms, from free-living saprobes to parasites of plants and animals. The class contains some of the most important agricultural
parasites of plants (like Phytophthora) that cause a range of pathologies, including blights, cankers, wilts, rusts, lesions, and rots.

The assumption that Fungal Kingdom is monophyletic (meaning that all modern fungi can be traced back to a single ancestral
organism) has been recently debated; the synapomorphy that separates them from other groups sometimes is not accepted since
new common characters are found in different phylogenetic taxa, and additional evidences are recently available after the release of
whole genome sequences of many fungi (Richards et al., 2017). As widely recognized, the Kingdom Fungi includes four-phylum
(Ascomycota, Basidiomycota, Zygomycota, and Chytridiomycota). The first two are grouped into the monophyletic lineage
Dikaria, while the latter were found to be polyphyletic (Tanabe et al., 2005). Even if subject of recent revisions, the classification of
fungi based on their pathogenic lifestyle and the way they feed on the host lifestyle is widely accepted (Doehlemann et al., 2017).
On one side are positioned the biotrophic, including obligate (rusts and powdery), and non-obligate (smuts and some Claviceps)
that depend on their host for completion of their life cycle. To the other side, the necrotrophs are divided into true necrotrophic
pathogens, which attack and kill healthy plants, and secondary necrotrophic-like pathogens, which are saprophytic in nature but
may occasionally infect plants that have been previously weakened, e.g., by abiotic stresses or other pathogens (Agrios, 2009).

As pathogens of plants, fungi and oomycetes behave similarly and present the same problems so they are usually referred as
filamentous plant pathogens.

There is no general agreement about what species are, and some currents of thoughts casts doubt on the existence of a species
category in nature, at least as prokaryote are concerned, suggesting that the several proposed Species Concepts should be con-
sidered as species criteria and that species correspond to segments of evolutionary lineages that evolve independently from one
another (de Queiroz, 2007; Giraud et al., 2008; Ereshefsky, 2010). One of the most important character at the base of speciation in
sexually reproducing fungi is the emergence of barriers to gene flow, i.e. mechanisms that prevent mating from spreading genes
from one group of organisms into another, both in different geographic areas (i.e., “allopatric divergence”) but also without
geographic separation (i.e., “sympatric divergence”). In this case, fungi could mate only on their host plants or within their
specialized substrate (Giraud et al., 2008). In fungi lacking apparent sexual stage, other strategies are used in order to exchange
genetic material (recombination, whether sexual, parasexual, or hybridization) (Taylor et al., 1999; Stukenbrock, 2016; Drenth
et al., 2019).

The deep changes in an agricultural ecosystem (denser and genetically more uniform hosts, cultural practices, rapid exchanges
of vegetable materials, climate changes), greatly affect the rate of evolutionary changes in fungal populations as compared to a
natural ecosystem (McDonald and Stukenbrock, 2016). Knowledge of the reproductive biology of pathogens and of the
mechanisms by which populations acquire genes and increase genetic diversity are of paramount importance in defining the
genetic structure of a fungal population, intended as the amount and distribution of genetic variation within and among
populations. These studies, based on the use of genetic “neutral” markers, allow for understand the role of the forces that shape the
genetic structure of a population and, most interesting, consent to obtain insight into the future evolutionary potential of
pathogen populations (McDonald and Linde, 2002). In recent years, population genomic studies based on whole genomic data of
filamentous phytopathogenic fungi, through genotyping a very large number of loci or re-sequencing of many isolates, are gaining
deeper insights into the biology, genetics, and evolution of plant pathogens, deciphering the adaptation or the divergence of
closely related taxa, or the genetic basis of phenotypic variation and evolutionary change (Grünwald et al., 2016; Stajich, 2017).
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Table 1 Comparison of genome size and no. of genes in Ascomycota, Basidiomycota and
Oomycota

Fungal division Average Genome size (Mb) Average No. Of Genes

Ascomycota 36.91 11,000
Basidiomycota 46.48 15,000
Oomycota 74.85 24,000
Mucoromycotina 38.77 13,000

Note: Mohanta, T.K., Bae, H., 2015. The diversity of fungal genome. Biol. Proced. Online 17, 8.
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Large-Scale Genome Dynamics: Evolution of Size

Filamentous plant pathogen genomes vary greatly in their organization and composition. In fact, compared to the size of animal
genomes, and in particular to plants, fungal genome size may be quite smaller (Tunlid and Talbot, 2002). The yeast Saccharomyces
cerevisiae genome, has been the first fully sequenced eukaryotic genome in 1996 (Goffeau et al., 1996), with a genome slightly
larger than 12 Mb. Indeed, genome size of filamentous plant pathogens can vary by almost 3 orders of magnitude: sequenced
genome range in size from B2 mega-bases (Mb) in Microsporidia to 2 giga bases (Gb) in Pucciniales, with a median of 35 Mb
(Table 1).

Interesting, the larger fungal known genome belongs to Entomophaga aulicae; the genome size is estimated to be as large as 8 Gb
based on estimates using nuclear staining approaches, although genome sequencing has not yet been attempted (Stajich, 2017).

The variation in the size and contents of genome has been considered to emerge as a consequence of the differential degree of
genetic drift and therefore the efficacy of selection, acting on genomes. Under this “mutation-hazard” (MH) model, species with
small effective population size have larger genomes because they can tolerate the slightly deleterious accumulation of extra DNA in
the form of transposable elements, multiple introns and gene duplication (Kelkar and Ochman, 2012). The negative association
between genome size and population size seems to hold across a wide range of eukaryotes, including fungi (with some exception,
Microsporidia). It has been hypothesized that some genome expansions observed in fungi result as an adaptation to their parasitic
lifestyle, with obligate parasites, necessarily with low population size, having greatly expanded genomes. Exactly the opposite of
what occur in bacteria, for which obligate symbiosis/pathogenicity leads to genome reduction.

Despite the causes that underline the process, mechanisms that bring to expansions or reduction of genetic repertoire can be
very different, and can occur at different levels, i.e., modifications can occur at a genome-wide level or involve limited regions of
the genome or even particular gene family or single genes. Genetic variation includes single nucleotide substitutions, insertion/
deletions, or larger genetic changes like chromosomal rearrangements, that have low impact on genome size.
Genome Contraction

The reduction of whole genome is not a common event in fungi. Genome reduction has been observed in lower fungi, like in some
obligate parasitic fungi of the genera Microsporidia, that have little genomes within the range of 2–6 Mb (Stajich, 2017). Gene family
contraction and gene loss have contributed to the evolution of fungal genomes. Gene family contractions have been observed for
example in the plant pathogen Colletotrichum (Glomerellales; Sordariomycetes) and are associated with host range contractions sug-
gesting that host specificity may be a result of gene losses (Stajich, 2017). Also, in case of host jumps to distant species a subset of the
effector repertoire could become obsolete, indeed in the genome of the smut fungus Melanopsichium pennsylvanicum that evolved from a
grass pathogen to a dicot one, effector gene deletion appears to be rampant (Sharma et al., 2014).
Genome Expansion

Genome expansion can occur for:

(1) Dispersal and increased number of transposable elements (TE);
(2) Duplication (Whole Genome Duplication, WGD);
(3) Acquisition of new genetic material via hybridization or Horizontal Gene Transfer (HGT).

Transposable elements (TEs) and effector evolution
The transposable elements (TE) are mobile genetic units able to move in a genome. In 2007 Wicker et al. (2007), proposed a
unified system for the eukaryotic TEs classification: two main classes depending on their transposition intermediate, class I
(retrotransposons), that transpose using RNA intermediate, with a “copy and paste” mechanism, and class II that transpose directly
from DNA to DNA. The class I group is split into 5 orders based on their insertion mechanism: (1) LTRs (Long Terminal Repeats),
involved in retrotranscription and integration into new genomic location; (2) LINEs (Long Interspersed Nuclear Elements)
including genes for RNA packaging and retrotranscription; (3) SINEs (Short interspersed Nuclear Elements), non-autonomous
elements, their transposition often depends on the LINEs; (4) DIRS (Dictyostelium Intermediate Repeat Sequence), whose









Fig. 1 Publications on Horizontal Gene Transfer in fungi. Number of publications per year, since 1984–2019. https://pubmed.ncbi.nlm.nih.gov/?
term= hgt þ fungi&sort= date&size= 200.
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fungus Aspergillus niger (Proctor et al., 2013). The F. oxysporum strain O-1890 is a known C fumonisins producer, too. Moreover,
genomic analyses of FUM cluster in F. verticillioides, F. proliferatum and F. oxysporum showed different genomic locations in the three
species, though F. oxysporum has different FUM cluster flanking DNA sequences (Proctor et al., 2008).

The homolog of the Fusarium FUM cluster present in the A. niger genome might represents an interesting example of putative
HGT. The A. niger cluster includes 11 FUM homologs and also includes a short-chain dehydrogenase gene whose function has not
been reported (Baker, 2006). The A. niger cluster lacks different FUM genes orthologues (FUM11, FUM12, FUM16, FUM17 and
FUM18) and the FUM genes are different; moreover, in the A. niger cluster, there are at least three genes that lack in the FUM
Fusarium cluster. However, no difference in fumonisins structural diversity was reported in A. niger fumonisins (Khaldi and Wolfe,
2011). Phylogenetic analysis, comparing different Fusarium species, suggests the occurrence of a putative HGT between A. niger and
a Fusarium ancestor prior to the divergence of F. verticillioides and F. oxysporum. Moreover, the phylogenetic analysis of the FUM
clusters, both in Fusarium and Aspergillus, showed that the HGT event probably occurred from Sordariomycetes to A. niger, or his
ancestor, rather than the opposite (Khaldi and Wolfe, 2011).

Another very important example of HGT as inter species process, is that occurred between Stagonospora nodorum and P. tritici-
repentis, reported by Friesen et al. (2006). They showed evidence of the transfer of a gene encoding a host-selective toxin, ToxA, the
gene was transferred from S. nodorum to P. tritici-repentis conferring to this last pathogen the virulence on wheat and suggesting that
this transfer occurred just before 1941. In fact, in that year P. tritici-repentis was reported as the cause of the first serious outbreak of
leaf spotting on wheat in the USA (Friesen et al., 2006).

Finally, based on sequence homology analysis, in oomycetes some genes related to pathogenicity are hypothesized to have
been acquired from donor genomes of fungi by HGT, suggesting a Kingdom-to-Kingdom transfer (Savory et al., 2015).

Another type of horizontal transfer event is represented by the Horizontal Chromosome Transfer (HCT). HCT event assumes
the transfer of a “supernumerary chromosome” (SC), a small accessory chromosome, generally less than 2 Mb, characterized by
gene density lower than that of the 'core' chromosomes, none or at least few housekeeping genes and rich of repeated elements
(Bertazzoni et al., 2018). SCs are often meiotically unstable, i.e., they can be lost during meiotic division processes (Covert, 1998).
It has been observed, in different F. oxysporum f. sp. lycopersici (FOL) isolates, that the size of the “core” chromosomes is well-
preserved; nevertheless, the SCs genes content is variable. All FOL analyzed isolates show different profiles of presence/absence of
genes encoding virulence effectors secreted in the host xylem (SIX), the presence of these genes can be used to predict host
specificity (van Dam et al., 2016; Williams et al., 2016). It has also showed that these SCs may include 'lineage specific' regions (LS)
or sequences typical of a single species.

In 2010, Ma and colleagues demonstrated the involvement of HCT by the transfer of pathogenicity chromosomes in Fusarium.
The mobilization of SCs can transfer an entire set of genes leading to host compatibility to a non-pathogenic strain. Small proteins,
secreted by FOL during the interaction with tomato, such as Six1 (Avr3) and Six3 (Avr2), are involved in virulence. These proteins
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Introduction

There are numerous examples of plant, animal and bacterial viruses that cause severe symptoms of disease (up to death of the
host), with considerable socio-economic impacts (Martinelle et al., 2014; Esposito et al., 2005; Vurro et al., 2010). Viruses of fungi,
also known as mycoviruses, were described for the first time during 1960s, as pathogens of cultivated mushrooms (Hollings,
1962). Despite their description as disease agents, they often infect their hosts without causing obvious signs of disease and for this
reason they are often described as cryptic viruses (Pearson et al., 2009). Like viruses that infect plants, insects and other animals,
mycoviruses require the living cells of fungi to replicate (Ikeda et al., 2013). They share some features with other viruses but they
also show unique characteristics. Almost all the known mycoviruses lacks an extracellular phase: they are mainly transmitted by
hyphal fusion, sexual reproduction or by other mechanisms that require an exchange of cytosolic matter (Chu et al., 2004). Even
though, it seems that the restriction of finding a compatible mating isolate for hyphal fusion, and hence virus transmission, occur
only during in vitro experiment: in nature the host range of mycoviruses seems to be wider than what expected. For example a virus
isolated from Botrytis porri was then also found in B. squamosa and in Sclerotinia sclerotiorum which shared the same ecological niche
(Wu et al., 2012). Another similar example was reported for the white rot fungus Rosellinia necatrix: in natural environment two
incompatible strains were able to exchange viruses between them and also with other fungal species (Yaegashi et al., 2013). The
explanation for this phenomenon come from the fact that mycoviruses, as all the other viruses, display a peculiar feature:
differently from eukaryotes and prokaryotes which are represented by a single consensus genome sequence, viral genomes are
represented by a cloud of closely related mutants termed “viral quasispecies” (Domingo et al., 2012). More in detail, this feature
seems to represent an evolutionary advantage, giving to genome variants more chances to adapt to a new environment (which is
represented by a new cellular host). The only mycovirus for which an extracellular life-cycle was demonstrated is represented by a
DNA mycoviruses which infect S. sclerotiorum (Yu et al., 2010). Interestingly, such viruses demonstrated to be infectious when
applied extracellularly as purified virus particles. Moreover, the same virus demonstrated also the ability to be transmitted by
insects (Liu et al., 2016). In specific, when the mycophagous insect Lycoriella ingenua was left feeding on S. sclerotiorum infected
colonies, it acquired the virus and was then able to infect virus free fungal colonies. In consequence, it seems that transmission in
natural environments is more feasible and easily achieved than in axenic condition, also between different species.
Distribution and Phylogeny

Holobiomes is the microbial communities associated with plants or animals, including bacteria, fungi and viruses, that are
increasingly recognized as crucial factors influencing host health and fitness (Zilber-Rosenberg and Rosenberg, 2008). Mycoviruses
are part of the natural holobiomes and are widespread in all the major taxonomic groups of fungi including pathogenic,
saprotrophic and endophytic fungi. For example, one of the most famous case in which a mycovirus play a crucial role for the
holobiont adaptation is represented by Curvularia thermal tolerance virus (CThTV) (Marquez et al., 2007). In specific, the Marquez
and coauthors demonstrated that a mycovirus infecting an endophytic fungus was the keystone which allowed the exploitation of
heated soils (up to 651C) by the tropical panic grass Dichanthelium lanuginosum. When they “cured” the fungus, obtaining an
isogenic virus-free isolate, its interaction with the plant was unable to induce thermal tolerance. This ground breaking work
demonstrated that mycoviruses can play crucial role, providing fundamental ecological services in natural environment. Thanks to
such result a new interest for mycoviruses risen up and spurred researchers to look for new mycoviral species in many different
environments leading to the description of a number of new viral species. For example, the fungal community inhabiting marine
plants (Nerva et al., 2016) and animals (Nerva et al., 2019b) displayed to harbor viruses, as well as endophytic (Marzano and
Domier, 2016; Nerva et al., 2019d), pathogenic (Marzano et al., 2016; Donaire et al., 2016; Botella et al., 2015) and symbiotic fungi
(e.g., mycorrhizal fungi and fungi associated to lichens) (Neupane et al., 2018; Turina et al., 2018; Petrzik et al., 2019). Thanks to
all these works the evolutionary relationship between viral families are now clearer.

The Nobel laureate David Baltimore, in 1971 proposed the modern classification of viruses (Baltimore, 1971): viruses are classified into
7 fundamentally different groups depending on the nature of genome encapsidated into their virions. The central theme of Baltimore
system for virus classification is that all viruses must synthesize messenger RNAs (mRNAs) from their genomes, in order to produce
proteins and replicate themselves. Despite the presence of 7 distinct groups of viruses, since few years ago the majority of reported
mycoviruses displayed a double-stranded RNA (dsRNA) genome, with few reports of positive single-stranded RNA genomes (þ ssRNA).
This fact was mainly due to the method used, up to that time, for virus discovery, where the crucial step was the enrichment of dsRNA
fraction and then the identification through sequencing (Pearson et al., 2009). For these reasons, Next Generation Sequencing (NGS)
applied on total RNA extracted from fungi, or directly from complex matrixes (Al Rwahnih et al., 2011; Marzano and Domier, 2016),
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to infect plants and other able to infect fungi, but no one is able to infect both plants and fungi (Roossinck, 2015). A further link
between plant and fungal viruses was proposed for the first time for the Hypoviridae family: analysis of protein sequences revealed
that they share a common ancestor with the plant-infecting Potyviruses (Koonin et al., 1991). Moreover, many other families
showed a mosaic of hosts or peculiar phylogenetic origins which further suggest that exchanges of viruses between plants and fungi
can occur (Donaire et al., 2016; Rastgou et al., 2009; Turina et al., 2017; Plyusnin et al., 2012; Attoui et al., 2012). In consequence to
these works, to date, the most supported theory suggest that, (1) thanks to the quasispecies nature of viruses (Domingo et al., 2012;
Roossinck, 1997) and to (2) the close physical relationship with other organisms (e.g., fungal-plant interface), viruses can easily
move from the original host to new distant and taxonomically unrelated hosts. This latter hypothesis was demonstrated for both
plant and fungal viruses, which are able to replicate in fungi (Janda and Ahlquist, 1993; Panavas and Nagy, 2003; Mascia et al.,
2019), and for mycoviruses which are able to replicate in plants cells (Nerva et al., 2017b). In addition, to further support this
hypothesis a clear example of viral cross-species transmission between different taxa was proposed for viruses of several plants and
arthropods (Shi et al., 2016).

Another interesting case of mycoviral evolution is linked to the mitoviruses group. Intriguingly, species belonging to Mitovirus
genus are closely related to the Leviviridae family, the only well-defined group of þ ssRNA bacterial phages (Turina et al., 2017;
Dolja and Koonin, 2018). Considering the theory of mitochondria derived from an ancestral alphaproteobacterial endosymbiont
(Raven, 1970), this evidence suggests that mitoviruses are derived from a mitochondrial phage by losing the capsid protein
(Koonin et al., 2015), which is unnecessary due to the lack of an extracellular stage (Koonin and Dolja, 2014). The main objection
to this theory was that, up to 2018, no evidence of mitovirus sequences was found out from fungi. Then, using bioinformatics

Fig. 1 Examples of virus particles from partially puri� ed fungal extracts photographed at Transmission Electron Microscope (TEM). (A) Virus
particles from a Penicillium aurantiogriseumisolate carrying multiple viral infection. At least three morphologies are visible. Particles of 32–35 nm
in diameter, rounded in pro� le, either penetrated or not by the stain (black arrows). Particles of 39–42 nm in diameter are hexagonal in pro� le
(white arrows). Particles of about 50 nm diameter, rounded in pro� le (arrowhead). (B) Virus particles from a Penicilliumspp. carrying a multiple
infection. Two distinct type of particles were observed. Particles with 29–32 nm in diameter, rounded in pro� le and always penetrated by stain
(Black arrow). Particles with 40–44 nm in diameter and never penetrated by stain (white arrow). (C) Virus particles from an isolate of Aspergillus
� avusinfected by a partitivirus. (D) Virus particle from an isolate of Penicilliumspp. infected by a chrysovirus. Bars in each panel represent 50 nm.
Credits: Dr. Marta Vallino, IPSP-CNR (Italy).
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Introduction: The Extensive Diversity of Repetitive DNA in Fungal Genomes

Repetitive elements comprise both DNA sequences that are present in multicopies in genomes and ubiquitous in eukaryotic
genomes (Biscotti et al., 2015). Major contributors of these repetitive sequences are the tandem repeats including micro-
satellites and transposable elements (TEs). In humans and other mammals, TEs represent up to 50% of the total DNA
(Zamudio and Bourc’His, 2010) while, in plants it can reach more than 80% (Schnable et al., 2009). In fungal genomes the
range of repeat content is extremely variable. For instance, TEs represent approximatively 3% of the yeast Saccharomyces
cerevisiae genome (Kim et al., 1998), up to 58% in the black truffle Tuber melanosporum (Martin et al., 2010) and covers more
than 90% in the soybean pathogen Phakopsora pachyrhizi (Sébastien Duplessis, personal communication). For decades, TEs
were described as “selfish” DNA elements of host genomes after first being described in maize by McClintock (1984) and
Biémont (2010). TEs can replicate autonomously and thereby can be regarded as “self-existing”, independent of the host
genome, and were eventually considered as “junk” DNA. However, growing evidence from genomics, population genomics
and functional analysis studies have demonstrated that TEs can also have a major role for genome evolution (Dubin et al.,
2018). In maize for example, TEs associate in maize development such as flowering time (Castelletti et al., 2014), specific TEs
exhibit signatures of selection (Studer et al., 2011) and drought tolerance adaptation (Mao et al., 2015). TEs can have
considerable consequences on host genome evolution, architecture and plasticity (Castanera et al., 2016). TEs evolutionary
success relies not only in their ability to replicate faster than the host genome, but also because TEs can be transmitted both
vertically and horizontally (Gilbert and Feschotte, 2018).

A systematic classification system was established to categorize the extensive diversity of TEs based on their function and origin
(Wicker et al., 2007). To help TE identification and annotation, a hierarchical classification has been defined, based on trans-
position mechanisms that distinguish two classes of TEs: retrotransposons and DNA transposons (Fig. 1) (see (Wicker et al., 2007)
for detailed classification of TEs). The two classes of TEs divide into subclasses, orders and superfamilies depending on respectively,
proteins or non-coding domain structures, target site duplication length and DNA sequence conservation (Fig. 1) (Wicker et al.,
2007). TEs further divide into families that are mostly species-specific or shared only by closely related sister species. Retro-
transposons (or Class I) require a RNA intermediate reverse-transcribed into cDNA that integrates in a new position in the genome.
The class I transposition mechanism is commonly referred to as a “copy-and-paste” mechanism (Boeke et al., 1985). Each
transposition event of a retrotransposon produces an additional copy which explains that retrotransposons often contribute to the
main fraction of repeat content in many fungal genomes (Fig. 1(A)) (Martin et al., 2008, 2010; Duplessis et al., 2011; Grandaubert
et al., 2014; Grandaubert et al., 2015). Retrotransposons comprise five orders namely: Long terminal repeats (LTR) elements,
Dictyostelium intermediate repeat sequence (DIRS), Penelope-like elements (PLEs), Long INterspersed Elements (LINEs) and non-
autonomous Short INterspersed Elements (SINEs). DNA TEs (Class II) consist of two subclasses. Elements of Subclass 1 use a “cut-
and-paste” transposition mechanism, where both strands of the DNA are excised. Elements of Subclass 2 replicate by single strand
excision and a rolling-circle mechanism (Helitron) or an unknown mechanism (Maverick or Pollinton) (Greenblatt and Brink,
1963; Rubin et al., 1982; Kapitonov and Jurka, 2007). DNA transposons are divided in five orders: Terminal inverted repeat (TIR),
Crypton, Helitron and Maverick (Wicker et al., 2007). In additioning, class II contains the sub-family of Miniature inverted-repeat
transposable element (MITEs) that are the non-autonomous counterpart of TIR (Fig. 1(A)). Non-autonomous TEs including SINEs,
TRIM, LARD, MITEs and some Helitrons use the replication machinery of other TEs or genes to transpose. Both MITEs and SINEs
are small elements of less than 1000 bp and rely respectively on TIR transposases and LINEs retro-transcriptase to transpose
(González and Petrov, 2009; Kramerov and Vassetzky, 2011). The autonomous or non-autonomous status of the different TEs
families that colonize fungal genomes have dramatically different impacts on the host genome architecture, notably by inducing
structural variation within populations (Badet et al., 2020). In addition, TEs uncontrolled expansions have been demonstrated to
induce genome instability even leading to decrease of host fitness (Pasyukova et al., 2004; Zamudio and Bourc’His, 2010).

New TE insertions can have different consequences on host fitness depending on their insertion sites (Fig. 1(B)). Overall, the
fitness cost of TE insertions has been estimated as deleterious (Horváth et al., 2017). TE insertions into coding or regulatory regions
can lead to exonization, truncation, alternative splicing or modification of gene expression (Fig. 1(B)) (Bourque et al., 2018).
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However, gene and transcription modifications are not the only consequences of TEs activity in fungal genomes. At a genome
organization level, TEs are involved in telomere maintenance, chromosomal rearrangements, genome compartmentalization and
genome size expansions (Möller and Stukenbrock, 2017). However as TEs accumulate independently in their host genome,
differences in TEs content have been observed between lineages (Oggenfuss et al., 2020). TEs content variation between two
lineages was documented to have prevented gene flow between fungal populations (Giraud et al., 2008). Chromosomal rear-
rangements can be associated with suppression of recombination and thus represent a barrier to gene flow (Serrato-Capuchina and
Matute, 2018). Hence, TEs represent a source of speciation agents (Serrato-Capuchina and Matute, 2018). Sexual reproduction in
fungi is based on mating systems whereby different mating types control sexual reproduction outcome (Nielsen and Heitman,
2007). Two mating system strategies can be found in closely related species: homothallism (i.e. self-compatibility) and hetero-
thallism (i.e., self-incompatibility) (Wilson et al., 2015). In several fungal clades, homothallic/heterothallic transitions among
closely related species associate with TE activity within or nearby mating-type loci (Rusche and Rine, 2010; Gioti et al., 2012).
Finally, it has been hypothesized that the variation in TE content of fungal genomes could be linked to their life-style (Muszewska
et al., 2019). Comparative genomics studies demonstrated that TE content and composition depend on the history of TE invasions
and expansions in the host species rather than phylogenetic proximity (Hess et al., 2014; Amselem et al., 2015b). Interestingly, by
comparing TE content across the fungal kingdom it appears that symbiotic ectomycorrhizal fungi or obligate biotrophic pathogens
exhibit a high TE coverage compared to saprophytes (Fig. 2). For instance, the tree mutualist Coenococcum geophilum (Peter et al.,
2016; de Freitas Pereira et al., 2018) and the powdery mildew pathogen Blumeria graminis (Frantzeskakis et al., 2018) exhibit 75%
and 90% of TE content in their genomes, respectively. The various impacts on host genome evolution reflect the long-term
coevolution between TEs and host genomes in fungi.

TEs are known to be deleterious to the host, and fungal species have evolved a variety of defense mechanisms to counter-
balance negative impacts on fitness due to TEs invasions and expansions. These mechanisms are largely conserved across animal,
plant and fungal genomes and mostly involve epigenetic silencing through DNA methylation, small RNA silencing and histone
modification mediated silencing (Feng et al., 2010; Gladyshev, 2017; Möller and Stukenbrock, 2017). A particular and highly
efficient defense mechanism in fungi is called Repeat-Induced Point (RIP) mutation (for detailed review see (Gladyshev, 2017)).
The RIP mechanism was first described when high level of cytosine-to-thymine mutations and cytosine DNA methylation were
observed in duplicated genes of the model system Neurospora crassa (Selker and Stevens, 1985). RIP mechanism is currently
understood as a two-step process involving cytosine methylation followed by deamination (Gladyshev and Kleckner, 2017). RIP
specifically targets duplicated sequences independently of their expression and can spill over to neighboring sequences (Irelan
et al., 1994). TE insertions can also be counter-selected in fungal populations at variable strengths depending on their negative
effect and the effective population size. Advantageous insertions can potentially be favored by selection and rise in frequency. The
genomes of some fungal species are organized in specific TE rich compartments, whereby TEs are associated with rapidly evolving
genes and signatures of recent adaptation, often referred as “two-speed” genomes (Dean et al., 2005; Rouxel et al., 2011; de Jonge
et al., 2013; Grandaubert et al., 2014; Dong et al., 2015). In addition, silenced TEs can be de-repressed under various stress and
developmental stages. Thereby in specific conditions, TEs mobilization may help rapid adaptation to diverse stress conditions
(Fouché et al., 2020). Understanding how genomes regulate TEs activity is crucial to understand the diversity of TEs dynamics and
impacts across fungi.

Major progress has recently been made to comprehend TEs dynamics in fungal genomes. However, the evolutionary interplay
between a host genome and TE invaders is yet to be fully understood. Our current understanding of TE impact on fungal genome
evolution is mainly based on comparative genomic studies and few functional analyses in model systems. Most studies agree that
TE activity has overall a negative impact on host fitness, notably because TE insertions can induce phenotypic changes either
directly (i.e., through gene disruption or expression modification) or indirectly (i.e., by triggering epigenetic changes). Thereby, TE
activity can also represent a key mechanism for rapid adaptation. Understanding the impact of TEs on the adaptation of the host
requires to deeply study TE dynamics in fungal populations including how effectively genomic defenses prevent proliferation. This
chapter provides an overview of how various host genome defense mechanisms regulate TE activity in fungi. Furthermore, we
provide insights into how the host population demography impacts TE dynamics. Finally, we summarize the compartment and
locus-specific effect of TEs on fungal genome architecture and plasticity.
Fig. 1 Transposable element (TE) structure and effects on genes. (A) class and order of transposable elements based on classification in Wicker et al.
Class I groups retrotransposons using an RNA transposition intermediate. Class I comprises five orders depending on reverse transcriptase phylogeny and
TE structure: LTR, long terminal repeats; LINE, long interspersed nuclear element; SINE, short interspersed nuclear element; DIRS, Dictyostelium intermediate
repeat sequence; Penelope, Penelope-like elements. Class II groups DNA TEs and lack RNA intermediate. Class II comprise five orders depending on the
number of DNA strands cut during transposition: TIR, terminal inverted repeats; Crypton; Helitron; Maverick; MITE, miniature inverted-repeat transposable
element. Pol, DNA polymerase; gag, capsid protein; ORF, open reading frame of unknown function; EN, endonuclease; RT, reverse transcriptase; TR,
tyrosine recombinase; RPA, replication protein A; INT, integrase. (B) Effect of TE insertion on gene transcription and regulation. *MITEs are not considered
as an order but as the non-autonomous counterpart of TIR. (i) TE insertion upstream of gene-coding regions can lead to promoter disruption either directly
or indirectly through epigenetic silencing; (ii) exonic and (iii) intronic TE insertions can lead to truncated transcripts, alternative splicing or exonization;
(iv) downstream insertions potentially add small RNA binding or polyadenylation sites and (v) TE insertion can integrate into coding regions leading to the
generation of chimeric genes also known as TE domestication. TE, transposable element. Reproduced from Wicker, T., et al., 2007. A unified classification
system for eukaryotic transposable elements. Nat. Rev. Genet. 8 (12), 973–982. doi:10.1038/nrg2165.
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Introduction

According to the Nobel Prize winning physiologist August Krogh’s famous admonition, “A convenient organism exists for every
biological problem”; however, since we are warned that we are unlikely to ever know everything about every organism, we should
agree on some convenient organism(s) to study in depth. This promoted, over centuries of research, the construction of a body of
knowledge in that 'model system' that allows us to design appropriate studies of non-model systems to address important questions
about their biology. The raison d’être of model organisms is generally thought for the study of a specific area of investigation: biological
systems that are simple to employ and control obviously facilitate the experimental work, being accessible and, therefore, “con-
venient”. That’s why, traditionally, only a few organisms have been widely used with this ambition: a simplified, manageable system
that could be used to study a larger theme of biology, revealing not so much a feature of the system itself. The decision to focus on a
particular species (or strain, or variant) for biological research is commonly guided by features focused on the interrelation of various
criteria, that in 2019 have been efficiently investigated and clustered in the paper “How to choose your research organism” (Dietrich
et al., 2020): this process of selection involves a high degree of variability in terms of how such criteria are combined in every instance
of system choice, which implications to take into consideration embrace a range of factors including those that are more material, such
as access and tractability (in terms of ease of supply and ethical considerations, standardization and responsiveness efficacy), socio-
political concerns (such as various economies in terms of financial and institutional support), available resourcing (including epis-
temic resources such as previous theories), and promise for the future (as novelty and translational potential).

Nonetheless, the modern world poses modern questions, for which the modern science needs modern, advanced tools,
encouraging researchers to extend the set of model organisms to include less-studied and more unusual systems: it’s easy to argue that
appeals to “convenience” are not sufficient to capture reasoning about organism choice. The transition from a model to non-model
organism might not be so immediate, for researchers who intend to face the challenge: the ease in using model systems over years led
to the development of specific tools and resources for these organisms (techniques and methods, databases and strain collections,
molecular toolkits), that in turn made them even more convenient to be used, discouraging others to work on everything else. It was
suggested that the gap in methodology and resources between the selected model organisms and other systems resulted in a linguistic
shift in how the term “model organism” was understood, from its original sense to “an organism for which a wealth of tools and
resources exist” (Russell et al., 2017). In any case, arriving at a certain point it was necessary to admit that, even if undoubtedly
suitable for studying various and fundamental aspects of biology, the major model organisms weren’t automatically the best systems
for all possible questions of general importance. Exploration of organisms (in some cases, different species) as potential new model
systems, to ask central questions about biology that have still remained unanswered, is crucial for the progress in knowledge.

The short life cycle, the small size and the easy handling of some microorganisms make them inexpensive subjects for a wide
range of studies; additionally, the opportunity of genetic manipulations offers scientists ample prospects to test their theories,
unraveling molecular and metabolic mechanisms. Despite indubitable advantages, the downside of using a model is that it is
nearly impossible to predict whether this particular system could be representative of another organism; thus, one major difficulty
in choosing the adequate model for a specific biological question is the extrapolation of valid results for the real target organism.
Being increasingly supported by scientific evidence, it has been argued that while some mechanisms are unique, others similarly
operate across different species. This implies that since the basic blocks of life are common to the most of known species, common
processes might involve same pathways, that in turn might share same cellular/molecular knots.

Recently spotlighted by Sheldrake0s (2020) book “Entangled Life”, that explores its potentialities in changing our under-
standing of life mechanisms the Kingdom Fungi represents an unparalleled source of model organisms for all eukaryotes: although
microbial and unicellular systems, and therefore rather easy to manipulate and modify genetically, fungi are eukaryotic cells,
sharing a high degree of similarity with animal cells; additionally, the relevant databases are extended and contain the most
complete genetic information to date. Of all its divisions, ascomycetes have had the biggest impact on biology, and, in particular,
the genus Aspergillus, that includes more than 350 known species of filamentous fungi displaying great differences in habitat,
pathogenicity, and metabolic properties. For all the Aspergillus species, shared data resources have grown exponentially, now
including an increasing amount of contents at fungiDB (Stajich et al., 2012); additionally, resource collections like the American
Type Culture Collection (ATCC), the Centraalbureau voor Schimmelcultures (CBS) and the USDA NRRL collection, provide open
access to well-characterized research materials. Over 1600 projects using Aspergillus (containing transcriptome and genome
sequences of diverse species, as well as multiple projects with the reference genome strain FGSC A4) are found in the NCBI Short
Read Archive (Pontecorvo et al., 1953), while, due to their industrial role, there is a significant amount of data regarding applied
use of these organisms: over 11,500 patents include “Aspergillus”, with over 1300 solely in 2013.

Various and detailed are the reasons that made Aspergillus spp. an ideal model system for studying the mechanisms controlling
development and cell differentiation in multicellular eukaryotes, being also well suited for analyzing biochemical events that
characterize the cell cycle and metabolism: after all, the word “fungus” shares the root with the Latin verb “fungor” (-, fungĕris, functus
Encyclopedia of Mycology, Volume 1 doi:10.1016/B978-0-12-819990-9.00033-0156
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sum, - , fungi), which meaning, “to exercise an office or fulfill a function on behalf of someone”, perfectly fits with the use that we are
here to discuss. Therefore, we’ll try to shape a comprehensive and likely exhaustive survey about the progress of this success story.
What Aspergillus Taught us About Eukaryotic Genome Regulation and Maintenance

Probably the most critical process for the genome maintenance is the DNA repair: interlinking with replication, gene transcription and
cell cycle checkpoints to promote cell survival and normal regulation of cellular functions after DNA damage, the repair system
represents a protective mechanism that ensures the maintenance of genomic integrity during the cell life; when unrepaired or
incorrectly repaired, DNA damage can cause a loss of genetic information, or, due to an uncontrolled accumulation of mutations, a
genomic instability that results in the cell cycle arrest and cell death. Amongst fungal species, Aspergillus nidulans has been extensively
studied with respect to metabolism, cellular development, and regulation, since the ability to genetically manipulate this organism,
and combine genetic traits by sexual crossing, has been crucial for its pronounced role as genetic model organism. In 2004, Goldman
and Kafer reviewed the history of Aspergillus nidulans as the object of studies focused on three different cellular processes now identified
as essential components of the complex phenomenon of DNA damage response (Goldman and Kafer, 2004). Comparative tests
conducted in Aspergillus mutants and the analysis of genetic control of their cell cycle, revealed key checkpoints that regulate every step
to guarantee the completion of DNA replication and its repair before entry in mitosis. Overall, the possibility to visually distinguish
specific aneuploids and other aberrations, identifiable by the segregation of heterozygous markers, made Aspergillus exceptionally
suited for analysis of genetically unstable types, allowing for example the meiotic mapping of translocation breaks with recognition of
the four types of partially aneuploid progeny being crucial, or malsegregation producing trisomics and other aneuploids (Kafer, 1977).

A stress-induced genome instability has been recently underlined, in lead studies focused on the adaptive mechanisms of fungal
pathogens, as a key event during the onset of drug resistance: this probably allows the pathogen to promptly manage the continuous
changes in the environment it encounters in the host, determining in many cases an increase of the microorganism surviving chance
against the fungistatic or fungicidal activity of anti-fungal drugs (Galhardo et al., 2007). In this sense, investigations on hetero-
chromatin structure and function in fungal model systems could serve as a road map to elucidate the role of chromatin in regulating
genome plasticity in plant and animal fungal pathogens. Studies performed in various Aspergillus species revealed that genetic
diversity associated with subtelomeric regions might be important for driving adaptation to different host niche environments,
mainly due to its modulatory effect on secondary metabolites gene clusters; these findings are considered to be valid also in
A. fumigatus, the major etiological agent of invasive pulmonary and cutaneous aspergillosis, whose successful infection largely
depends on the ability of the fungus to overcome the cellular response in the surroundings of the infection site (in particular the
activation of phagocytes), achieving to adapt to a multiplicity of host-niches environments (Buscaino, 2019 and reference therein).

Besides virulence characteristics, many aspects of the fungal morphogenesis have been proven to be regulated by chromatin
remodeling: according to evidences obtained in A. flavus, in fact, the production of reproductive, dispersal or resistance structures
(such as conidia and sclerotia) were demonstrated to be influenced by the methylation of specific sequences in the genomic DNA
(Liu et al., 2012; Yang et al., 2016), as well as the regulation of small bioactive molecules, whose biosynthesis depends on specific
gene clusters located throughout the genome and that are critical for the interaction of Aspergilli with other organisms, enabling
filamentous fungi to successfully exploit environmental resources by modifying chemical diversity (Shwab et al., 2007).
Drug Resistance Runs Rampant

Genus Aspergillus contains a large number of both pathogenic and opportunistic species, that potentially cause mycosis in humans and
animals: for example, A. fumigatus is responsible for the 90% of human fungal infections, followed by A. flavus, A. terreus,
A. niger and A. nidulans species. Due to the mortality rate of Aspergillus-related allergic syndromes and invasive aspergillosis
(that can range up to 90%), the escalation of fungal drug resistance is a growing concern in the human health context (Morgan et al.,
2005). To achieve insight into the mechanism of action of antifungals resistance in Aspergillus species remains quite simple, as the
occurrence of drug-resistant isolates is frequent and they can straightforwardly be studied. Besides the classical mechanisms that mediate
the development of drug resistance phenomena, typically based on the modification of drug targets (owing to mutations which lessen
drug-target interactions), the loss of drug effectiveness (due to increase in drug efflux or overexpression of drug targets) or metabolic
bypasses (through the activation of compensatory mechanisms which abolishes the drug toxic effect), new mechanisms were recently
observed in Aspergillus spp., including the emergence of simultaneous resistance to more than one class of drugs (Sanglard, 2016).
Reviewing the literature concerning proteome changes in Aspergillus isolates exposed to antifungals and phytochemicals, it could be
noticed that factors responsible to provide resistance seem to be mainly enzymes involved in cell wall remodeling, oxidative stress
response and energy metabolism (Shishodia et al., 2019); over 70 proteins have been found up-regulated during interaction with
different antifungal agents, while at least 26 showed to be affected, in their expression level, by more than two antifungal agents,
suggesting a wider response. Globally, available data suggest that alterations in drug targets is the most common strategy for resistance
against fungicides in Aspergilli; however, the role of extracellular matrix has been recently associated to the development of resistance in
biofilm-forming fungi: the formation of matrix in biofilm structure has been hypothesized to sequester antifungal molecules and reduce
the drug susceptibility via the activation of multidrug resistance protein that pumps out noxious compounds (as observed for specific
efflux-pump in azole resistance and described by Rajendran et al. (2011)) and Rajendran et al. (2011), disallowing their diffusion
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Introduction

Protein represents the molecular product of the genes as the final step of the translation process, whose expression changes
according to cellular and environmental conditions. The term “Proteomics” was first coined in 1997 (James, 1997) because of its
assonance with genomics, the study of genes, and it was initially defined as a technique for global characterization of all the
components of the proteome, which in turn represents the entire set of proteins expressed by an organism.

A better definition of the term Proteomics includes the large scale study of the complete protein asset of a cell, tissue, or organ
(Tyers and Mann, 2006; Pandey and Mann, 2000), which is expressed in a particular moment under different environmental
conditions (Graves and Haystead, 2002), together with its cataloging (descriptive proteomics), its abundance (quantitative pro-
teomics), genotype-dependent variations (population proteomics), the implication in the development and environmental
responses changes (differential or comparative proteomics), post-translational modifications (PTMs), and interactions with other
proteins and molecular entities (interactomics) (González-Fernandez and Jorrín-Novo, 2012).

The proteome of an organism represents a dynamic system, with significant variations among different cells and tissues, and
development time. During the translation process, not all the mRNA is usually converted into proteins, and the mRNA levels are
not always correlated to protein content (Rogers et al., 2008; Zhang et al., 2010, Vogel and Marcotte, 2012). As a result of the
differential gene expression among cells and tissues, proteomics could offer a fingerprint of cell, tissue and organ state in a
particular time frame.

Proteomics could be used to complement other functional approaches (Tyers and Mann, 2006), including transcriptomics (the
study of mRNA), genomics (the study of genes) and metabolomics (the study of metabolites); the integration of all these
approaches is called system biology (Horgan and Kenny, 2011), representing the study of biological systems whose behavior cannot
be reduced to the linear sum of their parts’ functions. In this view, proteomics represents a reliable technique due to several aspects
since proteins are directly related to function or phenotype of biological systems (Bhadauria et al., 2007). They go through a series
of modifications, also called post-translational modification (PTM), which affects their functions. Over 200 forms of PTM are
currently known (Zhang et al., 2010; Virág et al., 2020), including phosphorylation, methylation, glycosylation, and sulfation.
Historically, single proteins could be separated by a wide range of techniques, like chromatographic technique enzymatically
characterized and subjected to N-terminal or partial amino acid sequence analysis (Doyle, 2011).

Quantitative proteomic analysis can be classified into two groups, either gel-based or gel-free methods as well as “label-free” or
“label-based” (Fig. 1); the latter can be further subdivided into several labeling approaches such as chemical and metabolic
labeling (Abdallah et al., 2012).

The gel-based approach is mainly based on the use of SDS-PAGE (Sodium Dodecyl Sulfate - Polyacrylamide Gel Electro-
phoresis) or the 2-DE (two-dimensional electrophoresis). SDS-PAGE is a common technique used for protein separation based on
their molecular weight, which was firstly developed by Laemmli (1970).

The 2-DE technique allows the separation of proteins based on their molecular weight and isoelectric point (pI) to resolve
complex protein leading to high-resolution fingerprint. Since the publication of O’Farrell (1975), the 2-DE technique represents a
powerful tool for the analysis and detection of proteins from complex biological sources. The introduction of immobilized pH
gradient (IPGs) instead of the carrier ampholytes (CA) for the first dimension has been allowed to overcome most of the limitation
of the 2-DE technique, including reproducibility, resolution, and ability to separate very acidic/basic proteins (Görg et al., 2004).
The 2-DE gel images are then acquired and used for quantitative analysis through imaging software for measuring spot intensities
(Dowsey et al., 2003).

Nevertheless, some shortcomings still affect the use of this technique, limiting its application. These issues include a limited
dynamic range of detention, the exclusion of some classes of proteins (e.g., too acid or basic proteins), as well as the limitations to
soluble and abundant proteins (Görg et al., 2009; Chevalier, 2010). 2-DE also represents labor-intensive, which is challenging to
automatize (Wang et al., 2005).

In this view, the gel-free approach has progressively replaced the gel-based approach in many research areas due to several
advantages, including reproducibility and the ability to study specific classes of proteins (Abdallah et al., 2012; Jorrín-Novo et al.,
2015). Initially, these approaches were used as a replacement for 2-DE (Abdallah et al., 2012). However, most recent proteomic
papers were only based on gel-free analysis or used both approaches as complementary (Jorrín-Novo et al., 2019). Gel-free studies
consist of two main steps peptide separation and MS identification; moreover, also intact proteins can be analyzed using a gel-free
approach (Tran et al., 2011; Toby et al., 2016).

The first step includes a wide range of techniques, like the Ion-exchange chromatography (IEC), the reverse phase chromatography
(RP), the two-dimensional liquid chromatography (2D-LC), and the off-gel electrophoresis (OGE) (Abdallah et al., 2012). After
separation, proteins could be tagged using chemical and metabolic labeling, which represented a significant development for large
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Fig. 1 Schematic overview of a proteomic workflow basing on different approaches (gel-based and gel-free) and MS analysis of intact protein (top-
down) or peptides (bottom-up). Image modified from the original one Jorrín-Novo, J.V., Pascual, J., Sánchez-Lucas, R., et al., 2015. Fourteen years of
plant proteomics reflected in proteomics: Moving from model species and 2DE-based approaches to orphan species and gel-free platforms.
Proteomics 15, 1089–1112. doi:10.1002/pmic.201400349.
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scale proteomics. Chemical labeling includes some techniques like the isotope-coded affinity tag (ICAT) (Gygi et al., 1999) and the
Isobaric Tags for Relative and Absolute Quantification (iTRAQ) (Abdallah et al., 2012). The ICAT represents one of the first developed
labels (Wiese et al., 2007). It consists of marker probes composed by three elements, a chemically reactive group that binds the side
chain of specific amino acid in the sample (e.g., iodoacetamide binds the cysteine residues), an isotopically coded region (heavy and
light), and the tag (e.g., biotin) for the affinity-based purification (Gygi et al., 1999; Colangelo and Williams, 2006). The iTRAQ is a
newer chemical labeling method more suitable for labeling peptides rather than proteins. It consists of isobaric tags, that bind peptide
in protein digest via free amines on N terminus and the side chain of lysine residues. The protein pool can be labeled and analyzed
simultaneously. The use of isobaric tags does not shift the mass under Mass Spectrometry (MS) analysis leading to an increased
sensitivity due to the cumulative signal on the same peptide from different samples (Unwin, 2010). Metabolic labeling is based on
two main techniques: stable isotopic labeling with amino Acids in cell culture (SILAC) and N isotopic labeling. Both approaches are
based on the incorporation of isotopes in vivo, with some differences. In SILAC, isotopically labeled amino acid is added to the
culture medium to differentiate two populations (one labeled and one non-labeled). The efficiency of SILAC techniques depends on
the organism’s autotrophy, so it is less suitable for plants, cell cultures, and some types of unicellular organisms. However, it can be
used for the analysis of fungal pathogen species (Jang and Kim, 2018). N isotope labeling uses 15N-labeled inorganic salt and
provides a better incorporation efficiency respect to SILAC (98% respect to 70%–80% in cell cultures), and it is more suitable for
quantitative proteomics in plant sciences (Abdallah et al., 2012).
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Introduction

Within the many circumstances in which fungal stress response ability affects human life, the most pressing is when it contributes
for their action as human pathogens. Among human pathogenic fungi, Candida species, Cryptococcus neoformans and Aspergillus
fumigatus stand out. Candida species are the most common cause of invasive fungal infections among hospitalized patients
(Wisplinghoff et al., 2004; Perlroth et al., 2007), causing around 750,000 cases of invasive candidiasis each year (Bongomin et al.,
2017). Candida albicans is the predominant causative agent of invasive candidiasis (Horn et al., 2009; Yapar, 2014), but an increase
in the incidence of non-albicans Candida species has been observed, especially Candida glabrata (Pfaller et al., 2010; Taei et al.,
2019). Cryptococcus neoformans colonization occurs via inhalation, leading to pulmonary infections which may disseminate to
cause meningitis, encephalitis or meningoencephalitis. Cryptococcal meningitis is one of the most frequent form of meningitis,
with particular impact among HIV patients (Park et al., 2009), 220,000 cases being estimated to occur each year (Rajasingham
et al., 2017). Invasive aspergillosis is a serious opportunistic infection that is mainly caused by Aspergillus fumigatus (Webb et al.,
2018). More than 300,000 cases of invasive aspergillosis occur each year (Bongomin et al., 2017).

Most pathogenic fungi are commensal colonizers of the human body and typically, only cause infections in immunocom-
promised patients. Both as commensal and pathogens, fungi need to cope and adapt to different stressful conditions in host
microenvironments (da Silva Dantas et al., 2016). Fungi like C. albicans can colonize a wide variety of human niches (gut, vagina,
oral mucosa, skin) where nutrient availability, temperature, pH, and oxygen (O2) levels differ widely (da Silva Dantas et al., 2016).
Additionally, pathogenic fungi are exposed to a wide range of stress factors (Fig. 1). For example: in the oral cavity, kidney and
urine they are exposed to osmotic stress (Brown et al., 2014); in the nasopharyngeal environment they face human antimicrobial
peptides (AMP), such as histatin-5 (Batoni et al., 2011; Han et al., 2016); in the gastrointestinal and urinary tract pH stress –

indeed, the environmental pH inside the human body can be very dynamic: in human blood and tissues the pH is around 7.4,
while the gastrointestinal tract can range from pH 2 to pH 8 and in the vagina around pH 4 (Mayer et al., 2013), weak acid stress
can also be found in the vaginal fluid, namely, acetic acid thought to be produced by bacteria (Bernardo et al., 2017); once inside a
phagocyte, pathogenic fungi are attacked by released reactive oxygen and nitrogen species, therefore, they must have defense
mechanisms against those molecules in order to survive (Brown et al., 2014).

In this chapter, the mechanisms of stress response and resistance that enable fungal pathogens to thrive in the human host, and
cause deadly infections, are reviewed. Focus is first given to individual stresses faced by these organisms, including oxidative,
nitrosative, pH and weak acid stresses, as well as nutrient limitation. Next, the combination of stresses felt by fungal pathogens
upon phagocytosis by host immune cells as well as the multifactorial stress protective mechanisms offered by growth as biofilms
are discussed.
Response to Nutrient Limitation in Human Host Environments

The ability to tolerate nutrient limitation, especially carbon and nitrogen sources, oxygen and iron, is crucial for successful fungal
colonization and infection of the human host.
Carbon Limitation

Upon carbon source limitation, fungal cells rapidly activate a starvation mode, which includes translation downregulation, a shift
from glycolysis to gluconeogenesis, and the activation of genes implicated in alternative pathways such as the glyoxylate cycle, and
fatty-acid oxidation (Lorenz et al., 2004). In C. albicans, when glucose is absent the CaSnf1 serine threonine protein kinase, which
is essential for viability, is activated and consequently phosphorylates Mig1 preventing its translocation to the nucleus and
stopping the repression of alternative carbon source metabolic genes (Van Ende et al., 2019; Petter et al., 1997; Orlova et al., 2008).
This drastic metabolic rearrangement allows cells to overcome carbon source depletion using carboxylic acids, amino acids,
peptides, N-acetylglucosamine and fatty acids as carbon sources. In fact, the deletion of genes encoding key enzymes of these
pathways, for example, ICL1 (isocitrate lyase) and FBP1 (fructose-1,6-bisphosphatase) results in attenuated virulence of C. albicans
in a mouse model, highlighting the importance of these alternative pathways in the ability to overcome the depletion of glucose
during infection (Lorenz and Fink, 2001; Ramírez and Lorenz, 2007). Similar mechanisms are also present in C. neoformans,
including an ortholog of Snf1, the deletion of CnSNF1 leading to defects in the utilization of alternative carbon sources, but also in
the response to nitrosative stress, melanin production and virulence (Hu et al., 2008a). A. fumigatus and C. glabrata also express
Snf1 orthologs, CgSnf1 and Afu2g01700, the later remaining uncharacterized (Fetter and Kwon-Chung, 1996). Besides undergoing
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Introduction

The world population is growing at exponential rate. Consequently, a number of anthropogenic activities have adverse effects on
ecosystems and life on the planet. Industrialization, overuse of agrochemicals, and untreated industrial and municipal waste, as
well as discharge of toxic effluents to the environment, are causing continuing damage to soil and water. Hence there is an urgent
need to reverse and cure the hazardous pollutants negative impacts. One approach thereto is bioremediation of toxic organic
chemicals.

Bioremediation involves exploitation of biological systems – plants, algae, bacteria, or fungi – for the purpose of removing or
degrading and detoxifying pollutants (Alexander, 1994; Arora, 2018; Pande et al., 2020). As vigorous decomposers, fungi hold
promise for the removal of numerous xenobiotics from contaminated soil and water in an efficient, environmentally acceptable,
and cost-effective manner, and thus could function as mycoremediation agents. Filamentous fungi have several distinctive
properties that lend them advantages in bioremediation: fungal mycelial network and hyphal tips directional growth enable them
to search out and penetrate new yet non-colonized, non-soluble substrates as sources of nutrients and energy; the multicellular
fungal colony can function as an organism, recycle dead hyphae, and translocate resources; the mycelium of several fungi form
rhizomorphs are able to grow through large distances of unfriendly environment, and thus establish in new niches relatively far
from the colony source; fungi can survive, grow, and develop under toxic and stressful conditions (Baldrian, 2008; Sardrood et al.,
2013; Treu and Falandysz, 2017; Akhtar and Mannan, 2020; Ferreira et al., 2020; Põlme et al., 2020). This chapter focuses on a
specific group of wood decay fungi that cause white rot.
White Rot Fungi: The Lignin-Degrading Fungi

White-rot fungi belong to the Basidiomycetes, mostly saprotrophic in the wild, where they grow readily on woody substrates.
However, they do not form a taxonomic, but rather a physiological group based on their unique ability to efficiently degrade all
plant cell wall components, including the most recalcitrant component: lignin. This property is the result of their producing several
types of extracellular oxidizing enzymes that comprise the lignin degradation system (Kirk and Farrell, 1987; Hatakka, 1994;
Hammel and Cullen, 2008). These fungi are termed “white rot” due to the removal of the brown lignin, giving the residual
decayed wood a white appearance. Another group of wood decay fungi are the brown rots, which specialize in degradation of
cellulose despite the presence of lignin. However, based on genomic analyzes of 22 wood decay fungi, Riley et al. (2014)
demonstrated a continuum rather than a dichotomy between these two processes of wood decay. Riley’s findings were further
confirmed by phenotypic and genomic analyzes of many additional wood decay fungi, citing the complexity of the WRF lig-
ninolytic system and its evolution (Nagy et al., 2017; Schilling et al., 2020). It has been suggested that these fungi originated in the
Paleozoic area, evolved about 300 million years ago, and probably overlapped with the end of the Carboniferous period (Floudas
et al., 2012).

The biodegradation of the recalcitrant lignin is a central process in the global carbon cycle that enables further utilization of the
resulting carbohydrates. The lignin role in woody plants is to provide rigidity as well as physical and chemical shield, thus
providing passive defense from attack by most microorganisms. The lignin polymer is derived mainly from three aromatic alcohol
monomers that differ in their degree of methoxylation: p-coumaryl, coniferlyl, and sinapyl alcohols. These units are linked
together into a three-dimensional polymer via radical coupling reactions resulting in a complex and heterogeneous network of
aromatic polymers containing ether and C-C and C-O linkages (Boerjan et al., 2003; Vanholme et al., 2010).

In accordance with the lignin nonspecific structure, the WRF enzymatic degrading system consists of nonspecific oxidative
reactions leading to its depolymerization and mineralization. Its capability of degradation of a wide range of toxic aromatic
pollutants, the subject of the current review, originates from these enzymes activities. Their non-specific nature and exceptional
oxidation potential likely force the fungi to rapidly secrete oxidizing enzymes to avoid damage to the cells. Indeed, these enzymes
are known to function in the extracellular environment. The ligninolytic system includes several families of enzymes: Lignin
peroxidases (LiP), Manganese peroxidases (MnP), Versatile peroxidases, (VP), Dyeperoxidase (DyP), Phenol oxidases, and Lac-
cases. Also of importance are H2O2-producing enzymes, as they provide the peroxide to the peroxidases. These are Glyoxal oxidase
(GLOX), Aryl alcohol oxidase (AAO), Vanillyl alcohol oxidase, and Cellobiose dehydrogenase (CDH). These enzymes bio-
chemistry, physiology, genomics, and genetics have been studied and reviewed in detail over the years (Kirk and Farrell, 1987;
Hatakka, 1994; Martínez et al., 2005; Hofrichter et al., 2010; Hadar and Cullen, 2013; Knop et al., 2015; Kües, 2015). Besides the
ligninolytic system, additional physiological functions are involved in growing on wood, such as intracellular transport and
detoxification of aromatic toxic products released during wood utilization, i.e., families of transporters, cytochrome p450
monooxygenases (CYP450), and glutathione-S-transferases (Syed and Yadav, 2012; Morel et al., 2013; Deroy et al., 2015;
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Introduction

Around the world, the annual synthetic polymers production is approximately 140 � 106 tons. However, these synthetic polymers
are somewhat stable and their biodegradation is limited. This necessitates the need for replacement of the synthetic with bio-
degradable polymers that are compatible with the ecosystem. Among the biodegradable polymers, chitin and chitosan have
attracted the attention of the workers in both scientific and industrial field due to their numerous potential applications in
biomedicine, agriculture, paper making, food industry, and textile industry (Akila, 2014). The wider applications of chitin and
chitosan are not only due to their abundance but also due to their non-toxicity and biodegradability (Islam et al., 2017).

Chitin is the second abundant biopolymer after cellulose with annual biosynthesis of about 100 billion tons (Tharanathan and
Kittur, 2003). Chitin is found in exoskeletons of insects and mollusks and also a main component in the shell wastes of
crustaceans and in the cell walls of some fungi (Bhuiyan et al., 2013; Yeul and Rayalu, 2013).

Historically, was first isolated by Braconnot (1811) from the cell walls of some types of fungi, i.e., Agaricus volvaceus, Agaricus
acris, Agaricus cantarellus, Agaricus piperatus, Hydnum repandum, Hydnum hybridum, and Boletus viscidus, where it was named “fun-
gine.” In 1823, fungine was renamed as chitin by Odier (1823), who succeeded in production and isolation of chitin and chitosan
from the cuticle of insects almost three decades before the isolation of cellulose (Knorr, 1984). Chitosan was first discovered in
1859 by Rouget (Novak et al., 2003). After its discovery to present, it has become a source of numerous studies due to its versatile
biological, chemical, and physical properties and wide range of applications (Bhuiyan et al., 2013). Although it has been found in
some types of fungi, chitosan is, mostly, obtained from chitin deacetylation.

Initially, chitin and chitosan were obtained from the shell wastes of shrimps and crabs. However, their discovery in the fungal
cell walls opened up the horizon for more research and biotechnological applications due to the absence of allergenic substances
and less waste production (Chien et al., 2016). Moreover, fungal chitin and chitosan would offer non-seasonable and
stable sources of raw material and consistent characters of the product.
Fungal Cell Wall

The fungal cell wall is a dynamic structure surrounds the fungal cell structures and composed of glycoproteins and polysaccharides.
It can be tough, flexible or rigid (Peberdy, 1990; Rouiz-Herrera, 1992). It is essential for cell viability and pathogenesis. It, also,
determines the shape of the cell, protects it from osmotic pressure, environmental stress and mechanical injury and acts as a
filtering mechanism (Latgé and Calderone, 2002). The fungal cell wall is much more than the outer layer of the fungus; its
composition greatly influences the ecology of the fungus and can change in response to environmental conditions and imposed
stresses (Latgé, 2010).
Physiological Function of Fungal Chitin and Chitosan

Generally, the fungal cell walls are composed of chitin, chitosan, neutral polysaccharides, and glycoproteins in addition to minor
amounts of polyuronides, galactosamine polymers, lipids, and melanin (Wu et al., 2004). Chitin exists in the spores and hyphal
cell walls in conjunction with glucan molecules forming microfibrils. These microfibrils are embedded in an amorphous matrix to
provide the framework and cell wall morphology and rigidity. Chitosan is not considered as native to animal sources; meanwhile,
it presents in some fungal species such as Mucor, Absidia, and Rhizopus as one of the structural components in their cell wall (Rouiz-
Herrera, 1992). Chitin and chitosan are thought to increase the cell wall integrity and strength and provide protection against
foreign materials, e.g., cell inhibitors and higher temperatures to which fungal cells may be subjected (Adams, 2004; Banks et al.,
2005; Baker et al., 2007). Chitin and chitosan represented other functions as revealed by mutants bearing a defect in the complex
machinery of chitin biosynthesis, deposition of the polysaccharide in cell walls, or intracellular trafficking of chitin synthases
(Specht et al., 1996).
Fungal Cell Wall Composition and Architecture

The fungal cell wall is essential for its survival. The cell wall composition is unique to each fungus, and therefore it forms an ideal
target for the development of novel antifungal drugs (Tryphon et al., 2016). Most of the fungal cell walls consist of five major
components: b- (1,6) glucan, (1,3) b-glucan, a-(1,3) glucan, glycoproteins, and chitin (un-branched chains of b-(1,4)-linked-N-
Acetylglucosamine) (Fig. 1). True fungi do not have cellulose in their cell walls (Webster and Weber, 2007).
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Introduction

Chitin is a linear homopolymer of N-acetyl-b-D-glucosamine (GlcNAc) residues linked by b-1,4 glycosidic bond, and it is an
essential cell wall component of fungi. The general chitin synthesis pathway is divided into sequential reactions; the final step is
catalyzed by chitin synthases (CHS), which are specifically associated with chitin biosynthesis (Dorfmueller et al., 2014). CHSs
belong to the Glycosyltransferase Family 2. The chitin synthase reaction occurs in specialized regions of the plasma membrane.
Chitin synthase add single GlcNAc units, which are derived from the nucleotide sugar donor UDP-N-acetylglucosamine (UDP-
GlcNAc), to the non-reducing end of the extending chain (Orlean and Funai, 2018). The linear polymers of chitin then assemble
into microfibrils of varying diameter and length. Chitin is integrated into the cell wall by crosslinking via b � 1,4 glycosidic bonds
with the fibrillar b-1,3-glucan, which serves as a backbone in fungal cell wall. Chitin also links with glycoproteins and pigments in
the cell wall.
Classification of Fungal Chitin Synthases

Fungal CHSs are membrane integrated enzymes with multiple domains responsible for subcellular localization and activation. All
CHSs possess the conserved region CON1, which contains the conserved motifs QxxEY, (E/D)Dx, and Q(R/Q)xRW. These three
motifs are essential for catalytic activity (Dorfmueller et al., 2014). The CON1 region also exists in CHSs in non-fungi eukaryotes and
in the bacterial chitooligosaccharide synthases NodCs. According to their domain structures and phylogeny based on the conserved
CON1 region, fungal CHSs are grouped into seven classes: CHSI-VII. CHSI, II and III contain the chitin_synth_1N (PF08407) and
CS1 domain (PF01644) followed by the CON1 region. CHSIV has the CS2 (PF03142) and Cyt-b5 domain (PF00173). In addition to
the CS2 and Cyt-b5 domain, CHSV and CHSVII also contain the myosin head (PF00063) and DEK-C (PF08766) domain. CHSVI
only has a CS2 domain. In Class CHSIV, CHSV, CHSVI and CHSVII, the CON1 region is within the CS2 domain. There are other
CHSs that cannot be grouped into any of the seven classes because they are phylogenetically distant from the classified ones though
they may have the same domain structure as the members in one of the seven classes (Liu et al., 2017).
Evolution of Fungal Chitin Synthases

The fungal kingdom is the eukaryotic group with the most complex CHS gene family, which is attributed to a complex evolu-
tionary history of this gene family. Fungal CHSs could have three different CON1 region-containing ancestors, which in turn could
share an ancestor with bacterial NodC proteins. The ancestor of CHSI, II and III CHSs could be shared by the CHSs from the
kingdoms Alveolata and Stramenopiles, whereas Class IV, V and VII CHSs could share an ancestor with the CHSs from the
kingdoms Choanoflaggelida, Metazoa, Amoebozoa or Stramenopiles. CHSVI could have its own distinct ancestor. Within the
fungal kingdom, two major mechanisms are known to drive the evolution of the CHS gene family. One mechanism is gene
duplication and gene loss. The second mechanism is domain recombination and domain accretion. Contraction of the CHS gene
family is morphology-specific, with significant loss in unicellular fungi such as baker's yeast Saccharomyces cerevisiae, whereas family
expansion is lineage-specific with obvious expansion in early-diverging fungi. This complex evolutionary history of CHSs results in
a diverse CHS distribution in different fungal taxa. The average number of CHSs in the Ascomycota phylum varies greatly among
the subphyla; for example, Pezizomycota, Saccharomycotina and Taphrinomycotina fungi have 6.9, 3.9 and 0.6 CHSs per species,
respectively. The number of CHSs is relatively invariable in the Basidiomycota phylum, which ranges from 6 to 8 per species in 9
classes in the Basidiomycota fungi, while only the class Malasseziomycetes has 4.5 CHSs per species. CHSVI has been rarely found
in the Basidiomycota fungi. Many more CHSs exist in the early-diverging fungi (Glomeromycota, Zygomycota, Blas-
tocladiomycota, Chytridiomycota and Neocallimastigomycota), and they averagely have B16 CHSs per species, which is almost 3
times greater than the Dikarya fungi (Liu et al., 2017).
Functions of Chitin Synthases

Chitin provides cell rigidity and determines cell shape. It also confers protection against abiotic stresses and is important for full
virulence of pathogenic fungi with diverse host ranges (Liu et al., 2017). For example, CHSV and CHSVII are involved in the
formation of the infection structure (appressorium) in the insect pathogenic fungus Metarhizium robertsii, and in the plant
pathogenic fungi Magnaporthe oryzae, Colletotrichum graminicola and Fusarium verticillioides. These two CHSs are also important for
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full virulence of the opportunistic human pathogenic fungus Aspergillus fumigatus. Chitin synthases are absent in plants and
mammals, and are consequently considered as promising targets for antifungal drugs (Ruiz-Herrera and San-Blas, 2003).
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Introduction

Nearly 150 million of human populations are affected by potentially life-threatening mycoses worldwide, and millions of them
are killed by these fungal infections despite advancement in medical interventions (Bongomin et al., 2017). However, these fungal
diseases are as yet a disregarded issue by public health authorities even though most deaths caused by fungal infections are
preventable. Although the global species richness of fungi is estimated to be around 1.5–5.1 million, only a hundred of these
identified fungi are medically-important and are able to cause serious mycoses in human (O'Brien et al., 2005; Köhler et al., 2015).
In contrast to ectothermic vertebrates like insects and plants, endothermic and homeothermic vertebrates such as humans and
mammals are generally resistant to fungal infections owing to their evolved antifungal immunity (Robert and Casadevall, 2009;
Bergman and Casadevall, 2010). In order to thrive as a successful fungal pathogen in human host, these fungi must be able to grow
at human body temperature (371C and above), breach the host tissue barriers, scavenge and assimilate nutrients from the host
tissues and most importantly, also withstand the host immune onslaught (Köhler et al., 2015). Therefore, it is sensible that only a
relatively small subset of these identified fungi can cause critical fungal infections in humans.

The growth of fungal pathogens in human host depends primarily on their ability to exploit and assimilate the nutrients
efficiently. Although the host niches contain a rich and diverse variety of nutrients, it is still challenging for a fungal pathogen to
scavenge for these food resources as the host constantly imposes restriction of the essential nutrients available to the pathogens, a
mechanism termed “nutritional immunity” (Rohmer et al., 2011). Therefore, the ability to counteract the limited nutrient con-
dition is particularly crucial for intracellular fungal pathogens. The microenvironments within the host cells often lack of major
nutrients (e.g., carbon and nitrogen sources) and trace elements that are readily usable by these pathogens, as most of these
nutrients are sequestered in complex forms (Steele et al., 2015). To survive inside the host cells, these fungal pathogens must be
equipped with high degree of metabolic flexibility and possess unique metabolic adaptation strategies that are required for
effective nutrient acquisition, as pathogenic fungi require high amount of energy for proliferation and dissemination (Ene et al.,
2014). Furthermore, it is undeniable that the linkages between nutrients assimilation and fungal pathogenicity as well as their
efficacy in combating host defenses are also inextricable (Brown et al., 2014). For instance, multiple fitness and pathogenic
attributes of Candida species such as biofilm formation, morphogenesis, antifungal resistance as well as immune evasion have
been reported to be drastically influenced by the host nutrients, and many of these changes also significantly confer an edge for
fungal pathogenicity (Ene et al., 2012, 2013; Brown et al., 2014; Chew et al., 2019a).

All major medically-important fungi such as Candida and Pneumocystis (exclusively found in warm-blooded mammals),
Aspergillus, Cryptococcus and Histoplasma (also found in environment niches) display very distinct lifestyles, and, these differences
have exerted evolutionary pressures that shifted or streamlined the fungal metabolic profiles and flexibility (Ene et al., 2014).
Carbon sources represent one of the most essential nutrients and the main source of energy required for biosynthesis processes
(e.g., biomass generation), and a considerable quantity of these carbon sources are usually needed to sustain the survival of fungal
pathogens in the host (Ene et al., 2014; Ramachandra et al., 2014). Similar to most organisms, fungi have preference for certain
carbon sources. Glucose is generally the most favorable carbon source for most pathogenic fungi, as metabolism of glucose via
glycolysis and respiration are rapid and energetically favorable. However, when the host niches are under glucose deprivation,
these fungal pathogens can also utilize a wide range of fermentable sugars and alternative carbon sources, although the
mechanisms involved are energetically demanding. Nevertheless, the alternative carbon utilization profiles vary greatly among
medically-important fungi, presumably reflect their long-term co-evolution with multiple host niches in human. In the following
sections, we review the current knowledge on the glucose and alternative carbon metabolism in fungal pathogens and their
importance in the fungal survival and pathogenicity with occasional reference to Saccharomyces cerevisiae. Here, we decided to pivot
on the metabolism of glucose and alternative carbon sources in major fungal pathogens that are commonly found in human
diseases, with the main focus on Candida, Aspergillus and Cryptococcus species.
Glucose Metabolism in Medically-Important Fungi

Glucose is the primary carbon source for most fungi. It is the most preferred source for metabolism in comparison to other carbon
sources such as acetate, lactate and fatty acids. Other than metabolism, glucose also plays role in the pathogenicity of many human
fungal pathogens. It affects the adhesion property, oxidative stress resistance, biofilm formation, morphogenesis, invasion, and
antifungal drug tolerance (Rodaki et al., 2009; Sabina and Brown, 2009; Buu and Chen, 2014; Mandal et al., 2014; Ng et al., 2016;
Mikamo et al., 2018; Chew et al., 2019a). Being the most important carbon source, glucose is found in varying concentrations in
various host niches and fungi have evolved to adapt to these conditions as they make human as their host. Various organs and host
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Introduction

Sterols are important components of eukaryotic cell and mitochondrial membranes maintaining membrane fluidity, structure,
function, and permeability. According to their origin, sterols are broadly classified into three types. First, the animal sterols, most
important of which is cholesterol. Cholesterol aids in synthesis of cell membranes, bile acids, vitamin D and steroid hormones.
Second, phytosterols, which are plant sterols, most important of which are stigmasterol, sitosterol and campesterol (Jorda and
Puig, 2020; Hu et al., 2017). These phytosterols help in maintaining proper plant growth and development. Plants also contain
cholesterols especially in seeds, roots, stems, and leaves. Third kind of sterol is fungisterol, which is present in fungi. Ergosterol is a
unique fungisterol present in the cell membrane within microdomains called lipid rafts. These lipid rafts are synthesized by fusion
of sphingolipids and sterols. Lipid rafts are enriched with many biologically important molecules that include ion pumps (sodium
and potassium pumps), multi-drug resistance (MDR) pumps, and nutrient transporters (Bhattacharya et al., 2018). These rafts are
critical for proper functioning of the cells, and abnormal cellular ergosterol levels cause severe growth defects in response to
different environmental stressors (Bhattacharya et al., 2018). Recent studies demonstrated that ergosterol can induce host cell
pyroptosis. Pyroptosis is a necrotic and inflammatory programmed cell death induced by inflammatory caspases (Jorda and Puig,
2020; Koselny et al., 2018; Rodrigues, 2018). Besides cell and mitochondrial membrane, ergosterols are also present in vacuoles,
peroxisomes, and endoplasmic reticulum (ER). The physiological functions of ergosterol are described below:
Physiological Function of Ergosterol

As mentioned above, ergosterol is unique to fungi and is an integral part of the fungal cell and the mitochondrial membranes. In
the cell membrane, ergosterol stabilizes the membrane by interacting with sphingolipids and regulating membrane structure,
fluidity, and permeability (Bhattacharya et al., 2018). Ergosterol fuses with sphingolipids to produce lipid rafts, which host
important metabolic enzymes and membrane transporters. These transporters are crucial for exporting xenobiotics, toxic com-
pounds, ions and drugs from the cell thereby preventing cellular damage. Additionally, ergosterol can alter cell membrane
mobility affecting phospholipase transport. Besides transport, ergosterol can disrupt nutrient absorption by regulating the activ-
ities of membrane bound ATPase (Hu et al., 2017). Hence, maintenance of cellular ergosterol levels is crucial for proper cellular
functions. Ergosterol levels are maintained by sterol pools, which are composed of lipid droplets that store ergosterol. Proper
ergosterol levels are also important for stress response. For example, during ethanol treatment, baker’s yeast, Saccharomyces
cerevisiae elevates cellular ergosterol levels and protects its cell membrane from any damages. Conversely, when antifungal drugs
inhibit ergosterol biosynthesis, the yeast cells become significantly more sensitive to osmotic and salt stresses (Hu et al., 2017;
Bhattacharya et al., 2018). Addition of ergosterol in the growth media significantly increases yeast cells’ tolerance to osmotic stress
(Hu et al., 2017). Further, cellular ergosterol levels are also critical for hypoxic and temperature stress response. For example,
S. cerevisiae cells with disrupted ergosterol biosynthesis were temperature sensitive (Hu et al., 2017). Additionally, cellular
ergosterol levels can elevate in response to hypoxic conditions causing yeast cells to grow and proliferate properly (Hu et al., 2017).
A recent study has linked ergosterol with host macrophage pyroptosis. Pyroptosis is a proinflammatory form of programmed cell
death triggered by inflammasome-mediated activation (Koselny et al., 2018; Rodrigues, 2018). The study identified several genes
in the ergosterol biosynthesis pathway that participate in the induction of pyroptosis-related macrophage lysis (Koselny et al.,
2018).
Ergosterol Biosynthesis

Ergosterol is biosynthesized in ER by a cascade of 25 biosynthesis enzymes (Bhattacharya et al., 2018). The pathway is conserved in
different pathogenic and non-pathogenic fungi. For simplicity, this chapter describes ergosterol biosynthesis in model organism
S. cerevisiae. Ergosterol biosynthesis is extensive studied in S. cerevisiae. This biosynthesis pathway is broadly divided into two parts:
(1) Mevalonate pathway (MVP) and (2) Late pathway (Fig. 1). The MVP uses acetyl CoA as a substrate to synthesize farnesyl
pyrophosphate (FPP) (Bhattacharya et al., 2018). The first step of the pathway involves condensation of two acetyl-CoA groups to
form acetoacetyl-CoA (Fig. 1). This step is catalyzed by acetoacetyl-CoA thiolase, which is encoded by ERG10 in baker’s yeast
Saccharomyces cerevisiae (Fig. 1). The enzyme is also present in various fungi including Candida sp, Aspergillus sp, Cryptococcus sp,
Schizosaccharomyces sp, and several other pathogenic and non-pathogenic fungi. The next step in MVP involves the synthesis of
3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA). This step involves condensation of another acetyl-CoA molecule with
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Introduction

The term volatile organic compound (VOCs) encompasses all carbon-based, low molecular weight compounds that easily enter the
gaseous state due to their low boiling point and high vapor pressure. When found in liquid form, they have a propensity to
evaporate easily at ambient temperatures and pressures. When found in a solid phase, they can sublimate into the gas phase. Some
of the best-known VOCs include synthetics that result from industrial processes such as gasoline combustion, laboratory solvents
(e.g., chloroform, toluene), or compounds released from household products such as epoxies and paints. Examples of specific
VOCs commonly found in modern buildings include benzene, ethylene glycol, formaldehyde, methylene chloride, tetra-
chloroethylene, and xylene. At elevated concentrations these synthetic VOCs are toxic.

VOCs in nature are found as mixtures of different compounds and are generated by all living things. The best-known biogenic
VOCs are produced by plants and are often perceived by their distinctive odors. Well known plant VOCs include the isoprenoids
limonene, pinene and menthol that smell, respectively, citrusy, resinous and minty. Most fungal VOCs also have characteristic
odors, and people usually recognize the smell of yeast fermentations or moldy basements even if they know nothing about the
organisms producing the odor or the fact that odors are caused by volatile molecules.

The compound term fungal VOCs describes a large group of the easily volatilized carbon compounds that have been associated
with members of the fungal kingdom. In nature, fungal VOCs are found as heterogeneous blends composed of varying amounts
and concentrations of alcohols, aldehydes, esters, ketones, modified amino acids, furans, terpenes, as well as sulfur compounds
and their derivatives. The single most famous fungal VOC, ethanol, is produced by yeasts during alcoholic fermentation. The single
most common volatile from filamentous fungi, 1-octen-3-ol, is produced by the breakdown of linoleic acid.

The fungal kingdom is distinguished by its distinctive osmotrophic form of nutrition whereby extracellular enzymes are
secreted to the environment, followed by the absorption of the externally “digested” nutritional products. Fungi are absorptive
heterotrophs, or put more simply, fungi have their stomachs on the outside. Consequently, many of the compounds detected from
analyses of fungal VOC are breakdown products of the nutrient source on which the fungus is growing, made by the action of
nonspecific extracellular fungal enzymes. This means that detection of a particular volatile compound in a profile sampled from
the headspaces of a fungal source does not necessarily imply that the compound is endogenously produced within the fungus.
Substrates are an extremely important determinant of the total volatile profile that is detected from a given species. Moreover,
many endogenously produced fungal VOCs are by-products of primary metabolism generated during amino acid or fatty acid
catabolism. For example, the respective transamination of valine, isoleucine, and leucine leads to the production of
2–methylpropanal, 2–methylbutanal, and 3–methylbutanal, all common members of fungal VOC profiles.

VOC profiles detected from fungi are extremely variable, changing not only with species, but with growth parameters, age of the
fungal colony, and the method used for analysis and identification. The enormous difference associated with these variables makes it
difficult to compare published research studies. Another important caveat about fungal VOCs is that most of these low molecular weight
compounds are not unique to fungi but also are produced by different life forms. An online searchable database that encompasses
microbial VOCs, including those from fungi is available from Lemfack and colleagues (see “Relevant Website section”).
Volatilome and Volatome

Recently, the jargon words volatilome or volatome have entered the scientific literature to describe the entire spectrum of volatiles
detected during a given analysis from a particular source, as in “fungal volatilome” or “fungal volatome”. These synonymous terms
usually are used without an accompanying stipulated definition.

What do these terms mean? Are authors correct in thinking that everyone understands their meaning in the same way?
Some biological etymology is pertinent here. The suffix “-ome” is used in two different but overlapping ways by different

communities of biologists. Parsing these different usages reveals something of the complexity of studying volatile profiles. Since
early in the 20th century, the word biome has been used by ecologists to encompass an entire complex community characterized by
distinctive animal, microbial and plant species that are maintained under the climatic conditions of a given region and specific
climate (e.g., aquatic, forest, grassland, desert, tundra, etc.). The second use of “-ome” finds its roots in genetics. In the early
twentieth century, genomes were defined as the complete set of genetic information in an organism. In the late 20th century, the
explosion of nucleic acid sequencing methods and other analytical techniques led to a proliferation of “-omics” word such as
genomics, transcriptomics, and so on. Many readers, especially molecular biologists, assume that all jargon words containing the
suffix “-ome” are an extension of the “-omes” used in molecular geneticists, i.e., genome (the entire set of DNA in an organism),
transcriptome (usually used to refer to the RNA molecules expressed at a certain time under certain environmental conditions); the
metabolome (the products of a biological reaction, including intermediates), and exometabalome (the extracellular metabolites).
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Introduction

Fungi are one of the most diverse and ubiquitous living groups, thus, its diversity, taxonomy, classification and applications are
popular topics among interested groups. Nevertheless, ‘what are the real fungi’ is one of the debatable questions among mycological
community. Currently, Tedersoo et al. (2018) and Wijayawardene et al. (2020a) accepted 19 phyla viz., Aphelidiomycota, Ascomycota,
Basidiobolomycota, Basidiomycota, Blastocladiomycota, Calcarisporiellomycota, Caulochytriomycota, Chytridiomycota, Entomophthoromycota,
Entorrhizomycota, Glomeromycota, Kickxellomycota, Monoblepharomycota, Mortierellomycota, Mucoromycota, Neocallimastigomycota, Olpi-
diomycota, Rozellomycota and Zoopagomycota in kingdom Fungi while excluding Oomycota, Dictyosteliomycetes and Myxomycetes.

In this chapter, we discuss the development of classification of Phylum Ascomycota, its current status and future perspectives.
Introduction to Ascomycota

Phylum Ascomycota is one of the largest phyla in Kingdom Fungi, which comprises ca. 9000 genera (Wijayawardene et al., 2020a,b).
Phylum Ascomycota has been grouped in Sub Kingdom Dikarya with Phylum Basidiomycota (Hibbett et al. 2007; Tedersoo et al.,
2018). Kendrick (2000) listed four main characteristics of dikaryomycotan fungi; 1. The cell wall which comprises chitin; 2. Cell
wall with cross walls, i.e., septa, except in yeasts; 3. Assimilative hyphae to fuse with one another (i.e., anastomosis) to exchange
nuclei; and 4. Show unique nuclear phenomenon called dikaryon. The main distinguishable feature between Ascomycota and
Basidiomycota is the fructification of sexual morphs.

Ascus (a sac like or cylindrical structure) which usually contains eight haploid spores (ascospores) at maturity, is the char-
acteristic feature of sexual Ascomycota. However, Kirk et al. (2008) regarded that ‘the presence of lamellate hyphal walls with a thin
electron-dense outer layer and a relatively thick electron-transparent inner layer also appears diagnostic’. This feature is regarded as
a feature to recognize asexual ascomycetous taxa even in the absence of asci. Mainly, there are two morphological groups of
asexual fungi based on fructification or conidiomata i.e. coelomycetes (taxa which produce conidia within a cavity lined by either
fungal tissue, host tissue, or a combination of both fide Sutton, 1980) and hyphomycetes (which produce conidia from aggregated
or separated modified hyphae or conidiogenous cells) borne on the exterior face of substrates and not enclosed by additional
fungal or host tissue fide (Sutton, 1980).

Kendrick (1989, 2000) used the term ‘holomorph’ to express whole genome of a taxon. Holomorph can be referred to; 1. only
asexual morph (i.e., no sexual morph is reported during the life cycle); 2. only sexual morph (i.e. no asexual morph is reported
during the life cycle); and 3. both sexual morph and asexual morph are reported during the life cycle (in some cases, more than
one asexual morphs are reported i.e., synasexual morphs; e.g., Teratosphaeria with Colletogloeopsis and Kirramyces coelomycetous
morphs and Batcheloromyces-like hyphomycetous morph). Third circumstance is called as “pleomorphism” and Saccardo (1904)
introduced Dual Nomenclature System of Fungi to name these genera.

In traditional mycology, links between sexual and asexual morphs of pleomorphic genera were established mainly based on co-
occurrence of different morphs on same host material and culture-based methods (i.e. asexual morph is produced in the cultures
of sexual morph). In modern taxonomy, links are being established mainly on culture-based methods and DNA sequence
analyses. Recent taxonomic studies encourage to provide morphological characteristics (i.e. based on holotype), cultures and DNA
sequences (i.e., from ex-type cultures) and asexual or sexual morph from cultures or from DNA sequence analyses, when intro-
duces a new taxon.
Life Modes and Habitats

The members of Ascomycota are diverse and occur in different ecosystems. Some of these habitats show extreme environmental
conditions such as high water salinity (e.g., saline lakes), low light (e.g., fungi in caves), and low nutrition and organic materials
(e.g., rock inhabiting fungi). A large number of species have been reported from dry and cold deserts in the Antarctic or highest
mountain peaks worldwide (Selbmann et al., 2005, 2015; Egidi et al., 2014), Arctic glaciers (Perini et al., 2019), geothermal and
humid soils in volcanic areas (Connell and Staudigel, 2013), acid mine drainages with sulfuric acid (Baker et al., 2004; Selbmann
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Introduction

Fungi are a diverse group of eukaryotic organisms that have been recovered from numerous habitats (Hyde et al., 2020). The Ascomycota is
the largest phylum of fungi encompassing over 6500 genera with over 80,000 species (Wijayawardene et al., 2017). The phylum includes
yeasts, filamentous fungi and lichenized fungi which occupies a variety of niches. The ascomycetes are of great economic importance as
saprobes, pathogens, producers of antibiotics, as control of insect pests and several other industrial applications (Hyde et al., 2019). Fungi
can reproduce either sexually or asexually. Sexual reproduction is considered the most prevalent form of reproduction in eukaryotes (Seidl
et al., 2009). Sexual reproduction is vital for the long-term population persistence of most eukaryotes, but it requires more time and energy
(Heitman et al., 2007). In some cases, sexual reproduction can be less efficient compared to asexual reproduction as it depends on the
production of several chemicals for the recognition and attraction of a compatible mate (Martin et al., 2013).

During asexual reproducing, fungi produce genetically identical spores and it is characterized by mitotic divisions which result
in the formation of endospores or conidia. During sexual reproduction in fungi, haploid cells fuse during plasmogamy, which is
followed by the fusion of two haploid nuclei during karyogamy (Wallen and Perlin, 2018). The diploid cells then undergo meiosis
to produce haploid cells. It is hypothesized that sexual reproduction occurs as a means of DNA repair due to exposure to adverse
environmental conditions (Neiman, 2011). Sexual reproduction also occurs as a means to generate new combinations of alleles
thus increasing the fitness of the offspring (Rodenburg et al., 2018).

