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Abstract

The industrial enzymes market is mainly segmented into carbohydrases, proteases, and lipases, being
the first responsible to catalyze the depolymerization of lignocellulosic biomasses and applied to several
industrial processes. Microorganisms, plant and animal tissues can be used as sources of these enzymes.
However, nowadays microorganisms dominate the market as enzymes sources. The phytopathogenic fungi
can secrete several carbohydrases able to degrade the host plant cell wall and important for the infection
processes, which generates great appeal to produce enzymes from these fungi. Therefore, unraveling all
protein arsenal secreted by a phytopathogenic fungus is interesting because these proteins may be useful
for different biotechnological processes. Previous research has shown that several phytopathogenic fungi
considered promising for enzymes production, such as Chrysoporthe cubensis, Ceratocystis fimbriata and
Kretzschmaria zonata. In addition, computational tools have significantly contributed to these studies,
allowing a better understanding of the fungal enzymatic profile and their biotechnological applications.
This work shows a brief overview of the importance of understanding the enzymatic profile secreted by
phytopathogenic fungi and their biotechnological applications, as well as a brief overview of computational
tools applied for proteomic analysis.
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Highlights

A. Phytopathogenic fungi secrete carbohydrases of great appeal to industrial processes.

B. Secretome analysis of fungal enzymatic profiles is essential for their application.

C. Advances in fungal enzyme-based bioprocesses are possible using computational tools.

Introduction

The study of phytopathogenic fungi secretome is essential to understand the relationship
between the fungus and the host plant during the infection [1]. According to [2], the secretome
definition is “the global study of proteins that are secreted by a cell, tissue or organism at any
given time or under certain conditions”. By causing diseases, phytopathogenic fungi secrete
enzymes for their penetration and subsequent propagation in the plant tissue. These enzymes
can degrade the plant cell wall polymers, which is important for nutriente acquisition by the
fungi [3,4].

Secretome analyses are necessary to obtain a global overview of the identity, function,
and interaction of the arsenal of extracellular proteins that participate in plant cell wall
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degradation [5]. Thus, the study of phytopathogenic fungi
secretome elucidate the potential role of secreted proteins involved
in several metabolic processes from host infection to cell wall
degradation and enables the identification and characterization of
enzymes that may be applied for biotechnological processes. For
instance, the comprehensive identification and quantification of
the secretome of phytopathogenic strains may be a useful approach
for understanding their enzymatic systems to determine new
strategies for energy sources development [6].

Proteomic studies have been carried out to understand
plant-fungus interactions, virulence, and fungal pathogenicity,
and it is well known that there is a close relationship between
virulence and the ability to secrete high levels of hydrolases in
phytopathogenic fungi [6]. Furthermore, by using integrated
proteomics with computational tools, it is possible to predict the
subcellular location, when proteins are expressed, and the different
proteins and enzymes produced by fungi. It is also possible to
discover the implications for fungi development and changes in
environmental responses [7-9]. Therefore, the enzymes secreted
by phytopathogenic fungi deserve attention due to their potential
for industrial application, which encourages research related to
genetics and the secretion mechanisms of these enzymes [5].
Phytopathogenic Fungi

Fungi are heterotrophic, eukaryotic, uni or multicellular
microorganisms that show a chitinous cell wall as their feature [10].
Fungi may be parasitic, saprophytic or pathogenic, and between
these last classifications, some can cause diseases in plants, thus,
they are denominated phytopathogenic, which can belong to
several phylum such as ascomycota, basidiomycota, zygomycota
and chytridiomycota [8,11]. Among the large number of identified
fungal species, about 10 % can cause diseases in more than
10.000 plants, and their mode of action on the hosts can be varied,
depending on the species. For example, some phytopathogenic
fungi are able to invade and to colonize all plant tissues, while
others act only on specific parts of the host, such as roots, stems,
seeds or leaves [12].