In Ascomycota, the sexually produced ascospores are contained in the asci, which are enclosed in an aggregation of hyphae called
the ascomata or ascocarps (Meyer and Luttrell, 1986). The ascoma can therefore be described as a multicellular structure that
protects the ascospores. The ascospores of unicellular fungi such as yeasts are not enclosed in ascomata. The development of
ascomata is a complex process which requires the expression of specific genes and it can be affected by environmental factors.

In this chapter, we provide a description of the morphology of ascomata and an overview of the development of ascomata. We
also discuss factors that can control the development of ascomata and provide examples of model organisms which have been vital
in the study of ascomata formation.
Morphology of Ascomata

The ascomata are usually composed of the peridium, the asci and the hamathecium (Eriksson, 2001). The asci can form a distinct, inner
layer in the ascoma called the hymenium (Eriksson, 2001). The different ascomata morphologies were previously used to classify
filamentous fungi, but this classification was not fully supported as monophyletic by molecular-based analyzes (Schoch et al., 2009;
Ebersberger et al., 2012). There are four main types of ascomata, apothecia, cleistothecia, perithecia and pseudothecia. Apothecia are open
to cup-shaped ascomata that have a hymenium which is directly exposed to the environment. The hymenium in apothecia can sometimes
be covered by a thin sterile tissue during the early stage whereby the asci and hamathecium are arranged in a palisade-like hymenium
(Eriksson, 2001). Apothecia can be found in species including Ascobolus immersus and Pyronema confluens (Fischer et al., 2004).

Cleistothecia are closed, spherical ascomata that open in a variety of ways to disperse the mature spores as a result of the peridium
dissolving or cracking gradually or explosively (Eriksson, 2001). Several Aspergillus and Penicillium species produce cleistothecia such
as A. fumigatus, A. nidulans and P. chrysogenum (Sohn and Yoon, 2002; Yu et al., 2018). Perithecia are ascomata with flask-shaped
structures with a preformed opening, the ostiole for spore release. Sterile hyphae can sometimes surround the perithecial cavity that
encloses the hymenium. Perithecia can be found in species including Neurospora crassa and Sordaria clematidis (Bistis et al., 2003;
Phukhamsakda et al., 2020). Pseudothecia are spherical ascomata that contain loculi. Spores are released through openings which are
formed from the lysis of the peridium. Pseudothecia can usually be found in several families in Dothideomycetes including Anasto-
mitrabeculiaceae, Delitschiaceae and Didymellaceae (Barr, 2000; de Gruyter et al., 2009; Hongsanan et al., 2020; Bhunjun et al., 2021).
Ascomata Development in Model Systems

Ascomata development has been studied in several ascomycetous species whose sexual life cycle can be induced in the laboratory.
Ascomata are highly complex structures that contain different tissues which protect the internal structures with the envelope and
Encyclopedia of Mycology, Volume 1 doi:10.1016/B978-0-12-819990-9.00063-9 255















262 Structure and Development of Ascomata
Seidl, V., Seibel, C., Kubicek, C.P., Schmoll, M., 2009. Sexual development in the industrial workhorse Trichoderma reesei. Proceedings of the National Academy of Sciences
of the United States of America 106, 13909�13914.

Silar, P., 2013. Podospora anserina: From laboratory to biotechnology. In: Horwitz, B.A., Mukherjee, P.K., Mukherjee, M., Kubicek, C.P. (Eds.), Genomics of Soil- and Plant-
Associated Fungi. Berlin, Heidelberg: Springer,.

Smith, H.E., Mitchell, A.P., 1989. A transcriptional cascade governs entry into meiosis in Saccharomyces cerevisiae. Molecular and Cellular Biology 9, 2142�2152.
Sohn, K.T., Yoon, K.S., 2002. Ultrastructural study on the cleistothecium development in Aspergillus nidulans. Mycobiology 30, 117�127.
Teichert, I., Pöggeler, S., Nowrousian, M., 2020. Sordaria macrospora: 25 years as a model organism for studying the molecular mechanisms of fruiting body development.

Applied Microbiology and Biotechnology 104, 3691�3704.
Traeger, S., Altegoer, F., Freitag, M., et al., 2013. The genome and development-dependent transcriptomes of Pyronema confluens: A window into fungal evolution. PLOS

Genetics 9, e1003820.
van Dijck, P., Brown, N.A., Goldman, G.H., et al., 2017. Nutrient sensing at the plasma membrane of fungal cells. The Fungal Kingdom. 417�439.
Wallen, R.M., Perlin, M.H., 2018. An overview of the function and maintenance of sexual reproduction in dikaryotic fungi. Frontiers in Microbiology 9, 1�24.
Wijayawardene, N.N., Hyde, K.D., Rajeshkumar, K.C., et al., 2017. Notes for genera: Ascomycota. Fungal Diversity 86, 1�594.
Wilken, P.M., Steenkamp, E.T., Hall, T.A., et al., 2012. Both mating types in the heterothallic fungus Ophiostoma quercus contain MAT1-1 and MAT1-2 genes. Fungal Biology

116, 427�437.
Wilson, A.M., Wilken, P.M., van der Nest, M.A., Wingfield, M.J., Wingfield, B.D., 2019. It�s all in the genes: The regulatory pathways of sexual reproduction in filamentous

ascomycetes. Genes 10, 330.
Winkler, A., Arkind, C., Mattison, C.P., et al., 2002. Heat stress activates the yeast high- osmolarity glycerol mitogen-activated protein kinase pathway, and protein tyrosine

phosphatases are essential under heat stress. Eukaryotic Cell 1, 163�173.
Xie, M., Bai, N., Yang, J., et al., 2020. Protein Kinase Ime2 is required for mycelial growth, conidiation, osmoregulation, and pathogenicity in nematode-trapping fungus

Arthrobotrys oligospora. Frontiers in Microbiology 10, 3065.
Yoshida, M., Kawaguchi, H., Sakata, Y., et al., 1990. Initiation of meiosis and sporulation in Saccharomyces cerevisiae requires a novel protein kinase homologue. Molecular

and General Genetics 221, 176�186.
Yu, Y., Blachowicz, A., Will, C., et al., 2018. Mating-type factor-specific regulation of the fumagillin/pseurotin secondary metabolite supercluster in Aspergillus fumigatus.

Molecular Microbiology 110, 1045�1065.
Zhao, Y., Lim, J., Xu, J., et al., 2020. Nitric oxide as a developmental and metabolic signal in filamentous fungi. Molecular Microbiology 113, 872�882.



Laboulbeniomycetes, Enigmatic Fungi With a Turbulent Taxonomic History☆

Danny Haelewaters, Purdue University, West Lafayette, IN, United States; Ghent University, Ghent, Belgium; Universidad Autónoma
de Chiriquí, David, Panama; and University of South Bohemia, České Bude ̌jovice, Czech Republic
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From Roland Thaxter to the Present: Synergy Among Mycologists, Entomologists, Parasitologists

Laboulbeniales were discovered in the middle of the 19th century, rather late in mycological history (Anonymous, 1849; Rouget,
1850; Robin, 1852, 1853; Mayr, 1853). After their discovery and eventually their recognition as fungi, occasional reports increased
species numbers and broadened host ranges and geographical distributions; however, it was not until the fundamental work of
Thaxter (1896, 1908, 1924, 1926, 1931), who made numerous collections but also acquired infected insects from correspondents,
that the Laboulbeniales became better known among mycologists and entomologists. Thaxter set the stage for progress by
describing a remarkable number of taxa: 103 genera and 1260 species.

Fewer than 25 species of Pyxidiophora in the Pyxidiophorales are known. Many have been collected rarely, often described from single
collections and never encountered again. They probably are more common and diverse than known collections indicate, but their rapid
development in hidden habitats and difficulty of cultivation make species of Pyxidiophora easily overlooked and, thus, underreported
(Blackwell and Malloch, 1989a,b; Malloch and Blackwell, 1993; Jacobs et al., 2005; Gams and Arnold, 2007). The group is crucial,
however, because of its taxonomic position within the Laboulbeniomycetes to provide a morphological link between the thallus-
forming Herpomycetales and Laboulbeniales (Haelewaters et al., 2021c) and perithecial ascomycetes (Fig. 1).

Cooperation among entomologists, botanists, and parasitologists easily goes back as far as the mid-19th century as evidenced by the
correspondence of Charles Darwin and Henry Denny, an entomologist and authority on parasites (Darwin, 1865). Likewise, Thaxter’s
major contributions were possible not only from his own field collections and museum visits, but also from specimens sent to him by a
wide network of entomologists. These contacts provided access to many hosts from places never visited by Thaxter, such as the African
continent and southeastern Asia, from which he described many taxa. After Thaxter’s death, most of the Laboulbeniomycetes literature
concerned regional studies and parasite–host lists in different geographical regions, including Belgium and the Netherlands (De Kesel
and Rammeloo, 1992; De Kesel et al., 2020; Haelewaters and De Kesel, 2020); Finland (Huldén, 1983); Germany (Scheloske, 1969);
Poland (Majewski, 1994, 2003), the Iberian Peninsula (Santamaría, 1998, 2003), and Japan (Sugiyama, 1973). Many species reported
by these authors continue to result from hosts provided by entomologists or from museum insect collections (e.g., Santamaría et al.,
2016; Haelewaters and Rossi, 2017; Kaishian and Weir, 2018; De Kesel and Haelewaters, 2019; Kaishian et al., 2020; Rossi and
Leonardi, 2020). Currently, projects focusing on Laboulbeniales associated with the bat fly parasites of bats, revive the tradition of
collaboration among mycologists, entomologists, and even mammalogists (Walker et al., 2018; Haelewaters et al., 2021a).

The major contribution of Benjamin (1971) made the massive work of Thaxter more accessible; he also reviewed his own work
and the research of the post-Thaxer half century. Fifty years later, Haelewaters et al. (2021c) reviewed the developments in
Laboulbeniomycetes of yet another half century.
The Winding Road to Molecular Phylogenetics: Progress in the Study of Laboulbeniomycetes

Advancement in the study of Laboulbeniales was initially slow because of their minute size, limited morphological traits to
distinguish them among themselves, inability of most taxa to grow in axenic culture, and absence of comparative traits to place
them among other fungi. Microscopes provided early evidence of the existence of Laboulbeniales, previously unknown minute
ectoparasites of arthropods, and led to their recognition as fungi. After their fungal character was confirmed, better communication
and transportation means enabled the discovery of additional species and broadened geographical and host ranges. Transmission
electron microscopy (TEM), although less successfully applied to Laboulbeniomycetes compared to other groups of fungi, brought
critical proof of free cell formation involving an ascospore-delimiting membrane in ascosporogenesis, the hallmark of the
Ascomycota (Hill, 1977). Even limited success at cultivation has helped to cast light on nutritional requirements of certain
Laboulbeniomycetes (Whisler, 1968; Blackwell and Malloch, 1989b; Jacobs et al., 2005).
☆We dedicate this chapter to Dr. Donald H. Pfister, Curator of the Farlow Reference Library and Herbarium of Cryptogamic Botany and Asa Gray Professor of
Systematic Botany at Harvard University. For almost half a century, he has been committed to preserving critical research materials and promoting their use
while conducting his own extensive research and mentoring students of all ages.
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Introduction

The class Leotiomycetes represents a large, diverse group of Pezizomycotina, Ascomycota (LoBuglio and Pfister, 2010; Johnston
et al., 2019) encompassing 6440 described species across 53 families and 630 genera (Table 1). Comprising, among other
morphologies, the inoperculate discomycetes, Leotiomycetes fungi represent an enormous amount of ecological diversity –

including mutualists and pathogens of plants, saprotrophs, animal pathogens, et cetera. Owing at least partially to their small size
or the absence of a fruiting body, Leotiomycetes fungi are often overlooked in the field, in the mycology classroom, and in
community ecology studies. The major challenges that currently exist in studying Leotiomycetes include a lack of understanding
about (1) the subclass-level relationships within this clade, (2) the diversity of taxa that are exclusively detected by environmental
DNA studies, and (3) the functional roles of such undescribed taxa in the environment.
Morphological and Ecological Diversity of Leotiomycetes

Morphology

Many Leotiomycetes that form sexual fruiting bodies have various forms of small apothecia with exposed hymenia as well as
inoperculate asci – hence the historical grouping to which many Leotiomycetes belonged, the inoperculate discomycetes (Eriksson,
2005). The asci of Leotiomycetes taxa do not possess a lid-like structure (operculum); ascospores are extruded through an amyloid
apical ring or by the asci splitting open apically (in which case they are inamyloid). Variations of the typical apothecium
morphology exist within the class including those that remain closed until maturity as seen in several orders including Lahmiales
and Rhytismatales. Other types of sexual fruiting bodies include the permanently closed cleistothecia, produced by Cleistothele-
bolus, Leptokalpion, Thelebolus (Thelebolales); Bicornispora (Rutstroemiaceae), Connersia, Pleuroascus (Helotiaceae), and members of
Amorphothecaceae, Erysiphaceae, and Myxotrichaceae (Helotiales).

Several lineages are amenable to growth in axenic culture. Asexual reproduction is commonly observed in Leotiomycetes, with
some taxa that are exclusively known from their asexual forms (e.g., Castañeda-Ruiz and Kendrick, 1990; Palmer et al., 2014;
Ashrafi et al., 2018). Johnston et al. (2014) made nomenclatural recommendations to reconcile genera where both sexual and
asexual morphs were independently named.
Ecology

Known ecologies from this clade are highly diverse, but Leotiomycetes are most commonly known in association with plants
either as saprotrophs on already dead material (Baral and Haelewaters, 2015; Hernández-Restrepo et al., 2017; Haelewaters et al.,
2018b), endophytes of roots, leaves, bark (Griffith and Boddy 1990; Rodriguez et al., 2009; Grünig et al., 2011), mycorrhizae
(Cairney, 2006), or pathogens of roots, shoots, and leaves (Glawe, 2008; Saharan and Mehta, 2008). The plant pathogens in this
class are of considerable economic importance – including the powdery mildews of cucurbits and other food crops and the white
mold, Sclerotinia, that can infect at least 408 species of plants at any stage of development and any tissue type. Bryophilous
(or bryosymbiotic, moss-associated) taxa exist as well (Döbbeler, 1997; Stenroos et al., 2010). Examples are members of Bryos-
cyphus and Mniaecia, which are biotrophic parasites. Many Leotiomycetes are ecologically classified as aquatic hyphomycetes,
which decay various plant material in freshwater ecosystems (Baschien et al., 2013).

Taxa not associated with plants are also well represented throughout the class. These include the recently described Polyphilus, a
genus associated with nematodes, truffle fungi, and plant roots (Ashrafi et al., 2018). Other species associated with animals are
species of Pseudogymnoascus such as P. destructans (the causal agent of white-nose syndrome in bats) (Gargas et al., 2009) and
P. pannorum (a pathogen of humans) (Gianni et al., 2003). There are many so-called lichenicolous taxa (e.g., Epicladonia), which
fruit epiphytically on lichens, and the newly described lichen-forming leotiomycete, Lichinodium (Prieto et al., 2019). In addition,
one species of Trochila is a potential mycoparasite on rusts (Gómez-Zapata et al., 2021). Like many fungi in Ascomycota,
Leotiomycetes are important producers of secondary metabolites (Vaca and Chavez, 2019), including Glarea, which makes
pneumocandin B – the precursor to one of the most potent antifungal drugs, Caspofungin B (Chen et al., 2013). Yet many isolated
Leotiomycetes, such as Glarea, still have unknown ecological roles.
Encyclopedia of Mycology, Volume 1 doi:10.1016/B978-0-12-819990-9.00052-4284





















294 Phylogenetic Advances in Leotiomycetes, an Understudied Clade of Taxonomically and Ecologically Diverse Fungi
Pfister, D.H., LoBuglio, K.F., 2013. Systemic infection of Medeola virginiana (Liliaceae) by the fungus Medeolaria farlowii (Ascomycota: Leotiomycetes). Mycosystema 32 (3),
342�346.

Piepenbring, M., Lotz-Winter, H., Hofmann, T.A., 2018. Incentives and challenges for mycologists in the tropics. Biosystematics and Ecology Series 34, 481�515.
Prasher, I.B., Sharma, R., Singh, G., 2016. Gelatinoamylaria gen. nov. (Dermateaceae, Helotiales) from Bhutan. Kavaka 46, 35�36.
Prieto, M., Schultz, M., Olariaga, I., Wedin, M., 2019. Lichinodium is a new lichenized lineage in the Leotiomycetes. Fungal Diversity 94, 23�39.
Quijada, L., Johnston, P.R., Cooper, J.A., Pfister, D.H., 2018. Overview of Phacidiales, including Aotearoamyces gen. nov. on Nothofagus. IMA Fungus 9 (2), 371�382.
Quijada, L., Tanney, J.B., Popov, E., Johnston, P.R., Pfister, D.H., 2020. Cones, needles and wood: Micraspis (Micraspidaceae, Micraspidales fam. et ord. nov.) speciation

segregates by host plant tissues. Fungal Systematics and Evolution 5 (1), 99�112.
Raitviir, A., Spooner, B.M., 1994. Cyttariales, Lahmiales, Leotiales, Medeolariales, Ostropales, Patellariales, Rhytismatales, and Triblidiales. In: Hawksworth, D.L. (Ed.),

Ascomycete Systematics: Problems and Perspectives in the Nineties. New York: Plenum Press, pp. 403�410.
Raspé, O., de Sloover, J.R., 1998. Morphology, ecology and chorology of Mniaecia jungermanniae (Ascomycota) in Belgium and the significance of its association to leafy

liverworts (Jungermanniales). Belgian Journal of Botany 31 (2), 251�259.
Rehm, H., 1896. Ascomyceten: Hysteriaceen und Discomyceten. Dr. L. Rabenhorst�s Kryptogamen-Flora von Deutschland. Oesterreich und der Schweiz. 2.
Robinson, C.H., 2001. Cold adaptation in arctic and antarctic fungi. New Phytologist 151 (2), 341�353.
Rodriguez, R.J., White Jr, J.F., Arnold, A.E., Redman, A.R.A., 2009. Fungal endophytes: diversity and functional roles. New Phytologist 182 (2), 314�330.
Rosa, L.H., Zani, C.L., Cantrell, C.L., et al., 2019. Fungi in Antarctica: Diversity, ecology, effects of climate change, and bioprospection for bioactive compounds. In: Rosa, L.H.

(Ed.), Fungi of Antarctica. Cham: Springer International Publishing, pp. 1�17.
Saharan, G.S., Mehta, N., 2008. Sclerotinia Diseases of Crop Plants: Biology, Ecology and Disease Management. Heidelberg: Springer-Verlag GmbH.
Schoch, C.L., Sung, G.H., López-Giráldez, F., et al., 2009. The Ascomycota tree of life: A phylum-wide phylogeny clarifies the origin and evolution of fundamental reproductive

and ecological traits. Systematic Biology 58 (2), 224�239.
Seifert, K.A., Hughes, S.J., Boulay, H., Louis-Seize, G., 2007. Taxonomy, nomenclature and phylogeny of three cladosporium-like hyphomycetes, Sorocybe resinae, Seifertia

azaleae and the Hormoconis anamorph of Amorphotheca resinae. Studies in Mycology 58, 235�245.
Somrithipol, S., Jones, E.B.G., Bahkali, A.H., et al., 2017. Lauriomyces, a new lineage in the Leotiomycetes with three new species. Cryptogamie, Mycologie 38 (2), 259�273.
Spatafora, J.W., Sung, G.H., Johnson, D., et al., 2006. A five-gene phylogeny of Pezizomycotina. Mycologia 98 (6), 1018�1028.
Species Fungorum. 2020. Search species fungorum. Available at: http://www.speciesfungorum.org/Names/Names.asp. (Accessed 20.04.2020).
Stenroos, S., Laukka, T., Huhtinen, S., et al., 2010. Multiple origins of symbioses between ascomycetes and bryophytes suggested by a five�gene phylogeny. Cladistics 26 (3),

281�300.
Tanney, J.B., Seifert, K.A., 2020. Mollisiaceae: An overlooked lineage of diverse endophytes. Studies in Mycology 95, 293�380.
Tedersoo, L., Bahram, M., Põlme, S., et al., 2014. Global diversity and geography of soil fungi. Science 346 (6213), 1256688.
Thaxter, R., 1922. Note on two remarkable Ascomyetes. Proceedings of the American Academy of Arts and Sciences 57, 425�436.
Tsui, C.K., Baschien, C., Goh, T.K., 2016. Biology and ecology of freshwater fungi. In: Li, D.W. (Ed.), Biology of Microfungi. Cham: Springer International Publishing,

pp. 285�313.
Vaca, I., Chávez, R., 2019. Bioactive compounds produced by Antarctic filamentous fungi. In: Fungi of Antarctica. Cham: Springer, pp. 265�283.
Wang, Z., Binder, M., Schoch, C.L., et al., 2006a. Evolution of helotialean fungi (Leotiomycetes, Pezizomycotina): A nuclear rDNA phylogeny. Molecular Phylogenetics and

Evolution 41 (2), 295�312.
Wang, Z., Johnston, P.R., Takamatsu, S., Spatafora, J.W., Hibbett, D.S., 2006b. Toward a phylogenetic classification of the Leotiomycetes based on rDNA data. Mycologia 98

(6), 1065�1075.
Wijayawardene, N.N., Hyde, K.D., Al-Ani, L.K.T., et al., 2020. Outline of Fungi and fungus-like taxa. Mycosphere 11 (1), 1060�1456.
Zhang, N., Wang, Z., 2015. Pezizomycotina: Sordariomycetes and Leotiomycetes. In: McLaughlin, D.J., Spatafora, J.W. (Eds.), The Mycota: Systematics and Evolution, Part B,

second ed. Heidelberg: Springer, pp. 57�88.
Further Reading

Baral, H.-O., 2017. Pseudolanzia piceetorum gen. et sp. nov. (Rutsroemiaceae, Helotiales) from fallen Picea abies needles in Mecklenburg-Vorpommern (Germany). Mycologia
Montenegrina, 20, 151�166.



Pezizomycetes
Donald H Pfister, Harvard University, Cambridge, MA, United States
Rosanne Healy, University of Florida, Gainesville, FL, United States

r 2021 Elsevier Inc. All rights reserved.

Introduction

The Pezizomycetes comprise a single order, Pezizales, with Z22 families currently recognized. Along with the Orbiliomycetes, the
class represents one of the basal lineages among the filamentous Ascomycota (Shen et al., 2020). The class is thought to have
originated between 400 and 540 mya (Beimforde et al., 2014; Martin et al., 2010; Murat et al., 2018). The full diversity of the order
has yet to be completely documented since previously undetected lineages continue to be found through application of molecular
methods. There are approximately 200 genera and perhaps 2000 species. Ascomata are epigeous (above ground), or hypogeous
(below ground). The truffles of commerce belong to this latter group. The epigeous ascomata are apothecial, cleistothecial or are
highly reduced. The reduced forms are composed of only a few asci in clusters on vegetative hyphae with little or no sterile supporting
tissue (excipulum). In the ep,lppigeous lineages, ascospores are generally forcibly released by an opening at the ascus apex resulting
in the formation of an operculum, or lid. Hypogeous members occur in several of the families. There are at least 30 independent
origins of truffle-like members (Alvarado et al., 2011, 2016; Cabero et al., 2016; Grupe et al., 2019; Hansen et al., 2013; Kraisitu-
domsook et al., 2019; Kumar et al., 2017; Læssøe and Hansen, 2007; Smith, 2014; Smith and Healy, 2009; Trappe et al., 2010).
Distribution and Ecology

Pezizomycetes can be found around the world but representatives are unevenly distributed. Members of certain families, especially
those found in or on soil, show a particularly high diversity in temperate regions (Tedersoo et al., 2014). These include the
Pezizaceae, Morchellaceae, Helvellaceae, Rhizinaceae and many of the Pyronemataceae. Others are more abundant in tropical or
subtropical regions, as exemplified by the Sarcosomataceae, Wynneaceae and Sarcoscyphaceae. Members of bryophilous Pyr-
onemataceae are particularly common and diverse in the Arctic and Antarctic, but these fungi also occur in other regions (Olech
and Mleczko, 2000; Schumacher, 1993). Although fieldwork and discovery in the Pezizomycetes is robust, recent work has shown
that even in localities considered well studied, such as the Northern Hemisphere, new species have come to light. In the Southern
Hemisphere, much remains to be documented.

Nutritionally Pezizomycetes are saprobic, mutualistic as mycorrhizae (Tedersoo et al., 2006) or as endophytes (Arnold, 2007),
or parasitic on bryophytes or vascular plants (Hansen and Pfister, 2006). An additional nutritional niche was recently discovered
where some species were documented as bacterial farmers (Pion et al., 2013), or otherwise mutualistic with certain bacteria
(Benucci and Bonito, 2016; Giordano et al., 2013; Splivallo et al., 2015).

The plant parasitic species are scattered in various lineages. Rhizina undulata is reported as a root parasite of conifers (Ginns,
1968). Pithya species may cause branch dieback in conifers. Caloscypha fulgens is reported as a seed pathogen of conifers (Paden,
1972; Salt, 1974; Sutherland and Woods, 1978; Paden et al., 1978). Urnula craterium has been implicated as the causal agent of
strumella canker in oak (Davidson, 1950). Phymatotrichopsis ominivora is a serious root pathogen of cotton and other dicotyle-
donous plants and is known only in its asexual state (Uppalapati et al., 2010). Several Pyronemataceae are parasitic on bryophytes,
including species of Filicupula, Lamprospora, Moravecia, Neottiella, Octospora, Octosporella, and Octosporopsis (Döbbeler, 1979;
Egertová and Sochor, 2017; Hansen and Pfister, 2006; Sochorová et al., 2019; Stenroos et al., 2010). Apothecia occur directly on
their moss or liverwort hosts or on surrounding soil. These often parasitize the rhizoids (Döbbeler, 1979; Stenroos et al., 2010).
There is evidence that species of Wynnea are parasitic on mushroom species in the genus Armillaria (Xu et al., 2019).

With the advent of molecular approaches to studying fungal ecology, such as the sequencing of ectomycorrhizal root tips, a
number of examples of mycorrhizal Pezizomycetes have been documented. Mycorrhizal Pezizomycetes most commonly form
ectomycorrhizae with a broad range of angiosperm and coniferous tree species in boreal, temperate, and Mediterranean forests in
the Northern Hemisphere and temperate forests of the Southern Hemisphere (Tedersoo and Smith, 2013; Tedersoo et al., 2010),
and with Cistaceae and some Rosaceae in arid shrub lands and deserts (Giovannetti and Fontana, 1982; McDonald et al., 2010),
but a few are also tropical (Tedersoo and Nara, 2010). Tedersoo and Smith (2013) hypothesized 20 independent origins of the
ectomycorrhizal symbiosis in the Pezizomycetes although evidence is still equivocal for some lineages, such as Sowerbyella.
Sphaerosporella species are ectomycorrhizal, but unusual in that they can grow saprobically as well (Danielson, 1984; Sánchez et al.,
2014). Some species of Tuberaceae and Pyronemataceae form orchid mycorrhizae with certain understory terrestrial orchids
(Bidartondo and Read, 2008; Těšitelová et al., 2012). Morphologically Pezizomycete ectomycorrhizae have a thin mantle, a well-
developed Hartig net and they generally form short-distance or contact-type mycorrhizas without rhizomorphs (Agerer, 2001;
Tedersoo et al., 2006; Wei et al., 2010). Most of the mycorrhizal Pezizomycetes fruit in or on soil, particularly in disturbed areas or
in soil with a neutral or elevated pH (Tedersoo et al., 2014) and low content of organic matter. Petersen (1985) provides a review
of the edaphic factors involved in growth and reproduction.
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Brief Introduction of Basidiomycota

Basidiomycota R.T. Moore 1980 is a major lineage of fungi embracing more than 40,000 species which takes nearly 1/3 fungal
species (Hawksworth and Lücking, 2017; He et al., 2019). It comprises most of the macrofungi including edible and medicinal
mushrooms which is a significant part of human diet. It was estimated that the global mushroom market is at US$36,825.4 million
by the end of 2016 and is expected to exhibit a compound annual growth rate (CAGR) of 8.2% from 2016 to 2024, rising to a
valuation of US$69,267.9 million by 2024 (Transparency Market Research, 2016). The top three mushrooms in the market are
Agaricus bisporus (J.E. Lange) Imbach (button mushroom), Lentinus edodes (Berk.) Singer (Shiitake Mushroom) and Pleurotus ostreatus
(Jacq.) P. Kumm. (Oyster Mushroom). Medicinal mushrooms have an established history of use in traditional ancient therapies.
They contain biologically active polysaccharides in the basidiomes which were associated in many medicinal studies of antitumor,
immunomodulating, antioxidant, radical scavenging, cardiovascular, antihypercholesterolemia, antiviral, antibacterial, antiparasitic,
antifungal, detoxication, hepatoprotective, and antidiabetic effects (Gao et al., 2002, 2003, 2004; Wasser and Didukh, 2003; Rowan
et al., 2003; Zhang et al., 2007; Dai et al., 2009). Some famous species are Ling Zhi (Ganoderma lingzhi Sheng H. Wu, Y. Cao & Y.C.
Dai), Sanghuang (Sanghuangporus Sheng H. Wu, L.W. Zhou & Y.C. Dai), Inonotus obliquus (Pers.: Fr.) Pilát, and Fomitopsis officinalis
(Vill.: Fr.) Bond. et Singer (Poder, 2005; Cao et al., 2012; Zhou et al., 2016). Meanwhile, many poisonous mushrooms are also well-
known due to its lethality, for example, death cap (Amanita phalloides (Vaill. ex Fr.) Link), which killed thousands of people
throughout the history, was on the world’s ten most feared fungi list (Hyde et al., 2018). Besides the macrofungi, plant pathogenetic
smut, rust and industrial important yeast are also members of Basidiomycota. Rust fungi as a group are among the most eco-
nomically important pathogens of many native and cultivated plants, for example, wheat steam rust (Puccinia graminis Per.) and
coffee leaf rust (Hemileia vastatrix Berk. & Broome). Diseases caused by rust fungi are the major concerns and sometimes limiting
factors for successful cultivation of such internationally important crops as wheat, corn, coffee and pine (Cummins and Hiratsuka,
2003).

In the ecosystem, species of Basidiomycota are possibly the main contributors to wood and litter degradation, including
degradation of the different components of wood, and they play a key process in carbon recycling (Pelaez et al., 1995; Pointing,
2001; Pointing et al., 2005; Oberwinkler, 2012). They form symbiotic relationships with plant species called ectomycorrhizal
which play a fundamental role in the nutrient cycle in terrestrial ecosystems, especially in forest systems (Domínguez-Núñez and
Albanesi, 2019). They also form symbiotic relationships with insect, for example, species of Termitomyces R. Heim, which grow as
symbionts in the termite nests. The basidiomes cultivated by termites were considered as delicate in many countries (Wood and
Thomas, 1989; Hsieh and Ju, 2018).
Advances on Phylogeny of Basidiomycota

With the evidences from molecular phylogeny, Basidiomycota was shown to be a monophyletic group sister to Ascomycota (James
et al., 2006; Hibbett et al., 2007; Zhao et al., 2017), and four major clades were revealed: Agaricomycotina (mushrooms, jelly fungi,
bracket fungi and others), Pucciniomycotina (rusts and others), Ustilaginomycotina (smuts and others) (Hibbett et al., 2007) as well
as Wallemiomycotina (Matheny et al., 2006; Padamsee et al., 2012; Zhao et al., 2017). Higher-level classification of Basidiomycota
was published around ten years ago, based mainly on a series phylogenetic studies, such as the Deep Hypha and AFTOL projects
(Lutzoni et al., 2004; Blackwell et al., 2006; James et al., 2006; Hibbett et al., 2007). All of the recently introduced higher-level taxa
(hereon refers to orders and above) were studied alongside related taxa. No recent study has combined all high-ranked taxa in a
single phylogeny to establish whether they are well-resolved. Furthermore, a large amount of knowledge on Basidiomycota has been
published in the past ten years. Numerous new species recognized, which has greatly enriched our knowledge on diversity of
Basidiomycota. At the same time, related new taxonomic categories were proposed. For example, in phylogenetic studies of basi-
diomycetous yeasts, three new classes Malasseziomycetes, Monilielliomycetes, and Spiculogloeomycetes were introduced as well as
three new orders, 16 new families, and 47 new genera (Nasr et al., 2014; Wang et al., 2014; Wang et al., 2015a,b; Liu et al., 2015).

In recent years, divergence times have been used as an additional criterion to rank taxa which have been accepted and successfully
applied in many fungal systematic studies (Drummond et al., 2012; Zhao et al., 2016; Hongsanan et al., 2017; Liu et al., 2017). The
following are criteria applied in these systematic studies to rank taxa above species level: (1) the taxa must be monophyletic and
statistically well-supported in multi-gene analyzes; (2) their respective stem ages should be roughly equivalent, and higher taxa stem
ages must be older than lower level taxa stem ages; and (3) the taxa should be identifiable phenotypically, whenever possible.

Based on the advances of systematic studies of Basidiomycota in the past ten years, we first revised the phylogenetic relationships
of Basidiomycota with multigene and genomic data by a series analyzes: multi-genes phylogenetic analyzes with six genes (LSU,
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Overview

Cantharellales (syn. Tulasnellales, Ceratobasidiales s. auct. plur.) comprises about 629 recognized species and has a cosmopolitan
distribution. Some species are economically important because of their edibility (Cantharellus, Craterellus, Hydnum; Watling, 1997)
or being plant pathogens that cause damage in crops (Veldre et al., 2013). Basidioma configuration is very diverse across
Cantharellales (Fig. 1). Resupinate, pileate-stipitate (cantharelloid, hydnoid, polyporoid), and clavarioid basidiomata are pre-
dominant, but cyphelloid species do exist. Several bulbil-forming asexual propagules belong also to Cantharellales. Nearly all
known trophic strategies of fungi are present in Cantharellales. Ectomycorrhizal fungi (Hydnaceae) and saprotrophs constitute a
significant part of the diversity of Cantharellales, but orchid-mycorrhizal, mycobionts with liverworts (Preußing et al., 2010),
lichenicolous (parasitic), lichenized and endophytic species do exist (Dearnaley et al., 2016). Seemingly, there is no synapo-
morphic trait unique of Cantharellales when it is broadly circumscribed as here, i.e., including Cejpomycetaceae and Tulasnellaceae.
Available knowledge suggests, however, that Cantharellales may be split in two better defined groups that share a few, possibly
synapomorphic, characters:

(1) Hydnaceae and Botryobasidiaceae, characterized by the presence of resupinate or more complex basidioma types, and above all,
the predominance of stichic basidia, often suburniform or urniform, with more than 4 sterigmata along with spores that are
not repetitive. Stichic basidia, i.e., with meiotic spindles parallel to the long basidial axis, appear to be universal in this group,
Fig. 1 Diversity of basidioma configuration in Cantharellales. (a) Cantharellus cibarius (Hydnaceae), cantharelloid basidiomata. (b) Hydnum
ellipsosporum (Hydnaceae), hydnoid basidomata. (c) Clavulina cinerea (Clavulinaceae), clavarioid basidiomata. (d) Multiclavula mucida (Hydnaceae).
(e) Sistotrema confluens (Hydnaceae), hydnoid-polyporoid basidiomata. (f) Sistotrema brinkmannii (Hydnaceae), corticioid basidiomata. (g)
undescribed clavarioid Sistotrema, close to S. athelioides (Hydnaceae). (h) bulbil-forming Burgoa angulosa (Hydnaceae). (i) Botryobasidium
danicum (Botryobasidiaceae), corticioid basidiomata.
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in contrast with the chiastic type, with a transverse orientation of the spindle, present in nearly all other Agaricomycetes. Stichic
basidia have hitherto been reported in Cantharellus, Clavulina, Craterellus, Hydnum, and Multiclavula (Juel, 1898; Donk, 1964;
Restivo and Petersen, 1976; Hubbard and Petersen, 1979), while information for Sistotrema s.l. and Botryobasidiaceae is still
missing. Stichic basidia are also known to be present in other basal lineages of Basidiomycota, such as in Auriculariales,
Dacrymycetales, Exobasidiales, Septobasidiales, Uredinales, and Ustilaginales (Zmitrovich and Wasser, 2004). Basidia with more
than 4 sterigmata, as opposed to the universal 4-spored condition of basidia in Basidiomycota might be correlated with the
stichic nuclear behavior (Hibbett et al., 2014). Basidia are typically 6–8-sterigmate in Sistotrema s.l. and Botryobasidium, while
5- and 6-spored basidia are present and usually predominant in Cantharellus, Craterellus, Hydnum and Multiclavula. Exceptions
are nearly all species of Clavulina, along with a few species of Sistotrema and Craterellus. The presence of basidia with more
than 4 sterigmata is extremely unusual outside Cantharellales and might be related with a stichic nuclear division (Hibbett
et al., 2014). Most genera possess basidia that are distinctly urniform (Sistotrema s.l.) or suburniform � with their broadest
part in the middle or on the lower half � , the only exception being Cantharellus and Craterellus with extremely long � often
exceeding 100 mm � claviform basidia. With regard to basidioma configuration, Botryobasidiaceae is characterized by resu-
pinate basidiomata, whereas other basidioma types � clavarioid, cyphelloid, hydnoid and cantharelloid � are represented
only within Hydnaceae among the Cantharellales.

(2) Cejpomycetaceae and Tulasnellaceae, characterized by resupinate basidiomata, and the combination of chiastic, aseptate basidia
and spores germinating by repetition. Basidia in Tulasnella appear to be chiastic (Rogers, 1932) and possibly also in Rhi-
zoctonia (Langer, 2001), unlike in Hydnaceae and possibly also in Botryobasidiaceae. Repetitive spores are an almost exclusive
character of heterobasidiomycetes (Donk, 1964) belonging to the Agaricomycetes (Auriculariales, Exidiales, Sebacinales,
Dacrymycetales) and Tremellomycetes. Nevertheless, Oliveoniaceae produces also holobasidia and repetitive spores, but available
molecular data indicate that it nests outside Cantharellales (Roberts, 1998; Olariaga, unpublished). Pseudotulasnella, included
here in Cantharellales and producing basidia with partial cruciate longitudinal septa, if considered phragmobasidiate, is also
an exception. Tulasnellaceae and Cejpomycetaceae, however, differ in many other important respects, like in the morphology of
the septal pore (see below). Further, basidia in Tulasnellaceae have inflated sterigmata that may be evolutionarily interpreted
as phragmobasidia.

The septal pore morphology shows also variation within Cantharellales and has been used to infer relationships. While
Botryobasidium and Tulasnella possess imperforate parenthesomes, Cantharellus and Sistotrema, and at least some species of
Rhizoctonia have perforate parenthesomes, among which a great diversity in pore openings exists as well (Van Driel et al.,
2009). At present, it is uncertain whether septal pore morphologies are useful to depict monophyletic lineages within
Cantharellales.
Phylogenetic Incongruences, Family Classification and The Polyphyly of Sistotrema

Cantharellales was first recognized by Hibbett and Thorn (2001, called then cantharelloid clade) for a morphologically diverse
assemblage of fungi recovered as monophyletic in studies based on nuclear ribosomal regions (Bruns et al., 1998; Hibbett et al.,
1997; Pine et al., 1999). Moncalvo et al. (2006) showed that nuclear ribosomal regions are involved in phylogenetic conflicts due
to an accelerated rate of evolution and cause long-branch attraction problems. Although 4 monophyletic lineages � Hydnaceae,
Cejpomycetaceae, Tulasnellaceae, Botryobasidiaceae � are consistently retrieved in phylogenetic studies, the relationships among
these remain unclear and are strongly dependent upon the genetic marker, taxon sampling and the type of phylogenetic analysis
implemented for inference (Fig. 2). As an example, Tulasnellaceae is sister to the Cantharellus-Craterellus clade when nuclear
ribosomal regions are employed for phylogenetic inference (Moncalvo et al., 2006), but Tulasnellaceae is sister to Botryobasidiaceae
when the mtSSU region is employed (Hibbett and Thorn, 2001). When the RPB2 region is utilized for phylogenetic reconstruction,
the position of Tulasnellaceae is basal to the rest of the Cantharellales (González et al., 2016) or sister to Hydnaceae, being
Botryobasidiaceae and Cejpomycetaceae the basal lineages in Cantharellales (Matheny et al., 2006). Phylogenetic incongruences also
affect relationships within the Hydnaceae and the sister groups of Hydnum, Sistotrema confluens and Cantharellaceae, are different
depending on the region analysed.

In this scenario, family classification proposals up to present are not founded on robust phylogenetic hypotheses employing an
adequate taxon sampling. Tulasnellaceae is sometimes treated at the order rank as Tulasnellales and placed outside Cantharellales
(Begerow et al., 2018). The families Cantharellaceae, Sistotremataceae, Hydnaceae and Clavulinaceae are sometimes accepted, albeit
relationships and delimitation among these are unclear. Botryobasidiaceae is currently recognized but it could be merged with
Cejpomycetaceae if both form a monophyletic group (González et al., 2016). The phylogenomic reconstruction by Nagy et al.
(2016) placed Cejpomycetaceae in a basal position to the clade formed by Tulasnellaceae and Botryobasidiaceae, by sampling only
3 species of Cantharellales. This phylogenetic hypothesis, thus, needs to be tested using a more comprehensive taxon sampling.
A conservative approach until phylogenomic analyses that address current phylogenetic incongruences appropriately become
available is to recognized the 4 main lineages of Cantharellales at family level: Botryobasidiaceae, Hydnaceae (syn. Cantharellaceae,
Clavulinaceae, Sistotremataceae), Cejpomycetaceae (Ceratobasidiaceae s. auct., see Oberwinkler et al. (2013)), and Tulasnellaceae, as
done by Hibbett et al. (2014) and followed here.
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Introduction

As part of the astounding biodiversity of terrestrial macrofungi, the boletes may undoubtedly be considered one of the most
fascinating and iconic component of larger mushroom-forming fungi. Commonly known as fleshy pored mushrooms, boletes are
globally distributed and belong in the monophyletic order Boletales, an extraordinary rich assemblage of polymorphic, often
colorful fungi mostly characterized by stipitate-pileate boletoid and, to a lesser extent, both epigeous and belowground seques-
trate, agaricoid and pleurotoid lamellate, corticioid and polyporoid habit (Binder, 1999; Binder and Hibbett, 2006; Kirk et al.,
2008; Watling, 2008; Nuhn et al., 2013; Wu et al., 2014, 2016a; He et al., 2019). For over more than two centuries the identification
of species of boletoid mushrooms and related groups relied exclusively on morphological, biochemical and ecological criteria. In
the last thirty years, however, rapid progress of molecular phylogenetic analysis dramatically revolutionized the approach to
mycological investigation through a cross-disciplinary methodology, integrating and implementing traditional research methods
based on morphology, ecology and chemotaxonomy with a new generation of advanced genetic tools which played a crucial role
in redefining taxonomic expertises and enabled the establishment of a more natural classification of the Boletales and its lower
taxonomic ranks. Such an innovation allowed the assessment of historically established taxa and led to the uncovering of several
new genera and species, therefore contributing to a better deciphering of their evolutionary affinities and biogeographic patterns
worldwide.
Morphological Framework, Chemical and Ecological Features, Taxonomic Limits

Order Boletales E.-J. Gilbert.
Les Livres du Mycologue Tome I-IV, Tom. III: Les bolets: 83. 1931.

¼ Lindtneriales Jülich, Bibliotheca Mycologica 85: 350. 1981.
¼ Melanogastrales Svrček in Pilát, Čescoslovenská Akademie Vĕd Praha: 527. 1958.
¼ Plectobasidiales Gäumann, Vergleichende Morphologie der Pilze: 537. 1926.
¼ Rhizopogonales Kreisel, Grundzüge eines natürlichen Systems der Pilze: 153. 1969. (nom. inval.)
¼ Sclerodermatales G. Cunningham, The Gasteromycetes of Australia and New Zealand: 112. 1944.
¼ Tremellogastrales Zeller, Mycologia 40 (6): 661. 1948.

Typus: Boletaceae Chevallier 1828.
Although a comprehensive sharp definition of the order Boletales currently does not exist due to the prominent plasticity of

physical, biochemical and ecological traits, nonetheless it is possible to define a series of common features that are shared by all or
at least most of the representatives of this eclectic assemblage. The Boletales includes mushroom-forming fungi with homo-
basidiomycetous fruiting bodies; homoiomerous trama (hyphal tissues only) as opposed to the heteromerous trama of the
Russulaceae; monomitic or occasionally dimitic o trimitic hyphal system; gymnocarpic, angiocarpic, primarily or secondarily
hemiangiocarpic (velangiocarpic) or metavelangiocarpic ontogenetic development; homogeneous structure (in pileate-stipitate
forms hyphae of the pileus trama confluent with and undifferentiated from those of the stipe trama); terricolous to infrequently
lignicolous growth; fructifications annual, ephemeral, short-lived, easily putrescent, seldom tending to mummify in habitat
(Strobilomyces Berk., Cupreoboletus Simonini, Gelardi & Vizzini), solitary, scattered to gregarious or infrequently caespitose; extre-
mely variable polymorphism including mainly orthotropic pileate-stipitate boletoid habit, considerably less frequently ortho-
tropic pileate-stipitate agaricoid or laterally stalked to sessile pileate-stipitate pleurotoid habit, but also secotioid or gasteroid habit,
both epigeous (earthballs and earthstars) and tuberoid emergent or (sub)hypogeal indehiscent truffle-like (false truffles) (the
sequestrate morphology is the second best represented in the Boletales after the boletoid one), more rarely xylotrophic wood-
decay resupinate or effuso-reflexed (corticioid or crust-like) habit and occasionally sessile polyporoid morphology, teratologic,
aberrant or aborted forms (carpoforoidsm) extraordinary occurring (clavarioid, coralloid and ramarioid morphologies are not at
all represented in the Boletales); hymenophoral structure (spore-bearing tissue) mainly tubular-poroid (restricted to suborders
Boletineae, Sclerodermatineae and Suillineae), deeply decurrent to almost free to the stipe, to a far lesser extent lamellate and in
this case 7 distinctly decurrent (gills attachment to the stipe other than decurrence is not observable in the Boletales) and often
anastomosate, in sequestrate taxa gleba enclosed or exposed, convoluted, labyrinthine, lacunose or chambered, in corticioid taxa
with a smooth, folded to meruloid or raduloid or even hydnoid hymenophore, in poroid and lamellate forms the hymenophore is
located on the underside of the pileus and is generally easily detachable from the pileal context above; variable dimensions of the
sporophores ranging from tiny (Gasterella Zeller & L.B. Walker) to massive (Phlebopus (R.Heim) Singer); sporophores moderately to
decidedly fleshy in pileate-stipitate and sequestrate forms, initially firm then softer, otherwise corky or suberous (in corticioid
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The Rationale

Macrofungi (here: mushrooms) are highly variable in terms of basidiomes, spores, and mycelia (Plate 1) relating to their char-
acteristics, i.e., to their appearance, their internal structures, or their microscopic attributes.

Centuries ago, fungal traits have led to developing a taxonomy and identification keys but not for gaining insight into fungal
performance. In plant science, traits have also been used for decades to better understand plant ecology (Shipley et al., 2016). Only
recently, mycologists realized that appreciating trait-based functions deepens considerably the understanding of fungal behavior
(e.g., Aguilar-Trigueros et al., 2015; Halbwachs and Bässler, 2015; Halbwachs et al., 2016).

What are functional traits? Traits are the tools for survival, reproduction, and dispersal (Violle et al., 2007). In plants, e.g., a
flower’s color attracts insects, which may collect pollen and pollinate other blossoms. Another example is the acorn seed: its wings
can carry the seed over long distances. Poisonous leaves deter herbivores (Taiz et al., 2007). In fungi, analogous morphological and
physiological characteristics are observed. Think of basidiome pigmentation, spore ornaments, and poisonous taxa. Fungi are
generally highly variable due to environmental and/or genetic factors (pheno- and genotypic plasticity, Dawson and Jönsson,
2019), and show a plethora of traits. Their ecological functions are often not obvious. For example, why do most Boletales rely on
poroid and not lamellate hymenophores, or why have some basidiomes stunted stipes? In any case, most traits come at costs.
Especially pigments and other secondary metabolites need considerable energy input for synthesis, probably leading to trade-offs.
Trade-offs are imminent because the energy budget of organisms is inevitably limited (Mayhew, 2006).

A word of warning: The general notion that everything in nature has a function is still under scientific debate. One should be
aware that nature is the result of evolution, which is, in general, not a directed process but the result of try and error. As Jacob
(1977) so aptly coined it: “evolution is a tinkerer”.

Functional fungal traits refer to their morphology, physiology, and behavior of mycelia, basidiomes, and spores. The following
sections provide insight into the connection of such traits with vital fungal functions. Note that many interpretations are based on
plausibility and not on evidence.
The Mycelium

Morphological Traits

Although basidiomycete mycelia are abundant, e.g., in forest soils (Fig. 1), our understanding of their distribution, dynamics, and
functioning is limited.

The contribution of individuals, i.e., physically and (or) physiologically delimited mycelia (genets), to nutrient translocation and
cycling in forest soils is across species still largely unknown (Cairney, 2005). It is self-evident that the extent (coverage) of mycelia in the
substrate echoes its ability to extract nutrients. However, there is more to mycelial morphology, as the following sections show.
Plate 1 Spores, mycelia, and various mushrooms. Spores Linas Kudzma CC BY-SA 3.0, courtesy Gernot Friebes, mycelia Bob Blaylock, Tobi
Kellner CC BY-SA 3.0, mushrooms courtesy of Shawn Fischer.
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Introduction

Fungi are remarkably diverse, occur in virtually every type of environment, and affect the lives of other organisms in many different
ways. Molecular studies suggest that there may be up to 3.8 million species of fungi today; however, only approximately 120,000
of them are formally described and named (Hawksworth and Lücking, 2017).

As carbon heterotrophs, fungi have evolved different nutritional modes and mastered various levels of cooperation with, and
exploitation of, other organisms to acquire carbon (Dighton and White, 2017). Many degrade organic compounds such as lignin
and cellulose and, through this recycling, return minerals to the soil and CO2 to the atmosphere (Baldrian and Valášková, 2008;
Hatakka and Hammel, 2010). Others partner with bacteria (Devau et al., 2018), or team up with algae and cyanobacteria to form
lichens (Büdel and Scheidegger, 2008), while still others enter into symbioses with plants (Brundrett and Tedersoo, 2018). Fungi
have also evolved intimate relationships with animals (e.g., fungus-growing ants; see Chapela et al., 1994); some even thrive
within the animal, in anaerobic environments (Trinci et al., 1994). On the other hand, parasitic fungi negatively affect the
performance of other organisms and, as pathogens they are causative agents of many diseases (Harper and Krings, 2020).

Although the earliest reports of fossil fungi date back more than 150 years e.g., (Unger, 1847), the fungal component has been
largely ignored until recently when interpreting fossil ecosystems. However, already the scattered historical evidence indicated that
fungi were drivers of many crucial ecosystem functions also in the past. Paleontologists today take increased effort to document
fossil fungi and assess the roles they played in the environments in which they lived. As a result, there is an increasing body of
literature on fossil fungi, including studies that document complex levels of biological interaction.

Documentation of fossils is the only method to gain appreciation for the diversity of fungi through geologic time (Taylor et al.,
2015). Because this contribution is nested within the section “Macroscopic Fungi”, which covers the Ascomycota and Basidiomycota
with large fruiting bodies, it focuses on the fossil record of these two fungal lineages. The examples presented are not meant as an
exhaustive review, but rather to demonstrate the types and quality of the evidence present. The fossil record of lichens is also briefly
surveyed because these life forms today typically comprise members of the Ascomycota and Basidiomycota as mycobiont.
Fungal Evolution

The origin of the Fungi is estimated at between 660 Ma and up to 2.6 Ga ago based on molecular clock data and paleontological
evidence [for the oldest (putative) fungal fossils, see Bengtson et al., 2017; Loron et al., 2019; Bonneville et al., 2020; and the survey
by Krings et al., 2017b], and the divergence of the fungus-animal lineage from the plant lineage at between 780 Ma and up to 2.5
Ga ago (Lücking et al., 2009; Berbee et al., 2017).

The earliest fungi were aquatic. Just when these organisms first colonized the land surface remains an enigma, and how this arrival
corresponds with the evolution of land plants an even further perplexing problem (Taylor et al., 2015). There is evidence to suggest that
fungi arrived on land approximately 1.0 Ga ago, when land plants had not yet evolved and the terrestrial ecosystems consisted of no more
than biofilms and microbial mats made up of cyanobacteria in addition to various other microbes (Beraldi-Campesi, 2013). Nevertheless,
these primeval ecosystems were no doubt critical for the early diversification of fungal nutritional modes and life histories. Although one can
only speculate about the events during the terrestrialization of plants some 515–485 Ma ago (Morris et al., 2018), a mutualistic symbiosis
between some alga and a fungal partner likely was one necessary prerequisite to the establishment of plant life on land (Delaux et al., 2015;
Brundrett et al., 2018). As terrestrial plants and ecosystems evolved, they progressively grew in stature, biomass, nutrient demand, and
rooting depth to extensively colonize the continental land masses (Krings et al., 2012). Molecular data and fossils indicate that the Fungi
diversified, too, and readily became adapted to new types of environments and carbon sources. The largest morphological diversity in fungi
today occurs in the Dikarya (i.e., Ascomycota and Basidiomycota), and is the expression of a long evolutionary success story (Fig. 1).
Modes of Fossil Preservation

The quality of information provided by fossil remains of Ascomycota and Basidiomycota depends on the way the fossils are preserved.
For example, many types of propagules (e.g., conidia, ascospores) are durable structures that readily become preserved in a wide variety
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Introduction

Fungi interact with other organisms in ecosystems as decomposers and mutualistic or pathosistic symbionts, providing a number
of ecosystem services (Millennium Ecosystem Assessment, 2005; Wallace, 2007). The main ecosystem services to which fungi
contribute include nutrient recycling in the biogeochemical cycle (Gadd, 2007), soil health (Frac et al., 2018), CO2 storage (thanks
to the fungi’s contribution to the development of the tree component) (Leake, 2001), as well as the use that man has made of it in
the food, medical and industrial fields (Brown, 2019; Comandini and Rinaldi, 2020; Gargano et al., 2017; Hall et al., 2007; Hall
and Zambonelli, 2012a,b; Palanivel et al., 2010; Polizeli et al., 2005; Wasser, 2014). Especially in the food field the parts of fungus
generally used are the sporomata or fruiting bodies in other words, the macrofungus that is visible to the naked eye.

Although macrofungi are a small part of the wide Kingdom of Fungi, they have a very high socioeconomic value for different
human populations worldwide. Indeed, several macrofungal species were at first collected and consumed as wild products, and
later they were cultivated and exploited for edible and/or medical purposes. The main species known worldwide are: button
mushrooms (Agaricus bisporus (J. E. Lange) Imbach), porcini mushrooms (Boletus spp.), oyster mushrooms (Pleurotus spp.), morel
mushrooms (Morchella spp.), truffles (Tuber spp.), Reishi (Ganoderma spp.), and Shitake (Lentinula edodes (Berk.) Pegler).

Unfortunately, not all macrofungal species are easily cultivable, and some species still need to be harvested as wild mushrooms.
Probably the most famous example in the world is Tuber magnatum Picco (Italian white truffle), whose cultivation still remains very
difficult, despite the extensive efforts of researchers around the world (Zambonelli et al., 2015). In addition to the T. magnatum, there are
many highly prized species consumed in many parts of the world, for which it would be interesting to develop and improve cultivation
techniques, such as Cordyceps spp., Tricholoma matsutake (S. Ito & S. Imai) Singer (ex T. nauseosum (A. Blytt) Kytöv.), Boletus spp., Lactarius
spp., Suillus spp., and Amanita spp. (Hall and Wang, 1998; Winkler, 2008). Today, the main cultivated species are saprobes (i.e.,
decomposers), which grow mainly on woody organic substrates. However, in the last century, thanks to the development of myco-
logical, agronomical, and biomolecular knowledge, the cultivation of mycorrhizal mushrooms has also become a reality, in particular
some truffles species, such as Tuber melanosporum Vittad., Tuber aestivum (Wulfen) Pers, and Terfezia spp., and some epigean species, such
as T. matsutake, Lactarius spp. (Chevalier and Desmas, 1977; Mannozzi-Torini, 1981; Martin et al., 2010; Morte et al., 2012; Palenzona,
1969; Rubini et al., 2014; Wang et al., 2012; Yamanaka et al., 2020). These acheivements made the cultivation of mycorrhyzal species a
concrete economic reality in different rural areas in the world, such as Spain, France, Italy, New Zealand, and the United States (Di
Piazza et al., 2013; Guerin-Laguetie et al., 2009; Hall and Zambonelli, 2012a,b; Lefevre, 2008; Pacioni and Lamolinara, 2011; Trappe
et al., 2009; Reyna and Garcia-Barreda, 2014; Serrano-Notivoli et al., 2016; Zambonelli et al., 2017).

In recent decades, the boost of biotechnologies has propelled the cultivation of macrofungi for enzyme productions (Fazenda
et al., 2008), bioremediation of polluted environments (Meharg and Cairney, 2000) and biomaterial productions for green
building (Appels et al., 2019; Girometta et al., 2019), as well as for medical and nutraceutical purposes (Phan et al., 2012; Wasser,
2014). More recently, due to the growing need to develop a circular economy, some authors have proposed to cultivate mush-
rooms in the agricultural supply chains to “closing loops” (Banasik et al., 2017; Grimm and Wösten, 2018; Yang et al., 2016), in
order to create virtuous cycles with very low impacts.

Undoubtedly, owing to fungi heterogeneity, it is not easy to assess the state of the art of macrofungi cultivation, because many
species are exploited for different purposes, some of them connected to popular traditions and some connected to restricted areas
of the world.

Due to the different methods of cultivation and management, saprotrophic and ectomycorrhizal fungi are often treated in
different ways, so that the economic data are often fragmented not only geographically but also according to the type of cultivation.
For example, there is a limited number of saprotrophic species distributed and used all over the world that are common to different
areas. Precisely for this small but widely used group of species, in 2013 the global trade of mushroom industry was estimated to be
about $63 billion, where the major revenues (54%) are related to cultivated edible mushrooms (Royse et al., 2017).

The purpose of this chapter is to give an overview about the huge world of macrofungi cultivation, addressing the main aspects
related to the main cultivated species, cultivation techniques and information about biotechnological applications.
Cultivation of Saprotrophic Species

Cultivated mushrooms are often saprotrophic macrofungi species able to grow on decaying organic matter. Most of them
preferably decompose plant residues as a carbon source. This characteristic makes these fungi essential for the carbon cycle in
natural ecosystems and particularly suitable for human cultivation (Stamets, 1994, 2005). Among the “saprotrophic obligated or
facultative” mushrooms there are species difficult to cultivate due to their needs, for example some species belonging to genera
Cordyceps (Raethong et al., 2020) and Morchella (Liu et al., 2018). For these cases, more in-depth studies are needed in order to
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Introduction

Macrofungi (also referred to collectively as “mushrooms”) have been an important component of human food for thousands of
years, with the earliest reports of macrofungi consumption coming from Spain (18,700 years ago), China (5000–6000 years ago) and
Egypt (4600 years ago) (Chang, 2006; Power et al., 2015; Straus et al., 2015; Zhang et al., 2015). Because of their pervasive use in
dishes across disparate cultures, there is also a long history of developing mushroom cultivation techniques to ensure steady supply.
The earliest attempts to cultivate macrofungi were found in Asia, followed by efforts in Europe and eventually in North America. The
artificial cultivation of Auricularia sp was described 1400 years ago from China in Tang Materia Medica by Tang Sugong. In Europe,
evidence suggests that France introduced the first cultivated mushroom in the 17th century (Zhang et al., 2015).

Given the long history of human consumption of macrofungi, it is only in recent times that we have described and truly
embraced macrofungi as a staple part of global human cuisine, as shown by an exponential increase in production and trade of
mushrooms. This rising recognition, awareness and use has also led to the consumption of more species and spurred technological
development for cultivated species as well as research on the ecology and sustainable management of wild species, the majority of
which cannot be cultivated.

We present an overview of cultivated and collected edible macrofungi and their trade and commercial value. We discuss
challenges faced by growers and traders as a result of increasing market demands as well as the importance of mushrooms to the
food industry. Despite a long history of collecting wild mushrooms, uncertainty and confusion still exist on which species can be
safely eaten. We also discuss a new classification system aimed at resolving different opinions and assessing published case reports
(Li et al., 2021).
Types of Edible Macrofungi

Edible macrofungi can be classified into three trophic groups: ectomycorrhizal, saprobic and parasitic. They originate from two
main sources: species that are wild-harvested and those that are cultivated. Generally speaking, it is only the saprobic fungi that are
cultivated, though new techniques are emerging for the partial cultivation of several ectomycorrhizal species. Approximately 60
edible species are commercially cultivated out of a potential 100 species identified by Chang and Miles (2004).

Wild edible mushrooms are mainly saprobic or ectomycorrhizal. Edible parasitic fungi are few in number; perhaps the most
common species, Armillaria mellea, mainly colonizes the wood of tree species. Edible parasitic fungi also include several plant
pathogens, including maize smut and sorghum smut (Boa, 2004). Ectomycorrhizal fungi form a symbiotic association with tree
roots, exchanging nutrients assimilated from the soil for photosynthetically derived carbohydrates from the host tree (Deckmyn
et al., 2014).

The most widely cultivated macrofungi are Agaricus bisporus, Lentinus edodes, Pleurotus species, Flammulina velutipes, Auricularia
auricula and Volvariella volvacea (Kabel et al., 2017; Chang and Wasser, 2012; Bellettini et al., 2019; Zhang et al., 2013). Some
progress has been made in the cultivation of ectomycorrhizal fungi, though this is only manageable for a few species and cannot
be conducted independent of a host tree. Well-known examples include Tuber melanosporum (Hall et al., 2007), and T. indicum
(Hu et al., 2010). Young trees must first be inoculated with the truffle fungus. Once the ectomycorrhiza form, the host trees are
transplanted and managed in truffières, akin to fruit orchards. It can take up to 10 years for trees to become productive.
Wild Macrofungi

Wild edible macrofungi have diverse morphological features and shapes (Fig. 1). Some are typical mushrooms with a stalk and cap
(sometimes referred to by scientists as “agarics”), while others are fan-shaped, ball-like, disc-like, saddle-shaped, cup-like and so
on. Widely consumed types include typical mushrooms, boletes, chanterelles and truffles, though species preferences vary con-
siderably throughout the world.

A recent study reported the existence of 2189 wild collected edible species (Li et al., 2021) of which 2006 can be consumed safely,
and a further 183 species that require pretreatment before safe consumption or were associated with allergic reactions. Harvesting
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Human pathogenic fungi are a major cause of morbidity and mortality, and the incidence of fungal diseases continues to rise and
new fungal pathogens, including the identification of cryptic species, are emerging. Recent estimates of the incidence of fungal
diseases conclude that there over 300 million people globally who develop a serious invasive infection every year and close to a
billion individuals have cutaneous fungal diseases (GAFFI, 2018). Annual incidence estimates for leading invasive mycoses include
B700,000 invasive Candida infections, B500,000 Pneumocystis pneumonias, B250,000 patients with invasive aspergillosis,
B220,000 episodes of cryptococcal meningitis, and B100,000 cases of histoplasmosis. Moreover, there are an estimated
1.5 million deaths annually attributed to fungal diseases (Bongomin et al., 2017).

General recognition of fungi as major human pathogens did not occur until the 1980s, and was associated with a marked
increase in invasive mycoses linked to the HIV epidemic, the increased use of invasive procedures and intensive care units, and the
administration of immunosuppressive drug therapies (Nucci and Marr, 2005). Moreover, increased global travel, climate change,
and novel immunotherapies are contributing to the increased rates of fungal diseases. These chapter of the encyclopedia on human
pathogenic fungi has over 40 chapters that broadly cover key concepts in the biology of human fungal pathogens, details major
etiologic agents of human mycoses and disease syndromes, and reviews approaches to diagnosis and treatment of fungal diseases
encountered in our healthcare systems.

Chapters are dedicated to the epidemiology of yeast and mold infections. Insights into epidemiology have led to life-saving
interventions in specific patient populations, such as in various prophylactic antifungal regimens provided to transplant patients.
However, the chapters also reveal areas of new risks for fungal diseases. For example, the advent of new immunomodulatory
therapeutics being administered in cancer care as well as other diseases has led to specific alterations in immunological cascades
that are placing those receiving these novel therapeutics at risk.

The chapters on specific pathogens as well as frequently encountered diseases, ranging from infections of the skin to the central
nervous system, effectively present the biology of human pathogens and the disease processes that occur. Certain fungi, like
Candida albicans and Pneumocystis jirovecii, are primary human commensals whereas the vast majority of fungal pathogens are
acquired from the environment. The variety of human pathogenic fungi span three different phyla Zygomycota, Ascomycota, and
Basidiomycota. Depending on the species, the pathogenic morphologies of these fungi can appear as molds, pseudohyphal forms,
yeast or other unique structures, such as the spherules of Coccidioides species. These various morphologies are challenging to the
host immune system, particularly in the setting of phase transition, where the immune cells are faced with structures that can be
antigenically quite different from that originally acquired from the environment.

The chapters in this encyclopedia also highlights emerging and re-emerging fungi. The broad use of antifungals in humans,
animal husbandry, and agriculture along with changes in climate, increased incursion of humans into new environments, and
profound immunosuppression of certain patient populations have resulted in a surprising number of clinical cases of human
mycoses by new or re-emerging pathogens. Examples in these chapters include Candida auris, a global threat due to its rapid
emergence and resistance to antifungal drugs, and Emergomycosis species, which have also occurred globally. Molecular biology has
also influenced this process as previously described single species have now been shown to actually consist of several cryptic
and/or divergent species. For example, Paracoccidioides brasiliensis and P. lutzii diverged at least 30 million years ago, whereas the
cryptic species with the P. brasiliensis complex evolved within the past few to 12 million years ago (Turissini et al., 2017).
Furthermore, certain fungi have been renamed based on deeper analyzes of genomes, such as the major fungal pathogen in
Southeast Asia Penicillium marneffei becoming Talaromyces marneffei (Fig. 1).

Effectively diagnosing and managing of human mycoses is critical to the outcome of these diseases; yet, despite our current
approaches for identifying and treating these diseases, mortality rates of invasive mycoses remain at B40%. The chapters review
the classic approaches to identifying fungi in clinical situations and also detail newer advances that are improving our ability to
efficiently diagnose patients. Point of care tests, such as the lateral flow assay for cryptococcosis, are especially important in low
resource countries. Molecular tests and applications of matrix-assisted laser desorption/ionization (MALDI) time-of-flight (TOF)
mass spectrometer approaches have also accelerated our capacity to diagnose these complex diseases. Antifungal medications used
for systemic therapy currently target either cell membrane (ergosterol) synthesis or stability, synthesis of cell wall beta-glucan, or
RNA synthesis. Exceptions include the use of trimethoprim-sulfamethoxazole for treatment of pneumocystosis or para-
coccidioidomycosis. Chapters in the encyclopedia review the mechanisms of action, the spectrum of activities of and resistance
mechanisms to these drugs as well as their unfortunate toxicities. Additionally, a chapter presents information about new drug
development, which is essential to improve our armamentarium for application to the care of patients with invasive mycoses.
Harnessing the immune system to combat fungal diseases is an exciting area of study, and a chapter is presented that focuses on
immunotherapy for fungal infections.

Fungal diseases remain a major scourge on humanity. Although investigators and healthcare providers have dramatically
improved our knowledge about fungi and our capacity to care for patients with fungal diseases, an increased focus is necessary to
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Fig. 1 The human pathogenic fungal pathogen Talaromyces marneffei. Fig. 1. Colony appearance T. marneffei on potato dextrose agar at 251C
(A) and brain heart infusion agar at 371C (C). Microscopic morphology of mycelium (B) and binary fission yeast or yeast-like arthroconidia
(D) (brightfield microscope; magnification, � 100).
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truly combat fungal infections, which too often are neglected in terms of public policy and research agendas (Rodrigues and
Nosanchuk, 2020). The chapters on human fungal pathogens in this encyclopedia provide the reader with a broad and solid
background on fungal biology and the diseases currently encountered.
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Introduction to Fungal Pathogens and Antifungal Drugs

The discovery of penicillin by Fleming in 1928 was a breakthrough moment in the history of Medicine, showing that micro-
organisms can produce active compounds of medical use (Fleming, 1929). Since then, the development of effective antimicrobials
has been a priority for the treatment of infectious diseases. The high impact that pathogenic microorganisms have in our society
has resulted in the use of multiple drugs that have helped to control their incidence. However, there is still a great need to find new
antimicrobial therapies to treat these diseases. Some examples are opportunistic fungal diseases, which have increased their
incidence in our society due to the emergence of immunosuppressed individuals, such as patients who suffer severe abdominal
surgery or who are under immunosuppressive therapy (transplants, cancer, etc), or the use of parenteral nutrition or central venous
catheters (Leroy et al., 2009; Puig-Asensio et al., 2014).

The main fungal pathogens belong to Candida, Cryptococcus and Aspergillus genera, but there are many others able to cause
disease with a lower prevalence. One of the main problems of these infections is the high mortality associated, which ranges
between 20%–90%, depending on multiple factors, from both the pathogen and the immunological state of the patient.

The main antifungal families used to treat invasive fungal diseases are azoles, echinocandins, fluoropirimidines and polyenes.
Each family has advantages, but they also show limited activity against some fungal species (Gomez-Lopez et al., 2008).

Azoles (mainly fluconazole, itraconazole, voriconazole, posaconazole and isavuconazole) inhibit ergosterol biosynthesis.
It is important to highlight that fungal membranes do not contain cholesterol, but ergosterol, which is the main sterol that
maintains the proper fluidity of the membrane in this kingdom. The most recent antifungal family used in clinic belongs to
echinocandins (caspofungin, micafungin and anidulafungin). They inhibit the synthesis of an important component of the
fungal cell wall, b-1,3-glucan, weakening the integrity of this structure. Fluoropirimidines (5-fluorocytosine, also known as
flucytosine) inhibit DNA and RNA synthesis. But the antifungals that present the strongest fungicidal activity belong to the
polyenes family, which will be the main topic of this chapter. Chemically, these compounds are polyunsaturated molecules
with multiple double and triple bonds. There are several polyenes that have medical use. In particular, some of these polyenes
have antifungal activity, mainly, filipin, natamycin, nystatin and amphotericin B, being this last one the compound with the
strongest fungicidal activity among antifungal drugs.
Amphotericin B. An Old Drug, But Still With Many Secrets Behind

In this review, we will give a brief overview of the most relevant aspects of Amphotericin B (AmB). This molecule was found by the
Squibb Institute for Medical Research from cultures of a filamentous bacteria (Streptomyces nodosus) isolated from the soil collected
in the Orinoco River region of Venezuela (Dutcher, 1968; Cereghetti and Carreira, 2006). The compound had amphoteric
properties (ability to react either as acid or base), and for this reason it was named amphotericin. Originally, two types of
amphotericins, A and B, were identified for their antifungal activity. Amphotericin B showed the strongest in vitro efficacy, so it was
the main drug to treat fungal diseases since the early 60s, until new antifungal families were introduced in clinical practice
decades later.

The molecular structure of AmB was determined in the 60s. AmB is a large polyene macrolactone composed of a ring of
38 carbon atoms (Fig. 1). The structure of AmB confers both hydrophilic and hydrophobic properties. The hydrophilic region is
comprised by one of the sides of the ring (carbons 3–15) that contains several hydroxyl groups. The other side of the ring (carbons
20–33) contains multiple double bonds, conferring hydrophobic properties. The macrolactone also contains a ring formed by a
bond between carbons 13 and 17. Finally, Amphotericin B is glycosylated, and it contains the sugar mycosamine at carbon 19. This
antifungal is water-insoluble, and its preparation requires the use of organic solvents, such as DMSO. The structure and chemical
properties described above will explain the biological properties of this molecule.
Mechanisms of Action

Since its discovery, AmB has been an “enigmatic” molecule because it has taken many years to understand and characterize its
mechanisms of action. Furthermore, it is still not fully known how this molecule exactly exerts all the effects that have been
reported in literature. But if we want to send a clear message to the reader, that would be that AmB is a “multitask” molecule
because it has several mechanisms of action. Classically, it has been postulated that the main target of this antifungal is the plasma
membrane, but many other studies also support that amphotericin B can also cause intracellular damage. So far, three main
mechanisms of action have been attributed to AmB, and will be described in the next sections.
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Glossary
Antifungal susceptibility testing These methods allowed
to study how susceptible/resistant is a fungal species
particular isolate to the tested antifungal agents.
Aspergillosis The set of diseases caused by Aspergillus spp.
which comprises a variety of clinical manifestations.
Aspergillus spp. The most frequent genus of filamentous
moulds isolated in clinical samples, causing a wide range of
infections.
Azole drugs Heterocyclic compounds that contains a ring
with nitrogen substitutions. In the case of triazoles, the ring
contains three nitrogen atoms. In the case of moulds, triazoles
are currently the antifungal drug class more commonly used
to treat these infections.
Azole resistance The set of intrinsic features or subsequent
alterations that enables fungi to survive in presence of
azole drugs.
Broth microdilution plates A method used to test the
susceptibility of a microorganism to some compounds
where the drug is diluted in broth in a microtiter plate.
Candida spp. A major human yeast pathogen that causes
both mucosal and deep tissue infections.
Candidiasis The set of diseases caused by the different
Candida species, including a variety of clinical manifestations.
Cyp51A/Erg11p Cytochrome P450 14-a demethylase
enzyme, the target of azole drugs.
cyclopedia of Mycology, Volume 1 doi:10.1016/B978-0-12-809633-8.20731-0
Demethylation inhibitors A drug family that inhibits a
key enzyme involved in ergosterol biosynthesis, the 14-a
sterol demethylase, impairing the fungal growth. Imidazoles
and triazoles are the most used compounds of this family.
Efflux pumps Proteins that selectively admit or excludes
chemicals so that they can regulate intracellular concentration
of different compounds.
Ergosterol Main sterol in membranes of fungal cells.
Fungicides Chemical compounds used mainly in
agriculture to kill moulds and their spores in crops.
Invasive fungal diseases An infection caused by fungal
species characterizes by the invasion of a tissue, usually due
to the lack of an effective immune response.
Minimum inhibitory concentration The lowest
concentration of a compound which does not enable growth
of a specific microorganism.
Multi-azole resistance A set of characteristics that enables
fungi to survive in presence of several azole drugs.
Point mutation Is a type of changes in the DNA sequence
in which one single nucleotide base is added, deleted or
substituted for another nucleotide.
Transcription factors Transcription factors include a wide
number of proteins that initiate and regulate the transcription
of genes.
Introduction

Invasive fungal diseases (IFD) are life-threatening infections and the main cause of mortality and morbidity in immunocompromised
patients or in high risk patients who suffer from immunodeficiencies, hematological malignancies, solid organ transplant
recipients, or those with chronic obstructive pulmonary disease or receiving high-dose and continued corticosteroid therapy
(Low and Rotstein, 2011; Akan et al., 2013; Rüping et al., 2008; Walsh and Gamaletsou, 2013).

The most common fungal pathogens involved in invasive diseases are Candida albicans and Aspergillus fumigatus (Schwartz and
Patterson, 2018; Pagano et al., 2011). However, other Candida non-albicans species as well as other filamentous fungi, have been
increasingly reported and quite often causing disseminated infections in immunocompromised hosts (Alcazar-Fuoli and Mellado,
2014; Picazo et al., 2008; Friedman and Schwartz, 2019).

In spite of the improvements in diagnosis, and antifungal therapy for treating and preventing fungal infections, morbidity and
mortality rates associated with these infections remains very high (Neofytos et al., 2009). The most important factors are associated
with the status of the host; however, other aspects can also have a major impact. Among them, fungal diagnosis is not
straightforward and therefore antifungal therapy is often initiated too late. The key issue for a successful recovery is the prompt
treatment with the appropriate drug, avoiding, when possible, drug toxicity (Badiee and Hashemizadeh, 2014; Pianalto and
Alspaugh, 2016; Wiederhold, 2017).

This situation becomes more complicated because emerging resistance to existing antifungals is a current problem
(Garcia-Rubio et al., 2017; Pristov and Ghannoum, 2019) and a poor response to antifungals has been described in clinical isolates
(Pfaller, 2012; Schwartz and Patterson, 2018).

However, some new molecular tools can provide a valuable amount of novel information that eventually might be applied to
improve patient management. The most remarkable one is whole genome sequencing (WGS) which has emerged as a useful tool
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Background and Structure

The naturally occurring precursors, pneumocandins, to modern-day echinocandins were originally discovered in the 1970s (Patil
and Majumdar, 2017). After numerous attempts to chemically modify these precursors as safe and effective drugs, caspofungin
acetate was the first developed and approved for clinical use in the United States in 2001. Currently, there are three echinocandins
available for clinical use and include caspofungin, micafungin, and anidulafungin. They represent a medication class that is
critically important for the prevention and treatment of invasive fungal infections, in particular invasive candidiasis, and rank
second to triazoles in overall antifungal use (Toda et al., 2019; Vallabhaneni et al., 2018). Additional related agents are in
development, including the long acting echinocandin rezafungin (formerly CD101 and SP3025), and a non-echinocandin glucan
synthase inhibitor ibrexafungerp (formerly SCY-078 and MK-3118).

Each of the 4 echinocandins are large, semisynthetic structures that contain a hexacyclic lipopeptide core composed conserved amino
acid residues (e.g., 3,4-dihydroxyhomotyrosine and 3-hydroxy-proline) (Balkovec et al., 2014; Zambias et al., 1992) (Fig. 1). Unique
structural components to each echinocandin are due to side chain modifications that affect pharmacokinetic properties such as water
solubility, half-life (in the case of rezafungin), and decreased toxicity compared to parent compounds. Ibrexafungerp, which targets to
the same cellular process as echinocandins, is chemically and structurally different from echinocandins. Enfumafungin, an acidic
terpenoid, was discovered through natural product screening and first described in 2000 (Onishi et al., 2000). Ibrexafungerp is a
derivative of enfumafungin developed with enhanced antifungal potency and pharmacokinetic properties (Davis et al., 2019).
Mechanism of Action, Spectrum of Activity, and Susceptibility Testing

Echinocandins competitively inhibit the fungal cell wall enzyme (1-3)-b-D-glucan synthase, which is responsible for synthesis of
an essential polysaccharide (b-1,3 glucan) necessary for cell wall integrity (Douglas et al., 1997). Against yeast that contain this
Fig. 1 Echinocandin chemical structures (pubchem.gov).
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Introduction

In this chapter, we address non-polyene, non-echinocandin and non-azole antifungal agents, such as allylamines, morpholine
derivatives, fluoropyrimidines, and griseofulvin. These antifungals are commonly used to treat superficial and cutaneous mycoses,
frequently caused by dermatophytes, via oral or topical administration. We focus on the brief history, pharmacodynamics and
pharmacokinetics, toxicity effects and some strategies to improve the pharmacological characteristics of these antifungals, such as
the production of synthetic analogues and the development of new formulations based in drug carrier systems.
Allylamines

The functionalized allylamines are synthetic compounds, with the two main pharmaceutically important representatives
being naftifine and terbinafine (Fig. 1). Both are active on dermatophytes and are indicated for treatment of skin and nail
mycoses (Petranyl et al., 1984). Allylamines specifically inhibit ergosterol biosynthesis at the squalene epoxidation step by
inhibiting squalene epoxidase enzyme, causing a fungistatic or fungicidal effect by the accumulation of a toxic concentration
of squalene and ergosterol depletion (Ryder, 1992). This excess of squalene is deposited into lipid vesicles, and these function
as lipid sponges that remove lipids from the cell membrane, causing instability and shrinkage, leading to fungal cell death
(Ryder, 1992).
Fig. 1 Chemical structures of antifungals allylamines (terbinafine and naftifine), morpholine derivatives (amorolfine), fluoropyrimidines (flucytosine), and
griseofulvin.
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Introduction

Disease and death caused by fungal infections have transitioned from a rare curiosity to a major global health problem (Robbins
et al., 2016). An estimated 1.5–2 million people die of fungal infections each year (Denning and Jugessur, 2016). The therapeutic
arsenal has been limited, and the available antifungal drugs actually suffer from limitations in the route of administration, high
toxicity, a narrow spectrum of activity, detrimental drug interactions, the development of drug resistance, and poor bioavailability
in target tissues (Brown et al., 2012).

In this context, new safe molecules with efficient antifungal activities are needed. In this chapter, we discuss some of the
alternatives to conventional antifungals for treating fungal diseases. New targets in fungal cells for the development of new
antifungals, including inhibitors of chitin synthesis, protein and lipid synthesis, efflux and proton pumps and folate synthesis, as
well as cell stress regulators and molecules from drug repurposing, are described here (details are shown in Table 1). Some of these
molecules are in the clinical trial phase (I and II), while others are still in preclinical phase studies.
Cell Wall

GPI Anchor

APX001, the N-phosphonooxymethyl prodrug of APX001A, is a first-in-class broad-spectrum antifungal compound that inhibits
Gwt1, an enzyme which is required for cell wall localization of glycosylphosphatidylinositol (GPI)-anchored mannoproteins in fungi
(Zhao et al., 2018; Viriyakosol et al., 2019). The active compound, APX001A, demonstrated potent in vitro activity against clinically
important fungal species, including echinocandin- and fluconazole-resistant isolates (Pfaller et al., 2019). The antifungal efficacy of
APX001 was demonstrated in in vivo murine models of systemic candidiasis with Candida albicans and Candida auris (Zhao et al.,
2018; Wiederhold et al., 2019) and invasive pulmonary aspergillosis (Gebremariam et al., 2018); APX001 alone or in combination
with fluconazole was effective in the treatment of cryptococcal meningitis (Shaw et al., 2018). In addition, APX001 and its derivatives
were also highly effective in vitro against Coccidioides spp. isolates, and in vivo against Coccidioides imitis in an experimental pneumonia
mouse model, reducing fungal burden in the lungs and preventing dissemination, similarly to fluconazole (Viriyakosol et al., 2019).
The preclinical efficacy and safety data lend support to the clinical trials (phase II), now in the patient recruitment phase, that will
evaluate the efficacy and safety of APX001 in patients with candidemia (NCT03604705).
Chitin Synthase

Nikkomycins X and Z, isolated from Streptomyces tendae (Tu 901 strain) (Dähn et al., 1976), are competitive inhibitors of chitin
synthase, which is responsible for chitin polymer production, an important component of the fungal cell wall (Hector et al., 1990;
Gaughran et al., 1994). Nikkomycins X and Z showed promising in vitro activity against C. albicans and C. immitis (McCarthy et al., 1985;
Hector et al., 1990), and the synergistic effect of nikkomycin Z with echinocandins or azoles was shown against C. albicans, Candida
glabrata, and Aspergillus fumigatus in vitro (Li and Rinaldi, 1999; Ganesan et al., 2004; Sandovsky-Losica et al., 2008; Verwer
et al., 2012; Kovács et al., 2019). Nikkomycin Z was found to be highly effective for the treatment of coccidioidomycosis in animal
models (Hector et al., 1990; Shubitz et al., 2013). Notably, nikkomycins had pronounced antifungal activity against C. immitis due
to the higher chitin content in the cell wall (Li and Rinaldi, 1999). Importantly, clinical trials for nikkomycin Z had been
conducted, in which its safety and pharmacokinetics were evaluated in both healthy individuals and those diagnosed with
Coccidioides pneumonia (NCT00614666 and NCT00834184) (Nix et al., 2009). Unfortunately, the spectrum of activity of nik-
komycin Z on other systemic mycoses is limited; as a result, studies were conducted to improve its efficacy. Novel nikkomycin
analogs, Px and Pz, developed by mutasynthesis, showed strong inhibitory activity on C. albicans (Niu and Tan, 2013; Feng et al.,
2014). Structural analogs were synthesized with enhanced chitin synthase inhibitory activity in C. albicans (Obi et al., 2000).
Lipids

Acetyl-CoA Synthetase

AR-12 is a celecoxib derivative that inhibits the activity of acetyl-CoA synthetase (ACs), an enzyme involved with acetate meta-
bolism, in fungal cells. In most yeast species, acetate represents an important carbon source for the generation of acetyl-CoA; ACs
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Glossary
Adaptive immunity Microbe-specific, antigen-educated,
mature T- and B-cells, which create long-term
immunological memory with recall function, initiate cross-
talk between immune components via biochemical
messenger proteins known as “cytokines” and
“chemokine’s,” and recruit other immune effectors to the
site of host–microbe interaction.
Adjuvant Pharmacological or immunological agents
which, when coadministered with the vaccines, modulates
the quantum and/or kinetics of the immune response due
to the vaccine.
Barrier immunity Physical impediments to the entry of a
microbe into the human body. For example, the skin,
external surface epithelium, and internal linings of the
upper and lower respiratory, gastrointestinal, and
genitourinary tracts.
Colonization A state following infection in which a
microbe inhabits a niche in the host and host–microbe
interaction, which is not clinically apparent, results in
elimination of the microbe or transition to other states, such
as disease or latency.
Commensalism A state following infection in which the
outcome of host–microbe interaction results in neutral,
cooperative, symbiotic, or beneficial outcomes for the host
and there is no host damage.
Damage-response framework (DRF) A unifying
hypothesis to account for microbial pathogenesis and
infectious diseases as a function of host–microbe
interaction. The DRF asserts that the relevant outcome of
host–microbe interaction is damage in the host, which can
stem from host factors, microbial factors, or both. All
outcomes of infection can be reconciled as the amount/
degree of damage stemming from host–microbe interaction.
This dispenses with the need for terms to characterize
microbes that assume they or impaired hosts are solely
responsible the pathogenesis of infectious diseases, such as
pathogen, commensal, and opportunist. The DRF considers
the balance between the host response and host damage,
defines disease as one possible outcome of host–microbe
interaction, and recognizes that the host response may result
in damage due to either an insufficient or excessive immune
response. These concepts provide the rationale for immune-
based therapies for microbial diseases.
Damage Impairment of normal host physiology, biology,
immunity, and/or other functions that may stem from host
factors, microbial factors, or both.
Effector leukocytes White blood cells that perform
specific immune defense functions. Some examples are: T-
lymphocytes or “T-cells,” which may be helper (TH) or
Enc8
regulatory (Treg) cells bearing CD4 antigen on surface, or
cytotoxic (Tc) bearing CD8 antigen; B-lymphocytes or “B-
cells,” which secrete antibodies; dendritic cells (DC); natural
killer (NK) cells; monocytes, which become macrophages
on entering the tissues; polymorphonuclear neutrophils
(PMNs), amongst others.
Exposure Point of actual contact between a host and a
microbe.
Host immunity Aggregate of immune mechanisms that
enable a host to resist development of damage stemming
from host–microbe interaction.
Immunomodulation Aggregate of processes in which
immune-reactive components of either host defense or
microbe switch on, turn off, regulate, enhance or decrease
the quantum of immune response and inflammation in
the host.
Immunotherapy Therapies in which components of the
immune system and/or microbial components are
administered to reduce the amount/degree of host damage
stemming from host–microbe interaction.
Immunotherapies can be active, for example, vaccines, or
passive, for example, delivery of components of the
immune system.
Infection Acquisition of a microbe by a host.
Infectious disease A clinical state that reflects an outcome
of host–microbe interaction that arises in a susceptible host
when the amount or degree of host damage reaches a
clinically apparent or assessable state.
Inflammation Aggregate of biochemical messenger-
mediated processes by which effector leukocytes are brought
to the site of immune unrest, such as host–microbe or
host–allergen interaction. Because of the natural functions
of these effectors, excessive inflammation results in damage
to the host tissues at the site of these interactions.
Innate immunity Broad spectrum, nonspecific, rapidly
active immune defense provided by effector leukocytes (cell-
mediated immunity) and circulating antibodies produced
by subsets of naïve B-lymphocytes (antibody-mediated
immunity). These components are capable of killing
microbes via various mechanisms.
Latency/persistence A state following infection in which a
microbe remains in the host in a manner that does not
result in its elimination; there is no clinically apparent
damage, but transition to a state of disease can occur in the
setting of immune impairment and/or other processes.
Monoclonal antibody Antibodies secreted by a single B-
cell. These antibodies recognize a single determinant on the
eliciting antigen. Monoclonal antibodies can be isolated
from polyclonal responses and/or produced by molecular
engineering from single B-cells by a variety of techniques.
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Glossary
Antigen A molecule capable of inducing an immune
response in the host organism.
Commensal fungi Fungal species that live in or within
human body without harming or affecting it.
Complement fixation A diagnostic test which is based on
the process of binding serum complement to the product
formed by the union of an antibody and the antigen for
which it is specific.
Cross-reactivity (of a antigen detection method) When
an antibody directed against one specific antigen is
successful in binding with a different antigen.
Differential diagnosis The differentiation between two or
more conditions which share similar symptomatology.
Endemic mycoses Mycoses caused by fungal species that
have specific geographic distributions such as Histoplasma
capsulatum, Paracoccidioides spp., Coccidioides spp., and
Blastomyces dermatitidis.
Environmental fungi Fungal species that are commonly
present in the environment.
Enzyme Immune Assay (EIA) A test that measures the
presence or concentration of a molecule in a solution
through the use of an antibody or an antigen, which is
linked to an enzyme. These enzymes allow for detection
because they produce an observable color change or light in
the presence of certain reagents.
EORTC/MSG criteria A standard set of definitions of
invasive fungal disease which aim is to improve the quality
of clinical studies. These criteria have been established by
the Mycoses Study Group of the European Organization for
Research and Treatment of Cancer and the National
Institute of Allergy and Infectious Diseases.
False negative (of a diagnostic test) A negative result
given by the test that actually is positive.
Enc8
False positive (of a diagnostic test) A positive result given
by the test that actually is negative.
Immunodiffusion A diagnostic test which involves
diffusion of the antigen and the antibody through a
substance such as agar. The antigen and the antibody bind
with each other and form an insoluble immuno-precipitate.
ITS region Internal transcribed sequence region of the
ribosomal DNA that has been classically used for the
identification of fungal species.
Latex-agglutination A diagnostic test for the detection of
antigens or antibodies in a sample. When a sample
containing the specific antigen (or antibody) is mixed with
an antibody (or antigen) which is coated on the surface of
latex particles, a visible agglutination occurs.
MALDI-ToF MS technology Matrix-assisted laser
desorption ionization time of flight mass spectrometry is an
identification method based on the acquisition of a mass
spectrum from an unknown microorganism and its
comparison with a database of reference spectra to
determine the organism identity.
Opportunistic fungal infections Infection by a fungus
that normally does not cause disease but becomes
pathogenic when patient’s immune system is impaired and
unable to articulate a response to the infection.
Point of care (POC) diagnostic method Medical testing at
or near the site of patient care. These methods are
characterized for being simple, fast, and cheap.
Polymerase chain reaction (PCR) A laboratory molecular
technique used to make multiple copies of a segment
of DNA.
Sensitivity (of a diagnostic test) The proportion of true
positives that are correctly identified by the test.
Specificity (of a diagnostic test) The proportion of true
negatives that are correctly identified by the test.
Introduction

Human fungal infections encompass a broad spectrum of diseases caused by more than 600 species of fungi present in the
environment (see “Relevant Websites section”). They can affect any part of the body producing superficial infections (skin and
nails), mucosal infections, chronic and allergic infections, and finally, they also can invade tissues causing an invasive fungal
infection (IFI). IFI is the most serious clinical entity with a high mortality since mainly affect immunosuppressed patients with
poor general condition.