Many fungal mechanisms and proteins have been shown
to contribute to fungal pathogenicity or virulence, such as
extracellular lignocellulolytic enzymes [8]. Thus, a more virulent
phytopathogenic fungus shows great appeal for lignocellulolytic
enzymes production and these macromolecules can be used in
several biotechnological applications, such as the degradation of
plant biomasses for the generation of monomeric sugars used for
ethanol production [3,4,6].

Phytopatogenic Fungi Secretomes

Phytopathogenic fungi can secrete an enzymatic arsenal
composed of several enzymes that act in the depolymerization
of lignocellulosic biomasses, most of which are classified in the
Carbohydrate-Active enZYmes (CAZy) database. The CAZy database

classifiesthe enzymesinto familiesand subfamiliesaccordingtotheir
sequence, structure, and biochemical information. Enzyme classes
covered by CAZy include Glycosyl Hydrolase (GH), Carbohydrate
Esterase (CE), Polysaccharide Lyase (PL), Glycosyltransferases
(GT), and enzymes with Auxiliary Activity (AA) [9]. It is known that
CAZYmes can be applied in various industrial processes, and many
studies are showing the secretion of these enzymes of commercial
interest by phytopatogenic fungi [7]. The xylanases, important
CAZymes secreted by several pathogen fungus can be used for
various biotechnology process such as clarification of juices, pulp
bleaching, bioconversion of lignocellulose into fermentable sugars
and preparation of animal food and have been reported in many
papers [9,13-17].

Over the years, countless research has shown the enzymatic
potential secreted by phytopathogenic fungi. CAZymes and
accessory enzymes produced by the pathogen fungus Penicillium
funiculosum are distributed across different subfamilies (GH3,
GH5, GH6, GH7, GH10, GH11, GH16, GH30, GH43, GH62, GH71,
GH93, CE1, CE5, AA7 and AA9) that are responsible for biomass
degradation and can be applied in several biotechnological
applications [18]. Recently, our research group published data on
the phytopathogenic fungi Chrysoporthe cubensis [9], Ceratocystis
fimbriata [15] and Kretzschmaria zonata [16] that aroused interest
in being able to secrete enzymes of great commercial appeal.
Overall, studied fungi showed wide enzymatic diversity in their
exoproteome, thus, the enzymes secreted by these fungi can act in
several biotechnological processes, such as lignocellulosic biomass
degradation and xylooligosaccharides production contributing with
applicable resources in the bioenergy, food and pharmaceutical
industries. Chrysoporthe cubensis (Figure 1A) is an important
pathogen that can strike commercially cultivated eucalyptus
species (Figure 1D) in tropical and subtropical areas of the world,
which can generate losses and great damages since it causes stem
canker disease of the plant species. According to [9], Chrysoporthe
cubensis is capable of secreting 313 proteins, including 137
CAZymes classified as Glycosyl Hydrolases (GH), Carbohydrate
Esterases (CE), Polysaccharide Lyases (PL) and Auxiliary Activities
enzymes (AA). Ceratocystis fimbriata (Figure 1B) can cause
damage to several agricultural and forestry crops around the
world, highlighting root rot, canker, and vascular wilt (Figure 1E)
in economically important species such as eucalyptus [19]. In its
exoproteome, there is a 3-xylosidase, an accessory enzyme of great
importance in the degradation of hemicellulose that may perform
an important role in the supplementation of commercial cocktails
aiming to improve the yield of xylose and glucose in lignocellulosic
biomass saccharification [15]. Kretzschmaria zonata (Figure 1C)
is a fungus that causes root collar rot disease in teak (Figure 1F),
and it was recently reported in Brazil [20]. This fungus produces an
arsenal of extracellular enzymes, including xylanase, 3-xylosidase
and endoglucanases, enzymes with several industrial applications
such as second-generation ethanol production [16].
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Figure 1: Colony morphology of (A) Chrysoporthe cubensis (B) Ceratocystis fimbriata and (C) Kretzschmaria zonata on
malt extract agar culture media. (D) Eucalyptus stem canker caused by C. cubensis. (E) Vascular wilt in Eucalyptus
caused by C. fimbriata. (F) Root collar rot in teak caused by K. zonata.