Diagnosis of these diseases is difficult and frequently delayed due to the lack of suspicion and/or the lack of suitable diagnostic
tests. In many parts of the globe, particularly in low income countries, some of these infections are neglected diseases than could
be easily solved with skilled personnel and adequate diagnosis (Oladele et al., 2019). In developed countries, the main problem is
that these invasive infections occur in highly immunosuppressed patients with a poor outcome in absence of an early diagnosis.
The increasing use of immunosuppressive drugs for treating serious medical conditions have favored the rise of opportunistic
fungal infections in these regions.

The overall mortality due to fungal infections is around 1,600,000 people per year (Bongomin et al., 2017). The most common
species involved in invasive disease are Aspergillus spp. Candida spp. Cryptococcus spp., Pneumocystis jirovecii and fungi responsible of
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Glossary
Attenuated (virulence) Reduced capacity to induce
damage/disease.
Biofilm A structured community of microorganisms that
adhere to each other and are commonly embedded within a
self-produced extracellular matrix composed of
polysaccharides, proteins, and DNA.
Candidiasis Infections caused by Candida species.
Colonization Growth (or prolonged survival) of
microorganisms in a distinct (host) niche.
Commensal Microorganism that growths within a host
without (negatively) affecting the host species.
Dysbiosis Disturbance of the microbiota leading to
microbial imbalance and commonly reduced species
diversity; often associated with increased abundance of a
few taxa or species.
Filamentation The production of filamentous growth
forms (hypha, pseudohypha).
Hypha Long, filamentous fungal cells, characterized by
directed growth at the tip, branching, parallel cell walls, and
the absence of constriction at the septa separating
individual cells.
Hypha-associated Genes or proteins that are usually only
expressed by hypha and not by yeast cells.
Inoculation Introduction of a microorganism into a host
or growth medium.
Macronutrients Nutrients that provide energy, for
example, carbohydrates and amino acids.
Microbiota Ecological community of commensal,
symbiotic, and pathogenic microorganisms found at a
distinct site/within a distinct host niche.
Micronutrients Nutrients required by organisms
throughout life in small quantities as necessary cofactors for
metabolism, for example, trace minerals and vitamins.
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Morphogenesis The process by which an organism
develops its shape. In the context of Candida it usually refers
to the formation of hypha from yeast cells, whereas the term
“reverse morphogenesis” is sometimes used to describe the
formation of yeast cells from filamentous growth forms.
Morphotype Morphological growth form; C. albicans has
different morphotypes, e.g., yeast, pseudohypha,
and hypha.
Mycobiota Ecological community of fungi found at a
distinct site/within a distinct host niche.
Nosocomial infection An infection contracted by a
patient while under medical care.
Opportunistic infection An infection that usually does
not occur in healthy hosts but only if predisposing factors
(weakened immune system, breached epithelial barriers) are
present that give the pathogen the opportunity to establish
an infection.
Pathobiont A microorganism that under normal
circumstances lives as a commensal but has the potential to
cause disease.
Pathogen A microorganism that causes disease.
Pathogenesis The mechanisms leading to disease.
Pseudohypha Elongated fungal cells, characterized by
constrictions between individual cells.
Pyroptosis A form of programmed cell death of immune
cells that occurs most frequently upon infection with
intracellular pathogens and leads to the release pro-
inflammatory cytokines, thereby contributing to
inflammation.
Virulence The ability of microorganisms to cause damage
to a host.
Virulence factor Gene or attribute that contribute to the
virulence of a pathogen.
Introduction: Candida albicans as Commensal and Pathogen

Candida albicans is an archetypical opportunistic pathogen: While it is the most common cause of systemic fungal infections, it is
also carried by two out of three humans on mucosal membranes without causing any damage (Richardson and Rautemaa, 2009;
Thewes and Hube, 2008; Kett et al., 2011; Odds, 1987; Pfaller and Diekema, 2007). As a commensal, the fungus is commonly
found within the oral cavity, gastrointestinal tract (GI tract), and on the urogenital mucosa. On all sites, it has to adapt to the local
environment that differs significantly between various anatomical locations. Environmental conditions are on the one hand
defined by properties of the local mucosa. On the other hand, C. albicans has to establish its niche within the complex microbiota
that also varies depending on the anatomical site (Morgan et al., 2013). Adaptation to these different niches requires versatile
nutrient acquisition, metabolic flexibility, and stress resistance.

C. albicans’ adaptability contributes to its success as an opportunistic pathogen. If the balance between host defense systems,
microbiota, and C. albicans is disturbed, for example, due to immunosuppression, impairment of mucosal barrier integrity, or
disturbance of the bacterial microbiota by antibiotics, C. albicans can cause both local and disseminated infections (Goncalves
et al., 2016; Kullberg and Arendrup, 2015; Suleyman and Alangaden, 2016). Mucosal infections can occur at all sites that are
colonized with C. albicans and are often associated with specific risk factors that do not predispose to infections at other sites: For
example, oropharyngeal candidiasis is very common in AIDS patients but these patients do not have an increased risk for other
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Glossary
Allele A variant of a locus.
Auxotrophy Inability of an organism to grow in the
absence of a given organic compound.
Chemokines Type of cytokines that attracts specific
celltypes to the site where they are secreted.
Clade Evolutionary term for a group of organisms
including their common ancestor and all its descendants.
C-type lectin A type of lectin that requires Ca2 þ for proper
function.
Cytokine Small proteins that are secreted by various type
of cells and play role in communication and interaction
between cells.
Dectin-1 A C-type lectin playing important role in fungal
recognition.
Desaturase An enzyme responsible for converting
saturated chemical bonds to unsaturated ones.
Diploid A term used for organisms possessing two copies
of each chromosome.
Endothelium Thin layer of endothelial cells covering the
inner wall of blood – and lymphatic vessels.
Epithelium Thin layer of epithelial cells covering the inner
and outer surfaces of the organs.
Ergosterol A type of sterol found in the fungal cell
membrane to increase rigidity.
Glucan A D-glucose polymer in the fungal cell wall.
Heterozygosity A state of being heterozygous.
Heterozygote/ Heterozygous The organism possesses two
different alleles in a given locus.
Homology Similarity of biological properties between
species derived from the same ancestor.
Homozygote/ Homozygous The organism possesses the
same alleles in the given locus.
Hybrid The resulting descendant of mating between two
different species.
In silico Any approach (search, calculation, prediction,
etc.) that utilizes a computer.
In vitro Any experiment performed outside of a living
organism.
In vivo Any experiment performed on a living organism.
Lectin A protein that recognizes and binds carbohydrate
molecules.
Lipase An enzyme that degrades fatty acids via hydrolysis.
Locus A given region of a genome.
Lysosome A membrane-bound organelle filled with
hydrolytic enzymes in animal cells.
Macrophage Antigen presenting phagocyte in the tissues.
Mannan (O-, N-linked) A glucose polymer consisting of a
linear backbone (a-1,6-bonds) with possible (a-1,2- or
Enc6
a-1,3-bonds) branches. It can be attached to –OH groups of
Serine or Threonine of proteins that is called O-linked
mannan, or to -NH2 group of Asparagine that is known as
N-linked mannan.
Mating (yeast) A well regulated process by which two
individual cells (belonging to the opposite mating type)
fuse together.
Mb Megabase, unit of the size of DNA. 1 megabase is
1.000.000 bases.
Meiosis A type of cell division, where the initial
chromosome number (characteristic to the parent cell) is
halved (in the daughter cell).
MIC Minimum inhibitory concentration is the lowest
concentration of a specific drug that inhibits the growth of
the microbe of interest.
Mitochondrion An organelle in the eukaryotic cell
responsible for providing energy.
Mitosis A type of cell division, where the initial
chromosome number (characteristic to the parent cell) does
not change (in the daughter cell).
Neutropenia A condition where the concentration of
neutrophil granulocytes is less than 1500 * ml�1.
Neutrophil granulocyte Short-lived white blood cells
being present in the largest number in the blood of most
mammals.
Null-mutant A strain of an organism lacking both alleles
of a given locus.
Onycomycoses Infection of the nails caused by a fungus.
Orthology (genome) A type of homology where the
homolog region is defined across species.
Paralogy (genome) A type of homology where the
homolog region is defined in one species. It is typically
represented by gene duplications.
PBMC Peripheral blood mononuclear cell, any blood cell
possessing a round shaped nucleus.
PCR Polymerase chain reaction, a method used for
multiply a specific region of the genome or DNA sequence.
Phagocyte A type of cells in the body that is capable of
engulfing various organic or inorganic particles (fungus,
bacteria, cell debris etc.).
Phagosome The organelle formed as a result of
phagocytosis.
Phospholipases Enzymes responsible for hydrolyzing
ester and ether bonds of phospholipids.
Phylogenetic reconstruction An in silico process by which
the most probable relationship between species can be defined.
Plasmid A circular extrachromosomal element.
Primer A single oligonucleotide that act as starting point
for DNA synthesis during PCR.
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Introduction

Candida auris is a novel and multidrug-resistant Candida species first reported in Japan in 2009 (Satoh et al., 2009) and since then
has been reported in 35 countries in five continents. This emerging yeast that can cause invasive infections and spread easily in
healthcare settings is associated with high mortality. C. auris has some properties that make it very different from other species of
Candida: (1) It is hard to identify using conventional phenotypic techniques and is commonly misidentified in clinical laboratories
(Jeffery-Smith et al., 2018); (2) Pathogenic isolates of C. auris have emerged independently in three continents simultaneously
(Lockhart et al., 2017b); (3) C. auris is very resistant to antifungals displaying distinct mechanisms of antifungal resistance and
some strains have demonstrated high minimum inhibitory concentrations (MICs) to all three major classes of antifungal agents,
extreme multidrug-resistance (XMDR), a feature not seen before in other Candida species (Forsberg et al., 2019); and (4) C. auris
persists for weeks in healthcare environments, can colonize patients perhaps indefinitely and is easily transmitted among patients
causing healthcare-associated outbreaks, mainly in critically ill patients (Ruiz-Gaitán et al., 2018a).

All these attributes make C. auris a “superbug” concerning microbiologists, clinicians, hospital epidemiologists and health
authorities. In June 2016 the Centers for Diseases Control and Prevention (CDC) released clinical alert to healthcare facilities and
provided guidelines to clinical management, laboratory diagnosis and infection control. Likewise, European Center for Disease
Prevention and Control, World Health Organization, Pan American Health Organization, Public Health England, Spanish Ministry
of Health, and South African National Institute of Communicable Diseases also issued similar epidemiological alerts in 2016.

The sudden and simultaneous appearance of C. auris throughout the world, as a human-infecting pathogen, remains a mystery
to scientists. A recently published study suggests that the global transformation of C. auris, possibly a former plant saprophyte, into
a deadly pathogen may be due to global warming, which could have forced C. auris around the world to adapt to higher
temperatures, making it easier to infect humans with the helpful avian flora acting as intermediary hosts (Casadevall et al., 2019).

Therefore, proper prevention and control of C. auris in healthcare facilities requires better knowledge of this new yeast, rapid
detection and accurate methods of surveillance and identification, appropriate treatment and outcome monitoring of infected
patients, infection control strategies adapted to this new species, and a coordinated public health response.
Microbiological Characteristics

Biology and Morphology

Phylogenetic
C. auris is closely related to Candida haemulonii, Candida pseudohaemulonii, Candida duobushaemulonii, and Candida heveicola in
the Metschnikowaceae clade of Candida genus (Satoh et al., 2009; Daniel et al., 2014). Phenotypically, based on traditional
biochemical methods only, these species are very similar and could be hard to correctly distinguish one species from the others of
this complex (Kathuria et al., 2015).

Colony morphology
C. auris can grow in different culture media. On chromogenic media (CHROMAagar Candida or CAN2) it develops pale purple to
pink colonies; on Sabouraud dextrose agar, C. auris forms dull white to cream, smooth colonies, and on malt extract agar, it grows
as butyrous, white-gray, smooth colonies (Lone and Ahmad, 2019). C. auris has high tolerance for heat and salinity (can grow at
temperatures up to 421C and in media contained 10% NaCl) but does not grow in presence of 0.01% cycloheximide
(Jeffery-Smith et al., 2018). These characteristics can be used in the presumptive identification of this pathogen from other species.

Cellular morphology
Microscopically, C. auris cells are oval or elongated and appears in single, pairs or in aggregates. The size (2–3 � 2.5–5 mm) and
growth rate is comparable to Candida glabrata than to Candida albicans and unlike other Candida species, C. auris does not form
hyphae, pseudohyphae, germ tube or chlamydospore on cornmeal agar (Satoh et al., 2009). However, occasional rudimentary
pseudohyphae formation has been found in C. auris, either in vitro or in vivo Galleria mellonella model, suggesting it could be a
strain dependent condition (Borman et al., 2016). The presence of at least two cellular morphologies of C. auris (aggregating and
nonaggregating cells) has been reported (Borman et al., 2016; Ben-Ami et al., 2017; Sherry et al., 2017). Aggregating C. auris isolates
are produced by the inability of daughter cells to separate after budding and cannot be disrupted by mechanical action and/or
detergents. Interestingly, in G. mellonella infection model studies, the nonaggregating isolates demonstrated greater pathogenicity
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Glossary
Antimicrobial peptides Small soluble defense molecules,
which constitute key elements of the innate immunity as
they can directly kill bacterial, viral and fungal pathogens.
DAMPs (damage-associated molecular patterns) Danger
signals, usually host biomolecules, generated in injured
tissues that can initiate and perpetuate a non-infectious
inflammatory response; many DAMPs are nuclear or
cytosolic proteins/DNA released outside the cell or exposed
on the surface of the cell following tissue injury.
Emergency myelopoiesis Infection-activated proliferation
and differentiation of bone marrow hematopoietic and
progenitor stem cells toward the myeloid lineage, with the
development of other lineages (lymphoid and erythroid)
inhibited, in order to replenish mature myeloid cells
consumed during infection.
Fungal colonization Growth of C. albicans on host tissues
(gastrointestinal and urogenital tract) leading to a commensal
relationship with the immunocompetent host; high level of
colonization (due to antibacterial chemotherapy and/or
immunosuppression) precedes de invasive infectious process,
which often involves translocation of the pathogen across the
gut mucosa to the bloodstream.
IFN-gamma (interferon-c or type II interferon) Pleiotropic
cytokine, predominantly secreted by activated T cells
(CD4 þ Th1 and CD8 þ cells), as well by innate lymphoid
cells (ILCs) and another immune cells (gδ T), which plays an
essential role in both innate and adaptive immune responses,
by activating a number of phagocytic cell functions that favor
pathogen clearance during infection.
ILCs (innate lymphoid cells) A family of developmentally
related innate immune cells that belong to the lymphoid
lineage, and are characterized by their lymphoid
morphology, a lack of myeloid and dendritic cell phenotypic
markers, and absence of antigen T- and B-cell receptors;
although these cells do not respond in an antigen-specific
manner, are involved in tissue development and remodeling,
and are emerging as important effectors of innate immunity
by secreting a variety of cytokines, including IFN-g, which
depends on particular ILC subsets.
Inflammasomes Cytosolic multiprotein complexes,
formed by a PRR (e.g., NLR), an adapter protein (e.g., ASC),
and caspase 1; their assembly and activation are triggered in
response to microbial (PAMPs) and non-microbial danger
(DAMPs) signals leading to caspase-mediated proteolytic
activation of pro-IL-1b and pro-IL-18 into fully mature
inflammatory cytokines.
Innate immune tolerance Down regulation of innate
immune responses, such as proinflammatory cytokine
production, probably through epigenetic changes, upon
exposure of innate immune cells to microbial ligands; the
Enc6
most studied example is the endotoxin tolerance induced by
successive injections of bacterial lipopolysaccharide (LPS).
Lectins A class of proteins that function as receptors with
special carbohydrate-recognition domains, which are able
to identify and bind to carbohydrates and their conjugates,
forming aggregates; they are widely found in plants and
animals, including mammals, and depending on their
structure and function are classified into four types: C-, P-, I-
and S-type lectins.
Morphogenetic transition (yeast-to-hypha transition) Process
by which dimorphic fungal species, as C. albicans, switch
between two growth patterns depending on environmental
conditions. The transition from budding yeast to filamentous
growth (hypha) initiates with the emission by the yeast of a
germ-tube (nascent hypha), and it is associated with changes in
cell wall structure and composition and in the expression of
virulence factors.
Opsonins Molecules that enhance phagocytosis by
binding to microbial cells during infection, and to
dead/dying self-cells; major opsonins are the complement
system, antibodies and other molecules (as the mannose
binding lectin) which aid the immune system by a variety of
mechanisms: favouring clearance of pathogens and dead
self-cells by macrophages and neutrophils, activating the
complement system, and targeting cells for destruction by
natural killer cells.
Phagocytic synapse Massive reorganization of membrane
proteins coordinated by the actin cytoskeleton of phagocytic
cells that occurs upon recognition of b-glucan particles
(zymosan or yeasts) by dectin-1, which clusters the receptor
in a synapse-like structure, required for activation of dectin-1
signaling; this allows phagocytic cells to discriminate direct
microbial contact from soluble ligands.
PAMPs/MAMPs (pathogen/microbial associated
molecular patterns) Conserved molecules, broadly
expressed in pathogen, as well as in non-pathogen microo-
rganisms (bacteria, fungi, virus), and absent in mammals,
that constitute molecular signatures that trigger immune
responses upon recognition by innate immune cells
through PRRs.
PRRs (pattern recognition receptors) Receptors that are
predominantly expressed in innate immune cells that sense
microbial presence through recognition of PAMPs/MAMPs,
allowing discrimination between self and non-self by using a
limited number of receptors, and initiating innate defense
mechanisms.
Trained immunity Prolonged enhancement of function of
the innate immunity after adequate priming (recognition of
microbial ligands by host receptors) leading to a functional
reprogramming associated to epigenetic changes. Macrophages
and monocytes are among the main cells of the innate
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Nomenclature
AIDS Acquired immunodeficiency syndrome
CNS Central nervous system
CSF Cerebrospinal fluid
EIA Enzyme immunoassay
GalXM Galactoxylomannan
GXM Glucoronoxylomannan
Enc6
GXMGal Glucuronoxylomannogalactan
HAART Highly active antiretroviral therapy
HIV Human immunodeficiency virus
IFD Invasive fungal disease
LAT Latex agglutination tests
LFA Lateral flow immunoassay
Glossary
Basidium Filament that is formed during sexual
reproduction in basidiomyces and where meiosis occurs.
Capsule Structure that surrounds the cell body.
Free radical Molecular species that contains an unpaired
electron in an atomic orbital.
Infection Introduction of a microorganism into a host.
Macrophage Type of leukocyte of immune system that is
specialized in phagocytosis. Its function is to recognize,
engulf and destroy target cells and foreign particles.
Melanin Dark pigment insoluble in water and resistant to
heat, free radicals and acid widely found in nature, from
mammals from microorganisms.
Meningoencephalitis Inflammation of the membranes
of the brain and the adjoining cerebral tissue.
Phagocytosis Endocytic process that results in the
internalization of solid particles inside the cell.
Serotypes Division within the same species that
depends on the reactivity of a microbe to specific
antibodies.
Titan cell Morphological transition defined as a massive
growth a blastoconidia.
Virulence factor Element produced by a pathogen that
causes damage in a host.
Yeast Unicellular fungus that divides by budding or
fission.
Several fungal species have become a threat for susceptible patients because they can cause serious invasive diseases. Their
incidence has increased in the last decades due to the raise in the number of immunosuppressed patients. The main causative
agents of invasive fungal diseases (IFD) are yeasts and filamentous fungi (such as Aspergillus spp).
The main two yeast genera that can cause invasive diseases in humans are Candida spp. and Cryptococcus spp. While most Candida spp.
live with the host as part of its microbiota, Cryptococcus spp. are acquired from the environment and infections by these yeasts have
particular features that make them unique among fungal pathogens. The present chapter will focus on the importance of Cryptococcus
spp. as pathogens, epidemiology, and main characteristics of the diseases they cause.
Cryptococcus Neoformans and Cryptococcus Gattii: Main Features

Cryptococcosis is a systemic disease caused by yeasts from the genus Cryptococcus. This genus comprises many species, but disease in
humans is strongly associated with two of them: C. neoformans and C. gattii. These yeasts are part of the Phylum basidiomycete and
infection occurs through inhalation of infective forms of yeast, the basidiospores, which are found in the environment (Negroni, 2012).
Both species are very similar from a genetic and phenotypic point of view, but they present important differences in their epidemiology
and virulence. They are both respiratory yeasts, and present an important difference in their cell wall compared to other fungal
pathogens, because they have a low content of b-1,3-glucan. However, the main characteristic of Cryptococcus spp. is a polysaccharide
capsule that surrounds the cell wall, which confers special immunogenic features to these yeasts.
Classification of Cryptococcus Neoformans/Gattii

The C. neoformans/gattii complex comprises two species that are subdivided and classified in different genotypes. These species have
been also divided in serotypes according to different immunological properties of the capsule. C. neoformans has been classically
divided in two serotypes: A (also denominated variety grubii), and serotype D (C. neoformans variety neoformans). In C. neoformans,
AD hybrids are also very prevalent (Franzot et al., 1999). C. gattii contains serotypes B and C (Boekhout et al., 2001, 1997; Kwon-
Chung and Varma, 2006). However, in the last years, several studies using molecular techniques have questioned the use of only
two species among C. neoformans/gattii complex. Recently, Hagen et al. (2015) through phylogenetic and genotyping analysis,
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Awareness of significant life-threatening fungal infections has increased in recent years. However, given the global burden of these
diseases (Bongomin et al., 2017), and the morbidity and mortality associated to them, they are still heavily neglected in public
health policy. We know that significant contributing factors to the epidemiology of mold infections, are host factors, geography,
nosocomial reservoirs, and antifungal prophylactic strategies. (Dignani, 2014; Cornely, 2008).

There is a profound impact of these infections on population health and economics, and although true estimates of the
economic burden of these diseases are lacking, estimates of invasive mold infections per se, has been attempted in a few, well
designed studies, with the caveat that they have mostly been confined to restricted geographical areas or classically known at risk
individuals (Azie et al., 2012; Steinbach et al., 2012). A recent study, trying to estimate the direct health care cost of fungal
infections in the US (Benedict et al., 2019), found that only in 2017, the cost for these infections where 7.2 billion, including
hospitalizations and outpatient visits, where Aspergillus infections represented more than 25% of fungal related hospitalization
costs, and the highest overall costs of any disease. These figures do not take in to account other costs, such as decreased
productivity, disability and other indirect costs.

Given the difficulty in establishing invasive mold infections pre-mortem, current estimates are likely underestimating the magnitude
of the impact of these diseases. No autopsies studies have established the burden of these diseases throughout different populations and
different geographic regions; this is particularly relevant with the growing number of iatrogenic acquired risk factors and the potential of
endemic regions as a result of climate change. In general, there are only few autopsies looking at invasive mold infections, thus true
estimates are lacking. In a study looking at invasive fungal disease in published autopsies series from single center, multicenter or
national studies, found a median prevalence of invasive fungal disease in 8.7 per 100 autopsies, where infections classified as Aspergillus-
like infections, where the most common overall fungal diseases, followed by Candida spp. infections. These series included general
population, hemato-oncologic patients, stem cell transplant recipients, and HIV/AIDS patients. In these series, the diagnosis of IFD, was
established or suspected pre-mortem in only 30%–50% of cases. (Dignani, 2014).

We know that healthy individuals almost never develop significant mold infections, these are always considered opportunistic
infections (Lionakis and Levitz, 2018). They occur either secondary to a disruption of the normal respiratory architecture and/or a
decreased ability of the immune system of the host to contain these ubiquitous microorganisms. Invasive mold infections, of
which the most prevalent are the ones caused by the Aspergillus genus, were traditionally thought to be confined to patients with
severe immunosuppression, such as those with hematologic malignancies undergoing induction chemotherapy, hematopoietic
stem cell transplant (HSCT) recipients, solid organ transplant (SOT) recipients, or patients with an inherited primary immune
defect (PID). Other clinically significant mold infections are those caused by Fusarium spp, the agents of mucormycosis, Lomen-
tospora spp., Scedosporium spp., and the dematiaceous molds. In the severely immunocompromised patient population, mortality
for some of these infections often exceeds 50%, despite the availability of newer antifungals. (Seidel et al., 2019; Roden et al., 2005;
Kontoyiannis et al., 2010) Recently however, we have improved our recognition of other common risk factors for mold infections
that were previously underestimated, and thus their true impact neglected. Some of these include, chronic pulmonary aspergillosis
(Fig. 1) and invasive disease in prior or concomitant cavitary tuberculosis infections (Denning et al., 2011; Hedayati et al., 2015;
Page et al., 2019), in patients with chronic obstructive pulmonary disease (COPD) (Guinea et al., 2010), as well as, undiagnosed
invasive infections in non-hematologic critically ill patients.

On the other hand, not only our recognition of these diseases has improved, but there has been a true increase in the number of
susceptible hosts. Classic at-risk individuals such as patients with hematologic malignancies live longer, and there is an expanding
pool of individuals undergoing HSCT and SOT, worldwide (Gratwohl et al., 2010; Rana and Godfrey, 2019). In addition, newer
risk factors continue to be recognized (Table 1); precision medicine and the use of small molecules, targeted biologic therapies,
and diverse cell therapies, including chimeric antigen receptor (CAR)-engineer T cells, have also expanded the pool of at-risk
individuals (Ghez et al., 2018; Varughese et al., 2018; Zarakas et al., 2019; Haidar et al., 2019).
Aspergillosis

Invasive Aspergillosis

Estimates of invasive aspergillosis (IA) are complicated by the fact that most cases of IA in severely immunocompromised
individuals are defined as “probable cases”, no microbiologic diagnosis exists, and estimates in different studies are not uniformly
calculated (incidence, cumulative incidence, etc). Best estimates agree that invasive aspergillosis happens in B 2.6%–13% of
patients with hematologic malignancies or marrow failure syndromes (Pagano et al., 2010; Pagano and Caira, 2012; Pagano et al.,
☆Supported by the Division of Intramural Research, National Institute of Allergy and Infectious Diseases, U.S.A.
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Glossary
Aspergilloma A clump of fungus in a body cavity, such as
the lungs.
Aspergillosis Set of diseases caused by Aspergillus spp.
which comprises a variety of clinical manifestations.
Aspergillus fumigatus Fungus of the Aspergillus genus.
One of the most common predominant human-pathogenic
mold causing aspergillosis.
Biofilm Multicellular and multilayered hyphae which are
embedded in an extracellular matrix.
Colonization Growth in the host without invasive
infection. It is defined when there is a positive culture from
bronchoalveolar lavage or two sputum cultures positive for
the same Aspergillus species, in the absence of invasive
pulmonary aspergillosis.
Conidia Asexual fungal spores of filamentous fungi.
Conidiophores Highly organized structures of fungi that
successively produce conidia on characteristic
conidial heads.
cyclopedia of Mycology, Volume 1 doi:10.1016/B978-0-12-819990-9.12078-5
Host An animal or plant on or in which a microorganism
or commensal organism lives.
Hydrophobins Hydrophobic proteins that are present on
the surface of Aspergillus fumigatus conidia and are
responsible for the typical rodlet configuration of the outer
conidial layer.
Saprotrophic fungi Molds species that obtain
nourishment by decomposing organic matter, such as dead
plants or animals.
Secondary metabolites Organic compounds produced by
microorganism metabolism which are not essential for
normal growth but can provide advantages for the survival
of microbial species.
Siderophore A high-affinity iron-chelating molecule that
is secreted by many bacterial and fungal species.
Virulence Ability to infect and degree of damage caused
by an organism.
Introduction

Aspergillus species are soil saprophytic molds found ubiquitously worldwide and are associated with decomposing organic biomass
playing an important role in carbon and nitrogen recycling in nature. These opportunistic fungi species released abundant conidia
into the air, of which at least several hundred will be inhaled by humans every day (Latgé, 1999).

Species of the Aspergillus genus are the etiologic agent responsible for several human and animal diseases that are generally called
aspergillosis. For most patients, the primary route of infection is the respiratory tract by inhalation of air-borne conidia. While immuno-
competent individuals rarely suffer any adverse effect due to the efficient elimination by mucociliary clearance and the innate immune
response by macrophages (Hohl and Feldmesser, 2007), in patients with pulmonary disorders, such as asthma or cystic fibrosis, Aspergillus
can cause allergic bronchopulmonary aspergillosis, and in high-risk immunocompromised individuals, the infection can lead to invasive
aspergillosis (Dagenais and Keller, 2009). Apart from the respiratory tract, other sites of infection have been described but are much less
common, such as the skin, peritoneum, kidneys, bones, eyes and gastrointestinal tract (Anaissie and Costa, 2001; Latgé, 1999; Walsh, 1998).

Aspergillosis comprises a variety of clinical manifestations. There are several factors that contribute to aspergillosis, including both
fungus and host-related factors such as strain virulence and host pulmonary structure and immune status (Almyroudis et al., 2005;
Denning, 1998; Latgé, 1999; Singh and Bhalodiya, 2005) (Fig. 1). According to the host immunity, clinical presentations of
aspergillosis range from asymptomatic colonization, superficial or saprophytic infection, allergy, and acute invasive disease (Latgé,
1999; Walsh et al., 2008). Generally, allergic diseases are caused by a chronic response to mold colonization due to a repeated
exposure to Aspergillus conidia or antigens, while superficial infections are related to local trauma or fungal overgrowth. In contrast,
diseases which involve mycelial growth are more severe, such as allergic bronchopulmonary aspergillosis (ABPA), aspergilloma and
invasive aspergillosis (IA) (Latgé, 1999). The last one is a systemic infection that has emerged as the leading cause of morbidity and
mortality in immunocompromised hosts (Brown et al., 2012; Denning, 1998). The immunocompromised populations that are most
susceptible to invasive aspergillosis include patients with leukemia or genetic immunodeficiency diseases and patients undergoing
bone marrow, hematopoietic stem cell, or solid-organ transplants. Mortality rates in these patients can reach up to 90% (Brown et al.,
2012; Kontoyiannis et al., 2010; Pappas et al., 2010). Furthermore, during the past few years, it has been increasing evidence for a
genetic component that may render individuals more vulnerable to develop aspergillosis diseases (Maskarinec et al., 2016).

Among the Aspergillus genus, A. fumigatus is the primary and most predominant human-pathogenic species and therefore the
most common cause of aspergillosis (Kontoyiannis et al., 2010; Pappas et al., 2010). Besides A. fumigatus, there are other species of
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Introduction

Fungi of the order Mucorales represent a ubiquitous part of the environment, thriving on wet organic materials to cause rot and
spoilage. Mucorales fungi are also widely used in food production through their ability to secrete a variety of enzymes (e.g., amylase,
lipase and protease), used in fermentation, and production of cheese and soy products (e.g., Tempeh) (Morin-Sardin et al., 2017).
The ability to secrete enzymes are also used in the development of several medically and pharmaceutically important compounds
such as steroids and terpenoids (Morin-Sardin et al., 2017). In contrast, several species of these thermotolerant/philic Mucorales can
cause mucormycosis, a life-threatening infection that mostly occurs in patients with impaired immunity (Ribes et al., 2000; Spellberg
et al., 2012; Roden et al., 2005). Humans are frequently exposed to Mucorales spores via inhalation, ingestion or direct inoculation
into an abraded skin or an open wound. The genera most commonly implicated in human infections are Rhizopus, Mucor, Rhizomucor,
Lichtheimia, Cunninghamella, Saksenaea, and Apophysomyces. This review focuses on the medically important Mucorales, elaborating on
recent advances in epidemiology, pathophysiology, pathogenesis and molecular diagnosis of mucormycosis. We also present recent
treatment strategies and research endeavors to counter the expanding global problem of mucormycosis.
Epidemiology and Burden of Disease

A total of 11 genera and B27 species under the order Mucorales are known to cause mucormycosis. Amongst these, Rhizopus,
Lichtheimia and Mucor represent the most common agents associated with human disease (Jeong et al., 2019).

Rhizopus spp. is frequently associated with the rhinoorbital/cerebral form of the disease, Cunninghamella spp. with pulmonary
or disseminated disease, while Apophysomyces and Saksenaea spp. are reportedly isolated from cutaneous mucormycosis (Jeong
et al., 2019). Diabetes and ketoacidosis are the primary causes of rhinoorbital/cerebral mucormycosis, whereas corticosteroid usage
promotes infection by Lichtheimia spp. Lanternier et al., (2005–2007). Of all agents of mucormycosis, Cunninghamella spp. causes
the highest rate of mortality with B70% lethality versus B50% rate of all-cause mortality (Roden et al., 2005; Jeong et al., 2019).

Rhizopus spp. remain the most common cause of mucormycosis with B half of the cases seen world-wild attributed to this genus
(Jeong et al., 2019). The second most common isolate appears to be geographically-dependent with Mucor, Lichtheimia, and Apophy-
somyces reported as the second most common in the Americas, Europe and the Indian subcontinent, respectively (Skiada et al., 2018;
Nucci et al., 2019; Prakash and Chakrabarti, 2019). Although the worldwide incidence of mucormycosis is difficult to estimate, as it is
not a reportable disease, recent data show a striking increase in the number of reported cases of mucormycosis (Gleissner et al., 2004).
There has been an alarming rise in the incidence of mucormycosis at major US transplant centers. The number of cases over a 15 year
period has more than doubled (Marr et al., 2002; Kontoyiannis et al., 2000). Prevalence rates are up to 8% in autopsied patients with
leukemia (Greenberg et al., 2004). A French study showed a 70% increase in mucormycosis cases between 1997 and 2006 (Bitar et al.,
2009). The highest incidents of mucormycosis are reported in India, with B200,000 cases/year (Patel et al., 2017; Bala et al., 2015;
Chakrabarti and Singh, 2014). In a more recent retrospective study in the United States using the Premier Perspective™ Comparative
Database, with more than 560 participating USA hospitals covering 104 million patients, found the prevalence of mucormycosis-related
hospitalizations at 0.12 per 10,000 discharges (Kontoyiannis et al., 2016). Readmission rates were high in this study, with 30% and 37%
of patients readmitted within one and three months of discharge, respectively, and the median length of stay was 17 days, with 23%
deceased at discharge. The average cost per hospital stay was a staggering: $112,419 (Skiada et al., 2018).

Leading International Fungal Education (LIFE) portal has estimated the global burden of mucormycosis to be B10,000 cases
per year barring the incidents from India. A review of 929 reports published between the years 1885 and 2004 revealed that the
common risk factors for mucormycosis were diabetes mellitus (36%), followed by hematologic malignancies (17%) and solid
organ or hematopoietic cell transplantations (12%). The majority of patients with malignancy suffered from pulmonary disease,
whereas patients with diabetes were afflicted primarily with rhinoorbital/cerebral disease. However, more recent data from
developed countries have reported an increase in mucormycosis in hematologic malignancies, especially in patients with graft
versus host disease and patients receiving hematopoietic cell transplants (Marr et al., 2002; Bitar et al., 2009; Trifilio et al., 2007;
Kontoyiannis et al., 2005; Kauffman and Malani, 2007). A number of factors have promoted the rise in the number of malignancy-
related mucormycosis cases including; (1) use of antifungals such as voriconazole or echinocandins that are inactive against
Mucorales; (2) severe defects in immune-competency due to use of immunosuppressive agents; (3) a decrease in aspergillosis-
related mortality, resulting in the emergence of less common invasive mold infections during the late post-transplant period
(Pagano et al., 2009; Nucci and Marr, 2005; Marr et al., 2009); and (4) frequent blood transfusions leading to increased serum
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Glossary
Arthroconidia Fungal asexual reproductive cell originated
from segmentation of hyphae.
Conidia Fungal asexual cell.
Endemic mycosis Mycosis that occur in a specific
geographic region.
Etiological agent Causative agent of an infectious disease.
Hematogenous dissemination Dissemination of a
pathogen through blood vessels.
Hyphae Fungal elongated multicellular filaments.
cyclopedia of Mycology, Volume 1 doi:10.1016/B978-0-12-809633-8.12056-4
Mycelium An aggregate of hyphae cells.
Saprophytic organisms Organisms that inhabit decaying
organic matter.
Spores Fungal sexual cell.
Teleomorph Fungal sexual reproductive stage.
Thermal-dimorphic fungi Fungal species that alternate
morphology into yeasts and hyphae cells during their
lifecycle.
Yeasts Fungal unicellular organisms that reproduce by
fission or budding.
Introduction

Dimorphic fungi are organisms that have the ability to switch between two morphologies during their lifecycle: yeast and
hyphae (Gauthier, 2015; Klein and Tebbets, 2007). Dimorphism can be induced by several stimuli, such as oxygen con-
centration, nutrient sources and enzymatic activity (Gauthier, 2015). Thermal-dimorphic fungi are a group of ascomycetes in
which morphologic changes are induced by temperature. This group includes species of the genera Blastomyces, Coccidioides,
Histoplasma, Paracoccidioides, Sporothrix, Talaromyces and the brand new Emergomyces (Boyce and Andrianopoulos, 2015;
Gauthier, 2015; Schwartz et al., 2019). These fungi have a very special characteristic: the ability to parasite the mammal host,
causing deep mycoses that are usually restricted to specific geographical areas (Fig. 1), also called endemic mycosis (Bonifaz
et al., 2011; Rappleye and Goldman, 2006). They are often habitants of soil, in temperatures varying between 22 and 251C,
where they grow was a mold. When fungal propagules such as conidia are inoculated in the mammalian host (B371C), they
undergo a very complex process and convert into pathogenic yeasts or spherules (Klein and Tebbets, 2007; Bonifaz et al., 2011;
Rappleye and Goldman, 2006). Morphological transition is a key factor for pathogenicity and its failure almost always
attenuates fungal virulence (Garber, 2001; Klein and Tebbets, 2007). Thermal-dimorphic fungi are important human pathogens
with significant impact on public health, causing substantial morbidity and mortality (Knox and Hage, 2010; López-Martínez
and Méndéz-Tovar, 2012; Marques, 2012; Nguyen et al., 2013; Mahajan, 2014; Garber, 2001; Sil and Andrianopoulos, 2015).

Coccidioidomycosis, histoplasmosis, paracoccidioidomycosis, blastomycosis, sporotrichosis, penicilliosis and the recently
described emergomycosis are the most common endemic systemic mycoses. Each of these diseases differ in epidemiology,
symptoms and prognosis (Bonifaz et al., 2011). Infections are often started in the lungs after inhalation of dormant conidia or
spores produced during the differentiation of hyphal cells for asexual or sexual reproduction, from where hematogenous and
lymphatic dissemination can occur to the skin and other organs, especially in immunocompromised hosts (Bonifaz et al., 2011;
Klein and Tebbets, 2007). Once inside the host, fungal propagules are recognized by host innate immune cells, such as
macrophages and neutrophils, inducing a variety of cellular responses (Boyce and Andrianopoulos, 2015; Romani, 2011;
Bonifaz et al., 2011). Some of these fungi developed sophisticated strategies to modulate the host immune responses in their
favor (Boyce and Andrianopoulos, 2015; Rappleye and Goldman, 2006).

Thermal-dimorphic fungi typically invade immunocompetent hosts. In the United States, it is estimated that Histoplasma
capsulatum and Coccidioides spp. infect 500,000 and 150,000 persons annually, respectively (Gauthier, 2015), and together with
B. dermatitidis, they are considered to be the most common cause of lung fungal infections in immunocompetent individuals
(Sil and Andrianopoulos, 2015). Paracoccidioidomycosis and Emergomycosis are the most prevalent systemic mycosis in Brazil
(Coutinho et al., 2015) and South Africa (Schwartz et al., 2019), respectively. However, after the Acquired Immunodeficiency
Syndrome (AIDS) pandemic and the developments in modern medicine, such as the immunosuppressive therapy for malignant
and autoimmune diseases, and organ transplantation, the incidence of the endemic mycosis has been progressively increasing
(Garber, 2001; Mahajan, 2014; Friedman and Schwartz, 2019). In solid organ transplant recipients, thermally dimorphic fungi
account for 5% of fungal infections (Gauthier, 2015; Pappas et al., 2010). Life-threatening mycoses occur in both immuno-
competent and immunocompromised hosts (Garber, 2001), encouraging the development of new therapies and strategies to
overcome these important fungal diseases. In the following sections we will discuss the major characteristics of the main
thermal-dimorphic fungal pathogens.
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Introduction

Histoplasma is an endemic, thermally dimorphic fungus. It is endemic to specific regions on several continents, but epidemiology
is difficult to critically assess due to a lack of systematic mandatory reporting. The major factor regulating dimorphism is
temperature, with the fungus existing as a mycelium in nature or with cultivation at B251C and this mold form undergoes
morphogenic transition to a yeast during infection or with culture in rich medium at B371C. The mycelial form has hyphal
elements that are 1.25–2.0 mm in diameter, which present tuberculate macroconidia (B8–14 mm in diameter) and microconidia
(B2–6 mm in diameter), with the microconidia being the purported infectious propagule (Darling, 1909; Helmbright and Larsh,
1956). The yeast cells are typically small, slightly ovoid cells of 1–5 mm in diameter.

The American pathologist Samuel Taylor Darling reported and named histoplasmosis after the autopsy of a carpenter in Panama
in 1905 (Darling, 1906, 1909), although he incorrectly determined that the microbe was a protozoan. Darling observed swollen
histiocytes (thus “histo”) and plasmodium-like organisms (hence “plasma”) with what appeared to be a capsule (“capsulatum”)
leading to the name Histoplasma capsulatum. Notably, the yeast does not in fact have a capsule. In 1912, the Brazilian investigator
Henrique da Rocha-Lima correctly determined that Histoplasma was a fungus (da Rocha-Lima, 1912–1913; da Rocha-Lima, 1912).
Recently, genome-wide population analyses have led some researchers to suggest that the genus Histoplasma contains at least four
distinct species (Sepulveda et al., 2017). However, these taxonomic changes have not been uniformly accepted, although our current
chapter will generally refer to this potential group of fungi as “Histoplasma.”

Acquisition of Histoplasma may be asymptomatic and manifestations of disease range from a mild flu-like illness to life-
threatening disseminated disease. The severity of this mycosis is closely associated with the quantity of the inoculum and the
affected individual’s immunological state (Kauffman, 2007), with defects in cellular immunity being closely linked to disease
severity. The diagnosis of histoplasmosis remains problematic, frequently resulting in delays of diagnosis. Pharmacological
management requires systemic antifungal therapy, typically with a polyene or an azole, depending on disease severity.
Therapy is typically several months in duration and individuals with severe immunosuppression may require life-long
antifungal treatment.
Epidemiology

Histoplasmosis is reportable in 12 of the 50 states in the USA and it is only sporadically reportable in other areas of the world.
Histoplasma is responsible for B500,000 infections annually in the USA, making histoplasmosis the most prevalent fungal
pulmonary disease (Teixeira Mde et al., 2016). The areas with the highest rates of infection are in the Ohio and Mississippi River
Valleys where up to 90% of individuals have acquired the fungus (Furcolow, 1963; Edwards et al., 1969). A 2018 report from the
USA CDC, reviewed hospitalization data from 2011 to 2014 in only 12 states (which excluded Missouri and Tennessee, states with
a high incidence of Histoplasma) in the USA and identified 3409 cases of histoplasmosis with a 7% mortality rate (Armstrong et al.,
2018). The incidence of histoplasmosis was highest in geographic areas adjacent to the Mississippi River. A previous CDC report
from 2016 reviewed USA hospitalizations from 2001 to 2012 and found that there were B5000 admissions annually (Benedict
et al., 2016). Analysis of the 2002 Nationwide Inpatient Sample identified 3370 individuals with histoplasmosis with a mortality
rate of 7.5% (Chu et al., 2006). Hence, histoplasmosis is a consistently important pathogen in the USA, particularly in specific
areas. Notably, Histoplasma is also being identified outside of its historic boundaries in the USA (CDC, 2013; Maiga et al., 2018),
possibly due to climate change.

Histoplasma is also a major killer in less developed regions of the Americas (Adenis et al., 2014), particularly in Latin American
countries including Brazil (Prado et al., 2009; Brilhante et al., 2012), Guatemala (Scheel et al., 2009), and French Guiana, where it
is the “first cause of AIDS-related death” (Iriart et al., 2014). Notably, histoplasmosis exceeds tuberculosis in HIV infected
individuals as the leading cause of death in certain regions (Adenis et al., 2018; Pasqualotto and Quieroz-Telles, 2018), and it is
considered an AIDS defining disease (Adenis et al., 2014). Endemicity is particularly high in specific regions, such as Southeastern
portions of Brazil where the prevalence is as high as B93% (Guimaraes et al., 2006). Although less common, Histoplasma is
prevalent in the Caribbean, Africa, Australia and Asia (Loulergue et al., 2007; Chakrabarti and Slavin, 2011; McLeod et al., 2011),
including newly described areas (Antinori, 2014). Moreover, given the frequency of travel, imported cases of histoplasmosis are
globally reported (Bahr et al., 2015).

As noted above, histoplasmosis is highly associated with advanced HIV disease, particularly once CD4 þ T cell counts are
less than 200/mm3 (Adenis et al., 2014). Individuals receiving anti-cytokine therapies, particularly inhibition of tumor necrosis
factor-a, have a high risk for histoplasmosis (Deepe, 2005). Reactivation disease arising from organ transplants, particularly liver,
also may occur (Grim et al., 2012).
Encyclopedia of Mycology, Volume 1 doi:10.1016/B978-0-12-809633-8.21008-X624









628 Histoplasma
Limper, A.H., Knox, K.S., Sarosi, G.A., et al., 2011. An official American Thoracic Society statement: Treatment of fungal infections in adult pulmonary and critical care patients.
Am. J. Respir. Crit. Care Med. 183, 96–128.

Loulergue, P., Bastides, F., Baudouin, V., et al., 2007. Literature review and case histories of Histoplasma capsulatum var. duboisii infections in HIV-infected patients. Emerg.
Infect. Dis. 13, 1647–1652.

Maiga, A.W., Deppen, S., Scaffidi, B.K., et al., 2018. Mapping Histoplasma capsulatum exposure, United States. Emerg. Infect. Dis. 24, 1835–1839.
Maza, P.K., Suzuki, E., 2016. Histoplasma capsulatum-induced cytokine secretion in lung epithelial cells is dependent on host integrins, Src-family kinase activation, and

membrane raft recruitment. Front. Microbiol. 7, 580.
McAdams, H.P., Rosado-De-Christenson, M.L., Lesar, M., Templeton, P.A., Moran, C.A., 1995. Thoracic mycoses from endemic fungi: Radiologic-pathologic correlation.

Radiographics 15, 255–270.
McLeod, D.S., Mortimer, R.H., Perry-Keene, D.A., et al., 2011. Histoplasmosis in Australia: Report of 16 cases and literature review. Medicine 90, 61–68.
Medoff, G., Kobayashi, G.S., Painter, A., Travis, S., 1987. Morphogenesis and pathogenicity of Histoplasma capsulatum. Infect. Immun. 55, 1355–1358.
Newman, S.L., Gootee, L., Hilty, J., Morris, R.E., 2006. Human macrophages do not require phagosome acidification to mediate fungistatic/fungicidal activity against

Histoplasma capsulatum. J. Immunol. 176, 1806–1813.
Parker, J.D., Sarosi, G.A., Doto, I.L., Bailey, R.E., Tosh, F.E., 1970. Treatment of chronic pulmonary histoplasmosis. N. Engl. J. Med. 283, 225–229.
Pasqualotto, A.C., Quieroz-Telles, F., 2018. Histoplasmosis dethrones tuberculosis in Latin America. Lancet Infect. Dis. 18, 1058–1060.
Perfect, J.R., Marr, K.A., Walsh, T.J., et al., 2003. Voriconazole treatment for less-common, emerging, or refractory fungal infections. Clin. Infect. Dis. 36, 1122–1131.
Pfaller, M.A., Diekema, D.J., 2010. Epidemiology of invasive mycoses in North America. Crit. Rev. Microbiol. 36, 1–53.
Prado, M., Silva, M.B., Laurenti, R., Travassos, L.R., Taborda, C.P., 2009. Mortality due to systemic mycoses as a primary cause of death or in association with AIDS in Brazil:

A review from 1996 to 2006. Mem. Inst. Oswaldo Cruz 104, 513–521.
Restrepo, A., Tobon, A., Clark, B., et al., 2007. Salvage treatment of histoplasmosis with posaconazole. J. Infect. 54, 319–327.
Sathapatayavongs, B., Batteiger, B.E., Wheat, J., Slama, T.G., Wass, J.L., 1983. Clinical and laboratory features of disseminated histoplasmosis during two large urban

outbreaks. Medicine 62, 263–270.
Scheel, C.M., Samayoa, B., Herrera, A., et al., 2009. Development and evaluation of an enzyme-linked immunosorbent assay to detect Histoplasma capsulatum antigenuria in

immunocompromised patients. Clin. Vaccine Immunol. 16, 852–858.
Sepulveda, V.E., Marquez, R., Turissini, D.A., Goldman, W.E., Matute, D.R., 2017. Genome sequences reveal cryptic speciation in the human pathogen Histoplasma capsulatum.

mBio 8.
Straub, M., Schwarz, J., 1955. The healed primary complex in histoplasmosis. Am. J. Clin. Pathol. 25, 727–741.
Teixeira Mde, M., Patane, J.S., Taylor, M.L., et al., 2016. Worldwide phylogenetic distributions and population dynamics of the genus Histoplasma. PLOS Negl. Trop. Dis. 10,

e0004732.
Wheat, J., 1997. Histoplasmosis. Experience during outbreaks in Indianapolis and review of the literature. Medicine 76, 339–354.
Wheat, J., French, M.L., Kohler, R.B., et al., 1982. The diagnostic laboratory tests for histoplasmosis: Analysis of experience in a large urban outbreak. Ann. Intern. Med. 97,

680–685.
Wheat, J., Sarosi, G., Mckinsey, D., et al., 2000. Practice guidelines for the management of patients with histoplasmosis. Infectious Diseases Society of America. Clin. Infect.

Dis. 30, 688–695.
Wheat, L.J., Kauffman, C.A., 2003. Histoplasmosis. Infect. Dis. Clin. North Am. 17, 1–19.
Wheat, L.J., Cloud, G., Johnson, P.C., et al., 2001. Clearance of fungal burden during treatment of disseminated histoplasmosis with liposomal amphotericin B versus

itraconazole. Antimicrob. Agents. Chemother. 45, 2354–2357.
Wheat, L.J., Connolly, P., Smedema, M., et al., 2006. Activity of newer triazoles against Histoplasma capsulatum from patients with AIDS who failed fluconazole. J. Antimicrob.

Chemother. 57, 1235–1239.
Wheat, L.J., Freifeld, A.G., Kleiman, M.B., et al., 2007. Clinical practice guidelines for the management of patients with histoplasmosis: 2007 update by the Infectious Diseases

Society of America. Clin. Infect. Dis. 45, 807–825.
Wheat, L.J., Wass, J., Norton, J., Kohler, R.B., French, M.L., 1984. Cavitary histoplasmosis occurring during two large urban outbreaks. Analysis of clinical, epidemiologic,

roentgenographic, and laboratory features. Medicine 63, 201–209.
Williams, B., Fojtasek, M., Connolly-Stringfield, P., Wheat, J., 1994. Diagnosis of histoplasmosis by antigen detection during an outbreak in Indianapolis, Ind. Arch. Pathol.

Lab. Med. 118, 1205–1208.
Zancopé-Oliveira, R.M., Bragg, S.L., Hurst, S.F., Peralta, J.M., Reiss, E., 1993. Evaluation of cation exchange chromatography for the isolation of M glycoprotein from

histoplasmin. J. Med. Vet. Mycol. 31, 29–41.



Coccidioidomycosis: The Valley Fever
Hazael Hernandez, Texas Tech University Health Sciences Center, Lubbock, TX, United States
Luis R Martinez, University of Florida, Gainesville, FL, United States

r 2021 Elsevier Inc. All rights reserved.

Introduction

Coccidioidomycosis or valley fever is a caused by Coccidioides species, thermally dimorphic fungi found in environmental soil that
affect humans and a diversity of vertebrates (Drutz and Catanzaro, 1978a,b; Galgiani et al., 2005; Smith et al., 1961; Stevens, 1995;
Stockamp and Thompson, 2016). This typically occurs after the inhalation of coccidioidal arthroconidia released during the
perturbation of soil due to natural weather events, agriculture, land development, and recreational activities (Colson et al., 2017;
Nicas, 2018). There are two species (spp.) of Coccidioides described, C. immitis (Ophüls, 1905; Posadas, 1892) and C. posadasii
(Fisher et al., 2002), the latter was phenotypically described in 2002, more than 100 years after the first known case report of
coccidioidomycosis was published in 1892 (Posadas, 1892).

During the 20th century, Coccidioides spp. emerged as a public health threat to any region with arid or semiarid conditions that
support the growth of the fungus in soil as arthroconidia (Smith, 1955). The fungus is endemic of the United States (US)
Southwest, Mexico, and other expansive regions of Latin America, conferring a tremendous burden onto public health systems.
Tens of thousands of cases are confirmed and reported every year, with many more unidentified because lack of testing or reporting
(McCotter et al., 2019). In California, coccidioidomycosis was responsible for approximately 25,000 hospitalizations and 4$2
billion dollars in hospital charges for patients during 2000–2011 (Sondermeyer et al., 2013). In Mexico, the impact of cocci-
dioidomycosis on public health is far more insidious and tragic due to their substantial agricultural workforce that is medically
underserved. Upon infection or exposure, people must rely on underdeveloped health systems and lack of testing/reporting.

In the US, Coccidioides is reported to be encroaching on greener, more temperate territories it was never before observed in; cases
are now appearing out of East Texas (Barker et al., 2019) and as far north as Washington State (Marsden-Haug et al., 2013). The
mechanisms behind Coccidioides’ invasive behavior are, as of yet, mysterious, but climate change might be a likely factor (Casa-
devall, 2019; Garcia-Solache and Casadevall, 2010). Many leading infectious disease experts have described how increasing global
temperatures and the widening of the geographic ranges of thermotolerant fungi might act as a one-way highway for the expansion
of fungal etiologies in the environment, and an increase in their virulence in warm human hosts (Casadevall et al., 2019).
Consequently, this might be an important factor in Coccidioides’ dissemination onto newer territories.

This growing threat demands the urgent development of therapeutics and a prophylactic vaccine. Yet regardless of the
irrefutable burden that Coccidioides causes in the present and the ominous threat it poses to our future, coccidioidomycosis, like
other fungi, is relatively underrepresented in research and public attention compared to bacterial and viral agents. However, recent
intensified progress has been made in the characterization of Coccidiodes pathogenesis and vaccine development. Here, we discuss
Coccidioides and its history up until the present, with a special emphasis on its public health significance, risk factors, and
association with the environment. We then discuss the fungus’ virulence factors and pathogenesis during disease. Lastly, we discuss
therapeutic options and vaccination efforts.
History

Coccidioidomycosis is a significant threat to the health of millions in the western hemisphere but in 1892, the first known case
report of this mycosis was published by Alejandro Posadas, an undergraduate medical student in the University Hospital Clinics
(UHC) of Buenos Aires, Argentina (Posadas, 1892). His description of the skin lesions burdening 32-year old Argentine army
cavalryman Domingo Ezcurra launched a century of discoveries that epitomized the scientific method and established the fungus’
major players during the early 20th century; California, the US ARMY, World War II, prestigious medical institutions, and dust
(Deresinski and Mirels, 2019; Hirschmann, 2007).
Early History: A Mistaken Identity

Domingo Ezcurra battled the progressive skin lesions and fevers of his disease for the next 7 years, ultimately succumbing to
coccidioidomycosis in 1898. Before his passing, Posadas studied Ezcurra intensely, beginning when Dr. M. Bengolea of Rawson
Hospital in San Juan, Argentina first referred Ezcurra to UHC in 1891. Bengolea had diagnosed mycosis fungoides (a cutaneous T
cell lymphoma) and ordered administration of mercury and potassium iodide for 20 days, but Ezcurra’s lesions were unresponsive
to the treatment, thus necessitating the transfer. Previous to that, Ezcurra had been diagnosed with lupus vulgaris at an Argentine
military hospital in 1889 after presenting with a verrucous lesion on his right cheek, which he believed to be a spider bite.
Treatment with nitric acid in that instance did not lead to improvement and his self-administered tobacco treatment was
ineffective as well.
Encyclopedia of Mycology, Volume 1 doi:10.1016/B978-0-12-819990-9.00013-5 629

















Coccidioidomycosis: The Valley Fever 637
Marsden-Haug, N., et al., 2014. Coccidioides immitis identified in soil outside of its known range – Washington, 2013. Morb. Mortal. Wkly. Rep. 63 (20), 450.
Mayorga, R.P., Espinoza, H., 1970. Coccidioidomycosis in Mexico and Central America. Mycopathol. Mycol. Appl. 41 (1), 13–23.
McCotter, O.Z., et al., 2019. Update on the Epidemiology of coccidioidomycosis in the United States. Med. Mycol. 57 (Supplement_1), S30–S40.
Mirbod, F., Schaller, R.A., Cole, G.T., 2002. Purification and characterization of urease isolated from the pathogenic fungus Coccidioides immitis. Med. Mycol. 40 (1), 35–44.
Mirbod-Donovan, F., et al., 2006. Urease produced by Coccidioides posadasii contributes to the virulence of this respiratory pathogen. Infect. Immun. 74 (1), 504–515.
Mobley, H.L., 1996. The role of Helicobacter pylori urease in the pathogenesis of gastritis and peptic ulceration. Aliment. Pharmacol. Ther. 10 (Suppl. 1), 57–64.
Mondragon-Gonzalez, R., et al., 2005. Detection of Coccidioides immitis infection in Coahuila, Mexico. Rev. Argent. Microbiol. 37 (3), 135–138.
Narra, H.P., et al., 2016. A Coccidioides posadasii CPS1 deletion mutant is avirulent and protects mice from lethal infection. Infect. Immun. 84 (10), 3007–3016.
Nicas, M., 2018. Occupational coccidioidomycosis in a heavy equipment operator. J. Occup. Environ. Hyg. 15 (12), 841–846.
Nosanchuk, J.D., et al., 2007. Coccidioides posadasii produces melanin in vitro and during infection. Fungal Genet. Biol. 44 (6), 517–520.
Nosanchuk, J.D., Casadevall, A., 2003. The contribution of melanin to microbial pathogenesis. Cell Microbiol. 5 (4), 203–223.
Oltean, H.N., et al., 2019. Utility of whole-genome sequencing to ascertain locally acquired cases of coccidioidomycosis, Washington, USA. Emerg. Infect. Dis. 25 (3),

501–506.
Ophüls, W., 1905. Further observations on a pathogenic mould formerly described as a Protozoon (Coccidioides Immitis, Coccidioides Pyogenes). J. Exp. Med. 6 (4–6),

443–485.
Ophüls, W., Moffit, H.C., 1900. A new pathogenic mould (formerly described as a protozoan: Coccidioides immitis pyogenes): Preliminary report. Phila. Med. J. 5, 1471–1472.
Panackal, A.A., et al., 2002. Fungal infections among returning travelers. Clin. Infect. Dis. 35 (9), 1088–1095.
Pappagianis, D., 1993. Evaluation of the protective efficacy of the killed Coccidioides immitis spherule vaccine in humans. The Valley Fever vaccine study group. Am. Rev.

Respir. Dis. 148 (3), 656–660.
Pearson, D., et al., 2019. A review of coccidioidomycosis in california: Exploring the intersection of land use, population movement, and climate change. Epidemiol. Rev. 41

(1), 145–157.
Perfect, S.E., et al., 1998. Expression cloning of a fungal proline-rich glycoprotein specific to the biotrophic interface formed in the Colletotrichum-bean interaction. Plant. J. 15

(2), 273–279.
Posadas, A., 1892. Un nuevo caso de micosis fungoidea con posrospemias. Annal. Cir. Med. Argent. 15, 585–597.
Rempe, S., et al., 2007. Coccidioides immitis fungemia: Clinical features and survival in 33 adult patients. Heart Lung 36 (1), 64–71.
Rixford, E., 1894. A case of protozoic skin disease. Occident. Med. Times 8, 704–707.
Rixford, E., Gilchrist, T.C., 1986. Two Cases of Protozoan (coccidioidal) Infection of the Skin and Other Organs. Johns Hopkins Hosp Rep, vol. 10, pp. 209–268.
Ruddy, B.E., et al., 2011. Coccidioidomycosis in African Americans. Mayo Clin. Proc. 86 (1), 63–69.
Sawaya, B.P., et al., 1991. Direct vasoconstriction as a possible cause for amphotericin B-induced nephrotoxicity in rats. J. Clin. Investig. 87 (6), 2097–2107.
Schneider, E., et al., 1997. A coccidioidomycosis outbreak following the Northridge, Calif, earthquake. JAMA 277 (11), 904–908.
Shiu, J., et al., 2018. A case series of primary cutaneous coccidioidomycosis after a record-breaking rainy season. JAAD Case Rep. 4 (5), 412–414.
Shubitz, L.F., et al., 2018. Viable spores of Coccidioides posadasii deltacps1 are required for vaccination and provide long lasting immunity. Vaccine 36 (23), 3375–3380.
Smith, C.E., 1955. Coccidioidomycosis. Pediatr. Clin. North Am. 109–125.
Smith, C.E., et al., 1961. Human coccidioidomycosis. Bacteriol. Rev. 25, 310–320.
Sondermeyer, G., et al., 2013. Coccidioidomycosis-associated hospitalizations, California, USA, 2000–2011. Emerg. Infect. Dis. 19 (10), 1590–1597.
Staab, J.F., et al., 1999. Adhesive and mammalian transglutaminase substrate properties of Candida albicans Hwp1. Science 283 (5407), 1535–1538.
Stern, N.G., Galgiani, J.N., 2010. Coccidioidomycosis among scholarship athletes and other college students, Arizona, USA. Emerg. Infect. Dis. 16 (2), 321–323.
Stevens, D.A., 1995. Coccidioidomycosis. N. Engl. J. Med. 332 (16), 1077–1082.
Stockamp, N.W., Thompson 3rd, G.R., 2016. Coccidioidomycosis. Infect. Dis. Clin. North Am. 30 (1), 229–246.
Thompson 3rd, G.R., 2011. Pulmonary coccidioidomycosis. Semin. Respir. Crit. Care Med. 32 (6), 754–763.
Thompson 3rd, G.R., et al., 2019. Current concepts and future directions in the pharmacology and treatment of coccidioidomycosis. Med Mycol. 57 (Supplement_1), S76–S84.
Thorne, W.S., 1894. A case of protozoic skin disease. Occident. Med. Times 8, 703–704.
Tong, D.Q., et al., 2017. Intensified dust storm activity and Valley Fever infection in the southwestern United States. Geophys. Res. Lett. 44 (9), 4304–4312.
Van Dyke, M.C.C., et al., 2019. The rise of Coccidioides: Forces against the dust devil unleashed. Front. Immunol. 10, 2188.
Wernicke, R., 1892. Uber einen protozoen befund bei mycosis fungoides. Zentrabl B aketeroll 12, 859–861.
Williams, P.L., et al., 1979. Symptomatic coccidioidomycosis following a severe natural dust storm. An outbreak at the Naval Air Station, Lemoore, Calif. Chest 76 (5),

566–570.
Wilson, L., et al., 2019. The rise of Valley Fever: Prevalence and cost burden of coccidioidomycosis infection in California. Int. J. Environ. Res. Public Health 16 (7),
Wise, H.Z., et al., 2013. Extracellular ammonia at sites of pulmonary infection with Coccidioides posadasii contributes to severity of the respiratory disease. Microb. Pathog.

59–60, 19–28.
Xue, J., et al., 2009. A genetically engineered live attenuated vaccine of Coccidioides posadasii protects BALB/c mice against coccidioidomycosis. Infect. Immun. 77 (8),

3196–3208.
Yu, J.J., et al., 1997. Isolation and characterization of the urease gene (URE) from the pathogenic fungus Coccidioides immitis. Gene 198 (1–2), 387–391.



Blastomyces and Blastomycosis
Bruce S Klein, Joseph A McBride, and Gregory M Gauthier, University of Wisconsin, Madison, WI, United States

r 2021 Elsevier Inc. All rights reserved.

Overview

The Blastomyces species complex belongs to a group of fungi whose dominant biologic feature is thermal dimorphism, which is the ability
to switch between hyphae (22–251C) and yeast (371C) (Gauthier, 2015). Currently, there are 7 species of Blastomyces: B. dermatitidis,
B. gilchristii, B. percursus, B. helicus, B. parvus, B. silverae, and B. emzantsi. (Brown et al., 2013; Muñoz et al., 2015; Dukik et al., 2017; Schwartz
et al., 2019; Jiang et al., 2018; Maphanga et al., 2020). Infection is acquired via inhalation of aerosolized conidia or hyphal fragments into
the lung following spelled soil disruption. Once inhaled into the lungs, these infectious particles convert into pathogenic yeast to cause
pneumonia. A subset of patients with pneumonia will develop disseminated infection. Diagnosing Blastomyces infection and initiating
antifungal therapy in a timely manner can be difficult because blastomycosis mimics other infectious and non-infectious diseases
(McBride et al., 2017). A combination of fungal staining, fungal culture, and non-culture based tests are used for diagnosis (Saccente and
Woods, 2010). Polyene and triazole antifungals are used for treatment (Chapman et al., 2008; Limper et al., 2011; Miller et al., 2019).
Historical Perspective

Blastomycosis was first described as a cutaneous disease in 1894 by Thomas Gilchrist and was initially thought be protozoan
infection (Gilchrist, 1894). Additional research by Drs. Gilchrist and Stokes correctly the etiologic agent as a fungus, which was
named Blastomyces dermatitidis (Gilchrist, 1896; Gilchrist and Stokes, 1896, 1898). The ability for B. dermatitidis to switch between
mycelia and yeast forms in response to temperature was discovered in 1907 (Hamburger, 1907). In the early 20th century,
pulmonary and disseminated blastomycosis was described. Colloquial names for blastomycosis included “Gilchrist Disease”,
“Chicago Disease”, and “North American Blastomycosis”. In the early 1950s, the lung was determined to be the primary portal of
entry for infection (Schwarz and Baum, 1951). The first recognized outbreak of blastomycosis occurred in Grifton, North Carolina
(1953–1954) (Smith et al., 1955). In the mid-1980s, successful culture of Blastomyces from the soil in Eagle River, WI and
Tomorrow River, WI in association with human outbreaks helped define the incubation period and ecologic niche (Klein et al.,
1986a, 1987a). Clinical trials conducted in the 1990s assessed the efficacy of itraconazole and fluconazole for treatment of
blastomycosis (Pappas et al., 1995, 1997; Dismukes et al., 1992). Practice guidelines for blastomycosis were first published by the
Infectious Diseases Society of American (IDSA) in 2000 and updated in 2008 (Chapman et al., 2008, 2000). In 2011, the American
Thoracic Society (ATS) Fungal Working Group published blastomycosis treatment guidelines in 2011 (Limper et al., 2011).
The American Society of Transplantation (AST) published their guidelines on the management of blastomycosis in transplant
recipients in 2019 (Miller et al., 2019).
Mycology and Phylogenetics

Blastomyces and other thermally dimorphic fungi such as Emergomyces, Histoplasma, Coccidioides, Paracoccidioides, Sporothrix, and
Talaromyces marneffei (formerly Penicillium marneffei) belong to the Ascomycota phylum (Sil and Andrianopoulos, 2014). Blastomyces
is a complex of 7 species: B. dermatitidis, B. gilchristii, B. percursus, B. helicus (formerly Emmonsia helicus), B. parvus (formerly Emmonsia
parvus), B. silverae, and B. emzantsi (Brown et al., 2013; Muñoz et al., 2015; Dukik et al., 2017; Schwartz et al., 2019; Jiang et al., 2018;
Maphanga et al., 2020). B. dermatitidis and B. gilchristii are estimated to have diverged 1.9 million years ago during the Pleistocene
epoch (McTaggart et al., 2016). B. gilchristii was named in honor of Dr. Gilchrist, who first described blastomycosis in the medical
literature (Gilchrist, 1894). Blastomyces silverae was named after Eleanor Silver Keeping (née Dowding), a mycologist at the University
of Alberta (Jiang et al., 2018). The genomes of B. dermatitidis, B. gilchristii, and B. percursus have been sequenced and are publically
available (Muñoz et al., 2015; see “Relevant Website section”). B. dermatitidis and B. gilchristii contain 9180–10,187 genes and have a
genome size of 66.6–75.4 MB, which is 2-fold larger than closely-related fungi such as H. capsulatum (Muñoz et al., 2015). B. percursus
has a similar number of genes but a smaller genome size, 32.3 MB (Dukik et al., 2017). The genomes of B. helicus, B. parvus, and B.
silverae have yet to be sequenced. Regardless of species, the defining biologic feature of these fungi is thermal dimorphism, the ability
to reversibly convert between hyphal and yeast forms in response to temperature shifts (Gauthier, 2015).

In the environment (22–251C), Blastomyces species grow as septated hyphae (1–2 mm diameter) with conidiophores that each
bear a single conidia (4–5 mm) (Fig. 1(A); Winn et al., 2006; Wolf et al., 1975). B. percursus conidiophores can bear single or
multiple conidia (Dukik et al., 2017). B. helicus hyphae have a unique coiled appearance and fail to produce conidia under most
in vitro conditions (Schwartz et al., 2019).

At 371C, Blastomyces cells grow as yeast that are typically 8–20 mm in size with a doubly refractile cell wall and an average of 3–4
nuclei per cell (Fig. 1(B); Saccente and Woods, 2010; Winn et al., 2006; Wolf et al., 1975; Clemons et al., 1991). Blastomyces yeast
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Introduction

Paracoccidioidomycosis (PCM) is the prevalent systemic mycosis in Latin America, with 80% of cases being registered in Brazil,
followed by Colombia, Venezuela and Argentina (Brummer et al., 1993; Martinez, 2015). In Brazil, most cases are concentrated in
the southeast region (States of São Paulo, Rio de Janeiro, Minas Gerais and Espírito Santo), west and middle-west (Mato Grosso do
Sul and Goiás) and South (Paraná, Santa Catarina and Rio Grande do South). However, other regions have reported cases,
especially the amazonian States of Pará, Tocantins, Maranhão and Rondônia (Martinez, 2015). Paracoccidioidomycosis has also
been reported in Europe, the USA, Africa and Asia, but all cases are imported since the affected individuals were visitors or had
worked in endemic areas in Latin America (Martinez, 2015). The fungal agent Paracoccidioides spp. preferably inhabits in a moist
environment, with average annual temperature of 18–241C and rainfall range of 900–1800 nm (Restrepo, 1985).

The disease was described by Adolfo Lutz, a Brazilian physician, in 1908 after examining oral lesions in two patients from São Paulo
City (reviewed by Taborda et al., 2016; Moreira, 2008) and originally designated as pseudococcidial hyphoblastomycosis to differentiate
from coccidioidomycosis and hyphoblastomycosis (Lacaz et al., 1991). Splendore in 1912, suggested the classification of the agent in
the genus Zymonema, thus creating the name Zymonema brasiliense. The disease was designated as Brazilian blastomycosis, but, since it
had been reported in different countries in South America, the disease was assigned as South American blastomycosis or Lutz and
Splendore-Almeida disease (Lacaz, 1982). The term Paracoccidioidomycosis was established in 1971 in Medellín, Colombia, during a
meeting of the American Continent Mycologists, widely accepted since then (Lacaz, 1982). After systematic studies, in 1930, Floriano
Paulo de Almeida officially named the fungal agent as Paracoccidioides brasiliensis (Almeida, 1930) and classified by Ajello (Ajello, 1977)
as in Kingdom Fungi, Phylum Eumycota, Subdivision Deuteromycotina, class Hyphomycetes, Order Moniales, Moniliaceae Family,
Genus and Species Paracoccidioides brasiliensis. Based on phylogenetic studies using molecular tools P. brasiliensis was positioned along
with other dimorphic fungi (Coccidioides posadasii, Coccidioides immitis, Blastomyces dermatitidis and Histoplasma capsulatum) in the
Kingdom Fungi, Phylum Ascomycota, Plectomycetes class, Order Onygenales, Onygenaceae Family, Genus and Species Ajellomyces
brasiliensis, then again called Paracoccidioides brasiliensis (San-Blas et al., 2002; Arantes et al., 2015).

Paracoccidioidomycosis is a chronic granulomatous systemic mycosis, caused by a fungus of genus Paracoccidioides. One of the
main characteristics of this genus is the thermal dimorphism, mycelial form at 251C characterized as saprophytic and yeast as the
pathogenic form at 35–371C (reviewed by (Taborda et al., 2018)). The habitat of Paracoccidioides spp. has not yet been determined
precisely. Soil samples from different locations in Venezuela, Argentina and Brazil (reviewed by (Franco et al., 2000)) support the
hypothesis that the soil is the natural habitat of the fungus. In addition, isolations of P. brasiliensis from wild animals such as
armadillos (Bagagli et al., 1998), bats (Grose and Tamsitt, 1965) and even dog food (Ferreira et al., 1990) have been reported. Also,
genomic analysis of samples from animals living in the soil of endemic areas, such as guinea pig (Cavia aperea), raccoon (Procyon
cancrivoros) and armadillo (Dasypus septemcinctus), further indicates acquisition of the infection from the soil in these areas.
(Richini-Pereira et al., 2008).

It is important to stress that except for humans, the most frequent host among mammalians is the armadillo ((mainly Dasypus
novemcintus) but the fungus can occur in other species). Paracoccidioides spp. has been isolated ca. 75%–100% from armadillo
captured in hyper-endemic areas of PCM, showing a high frequency of infection (Corredor et al., 1999; Hrycyk et al., 2018). The
armadillos seem to favor the infection by Paracoccidioides spp. yeasts, such as the body temperature (between 32.7 and 351C), low
cellular immunity and constant contact with the soil (Bagagli et al., 2008). It is hypothesized that parasitism in these animals
would make it possible to preserve the saprophyte form and contribute to sexual reproduction, by promoting the proximity of
mating types in a protected environment, such as the armadillo tissue or organs (Bagagli et al., 2006).

For more than 100 years, only one species was recognized in the Genus: Paracoccidioides brasiliensis. Phylogenetic studies have
classified P. brasiliensis into four cryptic species (S1, PS2, PS3 and PS4) with different evolutionary characteristics and geographic
distribution. S1 is considered a recombinant monophyletic group with a wide distribution in South America, being responsible for
most cases of PCM. PS2 is also recombinant but paraphyletic, found in Brazil and Venezuela. PS3 is a clonal and monophyletic
population, registered only in Colombia. The PS4 group is classified as monophyletic with clinical isolates from Venezuela (Matute
et al., 2006; Theodoro et al., 2012). In parallel, a second species was proposed based on phylogenetic and comparative genomic data,
recombination analysis, and morphological characteristics and designated as P. lutzii (formally known as Pb01-like) (Desjardins et al.,
2011; Teixeira et al., 2014). It was estimated that P. lutzii monophyletic group was separated from groups S1, PS2 and PS3
approximately 30 million years ago (Teixeira et al., 2014). This species is endemic in the North and Midwest regions of Brazil (mainly
in States of Rondônia, Mato Grosso and Goiás) and shares some geographical areas with the S1 group (Bocca et al., 2013; Teixeira
et al., 2014). Turissini et al. (2017) expanded the phylogenetic studies and showed that despite low levels of genetic difference among
the four cryptic species of the P. brasiliensis, they are indeed well separated species indicating that cryptic species (S1, PS2, PS3 and
Encyclopedia of Mycology, Volume 1 doi:10.1016/B978-0-12-819990-9.00001-9654



Paracoccidioidomycosis 655
PS4) should be elevated to taxonomical species status (Turissini et al., 2017). The authors propose therefore to adopt the names
P. lutzii, P. brasiliensis (S1), P. americana (PS2), P. restrepiensis (PS3) and P. venezuelensis (PS4) (Turissini et al., 2017).
Morphological Aspects

Paracoccidioides spp., are considered dimorphic fungi depending on temperature to change their shape. The fungal species
develop as mold at room temperature (19–251C) and are then known as the saprophytic phase. Otherwise, at temperatures
ranging 35–371C, fungi become unicellular yeasts (Fig. 1), consisting in the parasitic phase (reviewed in Taborda et al.,
2018).

Depending on the culture medium, nutrients and temperature, colonies assume different characteristics. At room tem-
perature, white fungal colonies grow slowly well adherent to the medium (Fig. 2(A)). When examined under the microscope,
and using specific culture media, fine, septated mycelial filaments with conidia, arthroconidia, aleurioconidia and arthroconidia
are seen (Conant and Howell, 1942; Neves and Bogliolo, 1951; Pollak, 1971). Conidia are small, less than 5 mm, with different
shapes and sites on the parental mycelium (Bustamante-Simon et al., 1985). The conidia-to-yeast transition occurs in 96 h at
371C and colonies now show transition to cream colonies known as cerebriform and yeast-like which appear after 10–20 days
(Brummer et al., 1993; Fig. 2(B)). The yeast cells are similar to those detected in patients. Spherical cells (3–30 mm but some cells
Fig. 1 Micrograph of typical “pilot wheel” yeast cells of P. brasiliensis seen on direct examination of culture (120x).

Fig. 2 Macroscopic colonies: (A) of mycelium (room temperature) and (B) yeasts (371C) in BHI Agar.
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Introduction

Sporotrichosis is a subcutaneous mycosis with a worldwide distribution, especially in tropical and sub-tropical areas. The infection
generally occurs by a traumatic inoculation of an organic matter containing the fungus into the subcutaneous tissue of humans or
other susceptible animals. After a few days, lesions appear, commonly affecting the skin and the lymphatic vessels draining to the
nearest lymph node (Barros et al., 2011). Apart from fulfilling the criteria to be considered a neglected disease, its emergence in last
years has called public health attention in countries of tropical and subtropical regions (Queiroz-Telles et al., 2017).

This chapter will present topics regarding the state of art of the etiological agents of sporotrichosis, including their taxonomic
classification, morphology, biology, ecology, and virulence, as well as sporotrichosis epidemiology, clinical presentations,
pathogenesis, diagnosis, and treatment.
The Genus Sporothrix

The genus Sporothrix comprises more than 50 different species of fungi that can cause disease on plants, insects, and animals,
including humans (de Beer et al., 2016). All these species are eukaryotic heterotrophic organisms, have no mobility, and present a
chitin-containing cell-wall (Barros et al., 2011).
The Human Pathogenic Sporothrix Species

Since the first description of human sporotrichosis in the last years of the 19th century (Schenk, 1898) until the beginning of the
21th century, the single species described as an agent of human sporotrichosis was Sporothrix schenckii (Lopes-Bezerra et al., 2006).
However, after the advent of molecular biology, some studies based on DNA analysis demonstrated a high level of genetic
variability among S. schenckii strains from different regions and from different clinical presentations of the disease (Liu et al., 2003;
Marimon et al., 2006). In 2007, phenotypic and genotypic analyzes revealed that S. schenckii should not be considered the only
etiologic agent of sporotrichosis (Marimon et al., 2007). Since then, cases of Sporothrix infection in humans have been related to at
least six species besides S. schenckii: Sporothrix brasiliensis (Almeida-Paes et al., 2014), Sporothrix globosa (Madrid et al., 2009),
Sporothrix luriei (Marimon et al., 2008), Sporothrix mexicana (Dias et al., 2011), Sporothrix pallida (Morrison et al., 2013), and
Sporothrix chilensis (Rodrigues et al., 2016). All these species are classified into the phylum Ascomycota, subphylum Pezizomy-
cotina, class Sordariomycetes, order Ophiostomatales, family Ophiostomataceae (Guarro, 2012).
Morphology and Dimorphism

All Sporothrix species that cause sporotrichosis in humans are dimorphic fungi, that is, in the environment or under laboratory
conditions at 25–301C present a mycelial (or filamentous) morphology and during animal infections and when cultivated at
35–371C in enriched culture media, such as brain heart infusion agar or blood sheep agar a yeast-like morphology is observed
(Barros et al., 2011).

Macroscopically, the colonies of these fungi in the mycelial form are initially white and glabrous, but after some days (usually
three to ten, depending on the species and strain phenotypic characteristics), they usually develop a wrinkled and membranous
aspect, and start to darken, turning brown to black in color (Fig. 1(A)). These colonies are composed by hyaline, septate, thin
hyphae with sympodial thin-walled hyaline conidia and sessile thick-walled brown-to-black conidia (Fig. 1(B)). The color of the
colony is related to the amount of dematiaceous conidia produced by the fungus. Thus, some strains that can not produce these
structures, remain white, even after months of laboratory cultivation (Almeida-Paes et al., 2015). The dematiaceous conidia may
have specific formats depending on the species. For instance, S. brasiliensis produce globose to subglobose conidia, whereas S.
schenckii conidia are triangular to cuneiform (Marimon et al., 2007). However, this is not a specific taxonomic characteristic, since
conidial morphology may present some variation among strains from a single species (Oliveira et al., 2012a).

The transition to the mycelial to yeast form is an adaptive process to the host environment that is depending on the activation
of some signaling pathways after Sporothrix spp. senses the higher temperature and different nutrient conditions of the host (Boyce
and Andrianopoulos, 2015). Colonies on enriched media incubated at 35–371C are white-to-creamy in color and have a smooth
to wrinkled texture (Fig. 2(A)). The yeast-like cells of the human pathogenic Sporothrix species are ovoid with single, double, or in
rare occasions, multiple buds (Fig. 2(B)). These cells often have a “cigar-shaped” feature, an aspect that is usually used to
characterize the genus. (Barros et al., 2011).
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Introduction

Pneumocystis species are harbored in mammalian lungs where they exist in sub-clinical numbers or may cause a lethal
pneumonia in mammalian hosts that have weakened immune systems. Once thought to be protozoan parasites or fungi, these
organisms were definitively identified as members of the fungal kingdom with the advent of genomic sequencing. The genus
Pneumocystis belongs to subphylum Taphrinomycotina of phylum Ascomycota (Redhead et al., 2006, Chabe et al., 2011). These
host-specific obligate fungi are typically restricted to the lungs, though reports of extrapulmonary cases have not been infrequent
(Ng et al., 1997; Sharma et al., 2019; Kim et al., 2018). The five described species and their mammalian hosts include P. carinii
and P. wakefieldiae in rats; P. murina in mice; P. oryctolagi in rabbits and P. jirovecii in humans. The challenge of Pneumocystis
research has been the lack of an in vitro/ex vivo growth system, which impacts almost all experimental approaches including gene
knockouts to assign function, evaluation of drug efficacy and resistance, and assessment of its full life cycle (Sinai et al., 2012).

The proposed life cycle mostly takes place in the lung, with bi-phasic modes of asexual replication via binary fission by trophic
forms (1–4 mm) and a sexual cycle initiated by two mating types resulting in an ascus with eight spores (5–8 mm) (Hauser and
Cushion, 2018) (Fig. 1). To complete the life cycle, the infection is transmitted via an airborne mode with final deposition of asci in
the alveoli of the next host(s). The second extra-pulmonary phase is the release of the propagule (presumably the ascus) from the
infected host to complete the life cycle in the next host. Genomic and functional analyzes support primary homothallism as the
mechanism for sexual reproduction with each trophic form carrying the genes encoding both mating types (Almeida et al., 2015;
Richard et al., 2018) (described in more detail below). Self-fertility being a sound strategy for a host-obligate pathogen.
Fig. 1 Putative life cycle of Pneumocystis. (A) Airborne asci have been proposed to be the agent of infection. After inhalation, the spores
ultimately take residence in the terminal portion of the respiratory tree, the alveoli. Neither the mechanism of migration to the alveoli nor the form
in which the organism arrives in the alveoli (intact ascus or individual spores) are known. (B) Sexual phase: Two presumptive mating types
conjugate (B1), undergo karyogamy (B2), and produce a diploid zygote (B3) that progresses through meiosis to produce four haploid nuclei
(B4) followed by an additional mitosis to produce eight nuclei (B5). The nuclei are packaged into spores by invagination of the ascus cell
membranes (B6) to produce eight double-membrane spores (B7). The ascus can undergo excystment via a protunicate release by unknown
mechanisms (B8) or exit out of the lungs (B9). The spores released in the lung can then undergo asexual (C) or sexual (B) replication with a
presumed opposite mating type. (C) Asexual phase: Haploid trophic forms are thought to replicate asexually by binary fission, whereby the nuclear
content is duplicated (C1) along with cellular contents that divide into two haploid trophic forms (C2). The mechanism of exit out of the lung
(D) is unknown. The figure of life cycle was adapted with modifications from Cushion, M.T., 2010. Are members of the fungal genus pneumocystis
(a) commensals; (b) opportunists; (c) pathogens; or (d) all of the above? PLoS Pathogens 6 (9), e1001009. doi:10.1371/journal.ppat.1001009 and
used under the Creative Commons Public Domain declaration; the human image was obtained from Getty Images 165564540 with credit to
Leonello Calvetti.
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Table 1 Current status of the sequenced Pneumocystis genomes in the NCBI

Organism Strain Type of genome Number of genes/ORFs Database accession IDs

P. carinii B80 Nuclear 3646 LFVZ01
N/A Mitochondrial 17 NC_013660/JX499145

P. murina B123 Nuclear 3623 AFWA02
N/A Mitochondrial 15 NC_020332/JX499144

P. jirovecii RU7 Nuclear 3761 LFWA01
SE8 Nuclear 3537 CAKM01
E2178 Nuclear N/A NJFV01
N/A Mitochondrial 14 NC_020331/JX499143
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Pneumocystis Genomes

With the advent of high-throughput sequencing, such as whole genome shotgun sequencing (WGS), and advanced software tools
for assembly, genomes of select Pneumocystis species were obtained; for those most relevant for laboratory experiments (rodent
models of Pneumocystis pneumonia – P. carinii and P. murina from rats and mice, respectively) and clinical studies (the species
infecting humans – P. jirovecii). The mitochondrial genome of P. carinii was first reported (Sesterhenn et al., 2010) followed by
those of P. murina, P. jirovecii and a re-sequenced version of P. carinii (Ma et al., 2013). Of note, while both rodent pathogens have
linear mitochondrial genomes, the human species was found to have a circular structure. Following an initial report of a
transcriptional profile of P. carinii during fulminant pneumonia (Cushion et al., 2007), more complete assemblies of nuclear
genomes and transcriptomes of these fungi were reported (Cisse et al., 2012; Ma et al., 2016). Table 1 summarizes the current
availability of Pneumocystis genomes in the NCBI Genome database.

Ultra-deep pyrosequencing targeting two nuclear genomic regions: ITS2 (internal transcribed spacer 2) and DHFR (dihydrofolate
reductase), and one mitochondrial DNA region – mtLSU (the mitochondrial ribosomal RNA large subunit gene) in 25 PCP patients
revealed that 92% patients were infected with a mixture of Pneumocystis strains (Alanio et al., 2016). This suggests prior therapies used
and/or multiple sources of reinfection may dictate the variability of the infecting pathogens, and consequently presents a challenge in
defining a treatment regimen while facing various drug susceptibilities of the pathogen populations.
Ploidy

The study of ploidy was reported for P. carinii only, based on high-throughput cytometry (Martinez et al., 2011). Most trophic
forms contained haploid genomes, but diploid trophic forms were also present though less abundant. The DNA content of cysts
(asci) suggests each ascus bears eight spores containing haploid genomes. Of note was the presence of forms with 4C and 3C
content, but in much fewer numbers than the 1C and 2C stages. The variability in the overall trophic size and sizes of their nuclei is
dramatically illustrated in the ultramicrograph shown in Fig. 2. The occurrence of life cycle stages with these nuclear contents may
indicate that meiotic replication (4C) is a rapid or relatively rare event while the 3C genomes indicate ploidy variation is not an
uncommon event in fungi which could arise from diploid:haploid mating or asymmetric mitotic division (Martinez et al., 2011).
Comparative Genomics

Comparison of the Pneumocystis genomes may reveal how the pathogen coevolved with its mammalian hosts, and by comparing
these genomes with those from other phylogenetically related but free-living fungi could shed light on metabolic strategies of these
fungal pathogens with an obligate parasitic life style. In the past decade, at least three major studies were published where
Pneumocystis species were compared among themselves and with Schizosaccharomyces pombe, Taphrina deformans (both are from
the same subphylum as Pneumocystis spp.) and a well-studied model fungal organism Saccharomyces cerevisiae (Hauser et al., 2010;
Porollo et al., 2014; Ma et al., 2016).
Genes Absent From the Genome

Hauser and colleagues noted a dramatic underrepresentation of the enzymes needed for the amino acid biosynthesis in P. carinii compared
to baker’s yeast, suggesting that the pathogen has to scavenge amino acids from the host lung environment (Hauser et al., 2010). While that
study supported the notion of the parasitic life style of the pathogen, it did not help cultivate the organism ex vivo, as all culture medium
formulations used in the field have abundant amounts of all natural amino acids. A biotrophic life style was first proposed in an earlier
study of the transcriptome of P. carinii (Cushion et al., 2007) and supported by later studies employing comparative genomics (Hauser,
2014; Cisse et al., 2014). Porollo and colleagues expanded comparative genomic analyzes to all three sequenced Pneumocystis species and
compared them with the genome of the fission yeast, S. pombe (Porollo et al., 2014). While confirming the lack of amino acid biosynthesis
pathways, as well as a previously noted incomplete ergosterol biosynthesis pathway (Kaneshiro, 2004; Joffrion and Cushion, 2010), they
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Introduction

Subcutaneous fungal infections consist of a group of mycoses involving the skin and the subcutaneous tissues, mainly occurring in tropical
and subtropical countries. Some fungi may cause different diseases, according to their aspect in the infected tissue (Verma et al., 2018). For
instance, when some dematiaceous fungi appear in the tissue as muriform (or sclerotic) cells, the disease is chromoblastomycosis; when
they form hyphae, the diagnosis is phaeohyphomycosis; when grains occur, the classification is eumycetoma. Other diseases are not
mycoses but have historically been studied within this group due to former mistaken classifications, such as rhinosporidiosis (not covered
here) and actinomycetoma. Since 2017, mycetoma, chromoblastomycosis and other deep mycoses are on the World Health Organiza-
tion's (WHO) list of neglected diseases (WHO, 2017). Such inclusion brings an important aid to the visibility of these diseases and to the
affected patients, implying more resources for their study, diagnosis and treatment optimization. Actions on education, information and
prevention may reduce cases, especially considering that most of them are in developing countries. The constant migration around the
globe makes the knowledge of this group of diseases fundamental for health care professionals. Sporotrichosis, one of the main mycoses
within this group, is covered in another chapter.
Chromoblastomycosis

Also known as chromomycosis or Pedroso and Lane mycosis, chromoblastomycosis (CBM) has a chronic and progressive course.
It was first scientifically published by Maximilliano Rudolph, in 1914. This mycosis can be caused by different genera of
dematiaceous fungi, i.e., melanin producers. Some agents of CBM also cause other diseases, such as phaeohyphomycosis and
eumycetoma (Queiroz-Telles et al., 2017a).

Epidemiology

The overall burden of CBM is unknown, since it is not a notifiable disease, but its highest prevalence occurs in tropical and
subtropical regions. CBM rarely occurs in children, and men between 40 and 50 years old are the most involved. The male: female
ratio ranges from 5:1 to 9:1. As an occupational disease, it affects agricultural and forestry workers, gardeners and others exposed to
contaminated plant material such as construction workers (Queiroz-Telles et al., 2017a). In Brazil, the babassu coconut (Attalea
speciosa) harvest was closely related to the disease, and in India it is linked to black tea cultivation in Assam and rubber plantations
in Kerala and Western Ghats. Madagascar, Brazil, Mexico, Dominican Republic, Venezuela, India, and southern China report most
of the cases (Agarwal et al., 2017; Queiroz-Telles et al., 2017a).

The disease is caused by fungi from the soil and plants, as saprobic decomposers of this organic matter. Fonsecaea pedrosoi is the
most common pathogen in tropical areas. Recently, new species of this genus have been described: Fonsecaea monophora, Fonsecaea
nubica and Fonsecaea pugnacious (de Azevedo et al., 2015). In southern China, all reported cases are associated with F. nubica.
Phialophora verrucosa is the second most prevalent fungus. Cladophialophora carrionii is the most important agent in dry and desert
countries of Australia, South Africa and Cuba. Rhinocladiella aquaspersa, Exophiala dermatitidis, Exophiala spinifera and Cladophia-
lophora boppii are uncommon agents. Recently, cases caused by Cyphellophora ludoviensis and Rhinocladiella tropicalis have been
described (Gomes et al., 2016).

There is usually a decrease in the number of cases following changes in agricultural methods, with the use of fungicides and
mechanization (Queiroz-Telles et al., 2017a).

Pathophysiology

The accidental contact of humans with the agents contributes to the onset of the mycosis, usually due to skin trauma and fungal
inoculation. Within the tissue, the fungus converts its filamentous phase into thick brownish-walled globular structures, called
muriform cells. These are rounded structures, and multiply by septation, in one or two planes, stimulating a granulomatous and
purulent inflammatory reaction in its surroundings (Queiroz-Telles et al., 2017a).
Clinical Features

The most frequently affected sites are the extremities of the lower limbs, followed by the upper limbs, gluteal region, trunk and
face. The initial lesion, usually a papule, arises in the place of the previous trauma, not always noticed by the patient. This lesion
can be single or multiple, with a slow growth and polymorphic (Queiroz-Telles et al., 2017a).
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Introduction

Superficial and cutaneous mycoses are diseases caused by fungi of the skin microbiome and environmental fungi, occurring either
in the soil or colonizing animals. Clinically, there is a superficial involvement of the skin, usually limited to the stratum corneum
and the naked hair shaft. In cutaneous mycoses, the host immune response is typically triggered, leading to an inflammatory
process, usually absent or mildly seen in superficial mycoses.
Superficial Mycoses

Pityriasis Versicolor

It is the most prevalent superficial mycosis, caused by yeasts belonging to the genus Malassezia. To date, 14 species of Malassezia
have been identified. Malassezia furfur (former Pityrosporum ovale), Malassezia globosa, and Malassezia sympodialis are responsible for
the largest number of cases of pityriasis versicolor (Karray and McKinney, 2019). Other species described are Malassezia pachy-
dermatis, Malassezia obtusa, Malassezia restricta, Malassezia slooffiae, Malassezia dermatis, Malassezia yamatoensis, Malassezia nana and
Malassezia japonica.

P. versicolor has universal distribution being most prevalent in the tropics, where it can affect up to 40% of the population
(Schwartz, 2004). There is no gender or race pattern but young adults are usually more affected due to hormonal issues. Malassezia
yeasts are part of the microbiome of human skin. Pathogenesis involves a genetic predisposition and an imbalance in the host-
fungus interaction (Sparber and LeibundGut-Landmann, 2017). As Malassezia yeasts are generally lipophilic, the disease is usually
related to activities that cause intense sweating and the use of oily cosmetics. Other risk factors are diabetes, Cushing’s disease,
prolonged corticosteroid therapy, oral contraceptive use and pregnancy. Prematurity, malnutrition, parenteral nutrition, central
venous catheter and immunodeficiencies can lead to an invasive and severe presentation, not discussed here (Pedrosa et al., 2018).

Clinically, p. versicolor is characterized by multiple round, sometimes confluent, well demarcated hypochromic macules
(hypochromic variety), occurring predominantly in seborrheic regions such as face, shoulders, upper trunk, and arms. A thin scaling
indicates disease activity (Fig. 1). The “evoked-scale” sign (Zireli’s sign) corresponds to the scaling observed when the skin is stretched
(Hudson et al., 2018). Some fungal metabolites have been linked to the clinical presentation of p. versicolor such as melanin, azelaic
acid, and other products of skin lipid peroxidation. The hypothesis that cutaneous hypopigmentation is related to a competitive
inhibition of the tyrosinase activity caused by Malassezia-produced azelaic acid is reported to be probably not relevant as this
dicarboxylic acid cannot be synthesized in biologically significant quantities on diseased skin (Gaitanis et al., 2012). Lesions may also
present brownish (hyperchromic or hyperpigmented variety) to erythematous colors. In case of atypical presentation, the Wood lamp
may help revealing yellowish, gold or silver fluorescence related to the fungal production of coproporphyrin (Veasey et al., 2017).

The diagnosis is based on clinical picture; however, the skin scraping direct mycological examination with 10% potassium
hydroxide (KOH) may help in the most atypical cases. Short fragments of curved and thick-walled hyphae usually without
branches are observed on the skin scales (Fig. 2). Spherical thick-walled blastoconidia, alone or in groups, next to the hyphae, are
also seen, some of them with phialide budding, typical of the Malassezia genus. Malassezia spp. do not grow in traditional media
used in medical mycology because they are lipophilic fungi, requiring specific media such as Dixon’s agar or Dixon’s agar plus
glycerol (Bonifaz et al., 2010).

Treatment is usually topical and indicated for limited or acute cases with keratolytic agents such as 20%–40% sodium
hyposulfite, 2.5% selenium sulfide, 2% zinc pyrithione and antifungal imidazole compounds such as 2% ketoconazole, for
30 days. Shampoo or spray should be preferred as they are not oily. To prevent relapses, it is important to treat the scalp and all
affected area, even the healthy skin. Associated systemic treatment is indicated for extensive, relapsing or chronic cases with
itraconazole 200 mg/day, 5–10 days or fluconazole 450 mg as a single dose (Bonifaz et al., 2010). Sun exposure post-treatment is
important to induce skin repigmentation. Narrow-band UVB was reported to be an effective alternative tool for extensive and
recurrent cases unresponsive to conventional treatments, probably due to its immunomodulatory and inhibitory effect on
Malassezia growth (Balevi et al., 2018). Prevention includes control of risk factors.
Tinea Nigra

Tinea nigra is a chronic superficial mycosis caused by the geophilic halotolerant dematiaceous fungus Hortaea werneckii. It occurs in
tropical and sub-tropical regions and often affects young people, mainly children, who get in contact with soil. The first clinical
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Treatment of cutaneous candidiasis requires the use of azoles, which may be used topically (clotrimazole, nystatin and
miconazole) or orally (fluconazole, itraconazole) depending on the extent of the lesion and the immune status of the host.
Combination of antifungals with topical corticosteroids may be necessary if the inflammatory process is intense unless a con-
comitant underlying skin disease is present (Taudorf et al., 2019). Control and, if possible, elimination of associated risk factors is
important for the treatment and prevention of relapses.
Dermatomycoses

These are cutaneous mycoses caused by non-dermatophyte filamentous fungi (Fusarium spp., Aspergillus spp., Penicillium spp.,
Acremonium spp., Scopulariopsis spp., Neoscytalidium spp. etc.), which occur naturally in the environment or as plant pathogens. In
humans, they behave as opportunistic agents (except Neoscytalidium), causing skin and nail disease (Cursi et al., 2011).

They predominate in elderly patients, mostly affecting the palm-plantar regions, the toenails (Gupta et al., 2016), and are
clinically indistinguishable from dermatophytosis. They rarely affect the glabrous skin and the hair.

Diagnosis is based on the following criteria: (1) presence of dermatophytosis-like clinical lesion (especially in the plantar
region and toenails); (2) direct microscopic examination with 10% KOH presenting hyphae similar to dermatophytes;
(3) isolation of non-dermatophyte filamentous fungi from the lesion at least three different times to rule out the possibility of
contamination (except Neoscytalidium); (4) fail to isolate dermatophytes; (5) growth absence of other contaminating fungi;
(6) thermotolerance by growing agent at 371C.

Treatment is challenging due to the host characteristics and to poor antifungal susceptibility profile, with high relapse rate and
high tendency to chronicity (Gupta et al., 2019). Some options are nail abrasion, nail laser therapy, ciclopirox or amorolfine nail
lacquer, and oral terbinafine or itraconazole, with variable responses.
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Balevi, A., Üstüner, P., Kakşi, S.A., Özdemir, M., 2018. Narrow-band UV-B phototherapy: An effective and reliable treatment alternative for extensive and recurrent pityriasis

versicolor. J. Dermatolog. Treat. 29, 252–255.
Bonifaz, A., Tirado-Sánchez, A., Araiza, J., et al., 2019. White piedra: Clinical, mycological, and therapeutic experience of fourteen cases. Skin Appendage Disord. 5, 135–141.
Bonifaz, A., Gómez-Daza, F., Paredes, V., Ponce, R.M., 2010. Tinea versicolor, tinea nigra, white piedra, and black piedra. Clin. Dermatol. 28, 140–145.
Cursi, I.B., Freitas, L.B., Mde Neves, L., Silva, I.C., Orofino-Costa, R., 2011. Onycomychosis due to Scytalidium spp.: A clinical and epidemiologic study at a university

hospital in Rio de Janeiro, Brazil. An. Bras. Dermatol. 86, 689–693.
da Fonseca, O., de Arêa Leão, A.E., 1928. On the fungus of Brazilian piedra. Mem. Inst. Oswaldo Cruz 21 (4), 124–127.
de Hoog, G.S., Dukik, K., Monod, M., et al., 2017a. Toward a novel multilocus phylogenetic taxonomy for the dermatophytes. Mycopathologia 182, 5–31.
de Hoog, S., Monod, M., Dawson, T., et al., 2017b. Skin fungi from colonization to infection. Microbiol. Spectr. 5.
Drake, L.A., Dinehart, S.M., Farmer, E.R., et al., 1996. Guidelines of care for superficial mycotic infections of the skin: Piedra – Guidelines/outcomes committee. J. Am. Acad.

Dermatol. 34, 122–124.
Gaitanis, G., Magiatis, P., Hantschke, M., Bassukas, I.D., Velegraki, A., 2012. The Malassezia genus in skin and systemic diseases. Clin. Microbiol. Rev. 25, 106–141.
Giordano, L.M.C., De la Fuente, L.A., Lorca, J.M.B., Kramer, H.D., 2018. Tinea nigra: Report of three pediatrics cases. Rev. Chil. Pediatr. 89, 506–510.
Gupta, A.K., Gupta, G., Jain, H.C., et al., 2016. The prevalence of unsuspected onychomycosis and its causative organisms in a multicentre Canadian sample of 30,000 patients

visiting physicians’ offices. J. Eur. Acad. Dermatol. Venereol. 30, 1567–1572.
Gupta, A.K., Versteeg, S.G., Shear, N.H., et al., 2019. A practical guide to curing onychomycosis: How to maximize cure at the patient, organism, treatment, and environmental

level. Am. J. Clin. Dermatol. 20, 123–133.
Hudson, A., Sturgeon, A., Peiris, A., 2018. Tinea versicolor. JAMA 320, 1396.
James, W.D., Elston, D.M., Berger, T.G., 2006. Andrews’ Diseases of the Skin: Clinical Dermatology, eleventh ed. Philadelphia: Saunders Elsevier.
Karray, M., McKinney, W.P., 2019. Tinea (Pityriasis) Versicolor. Treasure Island, FL: StatPearls Publishing.
Kovitwanichkanont, T., Chong, A.H., 2019. Superficial fungal infections. Aust. J. Gen. Pract. 48, 706–711.
L’Ollivier, C., Ranque, S., 2017. MALDI-TOF-based dermatophyte identification. Mycopathologia 182, 183–192.
Lacaz, C.S., Porto, E., Martins, J.E.C., Heins-Vaccari, E.M., Melo, N.T., 2002. Tratado De Micologia Médica Lacaz, nineth ed. São Paulo: Sarvier.
Maia Abinader, M.V., Carvalho Maron, S.M., Araújo, L.O., Silva, A.A., 2016. Tinea nigra dermoscopy: A useful assessment. J. Am. Acad. Dermatol. 74, e121–e122.
Moriarty, B., Hay, R., Morris-Jones, R., 2012. The diagnosis and management of tinea. BMJ 345, e4380.
Nazarian, R.M., Lilly, E., Gavino, C., et al., 2019. Novel CARD9 mutation in a patient with chronic invasive dermatophyte infection (tinea profunda). J. Cutan. Pathol. doi:10.1111/cup.13574.
Pedrosa, A.F., Lisboa, C., Rodrigues, A.G., 2018. Malassezia infections with systemic involvement: Figures and facts. J. Dermatol. 45, 1278–1282.
Piraccini, B.M., Alessandrini, A., 2015. Onychomycosis: A review. J. Fungi 1, 30–43.
Ramírez-Soto, M.C., Andagua-Castro, J., Quispe, M.A., Aguilar-Ancori, E.G., 2019. Cases of white piedra of the hair on the American continent: A case report and a systematic

literature review. J. Eur. Acad. Dermatol. Venereol. 33, e14–e16.
Rossetto, A.L., Cruz, R.C., 2012. Tinea nigra: Successful treatment with topical butenafine. An. Bras. Dermatol. 87, 939–941.
Schwartz, R.A., 2004. Superficial fungal infections. Lancet 364, 1173–1182.
Sparber, F., LeibundGut-Landmann, S., 2017. Host responses to Malassezia spp. in the mammalian skin. Front. Immunol. 8, 1614.
Taudorf, E.H., Jemec, G.B.E., Hay, R.J., Saunte, D.M.L., 2019. Cutaneous candidiasis – An evidence-based review of topical and systemic treatments to inform clinical practice.

J. Eur. Acad. Dermatol. Venereol 10, 1863–1873.
Veasey, J.V., Avila, R.B., Miguel, B.A.F., Muramatu, L.H., 2017. White piedra, black piedra, tinea versicolor, and tinea nigra: Contribution to the diagnosis of superficial

mycosis. An. Bras. Dermatol. 92, 413–416.
Yee, G., Al Aboud, A.M., 2019. Tinea Corporis. Treasure Island, FL: StatPearls Publishing.
Zhan, P., Liu, W., 2017. The changing face of dermatophytic infections worldwide. Mycopathologia 182, 77–86.



Genitourinary Fungal Infections (Other Than Vaginal Candidiasis)
Sutthichai Sae-Tia, Stony Brook University, Stony Brook, NY, United States
Bettina C Fries, Stony Brook University, Stony Brook, NY, United States and Northport Veterans Affairs Medical Center, Northport,
NY, United States

r 2021 Elsevier Inc. All rights reserved.

Introduction

Most fungal urinary tract infections are caused by Candida species. Infrequently urinary tract infections can also be caused by
other pathogenic fungi including Aspergillus, Cryptococcus, Histoplasmosis, Blastomyces species and other rare fungal species.
Candiduria is a common clinical finding that does not necessarily imply disease. Candida albicans are part of the human
mycobiome and readily colonizes the skin, as well as mucosal surfaces of gastrointestinal and genital tracts (Bradford and
Ravel, 2017; Neville et al., 2015). Increasing numbers of patients with candiduria can be expected as the number of immu-
nocompromised patients is steadily increasing with more aggressive chemotherapy in cancer patients and rising usage of
therapeutics that alter the immune response either to prevent graft rejection during organ transplantation or to treat other
autoimmune diseases (Kauffman et al., 2000; Safdar et al., 2005; Tsiodras et al., 2008). Distinguishing when candiduria reflects
a state of disease resulting in damage to the host is important because Candida can be recovered in up to 90% of hospitalized
patients with indwelling urinary catheters (Fisher et al., 2011a; Datta et al., 2018; Padawer et al., 2015; Yashavanth et al., 2013)
from urine specimens.
Definition and Diagnosis of Urinary Tract Diseases Caused by Fungi

Most clinical studies on funguria focus on candiduria, which is diagnosed by culture of urine. Yeast cells can also be seen on
microscopic analysis of the urine and are reported as yeast cells per ml urine after growth. The threshold for the reported colony
forming units (CFU) in candiduria varies between 103

–105 yeast cells per ml urine (Kauffman, 2005; Achkar and Fries, 2010). It
has been reported that standard urine culture methods on blood agar and Mac-Conkey plates, do not support the growth of all
Candida species (Chaturvedi et al., 2017). In addition, fungal UTIs can be a result of hematogenous spread from disseminated
fungal infections especially in immunocompromised hosts (Kauffman, 2005). Diagnosis of genitourinary infections secondary to
Aspergillus, Cryptococcus, Histoplasma or Blastomyces species has also been made by analysis of tissue stained with special fungal
stains derived from biopsy specimens of a fungal ball, prostate abscess or transplant kidney (Guarner and Brandt, 2011).
Furthermore, over the years several fungal antigen tests (summarized in Table 1) have been developed to detect diverse fungal
antigens in the urine. However, these tests do not specifically signify genitourinary infection but rather detect shed cell wall derived
antigens that stem from systemic infection and were filtered through the glomerular membrane.
Epidemiology of Candiduria

Reported incidence and prevalence of candiduria depend on the setting and the populations studied. Different urine culture
methods can also affect candiduria prevalence and outcomes. The standard urine culture methods using Mac-Conkey and blood
agar may not exhibit the same sensitivity to recover all Candida species and thus could result in underestimating the incidence
of candiduria (Achkar and Fries, 2010). Contamination during collection is also common and complicates the matter further.
Candiduria is rarely found in healthy individuals but is very common in hospitalized patients (Kauffman et al., 2000; Alvarez-
Lerma et al., 2003). Multiple studies indicate that 10%–40% of nosocomial UTIs are caused by Candida species (Lundstrom and
Sobel, 2001; Richards et al., 2000; Shay and Miller, 2004; Toya et al., 2007).

In the hospital setting, candiduria is regularly diagnosed in intensive care units (ICUs) as well as oncology and bone marrow
transplant units (Kauffman, 2005; Richards et al., 2000). Among the intensive care units, higher incidences are reported in burn
units when compared to medical and surgical ICUs (Bougnoux et al., 2008).

Common predisposing factors for candiduria in hospitalized patients include indwelling urinary tract catheterization,
urinary tract anatomical abnormalities, prior surgical procedures, recent antimicrobial administration, prolonged hospital stay,
older ages, female gender, diabetes mellitus, total parenteral nutrition (TPN) use, and immunosuppressive therapy (Kauffman
et al., 2000; Richards et al., 2000; Kauffman, 2005; Bougnoux et al., 2008; Lundstrom and Sobel, 2001; Harris et al., 1999;
Yang et al., 2013; Febré et al., 1999; Hamory and Wenzel, 1978; Paul et al., 2007; Simpson et al., 2004). Several studies
demonstrate increased mortality in patients with candiduria (Kauffman et al., 2000; Alvarez-Lerma et al., 2003; Paul et al.,
2007). Factors associated with death in candiduric patients are the use of urinary diversion devices, prior antibiotic use (Z 2
classes), ICU admission, and renal failure (Paul et al., 2007). However, many of these factors may reflect the severity of
underlying illness, rather than direct pathogenic effects of candida. Compared to hospital-acquired candiduria, patients with
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Introduction

Although not always severe, oral and vulvovaginal Candida spp. infections represent some of the most common human infections.
Since the fungus was first described by Bernard von Langenbeck in 1839, our understanding of Candida spp. as both a human
commensal organism and a pathogen has continued to expand (Gow and Yadav, 2017; Lionakis and Edwards, 2019). Since the
1970s, the incidence of Candida infections has particularly accelerated as a result of widespread antibiotic use (Lionakis and
Edwards, 2019). In addition, advances in antiretroviral therapy, malignancy treatment, and solid organ transplant has led to an
increasing population of immunocompromised patients, many of whom are at increased risk for oral candidiasis, the most
common opportunistic yeast infection (Martins et al., 2014).

Candida albicans, the most common cause of oral and vulvovaginal candidiasis, accounts for 50%–90% of human candidiasis
(Martins et al., 2014). The names Candida and albicans are both derived from Latin words for white, referring to the typical white
plaques of pseudomembranous candidiasis (Gow and Yadav, 2017). The yeast is a small pathogen, at 4–6 mm in size, and ovoid in
shape, with thin walls (Lionakis and Edwards, 2019; Stoopler and Sollecito, 2014). Candida is a commensal organism present on
the skin and in the gastrointestinal and vaginal tracts of healthy people (Lionakis and Edwards, 2019; Stoopler and Sollecito,
2014). Candida spp. can exist in yeast and hyphal forms, and reproduce by budding (Lionakis and Edwards, 2019; Stoopler and
Sollecito, 2014).

Candidiasis is often diagnosed clinically, but can also be identified by the visualization of hyphae and pseudohyphae with 10%
potassium hydroxide (KOH) smears or culture on Sabouraud dextrose agar (Lionakis and Edwards, 2019). Treatment of oral and
vaginal candidiasis is often accomplished through topical polyenes or azoles, or with short courses of systemic azole therapy (Pappas
et al., 2016; Lionakis and Edwards, 2019). However, the rising incidence of non-albicans Candida species in human infection has been
associated with increasing antifungal resistance for mucosal candidiasis (Sobel, 2016; Lionakis and Edwards, 2019).
Epidemiology

As a normal commensal organism of humans, Candida is frequently found in hospital and home environments; it has also been
found in soil, animals, and food products (Lionakis and Edwards, 2019). Most infections occur endogenously, though human to
human transmission is possible, as in cases of maternal-fetal transmission or from female genital tract to male balanitis (Lionakis
and Edwards, 2019).

It is estimated that at least 75% of women will have an episode of Candida vaginitis during their lifetime, and 50% will have at
least one recurrence (Lionakis and Edwards, 2019). Vulvovaginal candidiasis is especially common among pregnant and diabetic
women, and in women undergoing antibiotic treatment (Martins et al., 2014). Some women develop recurrent vulvovaginal
candidiasis (RVVC), a syndrome that has only recently been widely recognized. RVVC is defined as three to four symptomatic
episodes of vulvovaginal candidiasis per year, with asymptomatic periods in between (Sobel, 2016). RVVC is most common
among women between ages 25–34, and represents a significant economic burden and negative impact on quality of life (Denning
et al., 2018). Rates of RVVC are estimated between 5%–9% of the female population (Sobel, 2016; Martins et al., 2014; Lionakis
and Edwards, 2019; Matheson and Mazza, 2017).

Oral and esophageal candidiasis predominantly affect neonates and adults with immunocompromising conditions such as HIV
or malignancy, or individuals on steroid therapy (Pappas et al., 2016). However, Candida is present in the normal oral flora of
45%–65% of healthy infants and 30%–55% of healthy adults (Millsop and Fazel, 2016). Patients using steroid inhalers, dentures,
or suffering from xerostomia are at particular risk for oral candidiasis (Pappas et al., 2016; Stoopler and Sollecito, 2014; Vazquez
and Sobel, 2002).

Chronic mucocutaneous candidiasis is a rare condition that may be related to primary genetic mutations such as CARD9
deficiency, or associated with broader syndromes such as autoimmune polyendocrinopathy syndrome type 1 (also known as
APECED) or thymoma-associated chronic candidiasis (Pappas et al., 2016; Kirkpatrick and Windhorst, 1979; Glocker et al., 2009).
IL-17 deficiency, which impairs the host’s innate immune response to Candida, may be the result of a primary genetic mutation or
acquired from targeted destruction by immunotherapy (Netea et al., 2015).
Pathogenesis

Our understanding of the process by which Candida changes from commensal, normal flora to problematic, opportunistic
pathogen is still evolving. A failure of some aspect of the host’s natural defense (such as incomplete immune response or break in
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microbiome, but there is not yet enough evidence to definitively recommend this (Xie et al., 2017; Sobel, 2016). Novel antifungal
therapies currently being studied for vulvovaginal candidiasis include TOL-463, a vaginal insert that targets the fungal biofilm, and
VT-1161, an oral medication which inhibits the fungal lanosterol demethylase enzyme (Marrazzo et al., 2019; Brand et al., 2018).
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Breastfeeding

Breastfeeding is the optimal way of infant feeding. The World Health Organization recommends exclusive breastfeeding from birth
to the age of six months. Then it recommends to continue breastfeeding, while expanding the baby’s diet, at least until the age of
two (World Health Organization, 2001). Numerous studies indicate the irreplaceable role of breastmilk in optimal growth and
development of a child’s body. The breastmilk is perfectly matched to the needs of a developing organism providing all the
necessary nutrients. The milk composition varies with the age of the breastfed child (Andreas et al., 2015). Breastmilk is considered
a functional food due to the fact that in addition to nutrients, it also contains elements that support development and maturation.
Particular importance is attributed to the influence of natural feeding on the proper development of the immune system (Silvers
et al., 2012). Bioactive components of human milk support the innate and acquired specific immunity of the body (Ballard, 2013).
Feeding with human milk, due to its beneficial effect on immunity, reduces susceptibility to gastrointestinal and respiratory tract
infections, urinary tract infections (Maldonado et al., 2012) and in the case of illness it contributes to a milder disease course.
Feeding children at early stage of development with breastmilk brings not only short-term benefits, such as: protection against
infectious diarrhea, respiratory tract infections, otitis media, but it is also an investment for the future (Hoddinott et al., 2008). A
diet consisting of breastmilk contributes to reduced risk of civilization diseases development in later life, including type II diabetes
mellitus, obesity, hypertension or hypercholesterolemia (Dieterich et al., 2013; McCrory and Layte, 2012). Breastmilk is an
extremely important source of biologically valuable ingredients, including probiotic microflora (Fernández et al., 2013; Donnet-
Hughes et al., 2010). Human breastmilk is an abundant source of microorganisms belonging to the probiotic microflora (Latuga
et al., 2014). Colonization by microorganisms occurs during the child passage through the mother's birth canal, during skin to skin
contact and with breastmilk consumption. Breastmilk is one of the main factors shaping the microbiological balance of the
newborn's digestive tract (Martín et al., 2003). Benefits of microbial homeostasis are both short and long-term. Composition of the
microflora stabilizes between 2 and 7 years of age. Adequate supply of probiotic microorganisms supports the correct micro-
biological profile formation and ensures maximum benefits from the gastrointestinal tract microbiological homeostasis. Probiotic
microorganisms affect the maturation and immune system development (Toscano et al., 2017). Breastmilk contains not only
probiotic microorganisms that affect the composition of the intestinal microflora, but also factors supporting its growth, such as
oligosaccharides, considered to be prebiotics (Marcobal et al., 2011). Breastfeeding has also a beneficial effect on the mother’s
health. Scientific research confirms that breastfeeding contributes to reduce the incidence of women with such diseases as breast
cancer, hypertension, diabetes, hyperlipidaemia, and cardiovascular disease (Newcomb et al., 1994; Dieterich et al., 2013).
Although breastfeeding is a natural activity for the human species, it often causes many difficulties, especially at the initial stage of
lactation. During this period, the support of a young mother is particularly important (Govoni et al., 2019). Both psychological
and physiological factors can affect the breastfeeding failure. The discomfort experienced during breastfeeding can be caused by the
anatomical conditions or infections (Amir, 2003). Pain felt during breastfeeding is a common cause of premature weaning
(Schwartz et al., 2002). One of the causes of breast inflammation is fungal infections. There are no definitive data on the incidence
of fungal infections among breastfeeding women, however, the problem is significant due to the susceptibility of this population
group to infections and the consequences it causes (including premature weaning and termination of lactation). Breastfeeding
women are a group susceptible to bacterial and fungal infections due to the resulting environment, conducive to the growth and
development of pathogenic microorganisms. Lack of medical intervention and the spread of the disease may be the reason for
worsening of the disease state, feeling of discomfort and, as a consequence, premature resignation from breastfeeding, which is
unfavorable from the point of view of both the child and the mother (Kent et al., 2015). Early diagnosis helps to control the
problem and return to the optimal way of feeding child in comfort.
Structure of the Mammary Gland

The mammary glands are made of glandular tissue – the breast body (corpus mammae) and adipose tissue – the fat body (corpus
adiposum mammae). In addition, the structure of the gland also forms a network of blood and lymphatic vessels, as well as nerves
(Jesinger, 2014). On the skin, in the middle or slightly below the center of the gland, there is a dark colored areola of the nipple
(areola mammae) with centrally located nipple (papilla mammae). The papilla is equipped with muscle fibers, which at the base
pass to the areola and radiate there. At the top of the nipple, there are the outlets of the milk ducts (ductus lactiferi), which form a
branched network in the gland. Their role is to remove the produced milk. The papilla (areola mammae) is equipped with radially
arranged smooth muscle fibers. On its surface, there are skin glands: sebaceous, sweat and Montgomery’s apocrine glands
(Montgomery glans). The breast glandular tissue is made of lobes (lobi glandulae mammariae) and smaller structures – lobules
(lobuli glandulae mammariae). Their number varies individually. Ultrasound studies allowed for verification of previous
knowledge about the internal structure of the mammary gland. Previously, it was thought that glandular tissue in the breast forms
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Central Nervous System Fungal Infections

Over the last few decades, cases of life-threatening fungal infections of the central nervous system (CNS) have significantly increased.
Specifically, immunocompromised populations, the number of which has expanded in recent years, suffer from high mortality rates due
to these infections (Murthy and Sundaram, 2014). The expansion of the immunocompromised population is due to increase in
advanced transplant procedures, the use of immunosuppressive therapies, and the pandemic spread of HIV (Raman Sharma, 2010). The
increased prevalence of these infections challenges physicians and researchers across the globe to develop accurate and rapid diagnostics
associated with effective management strategies (Panackal and Williamson, 2015; Raman Sharma, 2010). In fact, research on fungal
brain infections has produced impressive publication records over the last 20 years (Fig. 1).

Pathogenic fungi comprise approximately 300 species among highly diverse fungi, of which an estimated 1.5 million species
are found living as saprophytic organisms that colonize distinct environmental niches, including some in animals and human
hosts. Among the species able to colonize and cause disease in mammalian hosts, only approximately 10%–15% are able to
colonize the CNS, where they cause severe infection (Murthy and Sundaram, 2014; Goralska et al., 2018).

Upon exposure to fungi, immunocompetent individuals are generally able to defend against and avoid infection, having
effective clearance. However, an immunocompromised host who is not able to fight the infection develops disease that generally
begins in the lungs and skin and can be disseminated elsewhere in the organism, including the CNS, through hematogenous
spread (Murthy and Sundaram, 2014; Black and Baden, 2007; Rauchway et al., 2010).

Brain colonization is not an easy task for fungal pathogens, since the CNS is surrounded by a relatively impermeable
blood–brain barrier (BBB). This barrier makes the CNS an immunologically privileged site, where few immunological cells, mainly
activated T-lymphocytes, are able to penetrate. However, in immunocompromised hosts, the BBB permeability is increased, which
facilitates fungal penetration into the CNS (Raman Sharma, 2010).
Fig. 1 Genus-based distribution of documents resulting from research on fungal brain infections from 1998 to 2018. Google Scholar
(https://scholar.google.com.br) searches combining each fungal genus with the term “brain” indicated Candida, Aspergillus, Cryptococcus,
Fusarium, Pneumocystis, Histoplasma, Rhizopus, Blastomyces, Mucor and Coccidioides as the top 10 fungal genera producing research
documents. In combination, these 10 genera produced more than 200,000 research documents.
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Fig. 2 Brain diseases caused by fungi and their incidence in humans. Data was collected from Goralska, K., Blaszkowska, J., Dzikowiec, M.,
2018. Neuroinfections caused by fungi. Infection 46, 443–459 and the Global action Fund for Fungal Infections (GAFFI, https://www.gaffi.org).
Asterisks indicate epidemiological data available in the US only. Image credit: Wagner Nagib (Instituto Carlos Chagas, Fiocruz).
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Although the host’s immunological status has an important role in brain colonization, fungi have also evolved strategies to
modulate and evade the host immune system. Fig. 2 presents an overview of the most common fungi that causes CNS infections,
represented by yeasts (Cryptococcus spp. and Candida spp.), filamentous (Aspergillus spp.) and dimorphic (Histoplasma capsulatum
and Coccidioides spp.) species, together with the number of cases of each type of mycosis that is diagnosed per year and the
frequency with which these mycoses can disseminate to brain tissue to cause lethal CNS diseases.

Candida species are known for their capacity to cause an invasive disease that can affect the CNS. Invasive candidiasis presents
with a high incidence rate of CNS involvement (Panackal and Williamson, 2015), and has a mortality of 10%–70%, which is
increased to 90% for patients in which the CNS is involved (Goralska et al., 2018; McCarthy et al., 2017; Pana et al., 2017). The
most common manifestation of Candida spp. CNS infection is meningitis, which mostly affects newborns and neurosurgical and
immunocompromised patients (Panackal and Williamson, 2015; Murthy and Sundaram, 2014); however, it can occasionally
affect healthy patients (Borha et al., 2009).

Aspergillosis can also affect the brain and is associated with mortality rates of more than 90% (Baddley et al., 2010; Deigendesch
et al., 2017). In addition to its ability to cause meningitis, the most common CNS infection by Aspergillus affects intra-axial brain
structures (Deigendesch et al., 2017). Immunocompromised patients are the individuals most commonly affected by invasive asper-
gillosis, with bone marrow transplantation, hematological diseases, AIDS, pulmonary diseases, chronic granulomatous disease, and
solid organ transplantation among the most common risk factors (Ruhnke et al., 2007; Singh and Paterson, 2005; Potluri et al., 2014).

Coccidioidomycosis is an endemic mycosis caused by the dimorphic fungi Coccidioides immitis and C. posadasii that, in addition to
being commonly asymptomatic, can evolve to a disease that is disseminated with CNS involvement, leading to meningitis, which is the
most serious form of the disease (Galgiani et al., 2005; Johnson et al., 2018). Although able to affect immunocompetent individuals,
Coccidioides meningitis development depends, to some extent, on the immunological status of the patients, with immunocompromised
patients being the most susceptible (Brown et al., 2013; Twarog and Thompson, 2015; Jackson et al., 2019).

Histoplasma capsulatum is the etiological agent of another endemic mycosis, histoplasmosis. In addition to being rare, the dis-
semination of Histoplasma to the CNS generally occurs in patients with AIDS and other immunosuppression disorders, leading to severe
cases of meningitis (Riddell and Wheat, 2019) that are associated with high morbidity and mortality rates (Wheat et al., 2018); however,
immunocompetent patients can be affected (Schestatsky et al., 2006). In addition to meningitis, CNS histoplasmosis causes parenchymal
mass lesions in the brains or spinal cord, stroke due to cerebral emboli and diffuse encephalitis (Saccente, 2008; Wheat et al., 1990).

The main species responsible for fungal meningitis worldwide is Cryptococcus neoformans (Srikanta et al., 2014). In cryptococcal
infections, meningitis is the clinical manifestation that has the greatest effect on patients. Even when properly treated, in most
cases, this meningitis cannot be ameliorated, and the mortality is approximately 70%, depending to the condition of the patient’s
immune system and the geographical location (Rajasingham et al., 2017).

On the basis of the highest indices of mortality deriving from brain infection, in this essay, we mostly address the mechanisms used
by Cryptococcus to disseminate in the body and invade the CNS and discuss some virulence factors associated with the infection of the
CNS, elucidating interesting studies that have helped to unravel the fascinating predilection of this fungus for the CNS.
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Candida Species

Candida is a genus of yeasts that are part of the normal skin and gut flora, and are common colonizers of the genitourinary tract.
They can be detected on the mucosal surfaces of 50%–70% of healthy individuals. Candida are common sources of nosocomial
infections. While the genus encompasses at least 15 pathogenic species, C. albicans, C. glabrata, C. tropicalis, C. parapsilosis, and
C. krusei are responsible for B 95% of invasive diseases. Candidemia occurs when the host is immunocompromised, has a breach
of the protective mucosal barriers, or has had prolonged antibiotic use (McCarty and Pappas, 2016; Pappas et al., 2018). C. albicans
remains the most common pathogenic Candida spp. Otherwise, the second most common pathogenic species varies widely
between regions, medical centers, and intensive care units with C. glabrata or C. parapsilosis being the most frequently encountered
species. In the United states and northwestern Europe, C. glabrata is the second most common species isolated (Pfaller et al., 2011).
We will be focusing on C. albicans and briefly touch on other relevant Candida species.
Pathogenesis

As mentioned above, there are three disposing factors for candidemia. Immunosuppression, particularly neutropenia, is a major risk
factor for disease as is the bypassing of mucosal barriers. The mechanisms for prolonged antibiotic use increasing risk is through the
removal commensal gut microbiota species that secrete protective factors that suppress Candida overgrowth (Fan et al., 2015). C. albicans
undergoes morphogenic transition between a unicellular yeast form and a multicellular, filamentous pseudo-hyphae and/or hyphae
form. This dimorphism helps the organism evade the immune system as different states have distinct cell surface and wall composi-
tions. Strains that are locked to one form have impaired virulence in mice model (Lo et al., 1997). C. albicans also effectively adheres to
endothelial and epithelial cells through the expression of adhesins along with the secretion of proteases and phospholipases, which also
help with biofilm formation and tissue invasion (Schmidt et al., 2012; Felk et al., 2002). Neutrophils play the most important role in
controlling invasive candidiasis. While monocytes and macrophages have mildly less candida killing capacity, they confer lymphocyte-
independent memory that provides protection from future infections (Lionakis et al., 2013).
Endocarditis

Candida endovascular infections usually manifests as endocarditis, which is an infection of the inner lining of the heart chambers
and heart valves, or infection of a implanted device such as a pacemaker (McCarty and Pappas, 2016). Candida endocarditis is the
most common form of fungal endocarditis with C. albicans being the most prevalent (24%) and the non-albicans Candida
combining to represent the second most common etiology (28%) (Ellis et al., 2001). In an observational cohort study of
70 confirmed Candida endocarditis cases, the most common species isolated were C. albicans and C. parapsilosis, where the latter
tended to develop in diabetic patients and were community acquired (Arnold et al., 2015). Overall, half the infections were
hospital acquired, and about a quarter were community acquired. The biggest risks factor for endocarditis was the presence of a
prosthetic heart valve (46%) in which there was a 36% in-hospital and a 59% 1-year mortality rate. In the same study, congestive
heart failure, embolization, and intracardiac abscess were the most common complications (Arnold et al., 2015).

The clinical presentation of Candida endocarditis typically consists of fever, major peripheral emboli (i.e., ischemic limb), and
cardiac murmur (Ellis et al., 2001). Both the Infectious Diseases Society of America (IDSA) 2016 candidiasis guideline and
American Heart Association 2015 infective endocarditis guideline recommend combined antifungal and valve replacement
therapies (Pappas et al., 2015; Baddour et al., 2015). Notably, some studies have found no statistically significant mortality benefit
between medical vs medical and surgical treatment (Rivoisy et al., 2017; Arnold et al., 2015).
Myocarditis

Since the routine use of immunosuppressive medications, Candida have been the most prevalent cause of fungal myocarditis, an
infection of the heart muscles, which occurs in 10%–60% in patients with disseminated candidiasis (Frenkel, 1962; Gruhn and
Sanson, 1963; Walsh et al., 1980). In 1968, a cardiac autopsy report of 420 acute leukemia patients identified a prevalence of
candida myocarditis of 1.4%, while there was only one identified Candida (named “Torulosis”) myocarditis in the 1402 cases
during American military autopsies performed over the course of World War II (Gore and Saphir, 1947; Roberts et al., 1968). In
Candida myocarditis, histological findings primarily show myocardial abscesses with random distribution, which is consistent with
hematogenous dissemination patterns (Franklin et al., 1976). C. albicans is the most common candida species causing myocarditis,
followed by C. parapsilosis, which is frequently associated with endocarditis (Pfaller et al., 1998). Of note, pathogenesis of
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Introduction

Tremendous advances in medicine including immunosuppressive agents for organ transplants and autoimmune diseases, new
chemotherapies to combat cancer, and the discovery of highly-active antiretroviral therapy to treat HIV/AIDS have saved lives and
improved quality of life. With these advances, however, the incidence of observed local and systemic fungal infections has
increased. Although fungal infections are significantly less common than bacterial infections of the human eye, there are a variety
of fungal infections that ophthalmologists encounter in clinical practice.

Candida, Fusarium, and Aspergillus are common culprits of fungal keratitis, or infection of the cornea. Another term for fungal
keratitis is keratomycosis. These infections occur most commonly following trauma to the eye with exposure to soil, organic, or
vegetable matter, but can result from contact lens wear as well. Candida, Aspergillus, Cryptococcus, Coccidioides, and Fusarium are
the most common causes of fungal endophthalmitis, or infection of the intraocular cavities (i.e., aqueous and vitreous humor),
and most commonly reach the eye via hematogenous dissemination from a systemic infection. Histoplasma capsulatum can cause
ocular histoplasmosis syndrome, a multifocal infection affecting the choroid and retina after hematogenous dissemination from
inhalation of spores into the lungs. Cryptococcus neoformans can cause disease of the brain and optic nerve in an immuno-
compromised state, resulting in optic neuropathy. Ocular rhinosporidiosis from exposure to Rhinosporidium seeberi can present
as sessile or pedunculated lesions in the conjunctiva. Exposure to Blastomyces and Sporothrix can result in focal granulomas or
dermatitis affecting the eyelid and/or conjunctiva. Lastly, nonseptate filamentous fungi such as Mucor and Rhizopus can cause
life-threatening infections of the paranasal sinuses, brain, and orbit in immunocompromised patients (American Academy of
Ophthalmology, 2017a).

This chapter will focus on the two most common fungal infections of the eye: fungal keratitis and fungal endophthalmitis. For
each infection, its epidemiology, signs and symptoms, diagnostic workup, and treatment will be described.
Fungal Keratitis

Overview

Infectious keratitis, or infection of the cornea from a viral, bacterial, fungal, or parasitic agent, can result in severe visual
impairment. When infectious keratitis is associated with a corneal epithelial defect (or opening of the corneal surface), the
infection is commonly described as a corneal ulcer. Fungal keratitis is much less common than bacterial keratitis, representing less
than 10% of cases in developed countries and roughly 40% of cases in the developing world. The most common cause of fungal
keratitis is trauma to the cornea from plant, organic, or vegetable matter. Other risk factors include contact lens wear, topical
corticosteroid use, immunocompromised status, previous corneal surgery, chronic keratitis (particularly from herpes simplex
virus), and other chronic erosions and/or pathology of the cornea.
Epidemiology and Risk Factors

In the United States, less than 10% of microbial keratitis cases are from fungal infections, although the prevalence is much higher
in tropical climates. In southern Florida, fungal keratitis is estimated to be 35% of microbial keratitis cases, compared to 17% in
Texas and 1% in New York (Asbell and Stenson, 1982). Worldwide, this relationship with climate is also evident; a study in
Bangkok, Thailand found that 38% of ulcerative keratitis cases were from a fungal etiology, and the most common organism
isolated was Fusarium species (Sirikul et al., 2008).

Multiple studies have demonstrated that fungal keratitis is more likely than bacterial keratitis to be associated with ocular
trauma, particularly from vegetable, organic, or plant matter. An investigation of fungal keratitis in South India demonstrated that
54.4% of cases were associated with a history of recent trauma to the affected eye. The object causing the trauma was not reported
in 37.5% of cases, injury with plant material was reported in 13.9% of cases, injury with animal material was reported in 2.1% of
cases, and a history of dust going into the eye was reported in 11.4% of cases. A significant percentage (48.3%) of patients were
engaged in outdoor activities for their occupation (Gopinathan et al., 2002).

Fungal keratitis is also less likely to be associated with contact lens wear than bacterial keratitis. However, in 2006, an outbreak
of Fusarium keratitis was associated with use of ReNu with MoistureLoc (Bausch & Lomb, Rochester, NY, USA) contact lens
solution, which was subsequently removed from the market. A retrospective case series performed during this time period
demonstrated that among fungal keratitis cases, 22% of cultures grew yeasts, 72% grew filamentous fungi (of which 54% were
Fusarium culture positive), 3% grew nonfilamentous fungi, and 3% grew fungi not further identified. Prior to and following this
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Candidiasis

Epidemiology

Oropharyngeal candidiasis (OPC) and esophageal candidiasis (EC) are the most common HIV-associated fungal opportu-
nistic infections and are an important cause of morbidity in people living with HIV (Lortholary et al., 2012; Low et al., 2016).
The incidence of OPC is B16%–40% in antiretroviral therapy (ART)-naive patients (Attia et al., 2001; Wolff et al., 2005;
Desakorn et al., 2011), and EC is the second most common AIDS-defining illness (Grabar et al., 2008). There is a clear
correlation between worsening immunodeficiency and the occurrence of OPC and EC, with a CD4 þ cell count of o200 cells/
mL a risk factor for both (Mönkemüller et al., 2005; Lortholary and Dupont, 2011). Depletion of the IL-17 producing T-helper-
17 cells, a subset of the CD4 cell lineage, allows Candida to overcome epithelial defenses and is key to the pathogenesis of
mucosal candidiasis (Cassone and Cauda, 2012).

Candida albicans is the most common causative pathogen, however there is significant geographical variation in the
prevalence of non-albicans species (B10%–60%) such as C. glabrata, C. parapsilosis, C tropicalis and C. krusei (Mushi et al.,
2017; Patil et al., 2018). The widespread introduction of ART has significantly lowered the incidence of OPC and EC
(Schwarcz et al., 2013; Low et al., 2016). However, mucocutaneous candidiasis remains an important cause of morbidity due
to lack of access to healthcare services, increasing prevalence of azole-resistant Candida species, and in people on ART with
poor CD4 þ T cell recovery (Patil et al., 2018).

The impact of HIV on vulvovaginal candidiasis (VVC) is uncertain; some studies suggest a higher incidence, while others
suggest higher rates of colonization without vaginitis only (Duerr et al., 1997; Ohmit et al., 2003). Multiple other risk factors
contribute (antibiotic use, diabetes, vaginal dysbiosis and pH) and VVC is common in women without HIV. Furthermore, HIV is
not a risk factor for invasive candidiasis (Kullberg and Arendrup, 2015; Pappas et al., 2018), so this chapter will focus on OPC and
EC in HIV.
Clinical Presentation

OPC has different clinical forms. Pseudomembranous candidiasis appears as creamy-white plaques which can be removed with a
swab to reveal erythematous or bleeding mucosa, whereas in hyperplastic candidiasis there are homogenous adherent or nodular
lesions (Akpan and Morgan, 2002; Patil et al., 2015). In erythematous candidiasis, there are localized patches of erythema, often
on the dorsum of the tongue or palate (Akpan and Morgan, 2002) and angular cheilitis appears as fissuring at the corners of the
mouth. The pseudomembranous and erythematous variants are the most common in people living with HIV. OPC is often
asymptomatic, but may present with pain (particularly with erythematous candidiasis or angular cheilitis) or taste disturbance
(Darouiche, 1998).

EC often presents with odynophagia, dysphagia, and/or retrosternal pain (Darouiche, 1998). While concurrent oropharyngeal
lesions are common, EC can occur in isolation (Darouiche, 1998; Vazquez, 2010). Symptoms may result in reduced oral intake
and weight loss. Important differential diagnoses include other infectious causes of esophagitis (e.g., cytomegalovirus, herpes
simplex virus), gastroesophageal reflux disease, strictures, esophageal carcinoma and Kaposi’s sarcoma.
Diagnosis

OPC is a clinical diagnosis, based on the appearance of oral lesions. A swab for fungal culture should be performed in those who
fail to respond to initial therapy or have recurrent episodes to assess for azole resistance. In patients with oropharyngeal lesions
and symptoms of EC, a diagnostic trial of antifungal therapy is appropriate before investigation with endoscopy (Lortholary et al.,
2012; Pappas et al., 2015; Dockrell et al., 2019). Endoscopy should be performed in patients with lack of clinical response, those
without oropharyngeal lesions, or to exclude an alternative diagnosis (Dockrell et al., 2019). The diagnosis can be confirmed by
endoscopic visualization of lesions, alongside tissue biopsies demonstrating microbiological and histopathological evidence of
candidiasis.
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Introduction

Fungi are for the most part soil dwelling organisms that are pathogens of plants, insects and ectothermic vertebrates, but not
mammals. The fact that even pathogenic fungi are generally not spread from human to human argues against any substantial selection
for virulence in humans. Rather, the virulence displayed is largely an “accidental” byproduct of selection for survival and replication
inside natural predators such as amoebae (Casadevall et al., 2019). An impaired immune system alters the balance of forces, however,
and permits the establishment of opportunistic fungal infections in hosts where this would not otherwise be possible. Thus, transplant
recipients are at substantially greater risk of almost all fungal infections compared with immunocompetent hosts.

Transplant recipients can be broadly divided into two main groups: hematopoietic stem cell transplant (HSCT) recipients and
solid organ transplant (SOT) recipients. Although there is substantial overlap, differences exist in the relative incidences of specific
fungal infections between the two groups, reflecting differing immune deficits and immunosuppression regimens, as well as factors
such as the presence or absence of myeloablation. In SOT recipients, invasive candidiasis accounts for 450% of invasive fungal
infections, followed by invasive aspergillosis (19%), cryptococcosis (8%), non-Aspergillus molds (8%), endemic fungi (5%) and
mucormycosis (2%) (Pappas et al., 2010). By contrast, HSCT recipients suffer from more invasive aspergillosis (43%) and
mucormycosis (8%) than SOT recipients, but proportionately less candidiasis (28%), and cryptococcosis is extremely rare
(Kontoyiannis et al., 2010; Sun et al., 2009).

The various fungal infections also differ by their median time to infection after transplant. In SOT recipients, the vast majority
of early invasive fungal disease (r90 days) is comprised of candidiasis and invasive aspergillosis, whereas the median times to
infection for endemic mycoses, non-Aspergillus molds and cryptococcosis are all a year or more (Pappas et al., 2010). Invasive
fungal infections in HSCT recipients tend to occur earlier, perhaps as a result of the greater initial immunosuppression inherent in
HSCT compared to most SOT. In one large-scale study, the median times of all invasive fungal infections was less than 180 days in
HSCT recipients (Kyvernitakis et al., 2016; Kontoyiannis et al., 2010).

A major goal of care following transplantation is the prevention of fungal infections. To this end, most transplant recipients
receive some form of antifungal prophylaxis in the immediate post-transplant period. The particular prophylaxis regimen is
tailored to the patient, the organ transplanted and the immunosuppressive regimen given.

In this chapter, we review the major fungal infections in transplant recipients.
Candidiasis

Candida species are a normal constituent of the human gastrointestinal tract’s flora. Estimates of asymptomatic Candida albicans
intestinal carriage in humans range from 30% to 60%, and other Candida species such as C. parapsilosis, C. glabrata and C. tropicalis
are also frequently found in the gastrointestinal tract in healthy individuals (Hallen-Adams and Suhr, 2017). To cause invasive
disease Candida must either traverse the gastrointestinal mucosa or enter the body via a defect in one of the body’s anatomical
barriers, such as via central venous catheters (Koh et al., 2008).

The cells of the innate immune system, particularly neutrophils, are required to prevent invasive candidiasis (Gazendam et al., 2014;
Fradin et al., 2005; Koh et al., 2008). Thus, neutropenia is among the strongest risk factors for candidemia and other forms of invasive
disease. By contrast, humoral immunity appears to play no significant protective role in this regard, and a Th17-based immunity is
important in controlling only mucosal candidiasis (Gazendam et al., 2014). Thus, patients with impaired Th17 responses due to HIV
may develop esophageal candidiasis, but HIV does not directly increase rates of invasive candidiasis like neutropenia does.

Candida blood stream infection is the predominant form of invasive candidiasis. Once in the blood stream, the organism may
disseminate to other organs such as the eye, heart, skin, brain or bones. Hepatosplenic candidiasis is a rare syndrome particular to
neutropenic hosts that occurs as their neutrophil counts begin to recover. In essence, hepatosplenic candidiasis is a form of
Candida immune reconstitution inflammatory syndrome (IRIS). A fever that persists after neutrophil recovery should prompt
consideration of this syndrome, which frequently involves the liver and spleen, though other organs such as they kidney may also
be affected. Abdominal imaging may reveal small abscesses in the involved organs, but blood cultures are frequently negative at
the time of diagnosis (Pagano et al., 2002).

The species responsible for candidemia are been well described, though considerable shifts have taken place worldwide over
the past two decades (Lamoth et al., 2018). Although historically the most common species was C. albicans, this species now
comprises less than 50% of Candida infections in many countries, including the United States. Correspondingly, a higher
proportion of non-albicans is now seen, and in the USA, much of this is due to C. glabrata and C. parapsilosis (Lamoth et al., 2018).
Of specific concern is the worldwide emergence of C. auris. This organism has several adaptations that make it a fearsome
nosocomial pathogen, including its ability to colonize the skin (unlike other Candida species), the production of biofilms,
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Introduction

Fungi are a diverse group of organisms that cause a wide array of disease in humans. Fungi are associated with superficial infections
of the skin or subcutaneous tissues, but may also cause invasive disease, even in immunocompetent hosts. In immunocompetent
patients, a large inoculum of endemic fungi (e.g., Coccidioides) may cause severe invasive infection. In heavily immunocom-
promised hosts, such as patients with hematologic malignancies, even a low inoculum of opportunistic fungi (e.g., Fusarium
species) results in severe disease. In the USA, fungal diseases were estimated to cost $7.2 billion in 2017 (Benedict et al., 2019b).
This is divided between 75,033 hospitalizations costing $4.5 billion and nearly 9 million outpatient visits, costing $2.6 billion.
Notably, opportunistic mycoses, such as aspergillosis, invasive candidiasis, pneumocystosis, and mucormycosis, are associated
with the largest economic burden (Benedict et al., 2019b).

The increased risk of invasive fungal infection in cancer patients is attributable to impairment of the immune system from the cancer
itself, such as those with hematologic malignancies, or with structural lung damage from tumor invasion, but also due to the
detrimental effects of various cancer treatments on the immune response. Patients who are severely immunocompromised by cancer
treatment or stem cell transplant could develop uncommon opportunistic fungal infections. In addition, cancer patients may develop
endemic fungal infections to which immunocompetent hosts are also susceptible, such as coccidioidomycosis or histoplasmosis.
Effects of Cancer Treatment on Immune Response to Fungal Infection

Cancer therapy is constantly changing. Traditional modalities, such as radiation, surgery, and cytotoxic chemotherapy have led to the
revolution of therapeutics in cancer with monoclonal antibodies targeted against surface molecules on cancer cells and therapies which
harness the immune response against cancer. These include checkpoint inhibitors (CPIs), which enhance the cellular immune response,
targeting cancer cells, but may also result in immune-mediated injury to several organs (Fishman et al., 2019). The impact of CPIs on the
risk of fungal infection is a matter of debate, with animal models of histoplasmosis, candidiasis, aspergillosis, and cryptococcosis
suggesting a benefit from PD-1 and PDL-1 inhibitors (Abers et al., 2019). A recent study examined the impact of PD-1 inhibitor alone,
and in combination with caspofungin, on a mouse model of invasive pulmonary aspergillosis (Wurster et al., 2020). The PD-1 inhibitor
alone improved survival, decreased tissue fungal burden, and also reduced markers of pulmonary inflammation. In addition, the
combination of PD-1 inhibitor with immunomodulatory antifungal caspofungin led to an additional benefit in mortality, compared to
either agent alone (Wurster et al., 2020). CPIs may be of particular benefit in patients with chronic fungal infections refractory to
therapy, such as invasive candidiasis, reversing “immune exhaustion” that is a common barrier to overcoming such infections. Insuf-
ficient clinical data, however, are available regarding impact of CPIs on opportunistic mold infection.

Ibrutinib and other kinase inhibitors are another class of agents used to treat cancers, including chronic lymphocytic leukemia
(CLL), mantle cell lymphoma, and primary central nervous system (CNS) lymphoma. Although randomized clinical trials with
these agents failed to demonstrate an increased risk of invasive fungal infections (IFI) (Chamilos et al., 2018), several ibrutinib-
related IFIs have been reported with the “real life” experience in CLL, especially CNS invasive aspergillosis, Pneumocystis jirovecii
pneumonia, and cryptococcosis (Ruchlemer et al., 2019).

Other novel cancer treatments include immunotherapy platforms, such as CAR-T cell and, more recently CAR-NK cell therapies.
The conditioning therapy used to prepare patients with malignancy for these cell-based therapies, results in significant acute
impairment of the immune response. Depending on the type and intensity of conditioning therapy and the underlying cancer,
impairment of several elements of the immune system may be seen, lasting 6 months to 1 year. The impact of these therapies on
risk of fungal infection is unclear, with current efforts to optimize prophylaxis, based on evolving understanding of risk stratifi-
cation, including influence of the underlying cancer, prior cancer treatment, co-morbidities as well as the exposure to conditioning
therapy in preparation for administration of CAR-T cells (Haidar et al., 2019; Lewis and Kontoyiannis, 2020). In patients with
hematologic malignancies, at highest risk of invasive fungal infection (IFI), efforts are ongoing to develop models to predict
incidence of IFI (Stanzani et al., 2019b). Future efforts to predict the patients at highest risk for severe IFI will provide guidance for
which patients need prophylaxis and which patients benefit from surveillance with biomarkers without prophylaxis.
Opportunistic Fungal Infections

Invasive candidiasis (IC) remains the most common invasive fungal infection in patients with cancer, with Candida bloodstream
infection the 2nd most common etiology of health-care associated bloodstream infection overall (Magill et al., 2018). Candidiasis
affects patients with compromise in skin and mucosal barriers. These barriers may be compromised by direct physical injury with
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Introduction

In the past few decades, the AIDS epidemic and major advances in modern medicine associated with the introduction of a variety of
immunomodulatory and chemotherapeutic interventions for the treatment of autoimmune and neoplastic diseases and the
expansion of the clinical indications and applications of hematopoietic stem cell transplantation (HSCT) and solid organ trans-
plantation (SOT) have markedly expanded the populations of individuals who are at risk for development of mucosal and/or
invasive fungal infections (IFIs) (Brown et al., 2012; Lionakis et al., 2017b; Lionakis and Levitz, 2018). Indeed, opportunistic fungal
infections have emerged as significant causes of morbidity and mortality in acutely ill and immunosuppressed patients. For example,
invasive candidiasis is among the three most common causes of nosocomial bloodstream infections in intensive care units in the
United States with mortality that exceeds 30%–40% despite administration of antifungal therapy (Magill et al., 2014, 2018; Strollo
et al., 2016). The recent emergence of drug-resistant Candida species including Candida glabrata and Candida auris raises significant
public health concerns (Alexander et al., 2013; Vallabhaneni et al., 2019). Candida species also cause mucosal infections, which occur
in the form of oral and esophageal disease in the vast majority of AIDS patients when they are not treated with antiretroviral therapy
and in the form of recurrent vulvovaginal candidiasis in over 100 million women annually worldwide (Denning et al., 2018).
Invasive pulmonary aspergillosis (IPA) is a leading cause of infection-related mortality in neutropenic and/or corticosteroid-treated
patients with hematological malignancies and HSCT (Lionakis and Kontoyiannis, 2003; Segal, 2009). Cryptococcosis is a major
opportunistic infection in AIDS patients that is responsible for B200,000 deaths per year worldwide (Rajasingham et al., 2017),
while Pneumocystis jirovecii pneumonia (PJP), the most common opportunistic respiratory infection in AIDS patients (Siegel et al.,
2016), is estimated to cause 4400,000 life-threatening infections per year worldwide (Brown et al., 2012).

Besides these “traditional” risk factors that predispose to opportunistic fungal disease, a recent surge in the discovery and clinical
use of mechanism-based biological therapies in the form of either monoclonal antibodies (mAbs) (and associated biosimilars) or
small molecule kinase inhibitors (SMKIs) has revolutionized the management of neoplastic and autoimmune disorders (Grilo and
Mantalaris, 2019; Wu et al., 2016). The biologic agent that changed everything in the landscape of clinical applications for such
therapies is the SMKI imatinib, which in the early 2000s showed remarkable efficacy and safety for the treatment of Philadelphia
chromosome-positive chronic myelogenous leukemia and gastrointestinal stromal tumors via inhibition of the BCR-ABL tyrosine
kinase and the KIT receptor tyrosine kinase, respectively (Demetri et al., 2002; Kantarjian et al., 2002; Longo, 2017).

Since then, an unprecedented rate of discovery and clinical use of biological therapies that inhibit a variety of extracellular and
intracellular immune-related molecules has underscored the critical contribution of some of these targeted molecules and path-
ways in mounting effective innate and adaptive antifungal immune responses in humans (Chamilos et al., 2018; Zarakas et al.,
2019). Indeed, opportunistic mucosal and/or systemic fungal infections have emerged in the setting of treatment with some of
these biological therapies (Chamilos et al., 2018; Ghez et al., 2018; Lionakis et al., 2017a; Varughese et al., 2018). In this chapter, I
highlight key biological therapies, both mAbs and SMKIs, that have been associated with an increased risk of opportunistic fungal
disease in patients with malignant and autoimmune diseases. The risk of fungal disease associated with such biological therapies
in the context of transplantation, either HSCT or SOT, is beyond the scope of this chapter. Before outlining key biological therapies
as novel risk factors for human fungal disease, I briefly summarize the cellular and molecular immune factors that are required for
effective host defense against mucosal and/or invasive infection by different pathogenic fungi, as this outline will provide a useful
roadmap for understanding the pathogenesis of opportunistic fungal diseases that arise in the context of biological therapies.
Immune Cells and Signaling Pathways That Promote Fungus-Specific Host Defense

The immune cell subsets and signaling pathways that mediate protective antifungal immunity vary greatly depending on the
infecting fungus and anatomical site (Lionakis et al., 2017b; Lionakis and Levitz, 2018). Hence, understanding the cellular and
molecular basis of fungus-specific and tissue-specific host defense is critical for recognizing and predicting the fungal infection risk
conferred by biological therapies that target the corresponding immune cells and signaling pathways.
Mucosal Candidiasis

Lymphoid cells and IL-17 receptor (IL-17R) signaling play a crucial role in protection against oropharyngeal candidiasis in mice
and humans. Studies in mice have shown that the IL-17 cytokines IL-17A and IL-17F are rapidly produced at the mucosal surface
upon Candida infection by proliferating ab T cells termed natural Th17 cells, by gδ T cells, and by innate lymphoid cells type-3
(ILC3) (Conti et al., 2009, 2014, 2016; Trautwein-Weidner et al., 2015; Gladiator et al., 2013). IL-17A and IL-17F then bind to
IL-17RA and IL-17RC on the epithelial cell surface within the keratin 13-expressing suprabasal epithelial layer and drive the
production of antifungal antimicrobial peptides such as S100a8, S100a9, b-defensin 1 and b-defensin 3 that are thought to curtail
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Uncommon Yeast-Like Pathogens

Malassezia Species

Introduction
Members of the Malassezia genus are lipophilic, basidiomycetous yeasts belonging to the subphylum Ustilaginomycotina and the
class Malasseziamycetes. There are currently 18 recognized species: M. furfur, M. globosa, M. restricta, M. obtusa, M. sympodialis,
M. pachydermatis, M. japonica, M. yamatoensis, M. dermatis, M. nana, M. caprae, M. equina, M. slooffiae, M. cuniculi, M. brasilensis, M.
psittaci, M. arunalokei, and M. verspertilionis (Lorch et al., 2018; Wang et al., 2014). Unique among Malassezia species, M. pachydermatis is
the only species not dependent on lipids for growth. Malassezia species are predominantly plant and animal pathogens, but do
comprise an estimated 50%–80% of the human skin mycobiome, with M. globosa, M. restricta, and M. sympodialis most frequently
isolated (Findley et al., 2013). Recently, Malassezia species within the gut microbiome have been linked to the progression of
pancreatic cancer through interaction with the complement cascade (Aykut et al., 2019).

Clinical presentation
Malassezia species are associated with several cutaneous diseases, namely seborrheic dermatitis, pityriasis (tinea) versicolor,
folliculitis, atopic dermatitis and, occasionally, onychomycosis. Systemic infections most frequently occur in premature neonates
receiving lipid-rich total parenteral nutrition, immunocompromised children, and adults with indwelling central venous catheters
(Arendrup et al., 2009; Shparago et al., 1995). Additional risk factors for invasive disease include hematologic malignancy and
peritoneal dialysis. Almost all reported systemic human infections are caused by M. furfur and M. pachydermatis, with the latter
considered zoonotic, passing to immunosuppressed patients from pets. While fungemia is the most commonly reported site of
invasive infection, Malassezia has also been implicated in catheter-associated peritonitis (Johnson et al., 1996), meningitis (Rosales
et al., 2004), and sinopulmonary infection (Redline and Dahms, 1981). Furthermore, nosocomial outbreaks of Malassezia fun-
gemia and folliculitis have been reported in intensive care units, with the hypothesized transmission of M. pachydermatis from the
hands of healthcare workers that owned pet dogs (Archer-Dubon et al., 1999; Chang et al., 1998).

Diagnosis and identification
The diagnosis of invasive Malassezia infection is made by isolation in laboratory culture from a sterile site. This is often
challenging, as most culture media are not enriched with lipid nutrients required to support Malassezia growth. Thus, any
clinical specimen with positive staining for yeast forms and negative culture growth should prompt consideration of Malassezia.
Use of modified Dixon agar, Leeming-Notman agar, CHROMagar, and Sabouraud’s agar with sterile olive oil will allow for
recovery of Malassezia from clinical samples (Iatta et al., 2018). Malassezia pachydermatis is the exception, and does not require
lipid supplementation for growth.

Once present in culture, Malassezia colonies grow rapidly over 5 days at 30–371C. Colonies appear creamy yellow to brown,
initially smooth and raised, and wrinkle over time. Microscopically, Malassezia species form small, elongated blastoconidia which
demonstrate unipolar budding (Kaneko et al., 2007) and yeast cells may have the appearance of a wine flask structure.

Distinction between species is achieved by a variety of methods. Previously, species identification was made by a combination of
morphology and biochemical testing, including Tween test, esculine splitting test, and catalase and urease reactions (Kaneko et al., 2007;
Marcon and Powell, 1987). However, these methods are complex, laborious, and occasionally inaccurate. As a result, they have been
replaced largely by PCR based methods. Species-level identification can be made through sequence analysis of the internal transcribed
spacers (ITS) and D1/D2 domains of the large ribosomal subunit (Ilahi et al., 2017; Makimura et al., 2000). More recently, several
studies have shown that matrix-associated laser desorption/ionization-time of flight (MALDI-TOF) is a promising modality for iden-
tification of Malassezia at the species level (Denis et al., 2017; Honnavar et al., 2018; Kolecka et al., 2014).

Treatment and outcomes
Susceptibility testing is primarily reserved for strains causing invasive infection, and therefore, mostly restricted to Malassezia furfur
and Malassezia pachydermatis. However, there are no standardized clinical breakpoints for Malassezia species. Various methods have
been used for susceptibility testing, including modified microdilution and E-test (Cafarchia et al., 2012; Velegraki et al., 2004).
Modified disk diffusion testing has shown poorer correlation with microdilution testing, and its clinical application remains
uncertain (Rojas et al., 2017). Minimum inhibitory concentrations for itraconazole and posaconazole are lower than those for
fluconazole and voriconazole (Cafarchia et al., 2015; Cafarchia et al., 2012; Iatta et al., 2014; Schmidt and Ruhl-Horster, 1996).
Susceptibility testing for amphotericin B demonstrates lower MIC values for the liposomal formulation, which is likely due to the
lipophilic nature of these fungi (Alvarez-Perez et al., 2014; Iatta et al., 2015). Malassezia species are uniformly resistant to echino-
candins and flucytosine, and these antifungal agents should not be used to treat invasive disease. Currently, no rigorous clinical
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studies exist to inform optimal medical therapy. Liposomal amphotericin B is the agent of choice, which is occasionally combined
with a second agent, usually an azole. Treatment duration is not standardized and has ranged from anywhere from three days to fifty
days in the medical literature (Pedrosa et al., 2018). Removal of indwelling central venous catheters and discontinuation of lipid-rich
total parenteral nutrition are critical for rapid treatment of Malassezia. This is so important that the exact antifungal agent used has less
impact on outcome for these fungi which are not facile at producing clinical disease.
Pseudozyma Species

Introduction
Pseudozyma species (recently renamed as Moesziomyces) are basidiomycetous, true smut fungi belonging to the Ustilaginales order.
Predominantly plant pathogens, the first cases of invasive human disease were reported in 2003 (Sugita et al., 2003). There are
currently over twenty species within the genus. Members implicated in human disease include P. aphidis, P. antarctica, P. parantarctica,
P. thailandica, P. alboarmeniaca, P. crassa, and P. siamensis (Mekha et al., 2014; Sugita et al., 2003). P. aphidis is responsible for the vast
majority of reported infections.

Clinical presentation
The majority of human disease is caused by either P. aphidis or undifferentiated Pseudozyma species. Infections have been reported
in patients with hematologic malignancy, neutropenia, advanced age or prematurity, underlying gastrointestinal illness, or
indwelling central venous catheters (Pande et al., 2017; Prakash et al., 2014). Of the eleven published cases, fungemia is most
commonly observed. However, brain abscess, post-surgical endophthalmitis, mycetoma, and pneumonia have also been reported
(Hwang et al., 2010; Joo et al., 2016; Parahym et al., 2013; Voon et al., 2019). Clinical signs and symptoms are protean, and
depend upon location of infection.

Diagnosis and identification
Diagnosis is made by culture of Pseudozyma from a sterile site. These fungi will grow readily on Sabouraud dextrose agar at
30–371C. When isolated, rapidly expanding, orange-white, wrinkled colonies develop. Microscopically, Pseudozyma demonstrate
fusiform yeasts budding from short stalks, and form elongated, ellipsoidal blastoconidia on slide culture (Sugita et al., 2003).

Species identifications through morphological and biochemical testing are difficult, time-intensive and unreliable. P. aphidis,
the primary isolated pathogen, assimilates D-galactose, lactose, and melibiose but not ethanol, which may help distinguish it from
other members of the Pseudozyma genus (Hwang et al., 2010). However, identification is most often made by molecular probing of
the ITS DNA between ribosomal domains and D1/D2 domain of the 26S ribosomal subunit (Siddiqui et al., 2014). Unfortunately,
MALDI-TOF at present cannot reliably distinguish Pseudozyma at the genus or species level.

Therapy and outcomes
Given the rarity of infection, no standardized susceptibility testing for Pseudozyma species currently exists. Low MICs to amphotericin B,
voriconazole, posaconazole, and isavuconazole have been reported, but most clinically isolated specimens have high MICs to fluco-
nazole (Joo et al., 2016). Echinocandin and flucytosine resistance is intrinsic. Amphotericin B or voriconazole are recommended as first-
line therapy, and suggested by the European Society of Clinical Microbiology and Infectious Diseases and European Confederation of
Medical Mycology guidelines (Arendrup et al., 2014). Most reported cases have been treated with a two-week course of therapy and
central venous catheter removal (Pande et al., 2017). Of the eleven cases reported in literature, outcomes have been generally good, with
only one fatality reported in a patient with a Pseudozyma brain abscess (Hwang et al., 2010).
Rhodotorula Species

Introduction
Originally believed to be a non-pathogenic red yeast, the first case of Rhodotorula infection in humans was reported in 1960
(Louria et al., 1960). Since then, well over 240 cases have been reported in the medical literature. Fungi belonging to the Rhodotorula
genus are imperfect basidiomycetes within the Sporidiobolaceae family (Urbina and Aime, 2018). They are widely disseminated in
nature and have been cultured from air, soil, saltwater, plants and household fixtures (Galan-Sanchez et al., 1999). Rhodotorula species
have been isolated from the skin, respiratory, alimentary, and urinary tracts of humans and form a small, but important, part of the
human mycobiome (Monteiro-da-Silva et al., 2014). While there are many Rhodotorula species, only three are reported to cause disease
in humans. These are R. mucilaginosa (formerly R. rubra), R. glutinis, and R. minuta. Of these, R. mucilaginosa accounts for the vast
majority of human infections.

Clinical presentation
Fungemia is the most frequent syndrome witnessed in humans, representing approximately 60% of all infections caused by
Rhodotorula species, which comprise 0.5%–2.3% of bloodstream infections caused by all fungal pathogens (Ioannou et al., 2019).
Most disease occurs in patients with indwelling central venous catheters with underlying hematologic or solid organ malignancies
(Garcia-Suarez et al., 2011). Other risk factors include chronic kidney disease, continuous ambulatory peritoneal dialysis, cirrhosis,









































834 Uncommon Yeasts and Molds Causing Human Disease
Tortorano, A.M., Prigitano, A., Dho, G., et al., 2008. Species distribution and in vitro antifungal susceptibility patterns of 75 clinical isolates of fusarium spp. from northern
Italy. Antimicrob. Agents Chemother. 52, 2683–2685.

Tortorano, A.M., Esposto, M.C., Prigitano, A., et al., 2012. Cross-reactivity of fusarium spp. in the aspergillus galactomannan enzyme-linked immunosorbent assay. J. Clin.
Microbiol. 50, 1051–1053.

Tortorano, A.M., Richardson, M., Roilides, E., et al., 2014. ESCMID and ECMM joint guidelines on diagnosis and management of hyalohyphomycosis: Fusarium spp.,
scedosporium spp. and others. Clin. Microbiol. Infect. 20 (Suppl 3), 27–46.

Triest, D., Stubbe, D., De Cremer, K., et al., 2015. Use of matrix-assisted laser desorption ionization-time of flight mass spectrometry for identification of molds of the fusarium
genus. J. Clin. Microbiol. 53, 465–476.

Trovato, L., Domina, M., Vancheri, A., Oliveri, S., Ciancio, N., 2018. Blastoschizomyces capitatus pneumonia in a patient with untreated chronic lymphocytic leukemia. Med.
Mycol. Case Rep. 22, 65–68.

Ujhelyi, M.R., Raasch, R.H., Van Der Horst, C.M., Mattern, W.D., 1990. Treatment of peritonitis due to curvularia and trichosporon with amphotericin B. Rev. Infect. Dis. 12,
621–627.

Uno, K., Kasahara, K., Kutsuna, S., et al., 2014. Infective endocarditis and meningitis due to scedosporium prolificans in a renal transplant recipient. J. Infect. Chemother. 20,
131–133.

Urbina, H., Aime, M.C., 2018. A closer look at sporidiobolales: Ubiquitous microbial community members of plant and food biospheres. Mycologia 110, 79–92.
Uzunoglu, E., Sahin, A.M., 2017. Paecilomyces variotii peritonitis in a patient on continuous ambulatory peritoneal dialysis. J. Mycol. Med. 27, 277–280.
Van Diepeningen, A.D., Brankovics, B., Iltes, J., Van Der Lee, T.A., Waalwijk, C., 2015. Diagnosis of fusarium infections: Approaches to identification by the clinical mycology

laboratory. Curr. Fungal Infect. Rep. 9, 135–143.
Van Schooneveld, T., Freifeld, A., Lesiak, B., et al., 2008. Paecilomyces lilacinus infection in a liver transplant patient: Case report and review of the literature. Transpl. Infect.

Dis. 10, 117–122.
Varon, A.G., Nouer, S.A., Barreiros, G., et al., 2014. Superficial skin lesions positive for fusarium are associated with subsequent development of invasive fusariosis. J. Infect.

68, 85–89.
Vasikasin, V., Nasomsong, W., Srisuttiyakorn, C., et al., 2019. Disseminated phaeohyphomycosis caused by curvularia tuberculata in a previously healthy man. Mycopathologia

184, 321–325.
Vasquez, A., Zavasky, D., Chow, N.A., et al., 2018. Management of an outbreak of exophiala dermatitidis bloodstream infections at an outpatient oncology clinic. Clin. Infect.

Dis. 66, 959–962.
Vaux, S., Criscuolo, A., Desnos-Ollivier, M., et al., 2014. Multicenter outbreak of infections by saprochaete clavata, An unrecognized opportunistic fungal pathogen. MBio. 5.
Velegraki, A., Alexopoulos, E.C., Kritikou, S., Gaitanis, G., 2004. Use of fatty acid RPMI 1640 media for testing susceptibilities of eight Malassezia species to the new triazole

posaconazole and to six established antifungal agents by a modified NCCLS M27-A2 microdilution method and Etest. J. Clin. Microbiol. 42, 3589–3593.
Voon, S.M., Upton, A., Gupta, D., 2019. Pseudozyma aphidis endophthalmitis post-cataract operation: Case discussion and management. Am. J. Ophthalmol. Case Rep. 15,

100475.
Wang, P., Kenyon, C., De Hoog, S., et al., 2017. A novel dimorphic pathogen, Emergomyces orientalis (Onygenales), agent of disseminated infection. Mycoses, 60.

pp. 310–319.
Wang, Q.M., Theelen, B., Groenewald, M., Bai, F.Y., Boekhout, T., 2014. Moniliellomycetes and malasseziomycetes, two new classes in ustilaginomycotina. Persoonia 33,

41–47.
Watanabe, N., Gotoh, A., Shirane, S., et al., 2018. Breakthrough exophiala dermatitidis infection during prophylactic administration of micafungin during second umbilical cord

blood transplantation after graft failure. Transpl. Infect. Dis. 20, e12833.
Watson, K.C., Kallichurum, S., 1970. Brain abscess due to trichosporon cutaneum. J. Med. Microbiol. 3, 191–193.
Wellinghausen, N., Kern, W.V., Haase, G., et al., 2003. Chronic granulomatous lung infection caused by the dimorphic fungus Emmonsia sp. Int. J. Med. Microbiol. 293,

441–445.
Wiederhold, N.P., Law, D., Birch, M., 2017. Dihydroorotate dehydrogenase inhibitor F901318 has potent in vitro activity against scedosporium species and lomentospora

prolificans. J. Antimicrob. Chemother. 72, 1977–1980.
Wirth, F., Goldani, L.Z., 2012. Epidemiology of rhodotorula: An emerging pathogen. Interdiscip. Perspect. Infect. Dis. 2012, 465717.
Wuyts, W.A., Molzahn, H., Maertens, J., et al., 2005. Fatal scopulariopsis infection in a lung transplant recipient: A case report. J Heart Lung Transplant. 24, 2301–2304.
Yao, L., Wan, Z., Li, R., Yu, J., 2015. In vitro triple combination of antifungal drugs against clinical scopulariopsis and microascus species. Antimicrob. Agents Chemother. 59,

5040–5043.
Yoshida, K., Ando, M., Sakata, T., Araki, S., 1988. Environmental mycological studies on the causative agent of summer-type hypersensitivity pneumonitis. J. Allergy Clin.

Immunol. 81, 475–483.
Yoshida, K., Ando, M., Sakata, T., Araki, S., 1989. Prevention of summer-type hypersensitivity pneumonitis: Effect of elimination of trichosporon cutaneum from the patients'

homes. Arch. Environ. Health 44, 317–322.
Yoshida, M., Obayashi, T., Iwama, A., et al., 1997. Detection of plasma (1 –4 3)-beta-D-glucan in patients with fusarium, trichosporon, saccharomyces and acremonium

fungaemias. J. Med. Vet. Mycol. 35, 371–374.
Zeng, J.S., Sutton, D.A., Fothergill, A.W., et al., 2007. Spectrum of clinically relevant exophiala species in the United States. J. Clin. Microbiol. 45, 3713–3720.