Computational the

Secretome

Approaches Applied to

Proteomics, in combination with bioinformatics prediction
of the secretome and enzymatic activity analyses, constitutes
a powerful tool for providing information about pathogenicity,
virulence factors and biotechnological potential of the exoproteome
of phytopathogenic fungi [7-9]. Thus, there are many computational
tools that may be employed to predict proteins of interest, their
subcellular location, and conditions of expression.

To obtain bioinformatic predictions on secretome, it is
necessary to obtain the organism’s genome sequence generally
using high-throughput sequencing technologies, such as from
[llumina and Oxford Nanopore. Thus, from sequenced genome
and using appropriate tools, it is possible to unravel all arsenal of
proteins secreted by an organism, opening new possibilities for their
biotechnological applications. For this, the first step is the genome
annotation that may be performed by several programs, such as
Geneid [21], one ofthe first programs to predict full exonic structures
of vertebrate genes in anonymous DNA sequences; GeneMark
[22], a web software for gene finding in prokaryotes, eukaryotes
and viruses; and Augustus [23], a gene prediction program more
applied for eukaryotes, that is based on a probabilistic model of a
sequence and its gene structure denominated of generalized hidden
Markov model. After genome annotation, it is necessary to evaluate

the quality and the confidence of the predicted gene sets and, for
this, the program Benchmarking Universal Single-Copy Orthologs
(BUSCO) [24] can be applied.

To predict the secreted proteins and their subcellular
localization, there are several programs available, some perform
simpler methods such as SECRETOOL [25] and others more
refined, for example, Loctree [26], BUSCO [24] and Deeploc [27].
The programs that perform prediction refined methods can
predict the subcellular location that is important in proteomics
because proteins can perform a wide diversity of functions inside
different cell compartments, the protein function is related to
the compartment or organelle where it is located, providing a
physiological context for a certain function [28]. The Loctree is
a hierarchical tree system combining Support Vector Machines
(SVMs) and other methods such as gene Ortology Consortium (GO)
for predict the subcellular localization of proteins. It shows good
levels of accuracy, but it is not used for predicting localization for
membrane protein [26,29]. In contrast the Deeploc program is
widely used, their prediction algorithm can differentiate several
localizations including cell membrane. Their method is based
on deep neural networks that do not depend on annotation of
homologues from knowledge databases, relying only on sequence
information. It is useful mainly for new proteins prediction that
there are no annotated homologues and predict the effects of
sequence variants [27].
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It can also be used software capable of predicting the presence
of putative signal peptides at the N-terminal of protein sequences,
and secondary structures and disordered regions necessary for
nonclassical secretion methods, as well as capable of postulate
amino acid composition and discriminating transmembrane
helices containing proteins that will be inserted into the membrane
[21,30]. Therefore, the web analysis tool SECRETOOL [25] can
be used for this purpose. According to [25], SECRETOOL allows
the screening of different properties concerning the proteins of
the fungus proteome: location of the predicted N-terminal Signal
Peptide (SP), detection of the presence and location of SP cleavage
sites on amino acid sequences, presence of a maximum of one
Transmembrane Domain (TMD) and Glycosylphosphatidylinositol
(GPI) membrane anchoring. Moreover, the proteins targeted to
the nonclassical secretion pathways may be identified using other
software such as Secretome P [30], a program trained on sequence
features other than signaling peptides of secreted proteins,
although this software is designed for bacteria and mammals and
not for fungi. Thus, an alternative is an ortholog-based method to
predict secreted proteins via a nonclassical pathway [30].