Fungal Infections in Children
Sandra Guerguis, Philip Lee, and David L Goldman, Albert Einstein College of Medicine, Bronx, New York, NY, United States

r 2021 Elsevier Inc. All rights reserved.

Introduction

Children commonly encounter fungi in the environment, but infrequently develop disease. In healthy children, fungal infections
most commonly present as mucocutaneous disease, while invasive fungal infections (IFD) occur primarily in immunocompro-
mised and hospitalized children. In fact, Candida spp. are the third most common cause of nosocomial infections in children
(Wisplinghoff et al., 2003). Many of the known risk factors for IFD in adults (i.e., hematologic malignancies, ICU admission, and
organ transplantation) confer a similar risk of disease in children. There are however important differences in the epidemiology,
diagnostic and therapeutic approaches to fungal infections between children and adults, such as unique cohorts that exhibit
increased susceptibility to fungal infections. This includes neonates (especially pre-term neonates) and children with primary
immunodeficiencies for whom IFD has a very significant impact on morbidity and mortality. Recognition of this fact has led to the
successful use of anti-fungal prophylaxis to prevent IFD in these children. Furthermore, the study of fungal disease in children,
especially those with defined immune defects, has significantly advanced our understanding of fungal diseases and host response,
including the importance of TH17 immunity in preventing mucocutaneous disease. The most common IFD in children are caused
by Candida and Aspergillus spp. and are reviewed in this chapter with a special emphasis on these unique at-risk groups of children.
Candida Infections

Neonates

Invasive candidiasis
Epidemiology
Neonates are disproportionately at risk for invasive candidiasis (IC) with a reported incidence on the order of 11 per 100,000 live
births per year (or 15 cases per 10,000 neonatal admissions) (Benedict et al., 2018; Zaoutis et al., 2007). IC is not only
more common in neonates but associated with a worse prognosis when compared with the same disease in older children
(Hsu et al., 2018). The highest rates of IC occur in premature babies and the risk of IC can be readily stratified based on the extent
of prematurity. IC has been reported to occur in 4%–8% of babies weighing less than 1000 g also known as extremely low birth
weight infants (ELBW) (reviewed in Kelly et al., 2015). Both the mortality and morbidity of IC are high with death or neuro-
developmental impairment being reported in as many as 73% of ELBW neonates (Benjamin et al., 2006). A variety of medical
practices have been identified as risk factors for IC in neonates, including antibiotic exposure (especially 3rd generation cepha-
losporins), the presence of indwelling catheters, parenteral nutrition, and H2-antagonists. The presence of necrotizing enterocolitis
and other GI abnormalities have also been reported as risk factors for invasive candidiasis in neonates (Benjamin et al., 2006).
A decrease in the rates of neonatal IC has been linked to the institution of central line care protocols and anti-fungal prophylaxis
regimens (reviewed in Benedict et al., 2018). Other fungi like Aspergillus and Malassezia can occasionally cause disease in
neonates, though much less frequently than candida.

Host
Skin and mucosal colonization of the neonate occur quickly after birth as a result of both horizontal and vertical transmission.
Candidal colonization often precedes invasive disease and may occur in as many as 23%–60% of neonates, with the higher rates
reported in premature neonates (Saiman et al., 2001; Kicklighter et al., 2001). Nonetheless, the minority of colonized neonates go on
to develop invasive disease (Baley et al., 1986). Intrauterine transmission of candida infection (via ascending infection or trans-
placental spread) resulting in congenital disease occurs but is rare despite the relatively common occurrence of candidal vaginitis
during pregnancy. In general, the placenta appears to efficiently limit transmission of fungal disease from mothers to neonates as
evidence by low rates of congenital fungal infection (Patel et al., 2012). Neonates with congenital candidiasis usually present within
the first day of life with a diffuse, erythematous rash that can be variable in appearance (i.e., macular, vesicular, pustular and
desquamating). Blood stream infection with dissemination to other organs may be present at the time of the appearance of the rash
or may occur with progression of disease, especially in the absence of prompt therapy (Kaufman et al., 2017).

The specific immune deficiencies that lead to an increased risk of candidiasis in neonates are poorly understood. Animal model
experimentation demonstrates that pups are more susceptible to IC when compared to adult animals, supporting the hypothesis
that immunologic immaturity of the newborn contributes to an increased susceptibility to candida infection (Trofa et al., 2011).
The skin and vernix caseosa of full-term infants, which is lacking or underdeveloped in preterm neonates, produce anti-microbial
peptides that have anti-candida activity and may help prevent candida colonization (Marchini et al., 2002). In vitro studies suggest
that reduced neutrophil function in neonates (including phagocytosis and oxidative burst) does not play a role as a risk factor for
invasive disease in this cohort (Destin et al., 2009), even though neutrophil defects are often a primary risk factor for IC.
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Epidemiology of Nosocomial Fungal Infections

Fungal diseases affect over a billion people across the globe (Bongomin et al., 2017) and are an increasingly common cause of
morbidity and mortality in hospitalized patients. There are multiple factors that predispose to the development of these infections
such as neutropenia, stem cell transplantation, hypogammaglobulinemia, T-cell dysfunction, and/or mucosal damage. Gastro-
intestinal surgery or other extensive surgeries, use of invasive medical devices, high exposure to antibiotics, diabetes, corticosteroid
therapy, prolonged hospitalization, and interinstitutional transfer of patients are other risk factors for the development of fungal
infections (Fridkin and Jarvis, 1996; de La Rosa et al., 2002; Sadfar and Maki, 2002; McCarty and Pappas, 2016). Healthcare-
associated invasive fungal infection (IFI) outbreaks have been increasing in immunocompromised patients and are associated to
suboptimal hospital environmental conditions, transmission via healthcare workers’ hands, contaminated medical products, and
transplantation of infected organs (Benedict et al., 2017).

Significant statistical associations are often found between the degree of fungal contamination of air and hospital surfaces and the
number of fungal infections in hospitalized immunocompromised patients (Kanamori et al., 2015). When an imbalance occurs
between the patient’s immune system and the surrounding environment fungal infections are more likely to arise. In hospital units with
immunocompromised patients, environmental quality (fungal burden and species) plays a key role in the development of infection.

In a “One Health” approach, which is aimed at designing and improving strategies, actions, legislation, and research that
involves multiple sectors for achieving better public health outcomes, healthcare facilities have a great impact in health promotion
among the several issues that affect the quality of population health (Gola et al., 2019).

In fact, hospital environment plays a crucial role in the epidemiology of fungal infections. The majority of nosocomial fungal
outbreaks occurred in patients exposed to building environments with inadequate air filtration, ongoing construction, water
damage, and air pressure differentials (Benedict et al., 2017).

Airborne infection is considered a major route of transmission in hospitals, and prevention of airborne pathogens is critically
important to control hospital infections (Tong et al., 2017). According to some studies (Srikanth et al., 2008; Viegas et al., 2016),
air sampling is not sufficient to assess the risk of fungal infection in a hospital environment as airborne fungal particles eventually
settle on surfaces and sampling is essential to identify potential risks and sources of contamination. The most frequent sources of
fungal contamination within hospital environment are air-conditioning and ventilation systems, particles, ornamental plants,
flowers, fresh fruits, food, water, construction work in and around hospital buildings, occupants or visitors, or even insects
(Kordbacheh et al., 2005; Pantoja et al., 2009). Therapeutic swimming pools and nebulizers have also been pointed out as possible
sources of nosocomial fungal infections (Angenent et al., 2005; Peckham et al., 2016). The degree of environmental fungal
contamination can further increase dramatically in combination with other factors such as the presence of a favorable micro-
climate (humidity and temperature) and other geoclimatic factors (as the season of the year), the population density within a
specific hospital/ward, and developed activities, among others. In the hospital setting, modes of transmission and portals of entry
for the etiological agents responsible for nosocomial fungal infections vary according to the pathogen involved. Fungal infection
may occur by direct or indirect contact with contaminated surfaces or objects, through the hands of health professionals, by
ingestion and by inhalation of contaminated particles or bioaerosols (Leung and Chan, 2006; Sabino, 2015).

The epidemiology of IFIs in immunocompromised patients is rapidly changing due to several factors, namely the advances in
medical care. Moreover, global warming (including climatic oscillations) may select for environmental species that have acquired
thermotolerance, a key step toward pathogenesis to humans. In addition, important virulence factors have developed in envir-
onmental fungi, because they are essential for yeast survival in the environment. Thus, fungi traditionally regarded as non-
pathogenic to humans have virulence factors similar to those of their pathogenic relatives (Richardson and Lass-Flörl, 2008;
Kanamori et al., 2015; de S Araújo et al., 2017).

Aspergillus and Candida species are responsible for most nosocomial fungal infections in immunocompromised patients.
However, other fungi have emerged as agents of nosocomial fungal infection, namely Fusarium species, Pseudallescheria boydii,
species belonging to the subphylum Mucormicotina, and yeasts like Malassezia or Saccharomyces. Table 1 shows the most frequent
opportunistic fungal species, associated with nosocomial infections. Some of these emerging pathogens are, in some cases,
resistant to the available antifungals, potentiating the threat of novel fungal diseases (de S Araújo et al., 2017).

The most common potentially pathogenic fungi can survive and persist in bioaerossols and surfaces for many days or even
months and can therefore be a constant source of transmission.

As nosocomial fungal infections progress rapidly and fungi are increasingly resistant to available antifungal agents, efforts are
urgently needed for infection prevention, early diagnosis, and effective treatment. Preventive measures are of great importance in
the control of nosocomial fungal infections, and should include environmental surveillance and strict application of cleaning
procedures. Training health professionals and improving their knowledge of fungal infections is also of particular importance in
preventing and controlling nosocomial fungal infections (Neely and Orloff, 2001).
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Table 1 Most frequent fungal species associated with nosocomial infections

Yeasts C. albicans Yeast-like fungi Trichosporon spp.
Candida auris Geotrichum spp.
C. glabrata (complex)
C. parapsilosis (complex)
C. tropicalis
Pichia kudriavzevii
Merozyma guilliermondii Subphylum Mucormicotina Lichtheimia corymbifera
Malassezia spp. Cunninghamella spp.
Rhodotorula spp. Mucor spp.
Saccharomyces spp. Rhizopus spp.

Rhizomucor spp.

Aspergillus spp. A. fumigatus (section)
A. niger (section)
A. terreus (section)
A. flavus (section)

Other hyaline molds Sarocladium spp. Dematiaceous molds Alternaria spp.
Fusarium spp. Bipolaris spp.
Paecyllomyces spp. Curvularia spp.
Purpureocillium lilacinus Exophiala spp.
Scedosporium spp.
Pseudolesheria boydii

Note: Adapted from Richardson, M., Lass-Flörl, C., 2008. Changing epidemiology of systemic fungal infections. Clin. Microbiol. Infect. 14 (Suppl 4), 5–24. doi:10.1111/j.1469-
0691.2008.01978.x. Alangaden, G.J., 2011. Nosocomial fungal infections: Epidemiology, infection control, and prevention. Infect. Dis. Clin. North Am. 25 (1), 201–225. doi:10.1016/
j.idc.2010.11.003. Bougnoux, M.E., Brun, S., Zahar, J.-R., 2018. Healthcare-associated fungal outbreaks: New and uncommon species, New molecular tools for investigation and
prevention. Antimicrob. Resist. Infect. Control 7, 45. doi:10.1186/s13756-018-0338-9.
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About 20%–50% of hematological patients show evidence of IFI at autopsy (Traoré et al., 2002). The mortality attributed to
Candida systemic infections ranges from 8% to 53% in allogeneic bone marrow transplant recipients, while in the spread of
filamentous fungi such as Aspergillus, Fusarium, and infections caused by fungi belonging the subphylum Mucormicotina this rate
ranges from 56% to 95% (Martino et al., 2002; Fukuda et al., 2003; Roden et al., 2005).

In the following pages, the most frequent fungal genera and species associated with nosocomial fungal infections will be
discussed in more detail.
Candida

Infections caused by yeasts belonging to Candida genus are classified as candidiasis (includes candidemia). From 150 Candida
species described, some are part of our normal microbiota and only 10% are known to be responsible for infections in humans,
C. albicans being the most frequent etiological agent (Yapar, 2014). Nosocomial bloodstream infections caused by Candida species
have increased in recent decades, mainly due to the multiple medical resources currently used, such as chemotherapy, antibiotics,
catheters, and parenteral nutrition (Perlroth et al., 2007; Safdar et al., 2001; Pemán et al., 2004; Bedini et al., 2006; Pfaller and
Diekema, 2007). In an European study (European Centre for Disease Prevention and Control, 2013a), Candida sp. was the 5th
most common microorganism isolated from bloodstream infections (7.4% isolates).

Among invasive candidiasis, candidemia is estimated to account for 2–8 infections per 10,000 hospital discharges in recent
studies from the United States and Europe (Alangaden, 2011). The true incidence of healthcare-associated candidemia is likely to
be since approximately 50% of blood culture are negative (Alangaden, 2011).

Although C. albicans remains the most frequently isolated species, numerous studies have detected changes in the epidemiology
of these infections, with a significant increase in the number of infections caused by non-albicans species, namely C. tropicalis and
C. parapsilosis (complex), C. glabrata (complex), and Pichia kudriavzevii (former C. krusei) (Safdar et al., 2001; Capoor et al., 2005;
Almirante et al., 2005). Some studies mention that non-albicans species are the cause of two-thirds of candidemia cases (Posteraro
et al., 2015). One of the main reasons for this rising is the introduction of fluconazole prophylaxis/therapy, which led to the
positive selection of azole-less susceptible/resistant species (Berkow and Lockhart, 2017). Candida sp. can be found temporarily or
permanently in the gastrointestinal tract in about 40%–50% of the healthy adult population (Eggimann et al., 2003) and in the
genital tract of about 20% of healthy women (Sobel, 2005). Although Candida sp. does not constitute the normal flora of the skin,
it may transiently colonize fingers or skin folds (Trofa et al., 2008).

The longer length of hospital stay, the greater chance of Candida colonization, given the longer exposure to risk factors. A
previous colonization by Candida spp. has been reported as an important risk factor for the development of systemic infection
(Pittet et al., 1994; Dalle et al., 2008). Inanimate environmental surfaces and the colonized patients themselves may constitute a
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Relevant Websites

https://www.beckershospitalreview.com/quality/the-emerging-battle-against-fungal-infections-what-healthcare-organizations-can-do-to-help.html
Beckers
Clinical Leadership and Infection Control.

https://www.cdc.gov/fungal/candida-auris/c-auris-infection-control.html
Centre for Disease Control and Prevention.

https://www.intechopen.com/books/air-quality/fungal-air-quality-in-medical-protected-environments
Intechopen.

http://www.life-worldwide.org
Life-Worldwide.
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Introduction

Indoor air quality is an increasing concern since people spend 90% of their time indoor. The majority of exposure to air pollution
happens indoors rather than outdoors, despite the focus being on the latter. Indoor air quality in elderly care centers (ECC) is an
emerging important issue arising in the last decade because of the increase of (1) life expectancy, (2) number of individuals residing in
ECC, and (3) population aging, which is correlated with the inversion of the age pyramid (United Nations UN, 2012; GEP/MSSS,
2010). However, given the magnitude of the ECC population that is ageing, and the considerable amount of time spent by elders within
ECC, information linking contamination of ECC by particles, micro-organisms and exposure of elders continues to be sparse (Almeida-
Silva et al., 2014a,b). Thus, societies must provide environments that guaranty the wellbeing of vulnerable groups like the elderly.

The older population is growing faster than the total population in practically all regions of the world – and the difference in growth
rates is increasing (United Nations UN, 2012). Since 1996 until 2008 the number of adults aged 465 years increased 31% (from 380
million to 500 million). According to the United Nations UN (2013) the percentage of total population aged 60 years or over in the
world was 11% for the year 2010 and is estimated to be 18% for 2050. Although indoor concentration and number of carcinogenic air
pollutants has been decreasing since the 1950s (Weschler, 2009), all of the previously evidences, plus the changes on life-style and the
fact that people spend a large part of their life inside indoor environments have promoted an increase on exposure to indoor air
pollutants (Byčenkienė et al., 2009; Zhao et al., 2009; Dales et al., 2008; Leech et al., 2002; Klepeis et al., 2001). Consequently, we are
witnessing an intensification of studies developed by the scientific community concerning Indoor Air Quality (IAQ) and its effects upon
health (Canha et al., 2012a,b; Franck et al., 2011; World Health Organization WHO, 2010; Saliba et al., 2009; Fraga et al., 2008; Fromme
et al., 2007; Kosonen and Tan, 2004; Lee et al., 2002; Allen and Miguel, 1995). Indoor air pollution is caused by a combination of
several factors: hazardous substances that are emitted from the outdoors, buildings, construction materials, furnishings, equipment,
inadequate ventilation, indoor human activities, etc. (Almeida-Silva et al., 2015; Canha et al., 2013; Viegas et al., 2010; Weschler, 2009).
Physical factors such as air temperature, air velocity and relative humidity are usually used as indicators of thermal comfort, in IAQ
studies. The main chemical and biological parameters used to characterize the IAQ are carbon monoxide (CO) and dioxide (CO2), the
volatile organic compounds (VOC), the formaldehyde (H2CO), the ozone (O3), the particulate matter (PM), fungi and bacteria. Several
studies positively correlated indoor exposure to microorganisms and microbial components with adverse health effects including
headache and respiratory symptoms (Douwes et al., 2003). Considering specifically fungi, their spores are complex agents that may
contain multiple hazardous components. Health hazards may differ across species because fungi may produce different allergens and
mycotoxins. Moreover, some species also infect humans (Eduard and Halstensen, 2009). Most infections occur in immunocompro-
mised hosts or as a secondary infection, following inhalation of fungal spores or the toxins produced by them (Srikanth et al., 2008). It
is known that some people are sensitive to molds and exhibit symptoms such as dry nose, wheezing, and red or itchy eyes or skin when
exposed to molds. Severe reactions have also been observed among workers exposed to large amounts of molds in occupational settings
including fever and shortness of breath. Exposure to mold or dampness may also lead to development of asthma in some individuals
(Centers for Disease Control and Prevention CDC, 2017).
Methodology

In order to identify the scientific publications to be included in this review and analysis, three search engines were used: Web of
Science (WoS), Scopus, and Online Knowledge Library (b-on). This strategy allowed to access to the largest number of existing
publications under this topic. These search engines were selected due to its interdisciplinary nature, in order to cover several
disciplines – from mycology to environmental science.

The search methodology was developed under three steps.
First Step

The follow keywords were selected and search in all selected search engines:

A. “elderly” þ “indoor” þ “fung*”.
B. “old*” þ “indoor” þ “fung*”.
C. “old*” þ “indoor air” þ “fung*”.
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Introduction

Water is one of the essential natural resources supporting life on Earth. In times of rapid changes in the atmosphere, and increasing
global warming, humanity is facing the ongoing environmental crisis. This can be seen by melting glaciers, long periods of drought
and on the other side severe weather events, like hurricanes and floods (Handmer et al., 2012). Meanwhile, the urban environment is
expanding in many areas, and affecting surface and underground water sources due to the anthropogenic factors, such as construction
work, water flow remediation and pollution (Cheremisinoff, 1997). Care for safe drinking water becomes now more than ever, one of
the humanity’s main present and future goals (Novak Babič et al., 2017). Free access to safe drinking water must be ensured for
everyone, as stated by the United Nations Human Rights Council in the Resolution 64/292 (UN, 2010). Yet, due to the above listed
natural and anthropogenic factors, not every fresh water is safe for use in terms of being free of chemicals and microorganisms
affecting health (WHO, 2011). Daily delivery of fresh and safe drinking water is still a challenge in many countries worldwide.
World Health Organization (WHO) regularly updates its guidelines with recommendations on methods for water cleaning,
disinfection and transport, together with the most problematic chemical- and microbiological agents affecting human health
(WHO, 2011). The final decision on the hazardous agents, included in directives, and the application of water cleaning methods is
responsibility of each Member-state and national team, who possess the on-the-field situation knowledge, regarding the water
chemical and microbiological suitability (EEC, 1998). Although many microorganisms, particularly the ones associated with
gastro-intestinal illnesses, are already part of the regular monitoring, fungi remain excluded. However, their presence in water
is known for a long time. It is frequently associated to “moldy” odor, and to changes in taste and color of water (Department for
Environment, Food & Rural Affairs, 2011; Novak Babič et al., 2017, 2018). Also fungi as part of microbial biofilms have been
recognized in different lines of industry using tap water for their operations, often causing clogging of small-diameter pipes, filters and
grids (Douterelo et al., 2016; Liu et al., 2017). Species of the genera Acremonium, Alternaria, Aspergillus, Cladosporium, Fusarium,
Penicillium, Stachybotrys and Trichoderma were commonly related to biodegradation of materials used for water transport, either metal
or concrete (Andersen et al., 2011; Hurtado-McCormick et al., 2016). Yet, the choice of used material in water producing companies
has no unified legislative approach in terms of microbiological parameters and depends on in-country authorities and industrial
financial budget (4MS, 2011). However, building materials in contact with drinking water have a significant effect on colonization
and later proliferation of fungi, establishment of biofilms and production of fungal secondary metabolites (Department for Envir-
onment, Food & Rural Affairs, 2011; Novak Babič et al., 2017). Fungal particles and their metabolites may affect human health when
released with drinking water via direct contact or aerosolisation. Health implications due to fungal presence and possible pro-
liferation within drinking water distribution systems already raised concerns in the past (Novak Babič et al., 2017). In times of
prolonged human life span and raising occurrence of antimicrobial resistance, fungi became studied as potential infectious agents
with occasional, but expanding anti-mycotic resistance (Chiller, 2016). The latter is particularly worrisome for the genera Aspergillus,
Candida and Fusarium, due to their opportunistic nature, speed of resistance emergence and the ubiquitous presence in nature
(Rivero-Menendez et al., 2016; De Hoog et al., 2019).

In terms of broadening the knowledge on fungi in drinking water the present article enlightens the current legislative back-
ground and the main future concerns regarding the inclusion of fungal parameters in water directives. Additionally, we present the
European on-the-field situation on fungi in drinking water, pointing out the most common genera with the major effect on
materials in drinking water transport network and effect on human health.
Why are Fungi in Drinking Water a Present and a Future Legislation Problem?

Regulation and Legislation

Drinking water is a necessity and through history humanity learned that poor water quality significantly affects health and may be
even deadly (Gray, 2014). To date, the World Health Organization (WHO) recommended monitoring of many different species of
protozoa, bacteria and viruses (WHO, 2011). Protozoa include Acanthamoeba spp., Cryptosporidium hominis, C. parvum, Cyclospora
cayetanensis, Entamoeba histolytica, Giardia intestinalis, and Naegleria fowleri. Drinking water should be monitored for bacterial
species Burkholderia pseudomallei, Campylobacter jejuni, C. coli, Escherichia coli and enterohaemorrhagic E. coli, Francisella tularensis,
Legionella spp., Leptospira spp., Mycobacteria (nontuberculous), Salmonella typhi and other salmonellae, Shigella spp., Vibrio cholerae,
and cyanobacteria. Also, Coliphages, Adenoviruses, Astroviruses, Enteroviruses, Hepatitis A, Hepatitis E, Noroviruses, Rotaviruses,
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Biodeterioration, Fungi and Cultural Heritage

Several definitions have been suggested for biodeterioration, generally considered as “any undesirable change in a material
brought about by the vital activities of organisms” (Sterflinger and Piñar, 2013). This can translate into physical and/or
chemical damage and, as the title of this article states, the affected materials or objects may be deemed with historic, artistic
and economic relevance and classify as Cultural Heritage (Griffin et al., 1991). Fungi (as bacteria, archaea and lichens) assume
an important role here and are virtually everywhere and colonize virtually any material, be it ancient or modern, private or
public, organic or not (Sterflinger and Piñar, 2013). Because they are ubiquitous, the study on the influence fungi have on
works of art or cultural heritage involves analyzing the dynamics established between them and a vast set of artistic supports:
e.g., canvas, paper, parchment, wood, textiles, murals, or stone. It would be impossible to address all of these in this chapter
but several reviews can be consulted for further reading (Choi, 2007; Coutinho et al., 2015; Gaylarde et al., 2003; Gu, 2003;
McNamara and Mitchell, 2005; Pinheiro, et al., 2019; Sequeira et al., 2019; Sterflinger and Piñar, 2013; Warscheid and
Braams, 2000; Zyska, 1997). Instead, the next lines will be dedicated to explaining the relationship between fungi and
examples of organic and inorganic cultural heritage supports. After these examples, the issues of treatment and prevention are
also addressed.
Fungal Biodeterioration Mechanisms and Impact on Cultural Heritage

Organic Supports: Paper Based Objects

Great part of the History of mankind is registered in the form of documents or works of art on paper support. Due to its
hygroscopicity and organic content (mainly cellulose), paper is particularly susceptible to mycological deterioration. The source of
raw material, additives and manufacture processes have greatly changed throughout papermaking history and these additions have
also influenced its bioreceptivity., i.e., the proneness to colonization by living organisms (Guillitte, 1995). For instance, in order to
reduce ink spreading and increase the bonding between fibers, paper was usually sized with polysaccharides, proteins or resins, like
starch flour, gelatin or rosin, and ultimately alkaline synthetic compounds (Barrett, 1989; Hubbe and Bowden, 2009). Fillers, like
clay or chalk were also added to the paper pulp to increase paper opacity (Cappitelli and Sorlini, 2005). These elements may
constitute an additional and easier to absorb food source for fungi, and therefore strongly influence the intensity and results of
fungal action on paper (Pinzari et al., 2006).

Filamentous microfungi are considered the most important biodeteriogens of paper based collections due to their capacity to
grow at average relative humidity (RH) levels (above 65%), to produce an array of deteriorating enzymes and metabolites
(Sterflinger and Pinzari, 2012), and also due to the fact that fungal contamination is very easy to occur. Bacteria can also
deteriorate paper materials, but since fungi require less moisture to develop, the environmental conditions normally found in
libraries, archives or museums are more prone to the growth of fungi than that of bacteria.

When paper is colonized by fungi, besides the hyphae penetrating in the paper matrix causing physical alterations, several
excreted metabolic products also accumulate in the material. Fig. 1 shows the cycle of fungal development and how it affects paper
based cultural heritage assets but the same scheme can be applied to other substrates.

The decomposition of cellulose by cellulolytic fungi is mainly due to the production and secretion of a complex array of extracellular
cellulases, which hydrolyze the cellulose macromolecule into small water soluble sugars that can then be processed by the fungi
(Bergadi et al., 2014). Other enzymes, like amylases or proteases decompose paper additives, causing loss of mechanical resistance.
Non-enzymatic metabolites, like acids or metal ions also cause accelerated depolymerization of cellulose (Hastrup et al., 2011).
Furthermore, the biogenic formation of calcium oxalate crystals promoted by fungi can change the calcium carbonate alkaline reserve in
paper and be a source of chemical and mechanical damage (Pinzari et al., 2010).

The deterioration caused by all these fungal compounds will cause a gradual loss of mechanical strength in paper (Sequeira et al., 2017).
On an advanced stage of deterioration by fungi, paper acquires a felted consistency, with little or no mechanical resistance and its
manipulation may result in losses of material and information (Fig. 2).

Besides chemical and physical damage, fungi often cause aesthetic alterations on paper through the production of colored
pigments (Melo et al., 2019), which interfere with the readability and aesthetic value of the object (Fig. 3).

The most commonly identified fungi from discolored paper/book materials (identified in more than five studies) are presented
in Table 1.

Most species in Table 1 belong to the Aspergillus or Penicillium genus, both airborne conidia producers, with a high potential for
dissemination and contamination. Almost all of these commonly identified fungi are great cellulase producers. It is also relevant to
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Introduction

Indoor air quality (IAQ) includes biological and non-biological components that can affect the health and wellbeing of humans
(Awad et al., 2018). The biological components of the air in a building (such as the mycobiota) can cause a number of health
problems, including immunologic reactions, toxicity, infection, and irritation (Awad et al., 2018; Seltzer and Fedoruk, 2007). As
such, the air quality in indoor buildings is of the upmost importance (Aydogdu et al., 2005).

The microorganisms in indoor air have different sources, mostly outdoor air or anthropogenic sources, but, and because fungi
can use all organic materials, including building materials, they thrive in an indoor environment, especially in humid conditions
(Salonen et al., 2015; Awad et al., 2018).

The IAQ becomes even more important when we focus on buildings like schools, due to the commonality of respiratory illnesses in
children, especially asthma (Aydogdu et al., 2005; Su et al., 2001). Several factors can be connected with childhood asthma, including
environmental factors; also, it has been shown that children who live in damp and moldy buildings have more respiratory symptoms
than children who live in less damp places (Su et al., 2001). Because children have been shown to spend about 85% of their time in
either school or at home, it is very important to study the air quality in both these dwellings (Su et al., 2001).

Additionally, the association between moisture damage in school buildings, microbial presence due to excess moisture and the
adverse health effects has been described previously (Aydogdu et al., 2005; Hussin et al., 2011; Meklin et al., 2002). Still, there are
no health-based guidelines for indoor dampness or microbial contamination (Karvala, 2012; WHO, 2009).

Because young children are more vulnerable to exposure to their environment than adults, and because fungal contamination
can be used to assess the quality of indoor air, studying the fungal contamination in a building, in this case school buildings, is
one way to assess the IAQ in schools (Cabral, 2010; Awad et al., 2018).

This study aims to perform a scope review regarding the fungal contamination assessments performed on school’s indoor
environment and to determine a protocol for fungal contamination assessment to be used by the competent authorities and
researchers.
Materials and Methods

This study reported the search of available data published between January 1st, 2000 and December 31st, 2018. The initial search
terms were developed to identify research in the IAQ assessment in scholastic environments, focusing on the fungi contamination
assessment. The databases chosen were PubMed, Scopus and Web of Science (WoS). Searches were carried out in English. The
search terms via PubMed were “fungal contamination in school environments”. This search strategy led to 3573 papers in all
databases. Articles that did not meet the inclusion criteria and duplicates were excluded from further analysis (Table 1).

The diagram describes the different phases of the selection of papers (Fig. 1).
Results

A total of 21 articles were analyzed. Air sampling was performed with different techniques in the different studies, most commonly
by active air sampling through impaction method (9 out of 21 studies) (Dacarro et al., 2003; Viegas et al., 2010; Hussin et al., 2011;
Roda et al., 2011; Chen et al., 2012; Rojas and Aira, 2012; Madureira et al., 2015; Salonen et al., 2015; Hoseinzadeh et al., 2017), or
two or more complementing techniques (in 6 out of the 21 studies) (Santilli and Rockwell, 2003; Wilson et al., 2004; Godwin and
Batterman, 2007; Cai et al., 2009; Norbäck et al., 2016; Awad et al., 2018). Other techniques used for air fungal contamination
assessment included air filtration (Santilli and Rockwell, 2003; Godwin and Batterman, 2007), settled dust (Santilli and Rockwell,
2003; Cai et al., 2009; Norbäck et al., 2014, 2017; Awad et al., 2018), electrostatic dust collector (Vesper et al., 2015), spore traps
(Wilson et al., 2004), surface swabs (Wilson et al., 2004; Cai et al., 2009; Norbäck et al., 2016), tape lift method (Wilson et al.,
2004), and open plate method (Aydogdu et al., 2005; Aydogdu and Asan, 2008; Norbäck et al., 2016; Reddy and Srinivas, 2017).
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Introduction

The fungi are ubiquitous and are found in many different environments including workplaces where they can be use
deliberately (e.g., food industry) or not. Occupational fungal aerosols are associated with various immunoallergic or toxinic
respiratory disorders among workers (Eduard, 2009; Knutsen et al., 2012) like asthma, rhinitis, hypersensitivity pneumonitis,
organic dust toxic syndrome, and chronic bronchitis. A fungal aerosol is a complex matrix that depends on the investigated
environments and that often presents a huge variety in particles sizes, in composition and in concentration. It may include
different types of fungal particles such as spores, strands or fragments of mycelium that can be isolated or agglomerated. Such
aerosols may be composed of culturable, viable, dormant or dead fungal cells and associated microbial compounds or
metabolites such as (1,3)-b-D-glucans, mycotoxins, and allergens that can all be causative agents of workers diseases.
Occupational environments may present a wide fungal biodiversity, composed of many different species. Fungal aerosols
found in workplace atmospheres are even more complex because fungi are often mixed with other contaminants such as
bacteria, dust or gas for example. Like airborne chemical pollutants, fungal concentrations are known to be highly variable
over time including for a single working day, and in space within a company or even in a workshop. Measurements of
airborne fungal concentrations in workplace atmospheres contributes to estimate the risks associated with workers’ exposures,
helps to better understand the complexity of occupational bioaerosols or may be used to check the effectiveness of control and
prevention measures.

Usually, measurement methods consist of two main stages. The sampling aims to separate the airborne fungal particles from
the air stream and to collect the pollutants on or inside a medium. The analysis of the sample aims to determine the quantity and/
or the composition of collected fungal particles and associated compounds.

A lot of technical and scientific information is already available. Previous published articles and reviews well described the
principles and mechanisms of collection involved in devices used for bioaerosol sampling (Verreault et al., 2008; Grinshpun,
2010; Reponen et al., 2011; Ghosh et al., 2015; Haig et al., 2016; Lindsley et al., 2017; Reponen, 2017; Amato et al., 2018;
Mainelis, 2020) or aimed at presenting available methods for quantification and characterization of bioaerosols (Grinshpun,
2010; Ghosh et al., 2015; Lindsley et al., 2017; Mensah-Attipoe and Täubel, 2017; Duquenne, 2018; Fröhlich-Nowoisky et al.,
2018; King et al., 2020).

The objective of this chapter is to provide an overview of the sampling and analysis methods actually used for measurement of
fungi in workplace atmospheres. This inventory describes in a factual way the practices really implemented in more than 200
research works published between 2009 and 2019. This original and unusual approach aims to complement and to enrich the
information already given in previous published reviews.
General Presentation of the Reviewed Articles

This work is not a systematic review but selected articles had to fulfill all of the following inclusion and exclusion criteria.

● The study was peer reviewed and published in English from 2009 to 2019.
● Measurements targeted, at least, one fungal aerosol parameter. Articles only focused on bacteria or viruses for example were not

considered.
● Measurements were performed in, at least, one workplace atmosphere or occupational location. Thus, many environments were

not considered, such as home, hotel, school, church, subway, railway station, neighborhood of an industrial site, outdoor
urban or rural area (e.g., city, forest, garden, landscape), large-scale region (e.g., desert, Alaska, Antarctic, costal area, tropo-
sphere, rain event), etc. Laboratory-based results (generation and characterization of experimental bioaerosols in a controlled
chamber) were also excluded.

● Measurements of airborne fungi were performed using an active sampling device coupled with at least one offline method of
quantification and characterization. Passive air sampling techniques (sedimentation settling plate, dust fall collector, passive
electrostatic sampler, etc.) and surface sampling methods were not considered. Likewise, real-time detection techniques using
biological particles fluorescence properties were also excluded.

The overview synthesizes data from 208 articles (the detailed list is available in online supplementary information SI). This
corresponds to between 14 and 24 articles per year, coming from nearly 75 different peer-reviewed international journals.
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Introduction

Fungi as Occupational Health Risks at Sawmills

Sawmills manufacturing sawn boards, timber frames, glulam, decking, flooring, joinery, fencing, and several other wood products
exist across the world. Several thousand people are employed in the sawmill industry, including several European countries (Austria,
Belgium, England, Scotland, Northern Ireland, Croatia, Denmark, Finland, France, Germany, Latvia, Norway, Romania, Sweden,
Switzerland), Canada, USA, New Zealand, Australia, India, and several African countries (Fig. 1, See “Relevant Websites section”).
Only in the European Union, there are approximately 35,000 sawmills that employ about 250,000 people (See “Relevant Websites
section”). Sawmill workers are exposed to wood dust and multiple wood-associated chemicals and microbiota, including fungi
(Straumfors et al., 2018; Demers et al., 2000; Douwes et al., 2000; Duchaine et al., 2000a; Eriksson et al., 1996; Rosenberg et al., 2002).
Although several components in the sawmill aerosol can cause health effects, the exposure to fungal spores has been of particular
interest, and is associated with respiratory symptoms and hypersensitivity pneumonitis (HP) among sawmill workers (Wimander
and Belin, 1980; Eduard et al., 1992a, 1993; Halpin et al., 1994b). The severity of health effects resulting from fungal exposure and
the number of workers this potentially includes, have received attention for decades and still rises concerns in the sawmill industry.
Continuous exposure reduction and control will have great impact on both workers’ health and the society’s health economy.

The possible inhalable exposure to fungi along the process line of sawmills is dependent on the growth and occurrence of
fungi, but also on the degree of fungal aerosolization, that is dependent on the work process, task, and technological installation.
This review intends to discuss these factors and potential health outcomes linked to fungal exposure in sawmills.
Fungal Exposure in Sawmills

Many types of fungi accompany trees during natural life and decay, i.e., biotrophic, necrotrophic, saprophytic and endophytic
fungi. Once the three is cut, wood logs are stored in piles sorted by dimension on dedicated yards outdoors before debarking and
cutting at the sawmills. During this time, the timber is kept humid so to stabilize the wood and prevent cracking. As a result, logs
are often colonized by endogenous fungi, fungi from the local environment (Dickinson and Levy, 1990; Strong et al., 2005) and
bacteria (Rossell et al., 1973). A large part of the potential fungal contamination inside sawmills is avoided by debarking the logs
before they enter the sawmill. Logs are cut into planks inside the saw department, and the green timber is sorted according to their
dimension. After sawing, the green timber will be stored for a variable time length before it is further processed. In this period,
fungi may continue to grow on the timber if the water content is high, as is often the case before kiln drying and during the first
few hours in the drier. Dried timber with surface colonization is handled in the sorting of dry timber department, where the timber
is sorted by quality and dimension. Although fungal particles, including spores and fragments, are released into the air and
subsequently inhaled by workers at relatively high levels during handling of the timber at any stage in the sawmill process line, the
transition between dryer and sorting of dry timber has been associated with the highest exposure. Dried and sorted timber are
further processed at the planer department (see Fig. 2 for an overview of the process line at sawmills). Maintenance and transport
workers engaged in many stages of the process line.

A proper exposure assessment is necessary to evaluate health effects of work place exposure. Personal sampling is recom-
mended for the quantitative determination of suspected agents. The methods for fungal aerosol sampling, detection, and
quantification is decisive for the levels and details of reported fungal exposure in occupational settings. This will have impact on
how we can evaluate health risk related to fungal exposure. In the following sections, the results of fungal exposure in sawmills is
presented with some emphasis on the different methodology used in order to highlight this aspect.
Exposure Measurements and Identification by Cultivation of Aerosol Samples From Sawmills

A review of the literature shows that the average levels of fungal exposure in sawmills range between 0.8 � 103 and 50 � 103 CFU
per m3 when assessed by cultivation on artificial media followed by counting of colony forming units (cfu) (Table 1). Cultivation
of fungal particles is the most common method for measuring fungal exposure in sawmills as this method is relatively cheap and
enables both quantification (cfu counts) and taxonomical characterization based on of the macro morphological appearance of
colonies, their characteristics in culture and light microscopic observation of the micromorphology (Eduard and Heederik, 1998).
The cultivation of sawmill aerosols have shown that the composition of fungal species includes Cladosporium spp., Alternaria spp.,
Aspergillus spp., Penicillium spp., Trichoderma spp., Paecilomyces sp., Rhizopus spp. and Mucor spp. in sawmills in Canada (Duchaine
and Meriaux, 2000; Cormier et al., 2000), Croatia (Klaric et al., 2012), Poland (Dutkiewicz et al., 2001a), Italy (Gioffre et al., 2012),
UK (Halpin et al., 1994a), and Norway (Eduard et al., 1988). The study from Croatia revealed the presence of Chrysonilia sitophilia
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Introduction

Since the rapid development of next-generation sequencing, more commonly referred to as high-throughput sequencing (HTS)
methods in the recent years, fungi have been the underdogs of the microbial world, especially in bioaerosol studies. Particularly,
studies describing fungal exposure in different occupational environments have been limited by traditional culture methods that
underestimate the broad spectrum of fungi present in the air (Peccia and Hernandez, 2006). There are potential risks in the human
inhalation of fungal spores in an occupational scenario where the quantity and diversity of fungi is high (Shams-Ghahfarokhi
et al., 2014; Ekhaise and Ighosewe, 2008; Douglas et al., 2018). Although some health problems are already known to be
associated with fungal exposure in certain work environments, the risk may be underestimated due to the methods used (Fabian
et al., 2005; Peccia and Hernandez, 2006). The presence of previously undocumented fungi in aerosol samples represents one of
the limitations in the understanding of the impacts of fungal exposure on respiratory health (Bush et al., 2006; Tischer and
Heinrich, 2013). The harmfulness of fungal aerosol mixes could be dependent upon the composition of elements, synergy among
the elements, and factors attributable to source and growth conditions (Fröhlich-Nowoisky et al., 2016; Aleksic et al., 2017). The
absence of a universal method to explore fungal exposure in occupational settings is not surprising due to the limitations of the
actual methods. To date, many questions are still unanswered in the use of molecular methods to characterize the fungal diversity
of aerosols. The hypothesis is that, although essential in the study of biodiversity, traditional approaches based on the cultivation
of fungi induce a bias in the representation of fungi in aerosols (Fabian et al., 2005; Peccia and Hernandez, 2006). Thus, a method
based on HTS with the appropriate barcode could be optimal to reveal the diversity of fungal aerosols and to provide exposure
data with a maximally complete image of the presence of fungi (Tedersoo et al., 2015, 2018). For example, applying HTS in soil
samples has helped the explanation of the fungal role in many other ecosystems (Nilsson et al., 2019a,b). Nonetheless, the
literature is still not decisive in terms of the genomic region to use as target for the enrichment and sequencing of fungi (Tedersoo
et al., 2015; Wang et al., 2014). The motivation behind writing this chapter is the desire to introduce an overview of new
approaches to study fungal aerosols. The reason behind this motivation was to compensate the gaps caused by the traditional
approaches used in the study of fungal exposure in occupational environments. The traditional methods consist of cultivating
fungal species collected from air samples to study their concentration and diversity. The gap in the literature caused by the
application of cultivation methods solely is linked to the specific representation of the cultivable and viable portion of fungal
aerosols. The underrepresented portion of the fungal community might have a significant role in the adverse health effects related
to exposure. Thus, it is necessary to consider not only the tip of the iceberg, but also look at the bigger picture of fungal aerosols.
The willingness to fill the gap of the occupational studies with the non-viable or the uncultivable portion of fungal aerosols took
us to consider the application of molecular tools. These tools, amongst others, consist of HTS of the genomic DNA extracted from
aerosol samples taken from environmental settings, as streamlined by targeting various fungal universal barcodes. In addition,
culturomics, which consists of the application of multiple culture conditions, combined with amplification and sequencing for the
identification of previously unidentified colonies, is also mentioned for its ability to offer complementary images of fungal
diversity identified by molecular tools (Amrane et al., 2018). Also, with HTS becoming more popular, more bioinformatic tools are
available, and choosing the right tool is a prerequisite to a valid diversity analysis. The author was also motivated by the desire to
present an overview of the bioinformatic tools available that can offer the readers the freedom to control every step and parameter
in the process of sequence treatment and diversity analyses.
Environmental Exposure to Fungi

From an occupational health perspective, enhancing our understanding of the risks related to exposure requires attention. The
relevance of bioaerosol data is needed for risk assessment and risk management (Mbareche et al., 2019a,b,c). Industrial and
agricultural environments are the major considerable concerns in occupational health issues due to the presence of potential
fungal sources (e.g., raw organic materials), and the occurrence of operations releasing harmful bioaerosols (e.g., mechanical
operations such as wood planning, straw chopping, animal bedding, hay handling, and compost pile turning). The generation of
large amounts of bioaerosols in confined spaces is what make this type of exposure of importance in occupational health. Bio-
waste facilities are characterized by notable concentrations of fungal aerosols due to the fungal activity responsible of the waste
degradation and the daily activities related to composting (Wéry, 2014; Bonifait et al., 2017; Dubuis et al., 2017; Mbareche et al.,
2017). Intensive animal farming practices in confined buildings containing many animals (e.g., cows, pigs, poultry, cattle) are also
associated with extreme exposure to airborne microbes. The variety of possible sources (e.g., animals, feces, feed, litter) present at
farms leads to the emission of complex mixtures of biological particles (Gilbert and Duchaine, 2009; Lanier et al., 2010;
Létourneau et al., 2010; Tsapko et al., 2011; Douglas et al., 2018). Moreover, the constantly changing nature of the microbial
composition over time and space makes health risk evaluation complicated for farm workers and nearby residents (Iversen et al.,
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Introduction

Studies already reported that swimming pool facilities have contributed to the dissemination of fungal infections (Seebacher et al.,
2008). Most of the studies performed focused on dermatophytes and health effects (tinea pedis and onychomycosis) (Ali-Shtayeh
et al., 2003; Gudnadóttir et al., 1999). However, besides dermatophytes, other clinically relevant fungi such as Fusarium spp.,
Aspergillus spp., and Candida spp., were showed on different environmental matrices from swimming pools facilities, such as
surfaces, water and in indoor air (Buot et al., 2010; Jankowski et al., 2017; Viegas et al., 2011).

Tinea pedis and onychomycosis are prevalent among swimming pool visitors (Kamihama et al., 1997; Shemer et al., 2016) and
workers (Viegas et al., 2011). Indeed, surfaces from the facilities may contain skin fragments from infected persons leading to the
infection spread when infected skin fragments adhere to the feet of uninfected individuals while walking barefoot on the
contaminated surfaces (English and Gibson, 1959).

To assess mycological contamination, it’s important to consider the fungal spore’s dispersion on air and surfaces. Type of
sporulation and spore characteristics must be considered (size, density, colony structure and rugosity) as well as additional
environmental characteristics, such as surface vibrations, smoothness and role as substrate (Roussel et al., 2008). As such, culturing
air samples as a stand-alone sampling approach to assess indoor fungal contamination is not enough. Indeed, surface analysis
complements the fugal contamination characterization and can be used in order to identify contamination sources. It may also be
apply to allow the evaluation of the efficacy of surface cleaning and disinfection procedures (Stetzenbach et al., 2004).

Besides the sampling approach also the assays employed can influence the data obtained to perform the exposure assessment.
Indeed, several constraints are being reported regarding the use of culture based-methods (Degois et al., 2017; Viegas et al., 2019a)
and suggesting the use of molecular tools in parallel (Viegas et al., 2019a).

This study aims to perform a scope review regarding the fungal contamination assessments performed on swimming pools and
fitness centers aiming the identification of further research needed on these specific facilities.
Materials and methods

The available data from January 1st, 2000 to December 31st, 2019 was reviewed. The terms used were to identify studies were the
fungal contamination in public swimming pools and fitness centers was assessed. PubMed, Scopus and Web of Science (WoS)
were the databases chosen, and the search terms were “fungal contamination in swimming pools” and “fungal contamination in
fitness centers”. From this search, a total of 2907 papers were recovered from all databases. Articles that did not meet the inclusion
criteria and duplicates were excluded from further analysis (Table 1). After eliminating the duplicates and articles that did not meet
the criteria, a total of fifteen articles were further analyzed.
Results

The initial research resulted in a total of fifteen articles. From those articles, nine referred to indoor swimming pools alone (Brandi
et al., 2007; Ekowati et al., 2018, 2017; Fadaei and Amiri, 2014; Itah and Ekpombok, 2004; Jankowski et al., 2017; Karimi et al.,
2019; Rafiei and Amirrajab, 2010; Rasti et al., 2012); one referred to both indoor and outdoor pools (Papadopoulou et al., 2008),
which studied indoor and outdoor public swimming pools, one hospital hydrotherapy pool and one private outdoor pool; one
studied an hospital physical therapy pool (Buot et al., 2010); three articles studied gymnasiums/sports centers with swimming
pools (Małecka-Adamowicz et al., 2019; Viegas et al., 2011, 2010); and one article studied gymnasiums (Ramos et al., 2016).

From all the studies considered, four of them used only water sampling (Fadaei and Amiri, 2014; Itah and Ekpombok, 2004;
Papadopoulou et al., 2008; Rasti et al., 2012); three used only air sampling (Małecka-Adamowicz et al., 2019; Ramos et al., 2016;
Viegas et al., 2010); and two of them used only surface sampling (Buot et al., 2010; Jankowski et al., 2017). The remaining six
studies combined either two or three of these matrixes: Rafiei and Amirrajab (2010), Ekowati et al. (2017) and Karimi et al. (2019)
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Introduction

In buildings where intense animal breeding occurs, the air is usually contaminated with a high prevalence of microorganisms
(Dutkiewicz et al., 1994; Seedorf et al., 1998; Radon et al., 2002; Jo and Kang, 2005; Lee et al., 2006; Sowiak et al., 2011; Sowiak
et al., 2012). However, the sector of animal production where the highest prevalence of microorganisms was reported was poultry
breeding (Seedorf et al., 1998; Radon et al., 2002; Sowiak et al., 2012).

It is well known that fungi in indoor farm environments emerge and sporulate easily in low quality bedding or polluted
feedstuffs. Pollutants accumulated in confined animal buildings can present a serious health hazard for workers (Karwowska,
2005; Chmielowiec-Korzeniowska et al., 2018). Insufficient ventilation and the presence of particulate matter raise the risk of
exposure to bioaerosols (Viegas et al., 2019b). Bioaerosols consist of airborne bacteria, fungi, viruses and their by-products,
endotoxins and mycotoxins (Oppliger et al., 2008; Just et al., 2009; Viegas et al., 2012a) and also non-viable particles, formed by
items such as feces, litter, feed and feathers (Viegas et al., 2012a).

Airway inflammation caused by a non-allergic mechanism has been well established as the main respiratory health problem for
those working in animal production buildings with heavy dust exposure, especially in swine and poultry farms (Olenchock et al., 1982;
Mutel and Donham, 1983; Rylander, 1986; Melbostad et al., 1997; Iversen et al., 2000; Kirkhorn and Garry, 2000; Viegas et al., 2012b).
Among fungi the genera Aspergillus, Penicillium, Cladosporium, Alternaria, Rhizopus, Scopulariopsis and Trichophyton are commonly found
inside breeding buildings (Gemeinhardt and Wallenstein, 1985; Lugauskas et al., 2004; Jo and Kang, 2005; Sowiak et al., 2012). Thus,
the inhalation of fungal spores has been linked to hypersensitive lungs (Mutel and Donham, 1983; Viegas et al., 2012b). Aspergillus
species have been closely related among the filamentous fungi to asthma exacerbations and other allergic respiratory diseases (Viegas
et al., 2019a). Particles with an average aerodynamic diameter of 1–4 mm, like A. fumigatus conidia, are found in the lower respiratory
tract since they are small enough to pass through the terminal airways and enter the pulmonary alveoli (Viegas et al., 2019a).

Occupational exposure can occur by inhalation of the dust produced during the processing and handling of contaminated
crops and feed. This contamination path creates harmful health effects for workers (Chang et al., 2001; Cormier et al., 2000;
Reboux et al., 2006; Viegas et al., 2019a,b) and for animals, especially for avian species (Lair-Fulleringer et al., 2006).

Respiratory problems are well-recognized by these workers, resulting in elevated morbidity and mortality from certain respiratory
disorders. Several studies have shown that the prevalence of work-related respiratory problems such as wheeze, cough and dyspnea is
extremely high (23–50 per cent) (Rylander et al., 1990; Skórska et al., 1998; Radon et al., 1999; Viegas et al., 2019a,b). The main
respiratory symptoms due to fungi exposure include allergic bronchopulmonary mycoses (ABPM), pneumonitis with hypersensitivity,
fungal sinusitis, allergic rhinitis, and extreme fungal sensitized asthma (SAFS) (Simon-Nobbe et al., 2008; Viegas et al., 2019a,b).
Additionally, under Hazardous Biological Agents Regulation, enforced by Directive 2000/54/EC of the European Council, farmers are
classified into the groups of occupationally exposed to biological agents at their workplace. It is also important to highlight that most
of the work on airborne fungi in various agricultural environments used only culture-based sampling methods (Predicala et al., 2002;
Lubiński et al., 2005; Chmielowiec-Korzeniowska et al., 2018). Therefore, these studies neglected non-cultural airborne fungi, which
can be as allergic or harmful as culturable fungi (Dutkiewicz et al., 2011; Chmielowiec-Korzeniowska et al., 2018) and, enhance health
risks to animal production workers.

As such, this study aims to gather and highlight information regarding animal production environments, its dominant species,
the most commonly used sampling and analytical methods and of which show more reliable and accurate results when assessing
or monitoring fungal burden in these kinds of occupational environments.
Materials and methods

For this study was performed a well-structured search of published data and information in the public domain between 1st of
January 2000 and 31st of June 2020. Baseline parameters were selected following the PRISMA methodology to identify and
select studies referring to animal production occupational environments that assessed fungi, selecting only English and original
Encyclopedia of Mycology, Volume 2 doi:10.1016/B978-0-12-819990-9.00024-X 91















98 Occupational Fungal Exposure and Assessment on Animal Production
Nature Microbiology, 2017. Stop neglecting fungi. Nature Microbiology 2. doi:10.1038/nmicrobiol.2017.120.
O’Brien, K., Chimenti, M., Farnell, M., et al., 2016. High throughput genomic sequencing of bioaerosols in broiler chicken production facilities. Microbial Biotechnology 9 (6),

782–791.
Olenchock, S., Lenhart, S., Mull, J., 1982. Occupational exposure to airborne endotoxins during poultry processing. Journal of Toxicology Environment Health 9, 339–349.
Oppliger, A., Charrie, N., Droz, P., Rinsoz, T., 2008. Exposure to bioaerosols in poultry houses at different stages of fattening; Use of real-time PCR for airborne bacterial

quantification. Annals of Occupational Hygiene 52 (5), 405–412.
Predicala, B.Z., Urban, J.E., Maghirang, R.G., Jerez, S.B., Goodband, R.D., 2002. Assessment of bioaerosols in swine barns by filtration and impaction. Current Microbiology

44 (2), 136–140.
Radon, K., Danuser, B., Iversen, M., et al., 2002. Air contaminants in different European farming environments. Annals of Agricultural and Environmental Medicine 9, 41–48.
Radon, K., Opravil, U., Hartung, J., Szadkowski, D., Nowak, D., 1999. Work-related respiratory disorders and farming characteristics among cattle farmers in northern Germany.

American Journal of Industrial Medicine 36, 444–449.
Reboux, G., Roussel, S., Grenouillet, F., 2006. Fungi in agricultural environment. Medical Mycology 16, 248–262.
Rylander, R., 1986. Lung diseases caused by organic dusts in the farm environment. American Journal of Industrial Medicine 10, 221–222.
Rylander, R., Essle, N., Donham, K.J., 1990. Bronchial hyperreactivity among pig and dairy farmers. American Journal of Industrial Medicine 17, 66–69.
Sabino, R., Faísca, V., Carolino, E., et al., 2012. Occupational exposure to Aspergillus by swine and poultry farm workers in Portugal. Journal of Toxicology and Environmental

Health, Part A 75 (22–23), 1381–1391.
Seedorf, J., Hartung, J., Schröder, M., et al., 1998. Concentrations and emissions of airborne endotoxins and microorganisms in livestock buildings in Northern Europe.

Journal of Agricultural Engineering Research 70, 97–109.
Simon-Nobbe, B., Denk, U., Poll, V., Rid, R., Breitenbach, M., 2008. The spectrum of fungal allergy. International Archives of Allergy and Immunology 145, 58–86.
Skórska, C., Mackiewicz, B., Dutkiewicz, J., et al., 1998. Effects of exposure to grain dust in Polish farmers: Work-related symptoms and immunologic response to microbial

antigens associated with dust. Annals of Agricultural and Environmental Medicine 5, 147–153.
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Introduction

Bioaerosols are microbial fragments, constituents of cells and airborne biological particles that can consist of fungi, bacteria, pollen,
fragments, constituents, particulate matter (PM10), and by-products of cells, that may be viable or nonviable (Dowd and Maier, 1999;
Douwes et al., 2003; Viegas and Gomes, 2014; Pearson et al., 2015). Exposure to bioaerosols can lead to a number of pathologies, such
as: non-allergic irritative reactions (upper and lower respiratory tracts, asthma, contact dermatitis), inflammatory (chronic bronchitis),
allergic or immunoallergic reactions (rhinitis, sinusitis, allergic asthma, hypersensitive pneumonitis, and organic dust toxic syndrome),
and infections like invasive aspergillosis in immunosuppressed individuals (Bünger et al., 2000; Douwes et al., 2003; Viegas et al., 2015).

Microbiological exposures associated with waste can occur indoors, where waste is stored, or outdoors during its collection and
it may be influenced by the process of sorting, transfer or cleaning (Wouters et al., 2000; Lavoie and Dunkerley, 2002; Abou-Elwafa
and El-Bestar, 2014).

In this type of highly contaminated environment, one of the most prevalent genera is Aspergillus spp. (Viegas et al., 2017b). However,
there are a few more genera/species that are also considerably prevalent such as Aureobasidium pullulans, Epicoccum nigrum, Fusarium
sambucinum, Beauveria bassiana, Rhizopus stolonifer, Phoma, Absidia, Mucor, Rhizopus, Penicillium, and yeasts (Grisoli et al., 2009).

In addition, it is important to highlight that workers may be exposed to the same potential hazards as the general population,
although exposure and danger may be different due to waste disposal by workers and, as a result, proximity to pollution sources
and a more contaminated indoor environment (Rushton, 2003).

It has been shown that waste management releases airborne microorganisms and bioaerosols into the atmosphere around
waste facilities (Viegas and Gomes, 2014) and that temperature, relative humidity, and wind speed affect concentrations and
viability of airborne microorganisms (Jones and Harrison, 2004). Consequently, this type of industry and facilities are considered
critical in terms of occupational exposure to fungal contamination (Heinonen-Tanski et al., 2009; Hameed and El Gendy, 2013) as
they provide optimal conditions for fungal growth (Thirumala et al., 2012).

The installation of a central ceiling diffuser to provide downstream fresh air, as well as to keep workers ‘ breathing zones free of
pollutants, and cleaning procedures are preventive measures that are usually applied in sorting cabinets (Marchand et al., 1995).
However, it’s important to consider that waste-sorting it’s crucial to maximize recycling (Viegas et al., 2020) and that additional
monitoring should be performed to evaluate the workers exposure (Marchand et al., 1995) and to solve remaining contamination
and, consequently, exposure problems.
Materials and Methods

This study is based on a research of the available information/data on fungal occupational exposure in waste industry, published
between 1st of January 2010 and 31st of December 2019, following the PRISMA methodology. The databases chosen were b-on,
PubMed and WOS and the keywords used were “fungi”, “occupational exposure”, and “waste industry”. Searches were carried out
in English. However, since the last two databases led to a small number of results (o20 papers), and that the papers were the same
in b-on results, those databases were excluded, and only b-on results were considered to this study. This search led to nearly 1010
papers in b-on database. Articles that did not meet the inclusion criteria were excluded from further analysis (but some of them
were used for introduction and discussion) (Table 1) (Fig. 1).
Results

Among the 20 papers included in this study (Table 2), analysis was performed regarding the occupational environment studied,
which country belongs the industry, sampling methods applied, the environmental matrix which assays were applied, and the
most prevalent fungal species found.
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Sources of Mold and Mold-Derived Fragments or Metabolites and Elevated Mold Exposure

Fungi normally present in indoor environments represent a mixture of species (reviewed in Adams et al., 2013; Du et al., 2021;
Haleem Khan and Mohan Karuppayil, 2012). Under normal circumstances where obvious indoor fungal contamination is absent,
the fungal propagules that predominate in indoor environments arise from three primary reservoirs: (1) the phylloplane/phyl-
losphere (the ecology of the surface of leaves considered to be a habitat, especially for yeasts and filamentous fungi), (2) the
pedosphere (the outermost layer of the earth that is composed of soil and subject to environmental processes), and (3) the
dermatophane (skin surface) (Adams et al., 2013).

Phylloplane fungi comprise an ecologically similar grouping of unrelated, dry-spored fungal taxa that inhabit plant leaf surfaces
(Levetin and Dorsey, 2006). In northern regions, phylloplane taxa predominate in the aerospora during the growing season.
Owing to their abundance in the outdoor air, aerosols derived from these fungi, including spores, hyphal fragments and cellular
debris, filter into indoor environments through normal activity and openings in the building envelop, primarily windows and
ventilation systems. Characteristic taxa in this category include certain species of Aspergillus, Alternaria, Cladosporium, Penicillium,
rust and smuts, agarics, and brackets (Basidiomycetes).

Fungi originating from soil reservoirs also commonly are found in indoor environments (Frac et al., 2018). These mostly wet-
spored fungi may enter buildings on footwear, particularly common where footwear is not removed upon entry into a building.
Alternatively, soil containing fungal material may become aerosolized during building works or heavy excavation activities and
these dust aerosols may be transported indoors on air currents or via human movements or actively through the actions of
mechanical air handling systems. Taxa in this category include species of Aspergillus, Acremonium, Fusarium, Trichoderma and
Penicillium. Demolition, gardening, sweeping and strong winds will also contribute to the indoor environment mycoflora.
The release of fungal spores is most often seasonal. Molds (filamentous fungi) growing on plant surfaces show peak airborne
concentrations seasonally in accordance with the life cycles of the plants. In northern, temperate climates, airborne levels of these
molds decrease substantially during the winter.

Virtually all buildings contain molds, but some are moldier than others due to a variety of factors including water ingress,
damp, wet cells and the annual hygrothermal performance of buildings (reviewed in Du et al., 2021). Indoor molds can be
remarkably tolerant of dry conditions but none can live without moisture. Excessively moldy buildings generally have a source of
moisture leading to unusually heavy mold growth. The source of the moisture may be a damp or flooded basement, a dripping
pipe, a roof in need of repair or some other fairly obvious cause. In most cases the mold can be seen growing on walls or other
materials in contact with the moisture. Sometimes the moisture can occur inside walls and not be apparent (termed interstitial
mold). A common but not obvious cause of moisture in cold climates is condensation. Severely moldy buildings may have a
musty smell, but not necessarily. Sometimes the only sign of a problem is persistent poor health of the occupants, such as
headaches, nausea, respiratory symptoms, for example, exacerbation of asthma.

Like other Aspergillus species, A. fumigatus has a worldwide distribution (Ashu et al., 2017; Sewell et al., 2019). This probably
results from the production of numerous airborne conidia, which easily disperse by air movements and possibly by insects. The
composition of the atmosphere has a great impact on mold growth, with humidity being the most important variable. A. fumigatus
grows optimally with water activity (aw) between 0.86 and 0.96. The optimum temperature for A. fumigatus to grow is 371C, but
fungal growth can be observed at temperatures ranging from 121C to 481C.

This review will focus primarily on where Aspergillus is found in built environments. It is present in air, and in dust found in
infrequently-cleaned places, particularly attics and cellars, on potted ornamental plants and flowers, on shutters, carpets and in
vacuum cleaners (reviewed in Mousavi et al., 2016). This organism has also been identified in many food types, especially spices,
tea, biscuits and fruits. Some of these reservoirs are not limited to community indoor environments and are also found in hospitals
and workplaces. Important sources of Aspergillus in outdoor environments include soil, plant debris, rotten vegetation, manure,
sawdust litter, bagasse litter, animal feed, bark chippings, on animals. Water may be an alternative source of Aspergillus conidia or
where Aspergillus biofilms are formed in water distribution systems (reviewed in Richardson and Rautemaa-Richardson, 2019).
What is Aspergillosis?

Aspergillosis is seen worldwide (see “Relevant Websites section”). Manifestations include allergic aspergillosis (rhinosinusitis and
bronchopulmonary, often complicating asthma and cystic fibrosis) (estimated number of cases 410 million), chronic pulmonary
aspergillosis (B3 million), invasive aspergillosis (incidence 4300,000 annually), and superficial disease (notably keratitis,
otomycosis, and trauma or burn wound infections) (Kosmidis and Denning, 2015).
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Introduction

In agricultural environments it’s possible to find fungi in many stages of their development. The presence of these microorganisms
poses as a threat to the final quality of the products, to its workers, and most of the times causing significant losses on the annual
crops harvest (Korbas, 2004; Weber, 2007; Suchorzyńska and Misiewicz, 2009). Fungi can be easily found in this kind of
environments due to the good growth conditions that are provided by the raw materials present in this environment and for its
storage temperatures (Soroka et al., 2008).

The fungal variety present in agricultural matrices are influenced by several environmental factors, such as the type of crop and
cultivation, the local climate and the application of fertilizers and pesticides (Girsch and Weinhappel, 2004; Szwajkowska-
Michalek et al., 2010).

Although the normal presence of fungi in the environment, the exposure is mostly through dust particles released from
cereals and other agricultural products during handling and storage operations (Mbareche et al., 2019). This kind of particles
represents a real hazard regarding the pathogenesis of respiratory tract diseases in farmers (Nardell and Macher et al., 1999).
Fungi are among the particle’s components (Jenerowicz et al., 2012), and due to the daily activities, their suspension in the air is
frequent, promoting workers´s exposure. Particles can be responsible for numerous health problems due to its ability to be
airborne, thus classifying itself as a vector for infectious diseases (WHO, 1999; Roy and Milton, 2004; Yu et al., 2004; Li et al.,
2007; Eames et al., 2009).

The level of the impact on the workers’ health from their exposure to bioaerosols will depend of 4 main factors: Size of the
particles, chemical compositions, microbiological composition and its concentration on the environment (Żukiewicz-Sobczak
et al., 2012). Indeed, studies report that workers in agriculture environments are exposed to high levels of microbial components
(Żukiewicz-Sobczak et al., 2012; Menga et al., 2016), being already reported symptoms related to cough, inflammation of the eyes
and nose, asthma and others (Melbostad and Eduard, 2001; Eduard et al., 2004; van der Walt et al., 2010; Chowdary et al., 2011;
Schlünssen et al., 2011; Żukiewicz-Sobczak, 2013a). In the specific case of exposure to fungi it was already reported as being related
with several symptoms in the eyes and nose and to cough (Melbostad and Eduard, 2001) as well as to asthma and work-related
respiratory symptoms (Eduard et al., 2004; Schlünssen et al., 2011).

Although the major concern when exposed to an environment is the fungal contamination, mycotoxins, produced by some
fungal species, are also of concern, since can origin chronic and acute effects. Some of these mycotoxins also have carcinogenic and
mutagenic characteristics, causing damage in internal organs, lowering the organism natural defences and accelerating the
development of tumors (Maestrelli et al., 2009; Frac et al., 2015).

The more frequently reported fungi in agricultural settings are species from the genera Aspergillus, Alternaria, Fusarium, Peni-
cillium, and Cladosporium. The Alternaria alternata is also a quite common species in agricultural environments (Saur et al., 1984;
Krysińska-Traczyk et al., 2003; Maestrelli et al., 2009; Żukiewicz-Sobczak et al., 2012; Frac et al., 2015; Kozak et al., 2016).

The climate conditions are one of the most selective factors for the prevalence of species in this kind of environments. Indeed,
species of the genera Fusarium prefer high levels of persisting humidity and temperatures above 201C (Brennan et al., 2003, 2005),
while Aspergillus prefers higher temperatures in between 301C and 351C for optimal growth (Kozakiewicz and Smith, 1994; Lasram
et al., 2010; Shehu and Bello, 2011).

This systematic review aims to provide a broad overview of the state of art in the developed subject, indicating the most critical
scenarios, among agriculture environments has the highest prevalence of fungal species and which methods were applied to assess
the exposure to fungi on agricultural environments.
Materials and Methods

This study was done based on a systematic search of available information and data published in the public domain between the
period of 1st January 2000 and 31st November 2019.
Encyclopedia of Mycology, Volume 2 doi:10.1016/B978-0-12-809633-8.21579-3116

















124 Fungal Exposure in Agricultural Environments – A Review
Viegas, C., Faria, T., Caetano, L., et al., 2018a. Mucorales prevalence and azole-resistance surveillance on different indoor environments: A menace to be tackled. In:
Proceedings of 8th Advances Against Aspergillosis 87, p. 19. (Lisbon).

Viegas, C., Faria, T., Caetano, L., et al., 2017. Aspergillus spp. prevalence in different occupational environments: What is the real scenario in high load settings? J. Occup.
Environ. Hyg. 14 (10), 771–785.

Viegas, C., Faria, T., Caetano, L., et al., 2019. Characterization of occupational exposure to fungal burden in Portuguese bakeries. Microorganisms.
Viegas, C., Faria, T., Carolino, E., et al., 2016a. Occupational exposure to fungi and particles in animal feed industry. Med. Pr. 67 (2), 143–154.
Viegas, C., Gomes, A., Abegão, J., et al., 2014. Assessment of fungal contamination in waste sorting and incineration � Case study in Portugal. J. Toxicol. Environ. Health

Part A 77 (1–3), 57–68.
Viegas, C., Monteiro, A., Caetano, L., et al., 2018b. Electrostatic dust cloth: A passive screening method to assess occupational exposure to organic dust in bakeries.

Atmosphere 12 (5), 573–583. (Basel).
Viegas, C., Dias, M., Almeida, B., et al., 2020. Aspergillus spp. burden on filtering respiratory protective devices. Is there an occupational health concern? Air Qual. Atmos.

Health. doi:10.1007/s11869-019-00781-x.
Weber, R., 2007. Risks and ways of reducing wheat Fusarium diseases. Post. Nauk. Rol. 2, 19–31.
WHO, 1999. Removing obstacles to healthy development: World Health Organization report on infectious diseases. WHO/CDS/99.1. Geneva, Switzerland: WHO.
Yu, I., Li, Y., Wong, T., Tam, W., et al., 2004. Evidence of airborne transmission of the severe acute respiratory syndrome virus. N. Engl. J. Med. 350, 1731–1739.

doi:10.1056/NEJMoa032867.
Zawiślak, K., Sobczk, P., Kozak, M., et al., 2019. Microbiological analysis and concentration of organic dust in an herb processing plant. Pol. J. Environ. Stud. 28 (5),

3505–3511.
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Introduction

Mentioning beaches will evocate in most of us an image of golden sands, palm trees and an exotic cocktail in a coconut.
Zooming in on the sand and water the picture is much less idyllic. A myriad of microorganisms, including viruses, bacteria,
fungi, and protozoa, thrive in these ecosystems in complex patterns. Since beaches have an enormous potential for revenue,
linking them to human infectious diseases outbreaks, could have significant economic repercussions (Sabino et al., 2014a).
Thus, the study of various aspects of potential pathogens and ways to minimize the risk of their involvement in human
disease is of importance.

Although less studied than bacterial contaminants, mostly linked to fecal contamination, this review will focus on potential
fungal pathogens. It will summarize the major findings as represented in scientific literature regarding the fungal contamination of
sand and water on beaches, primarily in context of association to human health and wellbeing. It will not cover, specifically, the
data of original research of the authors in this area, but rather mention it briefly.
Surveyed Beaches

Surveys of salt and sweet water beaches for potential pathogens were conducted in many countries and regions. Many of these
surveys dealt only with fecal contamination indicator (FCI) bacteria.

Surveys on fungal contamination were carried out in various geographic areas, including a variety of water bodies. Surveys on
beaches around the Pacific Ocean were reported from Hawaii (Kishimoto and Baker, 1969), California (Dabrowa et al., 1964),
Guadeloupe (Boiron et al., 1983), Brazil (Gomes et al., 2008; Vieira et al., 2001; Menezes and Trindade, 1996, cited from Vieira
et al., 2001; Sanchez et al., 1986; de Moura Sarquis and de Oliveira, 1996; Pinto et al., 1992; Sato et al., 2005; Zuza-Alves et al.,
2019), and Barbados Bridgetown, Puerto Rico and St. Maarten (Lourdes, 2019).

The second large saltwater body – the Atlantic Ocean was also surveyed, including beaches in Florida (Bergen and Wagner-
Merner, 1977; Vogel et al., 2007; Shah et al., 2011), South Carolina (Stevens et al., 2012), and Portugal (Romão et al., 2017; Sabino
et al., 2011; Sabino et al., 2014b, Abreu et al., 2016; Pereira et al., 2013; Mendes et al., 1998; Brito et al., 2019).

The Mediterranean is another saltwater body around which surveys were conducted. These included the coasts of Israel
(Sheinman et al., 2000; Ghinsberg et al., 1994; Frenkel et al., 2020), Morocco (Soussi Abdallaoui et al., 2007), Spain (Borrego et al.,
1991; Izquiredo, Piera, Aledany and Lucena,1986, cited from Matavulj et al., 2005; Roses Codinachs et al., 1988; Larrondo and
Calvo, 1989), Greece (Efstratiou and Velegraki, 2010; Papadakis et al., 1997), Egypt (Sharaf, 2005), Italy (Mancini et al., 2005),
and France (Bernard et al., 1988, cited from Matavulj et al., 2005).

The Israeli beaches around the very high salt concentration water body – the Dead Sea – were surveyed as well (Buchalo et al., 1998).
Results of surveys conducted on beaches of freshwater bodies were reported from Canada (Sherry et al., 1979) and France

(Chabasse et al., 1986).
The Fungal Flora in Beaches

Unsurprisingly, considering the extreme variations in the conditions of the different beaches screened, the variety of isolated fungi
comprises hundreds of genera and species. Three species of extreme halophile fungi were found even in the Dead Sea (Buchalo
et al., 1998). Moreover, the application of non-cultural screening methods has further incremented the gamut of fungal varieties
found on beaches (Romão et al., 2017).

Potentially pathogenic or allergenic fungi are often found on beaches. The most common are Aspergillus spp., Penicillium spp.,
Fusarium spp., and the Mucorales (Matavulj et al., 2005; Mancini et al., 2005; Sabino et al., 2014b). To the best of our knowledge,
the question whether these environmental fungi are more frequent on the beaches than in other ecosystems has not been
addressed. Other, potentially pathogenic, fungi isolated from beaches include Scedosporium apiospermum and Sporothrix schencki
(Dabrowa et al., 1964).

An important group of fungi that infect immunocompetent humans and animals are the dermatophytes. These fungi may be
shed in the environment by hair or scales of infected humans and animals. It has been suggested (Szepetiuk et al., 2010) that
the abrasive action of the sand, especially if wet, may promote the shedding of these scales and thus increase the risk of infecting
new hosts. In fact, Soussi Abdallaoui et al. (2007) isolated dermatophytes exclusively from wet sand. This is further facilitated by
the skin’s maceration due to its exposure to sea water and/or sand moisture.
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Fungi and Recreational Water Environments

Recreational water environments are often where we wear less protective clothing against environmental factors, like when we are
at the beach. Possible activities that can foster exposure to fungi in recreational waters’ sites and settings include the following:

(1) Bathing in recreational and medicinal waters (public swimming pools, beaches, saunas, spas, etc.)
(2) Sunbathing
(3) Water sports (rowboat, kayaking, surfing, fishing, diving, etc.)
Exposure

Swimming Pools

Fungal infection can be a substantial health concern at public swimming pools, due to the prevalence of fungi on hard surfaces,
mainly those partly submerged in water, as published by Ekowati et al. (2018). This author postulated that dermatophytes tend to
follow the trajectory of the users, from the pool, to the dressing and shower areas, aided by cleaning instruments. These types of
fungal contamination are present mainly on solid surfaces in swimming-pool environments. The recognition of public swimming
pools as a high risk for tinea pedis and onychomycosis is not a new subject. The first time dermatophytes were successfully isolated
from shower floors was in 1947 but they still remain an issue today. This is not surprising, though, if we consider that worldwide,
25% of the population suffers from a superficial fungal infection of some kind. Besides the fungi listed above, the yeasts Candida
and Rhodotorula are frequently encountered in water in swimming pools (Brandi et al., 2007; Jankowski et al., 2017).

Water-borne fungi often thrive in recreational facilities, such as pools and especially high humidity saunas. These can include
black yeasts and yeast-like Aureobasidium, Cladophialophora, Cyphellophora, Exophiala, Phialophora, Phoma, and Ochroconis (Matos
et al., 2002; Hamada and Abe, 2009; Novak Babič et al., 2018). The damp, warm environment and necessary nutrients for the
growth of black fungi make them a probable nuisance for facility management, but above all a potential problem for the health of
the visitors and users. Some of the black fungi are considered opportunistic pathogens, causing superficial infections and in some
cases of trauma, invasive infections, mainly in form of mycetoma, but occasionally as a disseminated (systemic) infection.
Although the most commonly reported health issues related to leisure activities in swimming facilities are on average caused by
dermatophytes, other fungi present in high concentrations may affect well-being by triggering an allergic response in susceptible
individuals. Simon-Nobbe et al. (2008) describe Alternaria, Aspergillus, Bipolaris, Cladosporium, Curvularia, and Penicillium as triggers
of rhinitis; Alternaria, Aspergillus, Cladosporium, Helminthosporium, Epicoccum, Aureobasidium, and Penicillium as triggers of allergic
asthma; and Malassezia, Sccharomyces cerevisiae, Alternaria, Candida, and Trichophyton as triggers of atopic dermatitis.

Other health implications, such as intoxication due to mycotoxins, sinusitis, asthma, and infections of the respiratory tract, are
not likely to occur in occasional visitors but should be taken into consideration for workers in such facilities. Amongst the most
problematic molds on wet concrete and finishing materials on ceilings indoors is the presence of Stachybotrys spp. Prolonged
exposure to toxic metabolites by these fungi can lead to respiratory infections, irritation, and allergies (Novak Babič et al., 2018).
Fungal presence in water and on surfaces is nonetheless difficult to control due to fungal resistance to most agents that can be used
for their removal, namely bleach and UV radiation (DEFRA, 2011; Novak Babič et al., 2018).

While dermatophytes, yeasts and yeast-like fungi dominate lower parts of wet surfaces where exposure happens through skin,
upper ceilings often promote growth of filamentous fungi transferred by air with possible effects on our respiratory system. Viegas
et al. (2011) found no association between air and surface contaminants, either in quality (species), or quantity (number of
colony-forming units (CFU) per sample volume or area, respectively). In this study, the majority of the air contaminants in 200 L
of air samples were Cladosporia (36.6%), Penicillia (19.0%), and Aspergilli (10.2%), whereas in surfaces, Fusaria showed the
strongest presence, with 19.1% of positive samples. Fusaria is in fact a species complex that tends to prefer warmer but not dry
climates, soil, and plants, as reported by many authors, but also shows up in aquatic habitats (Lamprecht et al., 2011). Dominant
species of this genus may vary between fresh water and seawater (Palmero et al., 2009). The relevance in aquatic habitats of
Fusarium species is their association with keratitis in patients with lesions after exposure to water. Contact lenses are also a risk
factor for this pathology (Ahearn et al., 2008). Fusarium is, however, not the only fungus able to cause keratitis. Khater et al. (2014)
studied 66,303 cases of microbial keratitis and determined that 43.3% of the cases were of fungal origin (mostly Aspergillus),
although in this study, the patients were mainly adults aged between 40 and 60 years, who had close contact with soil and outdoor
sewage.
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Introduction

High levels of fungal particles can be found in various occupational settings making workers to be exposed to these micro-
organisms and their components, such as viable and non-viable spores or conidia and hyphal fragments for considerably long
periods of time, thus increasing the risk for occupational respiratory diseases (Eduard, 2008).

Aspergillus can be found in almost every environment since they are ubiquitous in the environment and easily disseminated in
the air (Sabino et al., 2019). The Aspergillus genus is characterized by its filamentous fungi with septate hyphae and with specific
reproductive structures of this genus that are the conidia (Park and Mehrad, 2009). Among Aspergillus genus, the designations
actually represent sections (or complexes) of closely related species (also referred to as cryptic species) that cannot be clearly
distinguished morphologically (Lamoth, 2016).

Among Aspergillus genus, Aspergillus section Fumigati, is one of the main responsible for invasive aspergillosis and other
considerable risk factors (Baddley, 2011). This fungus has bluish-green colonies and has a high growth rate (Xavier et al., 2006).
Aspergillus section Fumigati is a thermophilic species with growth rates that occur even at high temperatures (551C) and can
guarantee its survival at temperatures around 701C (Fritzler et al., 2007; Albrech et al., 2010; Pohl et al., 2011). In most cases this
species can be isolated from a wide variety of substrates and at temperatures in between 121C and 701C. However, it is at a
temperature of 371C and at a pH of 3.7–7.6 that it has an optimal growth rate (Kozakiewicz and Smith, 1994).

Aspergillus section Fumigati is a natural recycler, as this fungus has a very versatile metabolism that allows it to meet all its
nutritional requirements under the most diverse environmental conditions (Gibbons et al., 2012). It has enzymes in its con-
stitution that allows to obtain nitrogen and other compounds through the degradation of plant cells (Tekaia and Latgé, 2005;
Abad et al., 2010). This ability allows this fungus to respond to nutritional restrictions, but also to a physiological versatility for the
use of different substrates to obtain nutrients. Thus, Aspergillus section Fumigati can compete with other fungi and bacteria in the
environment (Anastasi et al., 2005). Given these characteristics, it is quite common to find this type of fungi in places that contain
a lot of organic matter, such as gardens, greenhouses or even in composting areas, in these cases the percentage of this species
present in the environment can be around 35%–75% (Anastasi et al., 2005). In addition to these saprophytic environments, this
fungus can also express other virulence factors that allow it to adhere and invade host cells, survive in environments of hypoxia
and nutritional scarcity, such as the lung environment (Panepinto et al., 2003; Schrettl et al., 2004; Moreno et al., 2007; Willger
et al., 2008; Liu et al., 2010; Gravelat et al., 2013; Bertuzzi et al., 2014; Pongpom et al., 2015; Liu et al., 2016).

Some specific characteristics make this fungus an omnipresent pathogen, such as: its high capacity for survival and proliferation
in a wide variety of environments, great efficiency of dispersion mainly in the air, because its conidia have physical characteristics
that provide the ability to reach the distal airways (Brakhage and Liebmann, 2005; Rhodes, 2006) and the ability to adapt to their
host’s environment (Latgé, 2001; Anastasi et al., 2005; Tekaia and Latgé, 2005; Hohl and Feldmesser, 2007; Dagenais and Keller,
2009; Abad et al., 2010). These characteristics make Aspergillus section Fumigati a very competitive fungus, where the temperature,
pH and nutrients are not ideal for a wide spectrum of microorganisms. It is in these environments that Aspergillus section Fumigati
thrives due to the lack of competition in the environment, making this fungus an excellent opportunistic pathogen (Latgé, 2001).

This species is considered the major cause of invasive aspergillosis that represents a danger to human life, as this is a
saprophytic fungus that is present in most environments, and in this way causing human exposure to Aspergillus section Fumigati
almost daily. This type of infections is initiated by inhalation of conidia, which in a normal situation are quickly eliminated from
the host organism, however in the case of immunocompromised individuals it can be the cause of invasive mycosis (Rhodes,
2006; Kwon-Chung and Sugui, 2013).

To access its presence in the environment active methods can be applied, usually by the use of devices that sample air through
impaction, impingement or filtration methods (Mandal and Brandl, 2011; Viegas et al., 2015). Passive sampling methods can be
also applied and provide an assessment of the harmful part of the airborne population that accumulates on a surface (French et al.,
1980; Pasquarella et al., 2000).

Azoles are currently considered the first-line drugs to combat the fungal presence, as they act directly on the production of
ergosterol, which is an essential constituent of the fungal cell membrane and its consistency (Diaz-Guerra et al., 2003). In the last
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15 years, this type of drugs has maintained a prominent position regarding the treatment and prevention of diseases originating in
the genus Aspergillus (Patterson et al., 2016). It is scientifically reported that resistance to this type of drugs may be an intrinsic
phenotype of the Aspergillus genus, more specifically in the case of Aspergillus section Fumigati. The acquisition of this capacity may
be due to exposure to fungicides in agricultural areas or in a clinical environment (Denning et al., 1997; Verweij et al., 2007;
Van der Linden et al., 2011; Meis et al., 2016). Currently, resistance to azoles is already reported in environmental isolates from
A. fumigatus (Snelders et al., 2008; Jeanvoine et al., 2017; Viegas et al., 2020).

Additionally, Aspergillus section Fumigati produces a variety of secondary metabolites that can alter the function of the host cells
and thus contribute to their virulence. The genome of this fungus has approximately 34 gene groups that can express these
secondary metabolites, of these few have been extensively studied (Inglis et al., 2013). Among all of them, the metabolite of
A. fumigatus best documented is gliotoxin, this toxin has multiple effects on the host, from damage to the respiratory epithelium,
production of reactive oxygen species, inhibition of phagocytosis, or even the apoptosis of the immune system cells (Mullbacher
et al., 1985; Amitani et al., 1995; Pahl et al., 1996; Stanzani et al., 2005; Orciuolo et al., 2007; Liu et al., 2018).

It is reported in several studies that the inhalation of particles contaminated with fungi or bio-components produced by them
can lead to the contraction of allergic reactions and the development of respiratory diseases (Macher et al., 1999). In the literature,
it is also reported that these components present in aerosolized particles can cause asthma, allergic alveolitis, toxic organic dust
syndrome, byssinosis, chronic bronchitis, allergic rhinitis, mucosal irritation, sick building syndrome, chronic fatigue syndrome,
aspergillosis, other infectious diseases and even cancer (Dutkiewicz and Górny, 2002; Krysi�ska-Traczyk et al., 2003; Jahnz-Rozyk
et al., 2011).

This issue is of great importance, especially for occupational and indoor environments, that were already reported to have high
levels of azole-resistant Aspergillus isolates that may result in an increased occupational risk and in difficult clinical management
(Chowdhary et al., 2013; Snelders et al., 2008; Verweij et al., 2013).

Thus, a correct intervention to assess occupational exposure to Aspergillus section Fumigati is of upmost importance for the risk
characterization and management. This study intends to perform a systematic search review, to verify which methods for sampling
and analyses are currently used by the scientific community and to discuss which of them present more accurate results.
Materials and methods

This study was based on a systematic search for information and data that have been published in free access sources during the
period of 1st January 2000 to 31st December 2020. In order to comply with the rigor of demand, specific parameters were
established to assist in the search for information in order to identify and select articles related to occupational environments
where the search for Aspergillus section Fumigati is carried out. The search terms were carried out in the selected database (PubMed),
in English and giving preference to articles that focused on Aspergillus section Fumigati assessment in occupational environments.
This research resulted in 25 articles from PubMed, all articles that were not accepted by the inclusion criteria were excluded
(Table 1).

The selection of articles was elaborated in a structured way with different phases throughout the process. All the steps are
described in the following diagram (Fig. 1).
Results

A total of 25 articles related to occupational environments were included and analyzed (Hospital environments, farms, animal
production and composting were the most common environments). Sampling methods assays, species identification and the main
findings were analyzed. Most of the studies analyzed were carried out on farms (10 out of 25). The remaining were carried out in
hospital environment (7 out of 25), composting stations (4 out of 25), archives (2 out of 25), a biodiesel plant (1 out of 25) and
in flower fields (1 out of 25).
Table 1 Inclusion and exclusion criteria for the selected articles

Inclusion criteria Exclusion criteria

Articles published in the English language; Articles published in other languages
Articles published from 1st January 2000 to 31st December 2020 Articles published prior to 2000

Articles published in any country
Articles on Aspergillus fumigatus in occupational environments Articles related exclusively to biological samples from workers
Identification of Aspergillus section Fumigati Aspergillus fumigatus not identified in the study
Original scientific articles on the topic Abstracts of congress, reports, reviews/state of the art articles
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Introduction

Fungi are responsible for skin diseases, infections of lung and other organs and bloodstream infections due to its presence in several
environments (CDC, 2020b). These environments, where fungi can be present, include clinical sites, agriculture fields, food and feed
industries, among others, as well as household environments (Hicks et al., 2005; Park et al., 2010; Cabo Verde et al., 2015).

The fungi most commonly reported by the Centers for Disease Control and Prevention (CDC) are Aspergillus sp., Blastomyces sp.,
Candida sp., Coccidioides sp., Cryptococcus sp., Histoplasma sp., Paracoccidioides spp., Pneumocystis jirovecii, Taloromyces sp., Sporothrix sp. (CDC,
2020b). These fungi are responsible for diseases such as Aspergillosis, Blastomycosis, Candidiasis, Coccidioidomycosis, Cryptococcosis,
Histoplasmosis, Pneumocystis and other diseases (NIAID, 2018). Some of these fungi, namely, Aspergillus, Penicillium, Alternaria, Fusarium,
and Claviceps, among others, can produce mycotoxins, representing an additional concern for public health (Viegas et al., 2018c).

Although potentially all populations are exposed to fungi, since they are ubiquitous (i.e., present in all environments), fungi
can easily cause infections on specific population groups such as elderly, immunocompromised patients and children (Silva, 2010;
Jain et al., 2010; Aguiar et al., 2014).

A more recent concern for the public health is the development of fungal resistance to drugs. Such ability is related to the
capacity of adaptation of fungi when exposed to drugs (Jensen, 2016). Antimicrobial resistance has been described as product of
healthcare practices and their overuse (WHO, 2020). However, antifungals have also been overused in agricultural environments
due to the growing need for quality and productivity improvements in food production (Brauer et al., 2019). The use of fungicides
in agriculture is also related to climate change and its influence on the distribution of fungi (Viegas et al., 2016). A vast group of
drugs used to inhibit fungal growth are azoles. Azoles are molecules that present an azole ring that interferes with biosynthesis of
ergosterol (a component of fungal cell membrane), causing its death (Sheehan et al., 1999).

Fungal resistance to azoles has been described as a result of mutations in the genome. Most of these genomic changes are
related to inhibition of lanosterol 14a-demethylase enzyme, conferring fungal resistance to drugs that act at the level of ergosterol
synthesis of the fungal cell membrane (Marichal et al., 1999; Marie and White, 2009). These mutations in the fungal genome
represent a major concern for the management of fungal infections in patients, which can affect various parts of the body. Failure
on the treatment of these patients due to fungal resistance can lead to chronic health problems, and even death (CDC, 2020a).

The aim of this review article is to assess methodologies for fungi sampling and screening of azole resistance in environmental
samples, as well as to describe the most reported resistant fungi in these environments. This work is important to evaluate the next
steps on azole screening, for the development and future application of effective control measures.
Materials and Methods

This study reports the search of available data published between January 1, 2000 and January 31, 2020. The initial search terms
were developed to identify studies on the fungal resistance to azoles in different environmental samples. The databases chosen
were PubMed, Scopus, and Web of Science (WoS). Searches were carried out in English. The Search terms via PubMed were “fungal
resistance in environmental samples” This search strategy led to 71 papers in all databases. Articles that did not meet the inclusion
criteria and duplicates were excluded from further analysis (Table 1).

The diagram describes the different phases of the selection of papers (Fig. 1).
Results

Soil sampling was the most described (14 out of 18 studies) sampling method for the screening of azole resistance in environ-
mental samples (Mortensen et al., 2010; Chowdhary et al., 2012; Yang et al., 2012; Astvad et al., 2014; Sharma et al., 2015; Bader
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Introduction

Fungal infections are emerging as an important cause of human disease around the globe (Bongomin et al., 2017). Fungal
infections include superficial mycoses, such as pityriasis versicolor, and systemic mycoses, such as aspergillosis. Systemic invasive
fungal infections are commonly related to situations where patients are immunocompromised, such as cancer and AIDS patients,
during corticosteroid therapies and others (Bongomin et al., 2017; Enoch et al., 2016).

Among the most commonly used antifungal drugs are amphotericin B, 5-flucytosine and azoles (Willey et al., 2008). Azoles are
a group of antifungal agents with broad spectrum of activity. They are divided in two main groups, according to the base molecule:
imidazole based azoles, such as clotrimazole, ketoconazole, miconazole, and triazole derivatives, such as itraconazole, vor-
iconazole, and posaconazole. Their mechanism of action is focused on the inhibition of the fungal cytochrome P450 3A enzyme,
lanosine 14-a-demethylase, blocking the conversion of lanosterol into ergosterol, resulting in a depletion of this compound, which
alters the fluidity of the fungal membrane (Rang et al., 2016).

During recent years there has been an increase of resistance to the available antifungal agents, becoming a significant public
health concern especially among individuals at higher risk of opportunistic fungal infections such as immunocompromised
individuals (Barker and Rogers, 2006; Wiederhold, 2017). Azole resistance may develop in consequence of fungal exposure to
azole compounds, which may occur during a patient’s treatment with these antifungal drugs or through the use of azole
fungicides similar to clinical azole drugs, such as in agriculture (Snelders et al., 2008). Among acquired antifungal resistance, the
azole resistance has been noticeable increasing, being found in isolates of Candida and Aspergillus, mostly A. section Fumigati
(Wiederhold, 2017).

Healthcare facilities must provide a controlled environment in order to guarantee the security of patients and avoid the
dissemination of potentially pathogenic airborne contaminants. Thus, indoor air quality must be regularly monitored and con-
trolled in healthcare facilities, and must also include a rigorous biological assessment, in order to be able to characterize the risk of
contamination by pathogenic microorganisms for patients, staff, and visitors (Qudiesat et al., 2009).

The present study aims to perform a scope review of the assessments of fungal resistance to azole drugs performed on
healthcare facilities’ indoor environments in the last decade and to suggest a methodological approach for the screening of fungal
resistance in those environments.
Materials and methods

In this study, available data on azole resistance in healthcare facilities’ indoor environments, including hospitals and primary healthcare
centers, published between January 1, 2000 and October 31, 2019 was searched, following the PRISMA methodology. The initial search
terms were chosen to identify studies on the assessment of azole resistance in healthcare facilities’ environments, focusing on fungal
sampling and screening of azole resistance. The databases chosen were PubMed, Scopus, and Google Scholar. Searches were carried out
in English. The Search terms were “Azole Resistance” and “Hospital Indoor Environments”. This search strategy led to nearly 125 papers
in all databases. Articles that did not meet the inclusion criteria and duplicates were excluded from further analysis (Table 1).

The diagram describes the different phases of the selection of papers (Fig. 1).
Results

A total of 12 articles were analyzed regarding the environmental setting (hospitals or other healthcare facilities), sampling
methods, fungal identification methods, type of azole resistance identified (and the used methods, when possible), and the main
conclusions of each study.

Most studies described the assessment of azole resistance in hospital environments (11 out of 12), the exception being one
study performed in primary health care centers (Caetano et al., 2019). Six studies mentioned indoor and outdoor sampling
for comparison purposes (Snelders et al., 2009; Ahmad et al., 2014; Loeffert et al., 2018; Chen et al., 2019; Cho et al., 2019;
Monteiro et al., 2019), and three studies compared the resistance phenotypes in environmental and clinical samples
(Loeffert et al., 2018; Chen et al., 2019; Cho et al., 2019).

Air sampling was the most frequent sampling method (10 out of 12 studies) (Panagopoulou et al., 2007; Snelders et al., 2009;
Ahmad et al., 2014; Mohammadi et al., 2016; San Juan et al., 2017; Loeffert et al., 2018; Chen et al., 2019; Cho et al., 2019;
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Introduction

It has been generally recognized by researchers and regulators that the expected climate change constitutes an important driver that
will affect food sector, representing a public health issue that deserves particular attention. In one hand, climate change threatens
our ability to ensure global food security, eradicate poverty and achieve sustainable development (Berbegal et al., 2019). Climate
change is associated with increasing temperatures and more extreme rainfall; it alters relationships among crops, pests, pathogens,
and weeds; and it exacerbates several trends including declines in pollinating insects, increasing water scarcity, increasing ground-
level ozone concentrations, and fishery declines (Myers et al., 2017). Agricultural productivity is affected by changing rainfall
patterns, drought, flooding and the geographical redistribution of pests and diseases (Anderson et al., 2020), with consequent
implications in the food availability, a key requirement for food security (Fig. 1).

On the other hand, despite less debated, climate change could also affect food safety (Miraglia et al., 2009) (Fig. 1), namely
through the occurrence of food safety hazards at various stages of food chain, from “farm to fork”. The tendency to increase the use
of agrochemicals to balance the effects of more frequent extreme weather events and water scarcity in some regions could become
more frequent. In addition to pesticide residues, both chemical and microbiological risks are expected to impair food and feed
safety as a consequence of climate change: in particular mycotoxins, marine biotoxins (phycotoxins), trace metals, among others
(Miraglia et al., 2009; Tirado et al., 2010; Assunção et al., 2018b; FAO, 2020).

Among the issues in food safety, the rise of crop diseases due to toxigenic fungi and the contamination of crops by toxic
secondary metabolites – mycotoxins – constitute aspects of major importance (Moretti et al., 2019). Mycotoxins are produced by
different types of fungus belonging primarily to genera Aspergillus, Penicillium, and Fusarium. Although these low molecular weight
toxic compounds occur worldwide and represent a global public and animal health threat, their prevalence and concentrations in
food and feed may vary due to geographic and climatic differences, posing a serious risk to human and animal health worldwide
(Ksenija, 2018; Moretti et al., 2019). The mycotoxins of greatest concern to food and feed safety include aflatoxins, fumonisins,
ochratoxins, trichothecenes, and zearalenone.
Fig. 1 Impact of climate change on food and agriculture systems.
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Table 1 Maximum permitted levels of mycotoxins in food and feed in the EU

Foodstuffs Maximum levels
(mg/kg)a

Animal feed Maximum levels
(mg/kg)b,c

Aflatoxin B1 Cereals, cereal-based products,
nuts/dried fruits, spices

2.0–12.0 Feed materials, complementary
and complete feed

0.005–0.02

Sum of Aflatoxins
B1, B2, G1, and G2

4.0–15.0

Aflatoxin M1 Milk and milk products 0.050

Aflatoxin B1 Foods intended for infants and young
children (e.g., cereal-based foods)

0.10
Aflatoxin M1 0.025

aRegulation (EC) 1881/2006;
bDirective 2002/32/EC;
cMaximum content in mg/kg (ppm) relative to a feed with a moisture content of 12%.
Note: Adapted from European Commission, 2002. DIRECTIVE 2002/32/EC of the European Parliament and of the Council of 7 May 2002 on undesirable substances in animal feed.
Official Journal of the European Union L140, 10–21. Available at: http://eur-lex.europa.eu/resource.html??uri=cellar:aca28b8c-bf9d-444f-b470-268f71df28fb.0004.02/DOC_1-
&format=PDF. European Commission, 2006. Commission Regulation (EC) No 1881/2006 of 19 December 2006 setting maximum levels for certain contaminants in foodstuffs. Official
Journal of the European Union. Available at: http://eur-lex.europa.eu/legal-content/en/ALL/??uri=CELEX:32006R1881 (accessed 10.04.20).
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Aflatoxins, the most toxic of mycotoxins, are genotoxic, carcinogenic and immunosuppressive substances, and cause both acute
and chronic toxicity (Wu et al., 2014). The four major aflatoxins known are B1, B2, G1, and G2. Aflatoxin B1 (AFB1) is the most
potent naturally occurring chemical liver carcinogen known, being considered a significant risk factor for hepatocellular carcinoma
(HCC) and classified as Group 1 (carcinogenic to humans) by the International Agency for Research on Cancer (IARC, 2012).
Additionally, when animals that are intended for dairy production consume aflatoxin-contaminated feed, a metabolite, aflatoxin
M1, is excreted in the milk (Strosnider et al., 2006).

Cereals are often the most severely affected crops, and because they are a staple food for a large portion of humanity,
mycotoxins are considered the most prevalent food-related health risk in field crops (Moretti et al., 2019). Regarding aflatoxins,
they are reported in several agricultural crops, mainly maize, peanuts, pistachio nuts, and cottonseeds (CAST, 2003). At the
European level, regulations were established to set maximum levels of aflatoxins in food and feed (Table 1), contributing to reduce
the human and animal exposure, and consequently the associated risk (European Commission, 2002, 2006).

The possible change in patterns of aflatoxin occurrence in food and feed crops due to climate change is a matter of concern that
may require anticipatory actions (Battilani et al., 2016; Van der Fels-Klerx et al., 2016). During the last years, some studies were
performed concerning the potential impact of climate change in the aflatoxins food and feed contamination (Van der Fels-Klerx
et al., 2016). Based on the results obtained, the authors were unanimous in considering different areas of Europe as Eastern
Europe, Balkan Peninsula, and the Mediterranean regions as the most concerned areas, including the Iberian Peninsula. The
authors also referred that aflatoxin contamination above the legal limit are expected to become more frequent in the future
(Battilani et al., 2016; Van der Fels-Klerx et al., 2016).

Consequently, the establishment of the environmental conditions that determine the fungi growth, survival, and/or interac-
tions with plants is essential to better understand the variation in the population structures of mycotoxigenic fungi and their
ability to produce mycotoxins (Medina et al., 2017), and to anticipate the potential impact of climate change.

Building on what was referred, through an overview of the current situation of aflatoxins contamination in food and feed in Portugal
and Spain (Iberian Peninsula), the present article aims to answer two main questions: Are aflatoxins a current concern in the Iberian
Peninsula? How the climate change could impact aflatoxins contamination and the risk of human exposure in Iberian Peninsula?
Are Aflatoxins a Current Concern in the Iberian Peninsula?

The occurrence of aflatoxins in cereal-based products intended for animal and human consumption has been reported in Portugal
and Spain. Occurrence of aflatoxins in cereals and cereal-based products (food and feed) reported in 2007–2019 are summarized
in Tables 2 and 3 for Portugal and Spain, respectively.

The pattern of occurrence of aflatoxins in Portugal is what is generally verified in high-income countries, i.e., higher frequencies
with usually low levels or levels below the regulation of contamination. Despite in Portugal a monitoring system is evaluating
food and feed according to the EU regulations, these data are not publically available. Consequently, no published data are
available for cereal grains and scarce data are available regarding the occurrence of aflatoxins in feed.

The occurrence of aflatoxins in Spain follows a similar pattern to the one presented for Portugal, i.e., higher frequencies with
usually low levels or levels below the regulation of contamination. In Spain there are several studies reporting the occurrence of
aflatoxins in cereals (maize, barley, wheat, malt, rice) and in cereal-based products (breakfast cereals, baby food, pasta, flours, and
bread), and a few studies in feed.
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Human Biomonitoring – What it is?

Exposure to contaminants can happen through different routes, such as inhalation, ingestion, and dermal absorption. The
exposure routes are mainly defined by the context where exposure to a specific contaminant can take place (e.g., through food
consumption or in the workplace) and by the contaminant physical and chemical properties (e.g., if it is volatile, exposure through
inhalation can be facilitated). The amount of contaminant uptake is often termed as the “absorbed dose.” The body burden of a
specific contaminant is determined by factors, such as the contaminant’s concentration in a specific environmental medium, its
physical and chemical properties, and timing of exposure, as well as individual factors, such as uptake, metabolism, and excretion
rates (Calafat, 2016; Ganzleben et al., 2017). Human biomonitoring (HBM) considers all these important aspects by measuring
the concentrations of a chemical or its metabolites in biological samples (WHO, 2015). HBM can be defined as “the method for
assessing human exposure to chemicals or their effects by measuring these chemicals, their metabolites or reaction products in
human specimens” (WHO, 2015).

Biomonitoring data directly reflect the total body burden or biological effect resulting from all routes of exposure, inter-
individual variability in exposure levels and metabolism and excretion rates (WHO, 2015). Therefore, biomonitoring involves
measurements of biomarkers in several biological samples, such as blood, urine, saliva, breast milk, sweat, feces, hair, teeth, and
nails. The choice of biological sample is mainly dependent of the chemical toxicokinetics, metabolism, bioavailability, and the
collection procedure that should be the less invasive as possible (WHO, 2015; Calafat, 2016). In this context, is easy to
understand how important is the choice of biomarkers for the quality and pertinence of data to be obtained within a HBM study
(IPCS/WHO, 1993, 2001). Only with the right biomarker is possible to formulate the correct assumptions about exposure
(Calafat, 2016; Louro et al., 2019). Additionally, there are some important aspects to consider for a successful HBM study such
as the adequate selection of the study population, procurement and type of biological samples, and the choice of analytical
methods (Calafat, 2016).

To sum up, HBM provides an integrated measure of exposure to chemicals from all sources and routes and when properly
used, biomonitoring data can be reliably used to estimate internal doses in environmental epidemiology studies (Calafat,
2016).
Biomonitoring as an Exposure and Risk Assessment Tool

For a specific chemical, HBM can identify spatial and time trends, lifestyle contributing factors, and specific groups with higher risk.
For knowing this implies considering chemicals proprieties and adapt sampling strategy to guarantee the representativeness of the
results and their adequate interpretation. For instance, for chemicals that are excreted rapidly, cross-sectional biomonitoring data
reflect recent exposure, while characterization of long-term exposure patterns at the individual level requires repetitive sampling
(Calafat, 2016). All these considerations allow determining the exposure at individual level and consequently this is of high
relevance for the risk assessment process (Martins et al., 2019).

Recently, Louro et al. (2019) described the state of the art of HBM use in existing risk assessment schemes, presented
examples of the use of HBM for risk assessment and the results of a survey made to regulatory risk assessors on the use of
HBM in risk assessment. It was possible to conclude that although the HBM data in chemicals risk assessment can be found in
almost all regulatory areas, the guidance on such use is generally either limited or missing. To surpass this some recom-
mendations were made such as create an EU level guidance applicable to different regulatory schemes on the use of HBM in
risk assessment to better support the integration of HBM in regulatory risk assessment. Additionally, scientifically sound
health-based biological limit/guidance values (such as derived via the biological equivalents approach), preferably with at
least some regulatory recognition should be established at EU and/or global (e.g., WHO, FAO) level. The same paper also
recommended future research actions intending to the development of approaches to integrate existing HBM data, data using
non-animal testing methods (in vitro for instance) in combination with computational modeling (PBTK) to generate more
reliable information on toxicokinetic and to provide connections between adverse outcome pathways and human internal
Encyclopedia of Mycology, Volume 2 doi:10.1016/B978-0-12-809633-8.21035-2176







The Usefulness of Human Biomonitoring in the Case of Mycotoxins Exposure Assessment 179
Chen, C.J., Yu, M.W., Liaw, Y.F., 1997. Epidemiological characteristics and risk factors of hepatocellular carcinoma. Journal of Gastroenterology and Hepatology 12,
S294–S308.

De Boevre, M., Jacxsens, L., Lachat, C., et al., 2013. Human exposure to mycotoxins and their masked forms through cereal-based foods in Belgium. Toxicology Letters 218,
281–292.

de Nijs, M., Mengelers, M.J.B., Boon, P.E., et al., 2016. Strategies for estimating human exposure to mycotoxins via food. World Mycotoxin Journal 9, 831–845.
De Santis, B., Debegnach, F., Sonego, E., et al., 2019. Biomonitoring data for assessing aflatoxins and ochratoxin a exposure by Italian feedstuffs workers. Toxins (Basel) 11,

E351.
European Commission, 2006. Commission Regulation (EC) No. 1881/2006. Official Journal of the European Union. L 364/5. Regulation of 19 December 2006 setting maximum

levels for certain contaminants in foodstuffs.
Ganzleben, C., Antignac, J.P., Barouki, R., et al., 2017. Human biomonitoring as a tool to support chemicals regulation in the European Union. International Journal of Hygiene

and Environmental Health 220, 94–97.
Gruber-Dorninger, C., Novak, B., Nagl, V., et al., 2017. Emerging mycotoxins: Beyond traditionally determined food contaminants. Journal of Agricultural and Food Chemistry

65, 7052–7070.
Halstensen, A.S., 2008. Species-specific fungal DNA in airborne dust as surrogate for occupational mycotoxin exposure? International Journal of Molecular Sciences 9,

2543–2558.
IPCS/WHO, 1993. Biomarkers and Risk Assessment: Concepts and Principles. Geneva: World Health Organization.
IPCS/WHO, 2001. Biomarkers in Risk Assessment: Validity and Validation. Geneva: World Health Organization.
Lamoth, F., 2016. Aspergillus fumigatus-related species in clinical practice. Frontiers in Microbiology 7. (e683).
Lee, H.J., Ryu, D., 2017. Worldwide occurrence of mycotoxins in cereals and cereal-derived food products: Public health perspectives of their co-occurrence. Journal of

Agricultural and Food Chemistry 65, 7034–7051.
Louro, H., Heinälä, M., Bessems, J., et al., 2019. Human biomonitoring in health risk assessment in Europe: Current practices and recommendations for the future. International

Journal of Hygiene and Environmental Health 222, 727–737.
Marín, S., Cano-Sancho, G., Sanchis, V., Ramos, A.J., 2018. The role of mycotoxins in the human exposome: Application of mycotoxin biomarkers in exposome-health studies.

Food and Chemical Toxicology 121, 504–518.
Marín, S., Ramos, A.J., Cano-Sancho, G., Sanchis, V., 2013. Mycotoxins: Occurrence, toxicology, and exposure assessment. Food and Chemical Toxicology 60, 218–237.
Martins, C., Vidal, A., De Boevre, M., et al., 2019. Exposure assessment of Portuguese population to multiple mycotoxins: The human biomonitoring approach. International

Journal of Hygiene and Environmental Health 222, 913–925.
Martins, C.T., Assunção, R., Nunes, C., Torrese, D., Alvito, P.C., 2020. Are Data from mycotoxins’ urinary biomarkers and food surveys linked? A review underneath risk

assessment. Food Reviews International. doi:10.1080/87559129.2019.1709200.
Peraica, M., Radić, B., Lucić, A., et al., 1999. Toxic effects of mycotoxins in humans. Bulletin of the World Health Organization 77, 754–766.
Rocha, M.D.B., Freire, F.C.O., Maia, F.E.F., et al., 2014. Mycotoxins and their effects on human and animal health. Food Control 36, 159–165.
Santonen, T., Alimonti, A., Bocca, B., et al., 2019. Setting up a collaborative European human biological monitoring study on occupational exposure to hexavalent chromium.

Environmental Research 177. (e108583).
Schatzmayr, G., Streit, E., 2013. Global occurrence of mycotoxins in the food and feed chain: Facts and figures. World Mycotoxin Journal 6, 213–222. doi:10.3920/WMJ2013.15.
Straumfors, A., Uhlig, S., Eriksen, G.S., et al., 2014. Mycotoxins and other fungal metabolites in grain dust from Norwegian grain elevators and compound feed mills. World

Mycotoxin Journal 8, 361–373.
Surai, P.F., Mezes, M., Melnichuk, S.D., et al., 2008. Mycotoxins and animal health: From oxidative stress to gene expression. Krmiva 50, 35–43.
Turner, P.C., Rothwell, J.A., White, K.L.M., et al., 2008. Urinary deoxynivalenol is correlated with cereal intake in individuals from the United Kingdom. Environmental Health

Perspectives 116, 21–25.
Varga, J., Baranyi, N., Chandrasekaran, M., et al., 2015. Mycotoxin producers in the Aspergillus genus: An update. Acta Biologica Szegediensis 59, 151–167.
Viegas, S., Veiga, L., Almeida, A., et al., 2016. Occupational exposure to aflatoxin B1 in a Portuguese poultry slaughterhouse. Annals of Occupational Hygiene 60, 176–183.
Viegas, S., Viegas, C., Oppliger, A., 2018. Occupational exposure to mycotoxins: Current knowledge and prospects. Annals of Work Exposures and Health 62, 923–941.
Viegas, S., 2019. Biomarkers of exposure: An important exposure assessment tool for occupational health interventions. In: Arezes, P., Baptista, J.S., Barroso, M.P., et al.

(Eds.), Proceedings Book of SHO 2019 – International Symposium on Occupational Safety and Hygiene. Guimarães: Sociedade Portuguesa de Segurança e Higiene
Ocupacionais, pp. 201–203.

Vineis, P., Xun, W., 2009. The emerging epidemic of environmental cancers in developing countries. Annals of Oncology 20, 205–212.
Viegas, S., Assunção, R., Martins, C., et al., 2019. Occupational exposure to mycotoxins in swine production: Environmental and biological monitoring approaches. Toxins. 11

(78). doi:10.3390/toxins11020078.
WHO, 2015. Human biomonitoring: Facts and figures. Copenhagen: WHO Regional Office for Europe.
Wu, F., 2014. Time to face the fungal threat. Nature 516, S7.
Zidek, A., Macey, K., MacKinnon, L., et al., 2017. A review of human biomonitoring data used in regulatory risk assessment under Canada's Chemicals Management Program.

International Journal of Hygiene and Environmental Health 220, 167–178.
Further Reading

Straus, D.C., Brasel, T.L., 2008. Human exposure to stachybotrys chartarum mycotoxins. In: Proceedings of the 26th Annual International Symposium on Man and His
Environment in Health and Disease Hidden Connections for Chronic Diseases, November 19–20, 2008, vol. 1. Dallas, TX: American Environmental and Health Foundation.



Mycotoxins as Endocrine Disruptors – An Emerging Threat
Carla Martins, Food and Nutrition Department, National Institute of Health Doutor d Ricardo Jorge, Lisboa, Portugal; CESAM, Centre
for Environmental and Marine Studies, University of Aveiro, Campus Universitário de Santiago, Aveiro, Portugal; NOVA National
School of Public Health, Universidade NOVA de Lisboa, Lisboa, Portugal; and CISP, Centro de Investigação em Saúde Pública,
Universidade NOVA de Lisboa, Lisboa, Portugal
Arnau Vidal and Marthe De Boevre, Ghent University, Ghent, Belgium
Ricardo Assunção, National Institute of Health Dr. Ricardo Jorge, Lisbon, Portugal; Centre for Environmental and Marine Studies,
University of Aveiro, Aveiro, Portugal; and NOVA University Lisbon, Lisbon, Portugal

r 2021 Elsevier Inc. All rights reserved.

Introduction

Mycotoxins are secondary metabolites produced by filamentous fungi and one of the most relevant group of food contaminants
(Bennett and Klich, 2003). These toxins are considered ubiquitous and can affect the food chain in the stages of production,
harvest, storage, and processing (Vettorazzi and López de Cerain, 2016). They are associated with several health outcomes in
human and animal health such as, carcinogenic, immunotoxic, nephrotoxic, neurotoxic, teratogenic, and hepatotoxic effects
(Wu et al., 2014; De Ruyck et al., 2015; Mally et al., 2016; Ostry et al., 2017) and constitute a concern from the public health and
economic perspectives. To prevent these issues, many standards and regulation had been put in place (Eskola et al., 2018, 2019).

Some mycotoxins have been pointed out as compounds presenting endocrine disruptive activity. According to the World
Health Organization and the United Nations Environment Programme (UNEP), an endocrine disruptor (EDC) is a substance that
alter one or more function of the endocrine system and consequently cause adverse effects in an intact organism, its progeny and a
(sub)population (UNEP and WHO, 2012). EDCs may alter physiology during the whole life span of an individual, from fetal
development to adult growth (Gore et al., 2015), and with different degrees of evidence, could be associated to several health
effects. These effects are also dependent on both the level and timing of exposure being especially critical when exposure occurs
during development (UNEP and WHO, 2012).

Considering the human exposure through oral intake, EDCs are classified in four categories: EDCs with bioaccumulation ability
(e.g., polychlorinated biphenyls – PCBs, polybrominated flame retardants, perfluorinated chemicals), compounds used for food
production (e.g., pesticides), chemicals present in food due to contact materials (e.g., BPA), and endocrine-active substances
naturally present in food (e.g., genistein; mycotoxins) (Diamanti-Kandarakis et al., 2009; Ribeiro et al., 2017).

The human exposure to EDCs is a public health concern and several attempts have been made in order to harmonize concepts
and methodologies for hazard, safety, and risk assessment (EFSA, 2013; ECHA, EFSA and JRC, 2018).

Considering that endocrine-active substances naturally present in food as mycotoxins constitute an emerging threat to public
health and the recent data evidencing human exposure to these compounds, here the authors intend to gather and systematize key
information regarding mycotoxins considered EDCs.
Zearalenone

Main Characteristics

The Fusarium mycotoxin ZEN, considered the parent compound, belongs to a family of compounds sharing the ring system of a
macrocyclic b-resorcylic acid lactone (RAL). It is produced by Fusarium species such as F. graminearum, F. culmorum, F. equiseti, and F.
verticillioides (Steinkellner et al, 2019). Modified forms of ZEN have been described mainly in food from plant origin, due to the
biotransformation performed by plants and/or fungi (EFSA, 2016). These compounds formed by conjugation with sulfate (ZEN-Sulf)
and glucose (ZEN-Glc) molecules are important because they are hardly detected by the routine food analysis (Rychlik et al., 2014).

Zearalenone is stable, does not degrade at high temperature and exhibits fluorescence under ultraviolet (UV) light. The structure
and shape of zearalenone and its metabolites resembles endogenous estrogen, the 17b-estradiol (Kowalska et al., 2016).
Metabolism of Zearalenone

Following ingestion and absorption, ZEN is metabolized mainly by enterocytes and hepatocytes (Molina-Molina et al., 2014). The
biotransformation of ZEN occurs in two major pathways. The phase I is characterized by the reduction of the keto group to an
alcoholic hydroxyl group to yield the stereoisomeric compounds a-zearalenol (a-ZEL) and b-zearalenone (b-ZEL). Reduction of
the olefinic double bond of ZEN leads to zearalanone (ZAN), and reduction of both the olefinic double bond and keto group to
a-zearalanol (a-ZAL) and b-zearalanol (b-ZAL) (Steinkellner et al., 2019). The phase II is characterized by the conjugation of the
parent compound and/or the phase I metabolites with glucuronides or sulfate groups in order to become polar and facilitate the
urinary excretion. The conjugated metabolites are excreted in the bile and entero-hepatic recirculation and finally eliminated with
urine (Molina-Molina et al., 2014). Fitzpatrick et al. (1988) analyzed the metabolism of ZEN and found a-ZEL to be the major
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Introduction

Fungi are commonly found in the environment. They are eukaryotic, gram-positive, heterophilic living microbes (Pal, 2014). They are
carcinogenic, cytotoxic, neurotoxic, immunosuppressive, they can cause allergic reactions and “sick building syndrome – SBS”. The
most popular fungi found in food are species of the genus of Aspergillus (A. ochraceus) – cereals, peanuts, coffee beans; Penicillium
(P. expansum, P. notanum, P.chrysogenum, P.cyclopium) – stale bread, cheese, apples, citrus; Fusarium (F. poae, F.graminearum, F.soro-
trichoides, F.oxysporum, F.solani) – cereals and crops (Chróst, 2016). (Tables 1 and 2).

Also from the medical perspective, reduction of the fungi occurrence in foods is important – fungi can produce mycotoxins that
are toxic to humans – they are hepatotoxic, nephrotoxic, neurotoxic, teratogenic, estrogenic, have immunosuppressive effects, can
damage the digestive system, can cause cancer and reproductive problems.

The main reason of products contamination by fungi are a warm climate and inadequate cooling (Pal, 2014). Contamination
of products by fungi can also come from air, surfaces, ingredients and environment. Fungi contamination can be visible in the
form of colonies or so-called “toad skin” or “cat hair”. This is caused by fungi of the genera Galactomyces geotrichum and Mucor spp.
(Garnier et al., 2017b).

Some of the researches estimate that 5%–10% of all produced food in the world is lost because its spoilage by fungi (Buehler
et al., 2017; Garnier et al., 2017a; Buehler et al., 2018).

Milk and dairy products are a major type in few diets habits in many countries, therefore is very important to monitor and
protect these products from contamination (Bouillon et al., 2019).
Table 1 Fungi and mycotoxins which they can produce

Mycotoxin Fungi References

Aflatoxins (B1,
B2, G1, G2)

Aspergillus flavus, Aspergillus parasiticus, Aspergillus nominus Pitt (2000)
Aspergillus flavus, Aspergillus parasiticus, Aspergillus nominus, Aspergillus

pseudotamarii, Aspergillus bombycis, Aspergillus ochraceus
ELbagory et al. (2014)

Aspergillus flavus, Aspergillus parasiticus Hymery et al. (2014)
Aspergillus ochraceus, Aspergillus flavus, Aspergillus parasiticus, Aspergillus nominus Chróst (2016)
Aspergillus flavus, Aspergillus parasiticus Sengun et al. (2008), Becker-Algeri et al.

(2016), del Palacio et al. (2016),
Moubasher et al. (2018)

Ochratoxin A Penicillium verrucosum, Aspergillus ochraceus, Aspergillus niger, Aspergillus carbonarius,
Penicillium viridicatum

Pitt (2000)

Aspergillus ochraceus, Aspergillus melleus, Aspergillus niger, Aspergillus sulfurous,
Aspergillus awamori, Penicillium verrucosum, Penicillium crysogenum, Penicillium
nordicum

Becker-Algeri et al. (2016)

Aspergillus ochraceus, Penicillium verrucosum, Chróst (2016)
Trichotecenes Fusarium graminearum Pitt (2000)

Trichotecium, Trichoderma, Cephalosporium, Myrothecium, Stachybotrys, Cylindrocarpon,
Verticimonosporium, Phomopsis

Becker-Algeri et al. (2016)

Fumonisins Fusarium moniliforme, Fusarium proliferatum Pitt (2000), Chróst (2016)
Fusarium proliferatum, Fusarium verticillioides, Fusarium fujikuroi, Fusarium globosum,

Fusarium oxysporum
Becker-Algeri et al. (2016)

Fusarium species Piątkowska et al. (2018)
Zearalenone Fusarium graminearum Pitt (2000)

Fusarium graminearum, Fusarium culmorum Fusarium solani Chróst (2016)
Fusarium graminearum, Fusarium culmorum Becker-Algeri et al. (2016)
Fusarium species Piątkowska et al. (2018)

Citrinin Penicillium citrinum, Penicillium viridicatum, Penicillium expansum, Penicillium
verrucosum, Aspergillus carneus, Aspergillus niveus, Aspergillus terreus

Hymery et al. (2014)

Toxin T-2, HT-2 Fusarium sporotrichioides Becker-Algeri et al. (2016)
Fusarium graminearum, Fusarium poae, Fusarium solani Chróst (2016)
Fusarium species Piątkowska et al. (2018)
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Table 2 Maximum levels of mycotoxins in milk and dairy products

Mycotoxins Milk and milk products maximum levels [mg/kg]

Aflatoxin M1 Raw milk, heat-treated milk and milk for the manufacture of milk-based products 0.05
Infant formulas and follow-on formulas, including infant milk and subsequent milk 0.025

Ochratoxin A Dietary products for children (e.g., milk) 0.5

Note: (EC) No 1881/2006, 2006. Commission Regulation (EC) No 1881/2006 of 19 December 2006 Setting Maximum Levels for Certain Contaminants in Foodstuff.
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Fungi and Yeasts in Milk

Milk for human consumption is most commonly derived from cows – almost 83% of world milk production (Pal, 2014; Becker-
Algeri et al., 2016; Conte and Panebianco, 2019), but milk can be also obtained from a variety of animal sources such as goat
(2%), sheep (1%) and buffalo (13%) (Becker-Algeri et al., 2016), donkey (less than 0.1% and it is used as a substitute of
breastmilk) (Sarno et al., 2012; Conte and Panebianco, 2019) and human for human consumption. Cow’s milk can be consumed
directly as well as a component of dairy products and milk powder. Goat milk has been gaining benefits as an alternative to cow’s
milk, because it is less likely to cause allergies. It has also higher levels of iron and fat content. A soft curd is formed with it, which
is more digestible. Cheeses made from goat’s milk are popular in the Mediterranean and southern regions of Europe (Quigley
et al., 2013).

Sheep’s milk is rarely drinking raw, and it is often used to make sheep’s cheese (Quigley et al., 2013; Spanamberg et al., 2014).
Buffalo milk is consumed mostly in India and Pakistan. It is not common in Europe, but it is important in some Mediterranean

countries, where it is utilized for making a traditional mozzarella cheese (Quigley et al., 2013).
In the countries of the Mediterranean region, donkey milk and products based on it are very popular. It has low fat and protein

content, while high lactose content (Malissiova et al., 2015; Gross et al., 2019).
Raw milk is very good environmental medium for the fungal growth, because it has a specific composition: it contains proteins,

carbohydrates, minerals, fat and vitamins (Lawan et al., 2012; Elhaj et al., 2014). Microbial contamination of milk and milk
products is mostly caused by unhygienic conditions, human factors, air, surfaces, supplier ingredients and milking environment on
a farm (Cooke and Brazis, 1968; Pal, 2014; Garnier et al., 2017b; Buehler et al., 2018). Fungi are also commonly found in the dairy
farms, therefore they can be present as a natural contaminants in raw milk. However this kind of fungi are mostly heat sensitive,
thus they are not a direct source of fungi contamination in dairy products made of them (Buehler et al., 2017). Raw milk contains a
lot of nutrients for people in any age (especially it is consumed by infants and in childhood), however it has a neutral pH and high
water content, which enables the growth and development of many microorganisms including fungal species (Vahedi et al., 2013;
Gulbe and Valdovska, 2014; Amaechi and Adiele, 2015; Von Neubeck et al., 2015; Becker-Algeri et al., 2016).

In addition, the occurrence of fungi in raw milk is affected by physiological condition of animals, breeding conditions and even
the weather (Delavenne et al., 2011; Quigley et al., 2013). The presence of fungi is also affected by certain climate and vegetation
features, as well as geographical location (Peši�-Mikulec et al., 2005).

Additionally, dairy cattle suffer for mastitis, which can be caused by yeast like Candida spp. This is an inflammatory reaction of
the udder. This infections are really common and also the most costly disease in dairy industry. Milk from cows with these
infections has higher somatic cell count lowering the quality of milk. As a result, milk originating from the dairy cattle suffering
from mastitis is not marketable (Dworecka-Kaszak et al., 2012), since can contain flakes, clots, blood or has another color
(Zastempowska et al., 2016). Environmental factors have an important influence on fungal growth. Although there are some
species that grow in specific seasons and in particular conditions, they have also a capability of living for the whole year (Peši�-
Mikulec et al., 2005). Also microbiota of milk can vary from other milk farms (Lavoie et al., 2012).

Due to fungal contamination milk mycotoxins can be also present. Many studies indicate the presence of zearalenone in cow’s milk
(Gaj�cka and Gaj�cki, 2014; Becker-Algeri et al., 2016), in bovine milk (Becker-Algeri et al., 2016), in ruminants’ milk (Zastempowska et al.,
2016), aflatoxin M1 in cow’s milk (Pitt, 2000; Sengun et al., 2008; Jankovic et al., 2009; Becker-Algeri et al., 2016; Decontardi et al., 2018),
in bovine milk (Becker-Algeri et al., 2016), in human breast milk (Sengun et al., 2008; Zastempowska et al., 2016) and fumonisins in
bovine and human milk (Zastempowska et al., 2016). (Table 3).
Fungi and Yeasts in Dairy Products

Dairy products are products derived from processed milk. It is consumed every day by millions people in the world, so the risk of a
potential food-borne contamination is a big concern for people (Lawan et al., 2012).

As a result of milk fermentation by bacteria, yeast or fungi can produce many products such as cheese, butter or yogurts
(Moreira et al., 2001). However, also the contamination of milk can have an influence to the physical and organoleptic char-
acteristics of milk. On the other hand, characteristics of milk may affect the quality and shelf life of dairy products (Spanamberg
et al., 2014). Therefore, contamination of milk has an impact on the contamination of dairy products made of it.

Kefir is a symbiotic combination of microorganisms – lactic acid bacteria, yeast, sometimes acetic acid bacteria along with
natural polysaccharides and protein matrix. Kefir grains are elastic, slimy, white to pale yellow with irregular structure, usually
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Introduction

Herbal plants are used as everyday products and as raw materials in the pharmaceutical industry for the production of, among
others, dietary supplements for the use and treatment of diseases; however, they may not meet the quality, safety, and efficacy
requirements of the treatment (World Health Organization, 2001,2005). According to the WHO, herbal medicines are defined as
herbal products in the medicines category in a national drug regulatory framework, therefore they may include “herbs”, “herbal
materials”, “herbal preparations”, and “finished herbal products”/“herbal medicinal products” (World Health Organization,
2007). The World Health Organization (2014–2023) confirms the use of phytotherapy is popular and is the main source of health
care primarily in countries with less availability of conventional medicine, but also in developed countries or as complementary
therapy used by about 70% of Australians and one-third of Americans (Complementary Medicines Australia, 2017). Global
market for medicinal plants is constantly growing, for 2016 it was valued at 71.19 billion USD by Hexa Research (2017) and
Rocha-Miranda and Venâncio (2019). The medicinal plant consists of many active chemicals, such as mucilage, polyphenols,
polysaccharides, etc., which may modify the effects of the active principles. Thus, it is believed that some natural remedies may
have toxic effects on the body or act as an agonist or antagonist of the active substance (Dar et al., 2013). Therefore, toxicity tests
for pre-assessment of the efficacy of plant extracts are so important (Hewawasam et al., 2016).

Herbal plants are exposed to different types of pollution, from chemical to microbiological, which have negative impact on
human body. Examples of potential sources of contaminants as well as manufacturing stages, during which they may be
detectable, are shown in Table 1.

Dietary supplements are foodstuffs and they must comply with the definition of food in Regulation (EC) No 178/2002 of the
European Parliament and of the council of 28 January 2002 (European Commission, 2002), according to which: “food (foodstuff)
means any substance or product, processed, partly processed or unprocessed, intended for human consumption or the con-
sumption of which by people can be expected." Current legal regulations do not have guidelines for ingredients of dietary
supplements other than vitamins and minerals, which means that the market for these products is characterized by considerable
diversity. According to a report from the European Commission (SEC, 2008), the number of substances used in the production of
dietary supplements is about 400, of which 50% of the dietary supplements market in the European Union are vitamins and
minerals (Table 2). Dietary supplements contain mostly plant raw materials traditionally used in Europe, including pharmaco-
poeia raw materials; however, they should be in supplements at doses much lower than the therapeutic ones.

Under current law, trade of a dietary supplement does not require authorization, as is the case with medicinal products. Therefore,
most of these products are not tested and their use is monitored poorly or not at all. The cause of negative impact of dietary
supplements on a body may be contamination by various mold fungi during collection of plant ingredients, use, packaging, and
distribution. Almost 80% of deaths in Poland result from the so-called civilization diseases, i.e., in the study of cardiovascular diseases –

approx. 48%, malignant cancers – approx. 24%, and injuries and poisonings – approx. 7% (Ałtyn et al., 2018). Organizations dealing
with the issue of food, i.e., the Food and Agriculture Organization (FAO), The World Health Organization (WHO), and the EU Food
Safety Commission (EFSA) see the risk of using fungi as quite realistic, which is why committees have been flooding in recent years to
assess the toxicity of them in foodstuffs. World market of medicinal herbs in 1985 was estimated to B $17 billion, while current market
analysis shows that by 2023 it will increase to B $111 billion (average annual growth rate of 7%–8%). Factors that increase the
demand include the cost of insurance-based medical care in some areas (America), growing desire of people in industrialized countries
to take over their own health, and increasingly older population in these countries (Market Research Futures, 2018).
Occurrence of Fungi in Plants and Dietary Supplements – A Global Problem

Molds form a group of about 100,000 species and are widespread in nature. They are one of the most common environmental
pollutants, due to their high ability to multiply under favorable conditions, on virtually any substrate (Ahmad et al., 2014). It is
estimated that about 25% of the biomass share is mold (Hussein and Brasel, 2001). From an ecological point of view, they play an
important role in the natural circulation of matter, because they contribute to the degradation of biomass making it again useful as
a nutrient. At the same time, however, as pathogens they are important in crops (especially cereals), causing a decrease in yield and
a decrease in their quality.

Mold infection of raw materials and products (especially plant ones) and, as a result, the mycotoxin load is not uniform every
year, therefore the problem in question is eagerly silenced, hence it is still underestimated. The most important types of mold fungi
include: Aspergillus spp., Penicillium spp., Fusarium spp., Alternaria spp., Claviceps spp. They can be formed either by primary
phytopathogenic species of fungi (e.g., Fusarium graminearum), already on plants growing in the field, or during storage of
foodstuffs, raw materials and feed, under conditions favorable for their development (e.g., Penicillium spp).
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Introduction

Food spoilage is a metabolic process that causes foods to become undesirable or unacceptable for human consumption due to
changes in sensory characteristics (Sahu and Bala, 2017; Rawat, 2015). The main cause of food spoilage is invasion by micro-
organisms such as molds, yeast and bacteria. Fungi are ecologically, physiologically and morphologically diverse and constitute
one of the largest group of organisms on earth with at least 1.5 million and more probably, close to 3 million species
(Hawksworth, 2015; Quéro et al., 2019). Fortunately for the food industry, the number of concern as spoilage agents in food,
drink, and water are relatively few; only a few hundred, of which only about 50 are commonly encountered (Hawksworth, 2015).
Among fungi, microscopic filamentous fungi (also called molds) have an important impact on human activities, either positive or
negative. On one hand, they are important producers of enzymes, organic acids and antibiotics and can be used to manufacture
fermented foods (Chalupová et al., 2014; Chen et al., 2014; Rodríguez et al., 2015; Quéro et al., 2019). On the other hand, they are
able to spoil a large variety of food and food commodities, from raw materials to finished products. Their growth can lead to
several types of product-alteration such as taste and odor problems and decay (Pitt and Hocking, 2009; Quéro et al., 2019).
Filamentous fungi cause important food losses and substantial economic damage (Quéro et al., 2019; Thornton and Wills, 2015;
Rodríguez et al., 2015).

The exact causes of food losses vary throughout the world and are very much dependent on the specific conditions and local
situation in a given country. In broad terms, food losses is influenced by crop production choices and patterns, internal infrastructure
and capacity, marketing chains and channels for distribution, as well as consumer purchasing and food use practices. Irrespectively of
the level of economic development and maturity of systems in a country, food losses should be kept to a minimum (State of Food
and Agriculture, 2019; Rawat, 2015). These losses are very difficult to evaluate, because they fluctuate depending on the location, the
season, and the type of product spoiled. For instance, 1%–3% losses were reported in the bakery industry, and 5%–10% losses were
reported for postharvest fruits treated with fungicides (Dagnas and Membre, 2013; Rawat, 2015).

The issue of food losses is of high importance in the efforts to combat hunger, raise income and improve food security in the
world’s poorest countries. Food losses have an impact on food security for poor people, on food quality and safety, on economic
development and on the environment. There are also environmental and resource costs associated with food spoilage and loss. If
20% of a crop is lost, then 20% of the fertilizer and irrigation water used to grow that crop was also lost (Rawat, 2015). A new FAO
report launched 14 October 2019, Rome – by the UN Food and Agriculture Organization, provides insights into how much food is
lost – as well as where and why – at different stages of the food supply chain, calls for informed decisions for an effective reduction
and offers new ways to measure progress. FAO report provides with new estimates of food loss from post-harvest up to retail to
help identify appropriate measures for an effective reduction. According to the State of Food and Agriculture (2019), globally
around 14% of the world’s food is lost after harvesting and before reaching the retail level, including through on-farm activities,
storage and transportation (State of Food and Agriculture, 2019).
Diversity of Spoilage Fungi

Food spoilage may be defined as a process or change which renders a product undesirable or unacceptable for consumption
(Nychas and Panagou, 2011). Spoilage may arise from insect damage, physical damage, indigenous enzyme activity in the animal
or plant tissue or by microbial infections. Most natural foods have a limited life. Perishable foods such as fish, meat and bread
have a short life span. Other food can be kept for a considerably longer time, but it decomposes eventually. Enzymes can bring
about destruction of polymers in some foods, while chemical reactions such as oxidation and rancidity decompose others, but the
main single cause of food spoilage is invasion by microorganisms such as molds, yeast and bacteria (Garnier et al., 2017; Rawat
(2015)). It has been estimated that 5%–10% of the worldwide food losses is due to the fungal spoilage (Quéro et al., 2019).

Losses are the results of one or more problems occurring in the supply chain, from initial agricultural production down to the
consumer level (State of Food and Agriculture, 2019). The moldy foods are the source of various food borne conditions due to
gastroenteritis in human. Currently, the emphasis is put on the total quality of food, which means that not only food should be
nutritionally balanced but should be microbiologically safe too (Embaby et al., 2015). In this context, correct identification of food
fungal spoilage is a key step to better manage the food safety and quality. An erroneous identification could lead to the risk under-
estimation or unnecessary counter measures (Hawksworth, 2015; Quéro et al., 2019).

Filamentous fungi are also a constraint on food safety issue due to the production of mycotoxins or allergens by these molds.
To avoid or reduce the mold spoilage, several hurdles can be used: reducing the water activity of the food, thermal processing,
addition of preservatives, reduction of oxygen in the packaging using vacuum, oxygen scavengers or modified atmosphere
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Do Fungi Need to Be Pathogenic?

Fungal strains (understand isolates) belonging to one species are very much close to each other in their genetic toolkit. That leads to the
phenomenon the particular fungal strain as so called etiologic agent of a disease can be actually coincidental if the other members of the
same species live outside the human body. Thus, in contrary to bacteria where particular strains possess so called pathogenicity islands
in their genomes, and they differ among themselves in virulence and antibiotic resistance, in mycology, the pathogenicity can be
attributed only to the particular species not necessarily to its every single isolate (strain) (Gräser et al., 2008). Pathogenicity of fungi is a
potential (virtual) behaviour of them, which might not always be displayed (Ribeiro et al., 2017). On the other hand, every strain
behaves very actually under given circumstances, incl. causing a disease in a host present. It even can happen that due to somehow
reduced virulence (over the evolution) of human-associated infectious agents the ones with highest degree of adaptation (to humans
only) can almost not cause disease. Some of the pathogenic fungi have a warm-blooded hosts different from humans.

All fungi are optimally living in their natural biotop – the niche which they are much more often isolated from in comparison
to other places, so called unoptimal environments. Some species are, however, able to inhabit remarkably wide variety of
environments, they have a wide ecological amplitude (Pitt and Hocking, 1997; Fortin et al., 2017). This ability is based on
mechanisms of conversion into a metabolically silent state (chlamydospores, endoconidia etc.) and it is polyphyletic in the
kingdom Fungi. The most fungi culturable in vitro do belong to this group. Anyway, there is the large group of highly specialized
fungi that require special methods for being isolated. And some of clinically important fungi are exactly such organisms.

In animal and human medical mycology, one usually posts immunocompromised patients might be invaded by any fungus
practically. While even the established pathogenic fungus are, perhaps, causing disease only when being implanted into the host
coincidentally as they naturally occur – grow and reproduce – in the environment. That might explain e.g., the agents of deep
mycoses are not transmitted from host to host unlikely pathogenic bacteria do. Though, some fungi might have developed the
ability or even a preference to use warm-blooded host bodies in some parts of their life cycle. Fungi of similar morphologies may
basically differ in their optimal environment what results in absolutely different isolation rates (e.g., saprophytic Cladosporium
cladosporioides versus pathogenic Cladophialophora bantiana) (Perfect, 1996).

Therefore, fungi are mostly facultative pathogens – they can be found outside the host bodies, perhaps just in a dormant state,
but they are able to grow and propagulate in the animal (human) body (Pana et al., 2014). Only very few species (like dimorphic
fungi) – obligatory pathogens - are found exclusively on mammals. But, there are also some commensal species that complete
their life cycles on the body (e.g., Malassezia, Piedraia).

Properties enabling the fungus to overcome hostile environment conditions (e.g., heat, UV radiation) are called vitality factors
like content of melanin, carotenes, thick cell walls, meristematic growth. In terms of animal pathogenicity, they are non-specific.
These factors alone are insufficient to cause a mycosis and they do not allow fungal adaptation to mammalians (Morschhäuser
et al., 1996; Sterflinger et al., 1999, 1998; Chechi et al., 2018). Such a fungus grows on living tissue as hyphal clumps with sterile
elements, and is not able to return to its normal environmental conditions anymore. Thus, it is dying with its host. The passage
through the host does not have any evolutionary sense for the fungus. Selective evolutionary adaptation to the host conditions is
not possible as the fungal body (thallus) is vegetative.

Anyway, there are fungi termed zoodemes which thalli in the host tissue or body fluids are actually independently propagating
generations of fungal cells (e.g., yeasts with budding cells or arthroconidia, hyalohyphomycetes able to form conidia in living
tissue, Pseudallescheria anamorph sporulating in blood). Zoodemes might be then seen as roots of evolutionary pathogenicity. The
adventitious sporulation enhances invasion, like vascular penetration, so, fungus is found in blood cultures (Schiemann et al.,
1998; de Hoog et al., 2009).

There is a dynamic balance between fungal vitality and host response: fungus wants to get optimal evolutionary fitness via
maximizing reproduction and dispersion, while host needs to minimize the damage due to infection, i.e., heavy fungal growth and
severe inflammation are apparent. We are speaking about pathogenic fungus. If the fungus is highly adapted to the host, it may
lead to a paradox, lower virulence, and that fungus becomes adapted infectious agent, not causing infections in the end.

Dimorphic fungi have invasive zoodeme form and the hyphal environmental one. So, it is obvious some evolutionary
advantage of animal association, not just the coincidental phenomenon. Apparently, the survival of the fungus will be more
successful when utilizing an appropriate host. That is a sort of ecological strategy of the fungus (de Hoog et al., 2009; de Moraes
Gimenes Bosco et al., 2019a). Virulence factors are then restricted only to properties enabling penetration and survival in living
animals. We are now speaking about evolutionary pathogenesis with rather stubborn clinical picture and localization. To succeed
in ecological competition with other fungi present, dimorphic fungi thus employ S- and P-strategies: S for stress-tolerance
(inhabiting the unfavourable environments, deserts, shelters etc.) and P for pathogenicity, as known in Coccidioides or Histoplasma
(Dix and Webster, 1995; Teixera and Barker, 2016). The host animals serve as a reservoir of the fungus, which may hide in the
infected host with properly working immune responses without causing disease but it might be dispersed from the host back into
the environment. The fungus possess only a gentle virulence. If the host immune system becomes impaired (its acquired cellular
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part), the fungus reactivates endogenously (Romani, 2011; Marques, 2008). The process may lead to the host death, the fungus
enter to its saprobic phase and spread out of the dead body (often the case with rodent reservoirs in endemic areas of some fungi
where these fungi have a continuous distribution) (Livas et al., 1995; del Rocio Reyes-Montes et al., 2016). Histoplasma´s strategy is
a bit different: the fungus is environmentally occurring on animal excrements, its distribution is disjuncted. If an animal functions
just as a carrier of the fungus to replace it, we speak about vector (e.g., some dermatophytes use furry animals) (Ampel, 1999). So,
fungi have developed balanced strategies with known or unknown animal species where the virulence of fungus is moderate.
While, human fungal infections seem to be only evolutionary dead ends.

Several hundreds of fungal species appear to be able to persist in the living animal tissue, though with the low vitality. When
entering the otherwise healthy host with properly working immunity, they remain just sitting at the place of entrance (wound,
airways). Innate cellular immune system of the host might be really hard working to control such an invader, thus, severe
inflammation might occur. That explains chronic character of mycotic diseases. The fungus is unable to return to its common
environment, that is also why it is very difficult to grow the primary culture of that fungus. From the fungal evolutionary fitness
point of view, it is not a useful part, and the infection is the spill-over one (Bouhry et al., 1999). In the case of immune
impairment, the fungus – opportunistic pathogen – takes advantage and disseminate. Rapidly growing fungi like Mucorales are
applying R-strategy, R for ruderal, they rapidly colonize and reproduce and disappear before other organisms enter. Fungi
producing many extracellular antibiotics and toxins are working with C-strategy, C for combative, typical for aspergilli and fusaria,
causing more chronic mycoses in immunocompromised hosts (Dix and Webster, 1995).

Some fungi are just a commensals on the host body, utilizing some compounds produced on the skin or its adnexes without
damaging the living animal. But coincidentally, they can invade into to adjacent tissue. A typical example in animals is Malassezia,
restricted to the vertebrate host, living from dead cells of the stratum corneum (Guillot and Bond, 1999). These species are so
called autochtonous commensals as the vertebrate is their natural ecological niche. Anyway, once entering the blood stream via
catheter, they are able to cause transitory fungemia. So, they might produce zoodemes, too. The fungi which are only landed on the
animal body without taking any nutritional profit are stated as contaminants.

Dermatophytes might be regarded as commensals, too. They utilize keratin as the main source of carbon and nitrogen. Geo-
and zoophilic Microsporum species do not need any living animal tissue at all. Ornamentation of their spores and fruit bodies with
a lot of hairs, hooks, combs etc., allow them to remain between fur and feathers for efficient dispersion (Fig. 1). Some pathogenic
species, esp. associated with humans (Trichophyton) are unable to produce any conidia as they propagulate only via skin scales
containing infectious arthroconidia (Gräser et al., 1999). Zoophilic dermatophytes on human hairless skin provoke strong
inflammation followed by clearance. That process indicates a low level of adaptation of the fungus to an acquired immunity.

Faeces, dung and guano harbour plenty of fungi. Most of them are living on half-way digested products, not in the host
gastrointestinal tissue. The fungi colonizing excrements are causing mycoses extremely rarely, despite of being in very close contact
with the particular animal. The opposite is endosaprobe, the fungus with ecological niche inside the animal digestion tract. Typical
example is Candida which can not survive longtime in the stool because of low competitive ability. This fungus has developed
abilities to defend itself against the host reactions and against the bacteria co-present with it, establishing a delicate balance among
each other (Bernhardt et al., 1995; Wheat, 1995). There might be the same behaviour of Pseudallescheria boydii in water animals,
commonly occurring in heavily organically polluted waters or in the soils very rich in nutrients (de Hoog et al., 2009).

If a non-pathogenic fungus enter the host body, its immediately eradicated by the animal´s unspecific cellular immunity while
being fully competent. The numbers of pathogenic fungal cells first increase exponentially and with some delay further growth is
controlled by acquired cellular immunity (Schaffner, 1999). Immunosuppression does not have any impact on this curve. It
means, the reaction of host immune system clearly distinguish between fungal pathogens and opportunists: the first ones are
capable to overcome host first, unspecific defence line. Esp. fungal species living in the vicinity of animals, being in closed
confrontation with their immune system, may have developed the ways to escape the natural immunity successfully. The species
Fig. 1 Microsporum canis macroconidia, magnification 1,000 � easily attachable to kitten fur (with microsporidiosis).
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Introduction

Enzymes are biological catalysts that accelerate chemical reactions with high efficiency and specificity (Robinson, 2015). Almost
all enzymes are protein in nature, with the exception of catalytic RNA molecules (ribozymes) that play an important role in gene
expression (Robinson, 2015). Also known as biocatalysts, enzymes mediate metabolic processes in living organisms (micro-
organisms, plant, animals, and humans) to occur at rates fast enough to sustain life. For example, Radzicka and Wolfenden
(1995) estimated that oritidine50-monophosphate decarboxylase, an enzyme involved in nucleic acid metabolism, accelerates
the decarboxylation of orotic acid reaction rate by 17 orders of magnitude, indicating that the catalytic effect of enzymes is vital
for living organism. The capacity of enzymes to reduce process time and its low energy requirement has gained interest in
industry.

Centuries before their biotechnological exploitation, enzymes derived from living organisms had unknowingly been used for
food and alcohol production. For example, the conversion of grains and fruits to alcohol is mediated by enzymes produced by
fermenting yeasts (Ray et al., 2016). Attempts to extract the active agent in milk coagulation for cheese production had led to the
direct use of enzymes in industrial processes. In 1874 the Danish chemist Christian Hansen used rennet extracted from calf
stomach for commercial cheese production (Abdel-Fattah and Mabrouk, 1972). The late nineteenth century also witnessed the
first documented use of fungal enzymes in an industrial process. Jokichi Takamine developed a method of production and
extraction of amylase used for malting in brewing (Robinson, 2015; Bennett, 1998). Today, enzymes are widely used in
industries including food, detergents, agriculture, chemicals, pharmaceuticals, textile and fuel (Adrio and Demain, 2014; Meyer
et al., 2011). There are more than 3000 different enzymes (intra and extracellular) known but only 5% (mostly extracellular) are
commercially used (Marzo et al., 2019; Green and Beezhold, 2011; Schwab, 2002), and over 500 commercial products
worldwide are processed using enzymes (Thapa et al., 2019). The enzyme global market is expected to grow at a compound
annual growth rate of 6.83% during the forecast period of 2019–2024 (Kunal and Amit, 2019). Up until the 1970s, industrial
enzymes were mainly produced by animals and plants. Owing to their economic, technical and/or ethical advantages over
plants and animals, microorganisms are currently the preferred hosts for producing industrial enzymes. Among microorganisms
used for industrial enzymes production, fungi are frequently used for producing heterologous proteins and for eukaryotic
enzymes that require posttranslational modifications to be functional (Nevalainen and Peterson, 2014). This is because bacteria
do not have the posttranslational modification machinery found in eukaryotes. The high degree of nutritional flexibility,
metabolic versatility and the ability to produce large quantity of extracellular enzymes have made fungi the preferred hosts for
the industrial production of native enzymes as well as recombinant enzymes from endogenous and heterologous organisms.
Moreover, enzymes and organic acids produced by fungal species of genera such as Aspergillus, Mucor, Rhizopus, Trichoderma,
Penicillium, Pichia, and Saccharomyces have received the GRAS (Generally Recognized As Safe) status from the Food and Drug
Administration of the United States, allowing their broad use in different industrial sectors, including food and pharmaceutical
industries. With recent advances in molecular genetics and genome editing, and the availability of genomic and proteomic tools,
the production of recombinant enzymes has been expanded. About 90% of industrial enzymes are produced as recombinant
proteins (Lara-Marquez et al., 2011; Adrio and Demain, 2014). Described here is the production of native and recombinant
enzymes by fungi for different industrial sectors.
Fungal Hosts for Industrial Enzyme Production

The use of fungal enzymes to convert and produce fermented foods and beverages such as bread, cheese, wine and beer, dates back
centuries (Cairns et al., 2018). Currently, the fungi that produce the majority of industrial enzymes of fungal origin come from a
limited number of genera of which Aspergillus and Trichoderma species predominate (Frisvad et al., 2018). The production
organisms should preferably have a history of producing products that have received the GRAS status (US Food and Drug
Administration, 2019), which means that they are known to be non-pathogenic and they do not produce metabolites that could
be harmful to human and animals. This is especially important when the enzyme is used in food or drug applications. In addition
to safe production, at least two other criteria need to be taken into consideration in selecting an industrial enzyme producer for
development: (1) The capacity of the fungus to secrete large quantities of enzymes to the cell exterior to facilitate downstream
processing; and (2) genetic tractability for production of recombinant enzymes. Fungi that are amenable to CRISPR genome-
editing technology would have both short- and long-term advantages in strain development. Aspergillus species (e.g., A. niger,
A. oryzae) and Trichoderma reesei have the above mentioned features and are used in industry for the production of extracellular
enzymes such as alpha-amylases, glucoamylases, cellulases, pectinases, xylanases, and proteases (Frisvad et al., 2018).
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General Aspects of Laccases

Laccases are phenol oxidases (EC 1.10.3.2) belonging to the multicopper oxidases (MCO) superfamily. Discovered in 1883 in the
exudates of the lacquer tree Toxicodendron vernicifluum (Yoshida, 1883), laccases have been isolated from plants, fungi (ascomy-
cetes, basidiomycetes and deuteromycetes), prokaryotes and arthropods, where they are involved in different biological processes.
Fungal laccases are implicated in intra- and extracellular physiological processes including morphogenesis, pigmentation,
pathogenesis, delignification and detoxification (Claus, 2004; Hoegger et al., 2006; Morozova et al., 2007). White-rot basidio-
mycetes responsible for wood decay in nature are among the main laccase producers together with the litter-decomposing fungi.
They secrete laccases as part of an array of oxidoreductases, with ligninolytic peroxidases as the main players, enabling the efficient
biodegradation of the lignin polymer (Eggert et al., 1996; Lundell et al., 2010).

Fungal laccases are mainly monomeric extracellular proteins although some basidiomycete (e.g., Pleurotus ribis, Pleurotus
pulmonarius, Trametes villosa, Cantharelus cibarius) or ascomycete laccases (Rhizoctonia solani) consist of homodimers with each
subunit with MW similar to monomeric laccases (Morozova et al., 2007). Laccases typically fold in three cupredoxin-like domains,
each of them with a typical b-barrel topology. The protein structure is stabilized by two disulfide bonds, one located between
domains one (D1) and three (D3), and the other between domains one (D1) and two (D2) (Fig. 1; Rivera-Hoyos et al., 2013;
Hakulinen and Rouvinen, 2015).

Laccases present four copper ions in the active site that act as cofactors for their catalytic activity. Depending on their UV/visible
and electron paramagnetic resonance (EPR) spectroscopy properties, these copper ions are classified as follows: Type 1 (T1)
copper, EPR detectable and with a strong absorption at 600 nm, is responsible of the blue color of laccases; Type 2 (T2) copper,
colorless but detectable by EPR; and a pair of type 3 (T3) copper ions, with no EPR signal due to an antiferromagnetic coupling
mediated by a bridging hydroxyl ligand, and weak absorbance at 330 nm (Jones and Solomon, 2015). The T2 and T3 coppers form
the tri-nuclear cluster (TNC) where O2 is reduced to water by the four electrons taken from four molecules of substrate at the T1
site (Sekretaryova et al., 2019). T1 site is located in the D3 of the protein, while the tri-nuclear cluster (T2/T3) is embed between
D1 and D3, with both domains providing residues for the coordination of the three coppers (arranged in a regular triangle). The
T1 copper is coordinated by one Cys and two His. In the TNC, each of the T3 coppers have three His ligands and both are
connected by an OH bridge, while the T2 copper is coordinated by two His (Jones and Solomon, 2015). The highly conserved Cys-
His superexchange pathway (around 13 Å) serves as via to transfer the electrons from T1 site to the TNC (Fig. 2; Piontek et al.,
2002; Jones and Solomon, 2015). A conserved Asp residue (Asp 206 according to PM1 numbering) assists with His ligand (His455
according to PM1 laccase numbering) to the concerted electro-proton transfer at the T1 site (Galli et al., 2013). Besides, there are
two conserved acid residues (Asp 77 and Asp 453 according to PM1 laccase numbering) located close to the TNC that have a
crucial role in O2 reduction by aiding O2 binding and providing protons (favored at acid pH) (Jones and Solomon, 2015).

According to the reduction potential of the T1 site, laccases can be classified as low (LRPLs, E0 o þ 500 mV, most plant and
prokaryotic laccases), medium (MRPLs, E0 þ 500 to around þ 700 mV) and high (HRPLs, E0 from þ 720 to þ 800 mV) redox
potential laccases (Pardo and Camarero, 2015a). The latter are mainly produced by the white-rot, and litter-decomposing basi-
diomycete fungi and are of great biotechnological interest due to their high oxidation versatility (Hoegger et al., 2006). These
dramatic changes in laccase’s redox potential are attributed to a perturbation in the geometry of the T1 site (Augustine et al., 2008)
that is in part modulated by the presence of a Met as the axial ligand in plant and bacterial laccases. The distorted tetrahedral
geometry of the latter enzymes is replaced by a trigonal planar geometry in fungal laccases (MRPLs and HRPLs) with a non-
coordinating residue (Leu or Phe) in the axial position (Hakulinen et al., 2002; Piontek et al., 2002). The influence of the axial
amino acid in T1 redox potential has been demonstrated in several studies (Hall et al., 1999; Xu, 2002). For instance, substitution
of the axial ligand Met 502 in CotA laccase from Bacillus subtilis (E0 ¼ 455 mV) by non-coordinating Leu or Phe increases E0 to 515
or 548 mV, respectively (Durão et al., 2006).

Eukaryotic laccases show molecular masses between 60 and 130 kDa of which 10–50% may be attributed to glycosylation,
mainly N-glycosylation (Xu et al., 2019). N-glycosylation takes place in the lumen of the endoplasmic reticulum and is finalized in
the Golgi (Burda and Aebi, 1999; Herscovics, 1999), and might influence secretion, proteolytic susceptibility, catalytic activity or
thermal stability of laccases (Madhavi and Lele, 2009).

Laccases are capable to oxidize a wide range of different compounds, preferably o- and p-substituted phenols and aromatic
amines, together with N-heterocycles (indole, benzothiazol, tetrahydroquinoline, hydroxyphthalimide, naphthol, etc), hetero-
cyclic thiols, as well as some metals and organometallic complexes. The oxidation of these compounds only requires O2 from the
air as electron acceptor and produces water as sole-by product (Gianfreda et al., 1999; Polak and Jarosz-Wilkolazka, 2012;
Mogharabi and Faramarzi, 2014). The promiscuous activity and low catalytic requirements turn laccases into biocatalysts of choice
for many different applications.
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Fig. 1 Cartoon representation of the crystal structure of Pycnoporus cinnabarinus laccase (PDB 2XYB), showing the three cupredoxin domain
(D1-D3) folding, the four catalytic coppers as spheres, and the two disulfide bridges in yellow. TNC refers to tri-nuclear cluster where oxygen is
reduced to water and T1 Cu is the copper responsible for substrate oxidation.

Fig. 2 Catalytic site and catalytic mechanism of laccase. His (blue) and Cys (wheat) residues coordinating the catalytic coppers and conserved Asp
residues involved in proton transfer (purple) are shown. The four coppers are depicted as spheres. Residues coordinating the four catalytic coppers and
electron transfer from T1 site to the tri-nuclear cluster through the triplet H-C-H are shown based on PM1 laccase structure (PDB: 5ANH).
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Catalytic Site and Reaction Mechanism of Laccases

The catalytic cycle starts with the oxidation of the substrate at the T1 site. It is assumed that laccase acts as a battery, storing the
electrons from four monovalent oxidation reactions, which are transferred from the T1 site to the TNC to reduce one O2 molecule
to two H2O molecules (Jones and Solomon, 2015). Consequently, the enzyme is transformed from the resting oxidized state into
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Plant Cell Wall Structure and Composition

Plant cell walls provide strength to the plant and are important for e.g., plant growth, cell differentiation, intercellular commu-
nication and water movement. They also protect plants from abiotic and biotic stresses including microbial attack (Cosgrove,
2005). Plant cell walls are mostly composed of polymeric compounds, the most abundant of which are the carbohydrates
cellulose and hemicelluloses, and aromatic lignin. These polymers are arranged to a complex network that is called lignocellulose.
In addition, the cell walls contain pectins, structural proteins and extractives, such as terpenes, resins and phenols. Plant cell
walls have three different layers that are the primary and secondary walls, and the middle lamella, each of which have unique
structure and chemical composition (Harris and Stone, 2009). Furthermore, the composition of the plant cell walls has significant
differences between plant species and tissues as well as the growth phases of the plant (Eriksson et al., 1990).
Lignin

The aromatic heteropolymer lignin is, after cellulose, the second most abundant biopolymer on earth. In the plant cell walls, lignin
is cross-linked to hemicellulose and provides plant with strength, facilitates water transportation and protects the cell walls from
microbial attack (Eriksson et al., 1990; Harris and Stone, 2009). Lignin is synthesized in plant cell walls by enzymatic poly-
merization of phenylpropanoid monolignols, i.e., p-coumaryl, coniferyl and sinapyl alcohols, to p-hydroxyphenol, guaiacyl and
syringyl subunits, respectively (Higuchi, 1990). These subunits are linked together with various C–C and ether bonds, of which the
b-aryl-ether (b-O-4) linkage is the most abundant (Vanholme et al., 2010). Mainly guaiacyl subunits are present in softwoods that
contain 27%–32% lignin (as dry weight), while both guaiacyl and syringyl subunits exist in hardwoods where lignin forms
21%–31% (as dry weight) of the cell wall (Sjöström, 1993). Herbaceous plants contain all three lignin subunits and their lignin
amount varies greatly, from 5% to 10% in grasses (Schaefer et al., 1985; van Soest, 1982) up to 23% in crop straw (Buranov and
Mazza, 2008). While being present in all plant cell wall layers, most of the lignin is in the thick secondary cell wall, but middle
lamella has the highest lignin concentration. The heterogeneous, irregular structure of lignin with non-hydrolyzable interunit
linkages makes its biological degradation difficult and also restricts obtaining complete knowledge of the chemical structure of
native lignin molecules.
Plant Cell Wall Carbohydrates

Up to 40%–50% of plant dry weight is cellulose that is the most abundant polymer in plant cell walls and gives them rigidity.
Cellulose is a linear homopolysaccharide of repeating D-glucose units that are joined together by b-1,4-linked glycosidic bonds
(Sjöström, 1993). The linear cellulose chains are connected by intermolecular hydrogen bonds to microfibrils that contain highly
organized crystalline regions and less organized amorphous regions (Ding and Himmel, 2009). Orientation of these rigid
microfibrils differs between the secondary cell wall sublayers (Harris and Stone, 2009).

Hemicelluloses are branched heteropolysaccharides that are linked to cellulose microfibrils by hydrogen bonds, therefore
supporting the cell wall structure (Harris and Stone, 2009). Approximately 20%–30% (as dry weight) of plant matter is hemi-
celluloses. Four main types of hemicelluloses are xylan, xyloglucan, b-glucan and mannan, and their backbones are built from
b-1,4-linked D-xylose, b-1,4-linked D-glucose, b-1,3;1,4-linked D-glucose and b-1,4-linked mannose residues, respectively. These
backbones are decorated with branched monomers and short oligomers that include D-galactose, D-xylose, L-arabinose, L-fucose,
D-glucuronic acid, acetate, ferulic acid and p-coumaric acid (van den Brink and de Vries, 2011).

Pectins are the most complex hemicelluloses, which provide additional crosslinks between cellulose and hemicelluloses, and
are mainly found in the primary cell wall and middle lamella. D-Galacturonic acid is the main monomer present in four different
pectin substructures that are homogalacturonan (HGA), xylogalacturonan (XGA), rhamnogalacturonan I (RG-I) and rhamnoga-
lacturonan II (RG-II) (Mohnen, 2008). HGA, XGA and RG-II have a linear backbone of a-1,4-linked D-galacturonic acid residues.
In HGA, the backbone can be methylated and acetylated, whereas in XGA, the backbone is substituted by b-1,3-linked D-xylose
residues. RG-II is a minor component of pectin and its D-galacturonic acid backbone can contain at least 12 different glycosyl
residues. RG-I is the most complex pectin structure, which backbone consists of alternating D-galacturonic acid and L-rhamnose
residues and have chains of L-arabinose and/or D-galactose linked to the L-rhamnose residues. In addition, RG-I can have
branched polysaccharides such as arabinogalactan and arabinan as its side chains, which are often referred to as the “hairy” pectin
regions. (Caffall and Mohnen, 2009).

In this chapter, we do not discuss about carbohydrate degrading enzymes of basidiomycete fungi, which have been extensively
reviewed e.g., by Rytioja et al. (2014).
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Introduction

Fungi (Mycota) represent a separate kingdom within the domain of eukaryotic organisms, which heterotrophically subsist due to
the lack of chlorophyll and plastids and which do exclusively feed on dissolved nutrients (osmotrophy) because of the presence of
rigid cell walls. Most fungi colonize terrestrial ecosystems and unlike their phylogenetic sister-group – the Metazoa (animals) –

they are incapable of active motility (Moore et al., 2011); this particularly applies to their trophic (vegetative) states, which do not
serve reproduction. In consequence, “sessile” fungi cannot avoid negative effects of local (micro-environmental) conditions and
must somehow counteract them in situ.

Fungi compete with prokaryotes in most ecosystems, in first place with heterotrophic eubacteria, such as Bacillus and Pseu-
domonas spp. A potential advantage of fungi over such unicellular prokaryotes is their capability of more efficiently disintegrating
complex polymeric carbon-compounds including lignin-incrusted materials such as wood by means of secreted enzymes
(digestion biocatalysts). The processes of decomposing such nutrients are “biochemically costly” and time-consuming, but are
compensated by the intensive exchange of substances within the hyphal networks (mycelia) and plectenchyma, i.e., the rather
slowly osmotically resorbed nutrients are going to be rapidly distributed within the whole fungal organism, so far there are
nutrient gradients between the different parts of a mycelial colony (Moore et al., 2011; Daly et al., 2020). The most prominent
example therefore is the substantial degradation of lignocelluloses, which is essential to maintain the global carbon cycle and
cannot be accomplished by other organisms including bacteria (Floudas et al., 2012). Several types of extracellularly acting
enzymes are the prerequisite to get access to lignocelluloses (wood, leaf-litter, humus fractions) as carbon sources, some of which,
such as manganese(II)-oxidizing peroxidases (MnPs), lignin peroxidase (LiP), aryl-alcohol oxidases (AAOs) and lytic poly-
saccharide monooxygenases (LPMOs), have exclusively evolved within the fungal kingdom (Note, there are a few examples of
LPMOs in bacteria but they are chiefly associated with chitin degradation).

Unspecific peroxygenases (UPOs) represent another example of enzymes that exclusively occur in fungi (The few exceptions
such as Phytophthora et al. will be discussed later), even though their natural and physiological functions have not been fully
understood yet. UPOs are heme-thiolate proteins, which transfer peroxide-borne oxygen to diverse organic compounds. Regarding
these properties, they resemble P450 monooxygenases (P450s) occurring in all domains of life, which, however, typically use
dioxygen (O2) and external electron donors (NAD[P]H). Unlike the P450s that are intracellular (cytosolic or membrane-bound)
biocatalysts, most UPOs are extracellular enzymes, which fungi actively secrete (Hofrichter et al., 2010).

Upadhyay first mentioned an unusual “alkaline lignin peroxidase” that was produced by the agaric fungus Agrocybe aegerita
(Cyclocybe aegerita) in liquid culture (Upadhyay, 1995). Almost ten years later, this enzyme was described as A. aegerita peroxidase
(AaP) and – for the time being – classified as a haloperoxidase due to brominating activities and homology of the N-terminus to
that of chloroperoxidase [CPO ¼ LfuUPO from Caldariomyces fumago (Leptoxyphium fumago); (Ullrich et al., 2004)]. Then, in 2005,
it was shown that AaP is capable of hydroxylating toluene and naphthalene (Ullrich and Hofrichter, 2005), while subsequent
studies demonstrated further oxyfunctionalizations, in first place of aromatic substrates (Ullrich and Hofrichter, 2007; Aranda
et al., 2009, 2010). Therefore, the enzyme (AaP) was re-named into aromatic peroxygenase (APO), taking also into account that
oxygen transfer was favored over peroxidation (Hofrichter et al., 2010). Eventually, because of diverse further oxyfunctionalisa-
tions, e.g., hydroxylation of n-alkanes and cycloalkanes, epoxidation of alkenes, heteroatom oxygenation of S- and N-heterocycles,
it was reasonable to supplement the enzyme classification system (EC nomenclature) by a new entry: the sub-subclass of the
“peroxygenases” that act with H2O2 as electron acceptor, one oxygen of which is incorporated into the product (EC 1.11.2.-;
Hofrichter and Ullrich, 2014). Enzymes of this sub-subclass transfer oxygen from peroxides (O-donor) to various substrates; thus,
they actually represent a special type of monooxygenase. Meanwhile, peroxygenases secreted by fungi are classified as the first entry
within this sub-subclass under EC 1.11.2.1 (unspecific peroxygenase, UPO) (Hofrichter and Ullrich, 2014). Further representatives
are myeloperoxidase of neutrophilic granulocytes of Chordata (EC. 1.11.2.2), plant-seed peroxygenase of Spermatophyta (EC.
1.11.2.3) or bacterial fatty-acid peroxygenase (EC 1.11.2.4) (Fig. 1).

Although UPOs peroxygenate various substrates, the catalyzed reactions proceed stereoselectively and often even enantiose-
lectively. Moreover, most UPOs studied show a remarkable insensitivity towards pH, organic solvents and other physicochemical
factors, which makes them interesting candidates to be used in biotechnology, organic synthesis and bioremediation.

In this chapter, we summarize and review the state of knowledge on fungal UPOs with focus on the reaction cycle and
structural aspects. Furthermore, the catalyzed reactions are surveyed including selective oxyfunctionalisations. CPO (chloroper-
oxidase; EC 1.11.1.10, Fig. 1) that is actually a UPO, from the phylogenetic point of view (“LfuUPO”), is considered here to some
extent. However, we want to point to several comprehensive articles specifically dealing with catalytic and structural aspects of
CPO (Chen et al., 2008; Dembitsky, 2003; Griffin, 1992; Manoj and Hager, 2008). We also give an overview on the homologously
and heterologously producible UPOs.
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Fig. 1 Biochemical classification of oxidoreductases using peroxides (R-O-O-H) as electron acceptor (EC 1.11) including all representatives of
enzymes with “H2O2 as acceptor, one oxygen atom of which is incorporated into the product” (¼ peroxygenases, EC 1.11.2). Phylogenetically
related fungal enzymes are marked in blue (based on Enzyme Nomenclature: https://www.qmul.ac.uk/sbcs/iubmb/enzyme/EC1/11/).
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General Aspects

The following three subarticles describe phylogenetic aspects of UPOs, their reaction cycle, and protein structure.
Phylogeny

UPOs are widely distributed within the kingdom of Fungi, whereas no upo genes have been detected so far in the closest relative of
Fungi – the kingdom of Nucleariae (“Nucleariae are lacking chitin synthase genes division II – a gene cluster that is present in all
true fungi (sometimes also named ‘chitin fungi”) share’ (James and Berbee, 2012)), which are nowadays designated as non-fungal
opisthokonts (Kiss et al., 2019). Thus, the border between both kingdoms seemingly marks the limit in the occurrence of UPOs
(Fig. 2), and hence animals (Metazoa) do not possess upo genes either. There are only few fungal phyla without upo genes or
maybe, for which such genes have not yet been identified. These are all small phyla, i.e., Aphelidiomycota, Olpidiomycota,
Calcarisporiellomycota or Kickxellomycota, with only eleven full genome sequences available. Larger taxonomical groups almost
lacking upo genes are Saccharomycotina (true yeasts) and Schizosaccharomycetes (fission yeasts), which are a subphylum and a
class of the Ascomycota, respectively (There is one exception: Lipomyces starkeyi NRRL Y-11557). These two taxa comprise highly
specialized organisms with reduced genomes, which preferably dwell in sugar-rich habitats, such as nectaries or riping fruits, which
likely explains their reduced genomes (Mohanta and Bae, 2015).

Apart from true fungi, upo genes were found in “parasitic algae” of the class of Peronosporomycetes (formerly “Oomycota” or
“Oomycetes”, within the supergroup of Stramenopiles). Notably, the powdery mildew (diverse species of Erysiphales, Ascomy-
cota) and downy mildew (diverse species of the Peronosporales, Peronosporomycetes) can share the same plant hosts. Thus, an
uptake of foreign DNA by horizontal/lateral gene transfer seems to be a plausible explanation for the occurrence of upo genes in
phytoparasitic pseudo-fungi. This may have happened to other parasitic Peronosporomycetes as well, among them feared
pathogens causing the potato blight (Phytophthora infestans) or the crayfish plague (Aphanomyces astaci) (Bredeweg and Baker, 2020;
Szöll�si et al., 2015).

The ancestral UPOs must have evolved near the base of true fungi (i.e., Eumycota; Fig. 2). However, the phylogeny of UPOs
does obviously not fully correspond to the current fungal phylogeny. Again, this fact may be explained by horizontal gene transfer
within the fungal kingdom (Szöll�si et al., 2015). UPO encoding genes are divided into two families. Whereas family I contains
UPOs with relative short genes resulting in theoretical mature proteins with an average molecular mass around 30 kDa (known as
“short” UPOs), family II comprises larger proteins with an average molecular mass of 44 kDa (named “long” UPOs). Members of
family I occur in all UPO-positive fungal phyla, while family II upo genes are restricted to the super-phylum of Dikarya (Asco-
mycota and Basidiomycota). Roughly, half of the upo genes in family I does not contain predictable signal peptides. Thus, family I
further splits into two clades (subfamilies) of probably intracellular and extracellular UPOs. Genes without signal peptide belong
to clade I.1, but almost nothing is known about this clade (except the genomic sequences) and whether they encode functional
intracellular enzymes remains unclear. Clade I.2 comprises UPO sequences with signal peptides, including the characterized
ascomycetous enzymes from Leptoxyphium (Caldariomyces) fumago (CPO) and Chaetomium globosum (CglUPO) as well as the
basidiomycetous peroxygenases from Marasmius wettsteinii (MweUPO) and Marasmius rotula (MroUPO) (Hofrichter et al., 2020;
Kellner et al., 2016; Kiebist et al., 2017; Ullrich et al., 2018).

Family II forms, with regard to gene sequences, a more homogeneous clade of UPOs. It contains all “long” UPOs that are
present in almost all genome-sequenced genera of Ascomycota and Basidiomycota (with the exceptions mentioned above), and all
of them have predicted signal peptides. All “long” UPOs described and characterized at the protein level so far belong to
basidiomycetous members of family II (Tables 2 and 3; Hofrichter et al., 2015, 2020).
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Introduction

For long, the enzymatic degradation of polysaccharides was thought to be exclusively catalyzed by the concerted action of
multiple hydrolytic enzymes such as endo- and exo-acting cellulases. Many fungi, including the archetype cellulolytic ascomycete
Trichoderma reesei (Gritzali and Brown, 1979), indeed produce a wide range of cellulases that find multiple industrial applications.
Among these are cellulases belonging to the glycoside hydrolase family 7 (GH7) in the CAZy database (Lombard et al., 2014),
which are among the most powerful cellulolytic enzymes known (Teeri et al., 1998) and which occur almost exclusively in fungi
(Payne et al., 2015).

Following an observation, in 1974, that oxygen promotes cellulose degradation by fungal secretomes (Eriksson et al., 1974),
which remained somewhat overlooked for decades, it was discovered in 2010 that both fungi and bacteria produce copper-
dependent redox enzymes that contribute to polysaccharide conversion (Phillips et al., 2011; Quinlan et al., 2011; Vaaje-Kolstad
et al., 2010). These enzymes, currently known as lytic polysaccharide monooxygenases (LPMOs), are unique in that they have the
ability to cleave glycoside bonds in a crystalline context. In other words, their action does not depend on expelling an individual
polysaccharide chain from a cellulose or chitin crystal, as is the case for classical hydrolytic enzymes. In that sense, LPMOs are truly
interfacial enzymes, acting at the interface between the surface of an insoluble substrate (cellulose, chitin, plant cell walls) and the
surrounding aqueous medium.