In phytopathogenic fungi, the CAZymes are the most important
secreted enzymes for complex carbohydrate metabolism and,
therefore, these are the proteins that generate the most commercial
interest and greater appeal for identification [9,13]. CAZymes
degrade, synthesize, and modify complex carbohydrates and
glycoconjugates in all organisms. In the protein identification step,
an approach applied to increase the CAZymes identification is using
multiple prediction strategies. For this, the predicted proteome can

Table 1: Software used in fungal secretome analysis.

be subjected to dbCAN2, a meta server for automated CAZymes
annotation based on three tools/databases:

(i) HMMER search against the dbCAN (hidden markov models)
HMMs database.

(i) DIAMOND search against the CAZy database and

(iii) Hotpep search against the conserved CAZyme short peptide
database [31].

InterPro is a freely available database used to classify proteins
sequences into families and predict domains and important
sites. It is a comprehensive resource that integrates 13 protein
signature databases into a single searchable resource. Sequence
research performed into InterPro is powered by the InterProScan,
underlying software that performs searches of proteins and nucleic
acid against InterPro’s signatures [32].

Several software may be used for functional annotation such
as GOanna [33], BLASTKoala [34], Blast2GO [35], and eggNOG-
mapper v2 [36], which are tools relying on sequence similarity
for annotation. The general approach to functional annotation
applied by these tools is very similar; initially, the protein sets are
scanned for motifs and domains using resources like Pfam [37] and
InterPro and mapped to Gene Ontology terms using GO supplied
mapping files. In addition, BLAST analysis of full-length sequences
may be applied to identify similar sequences which already have
GO or pathway annotations linked to them and shorter motifs and
domains [38].

Software Reference Main Functionalities Application in Fungi (References)
Cortazar., et E.il' [.25] htp:// Predict secreted putativ proteins; infer their domain .
SECRETOOL genomics.cicbiogune.es/ structure and ortholog relations amone funi Tavares, et al. [9]; Jing, et al. [40]
SECRETOOL/Secretool.php g g fungt.
Armenteros, et al. https:// . . e
DEEPLOC services.healthtech.dtu.dk/service. E_ukaryoFlc protein subcellglar locallzat_lon,. can Tavares, et al. [9]
differentiate between 10 different localizations.
php?DeepLoc-1.0
Automated Carbohydrate-active enzyme annotation;
integrates three state-of-the-art tools/databases for
Zhang, et al. [31] https://bcb.unl. automated CAZyme annotation (HMMER, DIAMOND and .
dbCAN2 edu/dbCAN2/ Hotpep); combines the results from the three tools and Morgan, et al[38]; Tavares, etal. [9]
allows visualization of the overlaps as Venn diagram and
the detailed results as graphs.
Protein sequence annotation; combination of various
Gotz, et al. [35]; Aparicio, et al. [38] | . ann.otatlon strate?gles and tools contrqllmg type and
Blast2GO https://www.blast2go.com/ intensity of annotation; numerous graphical features such Tavares, et al. [9]
ps: ' 80- as the interactive GO-graph visualization for gene-set
function profiling or descriptive charts.

The computational tools and approaches mentioned here
corroborate the phytopathogenic fungi secretome research. By
properly using the available tools, it is possible to unravel the entire
protein arsenal secreted by fungi, from the gene to the functional
attribution of the proteins, contributing to a better understanding
of the enzymatic profile of these organisms. Table 1 shows some

examples of software that have been used in fungal secretome
analysis [39,40].

Perspectives and Final Considerations

Over the years, research related to the phytopathogenic fungi
secretome has aroused much interest because they secrete useful
enzymes for biotechnological purposes such as second-generation
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ethanol production, food and pharmaceutical industries. The
integration of computational tools, which have been improved
over the years and “omics” data will allow more in-depth study of
phytopatogenic fungi, enabling a greater understanding of their
enzymatic profile. Therefore, new enzymes and biotechnological
applications can be discovered, or applications already carried out
in industrial segments can be improved. Thus, with the enzymatic
profile of several fungi being unveiled, rapid advances in fungal
enzyme-based bioprocesses appear to be imminent in the coming

years.
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