Next to the discovery of LPMOs, this chapter describes multiple aspects of these fascinating enzymes. We describe the
occurrence of LPMO-encoding genes and show that LPMOs are abundantly encoded in many fungal genomes, which indicates
importance and possible functional versatility. Furthermore, we describe the LPMO reaction and discuss that, since this reaction
depends on reducing equivalents and an oxygen source (O2 or H2O2), the reaction is difficult to study and is affected by the
presence of other redox enzymes. Finally, we discuss the positive impact of LPMOs on the efficiency of enzyme cocktails for
processing of plant biomass, which has led to industrial application of these enzymes.
The Discovery of LPMOs and Basic Structural and Functional Information

The discovery of LPMOs was a result of studies aiming at understanding depolymerization of natural polysaccharides including
cellulose and chitin (Harris et al., 2010; Moser et al., 2008; Vaaje-Kolstad et al., 2005). The occurrence, structure and catalytic
activity of proteins that later turned out to be LPMOs were studied in parallel for fungal and bacterial proteins. The first such
protein described in fungal secretomes was initially referred to as cellulose-induced protein (Raguz et al., 1992) or endoglucanase,
due to the observation of a weak endoglucanase-like activity (Saloheimo et al., 1997). The first such proteins in bacteria were
proteins referred to as chitin-binding proteins (Schnellmann et al., 1994). Based on these initial findings, these fungal and bacterial
proteins were initially classified into the Glycoside Hydrolase (GH) family 61 (GH61) and Carbohydrate-Binding Module (CBM)
family 33 (CBM33), respectively, in the Carbohydrate-Active enZymes (CAZy) database (Lombard et al., 2014).

A major breakthrough came in 2005, when Vaaje-Kolstad et al. showed that a CBM33 protein could dramatically boost the
conversion of chitin by chitinases (Vaaje-Kolstad et al., 2005). It took until 2010 to discover that both CBM33s and GH61s, in fact,
catalyze oxidative cleavage of polysaccharides (Phillips et al., 2011; Quinlan et al., 2011; Vaaje-Kolstad et al., 2010). These enzymes
are now collectively referred to as LPMOs and have been reclassified in the CAZy database into the Auxiliary Activity families 9
(AA9; for GH61) and 10 (AA10; for CBM33) LPMOs. The potential that LPMOs may speed up depolymerization of recalcitrant
polysaccharides by an order of magnitude (Vaaje-Kolstad et al., 2010) has placed LPMOs in the spotlight of research on enzymatic
conversion of biomass (Chylenski et al., 2019; Tandrup et al., 2018).

LPMOs are secreted copper-dependent redox enzymes that share a common immunoglobulin-like b-sheet core and a distinct
active site with the copper ion being coordinated by a so-called His-brace (Ciano et al., 2018; Quinlan et al., 2011; Vaaje-Kolstad
et al., 2017). The His-brace is composed of the N-terminal histidine, contributing two nitrogen ligands, one from the N-terminal
amino group and one from the imidazole side chain, and another fully conserved histidine, contributing a third nitrogen ligand
with its imidazole side chain. In fungal LPMOs (and LPMO-like proteins; see below), the N-terminal imidazole is methylated
(Filiatrault-Chastel et al., 2019; Labourel et al., 2020; Lo Leggio et al., 2015; Navarro et al., 2014; Quinlan et al., 2011), whereas the
post-translational modification has not been observed in bacterial LPMOs. In between the segments forming the sheet-like core
structure, LPMOs contain several insertions/loops with varying lengths that shape the substrate-binding surface around the active
site. Several of these loops have been annotated (such as the “L2 loop”) and are also called active site segments (Borisova et al.,
2015; Laurent et al., 2019; Wu et al., 2013).
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Introduction

The bio-based economy requires the use of renewable resources for the production of biochemicals and biomaterials, for which
lignocellulosic biomass is becoming a valuable feedstock (Furtado et al., 2014). Lignocellulose is a collective name for an inedible
plant material containing polysaccharides, cellulose and hemicelluloses, and the aromatic polymer lignin. Every year, millions of
tons of lignocellulosic biomass are being produced as a low-value byproduct from agroforestry, e.g., corn stover, straw, cotton seed
hulls and wood sawdust, most of which end up being burned or discarded. However, when broken down to its constituent
monomers, lignocellulosic biomass becomes an abundant and attractive source of fermentable sugars and aromatics, which can be
used for sustainable production of valuable compounds, including biofuels and chemicals.

Cellulose, the most abundant polymer in lignocellulose (35%–50% of dry weight), is a linear polymer of glucose that can be
directly fermented for the production of 2nd generation ethanol (Anwar et al., 2014; El-Naggar et al., 2014). Despite its simple
composition, natural cellulose forms long crystalline microfibers that are cross-linked to lignin through hemicelluloses, which
makes glucose extraction rather difficult. As filamentous fungi are the most prominent lignocellulose degrading microorganisms
and often have high capacity for enzyme secretion, their cellulose degrading enzymes have been a focal point of intensive research.
This has made fungal cellulases important industrial enzymes with applications far beyond biorefinery and led to, e.g., several
commercial cellulase formulations that can be used in different industrial contexts (Kuhad et al., 2011).

In this chapter, we summarize information about cellulose and cellulose-degrading enzymes produced by fungi with examples
of their current applications in food, feed, brewing, textile, laundry, and biorefinery industries. Moreover, we discuss how fungal
cellulases and their production could be improved to meet the requirements of the competitive biotechnology market.
Cellulose

Cellulose is the major component of lignocellulose and the most abundant renewable polymer on earth. In addition, cellulose exists in the
cell walls of algae (Samiee et al., 2019) and oomycetes (Fugelstad et al., 2009), and is produced by certain bacterial species (Wang et al.,
2019). It is a water-insoluble homo-polysaccharide composed of repeated b-D-glucopyranose (D-glucose) residues that are linked by b-1,4
glycosidic bonds. The cellulose polymer contains linear glucan chains consisting of up to 25,000 D-glucose residues. Cellulose microfibrils
are formed when 15–45 parallel, unbranched glucan chains are joined by intermolecular hydrogen bonds. The cellulose microfibrils are
cable-like bundles that have a high tensile strength and contain crystalline, paracrystalline and amorphous regions. Of these, the crystalline
conformation of cellulose is the most recalcitrant making it highly resistant to enzymatic degradation (Held et al., 2014).

In plant cell walls, the cellulose microfibrils are stabilized by hydrogen bonds and are surrounded by hemicellulose polymers
that provide further structural strength by linking cellulose fibers into microfibrils. Hemicelluloses are the second most abundant
polysaccharides in lignocellulose and, different from cellulose, they have a highly variable structure containing several hetero-
polymers of different five- and six-carbon monosaccharide units, i.e., pentoses (D-xylose, L-arabinose) and hexoses (D-mannose,
D-glucose, D-galactose, L-rhamnose) that additionally can be acetylated (Klemm et al., 2005). The cellulose-hemicellulose matrix
is cross-linked through hemicellulose with lignin, an insoluble aromatic polymer and the most recalcitrant polymer of plant
biomass, which provides structural reinforcement to the plant tissue and resilience to biological and physical attacks (Lacayo et al.,
2013; Barros et al., 2015). This molecular architecture gives enormous stability to lignocellulose and makes the exploitation and
further processing of its individual polymers challenging.
Cellulose Hydrolyzing Enzymes

Many fungi are natural decomposers that feed on plant biomass. They break down the complex cellulose polymers to D-glucose
through concerted enzymatic action of different cellulases. The so-called classical cellulases are hydrolyzing enzymes which cleave the
b-1,4 glycosidic bond in cellulose to release D-glucose monomers, cellobiose or cellooligosaccharides, and include endo-1,4-b-D-
glucanase (EGL), exoglucanase and b-glucosidase (BGL) (Kumar et al., 2008). The main representatives of exoglucanases are cello-
biohydrolases (CBH) that release disaccharide cellobiose from the ends of the oligosaccharides (Fig. 1), while EGLs (EC 3.2.1.4)
randomly hydrolyze the O-glycosidic bonds in cellulose chains resulting in long glucan chains (oligomers) of different length. There are
two types of CBHs, acting unidirectionally on the long chain oligomers: CBHI (EC 3.2.1.176) cleave from the reducing end and CBHII
(EC 3.2.1.91) from the non-reducing end of the oligosaccharide chain. The processivity, i.e., the average number of cleavages that the
enzyme performs on a cellulose chain before it dissociates from the chain, has been reported to differ between fungal CBHs. While
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Introduction

Over the last few decades, microbial enzymes have gained a central role in the degradation of complex plant cell wall components
either for developing an eco-friendly industrial process or in generation of value-added products from plant biomass. After
cellulose, hemicellulose is the most abundant structural polysaccharide in plant cell walls making approximately 30% of its dry
weight and is a perpetual by-product of agro-industries and forestry. The classification of hemicelluloses is based on the pre-
dominant monomeric sugar present in the backbone of the polymer (Dekker and Richards, 1976). Prominent hemicelluloses
include xylans, xyloglucan, mannans and glucomannans. Among them, xylan, consisting of repeating units of xylose sugar linked
with b-1-4 linkages, is the most abundant making up 15%–50% of cell dry weight. Xylan is classified into different categories
based on the groups attached with the side chains. Homoxylan consists of xylose monomers bound by b-1-4 or b-1-3 linkages
while arabinoxylans, occurring in cereals, have arabinose attached to xylose at C-2 or C-3 position. In glucuronoxylans found in
hardwoods, every 10th xylose moiety is linked with 4-O-methyl-D-glucuronic acid. Acetyl xylan, found in beechwood and
birchwood xylan, contains acetyl groups attached to xylose monomers. These acetyl groups of xylan help the polymer resist
alkaline extraction. The last category is arabinoglucuronoxylan which is commonly present in grass where arabinose and glu-
curonic acid are substituents in different positions (Naidu et al., 2018).

Mannan consisting of repeating mannose residues, occurs as storage polymer in some seeds and also as structural component
of the plant cell wall (Krska and Larsbrink, 2020; Jana and Kango, 2020). Owing to glucose and galactose substitution, they are
classified as glucomannan, galactomannan and galactoglucomannan. The hardwood glucomannan and softwood glucomannan
have mannose-to-glucose ratio as 2:1 and 3:1, respectively (Soni and Kango, 2013a). The diversity and complexity of hemi-
cellulose structure necessitates action of a wide range of enzymes for their degradation.

Fungi are natural decomposers of wood and elaborate immense number of extracellular enzymes for degrading complex
polymeric substrates including hemicellulases. Over the last few decades, xylanases and mannanases sourced from different fungi
have found novel and interesting applications in various industrial processes. Some major applications include bioconversion of
lignocelluloses into fermentable sugars, upgrading of animal feedstock, clarification of fruit juices and wine, and facilitation of bio-
bleaching of pulp (Fig. 1). As per the specific need of different applications such as bio-bleaching, bio-refinery, bio-scouring, de-
inking, feed upgradation etc., a number of alkali-stable, acid-stable and thermostable hemicellulases of fungal origin have been
characterized. According to the Association of Manufacturers and Formulators of Enzyme Product (AMFEP 2009), 60% of all the
industrial enzymes are sourced from about 25 fungal genera, mainly Aspergillus, Trichoderma, Penicillium, Rhizopus, and Humicola
(Kango et al., 2019).
Fig. 1 Different industrial applications of fungal hemicellulases.
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Fig. 2 Different types of fungal hemicellulases. A. Hemicellulases for complete breakdown of xylan, B. Hemicellulases for complete breakdown of mannan.
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Hemicellulases are named on the basis of corresponding substrate acted upon by them, e.g., endo-xylanase, b-xylosidase,
acetyl xylan esterase, endo-mannanase etc. Among them, the endo-acting enzymes, such as endo b-1-4 xylanase or endo
b-1-4 mannanase, hydrolyze the internal linkages of the glycosidic bonds and disrupt the macromolecular backbone
(Fig. 2). Being heteropolymeric, different factors like length, branching and nature of substituents in the hemicellulose,
determine the efficacy of the enzyme action. In some case, de-branching or side-chain cleaving enzymes (e.g., a-galactosidase)
help to disintegrate the substituents resulting in better substrate accessibility, while some de-branching enzymes act on
oligomers generated after the action of endo-acting enzymes and thus assist in complete degradation of hemicelluloses. The
main action of subsidiary enzymes is to cleave the groups attached with the main chain of hemicellulose structure where they
exhibit co-operativity in their action (Soni and Kango, 2013b; Mäkelä et al., 2018). For example, complete degradation of a
complex xylan (glucuronoarabinoxylan or galactoglucuronoarabinoxylan) requires the concerted action of endo-xylanase,
b-xylosidase (EC 3.2.1.37), acetyl xylan esterase (EC 3.1.1.72), a-arabinofuranosidase (EC3.2.1.55), ferulic acid esterase (EC
3.1.1.73), a-glucuronidase (EC 3.2.1.139), a-galactosidases (EC 3.2.1.23) and p-coumaric acid esterase (EC 3.1.1.73).
Similarly, mannan hydrolysis requires b-mannosidase (EC 3.2.1.25), a-galactosidase (EC 3.2.1.22), b-glucosidase (EC
3.2.1.21) and acetylmannan esterase (EC 3.1.1.6) along with endo-b-mannanase (Fig. 2). Fungi are the most potent pro-
ducers of extracellular lytic enzymes, including hemicellulases (Bhattacharya et al., 2015). Interestingly, often a single fungus
is found to produce a repertoire of hydrolases, including main chain hydrolyzing and accessory enzymes (Prajapati et al.,
2020). Multiplicity of endo-xylanases and endo-mannanases, seen in various fungi, suggests their versatility in degrading the
hemicelluloses.
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Introduction

Enzymes that degrade the plant cell wall (PCW) have been extensively studied because of their central role in the plant-
pathogen interaction. However, the production, properties and applications of these enzymes has gained enormous interest as
a result of well-documented biotechnological potential (Lara-Márquez et al., 2011; Edwards and Doran-Peterson, 2012;
Latarullo et al., 2016; Troiano et al., 2020). Particularly, fungi well-known as producers of lytic enzymes such as pectinases,
hemicellulases, and cellulases, have been widely studied because to the advantages of these organisms as models and the
inherent characteristics of their lytic systems (Conejo-Saucedo et al., 2010; Lara-Márquez et al., 2011; Troiano et al., 2020). The
demand for such enzymes and their application in various industrial processes is largely due to their high efficiency in
removing PCW components and their environmental benefits. Some of the advantages of fungi to produce these enzymes
include their fermentation capacity, the production of large amounts of extracellular enzymes, the ease of cultivation, and the
low cost of enzyme production in bioreactors (de Vries and Visser, 2001; Lara-Márquez et al., 2011). In this context, most
commonly used fungi are species and strains of the Aspergillus genus though other fungi have also been proven as efficient
enzyme producers (Belda et al., 2016; de Vries et al., 2017; Amin et al., 2019). Among these enzymes, pectinases are widely
used in industrial applications such as fruit juice and wine clarification, tea and coffee fermentation, cotton bio-scouring,
degumming of plant fibers, oil extraction, biofuel production, treatment of industrial wastewaters containing pectin, and
synthesis of a number of value-added products (Edwards and Doran-Peterson, 2012; Kohli and Gupta, 2015; Amin et al.,
2019). Here we review the applications of pectinolytic enzymes produced by filamentous fungi and the strategies for their
application and improvement of industrial processes.
Pectin Structure and Depolymerization

Pectin is the main component of the middle lamella of the PCW, where it is involved in functions such as adhesion between cells
with active division (cell expansion), morphogenesis, porosity, ion binding, pH and ion balance, seed hydration, leaf abscission,
fruit development, defense, among others (Mohnen, 2008; Lara-Márquez et al., 2011). The pectin content of plant cell walls varies
between dicots and nongraminaceous monocots (30%–35% dry weight [dw]), monocots such as grasses (2%–10% dw), and
wood (5% dw), and different plant tissues depending of their function and stage of development (Mohnen, 2008; Voragen et al.,
2009). In immature fruits, insoluble pectin binds to cellulose resulting in stiffening of the cell wall. Later, during the ripening
pectin is modified by plant pectinases, which soften the cell wall (Kashyap et al., 2001). Pectin represents a large part of the
biomass in ripe fruits and vegetables (430%) (Hoondal et al., 2002).

Pectin is mainly composed of homogalacturonan (HG; B65%) followed by domains of xylogalacturonan (XGA; 20%–35%),
and in minor proportion (B10%) rhamnogalacturonan I (RG-I) and rhamnogalacturonan II (RG-II) (Mohnen, 2008). HG is a
domain of approximately 100 galacturonic acid residues (GalA) with a-1,4 bonds, methyl-esterifications at C-6, or acetyl-ester-
ification at O-2 and O-3 (Mohnen, 2008). XGA is a HG backbone with 25%–75% of the GalA units substituted at C-3 with xylose
and occasionally at C-4 with a second xylose residue (Mohnen, 2008). RG-I, is a heteropolymer consisting of -a-D-GalA-1,2-a-L-
Rha-1,4- disaccharide units, whose GalA residues can been highly acetylated in O-2 and/or O-3, and with 20%–80% of the
rhamnose (Rha) residues substituted with chains of arabinose and galactose of variable size, and occasionally with chains of
fucose and glucuronic acid (Mohnen, 2008). RG-II consists of a main chain of HG with side chains formed by around 12 different
sugars (arabinose, galactose, xylose, fucose, aceric acid, glucuronic acid, apiose, etc.) (Mohnen, 2008). The structural domains of
pectin interact between themselves and with other molecules such as calcium, borate, polyamines, phenolic compounds, hemi-
cellulose and cellulose (Popper and Fry, 2008).

The degree of pectin esterification can be low (o50%), medium/partial (50%–70%) and high (470%), depending on the
origin, growth and maturity stage of fruits, vegetables or tissues (Ralet et al., 2003). Polysaccharides of highly-esterified pectin
establish weak interactions by hydrogen bonds and hydrophobic forces through methyl groups, whereas low-esterified pectin
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Introduction

Starch is a glucose polymer that is synthesized via photosynthesis in the chloroplasts of plants. It accounts for a large fraction of the
biomass and serves as a reserve energy compound stored in plant organs such as tubers, seeds and roots (Norouzian et al., 2005).
Starch is metabolized through photorespiration, which requires amylases to break down the starch to glucose moieties. Amylases
are glycoside hydrolases (EC 3.2.1) that hydrolyze the O-glycosyl compounds in starch and are found in animals, plants and
microbes, with the preferred industrial source being microorganisms (Sun et al., 2010).

Amylases are one of the oldest enzymes to be used commercially, dating back to 1984 when the a-amylase from Aspergillus
oryzae known as “Taka diastase” was used in the pharmaceutical industry for digestive disorders (Gupta et al., 2003). Since then,
a‐amylases have been extensively applied in several industries, including the bread and baking industry for improved volume,
color and texture (Hamer, 1995).

Over the last few decades, starch-hydrolyzing enzymes have replaced the use of acid hydrolysis and are desirable for many different
industrial uses due to their high degree of substrate specificity. Compared to chemical modification, the treatment of starch using
enzymatic hydrolysis has several advantages, including better process control, higher product yields, faster reaction times at lower
temperatures and cleaner effluents (Miao et al., 2018). However, only a small number of bacterial and fungal strains meet the criteria for
commercial amylase production, e.g., strains of Bacillus spp., Aspergillus spp. and Rhizopus spp. (Cereia et al., 2006; Zeng et al., 2011).

This chapter describes the different types of amylases, their properties, industrial applications and production processes, as well
as predictions for the future amylase market.
Starch, the Natural Substrate for Amylases

Starch typically consists of a mixture of amylose and amylopectin molecules and the relative ratio of these polymers determines
the diverse chemical properties of starch granules (van der Maarel et al., 2002). Amylose (representing 10%–30% of the granule
mass) is a linear polymer consisting of up to 6 000 glucose units linked by a-1,4 glycosydic bonds (de Souza and de Oliveira
Magalhães, 2010). Amylose adopts a single helical structure that is randomly positioned within the amorphous lamella and is
linked to the functional properties of starch. In contrast, amylopectin is a branched polymer that consists of short linear chains of
10–60 glucose units joined by a-1,4 bonds and a-1,6 linked side chains of 15–45 glucose units (Streb and Zeeman, 2012).

Starch in its native state is referred to as raw or unmodified (granular) starch. Raw starch granules have a densely compacted
polycrystalline structure that resists enzymatic hydrolysis (Lin et al., 2011). The starch granules are comprised of alternating semi-
crystalline and crystalline shells and a large part of the amylopectin that forms the semi-crystalline shells is in the double-helical
form, rather than the crystalline form. Starch is hydrolyzed into simpler carbohydrates called dextrins, with the dextrose equivalent
(DE) indicating the fraction of the glycosidic bonds that has been hydrolyzed. For example, maltodextrin (DE 10–20) is an
oligosaccharide used as a filler and thickener in the food industry, corn syrups (DE 30–70) are used as sweeteners, and dextrose
(DE 100) is available as commercial glucose prepared by the complete hydrolysis of starch (Fellows, 2016).

At low temperatures (o501C), granular starch is in its solid phase and insoluble in aqueous media (Cinelli et al., 2015).
However, starch granules undergo irreversible gelatinization when heated above a specific temperature. The starch gelatinization
temperature is determined by the distribution and chain length of the amylopectin (Jane et al., 1999) and is characterized by the
phase transition of starch granules from an ordered to a disordered state (Ubwa et al., 2012). The breakage of the hydrogen bonds
results in an uptake of water and swelling of the molecules, which leads to the disruption of the starch crystalline structure.
Leaching of the amylose from the starch molecule takes place, resulting in the formation of soluble starch that is easy to hydrolyze
(Daniel et al., 2000). The conditions for starch gelatinization are determined by the plant type, degree of amylopectin cross-
linking, as well as the salt, sugar and lipid content. Most A-type starches, which generally occur in cereal starches (such as wheat
and corn), and are formed in warm and dry conditions (Ai and Jane, 2015). In contrast, B-type starches (B-type crystallites) are
found in tubers, bananas and high-amylose starches, they are formed in cold and wet conditions and exhibit a lower gelatinization
temperature (T0 of 58.21C) than A-type starches (Liu, 2005).

The hydrolysis of raw starch is significantly slower than that of soluble starch and higher enzyme loadings are required for its
hydrolysis. When the four most economical native starches were compared for their susceptibility to hydrolysis, they were ordered
(in diminishing order) corn Z wheat 4 cassava 4 potato (Szymanowska-Powałowska et al., 2012). Inefficient catalysis may result
from various factors, including the physical architecture (degree of branching), the molecular structure of the solid substrate and
the molecular configuration of the enzyme. Other factors that influence the hydrolysis of starch in its heterogeneous phase include
enzyme diffusion in the medium, substrate accessibility, substrate recognition leading to adsorption, formation of the enzyme-
substrate complex and catalytic action (Gallant et al., 1997; Tawil et al., 2011).
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Introduction

Inulin: General Introduction, Distribution, Annual Production and Availability

The global inulin market is expected to exceed USD 2.5 billion by 2023. In 2015, the global market size for inulin production
and consumption was estimated at over 250 kg tonnes and is likely to exceed 480 kg tonnes by 2023 with an increase of 8.5%
(See Relevant Websites section). The European inulin market size was projected over 125 kg tons in 2015 and is expected to gain
a moderate increase in upcoming years. The highest gain in inulin market that of more than 10% during 2016–2023, was
estimated in Asia Pacific due to a boost in consumption of functional foods and dietary fibers particularly in India, Australia,
and China.

Inulin, a fructan, is a storage polysaccharide mainly composed of a fructofuranose backbone connected by b (2-1)
glycosidic linkages with a terminal glucose entity (Kango and Jain, 2011). A (1 2 2)-bonded a-D-glucosyl group forms the
terminal end of the inulin backbone (Fig. 1). It is the second most abundant plant storage carbohydrate polymer after starch and
categorized as non-digestible carbohydrate as its fiber does not get digested in the colon. The fructose chain length varies from
2 to 60 monomeric units in an inulin molecule. When inulin is composed of a maximum of 10 fructose units, it is referred to as
inulooligosaccharide (IOS) or fructooligosaccharide (FOS) or oligofructose. Inulin is found in several tropical and temperate
plants as a major storage polysaccharide (Table 1). Apart from the prominently known inulin sources such as chicory, Jerusalem
artichoke and dahlia, several common fruits, vegetables and cereals like onion, garlic, leek, tomato, banana, wheat, rye and
barley are also some sources of inulin (Mensink et al., 2015).
Inulinases: Characteristics, Production and Heterologous Expression

(1) Types of inulinases

Based on the type of the end products generated by their action, inulinases are classified into fructose generating exo-inulinases
and oligosaccharide generating endo-inulinases.

(a) Exo-inulinase (EC 3.2.1.80; b-D-fructanfructohydrolase or EC 3.2.1.153; b-(2,1)-D-fructanfructohydrolase): Exo-inulinase
(EC 3.2.1.80) catalyzes the hydrolysis of terminal and non-reducing (2 � 1)-linked b-D-fructofuranose residues in fructans,
while the other exo-inulinase (EC 3.2.1.153) hydrolyzes the terminal, non-reducing (2 � 1) and (2 � 6)-linked b-D-fructo-
furanose residues in fructans and generates fructose (Fig. 2). Another relevant enzyme, sucrase (EC 3.2.1.26; b-D-fructofur-
anoside fructohydrolase or invertase) is also involved in the hydrolysis of terminal non-reducing b-D-fructofuranoside
residues in b-D-fructofuranose and sucrose.

(b) Endo-inulinase (EC 3.2.1.7; 1-b-D fructanfructanohydrolase): Endo-inulinases are also referred as 1-b-D fructanfructanohy-
drolases that catalyze hydrolysis of (2-1)-b-D-fructosidic linkages within the main chain of inulin or polyfructose (Fig. 2).

Inulinases (exo and endo) and related enzymes such as fructosyltransferase, levan hydrolase and b-fructofuranosidase are
categorized in glycoside hydrolase (GH) family 32 in the Carbohydrate-Active EnZymes (CAZy) database (Lombard et al., 2014;
Trollope et al., 2015).

(2) Structural characteristics of inulinases
In the Enzyme Commission classification, inulinases belong to the group glycosidases (EC 3.2.1) of the glycosylases sub-class
(EC 3.2). Crystal structure data of a fungal endo-inulinase, INU2, from Aspergillus ficuum has a 3-D structure sharing five
b-strands organized as two b-sheets in a C-terminal b-sandwich domain. The N-terminal domain of the structure is composed
of a 5-fold b-propeller catalytic domain with four b-sheets. The structure revealed that it has an extra inulin binding pocket
formed by a conserved amino acid motif, W-M(I)-N-D(E)-P-N-G, and two loops. This structure includes Trp40, which plays a
critical role in the catalysis of third unit of inulin and inulin-like substrates (Pouyez et al., 2012). Inulinases and related
enzymes have WMN(D/E)PN, RDP, SVEVF and EC (P) motifs (Fig. 3) as their conserved domains in the primary structure
showing the involvement of conserved amino acid sequences in their catalytic mechanism (Park et al., 2003; Nagem et al.,
2004; Kango and Jain, 2011). Exo-inulinases produced by the yeasts Kluyveromyces marxianus and Pichia guilliermondii are
devoid of the SVEVF motifin their conserved domain (Liu et al., 2013). Inulinase from K. marxianus Y-303 had 27% a-helices,
28% b-sheets and 45% unordered structures in its secondary structure (Holyavka et al., 2016). The catalytic action of most of
the glycoside hydrolases, including inulinase, involves two acid residues that act as nucleophile and proton donor. Site-
specific mutagenesis and chemical modification procedures unraveled the catalytic functions of yeast inulinase carried out by
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Introduction

Filamentous fungi have been widely used for a long time as cell factories for the production of high value compounds, metabolites
and enzymes. Particularly, fungi are known to produce a broad range of hydrolytic enzymes such as lignocellulose degrading
enzymes, lipases and proteases. These enzymes are extensively studied and explored for various industrial applications. Proteases
represent a large and complex group of enzymes that catalyze the hydrolysis of peptide bonds in proteins (López-Otín and Bond,
2008). They are structurally and functionally diverse and vary in their substrate specificity, catalytic mechanism, nature of their
active site, stability, optimum pH and temperature (López-Otín and Bond, 2008). They are secreted by all living organisms and are
involved in carrying out and regulating various complex biological processes and signaling cascades. They play an important role
in processes such as cell growth, cell division, apoptosis, signal transduction, sporulation and germination, viral protein synthesis,
protection against harmful peptides, degradation of incorrectly folded proteins and autolysis (Rao et al., 1998). The major role of
extracellular proteases is in nutrition due to their involvement in the hydrolysis of proteinaceous substrates. The degradation of
long polypeptides into smaller peptides and amino acids contributes to their uptake by the cell.

Besides their involvement in essential biological functions, proteases are used in numerous industrial processes representing
the most dominant enzyme sales worldwide (Giansanti et al., 2016; Li et al., 2013a; Rao et al., 1998). Proteins are degraded
enzymatically using proteases or chemically in industrial settings. Protein hydrolysates produced using chemical catalysts often
contain undesirably modified amino acids. Moreover, chemical degradation is not environmentally friendly and can result in
uncontrollable reactions. Using proteases avoids these disadvantages. Proteases have high reaction rates that can be easily con-
trolled. They are also sustainable, highly specific and can be easily inactivated once the desired degree of modification is achieved
(López-Otín and Bond, 2008; Rao et al., 1998). Therefore, production of proteases has gained interest in scientific and industrial
communities.

Proteases obtained from animals, plants, and, particularly, microorganisms represent a large and important industrial section.
Plant proteases include papain, bromelain, keratinases, and ficain (Rao et al., 1998). Their extraction is a time-consuming process
and depends on many factors such as climate conditions, viability and availability of land. Examples of proteases from animal
origin are trypsin, chymotrypsin, pepsin and rennin (Rao et al., 1998). These enzymes are produced at smaller quantities when
compared to the production of proteases from plants and microorganisms. The use of animals as a source of proteases is
dependent on availability of livestock and is regulated by ethical policies.

For the reasons mentioned above, microorganisms represent an excellent source of proteases and are main producers of
commercially available proteases. The vast diversity, fast growth, easy to manipulate, and simplified downstream processing are
advantages of using microorganisms for the economical and efficient bulk production of proteases in comparison with using plant
or animal cells (Contesini et al., 2018; de Souza et al., 2015). Microbial proteases have a broad spectrum of industrial applications
such as dairy and meat processing, brewing, detergents, leather and pharmaceutical industries. The commercial protease cocktail
Alcalase was the first detergent protease which was initially obtained from a strain of the bacterium Bacillus subtilis (Chouyyok
et al., 2005). Another example of a bacterial protease is a thermostable zinc endopeptidase thermolysin that is obtained from
Bacillus thermoproteolyticus and has optimum catalytic activity up to 701C and potential in the biopharmaceutical industry (Inouye
et al., 2007; O’Donohue et al., 1994). Bacterial proteases show high reaction rate and temperature stability, while fungal proteases
are diverse, substrate specific and effective over a wide pH range (Rao et al., 1998). Examples of fungal species reported to produce
proteases include the ascomycetes Aspergillus sojae (Gerelt et al., 2000; Ke et al., 2018), Aspergillus oryzae (Gerelt et al., 2000; Yue
et al., 2019) and Penicillium chrysogenum strain Pg222 (Benito et al., 2003; Omrane Benmrad et al., 2018; Zhu et al., 2009), and the
zygomycete Rhizomucor miehei (Soltani et al., 2016; Sun et al., 2018).

In this chapter, proteolytic enzymes from filamentous fungi and their characteristics will be discussed in relation to their current
and potential industrial applications including food, pharmaceutical and detergent industries, leather and fabric processing, waste
management, and research practice. The focus is also on different classes of fungal proteases, their mode of action and their role in
fungal physiology.
Fungal Proteases

Filamentous fungi are extensively studied for protease production because of their ability to grow on various substrates.
Production of proteases by fungi is strain dependent and influenced by a wide range of factors including pH, carbon and nitrogen
sources, temperature, aeration, requirement of metal ion, agitation, etc. (Rao et al., 1998). Based on the optimum pH, proteases
can be grouped into acidic (pH 2.0–6.0), neutral (pH 6.0–8.0) and alkaline (pH 8.0–13.0) proteases (Rao et al., 1998; Sabotič and
Kos, 2012). Acidophilic and alkalophilic fungi, often originating from high acidic or alkaline environments, are able to produce
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Introduction

Phytic acid (myo-inositol hexakisphosphate) or phytate in its salt form is the main organic storage form of phosphorus (60%–80% of
total) in plant tissues such as legumes, cereal grains, oilseeds, and pollen (Lott et al., 2000; Fig. 1). Phytic acid acts as an anti-nutritional
factor because of its ability to chelate cations, like Ca2 þ , Zn2 þ þ , Fe2 þ and Mg2 þ , and make them unavailable, to form complexes with
starch and proteins that interferes with their digestion, and to inhibit the activity of digestive enzymes (Harland and Morris, 1995).

Phytase (myo-inositol hexakisphosphate phosphohydrolase) catalyzes the removal of phosphate from phytic acid or its salts
(phytates) in a stepwise manner by cleaving five of the six phosphates (Wyss et al., 1999; Konietzny and Greiner, 2002). The first reports
of phytase activity from rice grains (Suzuki et al., 1907) and an ascomycetous fungus Aspergillus niger (Dox and Golden, 1911) were
published more than 100 years ago. Phytases are generally classified based on their structure and catalytic mechanism of cleavage of the
phosphate from phytic acid as Histidine Acid Phosphatases (HAPs), b-propeller phosphatases/alkaline phytases (BPPs), purple acid
phosphatases (PAPs), and dual-specificity phosphatases/protein tyrosine like phosphatases (DSPs/PTLPs). HAPs have been reported in
numerous fungi such as Cladosporium sp., Aspergillus niger, A. awamori, Fusarium oxysporum and Debaryomyces castellii (Gontia-Mishra et al.,
2014; Jatuwong et al., 2020). The structure of BPPs is similar to a six-bladed propeller (Ha et al., 2000); these are alkaline phytases active
at pH 4 7.0 and found mainly in bacteria. Recently, the first alkaline fungal phytase was reported from Arthrobotrys oligospora (Hou et al.,
2020). PAPs belong to a special group of acid phosphatases (APases), which hydrolyze phosphate from phosphomonoesters and
anhydrides with an optimum pH below 7.0 (Schenk et al., 1999). They are most widespread in plants and also found in bacteria, fungi,
and animals (Gontia-Mishra and Tiwari, 2013). PTPLP, also known as cysteine phytase, has the CX5R (S/T) domain in their active
center, which participates in hydrolysis and are active in the pH range between 4.0 and 6.0. PTPLPs were first isolated from bacteria like
Selenomonas ruminantium and Megasphaera elsdenii, which dwell in the rumen of ruminants (Puhl et al., 2008, 2009). Recently there is
also a report of neutral phytase from Penicillium sp. C1 (Ya-nan et al., 2020).

Depending on the carbon atom where phosphate hydrolysis is initiated, phytases have also been classified as 3-, 5-, and 6-phytases
(Mullaney and Ullah, 2003; Sun et al., 2017). The 3-phytases (EC 3.1.3.8), which begin the hydrolysis from the phosphate group on C3
atom of phytic acid, are present in many bacterial and fungal species, while the 6-phytases (EC 3.1.3.26), which first hydrolyze the bond
on C6 position, are present in plants and Escherichia coli. The 6-phytases perform complete dephosphorylation of the substrate, whereas
the final product of hydrolysis with 3-phytases is L-myo-inositol-2-phosphate (Wodzinski and Ullah, 1996; Wyss et al., 1999). 5-Phytases
(EC 3.1.3.72), which start the reaction from the cleavage of the phosphate on C5, have also been identified, for example in the
bacterium Selenomonas (Puhl et al., 2008).

In nature, phytases are produced in a wide range of plant and animal tissues, and microbes (Vohra and Satyanarayana, 2003). Of
immense commercial significance (reduction of phytate in foods and feeds, aquatic pollution abatement, soil amendment and
therapeutics) are phytases from filamentous fungi such as Aspergillus, Myceliophthora, Mucor, Penicillium, Rhizopus and Trichoderma
(Dailin et al., 2019). A phytase from Aspergillus ficuum NRRL 3135 has been most commonly used commercially (Chelius and
Wodzinski, 1994). Two methods of fermentation, Solid State Fermentation (SSF) and Submerged Fermentation (SmF), are employed
for the production of fungal phytases (Han et al., 1987; Shivanna and Venkateswaran, 2014). In the most common method, SSF,
agricultural residues and other cheap plant biomass substrates like citrus peels, wheat bran, wheat straw, soybean meal and rice bran
are used for the production of phytases from filamentous fungi such as Aspergillus flavus, A. ficuum, A. niger, Thermomyces lanuginosus
and Myceliophthora thermophila (previous name Sporotrichum thermophile) (Singh and Satyanarayana, 2006; Awad et al., 2014; Huang
et al., 2018). Using SmF, phytases can be produced from Aspergillus carbonarius, A. fumigatus, A. niger, A. oryzae, Cladosporium spp.,
Fig. 1 Structure of phytic acid showing six phosphate groups bound to cations and protein.
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Mucor piriformis, Rhizopus oligosporus and M. thermophila (Howson and Davis, 1983; Singh et al., 2011). Yeasts such as Arxula
adeninivorans, Candida krusei, Pichia anomala have also been reported to possess phytase activity (Kaur et al., 2007; Olstorpe et al.,
2009). Phytase from the yeast Pichia anomala has been produced in submerged fermentation using Yeast extract-Peptone-Dextrose
(YPD) medium (Vohra and Satyanarayana, 2002a) and cane molasses medium (Kaur and Satyanarayana, 2005).

In order to study their biochemical properties as well as structural and functional relationships, various chromatographic
methods have been employed to purify phytases (Vohra and Satyanarayana, 2002b; Singh and Satyanarayana, 2009; Ranjan and
Satyanarayana, 2016). Thermostability of phytase is desirable so that it can withstand temperatures as high as 70–901C during the
feed pelleting process (Doyle and Erickson, 2006; Dersjant-Li et al., 2015). Resistance to proteases and broad range pH stability are
important to withstand conditions in the gastrointestinal tract (Walton and Gray,1979; Schroder et al., 1998). Fungal phytases are
active in the optimum temperature range of 37–671C. Most fungal phytases are active at acidic pH in the range of 2.0 and 6.0 and
belong to a class of HAPs (Vohra and Satyanarayana, 2003; Singh et al., 2011), but phytases of some fungi such as the basi-
diomycete Agaricus bisporus and mucoromycete Rhizopus microsporus var. microsporus have optimum activity at pH 5.0–8.0 and 9.5,
respectively (de Oliveira Ornela and Guimaraes, 2019). A phytase from P. anomala is optimally active at 601C and pH 4.0 (Vohra
and Satyanarayana, 2001). This enzyme is highly thermostable and acid stable, with a T1/2 of seven and eight days at 601C and pH
4.0, respectively, thereby suggesting its applicability in animal feeds (Vohra and Satyanarayana, 2002b).

The first recombinant phytase was produced by expressing the phyA gene of A. fumigatus in A. niger (Rebello et al., 2017). The
recombinant phytase was highly thermostable and remained active over a wide pH range. A phytase gene from the thermophilic
fungus M. thermophila was cloned and expressed heterologously in E. coli and Pichia pastoris (Ranjan et al., 2015; Singh et al., 2018;
Maurya et al., 2017). The phytase from the yeast P. anomala was successfully over-expressed heterologously in other yeasts like
Hansenula polymorpha and P. pastoris (Kaur et al., 2010; Joshi and Satyanarayana, 2014).

Improvement in the enzyme characteristics of phytases has extensively and successfully been achieved using enzyme engineering
(Chen et al., 2015). Amelioration of phytase thermostability, specific activity, pH stability and protease resistance can be achieved by
protein engineering. As mentioned before, stability of phytase at high temperatures is desirable to withstand feed pelleting conditions
(Doyle and Erickson, 2006; Dersjant-Li et al., 2015). In order to withstand conditions in the gastrointestinal tract, phytase must be
stable in a broad pH range with a high specific activity (Schroder et al., 1998). Hence, protein engineering has been extensively used
to enhance thermostability of HAP, a commercially very important phytase. Improved thermostability of A. niger phyA, E. coli appA
and appA2, and A. fumigatus phytase has been attained by protein engineering methods such as protein glycosylation, random
mutation and site-directed mutagenesis (Mullaney et al., 2010; Vasudevan et al., 2019). In view of the multifarious applications of
fungal phytases (Fig. 2), this review focuses on the potential biotechnological applications of these enzymes.
Applications of Phytases

Applications in Foods and Animal Feed

The most important biotechnological application of phytases is in the nutrition of monogastric animals and humans. Mono-
gastrics are not able to breakdown phytates to liberate inorganic phosphorus due to lack of phytase, thus preventing their
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Introduction

A main driver of terrestrial carbon-recycling is the continuous decay of (dead) plant biomass, mainly mediated by the combined
activities of highly dynamic fungal communities (Lladó et al., 2017; López-Mondéjar et al., 2018; Ontl and Schulte, 2012). Even
related fungi from similar habitats have been shown to produce complementary enzyme-sets acting on the same substrate, which
points to an evolutionary selection of efficient communities (Benoit-Gelber et al., 2017; Benoit et al., 2015; Hu et al., 2011). Fungal
enzymes are also major biocatalysts in many food and biotechnology applications, and essential for the transition from conventional
chemical processes to biorefineries (Dilokpimol et al., 2018; Frommhagen et al., 2018; Himmel et al., 2007; Straathof, 2014).
Nevertheless, selection of the right fungal strain and most optimal enzymes for specific applications remains challenging and will be
discussed in detail in this chapter.

Plant biomass is largely composed of cell wall material mostly originating from primary and secondary cell wall layers (Carpita,
2000). In general, polysaccharides are the most abundant cell wall components, next to structural proteins and aromatic lignin
(Pauly and Keegstra, 2008). The primary cell wall surrounds the cell and is the major part of the plant cell wall in fruits and
vegetables. This layer is mainly composed of cellulose microfibrils embedded in a network of pectin and various hemicelluloses,
i.e., xyloglucan, xylan or mannan (Cosgrove, 2005). Exact compositions vary for example per source, tissue type or environmental
growing conditions. The secondary plant cell wall is deposited on the outside of the plasma membrane surrounding the cell
lumen, and on the inside of the primary cell wall. This secondary cell wall represents the main part of the dry matter of
lignocellulosic feedstocks. Examples of the latter are grass-like agricultural by-products or hard- and softwoods.

It should be noted that the ratio of primary versus secondary cell wall components differs for example per botanical source and
tissue type, and that certain types of biomass (i.e., sugar beet pulp, rape seed meal) do not fit in a strict system defining only
“primary cell wall rich fruits and vegetables” versus “secondary cell wall rich grasses and woods”.

The secondary cell wall contains cellulose and hemicellulose, in addition to the heterogenous aromatic polymer lignin (Boerjan
et al., 2003; Cosgrove, 2005; Meents et al., 2018; Pauly and Keegstra, 2008). Hemicellulose is mainly represented by (acetylated)
xylan in grasses and hardwoods or mannan in softwoods (Ebringerová et al., 2005; Gírio et al., 2010; Scheller and Ulvskov, 2010).

This chapter aims to give an overview of the structures of most occurring plant cell wall polysaccharides and corresponding
fungal plant cell wall modifying enzymes with a focus on plant cell wall degradation.
Carbohydrate Active Enzyme Classification

Since the early search for enzymes, to benefit products and usually greener processes for the food or biorefinery industry,
carbohydrate active enzymes have received elaborate attention (Frommhagen et al., 2018; Gírio et al., 2010; Himmel et al., 2007;
Jonathan et al., 2017; Pauly and Keegstra, 2008). As more and more enzymes were discovered, varying in their origin, substrate
specificity and mode-of-action, soon the need for a classification to improve selection and optimization of enzymes became
evident. With the increasing amounts and easiness to obtain genome-based information many enzymes could be recognized based
on gene level. Although this gene information does not provide data on actual enzyme functions, in 1998 it provided the basis for
classification with the foundation of the so-called Carbohydrate-Active enZYmes database (see “Relevant Websites section”;
Lombard et al., 2014). The CAZy database describes families of structurally-related catalytic and carbohydrate-binding modules (or
functional domains) of enzymes that degrade, modify, or create glycosidic bonds. Currently, five enzyme classes are defined in
CAZy, each containing multiple families: Glycoside Hydrolases (GHs), Glycosyl Transferases (GTs), Polysaccharide Lyases (PLs),
Carbohydrate Esterases (CEs) and Auxiliary Activities (AAs). Within the amino acid sequence similarity-based classification,
families represent mutual biochemical mechanisms and protein structure information rather than actual substrate specificity. The
latest developments comprise establishment of subfamilies, which are expected to better represent substrate specificity (Dilok-
pimol et al., 2018).

GHs are by far the largest CAZy class and GH-candidates are widespread throughout the fungal kingdom (see “Relevant
Websites section”; Lombard et al., 2014). Additionally, many food, biomedical and biorefinery applications built on the use of
various GHs, and, therefore, this class comprises the most biochemically and structurally characterized enzymes. GHs are con-
sidered to mainly follow either inverting or retaining mechanisms (Davies and Henrissat, 1995; McCarter and Withers, 1994).
A distinct difference for retaining over inverting enzymes is the formation of a glycosyl enzyme intermediate, and, consequently,
a second reaction step (Davies and Henrissat, 1995; McCarter and Withers, 1994). In the case that in this second step, instead of
water leading to hydrolysis, another carbohydrate molecule acts as acceptor, transglycosylation takes place (Bissaro et al., 2015).
Obviously, at high carbohydrate concentrations, the equilibrium will be directed towards transglycosylation with minor hydrolysis
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Introduction

Carbohydrates are classified according to their degree of polymerization (DP), which is the number of units composing the
molecule. According to IUPAC classification, they can be divided in monosaccharides (DP 1), oligosaccharides (DP 2–9) and
polysaccharides (DPZ10) (McNaught, 1996).

Based on the physiological properties, carbohydrates can be classified as digestible or non-digestible. Normally, non-digestible
oligosaccharides are classified as prebiotics, and according to the International Scientific Association for Probiotics and Prebiotics
(ISAPP), a prebiotic is a substrate that is selectively utilized by host microorganisms to confer health benefits (Gibson et al., 2017).
They remain undigested in the upper gastrointestinal tract, i.e., they are resistant to hydrolysis by human saliva, gastric and
pancreatic juices, and are not absorbed in the small intestine, reaching the colon where they are available for utilization by
probiotics (Meyer et al., 2015).

Fungi are especially attractive producers of enzymes for the production and commercialization of oligosaccharides. They are
able to secrete the enzymes, which allows for greater stability and makes the production process significantly cheaper (Lange,
2017). Besides the use of free fungal enzymes, oligosaccharides can be produced directly by the mycelium or by immobilized
fungal cell and enzymes (Fig. 1).

This chapter emphasizes the main types of oligosaccharides and their properties, natural sources, modes of production and
potential industrial applications.
Fructooligosaccharides

Fructooligosaccharides (FOS) are oligomers of b(2-1)-linked D-fructose molecules with a maximum DP of 10. FOS can contain
one molecule of glucose in their structure to form a linear chain linked to fructose (GFn) or only fructose (Fn) (Yildiz, 2011). GFn
are mainly derived from the transfructosylation of sucrose while Fn are derived from inulin hydrolysis (Dominguez et al., 2014).
The smallest FOS is kestose (1-kestose, b-D-fructofuranosyl-(2-1)-b-D-fructofuranosyl-(2-1)-a-D-glucopyranoside). In addition
to kestose, nystose (one glucose and three fructose molecules) and fructosyl nystose (one glucose and four fructose molecules) are
the most common GFn molecules (Fig. 2). They are also referred as GF2, GF3, and GF4, respectively. Regarding Fn, it is
denominated inulo(latin of polymerization degree)ose, such as inulotriose, inulotetraose, etc. (Yildiz, 2011).

The enzymes involved in FOS production are mainly invertases and inulinases. Invertase or b-fructofuranosidase (EC 3.2.1.26)
catalyzes the hydrolysis of sucrose to produce an equimolar solution of fructose and glucose. In high sucrose concentrations, some
b-fructofuranosidases can have transfructosylating activity, transferring fructose to sucrose, producing GFn. The b-fructofur-
anosidase with this specific activity is named fructosyltransferase (EC 2.4.1.9) (de Almeida et al., 2018). Endoinulinases (EC
3.2.1.7) hydrolyze internal b-2,1 fructofuranosidic linkages of inulin releasing mainly inulotriose, inulotetraose and inulopentose
as products (Singh et al., 2020).

In industry, the most common process for FOS production is sucrose biotransformation by transfructosylation catalyzed by
b-fructofuranosidases from the ascomycete fungal species Aspergillus, Aureobasidium or Penicillium (USDA, 2015; Sánchez-Martínez
et al., 2020). After enzymatic reaction, the products pass through downstream processes, including removal of reducing sugars
(using the yeast Pachysolen tannophilus), decolorization and removal of organic impurities by activated carbon, clarification by
microfiltration, purification using ion-exchange to remove color and ash components, and evaporation and concentration to yield
FOS sirup. Concentrated FOS sirup is pasteurized and can be packaged as sirup or submitted to a spray drying process to be sold as
a white powder (FDA, 2015; Soni and Tsai, 2016).

In 1984, Meiji Seika Co. in Japan was the first to succeed in the commercial production of FOS. They used invertase from
Aspergillus niger to produce the products Neosugar® and Meioligo® (Yun, 1996; Dominguez et al., 2014). Nowadays, several FOS
are commercialized as prebiotics. Some are derived from sucrose, such as NutraFlora®, Actilight®, Profeed®, Oligo-sugar and
Beneshine™P-type, while others are derived from inulin, like Oraft®, Fibrulose®, Frutalose® and olifructinesp® (Dominguez et al.,
2014).

Industrial processes can be performed via a batch system using a soluble enzyme, or a continuous process using immobilized
enzyme or whole cells (Sánchez-Martínez et al., 2020). Examples of fungi and fungal enzymes as well as their products are shown
in Table 1.

The continuous process using immobilized enzymes or cells is an alternative to the use of free enzymes. Immobilized
biocatalysts are more stable, can be removed from the reaction medium and be reused many times, reducing the final cost of the
enzyme and enabling greater purity of the final product (Sheldon and van Pelt, 2013). Industrial use of immobilized enzymes for
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Introduction

Fungi have become one of the most important microorganisms in biotechnology. The biotechnological sector use fungi as cell
factories to produce food and beverages (Dupont et al., 2017), organic acids (Sahasrabudhe and Sankpal, 2001), enzymes (Sharma
et al., 2017a,b; Walia et al., 2017) and bioactive compounds (Keller et al., 2005; Kuck et al., 2014). In spite of the interest, their full
metabolic potential is still unknown (Kjærbølling et al., 2019). Metabolism can be defined as the complete set of chemical
reactions that occur in living organisms in order to maintain life, i.e., a network of interconnected and interdependent chemical
reactions where a metabolite is transformed through a series of intermediates reactions into another metabolite that can be used by
the cell. Genome-scale metabolic models (GEMs) are used as in silico representation of in vivo metabolic reactions. GEMs allow
researchers to determine the characteristics of an organism and understand, to some extent, what it is capable of doing based on its
genetic information (Kitano, 2002). The first GEM model was created for the bacterium Haemophilus influenzae shortly after the first
genome was published (Edwards and Palsson, 1999). The first GEM of the ascomycete yeast Saccharomyces cerevisiae was published
in 2003 (Förster et al., 2003b), while the development of filamentous fungal metabolic networks was delayed until the publication
of their genomes. In 2008, the first GEMs of filamentous fungi, Aspergillus niger (Andersen et al., 2008), Aspergillus nidulans (David
et al., 2008) and Aspergillus oryzae (Vongsangnak et al., 2008) were published. From then on, the number of GEMs has increased
(Brandl and Andersen, 2015), but not as fast as genomes have been sequenced (Leitch et al., 2018).

On average, a typical fungal GEM contains 1138 unique metabolic reactions and 1050 ORFs (Brandl and Andersen, 2015),
however, on average, fungal genomes contain more than 10,000 genes (see “Relevant Websites section”). Due to the large amount
of data to consider, a full analysis of a metabolic network is only possible using computational approaches (Vlassis et al., 2014).
The reconstruction process starts constructing a network. Based on their functional annotation, a metabolic function is assigned
automatically to each gene in the genome, after which a curator reviews the features of each reaction and the genome annotation.
Only then, the network is transformed into a matrix, constraints are applied and the resulting GEM is tested. GEMs are constantly
changing and curators are learning from the new conditions tested. Simulated results are compared against experimental data to
improve the accuracy of the GEM (Kim et al., 2012). The final GEM is released in the standardized SBML format (Systems Biology
Markup Language format) (Hucka et al., 2003).

GEMs have countless applications, among them, metabolic engineering, hypothesis-driven discovery, studying multi-species
relationships, network property discovery or exploring omics data (Oberhardt et al., 2009). In particular, fungal GEMs have been
mainly used for exploring omics data and in silico strain engineering (Brandl and Andersen, 2015) Fig 1.

In the following sections, we review metabolic modeling reconstruction, analysis and future perspectives. We present an
overview of the process to reconstruct a network with special attention for manual curation. We describe different methods to
analyze a model and the integration of omics data in the analysis. We show how GEMs have been applied successfully to predict
the behavior of different yeast and filamentous fungi. Finally, we discuss advances to construct GEMs for all sequenced genomes in
an automatic manner at a faster rate and improving the quality.
Reconstruction of a Genome-Scale Network

The goal of the genome-scale network reconstruction (GENRE) is to include all the enzymes encoded in the genome (Ruppin
et al., 2010). GENREs are built up in a bottom-up manner starting with the annotation data of the genes and the associated
enzymatic reactions (Cottret et al., 2018). Gene-protein-reaction (GPR) associations determine the set of metabolic reactions
encoded in the genome.

In the past, metabolic networks were step-by-step defined based on the reactions identified in vitro (Kornberg and
Madsen, 1958) (Elzainy et al., 1973; Kuninaka, 1957). Cellular metabolism is more complex and flexible than we often
assume (Klein et al., 2017; Koivistoinen et al., 2012; Mojzita et al., 2012). The current methodology used to generate a
reliable metabolic network starts with an automatically generated draft based on the sequence similarities between gene
annotation and metabolic databases, followed by an extensive manual curation of reactions and GPR mapping done by
experts (Hartleb et al., 2018). The process repeats itself until biomass production is achieved. Network reconstruction is a
dynamic process in which the experts learn from the simulations and inconsistencies often result in changes in the
networks and regular updates. For example, this is illustrated by the publication in 2019 of Yeast8 (Lu et al., 2019), an
improved version of the original S. cerevisiae metabolic network published in 2003 (Förster et al., 2003b).
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Introduction

Low molecular weight carboxylic acids are intermediates of the primary metabolism of almost all organisms. Some of them are
also commodity (bulk) products and manufactured on a very large scale to satisfy various global markets. In fact, after
antibiotics and amino acids, organic acids represent the third largest category of bulk chemicals manufactured by microbial
fermentation (Anastassiadis and Morgunov, 2008). Their carboxylic group(s) is/are only partially dissociated in neutral aqueous
solutions, which makes them a weak acid, optimal for food applications such as flavors and preservatives. Carboxylic acids can
also function as potential bio-based building blocks for polymer production and suitable platform chemicals in green chem-
istry. Recently, over 300 chemicals that can be produced from biomass and have the potential to be transformed into new type
of useful molecules were analyzed by the U.S. Department of Energy to select the most lucrative ones. Of the top twelve such
compounds, eight are organic acids, underlining the importance of this group (Werpy and Petersen, 2004). However, to
successfully compete with petroleum-based chemical technologies, economic efficiency of the bio-based organic acid produc-
tion processes must improve.
Why Do Fungi Accumulate Organic Acids?

The reasons why fungi have developed the ability to accumulate and excrete organic acids in high amounts is not sufficiently
understood. In contrast to other fungal biotechnological products such as secondary metabolites or enzymes, prolific organic acid
accumulation is not restricted to carefully selected mutants, but even wild-type strains can do it under special cultivation conditions.
These are: a high concentration (410%, w v�1) of a rapidly metabolizable carbon source (usually D-glucose), a high rate of aeration,
and a suboptimal concentration of nitrogen and phosphorus to limit biomass formation (¼ growth). Obviously, these are condi-
tions a fungus rarely encounters in its natural habitat, where it mostly feeds on polysaccharides and proteins. It has been discussed
that the purpose of the extracellular accumulation of organic acids is to decrease the pH of the environment in cases of presence of
excessive amounts of a carbon source in order to prevent its utilization by other competing micro-organisms (such as bacteria and
yeasts), and at the same time transform the carbon source to one that is difficult for them to utilize (Blatzer and Latgé, 2017). Organic
acid formation has also been interpreted as a mechanism to chelate trace metal ions, thereby facilitating their transport into the cell,
but while they may indeed play such a role in at least some cases (Guerinot et al., 1990; Odoni et al., 2017b), this would clearly not
necessitate their accumulation in such high amounts.
Biochemical Aspects of Organic Acid Accumulation by Fungi

The organic acids accumulated by fungi can be distinguished into four types: (a) monocarboxylic acids; (b) dicarboxylic acids;
(c) tricarboxylic acids; and (d) sugar acids. As illustrated in Fig. 1, lactic acid is the only monocarboxylic acid produced by some
fungi in significant amounts that is a definitive end-product of glycolysis. Gluconic acid biosynthesis is an extracellular process and
its uptake competes with glucose transport. The di- and tricarboxylic acids, however, can be considered as products of incomplete
aerobic D-glucose catabolism. This incomplete catabolism (a–c) has been coined by Foster (1949) as “overflow metabolism”,
because it is best observed in the presence of high concentrations of D-glucose. One may argue that fungi – usually feeding on
polymers – are not well equipped with regulatory mechanisms to handle the metabolism of high monosaccharide concentrations.
However, the analysis of metabolic control points in fungi has documented that they operate in a similar way as in other
organisms. Rather certain nutritional imbalances (low nitrogen and phosphate, limitations in inorganic ions) are responsible for
the overflow metabolism (Kubicek and Röhr, 1985).

Fungi are unique in other metabolic properties though: they possess a pyruvate carboxylase that is located in the cytosol
(Osmani and Scrutton, 1985; Bercovitz et al., 1990; Jaklitsch et al., 1991), and which can utilize the glycolytically formed pyruvate
to form oxaloacetate. In addition, there are cytosolically located isoenzymes of NAD-dependent malate dehydrogenase and
(in Mucorales) fumarate hydratase, which together form a “reductive tricarboxylic acid (rTCA) branch” (Fig. 1). Since the pathway
consumes 1 ATP per pyruvate (in the pyruvate carboxylase reaction) and oxidizes the NADH formed during glycolysis, one may
consider it a non-energy generating pathway for D-glucose catabolism. Three of the dicarboxylic acids overproduced by fungi
(oxalic acid, malic acid, fumaric acid) are intermediates of the rTCA branch. However, succinic acid and trans-epoxysuccinic acid –

although only one and two enzymatic steps, respectively, away from fumarate – are not produced by the rTCA branch because the
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Introduction

Xylitol (C5H12O5) is a five carbon sugar alcohol, also known as polyol, naturally present in small amounts in some fruits and vegetables.
It presents a sweetness profile similar to sucrose with a low caloric value (2.4 kcal g�1), being partially absorbed (50%) in the small
intestine and metabolized in the liver with no effect on blood glucose or insulin levels. The unabsorbed fraction that reaches the distal
parts of the gastrointestinal tract is degraded by intestinal microbiota leading to the formation of short-chain fatty acids (Grembecka,
2015; O’Brien-Nabors, 2011; Salli et al., 2019). Due to the low-caloric content and the insulin independent-metabolism, xylitol is widely
used as sweetener in food and beverage products (chewing gums, candy, fruit drinks) and also as additive in functional foods, especially
applied in diabetes management. Additionally, xylitol exhibits a unique role in caries prevention. It is not metabolically used as energy
source by oral flora, reducing the growth of mutans streptococci, the group of bacteria responsible for dental caries formation. In this
sense, the substitution of sugar by xylitol in food along with its incorporation in dental care products (toothpaste and mouthwash) has
considerable impact on dental health (Janakiram et al., 2017; Maguire and Rugg-Gunn, 2003).

In addition to these advantageous properties, xylitol has been identified as one of the 12-top value added compounds to be
attained from biomass and can be also used in the chemical industry as an intermediate for the synthesis of ethylene glycol, propylene
glycol, glycerol, xylaric acid, and polymers (Hernández-Pérez et al., 2016; Isikgor and Becer, 2015; Werpy and Petersen, 2004).

Currently, xylitol is largely used as sweetener due to the public awareness of adverse health impacts from excessive sugar
consumption. As the consumers have become more aware of the link between sugar intake, and obesity and related diseases, the
replacement of simple sugars in the daily diet by low-calorie sweeteners is increasing the demand of xylitol (Chattopadhyay and
Raychaudhuri, 2014; Philippe et al., 2014; Toews et al., 2019). The global xylitol market reached US$875 million in 2019, with the
chewing gum industry being the largest application segment of the market. Nevertheless, as the scope of xylitol applications is
expanding, it is expected to reach US$1.37 billion by 2025 (Hernández-Pérez et al., 2016).

The industrial production of xylitol started in 1975 by Finnish Sugar Co. Ltd (Finland), through chemical hydrolysis and hydro-
genation of xylan. Xylan is a polysaccharide composed by b-1,4-linked xylose, abundantly present in agro-industrial residues. The
procedure involves acid pretreatment of these lignocellulosic materials to generate a xylose-enriched hydrolysate. The subsequently
catalytic reduction of xylose to xylitol requires an additional purification step by exchange chromatography and activated carbon, being
performed at high hydrogen pressure and temperature. This procedure, in spite of using a renewable feedstock lignocellulose as raw
material, is not environmental-friendly, and requires expensive equipment and large amount of energy (Dasgupta et al., 2017).
Biotechnological Production of Xylitol: The Yeast’s Role

Xylitol Production by Native Xylose Utilizing Yeasts

Considering the growing commercial demand for xylitol together with the safety concerns related with the costly chemical process,
several research efforts have been applied over the last years for the development of biotechnological production of xylitol.
Bioconversion methods based on whole cell biocatalyst, including bacteria, fungi and yeast, involve milder temperatures and
pressure conditions, reducing the energy requirements and thus the overall process cost. In addition, as the microbial conversion
of xylose does not require high purity, the purification steps before xylose reduction are not required, which also contribute to the
reduction of production costs.

Bacteria, yeasts, and filamentous fungi are naturally capable of xylitol biosynthesis. However, there are few studies regarding
xylitol production by bacteria and filamentous fungi, mainly due to the low yields and reduced final xylitol concentrations. Most
studies on xylitol production with filamentous fungi (Aspergillus, Byssochlamys, Fusarium oxysporum, Gliocladium, Myrothecium,
Penicillium, Rhizopus, and Neurospora sp.) reported low concentrations of xylitol with the exception of Petromyces albertensis that
produced 39.8 g l�1 of xylitol after 10 days of incubation (Dahiya, 1991; Rafiqul and Mimi Sakinah, 2013). Native xylose utilizing
yeasts (Candida, Debaromyces, Kluyveromyces) are the organism of choice for xylitol production due to their high pentose assim-
ilation and xylose utilization capacity through the oxidoreductase pathway (Fig. 1). Xylose metabolism is catalyzed by two key
enzymes: xylose reductase (EC 1.1.1.307) and xylitol dehydrogenase (EC 1.1.1.175). Firstly, xylose is reduced to xylitol by the
xylose reductase (XR). This enzyme belongs to the aldose reductase family and generally uses NADPH over NADH as cofactor
(Quehenberger et al., 2019). The xylitol produced can be secreted from the cell or oxidized to xylulose by the xylitol dehy-
drogenase (XDH) which uses only NAD þ as cofactor. Xylulose after phosphorylation to xylulose 5-phosphate is further meta-
bolized through the pentose phosphate pathway (PPP). Xylitol accumulation is caused by a cofactor imbalance between the
mainly NADPH-dependent XR and the NAD þ -dependent XDH.
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A Taste of Biotechnological History

Fermented foods and beverages are not just by-products of civilization, they are central to it. Whether alcoholic beverages, such as
beer and wine, were offshoots from breadmaking by the first farmers, it is clear that yeast fermentation catalyzed one of the greatest
transitions in human history. From the rituals of Stone Age hunter-gathers and the origin of farming to the origin of writing and
transport on wheels, one can find a possible link to yeast fermentation. All kinds of crops were fermented, and humans imbibed
long before they invented the first phonetic alphabet and could count in Arabic numericals. In fact, some archeologists argue that
alcoholic beverages were significant contributors to humankind’s creativity, which helped foster the development of language, the
arts, science and technology. They also postulate that yeast-derived alcoholic beverages inspired our hunter-gatherer ancestors to
domesticate grains and fruits. The oldest firm evidence of an alcoholic beverage comes from Jiahu, China, where by 7000 BCE, a mix
of rice, grapes, hawthorn berries and honey were fermented in clay jars (McGovern et al., 2004).

Winemaking dates near the dawn of civilization. In the Caucasus mountains of modern-day Georgia and the Zagros Mountains
of Iran as we know it today, grapes were one of the earliest fruits to be domesticated and it is estimated that wine was made as early
as 7400 years ago (This et al., 2006). Centuries later, with the rise of the Roman Empire, wine became the beverage of choice
throughout classical antiquity. One could, therefore, think of winemaking – the fermentation of grape juice with yeast – as one of
the oldest biotechnologies in the world, steeped in a long and rich history of tradition and innovation.

In today’s language, biotechnology is defined as the study or application of a living organism or any of its parts to produce a
product, often of commercial value. More specifically, wine biotechnology is the study of the biological fundamentals of the three
main organisms involved, grapes (mostly noble varieties of Vitis vinifera); yeast (Saccharomyces and non-Saccharomyces species); and
bacteria (malolactic bacteria of which Oenococcus oeni is the best known wine bacterium), as well as the fermentation and
processing technologies through which grape juice is converted in to flavorsome wine. This chapter focuses on Saccharomyces and
non-Saccharomyces yeast involved in modern-day winemaking.
The Rising Power of Wine Yeast

The French pioneer microbiologist, Louis Pasteur, was the first to emphatically demonstrate the role of yeasts during wine fermentation,
in that it is the principal catalyst responsible for the conversion of grape-must sugars to alcohol and CO2 (Barnett, 2000). In the mid-
1800s, Pasteur isolated and noted different microorganisms co-existing during the fermentations, including different types of yeasts.
Based on his drawings, two main yeasts were observed. The first was a small, lemon-shaped yeast abundant during the first stages of
fermentation, which he called Saccharomyces apiculatus (now most probably known as Hanseniaspora uvarum). The second, which
increased in abundance as the fermentation progressed, was a larger and rounder yeast, which Pasteur named either Saccharomyces
pastorianus or Saccharomyces ellipsoideus (most likely the current Saccharomyces cerevisiae). Soon afterwards, the Swiss-German wine
pioneer, Herman Müller, started recording the use of specially selected pure yeast cultures for his wine fermentations.

Now, many researchers use the term “yeast” to describe S. cerevisiae or closely-related species. This is mainly because S. cerevisiae is by
far the most studied yeast and work on it has contributed greatly toward fundamental research. In 1996, it became the first completely
sequenced eukaryote (Goffeau et al., 1996). S. cerevisiae also has a widespread industrial role, used as a workhorse organism in a variety
of fields, including the bioenergy and medical industries, as well as food and beverage production. S. cerevisiae is the main microbial
player in modern-day winemaking. It is the chief fermenter of the sugars found in grape must and in most cases outcompetes other
microorganisms during fermentation due to its prolific capacity to produce high concentrations of ethanol. Besides ethanol production,
many S. cerevisiae strains also produce so-called killer factors, proteins or glycoproteins facilitated by cytoplasmically inherited double-
stranded RNA viruses that are capable of entering susceptible strains (Becker and Schmitt, 2017; Wang et al., 2015).

Many other types of yeasts are also present during fermentation, especially in the early phases, and do exert an influence on the
final wine product as will be discussed later. These yeasts are often grouped under the term “non-Saccharomyces yeast” (NSY) or
“non-conventional yeast” with most being closely related to Saccharomyces.
The Essence of Winemaking

Winemakers generate “must” from harvested grapes, involving a process of destemming, crushing and macerating the grapes. Once
the must has been prepared, winemakers typically add sulfur dioxide (SO2) to their must for three main reasons: (1) it is an
Encyclopedia of Mycology, Volume 2 doi:10.1016/B978-0-12-819990-9.00007-X428





































446 Biotechnology of Wine Yeasts
Testa, B., Lombardi, S.J., Iorizzo, M., et al., 2020. Use of strain Hanseniaspora guilliermondii BF1 for winemaking process of white grapes Vitis vinifera cv Fiano. European
Food Research and Technology 246, 549–561.

This, P., Lacombe, T., Thomas, M.R., 2006. Historical origins and genetic diversity of wine grapes. Trends in Genetics 22, 511–519.
Tomlin, G.C., Wixon, J.L., Bolotin-Fukuhara, M., Oliver, S.G., 2001. A new family of yeast vectors and S288C-derived strains for the systematic analysis of gene function.

Yeast 18, 563–575.
Toro, M.E., Vazquez, F., 2002. Fermentation behaviour of controlled mixed and sequential cultures of Candida cantarellii and Saccharomyces cerevisiae wine yeasts. World

Journal of Microbiology and Biotechnology 18, 347–354.
Tristezza, M., Tufariello, M., Capozzi, V., et al., 2016. The oenological potential of Hanseniaspora uvarum in simultaneous and sequential co-fermentation with Saccharomyces

cerevisiae for industrial wine production. Frontiers in Microbiology 7, 1–14.
Varela, C., Borneman, A.R., 2017. Yeasts found in vineyards and wineries. Yeast 34, 111–128.
Varela, C., Barker, A., Tran, T., Borneman, A., Curtin, C., 2017. Sensory profile and volatile aroma composition of reduced alcohol Merlot wines fermented with Metschnikowia

pulcherrima and Saccharomyces uvarum. International Journal of Food Microbiology 252, 1–9.
Vaudano, E., Costantini, A., Garcia-Moruno, E., 2016. An event-specific method for the detection and quantification of ML01, a genetically modified Saccharomyces cerevisiae

wine strain, using quantitative PCR. International Journal of Food Microbiology 234, 15–23.
Viana, F., Gil, J.V., Vallés, S., Manzanares, P., 2009. Increasing the levels of 2-phenylethyl acetate in wine through the use of a mixed culture of Hanseniaspora osmophila and

Saccharomyces cerevisiae. International Journal of Food Microbiology 135, 68–74.
Viana, F., Belloch, C., Vallés, S., Manzanares, P., 2011. Monitoring a mixed starter of Hanseniaspora vineae-Saccharomyces cerevisiae in natural must: Impact on 2-phenylethyl

acetate production. International Journal of Food Microbiology 151, 235–240.
Vigentini, I., Gebbia, M., Belotti, A., Foschino, R., Roth, F.P., 2017. CRISPR/Cas9 system as a valuable genome editing tool for wine yeasts with application to decrease urea

production. Frontiers in Microbiology 8, 1–11.
Vilanova, M., Blanco, P., Cortés, S., et al., 2000. Use of a PGU1 recombinant Saccharomyces cerevisiae strain in oenological fermentations. Journal of Applied Microbiology

89, 876–883.
Volschenk, H., Viljoen, M., Grobler, J., et al., 1997. Engineering pathways for malate degradation in Saccharomyces cerevisiae. Nature Biotechnology 15, 253–257.
Volschenk, H., Viljoen-Bloom, M., Subden, R.E., van Vuuren, H.J.J., 2001. Malo-ethanolic fermentation in grape must by recombinant strains of Saccharomyces cerevisiae.

Yeast 18, 963–970.
Walker, M.E., Gardner, J.M., Vystavelova, A., et al., 2003. Application of the reuseable, KanMX selectable marker to industrial yeast: construction and evaluation of heterothallic

wine strains of Saccharomyces cerevisiae, possessing minimal foreign DNA sequences. FEMS Yeast Research 4, 339–347.
Wang, C., Mas, A., Esteve-Zarzoso, B., 2015. Interaction between Hanseniaspora uvarum and Saccharomyces cerevisiae during alcoholic fermentation. International Journal of

Food Microbiology 206, 67–74.
Wang, C., Mas, A., Esteve-Zarzoso, B., 2016. The interaction between Saccharomyces cerevisiae and non-Saccharomyces yeast during alcoholic fermentation is species and

strain specific. Frontiers in Microbiology 7, 1–11.
Wang, X.C., Li, A.H., Dizy, M., et al., 2017. Evaluation of aroma enhancement for “Ecolly” dry white wines by mixed inoculation of selected Rhodotorula mucilaginosa and

Saccharomyces cerevisiae. Food Chemistry 228, 550–559.
van Wyk, N., Kroukamp, H., Pretorius, I., 2018. The smell of synthetic biology: Engineering strategies for aroma compound production in yeast. Fermentation 4, 54.
van Wyk, N., Kroukamp, H., Espinosa, M.I., et al., 2020a. Blending wine yeast phenotypes with the aid of CRISPR DNA editing technologies. International Journal of Food

Microbiology 324, 108615.
van Wyk, N., Pretorius, I.S., von Wallbrunn, C., 2020b. Assessing the oenological potential of Nakazawaea ishiwadae, Candida railenensis and Debaryomyces hansenii strains in

mixed-culture grape must fermentation with Saccharomyces cerevisiae. Fermentation 6, 49.
van Wyk, N., Grossmann, M., Wendland, J., von Wallbrunn, C., Pretorius, I.S., 2019. The whiff of wine yeast innovation: Strategies for enhancing aroma production by yeast

during wine fermentation. Journal of Agricultural and Food Chemistry 67, 13496–13505.
Yap, N.A., Lopes, M.D.B., Langridge, P., Henschke, P.A., 2000. The incidence of killer activity of non- Saccharomyces yeasts towards indigenous yeast species of grape must:

Potential application in wine fermentation. Journal of Applied Microbiology 89, 381–389.
Yilmaztekin, M., Cabaroglu, T., Erten, H., 2013. Effects of fermentation temperature and aeration on production of natural isoamyl acetate by Williopsis saturnus var. saturnus.

BioMed Research International 1, 1–6.
Yokotsuka, K., Otaki, A., Naitoh, A., Tanaka, H., 1993. Controlled simultaneous deacidification and alcohol fermentation of a high-acid grape must using two immobilized

yeasts, Schizosaccharomyces pombe and Saccharomyces cerevisiae. American Journal of Enology and Viticulture 44, 371–377.
Zara, G., Mannazzu, I., Del Caro, A., et al., 2014. Wine quality improvement through the combined utilisation of yeast hulls and Candida zemplinina/Saccharomyces cerevisiae

mixed starter cultures. Australian Journal of Grape and Wine Research 20, 199–207.
Zhang, B., Luan, Y., Duan, C., Yan, G., 2018a. Use of Torulaspora delbrueckii co-fermentation with two Saccharomyces cerevisiae strains with different aromatic characteristic

to improve the diversity of red wine aroma profile. Frontiers in Microbiology 9, 606.
Zhang, B., Shen, J.Y., Duan, C.Q., Yan, G.L., 2018b. Use of indigenous Hanseniaspora vineae and Metschnikowia pulcherrima co-fermentation with Saccharomyces cerevisiae

to improve the aroma diversity of Vidal blanc icewine. Frontiers in Microbiology 9, 2303.
Zironi, R., Romano, P., Suzzi, G., Battistutta, F., Comi, G., 1993. Volatile metabolites produced in wine by mixed and sequential cultures of Hanseniaspora guilliermondii or

Kloeckera apiculata and Saccharomyces cerevisiae. Biotechnology Letters 15, 235–238.



Ethanol Tolerance and Production by Yeasts
Sandra Garrigues, Fungal Physiology, Westerdijk Fungal Biodiversity Institute & Fungal Molecular Physiology, Utrecht University,
Utrecht, The Netherlands
Sonia Salazar-Cerezo, Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands

r 2021 Elsevier Inc. All rights reserved.

Introduction

In the last decades, global improvement in living standards has pushed the search for sustainable energy as alternative to the use of
non-renewable fossil fuels to meet the energy requirements worldwide. In this context (bio)ethanol, also known as ethyl alcohol
or chemically C2H5OH, is recognized as the most widely used biofuel in the transportation sector, with a long history as alternative
fuel (Guo et al., 2015). Additionally, ethanol is an industrially relevant chemical present in a wide range of products such as
solvents, cosmetics, food and beverages, disinfectants, and pharmaceutical preparations (Fig. 1). Microorganisms such as bacteria
and yeasts play a key role in bioethanol production by fermenting a wide range of sugars to ethanol. At the industrial level, yeasts
are the preferred microorganisms for ethanol production due to their valuable properties regarding ethanol yields, tolerance,
productivity, resistance to inhibitors, and their suitability to grow in very simple and inexpensive media (Mohd-Azhar et al., 2017).

In this chapter, we focus on the process of ethanol production by yeasts and we highlight the most relevant physical, chemical
and molecular factors affecting ethanol production and tolerance.
Ethanol Production by Yeasts During the Fermentation Process

The term “fermentation” derives from the Latin word fervere, which means to boil, to be in turmoil. It can be defined as a
metabolic process in which the biochemical transformation of organic compounds, such as carbohydrates, takes places with the
aid of enzymes to obtain cellular energy. Because it does not require oxygen, fermentation is classified as an anaerobic process.
There are different types of fermentation, such as ethanol fermentation, in which one glucose molecule is converted into two
ethanol molecules; lactic acid fermentation, in which one molecule of any six-carbon sugar is converted to two lactic acid
molecules; and others, including the fermentative hydrogen production (Narayanan et al., 2004; Reddy et al., 2008; Wang and
Fig. 1 Schematic representation of the main industrial applications of ethanol.
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Introduction

Secondary metabolites (SMs) are natural products synthesized mainly by bacteria, fungi and plants. They are molecules of low
molecular weight with diverse chemical structures and biological activities. The name secondary metabolite originates from the
initial observation that their production is not necessary for the growth and reproduction of organisms, in contrast to primary
metabolites which include lipids, amino acids, carbohydrates and nucleic acids. However, SMs are far from being secondary and
the term “specialized metabolites” is emerging to describe them. It is now accepted that SMs play key roles in the survival of the
organisms that produce them because SMs determine interactions within their environment. Nowadays, SM production is a major
research field for organic chemists, molecular biologists and bioinformaticians alike. In this review, we will focus on SMs produced
by fungi to introduce the fundamental concepts of their biosynthesis, present how the genomics era has impacted the study of
fungal SMs, and report the biotechnological tools that have been developed to engineer SM biosynthetic pathways.
Fungi Produce Bioactive Secondary Metabolites That Impact Human Societies

Fungal Secondary Metabolites in Human Daily Life

Fungal SMs have impacted human societies both positively and negatively since ancient times. The episode known as Saint
Anthony’s fire in 1039 was an outbreak of ergotism, a disease caused by the consumption of rye that we know now was infected by
the fungus Claviceps purpurea (van Dongen and de Groot, 1995). This disease is actually caused by SMs called ergot alkaloids that
are secreted by the fungus. Many other so-called mycotoxins have been reported and their presence in food and feed is strictly
regulated and monitored. The most frequently encountered mycotoxins worldwide are produced by Fusarium species on cereals
and include deoxynivalenol (DON), fumonisin and zearalenone (Biomin mycotoxin survey see “Relevant Websites Section”).
Aflatoxins produced by Aspergillus species are also an important threat, which are famous to have caused in England the death of
100,000 turkeys that consumed contaminated peanut meal (Richard, 2008).

Although some fungal SMs are mycotoxins, many others exhibit beneficial activities to humans. Hundreds of fungal species,
mostly basidiomycetous edible mushroom-forming species, have been used in traditional Chinese medicine for thousands of
years. Their beneficial properties are linked to the production of mixtures of SMs with diverse biological activities, for example
against cancer, diabetes and cardiovascular diseases (Hyde et al., 2019). In the Western world, fungal SMs have revolutionized
modern medicine more than once (Fig. 1). The most famous example is the discovery of the first large-spectrum antibiotic
penicillin produced by Penicillium rubens (formerly P. chrysogenum; (Houbraken et al., 2011)). Penicillin belongs to a family of
compounds known as beta-lactams, which still accounts for the largest antibiotic market size. The discovery of cyclosporin A
produced by Tolypocladium inflatum brought another revolution in the second half of the 20th century: this immunosuppressive SM
allowed successful organ transplantation (Colombo and Ammirati, 2011). The statin family of compounds, used as cholesterol-
lowering agents, was also discovered in the 1970s and several compounds of fungal origin, like monacolin K, actually represent the
largest market of drugs, reaching an annual turn-over circa US$50 billion (Hyde et al., 2019). Fungal SMs find many other
applications in diverse fields, including agriculture (e.g., strobilurin fungicides are all derived from SMs produced by the basi-
diomycetous mushroom Strobilurus tenacellus (Bartlett et al., 2002)) and industry (e.g., Monascus purpureus is exploited for the
production of red rice powder in Asia because it produces red pigments like rubropunctamine (Mukherjee and Singh, 2011)).

Since the 1990s, the development of natural products into marketed active molecules has entered a so-called discovery void (Fig. 1)
because the same molecules of natural origin were rediscovered, which turned companies to redirect their efforts towards chemical
synthesis of analogs of existing compounds (Li and Vederas, 2009). Despite having provided key compounds to human societies, the
Fig. 1 Discovery of fungal secondary metabolites with commercial application. Since the end of the 1980s, we have entered a so-called discovery
void due to companies stopping the prospection of natural products and investing in chemical synthesis. Since the release of the first genomes of
filamentous fungi at the beginning of the 21st century, the genomic era has revived interest in fungal secondary metabolites.
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Conserved Domain Search Service (CD Search).
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Fungal Gene Clustering.

http://hmmer.org
HMMER.
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EMBL-EBI.
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MIBiG: Minimum Information about a Biosynthetic Gene cluster.
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https://www.npatlas.org
Natural Products Atlas.
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Introduction

Aromatic compounds are best known for having a distinctive smell (aroma) and are therefore used in many food and beverages for
the aroma and flavor. The most known aromatic compounds are the aromatic amino acids phenylalanine, tryptophan and
tyrosine. Well known aromatic compounds found in nature are the aromatic compounds vanillin and benzaldehyde, which are
responsible for the distinct smell of vanilla and almonds, respectively. Aromatic compounds are chemical compounds which
consist of a planar (flat) cyclic structure with alternating single and double bonds. This structure is known as an aromatic ring or
benzene ring and the molecule is called benzene (C6H6) which was first isolated by Michael Faraday in 1825 and is the least
complex aromatic compound (Fig. 1). In order to be an aromatic compound, it must follow the four criteria of the Hückel’s rule of
aromaticity which states that:

(1) The molecule must be planar (flat),
(2) The molecule must be cyclic,
(3) The ring is completely conjugated,
(4) It must contain an odd number of pairs of p electrons (4n þ 2 p-electrons, in which n ¼ non-negative integer).

Homocyclic aromatic compounds contain only carbon atoms in the ring, while heterocyclic aromatic compounds contain non-
carbon atoms such as oxygen, nitrogen or sulfur in their ring (Fig. 1). For example, pyridine and purine are both heterocyclic
aromatic compounds. In addition, aromatic compounds can also consist of multiple benzene rings and are called polycyclic
aromatic compounds. For example, naphthalene (C10H8) consists of two fused benzene rings and can be extracted from coal tar.
This compound is used as the main ingredient of traditional mothballs.
Names of Aromatic Compounds

Aromatic compounds can have multiple atoms attached to its benzene ring and remain aromatic compounds as long as they
follow the rules of aromaticity. Many aromatic compounds have several non-systematic names which are discouraged to be
used by IUPAC. However, several non-systematic names have been generally accepted. For example, hydroxybenzene is
commonly known as phenol, benzene carboxylic acid as benzoic acid, ethylbenzene as styrene and methylbenzene as
toluene.

Some substituted benzenes are named using the ortho (o), meta (m) and para (p) nomenclature, e.g., p-hydroxybenzoic acid
(Fig. 2). However, more preferred is the numbering of the substitutions on the ring by choosing the point of attachment as
position 1, while the second substituent has the lowest number as possible. Substituents in the name are written alphabetically, for
example 4-hydroxy-3,5-dimethoxybenzoic acid. The carbons on the aliphatic chains are labeled with Greek letters starting with
alpha (a), beta (b), gamma (g), etc. (Fig. 2).

Due to the frequent use of non-systematic names, some are preferred over the IUPAC names since they are shorter and more
reader friendly. For example, 4-hydroxy-3-methoxybenzaldehyde is the preferred IUPAC name, but this compound is better known
through its non-systematic name vanillin.
Plant Derived Aromatic Compounds

In nature, many aromatic compounds exist and most organisms can synthesize aromatic compounds. However, plants and
microorganisms are best known for their aromatic compound producing abilities. Many non-benzenoids and heterocyclic aro-
matic compounds exist, but these are not further discussed in this chapter. Therefore, only homocyclic aromatic compounds are
discussed and were selected based on their occurrence in plants, global importance, such as pollution, or their applications in man
made products.
Lignin

Plants are able to synthesize the largest polymeric aromatic molecule on Earth, called lignin. Lignin is synthesized from the
aromatic amino acid phenylalanine and is converted to cinnamic acid which is one of the key building blocks for the lignin
synthesis since it can be converted into the three essential monolignols (Humphreys and Chapple, 2002). Lignin mainly
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Introduction

Filamentous fungi are a large group of eukaryotic organisms that have the ability to grow in many different environments, including
biological wastes, soil, and plant and algal biomass. They also have the ability to grow on a wide variety of inexpensive substrates and
produce a rich repertoire of interesting metabolites and enzymes, which has aroused considerable interest on the part of the scientific
community for their exploitation as production organisms in biotechnology (Meyer, 2008). Nowadays, filamentous fungi are utilized as
cell factories for the production of many industrially relevant compounds, such as organic acids, proteins, enzymes, exopolysaccharides,
and secondary metabolites (Meyer, 2008; Nielsen and Nielsen, 2017) and fungi such as Aspergillus niger, Aspergillus oryzae, and
Trichoderma reesei have become indispensable for enzyme production at industrial level (Frisvad et al., 2018). Fungal enzymes currently
make up more than half of the enzymes used in industrial applications (de Vries et al., 2019), reflecting the importance of filamentous
fungi as cell factories. In this context, one fundamental aspect for the future of fungal biotechnology is the improvement of production
strains at the molecular level. Genetic engineering for strain improvement is a very powerful tool for increasing production levels,
producing novel compounds and/or controlling/directing the synthesis of the desired products. Nevertheless, this will only be possible
with the development of efficient methods to introduce (new) genes or control gene expression in filamentous fungi.

In this chapter, we summarize and discuss the currently available options for fungal transformation and genetic engineering of
filamentous fungi.
Classical Genetic Engineering Approaches

Genetically Modified Strains (GMOs)

A genetically modified organism or strain (GMO) is defined as any (micro)organism whose genetic material has been modified
through the application of genetic engineering methods. Genes can be transferred within the same species, across species, or even
across kingdoms. Advances in the field of genetic engineering have allowed for precise control over the genetic changes introduced
into an organism, overcoming the limitations of the naturally occurring genetic variation, thus optimizing the strain performance
and/or improving the production of valuable substances. Despite gene transfer occur naturally between different species (hor-
izontal gene transfer) (Gogarten and Townsend, 2005), there is a high social concern about the impact of GMOs in both human
health and the environment. Unlike other methods for strain improvement, the application of genetic engineering technology is
strictly regulated. Extensive legal framework on GMOs has been established in the European Union to protect human health and
the environment (Directive, 2001/18/EC) and to ensure the free movement of safe and healthy genetically modified products in
the market (Regulation (EC) No1829/2003). In the USA, GMO regulation is divided among three regulatory agencies: The
Environmental Protection Agency (EPA), the Food and Drug Administration (FDA), and the US Department of Agriculture
(USDA). The USA approach to regulate GMOs is premised on the assumption that regulation should focus more on the nature of
the final products, rather than the process in which they were produced, making regulation of GMOs in the USA relatively
favorable for their development compared to other countries.
Genetic Engineering of Filamentous Fungi

In practice, genetic engineering of filamentous fungi meets with several difficulties, since different transformation methods are
required for the great diversity of fungal species with their very different and complex structures (Li et al., 2017). In order to
genetically modify filamentous fungi, first the genetic material needs to be introduced into the recipient cells with an efficient
transformation method. Secondly, the genetic modification of interest needs to be integrated into the genome of the recipient
strain. Finally, transformant strains need to be selected under certain selection conditions, which can vary depending on each
fungal strain (Goosen et al., 1987; Punt et al., 1987; Olmedo-Monfil et al., 2004). To date, several transformation methods have
been described for filamentous fungi, including the commonly applied protoplast-mediated transformation and the Agrobacterium-
mediated transformation methods, as well as electroporation, biolistics, and shock wave-mediated transformation.

Protoplast-mediated transformation
The introduction of the desired genetic modification in our fungus of interest often represents a challenge, since the establishment
of a suitable and efficient transformation method is not trivial for many fungal species. The application of the protoplast-mediated
transformation (PMT) has been extended to many filamentous fungal strains since the first successful transformation of the yeast
Saccharomyces cerevisiae (Hinnen et al., 1978), becoming one of the most commonly and routinely used methods for the
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Introduction

The filamentous fungi Trichoderma spp. (Hypocreales, Ascomycota) have been widely studied for their application in industry,
agriculture, and other areas. For industrial applications, the well-known species T. reesei has been used almost exclusively for
producing cellulolytic and hemicellulolytic enzymes and heterologous proteins. This is because enzymatic hydrolysis is considered
a more commercially and environmentally beneficial procedure than chemical hydrolysis (Druzhinina and Kubicek, 2016; Payne
et al., 2015). In agriculture, highly mycoparasitic strains from several species such as T. atroviride, T. virens, T. asperellum, and T.
harzianum have been used as bioeffectors in commercial formulations for the biological control of fungal pests (biocontrol). Some
of these species can colonize root surfaces and elicit a plant defense response to different pathogenic fungi while simultaneously
stimulating plant growth (Harman et al., 2004; Druzhinina et al., 2011). Moreover, Trichoderma spp. prolifically produce bioactive
secondary metabolites; many of which have already been utilized as fungicides or plant growth-promoting agents, while others
have the potential for application in the pharmaceutical industry (Contreras-Cornejo et al., 2016; Keswani et al., 2014; Zeilinger
et al., 2016).

Modifying particular genes in Trichoderma will enhance their abilities, such as those described above, for better application
purposes. Several gene modification approaches have been used in filamentous fungi to obtain enzyme hyper-producers (Druz-
hinina and Kubicek, 2016; Mei et al., 2019; Shi et al., 2017). For instance, as reviewed by Druzhinina and Kubicek (2016), as well
as others, almost all of the lignocellulolytic enzymes needed for the hydrolysis step can be produced by fermentation in T. reesei.
However, the catalytic activity of some of the enzymes in the cellulase cocktail is still too low, and the composition of the secreted
enzyme mixture may not be optimal due to some enzymes being present in limiting amounts. To overcome this bottleneck at the
enzymatic hydrolysis step of lignocellulose, a significant amount of work has been directed towards understanding and improving
the strain by improving the performance of the respective enzymes. These investigations have resulted in industry using T. reesei
almost exclusively for cellulase production, despite the fact that other fungi also produce powerful cellulolytic mixtures (Druz-
hinina and Kubicek, 2016; Grujić et al., 2019).

The genomic sequencing of many Trichoderma spp. has revealed that the number of secondary metabolite biosynthetic gene
clusters (most of which are silent under laboratory conditions) far exceeds that of the identified compounds, suggesting great
potential from a genetic perspective for drug or agent mining in these fungi (Kubicek et al., 2019). Using genetic modification
methods, many of the Trichoderma genes involved in interactions with other fungi have also been functionally characterized, and
their activity can be further investigated for enhanced mycoparasitic abilities (Chenthamara and Druzhinina, 2016; Druzhinina
et al., 2011). Researches on these aspects in other filamentous fungi such as the genera Aspergillus and Penicillium (Eurotiales,
Ascomycota) can be found in several reviews (Brakhage, 2013; Keller, 2019; Macheleidt et al., 2016).

Improving the industrially or agriculturally relevant properties of Trichoderma spp. is closely related to the development of
methods for genetic manipulation in these fungi. In this chapter, we will summarize and briefly describe the methods that have
been developed for genetic modification of Trichoderma strains and illustrate some examples using these methods. We will then
summarize some applications of the promising new technologies such as the CRISPR/Cas9 system, the currently most powerful
gene-editing tool available, for further progress.
Untargeted Genetic Recombination by Classical Mutagenesis

The classical methods of mutagenesis, including forced random mutagenesis, sexual crossing, protoplast fusion, and parasexuality,
have been developed to introduce mutations without previous knowledge of the gene or genome structure. These methods are
applicable only when the desired genetic alteration has a readily identifiable phenotype.
Forced Random Mutagenesis Resulted in the Creation of the Industrial Hypercellulolytic Strains of T. reesei

The current most commonly used hypercellulolytic strain, T. reesei RUT C30, was obtained by multiple rounds of random
mutagenesis of the parental wild-type strain QM 6a isolated from the Solomon Islands (see Peterson and Nevalainen, 2012 for the
review), which massively increased its cellulase yields. The first attempt to obtain a high cellulase-producing strain by mutagenesis
was conducted by Mandels et al. (1971), who introduced an irradiation method to mutate the wild-type T. reesei QM 6a strain.
Conidia from QM 6a were suspended in distilled water and irradiated at 201C with high energy electrons from a 24-million
electron volt, 18-kw linear accelerator (Fig. 1). After applying the 0.05 megarad dose, a strain designated as QM 9123 was isolated
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In studies of protein functions, the wild-type target protein can be used (Ayers et al., 1978; Fägerstam and Pettersson, 1980), but
endogenous expression levels are often low, and purification can be troublesome. Therefore, it is often more convenient to express
recombinant proteins heterologously in another host. Various organisms, including bacteria, yeasts, insect cells, and animal cells,
can be used as hosts. Each of them has characteristic advantages and disadvantages, and it is important to select an appropriate
host for a particular purpose. In our research group, we often need at least several tens of milligrams of pure recombinant enzymes
to study biomass-degrading systems derived from wood-decaying fungi. To obtain this level of recombinant protein production,
we use Pichia pastoris as an expression host.
Introduction

In laboratory-scale production of recombinant and mutated proteins, Escherichia coli expression systems are most widely used
(Rosano and Ceccarelli, 2014), and suitable vector systems are commercially available. However, protein synthesis in E. coli is
intracellular, and the production amount of target protein per culture volume is limited. Moreover, since E. coli is a prokaryote, it is
not suitable for the production of proteins derived from eukaryotes such as fungi, plantae and animalia.

We have used the yeast P. pastoris for more than 20 years as a host for production of recombinant fungal proteins and enzymes, as
listed in Table 1. Most of the produced proteins are extracellular enzymes related to plant cell-wall metabolism, but we have also
succeeded in synthesizing a membrane protein (anion exchanger) using this system (Tokuda et al., 2011). Fewer host species and vector
systems are available for P. pastoris compared to E. coli (Lin-Cereghino and Lin-Cereghino, 2007), but the yeast has the advantage that it
can produce large amounts of the target protein due to the feasibility of high-density cultivation and the extracellular secretion of target
proteins. Furthermore, P. pastoris secretes only low levels of endogenous proteins in culture (Cregg, 2007a), so purification of recom-
binant protein produced by P. pastoris is relatively easy. Levels of several grams per culture liter of recombinant fungal Carbohydrate-
Active enZymes (CAZymes) have been obtained, and levels of several milligrams per culture liter are routinely obtained (Igarashi et al.,
2012; Mellitzer et al., 2012; Nakamura et al., 2013; Lombard et al., 2014). High productivity of recombinant proteins is especially
advantageous for studies such as enzymatic saccharification of biomass and preparation of crystals for neutron-beam structural analysis
(Nakamura et al., 2015). Moreover, since P. pastoris is an eukaryote, it can produce enzymes with post-translational modifications, such as
glycan chain modification, or enzymes containing cofactors, such as flavin and heme (Yoshida et al., 2001). Furthermore, P. pastoris is
applicable to proteins that are generally difficult to express in recombinant form, such as G protein-coupled receptor (GPCR) and
antibodies (Tokuda et al., 2011; Shiroishi et al., 2011; Ning et al., 2003). Thus, P. pastoris has clear advantages over E. coli for producing
eukaryotic proteins. Fig. 1 shows a working scheme for recombinant protein production using P. pastoris. In this chapter, we will describe
these procedures and focus on some key points for success.
Construction of Expression Strains

A variety of P. pastoris host strains and vectors for recombinant protein expression can be purchased through Invitrogen, bioGRAMMATICS
and ATUM (Ahmad et al., 2014). This section describes points to consider when using these resources to construct a recombinant protein
expression system.
Vectors and Type of Induction System

The expression of recombinant protein in P. pastoris can be controlled by several promoter systems (Vogl and Glieder, 2013).
Among them, the alcohol oxidase (AOX) gene promoter in pPIC vector and the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene promoter in pGAP vector are commonly used for recombinant protein production in P. pastoris. The AOX
promoter strongly induces the expression of recombinant proteins in the presence of methanol (Cregg et al., 1993). Thus, the
expression of a recombinant protein using pPIC can be controlled by the concentration of added methanol. In addition, protein
production under this promoter can be performed in a higher-density culture environment than in the case of pGAP. Therefore,
since a higher concentration of a recombinant protein solution is likely to be obtained under this promoter, the pPIC vector is
typically the first choice. On the other hand, pGAP strongly induces the expression of recombinant protein in culture in the
presence of glucose or glycerol as a substrate (Waterham et al., 1997), so the target protein can be continuously and easily
produced without changing to inductive culture. However, the density of cells tends to be limited, particularly in flask-scale
culture, limiting the yield of the target protein.
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Introduction

Plant cell wall degrading enzymes (PCWDEs) produced by saprobic fungi have activity towards a wide array of polysaccharides
such as cellulose, hemicelluloses and pectin. These enzymes have major applications in biotechnology, e.g., for the saccharification
of lignocellulose for second generation biofuel production (US-DOE, 2006) and clarification of fruit juices in the beverage
industry (Kashyap et al., 2001).

Fungi have evolved transcriptional regulatory mechanisms of enzyme production because different polysaccharides require
particular sets of enzymes for their degradation and these enzymes are energetically costly for the fungus to produce. Transcription
factors, the key regulatory proteins involved in these mechanisms, respond to environmental inputs and adjust expression of
PCWDE-encoding genes to ensure optimal utilization of nutrients.

In this chapter, we discuss the main transcription factors that regulate production of PCWDEs in saprotrophic fungi, such as
Aspergillus spp. and Trichoderma reesei. Fungi with a saprobic lifestyle degrade dead plant matter in nature and the saprobic lifestyle
is beneficial for obtaining generally regarded as safe (GRAS) status for applications using these fungi and their enzymes. Fur-
thermore, we outline methods used for transcription factors discovery and rational strategies for the engineering of transcription
factors that result in strains with improved enzymatic capabilities. Finally, we provide insights into where the field might be
moving to and highlight the areas that require more research in the future.
The Molecular Basis of PCWDE Production

There are five critical steps leading to a fungus producing a PCWDE. The first step is the presence of an environmental inducer
which is most commonly a sugar released from plant biomass by constitutive or starvation-induced enzymes (van Munster et al.,
2014). In the second step, the reception of the inducer activates signaling cascades, leading to changes in the phosphorylation
status (Horta et al., 2019) and activation of transcription factors (for review of signaling cascades see Brown et al. (2014)). These
transcription factors are the major final receivers of the signal, and in the third step, the DNA-binding domain of the transcription
factor attaches to particular sequence motifs in a gene promoter and activates or represses transcription. Several hundred tran-
scription factors are usually found in fungal genomes and can be categorized into approximately 80 DNA-binding domain families
such as Zn2Cys6 zinc binuclear cluster superfamily (Shelest, 2017). Transcription factors in the fungal kingdom appear to have
evolved substantially after the major phyla diverged (Todd et al., 2014). Transcription factors are dynamic molecules that can move
about inside the cell; e.g., a study in T. reesei showed how the CRE1 transcription factor shuttles from the nucleus to the cytoplasm
in response to external stimuli (Lichius et al., 2014). A recent review summarized currently identified fungal transcription factors
involved in plant biomass degradation (Benocci et al., 2017). The fourth and fifth steps involve translation of the transcript and
secretion of the enzyme, respectively.

Transcriptional regulation is especially important on/off control switch in the production of quickly secreted PCWDEs. Other
regulatory mechanisms after translation of the transcript available for intracellular proteins (e.g., proteolytic degradation) are not
available to regulate secreted PCWDEs.
Transcriptional Regulation of PCWDEs in Fungi

Environmental Inducers and Their Corresponding Transcription Factors

Sugars or their metabolic conversion products are the major inducers of genes encoding plant biomass degrading enzymes
Complex carbon sources such as various types of crude plant biomass can induce a broad-spectrum of PCWDE-encoding genes in
Aspergillus niger (Daly et al., 2017; Khosravi et al., 2019) and T. reesei (Häkkinen et al., 2012; Bischof et al., 2013; Novy et al., 2019).
Induction of these genes can largely be attributed to sugars released from the plant biomass as shown by analysis of expression
changes in A. niger in response to a range of plant-derived monosaccharides (Gruben et al., 2017). This sophisticated system
enables the fungus to anticipate and tailor its response to the specific polymers present in the environment, and reduce the
transcription of PCWDE-encoding genes as soon as the polymers are depleted. As with most biological phenomena, there are
exceptions, such as how the disaccharide lactose functions as a major inducer of genes encoding hydrolytic enzymes in T. reesei
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Introduction

Bioinformatics analysis plays a crucial role in today’s biological research. Being an interdisciplinary branch of the life sciences, bioin-
formatics integrates computer science and mathematical methods to reveal the biological significance behind the continually increasing
biological data. It does this by developing methodology and analysis tools to explore the large volumes of biological data, helping to
query, extract, store, organize, systematize, annotate, visualize, mine, and interpret complex data. In this chapter, we aim to give a
general overview on the basic operations and new developments of bioinformatics applications in fungal research, especially focusing
on describing the bioinformatics tools and methods applied in fungal genomics, transcriptomics, proteomics and metabolomics
studies, as well as the integrative analysis of multiple omics datasets. For each aspect, we highlight several examples to demonstrate how
various bioinformatics methods have been successfully used to mine fungal omics data and improve our understanding of fungal
physiology and evolution, specially emphasizing bioinformatics applications related to fungal plant biomass conversion.
Current Status of Fungal Genomic Analysis

The sequenced genome together with its annotation is the basis for understanding the biological process and evolutionary history
of an organism. Due to the wide application of next generation sequencing (NGS) technology, biological research has entered the
genome era. More than 1500 fungal genomes have been sequenced and still many more genomes are in progress since the first
fungal genome sequence (Saccharomyces cerevisiae) was published in 1996 (Goffeau et al., 1996). For instance, a broad range of
reference fungal genomes have been sequenced, including the yeast Schizosaccharomyces pombe (Wood et al., 2002), the filamentous
saprobes Neurospora crassa (Galagan et al., 2003), Aspergillus nidulans (Galagan et al., 2005), Aspergillus niger (Pel et al., 2007) and
Trichoderma reesei (Martinez et al., 2008), the filamentous cereal pathogens Magnaporthe grisea (Dean et al., 2005), Ustilago maydis
(Kamper et al., 2006) and Fusarium graminearum (Cuomo et al., 2007), and the white rot basidiomycete Phanerochaete chrysosporium
(Martinez et al., 2004). Moreover, the sequenced genomes together with their annotation information can be easily accessed from
a list of the databases dedicated to fungal genomes (Table 1). The rapidly increasing amount of fungal genomics data not only
provides us with a better understanding of the fundamental cellular processes, but also benefits a broad range of fungi related
applications in human health, agriculture, enzyme biotechnology, bioenergy, and ecological diversity (Sharma, 2016).
Bioinformatics Workflow and Tools for Genomics Analysis

The advent of NGS technologies is accompanied with a rapid development of numerous bioinformatics methods and tools that were
created to handle the vast amount and different types of data generated by different sequencing platforms. A specific set of bioinformatics
tools are needed to process data in each different step of genomic analysis. Space and expertize constraints do not allow us to cover all
bioinformatics tools deployed in the genomics field and here we mainly focus on tools that are frequently used in the community.

The past decades have witnessed dramatical changes in sequencing technologies. Early efforts of fungal genome sequencing were
mainly made by the Sanger sequencing method, such as the genome sequencing of S. cerevisiae (Goffeau et al., 1996), T. reesei (Martinez
et al., 2008), P. chrysosporium (Martinez et al., 2004) and Agaricus bisporus (Morin et al., 2012). However, due to the high cost and time-
consuming use of the Sanger method, more recent genomes were mainly sequenced by alternative sequencing platforms, called “next
generation sequencing (NGS)”. Several NGS sequencing platforms are widely used by researchers, including Roche 454, Illumina,
Table 1 List of databases dedicated to fungal genomes

Database URL

MycoCosm https://mycocosm.jgi.doe.gov/mycocosm/home
Joint Genome Institute (JGI) https://genome.jgi.doe.gov/portal/
FungiDB https://fungidb.org/fungidb/
Ensembl Fungi https://fungi.ensembl.org/index.html
Aspergillus Genome Database (AspGD) http://www.aspgd.org/
Saccharomyces Genome Database (SGD) https://www.yeastgenome.org/
Candida Genome Database (CGD) http://www.candidagenome.org/
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http://transposonpsi.sourceforge.net/
TransposonPSI: An Application of PSI-Blast to Mine (Retro-)Transposon ORF Homologies.

https://funannotate.readthedocs.io/en/latest/tutorials.html
Tutorials.

https://www.uniprot.org/
Uniprot.org.

https://usegalaxy.org
UseGalaxy.org.

https://xcmsonline.scripps.edu
XCMS Online - Scripps Research.

http://www.ymdb.ca/
Yeast Metabolome Database (YMDB).
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The Demand for Biofuels

“The fuel of the future is going to come from fruit like that sumac out by the road, or from apples, weeds, sawdust - almost
anything. There is fuel in every bit of vegetable matter that can be fermented” - Henry Ford, “Ford Predicts Fuel from Vegetation”,
N.Y. TIMES, Sept 20, 1925 (Agarwal et al., 2017).

Each discovery of a novel and robust way to harness and harvest energy has shaped civilization. This began with biofuels, fuel
to be combusted for energy from plant biomass (Webb and Coates, 2012; Guo et al., 2015). Before the 19th century, wood and
plant oil was the prevailing fuel for cooking and lighting (Guo et al., 2015). Turpentine tree resin was combined with alcohol to
supply camphene, or lamp fuel (O'Connor, 2010); Ethanol powered stoves, heaters, and lamps and wood fed steam engines and
turbines (Zerbe, 2006). Biofuels advanced with the development of cars. In 1826 Samuel Morey patented the first internal
combustion engine to use a blend of ethanol, an alcohol fermented from plants, and turpentine (Songstad et al., 2009). In 1860,
Nicolaus Otto used an ethanol blend to fuel another internal combustion engine (Guo et al., 2015; Songstad et al., 2009). Later in
the 19th century, German inventor Rudolf Diesel designed the first diesel engine to run on peanut oil (Songstad et al., 2009).
Henry Ford, a renewable energy titan, used ethanol as the main fuel source for his original 1908 Model T, his ideal car for the
common American (Schubert, 2006; Meng, 2019). During World War II China developed “veg-gasoline” and “veg-diesel” from
vegetable oil for motor fuels (Chang and Wan, 1947). Brazil prohibited the export of cottonseed oil so it could be refined into
diesel for train fuel (Anonymous, 1943). Throughout history, transportation innovations have utilized plant based fuels.

However, biofuels remain marginalized with the commercialization of relatively inexpensive petroleum. Petroleum derivatives
such as gasoline, a volatile C4-C12 hydrocarbon mixture (Guo et al., 2015) and diesel remain low-cost sources of transportation
fuel. Fossil fuels dominated the United States energy industry until the 1970s oil crisis, when petroleum reserves bottomed out due
to the Organization of Arab Petroleum Exporting Countries oil embargo and the Iranian Revolution (Guo et al., 2015; Webb and
Coates, 2012; Lifset, 2014). History may repeat itself as petroleum reserves are expected to only last another 45 years (International
Energy Agency, 2013; Guo et al., 2015). Also sparking renewed interest in biofuels is an increased awareness of the negative
environmental impacts of fossil fuels. Fossil fuels have played a obtrusive role in generating destructive climate change effects by
elevating atmospheric CO2 from pre-industrial level of 280 ppm to the present nearly 400 ppm (Guo et al., 2015). Biofuels, on the
other hand, offer four benefits: (1) decreased dependence on foreign oil, (2) the potential to be “carbon neutral” exploiting carbon
currently “in circulation”, or stored in growing plants (Meng, 2019), (3) biodegradability, reducing costs in recycling plant or
biological waste streams and dangers associated with oil spills, and (4) ease of transition for already existing biomass production
technology and infrastructure (Guo et al., 2015).

In 1975, Brazil created the National Alcohol Program, or Proàlcool. Its purpose was to reduce oil imports by producing ethanol
from sugarcane. The program also offered subsidies and tax rebates for sugar cane producers and distilleries to create an ethanol
production chain. It established a requirement of mixing 10% anhydrous ethanol with petroleum (Mączyńska et al., 2019). Most
countries currently mandate ethanol blended fuel. These have “E” numbers, which indicate the percentage of ethanol fuel in the
mixture by volume. The US, Mexico, Sweden, South Africa, and India required E10 “Gasohol”, a mixture of 10% anhydrous
ethanol blended with 90% gasoline (Meng, 2019). Brazil’s current legal ethanol blend is E25, or about 27% ethanol (Meng, 2019;
Mączyńska et al., 2019). In 2003, Brazil introduced flex fuel vehicles, or cars that could run on either gasoline or biofuels
(Mączyńska et al., 2019). At present, 90% of Brazil's marketed automobiles are flex fuel, and they constitute 79% of the total fleet
of light duty vehicles (Mączyńska et al., 2019; Colares, 2007). Since 2003, these combined changes in the biofuel and automobile
industry have decreased emissions of carbon dioxide in Brazil by more than 350 million tons (Mączyńska et al., 2019). Although
the Proàlcool program no longer exists, its impact on ethanol production and flex fuel vehicles has remained stable (Corteza et al.,
2016).

The U.S. Department of Energy promoted funding for biofuel research and development through the Energy Policy Act of 2005
and Energy Independence and Security Act of 2007 (Kraemer, 2006). President George W. Bush stated in his 2006 State of the
Union address, “America is addicted to oil..(we must) move beyond a petroleum based economy” (Kraemer, 2006). In 2007, he
mandated an increase in annual biofuel blending obligations for gasoline from 34 billion liters to 136 billion by 2022 with the U.
S. Energy Independence and Security Act (Guo et al., 2015). European ethanol production for automobile fuel rose from 47,500
tons in 1993–216,000 tons in 2001 (Van Thuijl et al., 2003). Many Asian countries have sought biofuels that do not compete with
food sources (Koizumi and Ohga, 2007). India formulated the National Mission on Biodiesel in 2003 to achieve 20% biodiesel
blends by 2012 (Blanchard et al., 2015). Worldwide ethanol production doubled between 2007 and 2016, from 13,123 million
gallons, to 25,583 million gallons in 2016 (Dutta, 2018). Table 1 tracks the steady increase in Ethanol production around the
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Table 1 Ethanol production around the Globe (Mil. Gal)

Region 2014 2015 2016 2017 2018 2019

United States 14,313 14,807 15,413 15,936 16,061 15,800
Brazil 6760 7200 6760 6860 7920 8620
European Union 1445 1387 1377 1400 1430 1440
China 635 813 845 860 1050 900
Canada 510 436 436 470 480 500
India 85 195 275 210 400 530
Thailand 310 334 322 370 390 420
Argentina 160 211 264 290 290 290
Rest of World 865 391 490 414 549 600
Total 25,083 25,774 26,182 26,810 28,570 29,100

Note: Renewable Fuel Association, 2020. Available at: https://ethanolrfa.org/statistics/annual-ethanol-production/, accessed April 2021.
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globe from 2014 to 2019. The sum of these changes invigorated biofuel research and industry. Scientists mobilized to perform
research into conversion of plant material into biofuels. By 2050, bioenergy is predicted to provide 30% of the world’s energy
demands (Guo et al., 2015). But this challenge is immense - biofuel production is a concert of enzymatic deconstruction of
recalcitrant plant material and conversion of sugars or oils into acceptable compounds (Guo et al., 2015). Fortunately, scientists
utilize a group of organisms that have been harnessing energy from plant life for millions of years: fungi.

The Kingdom Fungi harbors a huge diversity of organisms that are eukaryotic, heterotrophic, and coenocytic or single cellular
organisms (Stajich et al., 2009; Kew, 2018; Walker and White, 2017). Their short generation times, large population sizes, and
diverse life cycles enable them to evolve rapidly and occupy highly diverse habitats. Most fungi are primary decomposers. They
secrete enzymes into the environment, digest the matter, and absorb it back through cell walls (Kew, 2018; Walker and White,
2017). These enzymes break down tough polymers in plant cell walls. Other fungi, like yeast, are able to ferment simple sugars
into various compounds, like ethanol. We discuss here how plants store energy, the enzymes fungi use to degrade biomass, and
how scientists have used these metabolic processes to improve biofuel production.
How do Plants Store Energy?

“Land, then, is not merely soil; it is a fountain of energy flowing through a circuit of soils, plants, and animals”, Dr. Aldo Leopold
(Leopold, 1939).

Algae, trees, and crops use sunlight and carbon dioxide to generate carbohydrates. Carbohydrates are composed of simple
monosaccharide sugars such as glucose, fructose, arabinose and galactose. When monosaccharides are organized in linear or
branched chains linked by glycosidic bonds they become sugar polymers called polysaccharides (Wang et al., 2020). Poly-
saccharides can be classified as a homopolysaccharide, having one type of monosaccharide, or a heteropolysaccharide, having
more than one type (Pontes, 2018). Polysaccharides form the basis of organic materials, or biomass. Plants utilize carbohydrate
molecules to fulfill an array of biological and structural functions. They can be a defensive barrier, structural support, conduits for
information, and a source of signaling molecules and developmental cues (Sørensen et al., 2010). This section will detail the
structures of common plant polysaccharides, and is summarized in Table 2. The next section will describe how fungi have evolved
to digest each component for energy.

Plant polysaccharides fall into two categories: those used for storage and those that form the cell wall (Wang et al., 2020).
Storage polysaccharides are composed of starch and inulin (Wang et al., 2020). Starch is a branched polysaccharide that comprises
both amylose and amylopectin structures (Zeeman et al., 2010). Amylose consists almost completely of linear a-1,4-D-glucose
residues with a small amount of a-1,6 D-glucose as side chains (Wang et al., 2020; Sanyang et al., 2018; Pontes, 2018). Amylo-
pectin is a larger branched structure with a majority of a-1,4-glycosidic linkages joining successive D-glucose residues (Pontes,
2018; Sanyang et al., 2018; Varga and Samson, 2008). Inulin is a D-fructose based molecule and another storage carbohydrate. It is
composed of b-2,1-D-fructosyl subgroups linked with a-1,2-D-glucose end groups (Varga and Samson, 2008; Pontes, 2018). Inulin
is considered a dietary fiber and is abundant in chicory roots, Jerusalem artichokes, asparagus, leek, onions, and garlic (Shoaib
et al., 2016; Mensink et al., 2015) Fig. 2.

The plant primary cell wall is synthesized during plant growth and is constructed of cellulose, hemicellulose, and pectin. Once
matured, some plants add additional support by generating a secondary cell wall of polysaccharides and lignin (Pontes, 2018;
Wang et al., 2020). Harder materials such as wood have more abundant cellulose and hemicellulose compared to softer materials
like straw. Cellulose constitutes approximately between 40.6% and 51.2% of all plant cell wall material (Pauly and Keegstra,
2008) and its primary purpose is to provide strength (Delmer and Amor, 1995). Cellulose chains are aggregates of b-1,4-linked
glucan chains organized into microfibrils aligned to each other by hydrogen bonds. The chains interact to have both crystalline and
amorphous regions depending on the degree of alignment (Pontes, 2018; López‐Pérez et al., 2015; López-Mondéjar et al., 2019;
Voiniciuc et al., 2018).

Hemicellulose represents 28.5%–37.2% of plant cell walls (See Table 3) (Pauly and Keegstra, 2008) and is formulated
from xyloglucan, xylan, and galacto(gluco)mannan. These are derived from the sugars D-xylose, D-galactose, D-glucose, and
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Introduction

Many unicellular microorganisms including yeasts, fungi, microalgae, and to a lesser extent bacteria (Fig. 1), can produce intra-
cellular edible oils under normal and specialized conditions (Papanikolaou and Aggelis, 2011). Most of these organisms can
accumulate microbial lipids, or single-cell oils (SCOs), to 20%–90% (w/w) of their dry cell biomass. For example, fungi in the
genus Mortierella and Umbelopsis can accumulate lipids at concentrations that exceed 86% of their dry weight (Meng et al., 2009).
Microbial lipids can be produced using low-priced organic materials, including waste-streams from the food industry, as growth
substrate. The fatty acid of microbial lipids is very similar to the conventional vegetable oils in type and composition (Madani
et al., 2017). Furthermore, microbial lipids have many potential applications, including human food additives, nutraceuticals,
pharmaceuticals, cosmetics, biopolymers and feed ingredients for aquaculture, and as an alternative feedstock for the production
of biofuel (Lewis et al., 2000). Due to the reduced availability of cultivable land and increasing human population growth,
producing lipids via traditional methods will not satisfy the rapidly growing global demand. Therefore, microbial lipids accu-
mulated from microorganisms, especially oleaginous fungi, are considered as a vital and renewable oil resource and have been
regarded as an alternative to animal and plant lipids in recent years, given their unique characteristics and functions in energy,
chemical, and food industries (Huang et al., 2017). The production of microbial lipids is particularly attractive when low or
negative cost substrates are used as the feedstock.
Oleaginous Fungi and Their Advantages for SCO Production

Fungi consist of a large group of diverse species and represent their own Kingdom of life. Fungi have conquered almost all
habitats on the planet, from glacial deep seawater to hot and dry desert, and associate with single prokaryotes, eukaryotic
mammals and plants (Gupta et al., 2013). Some fungi are biotrophic and cause negative impacts on native organisms, such as
the rice blast pathogen Pyricularia oryzae (previously known as Magnaporthe oryzae) (Zhang et al., 2015). However, many fungi
are beneficial to their hosts, such as mycorrhizas that provide their plant hosts with mineral nutrition. Some filamentous fungi
produce high amounts of lipids, and are called oleaginous fungi. Examples of oleaginous filamentous fungi (Fig. 1) include
Mortierella alpina (Wang et al., 2011), Umbelopsis isabellina (previously known as Mortierella isabellina) (Harde et al., 2016),
Mucor circinelloides (Song et al., 2001), and Cunninghamella echinulate (Fakas et al., 2009b). These species have attracted much
attention for their high yield of long-chain polyunsaturated fatty acids (PUFAs). With the advancement of fermentation
technology, microbial lipids (primarily from fungi and yeast) can be produced in quantities equivalent to acres of agricultural
land (Alvarez and Steinbüchel, 2002), and SCO produced by oleaginous fungi could contribute to meeting human demands
for industrial oils.

Biorefineries are facilities that produce multiple products including chemicals, biofuels, and are specialized at making
valuable bioproducts from waste residues. Applications of oleaginous fungi in biorefineries have become more attractive
given their renewable, resource-efficient, and environment-friendly features (Peng and Chen, 2008), as well as their versatility
and high efficiency in utilizing complex and diverse substrates (Ferreira et al., 2012). Overall, the main advantages of
oleaginous fungi are shown as follows: (1) High yield of lipid content (up to 90%) and high-value compounds such as
PUFAs. For example, U. isabellina was able to produce large amounts of cellular lipids amounting to over 80% of their dry cell
biomass (Chatzifragkou et al., 2010; Gao et al., 2013). (2) Outstanding lipid profiles for high-quality biodiesel. Not all
biological lipids are suitable for biodiesel production. In fact, only saponifiable lipids and free fatty acids can be turned into
fatty acid methyl esters (FAMEs), the main content of biodiesel. Most fungus-derived microbial lipids are suitable for high-
quality biodiesel production. For example, 98% of the lipids produced by M. circinelloides were saponifiable lipids and free
fatty acids, which could directly be acid-catalyzed into biodiesel (Vicente et al., 2010). Microbial lipids produced by the
filamentous fungus Aspergillus oryzae had appropriate fatty acid profiles for biodiesel production: 11.6% of palmitic acid,
15.6% of palmitoleic acid, 19.3% of stearic acid, 30.3% of oleic acid, 5.5% of linolenic acid, and 6.5% of linoleic acid
(Muniraj et al., 2013). (3) Easy to form pellets under submerged fermentation that can reduce the viscosity of the fermen-
tation culture and it is easy and cheap to harvest (Koike et al., 2001; Reis et al., 2014; Xia et al., 2014; Xia et al., 2011);
(4) Flexibility of various carbon sources for lipid production including e.g., glycerol, wheat straw, tomato waste hydrolysate,
potato processing wastewater, corn stover, brewery waste, and glucose (André et al., 2010; Fakas et al., 2007; Fang et al., 2016;
Gema et al., 2002; Muniraj et al., 2013).
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Introduction

Cultures and civilizations across the globe have known to embrace the process of fermentation for food production. Fermented
foods often have numerous advantages over the raw materials from which they are made. In this regard fungi are used to improve
the digestibility of raw materials (e.g., soybeans), to make food safe (e.g., alcoholic beverages) and to produce much valued aroma
compounds (e.g., beer, wine, cheese, soy sauce). The process of fermentation can be seen as the chemical transformation of organic
substances into simpler compounds by the action of single enzymes or complex organic enzymatic cascades that are produced by
microorganisms such as fungi or bacteria. Spoilage and growth of pathogenic organisms is inhibited during food fermentation due
to the generation of secondary metabolites by the fermenting microorganisms. For instance, strains of the filamentous fungal
genus Penicillium that are used for cheese production act as protective cultures preventing the settlement of other microorganisms
(Nielsen et al., 1998). Besides preservation, fermentation also imparts a variety of organoleptic properties, such as characteristic
aroma, flavor and texture, to food. Fermentation also helps to improve the nutritional profile of food substances by removing
toxins and synthesizing vitamins (Terefe, 2016). Tempeh is a classic example for this case, where fungal fermentation of soybean
leads to a reduction of phytic acid and trypsin inhibitors and results in the hydrolysis of complex soy proteins into more
bioavailable peptides and amino acids (Chen et al., 2013; Soni and Dey, 2014; Terefe, 2016). Fungi possess superior capabilities in
breaking down complex molecules into their smaller and more absorbable forms. Frequently used fungal species in food fer-
mentation are yeasts like Candida spp., Kluyveromyces spp., Phaffia spp., Pichia spp. and Saccharomyces spp. as well as filamentous
fungi like Aspergillus spp., Mucor spp., Penicillium spp. and Rhizopus spp. (Khachatourians, 2004). This review will mainly focus on
the usage of filamentous fungi in food fermentation.

Filamentous fungi and yeasts belong to the eukaryotic kingdom of fungi. Like species of the animal kingdom, fungi are
heterotrophs and, therefore, require organic material for growth. The two major phyla in the fungal kingdom are the
Ascomycota and the Basidiomycota, sometimes referred to as higher fungi. Commonly known as sac fungi, many fila-
mentous fungi such as Fusarium, Penicillium, Aspergillus, Morchella (true morels), Tuber (truffles), and most unicellular yeasts
belong to the phylum Ascomycota. On the other side, the species of the phylum Basidiomycota, also known as club fungi,
represent the group to which almost all mushroom forming fungi belong. Common representatives of the basidiomycete
fungi are the button mushroom (Agaricus bisporus), the shiitake (Lentinula edodes) and the oyster mushroom (Pleurotus
spp.). The filamentous character of most of the higher fungi enables a colonization of solid substrates, while simulta-
neously digesting it.

Many fungal fermented foods have long established traditions in certain countries. Asian countries are famous for their
fermented foods, such as soy sauce and tempeh. Many of the European countries are famous for their bread, beer, wine or cheese.
Lately, some new products can be found in the market. Quorn is a fungal meat substitute, whose main ingredient is a mycoprotein.
This mycoprotein is made up of the mycelium of Fusarium venenatum and has become one of the world’s best-selling meat
alternative (Wilson, 2001). In the further course of this review, a depiction on the various new developments along with
traditional filamentous fungal fermented foods will be presented (see Table 1 for an overview).
Foods Fermented With Filamentous Fungi

Koji

Koji is not considered a food, but a pre-culture used for food fermentation processes in Asian countries. Traditionally, it consists of
the fungus Aspergillus oryzae (current name: A. flavus var. oryzae) and a solid substrate, such as soybeans, rice or wheat. It is used to
produce sake, soy sauce or miso. Besides the traditional “koji mold” A. oryzae, other filamentous fungi like Aspergillus sojae,
Aspergillus niger, Rhizopus spp. or yeasts like Hansenula anomala (current name: Wickerhamomyces anomala) are also used (Nout and
Aidoo, 2002). The principal function of koji fermentation is the induction and the supply of hydrolytic enzymes by fungi, such as
amylases, peptidases and lipases, which break down macromolecules present in the grains into their constituent parts. Starch is
hydrolyzed into maltose and glucose by amylases, proteins into peptides and amino acids by peptidases, and fats into the
corresponding fatty acid chains by lipases (Chen et al., 2009). The fermentation process itself can be considered as solid substrate
fermentation (SSF), in which filamentous fungi colonize heat-sterilized grains or soybeans under controlled conditions. In the
traditional process of koji making, a starter culture known as tane-koji (asexual spores of Aspergillus spp.) is mixed with steamed
rice or grains and put into an aeratable container (e.g., wooden tray) (Steinkraus, 1996). Nowadays, fully controlled SSF bior-
eactors are available that provide better control over aeration and humidity during the koji process (Zhu and Tramper, 2013).
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Introduction

World population is steadily increasing and based on predictions, it will exceed 9 billion people by 2050. Moreover, population
growth has been followed by improvements in the standard of living. This reality has its implications, such as boosting present
concerns regarding food security and energy supply, and an increasing environmental footprint, due to rising waste production
(Taherzadeh, 2019). Reasonably, adding pressure to the production of food concomitantly increases the demand of high-quality
compound feed, in which protein sources are the main components (Henchion et al., 2017). The problem is exacerbated by the
use of food-grade substrates, such as fishmeal and soybean meal, as the main protein sources for feed, influencing feed price and
the sustainability of the whole sector (Henchion et al., 2017). As a result, a great deal of research attention has been given to the
search for alternative protein sources for feed applications. Feed recipes can be of variable complexity depending on the appli-
cation, and can additionally include e.g., fat, minerals, amino acids, and vitamin sources (Fihurska and Thorenko, 2019; Rezaei
et al., 2019). Therefore, alternative protein sources that provide additional needed nutrients can potentially ease its inclusion in
presently standard feed diets.

Several organisms have been proposed as potential alternative protein sources, including insects, algae, floating aquatic plants
(van der Spiegel et al., 2013), earthworms (Sharma and Garg, 2019), bacteria, and unicellular and filamentous fungi (Souza Filho
et al., 2019). Particularly, filamentous fungi are well-known microorganisms due to their long use for commercial production of
e.g., food products, enzymes, and organic acids (Gibbs, 2000). Additionally, they have largely been investigated in a context of
circular bioeconomy, towards valorization of side-streams, residues, and wastes (Ferreira et al., 2016; Ferreira et al., 2013).
Filamentous fungal biomass has been proposed for feed applications in view of its nutritious composition rich in e.g., protein, fat,
minerals, vitamins, and pigments (Karimi et al., 2018). Protein and fat profiles are characteristically rich in essential amino acids
and polyunsaturated fatty acids, respectively, while the cell wall is a potential source of immunostimulating compounds (Karimi
et al., 2018). Therefore, filamentous fungal biomass offers nutritional quantity and variability, and can contribute to the sus-
tainability of the feed sector, if the biomass originates from growth on low-value substrates.

This chapter aims to provide an overview of the nutritional composition of filamentous fungal biomass, potential growth
substrates and needed cultivations conditions, and insights gathered on the effect of using filamentous fungal biomass in feeding
trials. The chapter also provides a clear view on the main bottlenecks and knowledge gaps within the area, and consequently
proposes future research and development avenues.
Feed Market Prospects

The world compound feed market can be regarded by animal type, namely ruminants, poultry, swine, aquatic animals, and others;
by ingredients, namely cereal, cakes and meals, by-products, and supplements; by supplements, namely vitamins, amino acids,
enzymes, acidifiers, probiotics and prebiotics, and other supplements; and by geography, namely North America, Europe, Asia-
Pacific, South America, and Africa (Mordor Intelligence, 2019). The world compound feed production was just over 1 billion tons
in 2018 (IFIF, 2020), and a compound annual growth rate (CAGR) of 4.8% is projected during 2020–2025 (Mordor Intelligence,
2019). The growth is driven by the meat and fish sectors, that in turn are related to changing diet patterns, urbanization,
population, and economic growth, mainly in developing countries (Mordor Intelligence, 2019). In a long-term perspective, the
Food and Agriculture Organization of the United Nations (FAO) stated that an increase of 60% in the demand of food proteins
must be met by 2050, indicating that a yearly 1.7% expansion of the sector must occur from 2010 to 2050. In turn, this demand
represents a needed increase of 70%, 90%, and 55% in the production of meat, aquaculture, and dairy products, respectively
(FAO, 2020).
Compound Feed: Composition and Requirements

Farmed animals usually do not feed by natural prey or forages, and nutrients must be provided in the form of compound feed.
Moreover, animals are not capable to synthesize an array of nutrients de novo; therefore, they must be supplied in the diet to meet
their requirements. Feed ingredients can vary from simple compounds such as salt (NaCl) to more complex compounds such as
animal/plant meals, vitamins, oils, etc., and are typically classified into three major groups, namely protein, fat, and carbohydrate
ingredients (Jobling, 2001). A number of supplements such as vitamins, minerals, pigments, and antioxidant agents, are also
normally added to the feed (McDonald et al., 2011). The type and proportion of compounds in feed recipes are variable and
depend on animal species, life stage, animal age, local availability, final farming product, etc. (Halver and Hardy, 2002). The
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Introduction

Fungal polysaccharides are a subject of research in many fields of science due to their numerous applications. They are a large
group of biopolymers constituting a component of the cell wall. Polysaccharides are the main component (90%) of the fungal cell
wall, and their structure depends on the fungal species. The central core of the cell wall is a usually composed of b-1,3 glucan with
b-1,6- branches, which is linked to chitin via a b-1,4 linkage. It is known that polysaccharides are synthesized by many species of
fungi with different ecological positions such as saprotrophic and endophytic, pathogenic or symbiotic-mycorrhizae fungi.
Therefore, these polymers can play different biological functions, for example in the protection against environmental stress factors
and in interactions with other organisms. Polysaccharides may be also accumulated inside cells as a reserve of energy (Giavasis,
2013; Osińska-Jaroszuk et al., 2015).

In terms of chemical structure, polysaccharides are a diverse group of compounds occurring most often in the form of large
polymers – oligosaccharides comprising monosaccharide sub-units connected by glycosidic linkages. Combinations of mono-
saccharides may be present in many different positions of the molecule, which means that polysaccharide polymers may have a
linear or branched structure (Table 1). In terms of their location in the cell, polysaccharides are divided into exopolysaccharides
(EPS), intracellular polysaccharides (IPS), and fungal cell wall polysaccharides (FCW) (Jaroszuk-Ściseł and Kurek, 2012; Yan et al.,
2014).

Fungal polysaccharides exhibit a wide spectrum of bioactive properties, e.g., antioxidant, antimicrobial, immunomodulatory,
antitumor, hypolipidemic, hypoglycemic, or hepatoprotective activities (Kozarski et al., 2011; Miranda-Nantes et al., 2011; Usui,
1983). A sulfated mannogalactan isolated from the fungus Agaricus brasiliensis has been described as an anticoagulation agent
(Yu et al., 2018).

The bioactive properties of polysaccharides depend on their spatial structure, molecular weight, presence of other mono-
saccharides in the molecule, and the type of glycosidic bonds. Great importance is also ascribed to the source of isolation thereof
(type of organism, strain), conditions of the microbial culture, and extraction and isolation methods. Due to the large variety of
fungal polysaccharides and their physicochemical properties, these macromolecules have a broad spectrum of activity in various
fields of biotechnology, medicine, cosmetics or food and pharmacy industries (Table 2). A schematic illustration of the bioactivity
properties of fungal polysaccharides and their use in industry is presented in Fig. 1. With their natural properties, i.e., capability of
heavy metal sorption, ability to support solubilization of mineral compounds in fungi, and induction of plant immunity,
polysaccharides have been widely used in agriculture for bio-fertilization of plants, bioremediation of water, and biological plant
protection (Seneviratne et al., 2008; Welch et al., 1999).
Medicine and Pharmacy

Medical Properties of Fungal Polysaccharides

Antibacterial and antiviral effect
Fungal polysaccharides have recently become an object of research conducted by numerous scientific teams in connection
with the growing problem of antibiotic resistance of bacterial strains and emergence of new varieties of pathogenic viruses.
One of the proposals is the polysaccharide-protein complex isolated from Phellinus linteus acting as an anti-inflammatory
agent (Patel and Goyal, 2012). Polysaccharides EP-AV1 and EP-AV2 obtained from Phellinus pini by hot-water extraction are
described as promising agents against HSV-1 infections (Lee et al., 2010). Strong antibacterial activity against Escherichia coli
was detected for polysaccharides isolated from spent mushroom substrate after three harvesting cycles of a Lentinus edodes
strain. It was detected that two fractions included in the preparation are mainly composed of glucose, rhamnose, and
mannose and their FTIR spectra were very similar to those of lentinan (Zhu et al., 2012). The 1,3- and 1,6-glucans isolated
from the L. edodes can inhibit the growth of the following bacterial cells: Bacillus megaterium (NCIB 2602), Enterococcus
pheniculicola (JLB-1T) – minimum inhibitory concentration (MIC): 150 mg/sample, and Klebsiella pneumoniae (K4) – MIC:
80 mg/sample (Rasmy et al., 2010). Water-soluble sulfated derivatives of b-glucans from Pleurotus tuber-regium can be effective
in the control of herpes simplex virus type 1 and 2 by preventing the processes of binding of virus particles to the host cells
(Zhang et al., 2004, 2003). EPS from Schizophyllum commune and Schizophyllum gluconicum have been found to increase
resistance of the yellowtail fish to Streptococcus sp. infection by triggering a non-specific immune response (Zhu et al., 2015).
b-Glucan produced by A. brasiliensis is described in the literature as an antiviral agent, which is able to inhibit the replication
of bovine herpes virus 1 (BoHV-1) in HepG-2 cells. The probable mechanism of this effect is connected with early events of
the viral infection (Minari et al., 2011; Zhu et al., 2015).
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Introduction

Undesirable vegetation (primarily, weeds and invasive plants) has become a common component of anthropogenic ecosystems.
To avoid their seed bank accumulation in the soil, there is a continuous need for weed control using various approaches. Average
yield losses caused by weed infestation are about 10% but depend on the crop, fertilization/manuring and weather conditions
resulting sometimes in over 50% losses. Moreover, at high infestation density, many agricultural methods, such as use of highly
productive crop varieties, fertilizing and application of plant growth promoters, do not compensate the losses. That is why the
volume of chemical herbicides usually considerably exceeds the number of other agrochemicals applied for plant protection (Aktar
et al., 2009; Cantrell et al., 2012).

Despite the rich assortment of active ingredients for chemical herbicides, there is a number of problematic undesirable plants
that are difficult to control with standard approaches. For instance, several mechanical soil cultivations (tillage, harrowing) along
with application of high doses of chemical herbicides are necessary for eradication of perennial weeds. Control of parasitic weeds
is more complicated, which should additionally include the use of resistant crop varieties. On the other hand, many weeds,
especially invasive species, grow on ruderal or non-arable land near human habitation that makes their control highly
problematic.

Intensive use of chemical herbicides may cause very serious consequences, such as water and soil pollution, and
accumulation of their residues in crop yield (Aktar et al., 2009). For instance, pollution monitoring in France revealed
mainly herbicides among 15 pesticides detected in lake and ground water (Cordeau et al., 2016). In addition, there is some
evidence that Alzheimer’s disease is the most common in the areas with high use of chemical pesticides (Yan et al., 2016).
Many studies have indicated genotoxicity and carcinogenicity of glyphosate, the most sold herbicide in the world (Bakry
et al., 2015).

Another serious problem is weed resistance to convenient herbicides. Considerable number of resistant weed populations is
found in the countries where the herbicides are used heavily. Moreover, chemical companies do not promise new herbicidal
compounds with novel mode of action to strike resistance problem in the nearest future. That is why new solutions are being
considered to be integrated in weed control systems (Shaner and Beckie, 2014).

Connected with aforesaid, the wish of both farmers and consumers to improve herbicide efficacy as well as to use less effective
but safer plant protection means is understood. Following this trend, the development of ecologically safer means of pest control
is carried out in the entire world. Such alternatives are biological control (natural enemies of weeds) and biorational herbicides
(herbicidal formulations based on natural products).

The idea to use phytopathogenic microorganisms against weeds was evidently based on natural observations: weeds
as well as cultivated plants may strongly suffer from some infectious diseases. Fungal plant diseases are common to
cause damage for plants followed by decreasing yield and product appearance/attractiveness. In nature, the most
noticeable diseases are caused by rust, smut, mildew and downy mildew fungi, especially when systemic infection
take place.

The rust fungus, Puccinia punctifromis (syn. P. suaveolens), causing systemic infection in Canada thistle, attracted attention of
scientists about 100 years ago. Attempts for the rust multiplication and application were performed in USA and the Soviet Union.
First results, which demonstrated the weed reduction level about 30%, were not very promising as supposed by the pioneers
(Potapov, 1925; Hasan, 1983). One of first trials to develop a commercial biological herbicide, which was based on Alternaria
cuscutaceae, against parasitic dodder (Cuscuta spp.) weeds was made in the Soviet Union in the early 1960 s. However, the project
was not successful (Rudakov, 1961; Wapshere, 1982).

There were only sporadic reports of microbial weed control studies before 1970. In the following 25 years, the problem
received increased attention to establish theoretical and practical basis for weed control with fungi and their metabolites. As a
result, two main approaches were proposed: classical biocontrol for suppression of invasive species with introduction of phyto-
pathogens from countries of their origin, and bioherbicidal approach employing mainly endemic fungi for mass production and
following application similar to chemical herbicides (TеВeest et al., 1992).

The first success of classical biocontrol was the introduction of Puccinia chondrillina to Australia (1972) and USA (1975) for
suppression of rush skeletonweed (Chondrilla juncea) that originated from South Europe. In 1981, the first mycoherbicide
Collego

s
was registered in USA based on Colletotrichum gloeosporioides f. sp. aeschynomene for biocontrol of northern join-

tvetch (Aeschynomene virginica) infesting rice and soybean fields. These achievements stimulated several hundreds of weed
biocontrol projects over the world (Hasan, 1983). Interestingly, the earlier studies were also continued. For instance, soil
application of teliospores of P. punctifromis in autumn gave systemic infection of 70% aerial shoots of Canada thistle in New
Zealand (Berner et al., 2013). In 2005, a bioherbicide Smolder

s
was registered in USA for dodder biocontrol with Alternaria

destruens (Bailey, 2014).
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Table 1 Mycoherbicides that have been registered worldwide

Product name Registration Active ingredient Target weed (s)

Year Country

Di-Baks

Parkinsonia
2018 Australia Lasiodiplodia pseudotheobromae, Neoscytalidium novaehollandiae,

Macrophomina phaseolina
Parkinsonia aculeata

Bio-Phoma™ 2016 Canada Phoma macrostoma Numerous broad-leaved weeds
Phoma™ 2012 USA
Sarritors 2009 Canada Sclerotinia minor Taraxacum officinale and other broad-

leaved weeds
Chontrol™ 2004 Canada,

USA
Chondrostereum purpureum Populus and Alnus spp.

Collego™ 1982 USA Colletotrichum gloeosporioides f. sp. aeschynomene Aeschynomene virginica
LockDown™ 2006
DeVine™ 1981,

2006
USA Phytophthora palmivora Morrenia odorata

Note: Morin, L., 2020. Progress in biological control of weeds with plant pathogens. Annual Reviews of Phytopathology 58, 201�223.
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What is Mycoherbicide

Bioherbicides are formulations consisting of living microorganisms and ancillary components (surfactants, adjuvants, pre-
serving agents, water retaining additives, inert fillers etc.) for weed control. More specifically, weed control formulations
based on fungi are called mycoherbicides (Bailey, 2014). Plant or microbial extracts with phytotoxic properties, purified or
semi-purified natural phytotoxins are sometimes also referred as bioherbicides (Bordin et al., 2018). However, this group of
pesticides is better to assign to biorational (natural or biochemical) herbicides (Duke et al., 2019), which will be
discussed below.

Mycoherbicides aim to cause local epidemics in the populations of undesirable plants. In contrast to that, classical
biocontrol leads to uncontrolled dispersal of the disease and following epidemics in populations of target host-plants.
In both cases, the disease is expected to weaken susceptible weeds and to decrease their competitive ability.
Some necrotrophic fungi (e.g., belonging to genera Alternaria, Bipolaris, Drechslera, Fusarium, Myrothecium and Phoma-like
fungi) release phytotoxins during the infection process that directly kill plants acting similarly to biorational herbicides
(TeBeest et al., 1992).

Why do endemic species of phytopathogenic fungi not cause the destructive epidemics of weeds similar to some fungal diseases
on cultivated plants? The main obstacles to the epidemics in the weed population are: (1) uneven distribution of host plants in the
field and their different susceptibility to phytopathogens; (2) the use of fungicides, crop rotations and soil cultivation, which
destroy the trophic relations of pathogens with host plants; (3) insufficient aggressiveness; (4) climatic conditions unfavorable for
epidemics. Therefore, phytopathogenic microorganisms are artificially multiplied on host-plants or in bioreactors and are applied
to weeds at high concentrations in a period of time favorable for infection in the same way as chemical herbicides. Mycoherbicides
should be used regularly, although it is not excluded that their effect will be stable for several seasons after establishing successful
infection and epidemics (TeBeest et al., 1992).

Mycoherbicides are (or are considered to be) selective biologics that suppress one or several species of weeds. The selectivity
of potential mycoherbicides is carefully studied before commercialization. Without questions, narrow host-range is a strict
requirement for classical biocontrol agents. However, from commercial point view, it is commonly a significant disadvantage of
mycoherbicides when compared with chemical herbicides. In addition, the effectiveness of mycoherbicides is lower comparing
with chemical herbicides; the area of treatments cannot be large, and their shelf-life period is limited. However, development of
mycoherbicides is much cheaper. They can be used in organic farming or as a component of the integrated management of
troublesome weeds (Hershenhorn et al., 2016).

The host range of the fungus and selectivity of its formulations should be proven both theoretically and experimentally.
Some mycoherbicides are based on wide-spectrum pathogens recorded both on target weeds and crops. Such pathogens can
be used at particular situations when susceptible crops are not included in a crop rotation in the region where weed
biocontrol is performed. If the conditions for the use of mycoherbicides are violated, damage to the protected crops is
possible (Watson, 2019). To date, just seven of 15 registered mycoherbicides could be available, but none of them are broadly
used (Table 1). This is partially because most of them are selective biologicals that have been developed to suppress specific
problematic weed species.

Biocontrol agents a priory look environmentally safe. However, allergenicity and toxicity, persistence in soil, effect on useful
organisms should also be evaluated. Little is known about these properties of phytopathogens, except for some Alternaria spp. and
wide range of Fusarium fungi (�ukiewicz-Sobczak, 2013; Chou et al., 2014).
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Introduction

In a scenario of further population growth, the control of fungal plant diseases has become necessary to meet the demand for
food supply (Ram et al., 2018). Phytopathogenic fungi consist of a highly diverse group of economically devastating threats to
both food supply and security. The extensive use of synthetic fungicides for managing fungal crop diseases over the years has led
to the increase of antimicrobial resistance and damage to the environment and animal health (Bondori et al., 2019; Leiter et al.,
2017). Therefore, many researchers have focused their efforts on developing alternative methods for managing fungal plant
diseases. Among these methods, the use of biofungicides with potential to control fungal plant pathogens has been increasingly
recognized as a promising alternative because it is practicable, environmentally safe, cost-wisely affordable, and field persistent
when compared with other conventional non-sustainable control methods (Abbey et al., 2019a). Biofungicides is the general
name given to formulations derived from animals, plants, microorganisms, or their products that control plant pathogenic fungi
in an environmentally friendly manner (Anuagasi et al., 2007). Disease control by microbial-based biofungicides is the result of
interactions between the biological control agent, the local microbial community, the target plant pathogen, and the host plant.
These multitrophic interactions are directly influenced by the physical-chemical properties of the environment in which the
biological control agent is introduced. It is desirable that the microbial-based biofungicide agents act as antagonist of plant
pathogens, are well adapted to the treated plants and environmental conditions of the local agroecosystem, and cause no
damage or side-effects to both plants and environment.
Biofungicide Agents

Thousands of microorganisms with particular niche association properties have been identified as antagonists of fungal pathogens.
For instance, endophytic microorganisms can establish inside the host plant tissues and produce bioactive compounds that
are elicitors of the plant resistance response against diseases and plant growth promoters (Segaran and Sathiavelu, 2019).
Several endophytic filamentous fungal species with relevance for the biocontrol of phytopathogenic fungi have been described,
such as species from the genera Acremonium, Chaetomium, Cladosporium, Gliocladium, Paraconiothyrium, Sarocladium and Trichoderma
(De Silva et al., 2019; Gama et al., 2020; Madbouly and Abdel-Wareth, 2020; Maia et al., 2018). Species of Aureobasidium, Candida,
Pichia, Rhodotorula and Saccharomyces are examples of endophytic yeasts used in biocontrol (Madbouly and Abdel-Wareth, 2020).
Bacterial endophytes have also been used in microbial biofungicide formulations, including Bacillus amyloliquefaciens, B. subtilis,
Bacillus velezensis, Burkholderia, Mesorhizobium, Pantoea, Pseudomonas fluorescens, Rhizobium and Streptomyces (Bolívar-Anillo et al., 2020;
Cheffi Azabou et al., 2020; Hassan et al., 2018; Nagpal et al., 2020).

Another type of niche association, includes the phylloplane-resident microorganisms, which are known for their advanta-
geous adaptation to stand harsh conditions, such as direct solar irradiation, resulting in their usefulness for the management of
foliar plant diseases (Wang et al., 2020). The phylloplane fungus Cladosporium cladosporioides is an example of a biocontrol agent
with activity against the rice blast disease (Pyricularia oryzae), by inhibiting the pathogen’s pre-infection conidial germination
and appressorium formation, and post-infection mycelial growth, besides secreting lytic enzymes (Chaibub et al., 2020).
Phylloplane bacteria (e.g., Bacillus, Pseudomonas) and yeasts (e.g., Candida, Pichia) were described as biocontrol agents for
postharvest fruit diseases caused by Botrytis, Colletotrichum, Monilinia and Penicillium. Their antagonism included the production
of lytic enzymes, antibiotics and volatile compounds, induction of host resistance and alleviation of fruits oxidative damage
(Dukare et al., 2019).

Rhizoplane-resident microorganisms are the third category of niche associations described for the biocontrol agents. These
microorganisms inhabit the plants root surface or soil particles adhered to the root system and their competition abilities are
associated with the capability of colonizing very complex soil niches, producing a great diversity of antimicrobial secondary
metabolites (Srivastava and Singh, 2020). Species of Trichoderma are the main rhizoplane-resident microorganisms exploited as
fungal biofungicides, exerting their antagonism against several fungal plant pathogens by parasitism, antibiosis, competition,
resistance induced-resistance and plant growth promotion (Adnan et al., 2019; Zhang et al., 2016). Strains of Trichoderma asper-
ellum, T. atroviride, T. harzianum and T. virens are among the most common biocontrol agents in products labeled for the
management of plant diseases, either for seed or soil treatments (Woo et al., 2014).

The last category of niche associations includes the biofungicides based on fungus-infecting viruses (mycoviruses). There are
only few examples of such biofungicides for the management of air-borne and soil-borne plant pathogens (e.g., Alternaria alternata
and Sclerotinia sclerotiorum, respectively) (Hu et al., 2020).
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Introduction

Plastic is a term describing a wide range of high molecular weight polymers formulated by polyaddition or polymer condensation
reactions (Frank and Biederbick, 1984). According to their melting properties, two types of polymers can be distinguished:
thermoplastics and thermosets. Thermoplastics can be reversibly melted by heating and hardened again upon cooling allowing the
material to be reshaped repeatedly. Ubiquitous types and uses are polypropylene (PP; pipes, containers); polyethylene (PE; bottles,
grocery bags); polyvinylchloride (PVC; pipes, packaging); polystyrene (PS; insulation material, food containers, disposable cups);
polyethylene terephthalate (PET; beverage bottles, textile fibers), polyamides (PA; fibers, construction), polycaprolactone (PCL;
production of PU, biomedical applications). (Fig. 1). In contrast, thermoset polymers cannot be reshaped once heated and their
chains are highly cross-linked. A common example are polyurethanes (PU; insulating foams, mattresses, coatings, adhesives).
Several hundred million tons of synthetic polymers are produced worldwide annually. It has been estimated that by 2050 about
12,000 million tons of plastic waste will be accumulating in the oceans and in landfills if current waste management strategies will
persist (Geyer et al., 2017). The plastic waste found in the environment is mainly composed of synthetic polymers made from
fossil feedstocks. Common characteristics are their recalcitrance against biological degradation due to their high molecular weight,
high crystallinity, and hydrophobicity which renders them resistant to attack by microorganisms and their enzymes. So-called
biodegradable plastics can be mineralized in the environment by microorganisms, including fungi, and used for cell growth.
Examples are the aliphatic polyesters poly(3-hydroxybutyrate) (PHB), polycaprolactone (PCL), and polylactic acid (PLA) used to
manufacture, i.e., bottles, containers, and cups (Tokiwa et al., 2009). The rate and degree of their biodegradation in the envir-
onment is however depending inter alia on their molecular weight, their degree of crystallinity, the molecular orientation of the
polymer chains, and their melting temperature.

While polyesters, especially aliphatic polyesters like PCL, PLA, and PHA are more amenable to microbial degradation, non-
hydrolysable synthetic polymers such as PE, PP, PVC, and PS are considerably more resistant to biodegradation.
Plastics in the Environment

The global production of plastics has continuously increased over the last 50 years reaching 360 million tons in 2018 (PlasticsEurope,
2019). This ever-increasing production has resulted in staggering amounts of plastic waste accumulating in landfills and in the oceans
due to littering, industrial discharges, and waste mismanagement. Once in the environment, plastic materials will disintegrate over time
due to both biotic and abiotic factors such as UV radiation and mechanical disruption to produce debris of various sizes. Together with
discarded plastic particles in the form of granulates, microbeads and pellets, they are ultimately forming microplastics with a diameter of
o5 mm and nanoplastics with a diameter of o1 mm (Sivan, 2011). The potential threat of micro- and nanoplastics, especially in the
Fig. 1 Backbone structural formula of widely used petroleum-based plastics. Reproduced from Wei, R., Zimmermann, W., 2017. Microbial
enzymes for the recycling of recalcitrant petroleum‐based plastics: How far are we? Microbial Biotechnology 10 (6), 1308–1322.
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Introduction

Water is the essence of life. It is a basic and a necessary resource for every natural being and its depletion and/or unsuitability
in terms of the required quality will cause unimaginable damage to the environment. According to an UN report, global water
demand is still increasing and by 2050 this is expected to be 30% more than the current level of water use (WWAP, 2019).
This is mostly due to rising water consumption in different sectors, distributed among agriculture (69%), industry and energy
production (19%) and households (12%). It is estimated that the two latter sectors will contribute to this growth most
strongly (Burek et al., 2016). What also needs to be highlighted, is that climate change, which is nowadays the most urgent
global issue, will significantly affect the availability of water resources. Facing these facts, any kind of action taken to protect
existing water resources through the development of novel wastewater treatment (WWT) technologies, minimizing the
negative impact of the industrial sector on the aquatic ecosystem, and spreading the knowledge about the sustainable water
management becomes the greatest challenge, not only for researchers and politicians, but for entire mankind of the 21st
century.

Apart from life, water is an integral part of almost every industrial technology and process. Depending on the sector, it is used
for heating or cooling, diluting, fabricating, washing, processing and finally transporting. The list of unit operations is probably
much longer and not limited to the above-mentioned examples. It is hard to clearly indicate the sector or type of industry
responsible for the greatest damage to the aquatic environment. The negative impact is a result of water consumption, the
characteristics, properties and quantity of pollutants introduced into water used for processing, as well as technologies used to
limit their emissions to the external environment. To show the complexity of the problem, its scale and global significance, two
examples are presented. First, the pharmaceutical industry, which requires consistent, high-quality, ultra-pure water on the one
hand, but does not consume a large volume of water. Despite this, the presence of pharmaceuticals in ground- and surface water is
today considered to be the most harmful environmental pollution (Gadipelly et al., 2014; Ebele et al., 2017). On the other hand,
the highest water consumption is assigned to other sectors, such as energy, paper and textile production, which � in most cases �
are oriented towards sustainable water management and prevent spreading water pollution through investments in novel tech-
nologies for WWT. In summary, an effective treatment of industrial effluents is necessary and applies to all areas of global industry,
regardless of the size, specialization and location of the company.

Efficient and cost-effective industrial WWT has been an area of an intense research and development for decades. Conventional
technologies have been upgraded or replaced with novel ones, following the innovations that have been introduced to industrial
production. Slowly but consequently, a change in wastewater management began to appear, and versatile, universal wastewater
treatment plants (WWTP) were found to be insufficient for removal of newer and more recalcitrant chemical compounds, and
therefore technologies specialized and dedicated to the individual sectors conquered the markets. This switch did not only affect
advanced chemical and physio-chemical installations, but at the same time classical biological WWT procedures were also verified
and soon revealed to be a great area for innovation and technological breakthroughs. The most important one referred to the type
of microorganisms harnessed to decompose the rapidly increasing and persistent water pollutants. Whereas the time of widespread
application of bacteria seems to be coming to an end, the role of fungi in biological WWT begins to gain momentum and seems to
become a long-awaited solution for industrial effluents, waste and wastewater issues.

Fungi, as well as bacteria, form a group of the most widespread organisms in the world. Their ability to survive in various
habitats and at different, often harsh conditions, is widely documented (Espinosa-Ortiz et al., 2016; Bano et al., 2018). Due to their
nutrition system (chemoheterotrophs), as well as their enzymatic repertoire, fungi play a very important role in different eco-
systems by decomposing organic matter and cycling of organics and nutrients. However, their utility is not only limited to the
natural environment, since fungi are also commonly applied in many industrial sectors and processes, e.g., food production,
brewing, medicine or biotechnology (Hyde et al., 2019). Already for decades, fungi and fungal biomass have been used as a source
of elements and compounds, such as proteins and enzymes. Therefore, their potential significance in environmental engineering
still increases and in the very near future fungi may become major subjects of extensive research.

Although biological treatment of industrial wastewater is currently dominated by bacterial systems, existing reports clearly
indicate that the situation may change in a short-term perspective. This chapter aims to provide understanding of the growing
global research attention for fungal WWT systems and provides information about the uniqueness of the fungal kingdom and
identified features which enable fungi to outcompete bacteria in degradation of contaminants. In addition, examples of the
mechanisms involved in fungal WWT are presented and discussed. The technical aspects in reactors’ operation together with their
advantages and drawbacks are discussed based on selected examples. The conclusions and a brief summary of the future per-
spectives and challenges related to fungal wastewater systems provide knowledge about the needs and potential research gaps that
have to be explored for successful technology implementation.
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The Role of Fungi in Industrial Wastewater and Liquid Waste Treatment

A wide group of industrial WWT technologies (physical, chemical, biological) is currently applied for the decomposition and/or
removal of various pollutants introduced to process water and further, to the environment. Among those methods, the biological
ones are commonly used worldwide due to their well-known operating conditions, low operating costs and relative technical
simplicity (i.e., design, construction and operation). The general idea of biological WWT is to involve specific groups of micro-
organisms in the water purification process. Those microorganisms need to show great capability to decompose a wide spectrum of
different organic compounds present in water. To date, in most of the existing biological WWTP, multiple consortia of bacteria are
applied, which are supported by simple eukaryotic organisms such as protozoa and algae. However, the latest studies on fungal
cultures and their role in organic matter cycling, and thus in WWT, evidently shows their high biodegradation potential for
recalcitrant waste (e.g., plastic, petroleum, agro-chemical) and wastewater containing persistent compounds, such as pharma-
ceuticals and personal care products, polyaromatic hydrocarbons, textile dyes, and pesticides.

The complexity of wastewater and liquid waste composition, as well as the diversity of their sources is another reason for
continuous development of treatment technologies. New substances with harmful effects to the environment are being identified
every year. The largest challenges of WWT, i.e., removal of recalcitrant organic compounds (pharmaceutically active compounds
(PhACs), endocrine disruptive compounds (EDCs), polyaromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs) etc.)
and heavy metals, are not yet solved. Those substances are transferred constantly to industrial wastewater, being responsible for its
toxicity and confirmed resistance to bacterial degradation (Ventura-Camargo and Marin-Morales, 2013; Wang and Chu, 2016;
Ebele et al., 2017; Lellis et al., 2019).

Utilization of fungal biomass in WWT has gained interest after World War II and is a promising solution for the removal of
recalcitrant organic pollutants (ROP). The removal of ROPs by fungi has sprung as a result of the discovery of lignocellulosic
biomass degrading enzymes (Bennet et al., 2002). Fungi are a diverse group of organisms, including single-cell organisms (yeasts)
and multicellular organisms (filamentous fungi), belonging to kingdom Eumycota. Many fungal species have already been studied
for their application in WWT, nevertheless the potential of the fungal kingdom has not been fully addressed as there are between
2.2 and 3.8 million of fungal species (Hawksworth and Lücking, 2016).

In the environment, white-rot fungi (WRF) degrade lignin to monomeric compounds, mainly phenols (Rabinovich et al.,
2004), and even mineralize lignin. The ability of fungi to decompose many of the recalcitrant organic pollutants results from their
molecular structure resemblance to lignin. Dyes, pharmaceuticals, personal care products, etc. all contain phenolic rings in their
structure.

The use of fungi provides many advantages in comparison with other organisms used for wastewater and liquid waste
treatment:

(1) ability to grow in diverse habitats, due to simple nutrient requirements and adaptation to stress conditions,
(2) higher growth ability, providing higher biomass by simple fermentation techniques,
(3) ability to produce various extra- and intracellular enzymes able to degrade high-molecular-weight compounds, e.g., PAHs,
(4) higher resistance to high concentrations of pollutants,
(5) a high percentage of the biomass consists of cell walls, build from chitins and proteins, glucans and other polymers and co-

polymers (e.g., chitosan, chitin-glucan polymers, mannans, chemicellulosic and lignin polymers), lipids, polysaccharides and
pigments (e.g., melanin) with functional groups present at the cell surface that are responsible for the high heavy metals
binding ability (Gadd, 2009; Álvarez et al., 2017; Manna et al., 2018).

Various approaches are being studied worldwide towards the use of the observed benefits of fungal enzymes.
Most commonly, living fungi are being used for ROP removal, however there is a trend towards the use of extracellular

enzymes produced by fungi (Bilal et al., 2019). The latter approach has many disadvantages, the main one being loss of
enzymes. In order to counteract that problem, enzymes are being immobilized on solid carriers. This allows for recovery and
reuse of enzymes. Another interesting solution is the utilization of fungal consortia (Sharma and Malaviya, 2016) (Fig. 1),
which benefits from synergistic interactions between fungal species. Heavy metals can be successfully removed from soils,
waste, waste liquids and wastewater using living fungi as well as other microbial taxa, including archaea, bacteria, cyano-
bacteria, and algae (Gadd, 2009; Das et al., 2019). Additionally, dead fungal cells can be used as a sorption material for heavy
metal removal.

Different mechanisms are involved in the removal of organic pollutants and heavy metals; hence those issues will be addressed
separately. A selection of the published research on the removal of both groups of these pollutants is presented in Table 1.
Removal of Recalcitrant Organic Pollutants

Advantages of fungal-based wastewater and liquid waste treatment result from extracellular and intracellular enzymes produced by
fungi and their cell wall adsorbing properties. These enzymes help fungi to digest substrates in nature, but due to their nonspecific
action, they can break down a wide range of organic pollutants. These include recalcitrant pollutants of high molecular weight like
PAHs: pollutants that are persistent in the conventional activated sludge process, i.e., highly resistant to bacterial degradation
(Rabinovich et al., 2004; Naghdi et al., 2018). For instance, Lee et al. (2014) confirmed that the basidiomycete fungi Pheniophora
incarnata and Phlebia brevispora can degrade four PAHs, i.e., phenanthrene, anthracene, fluoranthene and pyrene.
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Introduction

In the last decades, elucidation of the human genome and the manifold achievements in molecular biology have enabled the
development of novel therapeutic strategies based on the employment of finely targeted pharmaceuticals. In this evolving context,
the need for finding more effective drugs has increased, with a stronger pulse for the exploitation of natural sources. Fungi are
particularly interesting in this search because of their pervasive occurrence in every environment, and their suitability for laboratory
manipulation and use of selected strains in industrial production. In fact, fermentative processes generally afford higher outputs of
bioactive substances, in comparison with the more costly extraction from plant biomasses. Even when it is not possible to
optimize their direct pharmaceutical application, fungal products may represent valuable models inspiring the creation of new
drugs through combinatorial synthesis (Gordaliza, 2007; Cragg et al., 2009).

Fungal secondary metabolites display very diverse chemical structures, ranging from small molecules to polymers (Brakhage,
2013; Bills and Gloer, 2017; Keller, 2019). Unlike the latter, which in most instances are structural components of fungal cell walls,
low molecular mass metabolites, or extrolites, usually have an outward-oriented function finalized to interactions with other
organisms, serving as antibiotics, regulators, or chemical messengers in developmental processes. At some extent, these bioac-
tivities reflect antitumor and immunomodulatory properties, which are examined in this chapter with reference to possible
pharmaceutical applications.
Interrelations Between Immunomodulatory and Antitumor Properties

Immunomodulation is the process of modifying immune response, in terms of its induction, expression, amplification or inhibition,
through the administration of drugs. Immunomodulators are used for the suppression of normal or excessive immune function
(immunosuppressants, as for the treatment of graft rejection or autoimmune diseases), or the reconstitution of immune deficiency
(immunostimulators, as for the treatment of AIDS). However, both kind of products may also find application in cancer chemotherapy.

An effective treatment of tumor diseases should aim to combat the primary focus and prevent the formation of metastases. In
this respect, there is a growing trend to integrate products directly targeting cell proliferation and migration with immunomo-
dulators in order to stimulate the innate capacity of the organism to contrast cancer progression (Corradetti et al., 2019). The
immune system may react through an acute inflammatory response where the early-generated tumor cells are eliminated by major
agents, such as killer cells, dendritic cells, macrophages, polymorph nuclear cells, mast cells, and cytotoxic T cells. When neoplastic
cells resist this basic surveillance, an equilibrium between their proliferation and apoptosis is established, which can limit tumor
aggressiveness. However, this equilibrium can be disrupted by any factor reducing immunogenicity of tumor cells, with the release
of anti-inflammatory mediators inhibiting the effector T lymphocytes and other steps of the immune response. Moreover, the
release of reactive oxygen species (ROS) and cytokines may further induce mutations in the normal cells, and the tumor transition
(Castaldo et al., 2016). Reactive oxygen and nitrogen species are generated in response to proinflammatory cytokines and growth
factors, and downregulated by tumor suppressor genes and anti-inflammatory cytokines. The release of high level of these products
is observed in almost all cancer types due to activity of oxidases, increased metabolic rate, mitochondrial dysfunction, and the
infiltration of inflammatory cells in the tumor microenvironment. Their proapoptotic effect is exerted through activation of either
the extrinsic or the intrinsic mitochondrial pathway after disruption of the mitochondrial membrane potential and down-
regulation of antiapoptotic proteins, leading to release of cytochrome c. Cytokines and other growth factors may also promote
angiogenesis, which is a fundamental step for progression of many solid tumors (Galdiero et al., 2018).

Inflammation of tissues represents an immune response against any invading pathogen and injury. However, chronic
inflammation leading to oxidative stress and DNA damage may be conducive to initiation and progression of cancer. Activation of
the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) protein complex represents a crucial step in the initiation
of the inflammatory response through genetic regulation. Stimulation of this signaling pathway promotes tumor growth as well as
angiogenesis and metastasis, so that NF-κB represents one of the main targets for anticancer drugs (Ravi and Bedi, 2004; Umezawa,
2006). Other proteins involved in the complex signaling system influencing cancer progression are the mitogen-activated protein
kinases, which regulate cell proliferation, differentiation, invasion, stress response and apoptosis after external stimulation by
cytokines and growth factors, and AP-1, a transcription factor which is activated by proinflammatory cytokines and oxidative stress
(Braicu et al., 2019). Other targets considered in the treatment of many types of cancer due to their role in tumor initiation and
progression are enzymes such as cyclooxygenase (COX-2) and nitric oxide synthase (iNOS). Besides its role in inflammation,
overexpression of COX-2 leads to upregulation of Bcl-2, an anti-apoptotic protein family, and angiogenic mediators, such as the
vascular endothelial growth factor (VEGF) and matrix metalloproteinases (MMPs), while iNOS induction leads to release of nitric
oxide, with ensuing carcinogenic effect due to DNA damage and mutation (Ghosh et al., 2010).
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A Non-Sustainable Economy

Resource management in current socio-economic systems is often based on a “take-produce-consume-discard” model. This model
assumes abundance of resources and unlimited waste disposal with no negative side effects (Jurgilevich et al., 2016). However, natural
resource consumption is higher than its regeneration rate and discharged waste streams outpace the remediation capacity of ecosystems.
Environmental consequences of this extractive model are resource depletion and waste accumulation in the biosphere leading to
environmental problems such as climate change and desertification (Clark and York, 2005; Watson et al., 2016).

Plastics are an example of non-sustainable materials. Commercial development of plastics started in the 1940s and has led to
great societal impact. Life standards improved greatly due to the wide applicability of these versatile polymers and gave rise to the
term “plastic age” (Thompson et al., 2009). The use of plastics was a driver of innovation in various industries like electronics,
healthcare, construction and packaging (Thompson et al., 2009). Despite the numerous benefits provided by plastics, their
environmental impact is large. In 2015 alone, 380 million metric tons of plastics were produced worldwide (Geyer et al., 2017).
Production of plastics is energy-consuming and large volumes of greenhouse gasses are emitted. Moreover, these petrol-based
materials cause economic dependence on fossil fuels. In total, 8% of global crude oil is used to produce plastics, thereby
competing for feedstock for energy production (Harding et al., 2007). Plastics are mainly used to produce disposables with a life
span of less than a year. It is estimated that 42% of the plastics that were produced in 2015 were used as packaging, while 54% of
total plastic waste that year originated from packaging (Geyer et al., 2017). From these disposed plastics, less than one-third is
recycled. This is partly caused by the mixing of different polymers that hampers separation and purification of plastic waste
(Hopewell et al., 2009). Most plastics end in landfills where they accumulate or from which they disperse into nature. This plastic
waste fragments by sunlight with a rate depending on environmental conditions such as humidity, temperature, light and oxygen
availability (Albertsson and Hakkarainen, 2017). The resulting microplastics affect wildlife and human health (Geyer et al., 2017;
Hermabessiere et al., 2017; Revel et al., 2018). Oil-based plastics are only one example of materials that have a negative footprint.
Other industries that have proven to be unsustainable are the textile and building industry. Textile processing, dyeing and printing
uses up to 200 l of water per kilogram of fabric and causes major pollution (Parisi et al., 2015). On the other hand, the building
industry consumes vast amounts of energy. Consumption of energy by the building industry is estimated to be up to 40% of total
energy consumption in the EU and is responsible for up to 50% of total greenhouse gas emissions (Asif et al., 2007; Zabalza
Bribián et al., 2009). Clearly, alternatives must be developed for these unsustainable processes and materials.

As Earth can be considered a closed system, resource management in nature largely depends on cyclic processes. Achieving a
sustainable industrial system asks for the implementation of such cyclic processes (Greyson, 2007). A circular economy is a
restorative system where resources are processed in cycles, either by society or by biogeochemical processes (Greyson, 2007). It
mirrors natural principles such as production from waste, resilience through diversity and use of renewable energy sources.
Circular economy focuses on closing the loop of materials, reducing resource consumption and waste entering the environment.
This can be achieved by reusing, repairing, refurbishing and recycling existing materials and products (Jurgilevich et al., 2016). This
changes the concept of waste; used products become resources for the bio- or the techno-cycle (Gregson and Crang, 2015).

Two important factors in circular production of materials are renewable feedstocks and biodegradability. Renewable feedstocks
refer to raw materials that are being extracted from nature and are replenishable, such as biomass used for producing biofuels
(Melero et al. 2012), while biodegradability refers to the capability of being degraded by biological activity (Vert et al., 2012). The
relation between bio-based, biodegradable and sustainability is complex. Bio-based materials are materials that are synthesized by
living organisms like plants, fungi and bacteria. Therefore, renewability is guaranteed. However, bio-based is not per definition
sustainable. For instance, current production of palm oil or usage of tropical hardwood as feedstock is bio-based but not
sustainable. There is also no relation between bio-based and biodegradability. Biodegradability of bio-plastics refers to, according
to the American Society for Testing and Materials (ASTM) standards, the possibility “to degrade by the action of naturally occurring
microorganisms such as bacteria, fungi, and algae”, whereas compostability of bio-plastics refers to “a bio-plastic that undergoes
degradation by biological processes during composting to yield carbon dioxide, water, inorganic compounds, and biomass at a rate consistent
with other known compostable materials leaving no visually distinguishable or toxic residues.” (Kale et al., 2007). There is an intuitive
believe that materials produced from bio-based feedstocks are biodegradable (Garrison et al., 2016). This is however not an origin-
dependent property, but relies on the chemical composition of the material and the metabolic capacity of the environment (Song
et al., 2009). Examples of bio-based and bio-degradable materials are polylactic acid (PLA) and polyhydroxyalkanoates (PHA),
whereas non-biodegradable bio-based polymers are bio-polyethylene (bio-PE) and bio-poly(ethylene terephthalate) (bio-PET)
(Iwata, 2015). For these reasons, biodegradability of bio-based materials needs to be regarded as an important factor when using
renewable resources as feedstock.

Bio-based materials are applied in an increasing range of applications (Álvarez-Chávez et al., 2012). They may result from the use of
the whole organism (e.g., wood) or from extraction and/or purification of its components (e.g., starch). The latter strategy is also used in
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Fig. 1 Relation between the Young’s modulus (GPa) and density (kg m�3) of material families (Ashby, 2005) and of composite (Appels et al.,
2019; Appels, 2020) and pure fungal materials (Appels et al., 2018; Appels, 2020) and chitin/glucan nanomaterials (Nawawi et al., 2019b; Jones
et al., 2019b). Figure reproduced with permission from Granta Design, 2020, CES EduPack 2019, ANSYS Granta ©, all rights reserved.
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the production of bioplastics. Examples are PLA and PHA that are for instance used as coatings, packaging, and in medical products
(Chen, 2010; Arrieta et al., 2015). These bioplastics result from bacterial fermentation of agricultural products (Tokiwa et al., 2009).
Apart from bacteria-derived bioplastics there are plant-based cellulosic- or starch-based bioplastics (Mohanty et al., 2002). Another
resource for bio-based polymeric materials may be fungal mycelium. So far, the whole organism is used to produce mycelium materials
(see below). Yet, polymer extraction and purification from fungal mycelium and fruiting bodies appear also promising.
Composite and Pure Mycelium Materials

Fungi need organic compounds for their energy and carbon source. To this end, they degrade dead organic matter or establish a
pathogenic, neutral or mutual beneficial symbiosis with plants, animals or microbes. So far, saprotrophic fungi have been used for
the formation of mycelium materials. They colonize substrates by means of mm- to cm-long hyphae that have a width between
1–10 mm. By growing at their tips and branching sub-apically, a 3D network of hyphae is formed. The diameter of such a
mycelium can vary in size ranging from sub-millimeter to kilometer dimensions. The basidiomycete mushroom forming fungi are
known to colonize large surfaces and are therefore the fungi of choice to make mycelium materials. For instance, single individuals
of Armillaria have been identified that had colonized Z1000 ha of soil, making them the largest organisms on earth (Smith et al.,
1992; Ferguson et al., 2003). Moreover, amongst the basidiomycetes are fungi capable of degrading lignin, which is a main
component of agricultural waste and waste of the wood industry. By degrading this recalcitrant biopolymer, access is obtained to
the cellulose and hemicellulose that is shielded by lignin. Many of the waste streams from agriculture and the wood industry
cannot be used to feed animals. This explains why 0.25 billion tons of straw was burned in China alone in 2009 (Grimm and
Wösten, 2018). Fungi can turn this low nutritional waste stream into high nutritional biomass by producing proteins and making
cellulose available at the same time. This and the capability of fungi to transform low quality waste streams into materials will
contribute to the circular economy.

Metals, polymers, elastomers, ceramics, glasses and hybrids are the main classes of materials (Fig. 1). The latter materials
include composites such as reinforced plastics and aluminum, foams and natural materials such as wood, bone and skin (Ashby,
2005). Based on their properties (Table 1) fungal materials have foam-, polymer- or elastomer-like properties or properties
resembling natural materials (Jones et al., 2017; Appels et al., 2018, 2019; Appels, 2020). Mycelium composite materials have been
developed for use as packaging, insulation, and interior and construction materials (Fig. 2). On the other hand, pure mycelium can
be used as leather or textile replacement, while materials produced from cell wall components of mycelium can be used for
instance as coatings, membranes, packaging material, and paper.
Pure Mycelium Materials

Pure mycelium is obtained by growing a fungus on a solid or liquid substrate under static growth conditions (Lugones et al., 2004;
Haneef et al., 2017; Appels et al., 2018) or as a liquid shaken culture (Appels, 2020). When grown in liquid cultures, the total
mycelium can be harvested and used to make mycelium material. In contrast, only the fungal skin can be used when grown on a
solid substrate. This skin covers the substrate and contacts the air and is composed of densely packed hyphae. While only part of
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